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Pseudoternary System Calcium Oxide-Monocalcium
Aluminate (CaO-Al:O:)-Dicalcium Ferrite (2CaO - Fe:O:)

Terry F. Newkirk "? and R. D. Thwaite *

The system CaO-Ca0-Al,03-2Ca0-Fe,03 is of importance to portland cement chemistry
because it provides information on the composition of the iron-bearing phase in cement

clinker.

Iron-bearing solid solutions in the system were found to exist as a continuous narrow band

extending from 2Ca0-Fe;O3 to 6.45Ca0-2.31A1,05-F,0;.

Additional tie lines were estab-

lished to show the composition of the iron-bearing solid solution phase (Fss) and liquid

phases during the course of crystallization of mixtures within the system.
been located f(n the regions of principal interest.
from those reported by previous investigators.

Isotherms have
Compatibility relations differ somewhat
The composition of the iron-bearing phase

in equilibrium with CaO and 3Ca0-Al,O; at the ternary invariant point proved to be lower

in Fe,03 than that reported by Swayze.
work of Swayze and of Yamauchi.

1. Introduction

In"its effect on the constitution of portland cement
clinker, Fe,0; is next in importance to the three
pun(*lpal (ompononts (a0, ALO; and Si0,. Le
Chatelier [1]* postulated the existence in portland
cement clinker of a ternary compound of calcium,
aluminum, and ferric oxides having a posslblo
formula 3Ca0-AlLO;-Fe,0,. In their pioneering
work on the system CaO-CaO-ALO;-CaO-Fe,0y,
Hansen, Brownmiller, and Bogue [2] discovered
continuous series of solid solutions between the
compound 2Ca0-Fe,O; and what appeared to be
a compound, 4Ca0-ALO;Fe,0,. The latter phase

(AL, O3/ Fe,05 weight ratio 0.64) was believed to
constitute the end of the solid-solution series.

Commercial portland cements are ordinarily of
higher ALOs/Fe,05 ratios than 0.64. The existence
of a series of solid solutions in the region of lower
ratios ‘was, therefore, not of primary interest to
portland cement chemists at that time, because it

appeared that the iron-bearing solid solutions
would rarely, if ever, be found in clinker.

Based on this earlier work, Lea and Parker [3]
investigated the system Ca0-2Ca0-Si0,-5Ca0-
3AL0; *-4Ca0-Al,0,-Fe, 05, treating all of the cal-
cium aluminoferrite phases as having the compo-
sition 4Ca0-Al,O4-Fe,O;. : 7

Further work on the ternary system CaO-CaO-
ALO;-4Ca0-Al,05-Fe,05 was done by MceMurdie [6]
who studied in detail the extent of solid solutions
within that system. His compositions and two of
the temperatures for the ternary invariant points
differ from those reported [2] earlier. Certain dis-
crepancies noted between the calculated and ob-

1 Present 'l(](lrL‘Sb, General Electric Company, Power Tube Department,
Schenectady, N.

2 Research l\ssmutn, Portland Cement Association Fellowship, National
Bureau of Standards.

3 Figures in brackets indicate the literature references at the end of this paper.
4 Studies by Biissem and Eitel [4], and by Thorvaldson and Schneider [5],
indicate that the correct formula for this compound is 12Ca0-7A1203. The latter

formula is used in the present work except in references to the work of earlier
authors.
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Other results are in general agreement with the

served compositions of the iron-bearing phase in
some commercial clinkers led to independent investi-
gations by Yamauchi [7] and by Swayze [8] of the
system Ca0-5Ca0-3A1,0;-2Ca0-Fe,0; and by Swayze
[9] of the quaternary system (aO-5Ca0-3A1,0;-
2Ca0-Fe,0;-2Ca0-510, and of the same system as
modified by 5 percent of MgO. These investigators
discovered that the solid solution between 2CaO-
Fe,O; and a ll\pothvti(a] 2(Ca0-ALO; extended
beyond 4CCa0-Al,03-Fe,03, in which the molar Al,O,/
Fe,05 ratio is unity. This discovery was of impor-
tance to the cement industry because it showed that
the composition of the principal iron-bearing phase
in most commercial clinkers is not fixed but may
rary with the chemical composition of the clinker.
Changes in the compositions of these iron-bearing
solid solutions can affect significantly the constitu-
tion and properties of the clinker. Swayze [8, 9]
reported that the solid solutions of interest are con-
fined to the pseudoternary system CaO-5Ca0-
3A1,0;-2Ca0-Fe,O05.  His diagram for the ternary
system differed in a number of respects from those
of the earlier investigators.

Although the extension of the iron-bearing solid-
solution series in the ternary system to higher
ALO;3/Fe,0, ratios than 4Ca0-AlLOyFe,0; has been
confirmed by several investigators, there is some
disagreement among them as to the limits of this
series.  Swayze placed the high-Al,O; limit at the
composition 6Ca0-2A1,05-Fe,0; (molar Al,Oz/Fe, O,
ratio of 2.0) whereas Yamauchi [7] and Malquori
and Cirilli [10] placed it at a ratio of 2.2 and 2.3,
respectively.

Solid solution was pictured by Swayze as being
limited to a straight line extending from 2Ca0-Fe,O;
to the composition 6 Ca 0-2A1,05-Fe;,O;in the ternary
system. Yamauchi referred to the solid solution
series as being confined to a ‘‘swelled straight line.”
The composition 4Ca0-ALQ;-Fe,0; is a solid solution
on this line [7, 10]. Some solid solution departing
from the line is also indicated in the data of
McMurdie [6] who noted that 4Ca0-Al,O;-Fe,O; can



take into solution up to 5 percent of 3Ca0-Al,Gs,
SCaO'SAIQO;;, or CaOAIQOg

Because the composition of the iron-bearing phase
is variable, it is necessary for the investigator to
depict on the phase diagram the changing composi-
tion of these crystals as crystallization (or melting)
proceeds by means of tie hnos or conodes. Two tie
lines were given by Swayze in each of the diagrams
representing the ternary, quaternary, and quinary
systems. The number is not sufficient, however, to
permit one to follow the course of ecrystallization
within each system.

The present study was undertaken in order to rec-
oncile differences in published data on the ternary
system. It also has the purpose of obtaining addi-
tional information on the system, especially the es-
tablishment of a sufficient number of tie lines to per-
mit computation of the approximate composition of
the calcium aluminoferrite phase throughout the
crystallization of mixtures within the system. This
information has an important bearing on the consti-
tution of portland cement.

2. Experimental Methods
2.1. Preparation of Mixtures

All compositions were synthesized from reagent
grade calcium carbonate S. L. (low-alkali type),
FezO3, and Linde type-B alumina (99.99% AlLQO;).
These materials were dried and then weighed in the
correct amounts to give 10-g samples on ignition.
After an initial mixing for several hours in glass jars,
the mixtures were ground in an alumina mortar to
pass a No. 325 sieve. Kach mixture was heated for
three periods of at least 2 hr in the range 1,100° to
1,310° C before being studied. Following each burn,
the sample was ground, screened, and remixed. Com-
position gradients within the individual crystals,
because of changes in the liquid composition during
crystallization, were unlikely because the tempera-
ture of first liquid formation for nearly all mixtures
studied was above 1,310°. The exceptions, five
mixtures with compositions in the CaO-Fe,G; com-
patibility regions, were heated 15 hr or more at 1,180°
C to insure homogeneity. These mixtures were used
for quenching experiments and for differential ther-
mal analysis. Further heat treatment was given
selected compositions prior to examination by X-ray
diffraction methods.

2.2. Temperature Measurement and Control

Temperatures in the furnace were measured with
a platinum-platinum-109;-rhodium thermocouple
calibrated at melting points defined as follows:
CaMgSi,Cg, 1,392° C and Ba0-2SiCGy, 1,418° C. The
furnace was maintained at constant temperature
within £0.5° C by means of a controller of the type
developed by Mauer [11].

2.3. Methods of Investigation

Phase relations in this system were investigated
by differential thermal analysis (DTA) and the
standard quenching technique. The DTA studies
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made use of a pellet method [12] developed in the
Fellowship laboratory. In the quenching technique,
presintered mixtures of oxides were held in plat-
inum envelopes at constant temperature for 2 hr
until equilibrium was reached between solid and
liquid phases, and then quenched in water. The
identification of phases was based on the results of
microscopic examinations and X-ray powder diffrac-
tion patterns made with a Philips high-angle diffrac-
tometer using CuKe radiation.

For studying final products of crystallization,
small quantities of 17 glasses with compositions in
the vicinity of the iron-bearing solid solution region,
and near invariant points, were collected by quench-
ing from above the liquidus. After devitrification
in platinum capsules at 1,300° C for approximately
40 hr, the charges were removed from the furnace
and mixed by grinding in a boron carbide mortar.
This procedure was used to insure attaining equilib-
rium among the solid phases. A portion of each
sample was then mixed with 5 percent by weight of
pure tungsten powder as an internal standard prior
to X-ray powder diffraction study. The diffraction
patterns showed that all samples were well crys-
tallized as a result of their heat treatment. The
important portions of each pattern were scanned at
a speed of 1/8°/min over the range 15° to 110°
(20) wusing a 0.003-in. receiving slit, and a time
constant that was small as compared with the time
width [13] of the slit.

Tie lines in the system were determined by
microscopic study and X-ray powder patterns of
selected mixtures. Chosen compositions in the
primary-phase region for the calcium aluminoferrite
solid solution (KFss) were quenched at a temperature
about 1° C below that at which the secondary crys-
talline phase appears, after being held long enough
to reach equilibrium. By measuring dm for a
series of peaks found in the patterns, and correlating
these with d,,.; values dotelmmed for the solid-
solution series, the composition of the solid solution in
equilibrium with the liquid and the secondary phase
was determined. The tie line through points in
the phase diagram representing the original mixture
and the solid-solution phase intersects the boundary
of the Fss primary-phase region at the liquidus
temperature corresponding to the appearance of the
secondary phase in crystallization of the original
mixture.

3. Results and Discussion

3.1. General Information on the System

The phase diagram for the condensed ternary sys-
tem (Ca0-Ca0-Al,0;-2Ca0-Fe,05 developed in the
present investigation appears as figure 1. The dia-
gram contains a considerable amount of new infor-
mation on tie lines, isotherms, compatibility regions,
and the extent of the calecium aluminoferrite solid
solutions in the system. The binary invariant points
for CaO-C3A, C3A-CpA;, and CpA,-CA were deter-
mined by Rankin and Wright [15], and that for
CaO-C,F by Swayze [8]. Experimental data on
which the diagram is based are given in table 1.



(e} Tie Lines —

Composition
Triangles

Calcium alumino-
ferrite solid
solutions

Ca0 20 a0 60 80 2Ca0-Fe,04

Fraure 1. Equilibrium diagram of the pseudo-ternary system CaO-CaO-Aly0;-2Ca0-Fe, 0y showing isotherms, tie lines, and the
fields of the primary crystalline phases.

TasrLe 1. Quenching and DTA data for mixtures in the system CaO-Ca0-Al,03-2Ca0-Fex0;

Composition Observed temperature
(Weight percent) Quenching of phase changes (DTA)
Mixture tempera- Phases present
No. ture
Ca0O CA C:F First liquid|Other phase
formation changes
Mixtures having Ca0-Al:03 as primary phase
Ci(e! 9 e/ O (g
1,428 élll glass.....c_.&. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
. . - 1,425 asst+rare CA _ .| oo | oo .
13 i 79 5 1411 | Glass4some CA_._... ... | 0|
1,401 | Glass+CA+much CyppA7 .. S L I
1NA2O WA 18 0] &) 5 SR | R | R .
74 12 75 13 1,427 | Glass+a little CA____ DESESERE | e
1,403 | Glass+CA+much CyppA7 - .| S
13305 AT o] 23S S S e
72 2 59 39 1,390 | Glass+very rare CA
1,389 | Class+some CA___
1,361 7 T e e
1,358 | (CA liquidus)...- -
70 3 56 41 1,356 | Glass+trace of CA_______ __
1,352 | Glass+moderate amount of CA .
1,331 | Not sintered; CA+Fss+trace CipAz__ -
1,375 ESA liquidus)___,éx ,,,,,,,,,,,,,,,,,,,,,,,,,,
= 1,370 ass+very rare = .
68 9. 56 65.17 25. 27 1: 365 Glass+trace CA - 151335 M| R
1,357 | Glass+small amount of CA__
1,402 | Allglass.._.. ...
1, 396 (CA liquidus)-.----
1,395 | Glass+very rate CA_
64 7.35 62.01 30. 64 1,390 | Glass+CA_______._ || ceccoess
1,355 | Glasst+much CA___
1, 350 (Fss phase appears) ... __
1,348 | Glass+much CA+rare Fss_.._.__.____
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TasLe 1. Quenching and DTA data for mixtures in the system CaO—Ca0-AlOy—2Ca0-Fe;05—Continued

Composition Observed temperature
(Weight percent) Quenching of phase changes (DT A)
Mixtuare | tempera- Phases present . ) .
No. ture
CaO CA C;F First liquid Other phase

formation | changes

Mixtures having 12Ca0-7A1;0; as primary phase

1,377 Allglass .. ________
1,376 (C2A7 liquidus) -
1,375 | Glass+rare CrpA7.____________ .
52 18.99 67.01 14 1,356 | Glass+moderate amount of C2A7_
Index of C12A7=1.61420.004 _ __

1,338 | Glass+much CipA7__________ .
1,335 Not sintered in packet ... o

1,393 | (CpAgliquidus) ...
1,391 Mostly glass+rare CrpA7__ -
60 11.59 69. 41 19.0 1, 389 (CA appears as second phase) _ 1,333 |
| 1,387 | Glass+CioAr+rare CA______ )
1,338 | Glass+CpA+CA+Fss.. .
IS5 L AT 1] 21 e . SO
1,349 (Cr2A7 liquidus) .-
54 13.19 67.81 19.0 1,346 Glass+very rare CpzA7. R
| 1,336 | Glass+CraAr+Fss. )
1,333 Not melted e
. 1,352 | Allglass ____ .. ____________________
},gﬁsl’ g‘nA liquidus) - - =
e , 34 lass+rare CooA7 > o
67 11.99 67. 61 20. 40 1,336 (Hass+-Ci2A7-LCA+Fss. ) ,335 | oo
1,334 First liquid___ ... ________ N
1,333 | Not sintered; CppA7+CA-+Fss .. '
i 1, 358 Aél glass__ S S S |
. s N 0 1, 357 (1AL O U1 U7 | R | A
69 ) G & | 3% | Glashirace CreA7___ B
1,342 | Glass+Cr2A7+Fss+ trace C A-+quench

growths.

Mixtures having 3Ca0- Al;O; as primary phase

1, 466 Estimated C3A liquidus. ...
1,465 Glass+rare C3A ____ =
43 24.89 70. 11 5.00 i3y g}g;;ﬁi’ﬁ“ R et L
1,377 (Ci2A7 appears as seco phase)
1,375 Glass+CsA+trace CpAr .

1,402 SNBEEBRRE ]
1, 400 (C3A liquidus) .-~

o 1,399 Glass+small amount of C3A R
44 20. 81 74.19 5.0 1,305 Glass+CsA_ .. . )
1,394 (Ci2A7 appears as second ])hdi(‘) o

1,392 | Glass+CsA+CrAr - ... RN R

1,405 Allglass . | . -
1,401 (C3A liquidus) -
1,400 Glass+rare C3A__

45 20. 59 69. 41 10 1,379 Glass+C3A_________ == =
Index C3A=1.715-0.002_ -
1,375 (Ci2A7 appears as second phas( )_ . . . R
1,372 Glass+C3A+very rare CrpA7________ e e
1, 356 Glass+CsA_ ]
9 23. 57 66. 43 10 1,352 (Ci2A7 appears as second phase)_ ¢ 1,333 ST
1,318 | Glass+CsA+much CpAr |
1, 353 Glass+lotsof CsA_____ l |
13 22. 26 62.74 15 1, 352 Glass+CsA+some CrpA7.___. ____ e 1, 335 RS
1,344 | Glass+much C;A+much CpA- ||
1, 366 Allglass______________
1, 365 Egm liquidlg)._.
. 2oy = 1, 364 ass+rare C3A__
53 18. 49 62.78 18.73 1,348 Glass+C3A )
1, 347 (Ci2A7 appears as second phase)_.____
1, 346 Glass+C3A+CpAr+quench growths
1, 384 All glass
1,383 g]sA liquid%ﬁ)}.\- =
1 i 20 A 1, 381 lass+rare C3A__
46 19.37 60. 63 &l 1,356 Glass+moderate amount CsA__
1,355 (Fss appears as second phase) -~
1, 354 Glass+CsA+a few Fss erystals._ .
1, 392 ‘%1 glsiss i
1, 390 (C3A liquidus) ... . a
8 20.95 59.05 <l li 388 Glass+C3;A+quench growths__ 1,338 1,353
1,355 Glass+C3A+Fss+quench growths__
1,515 | All glass
61 29,77 62.23 8 1,514 | CsA+glass...____
1,512 | Glass+much C3A
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TaBLE 1. Quenching and DTA data for mixtures in the system CaO-CaO-ALOs-2Ca0-Fe, Oy —Continued

Composition Observed temperature
(Weight perecent) Quenching of phase changes (DT'A)
Mixture tempera- Phases present R
No. ture
Ca0 CA C:F First liquid|Other phase

formation changes

Mixtures having 3Ca0O- Al;O3 as primary phase

1,486 | Allglass.__ . ..
1,483 g)laA :i_quridus) ,,,,,,,, 1 2
ac 2 1,481 ass—+a few CzA crystals. s a¢
62 26. 56 57.44 16 1,375 Glass+-much CsA________ B 1,339 1,344
1,373 | (Fss appears as second phase)_ - -
1,371 | Glass+CsA+very rare Fss___________
[ 1,384
5 =0 5 1, 382
14 19. 65 55. 35 25 1 1,380
1,366 | Fss+CsA-+glass . - _____________
R3S IR AY | g] ass B R SR
1, 382 g(i;A Li_quidus) - -
P a0 e o ox 1, 380 xlass+rare C3A -
57 18. 36 56. 64 25 1,372 Glass-rare C3A ... o
1,371 (Fss appears as second phase S
1,370 | Glass+rare C3A+Fss_ . ___________
1,444 | Allglass.____.__ . S [EeEETEe
i 342 gﬁm ]iquidus)r,c_ -
o 501 Y OTA 51A 1, 440 ass—+trace o B =
63 it Lo 200 1,387 | Glass+much C;A______ .

1, 385 (Fss appears as second ph.\so) B 2
1, 383 Glass+much C3A+some Fss. . . o

1,383 Allglass. ... NN
1, 382 (C3A liquidus) .~ . o B

47 18, 94 51. 06 30 1,378 (ilass+small amount CsA o
1,377 (Fss appears as second phase) .~ B
1, 370 Glass+C3A +Fss+quench growths_ .| ______

[ 1, 439 E\ll gl:lSé,,_,] ,,,,,,,,,,,,
5 OF r P 1, 439 C3A—CaO0 liquidus) - - ;
4 25.10 46. 90 2 1 1, 438 Trace CaO-+trace (‘w\+g]1\. - l 1,389 s
1,436 | C3A+glass+few quench Ll()\\th_ .
1, 394 Allglass .. .
| 1, 392 (C]aA llqulducs) ,,,,,,,,,, e
| 9 A r 4 . 1, 390 Glass+rare CzA+quench gr owth_ 2R .
| 65 19. 6 | 46.4 34 1387 | Glasstrare CsA. .- ___ 1, 369 1, 381
| 1, 385 (Fss appears as second phase). ..~
| 1,384 | Glass+CsA+Fss - ________
‘ 1,391 | Allglass. ..
1, 390 giaA hquldus) B
i G q 2 » 1, 389 ass+rare CsA_ q
66 20 44.3 35.7 1, 387 GlassH-rare C3A 1, 388 .
1, 386 (Fss appears as second phase) - .
1,384 | Glass+CsA+Fss_ ..

1, 402 A T 1SS T L By e
1, 395 Glass+quench growths

28 2077 | 42,60 36,63 1392 | (CsA liquidus)..- - o I
| l 1389 | Glass+a little  CsA+Fss+quench’
| growths.

Mixtures having CaO as primary phase

1,611 Ca0 in glass. Liquidus not deter- | ... | ... __
mined.
21 35. 92 63. 08 1 i 1,525 Flass @ a0 e R
l 1, 522 (C3A appears as second phase)__ o N

1, 520 Glass+CaO+rare C3A | oo | e |
1, 618 AN 1T ] S N e e | B
1,615 (CaO liquidus) - - _ ~

2o| s | s |0 180 | GlasfcRo. - " :
1,497 (C3A appears as second pha - "
1,494 Glass+CaO+small amount of CsA____| .
1, 520 PATTEg] asS S S

l 1, 517 (CaO liquidus)_ S

23 27. 44 52. 56 20 1,515 Glass+rare CaO . Eee 1,383
1,472 Glass+CaO i e O T
1, 470 (C3A appears as second phase)., -
1, 468 Glass+CaO+trace Cs3A . _______

29 25. 62 39. 99 34.39 AR5 R 8 Ol 1SS N | R S | e
1, 398

25 21, 57 40.43 38.00 e 1,388 |
1, 395
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TaBLE 1. Quenching and DTA data for mixztures in the system CaO—-Ca0-Al0;-2Ca0-Fe,03;—Continued

Composition Observed temperature
(Weight percent) Quenching of phase changes (DT A)
Mixture __| tempera- Phases present
No. ture
CaOoO CA C:F First liquid Other phase

formation | changes

|

Mixtures having CaO as primary phase

1, 380 Barely sintered, X-ray shows Fss + | ________

3A
1,38¢ | ____ L O s [ ey | S
1,388 thtg ;g_l'_ass—kmllllch Fsstrare CaO | ... | ...
+C3A rowths
e | 2Lz el SR 1,39 | Little glass+FsstHlittle CaO+CsA | .. | .
+growths.
1,394 Mostly glass+rare CaO+little Fss | .. | _—.____.
~+growth
1, 400 Mostly glass+rare CaO,no Fssseen__| _.______ | —_.___.
1,473 PA] 1 ] S B R
48 23.18 28.32 48, 50 1,470 (CaO liquidus) .- 1,387 1, 399
1, 468 Glass+alittle CaO_______________.____
1,455 Allglass. . _____
32 21.13 28. 99 49, 88 1,453 (CaO liquid 1, 389 1,402
1,451 Glass+a little CaO_.____________ 2
1, 530 Glass+trace of CaO+-quench growths_
49 19. 59 18.11 62.3 1,498 Glass+trace of CaO---_.___________._ 15415 a e
1, 480 Glass+small amount of CaO______.___
1, 542 Glass+quench growth_ _______________
35 16.73 18.74 64. 53 1, 536 (CaO liquidus) 416 | R
19532 Glass+trace of CaO+quench growths.
1, 539 Glass+very rare CaO+quench
50 12.63 10.37 77 ELOVETSS 1,425
. : 1, 534 Glass+rare CaO+quench growths____| ™Y | ________
1, 520 Glass+CaO+quench growths_________
1,449 Glasst+quench growths.______________|} 1 gag | =--c--ae
ol 4 e 96 { lz 440 Glass+CaO+quench growths_________ } 1,438

Mixtures having Fss as primary phase

1, 370 A ] S e e s
1,355 (Fss liquidus) .- oo _o_____.__
58 17.77 62,23 2 TR e e el ——
1, 340 (C12A7 appea
1,339 Glass+Fss+trace of CigA7-.oo._-
1,359 Allglass. .o
78 12.46 62.01 25. 53 1, 356 (Fs- liquidus) -
1,352 (19SS TR SE S
[ 1,379 Allglass ..
71 8.0 58 34 1,374 (Fss liquidus)
1 1,370 Glass+a little Fss_. - -—________
I 1, 384 ?1«]‘1 szllass..d...3 .........................
" P 1, 383 S id ) S,
£ 18,34 51.66 30 l 1,381 Glass+trace of Fss._._._______
1,377 Glass+moderate amount Fss_.__..____
B ——
- g " ss liquidus) ..o .__.________
(1) 2 50.0 338 l 1,395 | Glass+small amount of Fss_._
1,393 G S ST T
1, 390 ATl glagg s s
15 17.03 47.97 35 He R B 1,338 1,366
1,370 Glass+Fss-l:CsA ................
. 1,411 All glass
e Wt e 359 | Tk | Gl i
36 18.45 43,84 780 S S
1,400 A 1] S e I RIS
1, 396 (Fss liquidus) .- _____
39 17.24 44. 49 38.27 1,393 Glass+ Fss+quench growths__ 1t B e S
1,391 (C3A appears as second phase)
1,389 Glass+Fss+CsA-+quench growths____
[ 1,398 B L S S
CodaF | 16,02 45.15 38.83 Yoo | Sl e 1,367 1,380
, X
l 1,388 (G1aSS ST ChE S8 SEn
40 13. 50 46. 50 40 | mcmmmee | e eeee 1,332 1,356
27 11. 06 47.81 41.13 1,381 Glass+Fss+quench growths._________ 1,342 1,382

a Made by M. A. Swayze.
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Tasre 1. Quenching and DTA data for miztures in the system CaO-Ca0.Al,03-2Ca0 Fe,03—Continued

Composition Observed temperature
(Weight percent) Quenching of phase changes (D'TA)
Mixture tempera- Phases present
No. ture
CaO CA C2F First liquid|Other phase
formation changes
Mixtures having Fss as primary phase
. o 1, 403 Allglass ... ____._ } 1,371 1, 386
6 L7z 28 40 { 1,397 Glass+quench growths_____ ’
1,394 AN [fz] 5SS S —
26 21.18 38. 82 40 1, 393 Glass+Fss+CaO+quench growths___ 1,38 | oo
1, 386 No glass, Fss+CsA+quench growths_
16 14. 41 40. 59 45 1, 410 ATl oSS N SR 15383
] 1, 420 Al glasss e
5 13.10 36. 90 50 1,418 (Fss liquidus) > 1,399 | .-
l 1,416 (1SSt S S I SN
1,411 é]l glass. oo
. - 1, 408 lass+-quench growth_____ 1
31 16. 20 30.79 53.01 1. 406 (Fss liquids) ... 1,390 1,401
1, 405 Glass+rare Fss. .
37 14 31.61 48 S U | OO S O S e 1, 388 1,399
‘ 1, 426 N e e e e
C4AF 11. 54 32.52 55. 94 1. 42 (F'ss liquidus) _ 1,403 | e
1 1, 422 Glass+trace of Fss_ - ____.____._
[ 1,410 AP!I g‘}uss _______________________________
= a9 o 1, 409 (Essiliqnidus)Seunnsssses . .
55 8.82 33.51 57. 67 1 1, 408 Glass+ Fss+quench growths 1,338 1,399
| 1,400 Glass+ Fss+quench growths. . __
. . o 4 1,410 Glass+quench growths_________ N < 2RR
el 6.35 34.41 59.24 { 1, 361 Glass+some Fss+quench growths 1,323 1,366
e TG g 1,434 Glass+quench growths.__.____________
¢ 10.48 29.52 60 { 1,421 G lass+Fss+-quench growths_.________
1,423 Glass+Ilew quench growths___._______ ]
1y 9.17 25. 83 65 1,421 (Fss liquidus) ... _______ e 1,412 1,422
1,419 Glass+ Fss+quench growths. ________ [
3 7.86 22.14 71t/ S S S S D PR e O 1,428 1,433
1,425 Glass+quench growths________________
, o - 1,416 Glass+ Fss+quench growths_
34 11.73 19. 87 68.40 1.414 (CaO appears as second phase)________ l L
1,412 Glass+ Fss+CaO+quench growths. ..
1,418 Glfgs+Fss+quench growths. __._____
. 1.417 CaO appears as second phase_____ — B
38 9.89 20.28 69.83 1,416 Glass+ Fss+a little CaO-quench- I 1,415 1,423
| growths.
41 8. 65 20. 57 0TS SRR L N 15041 SIS RS
CsAF, 7.40 20. 85 i A T O e S e e R L S T 42780 RS
42 4.57 21.48 73.95 1,420 | oooo-..
33 1.74 22.12 76.14 1, 206 1,409
18 6. 55 18. 45 S 1,421 1,428
1,421 Glass+ Fss+quench growths_ ...~
59 6. 04 15. 96 78 1,400 Glass+ Fss+quench growths. - 1,423 | ...
1,391 Glass+ Fss+small CaO crystals.._.___
[ 1,430 Glass—+very rare CaO_______._________
7w 7.0 11 82 1,422 Glass+ Fss+quench growths___
. l 1,421 (CaO appears as second phase)___
1,420 Glass+ Fss+CaO+-quench growths__.
19 3.92 11.07 S I | BT | S S SR
1,464 Glass+quench growths.______.________| ________
! il 7.38 90 { 1,457 Glass+quench Erowths ________________________
20 1.31 3.69 T e 1,430 | o .
G2 E N S [ 00 | O P A VLT U s S B S e S 1o SR e e

Temperatures reported are accurate within +5° C.
Experience with repeated determinations of tempera-
ture for the same phase change indicates that the
temperatures are reproducible within £2° C. 1In
order to conserve space, not all of the data are pre-
sented here but only those that suffice to establish

the phase relations. The compositions of mixtures
studied are shown in figure 2.

Primary phase regions occur for CaO, 3Ca0-AlLO;,
12Ca0-7ALO;, Ca0-ALO;, and calcium aluminofer-
rite solid solutions (Fss). The three calcium alumi-
nates contain small amounts of CaO and Fe,O; in
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Ficure 2.  Equilibrium diagram of the pseudo-ternary system

Ca0-Ca0-Al0;-2Ca0-Fe, Oy showing compositions studied
and primary phases.

solid solution. The approximate limits of the cal-
cium aluminate solid solutions, shown in figure 1, are
taken from data reported by MecMurdie [6] and
by Yamauchi [7].

In general, phase boundaries and two of the in-
variant points determined are close to those reported
by Swayze [8]. Some minor differences (table 2)
exist in the compositions and temperatures of the in-
variant points at which (1) CaO, 3Ca0-AlL,0;, and a
caleium aluminoferrite solid solution (Fss) and (2)
3Ca0-ALO;, 12Ca0-7A1,0;, and Fss may occur in
equilibrium with a liquid phase. To recheck differ-
ences between previously published data and the
present work, a direct comparison has been made
between mixture G64 synthesized by Swayze as the
eutectic composition, and our No. 26 which has
almost the same composition. The results are listed
in table In our study of Mix G64, all samples
were held at temperature for 2 hr as deseribed in the
section headed Experimental Methods.

The composition determined in the present work
for a third invariant point (Es, fig. 1) at which

12Ca0-7AL,0;, Ca0-ALO;, and Fss can coexist with
liquid is in reasonable agreement with that of
MeMurdie [6], although the temperature is approxi-
mately 10° higher than that reported by him.

The diagram presented in Swayze’s report depicts
a primary phase region for 6Ca0-2A1,0, Fe, 0, dis-
tinct from the roglon of variable Fss composition.
In the present work, however, the composition of
the caleium aluminoferrite phase in equilibrium with
liquid was found by X-ray powder diffraction meas-
urements to change continuously with temperature
over its primary phase region, and no second iron-
bearing phase appeared. Along the E,-E; boundary
(fig. 1), however, the change in the Fss composition
was so slight that it was not considered in construct-
ing the diagram.

The compositions of the Fss phases in equilibrium
at the invariant points and the assemblages of final
crystallization products also differ from those re-
ported by previous investigators [2, 6, 8]. These
results will be discussed in greater detail in the sec-
tions that follow.

3.2. Calcium Aluminoferrite Solid Solutions

In figures 17 and 3, a single-phase region of cal-
clum alumlnof(‘rnto sohd soluuon% 1S demgnatod by
the shaded area extending from 2Ca0-Fe,05 toward
the CaO-Ca0-Al,O; boundary of the system.

X-ray powder diffraction patterns of devitrified
glasses with compositions along the line X-Y
(ﬁg 3) confirmed 3Ca0-ALO; and Fss to be the
final products of crystallization for 6Ca0-2AL,0;3 Fe,O4
and neighboring glasses with higher CaO contents.
These compositions are, therefore, not in the single-
phase (solid solution) region, but are on the h1gh—
CaO side of it. Mixtures No. 40 and 27, on the
other hand, each showed CaO-ALO; and Fss as
devitrification products and are on the low-CaO
side of the Fss band.

In figure 4 the ratios of intensities of selected
diffraction peaks for 3Ca0-ALO; or Ca0-AlLO; to
those of a peak of the tungsten internal standard
in the same pattern have been plotted against the

5 For reasons of limited space, compounds and phases are referred to by sym-

bols. For example: C=Ca0; A=A1;,03; F=Fe;O;; and Fss=calcium-alumino-
ferrite solid solution. Thus, C1AF=4Ca0-A1;03-Fez03.

TaBre 2.  Invariant points for the pseudoternary system CaO-Ca0O-Al;05-2Ca0-FexO3n
i , -
| Composition percentage
Phases | Autherity | o S Tempera-
| | | | ture, £5° C
| | CaO AlxO3 ‘ Fe,03 CaO Ca0-Al:03 |2Ca0-Fe203
| | e
W. C. Hansen, L. T. Brownmiller, 54 37 | L A R P 1, 340
i dlld 185, Ink Boguo
Ca0-C3A-Fss (or C4AF)_ | H F. McMurdie- R 53 32 15 P | . 1,370
] A. Swayze_____ = = 51.4 25.0 23.6 - = 1, 380
Present inv (ERIPFRTN — 51.1 26.5 22.4 | 41.0 38.2 1, 389
) |(W. C. Hansen, L. T. Brownmiller, 47 43 10 o SO | RN | R 1,335
C3A-Ci2A7 (or CsAs5)-Fss and R. H. Bouuo
(also C4AF or (Mv e H. F. McMur: dle 48 38 1F | R (S D (e 1,335
M. A. Swayze__ ; - | 485 40.5 | 1.0 U | 1,335
Present nlwsugatlonm_ R 48.4 40.3 11.3 62. 4 19.3 1, 336
1[\ C. Hansen, L. T. Brownmiller, 42 40 5 e R R TR R s 1,320
Cr2A7 (01 C35A3)-CA-Fss (or | and R. H. Boguc
C:AF). 1[” R MeMurdies2 - =t oinrTom s 45 40 e e 1,315
Present investigation__________________ 45.1 40. 6 14.2 63. 0 | 24.2 1 335
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Fraure 3. Calcium aluminoferrite solid-solution regions in
the pseudo-ternary system CaO-Ca0-Alo03-2Ca0-Fe, Oy with
tie lines and typical crystallization paths.
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Fraure 4. Relationship between the CaO content and the rela-
tive intensities of selected 3Ca0-AlO; and CaO-AlO; peaks
as compared with standard tungsten peaks in X-ray powder
diffraction patterns of devitrified glasses with compositions
along the line XY (see fig. 3).

percentage of the CaO component for these de-

vitrified glasses. The approximate width (29, CaO)

of the solid-solution band in this region has been
determined by extrapolating the two curves ob-

tained by the above procedure to a zero ratio. A

similar treatment (fig. 5) gives the approximate

width of the Fss band along line P-Q (fig. 3) at

4Ca0-Al,0,-Fe, 0.

For compositions on the line R-T in figure
3, the secondary phase on the low CaO side of
6C20-ALO;2Fe,0; 18 CaO-Fe,O; (with a  small
amount of Ca0-Al,O; in solid solution). Most of
the principal diffraction maxima for the latter com-
pound correspond closely to those for some members
of the calcium-aluminoferrite solid-solution series.
Because of this interference the low CaO limit of
the Fss band could not be determined as closely in
this region by the X-ray diffraction method. Tt
was observed (table 1), however, that the differential

478151—58 2
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Ratio of Peak Intensities

CAz.9594 / Wz 2384

Ca0 w
2} 4.810A 2.238A 55 =
37

\ /
\ Cq AF

I ! Y SRV I L I 1

o
20 18 16 14 12 10 8 6 4 2 0o
Percentage of Ca0 as a Component of the system €a0-Ca0-Al, 03-2Ca0-Fe, 05

Frcure 5. Relationship between the CaO content and the rela-
tive intensities of selected CaO and CaO-AlO3 peaks as com-
pared with standard tungsten peaks in X-ray powder diffrac-
tion patterns of devitrified glasses with compositions along the
line PQ (see fig. 3).
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Fiaure 6. Selected interplanar spacings (dnx)) characteristic
of the iron-bearing solid-solution phase for miztures along the
line CoF-L (fig. 1).

Dotted lines show compositions of Fss phase at ends of tie lines.

temperature curves in DTA patterns of mixtures
with compositions found by the X-ray method te
be near but outside of the solid-solution band con-
tained two peaks, whereas curves of mixtures within
the band contained only one. This characteristic
made it possible to define more closely than by the
X-ray method the limit of solid solution in the
6Ca0-Al,0,-2Fe,0; region in the direction away
from the CaO vertex.

Unit-cell dimensions for the Fss phase in com-
pletely crystallized mixtures with compositions in or
near the single-phase (solid-solution) band are
plotted as a function of composition in figure 6.
These dimensions are based on interplanar spacings
obtained from X-ray powder diffraction patterns by
the authors, together with indices reported by
Malquori and Cirilli [10]. A change in the slopes of
the curves for a,, by, and ¢, in figure 6 occurs near the
composition 6Ca0-Al,05-2Fe,0;, which may repre-
sent an ordering of the structure. Lattice parame-
ters continue to change with further compositional
changes to point L, however, and the region is, there-
fore, shown on the phase diagram as one of continu-
ous solid solution.
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TasLE 3.

Stgnificant calcium aluminoferrite solid-solution compositions for the pseudoternary system CaO-CaO-Al03-2Ca0-Fes0;

- B — |
Composition percentage ,'

Designation | Authority [
| \ | €ao \ ALO3
|
‘ 1. Solid solution limit (high-l W. C. Hansen, L. T. | 46.1 21.0
| Al;O3 end). | Brownmiller, and R. |
| H. Bogue. |
(677.¥) PR M. A. Swayze_. ... 48.07 29. 12
Solid solution limit______. T. Yamauchi S T S
[ Solid solution limit_._____ G. L. Malquori and C. | ______.
\ L. Cirilli.
Solid solution limit Point | Present investigation.__._ 47.78
| L (fig. 1). |
| |
| 2. Composition at CaO- [
| C3A-Fss invariant |
point: l
| [BoIntEB(fig L) st Present investigation___|  45.95 23.06
| 50U 18 ISR M. A. Swayze.._._..._. | 45.57 18.01
| (V- e W. C. Hansen, L. T. | 46.1 21.0

| Brownmiller, and R. ‘
| ) H. Bogue.

I
] [ | Molecular formula
Ca0-Al:0s| 2Ca0-Fex03 |
|

Fe03 | CaO )
e e — ;

829 | 1L4 | 326 ,‘ 56.0- .| 40a0-A1:05-Fe:0s [
‘ |
| | |

22.81 | 45.1 | 38.8._...______ 6Ca0-2A1,05-Fe; 03 ‘

_______ | | 7| 62020224105 Fe:05 |

20.5 ‘ ; ....... ‘ 34.9 by weight

21.09 ; 157 | 48.0 l 563‘ 6.37Ca0-2.28A1:03.Fe;0; \
| | | |
| | | | [
| | |
| } ‘ |

30.99 11.50 ‘ 35.75 | 52.75..__....._| 43Ca0-1.1A1:03-Fe:03 |

36. 42 10. 07 | 27.92 | 62.00_ . ‘

32.9 11.4 | 32,6 56.0_ .. ___....| 4Ca0-A1:03-Fe203

|
| | | |

In figures 1 and 7, point Li designates the limit of
solid solution, determined in the present investiga-
tion, in the direction of the CaO-Ca0-AlLQO; bound-
ary. The composition represented by point L agrees
well with those reported by Yamauchi [7] and by
Malquori and Cirilli (see table 3). It contains less
ferric oxide than the composition 6Ca0-2AL,0;-Fe,Os.
Composition L is the solid solution in equilibrium at
invariant points K, and E;. The solid solution in
equilibrium at point E; corresponds to point B
(table 3).

The changing composition of the calcium-alumino-
ferrite solid-solution crystals (Fss) in equilibrium
with liquid with changing temperature is depicted
on the phase diagram (figs. 1 and 3) by a series of tie
lines.

Throughout the Fss primary region, large vari-
ations in composition have little effect on liquidus
temperatures. This behavior causes the composi-
tion of the liquid formed in a mixture in this region
to reach a primary-phase boundary only a few
degrees below the liquidus temperature. The tie
lines of importance, therefore, are those that indicate
the compositions of the Fss phase in equilibriun with
liquids on the phase boundaries and at invariant
points that bound the Fss region. Seven such tie
lines have been established in this investigation.

Ca0-Al;03

G+ Fs(B-C,fF)

Ca0 20 &0 60 80 2Ca0-Fe,04

Fraure 7. Final products of crystallization in pseudo-ternary

system Ca0-Ca0-Al,0;-2Ca0-FesO;.

3.3. Crystallization in the System

In the pseudoternary system (CaO-CaO-AlO;-
2Ca0-Fe,04 there are 11 areas in which compositions
may fall with regard to their final products of equi-
librium crystallization. These are designated in
ficure 7. In only 4 of these regions is crystallization
completed (or melting begun) at an invariant point.
These are the composition triangles ¢ with their re-
spective invariant temperatures:

(1) Ca0-3Ca0-Al,0;-Fss(B) 1,389° (.

(2) 3Ca0-Al,04-12Ca0-7ALO,-Fss(Li) 1,336° C.

(3) 12Ca0-7AL,03-Ca0-ALO;-Fss(li)  1,335° C.

(4) Ca0-ALOs-Fss(B)-CaO-Fe,0;4 (Invariant
point out-
side pseu-
dosystem
limits.)

Mixtures with compositions in any one of the
above four triangles will, on heating under equi-
librium conditions, begin to melt at the temperature
indicated. The composition of the first liquid
formed will be that of the invariant point (table 2
and fig. 1) at which the three designated crystalline
phases can exist in equilibrium with liquid. Con-
versely, on cooling these mixtures, the last bit of
liquid will have the composition of the invariant
point and will disappear at the invariant tempera-
ture. The specimen will then consist of the three
crystalline phases at the vertices of the triangle.

Compositions in 6 of the areas complete their crys-
tallization on a phase boundary. These two-phase
areas are designated in figure 7 by their final produects
of equilibrium crystallization, viz:

(1) Ca0-Al,O;+ Fss(1-B)

(2) 3Ca0-Al,0;+ Fss(L-B)

(3) CaO-+Fss(B-C,F)

(4) Ca0O-Fe,05-+Fss(B-C,F)

(5) 2 solid solutions (3Ca0-AlLO;+12Ca0-7A1,0;)
(6) 2 solid solutions (12Ca0-7AL,0;+ Ca0-ALO;).

6 As indicated in figures 1 and 7, all of the compounds listed, except CaO, con-
tain some material in solid solution. The variations in composition are small,
however, and of little importance in comparison with the range of calcium alumi-
noferrite solid solutions (Fss). For convenience the symbol ‘‘ss”’, indicating a
solid solution, is used in the text only to designate the calcium aluminoferrite
series, or single compositions in this series.
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In each of the six areas, the temperature at which
a liquid is first formed on heating, or disappears on
cooling, varies with composition. At least one of the
products of crystallization, however, will consist of a
solid solution whose composition will also vary with
the composition of the mixture.

Thus for the triangle labeled “C+ Fss(B-C,F)”
(fig. 7), the products at complete equilibrium crystal-
lization will consist of CaO and a calcium alumino-
ferrite solid solution whose composition is between
point B and C,F.

For a given mixture in one of the six 2-phase areas,
the final composition of the Fss phase is determined
by a line from the composition of the other crystal-
lization product through the composition of the mix-
ture, and extended to the boundary of the single-
phase Fss area (largest shaded area). The point at
which the line intersects this boundary is the com-
position of the Fss crystallization product. An
example in figure 3 is composition G; a line from the
CaO vertex through G intersects the boundary of the
shaded area at H, the composition of the Fss phase
in mixture G when crystallization is completed.

In the 11th area, the shaded Fss area, all composi-
tions after crystallization consist of one phase, a
calcium aluminoferrite solid solution having the same
composition as the original mixture.

In addition to the 11 areas discussed above,
shading near 3Ca0-ALO; and 12Ca0-7ALO; in figures
1, 7, and 8 indicates solid solutions along the lines
3Ca0-ALO,-V and 12Ca0-7TALOs-W  respectively.
There 1s also a small shaded area near CaO-AlLO,
representing a ternary solid solution just beyond the
pseudosystem boundary. The product of crystal-
lization of compositions in each of these regions is
also a single solid solution.

Compositions in the shaded portions of the diagram
complete their crystallization at temperatures for
corresponding points on the solid-solution solidus.
These points are below the projected liquidus surface
in figure 1, and for those regions the solidus tempera-
tures cannot be determined from the figure. All
mixtures studied do have Fss as an equilibrium prod-
uct of crystallization and the first liquid formation
temperature is the solidus temperature for the Fss
phase that is present. The temperatures of first
liquid formation are given for most of the mixtures
in table 1, and for mixtures in the F'ss primary phase
region these solidus temperatures can be compared
directly with the corresponding Fss liquidus tempera-
tures.

The pseudosystem CaO-Ca0-AlL0;-2Ca0-Fe,0O; is
unusual inasmuch as it contains examples of most of
the major types of equilibrium ecrystallization.
Furthermore, the system contains an extensive
series of ternary solid solutions with intermediate
and end members (B and L, respectively, fig. 1)
that exhibit some of the characteristics of incongru-
ently melting compounds. These complicate the
crystallization process.

It should be noted in figcures 1, 3, and 8 that the
liquidus maximum on the phase boundary separating
the 3Ca0-ALO,, and the Fss primary phase regions

occurs not at the intersection of the boundary with
the line V-B, but at a nearby point where the tie
lines from V and from the single-phase Fss region
(the large, shaded area) become collinear. Similarly,
the maximum on the boundary between Ca0-Al0O,
and Fss regions occurs at the point where the tie
lines to Z and the single-phase Fss region become
collinear. A similar configuration was reported by
Roy and Osborn [14] for the system Li,0-Si0,-
Li,0-AL,04-4Si0,-Si0.,,.

Almost any composition to be encountered in the
ternary system can be classified under one of four
types of crystallization to be discussed here. The
exceptions are compositions in the shaded regions

Ca0-Aly05

CaO

()0 Koo
°

Fraure 8. A portion of the equilibrium diagram showing
paths of crystallization followed by typical mixtures within
the system.

C3A and Cji2A7 solid solutions are treated as having the constant composition
Vand W,

(figs. 1 and 7) for which, as mentioned previously,
only approximate liquidus temperatures and final
crystallization products can be determined from the
ternary diagrams.

For convenience, the equilibrium crystallization
of compositions in the system will be discussed in
terms of cooling chosen mixtures from a temperature
at which they are completely melted to a temperature
at which all liquid disappears. It will be assumed
that equilibrium exists in all phases throughout the
process, although this situation may be difficult to
approximate in actual practice.

As the first example, consider the composition
(fig. 8) represented by point K in the triangle
Ca0-C;A-B.  On cooling this mixture, crystals of
CaO appear at the liquidus temperature. With
continued cooling, CaO continues to crystallize and
the composition of the liquid moves along the line
K-K; until it reaches the point K; on the CaO-Fss
phase boundary. With further cooling, the composi-
tion of the liquid follows the CaO-Fss phase boundary
from K, to the eutectic at E;. Both Fss and CaO are
in equilibrium with liquid in this temperature range.
After the liquid composition has reached E,; (at the
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eutectic temperature, 1,389° C), crystals of 3Ca0O-
AlL,O, appear. At the minimum heat content, the
charge will be completely crystallized and will con-
sist only of CaO, Fss(B), and 3Ca0-ALO;.

The crystallization of a composition M (Mix No.
22, table 1) in the triangle V-W-L follows a somewhat
more complex pattern. On cooling M from its
liquidus temperature of 1,615° C, CaO crystallizes
as the primary phase and the liquid composition
moves directly away from the CaO vertex along a
line M-M,. At M,, 3Ca0-Al,O; appears as a second-
ary crystalline phase. With further cooling, the
liquid composition then moves down the boundary
between the CaO and 3Ca0-AlLO; regions until it
reaches point M,. In the temperature range in which
the liquid composition is changing from M, to M.,
the mean composition of the solid phases is changing
from CaO to 3Ca0-ALO;. Neglecting the small
amount of solid solution in the calcium aluminate,
the mean composition of the solids at any tempera-
ture in this range is obtained by drawing a line from
the corresponding liquid composition M, through M
(the composition of the mixture) to the point Mj, at
which it intersects the system boundary CaO-
3Ca0-ALO;.  When the composition of the liquid
reaches M,, all of the crystalline CaO will have dis-
solved and the composition of the solid phase present
will be 3Ca0-ALO;. On further cooling, therefore,
the composition of the liquid will move directly
across the 3Ca0-Al,O; primary phase region along
the line M-M,-M;. At M; crystals of a calcium
aluminoferrite solid solution having the composition
indicated by point Mg at the end of the interpolated
tie line, M;-Mj, will then begin to crystallize. As
the temperature is lowered, the composition of the
liquid will move along the 3Ca0.AlLO;-Fss phase
boundary to K, at 1,336° C at which point crystal-
lization will be completed. Mixture M will then be
composed of crystals of 3Ca0-AlLO;, 12Ca0-7A1,0;,
and Fss (L).

During crystallization, the changing liquid com-
positions for mixtures in the Fss primary phase region
may be represented on the phase diagram by curved
lines. The curvature results from the fact that in
this region the composition of the solid (Fss) phase
is also changing with temperature.

In figure 3, a portion of the approximate crystal-
lization path for mixture J in the Fss primary-phase
region and the composition triangle CaO-B-C,F is
designated by the dotted line J-J,. This path is
typical of those for other mixtures in the same
region. Additional crystallization paths in the same
area are not shown inasmuch as compositions in this
area form liquids having compositions on the CaO-
Fss phase boundaries at only a few degrees below the
respective liquidus temperatures of the mixtures.

The composition J; is defined by that member of
the indicated family of the tie lines which passes
through J. After reaching J,, the composition of the
liquid on further cooling will follow the CaO-Fss
phase boundary in the direction of decreasing tem-
perature until the solid solution, as defined by the
family of tie lines, reaches a composition J; on the
straight line defined by J and the CaO vertex. The

liquid composition at the conclusion of crystallization
is the end of the tie line from J;, or the point J,. The
final products of equilibrium crystallization for mix-
ture J will thus be CaO and an Fss phase having the
composition Jj.

Other tie lines in the phase diagram designate
compositions of the Fss phase found to coexist with
designated liquid compositions along the phase
boundaries. For intermediate points (such as D,
fic. 8), the approximate compositions of the co-
existing liquid and solid phases can be determined
by graphical interpolation of the given tie lines.
For each mixture in a two-phase area, the point
which represents the composition of the liquid when
crystallization is completed will be on the phase
boundary at the end of the tie line that connects
with the composition of the final Fss erystallization
product for the mixture.

Mixture D (fig. 8) represents another typical
composition in a two-phase area. Here 3Ca0-Al,04
is the primary phase and it continues to crystallize
as the temperature is lowered until the liquid reaches
the phase boundary at D,. At this point, an infini-
tesimal amount of Fss having approximately the
composition D] (on an interpolated tie line, D,-D7)
begins to crystallize. The liquid composition then
moves along the C;A-Fss boundary until the solid
solution composition reaches a point D) defined
by the straight line through V and D. At the com-
pletion of crystallization, the liquid composition is
D,, the end of the tie line from D;. Mixture D is
then composed of 3Ca0-AlLO;, and Fss of com-
position DJ.

4. Application to Portland Cement Chemistry

The extent to which information on the ternary
system can be applied directly to the manufacture
of portland cement clinker containing many com-
ponents is, of course, limited. Nevertheless, because
of similarity of the phases actually observed in com-
mercial clinkers to some of those appearing in
simpler systems, useful extrapolations of phase
relations in these systems can help to explain the
behavior of the more complex compositions.

It is generally conceded, as a result of previous
investigations [2, 7, 8 9], that the principal iron-
bearing phase in portland cement clinker is essen-
tially a calcium aluminoferrite of variable compo-
sition. In commercial clinkers it is likely that this
phase contains also small amounts of additional
components in solid solution. As a first approxima-
tion, however, its composition can be considered as
falling within the limits of the shaded single-phase
Fss area on the phase diagram in figure 1.

It is evident from figures 1 and 7 that even the
composition of the final Fss phase, formed by com-
plete equilibrium crystallization, can vary widely
with different mixtures in the system. This vari-
ability results from the fact that there are wide
ranges of composition (the six 2-phase areas) for
which ecrystallization is completed on a phase
boundary, rather than at an invariant point. The
variability applies to the temperature at which
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liquid is first formed or disappears in the different
mixtures as well as to the composition of the Fss
phase.

Only in the single-phase Fss region and the two-
phase CaO-Fss region will the ALOs;/Fe,O; ratio of
the Fss phase always be the same as that of the
original mixture.

The one- and two-phase areas in the ternary
system (fig. 7) may be expected to bound analogous
regions in multicomponent clinker systems in which
both the final composition of the Fss phase and the
solidus temperature will vary with the composition
of the mixture. FEven if equilibrium were attained,
therefore, for commercial portland clinkers the tem-
perature at which liquid is first formed during
burning, the quantity of liquid produced in the hot
zone of the kiln, and the constitution of the clinker
-an differ considerably for cement raw mixtures of
different ALO;/Fe,O5 ratios.  The AL O3/ Fe,O5 weight
ratio in the iron-bearing phase can presumably vary
with different mixtures from 0 to 1.476, with accom-
panying effects on the percentages of the other
clinker constituents,

Although the presence of Fe,0, in the mix causes
the formation of a liquid phase at a lower tempera-
ture than if it were absent, increasing the percentage
of Fe,O; in the raw mix does not necessarily cause
easier burning, but may even have the opposite
effect.  Study of figure 1 reveals that mixtures
whose crystallization is completed along the CaO-
Fss phase boundary, or at E; (eutectic temperature,
1,389° C) will be more difficult to burn than mixtures
completing their crystallization at invariant points
E, and E;.

Optimum conditions for proportioning and burning
given raw materials of known chemical compositions
to produce clinker of the desired constitution and
burning characteristics cannot be determined from
the phase diagram for the ternary system alone.
Additional work is still required on portions of the
quaternary system Ca0O-Al,O3-Fe,045-S10,. Specifi-
cally needed in the four-component system are addi-
tional tie lines showing the compositions of the Fss
phase in equilibrium with liquids along phase
boundaries, and a further subdivision of the system
into composition spaces that define the final products
of crystallization within each region. Such a sub-
division provides information on the quaternary
system analogous to that given in figure 7 for the
ternary system.

The authors are indebted to M. A. Swayze for his
generous cooperation in making available to them
for reference, his slides, mixtures, and notes on the
ternary system CaO-5Ca0-3A1,0;-2Ca0-Fe,0;.
They also express thanks to A. C. Bonanno and
R. L. Wadlinger for their help in obtaining X-ray
and quenching data presented in this paper.
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