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Pseudoternary System Calcium Oxide-Monocalcium 
Aluminate (CaO ·Alz0 3)-Dicalcium Ferrite (2CaO · F e 20 3) 

Terry F. Newkirk 1,2 and R. D. Thwaite 2 

The system CaO-CaO·AhOa-2CaO·F e20 a is of importance to portland cement chemistry 
beca use it provides in formation on the composi tio n of t he iron-bea ring phase in cement 
cli nker. 

Iron-bearin g solid solut ions in the syste m were found to exist as a continuous na rrow band 
ex t ending from 2CaO·Fe, Oa to 6.45CaO·2.3 1AI, Oa·F ,0 3' Addi t ional t ie lin es were estab­
lished to show t he composition of the iron-bea rin g solid solu t ion phase (Fss) a nd li q uid 
phases d uring the co urse of crystalli zation of mixtures wi thin the system. Iso therms have 
been located for t he regions of p rin'cipal in terest. Compatibility relat ions differ somewhat 
from t hose repo rted by previoLls investigators. The composit ion of t he iron-bearing phase 
in equil ibrium \\' ith CaO a nd 3CaO·AI20 a at t he t erna ry in varia n t point proy ed to be lower 
in F e,Oa t ha n t hat reported by Swa.vze. Other res ult s a re in ge neral agree ment wi t h the 
work of Swayze a nd of Yamauc hi . 

1. Introduction 

In"its effect on t he constit ut ion of portland cemenL 
clinker, FezOa is next in impo rtance to th e three 
principal components CaO, Al,Oa, and Si02• Le 
Chatelier [1] 3 postulated the cxistence in por tland 
cement clinker of a tcrnary compound of calcium, 
aluminum, and ferric oxides having a possible 
formula 3CaO·A120 a·Fc20 a. In t heir pioneering 
work on the system CaO-CaO·A120 a-CaO·Fe20 a, 
H ansen, Brownmiller , and Bogue [2] discovered a 
co ntinuous series of solid solLi tions between the 
compound 2CaO·Fe20 3 and 'what appeared to be 
a compound, 4CaO·Al20 a·Fe20 a. The latter phase 
(Al,0 3/Fe20 3 weight rat io 0.64) was believed to 
constitute the end of the solid-solu tion seri es. 
Commercial portland ccments a rc ordinarilv of 
higher A120 a/ F e20 3 ratios than 0.64. The existence 
of a seri s of solid solutions in t he region of lo'wer 
ratios was, therefore, not of primary interest to 
portland cemen t chemists at that time, because it 
appeared that t he iron-bearing solid solu t ions 
would ra rely, if evcr , be found in clinker. 

Based on this earlier work, Lea and Parker [3] 
inves tigated the system CaO-2CaO·Si02-5CaO· 
3Alz0 34-4CaO·Al20 a·Fez0 3, treating all of t he cal­
cium aluminoferrite phases as having the compo­
sition 4CaO·AI20 a·Fe20 3' 

Further work on the ternary system CaO-CaO· 
A120 3-4Cu:O.Al20 3·Fe20 3 was done by McMurdie [6] 
who studled in detail the extent of solid solutions 
within that system. His compositions and two of 
the temperatures for tb e ternary invariant points 
differ from those reported [2] earlier. Certain dis­
crepancies no ted between the calculated and ob-
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se rved composiLions of th e iron-bearing phase in 
son1.e commercial clinkers led to independen t investi­
gations ~y Yamauchi [7] a nd by Swayze [8] of the 
systcm CaO-5CaO·3Alz0 3-2CaO·Fe20 3 and by Swayze 
[9] of the quaternary system CaO-5CaO·3Al20 3-
2CaO·Fez0 3-2CaO·SiOz and of the same system as 
modified by 5 percen t of MgO. Tbese investigators 
discovcred that t he solid soluLion between 2CaO· 
F ezOa and a hypothetical 2CaO·Alz0 3 extended 
beyond 4CaO·Al20 3·Fez0 3, in which the molar Alz0 3/ 
FezOa ratio is uniLy. This discovery was of impor­
tance to the cement industry because it showed that 
t he composit ion of Lhe principal iron-bearing phase 
in most commercial clinkers is no t fixed b ut may 
vary with the chemical composition of t be clinker. 
Changes in tbe compositions of these iron-bearing 
solid solutions can affect significantly the constitu­
tion an.d proper ties of the clinker. Swayze [8, 9] 
repor ted t ha t the solid solutions of interest are con­
fined to the pseudo ternary sys tem CaO-5CaO· 
3AlzOa-2CaO·Fe20 a. His . diagram for the ternary 
system differed in a number of respects from those 
of t he earli er investigaLors. 

Although the extension of th e iron-bearing solid­
solu tion series in the ternary system to higher 
AlzOa/F e20 3 ratios than 4CaO·Al20 3·Fe20 a has been 
confirmed by several in vestigators, tbere is some 
disagreemen t among th em as to the limits of this 
series. Swayze placed the high-Al20 a limit at the 
composition 6CaO·2Alz0 3·F e20 a (molar A120 3/Fe20 3 
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 2CaO·Fez0 3 
to the composition 6 Ca O·2Al,0 3·FeZOa in the ternary 
system. Yamauchi r eferred to the solid solution 
series as being confined to a "swelled straight line." 
The composition 4CaO·AI20 3·F e20 3 is a solid solution 
on this line [7, 10]. Some solid solution departing 
from the line is also indicated in the data of 
M cMurdie [6] who noted that 4CaO·AI20 3·FezOa can 



take into solution up to 5 percent of 3CaO·Alz0 3, 
5CaO·3Ab03, or CaO·Ab03. 

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 lines 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 comse of crystalliza tion 
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 t.o per­
mit computation of the approximate composition of 
the calcium aluminoferrite phase tm·oughout the 
crystallization of mixtures within the system. Th is 
information has an important bearing on the consti­
tution of portland cement. 

2 . Experimental Methods 

2.1. Preparation of Mixtures 

All compositions were s.)'11thesized from reagent 
grade calcium carbonate S. L. (low-alkali type), 
Fe20 3, and Linde type-B alumina (99 .9% AI20 3). 
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. Each mixtme was heated for 
three periods of at least 2 hr in the range 1,100 0 to 
1,310 0 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 dming 
crystallization, were unlikely because the tempera­
tme of first liquid formation for nearly all mixtmes 
studied was above 1,310 0 • The exceptions, five 
mixtmes with compositions in the CaO·Fe20 3 com­
patibility regions , were heated 15 hI' or more at 1,1800 

C to insme homogeneity. These mixtmes were used 
for quenching experiments and for differential ther­
mal analysis . Fmther heat treatment was given 
selected compositions prior to examination by X-ray 
diffraction methods. 

2.2. Temperature Measurement and Control 

Temperatmes in the furnace were measured with 
a platinum- platinum-10% -rhodium thermocouple 
calibrated at m.elting points defined as follows: 
CaMgSi20 6, 1,392° C and BaO·2Si02, 1,418 0 C. The 
fLU·naco was maintained at constant temperature 
within ± 0.5° C by means of a controller of the type 
developed by Mauer [ll]. 

2 .3. Methods of Investigation 

Phase relations in th is 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 quench ed 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 CuK", radiation. 

For studying final products of crystallization, 
small quantities of 17 glasses with compositions in 
the vicinity of the iron-bearing solid solu tion 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 hI', 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 pO"l'lder 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 llO ° 
(28) using 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 solu tion (Fss) were quenched at a temperature 
about 1 ° C belo·w that at which the secondary crys­
talline phase appears, after being held long enough 
to reach equilibrium. By measuring dhkZ for a 
series of peaks found in the patterns, and correla ting 
these with cl hkl values determined for the solid­
solu tion series, the composition of the solid solution in 
equilibrium with tIl e liquid and the secondar~T phase 
was determined. The t ie line through points in 
the phase diagram representing the original mixture 
and the solid-solution phase intersects th e boundary 
of the Fss primary-phase region at the liquidus 
temperature corresponding to the appearance of the 
secondary phase in crystalliza tion of the original 
mi;xture. 

3. Results and Discussion 
3.1. General Information on the System 

The phase diagram for the condensed ternary sys­
tem CaO-CaO·Al203-2CaO·Fez03 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 calcium aluminoferrite solid 
solutions in the system. The binary invariant points 
for CaO-C3A, C3A-CI2A7' and C12A7-CA were deter­
mined by Rankin and Wright [15], and that for 
CaO-C2F by Swayze [8]. Experimental data on 
which the diagram is based are given in table 1. I 
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FIGURE 1. Equilibrium diagram oj the pseudo-ternary system CaO-CaO·AbOa-2C'10·Fe2 0 3 showing isotherms, tie lines, and the 
fields oj the primary crystalline phases. 

TABLE 1. Quenching and DTA data for mixtures in the system CaO- CaO·A]z03-2CaO·Fe20 3 

0omposition 
(Weight perccnt) 

M Lxture 1----,--- -----,-----­
Ko . 

CaO CA C,F 

Quencllill~ 
tempera­

ture 
Phases present 

Observed temperature 
of phase changes (D'l'A) 

First JjqUid lOtilel' phase 
form ation cll anges 

Mixtures hnvi ng CaO·AhO, as primary phase 

° C 

{ 
1,428 All glass ____ ____________ ______________ 

73 IG 79 1, 425 Olass+rarc CA __ ____________________ 
1, 411 Olass+some CA ___ __________________ 
1, 401 Olass+CA+mueh CIZA, __ ___ __ _______ 

{ 1, 429 All glass ____ ________ ___ _________ __ _____ 
i4. 12 75 13 '1,427 Glass+a little CA ___ __ ________________ 

1,403 Glass+CA+m uch CIZA, ______ ________ 

{ 1,395 All glass ___ ____________ _____ ___ ____ ___ 
i2 59 39 1,390 Glass+very rare CA __ ___ ________ _____ 

1, 389 Class+some CA ____ __ ___ ___ __________ 

1 
1, 301 All glass _____ __________ __ _____________ . 
1, 358 (CA liqu idus) ________ ____ ____ _____ ___ _ 

70 3 50 41 1, 356 Glass+trace of CA ____________________ 
1, 352 Glass+moderate amount of CA _______ 
1,331 Not sintered; CA+Fss+tracc ClzA, ___ 

{ 
1, 375 (CA liquidus) __ ______________ _________ } 

68 9. 56 65. 17 25.27 1,370 Glass+very rare CA __________ ___ __ __ _ 
1, 365 Glass+trace CA __ _____ ________ __ ___ __ 
1,357 Olass+small amouut of CA ___ ________ 

] , 335 

1 

1, 402 A" "., ..... __ ... _____ .. ___ ____ . _ ) 
1,396 (CA liquidus) ___ _____ __________ ___ ____ 
1,39.5 Glass+very rate CA __ ________________ 

G4 7.35 C2.01 30. 64 1,390 Glass+CA __ ____ __ ____ __ ________ __ ____ 
1, 355 Glass+much CA ___ ___________________ 
1, 350 (Fss pbase appears) ___________________ 
1,348 Olass+mucb CA+ rare :Fss ___ ____ _____ 

1,345 
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TABLE l. Quenching and DTA dalaJor mixtures in the system CaO- CaO·Ah03- 2CaO.Fp20 3- Cont inued 

Mix t ure 
No. 

52 

M 

67 

69 

43 

44 

45 

13 

53 

46 

61 

Com position 
(W eigh t percent) Quenching 

tempera­
ture 

I)hases present 

Observed te mpe rature 
of phase changes (D 'l'Al 

CaO CA C,F First l iqllicl lOtlw r phase 
formation changes 

J\i(i xturcs bav ing 120aO- 7 Ab03 as primary phase 

~ 
1, 377 A II glass _____________________________ _ 
1,376 (C"A , liqnidus) __ ___ ___ _______ _ 
1, 375 Glass+rare 012A7. ___ . ____ _________ 

18,99 67,01 14 1,356 Glass+ moderate amount of C12Ai ___ _ 
Index of C"A, ~ 1.614±O,OOL __ _______ 

1,338 Glass+mu ch Cnu\ i __ ___ ______ ___ 
1, 335 N ot s intered in packcL __ _____ 

1 
1, 393 (C"A, liquidusl- ___ ___ _________ __ 
1, 391 lVlostly glass+rare C 12Ai _____ ____ 

II. .59 fl9 . 41 19.0 1, 389 (CA appears as second phasel ____ 1.333 
1, 387 Glass+C12A,+rare CA __ _____ ___ 
1, 338 Glass+C12A,+CA+Fss _______ ___ 

1 
1, 351 All g lass ____ _________ ______________ ___ , 
1, 349 (CI2A,l iquidus) _______ _______________ 

13. 19 67. SI 19.0 1,346 Glass+ver y rarc 012Ai ____ 
1, 336 G lass+C12 A,+ F ss ____ _____ 
1,333 Not mell.c cl ____ _____ ______ , 

1,352 All glass __ ___ , ________ __ ___ 
1, 351 (CI2A' liquidus) _______ ____ 

II. 99 67.61 20. 40 1,349 Glass+rare O" A , ___ __ ________ 
1. :~J5 1, 336 Glass+C I2A,+CA+ F ss _____ 

I. 334 Firs t liquid _________________ 
1,333 Not s intered ; C"A,+CA-t-Fss __ 

1. 3.\8 All glass ___ ___ -----------
13 64 23 l. 357 (C I2A, liquidus) __ _________ __ 

1, 356 G lass+trace C I2A, _______ 
1, ;142 Glass+C I2A,+F ss+ trace CA+ quench 

growths . 

Mixtures having 3CaO· A]'0 3 as primary phase 

1,466 E stimated C 3A Iiquidus ____________ 
1, 465 Glass+rare C , A ____ __ ___ __ ___ 

24.89 70. II 5. 00 1, 460 Glass+so mc C3A ___ ____________ __ I , aas 
1, 381 G lass+C3A ____ 
1,377 (C 12 A i appears as-seco~-d -I)l;ase) ~ 
1, 375 Glass+C 3A+trnce CI2£\ ' _________ 

1,402 All gla" ____ _ __________ _______________ 
1, 400 (e 3A liquidus) _______________________ 

20.81 74. 19 5.0 1, 399 Glass+sm al l amount of C3A __________ 
1, 395 Glass+C3 A ____________________ __ __ _ 
1.39,1 (Ol zA; appears as second phase) __ ____ 
1, 392 Glass+C3 A+CI2A, __ __________ __ __ ___ 

1,405 All glass _____ __________ ______ 
1,401 (C3A liquidus) ________ ____ _ 
I. 400 Glass+ra rc C, A _____ ______ 

20.59 69. 41 10 1, 379 GlasS+C3A ___ ______ ____________ 
Index C3A ~ 1.71 5±0.OO2 __ 

1, 375 (Cl zA; app('a rs as second phase )~_ 
1, 372 Glass+C3 A+very rare C I2A, ____ 

{ 1,356 Glass+C3A _______ __ ____ __ _____ , _ 
23.57 66.43 10 1, 352 (C"A, appears as second p hase) __ 1. 333 

1,348 0Iass+C 3A+ mu eh C 12 A 1 ____ 

{ 1, 353 Olass+lots of C3A __ ______________ 
22. 26 62.74 15 1,352 0Iass+03A+some C I,A, _____ 1, 335 

1, 344 Olass+much C3A+ much CI ,A, __ 

1, 366 All glass ___________________ ________ 
], 365 (C3A Iiquidus) __ . _____________ __ 

18. 49 62.78 18.73 1,364 Ol ass+1'8re C,A __ _______________ 
1,348 0Iass+C3A __ _ -- ---- - - ----- _ -- _ -- __ --
1, 347 (C I2;\ ' appears as second p hasel_ .. ___ 
1, 346 0 lass+C3A +CI2A,+quc nch growths _ 

1,384 All glass _____ __ _____ ___________ ______ _ 
1, 383 (C 3A Iiquidusl __ ______ ____ ___ _______ _ 

19.37 60. 63 20 1,381 Olass+rare C3A ___ __ ___ _______ ________ 
J,356 Olass+moderate amount C 3A ___ _____ 
1,355 (F ss appears as second phase) __ ___ ____ 
1,354 Olass+C 3A+a few F ss crystals ___ _____ 

{ 
1,392 t613XI~1~-uidusy-~:: : :: ::::: : ::: : ::::::: } 20.95 59.05 20 1,390 1, 338 1, 353 1,388 Olass+C3A +quench growths _________ 
1,355 Glass+C3A + F ss+quench growtbs __ __ 

{ 1,515 All glass _______ ______________ ______ ___ _ 
29. 77 62.23 8 1, .514 C3A+glass ____ ___________ ____ _________ 

1,512 Glass+mucll C3A ________ ___ _____ ____ _ 
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Quenchi ng and DTrl data .rOT 1nixt11res in the system CnO- CnO· AI20 r 2CaO· lc('20 . --Co ntin ued 

Composit ion 
(Wei ght prrcent) 

Ohserv('(i tC Illf1f'ratufc 
of pllast' changes (P 'J'A ) 

Mi xture 1-----,------,-----­
-""0. 

Quench ing 
tempera­

t Ure 
Plla~CS present 

F'irS~~'i d I Othe r phase 

62 

14 

5i 

47 

:24 

Gti 

28 

21 

22 

23 

2U 

CaO CA C,F 

Mixtures having 3CaO·A1,03 as primary pbase 

26.56 57.44 16 

19. (j5 55.35 25 

18.3!i .1n. (i4 25 

.::'0. :!G 2(\. 0 

18.9 1 .1 1.0[; 

25. 10 41\. 90 28 

IV. ti 4[;. 4 ;)·1 

20 ;)5. 7 

10. Ti 42. (\0 ;)6.63 

35. 92 G3. 08 

;)J. 77 58. :?3 10 

27.44 52.55 20 

25.62 ;)U.9Q 34.39 

21. 57 40. 43 38.00 

I 
{ 

1 
{ 

1, 486 
1 480 
1: 48 1 
1,375 
J, 373 
1,371 

1,384 
1,382 
J , ;)80 
1,366 

J,384 
1 382 
1: 380 
J,372 
J. 37 1 
J, ;)70 

J , 444 
J , 442 
1,440 
I, :J87 
1,38.\ 
1,38;) 

1.;)8;) 
1,;)82 
1.378 
1,377 
I , ;)70 

1,4;)9 
1.439 
I. 4;)8 
1.436 

1,394 
I ;)92 
J: 390 
1,387 
J , 385 
1,384 

I, ;)91 
1,390 
1,389 
1,387 
1,386 
J,384 

1, '102 
1,305 
I 392 J: ;)89 

A II glass ______________________________ _ 
(C3A liqu idus) _____ _ _______________ _ 
Glass+a few C3A erystals ____________ _ 
Glass+ much C3A ____________ ________ _ 
(I'ss appears as second phase) ________ _ 
Glass+C3A+very rare Fss ___ _______ _ 

Al l glass _______________ __ _____________ _ 
(C3A liqu id us) _______ _____________ _ 
rrracc C3A+glass _____ __ ____________ _ 
Fss+C3A+glass ______________ _ 

All glass __________________________ _ 
(C,A liqu idus) ____________________ _ 
Glass+rarc C3A ______________ _ 
Glass+rarc C,A _____________________ _ 
(Pss a ppears as second phase)_ 
Glass+rarr C3A+ l'ss 

All glass _______ _ 
(C,A liquidus) __ _ 
G lass+ trace of Cu\. __ 
Glass+mu ch C3A ____ _ 
( Fss appears as second phase)_ 
Olass+much CaA+somc Fss. 

All glass ____ _ 
(C3A liq uidus) __ 
O lass+s mall a mount C3A 
(Fss appears as second phase) _ 
Glass+C3A+ Fss+quench growths ___ _ 

Ali glass ______ _ 
((' 3A- CaO liquidus) ____ _ 
Trace CaO+tnlce Cv\ +glass_ 
C3A+glass+few quench growt hs_ 

All glass_____ __ 
(C3I1 li quidus) _ __ _ 
Ola.ss+rare C3A + qUl'11Ch growth __ 
Olass+l'are C3A . __ _ 
( Fss appears as second pllllS") 
G lass+C,A + Fss_ 

All glass ______ _ __ _ 
(03A liquidus) _ __ 
G lass+raJ'c C3A __________ _ 
G lass+rare C3A ___ _ 
( Fss appears as second phase)_ 
Glass+C3A+ F'ss ______ _ 

Ali glass _______ --- f 
G lass+q uencll growths_ _ __ _ __ 
(0 3A liquid us) __ 
Glass+a liLLie C3A+Fss+quencll 

growths. 

1\ fi xtul'cS having CaO as primary phase 

{ 

1,61l 

I, .\25 
1, 522 
1.520 

I, GI8 
1.615 
1,611 
1, 500 
1,497 
1, 494 

1,520 
1,517 
1, 5 t5 
1,472 
1,470 
1,468 

1.532 

1,398 
1,397 
1,396 
1,395 

CaO in glass. L iq uidus not deter-
mined. Olass+C.O __________________ __ ____ _ 

(031\ appears as second ph ase) ____ __ _ 
O1ass+OaO+ rare C3A ___________ _ 

All glass __ ______________ --- ------ ------
(CaO Iiquidus) ____ ------------- -------
O1ass+rare OaO ____________________ _ 
O1ass+CaO _________________________ _ 
(03A appears as second phase) ______ _ 
Olass+CaO+small amoun t of OlA ___ _ 

All glass _____________________________ _ 
(OaO liquiclus) _______________________ _ 
Olass+rare OaO _____________________ _ 
Olass+CaO ____________ ______________ _ 
(C3A ap pears as second phase) _______ _ 
Glass+CaO+trace 0 3A ______________ _ 

CaO+glass ___________________________ _ 

All glass _______________________________ } 
(OaO Iiquidus)_ . ______________ -------
'l' race OaO+glass ____________________ _ 
CaO+03A+glass ______ . ____________ _ 
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for mation chanp:cs 

1. 339 1,344 

I, ;)89 

J) 3H9 1,381 

I , ;)88 

1, 389 

1, 383 

1,388 



TABLE 1. Quenching and DTA dala faT mixtuTes in the syslem CaO- CaO·Ab03- 2CaO·Fe203-Continued 

Com position 
(W eigh t percent) 

M~~~'re 1----,--.---,-----.-
Cuo CA C, F 

Quenching 
tempera­

ture 
Phases p resent 

Observed temperature 
of phase changes (DT A) 

First liQUid!Oth er phase 
formation changes 

Mixtures hav in g CaO as primary phase 

064· 

48 

32 

49 

35 

50 

51 

58 

78 

71 

75 

15 

76 

36 

39 

C,A,F 

40 

27 

2l. 20 

23.18 

2l.13 

19.59 

16.73 

12.53 

4 

17.77 

12.46 

8.0 

18.34 

16.2 

17. 03 

15.8 

18.45 

17.24 

16. 02 

13.50 

11. 06 

38.80 

28.32 

28.99 

18. 11 

18.74 

10.37 

62.23 

62.01 

58 

5l. 66 

50.0 

47. 97 

48.3 

43.84 

44.49 

45. 15 

46.50 

47.81 

• Made by :vr. A. Swayze. 

40. 00 

48. 50 

49. 88 

62.3 

b4 .53 

77 

96 

20 

25.53 

34 

30 

33.8 

35 

35.9 

37.71 

38.27 

38.83 

40 

41. 13 

{ 
{ 

{ 
{ 

{ 

1,380 

1,384 
1,388 

1,390 

1,394 

1,400 

1,473 
1,470 
1,468 

1,455 
1, 453 
1, 451 

1,530 
1,498 
1, ·180 

1,542 
1, 536 
1,532 

1,539 

1,534 
1,520 

1,449 
1,440 

Barely s intered, X-ray shows F ss + 
C,A. 

____ _ do __________ ___ ______ _________ ___ _ 
Little glass+much F ss+rarc CaO 

+C,A +growths. 
Little glass+Fss+littJe CaO+C,A 

+growths. 
Mostly glass+rare C aO+ little F ss 

+growths . 
Mostly glass+rare CaO, no Fss seen __ 

t6Ia~"i1~I~;dUS)~~:: ::::::: ::::::::::::: } 
G1ass+a little CaO ___________________ _ 

t6~~"i1~uidus)~---~: :::::: :::: ::::::::: } 
Glass+a little CaO ___________________ _ 

G1ass+trace of CaO+quench growtbs_ } 
Glass+ trace of CaO _____ ______ __ _____ _ 
G1ass+small amount of CaO ____ _____ _ 

G1ass+queneh growth ________________ } 

b~:S~~~~~~ ng{ OaO+quenci; gro~;ihs: 
G1ass+very rare cao+queneh} 

growtns. 
Glass+rare CaO+qnench growths ___ _ 
G1ass+CaO+qucncb growths ________ _ 

1,387 

1,389 

1,415 

1, 416 

1,425 

Glass+quen eh growths ______________ _ } 1,438 
G1ass+CaO+ quench growths ________ _ 

MixtW'es h aving F ss as primary phase 

{ 

{ 

{ 

{ 

{ 

1 
{ 

1,370 
1, 355 
1,351 
1,34l 
1, 340 
1,339 

1,359 
1,356 
1,352 

1, 379 
1,374 
1,370 

1,384 
1,383 
1,38 l 
1, 377 

1,400 
1. 397 
1,395 
1,393 

1,390 
1,389 
1,386 
1, 370 

1,411 
1,374 

1,400 
1,396 
1,393 
1,391 
1,389 

1,398 
1,397 
1, 396 
1, 388 

1,381 

All glass ___ ________ ______ ______ ___ ____ _ 
(Fss Iiq uid us) _____ ______________ ____ _ _ 
G1ass+ral'e Fss _______________________ _ 
G las~+ Fss ____________ _______________ _ 
(C12A, a ppeal's as second pbase) ______ _ 
Glass+ F ss+trace of CI2A, ___ __ ______ _ _ 

A II glass _____ ___ ______________________ _ 
(F s Iiq uid us) _____ ____ __ _____ ________ _ 
Glass+ Fss __ ____ __ ________ _______ ____ _ 

All glass ______________________________ _ 
(Fss Iiq a id us) ______________ _____ _____ _ 
Glass+a li ttle F ss ____________________ _ 

ti~;lf~~idii, .. j ::: :::=:::::::: :::::::::: } 
Olass+traee of Fss ____ _______________ _ 
Glass+ moderato amount F ss ___ _____ _ _ 

All glass ______________________________ _ 
(F ss Iiq uidus) ________________________ _ 
Glass+small amouut of F ss ____ ______ _ 
Glass+ F ss _____ _______ _________ ______ _ 

All glass _______________________________ } 
(Fss liqnid us) _____ ___ __________ __ ____ _ 
Glass+ Fss __ ___________ _____ ___ ______ _ 
o lass+ Fss+C,A _____________________ _ 

All glass ___ __ _______ __ ________________ _ 
Glass+much Fss _____________________ _ 

All glass _. ______ .---------- - ----- ------ - f (Fss Iiq aid us) _________________ __ ____ _ _ 
G1ass+ Fss+queneh growths ___ ____ __ _ 
(C,A appears as second pbase) _______ _ 
G1ass+ Fss+C,A + quench growths ___ _ 

Ail glass __ ________ _____ ______________ __ } 
(F ss liquid us) ________________________ _ 
G1ass+a little F ss ____________________ _ 
G1ass+mueh F ss __ _______________ ___ _ _ 

Glass+ F ss+quen ch growths ______ ___ _ 
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1, 334 

1,338 

1,385 

1,385 

1,367 

1, 332 

1, 342 

1,399 

1,402 

-------- I 

1,367 

1, 366 

1,389 

1, 356 

1,382 



TABLE 1. Q1wnching and DTA data for mixtures in the system CaO- CaO,A120 r 2CaO ,Fe20 3- Continued 

Composition Observed tefU perature 
(Weight perce nt) Quenehing of phase changes (DTA) 

Mixture tf'mr...rera- Phasc~ present 
No, ture 

CaO CA C' F F irst liqUid /Other phase 
fonnaLion changes 

Mixtu res hav ing Fss as primary phase 

6 15.72 44 .28 40 i,403 All glass . .... ... . ....... . . ... .. ... .... . } 1,371 1,386 
1,397 Olass+quench growths . ...... .. . . ..... 

1, 394 ~ 1~;~~~ss+C,;O+Q uene]] 'gro,-;"ths: :: } 26 21. i 8 38,82 40 1,393 1,388 
1,386 No glass, Fss+ C3A+quench growths. 

16 14.41 40.59 45 1,410 All glass . . ... . . ..... ..•... . ........... . 1, 383 

1,420 All glass-- .... ... . . . .......... . ..... . . } 
13.10 36.90 50 J,418 (Fss liquidus) . ... . .......... . .. . . ..... 1,399 

J, 416 o lass+ Fss .. ... _ .. ... . . ... ........ _ ... 

i , 411 All glass .... . ...... .. •... . ..•. . .... . ... } 
31 16.20 30,79 53.01 1,408 Olass+quench growth . .. . .. . . . . ....•. 1,390 1, 401 

1, 406 (Fss liq uids) . . .. . ... .. .. . ... . .. . . .•... 
1,405 Olass+rare 1'ss .... . ..... . ..... . . .•.. __ 

37 14 31. 51 51.39 - - --- - .- ---- -- - ------- ------ -- --- ---- --- --- -- ------- 1,388 1,399 

C,AF { 1, 12f> 

~~!l~~:~~~s~i :i;~ : :::: ::::: :: :::::::: } 11. M 32.52 55.94 J. 424 1, 403 ---- -- - ---- -
1. 422 

{ 
1,410 N;sgl\l~~i(iusj:::::::: : ::::: ::: : ::: : :: : } 55 8.82 33.5 1 57. C,7 1, 409 1,338 1. 399 
1, 408 Olass+Fss+qucnch gro\\'lhs . . ...•.. . . 
1,400 0 Iass+1'ss+quench growths .. ______ . 

~O 6.35 34. 41 59. 24 { 1, 410 Olass+qucnch growths ________________ } 1, 32~ 1,366 
J. 361 Olass+some 1'ss+quench growths. , __ 

10.48 29 . . 52 60 { 1, 434 Olass+q uench growths __ __ ____ ____ __ __ --- ---- - ---- - - - -- -- - _.- -
1,421 Olass+1'ss+quench gro wths. __ __ ____ . - - --- - - -- --- -- - -- --- - ---

{ 1, 423 Olass+ lew quench growths __ __ __ __ __ . } 
17 9, 17 25.83 65 1,421 (1'ss Iiq ~id l1 s) ________________ ____ ____ . 1, 41 2 1, 422 

1, 419 o lass+ U sS+Qllellch growths. ________ . 

7. 8'3 22. [4 70 ---- - ---- . -- ------- ------------- --- - ----- ----- -- --- 1,428 1,433 

{ 
J,425 Obss+'lueneh gro\\·ths ____ __________ _ . } 

34 11. 73 19.87 68.40 1,4l6 Olass+]ss+quench growths. _________ 1, 416 -.--- - -- - - - -1. 4 14 (CaO appears as second phase) ____ ____ 
1. 412 Olass+ Fss+CaO+qucneh growths . .. 

{ 
1, 418 Olass+ Fss+q uellch growths. __ ______ } 

38 9.89 20.28 69.83 1. 417 CaO appears as second pilase __ __ ____ __ 
1, 4J5 1, 423 1.4J6 Olass+ Fss+a li ttle CaO+q ucnch· 

growths. 

41 8. 65 20.57 70. 78 --- --------- -----.--- . ---- - ---- -- ------ ---- --- ---.-- 1, 41 8 

C, AF, 7. 40 20.85 7L 75 ----- - -. - . -. ------ - -------- - ---._.-.-----._-_.- ----- 1, 427 

42 4.57 2l. 48 73. 95 ----- . ------ ------- - - - --_.-----.------------ - ----- -- I. 420 

33 I. 74 22. J2 76. 14 - ----- - ----- --------------------------------- ------- 1, 206 1,409 

18 6.55 18.45 75 ----- .- .-. -- -- - - - --- --- - ------- - - --.--- - - - - -- .-- - - - - 1, 421 1, 428 

1, 421 Olass+1'ss+quench growths. ____ ____ . } 
59 6.0'J 15. 96 78 .1, 400 Olass+ J~ss+Qurn ch growths. __ ______ . 1, 423 

1,391 Olass+ ]>ss+small CaO crystals __ __ __ . 

1, 430 Olass+vrry rare CaO __ __ __ __________ . 

7i 7.0 11 82 1,422 Olass+ Fss+quench growths __ __ . _____ 
1, 421 (CaO appea rs as second phase) __ ______ 
1, 420 Olass+ Fss+CaO+qucnch growths ... 

19 3.92 I I.. 07 85 ---- --- -- -- -- --------.---- - --- -- - --- - --- 1, 426 1, 430 

2.62 7. 38 90 1,464 Obss+q uench growths ____ ____ ____ __ __ 
1, 457 Olass+quench growths ____ . __ ______ . .. 

20 1. 31 3. fl9 95 -------- - --- ------_.---- --- -- --------- -- 1, 430 

C,F 100 -- ---- ------ ---- --- -- ------ --- - --- ---- -- 1,439 

TemperatUl'es repor ted are accurate within ± 50 C. 
E xperien ce with r epeated determinations of tempera­
ture for the same phase change indicates that the 
t emperature are reprod ueible within ± 20 C. In 
order to conserve space, not all of the data are pre­
sented h ere 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, 3CaO'lUz0 3, 

12CaO·7 A120 3, CaO·Alz0 3, and calcium aluminofer­
ri te solid solutions (Fss) , The three calcium alumi­
nates contain small amounts of CaO and Fe20 3 in 
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FIGU R.E 2. Equilibriwn diagram of the pseudo-ternary system 
CaO-CaO·Ah03-2CaO·Fe20 3 showing composlltons studled 
and pl'imal'Y phases . 

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

In general, phase boundaries and two of the in­
varian t points determined are close to those reported 
by Swa.vze [8]. Some minor differences (table. 2) 
exist in the compositions and temperatures of the lll­
variant points at which (1) CaO, 3CaO·Alz0 3, and a 
calcium aluminoferrite solid solution (Fss) and (2) 
3CaO·Alz0 3, 12CaO·7 AJ20 3, and Fss may oCCl~r. in 
equilibrium with a liquid phase. To recheck dIffer­
ences between previously published data and the 
present work, a direct comp~rison 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 1. In our study of Mix G64, all samples 
were held at temperature for 2 hr as described in the 
section headed Experimental Methods. 

The composition determined in the present vv<?rk 
for a third invariant point (E 3' fig. 1) at whlCh 

12CaO· 7 Alz0 3, CaO·A120 3, and F ss can .coexisC with 
liquid is in reasonable agreement wlt~l that <?f 
McMurdie [6], although the temperature l~ apprOXI-
mately 10° higher than that reported by hun. . 

The diagram presen ted in Swayze's report depl~ts 
a primary phase region for 6CaO.2A1203·FezO~ .dls­
tinct from the region of variable Fss com~o~ltlOn. 
In the present work, however, the c0!l?PO.SltlOll. of 
the calcium aluminoferri te phase in eqUlhbnum wlth 
liquid was found by X-ra~T powder ~iffraction meas­
urements to change contll1uously wIth tempeI·~ture 
over its primary phase region, and no second lron­
bearing phase appeared . Along the E2-E3 boun~l~ry 
(fig. 1), however , the change in t!lde Fsds . compotsltlOtn 
was so slight that it was not conS1 ere m cons ruc -
ing the diagram. . .. . 

The compositions of the Fss phases 1.11 eqUlltbr~um 
at the invariant points and the assemblages of final 
crystallization products also differ from those re­
ported by previous investigators [2, 6; ~]. These 
results will be discussed in greater detail Ul the sec­
tions that follow. 

3.2. Calcium Aluminoferrite Solid Solutions 

In fi o' ures 15 and 3, a single-phase region of cal­
cium a.llmlinoferrite solid solutions is designated by 
the shaded area extending from 2CaO·FezOa toward 
the CaO-CaO·AlzOa boundary of the system .. 

X-ray powder diffr~~tion pa tterns of ~levitrifie~ 
glasses with composltIOns along the lme X- 1' 
(fig. 3) confirmed 3Ca.OA120 a and Fss to be the 
final products of crystalhzatlOll for 6CaO·2Alz0 3·Fez0 3 
and neighboring glasses with higher qaO con~ents. 
These compositions are, therefore, not 111 the slll.gle­
phase (solid solution) region, but are on the hlgh­
CaO side of it . Mixtures No. 40 and 27 , on the 
other hand, each showed CaO.AlzOa and Fss as 
devitrification products and are on the low-CaO 
sid e of the Fss band. 

In figure 4 the ratios of in tensities of selected 
diffraction peaks for 3CaO·A120 3 .or CaO·A120 3 to 
those of a peak of the tungsten mternal s~andard 
in the same pat tern have been plotted agamst the 

oS For reason s of limited space , compounds and phases are rcferrc~l to b y srm­
bois. For examp1c: C=CaO; A= Ah03; F = b~e203 ; and F ss=calcmm-alumlno­
ferr ite solid solution. 'rhus, 0 ,AF ~40aO · AJ,03 · Fe,0 3 . 

T ABLE 2. I nvariant points f Ol' the pseudoternary system CaO- CaO·AhO,- 2CaO·Fez0 3n 

Oomposition percentage 
Auth@rity - ---,-----,---,----- ,---1---- 1 'rcmpera­

turc, ±5° C 
Phases 

OaO Ah 0 3 CaO OaO·AI,O, 20aO·Fe,03 
1--- --------1------------.1----- 1-----1-----1-----1----1-----------

1.
11' . . O. H ansen. L . T. Brownmiller, 54 

and R. H . Bogue. 
CaO-C3A- Fss (or C4A F )_ f-I. F. 1.fc1v[urdic_____ _____________ ____ 53 

M. A. Swayze __ .. __ . __ . __ .. ______ ___ . 51. 4 
Present investigation . __ _ ._. ___ .. __ ___ . 51. 1 

1
11'. O. Hansen , L. T. Brown miller, 47 

0 ,A-0" A7 (or C, A,)-1'ss and R . H . Bo~ue . 
(also O,AF or 0 6A2F ). .H . F . McMurdlC. _____ . ______ . __ _ . __ . 48 

M . A. Swayze ____ _ . ___ . ________ ._ __ _ 48.5 
Presen t investigation________________ __ 48.4 

{
II'. O. H an sen. L . T. Brownmiller, 42 

0"A7 (or 0 , A3)-OA- 1'ss (or and R . l-L. Bogue. 
O,AB'). H . F. M cMurd ie. __ _______ ... ____ . ___ . 45 

Present illvestigation____ _________ ___ __ 45. 1 
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32 
25.0 
26.5 

43 

38 
40.5 
40.3 

40 

40 
40. 6 

15 
23.6 
22. 4 

10 

14 
11. 0 
11. 3 

18 

15 
14. 2 

20.8 41. 0 

18. 3 62.4 

12. 8 63.0 

38.2 

19.3 

24.2 

° C 
1,340 

1, 370 
1, 380 
1, 389 

1,335 

1,335 
1, 335 
1,336 

1,320 

1, 311\ 
1, 335 
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FlnURE 3. Calciwn alltln1'nojerl'ile solid-solulion regions in 
the pseudo-ternary system CaO-CaO·Ab03-2CaO·Fez0 3 wi th 
tie lines and typical crystalli zation paths . 
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percentage of CoO as a Component of the sys tem CoO-caO·AI203M2CaO·Fe20 3 

Frn URE 4. Relationshi p between the CaO content and the rela­
tive intensities of selected 3CaO·A I20 3 and CaO·A lz0 3 peaks 
as compaTed with standard tungsten peaks in X-my poU'der 
diffraction patterns oj devill'ijied glasses wilh com.positions 
along the line X Y (see fig. 3) . 

percentage of the CaO component for th ese de­
vitrified glasses. The approximate width (2% CaO) 
of the solid-solution band in this r egion has been 
determined by extrapolating the two curves ob­
tained by the above procedure to a zero ra tio. A 
similar treatment (fig. 5) gives the approximate 
width of the Fss band along lin e P- Q (fig. 3) at 
4CaO.Alz0 3·Fez0 3' 

For compositions on the lin e R - T in figure 
3, the secondar.v phase on the low CaO side of 
6CaO·Alz0 3·2Fe20 3 is CaO·FeZ0 3 (with a small 
amoun t of CaO·Al20 3 in solid solution) . Most of 
the principal diffraction maxima for the latter com­
pound correspond closel.'- to those for some members 
of the calciLU11-a.luminofel'ri te solid-solution series. 
Because of this in terfcrcnce the low CaO limit of 
the F s band could not be detcrmined as closely in 
this r egion by the X-my diffraction method. It 
was obscrved (tablc 1) , howcvC'l', that the differentiaJ 

.7 

L ine PO 

.6 

31 

3 0 

.5 

.. 

. 3 

CA2 .9 S9A / W2. 2 3 6 A 

5 5 

o ~--~--~ __ ~ __ ~M-~~ __ _L __ ~ ____ ~ __ ~ __ ~ 

20 18 16 14 12 10 8 6 4 2 
Percentag e of CoO as a Component of the system cco-cao-Alz o3- 2Cao -Fe20 3 

FIn li RE 5. Relalionship between Ihe CaD contenl and the l'ela­
tive inlens ities of selected CaO and CaO· A 1,03 peaks as com­
pared with standm'd tlmgsten peaks in X -ray 7Jowde1' diffrac­
tion paUem s of devitrified glasses with compositions along the 
line PQ (see f ig. 3). 
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5.20'--:1;;-0 -'--;2!;:0-...,3f::O-..J.-.J4f::0--1.....,5='=O......:t-6='=O--'.~70,..::..c~80~-='90o----:-e-=' 

WE IGHT % 2 CoO, FeZ03 

14.20 

FIG UR E 6. Selected inlerplanal' spacings (dhkl ) characteristic 
oj the il'on-bean:ng solid-solution 7Jhase JO I' mixtul'es along the 
line C2 F -£ (jig. 1). 
Dotted lines show co mposition , of Fss phase a t ends of tie lines. 

temperature curves in DT A pattcrns of mixture>: 
with composit ions found by Lhc X-ray m ethod to 
be neal' but ou tsidc of the olid-solution band con­
tain ed two peaks, wh ereas curves of mixtures within 
the band contain cd only one. This characteris tic 
made it possible to definc mOrc closely than by the 
X-ray method the limi t of solid solution in the 
6CaO·Alz0 3· 2Fe20 3 region in the direction away 
from the CaO vertex. 

Unit-cell dimensions for Lhc Fss phase in com­
pletely crystallizedmixtUl'es with compositions in or 
near the single-phase (solid-solution) band are 
plotted as a function of composition in figUl'e 6. 
These dimensions are based on in terplanar spacings 
obtained from X-ray powder diffraction pattel'l1s by 
the authors , together with indices r eported by 
Malquol'i and Cirilli [10]. A change in the slopes of 
the CUl'ves for ao, bo, and Co in figure 6 occurs neal' the 
composition 6CaO.AI20 3·2Fe20 3, which may repre­
sent an ordering of the structme. Lattice parame­
ters continue to change with fruther compositional 
changes to point L, however, and the r egion is , there­
fore , shown on the phase diagram as one of continu­
ous solid solution . 

4781 51- 58--2 241 
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TABLE 3. Significant calcium almninoJerrite solid-sol1ttion compositions f or the pseudotemary system CaO-CaO·AI20 3-2CaO·Fez0 3 

D esignation Authority 

1. Solid solut ion limit (high- W . C. Hansen, L . T. 
AbO, end) . Brownmiller, and R. 

H. Bogue. C.A,F ___________________ M . A. Swayze ____ _____ _ _ 
Solid solution limi!. _____ _ '1'. y amauchL _________ _ 
Solid solution limi!.._ ____ G. L. Malquori and C. 

L . Cirilli. 
Solid solution limit Point Present investigation __ _ 

L (fi g. I). 

2. Composition at CaO­
C3A-Fss invariant 
point : 

Point B (fi g. 1) ______ Present investigation __ _ 
Point VIIL __________ :M. A. Swayze ____ ___ ___ _ 
C.AF ________________ W. C. Hansen, L. '1'. 

BrowllmilleJ', and R . 
H. Bogue. 

CaO Ab O, 

46.1 21. 0 

48.07 29. 12 

47.78 31.13 

45.95 23.06 
45. 57 18. 01 
46. 1 21. 0 

In figures 1 and 7, poin t L designates the limit of 
solid solution , determined in the pres en t investiga­
tion, in the direction of the CaO-CaO·Alz03 bOlmd­
ary . The composition represented by point L a~rees 
well with those reported by Yamauchi [7] ancl by 
Yfalquori and Cirilli (see table 3). It contains less 
ferric oxide than the composition 6CaO·2Alz0 3·Fe20 3' 
Composition L is the solid solution in equilibrium at 
invariant points E2 and E3. The solid solution in 
equilibrium at point EJ corresponds to point B 
(table 3). 

The changing composition of the calcium-alumino­
ferrite solid-solu tion 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 effeet 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 t ie 
lines of importance, therefore, are those that indicate 
the compositions of th e 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 t his investigation_ 

CoO 20 40 60 80 2CoO ' Fe203 

FICURE 7. Final products oj crystallization in pseudo-ternary 
system CaO-CaO· Ab03-2CaO·Fe20 3. 

Com position perccntage 
Molecular form ula 

Fe,O, CaO CaO·AhO, 2CaO·Fe,03 
---------------

32.9 II. 4 32.6 56.0 __ . ____ __ __ 4CaO·AbO,· F~20 3 

22.81 16. 0 45.1 38.8 __ __ _______ 6CaO·2Ab03· Fe,0 3 
---------------- 6.2CaO·2.2Ab0 3. Fe,O, 

20.5 34.9 by weighL 

21. 09 15.7 48.0 36.3 ___ _______ _ 6.37CaO·2.28AbO,.Fc,O, 

30.99 11. 50 35.75 52.75 ___ _______ 4.3C30·1. IAb O,· Fe,O, 
3~. 42 10. 07 27.92 62.00 __ _____ .. __ 
32. 9 11 .4 32.6 56.0 __ _________ 4CaO·Ah03·Fc,O, 

3 .3 . Crystallization in the System 

In the pseudo ternary system CaO-CaO·A120 3-
2CaO·Fez0 3 there are 11 areas in which compositions 
may fall with regard to their final products of equi­
librium crystallization. These are designated in 
figure 7. In only 4 of these regions is crystallization 
completed (or melting b egun) at an invariant point_ 
These are the composition triangles 6 with their re­
spective invariant temperatures : 

(1) CaO-3CaO·Al20 3-Fss(B) 
(2) 3CaO·A1 20 3-12CaO· 7 AI20a-Fss (L) 
(3) 12CaO·7 A120 3-CaO·A120 3-Fss(L) 
(4) CaO·AlzOa-Fss (B )-CaO·Fez0 3 

1,389° C. 
1,336° C_ 
1,335° C_ 
(Invariant 

point out­
side pseu­
dosys tern 
limits_ ) 

Mixtures with composltlOns in anyone 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 mix tures, 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 products 
of equilibrium crystalliza tion, viz: 

(1 ) CaO·AI20 3+ Fss(L-B) 
(2) 3CaO·Al20 3+ Fss (L-B ) 
(3) CaO + Fss(B-C2F ) 
(4) CaO·Fe20 3+ Fss(B-C2F ) 
(5) 2 solid solutions (3CaO-AI20 3+ 12CaO·7AI20 3) 
(6) 2 solid solutions (12CaO·7AI20 3+ CaO·AI20 3). 

6 As indicated in fi gures I and 7, all of the compounds listed, except CaO, con­
tain some material in solid solution , The variations in composi tion are sman, 
howe ver, and of li ttle importance in comparison with the range of calci um alumi .. 
noferr ite solid solutions (Fs~)_ For convenience the symbol "ss", indicating a 
solid solution. is used in the text only to design ate tbe calcium aluminoferrite 
scrips, or single composition s 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-C2F )" 
(fig. 7), the products at complete equilibrium crys tal­
lization will consist of CaO and a calcium alumino­
ferrite solid solution whose composition is between 
point Band C2F . 

For a given mixture in one of tbe six 2-phase areas, 
the final composition of the Fss phase is determined 
by a line from the composition of th e other crys tal­
lization product through the composition of the mix­
ture, and extend ed to the boundary of the single­
phase F ss area (largest shad ed area). The point at 
which the line intersects this boundar,)' is the com­
position of t he Fss crystallization product. An 
example ill fi gure 3 is composition G ; a line from the 
CaO vertex through G intersects t he bOll ndary of the 
shaded area at H , the composition of Lbe Fss phase 
in mixture G when crystallization is completed. 

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

In addition to t he 11 areas disc ussed above, 
shading ncar 3CaO·A120 3 a nd 12CaO·7 Al20 3 in figures 
1, 7, and 8 indicates solid solutions along tbe lines 
3CaO·AI20 3-V and 12CaO·7 AI20 3-W respectivel~T . 
There is also a small shaded area n car CaO·A120 3 

representing a ternary solid solution just beyond t he 
pseudosystem boundar.\T. Tb e product of crystal­
lization of compositions in each of these regions is 
also a single solid sol u tion. 

Composit ions in the shaded portions of the diagram 
complete their crystallization at temperatures fol' 
corresponding poin ts on the solid-solution solidus. 
These points are below the proj ected liquidus surface 
in figure 1, and for those regions the solidus tempera­
tures canno t be determined from the figure. All 
mL'{tures studied do have Fss as an eq uilibrium prod­
uct of crystallization and the first liquid formation 
temperature is the solidus temperature for th e 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 Fss primary phase 
region these solidus temperatures can be compared 
directly with the corresponding Fss liquidus tempera.­
tures. 

The pseudosystem CaO-CaO·A120 3-2CaO·Fe203 is 
unusual inasmuch as it contains examples of most of 
the major types of equilibrium crystallization. 
Furthermore, the system con tains 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 m el ting compounds. These complicate the 
crys talliza tion process . 

It should be noted in figures 1, 3, and 8 that the 
liquidus maximum on tbe phase boundary separating 
the 3CaO.A120 3, and the Fss primary phase regions 

occurs not aL the intersection of the boundary wiLh 
the line V-B , but at a nearby point where the tie 
lines from V and from the sin gle-phase Fss region 
(th.e large, shaded area) become collinear. Similarly, 
the maximum on the boundary between CaO.AI20 3 

and Fss regions o ccurs 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 Li20 ·Si02-
Li20 ·AI20 3·4SiOz-Si02 . 

Almost any composition to be encountered in t he 
ternary system can be classified under on e of four 
types of crystalliza tion to be discussed here. The 
exceptions are compositions in the shaded regions 

6 0 

() 

d' 

F[(:UHE 8. A portion of the equilibrium diagram showing 
pctths oJ crystalli zation followed by typical mixtw'es within 
the system. 
C3A and (' 12 11 7 solid solutions are treated as having i1w constant com position 

, - and W. 

(fi gs. 1 and 7) for which, as mentioned previously, 
only approximate liquidus temperatures and [iDal 
crystallization products can be determined from the 
te rnary diagrams. . 

For convenience, the equilibrium crystalliza lion 
of compositions in the system will be discussed in 
terms of cooling chosen mixtures from a temperatme 
at which they are completely melted to a temperatme 
at which all liquid disappears. It will be assumed 
th.at equilibrium exists in all pbases 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 
CaO-C3A-B . On cooling this mixture, crystals of 
CaO appear at the liquidus temperature. With 
con tinued cooling, CaO continues to crystallize and 
the composition of the liquid moves along the line 
K-K, un til it reaches the point K, on the CaO-Fss 
phase boundary. With further cooling, the composi­
tion of the liquid follows th e 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 3CaO· 
A120 a appear. At the minimum heat content, the 
charge will be completely crystallized and will con­
sist only of CaO, Fss (B), and 3CaO·A120 a. 

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 temperatUTe 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 1• At M IJ 3CaO·AbOa appears as a second­
ary crystalline phase. With further cooling, the 
liquid composition then moves down the boundary 
between the CaO and 3CaO·A120 a regions until it 
reaches point M 2• In the temperature range in which 
the liquid composition is changing from M1 to M 2, 

the mean composition of the solid phases is changing 
from CaO to 3CaO·Al20 a. Neglecting the small 
amoun t 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 M12 through M 
(the composition of the mixture) to the point M;2 at 
which it intersects the system boundary CaO-
3CaO·AbOa. When the composition of the liquid 
reaches M 2 , all of the crystalline CaO will have dis­
solved and the composition of the solid phase present 
will be 3CaO·A120 3. On further cooling, therefore, 
the composition of the liquid will !rove directly 
across the 3CaO·A120 a primary phase region along 
the line M-Mz-Ma. At M a crystals of a calcium 
aluminoferrite solid solution having the composition 
indicated by point M~ at the end of the interpolated 
tie line , Ma-M~ , will then begin to crystallize. As 
the temperature is lowered , the composition of the 
liquid will move along the 3CaO.AbOa-Fss phase 
boundary to E2 at 1,336° C at which point crystal­
lization will be completed. Mixture M will then be 
composed of crystals of 3CaO·AbOa, 12CaO·7 AbOa, 
and Fss (L). 

During crys tallization, the changing liquid com­
positions for mixtures in the Fss primary phase region 
may be r epresented on the phase diacrram 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 tlte composition triangle CaO-B-C2F is 
designated b~- the dotted lin e J-J1• 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 ph~se b?un.daries at only a few de~rees below the 
respect ive JtqUldus temperatures of tlle mIxtures. 

The composition J 1 is defined by that member of 
Lhe indicated family of the tie lines which passes 
througb J. After reaching J 1, the composi lion 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 lin es, 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 2 • The 
final products of equilibrium crystallization for mi."\:­
tme J will thus be CaO and an Fss phase having the 
composition J;. 

Other tie lines in the phase diagram designate 
compositions of the Fss phase found to coexist wi th 
designated liquid compositions along the phase 
boundaries. For intermediate points (such as D j , 

fig. 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 eomposition of the liquid when 
crystallization is completed will be on the phase 
boundary at the end of the tie line that connrcts 
with the composition of the final Fss crystallization 
product for the mixture. 

Mixture D (fig. 8) r epresents another typical 
composition in a two-phase area. Here 3CaO·AlzOa 
is the primary phase and it continues to crystallize 
as the temperature is lowered until the liquid reaches 
the phase boundary at D j • At this poin t, an infini­
tesimal alT'.ount of Fss having approximately the 
composition D~ (on an interpolated tie lin e, D1-D;) 
begins to crystallize. The liquid composition then 
moves along the CaA-Fss boundary until the solid 
solution composition reaehes a point D; defined 
by the straight line through V and D . At the com­
pletion of crystallization, the liquid composition is 
D 2 , the end of the tie line from D;. Mixture D is 
then composed of 3CaO.AI20 3 , and Fss of com­
position D;. 

4. Application to Portla nd Cement Chemistry 

The extent to whieh information on the ternanr 

system ean be applied directly to the manufactm:e 
of portland cement clinker containing many com­
ponents is, of course, limited. Nevertheless, because 
of similarity of the phases actually observed in eom­
mereial 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 m.ore complex compositions. 

It is generally conceded, as a result of previous 
investigations [2, 7, 8, 9], that the principal iron­
bearing phase in portland eement clinker is essen­
tially a calcium aluminoferri te 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 mixtmes in the system. This vari­
ability results from the fact that there are wide 
ranges of composition (the six 2-phase areas) for 
which crystallization is completed on a phase 
boundary, rather than at an invarian t point. The 
variability applies to the temperature at which 
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liq uid is firs t formed or disappears in the diffcl'en L 
mi."Xtures as well as to the composition of th e F s 
phase. 

Only in the single-phase Fss region and the two­
phase CaO-Fss region will t be AlzOa/F e20 a ra Li o of 
the Fss phase always be the same as that of t he 
original mixture. 

The one- and two-phase areas in the tem ary 
sys tem (fig. 7) may be expected to bound analogous 
regions in multicomponen t clinker systems in which 
bot h t he final composition of th e Fss phase and th e 
solidus temperature will vary v,rith t he composition 
of the mixture. Even ~f equilibrium were attained, 
therefore, for commercial portland clinkers the tem­
perature at which liquid is first formed during 
burning, the quantity of liquid produeed in th e hot 
zone of the kiln , and the co nstitution of t he clinker 
can differ considerably for cc ment raw· mi."X tures of 
different Al20 a/F c20 a ra t ios. Th e A120 a/F e20 a weight 
ra tio in t he iron-bearin g phase can prcsumably vary 
wit h different mixtures from 0 to 1.476, with accom­
panying effects on tb e percentages of the other 
clinker consti t uents. 

Although the presence of F e20 a in the mix causes 
the formation of a liquid phase at a lower tempera­
t ure than if it were absent, increasing t he percentage 
of F ezOa in the raw mix docs not necessarily cause 
easier burning, bu t may even have the opposite 
effect. Study of figu re 1 reveals tha t mixtures 
whose crystallization is completed along the CaO­
Fss phase boundary, or a t E l (eutectic temperature, 
1,3890 C) will be more difficult to burn than mixtures 
completing their crys tallization at invariant points 
Ez and E a. 

Optimum conditions for proportioning and burning 
given raw materials of known chemical compositions 
to produce clinker of the desired consti tution and 
burning characteristics cannot be determined from 
the phase diagram for t he ternary sys tem alone. 
Additional work is s till required on portions of th e 
quaternary system CaO-AlzOa-FezOa-SiOz. Specifi­
cally needed in the four-componen t system are addi­
tional tie lines showing the compositions of the Fss 
phase in equilibrium wi th liquids along phase 
boundaries, and a furth er subdivision of the sys tem 
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 no tes on the 
t ern a I' y S Y s t e ill CaO-5CaO·3AI20 a-2CaO· F ezOa. 
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. 

5. References 

[ I] 1'1 . LeC' hale li ('J", I ~xperimen lal researcllCs Oll Lhe eO Il ­
sti lul ion of ceJllenls a nd t he Lheory of t heir selLillg, 
Com p t. re ll d. 94, 867 (l 2). 

[2] IV. C. H a nse n, L. T . B rownmiller, an d R. H . Bogue, 
SLudies on th e sysLem calcium oxide-alumin a-ferr ic 
ox idc, J . Am. Chem. Soc. 50, 396 (1928); PCAl<' 
P aper 13. 

[3] F. M . Lea, T . W. P arker , Investigat ions on a portion of 
t he quatern ary system CaO-AI ,0 3-Si02-Fe20 3: Th e 
quatern ary system CaO-2CaO· SiO,-5CaO·3Ah03-
4CaO·AL,03·Fc203, P hil. T rans. Royal Soc. [A] 234 (731) 
J (1934). 

[4] W. B Ussem, a nd A. E itel, T he strll ctu f"C of pen Lacalcium 
trialu minate, Z. K r ist. 95, 175 (1 936); W. BUssell1, 
X -rays a nd cemen t che mistry, p roc. sy mpos ium on 
chemistry of cements, Stockholm, p . 141 (1938). 

[5] T . Thorvaldson and W. G. Schneid er, t he composiLion 
of Lhe "5:3" calcium. a lumin ate, Call . J . llesearch 
[B]19, 109 (1 9'11). 

[6] H. F. McM urd ie, Studies o n a p OJ-L ion of t he system 
CaO-AJ,Oa-ll'e20a, J . Hesearch N BS 18, 475 (1937) 
RP 987. 

(7] T . Yam a uch i, A study on t he celi Le p ft rL: 1. T he system 
CaO-Fe20 J, J . J apa n Ceram. Assoc. 45, 279; lI. On 
Lhe brow nmilleri le, p. 361- 75 ; Ill. The system 
3CaO·AI,0 3-2CaO· li'e,03, p . 433- ·J6 ; I V. The system 
5CaO·3AJ,Oa-2CaO·Fe203. p . 614-3 1; V. The 
system 3CaO·AI20 3-5CaO·3 AI 20 a-2Ca,0·1"e20 'h p. 88G-
96 (1937); VII. The systems CaO-AI,0 3-Fe20 a a nd 
CaO-AI20a-Fe20a-SiO" J . J a.pan Ceram. Assoc. 46, 
66 (1938). 

[8] M . A. Swa.yze, A repo rt on st udies of (1 ) Lhe Le rn ary 
system CaO- C5A3- C21", (2) t he qu aten mry system 
CaO-C5Aa-C21"-C,S, and (3) t he qu atern a ry sysLem as 
modifi ed by 5 % m agnesia, pa rt I , Am. J . Sci. 244, 
1 ( 1946). 

[9] M. A. Swayze, A report on studies of (1) t he ternary 
system CaO- C5A3- C,1", (2) t he q uater na ry system 
CaO- CSA3-C,F-C2S, and (3) t he qu atern ary system 
as modifi ed by 5 % magnes ia, par t II, Am . J . Sci. 2<104, 
65 (1946). 

[10] G. L. Ma lq uori a nd V. Cirilli , Lhe felTi Le p hase, Proc. 
Sy mposium on Che mistry of Cem enl, p . 120 (London, 
1952). 

[11] 1". A. Ma uer, a n a na lyt ical bala nce fo r recordin g rapid 
changes in weigh t, R ev. Sci. Instr. 26, 598 (1954). 

[1 2] T . F. Newkirk, Different ial t hermal a na lys is above 
] 2000 C, J . Am . Ceram . Soc. 41, 409 (1958) ; P CAF 
P aper 72. 

[13] H arold P . Klug and Leroy Alexander, X -ray diffract ion 
procedu res for pol ycrystalline a nd amorphous mate­
ria ls, p. 716 (John Wiley & Sons, I nc., N ew York, 
N. Y., 1954). 

[14] R.. Roy and E. F . Osborn , The system li t hium metasili­
ca te-spodumene-silica, J . Am. Chem. Soc. 71, 2086 
(1949). 

[15] G. A. R ankin and F. E. Wright, The tern ary system 
CaO-AL,Oa-Si02, Am. J . Sci. 39, 1 (1915) . 

WASHlNG'l'ON, July 1958. 

245 


	jresv61n4p_233
	jresv61n4p_234
	jresv61n4p_235
	jresv61n4p_236
	jresv61n4p_237
	jresv61n4p_238
	jresv61n4p_239
	jresv61n4p_240
	jresv61n4p_241
	jresv61n4p_242
	jresv61n4p_243
	jresv61n4p_244
	jresv61n4p_245
	jresv61n4p_246

