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By William R. Eubank* and Robert H . Bogue* 

Portions of the quaternary sys tem Na20-CaO-AJ,03-Fe,0 3 have been studied by the 
exploration of (1), the plane CaO-4CaO.AI,0 3.Fe20 3- (Na,O + 3AI,03) a nd (2), planes above 
the base syste m CaO-5CaO.3AI20 3-2CaO.Fe20 3 contain in g s uccess ively increasing amo un ts 
of Na20 up to 6 pe rcent. A portion of t he quate rnary sys tem Na20-CaO-Fe203-Si02 has 
been s tud ied by the exploration of a plane containing 5 percent of Na20 above t he base 
sys tem CaO-2CaO.Si02-CaO.Fe20 3. 

In the pse udo syste m CaO-4CaO.AI,0 3.Fe203-(Na20 t 3AI20 3), the compo und Na20.8-
CaO.3AI20 3 was fou nd to ex ist as a pr im a ry phase, and the a rea in which t he plane cuts the 
Na20.8CaO.3AI,03 p rimary-phase volume was established. Three points on uni variant 
curves were located. The iron phase (4CaO.AI20 3.F e20 3 solid so lu t ion) was obse rved to 
ex ist in a solid-solution ser ies. 

In the system ITa20-CaO-5 CaO.3AI,0 3-2CaO.Fe20 3, i t was found that the co mpound 
Ka20.8CaO.3AI,03 appears at an Na,O co ncentrat ion of about 4.2 percent. H owever, 
because soda is taken in to soli d solution by other phases, it was no t feas ible at this t ime to 
determine the invar ian t point for Na20.8CaO.3AI,0 3, 3CaO.AI20 3, 5CaO.3AI 20 3, and 
4CaO.AI20 3.Fe20 3 so lid solution. 

In t he system K a20-CaO-2 CaO.S iO,-CaO.Fe20 3, no ternary compounds were obse r ved 
up to t he 5-perccnt limi t of Na20 employed. A soda-conta ini ng phase was found to occu r 
in solid so lutioll with a 2CaO.Si02, wh ich may prec ipi tate on cool ing, forming in cl usio ns in 
t he {3 2CaO.SiO" or ente r int,o reactio n wit h the g lassy phase. 

1. Introduction 

The role of the alkall element in portland 
cement has become of increasing intere t in 
recent years , du e to the importance attached by 
some investigators to a reaction that may take 
place between the alkalies and certain siliceous 
aggregates [17 , 14, 8).1 The Portland Cement 
Association Fellowship, over a period of many 
years, has conducted an intensive study of the 
effect of the alkali clements on the phase composi­
tion of cement clinker. Both potash [19 , 20, 21] 
and soda [2 , 6] have been so studied. In continua­
tion of th is research, some of the preliminary 
investigations incident to the examination of the 
quinary sys tem Na20-CaO-Ab03-Fe20 3-Si02 have 
been completed and are hm.'ein reported. 

Before direct attack can be made upon the 
quinary system, it is necessary to know the phase 

' R esearch Associates at the National Bureau of Stand ards, representing 
the P ortland Cement Association. 

1 Figures in brackets indicate the literature references at the end o[ this 
pa l)er. 
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relations of its boundary quaternary ys tems. 
There are five such boundary systems.2 N-C-A-F ; 
N-C-A-S; N-C-F-S; N-A-F-S; and C-A-F-S. One 
of these, N-A-F-S, contains no lime and can be 
considered, from the point of interest in portland 
cement, as not significant in the investigation. 
Studies on the system C-A-F-S have been reported 
by Lea and Parker [1 2] and by Swayze [1 8]. A 
portion of the system N-C-A-S ha been explored 
by Greene and Bogue [7]. The remaining two 
systems, N-C-A-F and N-C-F-S, requi re further 
examination, which is the purpose of this paper. 

Studies of the system C-F-S [9, 3] have shown 
no ternary-compo und formation . In an investi­
gation of the system C-,A-F [10], the ternary 
compound C4AF was repor ted as the end member 
of a solid-solu tion series between C2F and hypo­
thetical C2A. Swayze [18] has shown that this 
series extends to the composition C6A2F. As it 

, The [ollowin g customary a bbrevia ted symbols arc used interchangeably 
with the conventional [ormulas : N=Na,O; C=C80; A=AIo03; F=Fr,O 
S=SiO,; M=MgO; B = BaO. Thus NC,A,=Na,O.8CaO.3A1203. etc. 
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has not yet been found possible to define the 
precise composition of the solid solu tion resulting 
from the crystallization of a given melt in this 
area, the formula C4AF ss will De employed herein 
to indicate this iron-containing solid-solution 
phase. A study [2) of the system N-C-A has 
revealed that a ternary compound , NC8A3. is 
stable in the high-lime region of those compon~nts 
in equilibrium with C3A. A subsequent investi­
gation r7) indicated that this compound is also 
stable, in the system N -C-A-S, in the presence of 
C2S and C3S. It remained to studv the reactions 
of NC8A3 in systems containing tIle iron phase, 
and fnrther to observe the effects of additions 
of Na20 upon compositions in the systems 
C-A-F and C-F-S. This has been accomplished, 
and preliminary results are herein presented on 
three studies: 1. Pseudo system C-C4AF-(NA3)3; 
2. Portion of the system N-C-CsA3-C2F; 3. Por­
lion of the system N-C-C2S-CF. 

II. Experimental Procedure 

The phase-equilibrium relations of a four-com­
ponent system may be expressed in various ways 
[12, 16). In the present study two of these 
methods are employed. In the study of the 
pseudo-ternary system C-C4AF-(NA3), a plane 
was passed till'ough the tetrahedron N-C-A-F in 
such a way as to cut the space model at the com­
positions C, (AF) and (NA3), (see fig. 1). In the 
study of the systems N-C-CsA3-CzF and 
N -C-C2S-CF, planes were passed till'ough the 
space model parallel to the soda-free surface (see 
figs. 3 and 4). In all cases the triangular dia­
grams obtained by these planes represent arbitrary 
pseudo-ternary systems. The advantage of this 
procedure is that the planes may thus be repre­
sented in the form of a ternary diagram (see fig. 
2). However, it is evident that the information 
that can be obtained from the diagram of an 
arbitrary plane through a quaternary system is 
in general much more limited than that which can 
be derived from the diagram of a true ternary 
system. The course of crystallization upoil cool­
ing a given melt can be followed on the diagram' 
of a ternary system, but usually this cannot be 
done for Ii plane till'ough a quaternary system 
unless the plane represents a true ternary system. 

3 The parenthesized expressions (N A3) , (N ,,\ ,) and (AF) are used to indi­
cate arbitrary compositions and arc not intended to be und erstood either 
as compounds or phases. 

226 

C F· 

c,/ 
(AFJ 

N 

c 

A 

FIGURE I. - Tetmhedron, N-C-A-F, within which is shown 
the pseudoternary system, C-C,AF -(N Aa), as a part cf the 
plane cutting the tetrahedron at C-(AF)-(N Aa) . 

This arises from the fact that crystalline phases 
in equilibrium with liquids at various tempera­
tures usually have compositions outside the 
original plane. However, by judicious choice of ~ 

planes, these difficulties may be largely reduced. 
The quenching method of investio-ation [2 1 7} 

b " 

was employed, except that in some cases the 
charge was allowed to cool slowly in order that 
secondary phases might be examined. The phases 
were identified by optical petrographic methods. 

Both envelopes of platinum foil, and open 
platinum pans as first used by Swayze and Brown 
[18), were employed in this study. It was found 
that the alkali loss was much more rapid from the 
open pans. Therefore, in most cases, platinum 
envelops were used to hold the charges for burning. 

Volatilization of small amounts of soda from 
the charges during heating was found to occur 
when envelopes were employed, but could be 
controlled and provided for . The charges were 
held at the reaction temperature for the shortest 
period consistent with complete reaction. This 
period for equilibrium varied with composition 
and was usually short, only a few minutes, for 
the high-fluidity iron-containing mixes. How-
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Fl(1rRl~ '2 .- Field of intersection of the C-C. AF- CNAa) plane 
with the NCsA3 pl'imary phose VOlll111r . 

'The dots indicat.~ co mpositions studied . 

ever , in the absence of Si02 or in the presence of 
less than 4 percen t of N a20 , longer period s, some­
times more than an hour, were required. The 
loss of soda was found to be less when it was 
add ed in certain combined Jonns, as NA or NS2. 

As the loss of soda was Jound to be proportional 
to the concentra t ion, a definite exces of Na20 
was provided in the preparation of the charges. 
Analytical checks indicated that the 10 ses were 
satisfactorily compensated . 

Raw materials were sp ecially prepared and of 
unusuall y high puri ty. Th e Fe20 3 and Si02 were 
better than 99.99 percen t pure 0 11 a dry basis, and 
other reagen ts wprr better than 99.90 percent. 

These raw materials were ground to pass a No. 
200 sieve and , after propor tioning, fur ther ground 
in an agate mortar. .Microscopic examination 
showed satisfactory m ixing. One-hundred gram 
quantities of C5A3, C2S, (NAa), C2F , C4AF, NA, 
a nd NS2 were prepared . Each mix was given at 
least two burns wi th in term ediate grinding and 
mixing in each rase. These materials, together 
with CaCOa, wer e then used as base mixes for 
preparing I-g composi tions to be studied by the 
quenching method. Because of the possible loss of 
soda, no preliminary burns were given these mixes. 

Water was found to b e the most satisfactory 
quench ing medium. Charges were r emoved Jrom 
the water immedia tely after quenching and dried 
on the top of the furnace . The hydration resulting 
hom this procedure was insignifican t, and the 
efficiency of cooling was superior to that obtained 
with the use of mercury . The size of the charge 
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was kept small (2 to 10 mg) to improve further 
the rapidity of freez ing. 

P ermanent mounts of all charges were made, 
using Hyrax res in of refrac tive irtdex 1.71 5. Tbi 
procedure, which was emphasized by Brown [1 8], 
provides a permanent record of the investigation 
and permits the reexamination of specimens as the 
need arises. 

In many cases, several quenchrs of a given mix 
were necessary before the temperature range was 
reached where the information obtained became 
pertin ent to the investigation. Only those da ta 
that are of critical significance are herein recorded. 
In most instances, glass was the predominant 
phase, with small amounts of the vn,rious crystal­
line pbases appearing embedded in the under­
cooled matrix. 

The thermocouples were recalibrated at Jrequent 
intervals because of attack by the soda vapors. 
For this purpose pure diopside, CMS2 (139l.5° C), 
01' barium disilicate, DS2 (1,418° C), were employed, 
the melting points of these compounds having been 
confirmed with a couple standardized by the 
National Bureau of Standard s. 

Special high-index media were prepared for 
measuring thr refractive indi ces of the iron com­
pounds These were mad e by heating together 
purified piperin e and a mixture of arsen ic and 
antimony tri-iodicles according to the method of 
Larsen and Merwin [Ill. TheRe media gave incl ices 
ranging from 1.88 to 2.06. 

III. Experimental Results 

1. Pseudo system C-C4AF-(NAa) 

The reactions of NCsA3 in the presence of iron 
and alumina compound s, and the character of 
solid-solution formation between these compounds, 
were studied by an examination of the pseudo 
system C-C4AF- (NAa). The composition (NAa) 
was selected as one 01'. the component vertices so 
that the plane chosen would include the compound 
NCsAa. This is indicated ill figure 1, wher e the 
pse udo sys tem is shown to be a portion of a plane 
cutting the space mod el at the points C , (AF), 
and (NAa) . The pseudo system C-C4AF-(NA3), 
indicated in the figure as a scalene triangle within 
the tetrahedron, is shown to better advantage in 
figure 2, where it is reproduced as an equilateral 
triangle. The compositions studied are indicated 
by dots, and are drfined in table 1, together with 
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T ABLE I. - Results oj qver..ches 'in th e system C-C, AF- (NAa) 
,-

Composition 
No . I T emper. ':rime Pe trographic rxamination 

I I 
I at m e Na20 CaO A1,O, C,AF 

NC, A, FIE L D 

% % % % °C min 

{ 
1, 478 50 NC'gAa, N2CaA3, glass . 

1 9. 35 45. 0 45. 65 0 1,489 60 NCsA3, trace 1\'2C3A5, glass. 
1, .501 35 Glass, trace NC, A, . 

2 8.45 40.5 41. 05 10 ! 1, 461 65 NC,A" N,C , A" glass. 
1,473 flO A II glass. 

I 1, 433 55 NCsA 3, N 2CaAs, glass . 

3 7.45 36.0 36. 55 20 
1,444 40 NCs A3J glass. 

1 
1,463 30 Trace NC, A" glass. 
1, 470 30 All glass. 

4 6. 55 31. 5 31. 95 30 ! 1, 428 30 NCsAa, glass. 
1, 439 35 All glass. 

5 5.6 27.0 27.4 40 ! 1, 416 30 NC,A" glass. 
1, 423 35 A ll glass. 

{ 
1,390 30 NCsAa, iron phase, glass. 

6 4.68 22.5 22. 82 50 1,401 30 NC,A" glass. 
1,417 35 All glass. 

7 3. 74 18.0 18. 26 60 ! 1, 380 30 NCsA a, iron phase, glass. 
1,391 35 All glass. 

16 25.0 20.75 50 ! 1,429 30 'rrace NC sA a, mostly glass. 4.25 
1, 439 30 All glass. 

17 3. 4 20.0 16.6 60 ! 1, 380 30 N C,A" glass. 
1,391 30 All glass. 

35 20.0 24 .9 50 1 
1, 340 40 NCsAa, C5 .:\ 3, glass. 5.1 
1,346 30 All glass. 

C,AF 88 FfELD 

13. 5 13. 7 70 f 
1,392 30 Iron phase, glass. 

8 2. 8 
1,404 35 All glass. 

9.0 9.13 80 { 1, 401 30 Iron phase, g lass. 
9 I. 87 

1,412 35 All glass. 

90 ! 1,429 30 Iron pbase, qu ench growth glass. 10 0. 93 4. 5 4.57 
1, 438 30 All glass. 

12. 45 70 1 
1,370 30 Iron phase, glass. 

18 2.55 15.0 
1,380 30 All glass. 

16. 5 11. 2 70 1 
1, 400 35 Iron phase, trace CaO, glass. 28 2.3 
1,412 35 All glass. 

1. 53 11. 0 7. 47 80 ! 1, 394 30 Iron phase, glass . 
29 

1,408 20 All glass . 

{ 
1,320 30 Iron phase, Cs Aa, glass. 

36 4.1 16.0 19.9 60 1,382 30 Small amt. iron phase, glass. 
1,395 30 All glass . 

12.0 14 . 9 70 ! 1,397 30 'rrace iron phase, glass. 37 3. 1 
1,411 35 All glass. 

40 18. 0 22.4 55 { 1,383 20 ',['race iron phase, glass. 
4.6 

1,395 40 All glass. 

46 3.0 17.5 14.,'; 65 ! 1, 370 30 Iron phase, quen ch growths, glass. 
1, 380 45 All glass. 

10. 0 20.8 65 ! 1,395 35 11'011 phase, quench growths, glass. 55 4. 2 
1, 404 32 All glass. 

(' , A, F I ELD 

{ 
1, 384 30 N2C 3A[., NCsA 3, C5A3, glass. 

33 7.1 28. 0 34 . 9 30 1,387 30 Tr:lcc C5A3, glass. 
1,391 30 All glass. 

{ 
1,342 35 N C,A3, C, A" Q11en ch growths, glass. 

34 6.1 24.0 29. 9 40 1,352 55 C,A" trace !\C,A" glass. 
1,360 30 All glass. 

35 20.0 24.9 50 1 
1, 340 3U C5Aa, N esA 3, glass. 5. 1 
1, 346 30 All glass. 

{ 
1, 381 30 C;,A3, NC sAa, N2C 3A ;" glass. 

38 7.6 30. 0 3i.4 25 1,390 30 Small anlOU]lt CLA3, glass. 
1, 400 30 All glass. 
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T A13LB I. - Results oj quenches ~'n the system C-C4AF- (NA3) - Continued 

Composition 
Ko. rrem prr-

Tim e Petrographic esaminat ion 

I I I 
aturc 

N",O CaO A1 ,O, C, AF 

C,A , FIELD- Continued 
-----

{ 
1, 376 35 C,A" KC,A" glass. 

39 G. 6 26.0 32. 4 35 J, 380 30 '-rracc CsAa, glass . 
1, 385 30 All glass . 

44 5.96 1.\.0 29.04 50 1, 410 25 Trace CS Alt glass . 

r 1. 384 30 CsAa, iron phase, quench growths, gl:1ss. 
45 4. 7 12.0 23.3 60 1 1. 398 30 Small amoun t C,A" glass. 

1,404 30 Trace C,A" glass. 

,17 8.4 21. 0 40. 6 30 { 1.5W 35 e f Aa, N2CaA ,j, g lass. 
1, 551 30 Cst, 3, gla.ss. 

{ 
1,454 30 C,A" N,C,A" glass. 

48 7. 1 18.0 34.9 40 J,470 30 ('sAl, trace N2CaAs, gluss. 
1, 488 55 'l'ract? CsA a, glas". 

50 8. 1 12.0 39.9 40 { 1, 49R 35 C,A" J:\ ,C, A" g-Iass. 
1, 540 45 0 5..-\ 3, glass . 

54 5.6 22.0 27. 1 45 { 1,340 30 CSA3, NOsAl) glass. 
1,3n 35 A II glass. 

N,C, A, F IELD 

30 1ll.2 10.0 49. 8 0 { 1, 485 30 N,C,A" ghss. 
1. 495 aD Do. 

31 9.2 36. 0 44.8 10 J, 45O 30 Do. 

32 8. 2 32. 0 39. S 2lJ { 1, 420 30 Do. 
1, 430 30 A II gloss. 

42 9. 5 24. 0 46. 5 20 { 1, 460 30 N 2Ca.A 5, gi::lSS. 
1. 490 35 Do. 

43 8.9 22.5 4:1. 6 25 1, 495 45 Do. 
I 

CaO FIELD 

{ 
1. 501 35 TCaA" glass. 

1.1 S. 5 50.0 41. 5 0 1, 514 35 CaO, NCaA" glass. 
1,526 30 CaO, rOllnded grain s, glass. 

12 7. ti 45.0 37. 4 10 { 1,485 30 CaO , NCBA" Quench growths, g1o.ss. 
1, 495 35 CaO, glass. 

{ 
1, 483 35 CaO, NCaA" glass. 

13 6. 8 40 0 33.2 20 1, 495 30 Do. 
1,504 30 CaO, large grains, glass. 

14 5. 9 35.0 29. 1 30 { 1,475 35 CaO, NC,A" gln"s. 
] ,487 30 Small amount. eao, glass. 

{ 
1,439 35 J CsA" CaO, glass. 

15 5. 1 30. 0 24.9 40 1,450 30 CaO, glass. 
J,461 30 A II glass. 

21 7.7 55.0 37.3 0 { 1, 514 35 Small grain s CaO, glass. 
1,526 30 Do. 

22 6. 9 49.5 33.6 10 ! l. 485 30 CaO, NCaA" Quench growths, glass. 
] , 495 3,\ Lal'gr rounded grains CaO, glass. 

{ 
1.483 35 CaO, NCsA3, QuC'nch growths, glass. 

23 6. I 44. 0 29.9 20 1,495 30 CaO, NCaA" glass. 
] ,504 30 Large grains CaO, glass. 

24 5.4 38.5 26. 1 30 { 1, 475 35 CaO, quench growths, glass. 
J.487 30 Smflll amonnt CaO, glass. 

25 4. 0 33.0 22. ·1 40 ! 1, 4:39 35 CaO, sllJali a mount NCaA" glass. 
1, 461 30 CaO, glass. 

{ 
J, 439 30 CaO, NCsA:! , quench growths, iron phase, 

26 3. 8 27. 5 18.7 50 glass. 
1. 448 30 CaO, Quench growths, glass. 

{ 
] ,39 [ 30 CaO, qnench growths, NCsA3, h'on phase, 

27 3. 1 22.0 14.9 60 glass. 
],404 30 CaO, glass, 

53 2.7 19.0 13.3 05 { 1. 400 35 Do. 
1, 409 ~5 All glass. 
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t he heat t rea tments and the phases observed in 
the quenched charges. 

From a study of about 50 compositions in this 
system , the boundaries defining the area of inter­
section of this plane with the primary-phase 
volume of NCgA3 were located . This fi eld was 
found to be rather narrow and to extend from a 
point ncar the C4AF vertex to the base line, 
c -( JA3) ' As NCgA3 mel ts incongruently [2], its 
composition falls outsidc of the field for that 
compound. The boundary curves defining the 
area of N CgA3 in this system are indicated in 
the figures. The boundary curves extending 
away from that. field , and originating a t points on 
univarian t curves, were not studied a t length, and 
are indicated by dash ed lines. The intersection 
point H , for C5A3, C4AF 88, and NCgA3, was 
determined. Two other intersection poin ts, K for 
C5A3, NCgA3, N 2C3A5, and L for CaO, C4AF 88, 

N CgA3, also were located. The compositions and 
melting tempera tures of these points, as of the 
points on the base-line, C-(NA3) [7], are given in 
t able 2. 

T ABLE 2.- l n teTseclion points in the pseudo system 
C-C4AF - (N A3) 

Composit ion 
Point Phases 

COMP OSl'I' IONS, E X PRE SE ED AS OXID E S 
------- - ----------------------------

% % % % ° C 
1-I CsAa, C4AF SS, NC@A3 __ 44.0 34. 2 17. 1 4.7 1,344± 5 
K CsAa, ~C8A3J N 2C 3A 5 ___ 42.8 42.8 7.2 7. 8 1, 41O± 1O 
L C. C, A1<' .s, NC, AL ____ 48.4 2G.8 22. 3 2. 5 1,390± 1O 

o [2J C, NC,A3. __________ ____ 46.8 44.2 1,508 
R [2J N , C,A5, NC,A,._. __ __ ___ 43. 2 4G. 5 10. 3 J, 4G5 

COMPO SI TIONS, EXPRESSED AS C OMPONENT S 
1------- --------------------------- --

I 

Point CaO C4J\.F (NA,) 

1/ 
K 
L 

% 
20 
32 
17 

% 
52 
22 
67 

% 
28 
46 
16 

The curves in figure 2 are sections through 
bivarian t surfaces in the qua ternary system 
N -C-A-F. The in tersections of th ese curves are 
points on univarian t curves in the quaternary 
system. As the system C-C~F-(NA3) is a 
pseudo system , none of these points can be con-
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sidered to be invariant points . Such a point 
could be an invariant point, but only if the plane 
selected arbitrarily happened to pass through an 
invariant poin t. Intersection points Hand L are 
on the univariant curves for C4AF 88, C5A3 
and NCsA3 and for CaO, C4AF 88 and N CgA3, 
respectively. 

A primary-phase region for C3A exists in the 1 

plane C-AF-A (fig . 1), bu t is absent in the plane 
C-AF- (NA3)' On the other hand , a narrow region 
for NCgA3 exists in the plane C-AF- (NA3) ' but is 
absent in the plane C-AF -A. It is to be expected, 
then , tha t between the two planes there is an 
N a20 concentration at which the C3A region dis­
appears, and an Na20 concentrat ion a t which the 
NCgA3 region appears. It is probable that these 
are the concentrations of N a20 at invariant points. 
The Na20 concentration at which N CgA3 appears 
is considered in the inves tigation of the system 1 

N -C-CSAa-C2F . 
The formation of iron-containing solid solution I 

was observed by measuremen ts of the r efractive 
indices of the quenched charges. The ex index 
(yellow-brown pleochroism ) was measured in each 
case. R ed fil ters, transmitting the equivalent 
wavelengths of r ed lithium light, were a t first 
employed , but the values obta ined were found no t 
to differ from those obtained wi th unfil tered white 
ligh t . It seems that the high-index media used, 
because of their reddish-brown color, act as fil ters, l' 
making the usc of additional fil ters unnecessary. 
The refractive index of th e crystalline pleochroic 
iron phase in this system was found to decrease 
with decr easing iron conten t of the charge. Thus, 
as the calculated percen tage of C4AF was reduced 
from 90 to 30 percen t, the ex index of the iron phase 
was lowered from 2.03 to l.9 l. 

Considerable difficulty was encountered in crys­
tallizing the iron phase in th e low-iron composi­
tions of the NCsA3 field . E ven when the charge 
was allowed to cool wi th the furn ace, the cooling 
rate was still no t slow enough to permi t satisfac­
tory crystallization of this phase. By a controlled 
slow cooling, effected by gradual reduction of 
electrical input into the furnace, the iron phase 
could be iden tilled microsco pically ; bu t crystals 
large enough for index-of-refr action measurements 
could no t be obtained in ch arges in which the 
calculated C4AF concentra t ion was below 25 
percen t. 

The results of this study have loca ted the 
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boundaries of the NCgA3 primary phase r egion 
in a system in which C4AF is a component. The 
iron phase has been iden t ified as a solid solu tion, 
th e composition of which varies with the iron 
concentra tion. E v idence has previously been re­
ported [6] leading to the sugges tion that C3A and 
N CgA3 form , under sui table conditions, a solid­
solu tion phase at temperatures below the liquidus . 
No indication of this was found in the present 
study . However, in the following investiga tion, 
C3A and NCgA3 were sometimes observed as what 
appeared to be mLx-crystals. 

2. Portion of the System N-C-C5Aa-C2F 

From the study above reported , we learn tha t 
the soda compound NCgAa exists at equilibrium 
on th e liq uidus over a par t of the plane represen ted 
by the pseudo- ternary system C-C4AF- (NAa), as 
well as in the pseudo-binary system C-(NAa), as 
shown by th e diagram offigu re l. It was necessary 
to ascer tain fur ther the point in the quaternary 
system N-C-A-F wh ere the soda compound 
NCsA3 first appears. From figure 1 i t is obvious 
that this will be found within the wedge bounded 
by C, A, (NA3) and (AF ), i. e., in a region more 
remote from N than the plan e previously s tudied . 
The procedure employed was to set up a space 
model of the sys tem N -C-A-F as before, in wh ich 
th e ternary sys tem C-C5A3-C2F [1 8] appears on 
one of the faces, as shown in figure 3. A series of 
planes parallel to the above face was then drawn 
at specified N azO eoncen tra tions, each plane 
containing a fixed N azO valu e. These planes wer e 
arbitrarily spaced at N a20 concen trations of 2, 
4, and 6 percen t, the intention being to con tinue 
study of successive planes unt il NCgA3 appeared 
as a primal:y phase. About 10 composition 
points were investiga ted in each soda plane as 
well as in the soda-free base plane. 

It was found tha t the planes containing 2 per­
cen t and 4 percent of Na20 did not show NCsA3 
as a primary phase; but when the plane containing 
6 percen t of N a 20 was explored, it was found to 
cut the primary-phase volume of NCsAa in a 
narrow elliptical section extending from about 
3 to 22 percent of C2F . Additional planes con­
taining 5 and 4.5 percent of Na20 were found a lso 
to' cu t the primary-phase volume of NCgA3, which 
locates between 4.0 and 4.5 percent the N a20 
concentration at which N CgA3 firs t appears. Fur­
ther planes to locate this concentration more 
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FIG UHE 3.- TetrahedTon, N-C- A-F, on one face of which is 
shown the ternal'Y system C-CS A3-C2F [18], and within 
which appears the quaternary ~ysle1n N -C-CSA3- C2F. 

precisely were no t explored ; but i t was concluded 
that the N a20 concen tration could be placed a t 
about 4 .2 percen t 

These explora tory s tudies indica te tha t the 
temperature of the qua ternary invar ian t point 
may be higher , rather than lower, than the 1,335° 
C [10, 18], r eported for the oda-free, ternary 
invariant point for C5Aa, CaA, iron phase and 
liquid. The explanation appears to be tha t cer­
tain phases, especially C5A3 and the iron phase, 
arc no t pure and the resulting solid solu tions may 
melt at higher temperatures than the pure com­
pounds. It is theoretically possible for solid 
solution freezing-point curves to pass through 
either maxima or minima. The la t ter phenome­
non, however , is the more common. Examples of 
each of these cases are discussed by Findlay [4] 
and others. 

The effects of solid-solution formation have 
been noted by a number of inves tigators, and 
the readiness with which C5A3 enters into such 
solution has been reported. In the presence of 
F e20 3, the refractive indices of the C5A3 phase 
have been found to be markedly raised [10]. As 
mu eh as 8 percent of C4AF may b e taken up by 
C;A3, and up to 5 percent of C;A3 or C3A may be 
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I taken up by C4AF [13]. In the system N-C-A 
[2], the CsAa phase crystallizes as a solid solution 
with NazO, and as little as 1 percent of NazO 
raises the melting point of CsAa 25 degrees. Like­
wise, in the system N-C-A-S [7], the invariant 
point for C2S, CaA, CsAa and NCsAa has been 
reported to occur at a temperature 30 degrees 
higher than that of the corresponding soda-free 
invariant point for C2S, CaA, and CsAa. From 
these results it appears that the formation of 
solid solutions involving CsAa with Fe20 a or N a20, 
as well as those concerned with the iron phase 
[18] may be responsible for the increased temper­
ature in the compositions under discussion in the 
present investigation. 

There seems to be some possibility of the 
existence of solid solution also in the case of CaA 
and NCsAa. Occasionally, large isotropic grains 
of C3A were seen to contain fine granules of grey 
birefringent material. The birefringence of this 
granular material corresponds to that for NCsA3. 
Such a large grain then has a mottled birefring­
ence. This presents some evidence that fine 
grains of NCsAJ may be embedded in the CaA 
matrix, resulting from a reaction of alkali with 
CaA. Whether or not this is a solid solution is 
still not certain. 

3 . Portion of the System N-C-C2S-CF 

In former s tudies of the system C-F-S in the 
region of portland cement [9, 3], no ternary com­
pounds were found. It was necessary, however, 
to extend that study by the introduction of N a20 
as a component. Accordingly, the quaternary 
system N -C-F-S was set up in a manner similar 
to that employed in the previous studies on the 
system N -C-A-F . Figure 4 shows the tetrahe­
dron N-C-F-S on one face of which are given 
the boundary curves and joins of the system 
C-C2S-CF [3]. A plane parallel to the plane of 
this system cutting th e tetrahedron at 5-percent 
Na20 concentration was explored, and is indi­
cated on the diagram. Twenty compositions 
in this plane and five compositions in the soda­
frf'e plane were studied. 

The burning and quenching techniques em­
ployed were the same as previously used , with 
the exception that additional burns of some mixes 
were made wherein the charge was allowed to cool 
slowly so that the secondary phases present 
might be examined. 
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FIGUR E 4.- Tetraher1ron, N-C-F-S, on one face of which is 
shown the temary system, C-C2S-CF [3], and within which 
appears the qualernm'y system N-C-C2S-CF. 

It was observed that no ternary compounds 
were formed in this system with Na20 additions I 
of 5 percent. The temperature of liquid forma- I 
tion was lowered, however, due to the presence of 
Na20. Even in the presence of Na20, however, 
it was observed that charges near the C2S-C2F 
join and close to C2S in composition were verv 
refractory, showing little liquid at temperatur~s 
up to 1,550° C. As the composition moved 
away from the C2S point and contained increasing 
concentrations of C2F , th e amount of liquid formed 
was found to increase. In a mix containing only 
31.5 percent of CaO, the charge was completely 
liquid at 1,320° . In charges containing 15 per­
cent or more of Fe20 3, it was noted that the C2S 
gra.ins were usually surrounded by a dark matrix, 
whICh appeared more opaque as the iron concen­
tration increased. This phase occurred in both 
the crystalline and glassy states; when crystal­
line, its birefringence was deep red. In many 
cases a region of higher birefringence (yellow to 
bright red) existed at the interface of this phase 
and the C2S crystals, which would seem to indi­
cate some reaction between the C2S and the sur­
rounding phase. It is possible that soda-contain-
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ing solid solutions wi thin tlle C2S r eact to some 
exten t with the iron-containing matrix. Many 
fine inclusions though t to contain soda were 
frequ ently observed in the Cz8 grains. 

In this investigation soda was added as the 
glassy compound N82• As this compound crys­
tallizes only uncl er carefully controlled conditions 
of very slow coohng, no N8z crystals were ob­
served in any of the burns. However , only one 
liquid phase was observed and , because a liquid 
phase was always presen t, it is probable that the 
soda was concentrated th ere. 

No C38 was observed in the 5-percent Na20 
plane studi ed. Apparently this compound is not 
stable in th e presence of Na20 of that concentra­
tion. It has been observed tha t soda reacts 
with C38, conver ting it to free CaO and C28, and 
then en ters in to solid solution wi th the Cz8 . 
H ence soda causes free CaO to form , which ~ould 
not otherwise appear, thus enlarging its pl'imary­
phase region. Conversely, the size of the C38 
primary-phase region is decreased, or disappears 

, entirely as in the concentrations herein r eported. 
The location of th e C28 and iron-phase fields ap­
pear essen tially un changed in the 5-percent N a20 
plane. 

IV. Discussion 

In the investiga tions herein repor ted , 8i02 and 
Al20 3 were not presen t together in any of the 
compo itions studi ed. The purpose, as already 
explained, was to provid e the necessary informa­
tion preliminary to the extension of the studies to 
th e quinary system N-C-A-F-8. 

The work has revealed that the extension of the 
field of CaO du e to the introduction of N a20 , as 
previously reported for th e system N -C-A-8 [7], 
appli es also in the sy tems and regions covered 
in th e presen t study. Also, th e presen ce of soda 
was observed to lower the temperature of form a­
tion of first liquid . However , the influence of 
soda on the burn abili ty of portland cemen t clinker 
canno t be sta ted wi th .assurance until the simulta­
neous phase-equilibrium rclations of all fi ve 
components have been completed. 

Likewise, the nature of the soda phase in port­
land cemen t clinker cannot be stated with assur­
ance un til th e completion of the quinary system. 
At the present state of information, it appears 
tha t the phase NCsA3 is stabl e over a wide range 
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and probably constitu tes th e principal soda phase 
in elinJ<er , although soda has been observed to 
enter into several different solid solutions. It is 
possible that this phase may interact with cal­
cium sulfate, as was found to be the case with the 
potash compound KCn812 [21] . In that case we 
might expect N a280 4 and C3A to be produced, 
a reaction for which we have some evidence. 

It had previously been shown [6] that soda 
enters into solid solution with a C2S following 
interaction with C3S by which CaO is liberated. 
When the a C2S solid solution inverts to the (3 
form on cooling, the soda appears to be pre­
cipi tated, perhaps as NCsA3' and to r emain as 
inclusions in the crystallized silica te grains. 
Further evidence of this r eaction was obtained 
in the present study, where the C2S phase was 
observed in all three of its polymorphic forms. 
Soda-containing charges that were . rapidly 
qu enched from 1,300° C or above were some­
times observed to contain a C2S, charac­
terized by its glassy appearance and IX index 
close to 1.713 [6]. The crystals in many cases 
were found to contain very fine dark inelu ions. 
The a to (3 inversion temperature was found to 
be lowered from 1,456° CJ as repor ted by: Newman 
and Wells [15]) by as mu ch as 156 degrees. The 
(3 form of C2S, readily identified by i ts twinned 
stru cture, was found in lowly cooled burns. 
These crystals con tained inclusions of fairly large 
rounded grains that are beli eved to be du e to the 
exsolu tion of a soda-containing phase. The slowly 
cooled charges con tained considerable amoun ts of 
'Y C2S, and often du st ed due to the inversion of the 
{3 C~S to the gamma form . 

Occasionally in charges of high-iron con centra­
tion, small areas of brighter color and higher 
birefringence were observed in the dark-brown 
glass surrounding the grains of d icalcium silicate. 
It appears probable that these areas are cau sed 
by an interaction of the soda (coming out of 
solution in the C2S) with the surrounding glass. 

The petrologic significance of cer tain ternary 
subsystems in the high-silica portion of the system 
N-C-A-S has recently been reported by Gold­
smith [5]. Although these investigations consider 
concentrations of silica much higher than those 
encountered in this study, certain relations such 
as those of solid solution appear to be similar. 
The predominance of solid solutions in these sys-
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terns is worthy of note. It was stated that the 
only substantially pure phase existing either in 
natural magmas or synthetic melts in this range of 
compositions is the mineral quartz . All other 
phases exist in some form of solid solution. .A 
similar situation seems to exist in the systems under 
consideration here. In this case it is likely that 
the only pure phase encountered is free CaO, the 
remaining phases reacting with each other to a 
more or less extent to form solid solu tions. 

Certain of these solid solutions may be defined 
only in terms of the oxide components of the large 
quaternary system N-C-A-S. In other words, 
ternary su bsys terns ha vi ng various compounds su ch 
as C4AF or C5A3 as components may be nonternary. 
That is, phases encountered are not capable of 
being expressed in terms of the end members of 
the ternary system considered , and liq uids formed 
upon crystallization of solid solutions fall outside 
that ternary system in composit.ion. One reason 
for this appears to arise from the nature of these 
solid solutions, in which solution takes place in 
the form of the smaller oxide units, rather than the 
larger ones involving compounds. 

At the liquidus, such systems may behave as 
ordinary ternary systems. However , as stated 
earlier, below the liquidus the composition of 
both solid solu tions and liquids is usually outside 
the given plane. Courses of crystallization can­
not be traced readily, and the phase-equilibrium 
relations in general increase in complexity III 

these sys tems containing solid solutions. 
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