
PHASE RELATIONS IN THE SYSTEM CALCIUM
ORTHOSILICATE.ORTHOPHOSPHATE

lV[. A. Brporc.*

AssrRecr

Two difierent crystal structures, isotypic with hexagonal a and orthorhombic B-potas-
sium sulphate, occur in calcium orthosilicate containing small amounts of various addi-
tions. This, and the fact that y-CagSiOr is isotypic with p-NarBe& whose high-tempera-
ture, a, form is also isotypic with a-K2soa, leads to the assumption that calcium ortho-
silicate, above 1420" c, is isodimorphous with potassium sulphate. rt is shown how these
relations influence the shape of a schematic equilibrium diagram of the system cazsior-
Ca:(POr)2.

Many substances containing two or more components have simply
been designated as binary, ternary, quaternary, or the like, compounds,
no matter how complex molecular formulas had to be ascribed to them,
if only they had been observed as individual solid phases, not known in
any of the constituent one-component, binary, ternary, and so forth,
systems. It has recently been shown by the writer (1, 2) that a number of
such allegedly binary, ternary or quaternary compounds actually can be
recognized as simple solid solutions, when the identity of their crystal
structure with that of a hitherto unknown modification, usually the
high-temperature form, of one of their components, is established. In
this way, it was shown that for instance ,,CanNao(pO+)+CO3" (3) is a
solid solution of NazCO3 in the high-temperature form of CaNapOa,
that glaserite "KsNa(SO+)r', actually is just a member of the uninter_
rupted solid solution series (K,Na)2SOa, between a-KzSOa and a-NazSOr,
and that the "compound NasCaS6Oro,, (4) is nothing but a solid solution
of CaSOa in the high-temperature modification of NazSOa (I).

In the system CaO-SiOz-pzOr at least three crystal phases thus far
have been obtained, none of which has been known in the binary systems
CaO-SiOz or CaO-PzOs, not to speak of SiOe-PzOr. These are:
"5CaO.P:Os. SiOz" (sil icocarnotite) (5, 6), ,, CaO. pzO5. SiO2,, (com-
pound  "X "  (5 )  o r  "B "  (7 ) ) ,  and ' , 7CaO.pzOr .2S iOs , ' ( 6 ,  S ) .They  a l l
were described as ternary compounds of the system CaO-pzOr-SiOz,
unti l the substance "7CaO.pzOr.2SiOr" was shown by the writer (1, 2)
to possess the simple crystal lattice of a group of simple compounds of the
type A2XOa, such as Na2SOa, KzSOr, CaNaPOr, CaKPOa, the high-
temperature, a, modifications of which form solid solutions with other
compounds to an extensive degree. rt was therefore concluded that the
substance "7 CaO. PzOr. 2SiOs', very likely is not a ternary compound but
a solid solution of cas(Por)z in cazsioa, and that the individual com-

* Vanadium Corporation of America,420 Lexington Avenue, New york, N. y. Manu-
script received May I , 1943.
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596 M. A. BREDIG

pound calcium orthosilicate itself possesses the simple hexagonal crystal
structure of the high-tempefature, a, forms of the alkali metal sulphates,
in some temperature range above its upper transition point at l420oc.r

This view was further strengthened, when a second, well known crystal
structure of the type A2XOa, that of B-potassium sulphate, was found in
yet another ternary combination of a highly complex composition such
as Carz(SiOn)u(POa), (9), and also in a substance of the composition
CazaKr(SiODp, which originally had been considered as ternary com-
pound (10). On account of their simple, AzXOr type, crystal structure
(Tenr.n 1), both these substances are now considered as solid solutions,
of Car(POa)z and of CaKzSiOa, respectively, in a large excess of calcium
orthosilicate. Pure calcium orthosilicate also is assumed to possess this
structure (henceforth designated a/'-Ca2SiO4), in addition to the forms
a (hexagonal), B, and 7 (olivine type). Most probably, a, is stable im-
mediately above the transition point at 1420"C. Accordingly, the hexa-
gonal, a, structure, isotypic with a-potassium sulphate will have to be
assigned to the range immediately below the melting point with a new
transition point to be sought in the wide range between 1420" and
2200"c.

The crystal lattice dimensions of both the presumed highest-tempera-
ture modifications of calcium orthosilicate , a and a' , are believed to be
similar to those given for the solid solutions Car.ru(pOn).a(SiOt.5 (:,,Car-
(POn)r(SiOn)2") and Ca1.e17K.167SiO, (:,,CarsKz(SiOn)r2,,), respectively,
in Table 1, in which the isotlpy with a and B potassium sulphate is
demonstrated.

Spacings, calculated from the constants given for ,,CassKr(SiOn)rz"

in Table 1, are compared in Table 2 with those measured by H. F.
McMurdie, as reported by W. C. Taylor (10). The agreement may be
considered satisfactory.

In another r-ray diagram of a mixture of ,,Ca:sKz(SiOn)rr,t with NaCl,
only the lines of the former were difiuse and also the relative intensities
somewhat difierent from those reported by W. C. Taylor. Both facts are
regarded as additional evidence that the crystals do not represent a
ternary compound, but a solid solution which, in quenching, has suf-
fered a transformation in the solid state from the hexagonal, c, structure
to the orthorhombic, a', structure. The complex polysynthetic twinning
demonstrated by W. C. Taylor is considered as a further indication of
this solid-phase transformation.

I The author is indebted to Dr. Kenneth T. Greene. Research Associate. portland
Cement Association Fellowship at the National Bureau of standards for the personal
communication that the r-ray data of a solid solution of small amounts of Na2o and
Fe:Os (or AIzOs) in calcium orthosilicate also showed the existence of the hexasonal lattice
with ao:5.49 6nd co:6.996 A, c/a:1.296.
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Tesrn 2. X-t.tv PerrunN or' @'-CAr-crult Onrnosrr'rceto
Sor.rp Sor-utroN, (Car-s1zK rsoSiOr)

oo : 5. 18A, b o:9.52fr,  co : 6.7 7 A, a:b : c :0.545 
" 
I  :  0'700'

hkt
orthorhombic

dnxt
calc.

d.n*t(10)
exp.

Intensity (10)

o22
130
Ca(OH)z?
220
041
013
Lr3
o42

2 . 7 6 5
2 . 7 1
2.63?
2 .28
2 . 2 4
2 .195
2.025
1.950

2 . 7 s

2 .63
2 . 2 9
) 1 L

2 . 1 8 5
2.034
1 .959

v.s.br .

m.
m .
s .

The specific gravity, calculated from the lattice constants with the

assumption of CaxKz(SiOr)rz actually representing the mass content of

6 unit cells, is 3.43, which compares with 3.24 as measured experi-

mentally.2 The disagreement very likely results from the fact that in

the calculation more than 4, namely 4.17, cations, Ca and K, were placed

in the unit cell beside 2SiO4. If the mass content is reduced in the ratio

4:4.t7, the specific gravity becomes 3.29 which is in better agreement

with the experimental figure 3.24. It would however mean Lhat 4/e oI

the SiOr positions were unoccupied. Further efforts are therefole re-

quired to clarify this point.
The lattice constants, given by R. Klement and R. Ufielmann (11),

of the hexagonal high-temperature modifications of CaNaPOa' CaKPOT

and of other analogous substances of the type AzXOa with which a-

potassium sulphate (1, 2) and a-calcium orthosilicate were shown to be

isotypic, have as little physical reality as those of the low-temperature,

B, form of CaNaPOa (isomorphous with g-KrSOr and a'-CazSiOa), as

calculated by Klement and Dihn (12), which were shown to be errone-

ous (2). The interpretation by M. A. Bredig of the r-ray patterns of the

high-temperature forms of these substances is supported by the results,

independently obtained. by L. S. Ramsdell (13) on a-NazSOr (oo:5'38,

co:7.26 ir, cf a:1.35), and by O'Daniel and Tscheischwili (14) on

a :  NasBeFr  (ao :5 .31 ,  co :  7 .08  L ,  c f  a :1 ' 335 ) .
In the results of the latter authors additional confirmation is found in

support of the assumption that in regard to crystal structure at high

temperatures calcium orthosilicate is analogous to the alkali metal sul-

2 Personal communication from Dr. W. C. Taylor, Portland Cement Association

Fellowship, National Bureau of Standards, Washington, D. C.
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phates. NarBeFo was shown by them to be isotypic with T-Ca2SiO4.
In Table 2, NarBeFr is demonstrated to be also isotypic, at elevated
temperatures, below its melting point, with the solid solution of calcium
phosphate in calcium orthosil icate, Car.zr(pOr).6(SiOr.b.

Tesr,r 3, Isorvpy otr a- AND g-NazBeFr wrrrr
c- euo 7-Ca2SiOa

a : b : c
ao bo co
A A A

z*
Brutto

Formula
Designa-

tion

Na2BeFa

Ca2SiO4

NazBeFr
Car.zrSi aP rOr

4

a (solid

solution)

1. Low-Temperature Forms (orthorhombic):
B  |  4  14 .892  10 .90  6 . s60
r  |  4  |  5 .06 1r .28 6.78

2. High-Temperature Forms (hexagonal) :

0.4488:  1  :0 .6019
0 . 4 4 8 5 : 1 : 0 . 6 0 1 1

c/a: |  .335
c /a :1 .320

z

2
5  . 3 1
s  .38

7 .08
7  . r 0

* .z: number of molecules of Brutto formula per unit cell.

O'Daniel and Tscheischwili consider the isotypy of CazSiOa and
NazBeFn as limited to the low-temperature modifications, the isotypy
of d-Na2BeFr and Car.zrSi.sP.rOr apparently not being known to them.
They mention the lower symmetry of the high-temperature, d.- a\d, 0-
phases of calcium orthosilicate which, accordingly, could not be consid-
ered by them isotypic with the hexagonal high-temperature form of
NazBeFr (a). However, as mentioned above, the validity of our previous
knowledge of a-cazSior is now very doubtful (1). It has also been shown
that, although each of the compounds NazSOr, KzSOr, CaKpOa, and
others, has its own individual orthorhombic crystal structure at room
temperature, they are isotypic in their high-temperature modifications.
This is in full agreement with expectation. Not only will substances of
the type mentioned show at low temperatures the greater influence of
the individual ions, but are also believed to be necessarily isotypic at
high temperatures (where the influence of the individuality of the ions
was shown to be diminished), if they are already isotypic at room tem-
perature. An example is the isodimorphism of caNapoa and Kzsoa. rt is
therefore believed that the isotypy of g-NarBeFa with .r-CazSiOe to-
gether with the isotypy of a--NazBeFa with Car.zrSi.rp.sO4 represents
strong additional evidence for the assumption that a-CazSiOa is isotypic
with hexagonal a-NarSOa, a-K2SOa, a-CaNapOa, a-Na2BeF4, and the
other members of this group of compounds of the type AzBX+. Further
attention may be given to the fact that the transformation of the low-
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NazBeFa(g) transforms directly into the hexagonal high-temperature

modif.cation (a). This must naturally be connected with the much

higher melting point, that is the much wider temperature range of sta-

biity of solid calcium orthosilicate, which is due to the higher electric

charge of the ions involved.
Observations on the system CaO-PzOr-SiOr were summarized by

Barrett and McCaughey (15) in two equilibrium diagrams' Together

with the considerations of the preceding paragraphs, the following points

are bound. to cause considerable changes in those diagrams:

temperature phase of the composition of "5CaO'SiOz'PzOs," of a crystal

structure different from that of silicocarnotite but analogous to that of

"7CaO'2SiOz'PzOs" which was shown now to be that of a-CazSiO+'

Although the lack of sufficient data at the very high temperatures of

the liquidus curves makes considerable caution imperative, an equi-

Iibrium diagram of the system CazSiO+-Ca3(POa)2, which is thought to

conform best with the information available at the present is given in the

figure. It is obvious that, contrary to previous such diagrams, no inter-

,n.diury compounds in equilibrium with the liquid melt are assumed here.

Silicocarnotite-according to the experimental result of Klement and

Steckenreiter-is assumed to transform into the hexagonal phase before

temperatures these solid solutions are metastable only'

The following recent publications became known to the writer while

the paper was in the press:
G. Ttoemel (17) proposes a somewhat different diagram for the system

calcium orthosilicate-orthophosphate. His phase "K" (so designated for

its isotypy with B-KrSOa) is identical with the phase o', while his phase
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Mole percent ea3 (p04 ) 2
Frc. 1. Schematic Equilibrium Diagram of the

System CazSiOr-Ca3(pO4)r.

"R" (for rhenanite, refs. 1 and 3) is identical with hexagonal, a, calcium
orthosilicate. Troemel's suggestion to consider ,,K,, and ,,R,, as inter-
mediary phases between those of calcium orthosilicate and orthophos-
phate, if not as intermediary ,,compounds,,, must be rejected on the
grounds discussed in the present paper.

H. O'Daniel and L. Tscheischwili (1S) found both strontium and
barium orthosilicates to be isotypic with 0 potassium sulphate. In c.on-
nection with the observation, by N. A. Tor.pov and. p. F. Konovalov

2000
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(1g), of solid solutions of calcium and barium orthosilicates, this may be

considered another indication for the occurrence of the B potassium sul-

phate structure in the individual compound calcrum orthosilicate (a').

S. Zerfoss and. H. M. Davis (20) investigated the influence, not of

Ca3(POa)2, but of P2O6, on the transitions in calcium orthosilicate. Their

low value for the solid solubitity of P2Os therefore must not be considered

to be in disagreement with the relations postulated in the present paper'

AcrNowr-BtcMENT

The cooperation of Dr. W. C. Taylor, Research Associate, Portland

cement Association Fellowship at the National Bureau of Standards,

washington, D.c., and of Professor Lars Thomassen of the university

of Michigan, Ann Arbor, Mich., in supplying a sample of CaraKz(SiOa)u,

and in preparing a\ rc-ray picture thereof, respectively, is gratefully ac-

knowledged.
RrlnnnNcns

1. Bnaorc, M. A.,Jour. Physical'Chem.,46,747 (1942).
2. Bnnnrc, M. A., Jour. Am. Chem. Soc., 63, 2533 (1941).
3. FneNcr<, H. H., Bnnnrc, M.A., lNoFnaxr,R., Ze'it. anorg. all'g' Chem',230,1 (1936)'

4. Kr-nmNr, R., aNo SrncxaNncrrnn , F., Zeit. anorg. allg' Chem., 245, 236 (1940) '

5. Bnnorc, M. A., FneNcr, H. H., aml Ftimtnn, H., Zeit' Electrochem.,3S' 158 (1932)'

6. Tnduar., G., eNn Kcinrnn, A.,Arch. Eisenhiittenw.,T,T (1933).

7. IJrtl-, W. L., Hnwnnrcrs, S. 8., Jnllrnsor, M. E', eNo RevNor'ns, D' S', Ind' Eng'

Chem.,29,130 (193i).
8. Necrr-scuu ror, G., J our . C hem. S o c. (London), 865 (1937).

9. Scrrrnnnn, A ., Angew. Chem., 53, 65 (1940)'
10. Tevr,on, W . C., J our. Res ear ch N atl,. B ur. Standards, 27, 3lL (1941)'

11. Kr,nunxr, R., elrr Ullnr,lrenn, R., Naturwiss.,29r300 (1941).

12. Kr,nrrnNr, R., enn DrnN, P., Zeit. anorg' all,gem. Chem.,2401 40 (1938)'

13. Reusonr,r, L.5., Am. Mineral.,24,109 (1939).
14. O'DaNrrr.s, H., amn Tscrrntscrrwrtt,L', Zeit. Krist., lO4, 124 (1942)'

1 5. Bannrrr, R. L., .n nn McCeucnnv, W . J', Am' M iner al'., 27, 680 (1942)'

16. Farcusow, J. B., eNo Mrtwrw, H.E., Am' Jour. Sci.  (4),48' 81 (1919)'

17. Tnciurr., G., Stahl, u. Ei'sen,63,21, (1943).
18. O'D,wrnl, H., lwo Tscrmscuwtlr ,L., Zei'Is. Kr'ist.,lD4r 348 (1942)'

19. Tononov, N. A., a.No KoNovar,ov, P. F., Compt. rend.. acail' sci' [/'R'S"S', 20,663

(1e38).
20. Zanross. S., . tNt Davrs, H.M., Jour. Am. Cer- }oc.,261 302 (1943)'




