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(111) the donor centers are deep in the forbidden gap 
but are so concentrated that wave functions overlap 
and “impurity band” conduction results. In  the case 
of alkali-doped transition metal oxides, models I and 
111 appear to be excluded-model I.  because i t  predicts 
metallic behavior at all concentrations of donor centers 
(whereas low concentrations of &/I or of oxygen defect 
in WOa result in seniiconductivity), and model 111, be- 
cause i t  predicts that  the conduction band wave func- 
tions should have substantial donor atomic orbital 
character (whereas nmr studies suggest such contribu- 
tions are negligible). hlodel I1 thus appears the most 
suitable; i t  can be visualized as resulting from a co- 
operative ionization of all of the donor centers because 
of mutual screening by all of the delocalized electrons 
against recapture of electrons by the ionized donor 
centers. 

However, it may not be so easy to distinguish models 
I, 11, and I11 as the above implies. In  Li,WOs, for 
example, i t  has been suggested: that  the donor center is 
not simply the Li atom in the host W03 matrix but 
rather the cage of tungsten atoms around the Li+ to 
which the electron has been transferred. Such a 
transfer complicates matters enormously because the 
impurity level (LiO) is definitely above the conduction 
band, the actual donor center (Li +-centered tungsten 
cage with associated electron) is below the band, and, 
most important of all, the orbitals contributing to the 
conduction band (nonperturbed W atoms) are very 

similar to the orbitals describing the localized electron 
(perturbed \.Tr atoms), With increasing impurity con- 
centration, the onset of metallic behavior can be de- 
scribed equally well as resulting from overlap of the 
actual donor centers or from cooperative ionization OC 
the donor centers into a host conduction band. 

I n  Ta2+r05, the tantalum interstitials may them- 
selves be the donor centers, in which case model I would 
require them to lie above the TazOj conduction band 
whereas model I1 would place them just below the con- 
duction band but a t  such high concentration that de- 
generate electron behavior results. Model I11 would 
appear to be unsuitable for this material since the spac- 
ing between T a  interstitials is greater than between Ta  
interstitials and Ta normal sites. Models I and I1 
could be distinguished by studying the behavior a t  low 
concentration of T a  interstitials. (We tried to do this 
but found that the material could not be synthesized 
with less than a large concentration of interstitials.) 
At low concentration of interstitials, model I would 
predict zero activation energy for electron transport, 
and model I1 would predict finite activation energy 
provided the concentration of interstitials was low 
enough. An alternate picture is that  the T a  inter- 
stitials are not the donor centers but have transferred 
their electrons to other structural features (e.g., disloca- 
tions) which then act as donor centers. In  such case, 
metallic behavior could also result if the donor density 
were high enough to produce degenerate behavior. 
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Phase relationships in the system SrO-PzOs were determined by quenching, strip furnace, vacuum heat treatment, and high- 
temperature X-ray diffraction methods. The results of experiments done in air a t  temperatures below 1400’ on compositions 
near the SrO end of the system can be interpreted only by considering water vapor as a component of the system. The data 
were used to  construct phase diagrams for the system SrO-PZO: and a portion of the system SrO-PaOsHzO. The melting 
behavior and polymorphism of the six binary compounds is discussed in detail. The SrO-Ps06 system is compared with the 
previously reported CaO-PgO: system. Limited data for the CaO-PzOs system indicate errors in the reported diagrams, 
and a new diagram for the CaO-Pz06 system is proposed, but it is emphasized that a careful reinvestigation of this systeni 
is needed. 

Introduction and Literature Survey y-> p-. and a-strontium metaphosphate, Sr(POJ2; 
P- and a-strontium pyrophosphate, Sr2P207 ; strontium 
orthophosphate, Sr3(P0d2; and strontium hydroxyl- 
apatite, Srlo(P04)8(OH)z. The phase transitions were 
studied by differential thermal analysis and thermo- 
gravimetric analysis. The following transition points 
were found 

The SrO-P205 system is of technological importance 
because two of the compounds in the system, SrzP2O7 
and Sr3(PO&, serve as host structures for efficient tin- 
activated (Sn2+) phosphors. 

Although no phase diagram has been published for the 
SrO-P2O5 system, Ropp, ilia, Hoffman, Veleker, and 
Mooneyl have published very reliable X-ray diffrac- 

(1) R.  C. Ropp, hl. A. 41a, C. W. W. Hoffman, T. J. Velekei, and I< W. 
tion patterns for most of the anhydrous compounds 
and their polymorphs. The phases reported were: hlooney, nnal. chetlz., SI, 11G3 (loas). 
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420° 850° W3Oo 
y-Sr( POS)Z + P-Sr( POB)Z + a-Sr( PO& + liquid 

760' 
&SrzPz07 --+ a-Sr2P207 (b)  

The reversibility of these reactions was not discussed. 
Except for Sr3(P04)2, all of the anhydrous crystalline 
phases were prepared by heat treating various precipi- 
tated products. Strontium orthophosphate was pre- 
pared by allowing mixtures of SrC03 and SrzPz07 to 
react in the solid state. In  addition to the anhydrous 
phases, X-ray diffraction patterns were reported for six 
hydrated strontium phosphates. 

Sarver, Hoffman, and Humme12 found by high-tem- 
perature X-ray diffraction analysis that  Sr3(P04)2 
undergoes a rapid reversible phase transition a t  1305" I 
The high-temperature form, p-Sr3(P04)2, is isotypic with 
whitlockite, p-Ca3(PO&, and although pure p-Sr3- 
(PO& cannot be quenched to room temperature, it  
forms solid solutions of the type (Srl-,M,)3(P04)2 
(where x - 0.15 and M = Ca, Mg, or Zn) which can be 
cooled to room temperature while retaining the /3 
structure. The low-temperature or a form is the same 
as that observed by Ropp, et al.' Zachariasen3 has 
determined the structure of a:-Sr3(P04)2. 

McKeag and Steward4 prepared strontium tetra- 
phosphate, Sr3P4013, by solid-state reaction and pub- 
lished its X-ray diffraction pattern. At high tem- 
peratures strontium tetraphosphate loses P z O ~  by 
vaporization thereby causing the composition and 
crystal structure to revert to those of the pyrophos- 
phate. 

The compound Sr4P2O9 was reported by Bauer and 
B a l ~ , ~  who found it to be isostructural with the analo- 
gous calcium compound Ca4Pz09. Bauer and Balz found 
that  Sr4P2O9 is orthorhombic, having space group P2221. 
According to Brown and Epstein,6 Ca4P2O9 is in fact 
monoclinic, having four formula units per unit cell and 
space group P21. A comparison of the lattice param- 
eters for these two compounds is given in Table 
From this comparison it may be seen that the mono- 
clinic cell reported by Brown and Epstein is only slightly 
distorted from an orthorhombic cell. In view of the 
close similarity between the axial ratios (a/c and b / c ) ,  
the two compounds are probably isostructural as re- 
ported by Bauer and Balz. 

Balz8 has also reported the existence of strontium 
oxyapatite, Srlo(P04)60. The existence of the oxy- 
apatites has been a controversial subject for some time. 
However, since the work of Wondratschek9 on lead 
oxyapatite, the case for the existence of the oxyapatites 
has become considerably stronger. Balz, in particular, 

( 2 )  J. F.  Sarver, M. V. Hoffman, and F. A. Hummel, J. Eleclrochem. Soc., 

(3) W. H. Zachariasen, Acta Cvyst., 1, 263 (1948). 
(4) A. H. McKeag and E. G. Steward, British J .  A p p l .  Phys., 4, S26 

(1955). 
(5)  H. Bauer and W. Balz, Z. Anoug. Allgem. Chem.,  840, 225 (1965). 
(6) W. E. Brown and E. F. Epstein, J .  Res. Natl. Bur. Sld., 69, 547 (1965). 
(7) The values of a and c given by Bauer and Balz have been interchanged 

This is permissible since the naming of orthorhombic 

(8 )  W. Balz, Dissertation, T .  H. Karlsruhe, 1961. Findings discussed by 

(9) H. Wondratschek, Neues J a h r b .  Mineral .  Abhandl . ,  99, 113 (1963). 

108, 1103 (1961). 

for the comparison. 
axes is arbitrary. 

H. W0ndratschek.Y 

T A B L E  1 
CaaPnOy 6 

(monoclinic) 

11.99 
9.48 
6.97 

90.8 
90 
90 

1 .72  
1.36 

s1.4Py09fi37 

(orthorhombic) 

12.57 
9.79 
7.38 

90 
90 
90 

1.70 
1.33 

has found that the oxyapatites, A10(X04)6O1 appear to 
exist only when the radius ratio rx / rA  is less than 0.30 
(Ahrens radii). Calcium does not fit this requirement, 
and no calcium oxyapatite exists. On the other hand, 
Sr, Pb, and Ba do fit the requirement and oxyapatites 
of each of these have been reported. 

In view of the similarity of the ionic radii of Ca2+ 
(0.99 A) and Sr2+ (1.12 A) the CaO-Pz05 and SrO- 
P2O5 systems should be quite similar. A number of 
investigations on the CaO-Pz05 system have been 
published and these results were used as a guide in the 
present study. One of the earlier studies was by 
Tromel, Harkort, and Hotop in 1948.1° These authors 
studied the part of the system extending from 20 to 
100 wt yG CaO. Four compounds were found: Ca- 
(PO&, CazP207 having an inversion p + a a t  about 
1130°, Ca3(P04)2 having an inversion p +- a: a t  about 
1200°, and Ca4P2Og. The first three compounds melted 
congruently a t  980, 1300, and 1730°, respectively, 
while Ca4P209 melted incongruently a t  1630". In  1961, 
Welch and Gutt" published a new diagram covering 
the portion of the system from 43 to 65 wt % CaO. 
Aside from relatively minor differences in the reported 
melting points, the new diagram shows a rather exten- 
sive solid solution series (50-54 w t  yG CaO or 71.7- 
75 mole % CaO) which was not observed by Tromel, 
et al. There are very strong experimental reasons for 
suspecting that  this solid solution series does not exist 
(see Results and Discussion section). It should be 
noted that Welch and Gutt gave no direct evidence 
such as lattice parameter or refractive index changes 
which would prove the existence of these solutions. 
Furthermore the experimental technique employed in 
their study (high-temperature microscopy) may yield 
erroneous results. Welch and Gutt  reported a third 
polymorph of calcium orthophosphate, a'-Ca3( P04)2, 
which exists above 1430" and is nonquenchable. 

Hill, Faust, and Reynolds12 in 1944 studied the por- 
tion of the system extending from 0 to 44 wt 7, CaO 
by the quenching technique, Water was excluded 
from the system by preparing samples in a dry cham- 
ber and heating them in sealed glass tubes. 

Two ultraphosphate compounds were reported. 
These were CaP4011 which melted congruently a t  800" 
and Ca2P6017 which melted incongruently a t  770'. 

Calcium metaphosphate was found to have a quench- 
(10) G. Tromel, H. J. Harkort, and W. Hotop, Z.  A n o r g .  C h e m .  266, 253 

(1 948). 
(11) J. H. Welch and W. Gutt, J .  C h e m .  Soc., 4442 (1961). 
(12) W. L. Hill, G. T. Faust, and D. S, Reynolds, Am. J. Sci., 242,  457, 

542 (1944). 



able high-temperature form, a-Ca(POa)e, wliicli was 
stable above 963". Extensive solid solutions of Cas- 
P a 0 7  in P-Ca(P03)g (28.3-34.0 wt yo CaO) and Ca- 
(PO& in P-Ca2P207 (41-44 w t  % CaO) were reported. 
A slight but consistent change in refractive index was 
reported for the P-Ca(P08)2 solid solutions. In addi- 
tion, an intermediate solid solution series, named 
tromelite, was reported. These solid solutions are 
centered about the molar ratio iCa0:5P2O3, melt in- 
congruently a t  985" to P-CazPzO7(ss) + liquid, and 
have a lower limit of stability at 920". 

Experimental Procedures 
The compositions studiedI3 were prepared by allowing clicnii- 

cally pure SrC03 and (NHa)2HPOa to react in the solid state. 
The starting materials were thoroughly mixed under acctone and 
then heated in P t  crucibles to temperatures of 500, '750, and 
92O0I4 with intermediate mixing under acetone, These materials 
were used as the starting materials in the quench and strip fur- 
nace studies. 

The phases present in each sample were identified by means of 
the petrographic microscope (particularly when glass was present) 
or by means of X-ray diffraction analysis. For routine phase 
analysis, the K'orelco diffractometer was set a t  a scanning rate of 
2" (2f?)/min. When more accurate measurements were required, 
the scanning rate was set a t  0.25" (26')/min. In both cases the 
chart speed was 1 in./min. A11 patterns were taken with Xi- 
filtered copper radiation. High-temperature X-ray diffrac- 
tion patterns were made with a Tem-Pres type of furnace mounted 
on the Norelco diffractometer. 

Several methods of heat treatment were used. The quenchable 
solid solid and solid @liquid reactions were studied by the con- 
ventional quenching technique. The melting behavior of the 
SrO-Sr2P20, portion of the system was studied with a strip fur- 
nace. Essentially this apparatus consists of a variable-power sup- 
ply, a V-shaped P t  or Pt-40Rh strip, and an optical pyrometer. 
The temperature of the platinum strip could be accurately con- 
trolled by a fine adjustment on the power supply. Melting points 
were determined by placing a small amount of sample ( -0.3 
mg) on the strip and observing when melting first occurred as the 
power was slowly increased. The temperature was immedi- 
ately read with a Leeds and Sorthrup pyrometer which had been 
calibrated against the melting points of diopside (1391') and 10% 
Mg0-90% Si02 (1695"). The pyrometer also served as a low- 
power telescope to observe when melting occurred. The condi- 
tion of each sample was rechecked with a binocular microscope to 
ensure that melting had occurred. The melting points deter- 
mined in this way were reproducible within Z O O ,  and those listed 
in Table I are the average of a t  least three determinations. 

A limited number of heat treatments were made under vacuum 
in an attempt to eliminate water from the system. These heat 
treatments were made by packing the samples into l/&. plati- 
num tubes open a t  one end. A number of these platinum tubes 
were placed into a silica tube sealed a t  one end. A vacuum 
pump was connected to the open end of the silica tube and started; 
then the entire assembly was lowered into a quench furnace. 
The vacuum was maintained until the samples had been cooled 
to room temperature after completion of the heat treatment. 
The results of the experiments done under vacuum were com- 
pared with the results of the same experiments done in air (Table 
11). 

All other heat treatments were done in a conventional Globar 

(13) Pertinent data have been deposited as Document No. 9294 with the 
AD1 Auxiliary Publications Project, Photoduplication Service, Library of 
Congress, Washington 25, D. C. A copy may be secured by citing the docu- 
ment number and by remitting $1.25 for photoprints, or $1.25 for 35-mm 
microfilm. Advance payment is required, Make checks or money orders 
payable to: Chief, Photoduplication Service, Library of Congress. 

(14) Except for samples richer in PzO6 than Sr(P0a)z which were healed 
only to  550°. 

furllace. 'The sliniples wcrc cilher presscd into '/2 X '/8 in. 
pcllcts and heated on a platinum shcct or tamped into platiiiuni 
crucibles. 

Results and Discussion 
The System SrO-P205 

Scvcral problems were encountered in working out 
the phase equilibrium diagram for the system SrO- 
P z O ~  (Figure 1). From 0 to 25 mole % P205, i t  is very 
difficult to completely exclude water from the system, 
and in order to interpret the results of experiments 
done in air a t  temperatures below 1400" i t  is neces- 
sary to consider the ternary system Sr0-Pe03-Ha0. A 
discussion of these effects is given in a later section. 
Samples containing between 60 and 100 niole oh Pa02 
formed low-melting glasses which were rapidly at- 
tacked by water vapor a t  room temperature. The 
liquidus temperature a t  GO mole 56 P205 was less than 
550". In view of the difficulty of excluding water from 
the high phosphate compositions12 and the difficulty 
of obtaining equilibrium at such low temperatures, i t  
was felt that  further investigation of the portion of the 
system from 60 to 100 mole 70 PzOj was unwarranted. 

The glass-forming region in this system extends 
from about 40 to 100 mole yc P20j. The solidus lines 
in the system are known accurately, but no attempt was 
made to determine accurately eutectic compositions or 
points on the liquidus curve. The general configuration 
of the liquidus curve as shown in Figure 1 is believed 
to be correct. 

In order of in- 
creasing PZO; content these are : SrJ'zOg (tetrastron- 
tium phosphate), Sr10(P04)60 (strontium oxyapatite), 
SrB(P0& (strontium orthophosphate), Sr2P207 (stron- 
tium pyrophosphate), Sr3P40l3 (strontium tetraphos- 
phate), and Sr(P0& (strontium metaphosphate). All 
of these compounds have been previously reported. 1 , 4 8 5 8 8  

Tetrastrontium phosphate melted incongruently a t  
1560" to SrO plus liquid. This behavior was identical 
with that of the calcium analog, Ca4P2O9." Tetra- 
strontium phosphate cannot be synthesized in air a t  
temperatures below 1400'. This is due to the inter- 
ference of water vapor which favors the formation of a 
mixture of strontium hydroxylapatite and strontium 
oxide. The compound can be synthesized by heating 
the stoichiometric mixture of Sr3(P04)2 and SrCOa under 
vacuum a t  1400°, or by melting samples a t  1650" on the 
strip furnace. No polymorphism was observed in Sr4- 
Pz09.  The X-ray diffraction pattern of Sr1P209 is 
given in Table 111. 

Strontium oxyapatite melted congruently at about 
160O0, and no evidence of polymorphism was found. 
When synthesized in air a t  temperatures below 1400°~ 
the compound present is actually strontium hydroxyl- 
apatite, Sr10(P04)6(OH)2. The X-ray diffractometer 
patterns of the hydroxylapatite and oxyapatite are 
identical and additional evidence is necessary to estab. 
lish the existence of the oxyapatite. This evidence is 
given in the section dealing with phase equilibria in a 
portion of the system SrO-Pp05-Hz0. 

Six compounds exist in the system. 
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TABLE I1 
EQUILIBRIUM DATA FOR THE SYSTEM SrO-PzOb-HzO 

Heat __ ----- Composition, mole % P206 -7 

Phases presenta - -- treatment, 10.0 16.6 20.0h 21.4 23.0 24 0 
deg/hr Remarks -------------- 

(Sr4PzOs) (Srlo(POds0 I b  
1014/19 In air SrO + Ap. . . .  AP. AP. Ap. + CY-SIP CY-SIP f A p .  
1240/11 In air . . . Ap. + tr.SrO Aps + tr.SrO + Ap. + tr.SrO Ap. + CY-S~P CY-SIP + .4p. 

1450/3 I n  air . . . Ap. + S4P + SrO Ap. + S4P + SrO Ap. + SaP Ap. + CY-SIP CY-SIP + Ap.  
1420/2 Vacuum . . .  S4P + tr.SrO S4P + Ap. + SrO * . .  Ap. + a-S3P a-SrIP + Ap. 
1650/10 sec. Fused SF SrO + S4P ShP + Ap. 4- SrO S4P + Ap. Ap. + S4P Ap.  + tr,a-SaP CY-SIP + Ap.  

t r  .S4P 

Q Predominant phase listed first, b These compositions are slightly richer in P~06 than indicated, which accounts for the appearance of 
secondary phases. 
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Figure 1.-Phase relations in a portion of the system SrO-PzOs: S = SrO; P = P&. 

It is likely that a continuous dries of solid S O ~ U -  Strontium hydroxylapatite can be dehydrated to 
give strontium oxyapatite, but the temperature a t  
which complete dehydration occurs is dependent upon 
the partial pressure of water vapor in the sys- Sr~0(POc)a(OH)z-z,0.0, 

tem. 
tions, having a general formula 
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TABLE I11 
X-RAY UIPFRACTIO?.' PATTERNS OF SEjl'40ia AND sI'4l'poy 

d ,  A 1/11 d ,  A I / I l  

Sr~l'40ia 
7 3 7  10 2 , 2 5  8 
4.95 8 2 . 1 0  8 
4.79 5 2 .14  2 
4 .53 17 2.10 17 
3.80 9 2.06 13 
3.72 2 2 .01  16 
3.65 8 1 .977  9 
3.49 56 1.957 6 
3.37 45 1.910 7 
3.34 '. 17 1.906 9 
3.28 7 1,899 8 
3.17 100 1.866 G 
3.01 23 1.827 12 
2.93 24 1 .  797 G 
2.73 28 1,765 9 
2.54 2 1.743 8 
2.49 9 1,710 5 
2.45 19 1.689 8 
2.40 3 1,648 8 
2.34 3 1,629 3 
2.33 6 1.610 5 
2.29 9 1.595 5 
2.28 15 + other 

reflections 

Sr4PyOo 
4.55 19 2.66 15 
4.29 8 2 .41  11 
4.21 4 2 .30  5 
3.85 18 2.23 8 
3 .68  13 2 17 8 
3.63 16 2 . 0 5  18 
3.33 40 2 .03  29 
3.14 100 1 .99  16 
3.02 82 1 .94  16 
2.91 48 1 . 9 1  16 
2.89 59 1 .87  10 
2.88 61 1.84 13 
2.86 45 1 .79  19 
2.76 18 + otlier 
2.7U 8 reflectioiis 

where 0 5 x 5 1 and = hydroxyl vacancy, exists 
between oxy- and hydroxylapatite. Strontium oxy- 
apatite was successfully synthesized by heating a mix- 
ture of 3Sr3(P04)2.SrC03 under vacuum a t  1400" or by 
melting on the strip furnace a t  1650"; however, even 
these samples may have been partially hydrated. 

Strontium orthophosphate melted congruently a t  
1600". The inversion temperature a t  1305" reported 
by Sarver, Hoffman, and Humme12 was accepted as 
correct, and the high-temperature X-ray diffraction 
study reported by these authors was not repeated. 
In  agreement with the earlier study, p-Sr3(P04)2 could 
not be quenched to room temperature. 

Strontium pyrophosphate melted congruently a t  
1375" and could not be quenched to yield a glass. 
Quenching experiments and high-temperature X- 
ray diffraction analysis showed that a-Sr2P20, was 
stable up to the melting point. The compound has 
two polymorphs and the low-temperature (p )  form 
inverts to the high-temperature ( a )  form a t  775 f 15". 
The reaction B +- a was sluggish and required more than 

2 lir to go to coiiipletioii whcn the B form was heated a t  
814". Ropp, et d . , l  were just able to detect the in- 
version by diff erential thermal analysis and reported 
that i t  occurred between 7GO and 800". The reverse 
reaction ( a  --t p)  did not occur when the a form was 
heated a t  6'75" for i 2  hr. p-Sr2P20? was successfully 
prepared by dehydrating SrHPO? a t  700". According 
to Ropp, et the dehydration reaction is complete a t  
575". 

Strontium tetraphosphate melted incongruently a t  
1070 f 5" to liquid plus a-SrzP207. When heated a t  
1000" for long periods of time, the composition shifted 
toward that of strontium pyrophosphate (due to evapo- 
ration of PZOS from the structure) resulting in a mix- 
ture of tetra- and pyrophosphate. This phenomenon 
\vas also observed by XcKeag and S t e ~ a r d . ~  Stron- 
tium tetraphosphate is known to exist in only one 
crystallographic modification. McKeag and Steward4 
published an X-ray diffraction pattern for a sample of 
Sr3P4013 containing 2y0 tin. A more complete pat- 
tern for the pure material is given in Table 111. 

Ropp, Aia, Hoffman, Veleker, and Mooney' re- 
ported the following reactions for strontium metaphos- 
phate 

SrH21'20i --+ y S r (  POa)n 320" (1) 

Y--+-D 420O (2) 

0-a: 850' (3)  

a: --+- liquid 980" ( 4 )  

Only two of these forms (p  and a )  were found in the 
present study, but no work was done on the hydrated 
salts. The y form of Sr(P03)2 is similar to the /3 form 
of SrzPsOi in that neither can be synthesized by the 
solid-state reaction of SrC03 with (NH4)2HP04, nor 
can these be prepared by reheating the high-tempera- 
ture polymorphs below the inversion points. The p @ 
a inversion temperature as determined by quenching 
was 805 =t 15" and not 850" as reported by Ropp, et al. 
The inversion is sluggish, and the process a /3 was 
not complete after heating the CY form for 37 hr a t  790". 
The reverse process (p  -+ a )  proceeded a t  a faster rate, 
but was still incomplete after heating the /3 form a t  
826" for 21 hr. Ropp, et al., determined the ,B S a 
inversion temperature by differential thermal analysis, 
a technique which is accurate only for rapid processes. 
The congruent melting point was determined by quench- 
ing to be 982 i 4". The value agrees with the pre- 
viously reported' melting point of 980". 

The existence of solid solutions in the system SrO- 
P206 was carefully checked by equilibrating pressed 
pellets of selected compositions and then accurately 
measuring the position of the X-ray diffraction peak of 
the phases present. The data given in Table IV 
prove conclusively that the peak positions of all phases 
checked are constant within experimental error and 
independent of sample composition. The fact that  no 
solid solutions occur in the SrO-P206 system raises 
serious doubts about the existence of the solid solu- 
tions reported in the analogous CaO-P20; 
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TABLE IV 

SrO-PzOE AS A CHECK FOR SOLID SOLUTIONS 
ACCURATE 28 MEASUREMENTS OF PHASES I N  THE SYSTEM 

sr(P03)z + 
Sl'(PO3)Z SraPaOls Sr3P4Ol3 

I Equilibrated 
. . .  33.64 3 3 . 6 4 f 0 . 0 1  1 ;;yro0for 
. . .  42.98 43.01 

4 3 . 4 2 f  0.01 4 3 . 4 2 f 0 . 0 1  . . .  
47.14 47.14 . . .  
56.58 56.57 . . .  

. . .  44.93 44.93 I 
SrsPiOla + 

SraP4Ols SrzPz07 SrzPzOi 

3 0 . 3 9 f 0 . 0 1  3 0 . 3 8 1 0 . 0 1  . . .  
36.48 36.48 . . .  
43.01 42.99 . . .  

. . .  48.84 48.85 f 0.01 
. . .  49.28 49.28 
. . .  55.13 55.14 

SrzPzO7 + 
sl2PZo1 Sl3( PO4) 2 SI.3(PO4)2 

44.34 f O . 0 1  44.34 zko.01 . . .  
48.85 48.87 . . .  
49.29 49.33 . . .  

. . .  69.77 69.77zk 0.01 

. . .  71.64 71.64 

. . .  77.57 77.56 

I I Equilibrated 
at 960' 
for 20 hr 

I Equilibrated 
{ at 1250" for 

1 20 hr 
I 
i 

Phase Equilibria in the System Sr0-Pz06-H20 
As has been previously mentioned, the results of 

experiments done in air a t  temperatures below 1400' 
on samples containing 0-25 mole % P2Oa can be inter- 
preted only by considering the effect of water vapor. 
The results of experiments on several compositions are 
given in Table 11. Two facts should be noted: (a) 
when fired in air a t  low temperatures alf compositions 
richer in SrO than Srlo(PO&O give mixtures of apatite 
and strontium oxide, but a t  higher temperatures or 
when fired under vacuum, these samples contain 
Sr4PzOB ; (b) the supposedly binary compositions fre- 
quently give mixtures of the three phases Srlo(P04)e- 
(OH)z, Sr4P209, and SrO when heated a t  high tem- 
peratures. This phase assemblage would be impossible 
in the binary system SrO-P205. These phenomena can 
be explained with the aid of Figure 2 ,  which represents 
the phase relationships in a portion of the system SrO- 
P2O6-Hz0. In  Figure 2 it  has been assumed that a 
series of solid solutions exists between strontium hy- 
droxylapatite and strontium oxyapatite having the 
general formula 

SrdPOah(OH h - ~ z o z ~ z  

S r O  

H 

Figure 2.-Phase relations in the system SrO-Pz05-HzO in the neighborhood of strontium hydroxylapatite. The numbers correspond 
to  the compositions listed in Table 11. 
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. . .  30,38 30.37=t0.01 

. . .  30.72 30.72 

. . .  31.29; 31.29 

. . .  34,24 34,23 

Inorganic ChemiAIry 

for 20 hr 
at 1250' 

where 0 5 x 5 1 and = a hydroxyl vacancy. 'The 
apatite solid solutions would result in two two-phase 
regions [Sr~(P04)~  + apatite solid solutions] and 
[Sr4P209 + apatite solid solutions]. In addition, the 
diagram would contain the three-phase region [SrO + 
Sr4P209 + Sr10(P04)6(OH)~]. The solid lines in Figure 2 
represent the binary joins, and the dashed lines inter- 
sect the HzO apex and represent the paths followed by 
compositions having fixed SrO : PzOj ratios as water is 
added or subtracted from the system. The actual water 
content of a sample depends upon the temperature and 
partial pressure of water vapor (PH20). 

A t  lower temperature the ambient P H ~ O  is high 
enough to result in complete hydration of the apatite 
phase and this forces the compositions to lie on one of 
the binary joins SrO + Sr10(P04)6(0Hz) or Srlo(P04)s- 
(0H)z + Sr3(P04)2 depending upon the SrO:P206 
ratio. In  this way the formation of Sr4P20, is prevented 
a t  lower temperatures. As the temperature is in- 
creased, the ambient n-ater vapor pressure becomes too 
low to ensure complete hydration of the apatite phase 
and the compositions move off the binary joins to- 
ward the bounding system SrO-P205. Incompletely 
dehydrated samples end up in one of the two-phase 
regions or in the three-phase region SrO + Sr4Pz09 + 
Sr10(P04)6(OH)2. By following the dehydration path 
appropriate to each sample, all of the data in Table I1 
can be accounted for, provided that it is recognized 
that the samples are slightly richer in P205 than indi- 
cated. 4 very small weighing error ~770uld result in 
considerable contamination of supposedly stoichio- 
metric samples by second phases since the three com- 
pounds Sr4P209, Srlo(POr)60, and Sr3(PO4)2 are SO 

similar in terms of weight or molar composition, The 
samples melting a t  1650" appear to be completely de- 
hydrated, but no quantitative proof of this statement 
can be given. 

If strontium oxyapatite did not exist, the hydroxyl- 
apatite would dissociate into Sr3(P0& and Sr4PzO9 
when dehydrated a t  high temperature. As may be 
seen from Table V this does not occur in the strontium 
system but does occur in the calcium system. It may 
therefore be concluded that S I - ~ ~ ( P O ~ ) ~ O  exists but that 
Calo(P04j60 does not exist. These results are in agree- 
ment with the conditions given by Balz8 for the exist- 
ence of the oxyapatites. In addition, if oxyapatite 
did not exist, the diagram would contain the three- 
phase region [Sr4P209 + Sr1o(P04)6(OH)z + Sr3(P04)21, 
and this phase assemblage was never observed experi- 
mentally. 

Comparison with the CaO-P206 System 
Attempts to prepare the strontium analogs of Ca2- 

P 6 0 1 7  and CaP4011~~ were unsuccessful. Both composi- 
tions produced glasses when heated a t  550". The Srz- 
PsO17 glass was partially devitrified a t  490" and gave a 
mixture of P-Sr(P03)z and glass. This fact indicates 
that either the compound Sr2P6017 does not exist or i t  
has an incongruent melting point below 490". This 
part of the SrO-P206 system was not studied in suf- 

'1'ABLIi \,' 

THE THERMAL BEHAVIOR OF STRONTIUM 
AND CALCIUM HYDROXYLAPATITES 

Heat 
Starting ireatment, 

phase deg/hr Phases piesent Remarks 
Caio(POi)s(OH)z 1300134 Ca~(P01) f i (OH)~  I n  air 

1360/2 a-Caa(PO4)z + CaaPlOs Vacuum 
1420/2 a-Caa(POa)z + CaaPaOp In  air 
1650/10 sec a-Cas(I'O4)z f CaaPnOn Fused in  air, SIP 

SrIo ( 1 ' 0 4 )  6 (OH) 2 1240/ 11 Srio( POI) 6 (OH)% In air 
1450/3 Sr1o(P0a)fi(O,OH)z In  air 
1420/2 Srio(P0a)sO Vacuum 
1650/10 sec Srlo(P0a)sO Fused in air, Slr 

ficient detail to state unequivocally that Sr2P6017 and 
SrP4011 do not exist. 
A check of the CaO-P20j system for solid solutions 

(Table VI) indicated (a) that the orthophosphate solid 
solutions reported by Welch and Gutt'l do not exist, 
(b) that iCa0.5P205 is stable a t  temperatures a t  least 
as low as 800" and does not have a lower limit of 
stability a t  920" as reported by Hill, Faust, and Rey- 
nolds,12 and (c) that  no peak shifts could be observed 
in the X-ray pattern for calcium-rich tromelite as a 
function of temperature as would be predicted by the 
diagram of Hill, Faust, and Reynolds.12 The most 
likely source of error in the 17-ork of Welch and Gutt'l 
is the loss of PzOs from the system during observation 
of the melting behavior (<1600") of samples on the 
high-temperature microscope stage. This would, for 
example, cause a mixture of CazPzO, and Ca3(P04)2 

to shift in total composition toward Caa(P04)2, and sub- 
sequent X-ray analysis would reveal the existence of 
only Ca3(P0& Thus the reported solid solution limit 
probably represents the extent to which PzOj is lost 
from the system. In  view of the severe vaporization 
problems which would be encountered above 1700" 
in air, the temperature maximum in the ~~-Ca3(P04)~(ss) 
region is suspect and 1777" could be the congruent 
melting point of stoichiometric Ca3(PO4)2. In the 
case of Hill, Faust, and Reynolds,12 i t  is likely that non- 
equilibrium affected their study of the CaO-P20; 
system in the meta-pyro region. 
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Figure 3.-Tentatively revised equilibrium diagram for the system CaO-PzOb: C = CaO; P = Pz06. 

By analogy with the SrO-PZOj system, and on the 
basis of the limited experimental data for the CaO- 
PzOj system, a new diagram for the Ca0-Pz05 system 
is proposed (Figure 3). The melting points and in- 
version temperatures were taken from the literature. 
I t  is suggested that  a careful reinvestigation of the 
system CaO-PzOs is in order and that, while Figure 3 
may be generally correct, i t  should be regarded as ten- 
tative. In any case the diagram published by Welch 
and Gutt is definitely incorrect, and the work of Hill, 
Faust, and Reynolds is a t  least partially incorrect. 
The diagram by Tromel, Harkort, and HotoplO appears 
to be the most dependable of the previously published 
diagrams. 

The analogous compounds in the two systems exhibit 

the same melting behavior. A visual comparison of X- 
ray diffraction patterns showed that  P-Ca(P03)z and 
P-Sr(P03)2 are isotypic and that  P-CazPz07 and P- 
Sr2PzO7 are isotypic. In  addition, P-Ca3(P04)2 and P- 
Sr3(P04)2 and CadP209 and SrrPzOe have been reported 
to be i ~ o t y p i c . ~ ? ~  There does not appear to be an 
analog of Sr3P4OI3 in the calcium system. Instead, 
there is a compound having the composition 7Ca0. 
5P205. No analog of Srlo(PO&O exists in the calcium 
system. 
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