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Equilibrium phase diagrams have been determined for the system CaO-P2Os-tt~O using 
hydrothermal synthesis techniques in the temperature range 300-600 ~ and 2 Kb H~O pres- 
sure. Well-crystallized hydroxyapatite has been produced and characterized. Small variations 
in unit cell parameters dependent on temperature of synthesis and bulk composition~ of 
the starting materials have been determined. Precise chemical conditions were required to 
obtain apatite as the only solid phase in equilibrium with solution. Equilibrium phase diagram 
results are compared with previous synthetic investigations. 
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Des diagrammes de phase d'6quilibre ont 6t~ d6termin6s pour le syst~me CaO-P~Os-H20 
en utilisant des techniques de synth~se hydrothermique au cours de variatio nsde temp6rature 
allant de 300-600 ~ et 2 Kb H20 de pression. De l'hydroxyapatite bien cristallis6 a 6t6 syn- 
th6tis6 et caract6ris6. De faibles variations de param~tres de la maille cristalline, li6es ~ la 
temp6rature de synth6se et composition globale du mat6riel initial, ont 6t6 d6termin6es. 
Des conditions chimiques pr6cises sont n6cessaires pour obtenir de l 'apatite, en rant que 
seule phase solide en 6quilibre dans la solution. Les r6sultats de diagramme de phase d'6quilibre 
sont compar6s avec ceux obtenus dans des milieux synth6tiques. 

Es wurden Gleichgewiehts-Phasendiagramme ffir das System CaO-P~Os-H20 bestimmt, 
indem hydrothermale Synthesc-Tcchniken im Temperaturbcreich yon 300--600 ~  bei 
einem Druek von 2 Kb H20 verwendet warden. Es wurde gut-kristallisiertes Hydroxyapatit 
erzeugt und charakterisiert. Es wurden geringe Untcrschiedc in den Parametern der Zell- 
einheiten festgestellt, welche yon der angewandten Temperatur und der Zusammensetzung 
des Startmaterials abhingen. Es waren genaue chemische Bedingungen nStig, um Apatit  
als die einzige feste Phase im Gleichgewicht mit der LSsung zu erhaltcn. Die Resultate der 
Gleichgewichts-Phasendiagramme werden mit frfiheren Untersuchungen mit der Synthese- 
technik vergliehen. 

In t roduct ion 

The dominan t  minera l  species of ve r t eb ra t e  ha rd  tissues, t ee th  and  bone, is 
known to be h y d r o x y a p a t i t e .  A l though  h y d r o x y a p a t i t e  is a ubiqui tous ,  n a t u r a l l y  
occurr ing calcium phospha te  mineral ,  the  mate r ia l  t h a t  is p rec ip i t a t ed  in low 
t e m p e r a t u r e  envi ronments ,  such as the  physiological  condit ions of ha rd  tissues, 
is no t  well defined nor  unders tood.  The ex t r eme ly  fine gra in  size of the  pre- 
c ip i ta te  v i r tua l ly  precludes accura te  ident i f ica t ion  of the  phase(s) p resen t  and  
hinders  the  a t t e m p t s  to  unde r s t and  minera l  react ions.  I t  is not  surpris ing there-  
fore t h a t  inves t iga tors  t u rn  to  syn the t ic  s i tuat ions,  where the  chemical  and  phys-  
ical condit ions can be control led,  to  learn  abou t  the  minera l  system.  
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For reasons not generally understood, hydroxyapatite of "ideal" composition 
is not easily synthesized. Synthetics, usually precipitated from solution and then 
heated to increase "erystallinity", often exhibit variable chemical composition. 
Sometimes the synthetics are a mixture containing more than one mineral species. 
Often an apatite phase is produced which gives variable unit cell parameters 
depending on temperature of heating or starting composition. Elements other 
than Ca, P, O and II required for "ideal" (stoichiometric) hydroxyapatite, Cat0 
(PO4)6(OH)2, are usually present in the starting solutions and it is known that 
the apatite crystal lattice can incorporate many of them (Cockbain, 1968; Deer, 
W.A., et al., 1963). The properties of the hydroxyapatite phase (HA) have not 
been determined directly on pure Ca10(POt)~(OH)2 because well crystallized 
material of this composition was unavailable. It seemed essential to obtain pure 
material, in good crystals, in order to properly evaluate the phase and to under- 
stand its stability and reactions in the biological system. 

Using a method known to give relatively large crystals of hydroxyapatite 
(I-Iayek, 1958; Posner and Perloff, 1958) investigations were undertaken in the 
system CaO-P2Os-H20. The hydrothermal synthesis method used in these in- 
vestigations has many advantages. The solid products are well crystallized and, by 
systematic examination of a range of compositions, the relationships between 
apatite, solution, and other calcium phosphate phases, can be determined. 

Posner and Perloff (1958) used hydrothermal synthesis techniques to obtain 
well crystallized HA but did not make a systematic study of reactions. Ilayek 
(1958) obtained well-crystallized I-IA at 400 ~ over a plI range of 5 to ii but 
starting materials usually contained Na, which was also found in the products. 
Neither of these authors considered the problems of attainment of equilibrium 
for their products and this is important in understanding the calcium phosphate 
system. High temperature studies, 700-900 ~ at i000 bars 1120 pressure have 
been carried out over a wide composition range, including F, but are only gen- 
erally applicable (Biggar, 1966), and most of this report is outside the compo- 
sition range appropriate for calcified tissues. The few experiments in the com- 
position range cannot be extrapolated to physiologic conditions because under 
the physical conditions of the experiment the products of reaction are in the liquid 
portion of the system. 

In the report that follows hydrothermal studies have been carried out at 
2 000 bars I120 pressure over the range 300-600 ~ These physical conditions were 
chosen primarily to accelerate reactions to achieve equilibrium in a reasonable 
length of time. A systematic range of compositions in the chemical system CaO- 
P205-I-I20 have been explored, in particular those areas where HA occurred as a 
stable phase. Experimental details and a technical discussion of the four phase 
diagrams drawn in the temperature interval studied have been presented else- 
where (Skinner, 1973). Hydroxyapatite crystals have been well characterized, 
and small variations in unit cell parameters dependent on temperature of syn- 
thesis and bulk composition of the starting materials have been accurately de- 
termined. The results emphasize the variability of HA even when produced in a 
simple chemical system. Secondly, precise chemical conditions were required 
to obtain apatite as the only solid phase in equilibrium with solution. The de- 
tailed relationships between I-IA and other phases in the basic chemical system 
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at equilibrium have been established. A brief outl ine of methods employed and  
two equi l ibr ium phase diagrams are presented as background to the discussion 
of hydroxyapa t i t e  as a synthet ic  phase and  as a cons t i tuent  of mineralizing sys- 

tems. 

Methods 

Solid CaO and water solutions of phosphoric acid (HaPOa) were individually accurately 
weighed and sealed into gold capsules of 4 mm diameter and approximately 1 cm in length. 
The chemicals reacted inside this inert container at elevated temperatures and pressures 
without contamination from atmospheric or extraneous solution components. The capsules 
were placed in a pressure vessel which was maintained at temperature. Water pressure was 
supplied by a constantly monitored pump system. 

The length of time that samples of known composition were held at T and P was dictated 
by criteria that the products be at equilibrium. Equilibrium is operationally defined as that 
state where a phase no longer changes in response to its environment. For example: a sample 
of known composition, held at known T and P, might produce, after a few days, crystalline 
apatite and fluid. Examination of the solid phase by X-ray diffraction would then enable 
precise unit cell parameters of the apatite to be calculated (Skinner, 1968). Another sample 
of the same composition but held at T and P for longer time (say 3 or 20 weeks), would be 
analysed by X-ray diffraction and the paramenters of the apatite calculated; if these remained 
constant it was assumed that equilibrium had been reached. In the calcium phosphate system 
metastable products persisted. Some samples were held at T and P for periods up to 180 days 
to assure equilibrium. 

About 500 samples were examined. Optical and X-ray diffraction analyses were used to 
identify the solid products. The fluid present was tested by pHydrion paper. Results of these 
determinations on each sample were located on a composition plot and equilibrium phase 
diagrams were constructed. 

Before the results presented in Fig. 2 are discussed the sample plotting technique will 
be illustrated using the triangular diagram, Fig. 1. 

Fig. 1 is a composition plot for the three component system, CaO, P~O 5, H~O. The three 
apices represent 100 wt% of each of the components. Pure water (H20) is plotted at the top. 
Using theoretical formulae of the phases that can occur in this system, the weight percent 
of the components in the compounds have been calculated. Table 1 gives 4 examples. 

Table 1 

Solid phase Component formula Wt % CaO Wt % P~O 5 Wt % H20 

Ca(OH)2 CaO. H20 75.7 - -  24.3 
Cal0(PO4)6(OH)~ 10 CaO- 3P205 . H20 55.8 42.4 1.8 
2CaHP0~ 2CaO" P205" H~0 41.2 52.2 6.6 
Ca2P207 2Ca0. P20s 44. I 55.9 -- 

Anhydrous forms, such as Ca~P20 ~ plot along the CaO-P~05 edge of Fig. 1. Ca(OH)s plots 
on the edge CaO-H20. All phases containing some of each of the three components will plot 
within the triangle. 

Results 

Fig. 1 depicts a number  of solid phases, some of which are plot ted on Fig. 2. 
The phases in Fig. 2A were the only stable compounds found in  samples sub- 
mi t ted  to 300 ~ and 2000 bars I t20  pressure. The phase diagrams (Fig. 2) have been 
constructed using samples of known composit ion (the percent  of three components  
weighed into the capsule), subjected to tempera ture  and  pressure for the t ime 
required to obta in  equi l ibr ium (about four weeks for each sample under  the con- 
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Theoreticot compositions in H20 
weight % of the 3 component , / ~  
system CQO 

/ 2 h~" 2 Brushite Co2{PO4)(OH},2H20 \Portiandite 
/ �9 Isoclasite \ 

/ Ca2P207"2H20 C%Hz(PO~}6"5H20 X 
/ CoHP04 ~ctacatcium phosphate ~ .  

/ Ca{P03) 2 M onet~ e C05(P04)3(0 H ) Hydroxyapo.ti~e 
P205 [ �9 ,, Q �9 .... ", Co.O 

B C o2P.20 ? Co3(P04) 2 
Tricalcium phosphate 

Fig. 1. Composition diagram for plotting phase equilibrium results. Theoretical compositions 
of possible solid phases in the system CaO-P~Os-H~O are plotted 

ditions of Fig. 2A). The products of each sample were plotted at the appropriate 
sample composition on the diagram. About 150 samples were examined to de- 
termine the relationships between composition and occurrence of phases at 
300 ~ and 2 000 bars 1-120 pressure. 

The smaller triangular sub-areas within the composition plot are phase fields, 
defined by solid and/or dotted lines. For any starting composition within one 
of these fields the products at equilibrium at 300 ~ and 2000 bars are the same. 
Samples of different bulk compositions falling within the field merely exhibit 
different proportions of the phases. Samples with an initial high H20 composi- 
tion contain a higher proportion of fluid. Each phase field has been numbered 
and the products listed. From the diagram, products for any sample composition 
can be predicted. In a three-component system no other phases should be found 
in the products provided the sample has reached equilibrium. To illustrate: 
for all starting compositions within phase field # 4 (Fig. 2 A) only two solid phases, 
monetite (CaHPO~) plus HA and a fluid may occur. The composition of the mane- 
tire and HA is fixed at the compositions CaHPO 4 and Ca10(PO4)6(OH)2. X-ray 
diffraction analysis of the solid products from many samples in this field have 
shown that  the solids are virtually ideal compounds (Skinner, 1973). The solids 
in the sample are expressed at the theoretical composition for the phases on the 
diagram. The composition of the fluid for samples in this phase field is expressed 
by the remaining apex of sub-triangle ~ 4. The fluid has a composition close to 
water but contains a small amount of PsOs, and even less CaO, in solution. The 
compositions included in phase field # 4 produce at equilibrium monetite, HA 
and a fluid. The solid phases are produced over a wide range of CaP/PeP 5 and 
H20 compositions. 
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Fig. 2A and B. Equilibrium phase diagrams Ca0-P205-I-I20 experimentally determined. 
Shaded portion indicates area where HA occurs 

I t  follows from the diagram that  HA occurs as a stable solid phase over a 
wide range of CaO/P~O 5 ratios and H20 compositions but usually in association 
with a second solid phase. Under these T and P conditions the second phase is 
either monetite or portlandite (Ca(OH)a). Phase field # 5  delineates the con- 
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ditions where there is only one solid phase in association with fluid: hydroxy- 
apatite. The field is extremely restricted in CaO/P205 composition, except at 
high H20 compositions. 

The phase fields were accurately determined using close compositional control. 
I t  is known that  samples with CaO/P~O 5 greater than that  required for " ideal"  
hydroxyapatite (CaO/P~Q--~ 1.315, Ca /Pz2 .15)  will always contain two solid 
phases (HA and portlandite, Ca(OI-I)2 ) no matter  what the H~O content of the 
sample. At CaO/P~O 5 values below ideal HA, there is a small CaO/P205 com- 
position range, but only at high H~O content, where HA is the only solid phase. 
In order to stay in phase field ~ 5 (HA ~-fluid) at 50% H~O, the CaO/P2Q ratio 
may vary between 1.28-1.315, at 75% H20 , CaO/P205 variation may be 1.18- 
1.315, at 90%, 1.05-1.315. At still lower CaO/P~O~ values HA occurs with a 
second solid phase. The phase varies depending on the temperature of the ex- 
periment; at 300 ~ it is CaHPO a. Fig. 2]3, the phase diagram for 500 ~ 2000 bars 
H~O pressure illustrates the effect of higher T: Ca2P20 ~ has replaced CaHPO 4 
as the stable calcium phosphate phase. Note that  the phase diagram at this 
temperature is virtually the same as at 300~ the phase field ~ 5 is extremely 
limited. 

X-ray diffraction analysis of the solid products, especially apatite, was used 
to establish equilibrium conditions (see discussion below). I t  was found that  
apatites ~rom fields # 4, 5 and 6 at equilibrium at 300 ~ and at 500 ~ had repro- 
ducibly distinctive cell dimensions (Table 3). 

Discussion 

Comparison of equilibrium phase diagram results with previous synthetic 
work: 

A. Elevated Pressure Hydrothermal Synthesis Method 

In describing the hydrothermal synthesis of HA at 300 ~ 1250 lb/in 2, Posner 
(1958) stated that  " a t  least 10 ml of H~O for each 0.10 g of CaI-IPO a was neces- 
sary to obtain a complete reaction". At lower water contents the product was 
mixed CaHPO a and HA. Two solid phases could be the result of an incomplete re- 
action, or, from the phase diagram (Fig. 2A) it could be predicted that  two solid 
phases were the stable assemblage for lower I-I~O contents. Bulk composition, 
H20 as well as CaO/P205, is important in determining the products. CaHP04 
was used as the starting solid. CaHPO 4 has Ca0/P205-~0.79 (wt%), a low CaO 
content, and therefore the proportion of Ha0 necessary to insure crystallization 
of HA only, field # 5, is high. Larger yields of crystalline HA could have been 
obtained by increasing the Ca0 wt % of the charge. The precise bulk composition 
required to produce HA can be predicted from the phase diagram. Well crystal- 
lized hydroxyapatite can be obtained from a range of compositions, but it is 
usually accompanied by a second solid phase. 

B. Room Pressure Hydrothermal Synthesis 

Table 2 compares several published methods of producing crystalline HA. 
Many of the preparative procedures are carried out at room pressures. A phosphate 
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Table 2. Synthesis of HA 

Reference Start ing materials Method Results and  comments 

Wallaeys (1952) Solid Ca~ (P04) 2 & Heat  a t  850 ~ 
CaO~-H20 vapor 

Solutions H~PO a & Mix at  100 ~ 
Ca(OH)2 Calcine 800 ~ 

In  cold sa turated 
solutions dried 
at  80 ~ 

Solutions of H3PO 4 Neutralize in hot  
with CaO water 

Montel (1953) 

Brasseur (1953) Na2HPO 4 �9 Mix in NH 4 solu- 
2H2OA-CaC1 ~ t i o n - -  dry a t  70 ~ 

Brasseur (1954) CasHu(PO4)6~HuO Heat  to 300 ~ - -  
Brasseur (1958) Calcine at  1000 ~ 

Hayek and Stadlmann (NH4)2HPO4~- 
(1955) Ca(NOa) 2 
Hayek et al. (1958) NaOH and Ca(OH)~ 

-~-Product of above 

Posner and Caa(P04) 2 solid 
Stephenson (1952) and  H20 

Posner and Perloff CaHPO 4 solid 
(1958) and H20 
Posner, Perloff 
and Dorio (1958) 

Basset t  (1958) Ca~-H3P0 4 
solutions 

Trautz  (1958) Ca3(PO4)2+ 
Ca(OH)~ 

Trautz  et al. (1961) solids 
and  steam 

Mix in NH 4 solu- 
t ion - -  Calcined 600 ~ 
Rccrystallized 

under  H20 P a t  
400 ~ up to 72 h 

200-300 ~ a t  
1250 lb/in e H20 

300 ~ a t  
1250 lb/in 2 H20 

100 ~ mix in varying 
proportions 

Autoclave a t  360 ~ 
~- 2OO ATM 16 h 

Very slow reaction 

HA a = 9 . 4 0 3  (1) 
c =  6.866 (1) 

HA a = 9.410 (5) 
c = 6.865 (2) 

Incomplete reaction 
produced "trical and 
bica l"  several days 
to complete reaction 
(HA) 

Produced hydra ted  
trical 

Trical a =9.387 
c = 6.846 

HA a = 9.406 
c = 6.873 

pH = 12 
0.05 ~ crystals 

Crystals 0.04 mm long 
0.005 mm wide 

HA 0.3 mm long 
a = 9.42-9.44 
c = 6.87-6.88 

a = 9.432 
c = 6.881 
~-whitlockitc 

Low CaO = H A t  
Cas(P04) 2 �9 crystals 

High CaO = HA 
+Ca(OH)2 

HA a = 9.421 
c = 6.881 

Ca3(P04) ~ present on 
calcining product  

s o l u t i o n  is s a t u r a t e d  w i t h  Ca(OH)2  or  CaO. I f  t h e  d e g r e e  of s a t u r a t i o n  is i n c o m p l e t e  

or  if t h e  p H  of t h e  s o l u t i o n  does  n o t  a t t a i n  n e u t r a l i t y  (see Mon te l ,  1953 ; or  W a l -  

laeys ,  1952, p.  835) t h e  p r e c i p i t a t e  s h o w s  a C a O / P 2 0 5  r a t i o  l ower  t h a n  idea l  H A .  

A m i x e d  p r o d u c t  of t w o  sol id  p h a s e s  is t h e  r e su l t .  T h e  s e c o n d  p h a s e  in  a d d i t i o n  

t o  H A  d e p e n d s  o n  t h e  t e m p e r a t u r e  of m i x i n g .  A t  100 ~ C a H P O  4 - 2 H 2 0  p lus  H A  

is p r o d u c e d ,  a t  300 ~ C a I t P O  4 p lu s  H A  ( B a s s e t t ,  1958).  M a t e r i a l  w i t h  low C a O /  

1)205 c a n  b e  i d e n t i f i e d  b y  t h e  p r e s e n c e  of a s e c o n d  so l id  p h a s e  u s i n g  o p t i c a l  or  

X - r a y  d i f f r a c t i o n  a n a l y s e s .  
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300~ 2000 8ors 
CaO- 
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H20 

E ~"~i A 
P2~ T--Tica[ 

Fig. 3. "Path of crystallization" in terms of an equilibrium phase diagram 

Whether a single phase, apatite, or apatite plus another phase, should be 
found provided the sample is at equilibrium can be predicted using the phase 
diagram. An initial dilute solution, a IIaP04-I-I20 mixture, containing 5% P~O 5 
for example, will plot at A on Fig. 3. To add CaO move directly toward the CaO 
apex. A series of phase fields will be encountered reflecting the changing bulk 
composition of the sample. When the sample contains approximately 3 wt% 
CaO, I-IA could appear as a solid phase (B, Fig. 3). Supersaturation may be re- 
quired for precipitation. The energy for nucleation and associated physical 
phenomena may delay the appearance of the solid phase. However, the first solid 
to form at  RT is a fine-grained or amorphous precipitate. The actual structure 
in the latter ease cannot be specified (Eanes et al., 1965; Eanes and Posner, 1968) 
but it is probably analogous to opal and converts to crystalline HA in time 
(Eanes et al., 1967). 

Continued addition of CaO changes the sample bulk composition increasing 
the relative proportion of solid HA. At about 5 wt% CaO (sample bulk com- 
position) the solid products should reflect the field in which two solid phases are 
present at equilibrium and the pI-I of the solution should be acidic. If I-I20 is the 
major component, say 90% of the sample, and the CaO/P205 = 1.0, the equilibrium 
solid products at room T and P ought to be CaHPO 4 .2H20 ~-HA. At 300 ~ Ca 
H P O a + H A  are the solid phase products (Fig. 2A, 3). Between CaO/PuQ ratio 
1.0 and 1.315 HA should be the only phase at equilibrium. 
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C. Ignition o I Samples 

1. Formation of Phase Caa(P04) 2 

Continuing the progress of the synthetic sample on Fig. 3 now at C (CaO/ 
P205= 1.184) the precipitate, which is probably poorly crystalline, may be re- 
moved from the aqueous surroundings, and in addition, heated to increase crys- 
tallinity. The bulk composition of the sample therefore changes again. The com- 
position change can be expressed on the diagram by projection away from H20 
apex. On heating or harvesting the precipitate, the proportion of water should 
be the only chemical change, the CaO/P205 of the sample remains the same. 
Calcining at 800 or 900 ~ wiI1 dehydrate the material rapidly. The appropriate 
anhydrous phase(s) for the CaO/P~Q of the sample (1.184), fiCaa(]P04) 2 in the 
illustrated case, may nucleate and form. Partial dehydration will produce HA 
and /~Caa(P04)2; the sample composition will plot at D close to the CaO-P=O 5 
edge of the diagram. If dehydration is complete, only flCa3(P04) ~ should be 
expressed and the sample would plot on the CaO-P=O 5 edge at the appropriate 
CaO/P2Q ratio (E). fiCaa(]P04) ~ is the only phase which should appear at CaO/ 
]P205 = 1.184 (Tromel and Moller, 1932). I t  follows from the diagram that only 
one CaO/P205 composition will retain single phase HA material through pre- 
cipitation from aqueous solutions and calcination, that CaO/P~O 5 is 1.315, the 
ideal stoichiometric ratio of HA. 

2. ]:)207 (Pyrophosphate) Formation 

Ignition of a precipitate with CaO/P205 = 0.79-1.315 usually produces apatite 
plus another solid phase. The second phase expressed depends on the temperature 
of ignition. 

Gee and Dietz (1955) related Ca/P ratio (or Ca0/]:)205) and surface area of a 
series of synthetic precipitates with mineral phase(s) expressed after calcining. 
Herman and Dallemagne (1961) ignited precipitates with a range of Ca/P for 
varying times at different temperatures up to 600 ~ . They state that the amount 
of P207 produced increased with the temperature of the ignition and the nature 
of the sample material. Referring to Fig. 2B (500~ bars H20 pressure) 
the phase at equilibrium with HA on the low CaO side is Ca~P207, field #9. 
The replacement of CaHP04, monetite, by fiCa2P207 actually takes place at 
322 ~ H2.5 ~ (Skinner, 1970) at 2000 bars tt20 pressure. At temperatures above 
322 ~ fiCa2P207 would be the stable second phase. Interpretation of the results of 
Herman and Dallemagne (1961) is that above about 300 ~ ]:)~07 appears more 
rapidly in samples which have lowest Ca/P. Samples of tricalcium phosphate 
hydrate, CaO/P205 approximately 1.184, showed Ca2P207 but required higher 
temperatures./~Ca2PsO 7 H HA are the stable solids at low CaO/P205 compositions 
between 325-730~ in the hydrous system, /~Ca2]P207 plus ~Caa(P04)2 in the 
anhydrous system (Tromel and Moller, 1932). 

D. The Fluid Phaze 

The pH of the fluid phase in equilibrium with the solid phase(s) in the phase 
diagram have been determined, pH is distinctive for a particular phase field. 
Phase field # 4  fluid pH =3.7. Calcium phosphates precipitated at low pH 
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(Brasseur, 1953) usually form mixed products consisting of two solid phases. 
Early studies (Lorah et al., 1929) showed that  the point of equilibrium between 
tricalcium phosphate and "basic tricalcium phosphate"  was on the acid side 
of neutrality. Wallaeys (1952) stressed the need to achieve neutral pH to assure 
a single product phase. Hayek  (1951) presented a graph of variations in pH with 
CaO/Pe05 composition in aqueous calcium phosphate systems. All these ex- 
periments are an expression of the fact tha t  HA can form over a wide pH range. 
If  the conditions are such that  the solution has a low or high pH a second solid 
may be present even though the expression and therefore identification of the 
second phase is difficult. Field ~ 6 (HA ~ Ca(0tI)~ + fluid) has a p H  of 12.0. Field 
# 5  (HA ~-fluid) is the locus of rapidly changing fluid characteristics. Large p H  
changes are possible with small changes in CaO/P205 even at constant H20 com- 
position. 

E. Equil ibrium Considerations 

To assure production of HA of constant composition, equilibrium conditions 
should be obtained. Skinner (1973) has shown tha t  all equilibrium apatites from 
a phase field at one T and P have identical unit cell paramenters. Sample # 300- 
121 (Table 3) from phase field / /4  contained monetite and HA as the solid phases 
at equilibrium. The HA cell dimensions are different from the apati te produced 
in field # 5  at  the same temperature (300-115, Table 3), or in field # 6 .  There 
may  be slight variations in parameters of apatites hydrothermally produced 
in like fields at different temperatures, or in compositionally different fields at 
the same temperature. 

In  the experiment of Posner et al. (1958) using CaHPO 4 as starting material 
the cell dimensions determined are different than those given in Posner and 
Stephenson (1952) Table 2. In  the latter paper tricalcium phosphate was used as 
starting material and treated at 1250 lb/in 2 H~O pressure and 300 ~ for up to 
7 days. The apatite products were somewhat better crystallized than the starting 
compound but variable lattice parameters were found which were dependent on 
the t reatment  times. The unit cell parameter  variation is probably an expression 
of dis-equilibrium. The experimental conditions discussed herein used higher 
pressure (2000 bars =30000  lb/in 2) which should accelerate reaction rates. De- 
monstration of equilibrium in the products usually took about 4 weeks at 300 ~ 
Apatites with slightly larger cell dimensions were formed in the shorter duration 
experiments (Table 3). 

Bassett  (1958), who investigated this chemical system at 25 ~ and one atmos- 
phere (15 lb/in 2) pressure concluded that  even after 19 months he had not achieved 
equilibrium conditions. 

Unit cell parameters can be used as a sensitive indicator of the type of 
apati te produced. The parameters determined on apatites synthesized by other 
methods and listed in Table 2 show a range of values even when starting materials 
were similar. Slightly different temperature or t reatment  times or dis-equilibrium 
could cause the observed variations. Unit cell parameter  variation of synthetic 
apatites has already been discussed by McConnell (1960). The results presented 
here emphasize his suggestion tha t  investigators are not necessarily dealing with 
the same compound and may  not have been sufficiently aware of the wide variety 
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Table 3. Unit cell parameters of HA synthesized at 2 000 bars H20 pressure 
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Sample H Composition Field H Apatite cell parameters 

CaO P205 H~O a c 

300-121 
300-115 
300-120 
Disequilib. 
500-120 
500-38 
500-131 

5.24 7.19 87.57 4 9.417 (1) a 6.879 (2) a 
14.18 * 11.88 73.94 5 9.422 (2) 6.880 (2) 
15.45 11.25 73.30 6 9.426 (1) 6.877 (3) 
3O0~ HA-~-Fluid field 9.443 6.890 

5.56 7.14 87.30 4 9.4249 (7) 6.8866 (7) 
21.45 15.04 63.51 5 9.417 (2) 6.874 (3) 

9.55 6.82 83.63 6 9.423 (1) 6.882 (1) 

a Number in parenthesis is the measurement standard error. I t  is applicable to the final 
decimal figure of the determined value, i.e. 9.417 • 0.001 

of subs t i tu t ion  of o ther  e lements  wi th in  the  apa t i t e  s t ruc ture  t ype  (Cockbain, 
1969). The apat i tes ,  therefore  m a y  be discre te ly  different.  Small  uni t  cell va r ia t ions  
are  significant.  The phase  equi l ibr ium s t u d y  out l ined here has demons t r a t ed  
t h a t  uni t  cell var ia t ions  can t ake  place in response to t empera tu re ,  composi t ion  
field of synthesis  or n o n - a t t a i n m e n t  of equi l ibr ium in the  products .  Subs t i t u t ion  
of o ther  e lements  into the  basic apa t i t e  s t ruc ture  adds  o ther  var iables  to  influence 
apa t i t e  cell p a r a m e t e r  changes. 

Synthesis  of pure  H A  can be achieved b y  prec ip i ta t ion  from solut ion using 
HaPO a and  CaO or Ca(OH)2. Var ia t ions  in t e m p e r a t u r e  or bulk  composi t ion 
(including I t20  ) leading to c rys ta l l iza t ion  in different  phase fields are po ten t ia l  
sources of minor  differences in the  solid p roduc t  which can be de tec ted  b y  un i t  
cell p a r a m e t e r  measurements .  Calcining a low t e m p e r a t u r e  p rec ip i ta te  should 
recrysta l l ize  the  H A  wi thou t  creat ing a second solid phase  bu t  only  if the  CaO/ 
P20 5 is precisely 1.315. The produc t ion  of a unique,  ideal  or s toichiometr ic ,  
Cal0(P04) 8 (OH)2 requires s t r ingent  chemical  condit ions in respect  to  all th ree  
components  : CaO, P205 and H~O, and s t r ic t  adherance  to  equi l ibr ium a t t a i n m e n t  
to  achieve r ep roducab i l i t y  of the  product .  H y d r o t h c r m a l  synthesis  techniques  
(e levated t empera tu re s  and pressures) increase reac t ion  ra tes  and  have been used 
to  produce  equi l ibr ium crysta l l ine  H A  in a t ime  of a p p r o x i m a t e l y  one month .  

Supported by Grant ~ DE 2116, N.I.D.R., N.I.H. 
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