Phase coexistence in the system Mg,(PO,),—Ca,(PO,),—Na,PO,
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The phase coexistence in the subsolidus region of the title system was determined by
X-ray powder diffraction (at 800°C). Crystallographic data are given for one ternary
(Mg,Na(PO,),) and one quaternary phase (Mg,CaNa,(PO,).).

The former compound, Mg,Na(PO,),, crystallizes in the orthorhombic system
with unit cell parameters a=9.875(2)x 107" m, b=15.234(4)x10"""m, c=
=6.346(1) X 107" m. Mg,CaNa,(PO,), (designated as a phase Q) crystallizes in the
rhombohedral system (2=16.616x107""m, a=53.43°). Corresponding hexagonal
parameters are: @ =14.938(7)x 107" m, ¢=42.61(2)x 107" m.

PenTresoda3oBbiM aHaiu3oM GbLIO OnpedesieHO CyllecTBOBaHMe ¢a3 MOA JIMHHEWH
conuayca ykasaHHo# cucteMsl (npu Temnepartype 800°C). B pa6oTe npuBOAATCS KpHC-
Tannorpaduyeckue faHHble A OofHOM TpoiHoi (Mg,Na(PO,),) u oaHofi yeTBepHO#H
(Mg,CaNa,(PO.).) das.

Coenunenne Mg, Na(PO,), kpucTannusyercs B OpTOpOMOGHYECKOH CHCTEMe C napa-
MeTpaMu peLeTKH a=9,875(2) X 107" m, b=15,234(4)x 107" m, c=
=6,346(1) X 107'* M. Mg,CaNa,(PO,), KpucTanau3yeTcs B poMGO3PHYECKON CHCTEME
(a=16,616X10"""M, a=53,43°). COOTBETCTBYIOIHE TEKCArOHANbHBIE MapaMeTpbl
a=14938(7)x 107" M, ¢=42,61(2) X 107" m.

The present paper is a part of the study of phase coexistence in the quaternary oxide
system MgO—CaO—Na,0—P,0; [1—3] and it deals specifically with the section at 25 mole
% of P,O,. The oxide systems of such complexity, containing P,O; as one component have
not yet been studied systematically.

The phase composition of the following subsystems has already been investigated.

In the subsystem Mg,(PO,),—Ca,(PO,), there exists an intermediate phase of variable
composition. According to the crystal structure analysis [9] its formula is given by
Mg,Ca,(Mg,Ca),(PO,),,- The intermediate phase was referred to compositions
Mg,Ca,(PO,), [4—7] (Fig. 1) and Mg,Ca,(PO,), [8]. The first composition corresponds to
the end member of the solid solution series, the second one is an intermediate member as it
is implicated by the formula given above.

On the Ca,(PO,), side of this subsystem, another solid solution is formed with a boundary
composition Ca,Mg,(PO,), at 1150°C. This end member of the solid solution was designated
as an individual compound, Mg-whitlockite [10]. According to [11] whitlockite exists up to
960°C. Therefore it is necessary to distinguish between g-Ca,(PO,), and whitlockite which
represent two distinct compounds [11—13].
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Fig. I. Phase coexistence in the system Mg,(PO,),—Ca,(PO,),—Na,PO, (symbols F. Q. P. B, W
denote phases according to key to Table 1).

In the subsystem Mg,(PO,),—Na,PO, three ternary compounds are present:
Mg,Na(PO,),, MgNaPO, [14], and MgNa,(PO,), [15]. The crystallographic data for the first
compound are given in this paper. The second compound exhibits polymorphic transforma-
tions and decomposes probably in the solid state [14].

In the subsystem Ca,(PO,),—Na,PO, up to the temperature of ca. 990°C only the single
compound CaNaPO, is present [16 — 18]. Above this temperature (990—1350 °C) there is
also stable phase A, coexisting with 8-, a-Ca,(PO,), and a-, B-CaNaPO, [16, 18]. From
among the phases, present in the system, two phases can be found in the nature as mineral
species : Mg,(PO,),, farringtonite [8] and Ca,,Mg,H,(PO,),,, Mg-whitlockite [11]. The later
phase can be present in the system depending on the sample preparation and external
conditions.

Another two quaternary phases of stoichiometries MgCaNa,(PO,), and (Na,
Ca),(Mg,Fe),(PO,), belong into the section studied. These phases were isolated from the
meteorite “Dayton”’, identified as individual compounds and named as minerals brianite and
panethite, respectively [19]. Their presence in the earth crust was not stated yet. The former
compound, MgCaNa,(PO,),, as a synthetic phase was also studied in [20].

Experimental

The samples were prepared by the evaporation of diluted aqueous solutions of Mg(NO,),, Ca(NO,),,
NaNO,, and NH,H,PO, as described in [14] and by heating the dried precursors at 800°C in the air. The
phases present in samples were identified by X-ray powder diffractometry. The powder patterns were
taken on Philips standard diffractometer using CuK, radiation. As diffraction standards, the data,
published in [8] and the data, published in [14, 15, 19] were used.
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Table 1

Concentration of analyzed samples and results of the phase analysis

No. Composition Present phases No. Composition Present phases
! MI16CNP6 Q F 17 M2CN3P2 a-N3P, B
2 MI15CN2P6 QX 18 M3CNS5P3 a-N3P, a-C2NP, W
3 M7CNP3 Q 19 M2C6NP3 w
4 M6C2NP3 Q 20 M2C5N2P3 a-C2NP, W, B
5 M20C2N5P9 Q 21 M2C3N4P3 a-C2NP
6 MI17CYNP9 C3M3P2, Q 22 M2C3N4P3 a-C2NP, a-N3P
7 M14C3N4P7 QP W 23 M2C2NP a-N3P, a-C2NP
8 MSC3NP3 o, w 24 M2CN6P3 a-N3P
9 MSC2N2P3 B.P W 25 MC3N2P2 a-C2NP
10 M21CNS5P9 P X 26 MC2N3P2 a-N3P, a-C2NP
11 MI15CNSP6 P, X, a-N3P 27 MC6N2P3 a-C2NP, W
12 MO9C2N4P5 P, B, a-N3P 28 MCS5N3P3 a-C2NP
13 MI9CNS5PS P, B, a-N3P 29 MC4N4P3 a-C2NP, N3P
14 M3CN2P2 B 30 MC3NS5P3 a-N3P (disordered
structure)
15 MCNP B 31 MC2N6P3 a-N3P

16 M3C2N4P3 a-N3P

Phases present at 800°C.

As far as the presence of different modifications (of the same substance) was not relevant for the
participant phases, the identified phases are denoted as follows: Q — (Mg;CaNa,y(PO,),), F —
farringtonite (Mg3(PO,),), X — Mg,Na(PO,);, C3M3P2 — Mg,Ca,(Mg,Ca),(PO,),,, W— whitlockite,
B —brianite, P— panethite. In the system there are further present modification of CaNaPO, (a-C2NP)
and a modification of Na;PO, (a-N3P). a-N3P is a common name for the solid solution of MgNa,(PO,),
and Na;PO, (at 800°C). Symbol W does not differentiate between whitlockite and Mg-whitlockite. In
reality, the partially transformed Mg-whitlockite with a presence of Na™ ions are to be encountered in the
system.

Table 2

Crystallographic data for compounds Mg,Na(PO,); and Mg,CaNa,(PO,),

Mg.Na(PO,), M_g,CaNa,(PO‘),,
a =9.875(2)x10™""m a, = 16.616x10™"" m
b =15.234(4)x10"""m a, =5443°
¢ =6.346(1)x10""m a, =14.939(9)x107"°m

L

n =42.58(3)x107""m

V =954.7x107* m? V =82342x10""m’
Z =4 Z, =18

SG: Pnam —_

D, =2790kgm™ D, =2998 kg m™*
D,,=2820(20) kg m™* D, =2990(20) kgm™

M., = 823.87
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Unit cell parameters of phases were measured from the Weissenberg and precession photographs of
single crystals and refined by the method of least squares from powder data [21]. The density was
measured by flotation method [22]. The liquidus temperatures were measured using the Griffin
hot-stage microscope [23, 24].

Results and discussion

The results of phase analysis for certain selected samples are listed in Table 1. The
majority of them was later found to lie in the two phase regions. Those samples, which
correspond to three phase regions, contain the phases in such ratios, that the presence of
each one of them could be unambiguously detected.

The compositions of samples were selected in order to keep the constituent oxides in
simple molar proportions (the ratio of integers) (Table 1). Usual abbreviated notation is
used (Table 1, Fig. 1), where M=MgO, C=CaO, N=Na,0, P=P,0;. Fig. | contains all
types of notation.

The deduced diagram of the phase coexistence is shown in Fig. 1. In the system, already at
800°C solid solutions are formed within broad limits. The tie lines in Fig. | represent the
phase relationship only qualitatively.

Besides the known phases we have identified in the system the presence of a further
quaternary phase, denoted as the phase Q. This phase is of a variable composition in broad
limits and we give its representative formula as Mg,CaNa,(PO,),. The samples 3, 4, 5 listed
in Table 2 (corresponding representative points are depicted in Fig. 2) exhibit X-ray single
phases.

According to liquidus temperatures the phase Q has its primary crystallization boundaries
at following concentrations: in the section Mg,(PO,),—CaNaPO, from 21.9 to 31.6 mole
% 2CaNaPO,, in the section Mg,(PO,),—"Ca,Na,(PO,),” from 24.3 to 42.8 mole
% 1/2Ca,Na,(PO,), and in the section Mg,(PO,),—**CaNa,(PO,),” from 22.2 to 41.5 mole
% of CaNa,(PO,),.

C2NP  't3nzp2”

mole frapti

Fig. 2. Boundary curves of primary crystallization fields of Mg,(PO.,),, Q phase and CaNaPO, .. as
- determined by the hot-stage microscope.
The straight linel 2 — the set of “isomolecular weights™ with a value equal to the molecular weight of
the phase Q, determined experimentally (Table 2).
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The resulting liquidus surface is shallow in its course with a maximum temperature of
1120°C in a broader zone at its contact with the field of primary crystallization of Mg,(PO,),

(Fig. 2).

The alternative stoichiometry M6C2NP3 (Mg,CaNa(PO,),) as a stoichiometry, represent-
ing (in the first approximation by integer indices) the chemical composition of the
quaternary phase was neglected for two reasons : The temperature of the liquidus surface of
the phase Q continuously descends from the side of its boundary with Mg,(PO,),. The
sample M14C3N4P7, the representative point of which lies on the join of two respective
representative points M6C2NP3 and M8CN3P4 (the later representative point corresponds
to the X-ray single panethite phase), contains three phases, the third phase being

“whitlockite™
Table 3
List of diffraction lines of Mg,CaNa.(POy),

hkl dpir (ObS) dpt (calc) /1,
003 14.16 14.20 8
012 11.02 11.06 11
104 8.222 8.223 2
024 5.519 5.529 9
018 4917 4.925 17
027 4.435 4.433 17
300 4.316 4.312 18
215 4.234 4.241 9
303 4.118 4.126 18
305* 3.850 3.848 16
036 3.681 3.686 100
218 3.607 3.602 7
312 3.537 3.538 55
LI 11* 3.443 3.438 17
314 3.400
219 } 3.396 3.400 9
2011 3.322 3.323 7
1013 3.182 3.177 12
404 3.098 3.095 20

** 3.012 — 20
321 2.959 2.962 40)
229 2.935 2.932 50
407 2.856 2.856 17
408 2.768 2.764 43
3012 2.742 2.741 100
416 2.625 2.623 12
501 2.583

2114 } 2.584 2.583 12
330 2.488 2.490 38
336 2.349 2.349 27
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The phase panethite melts incongruently. It may be expected (according to Fig. 2) that its
representative point lies below the liquidus surface of the phase Q. In Fig. 2 we arbitrarily
represent this phase by the point corresponding to Mg,Ca,,,Na, ;(PO,),. The sample of this
composition represents a single phase.

At the composition corresponding to M2NP (MgNaPO,), which is the composition of
a possible end member of the solid solution ‘“‘panethite” ((Na,Ca),(Mg,Fe),(PO,), [19]) this
phase is still not formed. The sample of this composition at temperatures up to 730°C,
represents an individual phase, MaNaPO,, different from panethite.

Table 4

List of diffraction lines of Mg,Na(PO,),

hkl dhkl (Obs) d’,k/ (CHIC) I/Iu
020 7.602 7.617 37
011 5.852 5.858 33
111 5.039 5.038 5
200 4.939 4.938 2
210 4.695 4.697 3
121 4.370 4.372 3
220 4.141 4.143 44
031 3.965 3.965 30
201 3.892 3.897 5
211 3.773 3.775 5
140 3.548 3.553 6
221 3.469 3.471 3
002 3.171 3.173 30
231 3.089 3.092 5
320 3.016 3.021 100
112 2.963 2.963 20
311 2.867 2.870 3
122 2.807 2.808 9
051 2.747 2.747 10
241 2.7238 2.7237 3
202 2.6687 2.6693 18
151 2.6462 2.6462 2
212 2.6292 2.6293 1
331 2.5327 2.5325 15
222 2.5190 2.5191 37
340 2.4907 2.4905 4
160 2.4590 2.4593 28
042 2.4378

410 AT 2.4371 18
251 2.3995 2.4003 10
420 2.3488 2.3486 4
312 2.2583 2.2592 2
322 2.1880 2.1881 5
261 2.1269 2.1730 2
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The presence of the phase “whitlockite™/f-Ca,(PO,), requires a further attention. The
wide concentration range of existence of this phase can be seen in Fig. 1. As mentioned in
[11] the first change in the whitlockite structure takes place at 780°C. Another change,
associated with a more pronounced heat absorption follows at ca. 960°C. The products of
heating above 960°C can be suggested as phases derived from §-Ca,(PO,),. From [10] it
follows that solid solutions are formed in the system Ca,(PO,),—Mg,(PO,), at 1150°C with
a boundary at a composition Ca,Mg,(PO,), (C7M2P3). In our case, the structure of phases,
formed at 800°C, is closer to that of the phase whitlockite. The substitution did not proceed
in such broad limits, as in [10]. The samples of stoichiometries C7M2P3 and C5MP2
contained also Ca,Mg,(Ca,Mg),(PO,),, (in Fig. 1 denoted as C3M3P2).

Whitlockite and f-Ca,(PO,), can be distinguished mutually on the basis of powder
diffraction according to the 006 diffraction line [12]. In the case of whitlockite this line is
barely observable, however, in the case of 3-Ca,(PO,), it attains ca. a fourfold intensity. In
our case, the 006 diffraction was present only in the sample of stoichiometry M2C5N2P3
(Table 1). In other samples (also in samples from the two phase regions) its relative intensity
reached 3—4 % due to the partial transformation of whitlockite.

The compound MgNa,(PO,), was synthesized as a monohydrate (MgNa,(PO,),-H,0)
[15]. Further it was found that anhydride exists in three distinct phases (a, 8, y
modification). This is in agreement with work [25] where a congruent maximum on the
liquidus curve was found in the system Mg;(PO,),—Na,PO, at the composition
MgNa,(PO,),.

The y modification of MgNa,(PO,), and the a modification of Na,PO, [14] form
continuous series of solid solutions.

Crystallographic data

The phase (Q) identified in this study as well as the Mg,Na(PO,), compound belonging to
the investigated section [14] were prepared in form of single crystals.

The single crystals of the phase Q were prepared by slow cooling the melt of the
composition M6C2NP3 (point 2, Fig. 2) from the temperature 1150°C. Unit cell parameters
were derived from precession photographs. This phase crystallizes in rhombohedral system.
Refined rhombohedral and hexagonal unit cell parameters are listed in Table 2. The powder
diffraction pattern was taken at scanning rate of 1/4°26/min. Intensities were measured
from peak heights. The powder pattern indexed on the basis of hexagonal symmetry,
includes two lines in the list of its diffraction lines (Table 3, diffractions 305; 1,1, 11(*))
whose indices do not satisfy the condition — 4 + k + /= 3n, i.e. they cannot be transformed
into the corresponding indices in the rhombohedral system. No indices (Table 3 (**)) could
be ascribed to the diffraction having 4 =3.012 x 10~'° m. This diffraction may correspond to
the strongest diffraction (320, Table 4) of Mg,Na(PO,),.

According to the observation by the hot-stage microscope, the crystals of the phase Q
exhibit idiomorphic growth with a prevailing column-like habitus. The crystals are little
soluble in diluted inorganic acids.

The following reasons led us to describe the phase Q by the formula Mg,CaNa,(PO,),: On
the account that the phase Q lies in the section of compounds Mg,(PO,),, Ca,(PO,),. and
Na,PO, the following relationship is valid in limits of an experimental error

M(Q)
k
where M(Q) is molecular weight of the phase Q, calculated from the known unit cell volume
and the known density of crystals (formally at 1 formula unit in the unit cell); a, b, ¢ are
mole fractions of components M3P, C3P, N3P; k& is the integer constant.

=a M(M3P)+ b M(C3P)+c M(N3P),
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The set of points satisfying the above-mentioned relationship lies on the straight line 1 2
(Fig. 2). It can be deduced from this figure that the experimental value M(Q) is most
satisfactorily approximated by the ratio (integral and low coefficients) of constituing
orthophosphates corresponding to the formula Mg,CaNa,(PO,),. This stoichiometry does
not contradict the results of X-ray phase analysis and is consistent with the results of phase
equilibria study using the hot-stage microscope.

The single crystals of Mg,Na(PO,), were prepared by a slow cooling of the melt containing
20 mole % 2Na,PO, (with regard to the join Mg,(PO,),—Na,PO,) from the temperature
1000°C. This temperature is close to the liquidus temperature in the region of the primary
crystallization field of Mg/Na(PO,), [14]. Single crystals were hand-picked from the
disintegrated sample after cooling. Refined unit cell parameters are given in Table 2 and the
powder diffraction pattern is shown in Table 4. The powder pattern was taken at conditions
as indicated in the previous case.

The single crystals of this compound were also flux grown from the NaCl melt. The single
crystals obtained were needle-like in the former case and plate-like in the case of flux
growing.
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