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Na3PO4 forms an extensive range of solid solutions with the replacement mechanism 4Na + ~ Zr 4+ and 
formula, Na9 4yZrv(PO4)3. The solid solution limit is y - 0.50 below -800°C, increasing to y - 0.56 by 
1150°C. The high-temperature solid solutions have the cubic y-Na3PO4 structure. At lower tempera- 
tures, various ordering reactions occur with increasing y. For 0.125 ~ y ~< 0.40, the yo~d phase forms 
with a cubic supercell, eight times the volume of the subcell. For y ~> 0.40, the 8,~' phases form which 
are characterized by line splitting and extra weak lines in the X-ray powder patterns, respectively. The 
Yord phase has a domain structure in which the domains decrease in size with both decreasing y and 
increasing temperature. A model for the formation of the 7o~d phase is proposed based on ordering of 
Zr 4+ ions in alternate cubic subcells. The phase diagram for the orthophosphate join Na3PO4- 
NaZr2(PO4)3 is presented. © 1985 Academic Press, Inc. 

Introduction 

During a study of compound  formation 
and conductivi ty in the Nas icon  precursor  
system,  NazO-P2Os-ZrO2,  a new, zirco- 
nium-doped,  Na3PO4 solid solution series 
was discovered (1). These solid solutions 
have  the formula,  Na3_4xZr~PO4, 0 < x ~< 
0.19, at 1150°C. Their  conductivi ty was 
measured  (2) and found to pass through a 
max imum at composi t ions near  x = 0.13 
with a value of  2.5 × 10 -2 ohm -1 cm -1 at 
300°C. This value is less than one order  of  
magnitude smaller than that  of  Nas icon  or 
r -a lumina  at 300°C; consequent ly,  the new 
materials may  have  possible applications in 
high-temperature  cells. 

Na3PO4 is polymorphic .  It  undergoes a 
reversible  transition, a (tetragonal) to y (cu- 
bic) at -330°C.  The ot form has unit cell 
0022-4596/85 $3.00 
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dimensions a = 10.81, c = 6.84 A (3) al- 
though its structure is, as yet,  unknown.  
The y form has unit cell dimension,  a = 
7.512 A, space group Fm3m, at 400°C, and 
its s tructure was solved by powder  neutron 
diffraction (4). It may be regarded as a cat- 
ion excess  antifluorite structure with orien- 
tational disorder of  the PO 3- groups. The 
existence of  a third polymorph, /3 ,  has been 
proposed  (5) as an intermediate in the a ,~ 
y transition. It is or thorhombic ,  a - 6.963, 
b = 11.047, c = 5.562 A. I t  was also sug- 
gested (5) that the y po lymorph  is only 
pseudocubic  and that its true symmet ry  is 
or thorhombic  with a = 5.237, b -- 5.203, 
c =- 7.400/~. 

The effect of  additives on the polymor-  
phism of  Na3PO4 has been  studied. The cat- 
ions Ca z+, Sr 2+, Cd 2+, Zn 2+ (6), and AP + (3) 
enter  the structure and lead to stabilization 
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of the cubic y polymorph at room tempera- 
ture. Low-temperature ordering phenom- 
ena have been observed in several of these 
systems (6): with added Ca z+ or Sr z+, an 
ordered tetragonal phase was reported, a = 
14.860, c = 14.076 A, whose unit cell vol- 
ume is essentially eight times as large as 
that of the cubic 3' phase. The crystal struc- 
ture of the cubic, Al-stabilized y polymorph 
has been studied (7). Na3PO4 is hygroscopic 
and forms several hydrate phases: Na3PO4 • 
xHzO including x = 0.5, 8, and 12 (8-10). 

This paper reports on the Zr-doped 
Na3PO4 solid solution system. The poly- 
morphism, crystal chemistry, and thermal 
stability of the solid solutions has been 
studied. Anomalies in the polymorphism of 
Na3PO4 have been clarified. A detailed 
study of order-disorder phenomena in the 
Na3PO4 solid solutions has been made and 
the phase diagram of the pseudobinary, or- 
thophosphate join, Na3POa-NaZrzP3012, 
determined. Part of this phase diagram, ex- 
tending from the Nasicon end member 
NaZr2P30~2 to NasZrP3012 was reported 
previously (12, 13). 

Experimental 

Reagents used were Na2CO3 (Analar), 
ZrOz (Ventron, >99% pure), and 
(NH4)2HPO4 (reagent grade). Starting mate- 
rials were weighed out, ground into a paste 
with alcohol with an agate mortar and pes- 
tle, and dried. The mixtures were fired in 
open Pt crucibles in electric muffle fur- 
naces. Decomposition was carried out at 
-200 and 600 to 850°C for several hours 
each. Samples were then cooled, ground, 
and fired at -1000°C for 2 days to complete 
reaction. Using this procedure, loss of soda 
and P205 by evaporation was negligible. 

For the phase diagram work, annealing 
experiments were carried out on samples 
wrapped in Pt foil envelopes and suspended 
in the hot zone of a vertical tube furnace. 
The temperature was controlled and mea- 

sured to ---3°C. At the end of each run, sam- 
ples were quenched into Hg. Melting tem- 
peratures were determined approximately 
from the visual appearance of pelleted sam- 
ples after heating at constant temperature 
for a few minutes. 

Products of reaction and phase identifica- 
tion were determined using X-ray powder 
diffraction, with a Philips Hhgg Guinier 
camera, CuKoq radiation. Optical micros- 
copy using a polarizing microscope also 
proved useful in phase identification. For 
thermal analysis work three instruments 
were used, a Perkin-Elmer 2c DSC (20 to 
450°C, heating and cooling rate 20°C/min), a 
Stanton Redcroft 675 DTA (up to -1200°C, 
heating rate 8°C/min), and a Stanton Red- 
croft 780 for simultaneous DTA/TGA 
(heating rate 5°C/min). For accurate mea- 
surement of X-ray powder intensities and 
for measurement of line broadening a Phil- 
ips 1020 diffractometer CuKa radiation was 
used with a scan speed of I°20 min -1 and 
chart speed 10 mm min-l; intensities were 
taken as proportional to the peak areas. 

Densities were measured on -1-g  sam- 
ples using liquid toluene displacement pyc- 
nometry. 

Results and Discussion 

Na3P04 Polymorphism 
Our results indicate that pure Na3PO4 

forms only two polymorphs, labeled o~ and 
y, stable below and above -330°C, respec- 
tively. The o~ ~ 3' transition is rapidly re- 
versible. Our conclusions are in accord 
with those reported by earlier workers (3, 
4, 6, 7). We believe the so-called fl poly- 
morph (5) to be a hydrate or mixture of 
hydrates, possibly with carbonate present 
also. Details are as follows: 

Pure, stoichiometric Na3PO4 was ob- 
tained by solid-state reaction of Na2CO3 
and (NHn)zHPO4. The o~ ~ 3' transition at 
-300°C was confirmed by thermal analysis. 
The y polymorph could not be quenched to 
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TABLE la 

X-RAY POWDER PATTERN 

OF PHASE(S) W 

d(obs) d(obs) 
(A) 1 (A) 1 

2.331 35 
7.026 10 2.293 50 
6.624 30 2.256 20 
6.422 20 2.231 20 
6.261 35 2.189 50 
5.850 40 2.153 30 
4.599 40 2.133 30 
4.475 75 2.075 55 
4.314 100 2.047 35 
3.701 25 2.015 40 
3.519 45 2.004 50 
3.392 20 1.969 30 
3.355 20 1.939 20 
3.296 70 1.896 30 
3.195 20 1.882 30 
3.118 30 1.821 30 
3.083 36 1.789 20 
2.922 30 1.756 40 
2.879 50 1.697 20 
2.847 30 1.692 20 
2.803 95 1.655 10 
2.717 10 
2.650 60 
2.629 40 
2.617 40 
2.579 70 
2.562 20 
2.530 10 
2.393 40 
2.366 20 

room temperature. Frequently in samples 
exposed to air, the a polymorph was shown 
to coexist with an unidentified phase(s), W, 
whose most intense X-ray powder lines 
(Table Ia) had similar d-spacings to the sup- 
posed/3 polymorph of Na3PO4 (5). Simulta- 
neous DTA/TGA experiments (Fig. 1), to- 
gether with ir spectroscopy, on samples 
containing mixtures of ot and W, showed W 
to be a hydrated phase(s). In addition to the 
peak at 330°C associated with the a ~ y 
transition, endotherms were observed 
on heating at -215 and -255°C, both of 
which were accompanied by weight loss. 

These two peaks were not observed on the 
cooling cycle. On exposure of Na3PO4 to air 
for increasing periods of time, the amount 
of phase(s) W present increased as found 
by the increasing size of the DTA/TGA/ 
DTG effects at ~215 and 255°C and by the 
increasing intensity of the X-ray powder 
lines attributed to phase(s) W. 

The ir spectra of (a + W) mixtures dis- 
played broad absorptions in the region 3000 
to 3600 cm -~ that could be attributed to 
- O H  stretching modes but no absorptions 
in the region -1600 cm -~ that could be at- 
tributed to - O H  bending modes. It appears 
that the - O H  bending modes are con- 
strained by the presence of hydrogen bond- 
ing, an effect that is to be expected from the 
presence of water in a structure containing 
PO 3- groups. 

The structures ofNa3PO4 • 0.5H20 (9) and 
Na3PO4 • 8HzO (10) have been reported. 
The X-ray powder pattern for the octahy- 
drate was calculated using the atomic coor- 
dinates given in Ref. (10) and is given in 
Table Ib. By comparison of it and X-ray 
data for W, it appears that W may be a 
mixture of phases with probably Na3PO4 • 
8H20 as the major component. 

Phase Diagram of the Orthophosphate 
Join, Na3PO4-NasZrP3Oj2 

The phase diagram of part of the ortho- 
phosphate join, between NasZrP3Ol2 and 

OTG 

EiO DTA 2~~30. 
ENDO 

4 ' 
f 

COOLING ~ .  ~J 

/ 

DTA 

Fro. 1. Differential thermal analysis (DTA) and dif- 
ferential thermogravimetric analysis (DTG) traces of 
hydrated Na3PO4 phases (a + W phases). 
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TABLE lb 

CALCULATED X-RAY POWDER 
PATTERN OF Na3PO4 • 8H20 

d(calc) (A) l(calc) hkl 

8.451 12 100 
8.026 12 020 
6.504 6 071 
6.408 48 730 
6.193 55 110 
5.222 19 111 
5.088 27 1~1 
4.892 7 230 
4.840 52 021 
4.804 31 140 
4.667 1T 120 
4.548 36 131 
4.478 84 Ell 
4.340 100 231 
4.302 54 127 
4.225 6 200 
4.084 23 I l l  
3.885 10 741 
3.778 50 150 
3.666 20 221 
3.665 28 041 
3.653 18 2~1 
3.621 17 210 
3.554 9 137 
3.500 38 2~1 
3.438 29 102 
3.337 7 340 
3.302 T0 l i e  
3.258 17 041 
3.218 20 201 
3.199 12 012 
3.152 9 212 
3.008 8 122 
2.926 37 132 
2.908 59 360 
2.895 9 211 
2.878 11 301 
2.845 18 212 
2.833 21 242 
2,817 59 300 
2.797 17 361 
2.760 14 042 
2.735 31 742 
2.712 26 332 
2.706 12 237 
2.700 38 321 
2.689 14 112 
2.685 T0 032 
2.675 75 060 
2.640 16 342 

the Nasicon end member, NaZr2P3012, was 
reported previously (•3); here we present 
data for the section Na3PO4-NasZrP3012. 
The orthophosphatejoin is not a true binary 
join since at melting temperatures other 
non-orthophosphate phases appear at cer- 
tain compositions. At subsolidus tempera- 
tures, the join Na3PO4-NaZr2P3On is bi- 
nary however, and all the phases that 
appear are orthophosphates. 

For the section Na3PO4-Na5ZrP3OI> the 
thermal behavior of 20 compositions was 
studied. From the results of these experi- 
ments together with those reported earlier 
(13), the phase diagram shown in Fig. 2 was 
constructed. In order to make easier the 
comparison between different phases and 
solid solutions, the composition axis in Fig. 
2 is given in terms of the general formula, 
Nag_4yZry(PO4)3. The end member phases 
Na3PO4 and NaZr2(PO4)3 then correspond 
to y = 0 and 2, respectively, while for 
NasZr(PO4)3, y = 1. 

Na3PO4 forms an extensive range of solid 
solutions with the replacement mechanism 
4Na + ~- Zr 4+ and whose formula may be 
written as above and as shown in the lower 
abscissa (Fig. 2). In the report of the con- 
ductivity results, the related formula 
Na3-4xZrxPO4, upper abscissa, was used (2). 
The solid solution limit, Ymax, is constant at 
0.5 at low temperatures but increases some- 
what at higher temperatures and has a max- 
imum value of -0 .57  at the solidus, 1160°C. 
The melting temperatures of the solid solu- 
tions were determined approximately; they 
decrease smoothly from -1540°C in pure 
Na3PO4 to 1160°C for y = 0.57. 

The solid solution mechanism, 4Na + 
Zr 4+, was indicated by the results of density 
and lattice parameter measurements. The 
experimental densities of Na3PO4 and the 
solid solutions all fell in the range 2.46 to 
2.62 g cm -3. The lattice parameters were 
essentially unchanged with composition, as 
also is the mass of the unit cell contents, 
assuming the above substitution me- 
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FIG. 2. Phase  diagram of the  or thophosphate  join, Na3PO4-NaZr2(PO4)3. 

chanism. The calculated density of Na3PO4 
and the solid solutions is -2 .66  g cm -3. It is 
commonly the case that experimental den- 
sity values are a few percents less than the 
calculated ones, due to problems associ- 
ated with porosity, adsorbed gas layers, 
etc. Hence, the agreement between experi- 
mental and calculated densities for the 
present materials is regarded as being satis- 
factory. 

The Na3PO4 solid solutions exhibit com- 
plex polymorphism, depending on tempera- 
ture and composition. At high temperatures 
the cubic 3' polymorph forms across the en- 
tire solid solution series, although it can be 
quenched to room temperature only over 

the range of compositions, y -~ 0.01 to 0.40. 
For these latter compositions, the d-spac- 
ings of the X-ray powder pattern showed 
little variation with composition. The value 
calculated for a, 7.428 A, is similar to that 
reported for Al-doped Na3PO4 (3). 

On slow cooling and/or annealing at low 
temperatures for several days, the high- 
temperature 3' solid solutions undergo vari- 
ous transformations, the nature of which 
depend on temperature and composition. 
The results may be summarized as follows. 

For small y values ~<0.05, mixtures of a 
and 3" phases were generally obtained on 
slow cooling ( -0 .5  to I°C min -1) below 
300°C. The range of compositions that gave 
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FIe. 3. Part of the phase diagram (Fig. 2) on an expanded scale. 

single phase o~ appeared to be very limited 
(y ~< 0.01). For y ~> 0.0625, no o~ phase was 
obtained. 

The precise nature of the a ~ 7 transition 
and its representation on the equilibrium 
phase diagram is not known, but some in- 
formation was obtained using DSC. For 
pure Na3PO4, y = 0, a fairly sharp peak was 
observed with some hysteresis: 332°C on 
heating and 307°C on cooling. The hystere- 
sis is not due to the relatively large heating 
and cooling rates since on slower heating 
(5°C min -1 by DTA) the peak temperature 
was essentially unchanged (330°C). With in- 
creasing values of y, the peaks became 
broader. For y = 0.05, a very broad peak 
between 250 and 330°C was observed on 
heating and again, with -30°C of hysteresis 
on cooling. From these results it is sug- 
gested that the transition may be marten- 
sitic in nature: with increasing y, the transi- 
tion takes place only partially and over an 
increasingly wide temperature range. For y 

~> 0.0625, no transition to a occurs and the 
cubic y polymorph is observed at all tem- 
peratures. The transition is represented in 
Fig. 2 as a solid line that fades out for y > 
0.06. 

For larger y values, >~0.15, an ordering 
transition occurs on cooling to give the 
phase labeled ")Zord, and for y ~> 0.40 a struc- 
tural distortion of Yord occurs to give the 
solid solution phases 8 and 8'. The phase 
diagram in the region of the Yord, 8 and 8' 
phases is shown on expanded scale in Fig. 
3. 

The X-ray powder pattern of Tord is 
shown schematically in Fig. 4b. It is char- 
acterized by two main extra lines super- 
posed on the y powder pattern (Fig. 4a). 
The powder pattern of 7ord may be indexed 
on the basis of a face-centered cubic super- 
cell with asupereell = 2asubcen (Table II). Opti- 
cally the Yord phase is isotropic; however, in 
view of the limited number of supercell re- 
flections, single crystal studies are needed 
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FIG. 4. Schematic X-ray line diagrams. Samples (b), 
(c), and (d) were prepared by quenching from 800,600, 
and 600°C, respectively. 

the X-ray powder pattern (Fig. 4d). When 
this occurred, the phase was labeled 8'. In 
addition, for y >~ 0.45, prolonged annealing 
below -450°C lead to decomposition/trans- 
formation of the 8/8' phase to give unidenti- 
fied products with a complex X-ray powder 
pattern. These have been labeled the e 
phase(s). 

A DTA endotherm was observed at high 
temperatures for all Na3PO4 solid solution 
compositions with y ~> 0.12. The tempera- 
ture of the endotherm increased slightly 
from 960°C for y = 0.12 to a fairly constant 
980°C for y > 0.25. The size of the endo- 
therm increased with y. Hence for y < 0.12, 
it either did not exist or was too small to be 
detected. Various pieces of experimental 
evidence, discussed later, indicate that this 
reversible DTA effect is associated with the 
transition Yord ~--- 7" 

The phase Na7Zro.5(PO4)3 that has been 
reported very recently (14) corresponds to 
the low-temperature limit, y = 0.50, of the 

in order to confirm the unit cell of "Yord. 
The supercell lines of Yord were generally 

broader than the subcell lines, as indicated 
in Fig. 4b. It was found that they could be 
sharpened by annealing at progressively 
lower temperatures, particularly for the 
larger y values, approaching y = 0.40. 
However, even for the composition y = 
0.40, the line broadening was not elimi- 
nated by prolonged annealing for 30 days at 
400°C. 

Formation of the 8 phase was shown by 
the splitting into doublets of several lines in 
the Yord pattern (Fig. 4c). This occurred for 
compositions with y > 0.40 and the degree 
of splitting increased with increasing y. By 
measuring the degree of splitting for several 
compositions and extrapolating to zero line 
splitting, a lower limiting value of y -~ 0.40 
was found for the 8 phase. 

Within the 8 phase field, y >~ 0.40, further 
complexities were observed. For y ~> 0.45, 
an additional set of weak lines appeared in 

TABLE II 

X-RAY POWDER DIFFRACTION DATA FOR 

Yord, Y = 0.4 

d obs d calc 
(A) I (A) hkl 

8.623 25 8.577 111 
4.499 20 4.479 113 
4.300 50 4.289 222 
3.722 40 3.714 400 
2.629 100 2.626 044 
2.145 10 2.144 444 
1.858 25 1.857 008 
1.517 15 1.516 448 
1.314 10 1.313 088 

Note. Cubic unit cell dimensions: a(3'ord) = 
2a(y) = 14.856 A. Sample annealed at 400°C for 
30 days. KCI internal standard added. A weak 
line at 2.861 ~_ is presumed to be due to a hy- 
drated phase, but may possibly conceal a very 
weak 333, 511 supercell line, d~l~ = 2.859 A. 
This line is attributed to a hydrate phase since 
its intensity varies from sample to sample, it 
does not show the characteristic peak profile of 
7ord supercell lines and it is not a 7 line. 
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Na3PO4 solid solution series. The powder 
pattern reported for this is essentially that 
of Yord (Table I1), with one extra reflection 
at 2.859 A; interestingly it has been indexed 
on the basis of a hexagonal unit cell. Our 
phase diagram studies show that the com- 
position y = 0.5 can be prepared in at least 
three forms at room temperature, viz. as 
Yord by quenching from ~>980°C, as ~/6' by 
quenching from temperatures in the range 
-500 to 980°C, and as e by prolonged an- 
nealing at, e.g., 400°C. 

Domain Size Measurements and 
Order-Disorder Effects 

In order to understand better the order-  
disorder transition Yord ~ Y and to clarify 
the phase diagram in the region y = 0.40 to 
0.50, samples of five different composi- 
tions, y = 0.40, 0.425, 0.45, 0.475, and 0.50, 
were subjected to isothermal annealing at 
several temperatures on a stepwise heating 
cycle. For the compositions y = 0.40, 0.45, 
and 0.50, annealing was commenced at 
600°C and terminated at 1030°C with tem- 
perature increments of 40 to 100°C. At the 
end of each isothermal anneal, samples 
were quenched into Hg and analyzed by X- 
ray powder diffractometry, with a slow 
scan speed, ¼°20 min -1. The sample was 
then returned to the furnace for the next 
annealing. Thus, for each composition, the 
same sample was used throughout the 
stepwise annealing cycle. It was assumed 
that equilibrium had been reached at a par- 
ticular temperature when no changes oc- 
curred on further annealing at the same 
temperature. The time taken to reach equi- 
librium varied from 11 days to 4 hr, depend- 
ing on temperature. A further check that 
equilibrium had been reached was carried 
out by subjecting one composition, y = 
0.45, to a stepwise cooling cycle, com- 
mencing at 1030°C. The results were gener- 
ally the same as those found on the heating 
cycle. 

Using the above experiments, the follow- 

ing features were studied as a function of 
temperature and/or composition: (i) the 
breadth and area of the 111, 113 supercell 
peaks in Yord for y = 0.40 and the corre- 
sponding peaks in 6,8' for y --- 0.425; (ii) the 
degree of splitting of the lines characteristic 
of the 6,8' phases, in particular using the 
lines at -61°20 (Fig. 4); (iii) the additional 
weak extra lines that characterize the 6' 
phase. 

Since the same set of samples was used 
throughout, it was not possible to add an 
internal standard. However,  the supercell 
peak 400 of the Yord pattern (i.e., the 200 
subcell peak) at 23.9°20 (Fig. 4b), was found 
to be a suitable internal standard since it did 
not exhibit broadening or splitting under 
any conditions. Further, its net intensity 
was effectively independent of tempera- 
ture, as shown by a separate set of experi- 
ments in which weighed amounts of KC1 
were added to samples of y = 0.45 that had 
been annealed at 600°C (to give phase 6) 
and 930°C (to give Yord). The intensity of the 
peak at 23.9°20 in these two samples was 
found to be the same to within +3%. 

The broadening of the supercell lines in 
the Yora phase, attributed to the presence of 
small ordered domains, was quantified us- 
ing the Warren-Scherrer formulae 

0.9h 
t - -  - -  

B cos 0 

in which BB, Bs are the widths in radians, at 
half peak height, of the broadened line and 
a standard, unbroadened line of similar 20 
value, respectively, t is the domain diame- 
ter, h the X-ray wavelength, and 0 the 
Bragg angle for the broadened line. In this 
work, as described above, the internal 
standard was the 200 subcell line at 23.9°20 
(i.e., the 400 supercell line). 

The results of these various experiments 
may be summarized as 
- -The  line broadening associated with the 
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FIG. 5. Variation in shape of the supercell peak at 
10,4°20 for samples quenched from the temperatures 
shown for composition y = 0.45. 

supercell peaks, characteristic of the Yord 
phase, is attributed to the presence of small 
domains of ordered structure. 
- - In  the Yord field, the domain size de- 
creases with (a) increasing temperature up 
to a limit of -980°C and (b) decreasing y. 
- -The  intensity (area) of the supercell 
peaks decreases with decreasing y but is 
essentially independent of temperature for 
a given y. 
- -The  transition ~ ~ yora takes place over a 
range of temperatures (-50°C). This transi- 
tion zone is characterized by (a) a reduction 
in the degree of line splitting that occurs in 
the 8 phase and (b) the onset of broadening 
of the supercell lines. 
- -The  transition y--> 'Yord, on cooling, takes 
place extremely rapidly. For compositions 
y >~ 0.4 the 3' phase cannot be quenched to 
room temperature. The transition 7 --> Yord 
takes place in two stages: rapid growth of a 
large number of small domains, followed by 

domain growth and a reduction in the num- 
ber of domains. The first of these processes 
occurs extremely rapidly during quenching 
and cannot be avoided with the quenching 
rates used. 

The experimental results on which these 
conclusions are based are: 

For the line broadening and domain size 
measurements, the 111 supercell line at 
10.4°20 was used. This is shown for one 
composition, y = 0.45, at five different tem- 
peratures in Fig. 5. Three effects are appar- 
ent in the results. (1) At low temperatures, 
composition y = 0.45 has the 8 structure in 
which no significant line broadening occurs 
(Fig. 5a). (2) At higher temperatures, in the 
yord field, line broadening occurs which in- 
creases with increasing temperature (Figs. 
5b to d). (3) At the highest temperatures 
>850 to 900°C (Fig. 5d, e) the line broaden- 
ing in the quenched samples is essentially 
independent of temperature provided that 
the samples are quenched rapidly. 

From results such as these domain sizes 
were determined. These are plotted against 
composition for one temperature, 840°C, in 
Fig. 6 and against temperature for composi- 
tion y = 0.45 in Fig. 7a. The results for 
compositions y = 0.4 and 0.5 are plotted 
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FIo. 6. Variation of domain size parameter, t, with 
composition for samples quenched from 840°C. 
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FXG. 7. (a) Variation of domain size parameter and area of 10.4°20 peak with temperature for y = 
0.45. (b) Variation of domain size parameter with temperature for three different compositions. 

together with y = 0.45 in Fig. 7b. Also 
shown in Fig. 7a is the variation in relative 
area of the 111 supercell peak as a function 
of temperature for y = 0.45; results for 
compositions y = 0.4 and 0.5 (not shown) 
were similar. 

The results of Figs. 6 and 7 together show 
that the broad supercell peaks associated 
with small domain size are characteristic of 
the Yard phase (Fig. 3); in the 8,8' phases, no 
significant broadening was observed. As 
the boundary of the 6 field is approached, 
from within the "Yard field, domain sizes in- 
crease increasingly rapidly, either by in- 
creasing y for a given temperature (Fig. 6) 
or decreasing the temperature for a given 
composition (Fig. 7). However, although 
for a given composition the domain size de- 
creases with increasing temperature, the to- 
tal intensity of the supercell lines and hence 
the total amount of material within the or- 
dered domains is independent of tempera- 
ture and is essentially unchanged through 

the ")/ord ~ 8 transition (Fig. 7). This means 
that a relatively small number of large do- 
mains, at low temperatures, is breaking up 
in a reversible manner, to give an increas- 
ingly large number of smaller and smaller 
domains with rising temperature. For each 
composition, this process is observed over 
a range of temperatures; it is seen most 
clearly in Fig. 7 for composition y = 0.45 
over the temperature range 800 to 900°C. 

At still higher temperatures, e.g., >900°C 
for y = 0.45, the ordered domains become 
very small and appear to be surrounded by 
disordered material. During quenching, the 
domains then grow in size by consuming 
the disordered material until the domains 
impinge upon each other. This is the expla- 
nation for the approximate constancy in do- 
main size above a certain temperature 
(-800°C, y = 0.40; -950°C, y = 0.50). 

The disordering process and reduction in 
domain size is presumed to be complete by 
-980°C, the temperature of the endotherm 
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FIG. 8. Variation of temperature with composition 
for a given domain size parameter, 350 A. Dashed line 
represents the upper temperature/lower y limit of the 6 
phase field. 

observed on DTA for these 7ora, 8,6' com- 
positions. 

The variation of domain size with tem- 
perature and composition is further empha- 
sized by plotting temperature against com- 
position for a given domain size, as shown 
in Fig. 8 for domain size of 350 A. 

The variation in relative intensity (area) 
of the 10.4°20 supercell peak as a function 
of composition is shown in Fig. 9. This 
shows clearly the reduction in overall order 
at small y values. 

Discussion 

Although we have no direct structural in- 
formation on the Na3PO4 solid solutions 
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FIG. 9. Variation of relative intensity of the super- 
cell peak at 10.4 ° 20 with composition y. 

formed by partial replacement of sodium by 
zirconium a neutron diffraction study on re- 
lated Na3_3xAlxPO4 solid solutions has been 
reported (7). The Na3PO4 structure has 
been described as essentially a cation ex- 
cess, antifluorite structure. Its formula may 
be written as 

Naint [NazPO4]  

in which the unit in square brackets repre- 
sents the antifluorite structure with Na + 
cations occupying, ideally, the eightfold po- 
sitions ¼, ¼, ¼, etc. and PO 3- anions occupy- 
ing corner and face center positions. The 
extra Na + ions, Na int, occupy the interstitial 
sites at the cube body center and edge cen- 
ters. 

In the Na3_3xAlxPO4 solid solutions, it was 
found that the sodium vacancies were 
largely distributed over the Na i"t sites. If we 
assume that the zirconium-based solid solu- 
tions are similar, their formula may be writ- 
ten 

int int 
Na3~yZry [NazPO413. 

The upper limit for this replacement mecha- 
nism would correspond to y = 0.75 
whereas, in fact the maximum extent of 
solid solution was found to be rather less, y 
= 0.50 at low temperatures, rising to y 
0.56 at 1150°C. 

The unit cell of T-Na3PO4 and the y solid 
solutions contains 4 formula units and the 
composition y = 0.375 corresponds to the 
situation in which each unit cell contains, 
on average, 0.5 Zr 4+ ions. One possible 
cause of the 2 x 2 × 2 ordering of cubic 
subcells in the cubic Yord phase may there- 
fore be that alternate cubic subcells contain 
0 and 1 zirconium ions in ordered fashion. 
This would give an "ideal" composition of 
y = 0.375 for the "/ora phase, which fits in 
reasonably well with the experimental ob- 
servation that the Yora phase has a limiting 
composition at low temperatures ofy = 0.4; 
for larger y, the 6,6' phases form. In addi- 
tion, the supercell lines characteristic of the 
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Yord phase are most intense and showed the 
least line broadening at low temperatures 
for composition y = 0.40. 

This hypothesis also accounts, qualita- 
tively, for the decrease in domain size with 
decreasing y: for y < 0.375, a fully ordered 
structure is not possible and either the total 
mass of the fully ordered domains must de- 
crease, giving a mixture of ordered domains 
of composition y = 0.375 and disordered 
regions of smaller y, or all the material is 
involved in domain formation but there is 
considerable disorder within the individual 
domains. The experimental results tend to 
support the first of these two possibilities. 

An additional ordering mechanism must 
be invoked to explain the formation of 8,8' 
phases at larger y, and especially, the for- 
mation of 8' with an apparent ideal compo- 
sition of y = 0.50. At this composition, half 
of the interstitial sites would be occupied 
on average. This could be a random process 
involving Na +, Zr 4+ ions disordered over 
alternate interstitial sites. Alternatively, it 
could involve a more complex ordering of 
Na +, Zr 4+ ions and vacancies since at this 
composition, y = 0.50, two in every three 
cubic subcells would contain, on average 
one Zr 4+ ion. The formula given above for 
the solid solutions assumes that the Zr 4+ 
ions occupy the interstitial sites. An addi- 
tional possibility or complication is that 
these may instead replace Na + ions in the 
[Na2PO4] antifluorite-like component of the 
structure in such a way that the Zr 4+ ions 
are concentrated in these sites whereas the 
cation vacancies are associated with the in- 
terstitial sites. 

In summary, we propose the following 
model for the Na3PO4 solid solutions. At 
high temperatures, the cation vacancies, 
caused by the replacement mechanism 
4Na + ~-- Z r  4+, a r e  disordered over the N a  int 

sites in the 3' phase. The Zr 4+ ions may be 
either in these same sites or may form part 
of the antifluorite-like "framework."  With 

increasing y at low temperatures, the Zr 4+ 
ions first begin to order themselves in alter- 
nate cubes, leading to the Yord phase with a 
cubic supercell and a domain structure. The 
domains have ideal composition, y = 0.375. 
For y > 0.375, additional ordering pro- 
cesses come into effect and a second 
"ideal"  composition occurs at y = 0.50. 
This may involve Zr 4+ ions ordered in two 
of every three subceUs or a more complex 
mechanism involving Zr 4+, Na + ions, and 
vacancies. In this region, the structure is 
slightly distorted from cubic pseudosym- 
metry. 
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