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Synthesis of castable sodium zirconium
phosphate monoliths employing reactions
between zirconyl nitrate hydrate and condensed
phosphates
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Reactions between zirconyl nitrate hydrate and condensed phosphates can be used to
produce castable low CTE sodium zirconium phosphate (NZP) monoliths. Reaction
between sodium nitrate, zirconyl nitrate hydrate and condensed phosphoric acid at room
temperature (alkali nitrate method) produces monoliths having a heterogeneous
microstructure, which are multiphasic in appearance. Except for the presence of crystalline
sodium nitrate, they are X-ray amorphous. Differential thermal analysis revealed two
distinct exothermic crystallization events when these materials are heated. The first event,
with an onset temperature of 650 °C, is the result of NZP and ZrO, crystallization. The
second is the result of ZrP,0 crystallization. Reaction between zirconyl nitrate hydrate and
condensed sodium phosphate (condensed alkali phosphate method) results in a more
homogeneous microstructure in which crystalline zirconium hydrogen phosphate hydrate
and sodium nitrate are present. Two exothermic peaks, with onset temperatures of
approximately 570 and 860°C, are observed. The first exotherm is the result of NZP,

ZrO, and ZrP,05 crystallization; the second exotherm is the result of a further NZP
formation. After heating materials made by these two methods at 940°C for 24 h, the
condensed-alkali-phosphate-method-derived material converted to phase-pure NZP, while
the alkali-nitrate-method-derived material contained ZrP,05. The differences in phase
evolution between the materials prepared by these two methods are attributable to the
differences in chemical and microstructural homogeneity that result from the reactants
used. © 1999 Kluwer Academic Publishers

1. Introduction sion of this material through chemical substitutions for
Sodium zirconium phosphate (NZP), NaRsO,,, and  the sodium and zirconium ions [6, 7]. Applications of
isostructural materials of varied compositions, wereinterest include mirror substrates and instrument sup-
first studied in the late 1960s [1]. Technological inter- ports on space craft, lithography instruments, cookware
est in these materials grew as solid-state electrolyteand crucibles, as well as catalyst supports in automotive
for use in thermoelectric generators; materials of theexhaust systems|[8, 9].

general composition NayZroP;_xSixO12 were syn- NZP powders have been synthesized by a number
thesized [2], and it was determined that the compositiorof conventional methods, including solid-state reaction
NagZr,PSphO12 behaves as a fast ion conductor [3]. In and sol-gel techniques. Fabrication of ceramic compo-
studying the coefficients of thermal expansion of com-nents requires consolidation of powders and sintering.
positions in this solid-solution series, it was found thatAlthough densification of both solid-state and sol-gel
forx =1, a slight contraction takes place between roomNZP powders has been achieved, the strengths of these
temperature and 50C [4]. At low silicon concentra- materials are generally low. The low strengths of ma-
tions, the Na, xZr,P;_»SixO12 systemwas foundto ex- terials exhibiting thermal expansion anisotropy have
hibit low thermal expansion behaviour [5]. As a resultbeen attributed to microcracking. However, some ap-
of this, observation on the low thermal expansion prop-plications for these materials, such as catalyst supports,
erties of these materials was stimulated. The low therfilters and mirror substrates, which do not experience
mal expansion behaviour of these materials was founttigh mechanical loading in service, and a low density,
to be the result of a thermal expansion anisotropy, imear net-shape, castable, low thermal expansion mono-
which the coefficient of thermal expansion is positive lith would be desirable.

in some crystallographic directions and negative in oth- The current study focuses on chemical processes for
ers. Further research focused on the silicon-free NZRhe synthesis of castable NZP monoliths. These tech-
end member, and the ability to tailor the thermal expanhiques employ room temperature reactions between
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zirconyl nitrate hydrate and viscous condensed phos ]
phate solutions. These condensed phosphate solutior
consist of phosphate chains of different lengths. The |
relative proportions of these phosphate chains are de
pendent upon the BO/P,Os ratio, where M=H™ in

the case of a condensed phosphoric acid solution, calle
polyphosphoric acid; and M is a mixture of botH ldnd ]
alkaliionsin condensed alkali phosphate solutions. The 2 1 }{ "

® NaNO,

s]
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procedures developed for synthesis of castable NZF
monoliths are presented, and the phase evolution an
microstructures observed in materials synthesized by
these techniques are compared and discussed.

T T T T T T T T T T T T T T T 1
8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
20

2. Experimental procedure Fiaure 1 Xorav diffract tern of NZP erial g
- . igure -ray ditfraction pattern o precursor material prepare:

2.1. SynthGSIS of NZP monollths ., by thealkali nitrate methodand cured at room temperature.

Two routes for the synthesis of castable NZP materials

employing different reactants were investigated. The
will be referred to as thalkali nitrate methodand the
condensed alkali phosphate meth®tle names are in-
dicative of the source of the alkali ion.

1. Alkali nitrate methodstoichiometrically required
amounts of-325 mesh NaN@and ZrO(NQ),-2H,0
were mixed with polyphosphoric acid. The reactants
were mixed vigorously until a homogeneous mixture
having a putty-like consistency was achieved. Sample
were allowed to cure at room temperature without ap
plied pressure.

2. Condensed alkali phosphate meth@ad50 wt %
P,Os solution was made by adding deionized water to ;
85wt % HPOy. A 25wt % NaPQ solution was made 2. BEKX 10U 6018 NNM RT
by adding deionized water to NaFRO,-H,O. A sodium
phosphate solution with a molar ratio of sodium to phoSigure 2 A micrograph of a low porosity region of NZP precursor mate-
phate (Na: P) of 1:3 was made from these stock solurial prepared by thalkali nitrate methocand cured at room temperature.
tions. This phosphate solution was heated with stirring
for 5 h on ahot-plate/stirrer set at 12@, resulting in
a condensed sodium phosphate composed of approx
mately 20 wt % water. The stoichiometrically required
amount of ZrO(NQ),-H,O was then added, and reac- _ .| oss
tants were mixed together vigorously and were allowed 813 pR 155
to cure at room temperature without applied pressure.

Temperature

0201 difference, (‘C/mg)
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2.2. Characterization

Phases were identified before and after heat treatmer,, ;|
by powder X-ray diffraction. Imaging of fracture sur-
faces of samples was achieved by using both an envi
ronmental scanning electron microscope (SEM) and &9,
conventional SEM. Differential thermal analysis (DTA)

was performed to assess reaction sequences during

heating at a rate of 4@ min—2. Figure 3 DTA curve obtained when NZP precursor material prepared
by thealkali nitrate methods heated from 550 to 105C.
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3. Results and discussion sample. The material is multiphasic and heterogeneous
3.1. Alkali nitrate method in appearance. This microstructure, as well as evidence
Fig. 1 is the X-ray diffraction pattern of a sample of localized concentrations of sodium in samples, indi-
cured at room temperature. Crystalline sodium nitratecates that this synthesis technique does not produce the
is present; however, the sample is largely X-ray amorhomogeneity that techniques, such as sol-gel synthesis,
phous, as indicated by the amorphous hump from apare capable of achieving.

proximately 17 to 30 29. Fig. 2 is a micrograph of Fig. 3 shows the DTA curve obtained when the
a fracture surface of a relatively dense region in thisalkali nitrate derived material was heated between 550
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T onNzp upon diffusional processes similar to those required by

ZZ‘? solid-state synthesis techniques. As a result, the tem-
1613C . perature required to achieve phase purity was high.
o? b 'y

688°C 1
3.2. Condensed alkali phosphate method
A second techniquehe condensed alkali phosphate
755°C A methog was developed to improve homogeneity and
lower temperature synthesis by elimination of the
sodium nitrate reactant particles. The sodium was in-
corporated into the condensed phosphate by partially
substituting for protons in polyphosphoric acid. As
is the case for condensed phosphoric acid solutions,
amorphous sodium acid phosphate containing equimo-
lar amounts of NgO and HO (H,O/NgO=1) are
Figure 4 X-ray diffraction patterns obtained after precursor material cCOmposed of phosphate chains of varied lengths. In
prepared by thalkali nitrate methochas been heated to 613, 685, 755 these sodium phosphates, the composite Naion behaves
and 848 C. similarly to protons in condensed phosphoric acid [10].
It was assumed that the condensed sodium phosphate
. solution used in this study, with40/NaO = 6.5, was
and 1050C. Two exothermic peaks are present. They s, comprised of phosphate chains, and that the distri-

. _ Bution was similar to that observed in condensed phos-
650°C, while the second event lacks a distinct on- horic acid. P

set temperature, as the two events appear to overla 'Fig. 5 shows the X-ray diffraction patterns of the

To determine thedreactloln m((ejchanlsms furtherﬁ DTAE{/oducts obtained at room temperature by reaction be-
funs were stopped at selected temperatures, the salijeen zjrconyl nitrate hydrate and condensed sodium

ples cooled, and X-ray diffraction analyses carried Ou’_ﬁhosphate after curing for one and 40 days. The

Intensity [cps]

T T T T T T T T T T T T T
8§ 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
20

to determine the crystalline phases present. These terffzoqance of crystalline sodium nitrate indicates the
peratures are indicated on Fig. 3. These patterns aigihesis modification had not eliminated it from
shownin F|g.4.'Th.e X-ray diffraction patterns obtainedosa materials. Zirconium hydrogen phosphate hy-
show the material is X-ray amorphous at 6£3atem- drate @-ZrP), an ion exchange phase with chemical
perature below that of the onset of the first exothermg . 12 ZI(HPQ),-H,0, was also present in these
A1685°C, atemperature justabove the peak of the firsk, 1105 The diffraction pattern of the sample cured
DTA exotherm, the most intense diffraction peak for¢ . 5o day (excluding the NaNOpeak) is similar
ZrdOz (30° Zg) ar;]d ';!ZP dlﬁrﬁctlon_peﬁlks arel pr?sent, to that of a poorly crystalline sample prepared by hot
Indicating that the first exotherm is the result of NZP o cinitation [11], except for the noticeable absence of
and ZrG crystallization. At 755C, on the plateau be- 1,4 Zr(HPQ),-H,0 (00 2) reflection at approximately
tween the two exotherm peaks, NZP peaks and very 10 105 | the sample cured for 40 days, this (002) re-
Intensity ZH%OL peal_<”s are detected Wh'lehthe MOStIN- fiaction was present; however, it had shifted to slightly
tenslia 2rQ p(;a IS St'd preﬁ%nt%_At(?S@:d_t e_ZrB% h lower 29 (largerd-spacing) than that indicated by the
pea sdare sharp an ‘lNe efine 'hm |cat||ngft at th§cpps file for highly crystalline material. This result
second exothermis at least in part the result obB¥P s iy agreement with observations of Clearfield and

formation. These data indicate initial NZP forr_nation Stynes[11], who synthesized completely amorphous
occurs at a lower temperature than AR formation,

and that the two phases form in two distinct exother-

mic events. No thermal event was evident at higher -

temperatures, which would indicate the consumptior | gywo "~

of ZrP,07, ZrO, and sodium compounds and the for- |

mation of NZP. This would be required for phase-pure

NZP synthesis by this technique. 1 1 day A
To determine whether phase-pure NZP monoliths &

free of ZrRRO; and ZrQ, could be made by thalkali

nitrate methogsamples were heated for 24 h at 840, 94( 3 - 7

and 1040C, and X-ray analysis carried out to deter- = |

mine which phases were present. At 840 and ‘@20

both NZP and ZrRO; were detected, but not ZgO i 40 days

Phase-pure NZP was attained after heating for 24 h ¢

1040°C. Therefore, the kinetics of the reaction consum-

ing ZrP,O7 and ZrQ must be sufficiently slow that con-

version cannot be observed by DTA to 108D Thus, 20

although thgalkall nitrate meth‘?d produced castable Figure 5 X-ray diffraction pattern of NZP precursor material prepared

NZP monoliths, the homogeneity of the reactants wasy thecondensed alkali phosphate mettafter curing for one and 40

low, making phase-pure material formation dependendays at room temperature.

@ (2 peaks)
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Figure 6 Micrograph of NZP precursor material prepared by ¢tbe-
densed alkali phosphate methadd cured at room temperature. AT
. . 603°C
to highly crystallinex-ZrP, and observed that poorly —4—»—/\\_\'\
crystallinea-ZrP had larged-spacings than the highly B0°C gsbre 1day

crystalline material. This shift was attributed to distor-
tions in the crystal lattice. The increase in the intensities
of the zirconium hydrogen phosphate hydrate peaks in-
dicates that the.-ZrP becomes more crystalline with
curing at room temperature.

. . K 42 da
Fig. 6 is a micrograph of a fracture surface of the ”
room temperature reaction product. The microstruc-
ture is characterized by reactant particle artifacts cov- &0 550 1600

ered by a reticulated structure. Distinct regions of lo- c
calized concentrations of sodium attributed to the pres-
ence of sodium nitrate reactant particle artifacts in therigure 7 DTA curve obtained when NZP precursor materials prepared
a|ka||_n|trate_methower|ved Sample were not eV|dent, by the condensed alkali phosphate methare heated from 500 to
indicating that homogeneity has been improved by thigt000°C-
process modification. i

Fig. 7 shows DTA plots for monoliths made by o o
the condensed alkali phosphate methafier curing .608°C
for one and 42 days at room temperature. Crystalliza
tion exotherms similar to those in the DTA pattern for
alkali-nitrate-methoederived monoliths appear in the
DTA pattern of the sample cured for one day. Onsel
temperatures of approximately 570 and 860can be
observed. Crystallization exotherms are not nearly ag ]
well defined in the sample cured for 42 days. One dis:
tinct exotherm with onsettemperature of approximately
710°C is present. This suggests the phase formation i
dependent upon the crystallinity of tkeZrP present i
before heat treatment. § 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

The same techniqgue used to determine event 20
responsible for exotherms in the DTA curve for the
alkali-nitrate-methoederived material was used in the Figure 8 X-ray diffraction patterns obtained after precursor material
analysis of a sample made by tendensed alkali phos- gg%p;r]zdgt;%%n.densed alkali phosphate mettias$ been heated to 603,
phate methodand cured for one day. The temperatures
to which specimens were heated before X-ray diffrac-
tion data were collected are labelled in Fig. 7, and thegesting the second endotherm is the result of further
X-ray patterns are shown in Fig. 8. X-ray results showNZP crystallization. These data indicate that unlike ma-
that heating to 603C, the onset of the first exothermic terial prepared by thalkali nitrate method the first
event, results in the formation of poorly crystalline NZP exothermic event results in formation of both NZP and
and ZrQ. After heating to 800C, atemperature above ZrP,O;, when thecondensed alkali phosphate method
that of the first exotherm, the material contains NZP,is used. However, there is a considerable temperature
ZrO, and ZrROy, indicating the exotherm to be the range over which this thermal event occurs; this may be
result of NZP, ZrQ and ZrRBOy crystallization. After  a result of two distinct crystallization events. The shape
heating to 950C, these same three phases are presentif the DTA peak, which rises gradually initially up to
however, the NZP peaks are of higher intensity, sugapproximately 690C before forming a well defined

ensity [cps]
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] nitrate reactant particle artifacts. Thus, the second
o NzP exotherm in the DTA pattern for theondensed
oEO alkali phosphatematerial may be associated with the

° consumption of ZrfO; and ZrQ and formation of

* NZP, as the onset for this event is below 940 If

o this is the case, the absence of a comparable thermal

event in material made by trakali nitrate methods
consistent with the difficulty in achieving phase purity

] at 940°C.
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