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New [NZP] materials for protection coatings.
Tailoring of thermal expansion

E. BREVAL,H. A. MCKINSTRY, D. K. AGRAWAL
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[NZP] (the NaZr,P304,-Family) materials can be selected for synthesizing new thermal
shock resistant ceramic coatings with a thermal expansion that can be tailored to match
that of the substrate, and to possess a low thermal expansion anisotropy. The tailoring
technique will involve the selection of a suitable pair of compositions which, upon being
mixed to form a crystalline solution, will possess the desired thermal expansion coefficient
and will have negligible thermal expansion anisotropy. This can be done when the axial
thermal expansion for one end member is larger in the a-direction than in the c-direction
and vice versa for the other end member. © 2000 Kluwer Academic Publishers

1. Introduction as crystalline solutions between known end members
1.1. Scope with already known lattice thermal expansions [15-27].

The purpose of this paper is to emphasize that [NZP]Crystalline solutions, containing one or more elements
family materials can be tailored so that it is possibleon the M-site, the A-site, and/or the B-site are shown

to match the thermal expansion of structural materialsbelow:

Many high temperature applications involve a strong

and thermally stable material, for example stainless The two M-sites can be H, Li, Na, K, Rb,
steel, with a ceramic protection. If the two materials ~ occupied by: Cs, Nl Ag, Cu,
have different thermal expansions a delamination be- Mg, Ca, Cd, Sr,
tween them can occur [1-8]. Another desired property Ba, Fe, Zn, RE,
of the protection material is a very low anisotropy in _ _ or Nb _
its axial thermal expansion coefficients to avoid micro- The A site can be occupied by: Mg, Mn, Zn, Ni,
cracking during cooling from high temperatures [9—14]. Cu, Co, Al, Cr,
The work presented in this publication is not an exper- Fe,Y, Zr, La, In,
imental study, but it is intended as a guide for the users Yb, Sc, Ga, Nd,
of protective material to select an [NZP] composition Ge, Sn, Ti, Hf,
with the optimum thermal expansion properties. _ _ or Nb _

The B site can be occupied by: P, Al, Si, As, V,

orS.

1.2. [NZP] materials
The family of [NZP] materials is already known not
only for its low thermal expansion, but also for the
possibility of ionic substitution for the purpose of cre-
ating new materials with desired properties. [NZP] ha
a 3-D framework structure [5, 6, 15-18] with Z£O
octahedra corner linked to R@etrahedra. The parent
composition of [NZP] is NazZiP30;,, from which its
name, NZP, is derived. The general structural formulal.3. Examples of applications
is [M'][M"][AY1[BY¥]O12, where M and M’ are inter-  The application of high temperature thermal barri-
stitial sites partly occupied by Na. A and B are lattice ers and corrosion resistant coatings with the required
sites occupied by Zr and P, respectively. Most [NZP]mechanical properties for a specific application can
materials have a hexagonal structure [9, 16, 17]. produce cost-effective substrate-coating systems [8,
Many [NZP] compounds have been synthesizedl4, 28]. The importance of matching the thermal ex-
and the thermal expansion and thermal expansiopansion of the coating material with the substrate
anisotropy values for some of these have been recomponents and of obtaining a low thermal expan-
ported. A review of some of these results appears irsion anisotropy can therefore not be overemphasized.
an earlier work [15]. New candidates for compositionsTwo patents describe the favorable thermal expansion
with low thermal expansion anisotropy can be foundproperties of [NZP] materials [1, 2]. One is a high

The axial thermal expansion in tlaedirections arex,
and in thec directiona.. One of these axial thermal
expansions is often negative. The average thermal ex-
ansion of a polycrystalline bodg4,) is (205 + ac)/3.
he thermal expansion anisotropyis— a;.
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temperature thermal barrier with compositions in the _ 8 ]

series Ca xMgxZr4(POy)s [2, 7, 20], which have been g‘: 7 4

shown to have low thermal expansion. In the patent® ¢ 1 Yo

[2] it was found that forx = 0.5, it resulted in a rela- E s ]

tively low thermal expansion (26-10°%°C™!) mate- ¢ 1 5
rial. For coating applications an optimum composition 4]

was found to b = 0.4 in this system with the average & 37

thermal expansion of.0- 10°C~1 and a thermal ex- & 2 1

pansion anisotropy of.3- 10-¢°C~1. The other patent § i - a,
[1] describes Ba xZrs Ps_2xSixO24[1, 8, 21], which & ] .
has shown possibilities in the coating of carbon-carbont ]

composite materials. The optimum composition was$ 5]

x =0.25 in this system. The average thermal expan-*
sion was 074-107%°C~! and the thermal expansion
anisotropy was B-10-6°C1.

6.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Ca Sr

Figure 1 Axial thermal expansions in the system1CaSryZrs PsOg4
1.4. Acoustic emission due to (0<x <1). The measured values fag and. for the end members
. . . . ZiyP nd SrZgP, 18, 21, 22] are shown with large marker
mlcrocraclqng dl.'lrmg cooling . . gr?d tmhsazté?pj;ior?s Z?ems[hg\;vn és slr?iigst I(i)nes. Tthea:ngeZsuaredevS;Iues
Thermal expansion anisotropy of materials for hightor o, andas for the composition GasSro5Zr4Ps024(23) are shown
temperature applications in non-cubic materials iSwith small markers.
widely discussed [1, 13]. It can lead to microcrack-
ing in a polycrystalline ceramic during cooling due to
uneven contraction (or expansion) of the material in dif-2.2. Ca1_xSrxZrsPsO24
ferent crystallographic directions [9]. One of the bestFor CaZiPsO,4 the axial thermal expansion is smaller
described examples is the monoclinic 0 [9, 30];  inthea-direction than in the-direction (a < o). The
the thermal expansion anisotropy is explained by thexial thermal expansion for Sr#sO24 is larger in the
distortion of the coordination polyhedra in the @  a-direction than in thec-direction @, > «c) [11, 18,
lattice during heating or cooling. It is a well described 21, 22]. See Fig. 1. This indicates that between the end
example of thermal expansion anisotropy in a polycrysmembers, CazPsO24 and SrZiPsO24, there exists an
talline material which, during cooling from elevated intermediate composition with zero thermal expansion
temperatures, leads to microcracking, which has beeganisotropy.
connected with acoustic emission activities [9, 30]. It can be estimated, assuming linearity as sketched
using straight lines in Fig. 1, that the predicted ax-
ial thermal expansion values fox=0.5 is ay=
~0.65-10"%C1landa.=4.72-10°5°C~1. An actual
2. Crystalline solution [NZP] compositions investigation of the thermal expansion data for this ma-
from two end members terial was carried out [23] and the results were found
Several crystalline [NZP] solutions are reported forto be relatively close to the predicted values, namely
whichag < a. for one end member ang, > o forthe ~ ®a=0.45-10"%°C* andoc =4.38-10°°°C™*. Fig. 1
other. Each end member shows extensive microcrackshows that there is some deviation from linearity be-
ing during cooling and high acoustic emission [11, 12 tween the end members CaRsOz4 and SrZ§PsO4.
15]. An intermediate composition will exist for which ~ There have been many attempts to correlate the
there is nearly zero thermal expansion anisotropy anéhermal expansion anisotropy and the amount of mi-
therefore no microcracking during cooling. By using crocracking during cooling [1,12, 21, 22]. Originally,
the axial thermal expansion data for known composithe axial thermal expansions up to 1000 were
tions it should be possible to estimate the thermal exknown only for the end members CaBsO,4 and

pansion data for intermediate compositions. SrZnPs0z4 [1, 12, 18, 21, 22]. The extensive micro-
cracking during cooling of the end members was com-

pared to the microcracking of the intermediate compo-

sitions (Ca_xSKZriPsSOyy4) (X =0.25, x=0.5, and
2.1. Ca1_xMgxZrsPsOy4 x=0.75), which all gave approximately the same
Examples of this crystalline solution in which the low amount of microcracking during cooling [11].
axial thermal expansions change with the compodt was therefore assumed [1, 12] that the compound
sition were discussed in Section 1.3. The systenCay5SrsZrsPs024 (x = 0.5) had the lowest anisotropy
Ca_xMgxZrs(POy)s [2, 7, 20] is monoclinic for high  in this series. However, according to Fig. 1 the compo-
values ofx, but hexagonal for O< x < 0.5. The ax- sitionforx ~ 0.95 should have zero thermal expansion
ial thermal expansion in tha-direction increases less anisotropy and therefore show the lowest amount of mi-
than the axial thermal expansion in the c-direction, i.ecrocracking. There is therefore reason to believe that
a, < a¢ for all values ofx, therefore it is not possible the relationship between the amount of microcracking
within this system to select a composition for which theduring cooling and the value of the anisotropy is not
axial thermal expansion anisotropy is zero. monotonic linear. This may require a new investigation
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- TABLE | The thermal anisotropywc —aa for the composition
é M1+XZF4P6_2XSi2X024, M =2Na, Ca, CasSrys, Sr, and Ba fox =0
% andx =0.37
]
o
™ M ac—oa (X=0)  oc—awa(x=0.37)
g Met or M&#t  .10°%°C? -107°6°Cc1 Ref.
‘a
5 Na 25.5 25.3 24
5 Ca 8.5 18,21, 22
- Cays5Shs 7.1 10.3 23
E Sr -0.3 6.9 2,20,21,22
E Ba -48 5.2 2,20,21,22
=
s
x
-« -2 — T T T T .

0.0 0.2 0.4 0.6 0.8 1.0 Na;ZriPg. 281,054

X 30

Anisotropy a

Ca Ba
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Figure 2 Axial thermal expansions for GayxBaxZrsPsOz4 with ™ 20 c-parameter \
CazZnPs0,4 and BaZgPsOy4 as end members [21, 22]. The estimated ”
thermal expansion data for intermediary compositions are shown as 5 is
straight lines between the end members. g
S 16
. . . . Ee' Average |
6
of the underlying cause of microcracking during cool- & 5 ~—4
ing [12, 29]. ‘g‘
I ° g-2
o
=
=

a-parameter

2.3. CaZr4P6024 and BaZr4P6024

Crystalline  solutions with CagPsO,4 and Lo
Bazr,PsO,4 as end members [21, 22] have not been 0.0 0.1 0.2 0.3 0.4 0.5
reported. The thermal expansion for tagparameter

is negative for the Ca-end-member and positive for the x

Ba—end_—member and VICQ versa for tbep_aramete_r. Figure 3 Variation of axial thermal expansion coefficients from room
The axial thermal expansions for crystalline solutionstemperature up to 1008 as a function of the content of silicor)(in
between the end members are not known, but it mawi;xZrsPs_2xSixO24, where M= 2Na (a) [24], CasSfos (b) [23], St
be speculated that they can be described as intefc) [21],' and Ba_(d)[21]. Note the difference in the scale of the thermal
polated lines between the end members as shown ifxPansion. ontinued

Fig. 2, though the actual shape may deviate from a

straight line. It should therefore be possible to find an, Na,Zr2SiyPs_,O12. This system is often called

int(_ermediary composition with zero thermal expansion,[he Nasicon system [24]. The most studied composi-
anisotropy. tions range frony = 2 toy = 2.2. These compositions

are technically important since they have a maximum
sodium ionic conductivity and also a low thermal ex-
due to M- and B-site substitutions pansion anisotropy, though the thermal expansion is not

The mechanism of the axial thermal expansion can b&SPecially low [4]. 3/\_lhen comparing with other [NZP]
explored by a comparison within series of [NZP] com- Systems \_Nlth an M¢ion at the M site itis more consis-
positions with selected ionic substitutions. There ard€Nt o write the formula as (2Na)Zra Pe—2xSipxOza.
reported many [NZP] compositions with substitutions S€€ Table 1and Fig. 3a., which show the thermal expan-
at the M-sites, the A-site and the B-site [13-27]. How-SIiOn coefficients up to 100C for 0 < x < 0.5, arange
ever, thermal expansion data is not abundant for Al Which all Nasicon compositions are hexagonal.

site substituted [NZP], but a reasonable amount of data 1O Other good examples arei$£ZraPsox SizxOz4

can be found for M-site and B-site substituted [NZP]2"d Ba1xZraPs_2xSixxO24 [28]. A member of the lat-
[7—11, 13-16, 18-28, 30-33]. In the following section &" System X=0.25) has been shown to be a good
thermal expansion data for [NZP] materials is compiledc0@ting material for high temperature applications be-
with Zr only at the A-site, but with substitutions at the c@use of low thermal expansion, low thermal expan-
M-sites and B-site. The intent is to provide the readerSIoN anisotropy and a minimum of microcracking dur-

with tools to predict thermal expansion data for otherNd c00ling 1,18, 12,21, 28]. In both of these systems
systems with different A-site ions. the axial thermal expansions change with the value of

Forx =0 the thermal expansion in tleedirection,as,,
is larger than the thermal expansion in thdirection,
3.1. Data for the systems M1, xZr,Pg_2x o, Whereas forx =0.5 o < ac. This means that be-
Siy 024, M=2Na, Ca, Sr, and Ba tween the two values aof (0 and 0.5) there exists a
The changes in the lattice in which phosphorus iscomposition for which the axial thermal expansions
substituted by silicon is well described for the sys-match, wherefore the anisotropy is zero. See Fig. 3c

3. [NZP] thermal expansion properties
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Figure 3 (Continued)
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Figure 4 Increase in axial thermal expansion from no substitution of
P by Si in the composition M xZrsPs_2xSiox O24 (x = 0) to partly Si-
substituted PX = 0.37) with increasing size of the ion at the M-position.

Axial Thermal Anisotropy
for x = 0 and x = 0.37
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Figure 5 Axial thermal expansion anisotropies.(— «a) for zero sub-
stitution of P by Si in the composition MyxZraPes_2xSipxO24 (x =0)
and partly Si-substituted B & 0.37) with increasing size of the ion at
the M-position.

smallerx-values. For M-site ions being (g&Srys) or

Na the lines do not cross at-all, and therefore these
series do not contain any zero thermal expansion com-
positions. However, for the M-site ion being Ca/Sr, the
thermal axial thermal expansions do show some con-
vergence towards smallervalues, but there is nearly
no convergence for the still smaller Na ion.

and d. The thermal expansion data [23] for the system

(Ca,Sr). xZrsPs_2x SixxO24 are plotted in Fig. 3b. See

also Table I.

3.2. M- and B-site substituted [NZP].

From these examples it is possible to deduce some  General trends in thermal expansion
generalizations. Zero thermal expansion appears on  behavior
Fig. 3 as cross-over points between the thermal exAn alternative way of plotting the results shown in
pansions of tha-axis and the-axis. With decreasing Fig. 3 is shown in Figs 4 and 5 for the systems
ionic M-site radius there is a shift of this point towards M1, xZr4Ps_2xSioxO24, M = 2Na, Ca, Sr, and Ba. Fig. 4
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TABLE 11 [NZP] type candidates for end members to design new thermal expansion anisotropy and a thermal expansion
coating [NZP] materials [15, 18, 22, 23, 25-27, 31-33] around 3 10—600—1, which is also the thermal expan-
sion of many ceramic substrates.

Thermal expansion

[oc—l, 10—6]

Material Qay oc— g

' 5. Conclusions
EZ»Sérépl»Ss'l-solz g-7 ﬁ? When choosing among already known [NZP] family
3r2r24 PZ 01224 04 03 compositions there are possibilities by certain substitu-
BaZiPsOus 217 —477 tions to create new materials with:
Cay5Sr052r4PsO24 -0.1 1.8
Bay 25Z14Ps 5Si0 5024 -0.29 6.14 1) desired thermal expansion
KTi2P3012 2.6 8.4 2) near-zero thermal expansion anisotropy.
CaTiyPsO24 6.74 —-6.21
Lap 33TisPsO04 0.8 0.2
Ca_]_'4Mgo.4ZI'4P5024 5.3 1.65
NbZrPs012 -19 4.6 Acknowledgements
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against the size of the M-site ion. With Si substitu-

tion for P there is hardly any influence on the ther-References

mal expansion of tha-parameter with increasing size 1.
of the M-site ion, but the thermal expansion of the
c-parameter strongly decreases with increasing size*
of the M-site ion. Fig. 5. shows the axial thermal
anisotropies forx =0 and x =0.37 for the systems ,
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4. Discussion 8.
4.1. [NZP] protection material

The purpose of this study was to predict which new S
[NZP] compositions have desired thermal expansion
and near zero thermal expansion anisotropy, and which

therefore could be used to protect other materials. This?.

can be done by selecting suitable [NZP] end mem-
bers [15, 18, 22, 23, 25-27, 31-33] some of which are
shown Table I, and comparing the thermal expansion
data with those of commonly used structural substrate>
materials. The coating material should have a thermal

expansion matching that of the substrate. At the samé3:

time it should have zero or minimum thermal expansion, ,
anisotropy. Note that although the thermal expansion
anisotropyx — a, is not necessarily especially low for
the end members as seen in Table Il, yet for the seleds.
tion of end members. — a5 should be positive for one
end member and negative for the other.
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