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(ABSTRACT) 

Solid-state reaction and sol-gel processing methods were used to prepare samples 

of (Ca, _x,Mgx)Zr4(PO,4)¢ (CZP-CMZP) where x = 0.0-0.4. CMZP is a member of the 

NaZr(PO,)3 (NZP) class of ceramics and is being investigated for heat engine 

applications. Linear thermal expansion was determined with a dual push rod dilatometer 

and axial thermal expansion by high temperature X-ray diffraction and least squares 

refinement. Thermal diffusivity was determined with the laser flash method and specific 

heat by differential scanning calorimetry. Thermal conductivity was found by the product 

of the thermal diffusivity, specific heat, and bulk density of each sample. 

Results indicate that CMZP samples exhibit very low @ values which become more 

positive as Mg2+ content is increased. Thermal expansion anisotropy (from room 

temperature to 1000°C) is significantly reduced by the addition of Mg2+. Samples where x 

= 0.4 exhibit the lowest anisotropy with @, being essentially zero (hexagonal system). The 

thermal conductivity of CMZP samples is very low (0.56 W/m K at 200°C). Thermal 

conductivity values were observed to decrease with increasing Mg?* content.



The materials structure and cation site selection are discussed in relation to the 

observed properties.
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CHAPTER 1. INTRODUCTION 

The rising cost of petroleum products and an increase in environmental concerns, 

particularly in CO, levels, have sparked interest in the development of ceramic materials to 

be used in advanced automotive heat engines. A recent worldwide Delphi survey assessed 

the role of ceramic materials in heat engines from technical and economic perspectives. 

Projections of this study indicate that through reduced fuel consumption from the use of 

ceramic engine parts the U.S. could hope for energy savings amounting to 381 trillion 

Btu's worth $5.5 billion dollars in the year 2010 (Figure 1.1). Other substantial economic 

benefits would occur from the production and sales of these ceramic parts.! In an effort to 

Stimulate the development of new ceramic materials for heat engine applications the 

Department of Energy's Office of Transportation Systems (OTS) established the Ceramic 

Technology For Advanced Heat Engines Project. The work accomplished by this present 

investigation was supported by the Department of Energy's heat engine project which is 

managed by the Oak Ridge National Laboratory (ORNL). 

One goal of the heat engine project is to develop new ceramic materials for thermal 

barrier applications and structural components in diesel and turbine engines. In order to 

increase engine efficiency these new materials require a low coefficient of thermal 

expansion, high thermal shock resistance, relatively low thermal conductivities, and



  

    

   

  

  
   

  

600 —— 
S t 

| 
oO 500 - 

Cc 

2 
= 400- 

nD Optimistic 
Oo 

£& 300-4 
> 
© Median 

ep) ed | 

> 200-4 
mo ae 
@ Pessimistic —— 

LU 100 L 

a : 
> | 7, 

0 fl 
} 

1990 2000 2010 

Year 

Figure 1.la. Predicted U.S. energy savings in Btu's from use of ceramic engine parts.! 

  

   
   

   

| Optimistic 

Median 

   Pessimistic   

U.
S.

 
En
er
gy
 
Sa

vi
ng

s 
(m

il
li

on
 
19

86
 

$/
yr

) 

L 

    

1990 20C0C 2010 

Year 

Figure 1.1b. Predicted U.S. energy savings in dollars from the use of ceramic engine 
parts. !



stability at operating temperatures up to 1200°C. It was desired to develop such a material 

by investigating a new class of ceramic materials known as NASICON's or NZP which 

were known to exhibit some of these properties. NZP-type materials have a very open 

structure which can accommodate many different substituant cations. Roy et al.? reported 

that the enormous range of substitutions in NZP allowed the properties of these materials, 

notably near zero thermal expansion, to be tailored by creating new solid solutions. By 

substituting new cations into the NZP structure a new ceramic material was developed and 

its properties were characterized to determine its value as a possible heat engine material. 

NaZr»P30j, is the parent material of the NZP class of ceramics. In this work Ca?+ 

and Mg?+ were substituted at Nal+ sites to yield (Ca;_x,Mgx)Zr,(PO4), where x= 0.0, 0.1, 

0.2, 0.3, and 0.4. These materials were prepared by solid state reaction and sol-gel 

methods. In order to evaluate the properties of these samples, thermal expansion was 

characterized by dilatometry and high temperature X-ray powder diffraction, thermal 

conductivity by laser flash thermal diffusivity and differential scanning calorimeter 

measurements, and thermal stability by weight loss analysis and X-ray powder diffraction. 

Much of this work was accomplished at the High Temperature Materials Laboratory in 

ORNL after a proposal was accepted that allowed access to specialized equipment through 

an academic and industry oriented user program.



CHAPTER 2. LITERATURE REVIEW 

2.1 Thermal Expansion 

2.1.1 Coefficient Of Thermal Expansion 

The dimensional changes of a crystal structure with temperature may be 

represented by the coefficient of thermal expansion & , which may be defined as 

near w, = Uf Linear , = 4 i} (2.1) 

1 (dV 
Volume QvoL = V aT ; Q 2) 

where the volume V and length L are a function of temperature at constant pressure.> For 

limited temperature ranges an average value is used: 

Linear OQ, = Unw 
— ae) 

AT} (2.3)



— 1, AV 
Volume QvoL = V AT 

(2.4) 

These are the most commonly reported parameters in thermal expansion studies. 

For single crystals thermal expansion is defined by the dimensional changes which 

occur along the crystals principal axes.4 The coefficients @,, &, and @3 represent 

expansion along each principal axes so that the volume thermal expansion coefficient 

(yo) of a single crystal is 

Oyoy = Hj +A, +03. (2.5) 

These coefficients can similarly be used to define the bulk linear thermal expansion 

coefficient &, of a polycrystalline body. For an isotropic case ot, is derived by 

O., FOL, FOL, 
—_— a, (Bulk) = (2.6) 

2.1.2 Theory 

The thermal expansion of a crystal results from the anharmonic thermal vibration of 

atoms. Upon heating, thermal vibrations increase and the atoms potential energy varies 

asymmetrically about the position of minimum potential. Debye>-® was the first to present 

this relationship. Later, Kirchner,’ Kingery,> and Kirby® reviewed many of these 

concepts. As an atom vibrates in the potential well shown in Figure 2.1b it is acted upon 

by the forces shown in Figure 2.1a.’ It is seen that the atom gains kinetic energy as it
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approaches the position of minimum potential. Kinetic energy is lost and potential energy 

gained as the atom approaches either of the extreme positions. The well is asymmetric in 

shape so Ax' < Ax". The repulsion term between atoms changes more rapidly than does 

the attraction term and thus the average interatomic distance increases with increasing 

vibration amplitude. This increase in atomic separation can in turn cause the structure to 

expand. 

Gruneisen® derived a fundamental law relating the volume thermal expansion 

coefficient (equation (2.2)) to several thermodynamic properties most notably thermal 

conductivity. Gruneisen's Law is usually written as 

_YKC, 
AvoL => (2.7) 

  

where K is the compressibility, C, is the heat capacity at constant volume, y is the 

Gruneisen constant, and V is the volume. In some cases where y and K/V vary slowly 

with temperature the thermal expansion coefficient varies approximately in proportion to the 

heat capacity. It is zero at absolute zero where there is virtually no change in the potential 

energy of the system with temperature, then it increases rapidly at low temperatures until a 

nearly constant value is reached above the Debye temperature. An increase in expansion 

observed above the Debye temperature is attributed to the formation of Frenkel 

or Schottky defects.3 

Many works concentrating on the theoretical aspects of thermal expansion have 

been directed at refining Gruneisens law. These include Fletcher? and Bijl and Pullan.10.11 

Variations in atom positions upon heating dictate a relationship between bond length 

and temperature. The effects of bonding parameters on thermal expansion have been 

investigated by several researchers. Megaw!? stated that thermal expansion is proportional



to the Pauling bond strength (cation valance (z) over coordination number (n)). She 

proposed the relationship 

Z (2.8) 

This equation fits well with the observed values of many simple compounds but has 

problems matching up with values for some bonds, particularly in the case of alkali metal- 

oxygen bonds. 

The structure of essentially all ceramics consists of various combinations of cation 

polyhedra. Hazen and Prewitt! and others suggested that the bulk thermal expansion of a 

material could be related to the thermal expansion of these polyhedra. Hazen and Prewitt 

made two generalizations stemming from observed bond length data about the thermal 

expansion of a polyhedron: 

1. The thermal expansion coefficient of each type of polyhedron is the same 

and is independent of structural linkages, providing the site chemistry and 

nearest neighbor configuration of the structure do not change with 

temperature. 

2. In general, for a given anion, all bonds with the same Pauling bond 

strength have similar a's. 

A plot of a vs. bond strength, pictured in Figure 2.2 along with the previous two 

assumptions, led Hazen and Finger! to propose the relationship 

  a= 4.00 = p 10°C", 

S ZZ, (2.9)
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where S2 is an ionicity factor. This equation, like Megaw's, shows that if the bond 

strength is large (shorter bonds) the expansion is small. Hazen and Finger concluded that 

equation 2.8 may be used to predict the mean linear thermal expansion coefficients of most 

polyhedra to within 20%. 

For structures with rigid polyhedral linkages, the thermal expansion of the bulk 

may closely reflect that of the individual polyhedra. Fully edge linked structures like rock 

salt and corundum exhibit this type of expansion. The thermal expansion of structure 

forming octahedra in these compounds is very similar to the materials bulk thermal 

expansion. Many compounds, as predicted by Pauling's rules, however, prefer to share 

corners over edges and faces.15 

Lattice frameworks made up of corner sharing polyhedra can undergo bond 

bending and the tilting of polyhedra. This effect can vastly alter the thermal expansion of 

the bulk from that of the polyhedra. The thermal expansion of a crystal structure can be 

expressed empirically as a linear combination of its constituent parts.!2 For many 

structures made up of corner sharing polyhedra the tilting effect can make a significant 

contribution to thermal expansion. Megaw!2 stated that polyhedra tilting can be partially 

controlled by cavity filling cations that act as spacers, and in their absence by the change in 

corner sharing bond angles typically at oxygen, by repulsive forces between anions of 

different polyhedra, or by direct cation-cation repulsions. 

Tilting effects are prominent in framework silicates where the expansion of the SiO, 

tetrahedra is nearly zero yet tilting from corner sharing oxygens allows the bulk to exhibit 

relatively large thermal expansion values. Taylor!® and Megaw!? elaborated on these 

effects in quartz, particularly on the effects of tilting in the structure during the alpha to beta 

transition.
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The bulk thermal expansion exhibited by a ceramic material is clearly the result of 

several different contributing thermal effects. 

2.2 Thermal Conductivity 

2.2.1 Theory 

The experimental study of thermal conductivity began in the eighteenth century 

when Franklin!” noted that different materials exhibited different abilities to "receive and 

convey away the heat." A more current assessment on the phenomena of thermal 

conductivity has been reviewed by Touloukian,!8 Berman,!9 and Cambell.2° The methods 

by which heat may be transported through a material are varied. Heat in a solid can be 

conducted by electrons, phonons, magnetic excitations, and electromagnetic radiation.!8 

The major contributors to thermal conductivity in opaque ceramic materials are phonons. 

Electrons take on a larger role in metals. In a material at equilibrium, electrons and 

phonons move in a random fashion transporting energy, with no net flow in any particular 

direction. This energy is eventually lost through electron and phonon interactions. When a 

temperature gradient is applied to the system hot and cold regions develop. As a result 

electrons diffuse to the region of lower mean energy (cold) and phonons move from the 

area of higher concentration (hot) to that of lower concentration (cold). This energy 

transfer increases the mean electron kinetic energy and the total phonon energy of the cold 

area. 

The ability of a material to conduct heat is given by its thermal conductivity K 

which can be defined as the quantity of heat flow Q, per unit area A, per second t, per unit 

temperature gradient dT/dx:
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qQ_. er 
dt dx)’ (2.10) 

where dQ is the amount of heat flowing normal to the area A in the time dt.2! By kinetic 

theory the thermal conductivity K is related to the mean free path of the carrier by the 

relation 

(2.11) 

where c is the heat capacity per unit volume, v the velocity, and / the mean free path.18 For 

phonons (lattice waves), the mean free path is usually a function of frequency @. The 

frequency of lattice waves can cover a spectrum of values, and scattering mechanisms or 

wave interactions can depend on the frequency. The thermal conductivity K can be 

generalized in a form equivalent to equation 2.11 by 

ai k 3 c(@)v/ (@)do, (2.12) 

where c()) is the contribution to the specific heat per frequency interval for lattice waves of 

that frequency and 1(@) is the attenuation length for the lattice waves.? 

Phonon scattering processes limit the mean free path of phonons and in turn fix the 

thermal conductivity.3.18.19 It is these types of processes that reduce the thermal 

conductivity of ceramic materials. The scattering of phonons may occur from phonon- 

phonon interactions called Umklapp processes, a variety of lattice imperfections, and at 

sufficiently low temperature external boundaries. Scattering is also increased in materials
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with complex structures, when porosity is present, and when the differences in atomic 

weights of a materials constituent atoms become greater. 

Kingery? notes that for translucent ceramic materials, notably certain sintered oxides 

at high temperatures, heat transfer by photon conduction can become significant. This 

occurs when the mean free path of the radiant energy reaches macroscopic dimensions 

which are small in comparison with the sample size. Porosity can also affect heat transfer 

at high temperatures when radiation across pores is a factor. 

2.2.2 Measurement Techniques 

The experimental determination of thermal conductivity can be placed into two 

categories: the steady-state and the non steady-state methods.!8 In the steady-state method 

a specimen undergoes a temperature profile which is time invariant and the thermal 

conductivity is determined directly by measuring the rate of heat flow per unit area and 

temperature gradient after equilibrium has been reached. With the non steady-state method, 

the temperature distribution varies with time and the thermal diffusivity is determined by 

measuring the rate of temperature change. The thermal conductivity can then be determined 

with a knowledge of the specimen's specific heat and density. 

For the purposes of this study the thermal conductivity of test specimens was 

determined by the flash method, a non steady-state procedure developed by Parker.22 The 

flash method is a variant of the longitudinal transient heat flow method developed by 

Neumann.23
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2.3 Sodium Zirconium Phosphate-Type Materials 

NaZr,(PO,)3 was first widely noticed by researchers in the mid-seventies when the 

material was discovered to exhibit several interesting properties. Initially the material was 

looked at for its ability to act as a fast ion conductor. Hong?4 and Goodenough?) first 

reported this property for Na,,xZr2SixP3..0;2 (0<x<3) also known as NASICON. 

NASICON rivals B-A1,03 as an ionic conductor for industrial solid-state electrolyte 

applications in high temperature batteries.2> Tran Qui et al.,26 Boilot et al.,2”7 Gordon et 

al.,28 Alpen et al.,29 and several others have also investigated this property and discussed 

the conduction mechanisms related to the openness of the NZP structure. 

Low thermal expansion was first observed by Boilot et al.2” in NASICON. Since 

then a large effort has been focused on the development of this property. Roy et al.? 

reported on a variety of compositions created by substituting different amounts of calcium, 

tantalum, and sodium ions in the sodium site position. He observed that different 

substitutions resulted in materials with ultra-low thermal expansion values ranging from the 

negative to the positive. He proposed a "molecular engineering" approach to create new 

NZP-type materials with zero thermal expansion by tailoring thermal expansion 

characteristics with different cation substitutions. 

Over the past ten years, researchers using Roy's approach have substituted a large 

variety of different atoms into the NZP structure. The variation in size alone between 

different atoms which can occupy similar positions is quite amazing. Table 2. 1 lists some 

of the ionic substitutions reported.3° The general structural formula for this class of 

materials is represented by [M',] [M"3] A,¥! B3IV O,5. As seen in Table 2.1 many 

different ions can fit into available sites. This enormously varied substitution was 

recognized early on and
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Table 2.1. Ionic substitution schemes in the NaZr,P,O,, structure.39 

General Structural Formula: 
  

  

  

My M," | A! | B; 
Nat,Kt Ti*, , P+, Ast?,S1*%4, 

H+,Li+,Nat,Kt, Hf¥,Th+, 
Rb+,Cst,Cut, UM, 
Agt,TI+,H,0+, Get4 Sn+4 
NH 4*.Mg??, Nbt+5,Tat5, 

Cat2,Srt2, Bat2, Sb*5,Sct3 
Mn?2,Co?2, Y+3 Lat 

Cut?2, Cet3, 

Znt?2,Cd+2,Zr+4 Prt3,Nd*3 
Ybt3 Vv+3 

Cr+3 Fet+3 
Cot3 Alt3 

Gat3 In+3 

M +2 Mnt2       

[M';] [M"3] AV! B3IV O7, 
12 

  

? > 
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allowed Roy et al.3! to consider NZP as a candidate for the immobilization of nuclear 

waste. 

2.3.1 Crystal Structure 

Hagman and Kierkegarrd3? were the first to determine the crystal structure of 

NaZryP30)2 (NZP). They found that the structure possesses R3c space group symmetry 

with a hexagonal unit cell consisting of six formula units and 108 atoms. The crystal 

structure of NZP consists of a three-dimensional framework composed of PO, tetrahedra 

and ZrOg¢ octahedra linked together by corner sharing oxygens. From Hagman's and 

Kierkegarrd's crystallographic data shown in Table 2.2, the positions of the atoms can be 

established. Each Zr atom is located on a three-fold axis parallel to ¢ and is connected to 

three O1 position oxygens and three O2 position oxygens. Each phosphorus atom sits on a 

two-fold axis parallel to a and is connected to two O1 position oxygens and two O2 

position oxygens. Each ZrO, octahedron is connected to six PO, tetrahedra and each PO, 

tetrahedron is connected to four ZrO, octahedra. The basic structure is built of chains of 

ZrO. and NaO, octahedra sharing faces which run parallel to c and are joined together by 

PO, tetrahedra, see Figure 2.3. For the NZP composition the Na+! atoms are mainly 

located at the M' position in a highly distorted octahedron created in between stacked ZrO, 

octahedra, see Figure 2.3. Another position which can be occupied by sodium for 

compounds with slightly different compositions is the M" site which is located between the 

ZrO, octahedra chains midway between two PO, tetrahedra. In some compositions the 

pathways between these sodium positions allow for ionic conduction.“ 

Based on the structural data presented by Hagman and Kierkegarrd,32 projections 

of the NZP structure perpendicular to the a-axis and the c-axis are shown in Figures 2.4a
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Table 2.2. The crystal structure information for NaZr,P30,.32 

  

NaZr4(PO4)¢ 
Space Group: R3c 

Hexagonal Cell Dimensions: a = 8.043 + 2A, c = 22.7585 + 9A, V= 
1527.7 A> 
Cell content 6 formula units, 108 atoms     

  

  

  

  

  

          
  

  

  

  

  

  

Atom positions 
Atom Wyckoff Point Coordinates: (0,0,0)+; 

notation symmetry | (1/3,2/3,2/3)+; (2/3,1/3,1/3)+ 

6x Na, b 3 (0,0,0; 0,0,1/2) 

12x Zr c 3 
+ (0,0,z; 0,0,z+1/2) 

18xP e 2 
+ (x,0,1/4; 0,x,1/4; x,x,1/4) 

+ . . - ue . 2; 36 x O, f 1 (X,Y,Z; Y,X-Y,Z} Y-X,X,Z; y,X,Zz+1/ 

36 x O, X,x-y,Z+1/2;y-x,y,z+1/2) 

Atomic parameters with estimated standard deviation (+0) 

Atom x Zz 

Na, 0 0 0 

Zr 0 0 0.1456 + 1 

P 0.2909 + 6 0 0.25 

O, 0.1860 + 15 -0.0144 +15 0.1949 +5 

O, 0.1913 + 15 0.1683 + 15 0.0866 + 5           
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Figure 2.4a. Projection of the NaZr,P30j, structure perpendicular to the a-axis.34
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of the NaZr.(PO,)3 structure perpendicular to the c-axis.33 2.4b. Projection Figure
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and 2.4b, respectively.33 The dashed lines in Figures 2.4a and 2.4b indicate the area of the 

hexagonal unit cell and the portion surrounded by the dotted lines in each figure 

corresponds to the same portion projected onto the other.33 

With the development of new NZP-like materials several researchers have 

continued structural investigations in order to understand the effects of compositional 

variations. Some of these new compositions include LiZr,(PO4)3,74 KZr(PO,4)3,2° 

Na4Zr7(SiO4)3,26 and KTi2(PO,)3.37 All of these materials exhibit a framework structure 

similar to NZP. 

2.3.2 Thermal Expansion 

Investigations on the thermal expansion of NZP-type materials have revealed many 

compositions with ultra-low values of thermal expansion.78“4 The expansion of the lattice 

is characterized by the anisotropic expansion of the a and c unit-cell parameters. 

Depending on composition the anisotropy is quite varied. For Cat+?, Nat!, K+!, Rb+!. and 

Cs+! substituted at the M' position, the a-parameter contracts on heating and the c- 

parameter expands.*? For the Sr2+ and Ba?+ analogues the anisotropy is reversed. In some 

cases like the Li!+ analogue expansion occurs along both axes.3? Since most of these 

compositions form crystalline solutions, a wide range of expansion characteristics can be 

developed. 

Alamo and Roy*° made several observations about how the NZP lattice reacted to 

cation substitutions: 

1. The skeleton can modify itself to accommodate small as well as large 

cations in M' holes.
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2. In order to increase the size of the M' holes, this flexible skeleton 

contracts in the a direction and expands in the c direction. 

3. In order to accommodate extra ions in the M" holes, the skeleton 

contracts in the ¢ direction and expands in the a direction. This can create 

tensions in the structure making the structure distort to a monoclinic 

structure. 

To explain these observations Alamo and Roy developed a model based on 

polyhedral tilting. Since the NZP skeleton is built of tetrahedra and octahedra that share 

vertices, bond bending and the small rotation of polyhedra can leave the structure intact 

while accommodating a variety of different sized cations. Lenain et al.4> detailed a model 

based on this idea which will be further considered. 

2.3.3. Thermal Conductivity 

To date no publications have been found or referenced that consider the thermal 

conduction properties of NZP-type materials. 

2.4 Structural Model For Thermal Expansion In NZP-Type Materials 

Lenain et al.49 developed a model to explain lattice fluctuations in the NZP structure 

from cation substitution and thermal expansion. This model is based on the idea of coupled 

rotation which was explored by Megaw!2 and Taylor!® in their works on quartz and other 

minerals. By rotating the polyhedra in the NZP lattice, the structure of each member of the 

NZP family can be derived. The rotations of polyhedra are not independent since every 

oxygen belongs to an octahedron and a tetrahedron. Zr octahedra are constrained to rotate
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about a three-fold rotation axis and P tetrahedra about a two-fold rotation axis. Lenain et 

al.45 offer two models: 

1. The first model allows angular distortions only in the ZrO, octahedra. 

Fig 2.5a shows a projection down the three-fold axis of the octahedron, 

within which the plane formed by the three 0(1) atoms will rotate faster than 

the 0(2) plane, causing the angle 0(1)-Zr-0(2) to deviate from 60° by 

shearing. 

2. The second model allows distortions in both octahedra and tetrahedra. 

Fig 2.5b exhibits a projection of a phosphate tetrahedron normal to the two- 

fold axis where the line 0(1)-P-0(1) can rotate faster than the line 0(2)-P- 

0(2), causing the angle between them to deviate from 90°. The distortion 

process for the Zr octahedra is the same as in the first model. 

These distortions allow each respective site to accommodate ions of various sizes. It was 

assumed that variations in bond lengths were minimal during the rotation of polyhedra. 

Hazen and Finger“ conducted high temperature x-ray diffraction measurements on 

NZP to compare thermal expansion mechanisms with Lenain's models. Observed 

polyhedral distortions and calculated values for the rotations of the polyhedra at 25°C, 

270°C, 490°C, and 690°C are shown in Table 2.3 and Table 2.4, respectively.4© The 

distortions show that the Zr octahedra are much more distorted than the P tetrahedra, an 

assumption made by Lenain and the reason he allowed the P tetrahedra to remain 

undistorted in his #1 model. The calculated rotation values show that the rotation continues 

in a negative sense as the temperature increases. The angular distortion of the polyhedra 

decreases with increasing temperature. Unit-cell parameters at the four temperatures were in 

close agreement with the linear thermal expansion and temperature-volume data of Oota and 

Yamai.40 These observations led Hazen and Finger*® to conclude that the anomalous
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Figure 2.5a. Projection of a ZrO, octahedron in the plane perpendicular to the three-fold 

axis (€-axis).45 
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Figure 2.5b. Projection of PO, tetrahedron in the plane perpendicular to the two-fold 
axis (a-axis).45
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Table 2.3. Polyhedral volumes and distortion indices for NaZr P30 )5.46 

  Polyhedral volume and distortion indices for 
NaZr,(PO,4); at 25°C, 270°C, 490°C, and 690°C 

  

  
  

  

  

  

  

  

  

  

            

Atom "25°C 270°C 490°C 690°C 

P Vol (A3) 1.824 1.812 1.802 1.796 

QE? 1.000 1.001 1.000 1.001 

Ave 1.93 2.22 1.97 2.32 

Zr Vol (A3) 11.76 11.78 11.74 11.76 

QE 1.0041 1.0034 1.0027 1.0024 

AV 14.1 11.6 9.5 8.3 

Nal Vol (A3) 18.00 18.53 18.92 19.29 

QE 1.1566 1.1685 1.1793 1.1859 

AV 610 655 694 719 
  

n | 7. 2 

a. QE = Quadratic Elongation = y Y, /, 

n 

n 
b. AV = Angle Variation = Sy 

5 . Jha 

i=l 
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Table 2.4. Rotations of polyhedra in the NaZr,P30,, structure.46 

  

  

  

  

  

                        
270 | 1.524 | 1.522] 2.047 | 2.094 | -7.4 | -5.5 1.9 -5.4 | -6.52{ -1.9 

490 | 1.519 | 1.521] 2.048 | 2.088 | -8.6 | -6.8 1.8 -6.2 | -6.67] -1.7 

690 | 1.519 | 1.519} 2.049 | 2.087 | -9.5 | -7.7 1.8 -6.9 | -6.62| -1.3 
  

t 6 and @ are pictured in Figure 2.5b and 2.5a. 
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thermal expansion behavior of NZP is correlated with rotations of polyhedra in the Zr-P 

framework.



CHAPTER 3. EXPERIMENTAL PROCEDURE 

3.1 Sample Preparation 

Samples of composition (Ca, x, Mgy)Zr4(PO4)¢ where x= 0.0, 0.1, 0.2, 0.3, and 

0.4 were prepared by two different methods. The first was a powder-mixing procedure 

(solid-state reaction) and the second a sol-gel process where solutions of different soluble 

reactants were mixed together under specific pH conditions to form a gel. Each procedure 

yielded a single phase final material but it was found that the sol-gel process had benefits 

over the powder method. 

3.1.1 Powder-Mixing Method 

The powder-mixing method is an age old practice of mixing different reactant 

powders together and then heating them at suitable temperatures to drive off volatiles and 

produce desired phases. In order to produce single phase CMZP samples reagent grade 

CaCO;3, MgCO3, ZrO>, and NH,H,PO, were utilized as reactant powders (Table 3.1). A 

weight loss analysis was performed on MgCO3 due to its unstable (hygroscopic) nature 

28 '



Table 3.1. Reactant materials used in processing and respective melting points and 
decomposition temperatures.47 

  

  

  

  

  

  

  

  

  

    

Formula Purity Melting Point | Decomposition 
(°C) Temperature (°C) 

ZrO» 99+% 2715 

ZrO(NO3)2°6H2O 

NH,H,PO, 98% 190 

NH,OH Reagent Grade 

HNO; Reagent Grade 

MgCo, 350 -CO, 900 

CaCO; 99% 1339 898.6 

Mg(NO3). 129 330 

Ca(NQO3). 592         

Blank box data not available 
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and a correction factor was determined to insure the accurate stoichiometry of Mg?+ in the 

reaction. Stoichiometric amounts of the reactant powders were homogenized in acetone by 

hand mixing with a glass mortar and pestle. This mixture was then dried in air for 24 

hours. Once dry, the mixture was heated at 150°C for six hours to drive off H,O, at 550°C 

for six hours to remove NH3, and at 1000°C for three to six hours to break down the 

carbonates. Each temperature allowed for the decomposition of the reactant materials as 

reflected in Table 3.1. After the 550°C and 1000°C thermal treatments the mixture was 

ground into a fine powder to promote homogeneity and reactivity. X-ray diffraction 

analysis using a powder diffractometer and CuKo radiation revealed the material to be 

mostly amorphous after the 1000°C thermal treatment. In order to produce a crystalline 

single phase material further heating was necessary. 

Samples were further heated in powder form or as pressed bars. Bars were formed 

by taking the amorphous powder and mixing it with 3% of an organic binder known as 

Methocell to increase the green density. This combination was then mixed along with 

several drops of deionized H,O and added to a stainless steel push rod die. The powder 

was compressed at 3000 psi for five minutes. After removal from the die apparatus, bars 

were calcined at 300°C for eight hours to remove water. Final samples, both powder and 

calcined bars, were heated at 1280°C for 48 hours in alumina containers to yield a single 

phase crystalline material. Temperatures above 1100°C were necessary to produce a 

crystalline phase. Bars produced by this method typically had densities near 80% of 

theoretical. Bar shapes and sizes could be varied with different types of dies. 

Bars were also produced by the aforementioned method using powder that was 

already heated to a single phase crystalline state. This method yielded bars of lower 

density.
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To increase the density of bar samples a sintering aid was used. It was found that 

1% to 3% of ZnO, when added homogeneously to the bars, significantly increased their 

visible density and strength after heating This was most likely accomplished by liquid 

phase sintering. ZnO when added to the sample can react upon heating to form 

Zn3(PO,)>.48 Zn3(PO,), has a melting point of 1000°C. 

3.1.2 Sol-Gel Solution Method 

Sample preparation by the sol-gel method involved the mixing of aqueous solutions 

of ammonium dihydrogen phosphate (NH,H,PO,), zirconyl nitrate hydrate 

(ZrONO3°7H,O) and calcium nitrate Ca(NO3),, and magnesium nitrate Mg(NO3)> 

solutions. 

Stoichiometric amounts of the alkaline earth nitrate solutions were first mixed under 

constant stirring conditions followed by the addition of the zirconium solution. The 

ammonium dihydrogen phosphate solution was then slowly titrated into the mixture at a 

rate of about 10 drops per minute, again with constant stirring. The order of mixing and 

constant stirring were found to be essential in the successful production of a single phase 

material. During the titration process the clear solution gradually transitioned into a viscous 

gelatinous white mass. Once the titration process was complete, ammonium hydroxide 

was added to the solution to adjust its pH to around 8. This was necessary to insure the 

solubility of all of the reactants. Improper pH control allowed the formation of Zr,P,05 

and ZrP,O, in the final product. After adjusting for pH the gel was then heated between 

60°C and 100°C while being stirred for 24 hours. Following this treatment, the gel became 

too viscous to stir and it was removed to an oven and dried at 80°C for 36 hours. After 

drying, the resultant xerogel was calcined at 650°C for 24 hours to remove NH; and nitric
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oxides. After calcining the material was ground into a fine powder. X-ray diffraction 

analysis revealved this powder to be amorphous. Heating the powder above 900°C 

resulted in the formation of a single phase crystalline material with the CMZP structure. 

Monolithic bars of CMZP composition were made with densities greater than 90% 

of theoretical by cold pressing bars out of amorphous gel-derived powder and sintering 

them with a controlled slow heating and cooling rate. The bar pressing procedure was 

identical to that used for solid-state reacted powders. Sintering temperatures between 

1150°C and 1280°C were found to yield bars with densities between 87% and 93% of 

theoretical. Bars made by the sol-gel process required no sintering aids to increase 

densities. Overall, the sol-gel process allowed samples to be made with much higher final 

densities at lower sintering temperatures than the solid-state method due to smaller scale 

mixing of the reactant materials. 

3.2 Characterization 

3.2.1 Linear Thermal Expansion 

The bulk linear thermal expansion of crystalline CMZP samples was determined on 

a Netzsch dual push rod differential dilatometer. Bar samples with a 5mm diameter and 

25mm length were measured from 30°C to 1000°C with a heating rate of 10°C/min. An 

Al,O3 rod of similar dimensions was used as a reference material and system errors were 

corrected with a sapphire rod. Measurements made by the dilatometer are accurate to 

within + .05 micrometers, according to the manufacturer. A software package was used to 

correct the relative expansion and compute a coefficient of thermal expansion.
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3.2.2 Axial Thermal Expansion Measurements 

In order to determine the effect of temperature on the size and shape of the CMZP 

unit cell, axial thermal expansion measurements were made using a high temperature X-ray 

diffractometer. Data obtained from each diffraction pattern were analyzed by a least- 

squares analysis program to determine lattice parameters and unit cell volumes. 

3.2.2.1 High Temperature X-Ray Diffraction 

A Scintag XDS2000 theta/theta model fully automated powder diffractometer 

coupled with a high temperature chamber was used to scan powder samples of (Ca,_ 

x Mg x)Zr4(PO,4)¢ where x= 0.0, 0.2 and 0.4. The Sintag system included a 3.5 kW 

stabilized constant potential high frequency generator and a theta/theta wide angle 

goniometer with independent stepping motors. Cu Ka radiation was used. The system 

utilized a solid state germanium detector which has a much better signal to noise ratio than 

scintillation detectors and can eliminate K-beta and continuum X-rays without loss of K- 

alpha intensities. The diffractometer was directly controlled by a microvax 3100 computer 

system. This system allowed each diffraction pattern to be adjusted for a background 

correction and K-alpha 2 stripping. The high temperature chamber utilized two platinum 

heating elements. One of the elements acted as an ambient heat source and the other was in 

direct contact with the sample. The element in contact with the sample was a strip 

approximately one centimeter in width and five centimeters long and was placed 

horizontally within the chamber to act as the target area for incoming X-rays. Each powder 

sample was placed in a random fashion on the top surface of this strip. The temperature of 

the strip was directly controlled by an attached thermocouple and the strip was held in
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constant tension to prevent drooping and sample displacement during heating. The 

theta/theta design of the system allowed the sample to remain stationary during the scanning 

process. 

CMZP powder samples were mixed with a 1:1 ratio of platinum powder (internal 

standard). Once the sample was placed in the diffractometer, a reference platinum peak 

was scanned and the height of the sample in the chamber was adjusted so that the reference 

platinum peak's 20 value matched that of its NBS standard at room temperature. Each 

sample was scanned from 10° 20 to 83° 26 at room temperature and at 250°C intervals up to 

1000°C. A scanning rate of 1/2° 26/min was used. This method allowed approximately 

sixty peaks to be acquired for each diffraction pattern (Figure 3.1). 

Once a complete diffraction pattern was obtained and the aforementioned 

corrections were applied, a profile fitting routine was used to more accurately determine the 

peak positions. This was accomplished on the Scintag system with software that applied a 

non-linear least-squares method to fit a curve to each diffracted peak (Figure 3.2). These 

peak positions were then corrected for the platinum internal standard using NBS data for 

platinum at each appropriate temperature. The final peak position data were input into a 

least-squares refinement program written by Appleman and Evans along with the relative 

special reflections and approximate cell dimensions (see Appendix 1). Calculated and 

observed peak positions were matched according to predetermined statistical criteria and 

satisfactorily indexed observed peaks were used to compute new cell parameters by least- 

squares refinement.49
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Figure 3.1. X-ray diffraction pattern of CaZr,(PO,),¢ (with Pt internal standard).
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3.2.3. Thermal Conductivity 

The thermal conductivity (K) of CMZP samples prepared in this study was 

determined by the relationship 

K = aDC, (3.1) 

where @ is the thermal diffusivity, D is the density, and C is the specific heat of the 

material. Thermal diffusivity was determined by the laser flash technique, specific heat by 

differential scanning calorimetry, and the bulk density by the ASTM boiling water method 

designated C 20-87 which made use of the Archimedes method using water as the fluid 

medium. K values were determined to be accurate within + 3%, based on calibraton with 

NBS reference materials. 

3.2.3.1 Differential Scanning Calorimetry 

A Stanton-Redcroft DSC was used to calculate the specific heat of CMZP samples 

where x= 0.0, 0.2, 0.3, and 0.4. Each sample in the form of a small sintered disk was 

placed in a platinum pan and thermal response was measured from 100°C to 1300°C. An 

empty platinum pan was simultaneously analyzed. The system was calibrated with a 

sapphire standard. The resultant time temperature plots were evaluated against the system's 

base line and the CMZP specific heat values were determined. Each specimen was run 

through three to four heating cycles in the DSC to generate an average value of specific 

heat.
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3.2.3.2 Thermal Diffusivity 

The thermal diffusivity of CMZP samples where x= 0.0, 0.2, and 0.3 was 

determined by the laser flash method first described by Parker and Jenkins.22 This method 

makes use of the relation where the initial temperature distribution within a thermally 

insulated solid of uniform thickness L (cm) is T(x,0). If a pulse of radiant energy Q 

cal/cm? is instantaneously and uniformly absorbed in the small depth g at the front surface 

of this solid, the temperature distribution at a later time t can be written as 

  

T,t) = Bee Hey, COS — sin Le nt ot 
2 

"71 - (3.2) 

where D is the density in g/cm? and C is the heat capacity in cal/g°C. This equation can be 

reduced so that the time temperature history of the rear surface of the sample where x=L 

can be expressed by 

Q — n nn’ 
TL) = per 142), (-1)"ex a 

(3.3) 

Two dimensionless parameters, V and @ can be defined as 

VLb) = TL./T yy, (3.4) 

o=n oL’, (3.5)
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where Ty, represents the maximum temperature at the rear surface of the sample. The 

combination of equations (3.3), (3.4), and (3.5) yields 

V = 14251)" exp(-n’@). 
n=l (3.6) 

This equation is plotted in Figure 3.3 and the thermal diffusivity o can be determined when 

V is equal to 0.5 and @ is equal to 1.38, thus 

2 _ fae , | 
nti (3.7) 

where t,,2 is the time required for the back surface of the sample to reach half of its 

maximum temperature rise. 

A CMZP sample in the form of a sintered disk with parallel flat surfaces, a diameter 

of 12.5 cm and a thickness of 1 to 2 mm was placed in the laser flash apparatus (Figure 

3.4). It was necessary to coat each sample with a 1000 A thickness of a gold-paladium 

alloy since initial results indicated that the samples were partially transparent to the laser 

beam. This coating had no effect on the thermal diffusivity values. The sample was then 

brought to the desired temperature by the surrounding furnace and a known amount of heat 

was applied to the front surface of the sample with a 50-joule neodymium glass laser. The 

time temperature history of the sample's back surface was then measured with an infrared 

detector (Figure 3.5) . A computer program determined whether the data was acceptable 

based on a statistical analysis of the generated time temperature curve. Usually five values 

of thermal diffusivity were taken at each temperature setting and their average was used as 

the final value for that temperature.
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Figure 3.3. Dimensionless plot of rear surface temperature history.*2
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1 Phase Identification 

Room temperature X-ray diffraction was used to identify phases in the prepared 

samples. CaZr,(PO,4)¢ (CZP) has a diffraction pattern listed within the Joint Committee on 

Powder Diffraction Standards (JCPDS) files (No. 33-321 from NBS data) that was used as 

a guide in determining whether the samples were single phase. The CZP structure is 

rhombohedral but unlike NZP whose space group is R3c, CZP has peaks at 113 and 119 

(hhl where 1 # 2n) preventing the R3c space group. Most NZP-type materials with divalent 

alkaline earth cations substituted for Na+! are rhombohedral and have diffraction patterns 

similar to CZP. All of the diffraction patterns were indexed in the hexagonal system. The 

experimentally obtained data for the room temperature pattern of CaZr,(PO4)¢ are 

represented in Table 4.1. They matched the JCPDS file data very well. For (Ca, 

x» Mg x)Zr4(PO4)¢ (CMZP) where x= 0.0, 0.2, and 0.4, additions of Mg?+ caused the peak 

positions to shift some, but no definite new peaks were generated. Table 4.2 lists the 

diffraction data for (Cap ¢,Mgp 4)Z1r4(PO4)¢. It was observed that compositions containing 

Mg?2+ tended to have broader peaks at some 20 values. This may be attributed to 
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Table 4.1. Diffraction data for CaZr4(PO4)¢. 

  

  

    

  

CaZr 4(PO4)¢ 

Hexagonal a= 8.787 c=22.689 a=B=90 y=120 

CuKa 

26 Observed | 26 Calculated | I/Io | Miller wae D Spacing A 

11.706 11.691 2 003 7.553 
12.276 12.257 6 101 1.204 
14.025 14.002 27 012 6.309 
19.518 19.502 75 104 4.544 

20.211 20.195 92 110 4.390 
22.814 22.797 5 015 3.895 
23.412 23.396 100 113 3.797 
24.664 24.658 2 202 3.607 

28.232 28.218 76 024 3.158 
30.654 30.638 3 205 2.914 
31.199 31.180 99 116 2.865 
33.712 33.697 6 018 2.657 

34.954 34.947 30 214 2.565 
35.367 35.355 45 300 2.536 
36.890 36.972 3 125 2.435 
37.371 37.361 2 303 2.404 

41.063 41.053 7 220 2.197 
41.268 41.252 8 119 2.186 
41.501 41.496 4 10(10) 2.174 
41.966 41.959 5 217 2.151 

42.884 42.895 13 306 2.107 
43.585 43.582 2 312 2.075 
44.843 44.843 31 128 2.019 
45.836 45.835 16 134 1.978 

47.461 47.469 3 315 1.914 
47.852 47.846 30 226 1.899 
48.468 48.477 5 042 1.877 
50.289 50.273 1 20(11) 1.813     

(cont.)
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Table 4.1 (cont.) 

  

  

  

  

  

          

CaZr,(PQO,4)¢ 

Hexagonal a = 8.787 c=22.689 a=B=90 y=120 

CuKa 

26 Observed | 20 Calculated I/To Miller Index D Spacing A 

50.555 50.561 1 404 1.804 
51.241 §1.240 30 21(10) 1.781 
51.644 51.635 5 137 1.768 
52.634 52.656 1 1112) 1.738 

53.850 53.846 2 10(13) 1.701 
54.123 54.119 12 318 1.693 
54.972 54.985 14 324 1.669 
55.267 §5.272 31 410 1.661 

56.416 56.424 3 235 1.629 
56.706 56.706 3 413 1.622 
58.134 58.149 6 01(14) 1.586 
58.356 58.358 5 048 1.580 

59.793 59.794 16 13(10) 1.545 
60.873 60.876 15 416 1.521 
62.208 62.209 8 20(14) 1.491 
62.411 62.409 3 238 1.487 

62.953 62.954 3 31(11) 1.475 
63.190 63.203 5 054 1.470 
63.458 63.466 6 330 1.465 
63.785 63.792 5 40(10) 1.458 

64.854 64.917 1 333 1.437 
65.183 65.172 4 11(15) 1.430 
66.119 66.123 7 12(14) 1.412 
67.081 67.082 5 10(16) 1.394 

68.430 68.369 7 425 1.369 
68.706 68.669 4 336 1.365 
69.844 69.876 2 13(13) 1.346 
70.855 70.856 9 514 1.329 
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Table 4.1 (cont.) 

  

  

        

  

CaZr,(PO4)< 

Hexagonal a= 8.787 c=22.689 a=B=90 y=120 

CuKa 

28 Observed | 20 cateutte I/Io Miller Index D Spacing A 

72.119 72.113 2 155 1.309 
73.630 73.631 5 31(14) 1.286 
73.796 73.816 1 428 1.283 
74.780 74.793 7 600 1.269 

75.381 75.412 3 20(17) 1.259 
78.191 78.174 1 434 1.222 
78.402 78.414 4 520 1.219 
78.719 78.712 3 24(10) 1.215 
78.988 79.024 2 12(17) 1.211 
80.864 80.858 8 23(14) 1.188 
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Table 4.2. Diffraction data for (Cag ¢,Mgp 4)Zr4(PO4)<. 
  

(Cag 6,.Mgo.4)Zr4(PO4)¢ 
Hexagonal a = 8.768 c= 22.734 a=B=90 y= 120 

CuKa 
  

    

  

286 Observed | 28 Caetate I/Io 

11.700 11.669 
12.280 12.279 
14.030 14.015 
19.500 19.494 

20.210 20.239 
22.780 22.778 
23.440 23.424 
28.250 28.245 

31.180 31.175 
31.380 31.392 
33.670 33.648 
35.010 34.997 

35.410 35,437 
37.000 37.011 
41.170 41.148 
41.980 41.977 

44.840 44.849 
45.920 45.918 
47.900 47.906 
51.210 51.222 

51.670 51.690 
54.150 54.164 
55.130 55.097 
58.020 58.021 

58.390 58.418 
59.810 59.814 
60.990 60.981 
62.120 62.121 

63.300 63.339 
63.590 63.623 
63.830 63.828 
66.030 66.055 h

W
W
R
 

W
o
o
o
c
w
 

W
E
 
I
W
 

  
Miller Index 

  
D Spacing A 

  

hkl 

003 7.578 
101 7.202 
012 6.307 
104 4.549 

110 4.390 
015 3.901 
113 3.792 
024 3.156 

116 2.866 
211 2.848 
018 2.659 
214 2.561 

300 2.533 
125 2.428 
220 2.191 
217 2.150 

128 2.019 
134 1.975 
226 1.898 

21(10) 1.782 

137 1.768 
318 1.692 
324 1.666 

01(14) 1.588 

048 1.579 
13(10) 1.545 
416 1.518 

20(14) 1.493 

054 1.468 
330 1.462 

40(10) 1.457 
12(14) 1.414 
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Table 4.2. (cont.). 

  

(Cao .6,.Mgo,4)Zr4(PO4)¢ 
Hexagonal a= 8.768 c=22.734 a=B=90 y= 120 

CuKa 
  

28 Observed 

  
26 Calculated 

    

  
68.800 
71.040 
74.980 
78.420 
80.870 

68.801 
71.022 
74.987 
78.363 
80.858 h

w
 
A
N
D
 

I/Io Miller Index 
hkl   

D Spacing A 

  

336 
514 
600 
434 

23(14) 

1.363 
1.326 
1.266 
1.219 
1.188 
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the onset of peak splitting from a symmetry change, but definite splitting could not be 

discerned from the room temperature diffraction patterns. 

MgZr,(PO,)¢ (MZP) has recently been indexed as monoclinic.59 The diffraction 

pattern data for MZP are represented in Table 4.3. It is also known that LiZr,P30), is 

monoclinic suggesting that the size of the substituant cation at the Nat! site affects the 

structure's symmetry, in this case the small Mg?* and Li!* cations allow the NZP structure 

to distort to the monoclinic geometry. As mentioned before some peaks looked like they 

might be splitting in CMZP samples where x= 0.2 and 0.4. A monoclinic transition might 

cause peak splitting in CMZP but this could not be confirmed by the diffraction patterns 

and attempts to index these patterns with respect to the monoclinic system were 

unsuccessful. It should be noted that according to Alamo and Roy?® the substitution of 

cations into M" sites within the NZP structure could cause tensions within the structure 

allowing it to distort to the monoclinic state. In the case of LiZr,P,0,2 (LZP), structure 

analysis revealed that when LZP is monoclinic, Li!+ cations occupy M" sites.34 This 

suggests that the Mg2+ cations may have an affinity for M" sites, based on cation size, but 

without more crystallographic structure information it is difficult to obtain this information 

from powder patterns. The possibility of M" site substitution gains more support from the 

axial thermal expansion data. 

In CMZP samples, when the concentration of Mg2* (x) was much greater that 0.4, 

MZP was observed (from powder diffraction) to precipitate as a second phase. This 

suggests that the saturation of Mg?+ into the CZP structure is limited. A wide range of 

sintering temperatures was examined during sample preparation (1100°C-1450°C). MZP as 

a second phase was consistently present when x > 0.4 suggesting a limited solubility 

region. Samples prepared by both processing methods exhibited the presence of a second 

phase.
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Table 4.3. Diffraction data for MgZr,(PO,4),.48 

  

  

          

MgZr4(PO4)¢ 

a=12.426 b=8.836 c=8.903 B = 89.62 

CuKa 

| I/Io | Miller Index | D Spacing A 28 Observed | 20 Calculated ki 

14.224 14.244 6 200 6.222 
15.769 15.786 8 111 5.615 
15.88 15.845 6 -111 5.576 
19.896 19.929 31 002 4.459 

20.016 20.053 12 211 4.432 
20.092 20.081 100 020 4.416 
22.444 22.446 12 021 3.958 
23.632 23.553 22 121 3.762 

23.758 23.733 18 -301 3.742 
25.697 25.699 4 311 3.464 
26.574 26.648 10 221 3.352 
28.427 28.439 45 022 3.137 

28.710 28.714 22 400 3.107 
29.334 29.332 6 302 3.042 
31.152 31.186 6 321 2.869 
32.064 32.067 5 411 2.789 

32.565 32.563 15 113 2.747 
34.944 34.898 13 213 2.566 
35.108 35.136 25 231 2.554 
40.828 40.757 4 422 2.208 

42.721 42.692 3 332 2.115 
45.64 45.686 10 233 1.986 
45.851 45.818 13 042 1.977 
46.167 46.168 14 124 1.965 
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4.2 Linear Thermal Expansion 

Linear thermal expansion was measured on a Netzsch dual push rod differential 

dilatometer as described in section 3.2.1. (Ca,.x,Mgx)Zr4(PO,4), bar samples of 

compositions where x= 0.0-1.0 were examined. Samples where x= 0.5-0.9 consisted of 

two phases, CMZP and MZP. The linear thermal expansion vs. temperature curves for 

selected samples are shown in Figure 4.1 and the average coefficients of linear thermal 

expansion are listed in Table 4.4. From these data it can be seen that CaZr,(PO4)¢ exhibits 

an overall negative bulk thermal expansion and MgZr,4(PO,)¢ exhibits a positive bulk 

thermal expansion. As the composition is varied between these two samples the linear 

thermal expansion values change from negative to positive and as a consequence, the 

composition where x= 0.4 exhibits near zero thermal expansion (@, = 1.0 x 10-7). For 

samples where x > 0.4 the positive expansion increase can be attributed to the presence of 

MZP as a second phase. Values are accurate to +.03%. 

4.3. Axial Thermal Expansion 

The axial thermal expansion of (Ca, _x,Mgx)Zr,(PO4), where x = 0.0, 0.2, and 0.4 

was determined by high temperature X-ray powder diffraction and a least-squares program 

as described in section 3.2.2. Axial expansion was determined for each sample from room 

temperature to 1000°C. The diffraction data were indexed in the hexagonal system and the 

c-parameter, a-parameter and unit-cell volume vs. temperature are plotted in Figures 4.2, 

4.3, and 4.4 for each sample. Tables 4.5, 4.6 and 4.7 list the thermal expansion and lattice 

parameter data for each sample. For hexagonal NZP materials the expression for the 

average bulk linear thermal expansion coefficient can be defined as
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Figure 4.1. Dilatometric measurements of linear thermal expansion vs. temperature 
for CMZP samples.
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Table 4.4. Average linear CTE data taken from dilatometeric measurements. 

  

Average Linear Coefficient Of Thermal Expansion From 30°C 
To 1000°C (determined from dilatometer data) for 
(Ca;.x,Mgx)Zr4(PO4)¢ where x = 0.0 - 1.0 
  

  

  

  

  

  

  

  

    

Composition (X) Average Linear CTE (@,/°C) | 

0.0 1.2 x 106 

0.2 1.14 x 106 

0.3 9.2 x 107 
0.4 1.0 x 107 

0.5 5.8 x 10-7 

0.6 1,36 x 10°6 

0.8 2.18 x 10-6 
1.0 2.5 x 106     
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Figure 4.2. Unit-cell parameters and volume vs. temperature for CaZr,(PO,)¢ from 
room temperature to 1000°C.
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Table 4.5. a and c unit-cell parameters, unit-cell volume, and a values for CaZr,(PO4)<¢ 
from room temperature to 1000°C. 

  

  

  

  

  

            

T CC) a (A) c (A) Vol. (A3) 

25 8.787 (4.00049) 22.690 (+.0082) 1517.34 (+.69) 

250 8.770 (+.00041) 22.735 (+.0071) 1514.20 (+.59) 

500 8.756 (+.00054) 22.793 (+.0089) 1513.55 (+.76) 

750 8.752 (+.00072) 22.852 (+.012) 1515.80 (41.0) 

1000 8.748 (+.00072) 22.936 (+.012) 1520.19 (+1.0) 
  

, = -4.55 x 106 °C (25-1000°C) 

Gi, = 1.11 x 105 PC (25-1000°C) 

Oy, = 6.66 x 10-7/°C
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Figure 4,3. Unit-cell parameters and volume vs. temperature for 
(Cap 3,Mgo2)Zr4(PO,),¢ from room temperature to 1000°C. 
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Table 4.6. a and c unit-cell parameters, unit-cell volume, and & values for 
(Cap g.Mg9)Zr4(PO,4)¢ from room temperature to 1000°C. 

  

  

  

  

    

T (CC) a (A) c (A) Vol. (A3) 

25 8.785 (+.00059) 22.670 (+.0097) 1515.15 (4.82) 

250 8.778 (+.00055) 22.696 (+.0087) 1514.46 (4.72) 

500 8.772 (+.00039) 22.752 (4.0065) 1516.27 (¢+.55) 

750 8.768 (+.00049) 22.801 (+.0083) 1518.18 (4.71) 

1000 8.772 (4.0012) 22.943 (+.016) 1528.79 (41.32)       
Gi, = -1.52 x 106 PC (25-1000°C) 

O, = 1.24 x 105 PC (25-1000°C) 

Gy = 3.12 x 106°C 
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Figure 4.4. Unit-cell parameters and volume vs. temperature for 
(Cap 6,.Mgo,4)Zr4(PO,)¢ from room temperature to 1000°C.
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Table 4.7. a and c unit-cell parameters, unit-cell volume, and & values for 

(Cap 6,:Mgp.4)Zr4(PO,), from room temperature to 1000°C. 

  

  

  

  

  

T (°C) a (A) c (A) Vol. (A3) 

25 8.768 (+.00069) 22.734 (+.012) 1513.53 (+.98) 

250 8.768 (+.00088) 22.752 (+.015) 1514.97 (£1.29) 

500 8.767 (+.00095) 22.735 (+.016) 1513.47 (41.28) 

750 8.766 (+.00076) 22.784 (+.013) 1516.06 (+1.13) 

1000 8.767 (+.00041) 22.849 (+.0068) 1521.00 (4.57)             
Gq =-1.16 x 10-7 °C (25-1000°C) 

Gi, = 5.19 x 10-6 PC (25-1000°C) 

@, = 1.65 x 10-5 °C



a _ 20, + a, 

v3? (4.1) 

where 

— Aa 
a,=—, 

aAT (4.2) 
— Ae 
a, =—. 

cAT (4.3) 

Each sample exhibits axial thermal expansion characteristics typical of NZP-type 

materials. CaZr,(PO,), expands along the c-axis and contracts along the a-axis upon 

heating. This behavior is consistent with previous analyses by Limaye.*3 All of the 

samples show similar behavior, but as the Mg2* content increases the expansion anisotropy 

decreases. With increasing Mg?+ content, the unit cell of the material becomes smaller, 

which may be expected when smaller Mg?+ cations replace larger Ca2+ cations. Figure 4.5 

reflects this volume decrease. Most of the volume decrease can be ascribed to the reduction 

in the a-parameter. To understand these results the structure of the material must be 

considered. If Mg?+ cations are replacing Ca2+ cations at the M' site it would be expected 

that the a-parameter would increase and the c-parameter would decrease based on the 

models of Lenain et. al45 and Oota and Yamai.4° This behavior is the opposite of what was 

observed. However, if Mg2+ cations are replacing Ca2+ cations at M" sites, the smaller 

Mg?* cations could allow the structure to distort so that the a-parameter contracts and the 

¢-parameter expands, as observed in the samples. Mg2+ substitution into vacant M" sites 

might also result in similar distortions yielding the observed lattice changes. 

The models of Lenain and Oota, which describe the thermal expansion of NZP, 

state that two different sites can be occupied by Na!+ ions in the NZP crystal structure. As
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Figure 4.5. Unit-cell parameters and volume vs. x at 25 °C for (Caj_ 
x Mg x)Zr4(PO4)¢ where x = 0.0, 0.2, and 0.4.
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explained and identified in Chapter 3 these two sites are located at the M' and M" positions. 

When a larger cation is placed in the M' position the structure distorts. In Figure 2.5a the 

oxygens will tend to move away from the M' atom and the @ , angle will increase to enlarge 

the cavity for the larger ion. This will cause the c-parameter to increase and the a- 

parameter to decrease.*> Within the lattice framework the M' octahedral site is not directly 

connected in the direction of the a-axis (see Figure 2.3), and accordingly, the influence of 

M' atoms on the a-axis is not as significant as that on the c-axis. A different situation 

occurs if ions are substituted at the M" position. The M” site pictured in Figure 2.3 is 

located between the endless Zr octahedra columns. The M" site influences the distance 

between columns directly affecting the a-parameter. If a portion of Ca2+ cations located at 

the M" site were replaced by Mg?* cations, a corresponding reduction in the distance 

between columns and the a-parameter would occur, due to the smaller Mg*t size. The 

introduction of Mg?+ cations into previously unoccupied M" sites could also have similar 

consequences. By linking the octahedral chains in the direction parallel to the a-axis the 

atoms located at M" positions would also have a direct effect on thermal expansion along 

the a-axis. 

The thermal expansion of the c-parameter and a-parameter for CMZP where x= 0.0 

and 0.4 are shown in Figures 4.6 and 4.7, respectively. The c-parameter expands less 

when x = 0.4 than when x = 0.0. The variation in expansion is much more dramatic for 

the a-parameter. When x = 0.4 the a-parameter expansion is essentially zero, a marked 

difference from when x= 0.0 and the a-parameter expansion a, = -4.55 x 10-6. This bold 

variation in expansion along the a-axis is consistent with the hypothesis that Mg2* is 

substituted in the M” site, having a dominant affect on the a-axis. 

From figures 4.6 and 4.7 a reduction in the anisotropic expansion characteristics of 

the samples is an apparent trend as the composition changes from x = 0.0 to x = 0.4. This
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trend is plotted in Figure 4.8 which shows expansion along the a-axis and c-axis as a 

percent (Aa/a x 100 and Ac/c x 100) vs. temperature for samples where x = 0.0, 0.2, and 

0.4. The reduction in anisotropy can significantly enhance the ability of the material to 

withstand thermal shock effects. 

Fracture initiation can be used as a failure criterion for thermal shock in a ceramic 

material. In order to avoid this initiation, a thermal shock-resistance parameter can be 

defined as 

R= orl -H) 
Ea (4.4) 

where oO is the fracture strength, pt is Poisson's ratio, E is the modulus of elasticity and a is 

the coefficient of thermal expansion.351.52 From this expression it is seen that a low value 

of thermal expansion contributes greatly to thermal shock resistance. Many ceramic 

materials exhibit low values of a due to anisotropic axial thermal expansion. In a brittle 

polycrystalline ceramic with a low degree of plasticity, the anisotropic expansion of 

individual crystals can generate internal stresses which contribute to microcracking and 

poor thermal shock resistance. It is therefore beneficial to thermal shock resistance when a 

material exhibits a low degree of anisotropy as well as low thermal expansion. Figure 4.8 

indicates that (Cag 6,Mgo.4)Zr4(PO,4)¢ may have higher thermal shock resistance than 

CaZr,(PO,)¢ due to a low coefficient of thermal expansion and more notably to a reduction 

in the degree of anisotropic expansion. It is apparent that expansion along the c-axis will 

be the major contributor to internal stresses in (Cap 6,Mgo 4)Zr4(PO4)¢.-
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Figure 4.8. Comparison of axial expansions for (Ca, _.,Mgy)Zr4(PO,)¢ samples 
where x = 0.0, 0.2, and 0.4.
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4.3.1 Comparison Of a, From Axial Expansion Data And The Aggregate Thermal 
Expansion Data Obtained From The Dilatometer. 

The a, values determined from the axial expansion data and those determined from 

the average of the aggregate thermal expansion data (dilatometer) are presented in Table 

4.8. It can be seen that some differences between @, values for similar compositions 

occur. This is due to microcracking in the aggregate (bar) sample which can alter bulk 

thermal expansion.53.54 For the bar samples, thermal expansion anisotropy would cause 

microcracks to form upon cooling from sintering temperatures. While cooling, tensile 

stresses develop as individual grains attempt to contract differentially. Since ceramics 

fracture more easily in tension, microcracks would develop along the c-axial direction of 

the grains. Microcracks would tend to be absent along the a-axial direction, since 

expansion along the a-axial direction is smaller than that along the c-axial direction. When 

a sample is reheated (in the dilatometer) the presence of microcracks alters (reduces) the 

thermal expansion of the bulk. 

Upon heating, individual grains in the aforementioned samples would expand in the 

manner indicated by high temperature X-ray diffraction. Expansion would occur along the 

c-axis and contraction, to a much lesser degree, would occur along the a-axis. Due to the 

presence of microcracks along the c dimension, grains would expand into microcrack voids 

left from the cooling process. As a result, the contribution of expansion along the c-axis to 

the overall bulk expansion would be reduced. Contraction along the a-axis would then 

become a more dominant factor. Referring to Table 4.8 it is seen that the a, values 

determined for the bar samples are smaller than those determined from the corresponding 

axial expansion data . Based on the microcrack example, this would be expected as 

contraction along the a-axis played a dominant role in the thermal expansion of the bar 

samples and the contribution of expansion along the c-axis was reduced. The trend of
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Table 4.8. a, values determined from dilatometer and axial expansion data (°C, 25- 
1000°C). 

  

Mg content | Average Linear CTE (G,,) | G;, Determined from axial 

  

  

(Xx) (from dilatometer data) expansion data. 

0.0 -1.2 x 10-6 6.66 x 10°? 

0.2 -1.14x 10-6 3.12 x 10-6 
        0.4 1.0 x 10-7 1.65 x 10°6   
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increasing Ot, values is also evident as the a-axis expansion becomes more positive with 

increasing Mg?+ content. Since expansion anisotropy appears to be reduced in the sample 

where x = 0.4 it would also be expected that microcracking would be reduced. This is 

supported by the observation that a, values for the samples where x = 0.4 are the closest in 

value. 

The aggregate thermal expansion characteristics of the CMZP samples and generally 

all polycrystalline samples are affected by microcracks created from internal stresses. To 

improve thermal shock resistance, microcracking can be minimized by controlling the grain 

size. A critical grain size (G,,) can be derived such that microcracks form only when the 

actual grain size is larger than G,,. G,, is defined as 

k Yr, 
Go= 9? 

HAT Acta, (4.5) 

where AO.a, = lO, - O,| (for hexagonal case), y; is the fracture surface energy, AT is the 

temperature difference, and k is a constant.» If grain size is reduced by regulating the heat 

treatment, microcracking can be controlled. Based on the linear expansion data, grain sizes 

will have to be optimized in CMZP samples. 

4.4 High Temperature Thermal Stability 

The thermal stabilities of CMZP samples were analyzed by weight loss analyses. 

Powder samples of compositions where x= 0.0, 0.2, 0.3, and 0.4 were heated in platinum
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crucibles for 118 h at 1200°C. The results of the weight loss analysis are reflected in Table 

4.9. All of the samples lost less than 1% of their initial weight. This slight weight loss 

may be attributed to a reaction between the platinum crucibles and the CMZP samples. 

After the weight loss analyses were performed it was determined that all the platinum 

crucibles had lost a similar proportion of their initial weight. Since platinum is very stable 

to temperatures well above 1200°C, it was hypothesized that a reaction took place. This 

assumption was later supported from findings during high temperature X-ray diffraction. 

After each high temperature run a small amount of dark film, looking like a carbon deposit, 

was left on the furnace chamber walls near the specimen holder, a platinum strip. X-ray 

diffraction analysis revealed the film material to be mostly platinum. This was not a 

common feature of the high temperature diffractometer and a reaction between the CMZP 

powder and the platinum strip was believed to be the cause. The weight loss analysis data 

were corrected for the effects of the platinum weight loss. 

After the weight loss analysis was completed each sample was examined by X-ray 

powder diffraction to identify any phase change. Samples where x = 0.0, 0.2, and 0.3 had 

diffraction patterns identical to the initial samples. The diffraction pattern for the sample 

where x = 0.4 showed a very small trace amount of Zr,P,05. This may have been due to a 

small undetectable (by X-ray diffraction) amount of unreacted MZP in the initial material. 

MZP, when heated above 1000°C for any length of time, decomposes into Zr,P20b. It 

should be noted that although weight losses were small, the samples tended to lose more 

weight as their Mg?+ content increased (as seen in Table 4.9).
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Table 4.9. Weight loss data for CMZP samples where x = 0.0, 0.2, 0.3, and 0.4. 

  

Weight loss of (Ca;.x,Mgx)Zr4(PO4)¢ after 118 hours at 1200°C. 

Composition (X) | Weight Lost (%) 

  

  

  

0.0 0.31 

0.2 0.32 

0.3 0.45 
        0.4 0.82 
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4.5 Determination Of Thermal Conductivity 

4.5.1 Heat Capacity 

The specific heat of CMZP samples where x = 0.0, 0.2, 0.3, and 0.4 was 

determined by differential scanning calorimetry as described in section 3.2.3.1. As 

mentioned before, each sample was examined by the DSC two to three times and an 

average value of specific heat was determined for each sample. The specific heat values for 

the samples were approximately the same; therefore a mean value was determined to 

represent the CMZP samples. The data are plotted in Figure 4.9 showing the mean curve 

(95% confidence level). It is seen that the data above 800-1000°C are less reliable. The 

values are tabulated in Table 4.10. 

4.5.2 Density 

The bulk density of each CMZP sample was needed to compute thermal 

conductivity values as discussed in section 3.2.3. These values were determined by the 

ASTM boiling water method and are shown in Table 4.11. It was found that samples made 

by the sol-gel process had overall higher densities than those made by the solid state 

method. In order to get thermal conductivity values that would best represent the CMZP 

material, samples with the highest densities were used. 

4.5.3 Thermal Diffusivity 

The thermal diffusivity of CMZP samples where x = 0.0, 0.2 and 0.3 was
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Table 4.10. Specific heat data for CMZP samples. 

emperature ean Specific pper wer 
Heat (J/g K Confidence Level] Confidence Level 
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Table 4.10. Specific heat data for CMZP samples (cont.). 

emperature ean specific pper wer 
Heat (J/ Confidence Level} Confidence Level 
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determined with the use of the laser flash apparatus outlined in section 3.2.3.2. Three to 

five values of thermal diffusivity were determined at each selected temperature and their 

averages were used for the final value at that temperature. These values are plotted in 

Figure 4.10. For the sample where x = 0.2 a faulty thermocouple delayed data collection 

and, therefore, thermal diffusivity values were not determined at temperatures below 

600°C. The thermal diffusivity values collected for each sample (listed in Table 4.12) are 

very low for a crystalline ceramic, and indicate very low thermal conductivities. 

4.5.4 Thermal Conductivity 

Thermal conductivity was determined by the product of the value of specific heat, 

the bulk density and the thermal diffusivity of each sample. These data are presented in 

Table 4.12 and plotted in Figure 4.11. Values of K are accurate to within + 3.0%. It 

should be noted that these values are exceptionally low. As mentioned in section 2.2 

thermal conductivity is related to many factors, particularly phonon scattering mechanisms 

within the lattice at low to moderate temperatures. The complex NZP structure, differences 

in atomic weights of the constituent atoms, structure defects, a small amount of dispersed 

pores, and other scattering mechanisms discussed in section 2.2 all contribute to limiting 

the phonon mean free path and reducing the thermal conductivity of these samples. 

Materials with low thermal conductivities are desirable for some heat engine 

components. Piston caps and any thermal barrier components that help to reduce engine 

heat loss, allow an engine to operate at more efficient high temperatures. Currently, 

partially stabilized ZrO, (PSZ) is a leading ceramic material used as a thermal barrier in both 

combustion and turbine engine applications. PSZ is desirable due to its transition 

toughened thermal shock resistance and its low value of thermal conductivity. An
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Table 4.11. Bulk density, specific heat, thermal diffusivity and thermal conductivity of 
CMZP samples where x = 0.0, 0.2 and 0.3. 
  

  

  

  

  

  

          

  

  

  

  

        
  

  

  

  

  

  

  

          

CaZr.,(PO Bulk Density: 
ral 46 _ 2.81 (g/cm?) 

T @C) Diffusivity Specific Heat Conductivity 
(cm2/s) (J/g K) (W/m K) 

200 0.0040 0.729 0.819 

400 0.0043 0.806 0.974 

600 0.0059 0.829 1.375 

800 0.0066 0.843 1.563 

1000 0.0072 0.867 1.754 

Can e.£M Zr.(PO Bulk Density: ( 0.89 0.2) Zra( 0 4)6 2.57 (g/cm?) 

T @C) Diffusivity Specific Heat Conductivity 
(cm2/s) (J/g K) (W/m K) 

600 0.0034 0.829 0.72 

1000 0.0049 0.867 1.09 

1100 0.0054 0.908 1.26 

1200 0.0059 0.954 1.44 

M Zr.(PO Bulk Density: 

T @C) Diffusivity Specific Heat Conductivity 
(cm2/s) (J/g_K) (W/m K) 

200 0.0028 0.729 0.561 

400 0.0030 0.806 0.665 

600 0.0030 0.829 0.684 

800 0.0035 0.843 0.811 

1000 0.0042 0.867 1.000 
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Figure 4.11. Thermal conductivity vs. temperature for CMZP samples where x = 
0.0, 0.2, and 0.3.
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assessment of ceramic coatings for advanced heat engines sponsored by the DOE>® 

surveyed materials with the most desirable characteristics for heat engine applications. 

Major emphases were placed on thermal conductivity and thermal expansion. PSZ was 

found to exhibit the lowest thermal conductivity of all the materials examined. 

Figures 4.12 and 4.13 show plots of thermal conductivity vs. temperature for PSZ 

stabilized with MgO and Y,O3, respectively.5’ The corresponding thermal conductivities 

for the CMZP samples are also shown. It is apparent that the thermal conductivities of all 

the CMZP samples are near to or less than 1/2 that of the PSZ samples at each respective 

temperature. These data indicate that the CMZP samples exhibit an important property and 

may be useful in thermal barrier applications.
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CHAPTER 5. CONCLUSIONS 

1. Samples of composition (Ca;_.,Mgy)Zr4(PO4)¢ (CMZP) where x = 0.0-0.4 can be 

made by both solid-state and sol-gel processes. Materials of higher bulk densities can be 

obtained at lower reaction temperatures using the sol-gel procedure. 

2. The solubility of Mg2+ into (Ca, x,Mgx)Zr4(PO,)¢ is limited. MgZr,(PO4)_ was 

observed to exist as a second phase when x > 0.4 for samples sintered between 1100°C and 

1400°C. 

3. CMZP bar samples made by the aforementioned methods exhibit ultra low bulk linear 

thermal expansion. A near zero value of 0, was exhibited by the composition where x = 

0.4. It is believed that microcracking affects the bulk thermal expansion of the samples. 

4. Based on axial expansion data, CMZP samples where x = 0.0, 0.2 and 0.4 exhibit low 

coefficients of thermal expansion. The degree of anisotropic thermal expansion was 

reduced in the CMZP samples as the concentration of Mg2+ was increased. The 

composition where x = 0.4 exhibited the lowest degree of anisotropy with essentially zero
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thermal expansion along the a-axis from room temperature to 1000°C. The substitution of 

Mg?*+ into M" sites may contribute to these characteristics which may aid in the reduction of 

microcracking. 

5. The thermal conductivity of CMZP samples where x = 0.0, 0.2 and 0.3 was found to 

be very low. All samples exhibited K values under 2 Wm-!K-! for temperatures ranging 

from 200°C to 1200°C, values were approximately 1/2 of those determined for samples of 

partially stabilized ZrO,, a leading thermal barrier ceramic.
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APPENDIX I 

The Appleman and Evans program was designed to make use of the maximum 

number of data available from a powder diffraction pattern by indexing each line in the 

pattern before each cycle of unit-cell refinement. In order to accomplish this the program 

performs the following steps:49 

1. d-spacings are calculated for all allowable hkl values for the 
Space group and approximate unit-cell given in the input. 

2. Each d(calc) is compared with d(obs) from the input. A match is 
accepted if and only if there is no other observed reflection and no 

other calculated reflection with a Bragg angle 6 less than a specified 
tolerance different from that of the given reflection. 

3. A® values are calculated for the accepted reflections and used to 
obtain corrections to the unit-cell parameters by least-squares 
analysis. 

4. The tolerance is set equal to twice the standard error for an 

observation of @ (provided this is not less than a minimum 

resolution value, usually 0.04°), and the program is returned to 1 
for another cycle. 
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All least-squares and error calculations are based on AQ. The output shows the 

unit-cell parameters and their standard errors, o(8), and a complete list of d(calc) and 

d(obs) showing the accepted and rejected matches.
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