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ABSTRACT

A method of production of thoria-yttria solid elec­
trolyte material at about 1500°C, which is more than 500°C 
below the temperature normally needed, was studied and devel­
oped. The method is based on the activated sintering of the 
unalloyed powders using additions of 0.8 weight percent of 
Either NiO or ZnO. A number of other oxides and halides 
were tested and found less efficacious.

The sintering kinetics were studied by cathetometer 
measurements at temperature. An effort has been made to ex­
plore the mechanism of sintering principally by using exist­
ing theories of sintering rates and scanning electron micro­
scopy. However, the standard theory is based on a model of 
one component, monosized spheres, whereas this investigation 
deals with thoria in plate form and with three components 
of different particle size. Consequently, the application 
of standard theory is qualitative at best. Analysis of the 
Kuczynski log-lcg and Johnson differential equation indicates 
that sintering occurs in three distinct regions:

1) an initial very rapid shrinkage rate
2) a slower shrinkage region where volume diffusion 

is probably occurring
3) a final slow densitication region whore inclusions 

probably slow down pore annihilation so that a tem­
perature dependent end point appears to be reached 
at short times
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These regions resemble sintering in the presence of a liquid 
phase. A search for an eutectic in the system disclosed none 
below at least 1650°C whereas a significant sintering occurs 
in the vicinity of 1300°C. Nor was evidence of a liquid 
found by scanning electron microscopy. Furthermore, the 
activation energy appears to lie between 70 and 100 kcal/mole 
which is high for diffusion in a liquid phase.

A number of solid state mechanisms are proposed as 
alternatives to the liquid phase theory.
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I . Background

1.1 Klectrplytes
The last decade has seen the widespread appiicati

of anion-conducting solid electrolytes, especially thos- an
volving oxygen transfer. They have been used for such dive
purposes as the electrolyte in galvanic cells for the deter
miration of thermodynamic and •vinetic data (achieving much
higher accuracies than conventional methods can obtain); as
the electrolyte for fuel cells; and as the electrolyte for
anion sensing meters in gases., liquids and solids.

The most common solid electrolytes for high temp-
ture use are based on zirconia, ZrO^i or thoria, Th°2* *TV:*?
are doped with aliovalent solid oxides such as caloia. Cac.

+4 >4yttria, These cations replace the Zr or Th in th
host lattice, forming a solid solution- Since its valence 
lower, oxygen ion defects are created (as s} own for a
ideal lnttice in figure 1_1) .

o '  o~ o '  o '  o *  o“ o"
Th^+ Th*+ Th^+ 1h*+ Th^+ Y+ *

o' o" o“ o' o' o“ [~|
(a) (b)

□  indicates vacancy
tt) Perfect Th02 Lattice 
li) Th02 doped witli Y 203

Figure 1.1 Defect Structure of I'hcî  - ^ 2̂ '



The product has a much higher conductivity and has boon found 
to conduct almost completely by oxygon ion transport in cei 
tain domains of oxygen partial pressure. Outside of this 
region, electronic conduction occurs and reversibility is 
impaired. Then, instead of the EMF across the electrolyte 
being given by:

B - ^ . l n ' Po2'2 <114y  .
' O2 o

it becomes >'R2; :

ion transport number mast be known as a function c f
*

oxygen activity. This latter expression is not c;.sy to 
evaluate -

vith electrodes that are physically hard- brittle, and diffi 
cult to fabricate in duiis-; form le.q. tantalum cilicide- 
oxides inii and tcintulum~exj.de raixtui j s .l . The nature of tie 
electrode makes it impossible tn create a perfect se.:] t*. - 
tween the electrode and tho electrolyte As a result tfwrw 
is seepage of ambient atmosphere to one or both surfaces of 
the solid oxide electrolyte when employing the technique of 
stacking the pellets in an open cell The consequence is 
erroneous values of the ErtF. since the cell is an oxygon con­
centration coll. A typical uxample is shown in figure 1.2 
using a thoria-yttria electrolyte and Fe, FoO versus Ta,

indicates ix^gvn activity because the oxygen

Oar laboratory has used elactrolytee of this kind



F c  ♦ Fe.0  p0 s  10-

T k ^ Y . s O ^ s  ^
1 T* i T a A  P0l*  10'

AMBIENTATMOSPHERE
P a 10'8

Fxn,jre 1,2 - Open Cell Stacked Pallet Technique

u



electrodes. The calculated intar face oxygen partial pressures 
(R3) are given for 1200°K, as a typical ambient temperature.
The cell is of the formt

Pt/*e, F«0//«*.85V 150x 925//Ta205, Ta/Pt

Using the Epical numbers given in this example and equation 1, 
not only could leakage cause a lowering of the electromotive 
force, but it might produce a reversal of polarity.

To remedy this problem, a method of electrode en­
capsulation, i.e., a reference electrode totally encased in 
electrolyte material, was proposed. With this approach, the 
two environments are totally separated from one another and 
the chance of leakage greatly reduced. In addition, the need
for a sinterable, deformkble, flat surface is eliminated and
powders may be used as electrodes.

A simple oxygen probe of this type would be valu­
able in a variety of applications. It would be desirable to 
make the electrolyte out of thoria-yttria because this mater­
ial is usable at very low oxygen partial pressures. Since 
its melting point is extremely high, the electrolyte is fab­
ricated by the solid state sintering of pressed powders. 
However, an obstacle to this approach is the high sintering 
temperature of thoria-yttria (TY) (>2000°C) which precludes 
the use of platinum or similar oxidation-resistant metal 
connectors with high melting points. It also makes difficult 
the choice of a suitable electrode metal-metal oxide mixture. 
For this reason, the major effort of this research was direc­
ted at reducing the sintering temperature to about 1500°C



where platinum or ita alloys may be used and a variety of 
•lactrodas are available. This reduction may be achieved 
by adding less than 1% of sintering aids which activate the 
sintering process. In order to understand this process, 
the general theory of sintering will first be highlighted 
and a description of activated sintering will follow.

1^2. Introduction to Sintering Theory
In order to form a solid shape from powders, the 

components are first mixed and then usually pressed in a 
die or other device to the desired shape. The "green" 
pressed compact, whose density is very low, is then fired 
at an elevated temperature to achieve strength and to ap­
proach theoretical density. This sintering process may be 
regarded phenomenologically as nothing more than the migra­
tion of matter among the array of pressed particles by 
various mechanisms to form a bonded and more stable matrix. 
It is convenient to describe material transport in terms of 
a driving force, a resistance, and a path. Mechanisms of 
transport that are generally considered include bulk diffu­
sion, plastic flow, surface diffusion, and vaporization - 
condensation. These will be described in more detail.

When two particles begin to sinter, a neck is 
formed between them (s.ee figure 1.3). When the mechanism 
is either vaporization-condensation or surface diffusion, 
a rearrangement of shape is observed. However, there is 
no center-to-center approach and therefore no observed 
shrinkage, but enlargement of the neck may make it easier



b) shrinkagea) no shrinkage
F igur 1.3 - Meek ’-'or mat ion in S into ring



for the other two mechanisms to occur. Both of these, volume
*

diffusion and plastic flow, yield an overall shrinkage of the 
mass because the included mass (shaded area, figure 1.3) takes 
up the volume of the voids. In sinterable materials, any one 
or combination of these mechanisms may take place, either to­
gether or in stages. If neck growth is measured, then the sin­
tering mechanism may be identified, since neck growth occurs 
in each. If shrinkage is measured, then only the effect of 
plastic flow or bulk diffusion will be observed, or the sum 
of both.

A major driving force for the sintering process is 
the decrease of free energy which accompanies the reduction 
of internal surface area of the compact when pores are elimin­
ated,. To understand the magnitude of this driving force (R4| 
consider a compact of unit volume consisting of n^ individual
equiBized spheres of radius r and fractional voidage (l-£ .

2The total internal surface area is 4nr n , while the number
4 3 pof particlo^per unit volume is 6/^nr Therefore, the sur­

face area of these particles per unit volume is 3C/r. It 
should be noted that this is for spherical particles, so 
larger areas would be found if the particles are rough or 
irregularly shaped. Therefore, use of 3€/r as the surface 
area is a minimum estimate,. The energy associated with the 
internal surface area is this area multiplied by the solid- 
vapor'surface energy (y). inserting representative numbers 
yields

AE s = a - 101 er^s^i *. 0.5 f& &



*This is small, but if smaller particles were present, larger 
values may be obtained*

1.3 Volume Diffusion Meet m isms - Kuczynski Model (R40, R44)
For volume diffusion to occur, there must be a drivin* 

force for the diffusing species. Evidence favors the transport 
of lattice vacancies from near a pore to an adjacent grain 
boundary, which acts as a vacancy sink. Burke (R5) observed 
this experimentally by examining coarse-grained alumina with 
pores inside the grains. Ha found that upon annealing, the 
pores which were closest to the grain boundaries were prefer­
entially annihilated. Since shrinkage had occurred, the only 
mechanisms possible weri vcluint diffusion and plastic flow. 
However, if plastic flow had occurred, pores should have dis­
appeared equally throughout the* grains. Therefore, he conclu­
ded that the operative m'Ch-_nism was bulk diffusion.

The gradient in '-uc\*neies Jdriving force) is due to 
the shape of the pore. 'ifili can be shjwn from the Kelvin 
equation

/x  =  RT I n  (a )  =  V Tt(f, ♦ £ )  (4)

u cheat! ca1 p >ti r>lJal on curved surfaco
Uo cs chemica] p ; tential on flat sur face
V - molar vol.utv-
Y surface fn ene rgy

ao = act i vl LJes c-rresponding to jj and
P = radius of curvature on orthogonal planes



For a spherical pore, P]~P2 and both are negative (the chemical 
potential ia lower at a pore eurface). Therefore, after re­
arranging and substituting concentration 4 for the activity

(5)

expanding the middle term in equation (5) for small values of 
AC/Cq yields:

Therefore, due to a lower chemical potential at the pore sur­
face than at the grain boundary, there is an overall material 
transport from the boundaries to the pores.

adjacent particles throughout a large array, it can be accurately 
treated mathematically as the interaction between a set (usually

That ia, that the volume flow of material to the pore (or vacan­
cy flow away from the pore) is equal to the driving force (con­
centration gradient) times the reciprocal of the resistance.
From here on, assumptions must be made with respect to geometry 
and path. Different authors have derived different expressions

(6)

Though sintering of compacts is the interaction among

a pai^) of particles. The assumption of isotropic behavior 
then predicts,the overall behavior.

The governing equation for volume diffusion is Fick's
law

(7)



10

(a) N cCk to (b) TO 6ftAt*

tc,> NtC* To D̂ t-CKATMfeJl i>*.VtO*AT,OAj* Co

Figur* 1.4 - Vacancy Diffusion Patha

BOLkMMAt

4c\i<0
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relating the fractional shrinkage AL/Lo, temperature T, particle 
radius r and time t to one another. The following is a typical 
derivation of an operating equation assuming that the vacancies 
diffuse from the curved neck to the midpoint of the grain bound­
ary (vacancy sink) (R6). There are at least three other possible 
sources and sinks, as shown in figure 1.4. They are neck to 
particle surface, dislocations t̂ o grain boundary, and dislocations 
to particle surfaces. Mathematically, dislocations and pores be­
have similarly to vacancy sources.

Assuming that the overlapping shperical surfaces can 
be represented by the equations (see figure 1.3) 

then:

There are many other models, but all workers have started with 
Fick 's law and ended with an equation of the form:

\Jolune.

"r TF"
a^vct, i 
“ST“  p

then substitution into equation 7 yields (see Appendix A):

(13)

(t) ■
(14)



with values of K of order one, m between .3 and .5 and n between 
2 and 4, but usually 3. These variations are caused by the 
assumptions made concerning the geometry of the joined spheres. 
The most critical assumption is the value of the radius of 
curvature of the neck between particles. Values range from 
fK ■ ( ^ W u ) r  to (AL/u) r Even values of x range
from 2 .0 r ( A t o  1.74r(AL/uV%  It should be carefully 
noted that this is- for spherical, monosized particles with only 
one mechanism assumed operative.

If a liquid has formed, either by the melting of one 
component or by the formation of a eutectic, it may coat the 
spheres. Then mass transfer will occur only along the low 
energy liquid boundary of thickness 6 (R9). Sintering is then 
accomplished through a three stage process (R8). First there 
is a rearrangement of particles by viscous flow in the liquid 
phase, decreasing friction. If greater than about 35 volume % 
liquid is present, total densification is possible by this pro­
cess alone. This can be followed by a second stage. When the 
solid is soluble in the liquid, material is transported by dis­
solution and diffusion in the melt until it reprecipitates.
The driving force for transport is due to pressure gradients 
and high solubility in the contact zones. This process results 
in shrinkage, but at a slower rate than the first stage. The 
last stage is coalescence, due to normal bulk diffusion type 
mechanisms. This is the case when wetting isn't complete.

The rearrangement process occurs as a result of par­
ticles sliding on each other in order to minimize the pore 
surface. The driving force for this is the capillary pressure



of the liquid phase. Subsequently* necks are formed and then 
broken by dissolution into the liquid. This leads to rearrange­
ment again with the resulting structure capable of achieving 
high density. For spherical particles* this cannot lead to 
complete densification. The initial rearrangement behaves 
like a viscous-flow process* with subsequent rearrangement 
comparable to a Bingham-type flow. For this stage of sintering* 
the shrinkage obeys the relationship

where it is small. Mathematically* Pick's law and the modi­
fied Kelvin equation yields (see Appendix B)*

This equation should hold for all cases of grain boundary 
diffusion.

which is given in table 1.1. Even assumptions of different 
shapes don't greatly alter the overall behavior (refer to 
Appendix C for derivation of sintering between tetrakaideea- 
hedrons).

(15)

(16)

There are many other approaches* a brief summary of



Table 1.1 Constanta for the Diffusion Equation (14)
Diff. oath Between k m r n Author
Bulk Diff. spheres 3 .46 3 Johnson & cutler 

(R7)
Grain Boundary 
(dissol-reprecip)

spheres - .33 3 Kingery (R8)

Rearrangement spheres - 1+x 1 Kingery (R8)
Bulk Diff. spheres 2 .50 3 Coble (R6)
Bulk Diff. spheres 14.1 .40 3 Johnson & Cutler 

(R7)
Bulk Diff. parabolic 6.3 .46 2 Johnson & Cutler 

(R7)
Bulk Diff. prismatic .20 Kingery (R8)
Grain Boundary prismatic .33
Grain Boundary parabolic — .31 3 Johnson & Cutler 

(R7)
Volume spheres — .80 3 Kingery & Berg 

(R9)
Bulk Diff. tetrakai- 14 

decahedrons
.50 3 Coble (R43)

It will be obaerved that the sintering mechanism 
may in principle be deduced from the value of the sintering 
index, m. This has been widely used by many worker*(R6 , R7, 
R8 , R9, R43, etc.). However, doubt has been cast on this 
procedure by Rockland (Rll). Mechanisms may also be deter­
mined by a differential equation (R9, RIO) due to Johnson

(17a)



(17'l J

where &  la diffusivity, $> is (A L/Lo) , and the constant?^'.
Ê, & K are given in table 1.2. These equations predict
end points independent of temperature as expected by atomic

Table 1.2 Constants for the Johnson Equations (17a & b)

aj a.j t
Volume diffusion 2.56 .80 .97
Grain boundary diff. .84 3.64 .48 ’#^B/ktr4
where 7$ “ surface tension. Ai = atomic volume, r = particle 
radius, A - grain boundary width, k = Boltzman constant, T = 
absolute temperature
considerations, that is, that the compact, given enough time, 
will sinter to theoretical density.

1.4 Use of Kinetic Equations
Measurements of rates of sintering as a function of 

temperature have great practical value in establishing sinter­
ing conditions. In addition, rate measurements have theoreti­
cal value because once kinetic data are obtained, an accurate 
log AL vs. log t plot at constant temperature will yield values 
for m in the Kuczynski-type model. Inspection of table 1.1 
discloses that a mechanism may be deduced if this constant has 
been established. However, as pointed out by Rockland {Rll'



and othara, thara ara many inharant doubts about this proce- 
dura. Datailad analysis of the mathematics alone shows that 
the method is vary insensitive to changes in m so that only 
approximate m ’s and possible mechanisms may be hypothesized.
If the particles are: not perfect spheres, or any regular mono­
sized shape, the value of the sintering index (m) may well be 
erroneous. In addition, initial rearrangement (stress re­
lease mechanisms, etc.) will yield an initial shrinkage not 
dependent on the Kuczynski model, ttiese erroneous initial 
shrinkages invalidate the plotting method because only one 
mechanism was assumed for this method.

If a single mechanism holds over only a limited 
region of the kinetic curve, a more accurate value of the sin­
tering index may be obtained by using the value of 1̂  as the 
length at the start of this region while t is set at zero for 
this value of 1^. This would mean the substitution of (L-L ) 
and (t-tft) for AL and t respectively in equation (14), where 
L = length at the beginning of the region and t = time atR R
the beginning of the region. This is very similar to the
correction factor for initial incubation time in the furnace
as first proposed by Johnson and Cutler (R7). This will be
discussed below.

Other initial errors are caused by linear expansion, 
finite times for the specimens to reach furnace temperature, 
and fragility of the compact. Another important source of 
error involves the methods of support and measurement. These 
will be described in detail later.



These errors lead to nonllneazjtles. However, Lay 
and Carter (R12) found that the first two of these could be 
accurately predicted from the coefficient of linear expansion 
and thermal conductivity. Johnson and Cutler (R^ put an in­
cubation time and length, similar to the L and t describedR R
above, into the equation. They found that a plot of length 
instead of shrinkage was more insensitive to errors and 
would yield values for the incubation times and lengths.

The Johnson dynamic equation <17) is more sensitive 
in obtaining values for the sintering index, but relies on the 
slope of the kinetic shrinkage curve. This is good when using 
a dilatometer, but suffers from errors when using other meth­
ods. This method also fails when irregular shapes are used 
or more than one mechanism occurs.

For complex, non-spherical powder systems, such as 
are involved in this research, even an accurate knowledge of 
the sintering index will allow only for a broad interpreta­
tion of the sintering mechanism. Exact mechanisms may not 
be deduced with any assurance although frequently some mech­
anisms may be ruled out as unlikely.

1.5 Pores and Discontinuous Grain Growth
Since pores are the source of vacancies which in 

turn establish the driving force for sintering, a closer look 
at their structure, formation, and properties is desirable.

A particulate compact has voids which are filled 
with the surrounding atmosphere. Upon heating, necks form.



completely enclosing the void. This region is called a pore. 
Surface tension causes the pores to become spherical to 
minimise surface area, then drive it to disappear (see 
figure 1.5).

If pores exist, they annihilate themselves more 
quickly if there are many smaller ones. This can readily 
be shown for the case of pores on a grain boundary (R46).
The smaller pores, spaced closer together than larger pores 
for equal voidage (green density) would have a shorter 
diffusion distance between pores and also between the pores 
and the vacancy sink. In addition* the internal surface 
area would be larger and therefore more of an internal 
driving force exists. Evidence shows that grain boundary 
diffusion may be controlling in many cases.

Discontinuous grain growth (R47) is deleterious to 
the final stage of densification, where pores are supposedly 
annihilated, it manifests itself as a large variation of 
grain sice. It may be produced when growth of most grains is 
inhibited by inclusions in the matrix, while some with more 
sides have sufficient energy to grow. Grains with many sides 
have very small radii of curvature at the sides. Hence the 
driving force for growth is larger. These grains will grow 
so that large grains become larger while small ones remain the



a) particles b) neck grow

c) pore rounding

gure 1.5 - .Poro Formation
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same size.
In the sintering compact, pores act as inclusions.

In the early stage, there arc many pcres and grain growth is 
totally inhibited. After a while, the smaller pores will dis­
appear and pores located near grain boundaries will also dis­
appear. If this happens more readily in some grains, these 
grains will grow, sweeping their boundaries past pores that 
they, reach, until after sufficient time,, only large grains 
and included pores exist. Those trapped pores are not likely 
to escape because of the large spacings between the pores (the 
vacancy source) and grain boundaries 'the vacancy sinks). The 
result is a permanent residual porosity and the sintered maas 
will not attain theoretical density,

1,6 Plastic .rivw_Mecnanisms
Plastic flew mechanLsms have been used t: describe 

the sintering n eha, in crystalline solids (K45, R28) , Ma­
terial transx,ort by plastic flow is caused by the hydrostatic 
forces between particles. There are two mod-els used to de­
scribe sintering by plastic flow, the Clark-Wh.t t j and Macken­
zie-Shut tlewor th m-'del s.

The Clark-WhiLo m.,dvl mat 1. /m *t i~i I 1 y treats the con­
nected pore stage (early at a.jr.*; of sint.rinj* In it, viscous 
forces of either a Newt- ni an fluid Or Bingham solid (one in 
which a finite critic.il shear stress is necessary to make it 
flew) cause a liquid lens to toim between tw.) spherical parti­

cles. Crystalline oxides or halides can behave like Bingham 
solids. The resulting d i iI or ent i a 1 equation is not intorjruhle



in closed form* but agrees well with kinetic data for CaF^ an<3 
NaF.

The Mackenzie-Shuttleworth model mathematically treats 
the closed pore stage of sintering. The driving force here is 
the surface tension in the pores of the material. Viscous or 
Bingham flows may again be assumed. In addition* since the 
pressure that causes pore closure is equivalent mathematically 
to an external load* this model may be used to predict hot-­
pressing characteristics. This mechanism also shows good agree­
ment with the later stages of sintering of CaF^ and NaF (R28). 
The mathematics yields a differential equation which does not 
lend itself to a closed form. A general closed form of the 
equation is (R45)

where jb is the relative density, re the critical shear stress 
of a Bingham solid* ti is the apparent viscosity of the solid 
at infinite shear and everything else is as given previously. 
This has a generally exponential shape of length with respect 
to time.

A consequence of assuming a Bingham solid is that a 
temperature dependent end-point density is obtained* since the 
critical yield shear is generally diffusion controlled and re­
lated exponentially to the temperature

t - Ke~0/RTTc Ke (19)
and appears in the densification equation.
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1.7 Activated 8 I n f  ring
When the rate of sintering or final density is greatly 

altered by small changes in composition or operating conditions* 
"activated sintering" is said to occur.

One such perturbation ia a change of atmosphere, in 
general* atmospheres are either inert of reactive* but each 
category has many subcategories. Inert gases by definition do 
not react with the material in use. This does not mean that 
they have no effect. If the inert atmosphere has a pressure 
greater than the equilibrium pressure of the pores (2j/r) * 
then pore annihilation and full density will not be obtained.
If an inert atmosphere has a lower pressure* then an added 
driving force will exist for pore elimination. In both cases 
the solubility of the pore and furnace atmospheres in the cer- 
pmic in question will determine the rate. If the solubility 
ii appreciable* then gaseous diffusion will not play'a major 
role in sintering.

The question of reactive gasea is different for 
ceramics than for metals, oxides generally will sinter in 
oxidising atmospheres if interstitial oxygtn can form. This 
aids sintering by making available for transfer a mobile ox­
ygen srilon of low diffusionsl activation energy. It has. also 
been found that transfer induced when the dissociation pres­
sure and atmospheric partial pressures are comparable is en­
hanced in compounds of variable valence (R13)• In metals* 
reactive atmospheres can cause oxide or halide formation on 
the surface.



Aranberg et al. (R14) noted that firing of thoria 
in vacuum slightly aids the sintering. This will be dis- 
cuaaed in greater detail later. Cases involving metals are 
more frequent, with oxide formation yielding increased sin­
tering in copper (R15) and iron (R16), while carbon monoxide 
was found by Jones (R17) to aid the sintering of silver 
despite its hindering flow deformation.

Large changes in sinterability of ceramics can be 
caused by small additions of different compounds. These 
additives can go into solid solution and alter the defect 
structure of the material, as previously described for th^ria- 
yttria. This increases the diffusivity and assists densifi- 
cation. Additives may also segregate at grain boundaries, 
providing a low energy short circuit mechanism for diffusion. 
Similarly, if they are at the surface of the particle, they 
may enhance surface diffusion or evaporation-recondensation 
leading to accelerated neck formation and aiding the spher- 
oidixation of voids. If the material is a liquid, or forms 
a eutectic, then an extremely low resistance diffusion path 
is formed, in addition, wet surfaces allow for slip between 
particles. This rearrangement causes massive shrinkage of 
non-monosised irregular particles (R39, R43, RS). If liquid 
is present, Burke (R19) suggests that an idiomorphic micro­
structure might be noted instead of the regular polygonal 
one.

Areriberg et al. (R14) studied the effect of addi­
tives on thoria. They found that 1% additions of CaF ,

m
B ^2° 3' V 2°5 oxides and halides aid densification.



Hyatt at al. (R20) and Spacil and Tedmon (R21) noted that 1% 
addition* of r*2°3' Co0' ?e3°4 r or to ZrO^ greatly in­
creased its sintering rate while maintaining complete anionic 
conduction (R21). The nature of this activation was not 
investigated.

We have found that as little as 0.4 wt % NiO or 
ZnO added to Th __Y ._0. (TV) greatly increased the sin-

■  • X*) 1 * 7*3
terability of TV# decreasing its sintering temperature by 
more than 600°C. The mechanisms involved will be discussed 
later.

Turning to additives to metals, Brophy et al. (R24) 
investigated sintering of tungsten coated with very small 
amounts of nickel. They found that sintering occurred at 
temperatures as low as 1100°C as compared with a normal sin­
tering temperature of 1700°C. They attributed this to sur­
face diffusion of tungsten on the nickel layer. This leads 
to the formation of necks and allows bulk diffusion to occur. 
Stablein and Kucaynski (R22) studied the sintering of gold- 
nickel wires and noted that the Kirkendall effect played a 
major role, with the nickel wires getting larger and the 
gold becoming smaller.

Inhomogeneities or the existence of multicomponent 
systems may cause another form of activated sintering. As 
with liquid phases, segregation of impurities to the particle 
surface or grain boundary can cause low energy mass transfer, 
or completely change the mechanism of transport. Furthermore, 
the inhomogeneity itself can become a large driving force for



sintering. The free energy of mixing for a multicomponent 
system is

LG =• RT I r v M  (26)

For a two phase system of 99 and 1% at 1500°K, this is 
170 cal/mole, at least one order of magnitude higher than 
that for internal surface area.

Inhomogeneities can also induce stresses by the 
Kirkendall effect (R22, R23). This stress is caused by a 
difference in diffusivities of the two components leading 
to the more mobile species diffusing into the less mobile. 
The more mobile one is left in tension while the other is 
in compression. Pores are formed in the tension region. 
These induced stresses, just like stresses induced by grind­
ing or ball milling (R18, R70)f may cause material transport 
by plastic flow.

In genetal, Shaler (R18) proposed five forms of 
"activation"t

1) Increase of surface or grain boundary, yielding 
a larger driving force for sintering.

2) Alteration of configuration tdiich causes a larger 
area over which transport can occur

3) increase in surface free energies, increasing 
the driving force

4) Lower energy mechanism for mass transport that 
leads to pore rounding (decreased resistance)

5) Lower energy mechanism for flow which leads to 
densification (decreased resistance)



He also noted that the mechanisms rarely acted individually, 
and were therefore difficult to identify experimentally.

1.8 Sintering of Thoria. Thoria-Yttrla and Similar Materials- 
Effect of Additives

While the general subject of sintering is of inter­
est# specific inqportance in this research is attached to the 
sintering of ThO^ # ZrO^t Y 2°3 related materials such as 
dopants or additives. A brief description has been given in 
the previous section. The thoria-yttria mixtures are of 
special interest because they are our selected reference 
materials.

ttioria# ThO.r has the highest melting point of all 
the oxides - about 3300 C# and so its sintering temperature 
is also extremely high. Slip-cast articles are normally 
fired at about 2000°C# but studies have shown that maximum 
strength is achieved only by sintering at about 2500°C (R63). 
However# the latter temperature is too high for commercial 
manufacture and is also too high for the usual laboratory 
furnaces which are limited to about 2200°C (R56# R57). The 
addition of yttria# Y 2° 3' not only creates a solid electro­
lyte# but also reduces the sintering temperature to approxi­
mately 2000°C (1900-2200) (R58# 59# 60# 61).

Much work has been done at Oak Ridge on the fabri­
cation of fully dense thoria, either pure or doped, for use 
in nuclear reactors* Johnson and Curtis (R61) as early as 
1954 noted that additions of CaO or SrO to thoria in a



heterogeneous mixture Increased the sintering rate# while pre­
alloying resulted in less rapid sintering. They used sinter­
ing temperatures of 1700°-1800°C and obtained solid solutions. 
Much more extensive work has been done more recently at Oak 
Ridge by Morgan (R29# R30# R38) on both thoria and thoria- 
calcia. Moat of his experiments were run non-isothermally. 
Using thoria and thoria with less than 3% calcia added# he 
found that there was no effect of the rate of heating on the 
density at high heating rates (see figure 1.6). However# at 
lower heating rates# an increase in density was noted. Prob­
ably in an attempt to discover the activation energy of the 
sintering process# Morgan used incremental techniques involv­
ing either time or temperature. Some of his results are 
shown in Table 1.3. The treatments used involved the heating

Table 1.3 Incremental Heating Effects - Morgan

^ThoriaTemp. Hting rate Time held Subsequent 
      treatment
1450
1450
1450

1100
1100
1100

2 °/sec 1Q (min)
10+7/6
10

10
10+7/6
10

heated to 
1600 in 
7/6 min.

7.36
7.38
7.57

heat to 1250 
in 7/6 min.

Thoria-calci
8.74
8.75 
8.94

5.14
5.15 
5.47
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of a sample at 2 °/see to a given temperature and then either 
heating it an incremental length of time at the same tempera­
ture or to a higher temperature (150°C higher) for the same 
incremental length of time. The results should have been 
amenable to analysis by normal diffusion-type equations,, but 
they were not. The density shows a disproportionate increase
with change in either temperature or time, since between 1450

o +4and 1600 C, the change in Th diffusivity (the rate con­
trolling ion) is twofold. In addition, heating for 11% longer 
time (7/6 minutes) yielded very little change in density. 
Morgan also found that the density end point was dependents
only on temperature. These anomalies were found to be unex­
plainable by a single mechanism.

To explain this odd behavior, further work was done 
on Th02# ThO^-CaO, Zr© 2 and ZrO^Cao. The data of Figure 1.7, 
indicating a temperature-dependent end point, was observed. 
Morgan also noted a maximum and minimum in the densification 
rates as the temperature was increased at a uniform rate. He 
proposed an explanation of these phenomena by a sintering 
mechanism of dislocation slip (R38). In this mechanism, in­
creasing the temperature makes it easier for dislocation to 
move.

In order to find the source of the dislocations, 
Morgan heated his samples to 2450°C and cooled them at 
7 °/sec. He found no dislocation and so concluded that the 
dislocations were produced by the sintering process itself. 
(This hypothesis has been proposed by Easterling (R62) and
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Easterling and Tholen (31) too, for metals).
Morgan also used the Dorn method to find the acti­

vation energy of sintering in Th02 compacts (R52). (The Dorn 
method measures the rate at one temperature and then abruptly 
changes the temperature and determines a new rate. The acti­
vation energy is calculated from the two rates.) He noted 
that the activation energy was higher for a positive incre­
ment in temperature than for a negative one. His explana­
tion was that dislocations could move more readily on heat­
ing, while they were fixed on cooling. Hence, different 
mechanisms controlled in the two cases. During cooling, sin­
tering was diffusion-controlled.

Thoria-calcia was also investigated by Jorgensen 
and Schmidt (R53) at General Electric. They studied firal 
stage sintering and found that pure thoria exhibits discon­
tinuous grain growth (see Section 1.5). However, additions 
of 2% calcia help to maintain uniform grain size, thereby 
allowing theoretical density to be approached. They ex­
plained this phenomenon by noting that two percent calcia 
is in excess of its solubility in thoria. It therefore pre­
cipitated at the grain boundary, reducing the grain boundary 
mobility. At 2000°C, in ThO^-2 mole % CaO, grain growth 
stopped after 30 minutes. The grain size obeyed Zener's 
equation, a relationship based on the assumption of a random 
distribution of inclusions. The result was verified by 
microscopic examination.



Jorgensen and Anderson (R54) investigated the final 
stage sintering of and Yttria has a crys­
tal structure quite similar to ThO^. They found that in 
Y 0v-10 mole % ThO * thoria segregated at the grain boundary, 
causing a decrease in the mobility of the grain boundaries. 
Segregation of ThO^ was deduced by microhardness profiles on 
the specimen. The thoria solubility limits were not exceeded, 
and no second phase was present, but the segregation of the 
thoria stopped discontinuous grain growth by limiting grain 
boundary migration. This resulted in a high diffusion flux 
of vacancies by keeping the pores and grain boundaries close 
together.

The methods previously discussed involved doping 
of the host thoria lattice to improve the mobility of anion 
vacancies (see Section 1.2), or to hinder mobility by form­
ing inclusions which inhibit discontinuous grain growth (see 
Section 1.7). Additives may also be used for purposes other 
than doping. Small amounts of additives can cause a change 
in the sintering mechanisms as previously explained (Section 
1.7). Arenberg et al. (R14) and Mitoff (R50, R51) investi­
gated various sintering activators.

Arenberg found that thoria was activated both by 
firing in vacuum and by using additives such as CaF^, Bi2°3 
or V 2°5 * H* 9ave no reasons for either effect, though 
probable causes seem obvious, vacuum firing of pure thoria 
at high temperatures produces an increase of oxygen vacancies. 
This may cause an increased mobility of the anion to aid



sintering.although the process is controlled by the slower-
4+moving Th ion. In the case of the additives, although an 

analogy based on solid solution formation was used, materials 
which he found beneficial were liquid at the sinterinq tem­
perature (1500°C). It may be that the additive acts as * 
lubricant and causes rearrangement as described in Section 
1.4.

Mitoff (R50) investigated the sintering of stabi­
lized zirconia and doped thoria. He found that additions
of less than 10.5% iron oxide (either Pe.O., FeO or Fe,0,)3 4 2 3
greatly aided the electrolyte's sintering behavior while 
more caused the appearance of a second phase. In subsequent 
work (R51), he coated the electrolyte with iron chloride 
from solution and followed by oxidizing it to FeO. Oensifi- 
cation then occurred below 1400°C. Since no actual kinetic 
or microscopic investigation was carried out, the explana­
tion of the activation is not known. It seems likely that 
the surface of the particles were covered initially and 
that surface diffusion was enhanced, thereby aiding sinter­
ing. Another possible explanation is that FeC^ became a 
liquid and coalesced into the lenB region of the interpar­
ticle contact points. The chloride there oxidized to FeO 
which formed a stable neck to allow diffusional passage be­
tween particles by either stress or dopant action. The Gen­
eral Electric ceramics group inclines to the belief that a 
liquid phase is formed (R64).

Spacil and Tedmon (R21), as previously cited, in­
vestigated the use of additives in the sintering of zirconia-



base materials. They studied the effect of additives on zirconia-
yttria solid electrolytes. Additions of 1% Fe^O^ or cobalt oxide
were found to greatly improve the sintering behavior of the
electrolyte, producing impervious tubes at temperatures as low
as 1225°C. This electrolyte was found to maintain essentially

-20anionic conduction down to an oxygen partial pressure of 10 
atm. The electrolyte with Fe^O^ additives was found to in­
creasingly conduct electronically with time when used with 
carbonaceous fuel gases. A similar behavior was not observed 
with cobalt oxide. This behavior was attributed to a carbon- 
iron interaction. The cathode of the cell was either a porous 
nickel-20% yttria stabilized zirconia (YSZ) or a cobalt-20% YSZ 
cermet. The ceramic was added as a sintering inhibitor for the 
basic metal, since the electrochemical cells being investigated 
utilized gaseous reactants.

Hyatt et al. (R20) investigated the use of additives 
on the sintering of zirconia for use in the ceramic industry.
They tried many transition metal oxides and found that Fe^O^ 
was by far the best additive, 4% additions yielding greater 
than 95% theoretical density at 1500°C after firing for one 
hour. A comparable degree of sintering was not attained with 
"pure" Zirconia (99.5%) ZrO^ + H£02> at 1700°C under the same 
conditions. They also studied the effect of percent additive 
on the final density and found in general, an increase in 
sinterability with F«2°3 addition* to 1.0 wt % at all tempera­
tures, with no marked additional improvement with up to 4% 
additive.

Allison and Murray (R28) investigated the sintering



of CaF^ both with and without external loads. They applied 
the Clark-White and Shuttleworth-Mackenzie models to its sin­
tering behavior. They found very good agreement between 
their experimental results and both models for a Bingham 
solid. This indicateslhat polycrystalline CaF^ sinters by 
mechanisms that are plastic flow in nature.

1.9 Stresses
Stresses caused by grinding, compacting, Kirkendall 

effects, or applied loads cause creep and densificatior. dur­
ing sintering. This is especially true under non-isotlermal 
conditions (R69), since the rate-controlling step for dislo­
cations, solid solution, deformation or sliding is generally 
bulk diffusion (R25). This can easily be seen by an example. 
Naberro-Herring creep occurs only in polycrystalline mater­
ials. It is due to a difference in potential within a crys­
talline grain under external forces and causes material to 
"flow" from surfaces of the grain under compression tc these 
under tensile stresses (R26, R27). This is a form of viscous 
flow (strain and stress proportional). For this to occur, 
material must diffuse within the grain, since the stresses 
only result in creating a driving force. In this way, necks 
are widened and mass transfer occurs due to stresses. In 
general, stresses in compacts result in some mass transport 
mechanism to relieve them. The consequence is rearrangement 
of particles and densification.

Allison and Murray (R28) noted that CaF , though 
crystalline, behaved as if it sintered by viscous flow.



Morgan and Yuat (R29) and Morgant McHargue and Yuat (R30) 
studied thoria and thoria-calcia. They £ound that while 
being heated? their compacts sintered following a behavior 
that could only be described as plastic flow. They also 
noted that the final density was dependent upon tempera­
ture (a temperature — dependent end point). This was attri­
buted to a rapid heating rate which limited diffusion con­
trol of the densification process. Easterling and ThSl&n 
(R31) noted that dislocations have little effect xn the 
sintering of unstressed metals, but that large stresses 
and potentials were induced xn the neck region between two 
sintering spheres. Due to interaction of stresses and dif­
fusion, it is usually difficult to isolate these effects 
experimentally. The extent of the rcle that Nabarro- 
Herring creep, dislocation climb and Kirkendall stresses 
play in sintering are therefore hard to pinpoint.

In its early stages, our work showed that it was 
possible tv obtain a reduction of aicut 600°C in the sin­
tering temperature of thcr.ia-yttr.ia. Although the primary 
purpose was to achieve satisfactory sintering of the ceram­
ic electrolyte., the cause cf the 600°C reduction in the 
sintering temperature by the addition of small amounts of 
additives to an already heavily doped oxide mixture ap­
peared of great interest. In addition, the nature of the 
resulting product, particularly the extent of solid solution 
is significant. Although the practical aim of producing a 
working electrolyte was uppermost, the mechanism and rate of 
sintering in this kind cf system is of great interest and 
was studied in detail.



1.10 Properties of the Basic Materials
Very little work has been done on the properties 

of mixed oxides, though there is much data on the individual 
compounds (see Table 1.4).

Table 1.4 Properties of Oxides (R32. 33)

Thermal diff. 
/cre2\
V sec )

Coeff. of lin.
exp.25-l000OC
(°C-1)
xlO6 25-1500°d

ThO.
mol. wt. 
m.p. (°C) 
px-ray 
p pycnometer

Reactivity (in air)

Structure

264.12
'3300

9.82
10.0

2700

y o2 3 
224.84 
2410

4.84

NiO
74.69
1990

6.8 or 
7.45

hydrates -*Ni20 3 
< 200 400

cubic Tl O. type cubic 
fluorite [c type rare NaCl 

earth]

.04

9.44

10.17

.03 .01

ZnO
81.38
1975
5.66
5.61

boils
1950

hexag­
onal

.023

6.77

ZrO.
123.22

-'2700
5.75
5.58

2400

monoclini
to 1050
tetragona
>1050
fluorite
cubic-
stabilize

.005

7.59

11.0



Subbaro et al. (R34) studied the ThO^-Y^^ system,
noting that at 1400°C, 2056 YO. _ dissolves in Tho„ to formX • O 2
a solid solution (see Figure 1.8). In addition, they studied 
the lattic parameters of the thoria-yttria system (f uure 1.9 
and from this derived a relationship between density and per­
cent Y^O^ in solution (Figure 1.10). They deduced that the 
solution forms with anion vacancies as mentioned earlier.
The vacancies are formed in the host fluorite lattice of 
thoria (see Figure 1.1)t which is the basic structure of the 
anion conducting electrolytes. This structure consists of 8 
anions surrounded by 14 cations arranged in a face centered 
cubic type of cell (Bee Figure 1.11). No phase diagram was 
found for the system ThO^-NiC or ThOj-Y^O^-NiO, except for 
the observation by Pettit and Felten (F35) that ThO -NiO 
heated to 1400 C for 16 hours caused no interaction. A great 
deal of work has been done on conductivities in mixed oxide 
systems, especially thoria-yttria. For work on this, a good 
review article, such as that by Etsell and Flengas (R36) is 
recommended„

Nickelous oxide (NiO) dissolves oxygen at elevated 
temperatures to become a metal defect compound. These de­
fects greatly increase the diffusi^ity of the material by 
forming a low energy diffusion path. This can easily be 
shown (R49). Oxygen is chemisorbed on the surface by the 
equation ^  ̂ O   ̂ +■ I*]

gaseous oxygen surface chetni- electron hole
sorbed oxygen
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Figure 1.11 - Fluorite Structure



At sufficiently high temperaturesf the absorbed oxygen reacts 
with the nickel ions to form nickel ion vacancies

o'** ^  NiO ♦ NiD1 + t±3
chemisorbed nickel nickel ion electron hole
oxygen oxide defect

for the overall reaction
*j02# NiO + Ni £ ]  " + 29

From this and the law of mass action we get that

C * * Q  "I W 2 m KPOj*5 (21)
■■■<>#'

If both the nickel vacancies and electron holes are proportional 
to the diffusivities,

091 - w°21/6 (22)
a dependence of the diffusivity on the oxygen partial pressure 
to the one sixth power.

For nickel oxide, vaporization is unlikely in air since 
it has an oxygen partial pressure calculated from its free energy 
of 2xl0~® atmospheres at 1800°K (R3).

In contrast to NiO, zinc oxide ($n0) gives off oxygen 
on heating to  form a metal excess compound (R49). This too cam 
cause a low energy diffusion path. Zinc oxide dissociates to 
form an interstitial monocharged zinc ion with an electron in 
the lattice.

2 n 0 °  ***■  Z . * 0  °  +  ©  +  t ° t
Zinc Oxide positive excess oxygen

charged zinc electron gas
interstitial



Again by the law of mass action we obtaini

I X J D W  - (23)

If both the zinc interstitials and excess electrons are propor­
tional to the diffusivity we geti

[#] - k p o 2_,< {245

a dependence of the diffusivity on the oxygen pressure opposite 
to that of nickel oxide. At low oxygen partial pressures, zinc 
oxide has a high diffusivity and nickel oxide a low one.

In addition, zinc oxide vaporizes very readily above 
1450°C (R48) (see Figure 1.12). ttiese vapors contain no ZnO, 
but Zn and 0 This can readily lead to mass transport by a 
vaporization-recondensation mechanism.
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2. Experimental
2.1 Kinetic Data Measurement

Although many fundamental studies have been per­
formed on small spherical particles, we were aiming at fab­
ricated shapes, and it was decided to approximate a real 
situation by the use of pressed pellets for our sintering 
studies. These pellets were about % inch in diameter and 
were prepared from thoria (99.996).and yttria (99.9996) sup­
plied by A.D. Mackay inc., nickelous oxide (certified) from 
Fisher Scientific Company and zinc oxide (U.S.P., 99.5+96) 
from Bedesee Pharmaceutical Company. The proportions of 
thoria and yttria were based on a known good electrolyte 
<Dmpoaition. The selection of the amount of sintering aid 
will be discussed later. The raw powders for the selected 
composition. W ‘.829V.146»i.025° 1.902 (W.fM or T OO and 
Th __Y ie0_ (TY) were ground in a 2 inch ball mill lined*03 *13 1*723
with latex rubber (gooch tubing). The mill contained inch 
or 3/8" type 302 stainless steel balls. The TYN powders 
were milled for a minimum of 24 hours, and the TY a minimum 
of 72 hours. Other mixtures were prepared in an eccentric 
rotating mixer (made by Spex) of the type commonly found in 
dentists* offices. They were mixed in glass vials contain­
ing glass mixing beads and were sealed with polyethylene 
snap caps.

Single phase (solid solution or "alloyed") thoria- 
yttria powders were prepared in a tantalum resistance vacuum 
furnace manufactured by Brew 6 Company. This furnace is cap­
able of reaching 2200°C, as measured by an optical pyrometer.



and operates at pressures below 10-5 torr. Sintered but un­
alloyed TYN pellets were also used as a source of powders. 
Pine-sised powders of the last two types were obtained by 
grinding in a Spex grinder for 50 minutes using a hardened 
steel cylinder with tungsten carbide caps and ball. A test 
for iron contamination was made using a control of known 
sintering behavior. No effect was observed and contamina­
tion was assumed negligible.

The powders for the pellets were always premeasured
to about 0.25 c.c. and compacted at 50,000 psi in a % inch
steel die with movable top punch and stationary bottom punch. 
The load was applied in a Loomis hydraulic press. After the 
load had relaxed to less than 25,000 psi, it was again raised 
to 50,000 psi, then quickly released. The die was inverted 
and the stationary punch removed. The sample was then ejected 
from the top. Many measurements were made on the "green"
pellet size, and they were found to remain constant at
1.356±.003 cm.

A number of methods have been used to follow the 
change in dimensions of a compact being sintered. One of 
these is a dilatometer (R28, R41) which suffers from the need 
to make rapid contact with a push-rod to transmit the length 
change to the sensor. A second method employs accurate photog­
raphy (R42), but has the disadvantage that results are delayed. 
The technique used in this work consisted of measuring the pel­
let size by means of a cathetometer or telescope mounted on an 
accurate scale. It has the virtue of simplicity, but requires



a great deal of tedious labor in reading dimensions.
The pellet, which had been pressed dry and without 

a binder, was strong enough to be handled without special 
care. It was placed on a zirconia holder shaped like a slit- 
ted L (see figure 2.1). The zirconia was ground down from a 
1 inch zirconia rod supplied by Zircoa. The reason for the 
slit will be explained later.

The mounted specimen was put into the "intermed­
iate zone" (approximately 600°C) of a tube furnace for at 
least 10 minutes. [The "intermediate zone" is the region 
outside of the constant temperature zone.] This was done 
for a threefold purpose; to degas the compact; to reduce 
thermal shock; and to reduce the time for the compact to 
reach the final temperature. Many tests run during this 
preheating at about 600°C showed that no dimensional change 
occurred. After 10 minutes in the intermediate zone, the 
specimen holder was pushed into the constant temperature 
zone of the furnace and placed close to a thermocouple. 
Dimensional measurements were taken immediately on the cath- 
etometer capable of measuring within ± .002 cm. A series of 
statistical measurements on the pellet size calibrated the 
cathetometer when placed 30 inches from the specimen. The 
error was found to be 2.5%  for a shrinkage of 12% (almost 
total shrinkage) of the *j inch pellet.

The furnace, which was constructed in our labora­
tory, consisted of a horizontal 1" I.D. x 36" long mullite 
tube heated by four 27” x V  Lifeline Globars connected in 
series. The heating chamber was 20 inches long and was



a) Front b) Side
Figure 2.1 - Specimen Holder
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insulated by an unusually large thickness of at least 9 inches 
of refractory brick. This produced a constant temperature zone 
of 4*j inches. The furnace temperature was measured with a 
platinum/platinum-13% rhodium thermocouple placed within 1 inch 
of the specimen inside the mullite tube. Its BMP was measured 
with a Leeds and Wof thnj? potentiometer. The system was cali­
brated at the melting point of gold (1063°C). The temperature 
was maintained by a Wheelco on-off controller connected to a 
platinum/platinum-10% rhodium thermocouple placed within the 
heating chamber but outside the mullite tube, so that the sys­
tem response would be more rapid. This thermocouple was used 
for control purposes only. In order to keep fluctuations at 
a minimum, about 8596 of the total power needed was applied con­
tinuously, while about 25% was used for fine control (see 
figure 2.2). In this way surges were kept at a minimum while 
the power oscillated between 85 and 110 percent of that needed 
to maintain the temperature. Temperatures as high as 1550°C 
were obtained and maintained within 2°C.

After the sample was pushed up to the thermocouple 
(which was positioned through the rear end to the rear side 
of the constant temperature zone), a timer was started. As 
soon as the cathetometer was focused, measurements were taken, 
using the telescope first on the top of the specimen, then on 
the bottom. Since above 1100°C, both the Zr02 holder and the 
thoria-based oxide mixtures were indistinguishable, the top 
and bottom of the specimen were rendered visible by means of 
the slit (see figure 2J) which allowed viewing of the dark 
cold zone at the rear of the furnace. The first measurement



Figure 2.2 - Diagram, Furnace id Controller
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was obtainad at approximately 0.7 minutes. Subsequent reading? 
were taken as needed. After the desired length of time., and 
after periodically checking the furnace tenderature, the speci­
men was removed by pushing out from the rear into the inter­
mediate cone, where it was allowed to cool for at least 3 min­
utes, to minimise thermal stress. Then the pellet was removed, 
allowed to cool, and its properties measured.

2.2 Kinetic Shrinkage Rate Measurements
As previously stated, rate measurements are of ob­

vious value in determining proper sintering conditions and may 
also be of value in explaining sintering behavior. But as men­
tioned earlier, the measurement of the rate of shrinkage of a 
disk undergoing sintering is not an easy matter. Because of a 
finite heat capacity, the time at which it reaches the approxi­
mate temperature of the test is ill-defined. Further, during 
this initial period, it is expanding because its temperature 
is rising and is shrinking because its density is increasing.
To these difficulties is added the one relating the position 
of the pellet relative to the measuring instrument. Since it 
is undesirable to apply any stress, holding the specimen ver­
tically is difficult. If it is put into a horizontal position, 
the measuring device or a prism must be above it, causing heat­
ing problems. In both cases, furnace tubes sag and so do sup­
ports so that one is not assured of reproducibility from test 
to test.

In the present research, the specimen was placed in 
a slightly inclined position with no effort made to measure
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the angle of Inclination. Instead, precise determinations were 
made of the sises of the green compacts after pressing and cf 
the sintered pellets after the desired time. Both of these 
were measured at room temperature. It was assumed that th-= 
inclination of the pellet remained unchanged during any run. 
Since the final hot sise was also measured, it is obviously 
possible to relate the shrinkage during a run to the final 
cold sise. Thus,

Lc(t) - Cos0[L(t) + c*LATL(t)] + w sin0[1+*^&T]
». 25 j

observed angular cold thermal edge effects
length (hot) effects length expansion

where 0 is the tilt angle, L(t) the cold length at time t, w 
the thickness of the pellet and the fractional expansion
due to heating. Noting that for our experiments 0( AT^.OlSj
0w75 and w^.lSLCt) yields

Lc{t) ~ 1.024 L(t) (26)

then as previously described when L is obtained by only using 
differences, the error introduced in the actual value is only 
2.4%. Experimental checks found a maximum error of under 5%.

Final shrinkage and "green" (original) pellet size 
(Lo) were obtained by viewing the specimen outside of the fur­
nace on an illuminated horisontal black field through the same 
cathetometer and a prism. When the compact was not friafele, 
measurements were also made using a micrometer accurate to 
.001 cm. The latter method was found to be more consistent.



2.3 Physical Proprtv Measurements
Density is an accurate measure of the extent of sin­

tering. Density measurements were made to four places in a 
pycnometer made to specifications by Scientific Glass Apparatus 
Company. To find the density of a compact, first the dry pellet 
was weighed (f*Q, then the pellet was wetted in water and placed 
in a clean pycnometer filled with distilled water of Tcnown tem­
perature (ambient). The pycnometer was tapped several times 
to remove entrapped air bubbles, then stoppered, scrupulously 
dried, and weighed ( s ). the pellet was then removed and its 
outside dried by wiping rapidly and it was then weighed at once 
(WP). The pycnometer was then visually observed for any speci­
men "chips". If they were present, then that pycnometer was 
weighed with the chips to get an actual weight (VI) or other­
wise the clean pycneneter (after rinsing) was weighed (VP).
The volume and density were respectively■

p e l le t  Volume - VP + wp - s (27)
Pellet Density * PW/(VP + WP - S) (28)

Also of interest was the accessible (wet) voidage, or volume 
percent water absorbed by the pores connected to the surface. 
Iftiis is given by

wet 1-0 id age . ~ fffl/Eg (29)pw + (w p -p w )
Pw

where and are the densities of water and the thoria-based
mixture respectively. Some measurements of accessible pore
volumes and sizes were also obtained under pressure on an AMIHCO*
mercury porotimeter. , _ . „^American Instrument Co.



The degree of homogeneity, or solution cf .. tnr.ii 
in thoria, was measured by x-ray diffraction. Lattice param­
eters were obtained either by use of a Debye-Scherrer ponder 
pattern or by use of a Norelco diffractometer. Cu* radiation, 
filtered by nickel, was used and measurements were made - -i fear 
significant figures resulting in a scatter of „0?&. Diffrac­
tometer specimens were either polished flat or the pellets 
ground down in an agate mortar. The latter method was found 
to be more reproducible. The x-ray machine was calibrated 
using CaF^ as a standard.

A few micrographs were obtained on a Leitz metal­
lurgical microscope with camera attachment capable of 250GX 
magnification. Specimens were prepared for microscopic ex­
amination by polishing on emery grit wheels and on automatic 
diamond polishing wheels with particle sizes as low as 3̂
Final polishing was with pure alumina. Specimens were etched
with hot H_PO., H SO. or molten KHSO. in less than 2 minutes,3 4 2 4 4

Powder particle sizes were obtained on a Coulter 
Counter capable of measuring down to lur by Andreisan pipette; 
by Fisher-Dotts, Stokes law apparatus and by scanning electron 
microscope. Scanning electron microscopy was also used to 
observe the particle behavior in various stages of sintering.



2.4 Scanning El«ctron Microscopy
In earlier sections (1.3 and 1.4), the use of kinetic 

sintering data, i.e. AL/Lo vs. a function of time, was de­
scribed as a test of the mechanism of sintering. Although this 
approach has been employed widely, it is of dubious value for 
the elucidation of mechanisms (Rll). It is highly suspect when 
more than one mechanism is operative and is of almost no value 
When the shapss of the powder particles depart greatly from 
spherical. When, in addition, the system is multicomponent, 
this further complexity makes reliance on kinetic data alone 
virtually impossible. Therefore, a different approach is needed.

Microscopy would appear to be a good investigative 
technique. However, the particle sizes of the powders are so 
small, that microscopy by visible light with its limited reso­
lution and very small depth of focus is of little real value. 
Hence, it was abandoned after a few early attenpts.

Fortunately, scanning e lectron  microscopy (SBM) has 
been developed to a high level of quality in the past few 
years (K53). It is capable of magnifications in the range of 
l0#O-2O#OOOX and possesses an iimense depth of focus as com­
pared with light microscopy. This method has a disadvantage 
in that specimens must be conductive to avoid "charging*1 by 
electrons and accompanying loss of resolution.

Since an SEM unit was not available locally, speci­
mens were prepared and taken to Structure Probe, Inc. at 
West Chester, Pa. There, they were fractured as necessary, 
and vacuum coated on a tilting stage coating unit with about 
200 X of a goId-palladium alloy to eliminate charging. Thev



were then examined on a JSM303 scanning electron microsccpe 
and projected on a large T.V. receiver. Specimens were 
photographed on 4"x5" Polaroid film. The photos were re­
duced to 3fc"x4V for this report.
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3. Experimental Re»ulti
3.1 introduction

Since the primary purpose of this research was the 
reduction of the sintering temperature from the usual 2100°C 
to about 1500°C or less# the initial effort consisted of the 
exploratory screening of a variety of sintering aids, with­
out any a-priori theory or hypothesis# the selection was nec­
essarily quite random. However# a number of guidelines were 
employed: oxides and halides that had been found to aid the
sintering of thoria or zirconia were tried, as were closely 
related compounds; compounds that had the same type of fluorite 
structure; or oxides that might form solid solutions based on 
Hume-Rothery1s criteria.

An initial exploratory survey was made of the ef­
fects of a number of additive oxides and fluorides. These 
tests were run en masse in a Lindberg furnace at its maximum 
operating temperature of about 1370°C (2500°F) as measured 
by a chromel-alumel thermocouple. The pellets were prepared 
as previously described and placed on alumina dishes. Nick- 
elous oxide (NiO)# zinc oxide (ZnO), cojfc>er oxides (CuO and 
CU2O) and cobalt oxide (Co^O^) were found to aid sintering 
excellently when air fired for two hours as described. Other 
additives were found to have no effect on the sintering (see 
Table 3.1 describing the results with thoria-yttria). As a 
result of this screening survey# nickel oxide and zinc oxide 
were selected as the primary reference additives to be stu­
died in detail. Copper oxide# though it is a good sintering



aid, forma a liquid at 1235°C. This could cause deformation 
of the electrolyte at high temperatures, or cause liquid 
junction potentials. Cobalt oxide was dropped because cf 
the numerous oxidation states of cobalt. These might 
physically harm the electrolyte or induce electronic corduc- 
tion.

At first it was suspected that the ThO^-Y^O^-NiO 
system might form an eutectic thereby causing activated 
liquid-phase sintering. To investigate this, a series of 
ThO^-NiO t YjO^—NiO, and TY-NiO mixture compacts ranging 
in composition from 2 wt % up to 90 wt % NiO in increments 
of about 9 wt % ware fired at 1370°C for four hours. The 
specimens were then examined for any visual evidence of 
liquid formation which might be shown by smoothing of sharp 
edges or surfaces, or rounding of flash. No such evidence 
of liquid formation was found. (It will be shown later that 
the addition of 2.5 mole percent NiO to ThO^ or TY improves 
the sintering considerably. Since the melting point of ThO^ 
is 3300°C and that of NiO is 1990°C, it is extremely unlikely 
that a liquid phase is formed in this case at 1370°C.)



Table 3.1 Effect of 2 wt % Addition* on the Sintering of TV 
Fired at 1370°C for 2 Hours

Final percent
Additive Oxld. atate Cationic rad. Elec. neq. accessible voida
NiO +2 .78 1.8 6

Co3°4 +2,3,3 .78, .63 1.8 b

Pe3°4 +2,3,3 .76, .64 1.8 -

ZnO + 2 .74 1.6 0
CuO* +2 .69 1.9 6
CaF2 + 2 >20
LiF +1 >20

Cr2°3 + 3 .69 1.6 >20

Sl02 +4 .41 1.6 >20
TiOj +4 .68 1.5 >20
MgO + 2 .65 1.2 >20
Ta2°5 +5 .73 1.5 >20
Zr02 +4 .80 1.4 >20
Al2° 3 + 3 .50 1.5 >20;
cdo +2 .97 1.7 >20
Bao + 2 1.35 .9 >20
SrO + 2 1.13 1.0 >20

*forma a liquid
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3.2 Effect of A d d l t i v  on Sintering
As already stated, the purpose of this research was 

to reduce the sintering temperature of thoria-yttria [T£\ .
The extent of that effect should be shown more quantitatively 
than in Table 3.1. Figure 3.1 shows a comparison between the 
kinetic shrinkage curves of thoria-yttria-nickel oxide, 
thoria-yttria-zinc oxide and thoria-yttria. All specimens 
were fired at temperatures between 1370 and 1385°C. It 
should be noted that maximum density corresponds to a frac­
tional shrinkage of 0.126. This graph shows that at 13 70°.'r 
additions of 0.8 wt %  ZnO or NiO cause a rise in shrinkage 
from 40?6 of the total possible shrinkage to well over 90. 
Examination of Figure 3.1 will show that the bulk of the 
effect of the additive occurred within the first two minutes 
during which time the specimen may not yet have reached 
steady state. It also indicates an unexpected shape to the 
curve, since the Kuczynski model is expected to yield a 
straight line on a log-log plot (see Figure 3.2). instead, 
the quick initial rise followed by a fairly horizontal zone 
Implies more than one transport mechanism. The shrinkage 
curve compared to that for a well known material, alumina, 
is shown in Figure 3.3. Alumina sintering follows a bulk 
diffusion mechanism with a sintering index "m" of 0.37.

The reference mixtures for the present study were
chosen on the basis of optimizing both the additive effect
and the operable oxygen pressure range of the electrolyte.
Thoria-15 at % yttria (Th Y O. _„) was selected• S3 «X5 1*925
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because this wai the material used previously by Levine (Rl) 
and shown by Steele and Alcock (R37) to have the widest 
range of oxygen partial pressures for anionic conduction.
The amount of additive was chosen on the basis of studies 
conducted in this laboratory (see Figures 3.4, 3.5, 3.f and 
3.7). In these Figures, percent additive is plotted both 
against accessible (wet) voidage (residual water left in 
internal pores after rapid drying of the surface) and 
shrinkage. For both materials and methods, a marked effect 
is noted with up to 0.2 to 0.4 wt, percent additive. There­
after, increasing the amount of additive has no appreciable 
effect. This kind of behavior is typical for additives.
Eight tenths of a percent was chosen because it was far 
enough into the "plateau" region of the additive curve so 
that it would produce the beat sintering despite inhomogen­
eity of the mixed powders. It is expected to be small 
enough to produce no appreciable electronic conduction (R51).

Figure 3.8 compares the effect of nickel oxide 
on the sintering of thoria and thoria-yttria mixtures at 
1370°C for times up to 100 minutes. Note that nickel 
oxide greatly increases the shrinkage rate of both thoria- 
yttria and thoria, with T.8N sintering to a higher density 
than TY. Again the major difference in shrinkage occurred 
in the initial heat-up period, where non-steady state con­
ditions are prevalent.
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3.3 Effect of Temperature
In an effort to select the moat suitable conditions 

for sintering and to help elucidate the mechanism, a series 
of kinetic shrinkage curves for TY.8N were run at different 
temperatures (see Figure 3.9). Each curve in Figure 3.9 
represents the average of at least three runs. The data at 
1450, 1370 and 1300°C represent the average of eight sepa­
rate runs. The extent of scatter in the shrinkage data is 
displayed at the 10 and 100 minute times. It is quite evi­
dent that an apparent end point in density exists for these 
moderate times. This density is essentially dependent on 
temperature alone and is independent of time. This is simi­
lar to the results of Morgan's group (R29, R30, R38). Once 
again, the obvious major difference among the kinetic curves 
is the events of the first two minutes where temperature 
gradients are high and non-steady state exists. Indeed, it 
appears that the superposition of the 1300, 1370 and 1440°C 
curves from .7 minutes on yield but one curve.

Similar runs have been made on TY.8Z (see Figures 
3.10 and 3.11). Each curve here represents the average of 
three runs made at the designated temperature. Here again 
apparent temperature-dependent,time independent end points 
were noted, with the behavior differing substantially only 
during the first minute.

To check on the method of estimating the actual 
dimensions and to further clarify the initial behavior 
during heat-up, short-time runs were made on TY.8N at
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1370°C. These consisted of inserting the pellet in the hot zone 
of the furnace for a length of time varying from 15 sec to 8 min­
utes* then rapidly removing it. The data for these runs are 
given in Figure 3.12. Each data point was obtained on two dif­
ferent pellets. For the 2* 4 and 8 minute samples* one pellet 
was heated continuously for the indicated time* and the other 
was previously heated for a shorter length of time and incre­
mentally heated to the indicated time. Each value of fiL/Lc is 
the total shrinkage for the indicated time. Comparison with 
two points obtained from earlier continuous in situ measure­
ment of the same temperature* shows essentially no difference.

Some runs were made for one thousand minutes. Tv j 
overall curve is shown in Figure 3.13. This shows that de­
spite an apparent temperature-dependent end point at short 
times* densification proceeds close to theoretical (AL/Low.126) 
when sintered for long times even at lower temperatures. Simi­
lar results were obtained at 1440°C. The difference in end 
point at 100 minutes and later approach to one single density 
indicates two different mechanisms, the slower one dominant 
at longer times.

Wet (accessible) voidages were also measured on 
samples of TYN at the end of 10* 30 and 100 minute runs (see 
Section 2.3). These data* plotted as 1/T versus wet voidage*
are shown in Figures 3.14 and 3.15 for TYN and TYZ. Theoret­
ically* they should be plotted as an Arrhenius-type plot 
(1/T vs. ln(Av))* but note that it yields a relatively straight
line on a 1/T vs. AV plot.
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The abrupt increase in shrinkage which occurs in the 
first few minutes and which is followed by a period of much 
slower rate of shrinkage might be explained in terms cf a time 
limited effect of the additive. For example, the additive 
might be effective only when present in high concentrations on 
the surface of the thoria and/or yttria. Once diffused into 
the TY, it would then be expected to lose its power. If this 
explanation were correct, a specimen that had reached an 
apparent end point in shrinkage at one temperature should 
show no abrupt increase in shrinkage when rapidly raised in 
temperature.

This theory was tested in a aeries of runs made rr.
T, TN, TYN and TYZ. The pellets were fired at one temperature, 
cooled and measured by a micrometer, then refired at a higher 
temperature. The results are shown in Figures 3.16 through 3,19. 
Each curve represents at least 10 data points taken at each 
temperature and with each run being duplicated at least once.
It will be observed that on reaching the higher temperature, 
the specimen approached the fractional shrinkage to be expected 
from continuous heating at that temperature. In other words, 
the additive apparently does not lose its potency by diffusion 
into the body of the electrolyte material, while TY and TYZ 
exhibit no such initial jump.

It is fairly common in the sintering of multicomponent 
powders such as mixed oxides or carbides of nuclear fuels, to 
find that although a high density is attained, the individual 
components do not interdiffuse or "alloy" completely to form
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a solid solution. This matter is of particular consequence in 
the case of thoria-yttria, because the conductive and electro­
lytic properties depend upon the replacement of thorium ions 
by yttrium ions in the thoria lattice. The extent of alloying 
may be followed by x-ray measurements for, as previously shown 
in Figure 1.6, the lattice parameters of thoria and yttria are 
different. Thus that of pure thoria (as measured by our lab­
oratory) is 5.602& and for ThO^'15 mol % Y 2° 3' t*ie parameter 
is 5.57.

Figure 3.20 shows the effect of temperature on the 
alloying of TYN, TY and TYZ, where lattice parameters are 
plotted against temperature. On these curves, 2 phases are 
noted by two markers connected with a vertical dashed line. 
These data appear to show that ZnO does not aid alloying, 
while NiO does, the alloying occurring at a lower temperature 
than for TY.

3.4 Effect of Sintering Atmosphere
In an earlier Section 1.10, it was shown that both 

NiO and ZnO are semiconductors, non-stoichiometric oxides, 
but of opposite types. Nickel oxide is a metal-defect (oxy­
gen surplus) p-type conductor, vdiile ZnO is a metal excess 
n-type conductor. It was also shown that the vacancy con­
centration in each depends in entirely different ways on 
the ambient oxygen partial pressure. Hence, although the 
amount of additive used in this work was small, an effort 
was made to determine whether its behavior was sensitive to
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the oxygen partial presaure. Toward this end, TYN was tested h, 
firing three pellets in air, three in argon and three in m tro 
gen at 1330°C. This data lend themselves to a comparison uti­
lising an analysis of variance <ANOVA). The results are given 
in Tables 3.2 and 3.3

.3 1.75

{
P .75, 2. 6 ’ l'n
.90, 2, 6 3.46

Data (1) (2̂
Shr inkage Wet Voidage <*L/Lo,Ave. V A - J

Air .122, .112, .110 2.8,6.3,6.1 .115 3 „ 1
Argon .096, .104, .104 9.4,3.8,7.2 .101 r „ d
Nitrogen .111,.100,.102 7.9,9.1,7.6 .104 8.2

Table 3.3 ANOVA on Atmosphere Effects

Effect of
df SS(1) 

Atm. 2 .00003
SS(2) EMS(1) EMS(2) 
14.4 .000015 7.2

* test

Error 6 .0003 24.1 00005 4.2
Total 8 .00033 38.5

These show that the atmospheres tested have no statistical effect 
on the sintering of TYN.

The effect of atmosphere and temperature were checked 
using either air or argon at 1140, 1300 and!440°C, with three



samples fired for 10 minutes at each combination of conditions. 
The raw data are given in Table 3.4 where the measurements 
obtained by the cathetometer prism method.

Table 3.4 Data for Atmosphere Effects, Shrinkage
1140 1300 144 C

Air .041 .080 .113
.043 -» .042 .083 -* .082 .122 .117
.043 .083 .117

Argon .048 .097 . 126
.047 -* .048 .080 -» .089 .117 -» .119
.050 .050 .116

Section 3.5 Scanning Electron Microscopy
The cost of scanning electron microscopy (SEN) at a

commercial laboratory limited the number of specimens that
could be examined, in an initial set, the powders were examined
and exploratory tests were performed on TT.8N specimens sin- 

otered at 1370 C. Although these tests provided valuable infor­
mation on the nature of the starting materials and the ef fect: 
of mixing, it was decided that the sintering behavior of a 
three component mixture was too complex. Accordingly, a sub­
stantial number of additional SEM runs were performed with 
thoria and T.8N in an attempt to isolate the effect of the 
sintering aid.

The results are displayed in Plates 1 through 9 in 
the form of copies of the 4"x5" Polaroid photos taken directly 
on the SEM. For display, the photos have been reduced to



3^‘*x4%". In the process, the linear dimensions have been re 
duced by a factor of about 1.16, so that any length measured 
on these photos should be multiplied by this amount before 
using the magnification factor to estimate the size. {At. 
3000x, 1 cm k 3.9um and at 10,000x, 1 cm w 1.2um.)

In examining these micrographs, it must be remem­
bered that, except for Plate 1, they represent fracture sur­
faces and that fracture is most likely to occur on weak
planes which may not be representative at the bulk material.

oSecondly, the surfaces have been coated with about 200A of 
goId-palladium alloy (0.02um) * hut this is small compared 
with the thoria particle dimensions. Thirdly, because cf 
cost limitations, only one specimen was usually used as 
representative of the experimental conditions. Lastly, the 
pictures displayed are photocopies of original photos (not 
made from the same negative) and have therefore lost some 
of their clarity. However, despite these limitations, the 
method is very powerful and the micrographs will repay 
very careful study.

The plates are arranged for the easy study of 
variables. Hence, where necessary, photos have been re­
peated on different plates. Although magnifications frcm 
lOOOx to 15,000x were used, the 3000x and 10,000x appeared 
most useful.

Plate #1 This shows both the individual powders that were 
the basic starting materials at 3000x and then the powders 
as mixed in the Spex mixer. Several interesting facts are



Plate #1 - The Sintering Powders, 3000X
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Plate #1 - The Sintering Powders
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- 3 -Cob'll 
tOti fowd*, tfiOCX

TY.8N powder, 1000X TY ION powder, 1000X



evident. First, the thoria is obviously in the form of flat, 
monocrystalline plates (pdrhaps more clearly shown in Plate 2). 
The plate size of the thoria is in the range from 0.6 to 5.0|im 
and consists of some large plates and some "burrs" that look 
as if they were broken off the plates. The yttria is also 
plate-like, but smaller and containing more burrs, while the 
NiO consists of very fine, more spherical powder of about 
O.Sum diameter. The NiO powder agglomerated into larger 
clusters.

Upon mixing of the powders, they gathered into 
large individual clusters about 20-25^m in size. These clus­
ters no longer retain a flat plate-like shape on the surface, 
but rather appear as if small particles were stuck onto a 
viscous substance. It would appear that NiO aids this aggre­
gation process if the difference in appearance of TY.8N and 
TY10N is real. The thoria plates seem to be buried in these 
clusters. Of course, it is these inhomogeneous clusters 
that are cold-pressed to form the green compact, but as 
shown in Plate 1, they have only been mechanically mixed 
and not heated.

Plate #2 This plate, with both macro and micro photos, de­
picts sintering without pressing, i.e., stress-free sinter­
ing. The powders were simply put into alumina dishes as 
shown in the macro photos and leveled off with a spatula.
They were heated simultaneously in a Lindberg box furnace 
at about 1370°C for the designated times. This plate
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Plate #2 - Sintering of Unpressed Powders, 1370°C
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Plate #2 - Sintering of Unpreaaed Powders, 1370°C
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compares the behavior of pure thoria, thoria containing 
0.8 wt % NiO (T.8N), and the reference 3-component mix­
ture of TY.8N, the effect of ZnO additions is also de­
picted in the same macropicture.

The effects of adding yttria and/or sintering 
aids is very evident. It is estimated that the original 
total voidage was 33%. The macroscopic photographs show 
that the pure thoria had shrunk essentially not at all 
under these conditions. In marked contrast, the addition 
of yttria or sintering aids were very effective as shown 
in Table 3.5.

Table 3.5 Shrinkage and Additives for Unstressed 
______________Thoria and Mixture

T TY TN TZ TYN TYZ
AL/Lo (%) 0 2% 14)6 9% 15% 16%

time (hrs) 10 10 10 6 10 6

A great difference in behavior is also apparent 
in the micrographs of Plate 2. The plate-like character 
of the thoria powder is again evident. It is also clear 
that there was essentially no joining of the ThO^ plates 
at 1370°C in 6 hours and that a random, unaligned config­
uration is maintained. By contrast, the addition of only 
0.8 wt % NiO has greatly altered the appearance and the 
extent of consolidation of these urpressed sintered powders. 
The thoria plates are clearly visible in many areas and 
there appears to be evidence of their orientation in a 
stacked form. The amount of fine powder present cannot



be accounted for on the baaia of NiO alone. The reason for th.i 
ia as of yet, unanswered. The TYN specimen shows evidence of 
major sintering in both the macro and microscopic views. At 
3000x, ThO_ plates are visible, but the overall rounding, ex* 
pecially of the finer material, is characteristic of the kina 
of structure that will be seen in more densified pure thoria 
and in T.8N (c.f. plate 3, specimen 34; Plate 5, specimen 3^;. 
It can be seen in Table 3.5 and in the macrophotographs that 
TO and TYZ sintered appreciably too. Also shown are micro­
graphs of thoria and TYN treated as before at 15#000x. Though 
the resolution of the TYN is poor because of electron charging 
a configuration indicative of massive flow is evident whic'r. is 
not the case for pure thoria. The pure thoria at 15,000x has 
sharp edges, but there appears to have been a roughening of the 
surface and lines reminiscent of cracks. These are not visible 
in untreated pure thoria at high magnification (micrograph not 
shown) .

Plates #3 and 4 These two plates are arranged to display the 
effects of time and temperature on pure thoria. Plate 3 con­
sists of micrographs taken at 3000x while Plate 4 was at
10,000x. The two temperatures used were 1370°C (2500°P) and 

o o1530 C (2786 F), and times ranged to six hours. A sintering 
time of 1 minute was investigated because the kinetic data 
showed major changes occurring at about that time.

Examining Plates 3 and 4, specimen 24 depicts the 
fractured, cold-pressed compact before heating. The thoria 
plates are intermixed with a substantial amount of fines,
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Plate #4 - fh02 Effect of Temperature and Time, lO.OOOx
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probably resulting from both Spex mixing and compaction frac­
tures. At 1 minute, there is little discernible change, even 
at 1530°C (yet the kinetic data show a substantial shrinkage}. 
However, after 20 minutes, the 1370°C and 1530°C specimens are 
very different. In the 1370°C specimen (No. 28), consolida­
tion appears to have taken place, but individual thoria plates 
with sharp edges are clearly visible, especially at 10,000x. 
But at 1530°C, the change is readily apparent. Even at 3000x, 
densification is noticeable, while the 10,000x magnification 
discloses a marked alteration of the thoria plates. In addi­
tion, the "fines" or "burrs" seem to be rounding off and there 
appears to be fewer of them. Although some remnants of the 
original thoria may be observed, it is clear that true sinter­
ing has occurred; the material seems chunkier, new crystals 
appear to be forming and the particles are definitely inter­
connected.

Finally, after sintering for about 6 hours, a very 
considerable change is manifest even in the 1370°C specimen 
(No. 36). At 10,000x especially, its appearance becomes 
close to that of the 20 minute 1530°C specimen (No. 32).
[If No. 36 and 32 had truly reached identical states, the re­
spective temperatures and times would correspond to an activa­
tion energy of about 100,000 cal/mole]. Inspection of the 
micrographs of No. 34 (6 hours at 1530°C) makes it obvious 
that a really profound change has taken place. The thoria 
has formed new massive crystals from the thin flat plates, 
while no fines whatsoever are in evidence. It is apparent,



however, that there is a great deal of porosity. Specimen #36 
seems to show agglomeration and smearing of fines onto the sur­
face of the larger plates . This is a precursor step to recrystalli­
zation and an explanation of the disappearance of fines in #34.

Plates #5 and 6 These two plates at 3000x and 10,000x re­
spectively, show the effects of NiO sintering aid and yttria 
dopant on the sintering of thoria at the low temperature-1370°C 
There appears to be little noticeable difference among the 
three kinds of green compacts (0 minutes). However, after 1 
minute at 1370°C, the TN specimen (No. 27) appears to show 
some sintering or orientation of the ThO^ plates as compared 
with the pure thoria (No. 26). This is more evident at lO.OOOx 
There can be no doubt that the 2 minute TYN sample (9-B-2-0047) 
displays advanced sintering. Note the lack of massive voids 
and depth while the surface is flat indicating plate orienta­
tion.

After 20 minutes at temperature, the difference 
becomes easily perceived. Although there is some rounding 
and sintering of the small particles in pure thoria (No. 28) 
this effect is obvious at a glance for T.8N (No. 29). Also 
noticeable, especially at 10,000x is the agglomeration of 
the separate plates and fines into groups that are probably 
the basis of the newer, larger crystallites noted on Plate 4. 
The sintering of the TYN specimen lO-c-2-0047 has gone very 
far. indeed, this specimen is close in structure to TY sin­
tered at 2000°C for an hour (see No. 47, Plate 9).



Plate #5 - Thoria and Dopant/Additives, 1370°C, 3000x
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Plate #5 - Thoria and Dopant/Additives, 1370°C, 300Ox
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Plate #5 - Thoria and Dopant/Additives, 1370^C, 3000x
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Plate #5 - Thoria and Dopant/Additives, 1370°C, 3000x
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Plate #6 - Thoria and Dopant/Additives, 137p°C,
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Plate #6 - Thoria and Dopant/Additives, 1370OC, 10,000x
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Plate #6 - Thoria and Dopant/Additivos, 1370°C. 10,000x
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Finally, after b h'j-ts at 1370°C, some sintering -
taken place ..n the pure thorn (No. 30), but the fines and 
plates still hive their irregular shapes,, In contrast, the 
T.8N specimen (No, 37, is well advanced in forming new cry­
stals and has begun to resemble thorn heated for the same 
time at 1530°C fc.f. with No. 34 Plates #3 and 4).

Plates #7 and 8 These two plates are the 15 30°C analogs 
of the previous two plates. The starting compact is still 
the same. After heating for 1 minute, sintering is not ob­
servable in thoria. New, though- after 20 minutes, substar 
tlal sintering has occurred in the T„8N sample (No. 33).
This is evidenced by the formation of large crystallites and 
the total d lsappearance of fines , '.nterestingly, this 20 
minute T 8N r-s.-mbIts* the 6 hour TN at 1 370°C (No 37 Plates * 
6 and 7‘ , tend inu to confirm the rel itlonship previously de­
scribed for t ire thoria.

Now when tie specimen ts heated at 15J0°C for 6 
hours, truly effective smtvrin.j has occurred m  the T.8N 
and the TVN specimens.. This TvN specimen was not produced 
from the individual green pc-wder d.rectly, instead, TYN pow­
der was pressed into a pellet and fi.red for 100 minutes at 
1440°C ana then ground. Thereafter it was treated in the 
usual way. The pores m  the TN are nc longer interconnected 
but are instead small and rounded Recrystallization is ^ery 
apparent T"‘ e TVN has the look if a viscous fluid at 3000x ,
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Plate #7 - Thoria and Dopant/Additives^ 1530°C, 3000x

Jccl c

ThOj* 15 30°C for 1 min,
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Plate #7 - Thoria and Dopant/Additives, 15 30°, 3000x

Th02, 1530°C for 20 min. TN, 1530°C for 20 min.



Plate #7 - Thoria and Dopant/Additives, 1530OC, 300Ox
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Plate #8 - Thoria and Dopant/Additives, 1530°C, 10,000x

ThC^* 15 30°C for 1 min.



Plate # 8 - Thoria and Dopant/Additives, 15 30°C, 10,000x
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ThOj# 1530°C for 20 min. TN, 1530°C for 20 min.



Plate #8 - Thoria and Dopant/Additives, 1530°C, 10,000x

ThC^# 1530°C for 6 hours TN, 1530°C for 6 hours TYN153-j°C for 6 hour.
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but at the higher magnification (10,000x) is seen to consist, 
of very well-formed, albeit rounded grains.

Plate 9 The first three horizontal sets of micrographs on 
this Plate depict similar structures obtained under different 
operating conditions. The bottom set shows products of diff­
erent compositions. The top two horizontal sets make it rea-

osonably clear that 20 minutes at 1530 C produces a result 
much like 6 hours at 1370°C. This is true both for pure thoria 
and for thoria-NiO. Of course, the sintering in the latter is 
greater. Unfortunately, no such sets of photographs exist for 
TY or TYN.

The third set shows similar structures obtained in 
TYN in 20 minutes at a low temperature of 1370°C and TY for 
an hour at 2000°C in vacuum. Either NiO is more effective in 
the presence of yttria or vacuum sintering is slower, than 
the sintering in air. Both may be true. These two figures 
compare the final electrolyte material with and without addi­
tives after different times. It is quite noticeable that 
these samples look as if they are the same, despite the speci­
men with the 0.8% additive being heated for one third the time 

oat 600 C lower temperature!
Lastly, the bottom set of three micrographs compares 

the "fully sintered" final products in TY, TN and TYN (which 
was prealloyed, see this section. Plates 7 and 8). It is evi­
dent that nickel oxide aids sintering better than yttria and 
that a combination of both is best. It is also clear that a 
continuous non-porous ceramic phase can be produced better
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Plate #9 - Miscellaneous Micrographs, 3000x 
Effect of Additives, Comparison

TYN, 1370°C for 20 min. TY, 2000°C for 60 min.



Plate # 9 - Miscellaneous Micrographs, 10,000x 
Comparison Finished Products
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and at much lower temperatures, by the use of small amounts cf 
additives. However, electrolytic behavior must also be inves­
tigated to ascertain the applicability of this final product 
as an ionic electrolyte.



4. Discussion
4.1 Research Objective

As has been previously stated, the main object of this 
research was to produce a solid thoria-yttria electrolyte that 
could be fabricated at temperatures below 1550°C. This electro­
lyte was for use in oxygen concentration cells to measure thermo­
dynamic properties. The choice of a thoria-yttria electrolyte 
was based on the excellent electrolytic conduction characteris­
tics of this material. It is known that in the low oxygen 
pressure (10 ^°<P(atm)<l) and high temperature (600<T (°C)<1100) 
domain, thoria-yttria conducts anionically with anion transport 
number close to unity.

The need to fabricate the electrolyte at temperatures 
below 1550°C was necessitated by the physical hardness and fria­
bility of some of the electrode materials of interest. Hence it 
appeared that total encapsulation of the electrode within the 
electrolyte was highly desirable. This would allow the creation 
of a probe that could be used within a closed environment where 
the overall oxygen partial pressure would reach equilibrium.
It was apparent that the high sintering temperature (>2000°C) 
normally needed for thoria-yttria electrclytes precluded the 
use of most normal reference electrodes (e.g. FeO+Fe, NiO+Ni, 
Cu20+Cu0, etc.} due to their low melting points. In addition, 
electrical lead-throughs of exotic materials would be necessary 
since 2000°C is also far above the melting points of oxidation- 
resistant alleys, including those based on platinum.

In order te drastically lower the sintering tempera­
ture, various solid oxides and halides were tested as sintering



"activators." Since solid solution formation would not neces­
sarily aid the sintering, and very little previous worn ras t- 
done on the thoria-metal oxide phase systems, no a-pricr. ap­
proach was attempted. A review of the literature for sinter.n 
aids in related materials was found to be rewarding. Explora­
tory tests showed that additions of nickel oxide (NiO) and zin 
oxide (ZnO) greatly reduce the sintering temperature of a pre­
mixed, unalloyed Th02+15 mole % YO^ Though both produce 
excellent sintering in air at 1370°C when fired for one hour, 
it was found that their behavior with respect to the alloying 
of Th02 and Y 20-j was different. Since it is essential for th ; 
electrolyte to be nearly single phase in order to have cxy ;-n 
ion defects present, criteria for the production of electt 1.» 
materials were further investigated. It was found that for 
thoria-yttria-nickelous oxide, and thoria-yttria-zinc oxide, 
probable electrolyte grade material (alloyed, density>95% 
theoretical, nonporous) could be fabricated at 1530°C after 
air firing for two hours for the NiO material and six hours 
for the ZnO aided ceramic. It was also found that, although 
ZnO is perhaps a better aid in densifying the electrolyte , 
it appeared to hinder the alloying of the thoria and yttria 
phases.

The results of this research lead to the following 
recommended procedures for fabricating thoria-yttria solid 
electrolyte bodies:

1) Grind 99.9% pure, 2^ diameter ThO_ with 14.6 mole % 
Y01 5 (99.99% pure) of comparable size and 2.5 mole % 
NiO (99.5% pure and much smaller than the thoria) in 
a rubber lined ball mill for at least 48 hours using
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stainless steel balls.
2) Press the dry mixture in a die at approximately 50., OOo 

psi with the pellet thickness to diameter ratio of i
3) Preheat to about 600°C for a minimum of 10 minutes, 

and for longer times for thicker sections.
4) Fire at 1500°C for at least two hours. Remove from 

hot zone of furnace allowing to cool in "preheat" zon- 
for at least two minutes (longer for larger sections' 
before removing.

or, using zinc oxide as the additive:
1) Mix the Th02# Y2°3 and Zn0 p u r e 0.1 u diameter’) 

in a glass jar containing glass mixing beads on a Spex 
mixer for about 45 minutes.

2) Press the dry mixture in a die at approximately 50,000 
psi with the pellet thickness being not more than one 
fourth the diameter.

3) preheat to about 600°C for a minimum of 10 minutes, 
and for longer times for thicker sections.

4) Fire at 1500°C for at least six hours. Remove frcm 
hot zone of furnace allowing to cool in "preheat" zone 
for at least two minutes (longer for larger sections' 
before removing.
The major objective of the research having been achieved, 

the investigation turned to the nature of the activation mechanism 
of the sintering aids. In an effort to explain this behavior, a 
study was undertaken of the sintering behavior of this system using 
both classical shrinkage rate techniques and modern scanning elec­
tron microscopy.
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4.2 Iaothermal Kinetic Shrinkage Models
It ia very common to firat meaaure the rate of a chemi­

cal or physical process and then conceive a mechanism that approx­
imately predicta the experimentally measured rate. If the agree­
ment is reasonably good, it is very tempting to believe that the 
postulated mechanism is the true one. Apart from the obvious 
fallacy in logic, this approach of relying almost exclusively on 
kinetic measurements is almost certain to fail when the real sit­
uation differs from the model in important respects, or when a 
number of processes are occurring simultaneously, at changing 
rates. Nevertheless, for more than two decades, kinetic studies 
have been employed as a means of identifying the mechanism of 
sintering. Relatively simple models have been refined and cor­
rections have been applied to rate measurements in an effort to 
determine the major mechanisms. Hie most important of these 
will be tested against the experimental rates measured in this 
research.

In section 1.3, the general form of the Kuczynski 
model was derived using the following assumptions:

1) that the particles are monosized
2) that the particles have a regular shape
3) that thermal heating effects (transient non-steady 

state) are negligible
4) that the shrinkage occurs by a vacancy flux between 

pores and vacancy sinks
5) that only one path is operable (only one type of vacancy)
6) that no other driving forces exist (e.g. stresses, con­

centration gradients, etc. to cause sintering)



The resulting shrinkage rate equation was

®  ■ « • ) 'RTr

Various values of m and n were listed, dependent on the mecl an- 
ism of transfer and on the paths taken.

etic shrinkage curves were given for TYN and for TYZ. If the 
assumptions made in the derivation of equation (14) are true 
then the data, when plotted on log-log coordinates, should 
yield a straight line of slope m. This test is applied in 
figures 4.1, 4.2 and 4.3, which are log-log plots of the s'rrink 
age data for TYN (at two temperatures), TY and TYZ ;at ftur 
temperatures), [Shrinkage plots for TYZ were drawn at four 
temperatures because cf the interesting behavior of the break 
point (the time when the first two straight lines intersect> 
This will be discussed later. No such interesting behavior was 
noted with TY or TVN.J Obviously, these plots do not yield 
straight lines. in figures 4.2 and 4.3, for short times it 
would appear that the data can be plotted either as two cr 
possible three straight lines. These consist of an initial 
steep rise in shrinkage followed by a slower increase. The 
latter is in turn followed by a region where almost no shrink­
age occurs.

linear extrapolations meet, appears to obey the simple rela­
tionship

In section 3.3, linear plots of the data of the km-

For TYZ the break point («>, or time when the two

point
-1
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at every temperature. This indicates that the “break po^nt"
occurs at increasing time with increasing temperature. This
type of behavior was not noticed with TYN, where the values
of (—  ranged from .007 to .02. Instead, the "breakl« Lo^b.p.
points" appeared to be at about 9 minutes in each case. This 
behavior could be due to the nature of the log-log plot and 
not ascribable to the phenomena.

For TYZ, if ^ L//eeLo^b is a constant, then a 
linear equation of the form

is suggested as the governing equation of the initial period.,
It should be remembered that the data on the short-time runs 
for TYN (figure 3.12) showed a linear relationship for the first 
minute at 1370°C. The only model that this corresponds to would 
be the liquid phase model of Kingery (R8). For TYN, a constant 
value for the "break point" could indicate that in all cases a 
constant time is necessary for the initial rearrangement.
Apart from the qualitative aspects, conclusions based on the 
"break points" are doubtful at best.

The observed non-linearity of the log-log plot would 
indicate that one or more of the six assumptions made above are 
incorrect.

As was explained earlier, it is usually impossible tc 
establish the starting time and length during the initial heat­
ing interval when the specimen has not yet reached the steady- 
state temperature. Various attempts have been made to correct 
mathematically for these deviations. One method of rendering 
the correlation less sensitive to the initial conditions is che



Johnson-Cutler method of finding an "effective" heatin? time ana 
an "effective" initial shrinkage to correct for non-ideal fce'r.a- 
vior in the beginning. This is accomplished by using an expanded 
form of equation 14.

where fit is the required correction in starting time and fiL is

L to get a straight line. The time error, fit, is determined
graphically as the value necessary to straighten the L vs.
(t-fit)m isotherm. The deviation in length, fiL, is then the
difference between Lo as measured and the intercept at (t-fit,=0.
The value of the sintering index, m, can be obtained from the
log-log plot of the raw data if the corrections are small, in
this method, the time correction is analogous to the incubation
time and the length correction to the correction factor for
having non-uniform powders. Figures 4.4, 4.5, 4.10 and and 4.11
consist of two sets of plots. The upper sets labelled Johnson-
Cutler plots are the log-log plots of vs. log (t-fit) . ThisLO
should yield a straight line of slope n if equation (14) holds. 
These plots are analogous to the previously mentioned L vs.
(t-fit)m plots and are justified when fiL«Lo. Typical values

(Lo -  SL) -  IW  =  (L«- * L )  C* - * ) }  

or

33.

the corresponding correction in length, and plotting (t-fit'rn vs.
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determined from L vs. (t-fit)m plots (not shown) disclose that 
fiL^O•lLo*

On the Johnson-Cutler type plots (which Johnson now 
tends to disavow (R66) , it appears that the fit (or "oc" as in­
dicated on the graph, since this is equivalent to a "break 
point) required to make a straight line is 1, 2, and 5 minutes 
respectively for TN, TYZ, and TYN. This may be highly in­
accurate due to the nature of the simplifying assumptions in 
making the log-log plot. It would mean that the incubation 
time (fit) was dependent on the material added to thoria.

Another method, also described in section 1.4 m  
volves the disregard of the inexplicable initial region in 
order to find out what is occurring in the latter stages.
This is easily done through the use of the Johnscn-Cutler 
equation (equation 32) and the assumption that Lo-fiL-L = 0 
at t = fit (see Appendix D). This means that from a time t^, 
when the measured length is the governing equation would 
become

tL'rL) ■ L 1 (SrS “ - v )  "

This method of non-linear translation is necessary because 
of the large initial shrinkage of the green compact. When 
this large initial shrinkage does not closely obey the gov­
erning equation (14), then failure to subtract that shrinkage 
and time effects will cause erroneous conclusions. The ob­
vious reason for this is that the large initial shrinkage 
will overshadow any subsequent change in length. In figures 
4.4, 4.10 and 4.11, the upper sets of curves are the log-log
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Johnson-Cutler type plots. In these figures are also the non­
linear translated graphs for TN (figure 4.4), TYN (figures
4.5-4.9) and TYZ (figures 4.10-4.11). These are labelled as 
f(t-oe) and appear as the bottom set of those figures that 
have Johnson-Cutler curves (figures 4.4, 4.10 and 4.11', n [See 
the Appendix D, for a more detailed mathematical explanation 
of the non-linear translated technique.] On each of these 
plots, f(t-o) or (t-o) is the basic data and appears as a 
curved or two straight lines. The translated graphs wculd 
show a straight line if only one mechanism were operable.
The value of would indicate at what time only one mech­
anism was operable and the slope would indicate the mechan 
ism. No such one straight line was noted. In addition, if 
only one mechanism were operable at different temperatures, 
the slopes of the line when * is large (when initial effects 
are disregarded) should be the same (see table 4.1*, .

Table 4.1 - Slopes from Non-Linear Translation Graphs
Fig. # Mat Temp. <* m m initial
4.4 TN 1480 0 .12

4 .30
8 .50

4.6 TYN 1200 0 .19
2 .25

10 .31 1.1
4.7 TYN 1300 0 .08

2 .28
10 .69



CO• TYN 1370 0 .06
2 .28

10 .43
4.9 TYN 1450 0 .06

2 .16
10 .47

4.10 TYZ 1300 0 . 20
2 . 36

10 .42
4.11 TYZ 1370 0 . 10

2 .16
10 .31

No distinct trend is observable, with the values of the sinter­
ing index (m) approaching different values and with an ini­
tial slope of about one. The value of the sintering index (m', 
for «=2 seem fairly consistent at '-0.27 and those for <*=10 
badly scattered at —'0.5. It is unlikely that either should be 
accepted.

Still another method for correlating and interpreting 
sintering data is the Johnson kinetic equation (see section 1.3)

This equation does not depend on the absolute value of the 
shrinkage, but only on its slope with respect to time. In 
this way, errors aren't accumulated as long as the differences



in shrinkage are accurately known. The length vs. time plots 
for TYN at three different temperatures are given in figures 
4.12-4.14. The values of (^t ) 3re g*ven next to each point 
To test for either grain boundary or volume diffusion as the 
sintering mechanism, a plot should be made of length vs d i/dt 
to the power m^-0.48 or n^-0.97 respectively. This has been 
done in figures 4.15-4.17. Neither exponent produces one 
straight line even approximately, but both yield two well 
fitted straight lines. This indicates that two mechanisms 
probably are responsible. The "break points" («( where there 
is a change in mechanism) are given in table 4.2.

Table 4.2 Change of Mechanism Points 
Eauation

(«)-Johnson L-t

Temp. ^grain boundary —vol. diffusion

1300 4* 10
1375 6 6̂ 5
1450 7 9

These break points should be construed as having only quali­
tative significance indicating more clearly than the linear 
plots of AL/L0 vs. time that the initial stage lasts about 
5-10 minutes. The nature of the two mechanisms should not 
be inferred from the linearity of the plots.

At this point, it might be beneficial to summarize 
the results obtained from the kinetic data by classical 
methods. The nature of the powders has made a conventional
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I"t'--V-+

j0HN$Oh|

: ... .  ■ i--- {L'-> ; ) t, j 7u uJ

O

3d 147



o

3 run.

ij

Xo
2:
Ul
-J

t X L

ui

O-

Jo Dirr.

10 u

1.13
T Y N : » « o

•>

J1
20 * uj
Jo-:; j .~;J

.. j ■ ~\—■ bJ 100

'j ' lJ C- fiOUH'.X-Y)



interpretation of the sintering mechanism for these non- 
homogeneous, irregular shaped powders impossible. There is 
probably more than one operative mechanism* and the mechanisms 
are likely to overlap. However, the repeated evidence of a 
change in slope of the kinetic and differential curves indi­
cates at least two processes are taking place more or less m  
succession. The early one leads to a very rapid densification 
and it is followed by a slower process that more nearly fits 
the volume diffusion model.

The slopes of the kinetic shrinkage curves on lcg- 
log coordinates are initially ^  1, and later — S. There is 
apparently a rapid initial rearrangement frequently leaainr 
to major densificatir.n at less than half the melting point ct 
the material. This s\rongly suggests the presence of a liquid 
as described fcy Kingery (F8) . The apparent temperature- de­
pendent end-point couid be caused by a sloping liqu^dus 1in- 
in a eutectic system that produces increased liquid with in­
creased tempexature. This will be discussed later.

4.3 Discontinuous Puns
As previously explained, a series of runs, discon­

tinuous in temperature, was made to determine whether the addi­
tive lost its effectiveness after substantial sintering had 
occurred. The data for these runs were shown in figures 3,17
3.20. These experiments consisted of firing a pellet at one 
temperature until an end point (almost complete halt in shrink­
age, i.e., the third stage of sintering mentioned in section 4. 
was reached without total densification. The same pellet was



then refired at a higher temperature to observe the new initial 
effect. A number of control pellets were also refired at the 
same temperature to determine whether stresses imposed by the 
rise in temperature or the thermal shock had any effect. No 
thermal shock or stress effect was noticed.

The graphs show clearly that nickelous oxide addi­
tions continued to have a marked effect on the initial be­
havior for both TYN and IN. This can be seen from the rapid 
initial increase in shrinkage after the pellet first reached 
the higher temperature. By contrast, both TY and TYZ showed 
no rapid initial shrinkage at the new higher temperature, but 
rather slow rises indicative of a diffusion-controlled mechan­
ism. That the ZnO did not act as an "activator" upon refiring 
of the pellet is unexpected. Two possible causes come to mind. 
Either ZnO and NiO activate the sintering of TY by different 
mechanisms, or, more likely, ZnO is lost via vaporisation at 
these high temperatures. The latter hypothesis was partially 
verified by weighing a few TYZ pellets fired for 5u minutes at 
1500°C. TY pellets were used as controls, it was found that 
about half of the original ZnO was lost, probably by vaporiza­
tion to Zn and 0^.

That nickel oxide continues to be "active" after 
sintering at low temperatures is very significant. Once sin­
tering has occurred for a while, a fairly solid, yet porous 
network as evidenced by our SEM micrographs, develops. Thoria 
and yttria with the aid of nickel oxide apparently join to 
form a bulk solid, yet still remain separate phases, as evidenced 
by the x-ray pattern for TYN (see fig. 3.20).



The explanation of the behavior of nickal cxiri--- 
renewed acceleration of sintering at higher temperatures 
is open to conv'ctuie. It may be hypothesized that t.ĥ  
nickel oxide is net uniformly distributed in the grains 
but tends to concentrate at the boundaries. This NiO-r„ch 
band may offer a path for rapid diffusion. If the width 
of the band increases with temperature, a wider boundary 
layer through which vacancies can be annihilated is At­
tained. This explanation is analogous to Burke ■ s in
the annihilation rf internal pores of solids. It does r. t 
explain the initial rapid shrinkage of TYN h r Ti either ‘ 
on first beiv; boated, when Ni++ has net had time tr d: i 
fuse into the thoria particles.

Another explanation may be based on the stress-, 
that f iriTi : n ibe necks* between particles. Evidence cf tv .a 
was recently c*ioj ly t;sterling (Rt>5) , Easterling and 
Thnlen (R31) and Young ana Cutler (R69). These stresses 
can cause a-j h.cat riiM-vement or Bingham type fl w of th*: 
material. iio s>useeptil llity of the thoria to defect mo.v 
ment. or B.ingi am f low would therefore have tc be enhanced iv 
NiO addi1i-'-r t„ Ir.crea»ing the temperature would either a- 
crease the critical shear stress, or destroy the ability it 
the inclusions t^ st-p dislocation movement. This would *n 
crease flow and densification. In addition, stresses would 
be caused by the Kirkendall effect. (A stress induced in a 
multicomponent. i ri.-.cmc ;en*3cus system when both sibstituents 
hava different ditiusi\ 1 ties in each other. This causes 
the less motile species to go into compression, the more



mobile into tension, and causes pores to form near t?.e inter 
face of the two.) The presence of these pores would also 01 
in producing a temperature-dependent end-point, since their 
annihilation would be diffusion controlled. This explanatic 
fails in the initial region of the first run where massive 
shrinkage occurs before necks are formed, though it is possi 
ble that other stresses cause this shrinkage.

Sintering could also be aided by an increase cf
mobility of the slowest moving species. In thoria, the 

+4Th diffuses the slowest under our typical operating condi­
tions. The addition of Ni++ or Zn++ might create Th+5 or 
Th+<* ions which are smaller than the Th+4 ion and therefre 
should enhance the diffusivity at the thorium ion. Similar 
type behavior has been noted for uranium dioxide„

There is another possible explanation, as proposed 
in section 4.2, i.e., there may be a liquid phase present, 
However, nickel oxide (m.p. 1990°C) aids the sintering of 
pure thoria (m.p. 3300°C). Since it is most unlikely that 
the addition of 2.5 mole percent NiO to Th02 lowers its 
solidus temperature by 2000°C, it is necessary to postulate 
that any liquid is rich in NiO. That is to say, the addi­
tion of rh02 to NiO lowers the solidus temperature by about 
700°C. This liquid would act initially as a lubricant and 
supply capillary forces to allow for rearrangement. On re­
firing at a higher temperature, even more liquid is pro­
duced at grain boundaries aiding rearrangement, but perhaps 
more importantly, filling in pores leading to more densifi- 
cation. However, it is difficult to believe that such



massive shrinkage occurs in such a short time, (the initial 
few minutes) when so little liquid could he formed,, T'is 
ter will he discussed in greater detail later.

That the initial rearrangement is so quick tunds t ; 
indicate that it is caused hy a driving force present before 
heating, possibly stresses. All of these effects, or a com 
hination of them may be operating. Since mathematical, 
of the first three explanations are not available analyses 
of these mechanisms and their relation to the kinetic shrink 
age curves cannot be performed.

4.4 Temperature Dependence of the Sintering Rate
The temperature of sintering has a \ m a r k k a  ; 

feet on the densities achieved by the materials under i r o - e s t i  

gation. This was briefly discussed in section 3.3 and s^own
in figure 3.9 for TYN and in 3,10 and 3.11 for TYZ, In cra*:t
to isolate the effect of temperature, it is customary to grap 
a term characteristic of the rate on coordinates represent! 
tive of the governing equation of the phenomena being studied 
In this wa>, it is frequently possible to relate the effect 
of temperature to the energy required for a process and there 
by tc obtain a better understanding of the processes involved 

It is, of course, well established that if a pro­
cess is thermally activated, it follows an Arrhenius rate
equation. If the process is controlled by diffusion, the
equation for the diffusivity, is customarily given by

= dQe  “Q//RT (35)
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where the pre-exponential constant, DQ , is independent of 
temperature. The activation energy. Q, has a sign .* f . c 3nco 
that depends upon the actual mechanism of diffusion Thus, 
in the case of the diffusion of interstitials at lew con­
centrations, the numper of sites available is infinite rela­
tive to the number of atoms of the diffusing species, and Q 
is just the energy required for jumping of a mole of the 
interstitials. On the other hand, for self-diffusion or 
substitutional diffusion by a vacancy mechanism, Q is the 
sum of the energy needed to create vacancies and the energy 
to allow jumping cf the atoms Thus, the activation energy 
is a measure of the total energy required for a process. 
Since it appears in the exponent as Q/T, the effect of tem­
perature cn the rat^ is vary strongly affected by its mag­
nitude .

by a mechanism linked to diffusion, we have seen that it 
should be jcverned by an equation of the form

Although we have shewn that this equation is not obeyed in 
simple form over the entire range, it is of interest to ob­
tain at least a qualitative idea of the magnitude of Q if 
the equation were applicible. For this e. .■ r => we assume 
that for small changes in temperature, the interfacial en­
ergy, volume and dimensional terms may be considered con­
stant. Therefore, equation |14‘ reduces to

how if the sintering process is truly controlled

f 14)



*  =
o

where is approximately constant.
If one wishes to use this equation to deterir;ne tt 

effect of temperature at equal sintering times, this is r.-'t 
easily done, for at constant time

At - KJ$)m = K 2f * 4 - f eL0 2 T
taking logs of both sides yields

In = K. - m[£r + InT] ' **'Lq 3 RT

Therefore a plot of InAJi vs s —; should not yield a str ujht 
Lo Tline unless InT were negligible by comparison with Q/RT. This 

is not the case for reasonable values of temperature. As can 
be shown, only approximate straight lines result when an Atr- 
henius type pl.t is used (see Appendix E).

It is possible, nevertheless, to derive an apprcx.- 
mate value of the activation energy. Referring back t eqji 
tion ( 3t>* for equal percentage shrinkage at different 
temperatures and times

' 39;f A n y"
' T1 = ' T2 ' 

so that

# ■  -lili - e ^ i
A T2tg ^  ~Q2/RT2



Therefore, if the mechanisms are the same at both temperatures

<Q1 " °2) ,, , ,
T 24l' R V t 2 Ti.) 41

This equation is not easy to apply because t-- shrink­
age chosen for comparison should involve times that are not ter- 
short, lest the errors of the initial period become invol 
Yet, since the shrinkage rate falls to very small values at 
later times, comparable shrinkages can be obtained only at 
relatively short times. The results are likely tc be crude. 
However, since the results are expected to be only quaJjtat.i -'e 
the following comparisons have been made for IrN 'table 4a 3 
and TYZ table 4.4* , where the activation energy is gi'-en 
in kcals/mole.

Table 4. 3 Activation Enerqies, TYN
Temperature Pair (°C) times,t^,t2fmin) At

V  '
Q (kcal/mol

1200 - 1300 18, 2.1 8 103
1300 - 1375 4.5, 3.9 9 13

17, 9.2 10 4f
87, 40 11 57

1300 - 1450 17, 2.1 10 79
87, 4.8 11 108

1300 - 1530 87, 1.8 11 103
1375 - 1450 9.2, 2.1 10 115

40, 4.8 11 164
1375 - 1530 40, 1.8 11 12"'*
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1450 - 1530

Table 4.4

4.8,
17.5,

Activation

1.8
3.7

Energies,

11
12
AVG

TYZ
Temperature Pair (°C) times (min) t1#t2

£ < *>
1225 - 1300 4.8, 2.1 5
1300 - 1370 5.0, 2.5 7

9.6, 3.4 8
1300 - 1440 9.6, 1.2 8
1370 - 1440 3.4, 1.2 8

5.5, 2.5 9

80
124
92.8

Q(Kcal/mole)

55
54
80
84
8 7

67
AVG = 71.2

It will te observed that apart from the 1300, 1375°C 
combination which yielded low results, the activation energies 
for TYN fall in a range from about 80 to 160 kcal/mole. Using 
all the data, the average is 93 kcal/mole. The TYZ values are 
generally lower, averaging about 71 kcal/mole. These values 
are not very far from the measured activation energies fc r 
diffusion of the slower moving cation in IX) 2 (81-105 kcal/mole) 
and in ThOj (59 kcal/mole)(R71, R72). They are also in rea­
sonable agreement with the estimate of about 100 kcal/mole 
made from an inspection of the SEM micrographs (see Section 
3.5, Plates 3 and 4).

If these values have validity, their significance 
lies in the indication that a solid state diffusional pro­
cess appears to be involved, for they are too high for



diffusion in a liquid. This matter will be discussed in 
more detail in Section 5.

The previous calculations were made fcr tht; pur 
pose of acquiring an approximate energy for the overall 
sintering process rather than to evaluate the effect of 
temperature on the densification rate at short times. As 
the tables show, these calculations were made over a 
considerable range of times of sintering [from 1.6 to 8 7 
minutes]. It was also shown that if equation (14^ did 
represent the shrinkage, it was not easily possible t-' 
show the effect of temperature on the densification 
achieved after selected times. Yet the effect :f temper - 
ture on densification in the initial period is of major 
interest. Cast how much densification is achieved after 
about 2 minutes at different temperatures? Tc answer 
this type of question, the shrinkages achieved after 
selected lengths of time have been plotted on l.inerr 
coordinates vs. temperature as shown in figure 
Astonishingly enough, the relationship obtained fexcept 
for long times at high temperatures) is a family of nearly 
parallel straight lines. This indicates that at constant 
sintering times, the governing equation is of the form.

= K4T + K5 (42)

No evidence of any such governing equation for 
sintering has ever previously been found. It seems to call 
for a mechanism where a temperature difference is the drivi
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force. Possible mechanisms of this kind include temperature- 
induced stresses produced by insertion into the hot zone, r. r 
control of densification by the presence of a liquid whose 
amount is a direct function of temperature. These will be 
discussed in greater detail in Section 5.

How significant are the shrinkage data at longer 
times? Any shrinkage plot would have as the major contri­
butor to &L the initial sintering where a majority of the 
shrinkage occurs. To correct for this possible error, a 
table was prepared by subtracting the 2 minute readings 
from the 10 minute readings, and the 10 from the 30.
These results for TYN are given in table 4.5.

Table 4.5 TYN AL's During Different Time Intervals 
Temp (°C)-» 1100 1170 1230 1300 1380 1440

2-10 min. .017 .025 .030 .025 .024 .029
10-30 min. ,012 .010 .013 .013 .013 .009

Obviously, the shrinkage is determined almost entirely by 
the events of the first few minutes, in other words, the 
behavior is dependent on the extent of the initial re­
arrangement. The shrinkage and densification that occur 
within the first couple of minutes is therefore of over­
whelming importance, since the subsequent behavior of TYN 
is similar at all temperatures. The results of table 4.5 
could have been deduced from the parallel lines in figure
4.21.



5. Suggested Mechanisms
5.1 Introduction

The previous chapters first described the th-^ ret 
ical means with which to determine mechanisms of sintering 
of powder compacts. They then gave our experimental r^ult 
and some brief comments on possible mechanisms to explun 
the phenomena.

It has been shown that small additions of nickel 
ous oxide (NiO) and zinc oxide (ZnO) are good sintering  ̂ a 
for the densification of thoria-yttria at temperatur-s -v-ir 
1500°C. It has also been demonstrated that none of t'-e 
simple, conventional sintering mechanisms is applicable tv 
this complex situation in which ThO^ is in the form of flat 
plates, not monosized, and more than one component is pre­
sent.

The most striking feature of the kinetic shrink­
age curves is the existence of successive stages ^itt 
possible overlap between them. There are clearly two cr 
three regions; (1) an initial very rapid shrinkage rate 
(2) a slower shrinkage region where volume diffusion is 
probably occurring, and (3) a final slow densification 
region where little or no shrinkage occurs. The presence 
of these regions have been deduced from the nature of the 
kinetic shrinkage curves, the observed “break points" in 
Johnson, Johnson-Cutler and Kuczynski models, and visual 
observation of rearrangement and densification on the 
SEM. There is an apparent temperature dependent end point
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of density. This is evidenced by the ability tc approximately 
superimpose the kinetic curves after the initial 2 minute 
reading has been subtracted. The first region, where the ma­
jor densification occurs, is of major interest and will be 
discussed more fully. The second and third regions are fair­
ly easily envisioned and contribute little to the unus.tl 
shrinkage and densification kinetics of the material m  es 
tigation.

The very rapid densification so soon after reach­
ing the sintering temperature implies a rearrangement of 
the powder particles without any substantial amount of 
diffusion. It is difficult to visualize a cause other 
than the formation of a liquid phase or the relief of pre 
existing stresses. Both of these will be examined in 
greater detail in the following sections.

5.2 Liquid Theory
The simplest hypothesis that would explain the 

early and rapid rearrangement would involve the formation 
of a liquid phase at the sintering temperature. One might 
visualize a rather low density array of thoria plates which 
are suddenly in the presence of a liquid that wets them 
completely. Strong capillary forces compel a rearrangement 
that will yield the minimum interfacial area. At the same 
time, the liquid permits easier sliding of the particles 
over each other, thereby facilitating the rearrangement 
which leads to a much higher density. Indeed, after re­
viewing our results, this explanation has been offered by



16 3.

Or. J.E. Burke (R64), manager of the Ceramics Branch of 
General Electric's research laboratory. Dr. Burke is a 
recognized authority on the sintering of ceramics. Fol­
lowing the initial rapid shrinkage, the presence of the 
liquid would also facilitate diffusion in the second 
stage by providing paths of easy diffusion (R8).

It is essential, then, to examine the arguments 
and evidence pro and con the liquid phase mechanism. Un­
fortunately, the phase diagrams for ThO^-NiO and ZjO^-NiC 
are unknown. Although yttria is essential for the crea­
tion of the solid electrolyte, its presence adds a fur­
ther complexity. Therefore, studies on thoria-nickel 
.oxide binary compositions were conducted specifically 
to improve the understanding of the sintering process.

There can be no doubt that nickel oxide and 
zinc oxide are aids for the sintering of pure thoria.
The isothermal shrinkage curves of figure 3.8 show the 
effect of NiO plainly even at the test temperature of 
1370°C. So do the SEM micrographs in Plates 5 and 6 
(1370°C) and more evidently in Plates 7 and 8 (15 30°C). 
The effect is clearly obvious at 1370°C on the SEM 
photos of unpressed powders shown in Plate 2. It is 
made dramatically clear by the macro photos of unpressed 
powders heated for 10 hours at 1370°C, which are shown 
on the same plate. It is worth emphasizing that in the 
last instance, not only were no cold-pressing stresses 
applied, but the specimens were heated slowly to the sin­
tering temperature in a massive furnace. Hence thermal



stresses were minimal. This tends to strengthen belief in 
the existence of a liquid.

Although the ThO -NiO constitution diagram is un- 
known, it is fruitful to examine the possible forms. Only 
simple types without compound formation will be described. 
[Compounds often have melting points higher than one of 
the components, and the existence of a compound will not 
alter the basic argument.] A liquid is presumed to exist 
at 1370°C, and since the melting points of NiO and ThO2 
are about 1990°C and 3300°C respectively, diagrams of the 
ideal solution, Pigure 5.1a or of the simple peritectic 
type shown in Figure 5.1b are ruled out. Although a dia­
gram of the form of Figure 5.1c might be feasible, it is 
not as advantageous for liquid formation as the eutectic 
type to be discussed below.

Eutectic diagrams of the form shown in 5.Id and 
5.1e can produce liquids at relatively low temperatures. 
Obviously, form 5.1e would yield the larger amount of 
liquid for any given addition of the second component.
Let us then assume that the diagram is of form 5.1e shown 
in assumed realistic detail and drawn to scale in Figure 
5.2. A eutectic temperature of 1300°C has been assumed, 
even though kinetic shrinkage results at 1200°C indicate 
that the same shrinkage phenomena occur at both temperatures.

Now, visualize ThO plates coated uniformly with
2.5 mole % fine NiO powder. When a temperature of 1370°C is 
attained, if the NiO moves with extreme rapidity so that
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equilibrium ie reached in a few seconds, we would have an 
overall composition of 97.9% ThOj. The liquid would have 
composition L^, (see Figure 5.2) and the ratio of the 
liquid to solid would be x/y. In the figure as shown, 
this might mean about 3.0 mole %  liquid. At 1530°C, th« 
percentage of thoria in the liquid increases to and 
the amount of liquid might be about 4.0 mole %. This 
would explain the nature of the discontinuous runs, where 
an increase in temperature will cause more liquid and 
therefore more densification immediately.

The explanation just given possesses a strong 
asset. It will be recalled that in the first shrinkage 
stage, the extent of densification is linear with tempera­
ture (see Figure 4.21). This explanation yields a percent­
age of liquid which increases linearly with temperature and 
it is easy to believe that the amount of densification in­
creases with the amount of liquid. Unfortunately, this 
explanation does not account for the experimental fact 
demonstrated in Figures 3.4 and 3.5. If this explanation 
is correct, addition of more than 2.5 mole %  NiO should 
produce more liquid at 1370°C and, therefore, greater den­
sif ication. The experimental data *how that beyond about 
1 mole percent NiO, no increase in densification is ob­
served. Kingery (R8) showed that a plateau in the densi- 
fication with amount of liquid was not noticed until 35% 
liquid. In addition, the activation energy of 90 kcal/mole 
for TYN is very high if liquid diffusion were controlling.
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Furthermore, if an equilibrium liquid is formed, it should 
continue to exist until full densification is achieved.
Thus, it becomes difficult to account for the greatly dim­
inished shrinkage rate after a few minutes and long before 
full densification has occurred. (Other objections to the 
liquid phase mechanism will be cited later.)

It is, of course, unlikely that equilibrium is 
achieved by the diffusion of NiO into the ThO^ plates in 
a few seconds. It is far more likely that a non-equilibrium 
transient condition is ultimately replaced by an approach 
to equilibrium. Thus, ThOj may dissolve in the fine NiO 
powder, reducing the melting point and forming a liquid 
rich in NiO. Since only the NiO on the surface of the 
thoria could see the thoria and create a eutectic, addi­
tions are only effective up to a monolayer of particles. 
Beyond that, no effect would be observed. This could ex­
plain the effect of additive demonstrated in Figures 3.4 
and 3.5.

If the relationship shown in Figure 5.2 were 
correct, something less them 20% ThO^ would convert the 
NiO phase to 100% liquid at 1370°C. Again, this would 
be about 3 mole percent of the total material present. 
Raising the temperature would mean that less ThO^ would 
be needed and that the range of thoria contents over 
which a liquid existed would become much larger.

As time progressed at the elevated temperature, 
the system would approach equilibrium at 97.5% Th02 as 
previously described. As already noted, the simple



eutectic diagram of Figure 5.2 would imply the existence o 
a liquid even at equilibrium. However, this need not be 
the case if there is appreciable solid solubility on the 
thoria side. Then the diagram might have the form shown 
in Figure 5.3. Now, a liquid phase would be produced by 
the addition of ThO^ to NiO and some liquid would persist 
until equilibrium were approached. At composition S 
mole % ThO^• the material would be entirely solid.

The liquid phase explanation appears to be 
somewhat strengthened by the appearance of some of the 
SEM micrographs. In some cases, the sintering powders 
appear liquid. See for example Plate 6, numbers 29 and 
37, or Plate 8, number 33. However, SEM micrographs of 
the sintering of pure metallic nickel powder well below 
its melting point show remarkably close resemblance to 
these (see Figures 5.4-5.8). These micrographs were 
taken by Juusela et al. (R55) .

Any explanation based on the formation of a 
liquid phase runs afoul of experiment. As previously 
described, a series of compositions across the entire 
ThOj-NiO phase diagram were formed into pellets and 
heated for long times at 1370°C (TYN was also tested).
Not only was no melting found in any of them, but all 
retained the flash produced on pressing as well as 
their sharp pellet edges. A pellet containing 50 wt %
(78 mole 96) NiO was heated to 1530°C for 6 hours with 
no sign of melting. A pellet containing 80 wt % Nio 
(93 mole percent) was heated to melting at one edge
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in an oxy-gas flame and the temperature measured with an 
optical pyrometer was found to be 1650-1725°C at the point 
of incipient melting. Toe test was calibrated using 1399°C 
standard eutectic pellets.

In summary, then, while a rearrangement basea 
upon the formation of a liquid phase is attractive, the 
experimental evidence leads to considerable doubt. De­
tailed exploration of the The -NiC system at high tempera-£
tures will be needed.

5.3 Solid State Mechanisms
The determination of the temperature of formation

of a liquid phase in the The -NiO system is of crucial im-£
portance. For if a liquid is not formed in the sintering 
range, then an unexpected solid state phenomena, 1s respon­
sible for the initial rapid rearrangement. Possible phen 
omena include-
a. Stress Actuated Rearrangement Stresses may be present 
in the compacts because of grinding or because of tempera­
ture differences. In addition., stresses may be introduced 
by inequalities in diffusion or by the sintering mechanism 
itself. The observed Linearity between temperature and 
early shrinkage may be the result of thermal stresses. 
However, as we ha e observed., even when both pressinq stress 
and thermal stress ar« absent, shrinkage does occur in the 
presence of small amounts of NiO and ZnO while it does r.jt 
occur in their absence, except for very slight shrinkage 
of TY.
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The stresses formed during sintering try to 
broaden the neck region and therefore minimize total sur­
face area. If a small particle is in contact with larger 
one, the overall effect might be to aid in the spreading 
of the smaller particles over the surface of the larger. 
If this were occurring on both sides of the smaller par­
ticle, rearrangement would indeed occur. In addition, 
if the stresses formed at the necks are large enough, 
the material might flow like a Bingham solid, greatly 
aiding the initial rearrangement by supplying a transient 
liquid. Whether such behavior is possible in the short 
length of time that the initial rearrangement occurs is 
doubtful. Such a mechansim would explain the effect of 
additives, since additions in excess of a monolayer of 
particles would not aid and might be detrimental to the 
rearrangement process. The discontinuous runs could be 
explained on the basis of the annihilation of inclusions 
that inhibit dislocation movement at higher temperatures, 
or that a lower stress is necessary to cause Bingham type 
flow.

The inhomogeneities may cause a rearrangement 
similar to that hypothesized for neck stresses. If NiO 
diffuses more quickly into thoria due to the concentra­
tion gradients than vice versa, then the NiO may almost 
totally disappear as a separate phase. In diffusing into 
the more abundant thoria from two sides, it can bring the 
two thoria plates it is in contact with into alignment -
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causing rearrangement. This explanation would explain why 
the unstressed TY had shrunk. Temperature-dependent end 
points could be explained on the basis of Kirkendall pores 
formed which are relieved by diffusional mechanisms. This 
hypothesis suffers from the same drawbacks as did stresses
in necks. In addition, the high activation energy implies
a solid state diffusional process is occurring.

b. Surface Diffusion It may be that the sintering aid dif­
fuses very rapidly over the surface of the thoria platelets.
If the attractive forces between NiO-ThO^ and NiO-NiO are 
sufficiently great, the tendency to reduce surface energy in 
the solid state may result in rearrangement of these coated 
platelets. This would produce a higher density packing of the 
thoria, even though no center-to-center approach of the bulk 
material is occurring.

c. Electrical Effects It is possible to create substantial 
electrical potentials across thin films during the oxidation 
of metals. If an ion is transported through an oxide film 
without accompanying transport of an oppositely charged ion, 
or transport of electrons, high voltages may be established 
across thin films. This phenomenon has been used to explain 
oxidation that follows a logarithmic law (see for example
K. Hauffe (R49), chapter 3.5).

We may visualize a situation in which Hi** diffuses 
into ThO^ without accompanying O diffusion (or vice versa). 
The result would be the creation of high voltage gradients



over short distances and a strong coulonibic attraction be­
tween Th02 and the NiO. This might cause rapid early re­
arrangement and apparent densification, but would not ex­
plain the results of the discontinuous runs when the mater­
ial was fairly well densified and incapable of movement due 
to coulomibic forces.

d. Creation of Defects As previously indicated, the addi­
tion of Y„0, to ThO„ creates o“ vacancies because of the 2 3 2
lower valence of Y+++. * However, electroneutrality may be 
maintained by other means. For example, if O" were to 
enter the Th02 lattice without the accompanying Ni^, it coula 
be accompanied by the alteration of Th+^ to Th+^ to maintain 
electroneutrality. Now the sintering of thoria is undoubted­
ly controlled by the mobility of the thorium ion, because it
is the slowest mover. Since Th is a much smaller ion than 
+4Th , its diffusivity may be much higher and sintering will

be hastened. This phenomenon can hardly account for the
rapid early shrinkage or the discontinuous runs, but may
assist greatly in the later stages.

In conclusion, since we are not convinced that a
liquid phase is formed in the ThO -Nio or ThO -Y_0 -Nio2 2 2 3
systems, the question of early densification needs far more 
extensive experimental exploration. If the absence of a 
liquid is confirmed, it will be necessary to conduct work 
leading to a satisfactory explanation of the behavior in 
the first period of thoria sintering. It is possible that



an entirely new explanation is needed to explain this be­
havior. The subsequent regions are explicable on the 
basis of solid state diffusion, initially enhanced by the 
increased mobilities caused by vacancies, then hindered 
by the residual pores in the solid matrix.



6 . Recommended Research
6.1 Areas of Future Investigation

The following is a list of areas of further investiga­
tion to both elucidate the mechanisms of sintering in our th:r;i 
yttria-additive compacts, and to produce a fabricated oxygen 
sensor employing a solid ceramic electrolyte:
1) Methods of fabricating a totally encapsulated electrode 

with an electrolyte for use as a probe have to be more 
fully developed. Possible methods include the plating 
of Ni or Fe on Pt wire, partially oxidizing it, then 
isostatically pressing the electrolyte around it.

2) An equilibrium study of the thoria-nickelous oxide and 
thoria-yttria-nickelous oxide systems to detect the 
temperatures of initial liquid formation. It would also 
be helpful to find the liquidus temperatures in the en­
tire system. This work will require techniques for 
sample preparation in excess of 2000°C.

3) If liquid is formed only above the sintering temperature 
then the nature of the solid state reaction that causes 
sintering will need to be studied. This should involve 
tests of the various hypotheses beginning with the
most promising.

4) A more complete study of the thoria-yttria-zinc oxide 
sintering. This is of interest because the additive,
ZnO, which might induce electronic conduction, is 
volatile at the firing temperature. It may therefore 
be feasible to remove the sintering aid from the final 
product.
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5) The electronic and anionic domains of the thoria-yttria- 
additive electrolytes, that is, the ionic transport num­
bers as a function of both temperature and oxygen partial 
pressure. This is to determine the usable range of th« 
electrolyte.

6) Methods of coprecipitation to yield finer particles or 
to more evenly distribute the substituents, including 
thoria-yttria or thoria-yttria-additives as hydroxides 
or oxalates. This will help determine the sintering 
mechanism by varying the particle radius (allowing for 
Herring analysis) and the additive distribution. It 
may also substantially reduce the required sintering 
temperature.

7) The effect of particle size distributions and irregular 
particle shapes on sintering.



180 „

APPENDIX A Derivation of a Typical Kucsynski Equation 
Maas transfer between spheres is governed by 

Pick's Laws , v
d V  -  A — D  w
3? X.

assuming the following geometrical relationships defining 
x and y (as shown In Figure 1.3)

Y * *72 r r t wW«. j s

v - - Effry2 S Errr^ (b)

n  -  I * ' ' #

A  -  2 r r y x  (a)

p  -  y .  rfc (e)
(f)

D v * (g)
Plugging into equation (a)t

T E
rearranging yieldss

il$)x -
d i  "  W ?

(h)

(i)
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and on integration:
r\l a  :

RT



APPENDIX B Derivation of the Kuczvnski Model for Sintering 
with a Liquid Present - after Kingery (R8)_____

As before:

g  - s . * * <a'

AC » lljSi J—  'Y -T r  *r
The volume is again a cylinder between the necks, and

4* * i r r \ f l £d«t d t  dt

The area is a cylindrical band between the two spheres

A  r  *  2'KS(Jz$l*mr) =

with

and

D , *  & L

then substitution into equation (a) yields: • ,

c-vrr cb -* -  it r *>'*

C ■

(d)

(e>

U)

Cm )



which simplifies tot

yielding:
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APPENDIX C Derivation of the Shrinkage Equation for 
Tetrakaidecahedrons, after Coble tR43)

The shrinkage due to the sintering of tetrakai- 
decahedron after Coble Is described below.

Assume that after sintering has occurred for a 
while, the particle can be described by a tekrakaideca- 
hedron (see Figure below).

The volume of this polyhedron which has 36 edges and 24 
corners, is where X  is the length of the new
edge. Consider that at first the pore is a continuous 
cylinder of radius r distributed along the edges, then, 
it will have the volume (36 finr"2! , then its porosity 
(Pc) is the volume of pore of volume of polyhedron since 
this Kelvin polyhedron fully fills three spaces.

2
P - 1.06 -̂ 7r (a)



If bulk diffusion is the mechanism, then the flux 
per unit length is

3J/i - 4rrD VAC (cm /sec cm) (b)

where
V - Vacancy volume
AC - Vacancy concentration difference 

- Vacancy diffusion coefficient 
1 * Length = pore diameter = 2r

J/2r « 4ttD VAC (c )v
This flux distributes itself to 2 grains per eic'- 

o f the 14 faces, then

21 m M  j „ 7(8rTDvVACr) (d)

plugging in AC from equation 4 gives

(e)dV fll2nDiv) 
dt " x RT 1

But

so that

^dV = Pc - 12nXr2|^ (f)ro

Jr “ 4RT J t <g)



where is the tine when the pore vanishes, sot

r2 lOOiv . /AL\l
PC ~ 7 1  ~ W T  f ~ (l ) (h)

L I 3 5 T  ' V * ’ (i)

which roughly coincides to Coble's model for bulk diffusion 
with spheres.

Similarly, Coble gave the case of Boundary Diffusion 
controlling with cylindrical pores

7 L RTr Jsi" J ' 4nV  1 — -  I (j)
where W is the boundary width for this case

2 2/3 r _ DWtv . (k)
H1 " 2 I t s *

1/3
Lq i*RT (1)

which corresponds to Kingery's boundary diffusion model 
with spheres.
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For the case of closed pores. Where the pores 
appear at the tips of the polyhedron. Coble gave

2r71 2^ -  (t -t) i3RT 1 f (m)

which corresponds to Coble's nodel again.
It would definitely appear that use of sophis­

ticated shapes do not add to the general form of the 
equation.



Appendix D - A Note on the Non-Linear Translated Method
The non-linear translated method is so named because 

the use of equation (34)
(I.J-L) - Lx {K1 (t-t1)},“ (34)

is not linear to the governing equation# 14. This is easily 
shown.

The general form of the governing equation is
y » kt m (d-1)

At time t^, the relationship would be

yl “ ktim (d_2)

Subtracting (d-1) from (d-2) yields

yx - y - M ^ 1" - tm) (d-3)

or, since y - (Lo-L)/Lo

Lx-L - Lo^Ktt®-^”)} (d-4)
Equation (d-4) differs from equation 34 in the exponent m. The 
difference between Lo and as a coefficient is less than 10% 
for our compacts and can be neglected. Equation (34) holds 
then only when t»t^, or when y^ and t^ are picked when one 
single mechanism starts to be controlling.

This method differs from the Johnson-Cutier method 
only in the assumption that the assumed t^ and do not have 
to be mathematically derived, but are the observed data points. 
Values of t^ and should be picked such that the break point



is eliminated, but taking cognisance of the physical significance 
of the value of t^. This method is good for cathetometer mea­
surements when the initial effects are large and take a relative­
ly long time to manifest themselves.
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