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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
®ither NiO or 2n0. 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 ié 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 Cchnson 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 densification region where inclusions
probably slow down porc annihilation so‘that a tocm-
'pcraturu depenrddent end point appoars to bé reachead

at short times



iii

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 mechaniams are proposed as

alternatives to the liquid phase theory.
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1. Backyround

1.1 Electreolytes

The last decade has seen the wideéspread aopplicat.i-n
of anion-conducting solid electrolytes, especially thos- in-
volving oxygen transfer. Iheﬁ‘have been used for such divars.:
purposes as the elecﬁrolyte inﬁgalvanic cells for the deter.
miration of thermodynamic and “inetic data (achieving much
higher accuracies than conventional methcocds can obtain): as
the electrolyte for fuel cells; and as the electrolyte for
anion sensing meters in gases, liquids and solids.

The most common s¢lid electrolytes for haiah temg- . .-
ture usc are based on zirconia, Zr0_, cor thoria, Thoz. The--

2
are doped with aliovalent solid oxides such as caldia. CaC. :-

. . +4
yttria, Y203. These cations replace the Zr+4 or Th in th-
heost lattice, forming a selid solutinon. Since its valence ‘s
lowar, cxyy=2n ion defects are creat=d (as s!own for an

ideal lattice in figure 1.1).

= = = = = a =

o 0 ) o) o o ¢ o

it s At h4* At Tt hi* ¥t}

(=) ()
[:] indicates vacancy

a) Perfact 'I‘ho2 Luttice

b) 'I’hO2 Aopad with Y203

Yigqure 1.1 Pefect Structure of 1%02 - Y261
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The product has a much higher conductivity and has bean feound
to conduct almost completely by oxygen ion transport‘in cer -
tain domains of oxygen partial pressure. Outside of this
region, electronic conduction occurs and reversibility is

impaired. Then. instead of the EMF across the electrol-te

being given by: R _ _
E = 8L 11+ Po2’2 . (1)
4F " s
P :
02 .

it becomes ‘R2}:
S I
fﬁ*% on QUL

where 9UQQ 1edicates cx;gun activity . Tecausc the oxygen
jon transport number .t&n\? must Te kncwan as a function cf
oxXygen activity. This 1atLex ergression 16 not eiasy to
evaluate. '

Our laboratory has usod elactrolytes of tnis kird
with elzuctrodz2z that arz physically hard- bheorttle and def i
cult tc fobricate in deasz form (2.9, tantalum cilicide-
oxides (Rl and tantulum-ox.de mixtures: . The nature of tyrao
electrode makes it impossailkle td create a porfoct scal b
twoeen the electrode and the electeolyte  As a regull thore
I8 seepage of ambiant aumsphure to one or both surfuces cof
the solid oxide electrolyte when employing the technicue of
stacking the pellela in an open cell The vonscquence 1
crroneous valuey of the EMF. since the cell is an oxyywan con-
centration call. A typical exampla is shown in figure 1.2

using a thorla-yttria eclectrolyte and Fe, FeQ versus Ta, 'I-u_!(,»lj
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Firtare 1.2 - Open Cell Stacked Prllet Technique




electrodes. The calculated interface oxygen partial pressure
(R3) are given for 1200°x. as a typical ambient temperature.
The cell is of the form:

Pt/Pe, r¢O//Th.85Y.1501.925//T3205. Ta/Pt

Using the typical numbers given in this example and equation
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 eslectrode totally encased in
electrolyte material, was proposed. Wwith this approach, the
two environments are totally separated from one another and
the chance of leakage greatly reduced. 1In addition, the need
for a sinterable, deformable, flat surface is eliminated and
powders nmay 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) (>2ooo°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°¢

1,



vhere platinum or its alloys may be used and a variety of
electrodes 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 temperaturs 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 (see figure 1.3). When the mechanism
is either vaporization-condensation or surface diffusion,

8 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



a) no shrinkage b} shrinkage

Figur 1.3 - Meck "nrmation in Sinterin
gu . Jd




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. 1In sinterable materials, any one
or combination of these mechanisms may take place, either to-
.gether or in stages. 1f neck growth is measured, then the sin-
tering mechanism may be identified, since neck growth occurs

in each, If shrinkage is measured, then only tre effect of
plastic flow or bulk diffusion will be observed, or the sum

of both.

A majcr driving force for thz sintering process is
the decrease of free energy which acccmpanies 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 volum2 consisting of np individual
equisized spheres of radius r and fractional voidags {(1-€ .
The total internal surface area is 4nr2n . while the number
of particle-per unit volume is E/gnr3}. Therefore, the sur-
face area of these particles per unit volume is JC/r. 1t
should be noted that this is'for spherical pérticles, 80
larger areas would be found if the particles are rough or
irreqularly shapad. Therefore, use of 3€/r as the surface
area is a minimum estimate. The encergy associated with the
internal surface arca is this arca multiplied by the solid-
vapor surface envryy {y). TInserting representative nuﬁhers
yields

$ . . . .
AE = 3....%:. - zﬂ|01 er'gs/cml = 0.5 E—k‘-s ' Y]



This is small, but if smaller particles were present: larger

values may be obtalned,

1.3 Volume Diffusion Mectinisms - Kuczynski Model (R40, R44)

For volume diffusicon 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 examininyg coarse-grained alumina with
pores inside the grains, #H2 found that upon annealing, the
pores which were closest t5 the grain boundaries were prefer-
entially annihilated. Since shrinkage had occurred, the only
mechanisms pcssible wer: velume diffusion and plastic flow.
However, if plastic tlow hzd cccurred, pores should have dis-
appeared egually throujgh.out thwe gyrains. Therefore, he conclu-
ded that the operative mach.<nism was bulk diffusion.

The gradient in “acancics {driving force) is due to
the shape of the pore. 1Thi: can be shown from the Kelvin

equation

l

- puo = RT In@) = Vulp, + ) (4)

where u =  chemical potential on curved surfaco
Uy =. chemical p:tceontial on flat surface
V = molar volum-
y = surface fi1¢ - cnerqgy
a, a, = activities corresponding to py and Mg

p = radfus of curvature on orthogon:! planes



For a spherical pore, P1=P2 and both are negative (the chemical
potential is lower at a pore surface). Therefore, after re-~
arranging and substituting concentration @ for the activity

Aot = In ($g8e +1) = %.;L_’it (5)

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

2¥VC,
PaRT

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.

Though sintering of compacts is the interaction among

DL =C-(, = (6)

adjacent particles throughout a large array, it can be accurately
treated mathematically as the interaction between a set (usually
a pai;)‘of particles. The assumption of isotropic behavior
then predicts the overall behavior.

The governing equation for volume diffusion is Fick's

law

SV __padc

dt DVA dz (7
That is, that the volume flow of material to the pore (or vacan-
cy flow away from the pore) is egual 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 dsrived different expressions
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relating the fractional shrinkage AL/Lo, temperature T, particle

radjius r and time t to one ancther. The following is a typical

derivation of an operating equation assuming that the vacancies
diffuse from the curved neck to the

ary (vacancy sink) (R6). There are

midpoint of the grain bound-

at least three other possikle

sources and sinks, as shown in figure 1.4, They are neck to

particle surface, dislocations to 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:

2
Volume = ‘fo"y = 16T I‘B(M/Lu)

)
Area - 2‘\*\'\,& = 4y rt (M'/LA 2
P - Y = r (AL/LQ)
AC = a¥VC | . 23NC

TP RTe BEL.)

D L CaDv

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

(13)

&) - (25"

There are many other models, but all workers have started with

Fick 's law and ended with an equation of the form:

(QLL; = (.{_?'L:S tjh (14)
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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

c(ALh_.)r- to (ALILS?-‘DI’ . Even values of x range
from 2.0 rLALIL.)V"‘ to 1.74 r(ALIL.)'“ . It should be carefully
noted that this is for spherical, monosized particles with only
one machanism 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 8§ (R9)., Sintering is then
accomplished through a three stage process (R8). PFirst there
is a rearrangement of particles by viscous flow in the liquid
phase, decreasing friction. 1I1If 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
s0lid 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



13.

of the liquid phase. Subsequently, necks are formed and then
broken by dissolution into the liquid. This leads to rearrar.je-
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

N N\ (15)

Lo 3\,
where \  is small, Mathematically, Fick's law and the modi-
fied Kelvin equation yields (see Appendix B):

(%) = (6.5_&0_‘1'{:)”3 (16)

RTr*
This egquation should hold for all cases of grain boundary
diffuasion,

There are many other approaches, a brief summary of
which is given in table 1l.1. Even assumptions of different
shapes don't greatly alter the overall behavior (refer to
Appendix C for derivation of sintering between tetrakaideca-
hedrons).
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Table 1.1 Constants for the Diffusion Equation (14)

Diff. path
Bulk Diff.

Grain Boundary
(dissol-reprecip)

Rearrangement
Bulk Diff.
Bulk Diff,

Bulk Diff.

Bulk Diff.
Grain Boundary
Grain Boundary

Volume

Bulk Diff.

Between

spheres
spheres

spheres
spheres

spheres
parabolic

prismatic
prismatic
parabolic

spheres

tetrakai-~

k

3

14

decahedrons

m
.46

.33

lex
.50

.46

.20
.33
.31

.80

.50

I\

n
3

Author

Johnson & ?gtler
R7})

Kingery (R8)

Kingery (R8)
Coble (R6)

Johnson & Cutler
(R7)

Johnson & Cutler
(R7)

Kingery {(RB8)

Johnson & Cutler
(R7)

Kingery & Berg
(R9)

Coble (R43)

It will be observed that the sintering mechanism

may in principle be deduced from the value of the sintering

index, m.

However,

This has been widely used by many workess(R6, R7,
Ra‘ jo R43. etC.) L]
procedure by Rockland (R1ll).

doubt has been cast on this

Mechanisms may also be deter-

mined by a differential equation (R9, R10) due to Johnson

b= - ke

(17a)
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=(1+Mm))

(&)

where § is diffusivity, §> is (AL/Lo), and the constants A

=5 (&) 't (178}

B‘i' my & K are given in table 1.2, These eqguations predict
end points independent of temperature as expected by atomic

Table 1.2 Constants for the Johnson Equations (l7a & b)

9 B m ot ;
volume diffusion 2.56 .80 .97 B/ ker
Grain boundary diff. .84 3.64 .48 s /ktr?

where 9 = surface tension, = atomic volume, r = particle
radius, § = 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 eatablishing sinter-
ing conditions. 1In addition, rate measurements have theoreti-
cal value because once kinetic data are obtained, an accurate
log AL vse. 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 (R1l1:
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and others, there are many inherent doubts about this proce-
dure. Detailed analysis of the mathematics alone shows that
the method is very insensitive to changes in m so that only
approximate m's and possible mechanisms may be hypothesized,
If the particles are not psrfect spheres, or any regular mono-
sized shape, the value of the sintering index (m) may well be
erronecous. In addition, initial rearrangement (stress re-
lease mechanisms, etc.) will yield an initial shrinkage not
dependent on the Kuczynski model. These erroneocus initial
shrinkages invalidate the plotting method because only one
mechanism was assumed for this method.

I1f 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 Ly as the
length at the start of this region while t is set at zero for
this value of Lg. This would mean the substitution of (L-LR)
and (t-ty) for AL and t respectively in equation (14), where
LR = length at the beginning of the region and tR = time at
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
discuased 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 nonlineanties. 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 LR and tR described
above, into the equation. They found that a plot of length
instead of shrinkage was more insensjitive 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 oéher 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,

17.
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completely enclosing the void. This region is called a pore.
Surface tension causes the pores to become spherical to
minimize surface area, then drive it to disappear (see
figure 1.5).

If pores exist, they annihilate themselves more
qﬁickly 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 thersfore 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 size. 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
80 that large grains become larger while small ones remain the
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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 ncar grain koundaries will also dis-
appear. I1f this happens more readlly 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. 1These trapped pores are not likely
to escape because of the large spacings between the pores (the
vacancy source) and grain cundaries ‘the vacancy sinks). The
result is a p2rmanent residaal poros:zty and the sintered massc
wi1ll not attain theor=2tical density.,

1.6 Pplastic Flow Mochanisms

Plast:c flow mechanisms have heen used t: dascribe
the sinteringy pohasior in crystalline soiids {245, R28)., Ma-
terial transport by plastic floew 1s causced by the hydrostat.c
forces betwzen garticles. There are twd mod2ls used to de-
scribe sintorang hy plastic flow, the Clark-wWh.t: and Macken-
zie-Shuttleworith mmadels.

Trhe Clark-White mod<l matl. maticoally troats the con-
nected pore stage {carly staje’ of sint.inj. In it, viscous
forces of cither a Newtrnian fiuid 27 Binjham solid {one in
which a [linite cratical shear stress is noecessary to omake it
flow} causc a liguid lens tn ferm betwean twy spharical parti-
cleg. Crystalline oxides or h:lides can behave like Bingham

sol)ids, The resulting differential equation is not integrable

20.
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in closed form, but agrees well with kinetic data for CaF2 and

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. 1In 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).

2
The mathematics yields a differential equation which does not
lend itself to a closed form. A general closed form of the

equation is (R45)
¥ |n (| Jﬂ@-@]‘s = 31¢ (18)
wr Tr 5, - ™M

where P is the relative density, rc the critical shear stress
of a Bingham solid, n 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 sclid is that a
temperature dependent end-point density is obtained, since the
critical yield shear ia generally diffusion controlled and re-

lated exponentially to the temperature

-0/RT
T, = Ke (19)

and appears in the densification eguation.
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1.7 Activated Sinterin
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 is a change of atmosphers. 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 atmbiph-rc_hal a pressure
greater than the equilibrium pressure of the pores (2y§/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-
amic in question will determine the rate. If the solubility
i8 appreciable, then gaseous diffusion will not play a major
role in sintering.

The question of reactive gatcn is different for
ceramics than for metals. Oxideées generally will sinter in
oxidizing atmospheres if interstitial oxygeén can form. This
aids sintering by making available for transfer a mobile ox-
ygen arflon of low Aiffusionpl activation energy. It hl,-ﬂ also
been found that transfer induced when the ditldciitipn 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.
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Arenberg et al. (R14) noted that firing of thoria
in vacuum slightly aids the sintering. Thias will be dis-
cussed in greater detail later, Cases involving metals are
more frequent, with oxide formation yielding increased sin-
tering in copper (R15) and iron (R1l6), 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 thpria-
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-
oidization of voids, If the material is a liquid, or forms
a eutectic, then an extremely low resistance diffusion path
is formed. 1In addition, wet surfaces allow for slip between
particlea., This rearrangement causes massive shrinkage of
non-monosized irregular particles (R39, R43, R8). If liquid
is present, Burke (R19) suggests that an idiomorphic micro-
structure might be noted instead of the regular polygonal
one.

Arenberg et al. (R1l4) studied the effect of addi-
tives on thoria. They found that 1% additions of CnF2.

Bi043¢ V0, and others oxides and halides aid densification.



Hyatt et al. (R20) and Spacil and Tedmon (R21) noted that 1%
additions of rezoa. Co0, re304, or NiO to Zr02
creagsed its sintering rate while maintaining complete anionic

greatly in-

conduction (R21). The nature of this activation was not
investigated.

We have found that as little as 0.4 wt % NiO or
Zn0 added to Th go¥ 160 925
terability of Ty, decreasing its sintering temperature by
more than GOOOC. The mechanisms involved will be discussed

(TY) greatly increased the sin-

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%%. 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 Kuczynski (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. Purthermore,
the inhomogeneity itself can become a large driving force for
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sintering. The free energy of mixing for a multicomponent

system is

AG = RT%..XJ"I(*‘J (26)

Por 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, R70h may cause material transport
by plastic flow.

In general, Shaler (R18) proposed five forms of
"activation":

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

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

3) 1Increase 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)
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He also noted that the mechanisms rarely acted individually,
and were therefore difficult to identify experimentally.

1.8 Sintering of Thoria, Thoria-Yttria and Similar Materials-
Effect of Additives
While the general subject of sintering is of inter-
aest, specific importance in this research is attached to the
sintering of ThOo_, 2r0,, Y, 0. and related materials such as

2 2 23
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.

Thoria, Thoz. 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
strangth 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, Y203.
lyte, but also reduces the sintering temperature toc 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 (R6l) as early as
1954 noted that additions of Ca0 or 8r0 to thoria in a

not only creates a solid electro-
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heterogeneous mixture increased the sintering rate, while pre-
alloying re-uléed 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. Most 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 technigques 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

Temp. Hting rate Time held Subsequent Prhoria Pehoria-calci

treatment

1450 2 %/sec 10 (min) - 7.36 8.74
1450 " 10+7/6 - 7.38 8.75
1450 " 10 heated to 7.57 8.94

1600 in

7/6 min.
1100 " 10 - - 5.14
1100 " 10+7/6 - - 5.15
1100 " 10 heat to 1250 - 5,47

in 7/6 min.
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of a sample at 2 °/sec 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 analysia 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
and 1600°C, the change in Th'* diffusivity (the rate con-
trolling ion) is twofold, 1In addition, heating for 11% longer
time (7/6 minutes) yielded very little change in density.
Morgan also found that the density end point was dependent
énly on temperature. These anomalies were found to be unex-
plainable by a single mechanism.

To explain this odd behavior, further work was done
on Thoz. ThOZ-CaO. Zro2 and Zroz—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 dislocationas,
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 snergy 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 atudied 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 % Ca0, 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.
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Jorgensen and Anderson (R54) investigated the final
stage sintering of Y203 and Y203-10%Th02. Yttria has a crys-
tal structure quite similar to Thoz. They found that in
Y203-10 mole %»Thoz. thoria segregated at the grain boundary,
causing a decrease in the mobility of the grain boundaries.
Segregation of 'l'ho2 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 Can, 31203
or Vzos. He gave no reasona for either effect, though
probable causes seem obvious. Vacuum firing of pure thoria
at high temparatures produces an increase of oxygen vacancies.

This may cause an increased mobility of the anion to aid
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sintering.although the process is controlled by the slower-
moving 'I'h4+ 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 sintering tem-
perature (1500°C). It may be that the additive acts as 3
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 Fe3o4, FeQ or Fe203)
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 Fe0. Densifi-
cation then occurred below 1400°C. Since no actual kinetac
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 FeCE became a
ligquid and coalesced into the lens region of the interpar-
ticle contact points. The chloride there oxidized to Fe0
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-
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base materials. They studied the effect of additives on zirconia-
yttria solid electrolytes., Additions of 1% Fe304 cr cobalt oxide
ware 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
anionic conduction down to an oxygen partial pressure of 10-20
atm. The electrolyte with F0304 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% YS2
cermet, The ceramic was added as a sintering inhibitor for the
basic metal, since the electrochemical cells being investigated
utilized gasecus 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 Fe203
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%) Zr02 + Hﬁoz) 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 F0203 additions 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 Car2 both with and without external lcads. They applied |
the Clark-wWhite and Sshuttleworth-Mackenzie models ¢- ita s:n-
tering behavior. They found very good agreement between
their experimental results and both models for a Bingham
solid. This indicates that polycrystalline Can sinters ty

mechanisms that are plastic flow in nature.

1.9 Stresses

Stresses caused by grinding, compacting, Kirkendall
effects, or applied loads cause creep and densification 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 compressicn tc those
under tensile stressmes {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. 1In this way, necks
are widened and mass transfer occurs due to stresses., 1In
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 c:rz, though
crystalline, behaved as if it sintered by viscous flow.



Morgan and Yust (R29) and Morgan, McHargue and Yust (R30)
studied thoria and thoria-calcia. They found 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 Th¥lén
(R31) noted that dislocations have little effect in the
sintering of unatressed metals, but that large stresses

and potentials were induced in the neck region between two
sintering spheres. Due to int2raction of stresses and dif-
fusion, it is usually difficult tc 1sclate these effects
experimentally. The extent of the rcle that Nabarro-
Herring creep. dislccaticn climk and Kirkendall stresses
play in sinteringy are thzarefcre hard to pinpoint.

In its early stages. >ur work showed that it was
possiltle t. crtain a reducticn of akt.:-ut 600°C in the sin-
tering temperature of thcria-yttria. Although the primary
purpose was to achieve gatisfactcry sintering of the ceram-
ic electrolyte, the cause of the 600°C reducticn in the
sintering temperature by the aadition of small amounts of
additives to an already heavily d-oped oxide mixture ap-
peared of great interest. In additicn, the nature of the
resulting product, particularly the extent of solid solution
is significant, Althouyh the practical aim of producing a
working electrclyte was uppermost, the mechanism and rate of
sintering in this kind cf systam is of great interest and

was studied in detail.

36,
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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)

Th02 Y203 Ni0O Zno Zro2
mol. wt. 264.12 224.84 74.69 81.38 123,22
m.p. (°C) ~3300 2410 1990 1975  ~.2700
pX-ray 9.82 - - 5.66 5.75
p bycnometer 10.0 4.84 6.8 or 5.61 5.58
7.45
Reactivity (in air) 2700 hydrates -Nijy0; boils 2400
€ 200 400 1950
Structure cubic Tl 0., type cubic hexag- monoclini
fluorite [C tfpd rare NaCl onal  to 1050
earth) tetragona
>1050
fluorite
cubic-
stabilize
Thermal diff, .04 .03 .01 .023 .005
cn2
(fes
exp, 25-10000C
(oc-1)

x10®  25-1500°¢ | 10.17 - - - 11.0
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Subbaro et al. (R34) studied the ThO ,-Y_0, system,

noting that at 1400°C, 20% Y01.5 dissolves in Tho2 to form
a solid scolution (see Figure 1.8Y. In addition, thay stud.ed
the lattic parameters of the thoria-yttria aystem {(Figure 1.9
and from this derived a relationship between density ard per-
cent Y203 in sclution (Pigure 1.10). They deduced that the
solution forms with anion vacancies as mentioned earlaier.

The vacancies are formed in the host fluorite lattice of
thoria (see Figure 1l.l), which is the basic structure of the
anion conducting electrolytes. This structure consists of 8
anions surrounded by 14 caticons arranged in a face centered
cubic type of cell (see Figure 1l.11'. No phase diagram was
found for the syatem Th02~NiO or ThOZ-YZOJ-NiO, except for
the observation by Pettit and Felten (R33) that Thoz-Nio
heated to 1400°C for 16 hcours caused no interaction. A yreat
deal of work has been done on conductivities in mixed oxide
systems, especially theria-yttria. For work on this, a good
review article, such as that by Etsell and Flengas (R36) is
recommended.

Nickelous cxide (NiC! dissnlves oxygen at elevated
temperatures to become a metal defect compound. These de-
fects greatly increase the diffusivity of the material by
forming a low energy diffusion path. 17This can easily be
shown (R49). Oxygen is chemisorted on the surface by the
equation i— O, —_— O “ + H

gaseous oxygen surface chemi- electron tole
sorbed oxygen
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Figure 1.1l - Fluorite Structure
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At sufficiently high temperatures, the absorbed oxygen reacts

with the nickel ions to form nickel ion vacancies
]

(:f(’) = N0 + NiO +

chemisorbhed nickel nickel ion electron hole
oxygen oxide defect

for the overall reaction
o @ 810 + ML [ ] + 20

From this and the law of mass action we get that

o] "1 101% = xeo,? | (21)

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

™ - """21/‘5 (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 partidl pressure calculated from its free energy
of 2310'5 atmospheres at 1800°K (R3).

In contrast to NiO, zinc oxide (3n0) gives off oxygen
on heating to form a metal excess compound (R49). This too can
cause & low energy diffusion path. 2Zinc oxide dissociates to
form an interstitial monocharged zinc ifon with an electron in

the lattice. . .
2n0° = ZhO' .+ C, + 30,

Zinc Oxide positive excess oxygen
charged Einc electron gas
interstitial
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Again by the law of mass action we obtain:
. -th
[2r() J[el = Kb, (23)

If both the zinc interstitials and excessa electrons are propor-

tional to the diffusivity we get;

@) = KPo 2““ (24;

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 abc.e
1450°c (R48) (see Figure 1.12), These vapors contain no 2no,
but Zn and O0,. This can readily lead to mass transport by a

2
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 (99.9%).and yttria (99.99%) sup-
plied by A.D, Mackay Inc., nickelous oxide (certified) from
Pisher Scientific Company and zinc oxide (U.5.P., 99.5+%)
from Bedesee Pharmaceutical Company. The proportions of
thoria and yttria were based on a known good electrclyte
omposition. The selection of the amount of sintering aid
will be discussed later. The raw powders for the selected
.8297.146"1,025%1.902 (T¥-BN or TYN) and
Th.BSY.15°1.925 (TY) were ground in a 2 inch ball mill lined
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-

compositions Th

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 & Company. This furnace is cap-
able of reaching 2200°c, as measured by an optical pyrometar,
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and operates at pressures below 10~° torr. Sintered but un-
alloyed TYN pellets were also used as a source of powders.
Fine-sized 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 t*est
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 punck.
The load was applied in a Loomis hydraulic preass. After the
load had relaxed to less than 25,000 psi, it was again raised
to 50,000 pai, 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, R4l) 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
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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 1. (see figure 2.1). The zirconia was ground down from a
1 inch zirconia rod supplied by Zircoa. The reason fcr 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 % 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 k" Lifeline Globars connected in
series. The heating chamber was 20 inches long and was
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insulated by an unusually large thickness of at least 9 iaches
of refractory brick. This produced a constant temperature zone
of 4% inches. The furnace temperature was measured with a
platinum/platinum-13 rhodium thermocouple placed within 1 inch
of the specimen inside the mullite tube. 1Its EMF was m2asured
with a Leeds and Northrnp 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 ocutside 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 85% of the total power needed was applied con-
tinuously, while about 25% was used for fine control (see
figure 2.2). 1In 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°%¢
were obtained and maintained within 2.

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 waa 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. 8ince above 1100°C, both the 2r0, 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 2.]) which allowed viewing of the dark

cold gone at the rear of the furnace. The first measurement
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was obtained at approximately 0.7 minutes. Subsequent readings
were taken as needed, After the desired length of time. and |
after periodically checking the furnace temperature, the speci-
men was removed by pushing out from the rear into the inter-
mediate zone, where it was allowed to cool fcr at least > min-
utes to minimize 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 c<f on-
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 ¢f 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. 1If 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 sizes of the green compacts after pressing and cf
the sintered pellets after the desired time. Both of tnese
were measured at room temperature, It was assumed that th-=
inclination of the pellet remained unchanged during any run.
Since the final hot size was also measured, it is obvicusly
possible to relate the shrinkage during a run to the final

cold size, Thus,

Lc(t) = Cosg[L(t) + X _ATL(t)] + w sing[l+~£n?]

L 1255
observed angular cold thermal edge effects
length (hot) effects length expansion

where § is the tilt angle, L(t) the cold length at time t, w

the thickness of the pellet and -ﬁgT the fractional expansicn
due to heating. Noting that for our experiments (XLATg.OISJ

ow75° and wy.18L(t) yields

Le(t) ~ 1.024 L(t) (2€)

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
(Lg) were obtained by viewing the specimen outside of the fur-
nace on an illuminated horizontal black field through the same
cathetometer and a prism. When the compact was not friable,
measurements were also made using a micrometer accurate to
«001 cm., The latter method was found to be more consistent.
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2.3 Pphysical Property 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 (M), then the pellet was wetted in water and placed
in a clean pycnometer filled with distilled water of known 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
(WwP). 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 (V) or other-
wise the clean pycnometer {after rinsing) was weighed (VP).
The volume and density were respectively:

Pellet Volune = VP + WP - S {27)
Pellet Density = PW/ (VP + WP - 8) (28)

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

wet 1oidage = é:P : ?::f%g (29)
» Pu

where o, and Rp 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 AMINCO*

mercury porosimeter. *American Instrument Co.
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The degree of homogeneity, or sclutinn <f .trraia
in thoria, was measured by x-ray diffraction. Lattic=2 giaram-
eters were obtained either by use of a Debye-Scherrer powder
pattern or by use of a Norelco diffractometer. Cu, rad.ati=n.
filtered by nickel, was used and measurements were made *~» four
significant figures resulting in a scatter of .03%. ©Diffrac-
tometer specimens were either polished flat or the pellets
ground down in an agate mortar. The latter method was t-und
to be more reproducible. The x-ray machine was calibrated
using CaF2 as a standard.

A few micrographs were obtained on a Leitz metal-
lurgical microscope with camera attachment capable of 2500X
magnification., Specimens were prepared for microscopic ex-
amination by polishing on emery grit wheels and on automat:c
diamond polishing wheels with particle sizes as low as j,.
Final polishing was with pure alumina. Specimens ware etcred
with hot H3P04. H2804 or molten KHSO4 in less than 2 minutes.

Powder particle sizes were obtained on a Joulter
Counter capable of measuring down to Ll ; 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 sinteriny.
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2.4 Scanning Electron Microscopy
In earlier sections (1.3 and 1.4), the use of kinetic

sintering data, i.e, AL/ILo 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 (R1l). It is highly suspect when
more than one machanism is operative and is of almost no value
vhen the shepss 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 attempts.

o Fortunately, scanning electron microscopy (SEX) has
‘been developed to a high level of quality in the past few
jturl (R5%). It is capable of magnifications in the range of
1890-~20,000X and possesses an immense depth of focus as com-
pared with light microscopy. This method has a disadvantage
in that specimens must be conductive to avoid "charging” 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 Cheater, Pa. There, they were fractured as necessary,
and vacuum coated on a tilting stage coating unit with about
200 & of a gold-palladium alloy to eliminate charging. Thev



were then examined on a JSM3W3 scanning electrcn microsccpe
and projected on a large T.V. receiver. Specimens were
photographed on 4"x5" Polaroid film. The photos were re-
duced to Iy"x44" for this report.



3. Experimental Results

3.1 Introduction

Since the primary purpose of this research was the
reduction of the sintering temperature from the usual 2100%
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 gzirconia 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-Rothery's 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% (2500°F) as measured
by a chromel-alumel thermocouple. The pellets were prepared
as previously described and placed on alumina dishes. Nick-
elous oxide (Ni0O), zinc oxide (Zn0O), copper oxides (Cu0 and
Cuzo) and cobalt oxide (Co304) 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



ajid, forms 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 of
the numerous oxidation states of cobalt. These might
physically harm the electrolyte or induce electronic corduc-
tion.

At first it was suspected that the ThOZ-Y203—NiO
system might form an eutectic thereby causing activated
ligquid-phase sintering. To investigate this, a series of
Thoz-ﬂio, Y203-Nio, and TY-NiO mixture compacts ranging
in composition from 2 wt % up to 90 wt % NiO in increments
of about 9 wt % were 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 'I'ho2
the sintering considerably. Since the melting point of Tho2
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.)

or TY improves
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Table 3.1 Effect of 2 wt % Additions on the Sintering of TY
Fired at 1370°C for 2 Hours

Final percent
Additive Oxid, state Cationic rad. Elec., neg. accessible voids

Nio +2 .78 1.8 6
c°304 +2,3,3 .78, .63 1.8 3
Pe304 +2,3,3 .76, .64 l.8 -
Zno0 +2 .74 1.6

CuO* +2 .69 1.9

CaF2 +2 >20
LiF +1 >20
Cr203 +3 .69 1.6 >20
8102 +4 .41 1.8 >20
Tio2 +4 .68 1.5 >20
MgoO +2 .65 1.2 >20
Ta205 +5 .73 1.5 >20
Zro2 +4 .80 1.4 >20
AL, +3 .50 1.5 >20; .05u~16
cdao +2 <97 1.7 >20
Bao +2 1.35 .9 >29
8ro +2 1.13 1.0 >20

*forms a liquid
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3.2 Effect of Additives on Sintering
As already stated, the purpose of this research was

to reduce the sintering temperature of thoria-yttria (1Y’ .
The extent of that effect should be shown more gquantitatively
than in Table 3.1. Figure 3,1 shows a comparison betwea2n the
kinetic shrinkage curves of thoria-yttria-nickel oxide,
thoria-yttria-zinc oxide and thorja-yttria., All specimens
were fired at temperatures between 1370 and 1385%. 1t
should be noted that maximum density corresponds to a frac-
tional shrinkage of 0.126. This graph shows that at 1370°:;
additions of 0.8 wt ¥ 2ZnO or NiO cause a rise in shrinkage
from 40% of the total possible shrinkage to well over 9%,
Examination of Figure 3.1 will show that the bulk of the
effect of the additive occurred within the first two minutesa
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 ) was selected

.85%.15%1.925
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-

because this was the material used previously by Levine {(R1l)
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.¢ 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 additiv=s.
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 best 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 most suitable conditicns
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). oOnce
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 heen made on TY.B8Z (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 zcne
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 Pigure 3.12, Each data point was obtained on two dif-
ferent pelleta., 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 AL/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. T2
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 densaity
indicatea 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 Pigures 3.14 and 3.15 for TYN and TYZ., Theoret-
ically, they should be plotted as an Arrhenius-type plot
(1/T vs. 1n(Av)), but note that it yields a relatively straight
line on a 1/T vs. AV plot.
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The hbrupt increase in shrinkage which occurs in tre
first few minutes and which is followed by a period of muct
slower rate of shrinkage might be explained in terms ¢f a time
limited effect of the additive. For example, the additive
might be effective only when present in high concentrati~ns on
the surface of the thoria and/or yttria. Once diffused into
the TY, it would then be expected to lose its power., 1f thia
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 series of runs made cn
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 tuough 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 cbserved that on reaching the higher temperature,
the specimen approached the fractional shrinkage to be expected
from continuous heating at that temperature. 1In other words,
the additive apparently does not lose its potency by diffusion
into the body of the electrolyte material, while TY and TYZ2
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
£ind 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 5.6028 and for ThO, +15 mol % Y0
is 5.57.

3¢ the parameter

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 2ZnO 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 2n0O are semiconductors, non-stoichiometric oxides,
but of opposite types. Nickel oxide is a metal-defect (oxy-
gen surplus) p-type conductor, while Zn0 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 pressure, Toward this end, TYN was tested b,
firing three pellets in air, three in argon and three in nitr- .
gen at 1330°C. This data lend themselves to a comparison ut:-

lizing an analysis of variance (ANOVA). The results are given
in Tables 3.2 and 3.3

Table 3.2 Data for Atmosphere Effects

Data (1) (23

Shrinkage Wet Voidage (AL/Lo)Ave feTa y
Air .122, .112, .110 2.8,6.3,6.1 «115 3.1
Argon .096, .104, .1l04 9.4,3.8,7.2 .101 c.d
Nitrogen .111,.100,.102 7.9,9.1,7.6 . 104 8.2

Table 3.3 ANOVA on Atmosphere Effects

af  ss(1) §8 (2) EMS(1) EMS(2) Fregt
Effect of Atm. 2 .00003  14.4 .000015 7.2
Error 6 0003 24,1 .00005 4.2
Total 8 .00033 38.5
3 1.75
P s 5 ¢ = 1-76
F g0, 2, 6 = 3-46

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 nnil440°c. with three
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samples fired for 10 minutes at each combination of ccndit:zrs.
The raw data are given in Table 3.4 where the measurements w=r«

obtained by the cathetometer prism method.

Table 3.4 Data for Atmosphere Effects, Shrinkage

1140 1300 144C
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 (SEM) at a
commercial laboratory limited the number of specimens that
could be examined. In an initial set, the powders were examin-=d
and exploratory tests were performed on TY.BN specimens sin-
tered at 1370°C. Although these tests provided valuable infor-
mation on the nature of the starting materials and the effect
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
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K"x4%". In the process, the linear dimensions have be<n re
duced by a factor of about 1.16, so that any length measurea
on these photos should be multiplied by this amount befor=
using the magnification factor to estimate the size. (At
3000x, 1 cm = 3.9ym and at 10,000%, 1 cm = l.2um.)

In examining these micrographs, it must be romem-
bered that, except for Plate 1, they repreaent fracture sur-
faces and that fracture is most likely to occur on weak
planes which may not be representative at the bulk material.
Secondly, the surfaces have been coated with about 2003 of
gold-palladium alloy (0.02um), but 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 phctos (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
1000x to 15,000x were used, the 3000x and 10,000x appeared

moat 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
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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 5.0um
and consists of some large plates and some "burrs" that look
as if they were broken off the plateas. The yttria is also
plate-like, but smaller and containing more burrs, while the
NiO consists of very fine, more spherical powder of about
0.5um 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.B8N and
TY1ON 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°¢ for the designated times. This plate
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compares the behavior of pure thoria, thoria containing
0.8 wt % NiOo (T.8N), and the reference 3-component mix-
ture of TY.8N, the effect of 2Zn0 additions is also de-
picted in the same macropicture,

The effects of adding yttria and/or sintering
ajids 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 effactive as shown
in Table 3.5.

Table 3.5 Shrinkage and Additives for Unstressed
Thoria and Mixture
T Y ™ TZ TYN T™YZ
AL/Lo(%) © 2% 14% 9% 15% lex
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 Th02 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 consclidation of thaese 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
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be accounted for on the basis of NiO alone. The reason for th:is
is as of yet, unanswered. The TYN specimen shows evidence of
major sintering in both the macro and microscopic views., At
3000x, Tho2 plates are visible, but the overall rounding, ex-
pecially of the finer material, is characteristic of the kind
of structure that will be seen in more densified pure thoria
and in T.8N (c.f. Plate 3, specimen 34; Plate 5, specimen 137;.
It can be seen in Table 3.5 and in the macrophotographs that
™ and TYZ sintered appreciably too. Also shown are micro-
graphs of thoria and TYN treated as before at 15,000x. Thoush
the resolution of the TYN is poor because of electron charying.
a configuration indicative of massive flow is evident whicr s
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°F) and
1530°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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probably resulting from both Spex mixing and compaction frac-
tures. At 1 minute, there is little discernible change, even
at 1530° (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 3200x,
densification is noticeable, while the 10,000x magnification
discloses a marked alteration of the thoria plates. 1In 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°% 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]. 1Inspection 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,
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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 preaxrsor 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-l37ooc.
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 ;ore evident at 10,000x.
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 baasis of the newer, larger crystallites noted on Plate 4.
The sintering of the TYN specimen 10-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).
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Plate #5 - Thoria and Dopant/Additives, 1370°C, 3000x
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Plate #6 - Thoria ani Dopant/Aiditives, 13709C. 10.000x
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Finally, after o hours at 1370°C, some sinter.ng .-

taken place .n the pure thoria {No.

plates sti1ll have their :rregular snapes,

T.8N specimen (Nc. 37; is well advanced

30, but the fines and
In contrast, the

in focrming new cry-

stals and has begun to resamble thoria heated for the samne

Plates #3 and 4).

time at 15300C 'c.f. with No. 34

Plates #7 and 8 These two plates are the 1530°¢ analog:

of the pre-iocous tw, plates, The starting compact is still

the same. After h:zating fcr 1 minute,

servable in thoria. N-w. trough,

after 20 minutes,

tial sintering has occurr~d 1n the T.8N sample (No.

sintering 1s not »h-
substar.

33).

Tnis is evidenced by the frrmation of large crystallites and

the tctal disappearance »f fines.,

minute T 8N r—s-,ables the 6 Tour

nterestingly,
TN at 1370°C (No

this 20
37 Plates #

6 and 7). tending to confirm the relataimnship presiously de-

scribed f{or r.re tharia.

Now  when tt < spacimen
hours, truly offective sintwring
and tre TYN specimens. This TyYN

from the 1ndi1dual Jrezn powder

.s heated at 1530°C for 6

F.as occurred

itn the T.8N

specimen was not produced

d.rectly.

[Instead,

TYN piw-

der was pressed 1ntu a pellet ind rfired for 100 minutes at

(o}
1440 C ana then ground. Thereaft

er 1t was treated in the

usu4l way. The pures :n the TN are nc lcnger anterconnected

but are 1nstead small and rounded

Recrystallization 18 very

apparent T*€ TYN has the lask ¢f a viscous flu:id at 3000x.
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Plate #7 - Thoria and Dopant/Additives 1530°C, 3000x
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Plate #7 - Thoria and Dopant/Additives, 1530°, 3000x
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Plate #8 - Thoria and Dopant/Additives, 1530°C, 10,000x
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Thoz. 1530°C for 1 min.



114,

Plate # 8 - Thoria and Dopant/Additives, 1530°C, 10,099x
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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-
sonably clear that 20 minutes at 1530°¢ produces a result

much like 6 hours at 1370°C. This is true both for pure troria
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
at 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 B). 1It 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
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and at much lower temperatures, by the use of small amounts ¢ f
additives. However, electrolytic behavior must also be inves-

tigated to ascertain the applicability of this final product
as an ionic electrolyte.
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4. Discussion

4.1 Research Obijective

As has been previously astated, the main object of this
research was to produce a solid thoria-yttria electrolyte that
could be fabrlcated 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
30<P(atm)<1) and high temperature (600<T (°C)<1100)

domain, thoria-yttria conducts anionically with anion transport

pressure (10

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 encapsulat.on of the electrode within the
electrolyte was highly desirable, Thias would allow the creation
of a probe that could be used within a closed environment where
the overall oxygen partial pressure wculd reach equilibrium.

It was apparent that the hign sintering temperature (>2000°C)
normally needed fcr thoria-yttria electrclytes precluded the
use of most rormal reference electrodes (e.g., FeO+Fe, NiO+Ni,
Cu,

electrical lead-throughs of exctic materials would be necessary

0+Cu0, etc.) due to their low melting points. 1In addition,

since 2000°C is also far above the melting points of oxidation-
resistant allcys,. including those based on platinum.
In order te drastically lower the sintering tempera-

ture, various solid oxides and halides were tested as sintering
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"activators." Since so0lid solution formation would not nsc 2s-
-sarily aid the sintering, and very little previous worx nas Tt -
done on the thoria-metal oxide phase systems, no a-pricr. ag-
proach was attempted., A review of the literature for sint-r.n:
aids in related materials was found to be rewarding, Expiora-
tory tests showed that additions of nickel oxide (N1Q) and zinc
oxide (2n0) greatly reduce the sintering temperature of a pre-
mixed, unalloyed ThO,+15 mole % Y0, 5. Though both produce
excellent sintering in air at 1370°C when fired for one hcur.
it was found that their behavior with respect to the allrying
of ThO2 and Y,0, 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 electr-1.:-
materials were further investigated. It was found that fcr
thoria-yttria-nickelous oxide, and thoria-yttria~zinc oxide,
probable electrolyte grade material (alloyed, densityx95%
theoretical, nonporous) could be fabricated at 1530°C after

air firing for two hours for the NiO material and six hours

for the 2n0 aided ceramic. It was also found that, although
Zn0 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:

1Y Grind 99.9%% pure, 2, diameter ThO, with 14.6 mole %
Yol.5 (99.99% pure) of comparable size and 2.5 mole
NiO (99.5% pure and much smaller than the thoria) an

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 50,00u
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 Tho,, Y203 and 2n0 (99.5% pure,~0.1 | 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 reﬁbving.

The major objective of the research having been achieved.
the investigation turned to the nature of the activation mechanism
of the sintering aids. 1In an effort to explain this behavior, a
study was undertaken of the sintering behavior of this system usinj
both classical shrinkage rate techniques and modern scanning elec-

tron microsceopy.
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4,2 Isothermal Kinetic Shrinkage Models

It is very common to first measure the rate of a chemi-
cal or physical process and then conceive a mechanism that apprcx-
imately predicts 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-
vation 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. The most important of these
will be tested against the experimental rates measured in this
research.

In section 1.3, the geceral form of the Kuczynski
model was derived using the following assumptionsa:

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)
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The resulting shrinkage rate equation was

m .
(&) - (e 8

various values of m and n were listed, dependent on the mec? an-
ism of transfer and on the paths taken.

In section 3.3, linear plots of the data of tne kin-
etic shrinkage curves were given for TYN and for TYZ., 1f 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 1s applied 1n
figures 4.1, 4.2 and 4.3, which are log-log plots of the arrink.
age data for TYN (at two temperatures), TY. and TYZ ‘at fcur
temperatures) . [Shrinkage plots for TYZ were drawn at four
temperatures recause cf the interesting behavior of the break
point (the time when the first two straight lines intersact’
This will b2 discussed later. No such interesting h=2havior was
noted with TY or TYN.] OCbvicusly, these plots do nct yield
straight lines. 1In figures 4.2 and 4.3, for short times .t
would appear that the data can Le plotted either as tw~ <Cr
possible three straight lines, These consist of an initial
steep rise in shrinkage fcllowed by a slower increase. The
latter is in turn followed by a4 region where almost no srrink-
age gccurs,

For TYZ the break point (), or time when the two
linear extrapolations meet, appears to obey the simple rela.

tionship
(.'l' AL . == 02 I'I'lil'l-l C3n
= Lo/ break point
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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

-l LL n
of (et m)b.p. ranged from .007 to .02. Instead, the "break

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 (AL/uLo)b.p. is a constant, then a

linear equation of the form
ALy _ P31+
( ) Bt 31;

is suggested as the governing equation of the initial per.icd.

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 abcve 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 c(he
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Johnson-Cutler methnd of finding an “"effective" heatinj time ana
an “"effective” initial shrinkage to correct for non-ideal te-a-
vior in the beginning. This is accomplished by using an expanded

form of equation 14.

(Lo =LY~ Ly = (L -SL){

\-< o=y LWL - N - - lRT!"n N fJ (32.

m
K8”6V

(t-st)} ™

or

L) = (L,-SL)[\ RTr"‘ Y t- 50} :) .

where 8§t is the required correction in starting time and sL 1s
the corresponding correction in length, and plotting (t-st' ™ vs,
L to get a straight line. The time error, §t, 18 determined
graphically as the value necessary to straighten the L vs,
(t-8t)™ isotherm. The deviation in length, 8L, is then the
difference retween Lo as measured and the intercept at (t-3t,=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, 1In
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-
Lo-L 4. log {t-§t). This

Cutler plots are the log-log plots of
should yield a straight line of slope m if equation (1l4) holds.
These plots are analogous to the previously mentioned L vs.

(t-8t)™ plots and are justified when 8L<<Lo. Typical values
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determined from L vs. (t-8t)™ plots (not shown) disclcse that
8L<0.1Lo.

Oon the Johnson-Cutler type plots (which Johnson now
tends to disavow (R66), it appears that the 3t (or "«" 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 assumpticns 1in
making the log-log plot. It would mean that the incubaticn
time (3t) was dependent on the material added to thoria.

Another method, also described in section 1.4. 1in-
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-8L-L = 0
at t = 3t (see Appendix L). This means that from a time tl’
when the measured length is L1 the governing equation would

- v m
(L1 L) = Ll{ (t-tl)

become

RTN

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 (l4), 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. 1In 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-«) and appear as the bottom set of those figures that
have Johnson-Cutler curves (figures 4.4, 4.10 and 4.11. . [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, 1if
only one mechanism were operable at different temperatures,
the slopes of the line when « is large (when initial effects

are disregarded) shculd ke the same {see table 4.1,.

Table 4.1 - Slopes from Non-Linear Translation Graphs

Fig. # Mat Temp. & _m_ Minitial
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
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4.8 TYN 1370 0 .06
.28

10 .43 .77
4.9 TYN 1450 0 .06
.16
10 .47
4.10 TYZ 1300 0 .20
.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 cone. 'The value of the sintering index (m;
for «x=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 secticn 1.3)
= =1 - <(K (17)
This equation does not depend on the absolute value of the

shrinkage, but only on its slope with respect to time., 1In

this way, errors aren't accumulated as long as the differences
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in shrinkage are accurately known. The length vs. time plots
for TYN at three different temperatures are given in figures
di

4,12-4_.14, The values of ( are given next to each point.

To test for either grain boung:ry or volume diffusion as the
sintering mechanism, a plot should be made of length vs. di/d't
to the power @f~0.48 or m=-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" (x, where there

is a change in mechanism) are given in table 4.2,

Table 4.2 Change of Mechanism Points («;-Cchnson L_1f:.

Equation
Temp. Zgrain boundary —vol. diffusion
1300 4% 10
1375 6 6k
1450 7 9

These break points should be construed as having only quali-
tative significance indicating more clearly than the linear
plots of AL/L, vs. time that the initial stage lasts about
5-10 minutes. The nature of the two mechanisms should nct
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

methoda. The nature of the powders has made a conventional
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interpretation of the sintering mechanism for these non-
homogeneous, irregular shaped powders impossible. 1Trere is
probably more than one operative mechanism, and the mechanisms
are likely to overlap. However, the repeated evidence c¢f a
change in slope of the kinetic and differential curves :ndai-
cates at least two processes are taking place more or less :n
succession. The early cne leads to a very rapid densificatinn
and it is followed by a slower process that more nearly f:ts
the volume diffusion model.

The slopes of the kinetic shrinkage curves on 1c ;-
log coordinates are initially ~ 1, and later ~~X%. There :s
apparently a rapid initial rearrangement frequently leacinu
to major densificati-n at less than half the melting pcint .t
the material. This st:ronjly suggests the presence of a liquid
as descrilbed ky Kingery (R8)}. The apparent temperature- de-
pendent end-ponint couid e caused by a sloping liqu.dus lin-
in a eutectic system that produces increased liquid withk in-

creased tempsrature, This will be discussed later.

4.3 Discontinunus Funs

As previcusly explained, a series of runsa, disccn-
tinuous in temperature, was made to determine whether tre addi-
tive lost its effectiveness after substantial sintering had
occurred. The data t-r these runs were shown in figures 3.17
3.20. These experiments consisted of firing a pellet at on=
temperature until an end-point (almcst complete halt in shrink-
age, i.e., the third stage of sintering mentioned in section 4.2’

was reached without total densification. The same pellet was
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then refired at a higher temperature to observe the new initia.
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 grapha show clearly that nickelous oxide addi-
tions continued to have a marked effect on the initial be-
havior for both TYN and TN. 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 2Zn0 did not act as an "activator" upon refirinjy
of the pellet is unexpected. Two possible causes come to mind.
Either 2n0 and Ni0O activate the sintering of TY by different
mechanisms, or, more likely, 2n0 is lost via vaporization 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 2n0 was lost, probably by vaporiza-
tion to 2Zn 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 soclid, yet still remain separate phases, as evidenced

by the x-ray pattern for TYN (see fig. 3.20).



The explanation of the behavior of nick=1l >x:d-
renewed acceleration of sintering at higher temperatur=as
is open to cnni~ctute. It may be hypothesized that t*-=
rickel oxide i1s -t uniformly distributed in the grains.
but tends tc concentrate at the boundaries. This NiO-r.ch
band may offer a path for rapid diffusion. 1If the width
of the Pand increases with temperature, a wider boundary
layer through whr.ich vacancies can be annihilated is ‘'t -
tained. This explanation is analcjocus to Burke's [R5 o.n
the annitilat.ion cf internal pores of solids. It does 1.1t
explain the initial rapid shrinkage of TYN ‘.r TY eitrer’
~n first bei~; hWeated, when N1++ has nct had t:me tr d:t
fuse 1nto the theria particles.

An: trer explanaticn may be based on th2 stressus
that frrm in the necks l.etween particles. Evidence ctf t* .=
was recenti; citea Ly b.sterling (Ro5), Easterlingy and
Tholen (R31) and Y<ounjy ard Cutler (R69). These stresses
Can CAaus€e d.oircatl:y mevenent or Bingham type fl w of the
material. Iw2 sasceptilility of the thoria to defect mn. e
ment or Bingt «mn tiow w..uld therefore have tc e enhanced '
NiQ addit.rs. 1nlreasing the temperature would 2ither -
crease the cr:itical shear stress, or destroy the ability .t
the inclusivns t~ stip dislocation movement. This would .rn
crease flow ard dansificaticn, 1In addition, stresses would
be caused by the Kirkendall effect., (A stress induced in a
rulticomponent in-ome renscus system when both sibstituents
havz ditfer~nt ditfusi.i1ties in each cther. This causes

the less mokile speciea to go into compression, the mor:
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mobile into tension, and causes pores to form near tre inter-
face of the two.) The presence of these pores would als:c =2i1d
in producing a temperature-dependent end-point, since the.r
annihilation would be diffusion controlled. This explaraticn
fails in the initial region of the first run where massive
shrinkage occurs before necks are formed, though it is poasa
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

'I.‘h+4 diffuses the slowest under our typical operating cond.-

tions. The addition of Nitt or zn*? might create Th+5 or
'I'h+6 ions which are smaller than the 'I'h+4 ion and theref.r=
should enhance the diffusivity at the thorium ion. Similar
type behavior has been noted fcr uranium dioxide.

There is another possible explanation, as prop:sed
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 Ni0O to ThO, lowers 1its
solidus temperature by 2000°C, it is necessary to postulats:
that any liquid is rich in NiO. That is to say, the add.-
tion of ThO, to Ni0O 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 loundaries aiding rearrangement, but perhaps
more importantly, filling in pores leading to more densifi-
cation, However, it is difficult to believe that such
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massive shrinkage occurs in such a short time, {(the 1nitia.
few minutes) when so little liquid could be formed. 1T-is mar
ter will be discussed in greater detail later.

That the initial rearrangement is so quick tends t»
indicate that it is caused by a driving force present befor-:
heating, possibly stresses., All of these effects, »or 2 com.
bination of them may be operating., Since mathematicai m a-is
of the first three explanations are not available 12nal, s.s
of these mechanisme 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 -ery mark=a ..
fect on the densities achieved by the materials under i1:-.=2st:
gation, This was briefly discussed in section 3.3 and s>own
in figure 3.9 for TYN and in 3.10 and 3.1l for TYZ. 1In craet
to isolate the effect of temperature, it is custrmary to gragmh
a term characteristic of the rate on coordinates representa-
tive of the joverning equation cf the phenomena being studied
In this way, it is frequently posseible to relate the effact
of temperature to the energy required for a process and thrzre-
by tc obtain a better understanding of the processes invclved.

It is, of course, well established that if a prc-
cess is thermally activated, it follows an Arrk=nius rate
equation., If the process is controlled by diffusicn, the

equation for the diffusivity.d? is customarily given by

- -Q/RT
O =re o/ (35
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where the pre-exponential constant, D , is independ=nt of
temperature. The activaticn en=2rgy. @, has a sign.f.canc=
that depends upon the actual mechanism of diffusion T us,
in the case of the diffusion »f interstitials at lcw 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 meéchanism, Q is the
sum of the energy needed to create vacancies and the energy
to allow jumping cf ths atems Thus. the activation energy
1s a measure of the tctal eneriay requ.red for a process,
Since it appears in the expcnent as Q/T. the effect of tem-
perature cn the rate 1s vary strongly affected by 1ts mag-
nitude,

tdow 1f the sintering process is truly controlled
by a mechanism linked to diffusion, we have seen that it

should be joverned by an equation of the form

Lo 5 RT rn

m
LS A t) (14)

Although we have shcwn that tri1s equation 15 not obeyed in
simple form over the entire range, it is of 1nterest to ob-
tain at least a qualitative 1dea of the magnitude of Q 1f
the equation were appliciakle. For this ¢ -, w2 assume
that for small cranjy2s in temperature, the interfacial en-
er3jy, volume and dim:nsi1onal terms may be considered con-

stant. Theret.re. equation  14' reduces to



m
AL _ Pt
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where K1 is approximately constant.
1f one wishes to use this equation to determine tVr -
effect of temperature at equal sintering times, this 1s rn-~t

easily done, for at constant time

m
AL _ » &\ _ g.(Def RT
Lo chg\ Kz( T \ 3

taking logs of both sides yields

1n %—L- = Ky - m[%; + 1nT] EEs
o]

Therefore a plot of .'l.rrﬁ-Il vs.-% should not yield a straiint
line unless 1nT were negliqible Iy comparison with Q/RT. Thus
is not the case for r-ascnable values of temperature. As can
be shown, only appr.ximate straight lines result wnen an AaArr-
henius type pl.t is used (se=: Appendix E).

It is possible, nevertheless, to derive an appr¢x.-
mate valuc¢ of the activation energy. Referring back t =qu:-
tion (36" for equal percentage shrinkage at different

temperatur-:s and times

m m
('qtl\. (L2t ’39°
'rl ‘ T, ’
sc that
-Q/RT
L mey | C ¥FT '40)
ﬁ:_ : '

T2t} ¢ -Qy/RT,
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Therefore, if the mechanisms are the same at both temperatures

(Ql = Q )
{Tata} g1 1 .
In 72t “R\T, T, 41

This equation is not easy to apply because *-: shrink-
age chosen for comparison should involve times that are not to-.
short, lest the errors of the initial period become invol. =d.
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 ke crude.
However, since the results are expected to ke only qualitati—=
the following comparisons have been made fcr TN ‘tabl= 4.3
and TYZ .table 4.4, where the activation energy is jiven

in kcals/mole.

Table 4, 3 Activation Energies, TYN

Temperature Pair (°C) times,tl,tzfmin) ‘Ak(%: Q (kcal/mole’
Lo

1200 - 1300 18, 2.1 8 103

1300 - 1375 4.5, 3.9 9 13
17, 9.2 10 4¢
87, 40 11 57

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

1300 - 1530 87, 1.8 11 163

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 4.8, 1.8 1l 80
17.5, 3.7 12 124
AVG = 92.8

Table 4.4 Activation Energies, TYZ
Temperature Pair (°C) times (min) t;,t, AL 1oy Q(Kcal/mole}
Lo

1225 - 1300 4.8, 2.1 5 55
1300 - 1370 5.0, 2.5 7 54
9.6, 3.4 8 B0
1300 - 1440 9.6, 1.2 8 84
1370 - 1440 3.4, 8 87
5.5, 2.5 9
AVG = 71.2

It will e cbserved that apart from the 1300, 1375°%
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 fcr
diffusion of the slower moving cation in 002(81-105 kcal/mole)
and in 'I'ho2 {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
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diffusion in a ligquid. This matter will be discuss=d 1in
more detail in Section 5.

The previous calculations were made fcr tre 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 :r,
considerable range of times of sintering {from 1.8 tc 87
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 densificaticon
achiieved after selected times. Yet the effect ~f taemper-
ture on densification in the initial period is of major
interest. Just how much densification is achieved after
about 2 minutes at different temperatures? Tc answer
this type of question, tre shrinkages achieved after
selected lengths «f time have been plotted on l.near
coordinates vs. temperature as shown in figure 4.i14,
Astocnishingly enough, the relationship obtained /axcept
fur lony times at high temperatures) is a family of nearly
paralle]l straighkt lines. This indicates that at constant

sinterinyg times, the governing equaticrn is of the form.

4L _ ¢ o

Lo {42}

N> evidence of any such governing eguation for
sintering has ever previcusly been found, It seems to call

for a mechanism where a temperature difference is the driving
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force. Possible mechanisms of this kind include temperature-
induced stresses produced by insertion into the hot zone. -r
control of denaification 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 AL the initial sintering where a majority of the
shrinkage occurs, To correct for this possible errcr, 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 (9C)- 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., 1In 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,
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5. Suggested Mechanisms

5.1 Introduction

The previous chapters first described the ttr2 ret-
ical means with which to determine mechanisms of sinter.ing
of powder compacts, They then gave our experimental r--ults
and some brief comments on possible mechanisms to expliin
the phenomena.

It has been shown that small additions of nickel-
ous oxide (NiQO) and zinc oxide (2n0) are Jood sintering 3 . ds
for the densification of thoria-yttria at temperatur-s =:=ar
1500°C. It has also been demonstrated that none of t--
simple, conventional sintering mechanisms 1s applicacls t.
this complex situation in which Th02 is in the form of flat
plates, not monosized, and more than one component 1s pre-
sent,

The most striking feature of the kinetic shr.nk-
age curves is the existence of successive stages vit}
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 slcw 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® 1in
Johnson, Johnson-Cutler and Kuczynski models, and visual
observation of rearrangement and densification on the

SEM, There is an apparent temperature dependent end pcint
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of density. This is evidenced by the ability tc approximately
superimpose the kinetic curves after the initial 2 minuts
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.al
shrinkage and densification kinetics of the material in 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 Liguid 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 mijht
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



Dr. 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 Thoz-Nio and‘503-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 (1530°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 apecimens were heated slowly to the sin-

tering temperature in a masaive furnace. Hence thermal

163.
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stresses were minimal., This tends to strengthen belief in
the existence of a liquid,

Although the Thoz-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 Tho,
are about 1990°C and 33000C respectively, diagrams of the
ideal solution, Pigure 5.la 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 fcrm shown in 5.1d and
5.le can produce liquids at relatively low temperatures.
Obviously, form 5.le 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.le 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 ccated uniformly with

2
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 is reached in a few seconds, we would have an
overall composition of 97.5% ThO,. The liquid would have
composition Ly, (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, the
percentage of thoria in the liquid increases to L, 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 stronjy
asset. It will be recalled that in the first shrinkage
stage, the extent of densification is linear with tempera-

l67.

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-
creaseas with the amount of liquid. Unfortunately, this
explanation does not account for the experimental fact
demonstrated in Figqures 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-
sification. The experimental data =how that beyond about
l mole percent Ni0O, 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. 1In 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
ligquid phase mechanism will be cited later.}

It is, of course, unlikely that equilibrium is
achieved by the diffusion of NiO into the ‘I'hO2 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, Th02
powder, reducing the melting point and forming a liquid
rich in NiO. Since only the NiO on the surface of the

may dissolve in the fine NiO

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 leas than 20% 'I'ho2 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 T'hO2 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% 'rho2 as
previously described. As already noted, the simple
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eutectic diagram of Figure 5.2 would implﬁ the existence of
a ligquid even at equilibrium. However, this need not te
the case if there is appreciable so0lid 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 'I'hO2 to Ni0O and some liquid would persist
until equilibrium were approached. At composition §

mole % Thoz. the material would be entirely solid.

The liquid phase explanation appears to be
somewhat strengthened by the appearance of some of the
SEM micrographs. 1In 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
Thoz-NiO phase diagram were formed into pellets and
heated for long times at 1370%¢ (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 edgeas. A pellet containing 50 wt %
(78 mole %) NiO was heated to 1530°C for 6 hours with
no sign of melting. A pellet containing 80 wt % NiQ
{93 mole percent) was heated to melting at one edge
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Fig. 5.4 - Ui, 4509, 20,000x Fig. 5.5 -~ Ni, 1000°C, 2 nh:s
6000x



Fig. 5.6 - Ni, 1000°C, 16 hrs

2000x

Fi'Jo 5.7 - Hil

1000°c.

2000x

72 hrs

Fig. 5.8 - Ni, 1000°C, 1 hr

2000x

‘CLT
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in an oxy-gas flame and the temperature measured with an
optical pyrometer was found tc te 1650-1725°C at the point
of incipient meltiny. 1:.e test was calibrated usingy 1398°¢
standard eutectic pellets,

In summary, then, while a rearrangement baseq
upon the fcrmation of a ligquid phase is attractive, the
experimental evidence leads to considerable doubt. De-
tailed exploration of the ThCz-NiO system at high tempera-

tures will be needed.

5.3 Solid State Mechanisms

The determination of the temperature of formati-r.

of a liquid phase in the ThC -Ni10O system is of crucial im-

portance. For if a liquid i: not formed in the sinteriny

range, then an unexpectad snlid state phenomenyr.1s respz-n-
s1ble for tne initial rapid rearrangement. Possible phan.
omena includa-

a4, Stress Actuited Rearrangem=nt Stresses may be present

in the compacts becaus= of jrinding or because of temper a-
ture differences. |[n addittion, stresses may be introduced
by inequalities 1in diffusiun or by the sintering mechan.ism
itseltr, The observed linearity vetween temperature and
@arly shrinkaje may nbe the result of thermal stresses.
However, as we ha » ols=2rved. even when both pressing stress
and thermal stress ar= absent. shrinkage does occur in the
presence of small amcounts < f N10 and ZnO while 1t does nut
occur 1n their absence, except for very slight shrinkage

of TY.



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 neceasary to cause Bingham type
flow.

The inhomogeneities may cause a rearrangement
similar to that hypothesized for neck stresses, 1If NiO
diffuses more quickly into thoria due to the concentra-
tion gradients than vice versa, then the Ni0O 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 -

174,
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causing rearrangement. This explanation would explain why
the unstressed TY had shrunk. Temperature-dependent end

poeints 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. 1In addition, the high activation energy implies

a so0lid 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-‘l‘ho2 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 posaible 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 Nitt Qiffuses
into ThO, without accompanying 0 diffusion (or vice versa).

2
The result would be the creation of high voltage gradients
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over short distances and a strong coulombic 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-
jal was fairly well densified and incapable of movement due

to coulombic forces.

d. Creation of Defectas As previously indicated, the addi-

tion of Y. O, to 'I'hO2 creates O vacancies because of the

2 3
lower valence of Y*++.

+ However, electroneutrality may be
maintained by other meana. For example, if 0~ were to
enter the ThO, lattice without the accompanying Ni*%, it coula
be accompanied by the alteration of Th+4 to Th+6 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 'I'h+6 is a much smaller ion than
Th+4. 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 ThOz-NiO or Thoz-Yzoa-Nio
systems, the guestion of early densification needs far more
extensive experimental exploration. 1If 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
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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.
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Recommended Research

6.1 Areas of Future Investigation

The following is a list of areas of further investija-

tion to both elucidate the mechanisms of sintering in our th:ria

yttria-additive compacts, and to produce a fabricated oxygen

sensor employing a solid ceramic electrolyte:

1)

2)

3)

4)

Methods of fabricating a totally encapsulated electrode
with an electrolyte for use as a probe have to be more
fully developed. Posaible methods include the plating
of Ni or Fe on Pt wire, partially oxidizing it, then
isoatatically pressing the electrolyte around it.

An equilibrium study of the thoria-nickelous oxide and
thoria-yttria-nickelous oxide systems to detect the
temperatures of initial liquid formation. 1t 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.

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 invol.e
tests of the various hypotheses beginning with the

most promising.

A more complete study of the thoria-yttria-zinc oxide
aintering. fThis is of interest because the additive,
Z2n0, 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.



The electronic and anionic domains of the thorja-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 the

6)

7)

electrolyte,

Methods of coprecipitation to yield finer particles or
to more evenly distribute the substituents, including
thoria-yttria or tho;ia—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,

The effect of particle size diastributions and irregqular

particle shapes on sintering.
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APPENDIX A Derivation of a Typical Kuczynski Equation

Mass transfer between spheres is governed by
Pick's Law:

dv = A At @
0 AXD
assuming the following geometrical relationships defining

x and vy (as shown in Figure 1,3)

y=xfr  [(x = @B r whee ol = yr]

vV :’TTKZY = Eﬂ'r‘yz = 21’\'(‘3@2 (b)
2
3{ = 217(‘3%%) (c)
A = 21T yX ()
P~Y™ P (e)
, 280N L _ 2¥cN
N ol o (9)
Dv = 3/C, (9)

Plugging into equation (a):

2
z'n'r’#?-)- = (TR ey R?irv)(ao)(% (h)

rearranging yields:

4@ - 2BV .
ol



and on integration:

. V,
&' =(L) = FFut
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APPENDIX B _Derivation of the Kuczynski Model for Sinteringy

with a Liquid Present - after Kingery (RS8)

As before:

3¥ =D,A°,§ (a’

- 23V, | e
&L T R/F T

The volume is again a cylinder between the necks, and

‘l
37\: - d‘drb>= v e?

The area is a cylindrical band between the two spheres

[+
r
(o
o

A= 2mEx = 2wSWdEr) = ENEP @

with

= {2ty = &‘_@‘Iz (o)

D&; = ag'/c0 {f)

then substitution into equation (a) yields: .

\ia .'-C
134 - @L‘“’S"w -
tar e Q a% = N 3 (g)
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which simplifies to:

§riap = 258N dt (k.

yielding:

—

Be()- (%Y
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APPENDIX C Derivation of the Shrinkage Equation for

Tetrakaidecahedrons, after Coble (R43

The shrinkage due to the sintering of tetrakai-
decahedron after Coble s doscribed balow,

Assume that after sintering has occurred for a
while, the particle can be described by a tekrakaideca-

hedron (see Figure bhelow).

The volume of this pclyredrcn which has 36 edges and 24
corners, is 8J¢ 1? where .e is the length of the new
edge. Consider that at first the pore is a continuous
cylinder of radius r distributed alony the edges, then,
it will have the volume %-(36 ﬂnrzla tren its porosity
(Pc) is the volume of pore of volume of polyhedron since
this Kelvin polyhedron fully fills three spaces.

2
P_ = 1.06 <7

184.
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If bulk diffusion is the mechanism, then the flux

per unit length is
J/1 = 4anVAC (cm3/sec cm) ()

where
v = Vacancy volume
AC = Vacancy concentration difference
= Vacancy diffusion coefficient

1l = Length = pore diameter = 2r
J/2r = 4nD_VAC (c)

This flux distributes itself to 2 grains per e:c”
of the 14 faces, then

dav 14
at -3 J = 7(3ﬂDvVACr) (d)

pPlugging in AC from equation 4 gives

av _ (uznnjv) (&)
dt RT ¢
But
2|r
d = =
S v Pc 12mgr . (£}
o
80 that

Tt
o va f
raru-lo IRT t_t

(g)
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where tf is the time when the pore vanishes, so:

r?  1opdv AL\
P~ ~iTE (et~ (2F) (h)

%
AL _ loodv -
L i3t (Y

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

(1)

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

A g =4aD W "Vco]

dat ATT (3)

where W is the boundary width for this case

. 2/3
r pwiv {x)
ry SR Y - B

1/3
1 DN
ﬁ- 2T t (1)

which corresponds to Kingery's boundary diffusion model
with spheres,



Por the case of closed pores, where the pores

appear at the tips of the polyhedron, Coble gave

r’ &y Div
rLik e e

]
ﬁk = (%1: :-r (tf-t))

which corresponds to Coble's model again,

It would definitely appear that use of sophis-
ticated shapes do not add to the general form of the

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

the use of equation (34)

(L,-L) = L, {xl(t-tﬂﬂm (34)

is not linear to the governing equation, 14. This is easily

shown.
The general form of the governing equation is
y =kt " (d-1)
At time €. the relationship would be
m
Y, = ktl (d-2)

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

m

y, -y = k(t," - ¢7) (a-3)

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

L,-L = Lo{K(tm-tlm)} (d-4)

1l
Equation (d-4) differs from equation 34 in the exponent m. The

difference between Lo and L1 as a coefficient is less than 10%

for our compacts and can be neglected. Equation (34) holds

then only when t>>t1. or when Y, and t, are picked when one

1
single mechanism starts to be controlling.

This method differs from the Johnson-Cutler method
only in the assumption that the assumed t. and L. d&o not have

1 1
to be mathematically derived, but are the observed data points.

Values of t and L1 should be picked such that the break point
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is eliminated, but taking cognizance of the physical significance
of the value of tl. 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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