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INTRODUCTION

The purpose of this thesis work is to stpdy intefdiffu=
sion in the Er203—Hf02.$ystem.4 This study‘is part'of the coﬂ-
tinuing'effort at the Ames Laboratory ERDA to describe atomic
movement in fluorite type'ceramic materials.

- The ‘Er,04-Hf0, system‘was studied in detail by Johnstone

(1970). Figure 1 is his proposed phase diagfam. Compositions

consisting of less than 10 mole % Er O3 are mixtures of mono-

clinic (M), tetragonal (T), and fluorite (F) solid solutions.

The monoclinic?tetragonal polymorphic transformation in this
composition range is accompanied by a destructive volume
change which renders .these materials very troublesome in any

application where dimensional stability and sampie integrity

must be maintained. This very high-l-lfo2 region of the system

is not investigated in this study.

‘0

At concentrations in the range from 10 to 50 mole % ErZO3

a continuous series of fluorite (F) solid solutions exist.

This structure is stable through the temperature range 1600°-

1800°C where the destructive MIT polymorphic transformation
occurs in material of lower ErZO3 concentrations. Rare earth

oxide stabilized HfO, is important to ceramists for its poten-

-tial high temperature‘applications (Schieltz, Patterson, and

Wilder, 1971). Johnstone (1970) measuted melting temperatures
in pure HfO2 as high as 2825°C with no significant reduction

at Er,0

,07 contents up to 30 mole percent. 'HfOZ can be stabil-
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Figure 1. Proposed phase diagram for the HfO,-Er,04 system |
" (Johnstone, 1970) : -




ized with Ca0, Y,0,, or the rare earth oxides and it is re-

273
porte& to be more resistant to_progressive destabilization
than is the chemically analogous and widely used stabilized-
ZrO2 (Curtis, Doney, and Johnson, 1954, Buckley, 1969).
Buckley and Wilder (1969) reported that YZOS—stabilized Hfdz
is more stable than CaO or MgO-stabilized.HfOZ. Hf has a high
thermal neutron absorption cross section fapproximately 100
barns) and by resoﬁance capture, it also absorbs epithermal
neutrons. The rare earth oxides would appear to be ideal |
stabilizers for HfO, in nuclear applications since, as a-
group, the rare ¢arths oxides have good thermai stability and
an extreme range of thermal neutron capture cross sections.

| The forementioned applications for stabilized hafnia may
someday be very important, but are cited here principally for
background information. The F solid solutions are of interest
to this study mainly because the fluorite structure may be
thought of as the parent structure from which the C-type rare
earth oxide structure of pure Er,0; is derived. The flqorite
structure is a cubic arrangementAin which the cations form a
face centered cubic array, each cation in eight-fold coordina-
tion with oxygen anion sites that in turn form a sim?le cubic
anion site lattice. Johnstone (1970) deférmined that as ErZO3
dissolves into Er203-stabi1ized HfOZ, anion vacancies are

formc:d in the “'uorite structure according to the equation:
g
t

urZOS(S) pa ZEer

+ 300 + V(')' , (1)

38 e St g e gt il T

o A e P s et

Pl




a‘i‘"““‘mm" e o TP O T Oy € T R A e U 0 S PR, = TR P PR R LAL G g N S Y |- 8

In Equation 1,

used, that is:

1
_Eer

the standard Kroeger-Vink notation hé§Abeen

is an Er+3 cation on a Hf+4 site

0 is an 0-2 anion 6n'an 0-2 site

o)
Vé“‘is a vacant 0 2 site
' indicates a -1 charge

indicates a +2 charge

Each ion in the Er,05-stabilized HfO

2

fluorite structure is

displaced slightly from‘its ideal location depending on the

0"

2 , .
vacancy concentration.

'The unit cell for this»structure

Er 0]

is the basic fluorite unit composed of four Hf1

2-(x/2)

formula units. -Other ceramic materials possessing the

fluorite stfucture,.in addition to stabilized HfO2 and ZTOZ,
- include the alkaline earth fluorides and the actinide oxide

fuels UO,, Pu0,, ThO2 and UOé-Pqu solid solutions.

In Figure 1, the reglon of greatest importance to thls

,study is that below 2000 C in temperature and greater than 75

mole $% Er203 in concentratlon. Compositions in this range are

' all solid solutions of the C- type rare earth oxide structure.
As noted previously, this structure may be thought of as a

derivative of the fluorite structure. The éations form the

[}

"expected face centered cubic array, cach slightly displaced

from its ideal FCC position. In pure Er203, the cations are
\

each coordinated with 6 anions whlgn occupy 3/4 of the corner

-2

sites of an eight-member simple cubic¢ anion cube. The O
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anioﬁé.form a simple cubic array with empty anion éites
ordered such that a C-type unit cell contains eight modified
fluorite subunits, or 16 formula units of EréOS. It is
assumed by analogy with other fluorite structure ceramics that
the'predominating intrinsic defects in pure Er,0; are anion
Frenkel pairs. If is well established (Franklin, 1968) that
anion Frenkel pairs predominate in CaFZ. "Electrical conduc-
tivity studiés in npnstoichiometriq rare-earth oxides (Macki,
1968; Schieltz et gl., 1971) have reported the existence of
oxygen in;erstitiéls in oxygen-rich oxides and oxygen vacan-
cies in oxygen-deficient oxideé.‘ It is therefore reasonable
that at stoichiométry both oxygen interstitials and. oxygen
'Vacaﬁcies exist in equilibrium, tbat is, as anion Frehkel
pairs. | | '
| According to Johnstone (1970), HfO2 solution into ErZO3
is characterized by the formation of anion interstitials. As

. . ‘ + . - .
+4 cations randomly enter Er 3_51tes, the extra O 2 anions

Hf
take up ”1nterst1t1a1 51tes” which are probably the normally-
unoccupled anion sites of the C-type rare earth oxide struc-
ture. This soautlon process ‘1is descrlbed by the following
equation, where once again the queger-Vink notation has been

used:
14

. Ny - . ' : .
. HfOZ(s) “ HfEr + 3/2 0, * 1/2 0 (2)
The symbol 0i represenfs one oxygen "interstitial' with a -2

charge. This'dissolving.of HfO2 into EréO3 begins to random-

M\-—wm.‘.‘ A i T




ize the location of unoccupied anion sites by inserting 0~ 2
anions into soﬁe‘of those ﬁreviously unoccupied sites. As
more HfO2 is dissolved;‘this randomization continueé and the
C-type structure gradually approaches the fluorite structure.
At some critical I-!fO2 concentration between. 25 mole % and 50

mole %, complete randomization of empty anion sites occurs

spontaneously and the fluorite structure is the result. The

jreverse transformation results as Er,0; is added to Erzog-

stabilized HfOZ, that is, the fluorite structure changes
toward the C-type structure.

Atomic movement in the fiuorite structure and related
ceramic materials. has been studied extensively at the Ames
Laboratory._ Berérd (1971) examined cation tracer self-diffu-
sion in single crystal CaF2 and eérlier in polycrystalline
Er,0; and Y,04 (Berard énd‘Wilder, 1969). ‘Berard, Wirkus and
Wilder (1968) and Basler and Berard (1974) studied O-2 self-
diffusion in single crystal Er,0; and other C-type rare earfh
oxides. Interdiffusion was inveétigated in single crystal

alkaline earth fluoride systems; namely,Can—SrF2 (Scheidec-

ker and Berard) 1973), YF3-CaF2 (Visser, Schiavi, and Berard,

1975) and SrF,-BaF, (Scheidecker and Berard, 1976). Interdif-

fusion in the polycrystalline rare earth oxide systems Er2 3"

YZO3 and Er203eH0203 was studied by Gessel‘(1971).

The fluorite and rare earth type C structures are favorable to

rapid anion movement (Berard et al., 1968; Matzke, 1970) and




.

This characteristic

) ' . >>> . .
one should expect that D__. > Dcatlon

is unusual in ceramics, but is in fact ampiy verified (Bérard,
1971; Berard and Wilder, 1969} Matzke, 1970; Rhodes and
Carter, 1966; Simpson aﬁd Carter, 1966; Berard, Wirkus, and
Wilder, 1968). |

| This work examineé interdiffusion between Er,0, and HfO,
in Erzosjrich solid solutions having the C-type rare earth
okide structure. It also attempts to extract infdrmation oﬁ

4 3

the relative mobilities of Hf+ and Er+ cations in these

solutions. Finally it will yield an estimate 6f the self-

4

diffusion coefficient of Hf' ' in essentially pure Er,0;.




THEORY OF DIFFUSION IN HfOZ-DOPED Er,0
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Diffusion in a solid occuré through the thermally acti;
Vated'raodom motion of the atoms in the solid matrix. If a
potential gradient is imposed across the solid, a material
flux. will occur in order to reduce the gradient. The gradientv
may be chemical,_electfical, or thermal in nature, but in this -
study.it'has been restricted eiperimentally to chemical only;
ih other words, there were no externally imposed electric
fields or thermal gradients. Atomic movement occurs in three
dimensions, but in an isotropic medium, if the gradient is im-
posed'in only'one dimenoion, fhen only a one-dimensional
material flux wiii beiobserVed.- This will be the case studied
here. |

Fick, as cited in Crank (1956) phenomenologically de-
scrihed the diffusion process in the'relation~referred to as
Fick's First Law: |

g, = oD,k - 3
whefe J, is the local flux of diffusing species 1, C; is.the
local concentratlon of that species in particles per unit
volume, X is the spatial coordinate in the direction of dlffu-
sion, and D; is a proportionality constant called the diffu-
sion coefficient. 1In this'étudy, Fick's First Law 1s applied

such that Equation 3 becomes

J. = D == (4)




where D is called the ”interdiffusion coefficient" because it
descrlbes a bulk 1ntelm1x1ng process of two materlals and in-
cludes the combined effects of the fluxes of all the moblle
+4 +3

species present. Here the mobile species are Hf ', Er °, and

0 “ ions, assuming that there are very few free electrons or
holes 1in thg systeﬁ. |

4In fhe nonsteady state situation, the concentrations of
the various ﬁobile‘Species,at any position in the system are
funétions of time, and 5 is. often a function of compositién.
In this case Fick's First Law is difficult to apply because it

requires measurement of local fluxes. Combination of Equation

4 with a continuity equation yields Fick's Second Law:

oc. . .9 - .0C.

1 _ L X '
e B (5)

whiCH'is not so difficult to apply since local concentration
changes are more easily meésufed than local fluxes.

Fick's Second Law with D a function of composition (and
therefore of p051t10n) is a differential equation which is not
easily solved. - Wagner (1969) has analyzed the interdiffusion
problem in binary systems, expanding on the earlier work of
Boltzmann (1894) and Matano (1933) and Sauer and Freise (1962).
The Wagner appfoach is applicable to an experiment where the
initial.geoﬁetry is "doubly infinite' with a step function
composition diséontinuity, that 1is, é long diffusion couple

consisting of two initially uniform halves. Wagner's approach -



10 .

% also allows for correctlon in ‘the dlstanceAcoofdlnate due to -.
'changes in molar Volumc Wlth changes in comp051t10n ‘and at

the same’ tlme aV01d5 the cumbersome procedure of locat1ng a
lMatano lnterfaee.durlng.dala qnaly51s. The Wagner analy51s'
Aéllows calculation.of B.from a coﬁcentratlon vs. distance plo’c.j
accordlng to | |

R (N -N. Vi (N )
D(Ni) = [(1-Y* ) f
' ' -Zt(BNi/oX)xa -

ax + ¥ o) gy
y |
n (6)

fl

X

where N. is the mole fraction of diffusant i

N. is the mole fraction of diffusant at a particular
location x°

N is the mole fraction of diffusant at the positive
" end of the interdiffusion couple, i.e. N, = NT at
X = +x

N: is the mole fraction of diffusant.at the negative

end of the interdiffusion couple i.e. N; = Nj at

X = -oo

Vyp is the molar volume of the solid solution

V (N ) is the molar volume of the*solld solution at
~a particular composition N

t is the time of the interdiffusion anneal

(9N /Bx)x* is the slope of the interdiffusion. profile
at x* (i.e. it 1s the magnltude of the
concentration gradient at x* after time t)

Y is an auxiliary variable equal to (Ni—N;)/(N;#N;)

Each of the variable terms, except'Vm,are determined graph-
ically from a plot of concentration of diffusant Ni VS. posi-
tion x in a diffusion couple after an interdiffusion anneal of

duration t. V_ may be calculated from experimentally-deter-
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mined unit cell dimensions:for the.solid solutions. In this
Cése, uéé was made of the data of thnstone (1970) who méQSr
ured lattice pérameters.at-numerous HfO2 concentrations in
'C—typé.ErZOS solid solutions. Equation'7 is the least équares
f£it of his results: |

o

A M

aO(NHfoz) = 10.5506 - 0.219N

HfOzf

Darkeﬁ (1948) considered interdiffusibn in binary metal-
lic alloys and established the felationship between the inter-
diffusion coefficient and the self-diffusion coefficients of
the individual diffusing Species. Cooper and Heasley'(1966)
extended Darken's analysis to interdiffusion in binary ionic
systems with a common anion. Theif ekpression ‘for D follows:
- [ZBNBYDS,A(ZYDS,Y~?BDS;B)*ZANAYDSEB(ZYDSAYfZADSQA)]

) _ .
ZpZyNaYDs vy ZANaYDs  a*2B%yNBy - ZENpYDs B

(8)

- d 1.n.Y.AY

(1+ )

-d 1n Nay
where Zi is the valence of species i (i = A,B,Y)
N, is the mole fraction of species i

DS . is . the self-diffusion coefficient of species i

, 1

Yi is. the activity coefficient of species i
Y is an anion species

" A,B are cation species
AY,BY denote binary ionic compounds

The magnitudes of Y, and Ds i vary with composition.
: ) b
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Self-diffusion'studies of erbium and okygen in Er,04
(Berard and Wilder, 1969, and Berard éﬁfil‘ 1968) have shown
that oxygen self-diffusion is by far faster than erbium self-
diffusion. Likewise, oxygen self-diffusion in CaO-stabilized .
ZrO2 has been found to be several orders of magnitude faster
than- the self-diffusion of either cation (Simpson and Carfer,
1966,iand'thdeé and Carter 1966). Noting these results and
the close similarity of the’crystal chemistries of ErZOS,
stabilized ZrOZ, and~stabilized HfOZ, it isvreasonablé to’

assume that oXygen self-diffusion is much faster than cation

self-diffusion in the fluorite and ErZO3 C-type solid solution

region of the Er203—-HfO2 system; that is

>> Ds,A and Ds,Y'>> Ds,B

or
and V DS,O > DS;ErA

Therefore, for this system, Equation 8 reduces to

Z,.:N

ZDs;Er d ln.YHfO2
)1+ — ) (9)

Z HfO

N D

+
ErZO3 s,Hf “Hf

D,k

Exr

D = (

Zn N

Er 2

+Z;eN
Er,0,. “HE HfO,
Equation 9 alone is insufficient to determine both D, nf
. . b
‘and Ds,Er for all experlmentallvalues of D, NHfOz’ and NEr203'
However, at infinite dilution of either component, that is,

~ 0 or N ¥ 0, the equation can be approximately

at Nygo, Er03

solved for elther Ds;Hf of Ds,ER’ respectively. Since th}s

work examined D in the Erzos—rich solid solution region
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“ exclusively; NFféO3 ; Q'did not‘OCCﬁr experimentally, and only
Ds;Hf";gﬁ bg anluatgdf -A#.NHfQé :'0,.Eq&qfigﬁ 9'simplifie§.
to: . ' '

o I Yo,

D'=~D5,Hf(1 *

_ - (10)
d 1n Nygo, _

At low HfO, cdncqntrations?Athe activity term )
(dfln YHfOQ)y(d 1n NHfOZJ can be eétimatedAaccording to the
method‘of Whitney and Stubican (1971) which considers the
formation of defeéts accompanying solution of alidvalent
dopant af infinite dilution. Defect formation in the Er203-
rich solid solutions was described in the Introduction Section
and was quantified in Equation 2. It-muét be emphasized here
that Equation 2 is at best a first approiimation of the actual
situation,'since it disregards probable defect interactions
such as the associafion or perhaps clustcring of Hfér and OI
species, especially at higher HfO2 concentrations.

An~equilibriuﬁ constant for the reaction of Equation 2
may he written.as .

gy, 1101/ 2rof1t/?

K = . (1)
| #nfo,

where hrackets represent concentration and aHIOz represents
the activity of HFOZ in the solid solution. The value of

[Oo] may be taken as unity, so that

::‘ -1 . 1" ]_/2 " . o
aHfOZ = K [HfET] [Ol] _ (12)
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From Equation 2, a simplified electrical neutrality condition
indicates that
1 1

T | .
[0;1 = 7MHER ] = 2Nygo, - a3

'Substitution of Eqﬁation 13 into 12 gives

-1 . .
.~ K et 13/2 1 -1
a = & [Hf..] = =~ K °N 3/2
and
*Hfo,
YH£O, F N =1 Iy 172 -
2 _Hf02 JZ HfOZ‘ : (}5)
Therefore |
1 -1 1/2
A In Yyeg o d In(S= K "Npeg 707D
2 . V2 2 - (16)
. 5
d 1In NHfOZ d 1In NHfoz
Substitution of Equation 16 into 10 giﬁes
D(Nyen = 0) = 2D (17)
HfO2 2 “s,HEf -
This D. ye is called the impurity diffusion coefficient of Hf

in ErZO3 and shquld.be nearly equalito'the tracer self-diffu-
sion coefficient for Hf'at impurity levels in ErZOS'

At this time the agthor knows of no available data for Hf
tracer seif—diffusion in Er,04. Scheidecker and Berard (1973,
1976) have used this‘apprdach to extrapolate CaFZ—SrFZ and
Ser—BaF2 interdiffusion data to zero SrF2 concentration, and
- have found their calculated impurity diffusion coefficients

for Sr in both CaF, and'Ban-in excellent agreement with pre;

viously measured tracer self-diffusion coefficients for Sr in
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>Céf2 and in Ban (Baker énd Taylor, 1969j. 'Likewise,'Vissér‘
gg.gl.l(l975) éxtrapolated“CﬁFz-YE3 interdiffusion data to
zero YFS concentration‘and'thereby estimated yttrium iﬁpurity
diffusion coefficients in nearly pﬁre CaPZ. 'These results
indicate that the procedure described above should provide a

valid estimate of Hf impurity diffusion coefficients in ErZOS'
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- PROCEDURE
: 'Powdéf'Prepératioﬁ‘

| Raﬁ'EfZOAfpéwdér wasfprepa?ed ét fhé'Ames'Labofétory'
' rareA§arth§ pilot pléﬁt by pfecibitation and calcination of
.érbiﬁm oxalate. Anaijsis by mass spectroscopy indicated that
the summed cohcentratién,qf'all impurities wés”iéés than 60
.ppm,b30 ppﬁ'of whichlweré Cln;"This as4receiVed poﬁder'proved'
unsuitable for sintering to~thé 95%-99% theoretical density
which is characteristic of the continuous and unobstructed |
microstructure suitable for bulk diffusion studiés. ‘A sinter-
able frZO3 powder was produced By dissolving the as-received
oxide followed by precipitation“and calcinatioh of Er(OHjS.

Addition of 55 ml of concentrated I—INO3 was made to a hot,
stirred mixture of 50 grams as-received Erzos'in 50 ml water.
The mixture was heated and stirred in a covered glasé,beaker
until the oxide had dissolved. . The solution was cooled to
TOOMm temﬁeratﬁre, filtered, and-diluted with water to 500 ml.
Assuming total solution of the oxide, the concentration of
the soiufion was 100 gfams ErZ_O3 per liter or 0.262 M. ErZOS‘

The solution was dripped at the approkimate rate of 10
ml per minute into a vigorously stirred solution of 100 ml
concentrated NH4OH in ‘100 ml water. A gelatinous pretipitate
was formed which was separated from the solution by centrifug-
ing. The centrifuged precipitate, about 300 ml in volume,

was broken up for washing and was added to roughly 4 liters
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of water. An addition of 150 ml concentrated NH4QH was used
to make.a washing solution which would prevent dispersion and
peptization oflthe precipitate. The mixture was stirfed
vigorously for l-hoﬁr, then left standing in order to séttle
the precipitate. The supernatant liquid was decanted and the .
precipitate was centrifuged.

Theicaked precipitate was placed on filter paper inside
a glass beaker. The beaker was covered with a watchglass and
held at 100°C in a vented laboratory drying oven for 16 hours.
The covered beéker arrangement was necessary in order to siow
the drying rate of the-hYdroxide sufficiently to enhance the
sinterability of the oxide powder. The importance of the
drying rate has been noted by Visser, Schiavi, and Bergrd
(1976) in a conéurrent study.

The dried hydrokidé was crushed to -200 mesh using an
agate mortar and pestle. The powder was placed in an open
piatinum‘dish and calcined in air for 3 hours at 600°C in an
. electric resistance heafed muffle furnace. A prior thermo- -
gravimetric analysis had indicated that the 600°C calcine was
~adequate for compiete conversioh to ErZOS'

HfO,-doped Erzds, henceforth abbreviated HDE, was pie—.
pared by a procedure analogous to'the preparation of undoped
ErZOS. An intimate mixture of gelatinbus Ef(OH)3 and Hf(OH)4
was coprécipitated from a volumetrically prepared mixture of

two solutions. The HfO2 solution was an aqueous solution of
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_hafnium.oxychloridé‘(HfOC12{8HéO)._ Thé concentration was'
94.32 gramé HfO2 per'litéf.or 0.448 M‘HfOZ. The comﬁertially
prepared:HfOC12*8HZQ'was;analyzed for.cation impuritieé by
emission spectroscopy. Thé results .are listed in Table 1.
The Er.,0 solution was prépared by the same procedure as the

273

ErZO3 HNO3

The concentfation of the Er203 sdlution was equal to 100 grams

solution except that HC1l was used instead of HNO, .

ErZO3 per liter or'0.262 M Er,04

Table 1. Emission spoctlographlc ana1y51s of hafnium oxy-

chloride .- .. ... ... . ...
Element Concentration Element Concentration

ppm . ppm

Al <25 ' Mo <10
B <0.2 . Ni A <10
Cb ' <100 Pd <5
Cd <1 : - Si <40 .
Co <5 Sn <10
cr - <10 Ta <200
Cu <40 - Ti <20
Fe <50 Vv <5
Mg <10 - S W , <20
Mn <10 ' Zr 64

A mixtﬁre consisting of 38.5 ml of the HfO2 solution and
240.2 ml of the ErZO3 solution was prepared. The mixture was
diluted to 300 ml in order to establish the concentration at
100 grams total oxide per liter solution, which was equél to
the concentration of the undoped Er203 solutioﬁ. The mixed

solution was stirred approiimately 1 hour and then dripped

into a solution of 60 ml concentrated NH4OH and 60 ml water.



f The hydrox:dc prec1p1tdte was ‘washed repeatedly with very

d1]ute NH OH untll nearly all the dlssolved NH4C1 was removed..

4
'The presence of ‘the chlorlde 1on in the supernate was tested-
:by the addltlon of dllute AgNO solutlon. ThLS washlng pro—'
‘ cedure was undertaken because residual chloride in the pre- |
c1p1tate would chemlcally comblne with the hydrox1des during
calclnlng and remain present throughout 51nter1ng On the'
other hand, the«NH4NO3 salts in .the undoped Er(OH)3 precipi-
tate decoﬁposed and escaped during.ealcining, and thorough
washing was not_hecessaryQ | | |

The washed mixed hydrokide wae dried; crushed,-and'ea1~
cined in the same manner as in the previously described prep-
aratioﬁ of uhdoped Er,04. The molar ratio of Hf0, to Er,04
was determined by wet chemical analysis of the dried hydroxide,

and translated into 19.51 mole % HfO2 in the calcined product.

Pellet Preparation

The calcined oxide pewders, both HDE and undoped Er203,
were pressed info pellets at 11,000 psi in a 3/8-inch diameter
double acting steel die, and repressed isoetatically.at 30,000
.psi. The pressed pellets each weighed approkimétely.l gram
and were about 1/4-inch thick. The_pellets were stacked for
sintering inside a covered l-inch diameter Er,0; crucible.
Fine gauge tungsten wires were used for separarors.

The pellets were vacuum Sintered at 2000°C for 3 hours.

The vacuum was held below 2)(10—5 torr except during heat-up
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when some outgassing occurred. Both the heating and CQQlingl
rates for the HDE sintering were 50°C per minute. The heat-
ing rate for the uﬁdoped EféOSAwas slowed to IOTC per’minute
in order to decrease the tendency for ekaggerated grain growth
iﬁ fhe early stages of sintering and in so doing to allow ﬁore
time for the elimination of pores along grain boundaries. The
cooling %ate for the undoped Ei"zo3 was SOfC'per minute. In
-the sintering of HDE, the HfO, doﬁant retapded the rate of
grain growth to the eitent‘thaf a lower‘heating rate was not
deemed neceséary.

~ The sinteriﬁg fuinacel consisted of a water—coqled'stain—
less steel vacuum chambér4enclosing a cylindrical tungsten
mesh resistance heating elemént.v The Erzosicrucible was sup-
ported in the work zone on a tungsten—capped tantalum pedes-
tal. Tantalum and molybdenum radiation.shields Surroundéd
the heating element and the work zone and protected the stain-
less steel enclosure. Crucible temperature was measured with
an optical pyrometerz, A molybdenum sheathed W 5% Re-W 26%
Re thermocouple protruded into the work zone to within 1 inch
of the Er203 crucible. An automatic control system monitored

the thermocouple output and maintained the furnace temperature

within + 5°C around the sintering temperature.

lModel 15, Centorr Associates, Suncook, NH.

’Model 8622-C, Leeds and Northrup Cd., Philédelphia; PA.



21,
| During vacuum sinferiﬁg, blo'th."'the'ErZO3 andAHﬁE pellets
Were slightly reduced, To reoxidize the pellets, théy were
heated in air to 1200°C and held at temperature for 2 hpurs.
A1l of the reoxidized pellets were-quite transiﬁcent; several
of the reoxidized HDE pellets were transparent.

The densities of the reoxidized pellets were measured by’
water immersion. The sintered densities of the ErZO3 péllets
ranged‘from 97.0% to 98.0% of theoretical density; the densi-
ties of the. HDE pellets ranged from 97.0% to 99.0% theoretical
density. The theoretical densities of undoped ErZO3 and of
HDE, calculated from the lattice parameter data of Johnstone
(1970), are respectively‘8.65 grams/cm3 and 8.87 gfams/cm3.

- The microstructure of the sintered bxides were examined.
Figures-Z and 3 are reflected light photomicrographs of the
sintered pellets etched to reveal the grain bdundaries;' The
undoped Erzos‘grains were appfoximately ZOAﬁm in diameter and
contained numerous. pores. The average diameter of the HDE
grains was 3 ym and the microstructure was almost pore-free.

The pellets were mounted, one face exposed, in low melt-
ing waxl inside stéinless steel rings approkimately 1 inch in
diameter. The exposed faces were lapped flat with 5 ﬁmv |

 alumina in oil on a slotted cast iron lap platez. The flat

surfaces were polished with 0.3 ym alumina in oil on a cloth-

1Rigidax, Typé W1l-Green, M. Argueso and Co., Inc.,
Mamaroneck, NY.

2Lapmaster Model 12, Crane Packing Co., Morton Grove, IL.
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Figure 3. Photomicrograph of sintered HDE.
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- covered lapping pldte1 ach pellct was lapped and pol1shed
untll 1t ‘was opt1cally flat as checked w1th an . 1nterforometer-
'type flatness tester2 u51ng thalllum llght (l = 0.535 pm).

.The wax was melted away and. each 1apped pcllet was thoroughly

cleaned u51ng methanol
Diffusion(Experiments
The polished faces of an‘Er203 pellet and a HDE pellet
were mated to form a diffusion couple. Each couple was tied
together with graphite thread to prevent shifting during han-
dling. For the diffusion anneals, three couples were placed
with the ErZO3 on the bottom of an Er203 crucible which was

covered but also vented to maintain air circulation around the

couples.

Diffusion anneals werelcenducted inside the work chambers
of natural gas-fired tube furnaces. The tubes were vented to
the atmosphere to allow air circulation. The anneal tempera-
tures and respective times are listed in Table 2. No correc-
tions for heating and cooling times were required because of
the long anneal times.

lThe 1900°C, 1850°C, and 1800°C anneals were conducted in
a-stabilized-Zirconia—lined furnace3 heated by a natural gas-

oxygen-air mixture. The diffusion couple temperature was

lTexmet Cloth, Buehler, Ltd., Evanston, IL.
2Medel 64?31—Gl, Carl Zeiss, West Germany;

3Model LOF-3, Lemont Scientific, Inc., Lemont, PA.
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Table 2. Diffusion annealél

Temperature, °C : Time, hours
1900 ‘ ' 14
1850 1 18-
1800 28
1700 60
1600 | | 182

determined with an optical pyrometerl. Furnace.temperafure
was held within + 10°C by én automatic system which compared

a preset millivoltage to the output of‘a Pt 6% Rh-Pt 30% Rh
thermocouple.- The thérmocbuple was located inside the tube of
the furﬁace, but removed from the Erzo3 crucible to a cooler
zone within the useful rénge of the thermocouple, that is, not
higher than_l700°C,

The 1700°C and 16OC°C anneals were conducted in an-
alumina-lined natural gas-air furnaéez.l The furnace tempera-
ture was monitored and controlled according to the output of
~a Pt 6% Rh-Pt 30% Rh thermocouple with the sensing junction
within 1/2;inch of - the Er203»crucible.

The annealed couples were mounted in room temperature
setting acrylic3 and cut parallel to the diffusion direction.
The exposed surface'was ground and polished with 0.3 ﬁm

alumina and water, and a carbon coating was applied by vacuum

lModel 8622—6, Leeds and Northrup Co., Philadelphia, PA.

’Model 2150, Bickley Furnaces, Inc., Philadelphia, PA.

3Flash Acrylic, Yates Manufacturing Co., Chicago, IL.
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evaporation Figure:4 is a reflected light photomicregraph of
the glound and pollshcd 1850°C couple with no carbon coating
The microstructures of the undoped Er203 and the HDE are
clearly distiﬁguishable, as are the remnanf of the couple
interface and the diffusion zone. |

HfO and Er,0 " concentration profiles were determined by

2 273

simultaneous counting of Hf M and Er Ld'i—rays uéing an elec-
tron microprobel. “The 15 KV, 0.015 yA beam was focused to a

} um diameter spot‘ﬁhich was usually oscillated at 100 Hz.over
a 75 um distance pefpendicular to the diffusion direction and
was manually step-scanned paraliel'to the diffusion direction.
X-ray intensities were corrected for absoiption and other
errors and converted to mole percents I-IfO2 and ErZO3 using
‘the MAGIC Version IV computer programz; ~The composition

mapping procedure was repeated at two different diametral

locations in each diffusion couple.

1Model‘,XMA—S,‘ Hitachi, Ltd., Tok?o, Japan.l

2Available from J. W. Colby, Bell Telephone Laboratories,
Inc., Allentown, PA. '
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Figure 4. Photomicrograph of 1850 € :diffusien icouple inter-
face and diffusion zone. HDE on left. Er203 on
right. 81X :
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‘RESULTS‘AND DISCUSSION
A]l 1ntcrd1£fu51on comp051t10n proflles are compllcd 1n‘
'the Appendlx in, Flgures Al through All, A scaled plot was
Agenerated from each profllc by d1v1d1ng the comp051t1ons at
each p051t10n NlIfOZ cn the Taw proflle by the app1opr1ate

AV (NZ Experlmental values of the 1nterd1ffu51on coeffi--

HEO,) "
c1ent at selected NHfOZ values were then calculated u51ng

Equation 18, a rearrangement of.Equatlon 6.

v (NHfO )

DN, ) = [(L-Y#) FA+Y#SB] ©(18)
HfO2 "Zt(BNHfoz/Bx)k=X* ‘ : ,

Figure S is a schematic of e raw and scaled composition pro-
file lllustrating the graphical‘deterhination of the variable
_terms in Equation 18. The slope (aNHfO /’c)x)X =x was measured
directly from the raw penetration proflle. The areas A and
/B were measured from the scaled profile using a polar plan-
imeterl. The calculated D values are listed in Tables Al
through AS5 in the Appendix.

The interdiffusion coefficients are shown as a function
of composition and temperéture.in Figures 6 and 7. Each data
point represents the average of the two measurements made at .
different diametral locations in the same interdiffusion
couple. Only one set of D values was computed for the 1600°C

anneal becausc the sccond diametral location was cracked in

lModel 22084, Crosby Steam Gauge and Valve Co., Boston,
MA. 4 ‘ | .
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the diffusion zone, and the profile:obtained was inadequate
for calculation of D. The composition dependences of D at
each'temperéture ekcept 1700°CAare characterized by a minimum
in thé range 2-4 ﬁole % HfO, followed by a continuous increase .
in D with increasing NHfOZ' | .
In the Introduction it was proposed that the predominat-
ing intrinsic defects in pure ErZO3 are anion Frenkel péirs.
The solution of‘HfO2 into ErzOé, described 'in Equation Z,
causes the formation of oxygen interstitials. Thus, doping
EfZO3 .
interstitials,'which will reduce the concentration of oxygen

with HfO2 will increase the concentration of oxygen

vacancies through the anion Frenkel equilibrium;' This reduc-
tion of oxygen vacancy concentration will promote an increase
in the erbium vacancy cohcentration through the Schottky
equilibrium. If the‘éations migrate by a‘vacahcy jump.mech—
anism, then cation mobiiities can be expected to increase |
with HfO2 concentration. This explanation is éonsistent with
" the observed increase in experimental D with NHfOZ’ but it 1is
oversimplified in excluding the cffects of probable defect
interactions at high doﬁant levels. The Cooper-Heasley

" " relation, Equation 9, also predicts that if Ds,Er > Ds,Hf’ D
will increase with NHfOZ' This is thus an indirect indication

the D is indeed greater than Ds HE This prédiction does

s,Er
not account for probable changes in the magnitude of the
activity term (d ln YHfOZ)/(d 1n NHfOZ) and again the possible

effects of defect interactions have been disregarded.
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* The data for all temperatures emcept 1700°C can be
reasonably well representéd over the range 2-18 mole % HfO2
‘by an equation of the form

. D =1D oXp(b NHfOZ)‘ ' : ‘(19)

where D' and b are curve fitting constants. The data at
1700°C, however, reach a minimum at 10 mole % HfOZ. This
behavior is anomalous as compared to that at the other four
temperatures and therefore the 1700°C data has not been in-
'cluded in subsequent analyses.

Least squares fits to Equation 19 are shown in Figures 6
and 7 and the values of D' and b are given in Table 3. The
values of b increase generally with increasing temperature

indicating an increase in the composition dependence of D as
higher temperatures are reached. This same eiponential form
for the composition dependence of D was reported by Visser

et al. (1975) in the YF.-CaF, system, but the values of b were
there found to decrease with increasing temperature.

The magnitude of the constant D in Equation "19 can be
intorpretedito represent the value of ﬁ(NHfOZ=O) if it 1is
assumed that tho exponential composition dependence of D
actually extends down to 0 mole $% HfOZ. Using the érguments'
developed in Equations 7-17 suggests that multiplying'the
values of D' by 2/3 would then yicld cstimotes of DS’Hfgithef
impurity diffusion coefficient of Hf in pure'Eszs. These

estimates are also given in Table 3. A least squares fit of



33

f Tapie 3;r Empiricai,cqéfficients for D é.ﬁ{ékp(b NHfOZj 

" - Temperature, " Linear range, 'iﬁt,cmZ/sec b DS.Hf"“
- °C - ‘mol % . ' - 2 a
- , cm”/sec
1900 - 2-19 2.46x10° 0 27,6  1.64x10710
1850 4-19 “1.14x10711 3505 7.60x107 12
1800 - 6-16 7.39x1071%  11.9  4.93x1071%
1600 4-14 “4.00x107* 8.0 2.67x10714
qEvaluated as (2/3 ﬁ'); see EquationAl7.
Table 4. Empirical coefficients“for D(NHfOZzO) and Ds,Hf
Evaluated from 4%-2% extrapolations
Témperature B(N' =Q) cmz/sec D cmz/seca
s g H£0,"") s HE, :
1900 2.03x10 10 1.53x10 10
1850 1.34x10 10 8.93x10 11
1800 3.22x107 12 2.15x10" 12
1600 1.10x10°"° 7.53x10 4

“8Evaluated as [2/3 B(N 20)]; see Equation 17.
; HfO2 . -
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these estimated impurity diffusion coefficient values to the
Arrhenius equation yields

- .~209+45 Kcal/mole ,
exp ( Jem®™/sec
RT (20)

= (3.28 *5-30yx10t0

Ds,Hf

The above extrapolation from a heavily-doped extrinsic
region (2-18% HfOZ) dowh to a presumably intrinsic region
(~0% HfOé) is at best a foﬁgh approkimation; In addition, fhe
validity of this simple ektrapolation is ceftainly question-
able since 5 shows a definite upturn in the region below 4%

HfO The uncertainty in D at low HfO2 contents is large,

2-
however, since the.graphical determination of D from ‘a. compo-
sition profile is inherently unaccurate at the tails of the
profile, and the upturn of D may well be an artifact. In this
pérticular experiment, the data points are noticeably scat-
tered at the tails of the profiles. As an alternative way of
approximating ﬁ(NHfOZ:Q), the line passing through the D
values at 2% and 4% HfO2 was extrapolated to 0% HfOz. The
values of ﬁ(NHfOZ=O) and Ds,Hf estimated in this way are
listed in Table 4. A least squares fit of these Values to

the Arrhenius eduation yiélds

~204+34 Kcal/mole 5
exp ( Yem“/sec (21)
RT ' '

= (3.6375 3 1)x101?

Ds,Hf

Whether either Equation 20 or 21 approximate the correct
values of D in pure Er,0, will remain a matter of specula-
s,Hf 273

tion until accurate tracer measurements of Hf impurity diffu-



35

Sibn Cogfficients in ErZO3 are égcomplished.

The'témperature_depéndehce’df D is 'shown as a function of
compositionlin Figures:8 thfough‘lo; énd/thé'Arrhénius con-
stants fbr these lines are'given in Table 5. The least-
squares fits to the Arrhenius equation do not include the
values of D af 1700°C'becau§e of the afofementioned anomalous
behavioerf the compositibn dependence of D at this tempera-
ture. The data points at compositions of 19%, 1% and 0.5%
Hf02 are excluded from these fits because of the uncertainties
in calculating D ét the'taiis of the profiles. The activation
energies, Q, for interdiffusion increase with NHfOzlto a maxi-
mum at 12% Hf0,. This is shown graphically in Figure i1,

The activation energies for interdiffusion in the
heavily-doped ErZO3 matrix are very large ;ompared to a re-
ported value of 102 Kcél/mole for erbium self—diffusion in
,puré ErZO3 (Berard and Wilder, 1969). ‘Fufthermore, the stand-
ard deviations of'theAszalues are quite large. The standard
deviation on Q can be dramatically reduced by using data only
at 1900°, 1850°, and . 1600°C, but the magnitude of Q still .
remains very large (see Table 6).

The largé magnitudes of Q suggest that the mechanism of
interdiffusion is not simply a sfraightferard cation vacancy
jump process. . Clearly the possibility of the interaction ofa
charged defects must be considered. It is possible that the

vacancy jumping process is hindered by the anchoring of
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Tabié‘S. Afrhehihé“const

ants for D as a function of composi--

© “tion
:,NHEQZ 56,'ém?/s¢¢ 'xtQ;'Kcal/mple
18 . i§59f§f§gxio?$- “f1231 + 67
',ig‘ | 48L69f§?§§§10?3 224 + 77
TR ;.ésff:géxid¥7;' 257 + 71
Az 592778 ekt ‘274‘1'52
.10 ) 1.02fg:;§§1018 269 + 61
08 1.91fz;§gx1015 | 254 + 56
.06 3.12f%?5821014 239 + 57
.04 2.48% % 0 0x1013 231 + 52
.02 2,747 21x10t? 231 + 39
002 4.9271%:3x1010 209" + 45
W s aees

4Evaluated from

D' values in Table 3.

~

DN, o
HfUZ

¥0) in Table 4,
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Table 6. Arrhenius constants of D as a function of composi-
~ tion, excluding 1800°C values of D

,NHfOZ _ | 'ﬁo’ ;m?/;¢c  o 'Q,'chl/mole
.18 | 9.37:5532X1016 243 + 8
6 1.027 0%x10"0 238 + 3
2 .9.51f};23x1018 269 + 6
12 | 2,637+ 50x1020 286 + 6
10 | 4.367 19x101° *‘>280 + 6
.08  ~ s.4772- Dox10t? 264 + 14
.06 8547030003 | 249 + 21
.04 | 4.66"70x10M 239 + 24
.02 | ..z.ngziﬁX1ol4 - 238.1 6
.00 3.997100x10t1 | 210 + 11

%Evaluated from D' values in Table 8.
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negativgly charged Er vacancies (Vé;}) in the vicinity of
reasonably.immobile substitutional Hf ionS'(Hfér). ‘AbqveAsome'
possibly very low threshold NHfOé’ a large fraction of the
available Er vacancies may become'£hus pinned, and a high dis-
sociation energy would then be required to free the vacanéiés
to take part in thé diffusion process. The effect of vacancy
pinniﬁg Shoﬁld diﬁiﬁish at véry-low levels of NHfOZ’ and Q
should decrease substantially since a large proportion of the
avaiiable Vé;' should then be freeAto provide for cation.dif—
fusion. This expected large decrease in Q is not found in the
data, but the threshold NHfOZ'for significant vacancy pinning
may‘well be far below the level at which accurate values of 5
can be determined by graphical analysis.

A second possibility is a strong asscciation or cluster-
ing of positive Hfér and negative O; species. If this is the
situation, then two -modes of Hf diffusion are feaéible, both -
probably requiring high Q. The Hf];r and O; species might move
independently of one another and a dissociation energy would
bé<reduif¢d to break apart the cémpleﬁes. Alternatively, the
HfEr
the movement of thc large cbmplex would introduce local strain

1t
and Oi complex might diffuse as a unit. In this instance

in the lattice and ‘the energy of motion would be increased
aécqrdingly. Theée two schemes of Hfﬁf and O; clustering are
consistent with the relatively lérge Q at all,dopant ievels

including very low NHfozwsince every Hfp,. should bé'assoééated
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- w1th an O
| Both proposed mechanlsms of dofcct 1nterattlon Hf V;;'
'and hf +OI, are 1nsu£t1c1tnt to exp]aln a peak in Q at 12°
.HfOZ.: The nonlinear{Charactef‘of the‘temperature dependence'
of D shoﬁn in fiﬁures 8'through 10 suggests that the'magnitude'A
 of Q at high temperatures mlght be greatcr than the values
‘shown in Table 5. The overall picture is thus certalnly more
intolved than the simple defect-models proposed here. It is
even possible that there ex1sts a balance of compllcated de?
fect mechanisms which contlnuously changes with temperature
A comprehensive description of cation diffusion in ErZOS—I-IfO2
~solid solutions will require measurement of both cation self-
diffusion coefficients and a detailed examination of defects

and their interactions..



44

CONCLUSIONS

1. The interdiffusiqn coéfficiént shows an approXimately
exponential composition dependence over the range 2-18 mole %
Hf0, in Er,0-. ‘This composition dependence increases as tem-
perature 1ncreases.

2. Extrqpolation of interdiffusion coefficient data to
-NHfOZ = 0 allows fough'estimation of the impurity diffusion
coefficients for Hf in cssentially pﬁre ErZOS. These'coeffi—
cients are lower in magnitude and higher in temperature

“ dependence- than published.Er'selfrdiffusion coefficients

in undoped Er203.'

3. The temperature dependence of the interdiffusion coeffi-

cient increases with HfO2 concentration in the range 2-12

S

mole % HfOZ, and decreases in the range 12-18 mole % HfOz.
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Table Al:. Experimental interdiffusion coefficients, 1900°C

~

D, cmz/sec

ugo, _ o
L Slice #1.. .. .. .. Slice .#2
.19 5.38 x 107° 8,80 x 1078
18 19z x 107 687 x 1078
.16 | 1.11 x 1078 1.56 x 1078
14 8.60 x 1077 8.67 x 1077
1z 4.01 x 107° 7.43 x 1077
.10 2.59 x 1077 4.88 x 1077
.08 T 1.55 x 107° 3.17 x 1077
.06 9.06 x 1010 2.09 x 107°
.04 4.41 x 10710 1,26 x 1077
.02 2.71 x 10”10 5.63 x 10 10
. 01 4.80 x 10710 2.68 x 1077
9

.005 5.90 x 10 10 5.93 x 10~
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Table'AZ. Experimental iﬁterdiffusion coefficieﬂts, 1850°C

~

NHfoz D, cmz/sec o
L Slice - #1. . .. .. . Slice #2 .. .. .. .

19 1.86.§'10‘9' _ 2.08 x 1078
18 . 1.05 x 10°° 1.22 x 1078
16 9.10 x 10710 5.10 x 1077
14 . 6.82 x 10710 2.00 x 1079
12 5,80 x 10710 g 97 x 10710
.10 5.0z x 10710 5.82 x .10 10
.08 . 1.18 x 10710 3.01 x 10710
06 2.93 x 10711 1.55 x 10710
04 1.46 x 10 11 7.24 x 10711
.02 1.25 x 10710 2.79 x 10711
.01 2.05 x 10710 2,15 x 107112

005 ~ 7.90 x 10 10 - 9.72 x 1077




'I‘TabiefAS; _Expefiméntal'inpé;diffusion.cOefficients, 1800°C

‘NHfQ S D, ecm™/sec..

ce #1007 Slice #2 ... ...

a9 2.83 x 10710 3.13 x 10711
1.22 x 107+t

16 7.0 x 100t 329 x 10712

14 5.56 x 10712 1.28 x 10712

.18 - 4.48 x,10

12 - 5.51 x 107} 1.14 x 10712

.10 ~ 3.91 x 10 © 9.s1x 107h?
08 4 - 3.47 x 107Y% . 8.46 x 1071%

.06 S 2.21 x 1072 5,75 x 10713

.04 129 x 1072 1,07 x 10712

.02 7.23 x 10713 3.14 x 10 L2

01 | 2.93 x 107 6.60 x 10 12

005 2.05 x 10710 5,44 x 107H
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Table A4. Eiperimental interdiffusion coefficients, 1700°C

~

D;'cmz/set

Nigo, |

S Slice #1 = ... .. . Slice #2. .
.19 . 4.75-x 10711 5.59 x 10 12
18 9.32 x 107 1* ©3.99 x 10 12
16 1.50 x 10712 1.31 x 10712
14 3.99 x 10713 3,04 x 10713
12 3.46 x 10713 1.38 x 10713
10 - zaex 108 978 x 107
.08 © 4.89 x 10713 9.36 x 1014
.06 1.21 x 10712 1.14 x 10713
04 219 x 100 1001 x 107H
.02 : 4.4e x 1071 2050 x 10 12
.01 . 8.47 x 10712 4.09 x 10717

.005 3.20 x 10 11 6.07 x 10 12




" Table AS5. Experiméntal interdiffusion coefficients, 1600°C

64

Nugo, b, ?WZ/Seé
.19 9,31 x 10 12
18 | 1.83 x 10712
.16 3,37 x 10713
.14 1.21 x 10713
12 9.94 x 107 1%
.10 9.05 x 10714
.08 '8.48 x-10" 14
.06 6.28 x 10714
.04 5,27 x 10714
.02 7.61 x 10 %
.01 1.53 x 10 %%

6.76 x 10712

.005






