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I ABSTRACT |

The reéearch described in this report covers~w0hk on:.
1. The effect of mixed transitfon metal impurities (Fe?Tf,
‘Mn?Ti; and'Mg-Ti) on the sfeadyagtate creep of ho1ycrysta11ine a1uminum o
oxide
R 2. Stress re]aXation defdrmétion studies on poTycrystal]ine Mg0
3 pure and doped with iron | - |

~and A]ZO | | o |
' 3. Theoretical analysis of ambipolar diffusion taking into account

T
interfacial defect creation and/or annihilation processes. at grain boundariesf
| “Some of the‘significant‘findings include: | A ;

‘].A Diffusional creep contro]]ed by aﬁ.interfac1a1'defect qreétipn- ‘
annihiTationﬂprocéss at grain boundaries has been experimentally established | -
for pd]ycryﬁta]]iné aluminé doped either<with titanium or a mixéd Mg;Ti
dopant. Inferfé§1a1 kineticsiéorrespond;to a reciprocal relationship bétweén
the steady state creep-rate and tﬁe_graih size. o

2. Intérfécia1'éffécts become important in two limiting situatiohs:

(a) at small grain sizes when cation grain boundafy diffusion is s]ow:
(b) at intermediéte grain sizes providingAcatidnslattice-difosion‘ié very
high and catién grain boundary diffusion-i§ slow.

'3;' Diva]ent'trahéitioh‘meta1 impurities suéh“as Fezf apbarenf]j enhance
aluminum grain boundary difquTOn"tola 1arger'degreeAthan a1uminﬁm'1atfice
diffusion. | ' ' | | |

4, Diffusional. creep in Fe-doped_A1203,and iﬁ the Fe-Ti and Mn-Ti dodB]e -
doped Systems is contfo11ed by various combinationS'of aluminun 1attjce.and

‘grain boundary diffusion. - . o S L



' I1. INTRODUCTION

‘ The'researeh‘acijities'under cohtract E(11-1) - 1591 duringAthe

period December 19, 1978 tovDecember.18, 1979 are described.in thisfreport:

MaJor effort was devoted to | | | |
"1) ‘Dead- Toad creep tests on po]ycrysta111ne a]um1na doped with several
cation impurity pairs:.Fe-Ti,'Mn-Ti, and Mg-Ti .
2) Thepref{caT énelysis of ahbipo1er d{ffusion taking into aecount the
zipossibi1fty of kinetics'dpmfnéted by interfdcia1 defect creation end/or‘
: ann1h11at1on processes at the qra1n boundar1es | o
3) Stress relaxation tests on po]ycrysta111ne Mg0- doped w1th iron and
po]ycrysta111ne A]203, pure and doped w1th iron

. One. paper was published this year.. A repr1nt is subm1tted with th1s

report; | | -

"Stress'RelaXatiop Technjdue for Deformation Studies fn Four-Point—Bend~

Tests - Application to Po]ycrystaj]ine Ceramics at E1eyated Temperatures"

D. K. Shetty and R. S. Gordon, J. Mater. Sci. 14 (9) 2163-2171 (1979).

A complete 1listing of the_bib]iogrephy of papers and theses prepared

" under this contract is given at ‘the end of the report in Section IV,
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» 11T REVIEW OF RESEARCH ACTTVITIES

In this sectjoﬁ the research tasks which have been conducted under‘the
~4eontrect for:the current.period:wi111be described. :This year research was’
conducted on (1) the effect ef mixed cation dopants on the.diffusional creep
»of po1ycrysta11ine A]203, (2) an anaTysis of inteffacia] Qkain boundary - .
processes 1n amb1po1ar d1ffus1ona1 creep and (3) stress Ye]axation deforma-
tion stud1es on polycrystalline Mg0 and A1203, pure and doped thh 1ron

3.1 Creep .of Po]ycrysta111ne.A1um1na Doped with Mixed Cation Impur1t1es

This year steady state.creep‘experiments were conducted on high density
(>99%) polycrysté]]ine alumina doped with cation impurities at the following

compositions (cation percent):

1. 0.2% Ti
2. 0.5 % Ti + 0. 05% Fe
3. 0.1% Ti +0.1% Fe
4, .0,05% Ti + 0.15% Fe .
5. 0.2% Fe - :
6. 0.05% Ti
7. 0.05% Ti + 0.05% Mg
8. 0.05% Ti + 1.0% Fe o
9. 0.24% Ti + 0.075% Mn
10.  0.12%.Ti + 0.25% Mn

~ Four boint bend dead load creep tests were conducted over a range of grain

sizes (5-100 uM . temperatures (1100;15000C), stresses (2-17 MN/mz) and oxygen
. , | oXyg

-1

paftia] pressures (10 - 0.86 atm).

Cow

3.1.1 Fe-Ti System
4 The vast majority of exper1ments were conducted in th1s system part1cu1ar1y
at the 0. 2% total impurity concentration ranging from -pure Ti, various
T1/Fe ratios, and pure Fe. | . -
The most 51gn1f1cant resu]ts were obtained from the stud1es on the effect
of grain size. Perhaps the most important findingwas the discovery of'a nearly

reciprocal grain size dependence of the steady state creep rate (é)Aat the

0.05%4T1, and 0.05% T1~+ 0.05% Mg,.and 0.2% Ti compos1t10ns (1e € a (GS)-m with



“m.= 1. O 1. 3) A creep ‘grain size exponent (n)of unity is the ffrst>experimenta]
© verification of diffusional creep rate-1imited by<an interfacia]j(grain‘ |
boundary)'defect creétion'(or annihi]atﬁon) process‘fn polycrystalline elum%na.
At the 0.2% Fe and the mixed Fe-Ti compositions, the creep grain size*exponent
'nas'nearly 2-(i.e. a reciproee] square. grain size dependence) wnich was;in;:
dicative of Nabarrb;Herring diffusional creep.ratej1imited by aluminum lattice
' diffusion. The effects of'oxygen partial (i.e. decreasing creep retesAwitn
Adecreasing,oxygen partial pressure) and the creep activation:energies (n 130
.kcal/mole) atA tnese compesitiens were also consistent with kinef%cs:governed
by aluminum lattice diffusion. . |
'Experiments'et the 1% Fe +_0.05% Ti'composition revealed (1) a reciproca1
grain size'dependence indicative of kjnetics rate-1imited by aluminum lattice

diffusion (2) significantly enhanced creep rates (factor n5) over the 1.0% Fe

composition and (3) oxygen partial pressure effects consistent with the dominance

- of the defect structure by divalent iron (i.e. increasing creep rates with
decreas1ng oxygen part1a1 pressure)

3.2. 2 Mg-Ti System:- Nearly rec1proca1 qra1n size dependenc1es (i.e. m=1.2-1.3)

'and 1dent1ca1 creep rates were observed for the.0.05% Ti and 0 05% Ti + 0'05% Mg

compos1t1ons ‘indicating the dominance of the interfacial grain boundary reaction
‘ 1n'd1ffus1ona1 creep of alumina at these compos1t10ns. Apparently very 11tt1e

~ compensation occurs between divalent magnesium and quadrivalent titanium.

3.1.3 'Mn-Ti System: Steady state creep experiments at the compoSitions‘studied
revealed creep grain size exponents between 2 and 3 and henceAkinetics controlled
by a combination of aluminum lattice and grain bbundary diffusion.

3.1.4 Genera1 Conc]us1ons from Creep Studies with Mi xed Cat1on Dopants

_ The near]y rec1proca1 grain s1ze dependence found at the 0 05% T1, 0. 2% T1,
.'and 0.05% Ti + 0.05 Mg% compositions is apparently the key.to understand1ng

(1) the effect of mixed valence cation dopants on the diffusional creep of
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bo]ycrystalline'aiumina, and(2) the dominant defect structure in A1203A
-.(i;e.”e1uminum’catipn Frenkel versus Schottky defects). In'tftanium-
“doped material, the it ions'jn.substitutional so1jdeOJUtion
and the compeneating aluminum Tattice vacancies enhance a1uminnm lattice
diffusion to sqch a. degree that diffusional creep becomes nate 1imiﬁed
by vacancy creation and/or.ennihi1ation at the gnain boundariesf(i.e;‘inter-
- face contro1). Apparenf]y Ti4+ dominates the defeef StruCtune'vie the
creation of aluminum ion vacancies in'tne mixed Fe-Tj compoeitidns at the
0.2% concentration bf tota1_impnrities. As the Ti/Fe cation ratio-{ncreases
at alfixed;concentretien of tota]}impurities (0.2%),Athe diffusionel creep |
_rate (and the aluminum lattice d%ffusibn coefficient)'inereeses fo:a.maximum
-before the gfain»boundary interfacial reaction becomes dominant at the nure
Tf_compdsition{ "At this limit the-creep rate either decreases or remaine.
constant (independent of theTi4+ cdn;entration)_depending.on the grain size,
Ti4+ epparently'alsd domfnates the defect.structure in the mixed Mg-Tii

cdmpositions. . Here,-as in the Ti-doped meteria], interfacia]ldefectlcreation
(or annihi1ation) at grain boundaries becomes rate 1imitin§ due to high aluminum |
ion mobilities in the lattice. o | |

'. Inferfacia] effeets beceme dominant in diffusiona]lcreep when the
- concentration ofAdefects controlling lattice dfffueionAbecome.too 1arge for
rapid equilibration at grain boundaries;' In'this'case; grain boundéries are
notvperfect»sinks and sources of lattice defects,as ichommon]y assumed'in

. diffusional creep theories.

The Mn=Ti impnnity couple is the most effective in enhancing the diffusional -

creep rate of po]ycrysta11fne.a]umina (v3-4 orders of magnitude enhancement
in creep rate)}. In this mixed impurity system, the concentrations,of diva]ent
and quadrivalent impurities are apparently enhanced significantly over. levels

‘present in alumina doped singly eifher with Mn or Ti.
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 In both the Fe-Ti énd‘Mn-Ii systems,.fhe variab1e valent ions;

Fe andan, apparenﬁly enhance a]uminum gfain boundary diffusion and also
éésist in equilibration atvgrain boundariés since inferfacial creep kinétics
are never observed. |

In view of,the results on the‘effécts of»mixéd cationldopants, the
intrinsic defect_structure in aluminum oxide has'been reassessed. It.is
apparent that fhe the_dbminahce of Schottky defects can exp]ainleffectivéiy
the diffusional creep charactéristics of polycrystalline A2203, pure and doped

with single impurities such as Mg, Fe (Fe2+, Fé3+),'Cr and Ti'(Ti3+, Ti4+)”

as well as impurity pairs such as Fe-Ti, Mn-Ti,-and Mg-Ti. Several signifi-

caht-findings»can be explained in terms of a Schottky defect model;for alumina -~ -

which cannot be readily interpreted if aluminum Frenkei‘defects areAthé-"
dominant intrinsic defects. These iné]ude

(1) the absénce of any minimum creep rates due to the simultaneous doping of

" divalent and quadrivalent substitutional cation impurities. If aluminum ion

(i.e. aluminum vacancies and'ﬁnterstitia1$) for the quadrivalent and divalent

impurities would annihilate each other and lead to a substantial reduction in

“the aluminum jon diffusivity,‘ The opposite~resu1t is observed.

(2)'The'océurence of a rate-]iﬁiting interfacial (grain;boundary) prbcess for

the creation and annihilation of cation vacancies when the concentration of
dominant lattice defects (aluminum jon vacancies compensating for substitutional

quadrivalent titanium) becomes Very‘large. Interfacial reactions to not become

important in the case of divalent impuritfeS’because the dominant compensating
"~ defect is an oxygen vacancy and creep is controlled by the much smaller con-

centration of a minority defect (i.e. aluminum ion interstitials) whi;h does

not create'probjems associated with defect creation or annihilation at grain

boundaries. 'If Frenkel defects were dominant, one wou]d'expeéf grain bodndary :

,Frenke] defects Were domihant,Athen one would expect that thé~compensating defects

L 4 aman e
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satnration ~and interfecia1 kinetics as the eoncentration of diva1enf impurity‘
1ncreased Instead one f1nds no evidence. of 1nterface contro1 but a com-
pet1t10n between a]um1num lattice and gra1n boundary d1ffus1on in the contro]
of d1ffus1ona1 creep rates as is ev1dent from creep grain size exponents
-ranging between 2 and 3.

- 3.2 Genera11zed Amb1po1ar D1ffus1ona1 Creep Theory Inc]ud1ng Grain Boundary
Interfac1a1 Effects

In order to take into accountvinterfatja1 defect reattions at grain

} boundaries, the ambipoTar diffnsional creep equation deve1ooed eerlier on

- this eontract:for the compoond AaABé must be‘modified. In the'genera1

. situetion,'three differenf processes can contro1‘creep ( (1) 1ettice'diffusion;y
(2) grain boundary diffusion andA(3) an'interfacfa1 defecf reaction) ano.two
‘diffusing‘specieS'must be coneidered.. Assuming the rate of the.interfacia1~
defect reaction for.épecies A and B to varyb1inear1y with etress,'the.fol1owing '

generalized creep equation was derived:

. 880, o - I 0y
e= —L P Complex o : (1)
kT (6s)>
D = ! (2)
-~ “Complex : :
, o . : + B
3.5 L L ' 3
(6S)°2 D, Ky | ( 35) "2y Dy KB
M b | o
. A + (SADA, . 1n ' +‘5BDBb
\nd 2 a0 A 1 N -t
(65)Dy + (65)°K,)", o (es)0gT ¢ (65)7KeRy
o no no T

Here, DAQ and DAb are the.AB+ - jon lattice ond grain boundary diffusivities,

»DBQ and Dg’ are the B®™ jon Tlattice and grain boundary diffusivities, SA'and-
are the effective widiths of the regions of enhanced diffusion near the

grain boundaries for AB+ and Ba'.ions, and KA and KB are the interfacial rate

constants for anion and cation vacancy (or interstitial) creation on annihi]a-



tjbn,zfespéctiveiy, é%hthe'grain;boundaries. (No interfacial processes

are assumed to be required for bobndary diffusionﬂprocesses)

Let us examine several ifmiting cases for this theory. First:in the

Timit of very rapid anion grain boundary'diffusioh.(good assﬁmptions for
: ‘_both ARZQ3~and Mg0), we can write the f0110w1ng gxpress1on for Dcomplex

" In-this caée'

. 3 Q" . '
(65)°0,D; Ky -
1 } (3)
*Deomplex= - -t 8Dy
' L 2
(GS)DA + (GS)'KAQV
LN
LIMIT I: Rapid Cation Interface Reaction
| (Gs) D% << (GS)ZIk Q, - : - (4)
2 A Ay - _ ) ) .

i

‘In this case

Dcomp]ex = lﬂ{(GS) ‘Dﬁ + 6A DA'ﬁJ o :': ' 4_. (5)
: o |—= ‘ o _ :

~and diffusional creeb is juét‘a.competition between cation lattice

and cation gréin boundéry_diffusion,’f‘

LIMIT IT : Slow Cation Interface Reaction

Y < L '
: o (GS)°K, Q. . (6)
- {GS) DAQ >> A li_;!_ - - o )
I . 1
In. this case,
D = Y es)yZa k. o+ 8,00 | | B (7)
complex . o VA - CATAT ‘ ‘ -

n .
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and : _4ayo QVKA C s Sy Dy (8) -
5 K GST )3 ; -

In this case

- LIMIT IT A: Rapid-Cétion Grain Boundary Diffusion

" In this case, b

. 440,068 ,D,7 —_— o '
‘€=___V°_AA3_ A - - (9)
KT (6S) | SRR

'and diffusional creep is controlled by‘cation grafn boundary diffusidn

LIMIT II B: Slow Cation Grain Boundary Diffusion

€ = 4Qv2 Kpo o S (TQ).
kT (GS)

" and diffusional creep is contqu]ed by the cation interfacial défect‘reactjon

in the limit of small grain sizes.

LIMIT III: STow‘Cation.Gréin Bbundary ﬁiffusion

In this case, o : S
2 - ., o T B o
- ‘:DA “a Qv”* |
_ . Mo S A | S

[(GS_)DAP“ + (09)% Ky QV]

CLIMIT II1I A: Small Gra1n Size and/or H1gh DA
‘In this case, -

L

R S G L a2
SR . 1 B
- 4QVAO KA-

TokT (65) | S ()



‘and diffusional creep is again interface reaction controlled. The

important point to.be made here is that interface controlled creep
kinetics are not‘reetricted to the small grain size limit. They can

be controlling in intermediate to large grain size material providing

- cation lattice diffusion is very large end cation grain boundary -
_ diffusion is slow. Referring to sect1on 2.1, the creep of Ti- doped

_(and Mg T1 compos1tons) AILZO3 apparent]y satisfies these cond1t1ons

(i.e. 1ntermed1ate grain size, very high DA . and apparent1y Tow éAQDAE)}

3.3 Stress Re1axat1on Deformation of Polyctysta111ne MgO and AlZO o
"Pure”" and Doped w1th Iron

- This year numerous four point bend stress relaxation tests were

conducted at 1350 1450°¢ over a range of grain sizes (6-60 um). Tests

‘were conducted on polycrystalline Mg0 and A2203 at the fo]]owingICOmposi—

tions, temperatures, and grain sizes:

Material - Dopant ~ Temperature Grain Sizes
Cation % (°c) : (nm)
Mq0 . 2.65% Fe . 1350 : 11,54 ,57
AR?Oé ' undoped 1450 23
By . _ . |
AQZO3 1.0% Fe 1450 6

e b -

3.3.1 Iron-deed Mg0. Four point bend stress relexatiOn tests were performed

at 1350°C on po1ycrysta11ine Mg0 doped with 2.65 cation % Fe which was fabricated
at eSsentia11y two grain sizes: 11 and 54-57 um. The composition and grain
sizes were se]ected to maximize the contribution to deformation by diffusional

creep so that the transition stress between power law creep (e q-cN;'N-m 3-5)

andxdiffusiona1 creep could be c1ear1y seen. The experihents were'successfu]

1n th1s sense 1n that trans1t1ons between v15cous and non- v1scous deformation

were detected part1cu1ar1y in the f1ne grain s1ze mater1a1 However-as re-
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eorted earlier, the aétuallcorrespondence in creep rates at-given StkeSs
Tevels between stramn rates derived from the stress,relaxation tests and )
the dead load ereeb'vaTues was poore AtAhigh stresees (short times in
streés re]axafion),*the strain rates ca1eu1ated.frem 1oad‘re1axafion date:

. were sighificanf]y highef than the deed load values. On the‘other hand at-
Tow stresses (long times in stress re]axatiom);-the inferred stfain'rates
“from stress re]axatfon were significant1y‘1owef than the dead load creep
~rates.' This was even true when stress're1axafion and creep'experiments
weme»pemformed in succession oh the éame specimen_at the'teEt‘temberature.
3.3.2 AL d "pyre” and qued w1th Iron, Stmess relaxation tests at 14500C

—2-3;
on po]ycrysta111ne A2203, pure and doped with iron also revea]ed reasonab]y

sharp transitions: between s]1ght]y nonav1scous'ereep (e.a o N, N m}1.3a2)
‘at'qu sfresses‘(iong tmmes) énd‘power'1aw creep (é a o-N;N n 5) atehighi
stfesses (short fimes). prever as in the-case with‘strees re1axetion tests
on Mg0 - the correshbhdance wfth dead load cmeep‘fates‘was poer. Strain

rates infermed from stress ke1axatiom at ‘high stresses'(shomf’tfmes) exceed -
dead‘loed creep“ratee; whiiefthose inferred from low stress (Tong time)
measurements were sign1f1cant1y be]ow dead load creep rates.

1,3 3. 3 Ana1ys1s of stress Re]axat1onand Correspondance w1th Dead Load Creep

At Tong t1mes in the stress relaxation test, one might expect.etress
relaxation tdlfo110w'an’equetfdn of the form |
| 0 = 0, exp (- E t/n]) j(14)
in mhich E] is the elastic modu]us and ny is the v1scous (diffusiona])

creeb'viscosity ( = kT(GS)3 )., Thus it should be'pqssib]e-to measure

449V Dcomp]ex

E1/n1 from stress re1axatTon,”compute ﬁ] knowing-E1, and compare the experimenta]

' v1scos1ty with that computed from dead load d1ffus1ona1 creep reasurements

(i.e. e =0 /An]) When th1s compar1son was imade for stress re]axat1on and creep



i

of po1ycrysta11ine‘Azéd3 doped with 1% Fe, réasonab]y good-agreemeht

was ach1eved between n1 measured from stress re1axat10n (at 1ong times)

: _ e L
and n, ca]cu]ated from d1ffus1ona1 creep theory (i.e. Dcomp]ex -Af (DA2 and
Spg DAE )). Even w1th this agreement, the correspondance between creep

1 rates ca]cu1ated from stress re]axat1on data and dead 1oad creep measurements
was poor.' |

| _ Conseduent]y the assomptions made in calculating strain_rates from
stress retaration data were ree*amined. When this is done,-it is clear that’
in the stress re]axation ana1ysis'the following assumptions for total-strain

have been assumed:

®Total ~ SElastic + “Plastic | - (19)

For stress re1axation at constant total strain

®Total =~ O = Elastic * “Plastic . (18)
and

.= -_ 9 - ' oy
€Plastic f EE]astic T E L (17) .

That is, in stress re]axation, the elastic (instantaneous recoverable)
" strain is converted 1nto plastic stra1n If diffusionat (v1scous) creep
represents the p]ast1c strawn, then we have- the c]ass1ca1 Maxwe]] body corre-
sponding to a spring and dashpot in series, A genera11zed Maxwell body in=
cluding viscous and non- viscous e]ements should have the fo]]ow1nq creep
character1st1cs _ |
1) on ‘the app11cat1on of the 1oad, elastic deformat1on takes p1ace
“instantly fo]lowed by steady state creep. No transient creep should be
observed - | | |
é) when the 1oad is removed after the creep test, the e]ast1c stra1n
will be recovered 1nstant1y. However there will be no t1me de1ayed stra1n

- recovery.
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Carefu1'eiamina£ionlof the dead load creep characteristics of.poly--'
‘crystalline Mg0 and Av,0, reveal, hdwever, the presence of signifiﬁant'
:'transfent Creep atnthe beginning of the test and, mnre”importantly; the" RN

:pccurénce of sjgnificant recovery (time'de1ayed_reéoverab]e strain)‘when‘.
A fhe'stress'is removed. These observations are,conéistent with the presénce

of an anelastic contribution to the strain rate, i.e.
€Total - SElastic © E’P'Iastic-'+_ €Anelastic _ ~(18)

" For stress relaxation

=0 = eryastic t Eplastic ' CAnelastic (19)

eTota1

Eplastic -

~and. E- EAnelast{c ‘ : : (26)

In our stress relaxation analysis we have implicitly assumed

€pnelastic to be small or near zero. This can only be true in the absencg

of transient'Creep and recovery effects.
In equation (2),'the’first term is positive since ¢ < 0. At short

times- in a stress relaxation test, £ (=o/n2) >0 (aséuming a Kelvin

A _ anelastic )
- element, ¢ =‘%—- (1-exp 4E2t/n2)-and € p1asticAWi]] be overestimated,

is med to be' . 1 i . .
assu to be' zero., At ong‘t1mes, €Anelastic

- when ¢

and ¢

Anelastic

will be underestimated when e is ignored.'TheSe effects

Plastic Anelastic
‘are in accord with the généra] experimental obéérvations.

Thus it appears that aneiastic défqrmatiOn effects anejrespongibié fnr |
thg lack of direct correspondance between dead 16ad éreép rates and those
caicu]ated fnqm stress'ré1axation mea;ureménté assuming’fMaxwe11ianf Behnvior. '

Experiments are'Currént1yAunderjway to measure the anelastic contributions to

the strain rate in these materials.
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