
f ,

COO-1591-34
''14 & UTEC-80-0081,0.

.7

1

IMPURITY EFFECTS ON THE CREEP OF

POLYCRYSTALLINE MAGNESIUM AND ALUMINUM OXIDES

AT ELEVATED TEMPERATURES

MASTER
Technical Progress Report

for December 19, 1978 - December 18, 1979

Ronald S. Gordon
Principal Investigator

Q 1 1/.
.D»pa#mu-t of Materials Science and Engineering

University of Utah

Salt Lake City, Utah 84112

December 1979

Prepared for

DEPARTMENT OF ENERGY

UNDER CONTRACT NO. EY-76-S-02-1591.*002

DISCLAIMER
This book was prepared as an account 01 work sponsored by an agency of the United S.6 Government.Nei,her  „e  United  States  Government  nor  any  agene,  thereof. nor  any of their employees. makes anyM...y. ..press or in·,plied. or .sun·ies any legal liabilily or responsibility loree accuracy,completeness. or use//Iness of any information. apparatus. product. or process disclosed. orrepresents thal its use Muld not infringe privately owned right. Ref...... herein to any specificcommercial product. process. or service by trade name, trademark. manufacturer, or otherwise. doesnot necessarily constitute or imply its endorsement. recommendation. or favoring by the UnitedStates Government or any agency thereof. The views and opinions of authors expressed herein do riotnecessarily State or ref lect  thol of the United  States Government or any agene  thereof.

DISTRIBUTION OF THIS DOCUMENT IS UNLIMIT /41111                         -1



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



IC .
. '

TECHNICAL PROGRESS REPORT

December 18, 1979

PROJECT TITLE Impurity Effects on the Creep of
Polycrystalline Magnesium and Aluminum
Oxides at Elevated Temperatures

CONTRACT EY-76-S-02-1591.*002

CONTRACTOR University of Utah
Department of Materials Science and

Engineering

PROJECT PERSONNEL Principal Investigator

Dr. Ronald S. Gordon
Professor

Graduate Research Assistant

Mr. Yasuro Ikuma



./

TABLE OF CONTENTS
I

Page

I       ABSTRACT  ...............  .........................    1

II      INTRODUCTION........................................    3

III REVIEW OF.RESEARCH ·ACTIVITIES ......................    4
3.1  Creep of Polycrystalline Alumina

Doped with Mixed Cation Impurities.............    4
3.1.1 Fe-Ti System ..........................  4
3.1.2  Mg-Ti ·System ..........................    5

3.1.3  Mn-Ti  System ............................  5
3.1.4  General Conclusions-from

Creep Studies with mixed
Cation Dopants .........................    5

3.2  Generalized Ambipolar Diffusional
Creep Theory Including' Grain Boundary
Interfacial Effects............................    8

3.3  Stress Relaxation Deformation of
Polycrystalline MgO and A1203,
ll Pure" and Doped with Iron ....................   11
3.3.1  Iron-Doped MgO ...............,.......... ·11

3.3.2  A1203'."Pure" and Doped with Iron.......  12
3.3.3  Analysis of Stress Relaxation and

Correspondance with Dead Load Creep.....   12
IV      BIBLIOGRAPHY OF PAPERS, THESES AND INVITED

PRESENTATIONS ................................·......   15
V       ACKNOWLEDGEMENTS ...................................   19
VI      PRINCIPAL INVESTIGATOR..............................   19



-1-
.

-                                         I ABSTRACT

The research described in this report covers work on:

1.  The effect of mixed transition metal impurities (Fe-Ti,

Mn-Ti, and Mg-Ti) on the steady. state creep of polycrystalline aluminum

oxide

2.  Stress relaxation deformation studies on polycrystalline MgO

and A1203' pure and doped with iron

1 3.  Theoretical analysis of ambipolar diffusion taking. into account

interfacial defect creation and/or annihilation processes at grain boundaries.

Some of the significant findings include:

1..  Diffusional creep controlled by an interfacial defect creation-

annihilation«process at grain boundaries has been experimentally established           -

for polycrystalline alumina doped either with titanium or a mixed Mg-Ti

dopant.  Interfacial kinetics correspond.to a reciprocal relationship between

the steady state creep rate and the grain size.

2. Interfacial effects become important in two limiting situations:

(a) at small grain sizes when cation grain boundary diffusion is slow

(b) at intermediate grain sizes providing cation lattice diffusion is very

high and cation grain boundary diffusion is slow.
2+

3.  Divalent transition metal impurities such as Fe   apparently enhance

aluminum grain boundary di ffusion- to a larger degree than aluminum lattice

diffusion.

4. Diffusional creep in Fe-doped A1203 and in the Fe-Ti and Mn-Ti dolible

doped systems is controlled by various combinations of aluminum lattice and

grain boundary diffusion.
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II  INTRODUCTION

The research activities ·under contract E(11-1) - 1591 during the

period December 19, 1978 to December 18, 1979 are described in this report.

Major effort was devoted to:

1) Dead_load creep tests on polycrystalline alumina doped with several

catioh impurity pairs:.Fe-Ti, Mn-Ti, and Mg-Ti

2) Theoretical analysis of ambipolar diffusion taking into account the

tpossibility of kinetics dominated by interfacial defect creation and/or

ahnihilatjon processes at the grain boundaries

3) Stress relaxation tests on polycrystalline MgO doped with iron and

polycrystalline A1203' pure and doped with iron

One paper was published this year.  A reprint is submitted with this

report.

"Stress Relaxation Technique for Deformation Studies in Four-Point-Bend·

Tests - Application to Polycrystalline Ceramics at Elevated Temperatures"

D. K. Shetty; and R. S. Gordon, J. Mater. Sci. 11 (9) 2163-2171 (1979).

A complete listing of the bibliography of papers and theses prepared

under this contract is given at ·the·end of the report in Section IV.
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,III 'REVIEW OF RESEARCH ACTIVITIES

In this section the research tasks which have been conducted under the

contract for the current period will be described. This year research was '

conducted on (1) the effect of mixed cation dopants on the diffusional creep

of polycrystalline A1203' (2) an analysis of interfacial grain boundary·

processes in ambipolar diffusional creep and (3) stress relaxation deforma-

tion studies on polycrystalline MgO and A1203' pure and doped with iron

3.1 Creep of Polycrystalline Alumina Doped with Mixed Cation Impurities

This year steady state. creep experiments were conducted on high density

(>99%) polycrystalline altimina doped with cation impurities at the following

compositions (cation percent):

1.   0.2%  Ti
2.   0.15 % 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
9.   0.24% Ti + 0.075% Mn

10. 0.12% Ti + 0.25% Mn

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

sizes (5-100 uM temperatures (1100-1500'C), stresses (2-17 MN/m2) and oxygen

11
partial pressures (10-   - 0.86 atm).

3.1.1  Fe-Ti System

The vast majority of experiments were conducted in this system particul:arly

at the 0.2% total impurity concentration ranging from pure Ti, various

Ti/Fe ratios, and pure Fe.

The most significant results were obtained from the studies on the effect

of grain size. Perhaps the most important finding was the discovery of a nearly

reciprocal grain size dSpendence of the steady state creep rate (2) at the

0.05%.Ti, and 0.05% Ti· + 0.05% Mg,. and 0.2% Ti compositions (ie L a (GS)-m with
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m = 1.0-1.3). A treep'grain size exponent (m)of unity is the first experimental

verifi'cation of diffusional creep rate-limited by an interfacial (grain

boundary) defect creation (or annihilation) process in polycrystalline alumina.

At the 0.2% Fe and the mixed Fe-Ti compositions, the creep grain size exponent

was nearly 2 (i.e. a reciprocal square grain size dependence) which was-in-

dicative of Nabarro-Herring diffusional creep rate-limited by aluminum lattice

diffusion. The effects of oxygen partial (i.e. decreasing creep rates with

decreasing oxygen partial pressure) and the creep activation energies (# 130

kcal/mole) at these compositions were also consistent.with kinetics governed

by aluminum lattice diffusion.

Experiments at the 1% Fe + 0.05% Ti compositioh revealed (1) a reciprocal

grain size dependence indicative of kinetics rate-limited by aluminum lattice

diffusion (2) significantly enhanced creep rates (factor %5) 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

decreasing oxygen partial pressure).

3.2.2 Mg-Ti System: Nearly reciprocal grain size dependencies (i.e. m=1.2-1.3)

and identical creep rates were observed for the.0.05% Ti and 0.05% Ti + 0.05% Mg

compositions indicating the dominance of the interfacial grain boundary reaction

in diffusional creep of alumina at these compositions. Apparently very little

compensation occurs between divalent magnesium and quadrivalent titanium.

3.1.3  Mn-Ti System: Steady state creep experiments at the composi.tions studied

revealed creep grain size exponents between 2 and 3 and hence kinetics controlled

by a combination of aluminum lattice and grain boundary diffusion.

3.1.4 General Conclusions from Creep Studies with Mixed Cation Dopants

The nearly reciprocal grain size dependence found at the 0.05% Ti, 0.2% Ti,

.

and 0.05% Ti + 0.05 Mg% compositions is apparently the key to understanding

(1) the effect of mixed valence cation dopants on the diffusional creep of
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polycrystalline 'alumiAa, and(21 the dominant defect structure in A1203

(i.e. aluminum cation Frenkel versus Schottky defects).  In titanium-

4+
doped material,the Ti   ions in substitutional solid solution

and the compensating aluminum lattice vacancies enhance aluminum lattice

diffusion to such a degree that diffusional creep becomes rate limited

by vacancy creation and/or annihilation at the grain boundaries(i.e. inter-
4+

face control). Apparently Ti dominates the defect structure via the

creation of aluminum ion vacancies in the mixed Fe-Ti compositions at the

0.2% concentration 6f total impurities. As the Ti/Fe cation ratio increases

at a fixed concentration of total impurities (0.2%), the diffusional creep

rate (and the aluminum lattice di ffusion coefficient) increases to a .maximum

before the grain ·boundary interfacial reaction becomes dominant at the purd

Ti composition.  At this limit the creep rate either decreases or remains

4+
constant (independent of the Ti concentration) depending on the grain size.

4+
Ti   apparently also dominates the defect structure in the mixed Mg-Ti

compositions. Here, as in the Ti-doped material, interfacial defect creation

(or annihilation) at grain boundaries becomes rate limiting due to high aluminum

ion mobilities in the lattice.

Interfacial effects become dominant in diffusional creep when the

concentration of defects controlling lattice diffusion become too large for

rapid equilibration at grain boundaries.  In this case, grain boundaries are

not perfect ·sinks and sources of lattice defects, as is commonly assumed in

diffusional creep theories.

The Mn-Ti impurity couple is the most .effective in enhancing the diffusi·onal

creep rate of polycrystalline alumina (03-4 orders of magnitude enhancement

in creep rate).  In this mixed impurity system, the concentrations of divalent

and quadrivalent impurities are apparently enhanced significantly over. levels

present in alumina doped singly either with Mn or Ti.
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In both the· Fe-Ti and Mn-Ii systems, the variable valent ions,
Fe and Mn, apparently enhance aluminum grain boundary diffusion and also

assist in equilibration at grain boundaries since interfacial creep kinetics

are never observed.

In view of the results on the effects of mixed cation dopants, the

intrinsic defect,structure in aluminum oxide has been reassessed.  It is

apparent that the the dominance of Schottky defects can explain effectively

the diffusional creep characteristics of polycrystalline A£203' pure and doped

2+    3+                3+    4+with single impurities such as Mg, Fe (Fe  , Fe  ), Cr and Ti (Ti  , Ti  )

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

cant findings can be explained  in terms of a Schottky defect model ·for alumina

which cannot be readily interpreted if aluminum Frenkel defects are the

dominant intrinsic defects. These include

(·1)    the  abse.nce  of any minimum creep rates  due  to the s.imul taneous doping  of

divalent and quadrivalent substitutional cation impurities·. If aluminum ion

Frenkel defects were dominant, then one would expect that the compensating defects

(i.e. aluminum vacancies and interstitials) for the quadrivalent and divalent

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

the aluminum ion diffusivity.  The opposite result is observed.

(2) The occurence of a rate limiting interfacial (grain boundary) process for

the creation and annihilation of cation vacancies when the concentration of

dominant lattice defects (alumjnum ion vacancies compensating for substitutional

quadrivalent titanium) becomes very large. Interfacial reactions to not become

important in the case of divalent impurities· because the domi.nant 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) which does

not create problems associated with defect creation or annihilation at grain

boundaries.  If Frenkel defects were dominant, one would expect grain boundary

l



-8-

saturation and interfacial kinetics as the.concentration of divalent impurity

increased.  Instead one finds  no evidence of interface control but a com-

petition between aluminum lattice and grain boundary diffusion in the control

of diffusional creep rates as is evident from creep grain size exponents

ranging between 2 and 3.

3.2  Generalized Ambipolar Diffusional Creep Theory Including Grain Boundary
Interfacial Effects

In order to take into account interfacial defect reactions at grain

boundaries, the ambipolar diffusional creep equation developed earlier on

this contract for the compound Aa BB  must be modified.  In the general

situation, three different processes can control creep ( (1) lattice diffusion,

(2) grain bouhdary diffusion and (3) an interfacial defect reactidn) and two

diffusing species must be considered.  Assuming the rate of the interfacial

defect reaction for. species A and B to vary linearly with stress, the following

generalized creep equation was derived:

.    440 0
(1)V      D

E =.                 Complex

kT (GS)
3

1                                   (2)
D-
Complex

a                                      +               B

(GS)30 D EK (GS)30vDB£KBV A  A

11 H.                     b            11 H+6D +'6 D bAA B B

(GS)DA + (GS)2 K
n (Gs)DB    + (GS)2 KgovAV

H.         11                        H              11

b        B+
Here, DA£ and DA  are the.A    ion lattice and grain boundary diffusivities,

DB  and Db are the Ba- ion lattice and grain boundary diffusivities, 6A and
68 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 annihila-
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Al,
tion, respectively, at the grain, boundaries. (No interfacial processes

are assumed to be required for boundary diffusion processes)

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

limit of very rapid anion grain boundary diffusion (good assumptions for

both A£203 and MgO), we can write the following expression for Dcomplex .

In this case

(GS)3QvDA KA

11 H (3)

aD +6 D b

complex= AA

(GS)DAZ + (GS)2 KARV

li          11

LIMIT I: Rapid«Cation Interface Reaction

(GS) DA£
<<< (GS)2

KARV
(4)

1T

11

In this case

D            -                -6-                         (5)
complex = 1  (GS)  D   + 6A DA

a
'IT

t.----                                                                                                                                          Ill--I

and diffusional creep is just a competition between cation lattice

and cation grain boundary diffusion.

LIMIT II : Slow Cation Interface Reactjon

1    (GS)2 KA Av                                 (6)
(GS) DA  >>
n             11

In this case,

D        =  l   (GS)2QVKA    +  6ADAb                              (7)complex

11
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-              b=
and .  -449 a   'r QVKA  ,  +  dA DA   I                      (8)

E  =  kTa            _(GS)11                      3       1(GS)   J

LIMIT II A:  Rapid Cation Grain Boundary Diffusion

In this case,           b
440\106 ADA

E -          3
k T (GS)

and diffusional creep is controlled by cation grain boundary diffusion

LIMIT II B: Slow Cation Grain Boundary Diffusion

In this case

2                                                (10)
E = 4n    M  GV "A

a kT (GS)

and diffusional creep is controlled by the cation interfacial defect.reaction

in the limit of small grain sizes.

LIMIT III: Slow Cation Grain Boundary Diffusion

In ·this case,

r E
.-7

DA   KA Rv   

_   44n Va
-Tr                 1 1 J (11)

E --

akT
,

  ( GS.) DAE     +   (as) 2   KA  QVL Tr      11   -

LIMIT III A: Small Grain Size and/or High DA 
In this case,

(GS) DA8 >> (GS)2KAR V (12)

A              11

2

4QV a KAE l
akT (GS) (13)
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and diffusional creep is agaiA interface reaction controlled.·The

important point to be made here is that interface controlled creep

kinetics are not restricted to the small grain size limit.  They can

be controlling in intermediate to large grain size material providing

cation lattice diffusion is very large and cation grain boundary

diffusion is slow.  Referring to section 2.1, the creep of Ti-doped

(and Mg-Ti Compositons) A£203 apparently satisfies these conditions

(i.e. intermediate grain size, very high D £. and apparently low 6 At DAg )

3.3 Stress Relaxation Deformation of Polycrystalline MgO and A£2.93-L
"Pure" and Doped with Iron

This year numerous four point bend stress relaxation tests were

conducted at 1350-14500C over a range of grain sizes (6-60 um). Tests

were conducted on polycrystalline MgO and A£203 at the following composi-

tions, temperatures, and grain sizes:

Material Dopant Temperature Grain Sizes
Cation % (0(, (nm)

MgO 2.65% Fe 1350 11,54,57

A£ 0 undoped 1450                 2323
A£ 0 1.0% Fe 1450                 623

3.3.1 Iron-Doped MgO.  Four point bend stress relaxation tests were performed

at 1350'C on polycrystalline MgO doped with 2.65 cation % Fe which was fabricated

at essentially two grain sizes: 11 and 54-57 um.  The composition and grain

sizes were selected to maximize the contribution to deformation by diffusional

Ncreep so that the transition stress between power law creep (; a a;N# 3-5)

and diffusional creep could be clearly seen. The experiments were successful

in this sense in that transitions between viscous and non-viscous deformation

were detected, particularly in the fine grain size material.  However as re-
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ported earlier, the actual correspondence in creep rates at given stress

levels between strain rates derived from the stress relaxation tests and

the dead load creep values was poor.  At high stresses (short times in

stress relaxation), the strain rates calculated from load relaxation data

were significantly higher than the dead load values.  On the other hand at

low stresses (long times in stress relaxation), the inferred strain rates

from stress relaxation were signi ficantly lower than the dead load creep

rates.  This was even true when stress relaxation and creep experiments

were performed in successjon on the same specimen at the test temperature.

3.3.2 AE,0,  "Pure" and Doped with Iron. Stress relaxation tests at 14500C
L .,

on polycrystalline A£203' pure and doped with iron also revealed reasonably

sharp transitions between slightly non-viscous creep (E. a a N, N . 1.3-2)

at low stresses (long times) and power law creep (E a a·N;N 4 5) at high

stresses (short times). However as in the case with stress relaxation tests

on MgO  the correspondance with dead load creep rates was poor. Strain

rates inferred from stress relaxation at high stresses (short times) exceed

dead ·load creep rates, while· those inferred from low stress (long time)

measurements were significantly below dead load creep rates.

3.3.3  Analysis of stress Relaxation and Correspondance with Dead Load Creep

At long times in the stress relaxation test, one might expect .stress

relaxation to follow an equation of the form

0=00 exp (- Elt/nl) (14)

in which El is the elastic modulus and ni is the viscous (diffusional)

creep viscosity ( = kT(GS)3 ).   Thus· it should be possible to measure

449  D
V    compl ex

El/nl from stress relaxation, compute nl knowing El ' and compare the experimental

viscosity  with that computed from dead load diffusional creep reasurements

(i.e. e= 0/ nl).When this comparison.was made for stress relaxation··and creep
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of polycrystalline AZiO3 doped with 1% Fe, reasonably good agreement

was achieved between  nl measured from stress relaxation (at long times)

and nl calculated from ·diffusional creep theory (i.e. Dcompl ex = f (DA  and

6   D b  )).  Even with this agreement, the correspondance between creep
AZ  AE

rates calculated from stress relaxation data and dead load creep measurements

was poor.

Consequently the assumptions made in calculating strain rates from

stress relaxation data were reexamined.  When this ·is done, .it is clear that -

in the stress relaxation analysis the following assumptions for total strain

have been assumed:

 Total - EElastic + EPlastic (15)

For stress relaxation at constant total strain

 Total Elastic Plastic
=0=e +E

(16)

and

= -           a                    (17)E plastic <Elastic = '-E

That is, in stress relaxation, the elastic (instantaneous recoverable)

strain is converted into plastic strain.  If diffusional (viscous) creep

represents the plastic strain, then we have the classical Maxwell body correz

sponding to a spring and dashpot in series.  A generalized Maxwell body in-

cluding viscous and non-viscous elements should have the following creep

characteristics:

1)  on the application of the load, elastic deformation takes place

instantly followed by steady state creep.  No transient creep should be

observed

2)  When the load is removed after the creep test, the elastic strain

will be recovered instantly.  However there will be no time delayed strain

recovery.
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Careful examination of the dead load creep characteristics of poly-

crystalline MgO and A£203 reveal , however, the presence of significant

transient creep at the beginning of the test and, more importantly, the

occurence of significant recovery (time delayed recoverable strain) when

the stress is removed.  These observations are consistent with the presence

of an anelastic contribution to the strain rate, i.e.

£Total = 6Elastic Plastic Anelastic+E +E
(18)

For stress relaxation
e

£Total Elastic Plastic Anelastic=0=E +E +E (19)

=-aand.
£Plastic E '- EAnelastic (26)

In our stress relaxation analysis we have implicitly assumed

EAnelastic
to be small or near zero.  This can only ·be true in the absence

of transient creep and recovery effects.

In equation (2), the first term is positive since c < 0. At short

times in a stress relaxation test, E (=a/n2) >0 (assuming a Kelvinanelastic

element, d =  ·  (1-exp -E2t/92) and 2 will be overestimated,
plastic

when i is assumed to be'zero.  At long times, cAnelastic (= a/E2) <0Anelastic

and e will be underestimated when e is ignored. These effectsPlastic                               Anelastic

are in accord with the general experimental observations.

Thus it appears that anelastic deformation effects are responsible for

the lack of direct correspondance between dead load creep rates and those

calculated from stress relaxation measurements assuming "Maxwellian" behavior.

Experiments are currently.under way to measure the anelastic contributions to

the strain rate in these materials.
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