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ABSTRACT

The research described in this report and the attached reprints covers

work on:
1.
2.

Viscous creep of fine-grained Mg0O doped with iron

‘The effects of transition metal impurities and grain size

on the creep of polycrystalline A1203

The ‘non-viscous creep of large grain size Mg0 and'A1203,
pure and doped with transition metal impurities

Stress relaxation tests on polycrystalline Mg0 and A1203,
pure and doped with transition metal impurities

The  construction of creep deformation maps for polycrystalline
Mg0 and A]203, pure and doped with iron

" Preliminary studies on the effect of grain size on the creep of

polycrystalline mullite -

of the significant findings include:

Pover law creep (N~ 3) in polycrystalline Mg0 is independent of

iron doping, grain size, and oxygen partial pressure

Three will defined regimes have been identified for the diffu-
sional creep of polycrystalline Mg0 and Al,0;, pure and doped
with transition metal impurities: (1) cation grain boundary
diffusion (2) cation lattice diffusion, (3) anion grain boundary
diffusion

Coble diffusional creep, which is rate-limited by oxygen grain
boundary diffusion, has been identified in reduced iron-doped
(2 cation %) and double doped (1/4% Mn and 1/4% Ti) polycrys-
talline A]203 o : :

Stress relaxation deformation tests can be used to (1) identify
transitions between viscous and non-viscous deformation, and (2)
achieve high stresses (v 10% kg/cm?) and strain rates (1h™1)
without fracture. Good agreement exists between dead-Toad creep
and stress relaxation studies in four point bending.
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" I. INTRODUCTION

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

December 19, 1974 to December 18, 1975 are described in this report and in

the attached reprint (1).

Major effort was devoted to the following:

1.

Additional data on grain size effects on the creep of poly-
crystalline Mg0 have been obtained at two dopant levels (0.05
and 5.3 cation % Fe). These data in combination with previous
measurements made during the course of the contract were used . -
to study tha effect of iron dopant concentration on the impor-
tant mass transport parameters in polycrystalline MqO.

The effect of grain size on the creep of pure and doped poly-
crystalline A1,0; was determined in the low stress regime at
1450°C. Dopants studied were (in cation %) 0.2, 1 and 2% Fe,

1 and 10% Cr, and 1/4% Mn - 1/4% Ti (and 1/4% Ti - 1/4% Cu).
Excellent examples of Coble creep were encountered in two
situations: (1) 2% Fe under reducing conditions (P ~ 1077 atm).
(2) Double dopant of 1/4% Mn and 1/4% of Ti. 0,

Dead-load creep experiments were conducted on coarse- qra1ned
(40-1200um) polycrystalline A1,0;, pure and doped with chromium
(1 and 10%). For undoped A1,03; creep rates increased with
increasing grain size while in ‘the case of chromium-doped
material creep rates were independent of grain size.

Stress relaxation deformation studies in bending were continued
in polycrystalline Mg0 and A1,0;, pure and doped with transition
metal impurities (Fe,Cr). Tests which reached high stresses

(~ 1000 kg/cm?) and strain rates (1 h™!) without fracture helped
to delineate transitions between viscous and non-viscous creep.
Excellent correlation existed between stress relaxation and dead-
load creep measurements providing center point deflections were
measured in the re]axat1on exper1ments

Using the data which have been accumulated over the course of th1s
contract, several creep deformation maps were constructed for poly-
crystalline Mg0 and A1,0;, pure and doped with iron. These maps
"{1Tlustrate the important deformation mechanisms which operate in
these systems and the range of variables (stress, temperature and
gra1n size) over which they are dominant.

Additional studies were conducted on polycrysta111ne mullite to
investigate the effect of gra1n size on the steady state creep
properties.

~ Four papers have been published this year. Copies of the avai]éb]e

reprints

(1.3:4) 4re attached to this report:

m e r s Aenn |



1. "Creep of Polycrystalline Mullite", P. A. Lessfnq, R. S. Gordon,
and K. S. Mazdiyasni, J. Amer. Ceram. Soc. 58 (3-4) 149 (1975).

2. "Impurity and Grain Size Effects on the Creep of Polycrystalline
Magnesia and Alumina", Paul A. Lessing and Ronald S. Gordon in
Deformation of Ceramic Materials, edited by R. C. Bradt and
R. E. Tressier, pp. 271-296, Plenum Press, N. Y., (1975).

3. "Ambipolar Diffusion and its Application to Diffusion Creep",
Ronald S. Gordon, in Mass Transport Phenomena in Ceramics,
edited by A. R. Cooper and A. H. Heuer, pp. 445-464, Plenum
Press, N. Y., (1975).

4. “Analysis of Mass Transport in the Diffusional Creep of Poly-
crystalline Mg0-FeO-Fe,0; Solid Solutions", R. S. Gordon and
J. D. Hodge, J. Mater. Sci., 10 200-204, (1975).

' A_comp]éte listing of the biS]iography of papers and theses prepared
under this contract is given at the end of the report in Section IV.
Fina]]y,‘the principal investfgator p}esented an invited lecture at
a special meeting of the Japanese Ceramjc Sbcieﬁy in Tokyo on June 28, 1975.
The prgsentatjon was entitled, "Impurity and Grain Size Effects on the

High Temperature Creep of Polycrystalline A]ZO3 and Mg0".
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II. REVIEW OF RESEARCH ACTIVITIES

In this section the research activities which have been conducted
under the contract for the .current period will be described.

2.1 Viscous Creep of Mg0-Fe0-Fe,0, Solid Solutions

This year additional data on grain size effects in the creep of poly-
cfysta]]ine_MgO have beéﬁ obtained at two dopant levels (0.05 and 5.3 cation
% Fe) in creep tests at 1350°C. These data in combination with previous
' measuremenfs made during the course of the contract permit some conclusions
-to be drawn concerning the effects of doping on the important transport

parameters in polycrystalline MgO.
'2.1.1 Grain Size Effects in Dilute MgO—FeO—FeZO3 Solid Solutions (0.05 cation %)
: Using a technique developéd by Terwilliger, et al, (5) and applied last
year (6) fo the creep of "pure” po}ycrystg]]ine Mg0, additional experiments |
were conducted during the current per%od at fhe 0.05 cation % dopant level
at 1350°C. In this method, previous]y'obtained grain growth data are used
foiassign grain sizes to the creep specimen at various times during the
deformation test. .By plotting the éssigned grain sizeS‘aéainst the corres-
ponding creep rates, the grain size dependence can be determined from the
decay in strain rafe due to the occurrence of simultaneous graiﬁ growth.
In Figure 1 grain growth data at 1350°C are shown for polycrystalline
Mg0 doped with: 0.05 % Fe.'AInc1uded in the plot are grain sizes of the speci-
mens after creep testing for various periods of time at 1350°C.  These data
fndicate that grain growth in the control specimens is comparab]e to that:
observed in specimens which were creep fested at the same temperature. All
"grain sizes were determined 6ﬁ polished surfaces using the linear inte?cept

method by counting ~ 500 grains. Grain sizes in Figure 1 are reported as
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Jinear intercepts. On all other figures in this report they are reborted
as the linear intercept value multiplied by 1.5 un]essAindicated otherwise.

The grain growth data in Figure 1 follow cubic kinetics (i.e. D?® - Dé = KT),
a nesu1f in good agreement with previously reported data by Gordon, et al. (7)
at 1400°C and ]506°C at the same dopant 1eve]. The grain growth rates are
also consistent with the earlier work. All specimens for fhé grain.growth
and creep studies werc over 99% dense. |

‘ Using the grain grthh data in Figure 1 in combination with dead-load

- .creep data at the*same temperature, the effect of qrain size on the viscous
creep of polycrystalline Mg0 doped with 0.05 cation % Fe was determined at
1350°C in the regime of low stress (<100 kg/cm?). These results, which are -
shown in Figure 2, reveal grain size exponents ranging between 2.67 and 2.86
which are indicative of a viscous creep'process in which transport by both
magnesium grain boundary (GMgDag) and magnesium lattice diffusion (Dﬁg) is
comparable. Terwilliger, et al. reported a.grain size exponent of v~ 3 in ~
creep tests‘at'1350°C5in material at the‘same dopant concentration. Values

of D and 6, DO equal to (2.35 - 7.17) x 107!% cm?/sec and (6.79 - 7.76) x

Mg Mg Mg
107'¢ cm3/sec, respectively, were calculated by a procedure described in last
. )

yeer's report (6). It is noted that GMgDMg is relatively insensitive to

~ changes in the value of m, while Dﬁ is very sensitive to similar changes.
Add1t1ona1 exper1ments w1]1 be conducted to stabilize the exper1menta1 value
: of the grain size exponent. The s1gn1f1cance of these calculations w111 be

“discussed in a subsequent section of this report.

2.1.2 Grain Size Effects 1in Concentrated MgO FeO- Fe203 Solid Solutions (5.3
cation % Fe)

Prior to this yearAvery little data have been avdi]ab]e to characterize

the créep rate - grain size dependenee at the 5.3% dopant level (the upper limit

(8)

for theiiron dopant concentration in studies to date). Tremper, et al.

5
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reported some preliminary data which were insufficient for the eva]ﬂation of
meaningful tranéport parameters. This year steady state creep rates were
measured on various specimens doped with 5.3% iron over a range of grain sizes
between 20 and 77 microns. These data at 1350°C are shown in'Fiqure'3. Included.
in Figure 3 for comparison are the previous resu]ts at the 0.53 and 2.65%

dopant levels. Least squares analyses of the data reveal grain size exponents

m (£ a (65)™) of 1.94, 2.38, and 2.38 for the 0.53, 2.65, and 5.3% dopant

levels, respectively. A grain size exponent of 2.38 is indicative of a

creeb procéss in which mass transporf by magnesium lattice diffusion (Dﬁg)

and oxygen grain boundary diffusion (& 0 O) is comparable in magnitude. The
creep rates (pred1cted) of the specimens at the 5.3% dopant Jevel are 1.75

times faster than those at the 2.65% dopant level. Using the method developed
by Gordon and Hodge (4), values of Dﬁg and 60D8 were computed from the creep
data in Figure 3.- For the 5.3% dobaht level, values of 1.5i x 107! cm?/sec
and-3.19 x 107 '* ch3/sec were computed for Dﬁg and GODB, respectively at 1350°C.
The significancé of these calculations will be discussed in a subsequent sectioq
of this report. | '
2.1.3 Creep Activation Energies in Concentrated MgO—FeO-’FeZO3 Solid Solutions

In the creep regime (i.e. m = 2.38) observed in oxidizing atmospheres

for heavily doped specimené (2.65 and 5.3%) apparent creep activation energies

have been relatively low (w81 Kcal/mole) compared to the Nabarro-Herring

regime (m~ 2) in which the activation energy is much higher (~117 Kcal/mole).

- This Tow va]ue has been attributed to oxyaen grain boundary diffusion.

However, the graln size exponents (2. 38) are indicative of a process in which

mass transport by oxygenfgrain boundary and magnesium lattice diffusion is
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comparable 1n.magnftude. Thus the'activétion energy of 81 Kcal/mole must be
an over esfihate fot oxygen grain boundary diffusion, since it contains some
contribution frdm magnesium lattice diffusion.

Using the ambipo]ar diffusional creep theory deveioped by Gordon (3’9),
it can be‘éhown that in this creep regime of mixed kinetics the creep rate
is proport1ona1 to a "D complex", which in turn is related to DM s GODB,

and the grain size (GS) by:

Dcomp1ex .=, (GS) p¥ | L (1]

Since Dﬁg and 50D8 are exponentially dependent in temperature the above

equation can be expressed as:

D DO exp ('Ql/RT)
“complex = 55 —
(2) 0, exp (<Qu/RT) (2]

C ,
5505 P (=Q,/RT)

Q. and Q, are the activiation enefgies for magnesium lattice and oxygen boundary

diffusion, respective]y. .Ql was assumed to be 117 Kcal/mole based on creep

experiments in wh1ch cat1on ]att1ce diffusion was found to be rate- controlling.
(8). vas. est1mated from oxygen tracer diffusion data (10) to be 56 Kca]/mo]e

as an upper Timit. Us1ng these values and ca]cu]ated,d1ffus1on coefficients .
: 4

(from breep data) for Dﬁg and GODO at 1350°C the pre-exponential terms

'(Do’.Dé) were evaluated. A computer program was then used to generate values of

D over a wide range of temperatures and grain sizes. The results of these
complex .
calculations are summarized in Figure 4. The ambipolar model predicts a
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‘ gradua] decrease in activation energy as the temperature increases from

1200 to 1500°C. This variation in activation energy becomes more pro-
nouneed as the grain size is increased. -At Tow temperatures magnesium
lattice diffusion controls with an actiuation energy of ~ 117 Kcal/mole.
At higher temperatures, particularly 1arge.grain sizes, oxygen grain
boundary diffusion beg1ns to dominate and the activation energy drops.

To confirm these computer calculations, some exper1ments were conducted
at two grain sizes (44 and 76um) over;the-preschbed temperature,ranqe. The
results of these experiments are shown in'Fiqure 5. As can be seen from the
data, a definite curvature exists in the activation energy plot with the most
prOnounced curvature present in the specimen with the largest grain size. At
high temperatures (w1500°C) the activation energy approached values around -
(66-74 Kcal/mole); at lower temperatures (~1200°C) the activation energy
was much higher (~113 Kcal/mole). It is clear from these studies, a wide
temperature range (>300°C) 1s required to separate the two processes of
maonesium-]attice and oxygen gra1n boundary diffusion. This. 1s not a]wa/s
possible since excessive grain growth beoomes a probiem at high temperatures
and creep rates become very slow at Tow temperatures

2.1.4 Impurity Effects in Mass Transport Parameters in Po]ycrysta]11ne Mg0-
and Mg0-FeO- Fe203 Solid Solutions

Enough diffusion values at various.dopant levels have now been accumu]ated

that-we can begin to look at the effects of impurtties on the revelent mass

transport parameters for these systems. Values of D& s 0 8, and GMg ag at

1350°C" are tabulated in Table 1. The effect of dopant concentration on

L
DMg

coefficient is a strong function of the iron concentration. Next year we will

is shown in Figure 6. It is clear that the magnesium lattice diffusion

11
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Table 1

Mass Transport Parameters in Polycrystalline

Mg0 and MgO-FeO-Fe2 3 Solid Solutions

1350°C
§ 2 b b
Dopant Level DMg GODO GMqDMq
(cation %) {(cm?/sec) (cm3¥/sec) (cm3¥/sec)
Undoped* 1.5 x 10712 - 1.2 x 10715
0.05%x 4.8 x 1073 - 7.3 x 107 6%
0.53 2.3 x 10712 -- --
2.65 - 9.0 x 10712 e x0T --
5.3 15.1 x 1072 S32x107
1.15 x 10712 - | -

‘Magnesium Tracer

*LiF used as‘a hot-pressing aid
**Average of two calculated valdes
**%x1 5 x 10716 cm3/sec and 1.5:x 10717 cm3/sec

at 1300 and 1200°C, respectively as determ1ned
by Terwilliger, et al, (5, 11) : '

13
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determine the concentration of trivalent iron (and hence the concentration

of cation lattice vacahcies) at the various dopant levels to determine the
dependence betwe'en‘Dl%lg and the concentration of lattice defects.
A contradiction exists between the mass transport parameters for the

undoped and the 0.05% dopant level.. Dﬁg for the undoped matérial is a -factor

of 3 larger than the 0.05% dopant level. This discrepancy could be due to

one of two factors: (1) a slight contribution of non-viscous .creep in the
undobed material could give rise to overestimates of the diffusion parameters,

(2) the pure Mg0 in this study was hot-pressed with LiF as an hot-pressing

aid (6). Recent auger analysis by Johnson et al., (12), reveals -that signifi-

cant amounts of F~ remains on the grain boundaries after fabrication. Any

residual fluorine in the lattice could give rise to lattice vacancies and

‘entranced cation diffusionf' The creep tests on undoped Mg0 will be repeated

‘next year on specimens prepared without the LiF additive.

15



2.2 Non-Viscous Creep'df Polycrystalline Mg0, Pure and Doped with Iron
Previous1y creep experiments have been extended ihts the regime of

large grain sizes (136-487um) for polycrystalline Mg0, pure and doped with

iron (0.53 cation %). Steady state, non-viscous creep was observed at

temperatures between 1400 and 1500°C for stresses up to ~400 kg/cm?. The

non-viscous stress exponents were in the range of 3.4 + 0.5.- Creep rates.

in this regimé were found to be independent of grain size and,'in‘the case
of iron-doped material, indépendent of oxygeﬁ partial pressure. Creep
rates were also insenstive to iron doping. . These results are in marked
contrast with the diffusional creeb behavior in finéégrained material
(<100 um) tested at low stresses (<300 kg/cm?). In the latter creep rates

are very sensitive to changes in grain size, iron concentration, and oxygen.

partial.pressure.

Stress exponents of apprqxiﬁate]y 3 and the absence of a grain size

dependence strongly suggest the possibility of an intra-granular process

involving dislocation climb as the dominant deformation mode in the non-

viscous creep regime. Ample evidence exists from recent electron microscope

studies in this and other (]3’]4) Taboratories that'dis]ocation activity

is present. However, the lack of a P0 dependence and the 1nsens1t1v1ty of -
- 2

the creep rate to iron doping suggest that the climb process is not d1ffus1on

controlled. This leaves open the possibility that interfacial processes

(i.e. absorption or desorption of defects at dislocations) or dislocation core

diffusion are rate determining in the non-viscous creep fégime.
Additional experiments were cohducfed this year by the methdd of

stress relaxation under conditions of four point bending to determine the

creep characteristics of pure and iron-doped polycrystalline Mg0 over a

wide range df stress (up to ~1000 kg/cm?). In Figure 7,, stress relaxation

16
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tests are shown for coarse-grained (216-487 um) MgO, pufe and doped‘with
iron (0.53% cation %). Reproducible stress relaxation curves were measured
.after the third loading in the doped material and after the 19th loading
in the undoped oxide. Stress ré]axation curves, which are reproducible with
repeated ]oadings, are takén as an indication of a steady state structure and -
'thus'compar§b1e to creep curves obtaihed‘froh dead-load creep testé_underl
conditions of'steady state creep. As can be seen from Figure 7, stress :
.exponents around 3 (at stresses 5_400'kg/cm2) were measured. These are
in good agreement‘with those measured in dead-load fests over a similar rangé
of stress. Also, the creep rates of thé undoped material are only siightly
faster fhan those measured in the doped oxide.

In these particular experiments, load point instead of center point
deflections were measured. This procedure introduces an overestimation
of the'strain.rate by a factor of'8'to'10. Thus the aareement between the
deadéload and stréss.re]axation data, when the comp]iaﬁce error is taken
_ into account, is reasonable. |
| Finally, a:stressvrelaxation test usina center pofﬁt deflections was
| conducted on a fine-grained (25 um) iron doped specimen at 1350°C to (1)
determine the transition between viscous and non-viscous treep and (2) to -
‘compare magnitudes of creep rates with dead-]oad creep data. The results
of these tests, shown in Figure-8,,indicate a sharp transition between
viscous creep (N 2 1) to power law creep at a stress of 160 kg/cmz..
Vj§cou§ behavior has been documented up to stresses around 300 ka/cm? in
dead-load creep tests (8). The agreement with the dead-load data is con-
sidered to be reasonable. It is clear that stress relaxation tests can be

used effectively to (1) measure high creep rates (v Th ') at high stresses

18
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(v 1000 kg/cim?) and (2) determine transitions between viscous and power
“law creep regimes. Since these experiments are conducfed approximately
under conditions of constant plastic strain, experimental problems in
deéd—]oad testing at high strain rates and stresses associated with ex-
. tensive deformation and fraéture are avoided.

2.3 Dead-Load -Creep of Po]ycrysta]Tine Alumina, Pure and Doped with Transi-
tion Metal Impurities

- Now that much of the work on the effects of stress, grain size, and
temperature on the steady sfateAcreep rate under dead-load conditions has
been completed, it is appropriate to bring all of the work accomp]ished to
. date into proper perspéctive;
2.3.1 Stress Dependence of Steady State Creep.Rate
A major objective of this study was to document the strain rate-stress

. dependence for the creeb of pure and dpped polycrystalline A1203 over a wide
range of experimental conditions; In the course of this cqntract, a large
amount of dafa has been accumulated on pure and doped (Fe; Cr, Ti-Mn) material
over a-range of temberatures (1100-1550°C), grain sizes (6-1200 um), dopant
1éve1s (up to 2 cation %), and oxygen partial pressure§ (0.86-10"° atm) in an
effbrt'to distinguish creep regimes in which viscous (i.e. € o oN, N=1),
.s1ight1y non-viscous (N = 1.1 --1.7), and non-viscous (N > 1,7) Behavior.is
dominant. | . |

| Repqrts of .slightly non-viscous creep of polycrystalline A1203 abound -

in the literature. Heuer, et'al, (15) were the first investigators to document
this behavior. They reported stress exponents N between 1.08 and 1.67 for
bending tests on pure and MgO-doped A1,05 (1.8 < G.5. < 16.5 ym; 1300 < T < 1700°€)
at stresses between 70 and 2114 kg/cm?. These authors also reanalyzed the
earlier work of Folweiler (16) and concluded that stress exponents fanging

between 1.07 and 1.7 were more represenative of the creep data than viscous

20



(17) (18)

behavior (N = 1). Later Cannon and Sugita. and Pask reported
s1ightly non-viscous behavior (N =1.1 - 1.3) for the compression creep
:testing of MgO-doped, polycrystalline A]ZO3 .

A summary of stress exponents measured during the course of the
contract is given in Table 2. In general, nearly all of the creep data
are characterized by slightly non-viscous creep behavior with stress
. exponents thac vary between 1.03'and 1.43 for grain sizes between approxié '
mafe]j 6 and 110 um. Two interesting and notable exceptions of viscous
creep (N = 1) have been observed in this small grain size range for doped
po]ycrysta]]ine A1203: (1) double dopant of 1/4% Mn and 1/4% Ti and (2)

2% Fe at an oxygen pantial preseure of m10—7 atm. In both of these systems,
truly v1scous behavior, as represented by a linear relationship between the
creep rate and stress (refer to Figure 9 for xepresentat1ve examples), was
found -to be co1nc1dent w1th a reciprocal grain size dependence consistent
with a process controlled by oxygen grain boundary diffusion.

Larger‘stress,exponents (1.4 - 1.8) were found in creep tests at 1450°Q
in pure and chromium-doped ‘specimens with larger grain sizes-(70—306 um)..
When similar specimens were tested at higher temperatures (1550°C), signifi-
cantly non-viscous behavior (N = 2.3 - 2.9) was encountered and isvsimilar
to that reperted‘ear1ier in the literature. |
2.3.2 Grain Size Effects on the Steady State Creep Rate

The preliminary data which were reported 1ast'year (6) for pure,
chromium-doped and iron-doped polycrystalline A1203 have been supplemented
with additional data. Fdrthermore, grain size effects have been determined
for specimens doped with the double dopant.(1/4% Mn + 1/4% Ti).

'-A11 of the grain size data to date are summarized in Figure 10 for a
range of grein size between 6 and 100 pm and for creep tests at 1450°C in the

regime of low stress (50 kg/cmz) where viscous behavior is expected to be

dominant.:
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- Table 2

Strain Rate-Stress Exponents (N) in Poncrysta111ne Al

3
Composition N Grain Size  Temperature Stress 0. (atm) Number
(cation'%) ' (um) (°C) (ka/cm?) 2 Specimens
Undoped 1.30 + 0.15 972 1450 40-500  0.86 5
Undoped 1.76 76 1450 30-300 0.18 1
Undoped 1.40 306 1450 40-100 0.18 1
Undoped 2.88 306 1550 40-100  0.18 1
Undoped 2.33 306 1550 40-200 0.18 1
1% Cr 1.30 9 1400-1500  50-550  0.86 2
1% Cr 1.03 15 1450 40-500 0.86 1
1% Cr 1.21 32 1450 40-500 0.86 1
1% Cr 1.43 77 1450 40-320 0.86 1
Cimer 1.67 276 1450 40-90 0.86 1
' 10% Cr 1.15 + 0.04 6 1450 40-300 107 2
10% Cr L 29 1450 a0-100 1077 1
10% Cr 1.48 60 1450 40-200 0.86 1
10% Cr 2.38 1200 1550 80-290 0.86 1
0.2% Fe 1.14 + 0.06 15 1400-1500 10-100 0.86 - 3
0.2% Fe 1.14 27-38 . 1450 40-500 0.86 2



€

Table 2 (continued),-s

Grain Size

Stress -

Composition | Temperature ‘ P (atm) Number
(cation %) (um) o (ec) (kg/cm?) 2 “Specimens
1.0% Fe 1.0 . 15 1500 10-150 0.86 1
1.0 Fe 1,25 £ 0,06 ¢ 26-107 . 1450 40-500 0.86 "3
1.0% Fe | 1.25 + 0.05 . 42 1400-1500 50-550 . 0.86 1
1.0% Fe 1.0 15 1500 10-100 6.31 x 107° 1
1.0% Fe 1.29 38 1450 - 40-500 108 1
2.0% Fe 1.05 28 1450 40-360 1076 1
2.0% Fe 1.03 28 1450 40-340 107 1
2.0% Fe 0.90 28 1250 40-30 107 1
1/2% Ti 11.30 63 1525 110-100 0.86 1
1/2% Ti 1.07 63 1525 30-300 1070 ]
1/8% Ti - 1/8% Mn 0.79 24 1100 40-200 0.86 1
1/6% Ti - 1/4% M0 1.00 30 1300 40-400  0.86 1
1/4% Ti - 1/4% Mn 1.04 38 1300 80-400  0.86 1
174% Ti - 1/4% Mn  0.80 40 1250 40-200 1

0-86
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Chromium additions up to 10% have essentia]iy no effect on the
creep rate of po]ycrysta111ne A]ZO3 in the low stress and small grain
size regimes. Least squares analyses of the data revea]ed grain size
exponents .m (& o (GS)™) of 1.80 for pure A1203, 2.13 for both the
1 and 10% Cr specimens combined, and 2.07 for all the pure and chromium-
doped materials combined. These data are consistent with the interpre- .
tation'tnat the steady state creep rate is cbntro]}ed by a cation 1attjce
d1ffu51on process (i.e. Nabarro Herr1ng creep). ~

Included in Figure 10 for comparison, are creep data for iron-doped
polycrystalline A1,0, over a range of'impurity concentrations (0.2 - 2%).
In creep test§ conducted in air and in reducing atmospheres (~1077 atm), it
is expected that a significant.fraction of the iron is present as a divalent
ion in substitutional solid solution for aluminum. Additions of 0.2, 1.0, |
and 2.0 cation % iron enhqnced the creep rate of polycrystalline A]ZO3 by
factors of ~2, n7, and ~18 respectively. Reducing the oxygen partial
pressure frnm 0.86 to 4.66 x 10°? atm increased further the creep rate of
the speciméns doped with 2% Fe. A1l of these results, in combination with
the effects of P02 reported earlier by Hollenberg and Gordon (]9), indicate:
' that divalent iron enhances the d1ffus1ona1 creep rate of polycrystalline
A1203. Spec1mens doped with the double dopant (Mn - Ti) in which the t1tan1um
is probably quadrivalent and'the manganese is divalent possessed creep rates
comparable in magnitude to material doped with 2% Fe and creep tested in a~
reducing environment. The creep rate of specimens doped with the double dopant
was insensitive to changes in oxygen partial pressure (0.86 - 107° -atm.).

Gordon (3) has pred1cted for the system A1203 Fe203 FeQ in the Timit
'of a large grain size and/or'a high value of the aluminum ion lattice dif-
fusivity (DA%), that the diffusional creep rates in the‘low stress regime

will be.rate controlled by oxygen grain boundary diffusion (because cation

1att1ce diffusion becomes too rap1d). Aluminum 1att1ce diffusion can be
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enhanced by increasing the iron dopant Tevel and/or reducina the oxyaen

partial pressure. Both of these-changes will increése the concentration
of divalent iron leading to enhanced lattice diffusion via aluminum ion
interstitials. -

Verification of Gordoq's predictions are shown in Fiaure 10. Doping
with 1%-fe not only increased the creep réte in air but also modifed the
grain'size'depgndence.from a grain size eprnent (m) of n2 to 2.34. An
éxponent of 2.34 is intermediate to that expected by the Nabarro-Herring
(m = 2) and Coble (m = 3) theories for lattice and grain boundary dif- -
fusion contfo] of the creep rate. Using a procedure developed by Gordon
and Hodge (4) for the creep of polycrystalline MaO, aluminum lattice
(DA%) and oxygen grain boundary (60087) diffusion coefficients can be
extracted from the creep data. When both cation lattice and anion grain

boundary diffusion contribute to the overall creep rate, the respective

“diffusion coefficient can be computed from the followinag equation:

. _ 4o Da1

} NG
€7 77 kT (GS)2 % (3]

Under these conditions, the creep rate will exhibit a mixed grain size

dependence (2 < m < 3). Equation [3] can be rewritten in the form:

) . DQ, QO'DQ' .
. 2 - . 3 Al . 3 4 844 v Al
e (GS) S Wla e(GS)3® + — T 5 [4]

In equatibns [3] and [4] 2, is the molecular volume of A1203, o is the

stress, GS is .the grain size, T is the absolute temperatufe, k is Boltzmann's
constant, Dﬁ] is the aluminum lattice diffusion coefficient, Dg is the oxygen
grain boundary diffusion coefficient, and 60 is the effective qriain'boundary

thickness for oxygen'grain boundary diffusion. Referring to equation [4], a
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‘a plot ofzé (6S)2 versus € (GS)* yields a line of slope equal to

QoD
A v AL . Usina predicted

—_—

kT 2

D A

(———3——&5 and intercept eaual to
2w 8404 T %

points frgm the least squares line in Fiqure 10, values for DA] (6.72 x

]O-lz.cmz/sec) and 6008‘(2-10 x 1071 cm3/sec) were calculated for po]y—,'
crysta]liné~A1203 doped with 1% Fe (equilibrated in an air atmosphere).

" . By doping at even hfghér concentrations (i.e.42‘cation % Fe) and re-
dﬁcing the oxygen partig] pressure (4.66 x 1077 atm) D§1 can be increased
even further at.]450°c without the precipitation of a second phase. If
. Gordon's ambipolar diffusional creep theory is correct, these changes should
-Tead to 1argef grain size exponents (m) and creep rates controlled more
‘and more by oxygen grain boundary transport. As indicated in Fiaure 10,
doping with 2% Fe and creep testing jn air resulted in higher strain rates
“ard a iarger graih size exponent (m = 2,66). When creep teéts were conduc—.

ted in a reducing atmosphere (P = 4.66 x 1077 atm.), creep rates increased

0
. A 2
even further, the relative increase was smaller at large grain sizes than
in fine-grained material. Under these conditions the creep grain size
‘exponent was 2.98, its largest value and in excellent aqreement with that

predicted by Coble creep.

In Table 3, a summary is given for values of Di] and 6008 computed from

creep data-at the O;O, 0.2, 1.0 and 2.0% dopant concentrations. The data jh,
Table 3 indicate that botﬁ Dﬁ] and GODg increase with iron doping, in particular
the concentration of divalent iron. In addition as Dﬁ] increases the relative
contribution of oxygen grain boundary diffusion increases giving rise to
increasing values of the creep rate grain size exponent. 4Both of these effects
are in accord with that predicted by'the ambipolar diffusjona] creep theory

of Gordon. (3f9)
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Table 3

Cation Lattice and Anion Grain Boundary Diffusivities (1450°C) in
Iron-Doped, Polycrystalline A]ZO3

. Oa1 - 500
PQ2 (atm) -‘Cétion % Fe - (cm?/sec) | (cm3/sec)' m .
008 . o . 6.9x107 Y
0.18 0.2 1.7x0712 - "2
018 1.0% 6.7 x 10712 2.1 x 1071 2.34
018 2.0 5.0 x 10731 41 x 107 2.66
4.66 x 1077 2.0%%%. - 5.9x 1071 2.98.
Tfacer (Extrapolated) | ];O x 10713

*Calculated from Nabarro-Herring creep equation modified
. for an-ionic compound (3)

**Ca]éu]ated.by a procedure similar to that reported by
~ Gordon (3) and Gordon and Hodge (4)

***Calculated from Coble creep equation modified for an ionic
compound (3) .
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The effect of grain size on the creép rate of polycrystalline A1203

doped with both 1/4% Mn and 1/4% Ti is shown in Fiqure 11 for steady

~ state creep experiments at 1250°C. A 1ea$t'squares ahalysis of the data

indicates a veny s%rong grain size dependence (¢ a (6S)™™; m=4.4). A grain
size exponent of 4.4 is 1arger than that predicted by the Coble creep
eduation (ﬁ;=.3). Howevér, the least squares line is stronqiy influenced .
by the rates at the two sma]]est grain sizes. These could be artificially ‘
high due to transient effects. In any case the data give a grain sizé dep-
endence whiéh is consistent with cfeep rates contrq]]ed by oxygeh grain
boundary diffusion. _

Extrapolation of these results from 1250 to 1450°C in Figure 10 indi—
cated that the creep rates df alumina doped with 1/4% Mn and 1/4% Ti were
comparable to the .creep rate of material doped with 2% Fe which was tested .
in a reducing atmosphere-to promofé hosf bf the iron into the divalent state.
To confirm this extropolation, a specimen_doped with 2% Fe was créep tested
at 1250°C in a reducing atmosphere.A The resulting creep rate was in excellent .
agreément with those in Figure 11 for the double dopant. Thus it can be |
concluded that polycrystalline A]ZO3 which is doped with either 1/4% Mn and
1/4% Ti or 2% Fe (in a reduced state) possesses equivalent creep charécteristics:
(1) creep rates are comparable, (2) the grain size effects are consistenf with
creeb ratés controlled by oxygen grain boundary diffusion, (3) viscous creep
behavior is exhibited in both cases. The mixed dopant (Mn-Ti) evidently is .
much more efficient in creating 1attiée defects than is iron at the 2% dobént
level under reducing conditions.” The enchancement of the creep rate by the
double dopant is believed to be due to impurities fn solid solution because of
the following observétions: (1) No second phase was observed in polished sec-

tions. Lattice parameter measurements for the mixed dopant reveal essentially
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no change from pure A1203."(2) Scanning electron microééope (EDAX) x-ray
scans for impurity segregation in grain boundaries (fracture surfaces) as
compared to polished sections (bulk material) revealed no difference in Mn

and/or Ti concentrations. (3) Temperature excursions between 1000 and 1300°C

_ indicate no sharp transitions in the creep rate which might be indicative-

of Tiquid phase formation.

Finally, it is interesting to note that when the creep process is

. rate-controlled by oxygen grain boundary diffusion (1/4 Mn - 1/4 Ti and 2% Fe -

redubing), the creep rate is linear with}fhé stress (viscous creep). Since
the creep of polycrystalline is normally slightly non-viscous -when there is
a contribution of both:catfon lattice and anion grain boundary diffusion,

there’ is éﬁ indication that the non-viscous behavior is associated with the

bulk diffusion of the cation.
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2.3.3 Activation Energy for the Creep of Pure and Transition Metal Doped
Polycrystalline A]ZO3 : :

Crgep activation energies were‘determined from temperature change
experiments (1350 - 1525°C) on pure, chromiﬁm-doped, and iron-doped poly-
crystalline A1203.‘ Comparable tests were conducted on specimens with the
double dopant (Mn - Ti) at temperatures between 1000 and 1250°C. A summary
of.al]’act%Vation energiés is given in Table 4. An activatién enerqgy of .
approximately 129 Kcal/mole is characteristic of deformation in pure and
chromium-doped alumina. For the specimens dbped with 1 cation % Fe, in
which the deformation made was a mixture of both cation lattice and anion
boundqry djffusion, values ranged between 143 Kcal/mole on the high end
to'a 1ower Timit of 117 Kcal/mole. Finally the activation enerqies for
specimens.in which the deformation mode wasvcontro11ed entire]y.by anion
grain boundary diffusion ranged between 94 and 119 Kcal/mole on the low
end of the experimental range. | | |

In the diffusional creep of a po]ycrysta]]iné‘materia1.in which'cation
lattice diffusion is comparable to anion grain boundary diffusion (e,q. 1%
Fe in air), the apparent creep activation enerﬁy is expected to vary both
4'with temperature and grajn size because of‘the dependence between the complex

‘ diffusion coefficient (D ), the grain size, the cation Tattice diffusion'

complex
coefficient, and the anion grain boundary diffusion coefficient according

‘ toAthe-following relations:

449 o C ' ‘ :
. v D (5]
€7 XT (GS)® complex o
1 [(es) op)
2 Tr
D - = ,
comp]ex 3 (GS) D£1 (6]
]+? il cSDb
' 070

If activation energies of 150 and 105 Kcal/mole are assigned, respectively, to
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Table 4

Summary of Creep Activation Eneraies for Polycrystalline
A]gmina, Pure.and Doped with Transition Metal Impurities

Activation Grain Grain

' . No. of - Eneray ' size Size .
Dopant : - Specimens (Kcal/mole) - _(um) Exponent (m)
Undoped 2 | 130518 1.80 |

% Cr - 1 124 15 2

wer 1 120 30 - 3
0.2¢ Fe . R T 134 2 "2

R R I T- 15 Y
% Fer 1 - 143 15 .

1% Fe I s 2 2,34

1% Fe T 66 2.3

1% Fe- R T T 2 U 2.3

2% Fe AR T T T 81 2.0
(Reducing). - _ ‘ S
174.fiAf'1/4'Mn R 100 24 4.4

VAT V4 Cure ] TR 15 3

(19)

- *From earlier work by Hollenberg and Gordon

**xComparable creep rates with the Ti - Mn mixed
dopant; grain size effects assumed to be similar




a]umingm lattice diffusion and oxygen arain boundary diffusion in iron-doped

A1203, then the apparént activation enerqy at 1450°C would vary between 140
Kcal/mole at a grain size of 16um to 120 Kcal/mole at a grain size of ~120um.
This range is comparable to that observed experimentally. The hianhest activa-
tion'(y150ana1/m01e) energy would be expectéd in fine-arained samp]es'(<1um)
tested at 1ow.temperatures (~1200°C) while the lowest activation eneray would
‘occur in large grain size (>120um) material tested at hiah temneratures (>1600°C).
When one considers that creep activation energies have an experimental uncer-
tainty of i_jo Kcal/mole, a maxihum variation in the apparent activation enerqy -
of'approximate1y 20 Kcal/mole would be difficult to distinﬁdish in the realm

of experimental grain sizes (6 - 110um) and" temperatures where dead-Toad

creep rates are readily measured (1400 - 1600°C).
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2.3.4 Estimation of Diffusion Coefficients from Diffusional Creepn Data
Aluminum lattice diffusion coefficients in polycrystalline A1203,
pure and doped with chromium and iron are plotted at various temperatures

in Figure 12 using the data in Tables 3 and 4. In all cases the diffusion

coeff1c1ents are larger than those obtained from an extropolation of aluminum

tracer values at higher temperatures. It should be noted that all compu-

_ tations of diffusivities were made using éreep data in the 1jmit of Tow
stréss,(SO kq/cmz). Consequéntly, it is not likely that.the diffusivities
are overestimated because of the slightly non-viscous behévior which becomes
an important factor a£ higher stress levels. |

The effect of iron doping on cation lattice diffusion is readily
apparent. Nearly two orders of maanitude (v70 X) separate the diffusion
coefficients for pure A1,0; and material doped with 2% Fe.

Included also in Figure 12 are values of Dﬁ] computed from the viscous
créep of polycrystalline A1203_saturated witﬁ Mg0. In a composite analysis
of .eight different creep studies, Cannon. and Coble (20) report thatAa]] the
data fall within a factor of two of the following expressions:

138,000)

Al
RT
. These . va]ues are in resonable agreement with the values estimated from the

p¥ = 1.36 x 105 exp. (- cm?/sec
undoped and chromium—doped specimens from this study.
As the concentratlon of cation lattice defects increase by either dop1nq

with divalent iron or the double dopant (Mn - Ti) cation lattice d1ffus1on

increases to a 1eve1 at wh1ch it is too fast to be rate controllina. At this

stage, the creep rate becomes rate limited by oxyqen grain boundary diffusion.’

Estimates Qf 6008 inferred from the creep of polycrystalline A]203 doped with
1% Fe (oxidizing), 2% Fe (oxidizing and reducing), and 0.25% Ti - 0.25% Mn
(oxidizing and reducing) are shown in Figure 13. Included for comparison are
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100,000
RT

by Cannon and Coble (20) from creep data on fine grained (<10um) A1203 (pure

data for GA]DA? (= 8.6 x 107" exp (-

) em3/sec) which were computed

and doped with Mg0) at low temperatures. Values of GODg inferred from abnormal

(21) are-a1§o included

grain growth and'Oquen self diffusion in pure A1203
in Fiqgure 13 for comparieon. It is clear from these data that oxyaen grain
boundary diffnsion in doped polycrystalline A1203 is over three orders. of
magnitude larger than that in undoped material and over two orders of magnitude
1anger than aluminum grain boundary diffusion in pure and Ma0-doped A1203.
Doping A]ZO3 wjth Fe or (Mn - Ti) q{ves rise to a. considerable enhancement

" in the oxygen grain boundary diffusivity

2.3.5 Dead-Load Creep of Coarse Grained Po]ycrysta111ne A1203, Pure and Doped
with: Chromium v

The dead-load creep characteristics of coarse grained (40 - 1200um) poly-
' crysta]]ine'A1203, pure and doped with chromium are shown -in Fiaure 14. Vhen
-the grain size exceeded 40 - 70pm the steady state creep rate was no longer
reciproca1iy related to the grain size. In undoped material the oreep‘rate
. actnally increased with increasing grain sizes over 70um. In chromium-doped
A1203 the creep rate was independent of the arain size for grain sizes over
40 - 60pm. In this grain size independent reqgime the creep rate decreased
with an fncrease in chromium concentration from 1 to 10% indicating a possible
hardening effect. |

In the regimevof large grain sizes non-viscous -creep is much more dominant.
The stress exponents at small grain sizes (i.e. ¢ a (RS)"2) increased from
1.03 - 1.30 to 1.4 - 2.9 in the larae grain size limit (i.e. € & (GS)m;lm =2 .
(pure); h = 0 (chromium)). Furthermore, the stress exponents fn the large
grain size regime were found to be dependent on the temperature. They in-

creased from 1.4 - 1.8 at 1450°C to 2.3 - 2.9 at 1550°C. . Due to a change

in mechanism the activation energy also changes with tempera{ure. At 1450°C
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the activation -energy was 60 Kcal/mole (undoped A1203)'whi]e at 1575°C, the
activation energy increased to approximately 100 Kcal/mole. Power law creep
(N ~ 3-4) has been well documented in previous work on the creep of polycrys-

(17) Evidently a transition in

talline A1203 at temperatures over 1600°C.
mechanism occurs over a range of temperatures (1450-1550°C) from slightly-
non-viscous behavior (1.4 - 1.8) to definite non-viscous power Tow creep

(N~ 3). It is possible that recovery processes such as dislocation climb

- become important in non-viscous creep at elevated temperatures. These may

be responsible for the increase in stress exponents to values around 3 at 1550°C.

2.4 Stress Relaxation Deformation Studies on Polycrystalline A1203, Pure and

Doped with Chromium

In order to achieve high strain rates (v Th™ ') and stresses (v1009 ka/cm?),
which are difficult to achieve in dead-]qad creep tests on britt]e materials
because of problems associated with introducing large amounts of strain and
premature fracture, a series of stress relaxation tests were conducted on pure
and chrémium—doped polycrystalline A1203 to determine (1) the transition .
betWeen viséousland'non-viscous deformation (2) the effect of grain size-in
the non-viscous deformatiqn regime and (3) if ahﬁorreiation exists between

deformation under conditions of constant load and constant strain (i.e. stress

~ relaxation).

Stress re]axat{on'studies were cpnducted in four-point bending by a pro-
cedure described previonly (6). Viscous creep equations Qere used to estimate
stresses (maximum error is‘an overestimate of ~ 30% for N va1ues'around 10-12;
For}N values v 3-4 the error is ~ 25%). Strain rates were calculated using
load point and center of beam deflections. Typically center of beam ca]cu]ations

yielded strain rates 8-10 times slower than those obtained from load-point
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calculations. These were found to be in reasonable agreement with strain
rates deternined under dead-load conditidns. A1l strain rate calculations
were made using center‘point deflections unless noted otherwise.
| Typical 1odd relaxation curves for a 44um undoped specimen tested at
1450°C are shown 1in Figure 15. 'Twe1ve loadings and subsequent load relaxa-
tions were completed in this series Of'experfments. It is clear that a |
hardening process is taking place with each increment of additional
plastic strain. By the eleventh loading; an additional amount of strain
resulted in very little additional hardenina. It is believed that tHe
structure at this stage represents a steady state configuration for which a
direct comparison will exist with data obtained under dead-1oad conditions;
'The data in'Figure 15 also reveal a transition in behavior from a hiqh stress
regime with a large stress exponent (v7) tooa Tow stress regime with a much
]ower'stress'expohent‘(N n 1.8 - 1.9).‘ |

When stress relaxation is conducted at the same grain size but at a
highef<temperature (refer to Figure 16) the stress exponent drops to 3.75
and is characteristic of deformation over four'orders~of maqnitude'in strain
rate (1'— 1074 h"f) for a large range of stress (100‘- 1000 ka/cm?). It is
.po$sib1e that reﬁovery processes become.important_at higher temperatures leading
to stress exponents (3 - 4) consistent With processes 1nVo1ving dislocation
climb. |

Finally, the effect of grain size on non-viscous creep rates at ]45b°C is
 shown in Figure 17. Consistent with experiments under dead-load conditions is
the 6bservation of a direct grain size dependence (i.e. creep rates increase.
as the grain size is increased). Whether or not fhis grain size dependence
would hold at elevated temperatures where dislocation recovery processess are

rate controlling remains for further experimentation to check.
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In Table 5 a comparison is given for stress exponents obtained from
dead-Toad and stress relaxation tests on polycrystalline A1203. Reasonable
agreement exists between the two sets of data. At 1550°C stress exponents:
“in the range of~3 - 4 are common. At a lower temperature (1450°C) stress
exponents in the range-of 1.4 —'1.9‘are characteristic for the deformation
of rea;onab]y coarse- grained specimens (44 i 306uh). STichtly non-viscous
behavior (N %.1.3) is dominant in fine—grainedAmaterial (9 - 72um) which fs
tested at ihtermediate to low stress levels (40 - 500 ka/cm?).

Typieal stress relaxation curQes for a chromium-doped (1%) specimen
with a grain size of 78um are shown in Figure 18. Sianificant hardening
was observed in the first eight loadings. Very’litt]e additional hardening
took place between the tenth and fourteenth loadinas. A stress exponent of
n 7 was determined for stresses over‘ZOO kg/cm®. A sharp transition to
viscous creep wés'obsefved et‘fhié strees level. After the stress relaxa-
tion tests, the same sbecimen was re-tested under dead-load conditions. The
dead-load stress-strain rate behavior in the Tow stress regime was in remarkably
good agreement with the.stress relaxation data. This experimentAFeveals two - )
1mportant:features: (1) Dead-}bad creep data can be matched with data from
stress relaxation experiments provided 511 hardenina effects have been removed
in the load relexation tests (i.e. a stab1e structure exists such that the
same € - o curve is traced on-subsequent relaxations). (2) It is possible to
detect the transition between nearly viscous behavior and non-viscous creep
fn the same specimen by conducting stress relaxation tests under conditions
of nearly constant §train. _

Stress relaxation tests can'a1so be used to study grain size effects on
the deformation of chromium doped A1203. In Figure 19 load relaxation tests
at ]450°C are presented for tHreeAqrain sizes (15, 38, and 78um). The Tow

_stress regime is nearly viscous (M ~ 1) and creep rates are reciprocally
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Table 5

‘Strain Rate - Stre;leependencies for the‘Defqrmation,of Polycrystalline A]Z

A Comparison Between Dead Load and Stress Re1axation'Techniques’

. :

3

Dead Load Strésq Relaxatian
Dopant Stress Exponent Stress Range Temperature [ Grain Size Stress Expdnent Stress Ranae
(cation %) (M) (ka/cm?) (°c) ~(um) (N) (kg/cm?)
Undoped 1.30 + 0.15 40-500 1450 9-72 -- --
-- - 1450 44 1.8 - 1.9 300-700
-- -- 1450 44 L7 700-1000
| 1.76 30-300 1450 76 - --
2 -- -- 1450 1 v 200-700
% 1.40 40-100 1450 306 - -
§ -- -- 1550 44 3,75 80-600
E | 2.33 - 2.88 40-200 1550 306 -- --
% 1% Cr | 1.03 - 1.30 50-550 1400 - 1500 9-32 -- --
% — -- 1450 15 A1 40-400
E - - 1450 15-38 9-11 400-1000
! i 1.43 40-320 1450 77 -- --
é % -- -- 1450 78 :&1 10-100
| i - - 1450 78 a7 100-400
| 167 40-90 1450 276 -- --
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related to the grain size. The high streés regime (N = 7-11) is definitely
non-viscous with creep rates increasing with increases in the grain size.*

The transition stress between viscous and non-viscous deformation increases
as the grain sizé decreases as is to be expected.

In Table 5, a comparison is given for stress exponents obtained from
dead-Toad and. stress relaxation tesfs<in chromium-doped (1 cation %) poly-
crystalline A1203. In the low stress fegime (< 400 kg/cm?) viscous (N ='f)
on slightly non-viscous (N~ 1.3 - 1.7) behavior is dominant. At'hiqher
stresses (up to 1000 kg/cm?), achievable only in load relaxation tests,
highly non-viscous (N = 7-11) behavior is observed. Further experiments
at higher temperatures- are required to see if lower N values (3-4), typical
of dislocation climb processes, become dominant. Preliminary indications
of this transition are apparent in the dead-load creep data at 1550°C for

coarse-grained A1203 doped with 10% Cr (refer to Table 2).

2.5 Creep Deformation Maps in the Mg0 and A1203 Based Systems

Mapping of creep deformation modes for polycrystalline materials (particu]ér]y
metals) has received renewed interest with the work of Ashby (22) in which
]inesiofAconStant‘strain rate (iso-strain rate lines) are computed for

‘vériab1e stfessesiahd‘temperatures'at a fixed grain size. Transitions between
viscous and non-viscous creep regimes can be readily identified in maps of this
type. Recently Langdon (23)'proposed a deformation map in which iso—stréin rate
lines are computed for variable stresses and grain sizes at a fixed temperatUré.
Thié'map is- particularly useful.for material in which diffusiona]icreep modes

are important since they are very grain size dependent.' Another map which is

useful for diffusional creep regimes consists of iso-strain rate lines computed

with variable temperatures and grain sizes at a fixed level of stress.

*This is an apparent contradiction with dead-Tload creep tests at small
stresses (v 40 pm) in which no grain size effects were observed.
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Sufficfent.creep'data now exist for polycrystalline Mg0 and A1203, pure
and doped with iron, that it is worthwhile to construct treep deformation
maps to illustrate graphically the ‘important deformation mechanisms which
operate in-these systems and the range of variables over which they are
dominant. In Table 6, a summary is given of the sii deformation maps which’
will be presented in this report. A1l of the deformation maps summarized
iﬁ Table 6‘Were‘constructed from experimental data obtained during the course
‘of'this contract. Some data, particularly for fine-grained A1203, were

taken from the recent work of Cannon and Coble (20).

A summary of the input
data will be given for each deformation map. In the diffusional creep reqgimes .

equations [7] and [8] will be used for Nabarro-Herring and Coble creep regimes,

respectively. . .
' - ]4QV0 D ' [7]
kTZGSi2 :
. 449 0 6Db ' : |-8]
€ RTTSS ‘ T

For Mg0 and A]ZO3 based systems, two boundary diffusion processes will be

important‘ cation and anion grain boundary diffusion. In some situations,

d1ffus1ona1 creep will be a m1xture of cation lattice and an1on gra1n boundary

d1ffus1on In this case, the fo]]ow1nq equat1on will be employed to calculate.

strain-rates*;

_ . 449V0
- ‘ .- F =‘w KT(GS)? DcompTex o (9]
D - Dg/a :
complex S Dz
» 1+ (8/0) (&) 2

In a few s1tuat1ons some deformation regimes were determ1ned from estimates

of mass transport parameters and act1vat1on energies.

*For Mg0 o = B8 = 1

For A]ZO3 o =2 and B =3
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Table 6

Creep Deformation Maps for Polycrystalline
Mg0 and A1,0

723
ImpUrity
and
‘ : Concentration : Fixed
Material (cation %) ~ Variables Variable
MgO * Undoped a, (GS) | T
Mg0 ' Fe ' o, (GS) : T
(0.53) |
" Mg0 Fe T, (GS) o
: (2.65)

A1,0, Undoped a, (6S) ' T
A10 CFe T, (6S) | »
23 o (1.0) |
A1, 0, Fe = T, (GS) . o

23  (2.0)
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Finally, it is noted that transitions between different deformation
regimes are indicated on the creep maps by single lines. It is to be
» emphasized that theése lines represent situations where the creep rates
of thé two processes in question are equal. It must be remembered that
in the vicinity of the boundaries deformation modes are mixed. In -
' particu]ar, mixed modes of deformation may exist in diffusional creep
reg1mes over several orders of maqn1tude in strain rate.
2.5.1 Po]ycrysta]]1ne Mg0, Pure and Doped with Iron

In Figure 20 the creep map for undoped magnesium oxide is presented
:at 1350°C. The input data are summarized in Table 7.  The diffusional creep
data were obtainéd from exﬁeriments on hot-pressed material in which LiF
was used as a pressing aid. The diffusionlcoefficients (D,%lq and anDMg)
may be-overestimated by up to facfof'of 3 and, hence, the diffusional creep ' |
regimes may actually lie at somewhat lower stressesiand grain sizes than |
Mthose indicated on the present map. Even though two separate diffusional _
nndes are’ 1nd1cated a 1arge -portion of this regime is m1xed in character (6).

The non-viscous regime was determ1ned from dead-load creep data at 1500°C
taken on a large-grained specimen (218um) and corrected to 1350°C using
an activation energy of 80 Kca]/mo]eQ Both dead—load and stress relaxation
experiments were in égreement in the non-viscous regime for stresses up to .
700 kg/tmz. The insensifivity of the non-viscous process to grain éize is
to be noted.

| The deformation map.clearly indicates that diffusional regimes are dominant

at low stresses and small grain sizes. As the grain size increases the transition
to non-viscous (dislocation) creep occurs at_]ower stresses. Ambipolar
diffuéion'theory predicts that diffusional creep will be rate-limited by
magnesium grain boundary diffusion at small grain sizes (< 10—20 um) and by
53
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Table 7

Input Data for the Creep Deformation Map
' on Undoped Mg0 at 1350°C '

Non-Viscous Dis]ocation_Reqime

(A1) = 1.30 0*°° (65)° exp (- 25000

Nabarro-Herring. (Magnesium Lattice Diffusipn)

Q, = 1.86 x 10723 cem®

DMg‘= 1.53 x 10712 cm?/sec in Equation [7]
Coble (Magnesium Grain Boundary Diffusion)

b
SMgPrg

= 1.19.x 10715 cm¥/sec in Equation [8]
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b

magnesium Iattfce diffusion at 1§rger grain sizes (up to ~100um) providing
oxygen grain boundary diffusion is very fast. Most of the previous deforma-
tion maps (23) in Mg0 have been constructed assuming that oxyaen lattice
diffusion and/or grain boundary diffusion are rate controlling. Actually
oxygen grain boundary diffusion will be rate limiting only at very large

grain sizes (> -200um) and Very small stresses (a regime which is difficult

to detect expérimenté]]y). Creep maps which are constfucted from constitutive
| equétions based on a single diffusing species (e.g. metals) will give
erroneous conc]Usioné regarding the deformation of a polycrystalline jonic
compdund which inQo]veS the coupled diffusion of anions and cations (3). |

~In Figure 21 the effect of doping polycrystalline MQO with iron (0.53
cation %) is shown in another creep deformation map. The input data for this
map are summarized in Table 8. ‘Estimateslof GMgDMg and 6008 were taken.from
data at the 0.05 and 2.65 cation % dopant levels, respectively. Non-viscous
creep was measured at larger grain sizes (v 300um) at 1500°C'and corrected
to 1350°C using an activation energy of 71 Kéa]/mo1e.

The effect of iron doping is clearly illustrated by an expansion of the
diffusional creep fields to higher stresses and grain sizes as compared to the
undoped oxide (Figure 20). The non-viscous creep‘rates are essentially identical:
to those of the undoped specimens.

Three diffusional mechanisms are indicated in the viscous creep reéimé:
(1) magnesium grain boundary diffugiqn at grain sizes below about 14um , (2)
magnesium lattice diffusion for intermediate grain sizes (14-200um) and (3)
oxygen grain boundary diffusion at very large grain sizes (> 200um). A1l of
the experimental data to data have fa]]enbin the intermediate grain size range
(15-100um) which falls inside the Nabarro-Herring field. Experiments at smaller
grain sizes are comp]icated because of problems associated with fabrication and

excessive grain growth. At larger grain sizes creep rates become undetectable
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Table 8

Input Data for the Creep Deformation Map at.1350°C
for Mg0 Doped with 0.53 Cation % Fe

Non-Viscous Dislocation Regime

71, 000)

e(h™!) =:3.12°x 1072 ¢%*? (6S)° exp - (

Nabarro-Herring (Magnesium Lattice Diffusion)

DMg‘= 2.3 x 10712 c¢m?/sec in Equation [7]

Coble (Magnesium Grain . Boundary Diffusion)

b

- 16 3
Mg Mg 7.3 x 1071¢ cm3¥/sec in Equat1on gl

Ccble (Oxygen Grain Boundary Diffusion)

b

8oDg = 1.6 x 1071 cm3/sec in Equat1on [8]
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(< 107% h7!) at the stress levels required for diffusional creep (< 50—100‘
kg/cm?).

To illustrate the effect of temperature on diffusional creep in iron-
doped polycrystalline Mg0, a creep deformation map (Figure 22) was constructed
for the 2.65% dopant level at a constant stress (100 kg/cm?) with temperature
and grain Sizehas the primary»vakiables. The input data for the mab.in
'_Figure 22 are-summarized in Table 9. Several interesting featufeé are
épparent in this new type of deformation map. Two regimes of Coble creep
are bresent, one at Tow temperatﬁres‘and small grain sizes (magnesium grain
boundary diffusion) and the other at high temperatdres and large grain sizes
(oxygen grain boundary.diffusion). This behavior is jn marked contrast to
that encountered in metals (single diffusing.species) for which Coble creep
is predicted only at lTow temperatures and for sﬁa11 grain sizes. Since the
activation energy for grain bbundary”difosiOn is.less than that for lattice
diffusion, the transition grain sizes Between consecutive Cob]e énd Nabarro-
Herring regimes'decrease as the temperature is incfeased} Much of the defor-

¢ ()
“are achievable experimentally (i.e. 10um < 6S < 100um, 5 x 107¢ h™* < € <

métion is mixed in -character (i.e. DM v 6008) for the variables which

5 x 1072 h™1) in the dead-load creep test. The regime of Coble creep controlled

by magnesfum grain bouhdary diffusion may exist at Tower temperatures and graih

éizes since valueé'of 6MgDMg,have probably béen overestimated. |
Finally, the non-viscous regime was assumed to be identical to that

measured at the 0.53% dopant level in the large grain size limit (100-500um).

Non-viscous creep'in po]ycrysta]]iné Mg0 is both independent of grain size and.

jron-doping. Of course, as the stress is increased, the non-viscous modes would

become dominant at lower temperatures and smaller grain sizes.
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Table -9

Input Data for the-Creep Deformation Map at
. 100 kg/cm® for MgO Doped with 2.65% Iron

Non-Viscous Dislocation Regime

71;000)

e(h™) = 3.12 x 1072 ¢%*° (GS)° exp (-
' | RT

-Nabarro-Herring (Magnesium Lattice Djffusion).and Coble (Oxyqen'Graih»Boundary»

Diffusion)
Equation [9] was used.with the following transport parameters:
DY = 5.06 x 10* exp (- 1113999) cm?/sec
Mg~ RT

60D8 = 4.91 x 19-8 exp.(- 55é$00) cm3/sec*

*Activation energy is an upper bound- estimate

Coble (Magnesium Grain Boundary Diffusion)

b _ - 55,800y
GMgDMg 3.68 x 10 “exp ( RT ) cm

3/sec .

" Estimated value at 1350°C and activation energy for use in Equation [8]
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2.5.2 Po]ycrysta]]ine-A]203, Pure and Doped with Iron
A creep map at 1450°C for undoped polycrystalline A1203 is shown

in Figure 23. The input data are summarized in Table 10. The Coble

creep regime at small arain sizes was constructed from the value of

(

GAlDA? reported by Cannon and Coble 20) to be representative of a

composite data -analysis for the creep of fine-grained (1-15um), pure and

MgO-doped A1203. Grain sizes between approximabely 6 and 15um are pre-
.dicted for the transition between Coble creep controlled by aluminum
gréin boundary diffusion and Nabarro-Herring creep controlled by aluminum
lattice diffusion. These may be on the high side since Nabarro-Herring
creep was observed in this study at grain sizes down to 6um at 50 kg/cm?).

| A1l of the measurements taken in this éontract fall primarily in the
Nabarro-Herring range (6um < GS < 70um). Due to theAsiightiy non-viscous .
nature -of the Nabarro—Herrihg creep fegfme, the transition between Coble
and N-H creep shifts to slightly smaller grain sizes as the stress. increases.

Non-viscous creep modes Qere determined both by stress relaxation and
dead-Toad creep techniques. High.stress exponents (].76 - 4.3) and positive
grain size exponents have been incorporated into the deformation map.

The non-viscous data should be cohsidered only preliminary at this-
stage. ‘However, they do reveal an interésting possibility regarding the
selection of a creep resistant alumina. Because of the shift in grain size
dependence, a narrower range of grain size exist which give maximum creep
resistance at the highest possible stress. For example, at strain rates
| arouﬁd 107% to 1075 h™? grain sizes in the 50’to 100um range are required
to sustain stress between 500 and 300 kg/cm?. Furfher experiments are
needed at higher temperatures where stress exponents are around 3 to see
if the positive grain size dependence remains or if the creep rate becomes
“independent if the grain size as was the case with MgO.
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TabTle 10
Input Data for the Creep Deformation Map

on Undoped A1203 at 1450°C

Coble (ATuminum Grain Boundary Diffusion)

Q, = 4.27 x 10723 cm?® and

b

100,000
Sp10a1

= 8.6 x 107" exp (- ——ﬁf———) cm®/sec in Equation [8]

Nabarro-Hefring (Aluminum Lattice Diffusion)

e(h™!) = 4.36 x 1075 g**?® (GS)7!-®

Non-Viscous Modes (Small Grain Sizes)
From stress relaxation data

$(h71) = 2.1 x 1072 g3 (6S)37

Hon-Viscous Modes (Large Grain Sizes)
From dead-load data-

e(h™!) =3.27 x 107'* 627 (65)%"°
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The effect of doping polycrystalline A1203 with a variable valent

+ +, . . . .
2" - Fe?’) impurity is shown for.two dopant levels (1 and 2 cation %)

(Fe
in Figures 24 and 25. The input data for these two deformation maps are
summarized in Table 11.

A The Coble creep regime at low temperatures and small grain sizes was

(20)

based on Cannon and Coble's evaluation of GA]DR] for undoped and MgO-

3.
mechanisms:. (1) Nabarro—Hefring creep controlled by aluminum lattice dif-

doped A120 ‘Most of the obserVed.creep behavior was a mixture of fﬁo
fusion and (2) Coble creep contro]Ted by oxygen grain boundary diffusion.

'At;the 1% dopant level and a fixed Tow stress of'SO kg/cm? three
diffusional creep mech;nisms can operate. For small'grain/sizes (< 10um)
and low temperatures (< 1300°C) Coble creep, which is-rate-limited by
aluminum boundary diffusion, is predicted to be dominant. At higher tem-
peratures and larger grain sizes, én'extréme1y broad range exists where
both aluminum ]attiée and oxygen grain boundary diffusion are coup]ed.A

As catidn~1attice diffusion is enhanced by doping with‘divaleﬁt iron,
oxygen grain boundary diffusion gradually becomes the rate Timiting stép.
Thfs.effect can be seen by referring to the map for the.2% dopant (Figure 25);
Aluminum Tattice diffusion has incréased to the point that Coble creep
controlled by aluminum grain bdundary‘diffusidn is almost non-existent.
Furthérmore, the influence of oxygen grain boundary diffusion as the rate-
determfning proceés has shifted to lower temperatures and smaller grain
sizes. -Figures 24 and 25 represent deformation maps - for créep tests in an
oxidizihg air atmosphere. . When creep tests at the 2% dopant were éonducted.
in a reducing environment (P02 ~ 1077 atm), the deformation process was |
completely dominated by oxygen grain boundary diffusion at 1450°C for grain

sizes between 18 and 83um. Thus the transition between Nabarro-Herring and

Coble créep had shifted to even lower temperatures and smaller grain sizes.
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Table 11

Inpup Data for the Creep Deformation Maps in Iron-Doped
Polycrystalline A1203

Coble (Aluminum Grain Boundary Diffusion)

b 100,000
Sa1PA1 I

= 8.6 x 1074 exp (- ) ecm¥/sec in Equation [8]

~ Nabarro-Herring (Aluminum Lattice Diffusien) and
- CobTe (ATuminum Grain Boundary Diffusion)

For use in Equation'[9]

Dﬁl (1% Fe) =7.15 x 107 exp (- lE%%QQQO cm?/sec

» §A]DR] (1% Fe) = 4.38 x 10’% ggp‘(- ;92%999) cm/sec
Dﬁ] (2% Fe) = 5.26 x 10° exp (- légﬁgggd cm?/sec

; -y .o ¢ 105,000
6ATDR] (2% Fe) = 8.48 x 10! exp (- ——ﬁT—f—) cm3/sec
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This shift is due to an increase in cation lattice relative to anion grain
boundary diffusion. Similar effects were found in polycrystalline A]ZO3

doped with a mixed Mn - Ti impurity.

2.6 Creep of PoTyc}ystalline Mullite

In last year's proposal pre]iminafy data were presented on the steady
state creeﬁ~of fine—graihed (5 -~ 6um)* po]yérysta11ine mu11iée at temperatures
'.between 1350 and 1450°C. Polycrystalline billets of mﬁ]]ite were prepared by
hot-pressing for 30-60 minutes at 1500°C and 6,000 psi. The powder was syn-

thesized by a metal alkoxide process developed by Mazdiyasni and Brown (24).

(1)

The results of these experiments were published in a short note ' ° which
is atfached to this report: Two significant results were reported: (1) the
creep rate -of polycrystalline mullite was neék]y an order of'maqnitude lTower
than that of polycrystalline A1203 with a comparab]e grain size, (2) viscous
creep was observed at 1400°C for stresses < 400 kg/cm?.

This year additiona] studies have been conducted to determine (1) the
strain rate-stress dependence of higher temperatures, and (2) the effect
. of grain size on the steady state creep rate. Only a small range of grain
sizes (1.5 - 5.0um) were obtained. The microstructure of fine;grained mullite
is evidently very stable, since annealing at femperatures ub'to 1700°C led
to only a small amount of grain growth. |

A summary of reéent experiments at-1400 and 1450°C is preéented in
Table 12 for grain sizes in the range of 1.5 to 5um. While viscous creep
(N = 1)‘is dominant at 1400°C, non-viscous modes (N = 1.6 -‘1.9) begin to
appear at higher temperatures (1450°C). Secondly, thg effect of grain size

is much less than that expected from a diffusional creep mechanism. An

increase in the grain size by a factor of ~3 resulted in a decrease in creep

*1inear intercept

69



Specimen

m

F
G

Effects of Grain Size on the Steady State Creep of

. Strain Rate

Table 12

Polycrystalline Mul
"o = 100 kg/cm?

Tite

N* Grain Size**
(h™1) L (microns)
1.60 x 107 - 1.5
1.30 x 107% 1.87 2.4
1.42 x 107" - 2.4
0.96 x 107* 1.61 5.0
3.40 x 1075 1.09 1.5
3.30 x 107° - 1.5
2.65 x 1075 . 0.97 5.0

*g a'oN; N = strain rate-stress exponent

**]inear intercepts
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Témperature
(°c)
1450
1450
1450
1450
1400
1400

1400




rate by only a factor of 1.3 to 1.6. compared to factors of n9 and 27
expected for 1atticé and grain boundary diffusional creep processes,
respectively. Further work is needed over a wider range of stiresses
andAtemperatures; however, it is c1ear‘from these pfe]iminary results
‘that the creep of polycrystalline mullite prqbab]y cannot be described

by a simple diffusional mechanism. .
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