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ABSTRACT

The research described in this report covers work on:

1.  The effect of mixed transition metal (Mn-Ti) impurities
on the creep of polycrystalline alumina

2.  Stress relaxation deformation which includes work on
(1) the design and construction of an improved experimental appa-
ratus  (2)  the analysis of stresses and strains in stress relaxa-
tion tests and (3) preliminary stress relaxation tests at 1350-
14500C on iron-doped (0.53 cation %), Polycrystalline MgO.

Some of the significant findings include:

1. Small amounts (0.2-0.4 cation %) of mixed transition metal

impurities (Mn-Ti) enhance the creep rate of polycrystalline alu-
mina by factors between two and four orders of magnitude.

2.  The stress, grain size, and temperature dependencies

indicate that diffusional creep is important in polycrystalline
alumina doped simultaneously with Mn and Ti.

3.  Transient creep, which can last for periods in excess of
250 hours at temperatures < 12500C in polycrystalline alumina doped

simultaneously with Mn and Ti, is probably due to a non-equilibrium
distribution of lattice defects which leads to a time-variant diffu-
sion coefficient.

4.  Stress relaxation tests on polycrystalline MgO doped with
iron can be Osed to clearly distinguish the transition between
viscous and power law creep as the s-tress is increased.

5.  Stress relaxation tests over a range of impurity concen-
trations, grain sizes, and temperatures will give important input
data for the construction of creep deformation maps, particularly
in transition regions between competing deformation mechanisms.
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I.  INTRODUCTION

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

the period December 19, 1976 to December 18, 1977 are described
in this report.

Major effort was devoted to

(1)  Dead load creep tests on polycrystalline alumina doped simul-
taneously with Mn and Ti

(2)  The design and construction of an improved apparatus for
conducting stress relaxation deformation studies at elevated

'

S

temperatures

(3)  The analysis of stresses and strains in stress relaxation
tests under conditions of four point bending

(4)  Preliminary stress relaxation tests on polycrystalline MgO
doped with iron.

Fout papers were published or accepted for publication
this year.  Reprints are attached to this report.

1. "Activation Energies in the Diffusional Creep of Polycrys-
talline Ceramics", J. D. Hodge, P.A. Lessing and R.S. Gordon,
J. Amer. Ceram. Soc., 60(7) 318 (1977).

2. "Creep Mapping in a Polycrystalline Ceramic: Application to
Magnesium Oxide and Magnesiowusite", J.D. Hodge, P.A. Lessing,
and R. S. Gordon, J. Mater. Sci., 12 1598 (1977).

3.  "Grain Growth and Creep in Polycrystalline Magnesium Oxide
Fabricated with and without' a Li F Additive", J. D. Hodge and
R. S. Gordon, Ceramurqia International (in press)

4.  "Creep of Polycrystalline Alumina, Pure and Doped with
Transition Metal Impurities", P. A. Lessing and R. S. Gordon,
J. Mater. Sci., 12 2291(1977).

A complete listing of the bibliography of papers and theses pre-
pared under this contract is given at the end of the report in Section IV.
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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.  This

year  research was conducted on  (1) the effect of mixed dopants  (e.g.  Mn-Ti )

on the creep of polycrystalline A1203 at elevated temperatures and (2)

stress-relaxation deformation studies at elevated temperatures on

polycrystalline MgO doped with iron.

2.1  Creep of Polycrystalline Alumina Doped With Mixed Transition

Metal (Mn-Ti) Impurities

.4+
It has been established that both a quadrivalent (Ti  ) and a

2+
divalent (Fe ) impurity cation in solid solution enhance the steady

state creep rate of polycrystalline alumina significantly over that

of undoped or chromium doped material. Similar effects have(1,2)

4+.
been reported on the effects of quadrivalent (Ti  ) and divalent

2+    2+                                         (3-6)
(Mn  , Fe  ) cations in enhancing sintering rates.

4+    2+
If both impurities (i.e. Ti  , Fe  ) go into the lattice sub-

stitionally for aluminum, then effectively negative (FeAi) and

positive (TiO ) impurity centers would be formed.  One might expectA1

that, if both of these impurities were present in solution simultane-

ously, a hindering effect would occur in the overall influence of these

impurities on sintering and creep rates.  That is, if the impurity

defect centers were strongly associated, the corresponding charge com-

pensating lattice defects (aluminum interstitials and vacancies) would

annihilate each other leading to no net enhancement of lattice diffusion.

Consequently, sintering and diffusional creep kinetics might be slower in

3
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systems with mixed dopants than in those with single dopants of either

Fe (Mn) or Ti.

However, some sintering data exist with double dopants that lead

to an opposite conclusion.  First, some data have been published by Rao

(6)                     2+      .4+and Cutler on the effects of Fe and Ti on the sintering Of

alumina.  Over a range of temperatures 0.2% (cation) Ti enhanced the

sintering rate by 3-4 orders of magnitude.  When both dopants were

present (i.e. 0.2% Ti and 3.2% Fe) the sintering rate was an order of

magnitude higher than at an iron concentration of 3.2% and about a

factor four lower than at titanium concentration of 0.2%. These results

suggested that only a partial compensation existed between Ti 1 and

FeAl and that defects associated with these impurity centers were

annihilated only to a small extent.  Furthermore, combinations of MnO

and Ti02 and CuO and Ti02 have been shown to be more effective in

lowering the sintering temperature of alumina than either oxide. alone. (7)

Preliminary creep studies reported previously also confirm the(8)

effect of double dopants. Small amounts of Mn and Ti or Cu and Ti

enhanced the creep rate of polycrystalline alumina significantly.

This past year extensive studies on the effects of stress, grain

size, dopant concentration, temperature, and oxygen partial pressure

have been conducted on the creep of polycrystalline alumina doped with

both Mn and Ti at total impurity levels below 0.4 cation %.  These studies

along with transient creep effects, which are important in this system at

low temperatures (1075-1300'C), will be discussed in this report.

4



2.1.1.  Experimental Procedures

,:A high purity (99.999%) powder Of a-alumina was prepared via an

(2 8)
organometallic synthesis which is described elsewhere.  '    The dopants,

Mn (0.032-0.25 cation %) and Ti(0.12-0.24%) were introduced into the

alumina by the following procedure:  A solution was prepared by dissolving

the appropriate amounts of TiC13 and MnC13.4H20 in deionized water.  a-

alumina powder was added to this solution to form a slurry.·  The slurry

was added to a concentrated and agitated solution of ammpnium hydroxide

leading to the precipitation of manganese and titanium hydroxides.  After

-  a thorough mixing, the precipitated slurry was filtered and dried at 100'C.

Using isopropyl alcohol and high purity alumina grinding media the

coprecipitated powder mixture was milled for about 6 hours.  After

evaporating the alcohol the resulting powder was calcined at 1000'C for

12-15 hours in air.  The powder was milled again in isopropyl alcohol

after calcination.

After evaporating the alcohol, the powder was vacuum hot-pressed

(>98% of theoretical density) in graphite dies at 1200'C and 6000 psi

for approximately 2 hours.  The microstructure of the hot-pressed billets

was uniformly equiaxed.  Scanning electron microscope studies utilizing

emitted x-rays revealed that the dopants were dispersed uniformly through-

out the grains and not concentrated at grain boundaries.

In order to fabricate material with a range of grain sizes (13-43um)

some specimens were annealed at temperatures up to 1450'C to promote

grain growth.

It has become clear during the course of these studies that some

of the impurities  (e.g. Mn) were lost during the processes of hot-pressing
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and high temperature annealing due to volatilization.  Consequently,

representative specimens after creep testing were analyzed for Ti and

Mn by atomic absorption. All values reported for impurity- contents

are reliable to +10%.

Four-point dead load creep tests were conducted on beams 2 x 5 x 30mm

in size.  The creep testing apparatus and procedure have been described

elsewhere .  Strain rates (t) and stresses (c) were calculated.from
(8)

standard relations assuming viscous behavior. Outer fiber strains(10)

were normally less than 1-2%.  Creep experiments were conducted at

temperatures ·(f0.5'C) between 1075 and 1300'C and at stresses up to 40

2MN/m .  Most of the creep data were taken after 20-30 hours of creep

testing.  In some cases creep tests were extended up to 250 hours to

examine the nature of the transient.

2.1.2.  Stress Dhpendence

Stress change experiments were conducted on several specimens over

a range of grain sizes (25-30 um), stresses (4-40 MN/m2), and temperatures

(1179-1300'C).  In all cases viscous (i.e. i a aN; N=l) creep·behavior

was observed.  In Figure 1 representative stress change experiments

are shown.  Here def]ection rate versus load data plotted on a linear

scale resulted in a straight line passing through the origin, a definitive

test for viscous creep.

N
No evidence was found for slightly non-viscous creep (i.e. t a a

with N up to 1.7), which is typical for the creep of pure and doped

polycrystalline alumina. Viscous creep has been reported pre-
(1,2,11)

viously in iron-doped (2 cation %) polycrystalline alumina for
(2)

6
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creep tests conducted in a reducing atmosphere (#10-6atm.) where more

of the iron is divalent.

Due to the presence of a very long time transient in the creep of

double-doped polycrystalline alumina, a stress-change experiment at

short times (<20 hours) does not give reversible creep rates.  A thor-

ough discussion of this transient will be presented later in this

report.

2.1.3.  Grain Size Effects

Summarized in Figure 2 are all of the data taken to date at

1250'C on the effect of grain size on the creep of polycrystalline

alumina doped with mixed transition metal impurities (Mn-Ti).  The

data represent 32 different tests, Mn/Ti ratios between 0.2 and 2.1,

and total impurity levels between 0.18 and 0.37 cation %.  Creep

specimens with low.Mn/Ti ratios (0.2-0.3) exhibited a very strong

inverse grain size relationship (i.e. i a (GS)-m with m=4.2-4.8).

On the other hand, specimens with high Mn/Ti ratios (42) also led

to a significant, but somewhat weaker.(i.e. m=2.7), grain size

dependence.

All of the data in Figure 2 represent strain rates taken after

20-30 hours of creep testing.  However, in view of transient effects

which persist in some cases up to 250 hours, the creep rates shown

in Figure 2 are overestimates (up to an order of magnitude) of steady

state values and accordingly lead to uncertainties in the exact value

of the grain size exponents.  However, we can conclude at this time

that increasing the grain size has a strong effect in inhibiting the

,.
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creep of polycrystalline alumina doped with mixed transition metal

impurities. Increases in the grain size by a factor of two led to

decreases in the creep rate by up to a factor of almost twenty.

The  significant enhancing effect of double doping on the creep

rate can be seen from the data plotted in Figure 3.  Here a comparison

is made with undoped alumina and material doped with single impurities

(Ti or Fe up to 2 cation %).  All of the steady state creep data for

the undoped and singly doped specimens were extrapolated from creep

tests at higher temperatures (>1350'C) using appropriate activation

energies (120-130 kcal/mole) .  It is clear that double doping at low
,(2.8)

total impurity concentrations (0.2-0.4%) is far more effective in

enhancing the creep of polycrystalline alumina than by doping with

single impurities at concentrations between 0.5 and 2%. Even taking

into account the long term transient nature of the creep process

(i.e. slowly changing creep rates at 250 hours are up to an order of

magnitude smaller than the creep rates after 20-30 hours of testing)

in double-doped creep specimens, the creep rate of alumina is enhanced

by 2-4 orders of magnitude by doping with small amounts (0.2-0.4%)

-                of Mn and Ti or Fe and Ti.

2.1.4.  Apparent Creep Activation Energies

Creep data taken from temperature change studies after 20-30

hours of creep testing indicate approximate apparent activation

energies between 100 and 130 kcal/mole.  Representative data are

shown in Figure 4.  In view of the transient effects which lead to

uncertainties in the absolute value of the activation energy, we

10
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can only conclude at this time that over the temperature range between

10750C and 1300'C the creep of polycrystalline alumina doped with

mixed dopants proceeds by some diffusional process.  In view of the

strong reciprocal grain size dependance, we suspect that oxygen grain

boundary diffusion may be rate limiting, at least in part.

2.1.5.  Effects of Oxygen Partial Pressure

The effect of oxygen partial pressure on the creep rate of poly-

crystalline alumina doped simultaneously with Mn and Ti is summarized

in Table I.  A typical ekperiment in which the oxygen partial pressure is

repeatedly cycled between a high and low oxygen partial pressure is

shown in Figure 5.  A systematic interpretation of the effects summa-

rized in Table I await the systematic collection of additional data.

It is interesting to note, however, that the atmosphere effects in

the double-doped specimens are opposite to what might have been

.'(1)expected from similar experiments with single dopants (Fe and Ti j

For example, in iron doped alumina a decrease in 402 leads to

(1)
a decrease in the creep rate   .  However, for Mn-rich specimens double

doped with Mn and Ti the opposite effect is seen.  This apparent

anomaly is also true for the Ti-rich double-doped specimens.

2.1.6.  Transient Effects

In Figure 6 creep data are presented for long term tests (200-

250 hours) which clearly illustrate the transient nature of the

deformation process in double-doped specimens tested at low temper-

atures (1130-1175'C) at very low creep stresses (#2 MN/m2). All of             '

13
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Table I

Impurity, concentration Mn/Ti Increasing
(cation %)                                        Po

2

0.075% Mn 0.31 decreasing creep rate

0.24%  Ti

0.25% Mn 2.08 increasing creep rate

0.12% Ti

1-2% Fe decreasing creep rate

0.5%   Ti                             -          increasing creep rate

14
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the data presented earlier in this report were taken after 20-30 hours

of creep testing.  It is clear that these creep rates are almost an

order of magnitude larger than creep rates after 200-250 hours of

creep testing.  Until we can determine the cause of this transient, defi-

nitive conclusions on the exact stress, grain size and temperatdre depen-

dehcies cannot be made.

Considerable time and effort have been expended this year in trying

to understand the cause of this long term transient.  Several mechanisms

have been investigated and discarded for various reasons.  These include:

(1) simultaneous grain growth, (2) strain or work-hardening by dislocation

motion, (3) diffusional creep transient caused by a redistribution of

stresses, and (4) defect and/or impurity homogenization and/or equilibration.

The simultaneous occurrence of diffusional creep and grain growth

will give rise to a long term transient because of the strong reciprocal

grain size dependence.  Extensive grain size measurements (1800 chord

length measurements) before and after creep testing 200 hours at

1130'C revealed no grain growth to within 0.2vm for a 19.2Um grain size

specimen.  During the creep test the strain rate decayed by about an order

of magnitude and thus eliminated grain growth as a viable explanation.

Dislocation slip and interaction can be eliminated as a viable

mechanism, since the stress is about a factor of 50 below the yield

stress of pure alumina at 1300'C . The lower temperatures (1075-
(12)

1250'C) and impurity levels should. make dislocation glide even more

improbable.

17



Diffusional creep theory will predict a transient caused by
(13)

a redistribution of normal stresses on the grain boundaries from

the time of loading to the achievement of steady state conditions.

In this theory transient strain rates will be described by a

relation of the form, a a e in which the transient relaxation time,
-t/T .

T,.will be given by two limiting conditions depending on the value

of a dimensionless parameter X (=OcvE).  n is the vacancy volume,
kT

Cv is the concentration of lattice vacancies, E is the elastic modulus,

and kT has its usual meaning.  For X>>1, ra Dv/(GS)2 in which Dvis the

defect diffusion coefficient and GS is the grain size.  For A<<1,

Ta DvcvRE/(GS)2kT.  The foregoing equations apply only to diffusional

creep controlled by lattice diffusion.  Similar equations, except for

a cubic grain size dependence, apply for viscous creep rate limited by

(14)
grain boundary diffusion

Using reasonable estimates for the diffusion constants, relaxation

times on the order of minutes can be predicted.  These are well below

those which are seen (#order of hours). Furthermore, the observed

dependence of T on stress and temperature are not consistent with

the theory which predicts that T is stress independent.

Having essentially eliminated grain growth, dislocation motion,

and stress redistribution as the principal causes of the transient,

we currently believe the phenomenon is caused either by a defect or

impurity equilibrium process.  While, impurity segregation cannot be

eliminated entirely, scanning electron microscopic (with the energy

dispersive x-ray analyzer) examination on polished and fracture

-            surfaces revealed no significant impurity inhomogeneity or segregation

to the grain boundaries.

18



However due to the very low impurity concentrations, this technique

is not very accurate.

We currently believe that defect equilibration via the diffusion

of oxygen into or out of the sample as the valence states of Mn and Ti

adjust to thei r. equilibrium values is the most likely cause of the

transient.  Prior to creep testing all the specimens ·are annealed and

equilibrated at higher temperatures (1300-1700'C) to promote a range of

stable grain sizes.  However at the creep test temperature (<1250'C),

the time required for defect equilibration, which will involve some

lattice or grain boundary diffusion over a distance at least on the

order of a grain length, could easily exceed 100 hours (i.e. for grain

-12  2
sizes around 10-20Wm and lattice diffusion coefficients <10 cm /sec).

To check this possibility several experiments are under way.  First the

transient should be accompanied by an oxygen uptake on depletion from

the sample giving rise to a weight change which could be measured as a

functjon of time. Secondly by doping at lower impurity levels (  0.1%)

and creep testing at higher temperatures (,1350'C) we should be able to

promote steady state conditions and still observe the enhancing effect of

the two impurities.

2.2  Stress Relaxation Creep Studies

The stress relaxation technique has been extensively used in plastic

(15,16)       'deformation studies of metallic materials .  The technique has been

recently utilized in the studies of high temperature deformation behavior

of ceramic materials .  In a stress relaxation test, a specimen of(8,17)

defined geometry is deformed at a constant deflection rate to a predeter-

mined total load or total deflection and then the total deflection is

held constant.  The specimen continues to deform plastically while the

19



elastic deflection and hence the load drops with time.  The rate of load

drop, (dp/dt), is related to the plastic deflection rate, 9, of the spe-

cimen through the total elastic compliance of the system, C, including

specimen and the loading machine.

9  =  -C.(dp)                               (1)
dt

The deflection rate, 9, and the instantaneous load, p, are then converted

to plastic strain rate and stress, respectively, using the specimen geo-

metry and loading arrangement.

The stress relaxation test has several advantages over the conven-

tional constant deflection (or strain) rate tests or constaht stress creep

tests.

(1) The relationship between stress and plastic strain rate can be

established over wide ranges of stress (0.1-100 Mn/m2) and strain rates

(10-3 - 10-  second-1) in a single test without fracturing the specimen.

(2)  By using a "stiff machine" (i.e. contribution of machine com-

pliance to C in Eq.(1) is negligible) one can minimize the total plastic

strain accumulated in a relaxation test. Thus the stress-strain rate rela-

tionships are established at essentially constant plastic strain or at a

,(17) .state of constant "hardness' in the test material.  Repetition Of

stress relaxation cycles then provides a means of studying the effects of

strain hardening (or strain softening as the case may be) or plastic

strain history on the stress-strain rate relationship.

(3)  When the stress relaxation technique is adapted to the four point

bending test geometry, it provides a means of determining outer fiber

strain based only on specimen geometry.  It eliminates a priori assumptions
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regarding the plastic behavior of the material in the calculations of

strains and stresses.  This point will be elaborated further in the sec-

tion on analysis of stress relaxation results in four point bend tests.

The unique advantages of the stress relaxation technique are parti-

cularly suited to achieving some of the objectives of the current reseatch

program on impurity effects on the creep of polycrystalline magnesium and

aluminum oxides at elevated·temperatures.  These may be stated as follows:

(1)  To examine the transition in creep behavior from a low stress,

viscous creep regime to one at high stresses which is nonviscous and has

a power law stress dependence.

(2)  To study the effects of temperature (1350'C and 1450'C), grain

size (10-100pm) and impurity additions (0.53 cation % Fe in MgO, 1 cation %

Fe in A1203 ) on this transition in creep mechanism.

(3)  To establish the creep rate-grain size relationships in these

systems both in the viscous and power law creep regimes.

(4)  To study the nature of solid solution hardening effects of

impurity additions in the power law creep regime.

It is clear that dead load creep tests are inadequate to study creep
.

behavior in the high stress regimes.  The large strains that are accumula-

ted under these conditions will either lead to tertiary creep and rapid

fracture or the deflections involved will be too large and the analysis

of the four point bend test geometry will no longer be applicable.  A

major effort was, therefore, devoted in the past year of this contfact to

developing an improved stress relaxation test procedure to complement the

research activity in the dead load creep program.  The progress made in

this area is reported in the following three sections.
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2.2.1.  Description of an improved stress relaxation test system.

The success of the stress. relaxation technique is critically depen-

dent upon the temperature stability of the test system.  Even small

fluctuations in temperatures can affect the compliance, C, of the test

system and can lead to load fluctuations during relaxation.  To improve

the thermal stability of the stress relaxation system and hence the

range of strain rates that could be measured in a relaxation test, a new

test system was designed and constructed during the past year.  The new

system is similar to the one that has been used in the past .  Modifica-(8)

tions were, however, incorporated in the new system with the specific ob-

jectives of improving the performance.  In Figure 7 a schematic cross sec-

tional view of the stress relaxation system is shown.  The whole system is

designed to be interfaced with a floor model 'Instron' Universal Testing

Machine.  The major components of the system are:

(1)  A new furnace with molybdenum metal wire as the heating element.

This replaces the old furnace that featured MoSi2 heating elements.  While

the new furnace is not as compact as the old one, it has greater thermal

mass and thermal stability which is crucial in a relaxation test.  The

exterior of the furnace is constructed out of brass and is water cooled on

all surfaces. This eliminates heat flow to the Instron drive screw and

hence load fluctuations.  A light, all-alumina, fibrous insulation makes

the furnace light weight and facilitates easy mounting on the Instron frame.

Four Thomson ball bushings are mounted on the furnace end plates.  These

enable the furnace to be moved up and down on guiding Thomson rods and.

facilitate access to the interior of the furnace for purposes of specimen
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mounting.  A view of the furnace assembly as mounted on a stainless steel

table in the Instron frame is shown in Figure 8A.

(2)  A linear variable differential transformer (Shaevitz HR 050) and

a nonrotating micrometer with a measurement sensitivity of 2 x 10-5 inch

constitute the specimen center point deflection measurement system.  As

will be evident from the discussion in the following section, a continuous

monitoring of the specimen deflection at the center point is essential for

the determination of the strain in a four point bend specimen from purely

geometric considerations.  The body of the LVDT is mounted in an aluminum

block fitted with ball bushings and movable along Thomson guide rods.  The

micrometer serves the dual purpose of calibrating the LVDT as well as posi-

tioning the LVDT body for desired initial output.  The LVDT core is con-

nected through a threaded core connector to an alumina rod that acts as a

deflection measuring probe.  The core assembly is spring loaded so as to

ensure continuous contact of the probe tip with the lower face of the spe-

cimen.  A ball bushing in the center of the stainless steel table main-

tains the axiality of the deflection measuring core assembly.  The LVDT-

micrometer system as mounted below the stainless steel table is seen.in

Fi gu re   8A.

(3)  Accurately machined dense alumina rods and sample pedestal

constitute the loading assembly.  Single crystal sapphire rods are used as

support points and loading points on the specimen.  A sapphire sphere is

used to transmit the load from the loading rod to the specimen through a
(

loading piece. The spherical contact point eliminates nonaxial forces being

transmitted to the· specimen. A closeup view of the specimen mounted on the

pedestal with the associated loading assembly is shown in Figure 88.
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(4)  A water cooled adaptor connects the loading rod to the load

cell (Figure 8A, top).

(5)  A new temperature controller-power supply unit (Research Incor-

porated Model No.: Thermac Model 625) allows temperatures to be controlled

in the range 10000C-17500C with a maximum fluctuation no greater than
..

£0.25'C.  Pt - Pt + 10% Rh thermocouples are used both to control and

monitor the temperature.  The temperature limitation of the relaxation

system is primarily from room temperature fluctuations rather than the

furnace temperature variations.

2.2.2.  Analyses of Stresses and Strains in Relaxation Tests in Four

Point Bend Specimens.

A rigorous analysis of stresses and strains in a four point bend test

specimen under plastic deformation conditions is a complex problem. The

complexity is due to the fact that a bend specimen is a composite of a

large number of fibers subjected to different deformation conditions and

the externally measured loa4s and deflections are complex resultants of the
.)

stresses and strains of thetindividual fibers.  Varying numbers of assump-

tions are usually made to make the four point bend specimen amenable to

analysis. Before we review some of the analyses that are commonly being

used with four point bend tests, let us itemize the common assumptions

(18)
inherent to all these analyses

(1)  Plane cross sections before bending remain plane after bending;

in other words, the strain at a point in a given cross section varies

linearly with its distance from the neutral axis.

(2)  The analysis is limited to beams that are long compared with their

cross-sectional dimensions.  In this case shear deflections can be neglec-

ted.

(3)  Bending displacements are small compared with the lengt
h of the

beam.
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(4)  The plastic behavior of the material in tension and compres-

sion are identical except for sign.

Under the constraints of the above four assumptions, the maximum

strain in the outer fiber in a four-point bend test specimen should

ideally be determined from only geometric considerations.  Since the

radius of curvature is constant between the inner load points, a simple

relation exists between the maximum strain in the outer fiber and the

deflection of the center of the beam relative to the load points. (10)

£max = ·th (Yc-YL)                           (2)

a

where E = maximum strain in the outer fiber
max

y    = deflection at the center of the beam
C

yL  ·= deflection at the load points

h    = thickness of the beam

a    = distance between load points.

A stress relaxation test system incorporating center point deflection

measurement is ideally suited to making use of eqn (2) for strain and

strain rate calculations. The center point deflection, Yc' is directly

measured using the LVDT.  The load point deflection, Y , is obtained

through equation (1).  A measure of the compliance, C, of the loading

system can be determined from the initial part of the loading curve.

When experimental difficulties preclude measurement of deflections

at more than one point, which is usually the case in dead load creep

tests, additional simplifying assumptions are needed to calculate

strains based on deflecti_on at a single point. Quite often plastic

deflections are analyzed using elastic deflection formulae of the simple

beam deflection theory.  Then the outer fiber maximum strain is expressed
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in terms of either the center point deflection or the load point deflec-

tion.  The corresponding.equations are
(8,10)

e  =J ' 12hmax  1                                           (3)

 2L2+2La-a2 -     Yc./

and               e 6h
5L                        (4)max

(L-a)(L+2a)_

where L = distance between the outer support points.

Hollenberg et al have analyzed four point bending for the
(10)

situation where the material is assumed to plastically deform according to

a power law:

t.     AaN                                       (5)

The important assumptions made in their analysis are that

(1)  Stress power index N is independent of stress.

(2)  All the fibers in the specimen obey the same law with the same
stress power index.

Under these assumptions the. outer fiber strain is related to the load
point deflection in the form

e = 2h(N+2) YL   (6)max

(L-a) LL+a(N+1)1

It should be noted that equation (6) reduces to the elastic strain equa-

tion (4) when N = 1, i.e. viscous creep.

In the stress relaxation program, plastic deflections were analyzed

using both the ideal geometric relation (equation 2) as well as the

simplified elastic analysis (equations (3) and (4)).

Simple elastic beam theory gives the simplest analysis for stress

caluation which overestimates the actual stress in the outer fiber.

From simple theory the outer fiber stress can be written in terms of the
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applied load as

0            1.5 (L-a) p
max                                            (7)2

bh

where , p = externally applied load.

As in the case of strain calculation the material is assumed to obey

a power creep law (equation (5)) and it is implicitly assumed that N is

independent of stress level as well as fiber position.  Under these assump-

tions the maximum stress still occurs at the outer fiber but this stress

is less than the elastic stress (eqn. 7).  The equation relating stress to

(10,18)
the applied load is.shown to be

C = 1.5 (L-a)p (2N+1)                (8)max
bh              3N

2

Equation (8) reduces to equation (7) for N=1 (viscous creep).  It should

also be noted that the overestimation of the stress by equation (7) increases      -

as N increases above unity.

Bilde-Sorensen has recently presented an analysis which shows
(19)

that equatjon (8) is still applicable when N is a function of stress.  His

analysis shows that there is no necessity for assuming a priori the value

for stress power index N.  Instead N can be interpreted as

N = (d log i /d log M)                        (9)max

Once N is determined at a particular load, the corresponding stress is

calculated using equation (8).  Sorensen's arguments are correct in a

mathematical sense.  But the physical implications of his analysis are not

clear.  This is particularly the case when a bend specimen undergoes a

transformation in creep behavior, i.e., outer fibers obey say a power creep

law (N>1) and inner fibers obey the viscous law (N=1).  In such a situation

it is not clear which of the two N values is determined by equation (9).

Since the -external moment M is a resultant of all the internal stresses  it may
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be interpreted that the M value determined by equation (91 is an inter-

mediate value between the inner and outer fibers.

The calculation of the outer fiber stress is still possible in a

situation when the stress sensitivity of the strain rate (i.e. stress

exponent N) is a function of stress or equivalently a function of fiber

position, i.e.

N      =      N(a)      = N(y) (10)

where y is the distance from the neutral axis.

The basic assumption cited in the beginning of this section, viz. plane

sections remain plane during bending, is still assumed.  Then

E(y)  = E    21                          (11)
max   h

Also the individual fibers follow the general creep equation:

t(y)  =  A (a(y)j NCY)
(12)

and finally the externally applied moment must be balanced by the internal

stresses
h/2

.. M - 2b  - a (y) y dy                     (13)

The problem posed here is redundant in nature. The function N(y) can be

determined only if a(y) is known and conversely a(y) can be determined

only when N(y) is assumed.  Solution to this problem is possible only

through an iterative numerical procedure.  We assume a stress distribution,

say initially linear; (elastic); then we linearize the strains and recal-

culate stresses.  This procedure is repeated until stress distribution

becomes independent of strain.  A research program to examine the feasi-

bility of such a calculation is part of the research proposal submitted

with this report.
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2.2.3.  Preliminary Stress Relaxation Deformation Studies on Poly-
crystalline, Iron-Doped MgO.

Several preliminary experiments were carried out using the. newly

designed stress relaxation test system. Magnesium oxide with 0.53  cation %

Fe was chosen as the material for initial study.  Two temperatures (1350'C

and 1450'C) and two grain sizes (25Um and 40gm) were selected for these

tests.  These conditions were chosen such that comparisons with dead

load creep data could be facilitated.(20-23)

Most of the stress relaxation data were analyzed using the elastic

equations (equations (3) or (4) for strain and equation (7) for stress).

Selected data were analyzed using a plastic analysis.  This involved the

use of equation (2) for strain which makes use of both load point and

center point deflections.  Thus the strains calculated are the ideal

true strains based only on geometry.  The corresponding maximum stresses

were determined using the analysis of Bilde-Sorensen . The calculated(19)

strain rates were used to evaluate the stress sensitivities of strain

rates using equation (9).  The stress exponents thus determined were used

in calculating the stresses through equation (8).  Of course, the limita-

tions of this analysis discussed earlier are still valid here.

In Figure 9 a comparison is made of the two types of analyses (elastic

and plastic) as applied to the same stress relaxation data. Both analyses

show a clear transition in the creep behavior from a low stress, near

viscous behavior (N%1.5) to a high stress, nonviscous creep regime (N24).

There is· no signi ficant di fference in the stress exponents determined from

the two plots.  The stresses calculated by the elastic analysis are over-

estimates of the plastic stresses by a factor

Elastic stress  _  3N
-

Plastic stress 2N+1
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At higher values of the stress exponent, N,.the elastic analysis

increasingly overestimates the stress.  This is clearly seen in the

data of Figure 9.  The strain rates calculated by the elastic analysis,

on the other hand, are uniform underestimates of the actual geometric

strain rates.

In Figure 10 a comparison is made of stress relaxation data with

dead load creep data.  In Figure 10 the experimental points correspond

to the results of a stress relaxation test on iron-doped (0.53

cation % Fe) MgO at 1342'C with a 25um grain size.  The behavior pre-

dicted by dead load creep data under identical conditions is represented

in the form of two straight lines with slopes of 1 and 3 respectively.(23)

These represent the viscous and nonviscous regimes, respectively.  The

position of the transition point between these regimes was determined

from the creep map that was generated for this material. These maps
(23)

were constructed using dead load creep test data. Two features(20-22)

are evident in Figure 10.  In the low stress regime there is good agree-

ment both in absolute creep rates as. well as the slope, i.e. stress expo-

nent N which is nearly 1.  The stress relaxation data, however; indicate a

transition to power law creep at a smaller stress level relative to the dead

load transition.  Two factors may contribute to this discrepancy.  The

total strain involved in the stress relaxation test is very much smaller

than in the dead load test.  In MgO+0.53 cation % Fe dislocation creep

is expected to be dominant in the power law regime. So the increased(21)

plastic strain would lead to strain hardening and reduced strain.rates

with a shift in the transition point to higher stresses. Secondly creep

maps were constructed on the basis of extrapolations from higher tempera-
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ture dead load data.* Some error is therefore expected in the exact

position of the lines in Figure 4 due to the uncertainties in the creep

1. si activation energy.

e.                              
  .  ....1,

e..P
·

In Figure 11 a comparison is made of the stress dependence of the¥4
strain rates in MgO+0.53 cation % Fe at 1350'C for two grain sizes.  As

would be expected in the low stress .regime, the finer grained specimen

displays more viscous behavior than the coarse grained material.   (Note:

exponent 1.07 versus 1.49).  The viscous-nonviscous transition is also

shifted to a higher stress in finer grained material.  The second inter-

esting feature is the reversal of grain size dependence.  In the viscous

creep regime, of course, diffusional creep theories predict higher creep

rates with smaller grain sizes.  In the power law regime two features are

different from the corresponding observations of dead load studies.
(21)

We do see a grain size dependence here while in the dead load creep studies

power law creep rates were independent of grain size. Secondly the
(21)

stress exponents observed here are consistently larger than the value

observed in the previous study (approximately 4.5 versus 3.5).  The expla-

nation for these differences may again lie in the basic difference in the

two test conditions, viz. amount of total strain.  The dead load studies

were conducted in the large strain true steady state regime while stress

;i·
relaxation experiments have been in the small strain or transient regime.

Additional experiments investigating the strain hardening effects in the

power law creep regime are necessary to resolve these differences.
3

*A                        In Figure 12 the temperature dependence of creep transitions is exa-E 't..
,
..

mined.  Higher temperatures induce more viscous creep in the low stress

*Dead load creep tests in the power law creep regime were conducted at

(21)15000C

*.
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regime as reflected by the lowering of the stress exponent.  In the

power law regime the stress exponent does not appear to change signi-

ficantly.  In the large grained material (40um) it is likely that one

sees a mixture of viscous and nonviscous creep processes at low stresses.

This would explain the deviation of exponents from the ideal viscous stress

exponent. Increasing the temperature enhances the viscous component

and hence lowers the stress exponent.
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