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FOREWORD

This report was prepared by the Applied Technology Divieion of
Aveo Corporation under U.S. Nevy Contrect N00019-69-¢-0198, entitled,
Microotructure Studles of Polycrystallline Oxides,”

The work was administered under the direction of the U.S5. Department
of the Navy, Alr Systems Coumand, with Mr. Charles T. Bersch, Cnde AIR-

520324, acting as Froject Dugineer,
This report covers work conducted from 25 June 1969 to 24 December 1969.

The writers are pleased to acknowledge the contributions of the
following individuels to thls program; R. Gardner and P. Fuce for ceramo-
graphic preparation, J. Centorino, A. Mozes and R. Martinesu for materials
preparation. P. Burnett and C.1.. Houck for electron microscopy, P. Berneburg
for x-ray studies, and R.M. Haag, T. Vasilos and J. Niesse for useful
discusslons.
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ABSIRACT

Covaral farets of tha affent af wnierortructure e | chenlgicry on the
mechanlical properties of mupnesia and alumina wvere nludied comparison of
the deformation properties of hieh purlty AJ203 wlth a stardard research
grade of Al203 + 1/%% Mgy demonstrated high purilty walecial podscancd o
normallzed creep rate approximately a factor of five (Y) lower end a higher
strain rate sensitivity supgesting an incressed lwportance of dirfusional
creep. At strains from 3-12% evidence was obtained for strain hardening,

a Bauschinger effect and polygunlzation which suggested conslderable die-
location and grrin boundary sliding activity. Also, high Lemperatrie stress-
strain curves showed evidence for blunting a potentially catastrcphic failure
event,
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A1203 preas forging experiments resulted in a better underatanding of
deformation and primary recrystallization processen. Baend Lests of a
uniform 8 micron grain eize textured body demonatrated higher eleveted
temperature strength then 1-2 mlcron hot pressed A1203 suggesting a real
benefit from the textured structure rov iting from one of a number of potentlsl

models.

Dead load stress cory~sion studies on polycrystalline MgO demonstrated
that the shape of 're «iresaz corrosion curve was dependent on the starting
chemistry and/or minor grain boundary phases. Aluo, the resistance to dead
load wae muarkedly influenced by the introduction of 1 molar diwethyl formamide
which Lhaa h-¢.u shown to affect dislocatlon mobility in Mgd. The evidence
does nos vnegulvocerlly identify whether a chemical or mechanical model of
sorcds urroslon appules, but it 1s clear that stress corrosion is a problen
whlch must be =2cognized in commercial bodies of MgO.
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T A W R T

I. INTRODUCTION

This study covers several facets of the broad tople of mlcrostructure
and chemlstry effects on mechanlcal properties of oxide cerawdcs. 'The studies
hava concentryated on twe oxides; 1) magncoium owids LacRuss 1L aelves ap u
model aystem for isolroplc oxides and has several Jmportant prectical applic-
ations to industrial and militasry needs, and 2) aluminum oxide mainly be-
causc 1t finds such & Uroad application for industrial and military requirements,
but 1t also is a model anisotroplc oxide.

The work is divided into th-ee categories; 1) Deformation studies on
high purity alumina. Powders having a reported purity of 99.9995% Alp03 were
fabricated by vacuum hot pressing to dense 0.8 micron billets. Thorough
chemical and microstructural charscterization preceded deformation studies up
to 124 strain in the 1300-1450°¢ range. The results are compared with
similar studies .. 57.9% AlpO3 + 1/4% Mg0. 2) Press forging elumina. Micro-
structure and crystallographic texture control by press forging techniquee
was studled. The low and high temperature fracture strengths of uniform 8
micron grain slze Al203 + 0.1% MgO were determined, and new information was
gnined on the operative deformation and recrystallization mechanisms. 3) Stress
corrosion of magnesium oxide. Studies were made to determine whether
corrosion was intrinsic to polycrystalline MyO or strongly influenced by
impurity phases. Also, tests were conducted in 1 M dimethyl formamide which
1s known to affect dislocation mobility in MgO to determine whether a
mechanical or chemical model of stress corrosion applies.

I1. DEFORMATION OF HIGH PURITY ATLUMINA

A. Genersl

There 15 general agreement that property measurements on single and
polycrystalline ceramics have to date reflected extrinsic behavior. Further-
more, the lack of sufficiently pure specimens has made 1t difficult, if not
impossible, to unequivocably separate structure-sensitive from composition-
sensgitive properties. DPTroperties sensitive to point defects such as electrical
conductivity, diffusion and hardness sre thought’to be particularly sensitive
to composition. For example, Aust and Westbrookil) have found that grain
boundary hardening 1s associated with impurity-vacancy interactions. There
18 conslderable evidence that grain growth rates are impurity sensitive. Also,
1ine defects and thelr response to imposed stress are known to be dependent
on impurities. These facts lead cne to anticipate an effect of chemical
purity on the mechanical properties of oxides. 1In particular, it is expected
that the plastic properties of oxides wiil most dramatically show the
dependence on purity. Coneequently, the current effort was a study of the
deformation behavior of vacuum ?03 pressed high purity high density Al203.

For comparison previous results{?) on moderate purity (99.9%) Al203 + 1/2 w/o
Mg0 will be introduced and review:d.

The 1-2 micron grain size A1203 + 1/k w/0 MgO was very ductile in the
1300-155000 range. The steady-state flow stress was very sensitive to strain
rete with valuee of 0.6 - 0.7 for the sirain rate sensitivity, m in the
relation:




G- = Ke " (1)

wherr & 18 the stress, € the straln rate and K & materlal constant. A
8trong g¢rain size dependence I1T the relation

™
[
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N
g
e s

2
where ¢ 1s the grain size. As much of the earlier( 13,4) work by others

had interpreted their results by the Nabarro-Herring diffusional creep
relation:

e = _1.3_-_3___..213 g (3)
KT G

where D 18 the diffusivitly, »&- 1s the vacancy volume, and kT have the usual
meaning, attempts werc made to correlate the behavior for the hot pressed

fine graln materisl with the earlier studies. However, the strein rate
dependence for the 1-2 pm material clearly indicated a behavior that was
distinct from pure diffusionsal creep. As the grain silze of the material was
increased up to dem (the 5 pm material was MgO-tree) and then to 10 microns,
m valuec Increased to about 0.8 - 0.9 which was taken to indicete a transition
to a diffusional creep mechanism.

The deformation mechanism that was thought Lo dominate at low grain
slzee was grain boundary sliding. This was supported by microstructural
cvidence for displaced triple points. Alsc, electron microscopy of thin folls
showed dislocations at some of the boundarieg on which sliding had occurred.
It was concluded that the actual boundary sliding process was non-Newtonien
(m ¢ 1) involving dislocations in some manner. Grain boundary sliding
requires some sort of accommodation. This process was not identified, but
1t probably included diffusional creep ard grain boundary migration. Some
twinning was seen providing accommodatlion at pointe of high stress concentration,
i.e., triple points. There was no positive evidence thst dislocatlon slip
had contributed to the necessary shape changes.

Very recently on & concurrent program(s) thie same material was tested
in reverse bending with up to 6 cycles and 484 total strain. After the
first cocuple percent of strain a rather strong work hardening was apparent )
(in the earlier work specimens were only strained to 2%), and the rate of i
vwork hardening increased with each cycle. Also, a very strong Bauschinger '
effect (lower yleld stress on reversal of strain than maximum stress at
unloading) was found which tended to diminish in magnitude with successive
cycles, In addition, a yleld phenomena similar to that observed in "strain
aging" and the more classic yleld drop was occasionally observed. The
Bauschinger behavior was partially rationalized in terma of the relief of
stresses at triple points and other cbstacles to grain boundary sliding upon
reversal of this sllding. This work 18 not yet complete, thus the explanations
are tentative and concluslons have not yet been drawn. However, the data 1is
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repeatable and will be checked in the tension and torsion mode. Thus, the
work to be reported on high nirdty Alp0y dneludes the affaat of ntoady-siats
(within 24) flow ntress on strain rate and behavlor on reverse loading at
high streins st several temperatures.

B. Material and Procedure

1. Hkaw Material
e TEGELIOR

One lot of “1E€ ?3rity Alp0y wae employed in thls study.* This
lot had been previously'®s characterized and the fabrication process
optimized. The necessary apeclmens were vacuum hot pressed by the process
developed.

2. Test Procrdure

Samples with different cross-sections (0.0SO x 0.125 or 0.030 x
0.070 inches) and 0.875 inches long were tested in L-point bending. A
molybdenum resistance furnace and argon test environment was employed. The
bend fixture was conastructed from TZM and chemically polished sapphire
knife edges were used (extenslve testing with e varlety of candidate materials
demonstrated these to have superior sliding frictional properties). A
tungsten strain weasuring probe (referenced to the lower knife edge block)
wag coupled with a LVDT and recorder for strain and strain rate meusurements.
Considerable care was taken to eliminate spureous loads or bellowa friction
problems. Both load and deformation were recorded separately versus time.
Machined specimens were cleaned in HF+HNO3, Hz0 and ethanol and handled
only with teflon tweezers or while vearing white gloves.

The normsl practice was to strain the specimen to the limit of the
bend fixture (5% for the 0.050 x 0.125 cross-section and 2.5% for the
0.030 x 0.070 crosa section) at a constant strain rate. Several tests were
conducted by changing strain rate once steady-state stress (within the 2%
limit) was reached. A number of te sts were conducted in reverse bending;
that 18, once the limit of the bend fixture was reached, the specimen wasg
cooled, turned over and agaln bent tc the 1imit of the device (because of
the specimen curvature twice as much strain wes obtained during the second
and subsequent bending experiments ).

Considerable care was taken to monitor mlcrostructural changes
after the test. Replica electron microscopy was performed on each specimen
before testing, after each cycle on both tension and compression surfaces,
and on elther the fracture surfaces or a subsurface section (1f fracture did
not occur). The latter check was only obtained after the final bend of a re-
bend specimen. Unstrained control samples were also replicated after each
test cycle.

* Tot 55578 supplied by United Mineral, Distributor for Johnson-Matthey
with a reported purity of 99.99954 Al203.




. Raaul 5 and Discuaaion

1. Chemical Characterlizatlon

Over the past several veara(6 9 thia ot (9557R) o Alp0s has heen
analyzed Ly emlassion spectroscopy, plasua source mnss upecuroscopy and
spark source msss spectroscopy. In this current period spark source mass 5 H
gpectroocepy wald uscd almost eAcliuslvely.® Carbon and riuorine were determined '
by fusion and wet chemlcal technique, respectively. One sample which had
been previocusly analyzed was resubmitied as a cross reference to the old
analysis. The other mampies analyzed were the high purity powder - 55578, a
vacuum hot pressed sample produced from this powder ~ 1368 AP, a bend bar
machined from thes same high purity sample after having been tested at 1350 C -
1368-1, and a vacuum hot pressed sample (using the same precautions as
employed for tue high purity Alp03) produced from Linde A Alp03. These
analyses along with the previous analysls on Sample 1331 are 1listed in Table 2.1.

Keeping in mind that the reproduclbility for masss spectrography is
approximately + 50% the agreement between analyses of 1331 is quite good
for mos% elements. However, the discrepancy in the second analysis was
considered serious for the following elements: Cu factor of 4 higher, Ni
factor of 4 higher, Ca factor of 2 lower, S1 factor of 2 higher and Mg factor
of 5 lower. Interference with other peaks makes Mg analysis difficult, thus
it 1s thought that the lower Mg figure represents the correct value for both
samples. In the case of the other discrepancies it is not known which value
to believe. It 18 apparent from considering the analyees for the other
high purity samples that No. 1331 was contaminated at some point in its history.
This was the second sample, produced in a new Poco graphite die and as such
it may have picked up some impurities from the die. (Care was taken to clean
the die and it was outgmssed at 1700°C prior to use). In any event Sample
1368 which was pressed 7 runs later was a factor of three lower in detected
{aprrities.

The analysis of the 55578 powder and the two 1368 samples exhibit
some interesting trende. Turing hot pressing the followlng lmpurities are
picked up: K - factor of 3, some 51 and Na - facior of 4. These three

~elements, of course, are very coumon in cur universe and probably Just very

hard to keep out of any system. (Because the C analysis was done two different
waye it is not clear 1f C is picked up or lost during hot pressing.) It is
interesting that some (1l is expelled from the powder during hot pressing

and an even greater quantity i1s lost in the aunealing of the individual sample
during the high temperatire test. It is perhaps equally significant that S
and F were not rejected from the system during either hot pressing or the

M gh temperature test cycles.

The analysis of the Linde A derived Sample 1420 was quite interesting
in that only 2 times more impurities were detected compared with the high
purity sample. The principle differences were; factor of 100 higher B, factor

¥ performed by D.C. Walters and E.R. Blosser, Battelle Memorial Institute,
Columbus, Ohio. :
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of 2 1/2 higher Na, lower Mg, lower (1, factor of 2 1/2 higher X, tactor of
2 higher Ca, factor of % bigher re end 40 ppmw Ga. Thus, thie particular
powder lot of iinde A was quite pure, and 1t ia apparent that by uvsing
careful processing techniques this purlty can be mailntained.

Bagleally three techninues have heaen need over twun resrs 40
analyze high purity Alp03. In general, emlssion spectroscopy showed the
85578 powder to be much higher purity than either of the mass spectroscopy
techniguas. The vrecisicn on the mass cpeootroscopy technigue 1s guoted to
be + 300%, and emission spectroscoplsts will usually mention a figure of
+ 250%. Using these figures the authorse have reviewed sll the analytical work
cn 85578 alumina over the last 3 years and produced a conservative (with
respect to claiming high purity) estimate ot the ilmpurity concentration
both in the as-hot pressed and annealed condition. These values shown 1n
Teble 2.2 total 305 ppm iwpurities after hot pressing and 120 ppu after a
sultable anneal to reduce C, Cl and perhaps F and N. The cation impurity
concentration alone was 80 ppm after annealing.

The plasma source mass spectrographlic work demonstrated another
important fact concerning the chemical nature of this materisl. Impurities
are inhomogeneously dispersed throughout both the powder and the hot pressed
sampie. This means that it is quite poseible to encounter areas that arc
very clean as well as quite contaminated with respect to the above analysis.
Iittle 1s known concerning the size or concentretlon of these pockets,  This
condition 1s probably quite general in other Alp0O3 bodles. Rasmuﬂsen(al
demonstrated that they exist in Verneuil grown sapphire and furthermore, that
up to tive zone refining passes are required before the sample becomes
homogenized.

2. Consolidation

Coneiderable care was taken in dle cleaning and powder transfer
operations. All operations requiring cxposed powder were conducted within
& glove box. The precautions to prevent contamination have been described in
detail previously.??)

Table 2.3 lists the hot pressing conditions and results. All
samples were l-inch diameter by 3/16-inch thick. The fabrication cycle had
been deteruincd in the previous program. The only difference was that the
time at tempersture and pressure was reduced from 20 to 10 minutes. The
purpose of the change was to reduce the grain size; however, no slgnificant
change was noted. The density of the fabricated samples all fell within the
99.6% to 99.9% dense range. The samples held for 20 minutes at temperature
were all closer to the 99.8 - 1004 dense range.

The samples that were machined into high temperature test specimens
underwvent extensive microstructural examination. Electron microscope
techniques were used to measure the grain size on each test specimen. This,

o? course, gives a measure of the uniformity or lack of it within a hot pressed
specimen. The average grain intercept for specimens from 1404 were 0.80 +

0.05 ym indicating & uniform normal grain size distribution. Figure 2.1
11lustratez a typlcal structure.

mtm
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HIGH PUR1YY ATUMINA IMPURITTY CONCERTRATION

A8 Pressed
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0.3

3
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10
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10
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10

10

10

Total 30L4.8

Annealed
) i

0.3
1.5

10
1
5
20
10
15
1
15
10

10

10

121.3
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APLE 2.3

HIGH_PURTTY ATUMINA FABRICATION

Graln

Run Teup. Precogure Time Nemnt by Intarcent
Number °c Kpal min. gm/cc microns
1352 2hoo 15 il 3.975 .75
1358 1400 15 10 3.980 0.81
1368 1400 15 10 3.977 Q.75
1404 1420 15 10 3.984 0.83
1410 1hoo 15 10 3.97h 0.83
117 1400 15 10 3.971

1419 1400 15 10 3.980

1h20* 1400 15 10 3.969

% uinde A puwder

3. Deformation Behavior

a. Ana&zais

The analysis of the load-deflection data for plastic bending
requires consideration beyond the elastic analysis. This results because
the flow stress 18, 1n generai, a function of both strain and strain rate, and
is not necessarily linear through the beam, thus invalidating the elastie
stress analysis. When the stress i1s independent of strain and is linearly
proportional to the strain rate, as in diffusionsal creep, t?e stress distributicn
is linear in the beam and the elastic equation may be used. 9)

A procedure has been developed for determining the stress-strain-
strain rate relations for materials which strain harden and are rate sensitive.
This requlires the measurement of the bending moment as a function of deflection
and deflection rate and the determination of the outer fiber stress from
the relation:

g “;;%*[2+nb+ mb] (¥)
wvhere o -{jij:;: )¢5 (5)

= * (23 ©)
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Flgure 2.1 Ground Surface Showing Sterting Microstructure
of Test Specimen 1LOL-6 with Average (xain
Intercept of 0.83 Microns.
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where M Lg the bending moment, ¢@ the angle of ineclination of the neutral
axls of the bean (proportional to the deflection), g‘ the rate of change of
¢ , und b and h ere the width and dopuh of the beam. ‘The strain and
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conglderations. During & test the load and the deflectlon are continuously
recorded versus time and the "outer fiber" stress-straln, and straln rate
are calculated from this data. In general, a series of conslant rate bend
tests are made from which the desired relations are calculated.

b. Teot Results

A number of specimens were deformed at a constant strain rate
through the test. Flgure 2.2 1u sn exsmple of a reconstructed (from the load
and deflection versus time curvee) moment, M versus straln rate curve where
every attempt was made to maintain e constant € . For convenience the
approximate stress calculated from the elastic formula is also shown. This
particular speclmen wen reversed after reaching the strain llmits of the test
fixture. During the reverse bending cycle the load was removed and the
sample annealed for 5.45 minutes prior to reloamd for continuation of the
test until fracture occurred at about 9% strain. There was & s8light strain

rate variation during the test as noted on Figure 2.2 for specific points of
the test.

There are e number of Interesting features of this test. Unlike
most of the other deformation tests on Al203 1t was difflcult to identify
anything approaching e steady-state stress, However, most other studies ;
atopped at 2-3% strain. Therefore, it was decided to identify any nearly Lo
level flow stress within 1-2% strain as the "steady state" stress. The ;
point used for thie test is designated in Flgure 2.2. From 2-3% strain a
small amount of strain hiardening occurs. Upon reverse loading a pronounced
Bauschinger effect is apparent in that the flow stress does not Immediately
reach the level at which it left off in the first cycle. Strain hardenlng
continues st a rate sbout equivalent to that in the 2-3% strain range. After
the mid-cycle anneal the specimen loaded very steeply to about 0.8 of the
previous flow stress and exhlbited what appears to be a yleld phenomena.
The slighbly lower strgin rate during this reloadlng wves unfortunate, but
assuming =X e© only a 500 psi change in flow stress would be noted.
Thus, the hOOO psd lower flow stress appears to be a real result of the
anneal. After nearly 1% of a fairly level flow stress a much steeper rate
of strain hardening occurred until what appears to be non-catestrophic failure
led to three stress miniwma prior to failure. Consideration was given to
thegse minira being caused by s test related phenomena such as knife edge
8liding, etc., hut to date they have been observed under a variety of
conditions. The interpretation of thls curve will be given after the remaining
mechanical and microstructurael data is presented.

Flgure 2.3 shows a second reverse bending experiment. This
specimen was reversed twice to give a total strain of Just over 12%. During
the second cycle a problem in the recording of load wae encountered so this
data was not plotted, but the strain given the sample was teken into account.
Both the temperature and strain rate were lower than the test plotted in
Flgure 2.2, The steady-state flow stress covers s L.rger strain interval and !
is somewhat flatter than the higher temperature test. The third cycle
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exhibits an apperent hlgher yield stress than the firat cycle and what

appears to be a slight yleld strems drop. This 18 followed by a very steep
gtrein hevdening rangs. owever, siilier a yield ur wicrofeilure mecnanism
caused a flow stress drop of about 5 Kvsl. Strain nardening agaln occurred up
to the flow stress previously obtaincd. Al thls point the test was teruminated
aue to the strain limlitevions of the test flxture.

e e r—

‘lILllllIlllllllIlIllIIIIIlIlllllI-IlllllllIli-illllluuuaunlll---u-------n-i-------i-uu-u-innnuusnuunuu;-unuuuu;;uuuummmmwuwm&mmmmMMMMMm

Figure 2.4 1llustrates a change of rate test conducted at 14000g.
Each plateau iu the flow gtress versus straln curve was obtained by
successlively ralsing the strain rate. 'The stralrn rate was not constant
during the first 1% strain, but the flow stress at a gpecifilc strain and
strain rate was identified and plotted in the flow ' -ss versus strain rate
curve {Figures 2.5 and 2,6). Strain rates were qulte constant during the
next three intervels of gstraln rate as were the flow streeses. "The specimen
fractured soon after the highest strain rate was imposed. The flow slress
wag nearly level so thls point wes also plotted.

The steady-state stress (using the elastlc, 3 Pa, stress
bhe

celculation) from the first 29 strein was plotted versus straln rate in
Flgures 2.5 and 2.6 for tesis at 1300, 1350 end 1400°¢. Tests were conducted
at 14500C and 1480° but flow stresses of sbout 30 Kpsl at €s of 4-5 x 10~
Indicated that some mechanlsm, presumably grain growth, had hardened these
specimens beyond the expected range for these temperatures (flow stress was
~oughly equivalent to the 1300°C tests). Electron microscoplc examination
showed that growth from 0.3 pm to 3 ym had occurred during the 1450°C tests.
Thus, the lower tempersture tests wure chosen to compare with the lower purity,
"standard" AJp03 + 1/4% Mg0 tests.

The scatter in the tlow stress versus strain rate curves was
much greater for the 1L00°C date thsan the lower temperature tests. Because
of the grain growth observed at 145000, grain growth was suspected as a
contributing factor to the scatter, Tenslle surface rcplicas from the
Individual +est speclmens failed to show the occurrence of significant grain
grovth. (Average grain intercepts of 0.8 + 0.1 ym were obtained and these
were within the scatter band of average grain intercepts of the starting
material.) Fracture surface replicas revealed that some grain growth had
occurred below the surface. The internal grain size was not determined for
all of the samples, however.

Sample 1hOk-L-2 which was the sample tested in reverse bending
had a post-test matrix exhibiting essentially & 1.50 pm average grain
intercept (Flgure 2.7a). However, localized areas showed patches of U4 and
5 pm grains (Figure 2.Tb). The entire specimen cross-section was examined
and these locel ereae of =xaggerated growth were distributed throughout the
gsection,

The time-temperature history above 1200°C was recorded for all
but a few of the 1400 C test specimers. The area under the temperature-log time
curve was intergrated and recorded on Figure 2.6 in ertibrary units in
parenthesis next to each data point to glve a qualitative comparison of the
thermal cycle each specimen received. It will be noted that the higher
numbers correlate with data points farther from the best stralght 1line while
low numbers lie below the line, Thus, the argument that a small smount of

grain growth prior to obta-.iing steady-state flow accounts for some of the
scatter appears reasonable.
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Flgure 2.5 GSteady-State §treus rromoFirst 2% Strain versus Strain Rete for High Purity

Alp03 at 1300°C and 1350°C.
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Figure 2.6 Steady-State Stress from Firei 2% Strain versus Strain Rate for High Purity Alp03
at 1400°>. Associgted with each peint is the integrated thermal cycle in degree-

minutes above 1200 C for each specimen.
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#691247 a T500%

Flgure 2,7 Fracture Surface of Specimen 140L-4 after Two
Bending Cycles and 9% Strain at 1400°C, a) Showing
Characteristic Structure of Major Portion of
Cross-Section and b) Isolated Areas of Large Grains.
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¢. Comparison of Two Alumina Bodles

The strain rote sensltivity, m, from Equatlon (1) 1s also
nstsd on Flewse 2.5 and 2.6 (vetween 0.70 ana 0.03) for the nign purivy
alumine (to be designated 4P alumina). Theoe sre to be compared wlth
m = 0.66 at 13000C and m = 0.61 at 1400°C for 1.1 am AloOa + 1/b% Ma0 (to
be desigoated standsrd alumina). An increase in m to 0.8 to 0.9 wes noted
in the standard alumina data with incremsed graln size to S5 to 10 pm. This
was previcusly intervreted as being due to an ineressad diffueionsl creep
contribution compayed with a competing grain boundery sliding mechanism at
1-3 pm grain size. Thus, it is of considerable interest that such high
values of m were obtained &t sub-unlcron grain sizes.

l

B
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The HP data 18 best compared with the standard alumlos data
by comparing the measured strain rete at a given flow stress. This 1s
11lustrated in Flgure 2.8 at 10,000 psi. 1In the earlier work 5000 psi was
the flow stress used in the extrapolations. However, in the temperature-
: strain rate range used for the present work there were no fluw stresses

i measured this low so large extrapolations would be requlired. Thus, it was

: useful and perhaps more accurate to compare straln rates at a flow atiress
vhere actual data was gathered for both materials; 10,000 psi¥., The 1300%
and 1350°C polnte for the HP material were lower, but parallel with the
standard Al1p03 Jine. The 1L00OC point fell badly off the line representing
a significant reduction of strain rate or hardening. It has already been
mentioned that grain growth was suspected as causing scatter in the 1400OC
data. It is aow further stated that grain growth probably caused the
apparent hariening of the 1%00°C datea point in Figure 2.8. The assumption
was made that this was the case and that grain growth from 0.8 pm to 1.1 pm
(measured on one fracture surface for a one-cycle 1400°C test) occurred prior
to the eaiablishment of a steady-state flow strese. TFurther, 1t was assumed
that € .. K 5 o found for standard alumina and an adjusted & for
10,000 psi was found. This point is plotted in Flgure 2.8 and it can be
seen that the 1L000C date now fits an extrapolation of the lower temperature
data. This, together with the observed growth, lends credibility to the
assyaption and calculation.

The effect of grain size can be factored into the comparison
Ty plotting strain rate at a single temperature and flow stress versus grain
sige EFignre 2.9). The curve for standard alumina was tuken from previous
work (a different fiow stress and temperature were used to reduce the
chance of =rror in extrapolation). The lower creep rate for HP alumina stands
out in this comparison with the HP alumina glving an effective creep rate of
~» 0.2 the standard alumina at equivalent grain sizes.

The activation energles are indicated on Figure 2.8. The fact
that HP AlpO3 had a lower activation energy seeméd to correlate with a trend

¥ The Alp03 + 1/44 Mg0 flow stresses were calculated by the relation %%2"(2 + m)
whereas the present data was celculated from the elastic formula 3Pa . To

: facilitate comparison to the Al203 + 1/h$ MgO data was increessed 552'{0 compare
. with the HP data. The correction involved about a 13% change in flow stress

and sinmply rendered the comparison more accurate.
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Flgwe 2.3 Struin Rete for 10 Kpsl Flow Stress for High Purity and
Stendard Alumina as a Function of Temperature.
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observed in the prevlious study.2 plgure 2.10 ahows the observed activation
spergles ag a fuuction of graln alze. Alao plotted ave metivatlon energles
Mow T, 13 ond 3% pm grain eize Lucalox deterrined from the data of Folweller,3
at a stress of 5000 psl by the same technique ae in Flgure 2.8 (Ths 10 jm
Lucalox was meadured by Heuer and (‘annon.2) There ism a menexsi trend for
Increasing activatlon energv with increasing grain size. The data for th=
Coors AlpOq does not support the trend. There were many cther features of
the deformation behavior for thia meterial that d1d not coryvelate with Lhe
other materials tested, thus it is not surprising that the activation
energies fell off the line. Felweiler stated that the 7 pm Lucalox underwent
sowe graln growth daurin;; the testing. This growth would contribute the
apparent Jow (with reapect to the line) value of activation energy since

. there would be a larger greln slze at each successive temperature.

The activation energy was plotted versus the temperature
iuterval over which the data wes gathered. It can be stated fhat there was
sufficient overlep that the apparent activation energy is not a function of
test teuperature. - .

] The Alp03 creep giudies performed by others lLave been anclyszed
by the Nabarro-Herring creep equation (3). For comparative purpodes, it
was instructive to plot the HP alumina data on this curve (Figure 2.11) which
also snuws the lattice diffusion coefficients. The AP data were only
alightlg-below the line ;cpreaenting the bulk of the data in the previous
atudies= eud the data of Folweiler.2 The actual data points lie below the
- standard alimina data as expected from the relstion shown la Flgure 2.9.

Because of the trend toward decreasing activation energy
with decreasing grain size it was important to consider the Coblelt treatment
of the Nabarro-Herring model based on boundary diffusion:

¢ . brawmy {7)
I

vhere w is the bourdary width and Iy the boundery diffusion crefficlent.

The combined foctor wDp 18 shown in Figure 2.12 with creep
dal.a analyzed in an identical manner and wDp factors firom secondary grsin
growth atudies by Mistlerl? initia sintering kinetics bty Johnson and
Berrinl? and creep data of Cuang.1% The line for the HP Alp(3 was quite
digtinct from the stendard Alp0y which 1s probably s result of both increasing
purity and the lower grsin size.

d. Mircrostructure Study

A5 already mentioned extensive electron mlcroscopy accowpanied
the deformation study. Flgure 2.13 1llustrates the surfuce otructure of
Sample 14O4L-l and a control sample after the first and secord cycle of
bendirg. The stresi-strain curve for this sample 18 shown in Figurc 2.2.
Figure 2.13 a and b illustrate the difference in the tensile and compressive
surfece ofter only 2.84 strain. The tensile surfsce (a) shows rounded
grain surfaces aud boundaries. There are reglions (arrow; which show

o e e e e e BT
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Figure 2.11 Diffusion Coefiicier ts versus Reciprocal Temperature for
3everal AlpO3 Bodier.
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Flgurz 2. 33 Surface Stiuct.re of Sample 1L40Ok-U Tested gt 1%00%¢;

a) Tensile and b)

Sample after 2ngd Cyele, and d] Tensile and e) Compression

after 2nd Cycle.
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epperent double boundaties and many triple polnts haviug dlhedral sngles of
£ ¢ 320°,  Theye are n few slngularvities of unknown origln on the suriace.
fhe zozt ~vomiueni featw: e of the compreasive surface (h) 1s the high
conceutration of elnmularities. When theme wera notAd eerly 1in the teating
program & molybdenum sleeve was positioned between the testing cage and

the furnace to prevent potential impurity vapors from entering the testing
@6ll, This 414 0ol preveui Lhe vccurrence of the singularities proving thas
elther the singularitise were not of an lwpurity vapor orlgln or that the
sleeve was not an effectlve barrier for the source (the ends of the eleeve
were much colder than the hot zone, thus lumpurities ccming from the hot zone
of the fuinace should have condensed). The prain boundaries of the compresslve
surface (b) look somevhat more angular and less.regular than those of the
tenslle surface. A marked change in surfaze utructure occurred durding the
second cycle of bending, The new compressive surface (e) which, of course,
vas the tensile surface (u) in the first cycle developed a structure quite
similar, but perhaps somewhat more angular and disturbed than the original
compreasive surface (b). A hlgh concentratiocn of singularities developed
and several heavily disturbed triple points (arrows) are apparent. The old
compresaive surface which became the tensile surface (d) during the pecond
cycle developed a structure vnlike anyof the other three strained wurfaces.
A very angular within grain structure developed having ac maay a3 three
principel orientations within any glven grain. This structure is quite
different from thexrmal etching which normally shows only two or perhaps &
curved ledge develcpment, Further, the grain bounderies are much lesa
distinct than in the other surfaces and many of the features such as double
boundaries and the unusual triple point structure alresdy pointed out are
apparent. The rounded singularities which were obeerved on this surface in
the compressive wode are no longer apparent., This suggests thet the 8inguleri-
tles are not lmpurity phaeses but some etching phenomena that is free to
develop under stress free or compressive surface atrespes, but not tensile
stresses. Point defect clusters, impurity centers on dislocations might
react in this way. The control surface {c) shows a significant population of
the singularities, some thermal c¢tching and at least one area that looked
like a double boundary (arrow) similsr to the worked surfaces. In general,
the boundaries were distinct and triple points regular with 120° angles,

Righ magnification examination of the strained surfaces

revealed detalls of the features already meationed plus several »~ther phenomera.

Flgure 2.3l shows a good example of the wavy double boundary at position (4).
This type of boundary is ouggestive of extensive shear £s typified by
dislocation interactions with grain boundaries followed by the devolopment
of grain boundary dislucations. Another posalbility in boundery migration
with both the 0ld and new boundary positions being thermally etched. The
displaced triple pdint at (B) is suggestive of grain boundary slidinz (GRS).

Figure 2.15 is a compressive surface and shows the apparent
developwent or ghost of a 0.25 Jm grain structure within a 2 Jm grain.
The structure covld be caused by either polygonization after dislocaticn
developwent or by the etching of a relic frow the grains or powder during
development. Figure 2.16 illustrates another example of sub-grains (A). 1In
this case they appeer to be mssoclated with an irregular triple point, and
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Figure 2.14 TensileOSurface Structure of Sample 140L-1 Tested
at 1350°C Showing Double Boundary (A) and Triple
Point Offset (B).
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--creaep or slternatively shear are requiied %o relleve vack stresses et triple

.20.

atrongly suggest that they result from polygonization resulting from the
extensive shear sgaociated with this deformed triple point. Also shown in :
this {igure are gevarai broad Loundarles and what appeara to ba & triple !

~m_ _ 2 —ae o
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The vccuvrence snd digappesrance of slngularitles as mentioned
uvsually corresponded wilth atreaa-free or compressive surfaces. However,
exceptions were found in this general view; and Flgure 2.17 1llustrates cue
example found on a tensile surface. Thus, 1t must be stated that the
explanation of the singularities besed on etching of a structural feeture
may be incorrect.

The clher feature that has not been irnterpreted is the "within
grain” lines ghown in Pigure 2.13 4. Meny lines Intersect st approximeutely
a 600 angle. One possible interpretation 1s that they are slip treces.
However, this i1s thought to be quite a radical explanation especially aince
the crystallography and known alip systems in alumina would focus on rhombohedral
allp, a secondary slip system in slumina. The lines may be a resul’ of
thermal etching although the authors have not previocusly obsexrved thes:
features in thermally etched surfaces. It would appear that a concluaive
explanation must awalt transmission electron microscopy of the surfaca grains.

e. Discussion of the Comparison Between Alumina Bodles

The lecreased creep rate (at compsrable temperature, flow stiess h
end grain size) and increased rate comstrat fo1 hish purity alumine ccupared :
vith moderate purity Alp03 + 1/M My( probebiy m—= f.terrelated. iy /=
thought that non-Wewtonlian GBS 1er the p‘rigcim csuge of m { 1, tue predicted
value for diffusional creep. Recent work” on Alpd3 + 1/44 MgO ..5giats tiet
dislocation motion may piay & more significant role Luan preilously thouant

in moderate temperature creep of alumina. Both microscruc ural .end strear-
strain evidence for dislocation multiplicaticn, inteiactiosn and locklag

were obtained at high strains. This, of courass, suggeacs -hat dislocation
effeets are an alternative expliensticn for the low m vaiue in the fine-grein:d
A1,203 + 1/% Mgo. It is also uhought that there is & alffunional ccaponent

to creep. In fact, diffusional creep r=guirea sane GBI to el’uw titc process
to continue. Conversely, if GBS 1z the douinanc wechirizi, come difrfusional

poriat intersection etc., and allow homogeneous flow.

. Thus, the distinctive effectes on creep by the alteration of
chenistry probably result from a decreased importence of non-Newtonian GBS
in FP alumina. It 1s reasonsble to predict that a marked redusiion of
impurities or Mg"a in the grain boundary "reglon” would meitadly reduce the
ease of GBS. This would shift the competing (or cowpliment~ry) mechan.sm:
of creep toward the diffusional creep aslde glving the observed nigher m value.
One alternative explanation based on a dislocation model for creap involves
the ease of dislocation multiplication or generation et grain bourdary ledges.
The high boundary mobility in HP alumins would absorb éislocation sovrces
giving the observed increase in m value. Again, this wouid shift the controli-
ing mechanism tovard diffusional creep. Arguments couid be ad-anced considering
a shift from extrinsic to intrinsic diffusional creep control with ircreasing
purity and resulting in decreasvd creep rates, but these are not reguired to
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Figure 2.16 Tensile Surface of Semple 1358-1 Tested et 1450°C
Showing Apparent Polygonlzation Associated with
Triple Point Irregularity (A) and Triple Point
Offset (B).

- #691237 500X i

.o Figure 2.17 Tensile Surface of Sample 1404-6 Tested at 1400%¢
' Showing One of Few Fxamples of Singularities on
Tenslle Surface.
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F1t the data (although 1t is possible thet intriusic diffus’on is operatlve).
The aiuple fact that creep rates arve redvced together with sn Incrzese 1n m
suggeste thet diffusional creeo per se is a olGwer brovess. end by
eliminating the ease of G, or dislocation multiplication, diffusional
creep bacomes the dominant mechanism.

These findings are in conflict with thoge of ngeon and
K‘ingeryll wiio found & constant creep rate for increasing Mgt< from 1 to 20 pgm
aod then a decreaming creep rate with iucreasing concentration rfrom 20
to 2500 ppm. Theg Anterpreted thelr results as diffusiocual creap and cexplained
the effect of Mg* on the basls of *ts effect on the diftusion race, Thelr
material vas > 10 jm grain slze so tnat higher m values would be exp:2cted
to be obtained (the previous studies by Heuer und Cangon found increasing m
values above 5 ym grain size). Th- s, by altering Mg'“ concentration at
"large grain sizes they were apparently affecting diffusion ratee whereas by
varylng Mg*a and other luns at small greain sizes, we were apparently causing
~ a shift in controlling mechanism from GBS to diffusion.

The lower activation erergy with decrearing grain alze probably
is ceused by the increased importence of grain boundery diffusicn control.
In most syatems, where graln boundary diffusion rates have heen measured,
the activation cnergy is lower for grain boundary diffusion than lattice
diffusion. Also, the € ~ G 2'5 dependence is midway between :hat
predicted for lattice diffusion controlled creep € ~ G2 and b
dirfusion contiolled creep € ~ G-3. The HP Alp03 grain houndary diffusion
curve fell below the standard and larger graln AlpUg and alsv egreed quite
micely with the line by Chang for creep and Mistler for secondary grain
arovth. These four facts combined with the marked increase 1n grain boundary
ares with decreasing grain size led to the asserilon that the cause of the
observed relations ie a shift toward grain boundary diffusion  control.

This =xplanation does not specificaily ueau that a grain

boundary diffusional creep model 18 envoked for both grades of fine grain

. Deformation mechanisms such es GBS or dislocation motion certainly
' re diffusion for accaumodation, perhaps diffusion around a ledge, or
climb. Thus, the decreasing activation energy with decreaslng grain size
is thought almply to be caused by the ever increasing lmportiance of grain
boundary diffusion for any one of the three major deformation processes. It
generally would be expected that dislocation mechanisms such as climb over
cbetacles would be controlled by lattice rather than boundary diffusion;
however, the indications of dislocation activity seen to date are intimately
related to the behavior of the grain boundariee and so should also reflect
such a change in the diffusion process. Therefore, it 1a concluded that
the affect of increased purdty at these fire grain sizes has been to shift
the controlling mechaniem somevhat awvey from non-Kewtonlan GBS toward
diffusional creep.

f. Discussion of Deformation at High Strains

At straZns above 2%, strain bardening to flow stress as much
a8 3 times the "steady state stress" occurred. Grain growth during test
1s one possible cause of apparent strain hardening. 1In fact, calculations
of predicted flow stresses for the cbeerved grain growth in Sample 140L-4
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(#igure 2.2) indicated that virtuelly all of the strain heardening could !
be accounted for hy thia mechaniawm = Hoesyer, 10 35 thioupgul uimi LDis
mechanlsm 18 too simple In view of the complicated shape of the stresa-strain

curve and microstructural evidence for structural altevatlons as a result
of shrelu.
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The Pauschinger effect (Flgure 2.2) ia typically explained
as being a result of easy dislocation flow in the reverse direction of that
experienced in a previous cycle where djslocation impingement on e barrler
such a8 & grain boundary caused hardening. Such behavior can be partisally
rationalized in terms of relief of stresses gt triple points and other
obstacles to mliding. This 1s thought t0 be the ceause of theg arelastic re-
covery which has been observed after creep of BeO and A12031 . Bowever,
grain growth would not give rlge to this atfect.

After the anneasl in the middle of the second cycle in test f
140k-4 (Figure 2.2) a rather sharp apparent yleld stress was observed. Also,
the flow stress was lower than that observed Just prior to the anneal. If
grain growth was the cause of the hardening the lower flow stress would not
have been observed. However, polygonizetion or partial annihilation of
dilelocation structures at grain boundaries would have softened the material.
It woald also have mllowed the observed period of steady-atate stress prior
to the resumption of strain hardening. A similar sharp yleld point was
observed in the test 1llustrated in Figure 2.3 with a short interval of easy
flow prior to & very steep rate of strain hardening.

The microstructural evidence fur wavy and double grain boundaries
together with evidence for polygcnizetlion also support the view that dis-
location flow, locking, multiplication and polygonization are 1nfluential
in the extended strain region of fine-grained A1503 deformation.

Microastructurel evidence for grein houndary sliding was
also evident, thus the role of GBS in the high strein regime must be consildered.
GBS could be the major deformation mechanism rejuiring diffusion or dis-
location flow for strain eccoummodation, or GBS could be the secondary
process required by the other processes as already mentioned. But, consider
thé possibillity that GBS 1s the msjor deformation mechanism. The Bauschinger
effect noted in Figure 2.2 could e explalned by a reversal of GBS as well
as by a dislocation model. Thus, 1t 18 not possible at this time to
determine the relative contributions of the three principal aeformation
mechanisms, but this work supports the view that diffusion, sliding and die-

location flow all play & role In the deformation of Al203 to high strains
in the 1300-1450°C range.

The failure of Alp03 in the moderate temperature range apparently
i8 less catastroplhic than previously thought. The occurrence of three
flow stress reductions prior to failure in Figure 2.2 is a dramatic
demonstration of thils accommodation. A related study? on standard alumina
resulted in the development of & crack covering 1/10 of the bar width on
the second bending in a rebend test. This erack closed on the third bend
a8 the surface was in compression. But, on the fourth bend, the crack
opened to cover 1/4 of the bar width, the flow stress waa 15 Kpsi and the
bar remalned unbroken at the end of the test. Since the flow mechanism at

high strains still remain unclear it follows that failure and crack
accommodation are less understood.
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L, Fracture Strength

The fracture strengths of the high purity alvmina are compared
vith the data of Spriggs, Mitchell and Vrelioal® on 99.9% A1203 at two
graln slzes in Waee 2 38 Alsz shoss 10 Lido weapn marc some Test data
for 1.1 pm grain slge Alp03 + 1/h% MgO. The high temperature test data
was collected during creep studies, so a varlety of straln rates were
involived aiwl nu uicempt was made to factor this Into the comparison except

that the data of Spriggs et al was teken at 10~! iiec-1l whereas the new date
wag taken in the range 2-9 x 10-9 mec™ >,

" The fracture strengths demonstrate that the HP slumina strength

; is slightly stronger than 1-2 ym grain §9.9 A1p03 at the uppermost tempers-

‘ tures. Also, the strength at 14500C appesrs to exceed that for A1203 + 1/4%
Mg0. The suppression of GBS or dimlocation flow for HP alumina Clready
discussed in comparing creep rates.icould also be responsible for the
higher strengthse. fThe high boundaary mobility and small amount of grain

growth at 1450°C may result in e further riee in the 14500C data due to
; the strong effect of graln size on flow stress.

D. Sumary
1. Uniform 0.8 ym grain intercept 99.8% Aense Alp03 specimens with

an annealed 300 ppm total and 80 pym cation impiurities
were fabriceated.

2. Impurities are inhomogeneously dlstributed 1a both the
powder and fabricated specimens.

3. A comparison of "steady-state stress" within the first
2% strain normalized for grain size for high purity Alp03
and Alp03 + 1/W% MgD revealed that the NP AlpO3 had
approximately a factor of five (5) lower creep rate, a
higher strain rate sensitivity, a lower activution energy,
and grain boundary diffusion coefficients in agreement
with several literature values. It 1s probable that this
is due to an increased dominance of boundary diffusional
creep over either grain boundary sliding or dislocation
flow. Grain boundary sliding 1s the most likely process
to be influenced by increased purity in this manner.

At high stralns evidence was cbtained for strailn hardening,
a Bauschinger effect and a sharp yield point upon reloading
after a short mid-cycle anneal. Microstructural evidence
supported the view that dislocation interaction and grain
boundary sliding contributed to the high strain effects.

Scame of the strain hardening was probably due to grain
growth durdng the test.

S5S. The occurrence of several stress maxima and minima prior
to failure indicates that Alp03 has an apparent capacity
for blunting a would-be catastrophis failure event.
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6, fTae Increasend high Leaperatuve atrengih for high purlty
Alp03 wa4 probably duc Lo the suppreasion of grain boundery

shear inttisted failura mesuidédns £50m & Jomer voucentration

of pegragated boundscy immrities.

II. ITEDS FORGTHG ALUMING

A. Genexal

Studles over the last several ycars htive bewew concerned with the hot
working of Rlp0q and 4g0. Pmphasis hap been placed on AlpO3 since the
studies have revesled considerable new teignology. Alumina single crystals
vers grown by the atiain anneal technique™ ard alumina with high in-line
transmiesion wae produced.lf
The subaeguent vork6’(’18’19 revealed that deformetioii-recrystallilzation
procesges usually assoclated with metsal working practlce wore responsible
for the structures and properties obaserved., The deformation process 1tuself
producsd a highly elongated grain structure with the long axis of the
gralns normgl to the pressling directlion. Upon primary recryvirtalllgation the
rlcrostructural texture was often destroyed, but & crystallogruphlc texture
wialeh had accompanied the grain texture was retained. Also accompanying
jolmary recrystallization and the equiaxed microstructure resulting from the
process Va8 a pove removal mechanism. (U was aup,geatedlB that the porosity
disiributed throughout the structure presented vpreferred nucleation sites
for the new generation of grains. This process itself could absorb porosity
or the structure could bhe more susceptlble to continued densification due
to the ncariness of pores to grain boundaries; their potential sink. Many
details concerning the deformation-recrystallization remain unanswered; e.g.,
vhat role does strain induced grain growth play and 1s true grain refinement
possible, what is the minimum temperature for recrystallization and what
secondary deformation processes allow the homogencous deformation of a billet,

=2tey

There ar= at least three potential motivations for forging Alp03. They
erz, 1} the production of complicated shapes where a fine-grained dense
=1cros! ructure 18 required, 2) improved mechanicsl propertles due to the
textura and rai ‘rdation of struciuvrs gensitive failure mechanisms, and 3) high
Li-ilne uptical transmission due to the crystallographic texture and the
eliminetion of 14ight sc;ttering from birefringence. The mechanical properties
have bzasu studled extensively,® and it was found that the strength at -196°C
eud 1200'C wus nesrly independent of grain size in the 1-20 micron range.
However, there was no apparent effect of texture on the mechaniceal properties
betwaen 1475-17000C, the plastic range.! In view of the results in fection IT
wheis deilniice indications of non-diffusive deformation processes after a
Tew perceat gtraln were presented the above finding should be recongidered.

Some very intereating shape forging were accomplished; namely, 60°
comes and a near hemisphere were produced. lack of explicit knowledge of
the flow and failure criteria for the tewperature interval (1800-1950°C
in vhich moat of tha forging is conducted prevented further major gains in
shape forging. Tmproved in-line transmission has been the most dramatic
cutcome of the forglug effort.ll In-line light transmimsions of 604 were
echieved for the forged material as compared with a maximum of 20% for the
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best rendomly orlented pore-Tree AJoG. avallsgole at en equivslent thickuess
Thé Dain dwibebious of the procesg were the extent of the irausparent fone,
complete pore removal and the extent of the cryatallograrhic texture.

The work to be Gescribed in the followipg sectlon was aimed toward
incressed understanding of the hot work'ng process, the producticn of full»
dense alumina and mechanical property siucies of high lensity textuvred alwaina.

B. Material and Procedure

The forgings were conducted with 99.9+% pure A1203 from three sources:

1. Code M-1, A. Meller Co., Providence, R.I., 0.3 micron Al203,
mainly elpha but containing 1 X% gamma Alp03,

2. Code G-1,2, experimental powder from W.R. Grace Co.,
Clarksville, Md., 0.2 micron elpha Aly03 contalning
0.1% Mg,

3. Code L-1, Tinde A from Union Carbide Co., Chicago, Ill.,
0.3 micron A1203, 3imiler phases to M-1. The only
forging on this powder was with a hot pressed billet
C-31 having & 1-2 microa grala intercept and 99+% density.

The forgings were conducted in a conventional inducation heated graphite
hot pressing furnace and press (Flgure 3.1). (S graphite was used for the
mold sleeves while the plstons and mold were made from ATJ graphite. The
starting powder or billet conditions were arranged such that lateral flow
was unrestricted during vhe deformation step. This was accomplished by
either, 1) cold pressing the powder at 4 Xpsi :n the graphite die and
allowing unrestricted normal densiflcatlo.n and shrinkage to occur during
the heat up and dwell pericd p:"lor to Torging, or 2) forging and undersized
sintered or hot pressed billet (34-99% derse) or preforged {~s 99% dense)
billet. All forgings were conducted in am ambient atmosphere present within
the essentially graphite systems., At 18607C the atmosphere is expected
to be ¢, CO, COp with CO the major sepecies. The die lubrication-separsting
media system was conagant throughout as this question had been the subject

of a previous effort. The grarhite pistons were faced with molybdenum foll
onto which boron nitride powder was sprayed.

Four-point bend tests were conducted in argon from 25 to 1500°c
on 0.050 x 0.125 x 0.875 specimens. The 250C tests were conducted by first
heating the specimens to 900°C for a l-hour hold, then cooling to 250C
and testing without breaking the argon atmosphere. The purpose of the annesl
was to desorb any potential corrosive species and complete the test without
re-adsorptioi. Thie potentlally gives a measure of the intrinsgic 259C strength.

C. Repults and Discussion

The forging conditions are 1 sted in Table 3.1. The first five
forgings were simed toward achieving theoretical density along with a strong

e
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cryatallographic texture. The remalning forgings with the exceptlon of
12694 were conducted to study the 4influznce of forging temperature on
recrystallized grain slze and degree oi crystallographle texture. A 8200na
joal wvas to be able to produce a uniform (within the billst) high density
wieroatmunture which would he auitable foar furthes mechanical proverty
studles. Forging 1294 was the only forging conducted on a dense billet

in this period. The obJect of this experiment was to forge quickly and
then hot eject the blllet 4o guench in the microstructure representative
of the early stages of recrystaellization.

1. Crystallographic Texture

In a hot working study i1t 1 & necessliy Lo huve sowe technique
for determining preferred orlentation and degree of texture. This is begt
asccomplished by x-ray diffraction technigques. A technique was descerlbed
vhich is not as tedlous a3 the construction of o pole figure, but which
allows the evaluation of relative degrees of orlentation. This system
will be reviewed and illustrated by presentation of the x-ray data for
sintered* specimens, hot pressed billetes of two length: dimmeter ratlos and
prees forged Alp03:

The diffractlon puttern ¢f a random (powder) sample was obtalned.
Values of fo (h,k,1) defined by the relation

fq (h,k,i; = I Shzk,12
£ I (hix1)
hkl
were calculated,

Similerly, velues f (hkl) were calculated from the diffraction
pattern of a forged specimen. The ratios R (hkl)n f (hkl; which glve the

. o
relative intensity of reflection weve calculated against the angle ¢
between the planes (hkl) and the basal plrne.

In the case of a random (powder) sample, R has the constant value
of unity. 1In the case of a perfectly oriented sample, R is z2ero everywhere
except at # = 0 where it has son> large finite value. Tn the case of a
distribution of orientation, in general, R will decresss monotonically from
g = 0O to@ a 9O, The better the crysiallites are aligned, the higher the
intercept at § = O and the steeper the drop witih increasing @.

Measurements of R as a function of ¢ for 21203 prepared 1in three
vayy are shown in Figure 3.2, Typical results fo: forged A1203 are shown
while specific results will be presented in subesequent paragraphs. The
forged material usually exhibits the strong lncre=ase in R value at low ¢
indicating a preferred basal orientation; the (0001) plane normal to the
pressing direction. The two hot pressed sumples 1llustrate some rather
interesting results. In both cases pressure was applied to the sample at
some low temperature (~r 700°C) and kept constant throughout the remainder of

¥ Ticalox purchased from General Electrie Co.



-39-

=
=
} =
=
&
=
:
- 18 ) .
&7 - Forged at 1850°C :
14 ] L
B A Hot Pressed L/D = 0.1
5 0 Hot pressed L/D.= 6.25 |
- 12 ten. ———
: y O Sintered
. . ’ -
ir
IZ- o
' —
; —
100
. Angle from Basal Plane
Figure 3.2 Ratio of Relative X-ray Intensity for Forged, Sintered
: and Hot Pressed Alx03.
|

E —

by

e e T T T
p—
o

SRR kTR

Ratio of Relative Intensity, R




ho-

the cycle. This kept the pouwder column in contact with the dle wall through-
out the cycle 1dn contrast to forging and nominally resulted in a hydro-
atatic pressure condition within the die. The thick sewmple (L-inch dlameter
by L inch high) exhiblted ccoentially a constant R value of 1 indicating

no preferred orlentation. 9Yhe hot pressed sample baving a lower T1./D ratio
did show aome orlentation; however, instead of being basal the peak in R
occurred at a {§ equivalent to the (0,2,2, 10) plane. The lucalox (eintered)
matarial mvae a constant B vzluc of conc indicating, oF cousree, 0o

preferred crystsllographlc orlentation.

ik

b

™e lack of orienlatlou in the sintered and hot pressed samples
18 expected if a random dilstribution of crystallite orientations l1s present
in the puwder compact and diffucéonal processes provide the major densification
mechanism. The current viewlT:;18 of both hot pressing and sintering would
predict such a result. Thus, the occurrence of orientation in the low L/D
not pressed sample was surprising. The low powder coluun height may have
allowed shear and bending miments to exlst within the powder mass which
would promote non-diffwusional processes, e.g., grain boundary sliding or
dislocation plastic flow., S1ip on a p:eferred slip system usually accounts
for preferred orientation, thus this result certainly suggests that aldp
cen. occur in hot pressing. Another surprising feature of this result is
the fact that a non-basal (the preferred slip system) orientation was found.
It 18 uncertain how mich emphasis to place on this finding as the orientatlon
found may be more a reflection of the stress condition in the billet
rather than the s8lip system involved.

[
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2. High Density Forging

The first five forgings in Table 3.1 were conducted with the goal
of obtaining uniform high densities. Blllets 1189 and 1191 were forged
under nearly identical condltions. The billets were compared and then
No. 1191 was placed back in the dle and reforged and held for 4 hours at
1880°C under pressure. The grain pize was & uniform equiaxed 17 microne
after the initial forging, and after the secound forging there was a siight
microstructural texture in the center of the billet with a 16 x 20 pm
grain intercept and an equiaxed 23 pm grain lntercept at the periphery.

The equiaxed structure certainly corresponds with a recrystallized structure.
The fact that 1little grain size difference was noted after the second four-
hour hold et temperature suggests that continued recrystallization occurred
during this long hold. For 2i0 minutes of the hold period no macroecopic
deformation was detected (dial gage monitor system) thus, the apparent
continuance of the recrystalllization was somewhat surprising. The reforged
sample was denser (3.985 gm/cm3 to 3.980 gm/cm3) which suggests that pore
removal continues either by normal diffusional processes rative in
gintering or perhapa by the mechanism previously suggested 5; nucleation

of the new set of grains on pores which had been 1solated from the boundary.
This places the pores on a graln toundary where they can be effectively
eliminated hy the normal diffusional processes.

lmwnmmmmmmmnmmmemmnmnmmmmwmmemmummmmmm

Billets 1222 and 1232 were forgea trom presintered starting cowmpacts
into four-inch diameter dies. The lateral flov was markedly greater than
the earlier forgings (three-inch dies). Conwequently, the fractional effecis




o - e 4 ¥

R AL A P 1 11 N e s i R
B R R R R e O R IR IR I ™ Hm " :

by

were greater and dome shaped billets resulted. Both Torgings contalned
alzable opaque zones aud were not anslyged in detall.

3. Influence of Temperature on Forging

The serles of forginge at varying temperatures were all "powdler"
forgings using CGrace Alg03 + O.l% Mg0. The Mg0 additive was desirable
ecause previous wurk had shown thai Mg0 retarded recrystailization aud
resulted in more uniform microstructure than if MgO was ebsent. Whether or
not recrystallizatlon is inhibited is probably still opun to guestion. The
final load was lLept constant (5000 psi aspuming full expansion in the die
cavity). Time at temperature and pressure were held to within the 35-€£0
minute range ags 1t was desired to have some fine-grained blllets among the
group and a better assessment of the influence of temperature could be
galned by holding tlme relatively constant.

The microstructures were quite uniform throughout three of the
billete in contrast to many other forged AlpO3 billets. This was attributed
both the uniformity of the deformation with the presunt lubricant system
deformation cycle, ete., and the MgO additive which seems to influence
grain developuwent. Representative microstructures for the three forgling
temperatures are shown in Figure 3.3. A density difference was noted among
the three forgings as well as the grein size differences. Both properties
are shown 1n Table 3.2,

It was interesting to note that both the 1650°C and 1B50°C forgling
(Flgure 3.3 a and c) exhibited an equiaxed microstructure while the first
17400¢ forging, D12U0, exhibited a pronocunced microstruactural texture. The
second forging in this temperature range was conducted only 10°C higher
(1750°C), but the structure (Figure 3.4) wes decidedly less uniform than
any of those shown in Flgure 3.3, Algo, there was a mixture of three grain
moephologles; large (20 aum) equiaxed grain, medium (1C-20 m) oriented
grains and small ({ S jpm) equiexed grelns.

=

Before discussing the implications of the grain size and shepe,
the crystallographic orientation data fur thege-samples will be presented.

Flgure 3.5 11lustrates the crystallographic orlentation of
Sample 1277 forged at 1850°C. The orlentation was determiued for two samp_es
each at a different distance from the center cf the billet. The results
show that the degree of hasal orientation decreasss radlally from the
center of the billet to 1he outside. This condition has been found for most
billets. No. 1282 forged at 165000 exhibited this condition as well as a
number of billets tested last year.® Sample 1297 forged at 17500C showed
almoat equal values of R for both center and rim sections. The tendency for
a stronger basal orientation in the centexr secticn 1s probably due to the
higher bending moment in this regilon. The bending moment 1s the origin of
the rotation of the crystals by basal slip to a direction normal to the
premsing direction.

The degree of orientation for samples forged at the thres
temperatures is shown in Figure 3.6. The percent reduction wes identical
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Figure 3.3 Powder Alumine Forgings at a) 1650°C- D1282, T
b) 1740°% - D12ko and c) 1850°C - D1277. 3



MICROITRUCTURE VARTAPLES ON BILLETS FORGED AT VARYING '('PMORR oty T

et e LTI

Forging Billet Density Grain Intercept
Temperr jure No. gg[gg}m Microns

1850 1282 3.978 4.3

1740 1240 3.985 6.5 x 8.7
1750 1297 3.972 rixed b to 20
1850 1277 3.986 21
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Flgure 3.4 Microstructure of Seveval Powder Alumina
Forgings at 1750°¢
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within experimentel ecror {or the three forginga. Only date {ramn the
center aecilon (center of plece exsmined 0.4 inchen tyrom center of billet)
1s plotted. The degree of orlentatlon increases with increasing forging
tesparaturs. 8llp 18 an actlvated process, thus it becomes easler with

'iﬂ:n—-u_.n‘lﬁri f‘mrxn‘rnwn nr:x_nanunn'b- I~u- it 1a andta waaanmahla +n avwaeat

that higher forgiug temperature (keewing forglng pressure oonatant) would
result In wore grain rotatlon by baeal slip. This also implles that secondary
siip systems (prismatic and rhombohedral) do not increads in importance

in fo glng a8 temperature is raised. Also, the increased starting grailn

silze with increased forglng temperature would favor deformation by besal

#11p es opposed to boundary sliuing creep which, of course, would not

produce orlentaticn.

The four mlcrographs presented represent almost the complele range
of microstructures observed in forged Alp04. The inferpratation and
implieations in view of the texture are as followa:

For at 1850°% - he crystallographic texture found
mionstre.es Lhat basel slip provided the main deformation

mode, Flgure 3.3 c shows an equiaxed structure suggesting

that rapld grain growth either after recrystallization or

due to straln euhanced grain growth gave a uniform grain
slze. Preferred growth directions which occasionally
produce coarse tabular greins in Algﬁ;

are not imporbant. The earlier view-" was that this

wvas a racrystaliized structure and there is no evidence

to suggest that it is not although the possibility of
strain enhanced grailn growth is at least mentioned.

Forging at 1750°C - Again, the billets possessed crystallo-
graphic ures demonstrating the dominance of basal
8lip. Figure 3.3 b shows & strong microstructural texture.
One interpretation of this mtructure is that it represents
a deformation structure caused by the elongation of the
grains due to basal Blip. A second interpretation

agal» poetulates orlentetion by basal sllp, but then the
elongation became enhanced due to differing growth rates
for the various crystallographic orientations. The

final structure would still be a deformation structure

but the degree of texture would be more a function of
time at temperature rather than percent defnrmation. The
second structure (Figure 3.4) obtained uniler similar
1750°C forging conditions loocked quite different. The
elongated gralns appear similar tg the deformation
structure showa in the first 17507C forglng. Alao,
epparent in this micrograph are fine (2 ym) grafns, and it
ie thought that theee are recrystallized grains. (The
grain size 1g evout 1 pm at the stert of the forging
cycle and about 5-20 ym at the end of the deformation
part of the cycle.)} Some of the prailns present a.e hoth
equiaxed and larger than the elongated grains. It is
thought!. that these result from rapid grain growth of

the recrystallized gralns. Thus, ti:ds one wmicrograph
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shows the deformed graina, the flne recrystallilzed

grains and the coarse recrystalllzed grolns.

Forging at 165000 - Again, the x-ray results show
crystallogravhic texture. Howavnr 2 fine nearls
equiaxed grain structure (Figure 3.3 a) results.

The fact that it las equiaxed suggests that it re-
cryatallized, but the questlon arises as to why Lhe
1750°% forging still exhibited a deformation structure.
One pussible answer 1s that at 1650°C strain energy is
more easily bullt up due to lower rates of annihilation
and boundary migration than at 1750°¢. The higher
straln energy would promote the early occurrence of
recrystallization. A second explanation 1s that GBS
plays a greater role in the deformation process at
lower temperature. Diffuslion and grain boundary
motion during continued deformation keeps the structure
nearly egulaxed.

k. Rapid Deformation-~Quenching Experiment

Billet 1294 was forged (from a dense billet) and quenched very
quickly (4 miautes total time above 1500°C oncs forging began). Although
the billet was whole, grain boundary separation led to internal cracking
and norosity in all areus except the center reglon in contact with the
punches. Flgure 3.7 1llustrates an etched area 1n thic dense region. The
structure is decidedly non-uniform, thus it is difflcult to say whether or
not the recrystaliization process was caught during the 1nitial stages of
nucleation and growth. It is suspected that the rapld deformation was too
inhomogeneous to produce generallzed recrystallization. Several grains
show etch pit development. It is apparent that these grains were favorably
oriented for etching; however, it 1ls unclear whether or not these pits
are the terminl of dislocatlons. The plisin the large grains do appear
to have some line orlentation which does not correspond with polishing
scratches on adjacent grains. As such they are suggestive of slip brnds,
The experiment showed that the material failed due to the rapid deformation
and quenching. It also resulted in etched structures which could be
interpreted as belng caused by slip. This 1s qulte reasonable in view of
the deformation processes thought to be operative during forging.

5. Mechanical Properties

Bend teats were conducted on billet 1277 forged at 17&000. The
grain size and density data are reported in Table 3.2. The reason thie
billet was chosen for testing was because it was essentially fully dense and
possesged a very uniform textured microstructure. ‘The bend_test data is
shown in Figure 4.8 and compared with data of Spriggs et al for hot pressed
A1p03 8t twe grain sizes,

The higher 25°C strength for the forged Alp03 certainly is
partially explained by the absence of stress corrosion. One .est was
conducted in air »,3 {his falls near the bottom of the range for the P5OC
teats., The teats o4 het preeeed materlal were conducted in the ambient

atmoephere which can degrade strengih 20-30%. Even considering the stress
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Flgure 3.7 Mierostructure in Iense Region of Repldly

Forged-quenched Billet 129k,
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corrosion factor the room temperature strength is slightly higher than
that expected for material of this grain size.

The high temperature tests, should be directly comparable
since atmosphere effects are not expected. The forged AlpO3 has a grain
size near the 10-15 pm category tested by Spriggs, et al. The curves
show the forged material to be considerably stronger a: hlgher temperature.

These results could be explained in a number of ways; unfavorable
orientation between maximum shear stress and the preferred slip plane iIn
a textured sample, unfavorable orientation between tensile stress and pre-
ferred cleavage plane, long dislocation glide distan.'s due to easy dislocation
propagation across low angle grain boundaries. Grain boundary sliding may
be restricted in a highly textured sample, and retained conplex dislocation
structures from forging may raise yleld stresses for mebile dislocations.

Earlier studies on the 1350-1550°C deformation of AlpO3 were
interpreted as having both a strong diffusive and grain boundary sliding
component. It was unclear what precipitates fracture, but constralnt at
triple points and the continuance of the ahove processes probably bullds
up local stresses until grain boundary separation occurs. This study (Section II)
has shown that at high strains high purity Alp0q undergoes work hardening.
Other recent results? have shown the presence o% 8 Bauschinger effect and
other behavior usually assoclated with dislocation processes. Thus, it
appears that 1350-1550°C flow and fallure criteris in A1203 are complex and
probebly involve mechanisms which would be affected by the microstructural
and crystallogrephic texture of sample 1277. One or several of the potential
mechanisms listed above are probably responsible for the higher strength
of forged Al203.

D. Summary

1. Forging in the 1650-18500C range can result in microstructure
varylng from equiaxed to oriented back to equiaxed with
increaesing temperature,

2. Recrystallization is accompanied by grain refinement rather
than Just coarsening by straln enhanced growth.

3. TLong (4-hour) hold periods under pressure at the conclusion
of apparent forging deformation apparently is accompanied
by continued step-wise recrystallization as little grain
slze increase is noted.

4. The center of the forged billet usually has a grester basal
orientation than the outer periphery.

5. The relative orientation increases with increasing forging
temperature.

6. Repld forging and quenching results in material failure by
graln boundary separation and perhaps retained dislocation
structure.

7. The mechanical properties of forged alumine are improved
over hot pressed alumina of equivalent and even & tactor

of 8 smaller graln size.
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| IV. STRESS CORROSION OF MAGNESIUM OXIDE

A. (General

Stress corrosion cracking is a well-known phenomena that is controlled
by mechanical or chemical processes occurring et the interface between the
s01id and the environment. Under some conditions the surface reaction can
be beneficial, i.e., the Joffe's effect where dissclution increased the
crack tip radius thereby blunting a potential critical crack. In most
cases the surface reesction dezrades the usable strength and consequently,
knowledge of such reactions is important for structural materials. There
are two major classes of models governing the advancement of the stress-
corrosion crack; 1) those which postulate crack advencement by chemical
dissolution at the tip - the point of highest chemical potential and 2) those
which involve only mechanical phenomens such as mobile dislocations or
reduction of the surface energy term in the Griffith relstionship.

Moderate straln rate testing in earlier effort56’7 on polycrystalline
MgO haed led to the following general conclusions; 1) Stress corrosion did
not oceur in Mg0O at room temperature at testing strain rates in the order
5x 10'3/min., 2) room temperature fractures were nucleated by mobile dls-
locetions; hence, high strengths were obtained in both air and argon for
annealed specimens. Thus, the room temperature strength was not particularly
gsensitive to the initial crack length although it was not possible to say
whether it was strictly due to the Griffith criteria or if the dislocation
mechanism of Clarke et 8122 was dominant. At liquid Np» temperature the
mechanically polished samples which certainly contained fresh dislocations
showed significantly higher strengths than surfaces with greater crack
lengths. This suggested that the classic Griffith relation holds at6TT°K,
rather than a dlslocatlon crack nucleation process. The most recent™ study
on vacuum hot pressed undoped Mg0 included a classic dead-load stress
corrosion study in a water enviromment. A pronounced delayed failure curve
was observed which was lnterpreted by the Charles and Hillig23 dissolution
rnodel. However, because of the strong contentlion among numerous investigators
(including the authors) that room temperature failure normally involves
dislocatlon coslescence various possible mechanical models for stress-
corroslion were not eliminated.

One troublesome feature of the recent study was the fact that small
quantitites of sodium aluminum silicate grain boundary phases were observed
in the vacuum hot pressed material. This materisl was produced from Fisher
MgO withoutc any densification aid in pressing. The presence of a grain
boundary phase made 1t necessary to ask whether the observed stress-corrosion
was intrinsic to Mg0 or the grain boundary phase. (onsequently, one goal
of the work to be reported was to measure the delayed failure behgvior of
a second hopefully purer grade of polycrystalline Mg0.

A second objective of the current work was to test at least one
potentlal mechanical model of stress corrosion. Westwood2! hes observed
that complexes of high negative or positive charge or molecules of high di-
pole moment slignificantly enhenced dislocation mobility in single crystal
MgO. Thus, introduction of such species into the standard corrosion environ-
ment should alter the slope of the delayed failure curve if a mechanical

corrosion model involving mobile dislocations is controlling the crack extension.
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B. Materisl and Procedure

1. Specimen Preperation

The MgO specimens tested were vacuum hot pressed under another
program* by the MgO-11iF process where 0.3 wt. %»IiF was incorporated. The
Mg0 powder used was from a different source (Baker AR) than the MgO used
in the original6 study (Fisher Electronic Grade). A typical cation
impurity analysis is shown in Taeble 4.1l. The Baker material is equal or
lower in all cation impurities except sodium compared with the Fisher
meterial. The transition metals are especially log in the Baker material.
However, since the grain boundary phase identified” in the hot pressed
Fisher material was NagAlySi)017 it is not clear that material produced with
the Baker material will be void of this phase. The hot pressed semple
was anneeled by slowly raising the temperature to 10000C and holding for
60 hours. The sample was very transparent, thus essentially 99.9+% dense.

The microstructure (Figure L4.1l) revealed an equiaxed 20 micron
grain structure. Replicas were examlned in the electron microscope for
evidence of grain boundary phases. TFigure 4.2 illustrates a typical area
and 1t can be seen that while some grain boundaries appear quite clean others
appear to contain a grain boundary phase. Figure 4.3 illustrates such a
boundary at higher magnification. Thus, it is clear that testing this
material provides only a variation in the chemistry and microstructure of the
polycrystalline MgO compared with the previous material, but not the pure
single phase Mg0O desired.

2. Sample and Test Arrangement

The dead-load fracture tests were conducted on 0.1 inch x 0.2 inch
X 1.75 inch specimens in & lever arm test frame equipped with microswltch-
clock arrangement to record time to failure. A brass hk-point bend test
fixture was equipped for holding liquids, and tungsten (outer) and alumina
(inner) knife edges were employed. Mylar sheet was interted between the
knife edge and the specimen.

A base-line dry strength was obtalned two ways; by testing the
strength in liquld Ny and then machining smaller specimens from the two
halves of the broken specimen for a "dry" 23°C test. This latter test
was conducted by heating the specimen to 900°C in argon, holding for 1 hour,
cooling to 230C and loading the specimen without breaking the argon environment.

Distilled Ho0 was employed as the standard test enviromment. The
testing to check the mechanical model of stress corrosion was conducted
with a dimethyl formamlide (DMF) solution having a high dipole momernt (3.8
Debye units). (CH )gNCHO is completely miscible with H20. Westwood
showed that a 1 moiar solution had nearly the same effect ay pure DMF on
dislocation mobility provided a 400 sec delay was employed. 30, samples
were immersed in the 1 M DMF for 1 hour prior to loading for the dead-load
fracture test.

C. Results

The tests conducted to determine a base-line strength are listed in

¥ Development of a Manufacturing Process for Producing Optically Transparent
Armor, Contract F33615-68-C-1552.
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TABLE 4.1

EMISSION SPECTROGRAPHIC ANALYSIS

Manufacturer and Concentration, ppuw

Element Fisher Electronic Grade Baker AR
Na 0.001 0.100
si 0.075 0.075

“Al ' 0.015 0.010
Ca 0.150 0.080
Fe 0.050 | 0.001
Ni _ 0.020 0.010

Cr 0.010 N.D.
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using I1F Proress.

1 TR




=
z
|
&
%

st it WA o orrerem

£591150 1500x%

Flgure 4.2 jplectron Microgreph of Baker MgO Gample Showing
Grain Boundary Phase,

T5COX

Figure 4.3 Iigher Magnilication View of Grain Bounda:y Phase
in Baker MgO.

o
|



-56-

Table 4.2. The liquid Np and argon 239C tests give an average "dry"
strength of 30.3 + 3.3 Kpsi.

The time to failure values for the dead-load tests are listed in.
Table 4.3. The stress corrosion curve is shown in Figure L.4 where the line
for the earlier® data is included for reference and comparison with the new
data.

The samples were removed from the test environment as quickly as
poesible and the fracture surfaces repliceted. The central region (half-way
between the tension and compression surfaces) of the fracture surface of
Sample 112-T7 was void of boundary phase and any features not expected in a
typical intergranular failure (Figure 4.5). Examination of the microstructure
clnse to the tensile edge revealed several interesting secondary crack
patterns on grain faces (Figure 4.6 a and b). Features such as these are
not common to moderate strain rate air environment tests. Figure 4.6 a
shows a semi-circular pattern which could be interpreted as intermediate
stationary positons of an advancing crack front. Associated with each "rest"”
position of the crack front is a pattern of microcracks running normal to
the semi-circular crack front. The crack pattern of Tigure 4.6 b appears
to run normal to and between two grain boundaries on a crack face. The
connection between these cracks probably lies on an adjacent face.

Sample 112-8, also tested in HpO was examined in detail and as with
112-7 the central reglon appeared equivalent to a normal moderate strain
rate air enviromment fracture. The tensile region of the fracture was
distinguished by secondary cracks associated with grain boundaries and grain
faces (Figure 4.7 a and b) and even severai secondary cracks assoclated with
an area of transgranular fracture.

The comparison with the earlier data on Fisher MgO tested in HpO 1is
striking in that a decidedly lower stress level is needed to allow equivalent
time to fallures. The grain intercept of the body tested was 20 ym as
compared with 12 ym for the body hot pressed from Fisher MgO. However, base-
line strengths are used to normalize the data so the ususl graln size
influence is taken into account. Iarge grain size material for equivalent
chemistries mey have a higher concentration of second phases or impurity
concentration due to the decrease of grain boundary ares and the associated
high solubllity volume. However, it is thought that the differences in
microstructure are not as lmportant as the differences in starting material
and manufacturing process (straight vacuum hot pressing as opposed to vacuum
with the IiF esdditive).

The second feature of the data is the apparent effect of 1 molar
dimethyl formamide. Tt appears that the tolerance tc any dead load is reduced
by this additive to the environment. As pointed out in the introduction,

IMF is known to affect the dislocation mobillity. Perhaps mobile dislocatiens
(present after the machining operation) have a lower Pelerls stress due to
the dipole attraction (assuming the dislocation carries a charge) of the

IMF. Then, at loads all the way down to ~ 0.6 of the normal fracture strength
dislocations rapidly move tu a barrier such as a grain boundary, plle-up

and finally initlate fracture. It is tempting to draw conclusions or
speculete on models such as these concerning the apparent role of dislocations
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Figure 4.4 Delayed Failure Curve for Baker Mg( Tested ir ~(

and 1 M DMF Compared with Flsher Mg0Q in HpoO
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TABRLI L. 2

BASE LINE STRENGTH OF MyO

Speclmen Environment, Temp. Fracture Strength, Kpsi
112-1 Liquid N, -1964C 25.6
112-2 Liquid No -1969% 31.8
112-3 Liquid No -196°C 33.6
112-1A Axgon - 23°C 32.3
112-3A Argon - 23°C 29,2
112-4A Argor - 23°9C 29.6
112-1B Adlr - 220C 6.5
112-2A Alr - 23°%C 6.4
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Specimen

112-5
112-6
112-10
1127
112-8
112-9
112-11
112-12
112-13
112-1k

112-15

h59-

TABLE b.3

DELAYED FRACTURE TEST ON MgO

Environment

150
H20
Hs0
HEC
H-0
H-0
1 M DMF
1 M DMF
1 M DMF

1 MDMF

Load

Kpsi

ah.ce

19.0
17.0
14,0
1k.0
15.0
21.0
19.0
17.0

16.0

2.7 x 10
6.8 x 10
2.6 x 107
9.4 x 103

2.46 x 100

6 x 10°

1.2 x 10
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Figure 4.5 (entral Reglon of MgO Stress Corrosion
Sample 112-7.
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#691109 a T500X

#691110 b 7900X

Flgure 4.6 A end B Secondary Crack end Corrosion
Features on Grain Face near Tensile Surface
of MgO Stress Corrosion Sample 112-T.
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b T500X

A and B Secondary Crack Features near
Tensile Surface of Mg0 Stress Corrosion
Semple 112-8.
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in delayed failure in Mpg0. However, thlo is premature fTor the following
Tensons ¢

- - .. - . - - & . - YE N o
d. DCINC MeRDUTE UL Ll CHEILCAL CULLrvUDAvil v JUTCSWRRYE J

1M - IMF compared with HaoO chould be obtalned.,

2. The stresa corrosion of Mg0 wlth a one=hour no load
hold in pure H;0 1a needed.

3. A larger number of samples should be tested under
both conditions.

The apparent sensitlivity of the delayed fracture curve
to chemistry and production technique mekes generalizations
abaut dlulocation actlvity in stress corrosion suspect.
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It is this sensitivity to chemistry and/or production teclinlque which
leeds one to conclude that the behavior measured is extrineic and perhapa
more a function of impurity segregation at grain boundaries or grain
boundary phaseg. If this is the case clearly a chemical dissolution model
such as that proposed by Hi1lig and Charles““ applies, The6strean
corroslon curve for the hot pressed Fisher MgO was recently” analyzed by
this model and the activation volume was found to be 1.37 cc/mole and
surface free energy between solid and reaction product to be 58 ergn/cc.
A eimilar anelysis of the new data could be accomplished, but again, it
seems inappropriate until support for a particular mechanism 18 fcund.

1
i

. The electron microscoplc examination of fracture faces revealed many
secondary crack features near the tensile stress surface. It i1s thought
that many of these cracks were formed during the initlial corroeion, therefore,
actually preceding the catastrophic crack. This suggests that the stress
corrosion activity was widespread along the fracture face and probably
throughout the gage length. Thus, it appears that non-catastrophic crack
growth is possible. The eracks shown in Fgures 1.6 b, 4.7 a and 4.7 b
glve the appearance of being assoclated with dislocation flow or grain
boundary interaction. On the other hand, chemical dissolution or temporary
blunting by a second phase 1s a more probable explanation for the crack
pattern on Flgure 4.6 a.
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D. Summary

1. Vacuum hot pressed Baker Mg0 made by the IiF procees has
less corrosion resistance in H,0 than undoped vacuum hot
pressed Fisher MgO.

2. The stress corrosion curve is further reduced in a 1 molar
solution of dimethyl formamide in water which is ¥nown to
affect dislocation mobility in Mgo0.

3. Secondary crack features were observed on graln faces which
are suggestive of crack blunting by either a mechanical or
chemical mechanism.
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The sengltivity of ntress corronlon 1n MgO to the
type of materisl tested suggests that a chemleal
djsnolution model holds yet the influence of DMF and
ravtalin aecondary cruck phenomena suggest that a
mechanical model of etress corroslon controls. Thus,
1t 18 Btl1ll not possible to unequivocally pin-polnt

tne conLroillii wechaniss.

It 18 extremely probable that stress corrosion will
operate in ali commercisl grades of polycrystalline

Mg0.
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Several facets of the effect of microstructure and chemlsiry on th» mechanical

' properties of magnesis and alumina were studied. Comparison of the deformation
properties of high purity A1203 vith a stardard research grade of A1203 + 1/b% Mgo
demonstrated high purity material possessed a normalized creep rate approximately a
factor of five (5) lower and a highzr strain rate sensitivity suggesting an increasef§l
importance of dirfusional creep. At strains from 3-12% evidence wae obtained for
3train bardening, a Bauschinger effect and polygonization which suggested conaider-
able dislocaticn and grain boundary sliding sctivity. Also, high temperature s'cres#
strain curvea showed evidence for blunting a potentlially catastrophlc tallure event.
A1203 press forging experiments resulted in a better understanding of deformation
and primary recrystallization processes. Bend tests of a unifore 8 micron grain
size textured rody dewonstrated higher elevated temperature strength than 1-2 micro
hot pressed Alp03 suggesting a real benefit from the textured structure resulting T
from one of a rumber of potentiael models. Dead load stress corrosion studies on
polycryatalline MgC demonstrated that the shape of the atregs corrosion curve wag
dependent on the starting chemlsiry and/or minor grain boundary phases. Also, the
reslstance to dead load was markedly iunfluenced by the introduction of 1 molar
dimethyl formamide which had been shown to affect dislocation mehility in Mg0 o
evidence does not unequivocally identify whether & chemical or mechanical nodel ogh
etress corrosion applies, but it is clear that stress corrosicn ia a problem /
which must be recognized in commercial bodies of MgO.
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