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{-b~~ ~ml ~rn-tt-m~'tup ~i cflemlntr 'Fr on thfe
mechanical properties of Findvia t-i- ].imina were "tudi-,d ('ompnrion .,.f
the deformation properties of high purity A1203 with a otap~hrd rce'hrth
grade of A120 3 + 1/41b MgU oomonstrate- higil putL Wn',, .... i.ll ....
normalized creep rate approximaely a factor of five (5) lower and a higher
strain rate sensitivity suggesting an increased importance of diffunioria].
creep. At strains from 3-12i evidence was obtaineu for strain hardening,
a Bauschinger effect and polygunization which suggented considerabi],- dia-; ~~~location and gr•.•n boundary sliding activity. Also0, high tei.rt'.estress-strain curves showed evidence for blunting a potentially catastrophic failure

[5 event.

e A1 2 03 press forging experiments resulted in a better understanding of
deformation and primary recrystallization processes. Pend tests of a
uniform 8 micron grain Eize textured body demonstrated hilgher elev-ted
temperature strength then 1-2 micron hot pressed A1203 suggesting a real
benefit from the textured structure r-ci iting from one of a number or potentialmodels.

Dead load stress corvr. n,.Lon studies on polycrystalline MgO demonstrated
that the shape of % ,trtss corrosion curve was dependent on the starting
chemistry an.I/ov iO.nor vrain boundary phases. Alco, the resistance to dead
load was markedly influenced by the intz-oduction of I molar dimethy! formamide
which ',ad h-tA shown to affect dislocation mobility in MgO. The evidence

does nob .'nequivoe;Ily identify whether a chemical or mechanical model of
s*r,_;., 'arros.orn app-ies, but it is clear that stress corrosion is a proble.w
whIoh must be ,, c.ognized in commercial bodies of MgO.

EII I
I i
Ii



I. INTRODUCTION)

This study covers several facets of the broad topic of microotrncture
and chemistry effects on mechanical properties of oxide ceramics. The studies
mdel system for isotropic oxides and has several important practical applic-

ations to industrial and military needs, and 2) aluminum oxide mainly be-
A cnusc it finds iuh 'urv. d anilication for industrial and military requirements,

but it also is a model anisotropic oxide.

The work is divided into th-ee categories; 1) Deformation studies on
high purity alumina. Powders hawing a reported purity of 99.9995% A120 3 were
fabricated by vacuum hot pressing to dense 0.8 micron billets. Thorough

chemical and microstructural characterization preceded deformation studies up
to 12% strain in the 1300-.14500C range. The results are compared with

W ~ ~similar studleb _. 99 A1203 + 1/4% MgO. 2) Press forging alumina. Micro-
structure and crystallographic texture control by press forging techniques

was studied. The low and high temperature fracture strengths of uniform 8
micron grain size A1203 + 0.1% MgO were determined, and new information was
gained on the operative deformation and recrystallization mechanisms. 3) Stress
corrosion of magnesium oxide. Studies were made to determine whether

corrosion was intrinsic to polycryutalline MgO or strongly influenced by
impurity phases. Also, tests were conducted in I M dimethyl formamide which
is known to affect dislocation mobility 4n MgO to determine whether a

mechanical or chemical model of stress corrosion applies,

Il. DEFORMATION OF HIGH PURITY ALMINA

A. General

There is 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 it difficult, if not
impossible, to unequivocably separate structure-sensitive from composition-
sensitive properties. Properties sensitive to point defects such as electrical
conductivity, diffusion and hardness are thought to be particularly sensitive
to composition. For example, Aust and Westbrook(l) have found that grain
boundary hardening is associated with impurity-vacancy interactions. There
is considerable evidence that grain growth rates are impurity sensitive. Also,
line defects and their response to imposed stress are kunovn to be dependent
on impurities. These facts lead one to anticipate an effect of chemical
purity on the mechanical properties of oxides. In particular, it is expected
that the plastic properties of oxides will most dramatically show the

dependence on purity. Consequently, the current effort was a study of the
deformation behavior of vacuum hot pressed high purity high density A120 .
For comparison previous results(2) on moderate purity (99.9%) A1203 + I/ w/o
MgO will be introduced and reviewý,d.

The 1-2 micron grain size A1.203 + 1/4 w/o Mgo was very ductile in the
1300-1550°C range. The steady-state flow stress was very sensitive to strain
rate with values of 0.6 - 0.7 for the strain rate sensitivity, m in therelation:

I1



(i=

where C 18 the stress, 6 the strain rate and K a material constant. A
Strong graln size aepenience Uit tne re±ation

C -.5I (2,3,4)where G is the grain size. As much of the earlier work by others
had interpreted their results by the Nabarro-Herring diffusional creeprelation:

S13.3 D (3)

where D is the diffusivitly, /L is the vacanc-y volume, and kT have the usual
meaning, attempts were made to correlate the behavior for the hot pressed
fine grain material with the earlier studies. However, the strcin rate
dependence for the 1-2 xm material clearly indicated a behavior that was
distinct from pure diffusional creep. As the grain size of the material was
increased up to 5um (the 5 um material was MgO-free) and then to 10 microns,
m valuec increased to about 0.8 - 0.9 which was taken to Indicate a transition
to a diffusional creep mechanism.

The deformation mechanism that was thought ho dominate at low grain
sizes was grain boundary sliding. This was supported by microstructural
evidence for displaced triple points. Also, electron microscopy of thin foils
showed dislocations at some of the boundarieg on which sliding had occurred.
It was concluded that the actual boundary sliding process was non-Newtonian
(m < 1) involving dislocations in some manner. Grain boundary sliding

requires some sort of accommodation. This process was not identified, but
it probably included diffusioual creep and grain boundary migration. Some
twinning was seen providing accosmmodation at points of high stress concentration,
i.e., triple points. There was no positive evidence that dislocation slip
had contributed to the necessary shape changes.

Very recently on a concurrent program(5) this same material was tested
in reverse bending with up to 6 cycles and 48% total strain. After the
first couple percent of strain a rather strong work hardening was apparent
(in the earlier work specimens were only strained to 2%), and the rate of
work hardening increased with each cycle. Also, a very strong Bauschinger
effect (lower yield stress on reversal of strain than maximum stress at
unloading) was found which tended to diminish in magnitude with successive
cycles. In addition, a yield phenomena similar to that observed in "strain
aging" and the more classic yield drop was occasionally observed. The

Bauschinger behavior was partially rationalized in terms of the relief of
Ii stresses at triple points and other obstacles to grain boundary aliding upon

reversal of this sliding. This work is not yet complete, thus the explanationsare tentative and conclusions have not yet been drawn. However, the data is



repeatable and will be checked in the tension arid torsion Mode. Thus, the
w o r k t o b e r e f n o • d s t r e s on n M r ai n 1 - --i-.v A ].-( *.-. - ' e-" -. ..-

(within 2%) flo, w stress on strain rate and behavior on reverse loading at
high strains at several temperatures.

B. Material and Procedure

1i-. maw aterial

One lot of hi i rity A12 03 was employed in this study.* Thislot had been prevIous ly Sy characterized and the fabrication processoptimized. The necessary specimens wrere vacuum hot presued by the process
developed.

2. Test Procedure

Samples with different cross-sections (0.050 x 0.125 or 0.030 x
0.070 inches) and 0.875 inches long were tested in 4-point bending. Amolybdenum resistance furnace and argon test environment was employed. The
bend fixture was constructed from TZb¶ and chemically polished sapphire
knife edges were used (extensive testing with a variety of candidate materials
demonstrated these to have superior sliding frictional properties). Atungsten strain measuring probe (referenced to the lower knife edge block)
was coupled with a LVDT and recorder for strain and strain rate measurements.
Considerable care vas taken to eliminate spureous loads or bellows frictionproblems. Both load and deformation were recorded separately verous time.
Machined specimens were cleaned in I}P'-HN03, H2 0 and ethanol and handled
only with teflon tweezers or while wearing white gloves.

The normal practice was to strain the specimen to the limit of thebend fixture (5M for the 0.050 x 0.125 cross-section and 2.5% for the
0.030 x 0.070 cross 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 tests were conducted in reverse bending;
that is, once the limit of the bend fixture was reached, the specimen was
cooled, turned over and again bent to the limit of the device (because of
the specimen curvature twice as much strain was obtained during the second
and subsequent bending experiments).

Considerable care was taken to monitor microstructural changesafter the test. Replica electron microscopy was performed on each specimen
before testing, after each cycle on both tension and compression surfaces,
and on either the fracture surfaces or a subsurface section (if fracture didnot 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.

* iLt S5578 supplied by United M.1ineral, Distributor for Johnson-Matthey
with a reported purity of 99.9995% 4120 3 .
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C. lsnulto and D3iscussion80 I
1. Chemnical Chlrracterization

Over the Dast several vea:va( 6 ,') t-.hi• i (lr 7R\ ce ^1-,• h.o

analyzed by emission spectroscopy, plasma source mass spectroscopy and
spark source mass spectroscopy. In this current period spark source mass

va;uac tu•xclubive~ly.*- Car~bon and i.Luorine were determined

by fusion and wet chemical technique, respectively. One sample which had
been previously analyzed was resubmitted as a cross reference to the old
Gr-ilyiri. The other samples analyzed were the high purity powder - S5578, a
vacuum hot pressed sample produced from this powder - 1368 AP, a bend bar
machined from the 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 the high purity A120 3 ) produced from Linde A A12 03 . These
analyses along with the previous analysis on Sample 1331 are listed in Table 2.1.

Keeping in mind that the reproducibility for mass spectrography is
approximately + 50% the agreement between analyses of 1331 is quite good
for most elements. However, the discrepancy in the second analysis was
considered serious for the following elements: CO factor of 4 higher, Ni
factor of 4 higher, Ca factor of 2 lower, Si factor of 2 higher and Mg factor
of 5 lower. Interference with other peaks makes Mg analysis difficult, thus
it is 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 is apparent from considering the analyses 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 outgassed at 17000C prior' to use). In any event Sample
1368 which was pressed 7 runs later was a factor of three lower in detected
imp•'rities.

The analysis of the S5578 powder and the two 1368 sampleu exhibit
some interesting trends. During hot pressing the following impurities are
picked up: K - factor of 3, some Si and Na - factor of 4. These three
elements, of course, are very co-aon in our universe and probably Just very
hard to keep out of any system. (Because the C analysis was done two different
vays it is not clear if C is picked up or lost during hot pressing.) it is
interesting that same C1 is expelled from the powder during hot pressing
and an even grVater quantity is lost in the annealing of the individual sample
during the high temperatture test. It is perhaps equally significant that S
and F were not rejected from the system during either hot pressing or the
high 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

* Performd by D.C. Walters and E.R. Blosser, Battelle Memorial Institute,
Columbus, Ohio.

-Him*
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of 2 1/2 higher Na, lower Mg, lower Up, factor of 2 1/2 higher K, factor or
2 higher Ca, factor of 5 higher ict and 40 ppmw Ga. Thus, this particular
pow-er lot of Linde A was quite -,ore, nnd it in apparenit that by uning
carnffui processing tecimliques thin purity can be maintained.

Bacicallv thT4.P Ih been hee uer t-.-o -- r-.
analyze high purity 120 3 . In general, emission spectroscopy showed the
S5578 powder to be much higher purity than either of the mass spectroscopy
t,.chninue_ rIho precision on the ta opc..roscopy Icchniqu" Is ... ta. to
be + 300%, and emission spectroscopists will usually mention a figure of
+ 2U0%. Using these figures the authors -Lave reviewed all the analytical work
cn S5578 alumina over the last 3 years and produced a conservative (with

respect to claiming high purity) estimate of the impurity concentration
both in the as-hot pressed and annealed condition. These values shown in
Table 2.2 total 305 ppm impurities after hot pressing and 120 pm after a

suitable anneal to reduce C, C1 and perhaps F and N. The cation impurity
concentration alone was 80 ppm after annealing.

K The plasma source mass spectrographic work demonstrated another
important fact concerning the chemical nature of this material. Impurities
are inhomogeneously dispersed throughout both the powder and the hot pressed
sample. This means that it is quite possible to encounter areas that arc
very clean as well as quite contaminated with respect to the above analysis.
Little is known concerning the size or concentration of these pockets(8 This
condition is probably quite general in other A1203 bodies. Rasmussen Y

demonstrated that they exist in Verneuil grown sapphire and furthermore, that
up to five zone refining passes are required before the sample becomes
homogenized.

2. Consolidation

Considerable care was taken in die cleaning and powder transfer
operations. All operations requiring exposed powder were conducted within
a glove box. The precautions to prevent contamination have been described in
detail previously. ST)

Table 2.3 lists the hot pressing conditions and results. All
samples were 1-inch diameter by 3/1.6-inch thick. The fabrication cycle had
been determincd in the previous program. The only difference was that the
time at temperature and pressure was reduced from 20 to 10 minutes. The
purpose of the change was to reduce the grain size; hownever, no significant
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 - 100% dense range.

The samples that were machined into high temperature test specimens

underwent extensive microstructural examination. Electron microscope
techniques were used to measure the grain size on each test specimen. This,
of 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 a uniform normal grain size distribution. Figure 2.1
illustrates a typical structure.
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TU3LE,, 2.2

-•F~kA ITR W"IWI ,

HIGH I-URI'Y ATJTMINA TMP-HrI.'Y CNCENTRATION

EImpurity As Fr-assed Annealed

Element Pm

Li 0.3 0.3

B 3 1.5

c 16o 10

N 3 1

F 10 5

INa 20 20

Mg 10 10

Si 15 15M P 1 1

Cl 4o 15

K i0 10

Ca 10 I0

Ti 1 1

Cr 1 1

Mn 1 1

amFe 2 2

SNi 5 5
cu 0.5 0.5

Ga 1 1

s 10 10._
STotal 3o4. 8 121.3

C r.....1... .1.



H TIGH PIUMITY ALUMINA FADIUCATION

Grain
Din TePp. Prc urc 'pilmC TIUIti Ev
-Number QC min. gn/co micronn

•- •• ~ oe15io3.W75 0.-7-5
i 158 ].4o0 15 o3.98() 0.81

1368 1400 15 10 3.977 0-75

1404 1420 15 10 3.984 0.83

1410 i400 15 10 3.974 0.83

1417 1400 15 10 3.971

1419 14oo 15 10 3.980

142O* 1400 15 10 3.969

- Lituide A po:wdea

3. Defo_•mation Behavior

a. Analysis

The analysis of the load-deflection data for plastic bending
requires consideration beyond the elastic analysis. This renults because
.the flow stress is, in general, a function of both strain and strain rate, and
is not necessarily linear through the beam, thus invalidating the elastic-
stress analysis. When the stress is independent of strain and is linearly
proportional to the strain rate, as in diffusional creep, t e stress distribution
is linear in the beam and the elastic equation may be used.t9)

A procedure has been developed for determining the stress-strain- lO)
strain rate relations for materials which strain harden and are rate sensitive.(0
This requires 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:

2-- + ib + bh]
bhc

vhere nb J/J in\M (5)

Iln

(6
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Figure 2. 1 Gi-ound Surface Showing Starting Microstructure
off Test Specimen 1404-6 with Average (3rain
Intercept of 0.33 Microns3.
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where M Is the bending moflent, O tle angle of" inclination of' the neutral
axln of the bwea (proportioual to the deflection), j the rate of change Of

and b and h are the width and depth of the bfean. 'i1e strain and

considerations. During a test the load and the deflecLion are continuously
recorded versus time and the "outer fiber" Estress-atrain, and strain rate
are calculated from this data. in general, a series of constant rate bend

tests are made from which the desired relations are calf-ulated.

b. Tent Results

A number of specimens were deformed at a constant strain rate
through the test. Figure 2.2 is an example of a reconstructed (from the load
and deflection versus time curves) moment, M versus strain rate curve where
every attempt was made to maintain a constant E For convenience the
approximate stress calculated from the elastic formula is also shown. This
particular specimen was reversed after reaching the strain limits of the test
fixture. During the reverse bending cycle the load was removed and the
sample annealed for 5.45 minutes prior to reload for continuation of the
test until fracture occurred at about 9% strain. There was a slight 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 A1203 it was difficult to identify
anything approaching a steady-state stress. However, most other studies
stopped at 2-3% strain. Therefore, it was decided to identify any nearly
level flow stress within 1-2% strain as the "steady state" stress. The
point used for this test is designated in Figure 2.2. From 2-3% strain a
small amount of strain hardening occurs. Upon reverse loading a pronounced
Bauschingez effect is apparent in that the flow stress does not immediately
reach the level at which it left off in the first cycle. Strain hardening
continues at a rate about equivalent to that in the 2-1% strain range. After
the rnid-cycle anneal the specimen loaded very steeply to about 0.8 of the
previous flow stress and exhibited what appears to be a yield phenomena.
The slightly lower strlin rate during this reloading vas unfortunate, but
assuming 0- - K ý 0. only a 500 psi change in flow stress would be noted.
Thus, the 4000 psi. 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-catastrophic failure
led to three stress minima prior to failure. Consideration was given to
these minima being caused by a test related phenomena such as knife edge
sliding, etc., but to date they have been observed under a variety of
conditions. The interpretation of this curve will be given after the remaining
mechanical and microstructural data is presented.

Figure 2.3 shows a second reverse bending experiment. This
Specimen was reverseed twice to Lgve a total strain of Just over 12%. During
the second cycle a problem in the recording of load was encountered so this

data was not. plotted, but the strain given the sample was taken into account.
Buth the temperature and strain rate were lower than the test plotted in
Figure 2.2. The steady-state flow stress covers a I'.rger strain interval and
is somewhat flatter than the higher temperature test. The third cycle
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exhIbits an appirent higher yield stress than the firot cycle and what
appears to be a sligvht yield strens drop. This is followed by a very steep
.................. • .... , . , i., a y rWt ur uucrufailure mechanium

caused a flow stress drop of about 5 Kli. Strain nardening again occurred up
to the flow stress previously obtained. AL this point the test was terminated
sue to the strain limiraulons of the test fixture.

Figure 2.4 illustrates a change of rate test conducted at 14OOOC.
Each plateau iii the flow stress versus stiain curve was obtained by
successively rRising the strain rate. The strain rate was not constant
during the first 1% strain, but the flow stress at a specific strain and
strain rate was identified and plotted in the flow .0 -as versus strain rate
curve (Figures 2.5 and 2.6). Strain rates were quite constant during the
next three intervals of strain rate a- were the flow stresses. The specimen
fractured soon after the highest strain rate was imposed. The flow stress
was nearly level so this poinb was also plotted.

The steady-state stress (using the elastic, 3 Pa, stress

calculation) from the first 2% strain was plotted versus strain rate in
Figures 2.5 and 2.6 for tests at 1300, 1350 and 1.40O°C. Tests were conduct d
at l4500C and 14800C but flow stresses of about 30 Kpsi at is of 4-5 x l0-
indicated that some mechanism, presumably grain growth, had hardened these
specimens beyond the expected range for these temperatures (flow stress was

•.aghly equivalent to the 13000C tests). Electron microscopic examination

showed that growth from 0.3 )um to 3 u had occurred during the 14500C tests.
Thus, the lower temperature tests wte chosen to compare with the lower purity,
"fl-3tandard" AJ. 2 03 + 1/4% MgO tests.

X :The scatber in the flow stress versus strain rate curves was

a=! much greater for the 14000C date than the lower temperature tests. Because

of the grain growth observed at 14500c, grain growth was suspected as a
contributing fectnr t. t",e scatter. Tensile surface replicas from the
individual test specimens failed to show the occurrence of significant grain
groavth. (Average grain intercepts of 0.8 + 0.1i=m 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 1404-4-2 which was the sample tested in reverse bending
had a post-test matrix exhibiting essentially a 1.50 pm average grain
intercept (Figure 2.7a). However, localized areas showed patches of 4 and

5 pm grains (Figure 2.T7). The entire specimen cross-section was examined
and these local areas of exaggerated growth were distributed throughout the
section.

b e The time-temperature history above 12000C was recorded for all
but a fev of the 1400 C test specimers. The area under the temperature-log time
curve was intergrated and recorded on Figure 2.6 in artibrary units in
parenthesis next to each data point to give a qualitative comparison of the
thermal cycle each specimen receive±d. It will be noted that the higher
numbers correlate with data points farther from the best straight line while
low numbers lie below the line. Thus, the argument that a small amount of
grain growth prior to obta_. ng steady-state flow accounts for some of the
scatter appears reasonable.
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C. comparicon of Two Aluwina Bodic-

The strain rate sensitivity, m, from Equation (1) is also
Z. . 171.-, • a 2.2 rud 2.6 (uiewuen u.jo ana 0.61) ror Tne ingn purity

alumina (to be designated -W alumina). Theue are to be compared with
m - 0.66 at 13000 C and m a 0.61 at 14000C for 1.1 im AloO + 1/44 yao (to
be- designated standard alumina). An increase in m to 0.8 to 0.9 w14s notedS~in the standard alumina data with inci -ased grain size to 5 to 10 1•.Ti
va Ireviouslzy interporeted man being d~se -Fn nn 1nt•.#_-SFeCl 4liffý1I:!nnl creep

contribution compaaed with a competing grain boundary sliding mechanism at
1-3 )m= grain size. Thus, it is of considerable interest that such high
values of m were obtained at sub-'icron grain sizes.

The HP dnata is best compared with the standard dlumlna data

by comparing the measured strain rate at a given flow stress. This is
illustrated in Figure 2.8 at 10,000 psi. In 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 flow stresses
measured this low so large extrapolations would be required. Thus, it was
useful and perhaps more accurate to compare strain rates at a flow stress
where actual data was gathered for both materials; 10,000 psi*. The 13000C
and 13500 C points for the HP material were lower, but parallel with the
standard A1203 line. The 14000 C point fell badly off the line representing
a significant reduction of strain rate or hardening. It has already been
mvntioned that grain growth was suspected as causing scatter in the 14 000c
data. It is uow further stated that grain growth probably caused the
apparent har'lening of the 14000C data point in Figure 2.8. The assumption

was made tbhit this was the case and that grain growth from 0.8 jam to 1.1 im(measured on one fracture surface for a one-cycle 1400°C test) occurred prior
to the establishment of a steady-state flow stress. Further, it -ms assumed
that • . K an found for standard alumina and an adjusted • for52.5
10,-000 psi was found. This point is plotted in Figure 2.8 and it can be
seen that the 1400oC data now fits an extrapolation of the lower tempermbure

- .data, This, together with the observed growth, lends credibility to the
iam'myption and calculation.

I The effect of grain size can be factored into the comparison
ty plotting strain rate at a single temperature and flow stress versus grain
size Figure 2.9). The curve for standard alumina was taken from previous
work (a different flow stress and temperature were used to reduce the
chance of error in extrapolation). The lover creep rate for HP alumina stands
out in this comiprison with the HP alumina giving an effective creep rate of
-0.2 the standard alumina at equivalent grain sizes.

The activation energies are indicated on Figure 2.8. The fact
Sthat HP A1203 had a lower activation energy seemed to correlate with a trend

S+ 1/4% mg0 flow stresses were calculated by the relation Pa +
~2(2 +m

" wereas the .present data van calculated from the elastic formula 3N . To
facilitate comparison to the A1203 + 1/4 MgO data vas incregsed 7-to compare
with the HP data. The correction involved about a 13% change in flow stress
and simply rendered the comparison more accurate.



-19-

LM

'Ale. II

- CCorrected

S~for• Grain G-rowth

S"• i0,000 Doi
4%X

av 103 \Kc

1-5 \--- 119 KctI

10 A )H H

-_ X High Parity, 0.8 )am

- 0 A 1 2 0 3 + 1/ 4 ",4 0 , 1 -2 ) =m

I "5 orrec1 l

1=-

S5.4 5.6 5.8 6.0 6.2 6.4 6.6

Ficure 2.3 !tr~in Rr..te for 10 Kp.l Flow Stress for gi~h Purity and
Standard faumina as a Function of Te rature.

Ii .. . .



-17O

U
I

10 1 11.U ... . .

C)

0 io1 ,0

Grain Size, N•crons

Figure 2. 9 Strain Pate -Grain Size Relationship for Three Gradesoo•A1203.
Im

~ 1d~Purit A2.0



obaerved In the previous t•tudy.2 A'igure 2. 1 shows the observed activation
,nr!rgievs ac a fuuct-on of FnAtn slze. Alao plotted are, activation enerA.C1
X_•-, 7, V3 .jd , grain P ize IucalCax detertrined from the dat• of Folweiler, 3

Ua5 a ntress of 500X) pei by the nmae technique as in Figure 2.8 (Th4 10 10m
Lucalox was meaaured by Heuer and oannon. 2 ) T . g r..i tmho-d for

-Increasing nctivation energy with increasing Krain size. The data for thp-
- COo•r A- 203 does not suppoib the trend. 'There were many other feature& of

the deformation behavior for thi-as ateri--1 that did not .. i.a...t. .If.LL . i
other materials tested, thus It is not surprising tnat, the activation
energies fell off the line. Fclweiler stated that the ' jm Lucalrx underwent
some grain growth durinC the testing. This growth viuld contribute the
apparent low (with respect to the line) value of activation energy since
there woild be a larger grain size at; cacb successive temperature.

The activation energy was plotted versus the temperature
Eý Interva) over which the data was gathered. It can be 3tated that there wai

suffic.t-nt overlap that the apparent activation energy is not a function ofi - test te-n,)sature.

The A1203 creep csudies performed by others have been. analyzed

by the Nabarra-Herring creep equation (3). For comparative PurpoGes, it
was inotructive to plot the HP alumina data on this curve (Figure 2.11) which
also sdlhws the lattice diffusion coefficients. The HP data were only
03lightlI below the line .cpresentin• the bulk of the data in the previous
studies enud the data of Folweiler.5 The actual data points lie below the
standard a~lmina data as expected from the relation shown la Figure 2.9.

_ , Because of the trend toward decreasing activation energy
with decreasing grain size it was important to consider the Coblel• treatment

'_ of the Nabarro-Ferring model based on boundary diffusion:

4 7 1-i ( 7 )
kT 03

where w is the bouLdary width and Ib the boundary diffusion coefficient.

The combined factor wDb is shown in Figure 2.12 -wtth creep
daý.a analyzed in an identical manner and wDb factors from secondary grain
growth atudies by Mbiste101- 2 initia sintering kinetics by Johnson and
Berrin' 3 and creep data of Chang. 14 The line for the liP A1203 Taw quite
distinct from the stwndard A120-3 which -is probably a result of both increasing
purity and the lower grain size.

el. Miprostructure Study

V already mentioned extenslve electron microrcopy accompanied
the deformation study. Figure 2.13 illustrates the surf&ce structure of
SamplP 1404-4 and a control sample after the first and seconi cycle of
bending. The stresa-straiu curve for this sample is shown in Figure 2.2.
Figure 2.13 a and b illustrate the difference in the tensile and compressive_ surfce fter only 2.8% strain. The tensile surface (a) shorws rounded
Sain surfaces ad boundaries. There are regions (arrow) which show
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YtguirŽ 2. -13 *Sur-face St'cýX of Samiple 1404-4~ Tested at 14000cC;
a) TrensIle and b) Compressý.on after 1st Cycle, c) Control
Sample after 2nd Cycl(e, and (1) Tensile and e) Compression
after 2nd Cycle.



Opp-rent double boundarieca and many triple pointai huvivig dihedral &ngleB of'
1 200. Ther6 are u fewi aingul.aritiý!s of' unknoCWf origin ort the ourface.

Dhe uo-t ctdittuiL featnx e of the compressive surface (b) iB the- high
coocentration of siugulfarlt-Ina. W.~ipn t~bomp werA nnt.'Mt An¶1v in +.ho tdaaTf-Ai
pr'grKM al moly3bdenum sleeve was positioned between the te&bting cage and
the furniuce to prevent potential impurity vapors from entering the testing

CZU,~uJ LLUa didiiv prvL ýIjhe uceurraraee of the ningiiiariticEu proving tna*.;
eithr te sngulritns erenot of an joipurity vapor origin or that the

sleeve was not an effective barrier for the source (the ends of the sleeveI
were Much co.lder thlan the hot zone, thus impurities coming from the hot zone
of the furi~ce should have condensed). The grain boundaries of' the compressive
surface (b) look somewhat more angular and less-oregular than those of the
tensile aurfacv. P, marked change in surfaze atructure occurred during the
second cycle of bending. The new compreasive surface (e) which , of course,
was the tensile surface (a) In the first cycle developed a structure quite
sim-Ilar, but perhaps somewhat more angular and disturbed than the original
compressive surface (b). A high concentration of singularities developed
and several heavily disturbed triple po'into (arrows) are apparent. The old
compressive aurface which became the tansile surface (d) during the second
cycle developed a structure -unlike anyci' the other three strained aurfaces.
A very angular w-ithin grain struzture developed having as many as three
prIncipal orientations vi~thin any given grain. This structure is quite
different from t~hermal etching which normally sbovs only two or perhaps a
curved ledge development. Further, the grain boundaries are much lesa
distinct than In the other surfaceh and many of the features such as double
boundaries and the unusual tcriple point structure already pointed out are
apparent. The rounded singularities which were observed on thin surface in
the compressive m~ode are no longer apparent. This suggests that the singulax'l-
ties are not impurity phases but scme etching phenomena tl'at is free to
develop under stress free or compressive surface stresnes, but not tensile
stresses. Point defect clusters, impurity centers on diilocations might
react In this way. The control surface (c) shown a significant population of
the singularities, scme thermal etching and at least one area that looked
like a double boundary (arrow) similar to the worked surfaces. 0In general,
the bcrandaries were distinct and triple points regular with 1200 angles.

Hish magnification examination of the strained surfaces
revealed details of the features already mentioned plus several -)tber phenomena.
Figure 2.14f ahows a good examp~e of the wavy double boundary at position (A).
This type of bcqunda~ry is auggestive of extensive shear &a typifie'l by
dislocation interactions with grain boundar~ies followed by the dev.~lomenrt
of grain boundary dislucations. Another posaibility i~i boundm-ry migration
wilth both the old and new boundary positions beIng thezmallJy etched. The
displaced triple pdint at (B) is suggestive of grain boundary slidin,,- ONr).

Figure 2.15 is a compressive surface and shows the apparent
development or gbost of a 0.25 ~p grain structure within a 2ym_ grain.
The structure could be caused by either -polygonizetion after dislocation
development or by the etching of a relic frow the grains or powder during
development.. Fignre 2.16 illustrates another example of sub-grains; (A). In
this came they appear to be associated with an irregular triple point, and
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Figure 2. 14 Tensile Surface Structure of Sample 1.404-i. Tested
at 135 00 C Showing Double Boundary (A) and Triple
Po~it Offset (B).
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strongly suggeet thaL they result from polygunization resulting from the
extensivwe shear associated wtth this deformed triple point. Also shown in
this figure are several broad boundarles tari uwat appearg to be a triple

ka'uuLOu\3-K LJI, ~U1 LU 0 !kMUM L7COUJ. UJ. V0.

The occurrence and disappearance of singularities as mentioned
usually corresponded with atresa-free or compressive surfaces. HoVeVys,
exce3tionA were found in this general view; and Figure 2.17 illustrateu one
example found on a tensile surface. Thus. it must be stated that the
explanation of the singularities besed on etching of a strucurel feature
my be incorrect.

The other feature that has not been interpreted is the "within
grain" lines shown in Figure 2.13 d. Many lines intersect at approximaitely
a 600 angle. One possible interpretation is that they are slip traces.
However, this is thought to be quite a radical explanation especially since
the crystallography and known slip systems in alumina would focus on rhombohedral
slip, a secondary slip system in alumina. The lines may be a result of
thermal etching although the authors have not previously bbserved thesr
features in thermally etched surfaces. It would appear that a conclusive
explanation must await transmission electron microscopy of the surface grains.

e, Discussion of the Comparison Between Alumina Bodies

The 2ecreased creep rate (at comparable temperature` fUr'w stress
and grain size) and increased rate constnaa fi high purity alumina ccupared
with moderate purity A120 3 + 1/4% M60C probabeiyf i-tterrelated. Ct
thought that non-Newtonian GBS if the prtpciwai cause of m < 1, tie predicted
value for diffusional creep. Recent work on A12O3 ' 1/4% MgO ;•'aitz t.t
dislocation motion may play a more significant role .hban pre,1ouso•y LhCu~ht,
in moderate temperature creep of alumina. Both mi-Irooe-ruc :ural. ,nd streca-
strain evidence for dislocation multiplication, inteiaction and locking
were obtained at high strains. This, of course, suggesa.s -hat dinlocatton
effecto arc an altcrnative expJ±ination for the low. m value in the fkne-g-rn •d
A12 03 + 1/4% MgO. It is also thought that there is a dliffunlonal ccz.-on-Lt
to creep. In fact, diffusional creep ý-quirea some GBS to eltow th.: ploci.ss
to continue. Conversely, if GOS iE the dsan-inb wecrh-rii, ccme diffusional
creep or alternatively sheskr are requi; ed to rtLi,• , back stresses at triple
point intersection etc., and allow homogeneous flow.

Thus, the distinctive effects on creep by the alteration of
chemistry probably result from a decreased importence of non-.Netonian GBS
in F2 alumina. It is reasonable to predict that a marked reduction of
impurities or Mg* 2 in the grain boundary "region" would mr1ed2ly reduce the
ease of GBS. This would shift the competing (or compliment-.ry) mechansmax.
of creep tovard the diffusional creep side giving the obserred rn2her m value.
one alternative explanation based on a dislocation model for creep involves
the ease of dislocation multiplication or generetion at grain boundary ledges.
The high boundary mobility in HP alumina would absorb &islocattioL s3o0res
giving the observed increase in m value. Agin, this wovid shift the eontroli-
ing mechanism toward diffusional creep. Arguments could be ad-amnced considering
a shift from extrinsic to intrinsic diffusional creep control with ircreasing
purity and resulting in decreased creep rates, but these are not required to
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Figure 2. 16 Tenoile Surface of Sample 1358-1 Tested at 14500C
Showing Apparent PolYgariization Associated with
Triple Point Irregularity (A) and Triple Point
Offset (13).
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Figure 2.17? Tensile Surface of Sample 1404-6 Tested at 1400 0

VqF Showing One of Few Excamples of Singularities on

Tensile Surface.
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fit the data (althcmuh It In possible that intriuwic diffusion It operativc).
Thn sohle fact that creep rates a-ce redvuced torther with Hn inetease Ird m
ugge•sts that diffunional creeD mer se is a aW--•vor and by

eliminating the ease of Gi-3, or dislocation imltipl cation, diffunional
creep beccas the doninant mechanism.

These findings are in conflict with thme of Hwvpon andKinseryrI w~ho found a con~stant creep rate for increasing MO+ frow I to 20 vi~m
uav Lima a decreasing creep rate with increasing concentration rrLm 20

to 2500 pPm. Theý interpreted their results as diffusion&s creep and c~plained
the effect of Mg on the basis of 4ta effect on the diffusion race, Thetr
material was > 10 pm grain size so ti-at higher m values would be expected
to be obtained (the previous studies by I{euek Lnd Canon found increasing m
values above 5 Pm grain size). Th-:s, by altering M9+ concentration at
large grain sizes they we-e appare•tly affecting diffusion rates whereas by
vwaying *g+2 and other Ion=s at small grin sizes, we were apparently causing
a shift in controlling mechanism from G-130 to diffusion.

The lower activation energy with decreasing grain size probably
is caused by the increased importance of grain boundary diffusicn control.
In most systems, where grain boundary diffusion rates have been measured,
the activation energ- is lower for grain boundary diffuiion than lattice
Ldiffusion. Also, the 2 G- 5 depeudence Is midway between Vhat
predicted far lattice diffusion controlled creep G-2 and boundary
diffusion contiolled creep ý - c-3. The HP A1203 grain boundary diffusion
curve fell below the standard and larger grain A12 03 and also agreed quite
Nicely with the line by Chang for creep and Mistler for secondary grain
growth. These four facts combined with the marked increase in grain boundary
area with decreasing grain size led to the assertion that the cause of the
observed relations is a shift toward grain boundary diffusion control.

This explanation does not specifically meau that a grain
buAndary diffusional creep model is envoked for both grades of fine grairi
A120a. Deformation mechanisms such as GBS or dislocation motion certainly

diffusion for acccoda'ion, perhaps diffusion around a ledge, or
climb. Thus, the decreasing activation energy with decreasing grain size
is thought simply to be caused by the ever increasing importance 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
obstacles 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 boundaries and so should also reflect
such a change in the diffusion process. Therefore, it is concluded that
the affect of increased purity at these fine grain sizes has been to shift
the controlling mechanism scmevhat away from non-Newtonian GBE toward
diffusional creep.

f. Discussion of Deformation at Bitg Strains

At strains above 2%, strain hardening to flow stress as much
as 3 times the "steady state stress" occurred. Grain growth during test
is mne possible cause of apparent strain hardening. In fact, calculations
of predicted flow streswes for the observed grain growth in Sample 1404-4



(Ugu'•, 2.2) indicated Lhat virtually all of the strain hArdening could
be accouuaterd mr hy thi1 u _._6t i--

_LU

muechanim In too simple in view of the complicated shape of the Btresd-strain
Scu'rve and microstnactural evidence for etructural alterations aO a result
of atU~iu.LA

The Baunchinger effect (Figure 2.2) is tyDically exilalnpd
as being a result of easy dislocation flow in the reverse direction of that
experienced in a previous cycle where dJ ulocation impingement on a barrier
such as a grain boundary caused hardening. Such behavior can be partially
rationalized in terms of relief of stresses at triple points and other
obstacles to sliding. This is thought to be the cause of thp arelastic re-
"covery which has been observed after creep of BeO and A203

120 . However,
grain growth would not give rise to this affect.

After the anneal in the middle of the second cycle in test
14o4-4 (Figure 2.2) a rather sharp app&rent yield 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

V have been observed. However, polygonization or partial annihilation of
dislocation structures at grain boundaries would have softened the material.
It woald also have allowed the observed period of steady-state stress prior
to the resumption of strain hardening. A similar sharp yield point was
observed in the test illustrated in Figure 2.3 with a short interval of easy
flow prior to a very steep rate of strain hardening.

The microstructural evidence for wavy and double grain boundaries
together with evidence for polygcnization also support the view that die-
location flow, locking, multiplication and polygonization are influential
in the extended strain region of fine-grained A1t0 3 deformation.

Microatructural evidence for grain boundary sliding was
also evident, thus the role of GBS in the high strain regime must be considered.
GBS could be the major deformation mechanism rejuiring diffusion or dis-
location flow for strain accoamodation, or GBS could be the secondary
process required by the other processes as already mentioned. But, consider
the possibility that GDS is the major deformation t'echanism. The Bauschinger
effect noted in Figure 2.2 could be explained by a reversal of GBS as welU
as by a dislocation model. Thus, it is 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 a role in the deformation of A1203 to high strains1. in the 1300-1450 0C range.

The failure of A12• 3 in the moderate temperature range apparently
is less catastrophic than previously thought. The occurrence of three
flow stress reductions prior to failure in Figure 2.2 is a dramatic
demonstration of thib accomnodation. A related study5 on standard alumina
resulted in the development of a crack covering 1/10 of the bar width on
the second bending in a rebend test. This crack closed on the third bend
as the surface was in ccompression. But, on the fourth bend, the crack
opened to cover 1/4 of the bar width, the flow stress was 15 Kpsi and the
bar remained 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.



4. FractureSLrength

The fracture strengtho of the hig>i purity alinwdia a-e ccupfred
with the data of Spriggn, N.tchell and Vr. rdoal 5 on 99.9% A1203 at twograin sizes in V1icni- o - ^-- ..P...,.. ' -- .. -, ar' scmie teat sara

for 1.1 pm grain size A1203 + 1/4% MgO. The high tr-_iperature test data
was collected during creep studiea, so a variety of' strain rates were
inv l;- a nd uu antempt was made to factor this into the comparison except
that the data of Spriggs et al was taken at 10-4 i|ec-i whereas the new data
was taken in the range 2-9 x 10-5 see-1

The fracture strengths demonstrate that the HP alumina strength
is slightly stronger than 1-2 pm grain 99.9 AI20 3 at the uppermost tempera-
tures. Also, the strength at 14500C appears to exceed that for A1203 + 1/4%
MgO. The suppression of GHS or dislocation flow for HP alumina already

- discussed in comparing creep rates icould also be responsible for the
higher strengths. The high boundary mobility and small amount of grain
growth at 14500C may result in a further rise in the 14500c data due to
the strong effect of grain size on flow stress.

SD.Sumr

1. Uniform 0.8 jm grain intercept 99.8% dense Al 2 03 specimens with
an annealed 300 PPM total and 80 p1m cation Impurities
were fabricated.

2. Impurities are inhomogeneously distributed in 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 AI203
and A1203 + 1/4% MgO revealed that the 1P A103 had
approximately a factor of five (5) lower creep rate, a
higher strain rate sensitivity, a lower activation energy,
and grain boundary difftasion coefficients in agreement
with several literature values. It is probable that this
is due to an increased dominance of boundary diffusional
creep over either grain boundary sliding or dislocation
flow. Grain boundary sliding is the most likely process
to be influenced by increased purity in this manner.

S4. At high strains evidence was obtained for strain 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.
Some of the strain hardening was probably due to grain
growth during the test.

5. The occurrence of several stress maxima and minima prior
to failure indicates that A1203 has an apparent capacity
for blunting a would-be catastrophis failure event.
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6. The 11 creanend h:igh t(:w;pirntu.e nt;rength for high purity

A),ýOý toi probably dclu 1- tohe stiOpreion of grin boundary

of segrcnted bounmd(Ny inmmuritin. I
A. tlnneral

Studiem over the last several years htiv beu:, concerned with the hot
working of A1k(- aend 4gO. Emphasis bha been placed on A12 03 since the
studien hav .vei-aled considerable new teignolo&y. Athmilna single crystals
were groin by the ntrain anneal technique and aluminn with high in-llne
transmission was produced.l(

The oubsequent work6 '7T1 8 '19 revealed that deformniLi"it-reerystallization
Vi-ouasaes usually associated with metal working practice w-re responsible
for the structin-es and lp•roperties observed. The deformation process itself
produced a highly elongated grain structure with the iong axis of the
grains noxlle to the presning direction. Upon primary ree-'.ri.tallization the
wicrostructural texture wa often destroyed, but a crysta1'ographic texture
which hAd aqco'ipanied the grain texture w- retained. Also accompanying
primary recrystalliAtion and the equ' axed microstructure resulting from the
process 1es a pore remoial mechanicm. JYý -as ouggestedIB that the porosity
dlstributed throughout the structure presented -preferred nucleation sites
for the new generation of grains. This process itself could absorb porosity
or the selructure could be more susceptible to continued densification due
to the neariness of pores to grain boundaries; their potential sink. Many
detafll concerning the deformation-recrystallizAtion remain unanswered; e.g.,
what role does strain induced grain growth play and is true grain refinement
possible, what is the minimum temperature for recrystallization and what
Secondary deformation processes allow the homogeneous deformation of a billet,

There are at least three potential motivations for forging Al203. They
are, 1) thn production of ccu:yj,.icated shapes where a fine-&.ained dense
acli-osa ructure is required, 2) improved mechanical properties due to the
t•.-tu P-a1n re( lrdation of structiiir; sensitive failure mechenisns, and 3) high
lA-u1ae optical transmission due to the crystallographic texture and the
elimination of light scattering from birefringence. The mechanical properties
irvm býen stud1fd extensively, and it was found that the strength at -196°C
uud 12O' wCan nearly independent of grain size in the 1-20 micron range.
Hc -. ver, there w-a uo apparent effect of texture on the mechanical properties
hbtwe*-i 1475-17000C, the plastic range. 7  In view of the results in 1;ection II
Aiacdefinite indications of non-diffusive deformation processes after a

rewa pi-mcent strain were presented the above finding should be reconsidered.

See. very interesting shape forging were accomplished; namely, 600
einea and a near hemisphere were produced. Lack of explicit knowledge of
the flow a"- failure criteria for the temperature interval (1800-1950 0 C
An whicb most of the forging is conducted prevented further major gains in
P forging. Imroved in-llne transmission has been the mmt dramatic
c' tccwm of the forging effort,17 In-line light transmissions of 60% were
achieved for the forged .aterial as compared with a maximum of 20% for the



-35 -

beuL randotily oriented pore-free AJ2&., availaole at an equiv-J.ent thickuess
z," U.-•.iuuu o1 tne process were tne extent Of the .-raniparent zone,

complete pore removal and the extent of the cryntallograrhic texture.

The work to be decacribed in the folloifing section wnn aimed towa•d
increased understanding of the hot work'.ng process, the production of ful."-
dense alumina and menhandeil property stu-ies of high 4eneity t --- I/ud1'A.

B. Material and Procedure

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

t I. Code M-l, A. Meller Co., Providence, R.I., 0.3 m~cron A1203,!• • mainly alpha but containing IC 4!Cý go'm A1203,

2. Code G-1,2, experimental powder from W.R. Grace Co.,
Clarksville, Md., 0.2 micron alpha A12 03 containing
0.1% Mg0

3. Code L-l, Linde A from Uibon Carbide Co., Chicago, Ill.,
0.3 nmicron A12 0 3 , si-imiler phases to M-1. The only
forging on this powder was with a hot pressed billet
C-31 having a 1-2 microl graia intercept and 99+% density.

The forgings were conducted in a conventional inducation heated graphite
hot pressing furnace and press (Figare 3.1). CS graphite was used for the
mold sleeves while the pistons and mold were made from ATJ graphite. The
starting powder or billet conditioas werm arraiged such that lateral flow
was unrestricted during the deformation step. This was accomplished by
either, 1) cold pressing the powder at 4 psai n the graphite die and
allowing unrestricted normal densif'catioA and Thrinkage to occur during
the heat up and dwell period p:Aior to forging, or 2) forging and undersized
sintered or hot pressed billet (34-99% dense) or preforged ('~ 99% dense)
billet. All forgings were conducted in am ambient atmosphere present within
the essentially graphite systems. At 1860 0 C the atmosphere is expected
to be C, CO, C0 2 with CO the major species. The die lubrication-separating
media system was constant throitghout as this question had been the subject
of a previous effort. The graphite pistons were faced with molybdenum foil
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 25OC tests were conducted by first
heating the specimens to 9000 C for a 1-hour bold, then cooling to 250 C
and testing without breaking the argon atmosphere. The purpose of the anneal
was to desorb any potential corrosive species and complete the test without
re-adsorptioa. This potentially gives a measure of the intrinsic 25°C strength.

C. Results and Discussion

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



IN

r" f 1m
- TO ~~~ilky UCRN lA

COI

IRAA1411TI

NOTFTHA PROR O PRGIG, HER ISN ONTCTERAMIC TILET

SPECIMN ANDTHE DEMOLD

PITO - - hý



-(A I

~~C tfl nI ) (X

'c l c -

43 v
H0

E-4 W to~

w0

4-) C ~) 0) VI D - 0C N UD~-~

HI En -- Ar4 4-
0000 0

, 0~ 0 y

I LI) WN I I 1 Q 4$:

U-1 *'\ U- oHt O H

F::'

1 4)

H Ox--.C CM0 0 0 M

H~ ~ 0. ~ .
4iý+) +~H H ~w

1ýH HC~ H1 H

a, o 4 d0 14 )Iat O
co 4 - )" oL



c•yntalflographic textbm. The remaining forgIngo with the exception of
1294 were conducted to study the influ•.nce of forging temperature on
recrystallized grain size and degree o0 eryqta]Iograpilc tpxture. A seconfq
3oal was to be able to produce a uniform (within the billbt) high density

L& miupronatrnc+uro which would be iuil kbih f'r fhir+.hnr o- menIW[neal Dronmrtv
studies, Forging 12 9 4 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 billet to quench in the microstvucture representative
of the early stages of recrystallization.

1. Crystallographic Texture

In a hot working study it .iu a ncessily Lu hauve sme technique

for determining preferred o-ientation and degree of texture. This is be t
accomplished by x-ray diffraction techniques. A technique was describedg
which is not as tedious as the construction of a pole figuire, but which
allows the evaluation of relative degrees of orientation. This system
will be reviewed and illustrated by presentation of the x--ray data for
sintered* specimens, hot pressed billets of two length: diameter ratios and
press forged A1203,

The diffraction pattern cf a random (powder) sample was obtained.
Values of fo (h,k,l) defined by the relation

fo (h,k,!,- I ýh,k,l1
£i (hkl)

hkl
were calculated.

Similarly, values f (hkl) were calculated from the diffraction
pattern of a forged specimen. The ratios R (hkl). f (hkl) which give the

fo ThNIýrelative intensity of reflection were 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. In the case of a perfectly oriented sample, R is zero everywhere
except at • 0 where it has someŽ large finite value. !n the case of a
distribution of orientation, in general, R will decrease monotonically from

- 0 to • - 900. The better the crystallites are aligned, the higher the
intercept at ; - 0 and the steeper the drop wi6h increasing •.

Measurements of R as a function of 0 fo`' P-1203 prepared in three
ways are shown in Figure 3.2. Typical results fo., forged A1203 are shown
while specific results will be presented in subsequent paragraphs. The
forged material usually exhibits the strong incrtane in R value at low
indicating a preferred basal orientation; the (0001) plane normal to the
pressing direction. The two hot pressed semples illustrate some rather
interesting results. In both cases pressure was applied to the sample at
some low temperature ("- 7000C) and kept constant throughout the remainder of

T "xcalox purchased from General Electric Co.
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the cycle. Thbo kept the powder coll2unln lit contact wth the die wall through-
out the cycle In contrast to forging and nominally resulted In a hydro-
atatie pressure condition w-ithin the die. Th•1e thick naciple (4-ineh diameter
by I inch high) exhibited ecsentially a conftLant R vailue of I indicating
no preferred orientation. Dhe hot Dressed samDle having a lower T,/fl ratio
did show some orientation; however, instead of being basal the peak in Rf
occurred at a • equivalent to the (0,2,f, 10) plane. The Lucalox (sintered)!

S........... of o indiratitg, of u C uJdFe', $4

preferred cryntallographic orientation.

The lack of i orieaLiou in the sintered and hot pressed samples
is expected if a random distribution of crystallite orientations is present
in the pvwder compact and diffus onal processes provide the major densification
mechanism. The current viewl 7 ,l1 of both hot pressing and sinterins would

predict such a result. Thus, the occurrence of orientation in the low L/D
hot pressed sample was surprising. The low powder column height may have
allowed shear and bending mumentu to exist within the powder mass which
would promote non-diffAsional processes, e.g., grain boundary sliding or
dislocation plastic flow. Slip on a pieferred slip system usually accounts
for preferred orientation, thus this result certainly suggests that sllp
can 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 is uncertain how much emphasis to place on this finding as the orientation
foand may be more a reflection of the stress condition in the billet
rather than the slip system involved.

* 2. High Density Forging

I The first five forgings in Table 3.1 were conducted with the goal
of obtaining uniform high densities. Billets 1189 and 1191 were forged
under nearly identical conditions. The billets were compared and then

__ No. 1191 was placed back in the die and reforged and held for 4 hours at
FE 18800C under pressure. The grain size was a uniform equiaxed 17 microns
!- after the initial forging, and after the second forging there was a slight
=• m.croatructural texture in the center of the billet with a 16 x 20 ym

grain intercept and an equiaxed 23 Pnm grain intercept at the periphery.
The equiaxed structure certainly corresponds with a recrystallized structure.IE The fact that little grain size difference was noted after the second four-
hour hold at temperature suggests that continued recrystallization occurred
during this long hold. For 210 minutes of the hold period no macroscopic
deformation was detected (dial gage monitor system) thus, the apparent
continuance of the recrystallization was somewhat surprising. The reforged

sample war denser (3.985 gm/cm3 to 3.980 qn/cm3) which suggests that pore
removal continues either by normal diffnsional processes operative in
sintering or perhaps by the mechanism previously suggested 5; nucleation
of the new set of grains on pores which had been isolated from the boundary.
This places the pores on a grain boundary where they can be effectively
eliminated by the normal diffusional processes.

Billets 1222 and 1232 were forged irom presintered starting covpacts
into four-inch diameter dies. The lateral flaw was markedly greater than
the earlier forgings (three-inch dies). Conuequently, the fractional effects

a



were greater and dome shaped billets resulted. Both forgings eontained

slzable opaque zones rnd were not analyzed in detail.

3. Influence of Temperature on ForjnI

The series of forgings at varying temperatures were all "powler"
forgings using Grace A1203 + 0.1% MgO. The MgO additive was desirable
becauiu prwvj1uuo work had shown thaL mHe retarded allz~tou
resulted in more uniform microstructure than if MgO was absent. Whether or
not recrystallization is inhibited is probably still open to question. The
final load was ]ept constant (5000 psi assuming full expansion in the die
cavity). Time at temperature and pressure were held to within the 35-60
minute range as it was desired to have some fine-grained billets among the
group and a better assessmenb of the influence of temperature could be
gained by holding time relatively conutant.

The microstructures were quite uniform throughout three of the
-billets in contrast to many other for6ed A1203 billets. This was attributed
I both the uniformity of the deformation with the prest-nt lubricant system

5 deformation cycle, etc., and the MgO additive which seems to influence
grain devilopment. Riepresentative microstructures for the three forging
temperatures are shown in Figure 3.3. A density difference was noted moMg
the three forginga as well as the grain size differences. Both properties
are shown in Table 3.2.

M It was interesting to note that both the 165 0 °C and 1850 0 C forging

(Figure 3.3 a and c) exhibited an equiaxed microstructure while the first
17400 C forging, D1240, exhibited a pronounced microstructural texture. The
second forging in this temperature range was conducted only 100C higher

_ (1750 0C), but the structure (Figure 3.4) was decidedly less uniform than
any of those shown in Figure 3.3. Also, there was a mixture of three grain

-- moephologies; large (20)um), equia~xed grain, medium (10-20 pm) oriented
grains and small (< 5 )yn) equiaxed grains.

Before discussing the implications of the grain size and shape,

the crystallographic orientation data fur thebe-samples will be presented.

Figure 3.5 illustrates the crystallographic orientation of

Sample 1277 forged at 18500C. The orientation was determined for two samples
each at a different distance from the center of the billet. The results

show that the degree of basal orientation decreases radially from the
center of the billet to t'ie outside. This condition has been found for most

billets. No. 1282 forged at 16500C exhibited this condition as well as a
number of billets tested last year. 6  Sample 1297 forged at 1750 0 C showed
almost equal values of R for both center and rim sections. The tendency for
a stronger basal orientation in the center section is probably due to the
higher bending moment in this region. The bending moment is the origin of
the rotation of the crystals by basal slip to a direction normal to the
pressing direction.

The degree of orientation for samples forged at the three
temperatures is shown in Figure 3.6. The percent reduction was identical
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'Within experuitntal (-,or f'or the threee forgi.ngn. Only data f'roln the
centvr nection (center of piece examined 0.4 inches firm center of billet)
In -lottctd. The depee of orierntation inereanes with increasing forging
tempeature. Slip isn an Aetivated proc"BB, thu it become H easier with

thott higher forging temperature (keeý ' ing f'orging pressure eonntant) would

rcýult in more gzain totaLlon by basal slip. This also implies that secondary

sLip By-stems (prb1'Mtltc anq rlMnuolbedral) do not ±nicreau in importance
In fo- ging an temparature iu rained. Also, the, increased starting grain
aize with increased forging temperature would favor deformation by basal
slip as opposed to bouwdary skaiing creep which, of course, would not
produce or1antaticn.

The four micrographs presented represent almost the complete range
of microstructures observed in forged A1203. The interpretation and
implitations in view of the trxture are as follows:

Forgix!§ at 1850 0 C - The crystallographic texture found
dimonitra;,.es t•hat basal slip provided the main deformation
mode. Figure 3.3 c shows an equisxed structure suggesting
that rapid grain growth either after recrystallization or
due to strain enhanced grain growth gave a uniform grain
size. Preferred grow-th directions which occasionally
produce coarse tabular grains in AIpO3
are not important. The earlier view1 0 was that this
was a recrystallized structure and there is no evidence
to suggest that it is not although the possibility of
strain enhanced grain growth is at least mentioned.

Forging at 1750 0 C - Again, the billets possessed crystallo-
graphic textures demonstrating thp dominance of basal
slip. ligure 3.3 b shows G strong microstructural texture.
One interpretation of this structure is that it represents
a deformation structure caused by the elongation of the
grains due to basal slip. A second interpretation
agali postulates orientation by basal slip, 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 deformation. The
second structure (Figure 3.4) obtained unler similar
17500C forging conditions looked quite different. The
elongated grains appear similar t8 the deformation
structure shorn in the first 1750 C forging. Also,
apparent in this micrograph are fine (2 jn) grains, and it
Is thought that these are recrystallized grains. (The
grain size is aovut 1 pm. at the start of the forging
cycle and about 5-20 pm at the end of the deformation
prt of the cycle.) Some of the t'rains pre3ent a,,e both
equiaxed and larger than the elongated grains. It is
thought that these result from rapid grain growth of
the recrystallized grains. Thus, this one micrograph



show8 the deforuned grains, the fine recrystallized

gresins and the coarse recrystallized grnntin.

For n at165oC Again, the x-ray Irsults show

equiaxed grain structure (Figure 3.3 a) results.
gN 7he fact that it is equiaxed suggests that it re-

"Pyf-n 1i7r1 bu ot..... * .. ... ...... al-ilses as to why Lho
F • 1750 0 C forging still exblbited a deformation structure.

One posslble answer is that at 1650 0 C strain energy is
more easily built up due to lower rates of annihilation
and boundary migration than at 1750°C. The higherI strain energy would promote the early occurrence of
recrystallization. A second explanation is that GBS
plays a greater role in the deformation process at
lower temperature. Diffusion and grain boundary
motion during continued deformation keeps the structure
nearly equiaxed.

4i. Yapid Deformation-Quenching Experiment

Billet 1294 vas forged (from a dense billet) and quenched very
quickly (4 minutes total time above 150000 once forging began). Although
the billet was whole, grain boundary separation led to internal cracking
and porosity in all areas except the center region in contact with the

in punches. Figure 3.7 illustrates an etched area in this dense region. The
structure is decidedly non-uniform, thus it is difficult to say whether or
not the recrystallization process was caught during the initial stages of
nucleation and growth. It is suspected that the rapid deformation was too
inhomogeneous to produce generalized recrystallization. Several grains
show etch pit development. It is apparent that these grains were favorably
oriented for etching; however, it is unclear whether or not these pits
are Lhe termini of dislocations. The pits in the large grains do appear
to have some line orientation 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. Yt also resulted in etched structures which could be
interpreted as being caused by slip. This is quite reasonable in view of
the deformation processes thought to be operative during forging.

5. Mechanical Properties

0
Bend tests were conducted on billet 1277 forged at 174o C. The

grain size and density data are reported in Table 3.2. The reason this
billet was chosen for testing was because it was essentially fully dense and
possessed a very uniform textured microstructure. rThe bend est data is
shown in Figure 3.8 and compsred with data of Sprigga et al for hot pressed
A120 3 at tw grain sizes.

The higher 25OC strength for the forged A120 3 certainly is
partially explained by the absence of stress corrosion. One 'est was
conduoted in air #i l t,• h falls near thc bottoi of Uhe range for the 25 C

M tests. The tests ol hot pressed material were conducted in the ambient
atmosphere which can degrade strength 20-30. Even considering the stress

Lrk
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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 nbt expected. The forged A120 3 has a grain
size near the 10-15 Am category tested by Spriggs, et al. The curves
show the forged material to be considerably stronger a' higher temperature.

These results could be explained in a number of ways; unfavorable
orientation between maximum shear stress and the preferred slip plane in
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 com.plex dislocation
structures from forging may raise yield stresses for mobile dislocations.

Earlier studies on the 1350-15500 C deformation of A12 03 were
interpreted as having both a strong diffusive and grain boundary sliding
component. It was unclear what precipitates fracture, but constraint at
triple points and the continuance of the above processes probably builds
up local stresses until grain boundary separation occurs. This study (Section II)
has shown that at high strains high purity A1203 undergoes work hardening.
Other recent results 5 have shown the presence oi a Bauschinger effect and
other behavior usually associated with dislocation processes. Thus, it
appears that 1350-1550 0 C flow and failure criteria in A120 3 are complex and
probably involve mechanisms which would be affected by the microstructural
and crystallographic texture of sample 1277. One or several of the potential
mechanisms listed above are probably responsible for the higher strength
of forged A120 3 .

D. Summary

1. Forging in the 1650-1850OC range can result in microstructure
varying from equiaxed to oriented back to equiaxed with
increasing temperature.

2. Recrystallization is accompanied by grain refinement rather
than just coarsening by strain enhanced growth.

3. Long (4-hour) hold periods under pressure at the conclusion
of apparent forging deformation apparently is accompanied
by continued step-wise recrystallization a6 little grain
size increase is noted.

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

5. The relative orientation increases with increasing forging
temperature.

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

7. The mechanical properties of forged alumina are improved
over hot pressed alumina of equivalent and even a iLactor
of 8 smaller grain 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 at the interface between the

solid and the environment. Under some conditions the surface reaction can
be beneficial, i.e., the Joffe's effect where dissolution increased the

crack tip radius thereby blunting a potential critical crack. In most

cases the surface reaction degrades 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 advancement by chemical
dissolution at the tip - the point of highest chemical potential and 2) those
which involve only mechanical phenomena such as mobile dislocations or
reduction of the surface energy term in the Griffith relationship.

Moderate strain rate testing in earlier efforts 6'7 on polycrystalline
MgO had led to the .following general conclusions; 1) Stress corrosion did
not occur in MgO at room temperature at testing strain rates in the order
5 x 10"3 /min., 2) room temperature fractures were nucleated by mobile dis-
locations; hence, high strengths were obtained in both air and argon for
annealed specimens. Thus, the room temperature strength was not particularly
sensitive to the initial crack length although it was nob possible to say
whether it was strictly due to the Griffith criteria or if the dislocation
mechanism of Clarke et a12 2 was dominant. At liquid N2 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 at 770 K,
rather than a dislocation crack nucleation process. The most recent study
on vacuum hot pressed undoped MgO included a classic dead-load stress
corrosion study in a water environment. A pronounced delayed failure curve
was observed which was interpreted by the Charles and Hillig2 3 dissolution
model. However, because of the strong contention among numerous investigators
(including the authors) that room temperature failure normally involves
dislocation coalescence various possible mechanical models for stress-
corrosion 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 material was produced from Fisher
MgO without any densification aid in pressing. The presence of a grain
boundary phase made it necessary to ask whether the observed stress-corrosion
was intrinsic to MgO or the grain boundary phase. Consequently, one goal
of the work to be reported was to measure the delayed failure behavior of
a second hopefully purer grade of polycrystalline MgO.

A second objective of the current work was to test at least one
potential mechanical model of stress corrosion. Westwood24 has observed
that complexes of high negative or positive charge or molecules of high di-
pole moment significantly enhanced 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. Material and Procedure

1. Specimen Preparation

The MgO specimens tested were vacuum hot pressed under another
program* by the MgO-LiF process where 0.3 wt. % LiF was incorporated. The
Mg0 powder used was from a different source (Baker AR) than the MgO used
in the original study (Fisher Electronic Grade). A typical cation
impurity analysis is shown in Table 4.1. The Baker material is equal or
lower in all cation impurities except sodium compared with the Fisher
material. The transition metals are especially lc• in the Baker material.
However, since the grain boundary phase identified in the hot pressed
Fisher material was Na6Al4Si4O07 it is not clear that material produced with
the Baker material will be void of this phase. The hot pressed sample
was annealed by slowly raising the temperature to lO00oC and holding for
60 hours. The sample was very transparent, thus essentially 99.9+% dense.

The microstructure (Figure 4.1) revealed an equiaxed 20 micron
grain structure. Replicas were examined in the electron microscope for
evidence of grain boundary phases. Figure 4.2 illustrates a typical area
and it 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 MgO 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 a lever arm test frame equipped with microswitch-
clock arrangement to record time to failure. A brass 4-point bend teat
fixture was equipped for holding liquids, and tungsten (outer) and alumina
(inner) knife edges were employed. Mylar sheet was inberted between the
knife edge and the specimen.

A base-line dry strength was obtained two ways; by testing the
strength in liquid N2 and then machining smaller specimens from the two
halves of the broken specimen for a "dry" 230C test. This latter test
was conducted by heating the specimen to 9000C in argon, holding for 1 hour,
cooling to 230C and loading the specimen without breaking the argon environment.

Distilled H2 0 was employed as the standard test environment. The
testing to check the mechanical model of stress corrosion was conducted
with a dimethyl formamide (DMF) solution having a high dipole moment (3.8
Debye units). (CH )2 NCHO is completely miscible with H20. Westwood
showed that a 1 molar solution had nearly the same effect au pure DMF on
dislocation mobility provided a 400 sec delay was employed. So, 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- 6 8 -C•1552.
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TABLE 4.1

EMISSION SPECTROGRAPHIC ANALYSIS

Manufacturer and Concentration, ppmw

Element Fisher Electronic Grade Baker AR

Na 0.001 0.100

Si 0.075 0.075

Al 0.015 0.010

Ca 0.150 O.080

Fe 0.050 0.001

Ni 0.020 0.010

Cr 0.010 N.D.
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-56-

Table 4.2. The liquid Np and argon 23 0 C tests give an average "dry"

strength of 30.3 + 3.3 K4si.

The time to failure values for the dead-load tests are listed in

Table 4.3. The stress corrosion curve is shown in Figure 4.4 where the line

for the earlier 6 data is included for reference and comparison with the new
data.

The samples were removed from the test environment as quickly as
possible and the fracture surfaces replicated. The central region (half-way
between the tension and compression surfaces) of the fracture surface of
Sample 112-7 was void of boundary phase and any features not expected in a
typical intergranular failure (Figure 4.5). Examination of the microstructure
close to the tensile edge revealed several interesting secondary crack
patterns on grain faces (Figure 14.6 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 Pigure 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 H20 was examined in detail and as with
112-7 the central region appeared equivalent to a normal moderate strain
rate air environment 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 several secondary cracks associated with
an area of transgranular fracture.

The comparison with the earlier data on Fisher MgO tested in H2 0 is
striking in that a decidedly lower stress level is needed to allow equivalent
time to failures. The grain intercept of the body tested was 20 ým as
compared with 12 ,m for the body hot pressed from Fisher MgO. However, base-
line strengths are used to normalize the data so the usual grain size
influence is taken into account. Large grain size material for equivalent
chemistries may have a higher concentration of second phases or impurity
concentration due to the decrease of grain boundary area and the associated
high solubility volume. However, it is thought that the differences in
microstructure are not as important as the differences in starting material
and manufacturing process (straight vacuum hot pressing as opposed to vacuum
with the LiF additive).

The second feature of the data is the apparent effect of 1 molar
dimethyl formamide. It appears that the tolerance to any dead load is reduced
by this additive to the environment. As pointed out in the introduction,
DI• is known to affect the dislocation mobility. Perhaps mobile dislocations
(present after the machining operation) have a lower Peierls stress due to
the dipole attraction (assuming the dislocation carries a charge) of the
DMF. 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, pile-up
and finally initiate fracture. It is tempting to draw conclusions or
speculate on models such as these concerning the apparent role of dislocations
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Figure 4.4 Delayed Failure Curve for Baker MgO Tested
and 1 M DMF Compared with Fisher MgO in H20
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I3ASE LINE STRENGTH OF MPQ

Specilnen Environivient Temp. Fracture Strength, Kpmsi

112-1 Liquid N2  -196uC 25.6

1i2-2 Liquid N2 -1960 C 31.8

112-3 Liquid N2 -196 0 C 33.6

112-IA Argon - 23oC 32.3

112-3A Argon - 23 0 C 29.2

i12-4A Argol - 23 0 C 29.6

112-1B Air - 2 °C 26.5

112-2A Air - 2300 26. h

ii
|
II
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£iA13LI: 24.31

DEMAYDT) FfACTUBE TEKT ON MgO

.•, Time to

Spe•imen Environment Kpsi D Failure_ ._I

112-5 [20 24.0 0.792 1 f5 . ln2

112-6 H2 0 21.0 o.694 0

112-10 H2 0 19.0 o.627 2.7 x 102

112-7 it20 17.0 0.561 6.8 x 10 3

112-8 120 14.0 0o463 2.6 x 0o5

112-9 H2 0 14.0 o.2463 9.4 x 103

112-11 1 M DMF 15.0 0.496 2.46 x 106

112-12 1 M DMF 21.0 o.694 0

112-13 1 M DMF 19.0 0.627 2

112-14 1 M DMF 17.0 0.561 6 x 1o2

112-15 1 M DMF 16.0 0.528 1.2 x 104

UB
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Figure 4~.6 A and B secondary crack arid Corro~Si~n

Features on Grain Face near Tensile Surface

of MgO Stress Corrosion Sample 112-7.
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Figure 4.7 A and B Secondary Crack Features near

Tensile Surface of MgO Stress Corrosion
Sample 112-8.
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In delayed faelure in MgO. fTowever, thta in premature for the rlolo-Wing

reauolli3

1 M - Dii' comppared with 1120 should be obtained.

2. The stress corrosion of MgO with a one-hour no load
hold in pure H20 is needed.

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

4. The apparent sensitivity of the delayed fracture curve
to chemintry and production technique makes generalizations
about diulocation activity in stress corrosion suspect.

It is this sensitivity to chemistry and/or production technique which
leeds one to conclude that the behavior measured is extrinsic and perhapa
more a function of impurity, segregation at grain boundaries or grain
boundary phases. If this is the case clearl a chemical dissolution model
such as that proposed by Hillig and Charles' applies. The stress
corrosion curve for the hot pressed Fisher MgO was recently analyzed bythis model and the activation volume was found to be 1.37 cc/mole and

surface free energy between solid and reaction product to be O8 ergný/cc.
A similar analysis of the new data could be accomplished, but again, it
seems inappropriate until support for a particular mechanism is fcund.

The electron microscopic examination of fracture faces revealed many
secondary crack features near the tensile stress surface. It UiE thought
that many of these cracks were formed during the initial corrosion, 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 cracks shown in Figures 11.6 b, 4.7 a and 4.7 b
give the appearance of being associated with dislocation flow or grain
boundary interaction. On the other hand, chemical dissolution or temporary
blunting by a second phase is a more probable explanation for the crack
pattern on Figure 4.6 a.

D. Summary

1. Vacuum hot pressed Baker MgO made by the UiF process has
less corrosion resistance in H20 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 known to
affect dislocation mobility in MgO.

3. Secondary crack features were observed on grain faces which
are suggestive of crack blunting by either a mechanical or
chemical mechanism.

I.
I
I
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Several facets of the effect of microntructure and chemisLry on th- mechanical
properties of magnesia and alumina were studied. Comparison of the deformatlon
properties of hig purity A1203 vith a standard research grade of A120 3 + 1/4% MS0
demonstrated hi- purity material posscssed a normalized creep rate approximatcly a
factor of five (5) lower and a hi.:r strain rate sensitivi-ýy suggesting an Increas
importance of diffusional creep. At strains from 3-12% evidence was obtained for
3train hardening, a Bauschinger effect and polygonization which suggeated coniaider-
able dislocation and grain boundary sliding activity. Also, high temperature stres
strain curves showed evidence for blunting a potentially catastrophic railure eveht.
A120 3 press forging experiments resulted in a better understanding of deformation
and primary recryutaliization processes. Bend tests of a uniform 8 micron grain
size textured 1,ody demonstrated higher elevated temperature strength than 1-2 micror
hot pressed A1203 suggesting a real benefit from the textured structure resulting
from one of a number of potential models. Dead load stress corrosion studies on
polycryntalline MgC demonstrated that the shape of the strees corrosion curve was
dependent on the startlrg chemistry and/or minor grain boundary phases. Also, the
resistance to dead load was markedly influenced by the introduction of 1 molar
dimethyl formamide which had been shown to affect dislocation mobllity in VgO.
evidence does' not unequivocally identify whether a chemical or mechanical model ae
atress corrosion applies, but it is clear that stress corrosion is a problem
which must be recognized in coercial bodies of MgO. /
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