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ABSTRACT

& progrsm to fabricate dense, polycrystalline high-purity slumina
and magnesis has begun. Fine-perticle size powders of suitable purity
besxe been cbiained and charscterized. Techniques for snalysis and
hapdling of these high-purity powders we-e estsblished cnd initial
fsbrication experiments had a limited success.

Hot working polycrystalline alumina, utilizing a press forging
tecinique, vas extensively investigated. FPrimary recrystallization followed
the wor and resulted in either single crystals (strain~anneal
technique ) or relatively fine-graiued structuree. The ba. ' texture
present after recrystallization was identical to the deformation
texture; this and the equiaxed recrystallized structures suggested
that oriented nucleation wes important. At larger grain sizes, an
elongated graln siructure was observed and was attridbuted to oriented
grovth. The marked basal texture suggested that basal slip wns the

prediainent deformation mode; the probability of other deformation
mechanisms was also discussed.

Additica of 1/4% MgO retarded recrystallization and a nusber
of such samples, possessing a pronounced basal deformation texture,
vere used for mechanical properties determination. The working led to
no less of structursl integrity, and the strength wvas surprisingly constant
with grain size, at least in the range 3.5-10.5 microns. The larger-
grained worked samples were stronger than hot-pressed samples of
equivalent porosity and grain size.

The high ductility, up to 75% beight reduction being achieved
vithout much difficulty, suggested that hot working could be used
to produce shaped bodies.

iv

-t

——

+-



I.

II.

III.

DMTPIDUCTIMH,. « ¢ o o o o o o o o s o o o o o
SYNTHESIS OF DENSE, HICH PURITY CERAMICS . .+ .« .« o o o
2,) Introduction « . « o o o o o ¢ e o 6 6 o
2.2 High Purity Alp03 and MgO Sources « . . « . .+ . .
2.3 Powder Characterization and Apalysis . . . . . . &
2.4 Consolidation of High Purity Powders . . . . . o .
2.5 Mass Spec. Analysis of Fabricated Smsples . . . . .
2.6 SUBBATY: < o+ o o o o o s o 6 o o e o o o
PRIMARY RECRYSTALLIZATION AND HOT WORKING IN POLYCRYSTALLINE
ALUMINA . . . o ¢ o o o o o o o » o o o o
3.1 Introductiol - . ¢ o o o ¢ e e e s e e e .
3.2 Hot-Working of Alumina. . . .« -+ + + « & o &
3.3 Orientation and .roperties of Single Crystals Grown

by Strain Anneal. . . . . & ¢ « & & e e e .

3.3.1 Orientation and lLocatiom of Single Crystals

-
L3

3.3.2 Etching of a Large Alumine Singl~ Crystal
Produced by Strain Anneal . . . . . .+ . .

3.4 Dense, Fine-Graineq Elongated and Equiaxed Microstructures

3.4.1 Elongated Structures after Hot-Working . . . .

3.4.2 Equiaxed Structures after Hot-Vorking . . . .
3.5 Crystallographic Textures after Defarmaticn and

Recrystallizatiom . . . . . + ¢ « + o « o

3.6 Defarmtion Mechanisms Occurring During Hot Workiug . .

PO S N L

N I T T

a7

25

9

F EEK




Iv.

Y.

TABIE OF CONTENTS (ocomcl'd)

3.7 Effect of Mg0 cn Primary Recrystallizeticm . . .
3.8 Annealing of Deformed and Recrystallized Materials
3.9 Removal of Porosity. « + ¢ ¢ o « o o o o
3.10 Mechanical Propsrties of Press-Forged Alumina . .
3.11 Summary and Genersl Discussiom . . . . . .«
32 Future Work . =« +» + o o ¢ o o o ¢ o =

m‘msmc Smms . . [} L] . . [ * . ] .

L 4

L]

GRAIN GROWTH IN ULTRA-HIGH PRESSURE-SINTERED MAGNESIUM OXIIE.

b o NI T LI

63
65

3

9

100

P -




3.6

3.17

3-18

3.19

3.20

3.2

3.23

3l2u

3.25

3.26

3.27

3.8

3.29

3.30

3.3

LIST OF FIGURES (cont'd)

Microstructure of FA-107, Forged for 2 Hours at
Note the equiaxed recrystalli-

1870°C and 6000 pei.
zatiom structure . . . ¢ o e . .

Microatructure of FA-109, Forged for U Hours at

1860-1880°C end 6800 p8 . . . .

Pole Figure for a Basal Reflectiom For Semple FA-126

Plot of Ratio of Formalized Intensities of X-ray
Reflections for 2 planes, ooe parallel and the other

[}

perpendicular to the press-forging direction.

Comparison between cptical transmission in forged

alumine (left and right) and Iucalox (center)

Microstructural texture in relatively low tempersture

pressed forged alumina . . . . .

Bvidence for Dislocation Network in Thin Foil of

md AJ203 . . . N . . . . .

Evidunce for Dislocation Dipoles in Thin Foil of

mfmd M203 e . ° v . . . .

Fquiaxed Recrystallized Structure in Alp03 + 1/4%

m. * L L] L] L] - . L * . L

Microstructure of FA-34k after Amnnealing for 2 Hours

at 1900°C in Vacuum. . . « . o+ o .

Microstructure of FA-84 after Amnealing for 5 Hours

at 1.860°C . . . . . . . . . . .

L

.

.

L]

Microstructure of FA-52 after Annealing for 5 Hours

.t I%O.C L] . . » L] L] . . * . L]

Microstructure of nquimd AL203 + 1/h$ MgO after

8C Bour Amneal at 1800°C . . .

Macrophotograph of FA-142, "quenched” before Press

Forging had been completed . . . . .

Microphotograph of FA-1h2 after 3 1/2 Bour Anneal

at 1900°C in Vacuum . . . o s

Exaggerated Grain Growth of Single Crystal in FA-110

During 3 Bour Anneal at 1900°C in Vacuum.

ix

€

*

*

50

55

o7

59




3.35
3.3%

3.37
3.3

3.39

30“0

3.“

k.1

k.2

5.1

5.2

5.3

5.4

LIST OF FIGURES (eomcl'c)

Composite phatgtph of population of larger
grains in FA-] .

Porous Recrystallized Area in Powder Billet
"Quenched” after Forging for 1/2 Bour . . . . .

. . . L . Ld . ?* L] .

Schematic Representation of Muclestion of Strain-
free Rucrystallized Qrains at Pores and Grain
Boundaries in a Porous Campact . . . o .« .«
Porous Single Crystal in Forged Salid Billet FA-40,

Dense area in billet FA-J&O Shoving Scme Enggorttcd
Orain Growth . . . o e & e «

Histograsms Illustrating Deta Plotted on Table 3.9 .

Plot of -196°C Strength Data (Table 3.9) as
Mnction of Cradn Sfze . . ¢ + .« ¢ ¢ ¢ o .

Plot of 1200°C Stremgth Data (Table 3.9) as
Runction of Crain SiZe . . « + o o o o« . .

Strangth vs. Temperature Plots for a Mumber of
PNII-fOJ'M w.o ° . . . » . . .

Diffusion Coefficients Calculated from Plastic
Bending Experiment: (assuming Nabarro-Eerring Creep)

IﬂcﬁOX Cmtrﬂl mm (L‘C-l). . . . . . .
lame Palished lucalox (IFP-3) Showing Melted
Exterior, Thermal Stress Induced Creck, snd Little
Grain Growth . . . e v ¢ e e

Irotheraal Cruin Growth Qurves for Utra-high
Pl“lﬂu’.-m m » . . . . . . . 3 .

IR 3pectra of lire-high Pressure-sintered Mg0 . .

Magnasis Whisker (bserved Orovu‘ in the Klectron
mcmm L] -« L] . . . . . . . .

Wkisker Qrowth after Additiosal 2 Mimutes . . .

73

75

A

10l
102

g 8




Table

2.1
2.2
2.3
2.4

2.9
2.6
2.7

3.1a
3.1b
3.28
3.2

3.3

3.4
3.5

3.6

3.7
3.8

3.9

3.10

LI3T OF TABLES

POWDER SOURCES FOR HIGH PURITY STUDY . . . .« .« .
PARTICLE SIZE OF ALIMINA AND MAGNESIA POWDERS . . . .
X-RAY DIFFRACTION IDENTIFICATION OF HIGH PURITY POWDERS.

EMISSION AND PIASMA SOURCE SPECTROSCOPIC ARALYTES OF
LINDE IASER GRADE A1203 POWDER . . . .« « =« o+ «

PIASMA SOURCE MASS SPECTROSCOPY FOR Al203 POWDER . . .
FABRICATION CONDITIONS FOR HIGH PURITY Alz03 . . . .

COMPARIS(W OF IMPURITY CONCENTRATIONS FOR ALUMINA EOT
PRESSED SAMPLE 1188 AND BASE POWDER (U.MINERAL) . . .

CONDITIONS FOR FORGINGS FROM Alp03 POWDER . . . . .
COMDITIONS FOR FORGINGS FRM Alp03 + 1/k$ MgO POWDER. .
CMDITICNS FOR FORGING DENSE AlpO3 BILLETS . . . . .
CONDITIONS FOR YORGING DENSE Alp03 + 1/4% MgO BILISTS .

PROCESS COMDITIONS POR FABRICATION OF AJ.203 + 1/4% Mgo
Blm * . . L ] . . * * * L4 L4 L4 . * L]

PORGING STRAIN RATE DATA . . . ¢ . ¢ ¢ &+ ¢ « o

NORMALIZED INTENSITIES FOR VARIOUS CRYSTALLOGRAFHIC
PIANES IN PORGED AlpO3 + 1/b$ MgO . . . . . . . .

X-RAY EVIDENCE POR RECRYSTALLIZATION TEXTURES IN
W mcms . . . 2 . . . . . L4 - . .

MODES QF PIASTIC DEFORMATION IN ALIMINA . . . . . .

PRELIMIXARY BEND STRRNCTH RESULXS FOR PRESS FPORGRD

%03.&4&1203* l/k’w . . . . . . . . . 3
TRANSVERSE BFRND ITREMAIRS (mx)u-msnmlzoo
AND REFERRNSCE COMPARISN VAIURS. . . . e e e .

STRENGTR PROPRRTIES AT 1MO0-3550°C. . . . . . . .
STRENQTRS OF FIAMR-POLISERD IUCALOX ., . . . . .+ o

xi

®* v 3 B B 3B

N
w

& &

$ & & 3




Lt IR

Best Available Copy

I. IRTRODUCTION

This program is ;:c:‘czcemed with a general study of the effects of micro-
structure and chemistry .n the +hysicc-mechanical properties of oxide ceramics.

Work has started .. tae fubrication of high density polycrystalline
aluming and magnesia :©. . bstaxtially higher purity than presently available.
Particular attenticn we ‘2votzd ‘o the procurement and characterization of
the necessary algh [urit, powd:r: znd initial fabrication experiments were
started.

A major effart . ¢ iie preoram was devoted tu the processes and mechanisms
involved in hot workins :.luminn. Primary recrystellization faollowing the hot
working was observed, a.i the resulting microstructures varied with the amount
of working. Deform:tic.. roduced & pronounced tisal texture, which was main-
tained upon recrystalli.«.ion. #dditions of 1/4% MsC was found to markedly re-
tard recrystallizaz: r. nd & nua ser of such defcrrzd (but not recrystallized)
samples were subject: . mechs .. "al tests. The hot working did not cause
any loss of structu-+i ...tegrl. and the strength of the samples was relatively
insensitive to grasiai si.c, at isust in the range 3 to 10 u. The high ductility
exhibited during wcrkis was ci‘ributed, at least in part, to the onset of
rhombohedral slip.

Flame-polishiug .- .. dyecrystalline alumina and arair -s~owth in ultra high
pressure sintered wasn:. . wer ealso studied.

II. SYNTHESIS OF 7&h . nIGH . 4..107 CERAMICS

2.1 Introaucticu

Man; of the ph,sical iroperties which have been determined for ceramic
materials are believe: to be extrinsic (i.e., impurity controlled). This is
particularly true for su:. poirt-defect-sensitive properties as electrical
conductivity and diffusiun. Thke mechanical properties cf both single and poly-
crystalline metals and ceramic single crystals are known to be defect-sensitive.
It is probable that the .ame is true for polycrystalline ceramics, and the
present work wes the initial stcp in testing this thesis. Considerable efforts
have been expended in the past in characterizing the strength dependence on
microstructure for materials which had as & basis, Linde A 41203 (99.98%)
and Fisher Electronic Grade MgC (92.4%). Recently, LeipoldU&howed
that Mg0 of this purity developed visible grain boundary precipitates upon
heat treatment, and that as-hot-pressed material certainly had grain boundary
impurity segregation if not a second phase. It is most probable that the
mechanical properties of polycrystalline MgO are controlled by these impurities,
and similar effects are ulmoet certainly important in Alp03., The objective
of the present program was to obtain dense materials signilicantly purer than
the above mentioned Al203 and MgO.

Initial attempts were made to fabricate high-purity powders into
dense, pure, volycrystalline bodies; the ultimate objective will be to critic-
ally test the mechanical properties of such samples.

-1-
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2.2 High Purity A0y gnd MgO Sourges

Six 0.5-1.0 gran quantities of rav material seaples were received
fros various suppliers during the course of the year snd were characterized
in terms of perticle size and shape. Only sub-microm powdare were ccusidared
for further experimentation; previous experience bad indicated great
atificulties in consolidating larger size pouﬂ%fr to full density (demsific-
stion rates are yropartional to particle size™~/, They were &lso rated
aceording to the vendors stated purity, and the povders shown in Table 2.1
ware selectad for further characterization and febricstion experimesnts.

In the case of Alp03, several sources satisfied the initial purity
end particle size criteria, and also represented powdsrg obtained by
d1ferent processing methods. The Linde powder ves mede by triple recrystalliz-
ation of an alum soiuticn which was subsequently calcined. The other two
povwders are both thought to be produced by the oxidation of zome-refined
alumivum.

Wuile several iaitisl samples of MgO locked very good from the
standpoint of the purity, none of these had particle sizes under 1 microm.
Goe gxade of MgO {Inited Mineral-Jolmson Matihey) had a reported impurity
concentration (determined by emission spsciroscopy) of 7 ppe. Sperk source
mass spectroscopy (Dr. Fred leipziger, Sperry Rend Corp.) datected 8L ppm
ispurities in thiz same powder. This difference can be largsly attributed to
anior impurities, which are readily detected by mass spectroscopy, but aot
by emission spectroscopy. Thus, a higher impurity cancentration was expected
although & total of 84 ppm impurities wes ccnsidered to indicate a very high
purity material. However, this powder could not be densified by pressure
sintering at 1175°C at 20,000 psi to a density above 60% of the. etical. Imn
viev of this result, it was decided to purchase Jolmscn Matthey, and Co.,
Mg(CE)2, which was supposed to be of similar purity as their Mg0, and then
to comduct the calcination of this meterial in our ladboratories. From the
work of Gordon(2), 1t is kmown that Mg{OH), fragments to ultrafine particles
during its decomposition to MgQ. Therafore, it was thiught thet the proper
calcination treatment could be cbtained to yleld high purity Mg0, vhich
then could be ensily densified. Very recently a small test sample of Johmsocn-
Matthey MgO was submitted for cansideration. This sample appears much more
satisfactory than the earlier MgO samples in that the particle size was found
to be only 0.2 microns, ard the impurity level (emissiom spectroscopy) is
still reported to be 8 ppm. This latest MgO powder has not yet beea purchssed
in bulk. .

-2-

e




T .

Material

A1203

Aly04

Alp0g

Mg(0H)2

Mg(0H),

TARIE 2.1

POWDER SCURCES YOR HIGH PURITY ITUDY

Supplier lot No. or Grade
linde Division,Union laser Grede
Carbide Co., Indianapolis,

Indiana

United Minersl (distributer S.1

for Jobmson Matthey) Mew

York 13, Hew York

Cominco American Co., HPM 240
Spokane, Washington

United Mineral (distribdutar o 182

for Johnacn Mattley) New
York 13, New York

Uniced Mineral (distrasutorfor GH 1L
Johnscon Matthey) New
York 13, Few York

Suppliers
Reported Purity

99.9975

99.9999

99.9955

99.9960
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2.3 Powder Characterizetion and Ansl “ia

The anst effective meens of charectericiug the shepe and size of
sub-gicron powders is by electron microscopy techmiquez. A thin fila of
carbom is eveporated onto a copper grid, and the povdsr vhich has previously
been disperseu in 8 liquid carrier, is plesced on the grid for direct vieving
in the microscope. Comsequently, the powdsr itecelf is exposed to the electrun
beem, and 1f the particles are thin enough (~ 1000 A®) they transmit electrcms,
alloving particle thickness to be estimsted and electron diffractlion pattermns
to be cbhtained.

Four to six electron micrographs were takea of typical particle
clusters for each powder, and ome such micrograpia for the powdars listed
in Teble 2.) is shown in Figures 2.1-2.4. Also a micrograph (Migure 2.5) of
United Mineral’s fine perticle size Ng0 powder is included ss it will probubly
be incorporated into the prograa.

From each series of microgrsphs a particle size snalysis was made.
Approximately 100 perticles were measured, and the results ars giveam in
Table 2.2.

The United Mineral AlpO3 (Figure 2.2) powder appears quite irregular
in shape, thus suggisting a mu@iy spherical symmetry. This powder exhibited
good green pecking characteristics as wes expscted.

The Cominco Alp03; povder (Figure 2.3) exhibited bexsgonal
morphology. The perticles were thought to be platelets. The electron traus-
parency results from the fine particle size; however, the rectengular perticles
in these microgrsphe have a lower electron transaission, snd it is suggesied
that these ars platelets standing on edge (i.e., T“rallel to tis vieving
drection). Furtbermore, it is known that the C direction is of'ten & slow
grovth direction in flux-growth of sspphire, and this reswlts in crystals
with a platy habit. Thus, a sixilar morphology in these very fine powdsrs
is not surprising.

Exasination of .g(CH), (Fi~ re 2.4) vas not entirely satisfactory
as the brucite decomposed in the elecurom beam. Electron diffraction patterns
on this powdsr correlated well vith kmown lattice spacings for MgO, and no
diffraction evider~e for Mg(OH)2 was obtained. Therefore, it 1s thought that
the small particles shown were probebly MgO and the larger particles vhich
were encountered (not illustrated in this report) were Mg(OH)s. Previcus studies
by Gordon and Kingery2 gave _milar results, in that the bheut gensrated hy the
electron besa of a microscope decomposed Mg(OH)2, and that the MgO product bad
8 fine yparticle size with a relic type relatiom to the Mg(CH)2 crystallites.
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66692 240,000%
Pgure 2.1 Al;03 {Linde laser Grade) Showing e Particle
Size average of 12CA°

67041 180, 000X
Flgure 2.2 ‘;1.",‘3} (United Mineral) Shoving Partic'es of
5 and Average Site (Average - 300A°)




#6705
Figure 2.5

30,000 X

MgO (United Mineral) Exhibiting Extremes in
Particle Size, L30-3500A°, and Cubic Habit.




TABIE 2.2
PARTICIE SIZE CT AUBINA AED MAGRESIA POWDERS

Average
Particle
Composition Source Size, A° Range, A°®
A04 Linde 133 94-320
Al203 Comiinco 500 220-1900
A1503 Uni+ed Minsral 300 11.0-3900
Mg0 United M neral 2000 430-3500
Mg(0H), Jomson Matthey -- 300-2000

The Mg0 powder (Figure 2.5) was quite interesting in that the
rorphology of almost every particle is cudic. Also there are two populations
of sizes; sepproximstely 450 A® and 3000 A® with very few perticles falling
in between. Particles havirg 2000 A° sides are on the boderline of being
elactron transparent. Therefore, these MgC particles are mocst likely nearly
perfect cubes and would proebly give high green packing densities.

The 1,03 and Mg(QH)2 powders were examined by X-ray diffraction

Debys- Scherrer techniques for mejor phase anl the possible preseace of un-
reacted starting materials. The results are summarized in Teble 2.3.

TABIE 2.3

X-RAY DIFFRACTION IDENTIFICATION OF HIGE PURITY POWDERS

Material Source Major Phase Min- - Phase
United Mineral aAlp03 none
Cominco YALR04 K and aAl504
Linde YAL04 " and & Aly04
United Mineral Mg (0H)2 Hg0

o unreacted material vas found. The X, <y , n», and é structures are low
teapersture phases of A1203 encountered during lov temperstire dscamposition of

-8-




aluminum salts. They should in no way interfere with subsequent fa.ricatiom
as they canvert to aAlp03 at 1100°C.

Two principle analytical techniques have been utilized in this
phase of the program; namely, emission spectrogcopy and plasma scurce mass
spectroscopy. Emission spectroscopy is a well known analytical technique
for determining cation impurity concentrations with a typical detection
limit of from 1-10 ppm. Plasme source mass spectroscopy is less common,
but 1f offers great sensitivity, flexibility, and mass coverage (ion mass fram
1-1000). A beam of high emergy inert gas ions (argan or xenan) bombards
the sample surface, and material 1s sputtered away by cither a focused aor
defocused ion besm. The elements within the sample are ionized and carried
into a double-focusing mass analysis system. The focused plasma beam can
sputter avay layers of the sample microms thick, thus alloving the analysis
of interior sample reglans. Also, the specimen can be fractured Just prior

to enterin, the vacuum chamber, thus reducing the chance for extranecus
contamination.

Spark source mass spectroscopy vas utilized for one analysis on
this program. This technique is often canpared with the plasma source
technique, but there are major differences, as followe:®

1. ‘the potential is about 50KV for spark source as compared with
with 5-10KV for the plasma source. Consequently, the fonizing
potential of each element goverr ; the ion intensity for that
element in the plasma source awalysis, and correcticas for the
variation of ionization potential must be appiied. As this
factor may be matrix sansitive, it is very aifficult to deter-
mine experimentally, and lends same uncertainty to the analysis.
In the spark source analysis, the high potential leads to a
multiplicity of peaks for any one icn (up to Mg+), vhich also
leads to some errors. There exisis a striking difference of
opinion between analysts using each method as to which

technique offers the highest accuracy based on these consideratioms.

2. It is presently necessary to incorporate the sample into
an electrically conducting matrix (usually C, Au, or Ag) far
the spark apalysis, and this is an odbvious point of potentisl
contanimtion, especially for a sciid sample, which wauld
require grinding prior to apalysis. (Of course, Llank runs
for the metrix metal are camducted.) For the plasze mass
analysis, & solid ssaple i3 fractured; hovever, a povder sample
mist be compacted to 8 form having sowe degree of strength
(cald compaction {s sufficient).

A glove box was reserved far use vith this progrem and wvas cutfitted
with & 0.3 micron filter to remove solid particles from the {ncomicg and out-

going tank wrgon gas used throughout the sanmple transfer operatiam. Cald
pressed campacts vere consolidated in an Aly03 die fabricated from Linde A

-Q-




slumina. The die loeding operatiom took place within the glove box while
both the comsolidation and the extraction were conducted under asbient lab-
oratory conditions. The casmpact vas fractured tc exposs a fresh surface
prior to insertion into the plasae sour~e chamber.

The powder analyses for the Linde Laser Grade Al03 is reported
in Table 2.4 vhere three areas vers examined by mass spectroscopy and two
separste laboratories conducted emission spectroscopy determinations. It
vill be noted that large descrepancies exist aaong the analyses for the
three regins by the plasma teclmique and especially large descrepancies
exist betveen the two techniques. Four separste analyses were canducted
in the area adjacent to region 3; that is, sanple material was sputtered
avay for three consecutive analyses prior to recarding the analysis listed
in Tadble 2.4. Figure 2.5 shows the variaticn in impurity ion concentration
as a function of distance from the sample surfac:.

The analyser indicate a nonhomogenecus distribution of imgpurity
within the powder compacts. It is not known if this 1. an intrinsic powder
property or is a result of contamination during specimen preparation. Simfilar
plots for the other grade of Al;0; were made, and although these showed
different leveis ~f the impurity Concentraticm (Tadble 2.5), the nonhamogeneity
vas equivalent. The analyst contends that this is not due to a lack of
precisicn within the instrument, as similar analyses on semi-conductor grade
St shov excellent hamogeneity within the specimen.

TABLE 2.4

EMISSION AND PIASMA SOURCE SPECTROSCOPIC
ARALYSES OF LINDE IASER GRADE Alo0z POWDER

Species Region 1% Region 2% Regiaon 3% Avco ¢ Linde

H+ 1000 80 3

Li+ 1 b1y KD

B+ 3 10 30 25

C+ XD 10 KD

F+ KD 10 ND

Na+ 100 L 0.03

Mg+ 20 1 " 6 2
Si+ 20 1 Lo 12 12

P+ 20 ND XD

=-10-




TABIE 2.4 (comecl'd)

EMISSIGN AND PIASMA SOURCE SPECTROSCCPIC
ARALYSFS OF LINDE LASER GRADE Al203 POWDER

Species Region 1% Regloa 2% Region 3* Avco ¢ Linde

Ce+ Lo Lo 30

K+ 120 L 0.1

ta+ 124 h 0 1 2
Ti+ 100 50 1

Cr+ 150 25 0 1 2
Fe+ XD 50 2 0.6 5
Ba+ 100 10

Mn+ 50 10 XD

P+

Cu+ 4O 10 KD 1l

in+ 50 10 hiA

Ga+ 50 ND ND

As+ o) ND ND

V4 Lo 1Y) KD

* Plasma Source Mass Spectroscopy - by Dr. Frank Satkiewice
G.C.A. Corporation, Bedford, Massachusette

.

Emission Spectroscopy
D Bot detected
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Speciea

H+

C+

e+

Ra+

Y+

TABLE 2

PIASMA SQURCE MASS

-5
SPECTROSCOPY

FUR AlpO3 POJTER

Inpurity Coucentration in ppm

United Mineral Cominco
87 15
0.07 - KD
X FD
100 Lo
67 KD
0.2 0.0k
b .05
100 i
100 150
0.2 0.03
¥D m
RD L1
ND ¥
7 1
100 D
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2.4 Comsolddatio. of High Purity Powders

Several of the high purity Alp03 powders were vacuus hot-pressed
with tvo main objectives; to work out wchiques for retaining purity
levela, &nd to campare the hot pressing kinetics with Alz03 powders of a
lover purity {~ 99.98%) which had been extensively studied previocusly.

The filtere: glove box discussed earlier wes utilized for ali
povder transfer operati:wus. The hot pressings were cancted in & high-
density SiC die which was utilized solely for these bigh purity Al,0, hot
pressings. Between presaings, the die cavity snd punch faces wers hned
with diamond compound. Following this, the entire assembly was cleaned
vith soap and water and finally rinsed with alcobal. After placing the
die assembly in the glove box, the argon purging operaticm comsmenced.

The die was loaded and pistoma inserted prior to exposzing the
die to gir. The hot pressings conducted on these povwders are listed in
Table 2.6 O.: sattempt (1177) vas made to hot press the high purity
powder so that it was not in contact with the SiC die. This specimen was
fabricsted as follows: the high purity powder wes cold pressed in an
alumina die confined to a glove box; the green specimen was then loaded imto
& larger graphite die in vhich the high purity specimen was surrounded with
a shield of linde i -lumina povder. After hot pressing, the high purity
specimen could in theory be extracted from the center of the composite.
Semple 1177 resulted in a crack free specimen, although the denszity was
quite lov (88% theoretical). A metallographic examination disclosed a
high density {~ 95%) outer Linde A skin and a porous interior. In sintering,
the specimen with the highest green density usually has the highest final
density after sintering. Exactly the opposite result occurred for this
experiment; and this is not &8s yet underatocd.

Of course, the puritities of the materials were different, but
& subgsequent experiment (1178) demcmstrated that Linde Laser Grade material
could be densified to near theoretical density. No other explemation for
the observed microstructure is obvious.

Pigure 2.7 compares the densificatiocu kinetics for two high
purity alumine povders (¢ and ¥ ) and two lower purity powders having
gimilar particle sizes and crystal structures. These latter were: Linde Aa-
0.3 micron - 99.98% Al203, Baymaly - 0.03 micron - 99.90% A150s.

The data shows that the high purity Linde laser Grade y Alp0
densified initially at an increased rate compared wvith the less pure
Al203. BHowever, as the process proceeds, the rates become equivalent at
epproximataly 861) density. This would be considered the intermediate staze
of densification where diffusiomal processes become important. At 97%
density, the densification rate for the Linl~ metecrial slows down comsidersbly
vhereas the Baymal is densifying at a constant rate (assuming as has been
done for meny other demsification studies that the process is best represented

~lh-




FABRICATICN CONDITICHS FOR HIGH PURTTY Alp03

TABLE 2.6

Semple

KNo. Material
11T Jdndes
1178 Line~
1188 U. Mineral
1189 U. Minersi
1190 U. Mineral
1195 U. Minersl
1196 Cominco

* Sandwich witk Iind= A

Tenpegaxure
1330
1330
1350
1350
1200
1350
1350
1350
1320

Pressure Time
_Kpsi min.
15 60
15 16
15 3
1, 8
15 82
15 1k
15 L
15 30
15 30

-15-

Denaity
cc
3.50
309“
30&

3.88
3.90
3.83
3.Th

Vacuum
wm By
2 x 10°4
1 x 10-3
1.8 x 2074
6 x 10-3
9 x 10-3
9 x 10-3
Sx 10~k
L x 1074
6 x 106
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Figure 2.1 PRESSURE-SINTERING DENSIFICATION KINETICS FOR HIGH AND LOW PURITY
ALUMINA POWDERS
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by density vs. logarithm time). The decreased rate is probebly due to
pore esntrapmsnt within grains. Increased grain grovth rates have been
noted for other high purity materials, and this kinetic data may be a result
of the same effect.

Tvo kinetic runs of high purity a Alp03 gave quite different
results, and the reason for this is at this time unknown. However, the
densificaticn rates for both of thess were equivalent to or greater than
Linde A. The high purity meterial has not yet been bot pressed to full
density, so pore entrapment could still be & limiting factor, but these
initial results lock quite encouraging.

An electron fractograph (Figure 2.8) of sample 1178 demcnstrated
that & fine equiaxed structure was readily produced which had an average
grain intercept of 0.45 microns. It 18 considered feasible to fabr: ~ate
this powdsr into a truly unique material; submicron grain size, fully -
dense, and with very high purity. Such materials have heretofore not b.csn
prepared let alone evaluated.

2.5 Chemical Analysis of Fabricsted Semples

Coe hot pressed specimen (1188) was analyzed by the plasms
source mags spectrographic techmique. A fresh surface (previcusly unexposed
to the atmosphers) was bombarded by the plasma for analysis. Some 1k
analyses were conducted on this sample. Nonhomogeneous impurity distribution
similar to that shown in Figure 2.6 was also found for this 38% dense
sample. This analysis is graphically presented in Figure 2.9, and the semi-
quantitative estimation of impurity concentrations is listed in Tabla 2.7.

The tabulated analysis is an approximate average of the impurity
concentration cbserved (see Figure 2.9). There wvas not a systemstic
varistion of concentration with increassd iocn bombardment - this suggests
that surface contamination is insign{ificant. A comperison cof the graphically
Plotted impurity concentration shows that B+, C+ and Ca+ definitely increased
during the consolidation step. In additiom, Cr+, Ba+, Sm+, and Pb+ showed
some evidence of bhaving increased, but their concentration is pear the liwit
of detection, so that a defirite comclusicn s not possible. Other ioms
such as H+, Na+ and Mg+ svpear to have increasrsd concentrations in the hot-
pressed sample, but & ple. similar to Mgure =.G for the powder showed
variations vithin the limits apparent in Table 2.7. It is possible that
the concentration of same ions may be decreased with s suitable heat treat-

ment, but clearly lwproved techniques for msinteining purity during fabricatiom
are required.

«17-
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Plgure 2.8 Microstructure of Hot Pressed Al203 Fabricated
from Linde laser Grade Powdear. Averags Lineer
Intercept is 0.45 micram. Marker i{s 1 microm.
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TABLE 2.7

COMPARISON QF IMPURITY CONCENTRATINS FPOR
AUMINA JOT PRESSED SAMPIE 1188 AND BASE POWDER (U. MINERAL)

Atamic ppm
Species Hot Pressed Powder
B+ 150 67
I3+ 0.07 0.07
B+ 25 -
C+ 1600 100
P+ 12 67
Na+ 2 0.2
Mg+ 5 1
51+ 50 100
Q1+ 100 100
K+ 1 0.2
Ca+ 20
Ti+ 0.1 .05
Cr+ 0.6
Ye+ 9 7
Y+ 200 1%0
Ba+ 0.2
S+ 0.3
Po+ 1
-20-
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2.6 Sumsary

Progress vas mede in several areas in the program to fabricste
fine-grained high purity polycrystalline Alp0O3 sand MgO. Several good
sources of fine particle size aluminas with purity levels sigaificently
higher than I.mdnAa.Alzo vere sastablished in additiom to ome source of
high purity Mg(CH)2. It &uo appears that this same supplier can under
certain conditions produce submicron pure MgO.

Eaission spectroscopy calibration curves were gmmerated for
Aly0, and experience vas gained in using and interpreting the results from
sperk scurce mass spectroscopy aad plasms source mass _~ctroscopy.

Initial febricaticm studies were conducted vhich showed that
same contamination occurred during hot pressing, but densificatiom kinetics
for two high purity alumina vere equivalent to or greater than the lower
purity (99.5+) pure material. It appears that the diffusiomal portiomm

of pressure sintering does not have a strong (or messuresble) extrinsic
function.
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IIXI. PRIMARY RECRYSTALLIZATICH AND HOT WORKING IN POLYCRYSTALLINE ALUMINA

3.1 Introduction

The dilcavery(3) that alumina single crystals could be grown in
the solid-state by a strain-apneal method was a coovincing demonstration that
primary recrystallization occurred during or just subsequent to hot working.
A major emphssis of vor. to be reported has teen to clarify some of tne
details of this proceas, although uvortl&’portant questions are still
to be resalved. Previocusly reported work will be included in this
discussion vhere it bears an the elucidation of the mechanisms of deformation
and recrystallizatiom.

There was also evidence in the previous vark(3) that mechanical
properties of hot-vorked alumina was superior to that of hot-pressed alumina

¢? equivalent porosity and grain size. This has now beer studied in
detail.

Primary recrystallization can be defined as the growth of strain-
free nuclei into a deformed matrix, the reduction in strain energy providing
the driving force.(4) Tie problem of nucleation was not considered extensively;
such information is particularly difficult to obtain in the case of alumina
becsuse deformation, recovery, ind recrystallization are all occurring
similtanecusly. In metals, this area is still unrescived, and research is
active (see Reference (5) for a recent reviev). However, as in defarmed
metals, 1t say de assumed that there are copious strain-free nucleation
sitea present in deforwed alumina, particularly at grain btoundaries, pores,
deformation bands, and free surfaces, and that nucleation vwill not be the
rate limiting step in primary recrystallization. Further, the number of
nuclei increases wiih incressing strain, and this accounte for the relstion-
ship shown in Mgure 3.1 - increasing deformation leads to & progressively
finer-grained structure after recrystallization.

[

Pigure 3.1 Varistiaon of recrystailized grain size with
deformation. Note that no recrystallization
will occur below & critical strain.
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Microstructural evidence that this relaticnship is observed

in aluaina is shown in Figure 3.2, This atructure can be interpreted
as follcws:

The coarse grained ares on the left corresponds to an area
strained leass than ¢ ; the single crystal was subjected to a strain equal
to or just greater tha. the critical amcunt, and the fine grained area
the right was recrystallized from a more heavily worked matrix. The fine
grain size of this region is truly remarkable, considering the long times
this sample war suvected to bhigh temperature and pressures (5 hours at
1870°C aad 6000 pais.

It can thus be seen that hot working offers considersble scope
for microstructural cantrol and for the production of unique microstructures,
ag vell as a nev approach for the synthesis of ceramic single crystals.
Heretofore, its appiication to ceramics has been alimost negligible®*, although
deformstion/recrystallization processes are utilized in the production of
the majority of polycrystalline metals and for the single crystal growth of
some metals.

Preas forging wes utilized for ali the hot vorking experiments,
and the process is desc~ibed in the first section., Particular emphasis will
be given to the problems of maintaivning structural and gecmetrical integrity
during hot working, in additicm to the otbher important experimental details.

The remaining discussion is devoted to the fcllewing considerations
of the hot warking and recrystallization processes:

1. COrientatf‘on and propertie. of aingle c-ystals
produced by primary recrystallizatiom,

2. Production of fipe-graiped deformed sngd
recryatallized structures,

3. Microstructural and cerystailographic texture,
both after defaxaation and afler recrystallizatiom,

4. Deformation mechanisms during hot working,
5. Effect of MgO edditions on recryetalllzatim,

6. BEffect of amnealing oo the microstructurs ol
deformed and recrystallized materials,

It is important to mentiam that racrystallization has been observed by St«%”
and co-vorkers(0) after tensile deforwsticn of Mg(, and that Rice and Bunt
bave been exazining hot extrusiom inm palycrystalline magnesia and aluminpa.

-23-
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7. Hemovel of porosity duriag hot pressing,
deforeatimn, apd recrystallizstion. Thiz
iz perticularly important in the working
of porcus composiies, and

8. The mechsnical proupertiss of worked materisls,
deformed under copditions where po eingle
crystal growth occurred.

3.2 Bot~Working of Alumina

All the hot-working experimemts t ba descoribed utilized a
press-forging crrancement in e standard prossure-sintering apparatus (Figure
3.3). The important differemce t¢ be notad is that {here was %0 die wall-
ssple contact; the sexple was abie to expand laterally in the die wall
cavity upck the applicatiom of pressure.

Two types of forxing wers ampicyed; forgiag from 2 povwder vhich vas
allowed to sinter to a fairly porous cagect prior to the gpplic-ticom of
prossure, and forging of & relstively dense, previcualy hoi-preszed or sintered
billlet. Im bobth cases, aciybdemum spacers were used t0 prevent reaction with
the graphite punches. Pyrolytic graphite specercs and & BN vash was also tried,
byt were not as sat.sfactory as the molybdemm gphcers in prevemting resctian.

Tabie 3.1s lists the pure Al203 "powder” forgings emi?eg. during
this study® (this table does nct iaclude data previcusly reported'3’) while
Tsble 3.1b 1lists the povder forgir+s of the composition A1203 + 1/4% Mgo.

In slmocet sll cases, the pure aluimine billets were uncracked afier the

forging and Mlly dense if maintained at Ltemperrature and pressure for more

than 2 hours. The A1203 + 1/k$ MgO composition, an the other bend, could

rot be used successfully for powdsr forgings, bocause reaction with the die
body aud punches occurred, vhich _sused severe cracking in the billet. It

is not known exmctly why the molybdemum spacers are unsuccessful &s a diffusion
barrier for thie compositiom.

The forgings from dense billets are listed in Tsble 3.2a for pure
A1203 ard 3.2b for Alp03 + 1/4% Mg0. (The hot pressing comditions for the
starting biliets are given in Tabie 3.3.) In the case of the latter
composition, reaction with the minches and subseguent cracking wvas avaided
by rapid forging; cracking was & problem whan dillets were kept at pressurs
and tempe:atures for any length of time (FA-143-146).

Doming was a problsa enccuutered in many of the forgings, and is
indicated in Table 3.1 by the maximum height differemtial and in 3.2 by the
gpread in percentage height reductiomn. This doming is caused mainly by hydro-
static (as opposed to shear) stresses present during compressiom, as well as
the relative goftpess cf the graphite punches at the forging tempersture. Tha
following factors were found to significantly reduce or eliminate daming:

% Some of thess billets were fabricated undsr Contract ¥Yo. 1173-8%6,
U.S. Heval Weapoms Laboratory, but characterized in the present study.
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CONDITIONS FOR FORGINGS FROM AL,0. POWIER

TABIE 3.1

Forging  Forging Forging Time o Max. Time at Max.
Ro. Temp Pressure Preasure Pressure
°C (psi) (min) (sdp)
FA=Ub 1840-2860 400D 55 120
FA-45 1810-1830 4000 bs 215
FA-U6 1822-1860 5400 k6 300
FA-LT 1850-1880 5400 35 335
FA-96 1840-1870  565C 18 360
FA-97* 1170-1840  5L00 45 360
FA-98# 1250-1850 5100 55 135
FA-100 1860 5100 20 "5
FA-101 1860-1870 5100-5400 25-35 320
FA-102 1840 5200 7-30 180
FA-103 1860 5400 15 1800
FA-104 186 6000 20 180
% 1870 6000 25 133
FA-108 1860 - o 5
FA-109 1860-1880 6800 30 250
FA-110 1860-1880 6800 20 230
FA-128 1840-1870 8700 15 240
ra-137 1860 5650 15-17 380
FA-140 1860 5400 2k yel
FA-142 1860 5670 20 30

* See pext pege

Maximum Height
DM fferential
(%)

25
5

A RS AN AV AN

AV AN S R, )
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TABIE 3.1
b. CONDITICMS ™R FORGINGS FRMM A1203 + 1/k%

Forging Forging Forging Time to Max. Time at Max, Maxiseua Height

No. Temp Pressure Pressure Pressure Differential
°C (pst) (min) (min) ($)

FA~136 1860 6000 2 143 5

FA-141 1860 5670 20 30 26

* Thege are essentially high temperature hot-pressings, es the ..l was
applied before sintering commenced.

TABLE 3.2
&. CONDITIONS FOR FORGING DENSE Al203 BILIETS

Forging Time to Maximum Height
Forging Criginal Original Temp. Max. Pressure Pressure Reduction
No. Biilet Height °C (min) psi (%)
FA-119 FA-118 1860~ 35 + 215 7,000 none
1880
FA-125 FA-123 1860~ 30+ 25,000 75
(70% T.D.) 1880
FA-133 FA-119 1850 10 -15 + 18¢ 13,400 0-42
FA-135 FA-12 0.5 x 1880- 5 « 10 + 125 20,000 73.5 = 80.6
0.23" dla.
JC-L FLU-2C 1350 34 35,000 4,0
JC-7 FLU-2C 1350 7 35,000 1.5
Jc-8 v-21 1350 205 35,000 L5
JC-9 v-21 1425 12 35,000 50
25
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TABIE 3.3
PROCESS COMDITI(MS FOUR PARRICAT ON OF Al-03 + 1/4% MgO BILIETS

T M RO e fmia] T Theretical
FA-48 0.3 1575 10 6000 98.5-99.0
FA-50 0.3 1475 135 5100 98.5
FA-51 0.3 15¢0 85 5650 9.5
FA-54 0.3 1580 90 5100 99.0+
FA-56 0.3 1575 73 5100 99.5+
FA=5T 0.3 1570 1o 5100 -
FA-58 0.3 1580 90 5100 -
FA-59 0.3 1605 120 5600 -
FA-60 0.3 1600 96 2900 -
FA-61 0.3 1600 60 5100 -
FA-62 0.3 1580 60 5400 99.5+
FA-63 0.3 1580 99 5400 99.5+
FA-65 0.3 1580 T0 5400 99.5+
FA-66 0.3 1580 75 5400 -
FA-67 0.3 1580 105 5400 -
FA. 68 0.3 1580 55 5400 -
FA-69 0.3 1580 75 5400 99.5+
FA-TO 0.3 1580 T2 5400 99.5+
FA-TL 0.3 1580 70 5500 -
PA-T2 0.3 1580 8o 5600 99.5+




TABIE 3.3 (comecl'd)

PROCESS CONDITIONS FOR FAERICATIGN OF AlpO3 + 1/4$ Mgo BILIETS

Billet Thickness Temperature Time at Maximum Maximum Pressure Density %
Re. (inches) (°c) Pressure (ain.) (psi) of Theoretical
FA-T73 0.3 1590 69 5300 99.5+
FA-T4 ASB 0.1 1580 85 5600 99.5+
FA-T5 A&B 0.1 1570 67 5500 99.5+
FA-T6 0.3 1580 75 5400 9.5+
FA-T7 0.3 1580 75 5600 99.5+
FA-T8 0.3 1580 6¢ 5400 99.5+
FA-T9 0.5 1580 1¢ 5500 99.5+
FA-105 0.3 1580 70 6000 99.5+
FA-111 0.5 1590 65 5650 99.5+
FA-113 0.5 1585 13 5400 99.5+
PA-114 0.5 1580 120 5400 99.5+
FA-115 0.5 1580 120 5400 99.5+
FA-116 0.5 1580 130 540G 99.5+
PA-123% 1310 Lo 2000 70
Va21%+ 0.25 1400-1420 200 6400 99.5+
Flja2C%4 0.25 1400 180 6000 95.5+

* pure alumins
+ vscuum hot pressed




1. lars> aspect (height:diameter ratio. This
1s the singie most ilmpcrtant parameter, as
the: amount £ hydrostatl. for-:es increasges
with decreasing aspect ratios. However, at
ve.y high aspect ratios, the upposite to
this, vix., "barreling", could occur; this,
however, has not yet teen observed during
forging of alumina.

2. 3S.ov application of pressure, the use of surface
lubricants inch as a BN wash, or pyr..wtic graphir .
paper, and teamperatures {n exca2ss of 1870°C
ell helped reduce the incidence of d uing.

As tie data in Table 3.2 show, alumins is remarkaoly ductile. Ip the
cage of tie solid forgings, it was . ssible to calculate t:ue strain- ' as
opposec tc engineering straips) snd strain rates and these data are shcwn
in Tabie 3.4. A measure uf the "eagse of forging" can be ¢ tained from the
ratio of stress: strein rate (lcv values are indicative «f a relatively
"easy”’ forging), and these ratios are plotted as & functica cf aspect -atio
in Figure 3.4, The difficulty of forging at low aspect ra‘ios is a real
effect and due to the large hyd-ostatic forces referred t. above, the center areas
of specimens with a lcw aspect ratio of 0.033, where the .ydrostatic t-ces
vere at a maxiarm, could not be forged at all (FA-88 and ¢3). It is nct
known 1if there is a maximu ease of forging at an aspert -atio of ~ 0.1; there
1s too much scatter at the iarge. aspect ratics to drav £ :% conclusions.
However, it 18 reasons..le to expe t that forgings should  untinue tc be-cme
easy as the aspect rat:o increase:, perhaps until barrelli 14 becomes evident,

Run FA-108 v.s terminated before appreciable t .uing had caudenced.
Tbe povder had shrunk away fror ''ie 3" diameter die body a dlgc 2 . "
diameter vhich nad & deasi.y of  o0% of theoretical. It .y Le assume
that all the powder furgings behuved similarly, and the ) v jresgures i1 eded
for forging (compared to the soll ' pure alumina for.ings, ‘i dicate that this
large sacunt of parosity greatly facilitated the working. A further
comparison of FA-129 and FA-133 substantiates tais comclu. lom. In add{ {an,
the salid bot presse? AlpO3 + 1/ud MgO billets all forged uirly reedfly;
thies 1s attriduted o the fine graln size of these billets {the abili*:
of Mz0 to retard grain grovth in discussed in Sectiwp 3.7) and comperism
with farging of larger-grained lucalox (FA-132, 14L-146) ,upparts this :co-
tention. Cops 1erably zreater pressures vere needed to et fect forging in the
latter specimen=s.

In summary, a total of 22 powder forgings, 28 ! .gings frem
salid dbillets, and 34 hot pressings were conducted on thir phase of th- program.
The remainder of this sectian is devoted to a discussion c’ the micro-
structures snd properties of these worked saxpues and to the important ;rocesses
occurring durin- wvarking.
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3.3 Orientation and Properties of Single Crystsls Grown by Strain Anneel

3.3.1i Orientation snd Location of Single Crystais

Standard isaue X-ray vack-reflectiom photographs were used
to determine the orientmiiom c¢f a p ber of single crystals, varying in
voluse from .001 to 7 cm3. A typical Leue photograph ia shown in Figure
3.5 and indicates that a high degree of crystalline perfecticn had been
achieved. These resulis are plotted cn a stapderd (00Ol) projection, (Figure
3.6) which shows the presesing directicm relative to the "c” and "a" axia
for esch of the cryastals. It 1s apparent that the choice of orientation
of the favorably situated nuclei 1s essentially random, even though the
matrix may possess & pronounced bssal deformetica texture (see Sectiam 3<5).
Such behavior i3 alsc observed in the strain-anneel growth of metal crystals,
vhere specl recauntims must be taken tc obtain cryetals of specified
orientation.\8) This randcm orientation of the grovwing cryst%é ig also
evidence that "texture-inhibited” secondary recrystallizetimi®/, i.e.,
the growth of a secondary grain of preferred orientation into & matrix with
8 strong primary texture different from that of the secomdary grein, is
not operative in the present experimepts.

The location of the aingle crystel ereas in a number of
billets is shown 1n Figure 3.7, reprocduced from an earlier report. The
single crystals most ccmmonly occurred in a toroidal-shaped area, roughly
half-way between the cernter and the circumference of the press forged billets
{Specimens FA-21, 2k, 28, 32 and 33) and Figure 3.8 (a higher magnification
of Figure 3.2) shows such a single crystal. It has already been menticned
that the shear deformation must increas® radially outward from the center
of the billet during press forging. The porous large-grained area to the
left of he singie crystal was near the center of the billet, and had not
been strained sufficiently to undergo recrystallizationm. The single crystal
almost certainly nucleeted in a region of strain at/or Jjust in excess of
the critical smount, where the small strain prevented excessive nucleation.
For single crystal growth to be possible, growth of the first nmucleus
must proceed at such & rate that possible nucliestion sites in adjacent areas
are consumed. The aree to the left of the single crystal had been deformed
more extensively; hence, the nucleation rate was higher aud recrystallizatiom
to & fiue-grain matrix occurred before the deformed matrix was inccrTorated
into the growing single crystal. When recrystallizatica t- a fine-grained
matrix s complete, the driving force promoting the fast growth of the
single crystal was eliminated.

It was usual for these areas of single crystal growth to
contain a small number of randomly oriented single crystals (there being no
circumferentiel driving force for crystal growth due to the radial symmetry
inherent in press forging) and Figure 3.6 shows two examples (150° apart)
of differently oriented crystsls in a single billet.
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GRAPHIC ILLUSTRATION OF SINGLE CRYSTAL AREAS IN FORGED Al- 0O,

P SINGLE CRYSTAL AREAS SCALE ber— 1" —s)

i

(W W

FA-28

e

FA~3
_~—SINGLE CRYSTAL SEED

[" 2 ﬁlq

FA-32

86-139-A

Figure 3.7. LOCATION OF SINGLE CRYSTAL AREAS IN A NUMBER OF PRESS-FORGED BILLETS
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In addition, it can be seen in aire 3.7 that ip A number
of cases, nuclestion ¢f gingle crystals appeare! t.. proceed from 2 surface
in conteact with a graphite punch, and this could bc emphasized using 2°
or 3° domed punches (FA-31, 35, and 37) or punches with small right angle
cones extending from the surface (FA-L2). This is partly because the shear
straa. 18 a maxioum at the surfece, and also because frictiun between the
billet and punches may produce very heavy local deformation at the surface,
vhich favored nucleation. Most of the single crystals so produced vere
relatively small, which is further support for this hypothesis.

Several .lense toroids were al i« f. r.ed (FA-38, L0, and 4.}
and single crystal growth occurred at the free inte:i r asurface of the
toroid, but was ctherwise similar to the billets meat oned avove. This
again resulted from the high shear stralns at free su: faces; in addition,

a similar effect is noted in metals, where & high d!slocation density is
found in surface layers 30-50 u thick, even in the au:ence of sn oxide
layer, and this results in preferred nucleatici. cf new graine at such
surfaces upon annealing deformed single crystals.(“)

3.3.2 Etching of a large Alumina Single “rystal Produced by Strain Annerl

FA-1i contained the largest siangle crystal achieved to
date-~7 cm in volume. A portion of the billet containing the polycrystalline
matrix and polished basal and 5](12?» prism planes was chemi-ally etched in
K25207 for 30 seconds at 700°C. 10) Eten pits were produced on both faces,
but they were unusual in several respects. Firstly, the ‘risngular etch
Pits on basal planes were flat-bottomed and sometimes terrinated in pores
(Figure 3.9). Although flat-bottamed pits have been reported {n & nurher of
ceranic single crystals, they have nc. previously been reported in sephire.
They are usually attributed to the movement of disl.catioms during e .ching
or betveen two etchings, in contrast %o pointed etch pits at a staticnary
dislocation. (It is possible that the critical experimerts ueeded to d-tect
such pits have not been conducted with sapphire.) However, the etch pits were
larger than would have been expected from the s! ort time of etching. For
these reasons, the etch pits are not believed tc Le the termini of emergent
disloca.ions, but may have been caused by impurities or oiher point defects.
Al .hcugh lov dislocation densities are not characteristic of metal crystals
grovn by strain-anneal, it might be expected that ceramic crystals growa by
this technique would be apprec’sbly better than those grown from the melt; the
energy needed to form -~ dislocatiom in alumins is uppreciably higher than in
meteals, and low dislocation contents might thus be an added benefit of this
solid-state crystal groving tecimique. The area immediately adjacert %o the
polycrystalline matrix in Figure 3.9 appeared to be essentislly pit-free.

This is not completely understood, as the cry-*al wa: thought to be growing
int. the polycrystalline matrix in this region. Cne possibility is that the
impurities (or other point defecta) responsible for the et~ -pits were in
solution during the strain-anneal crystal growth but precipi.nted at scme time
after growth had ceased; those impurities near the single crystal boundary
might then have been able to diffuse to the boundary. Figure 3.10 shows one
of the grains of the matrix campletely surrounded, but not amnihilated by
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Figur: 3.9 Besal Plane of Strain-anneal. 3ingle Crystal
after Etching in K25207 at 700°C for 30

seconds. The vhite singularities srao sub-
surface porosity.

-43-



Y
\
\, 4
[
\& . L)
. A
\A
A \
L1830 10 » A

Figure 3.10 Basal Plane of Strain-axneal Aduminc
Single Crystal after Etching in K2o‘2‘.)-(,
at 700°C for 30 Seconds.




the strain-anneal :crystal. Such engrapped grains have also been observed
in strain-anneal metal cr’ystals,\ll and are probably due to only & small
orientation difference between the growing crystal and the entsapped grain,

On 1120% prism planes (Figure 3.11) the rhacbic etch
pits were also flat-bottomed and were similer {n size to the triangular
etch pits an basal pianes; they probably had a similar origin. In addition
to these, smaller rhombic etck pits (arrowed in Figure 3 11) were arranged
ir parallel rows. It is suggested that these small pits represent emergent
dislocations, perhaps produced vy basal slip after the single crystal
grovth had ceased. Further evidence for this can be seen in Figure 3.12,
an area in the polycrystslline matrix. In those grains properly oriented
for etching, two types of etch pits were found. The shape of the larger
pits suggested that the etched surfaces were also -1120% . This surface
of the polycryatalline matrix was parallel with the pressing direction.
It will be shown (Section 3.5) that the palycrystalline aggregate probably had
a proncunced basal texture, with the c-axis of the individual grains parallel
to the pressing direction; thus, 311204 faces should be observed in preferen.e
to (0001l) which is consistent with the morphalogy of the larger pits.

3.4 Dense, Fine-Grained Elongated and Eoulaxed Microstructures

3.4.1 Elongated Structures after Hot-Working

It has been poesible to produce dense, fine-grained elongated
structures by hot working, and such & structure, taken fram & previous report,
is shown in Flgure 3.13. 'n the case of pure alumina, the eiact conditions
leading to this structure are not known with certainty. However, it will
be suggested in a later sectian that this fine-grained elongated structure
1s in fact evidence of a deformation (rather than a recrystallization) texture.
Thus, 1t may be that fast strain rates, followed by an effective quench,
would prevent recrystallization and thereby promcte the retenticn of elongated
microstructures.

Elongated microstructures are most easily produced by
beavily forging hot-pressed billets of the composition Alp03 + 1/4% Mg0. An
additicne’ * snefit is the retention of finer grain sizes, and a typical
structur 1: shown in Figure 3.14. This effect of MgO is discussed fully
‘n Sectiw. 3.7.

3.4.2 Equiaxed Structures after Hot-Working

The area to the right of the single crystal in the camposite
of Figure 3.8 i{s dense and equiaxed, and dA{ffers in grain size from the area
to the left of the single crystal by a factor of - & (14 u compared with 90 u).
The coerser microstructure is similar to microstructures of saxplea hot-
pressed (but not worked) et this temperature (Figure 3.15). Purthermore, the
fine grained equiaxed structure possesses a crystallographic texture (see
Sectinn 3.5) which because of the absence of grain elongation, must be a
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Figure 3.12 Paolycrystalline matrix of billet FA-li
Dear strain-anneal single ¢ stal after
etching in KQSECL? at 700°C far 3 secomds.
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recrystallization, rather t’wn a deformation texture. It hss been possible
to produce such microstructures throughout large portioms of a billet,

and Flgures 3.1 and 3.17 are exsmples of billets where single crystal
formation was suppressed, and large portions of the billet hed a fine-
greined equiaxed microstructure. This microstructure has been achieved
most successfully in forging of powder billets, although it bas bsen very
difficult ¢to escertain the exact forging canditions needed to reproduce

such structures. However, as these billets pcssess a marked recrystallization

texture, it may be that a slow uniform strain rate is needed tc obtain
this structure.

3.5 Crystallographic Textures after Deformation and Recrystsll.zation

Promounced crystallographic textures are s further very interesting

effect of hot working. These textures vere cbserved in materials with

both equisxed and elongated microstructures. The preferred crystallographic
orientation in equiaxed structures is almost certainly associated with a
recrystallization texture; crystallographic texture in recrystallized metals
is commonly for~d in eguiaxed materials. In those materials containing
beth & microstr._tural and crystallographic texture, this texture could also
be due to recrystallization and an example of such a large-grained elongated
structure will be shown in Section 3.8. However, it is believed that
relatively fine-grained elongated structures possess a deformation texture
and evidence in support of this will be given in the next =<ectiom.

In both these cases, the actual texture is the smwe, with the "¢
axia of the individual grains aligned parallel to preesing dire? {on of the
forging. This basal texture was described in the previous work\J/, but has
nov be  examined in more detail.

Figure 3.18 shows a pole figure of billet FA-125 (dsformed to o
63% height reduction inl5 minutes at 1850°C). The plane of the stereo-
graphic projection corresponds to the top of the disc~skaped billet, and
the pressing direction is at the center. The cantour lines refer to the
intensity of a basal reflecticn above background, snd the pesk intensity
near the center of the projectiom shows clearly the strc  basal texture.
The pole figure has not been extended past 30° because the basal reflection
then falls off to the same level as background . It is also interesting
that this texture exhidbited an slmost perfect circular symmetry, wvhich is
consistent with the radial symmetry present during press forging. Portions
of this billet were examined by transmission electrom microscopy and showed
considerable evidence for dielocation networks and dipoles (Section 3.6);
thus, this pole figure probaily represencs & deformation texture. Although
no pole figures have been determined on samples with a recrystallization
texture, other X-ray work (below) suggests t. n an identical pole figure
wor'd be obtained.

The deteimination of X-ray pole figures are particularly tedious,
and for moet determinatioms of crystallographic texture, it was convenient
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to use ratics of ua... conrebe ) 1o pres . retliectiong on wnplace.,
parallel to and ncrm Re s o-tors ber 0 0 e e D0y shows
such measurcements £\ : {1 “tllets, aid ~ hwvore thou. i Ly
contain a deformat: - e Watel e - aechanieal o roperty
tests (lecticn <00 PR 5 N4 PR o o W ovan be nna: tetJeen
reflectics fruw the pPledors 110) and C0 Y 0 o, of the ¢ om 2130
and “1010¢ ) and taso’ om0 e ae ~ .. of the forr 000L) 1.

In additin . o e Rier froa the plane (1.0.10)
(t.e., 1.0.1.20) wn: . e e G bde bve (o l) U 09°) rnd had
favorable Bragg cnd.t. Torcear Mo L0 0 Lhese uuedios revealed
that preferred ot iiny: coreran o all o o0 - 0 forgrn Wy & height
reduction grea::t t.

A plot .t ¢ o LWL Dm0 the 1), (020), and
(100010) reflecition - ! vl h'\‘igﬁ‘t . I : «.”‘, 1850‘,
and 1900° 18 given in ¢ . 1* can be o8 10 Cegree of
orientation achieved civen reauction 1. e Ly otee ; endent of the

forging temperaturc. ‘‘he amount of texture ot rones dn this way for the
moct extensively deformie? specinoen lavest! - ¢ ¢ ( ¥i¥ height reduction at 1850°C)
agrees well with the po:« “tgure shown abev -

Metallogray .. uv~iration of tres  i:nles also indicated a
microstructural textur.. irain ciongation wis .. apparent at 18% height
reductica and became wur arked st higher deformut:cns. The extensive
microstructural texture trn pure alumina specimen- :uas shown in Figure 3.13
vhile Figure 3.14 showed lonmation ir a spe-imen - Alp03 + 1/4% MgU. The
finer grain size of the !.tter specimen nttests ¢ the ability of the MgO
addition to retard grain xrowth.

Microstructura <texture could also be Jetected during chemical
etching, even vhen no grain elongation occurred. Jpecimens cut and polished
ncemel to the press forging direction, exposing :uz'l planes for specimens
vith a pronounced basal texture, etched much mor- ,.-adily than specimens
polished parallel to thic directiom (thereby expcsing prism planes).

Recrystallizat!on texture. in equiaxed spocim:ns were most
commonly observed in speclmens forged from powders, and lavle 3.6 lists the
Xeray evidence for this texture. it is not tnown vhy some specimens exhibited
anisotropy mainly for basal reflections (FA-106) cr mainly for prismatic
reflections (FA-103, and FA-109) while other: showed anisotropy for both sets
of reflections. The degrce of cricntation irndicated by these data approached
that in the most extensively cdeformed specimen..

These optical properties of these recrystallized specimens are
particularly interesting, as the ~rystallographic textur and high density
leads to highly transpsrent poly..ystalline specimens. This i{s possible because
the texture allows specimens to be oriented so that light scattering due to
birefringence becames pegligible. The effect can be seen in Figure 3.20;
the birefringsnce in the randamly-orieated sintered sample (Iucalox) leads to
scattering and to the loss of Lhe imnge when the sample i3 raised off the paper,
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TABIE 3.6

X-RAY EVIIERCE WOR RECKYSTALLIZATION TEXTURES
I EQUIAXED SFECIMERS

X-Ray Raflectiam

Specimen (030) (110) (006) (00.72) {10.13)
FA=-4S Eﬁ@l NS 1 ] 1 &€
perpeadi cular 3.%0 7"?7', ] é’ 5
FA-47 el i 12 8 8 100
perpendi cular 73 -T00 0 ) 5
FA-103 perellel g 9, 0 o e
perpeadicular <K, 79 b3 2 g
PA-206 parsilel ¥ ¥ % 1 &
perpendiculayr 27 100 0 o 0
FA-107 parellel i8 12 14 L] il
perpandiuclar o7 79 5 g 0
PA-109 parallel 8 s 1 2 2
perpendicular 90 70 ¢ 0
FA-110 persllel b 24
perpendicular ’{31' %) ‘(55 g g
Mi¥  penalla s m s
{(1/4% Mg0} perpendlcular 87 58 1 % ‘*3(‘1
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even though the total transaizsice of this sample is quite good. This
aubject is under investigation under another yprogram in cur laboratory.*

Microstructural texture was also obaserved after forgings in the
teuperature range 1350-1500°C. (The experiments performad in this tempersture
rangs were listed in Table 3,2.) Of particular interest is specimen JC-8,
vhich hed been forged *» a bheight reduction of 26% at 1350°C in 106 mimutes
at & load corresponding to 35,000 pai on the [.lila. specimen dismeter,

The lcad was kept constan. ud the temperature increassed to 1500°C, a total
beight reduction of 45% being achieved in 205 minutes. The textur: cbserved
cen be seen in Figure 3.21 (it may be memticosd that the grain size increased
by & factar of tvo during this experiment). Forging in thie teuwpersture
range may be particularly interesting, particularly if it can be Jemonstrated
that this répge 18 below the "recrystallization temperature”.

3.6 Dsformstion Mechanisms Occurring During Kot Working

It bas bean demonsirated that polycrystalline siumina is exceedingly
ductile at the hot-working temperatures (see for example, Table 3.4) and it
iz pertinent st this point to discuss probable deformstion mecharisms.

As u: the case of most metals, alip and twinning have been vwell
documented for single crystal alumina, and Table 3.7 lists the cperative

plates and direction, as well as the temperatures where each mode of plastic
defarmetion bhas been found to be important.

The marked basal defoimaticn texture is very good evidence
thet the primary deformation mode ie basal slip; the texture arises from
rotation of tha basal planes, due to s oiverposed bending momert, so that
they became p..pendicular to the pressing direction. (The bending is due
%o comstraints imposed by the punche;, msighborire graina, etc.) Exsnination
of thinned folils by electrow microsccopy of apecimens possessing & deformation
texture shoved extmi(gj evidence of slip, and similar evidence has been
pressated previously. What weg perticulariy interesting in the esase
with vhich such dislocations were observed in these specimens, in contrast
to the difficulty in detecting dislocations in hot pressed specimens or in
epecimens tested in bending in the temperature range 1300-1600°C. Figures 3.22 and
3.23 show avidence for dlslocaiicn networks and dipoles, respectively, and
alip bends detected by chemical etching in & worked structure vas shown previously.(d)

Althcugh basal slip is undoudbtedly the primary mode of deformatiom,
1t itself will now allov homogeneous defarmation of a randomly oriex&gs
polycrystelline aggregate without void formetiom. Groves and Kelly have
analyzed the situstion for alumins, and shoved that even 1f both basal and
prismatic plane slip were occurring, the Von Mises criterion would not be
satisfied. Twipning may de occurring, although micrographic evidence of
twvinging was sparse at best. Altermatively, rbombohedral slip or & stress-
enhanced Nabarro-Berring type of creep may provide the extra degree of freedom
{the two experimentally ocbserved slip systems will provide only four independent
slip systems; the Von Mises criterian requires five). Although rhombobsdral

* See footmote, page 25 =58~
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Systen

basal glap
prizmatic plens slip
rhambochedrsl slip

basal twinning

rhombchedral
tvioning

Rabarro-Herring creep

TABIE 3.7

MODES OF PIASTIC DEPORMATICN IN ALUMINA

Crystallographic plane®

and directica

(o001) <1120
(1120) <acio)
(2 Qad
Ky (00o1) my [ion0f
Xp (2021) n, 101%]
K (1011) my [10a2]
X, (1m2) ny [0da]
not applicable

# Based on morphological unit cell

Texperature Regime
vhsre deformsiion
gie has been obeerved

00°C - 2000°C
1500°C - 2000°C
4
23° - 1500°C
(hydrostatic pressure)

=196° - 1500°C

1150 - 1950°C
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Pigare 3.22 Evidence for Dislocation Network in Thin
Foli of Deformed Al20-

Pigure 3.23 Fvidesce for Dislocation Dipoles in Thin
Foil of Deformed AJ.203
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slip has not bae? experimentally comfirmed in a tensile test in aappii.e,
Barber and Tighe'll! bave found extensive eviderce ¢’ aul?ﬁ«iim with

5 rhoasbohedral Purgers vector, Al<g, Vachtman and Maxwell okgerved
creep in & sapphire spe~imen which wee orientsed so that no shear stresses
cauld be resalved cm eitrer basal or prism planes; this probably deformed
by rhosbohedral slip. A similar situstiom occurs in zi. . Basal slip
(0002) €1120) is the major deforsaticn mode, although §1122(<il23) is o
vell-establishad seccndery systam, avem though it {a dlfficult to activate
in tensile teasts of -L:ﬁe crystels at room tempersture. In additiom,
slip oo the systems j10123€1123) , and {101(1&(1219)_1&.;% been suggested,
snd at high tesperatures, prismatic slip §1010j {1210, . In all cases,
constrdints due to neighboring grains a-e the reason these seccadary
deformation modes become operative, evem though the critical resolved shear
strese iz very mich lower for basal slip. ({(In zinc, rhombchedral twinning
is also very impariant.)

Cae elec micrograph of & hot-worked alumina specimen was
obtained previously\ ) vhich showed extensive dislocations, even though s
strong basal reflection wves operating. As this would be a condition for
no contrast for either basal or prism plane diz’>catimns (g.b = 0), this
is further evidence for the probabls occurrence of an additional (rhombohedral)
8lip system operating during hot working.

On the other hend, plastic defarmstiom occurring via stress-
enhsnced vacancy diffusian, ie., Nabarro-Berring creep, has been found to be
very prevalent in fine-srained alumins (Section 3.10), and it may be that
some process such as this is providing the extrs independent deformatica
system in hot working. Asewsing & D of 1077 at 190( : (see Figure 3.4l, Sectiom
3.10) end & grain size of 5 u, & creep rate of .05/min is possible. and this
is of the same order of magnitude ss the observed strein rates (Tadble 3.3).




3.7 Effect of MgO on Pr'mary Reerystallization

The inhibiti(ng effect of Mgl on grain bo.adary mobilities in
alumina is well-known'l ) and 1s the bas’z: cf the lucelox rrocess for sirt-
ering alumina to full density. The physical beeis “or thi+ grain boundary
inhibilitation apparently lies in the segregation of #g0 (vhen added in
concentrations of 1/4%) at grain boundaries. Much of the press forging
vork during the current research has been with the compositiom, A)a03 + 1/k%
MgO, which wms intended to prevent excessive grain growth during the high
temperature cycle needed for press-forging. This approech was successfui,
83 10 u was about the upper limit of grain size after forging. In addition,
the inhibiting effect of the Mgl additioms on grain boundary mobility

atly retarded primary recrystallization. For example, no single crystals
%;S'bitrarih defined as grains visible to the naked eye) have ever been
observed after forging this compositicn. Under conditions which favor
single crystal growth (powder compects and long times at temperature),
recrystallization only occurred in the most heavily deformed aress ead
resulted in equiaxed microstructures (Figure 3.24) ; ¥hich possessed a
marked crystallographic texture. In all other cases, heavily deformed billets

showed pronounced microstructural elongation deformaticon and a well defined
texture.

Because of the lack of recrystallization, these latter specimens
had appreciable dislocatian densities within grains (see preccding section).
Thus, the MgO aided in obtaining reproducibly & Jarge group of unigue
alumina gpecimens-bizn indlslocations and ross2asing & marked microstructural
and crystallographic texture - which were suitable for mechanical property

evaluations and could be compared with hot-pressed or sintered alumina (Sectiom
3.10).

One further possibility is that the differences in recrystallization
betvween pure and magnesis-doped specimens originated in the diatributiom
of strain energy in the deformed metrices. The magnesia contalning sanples
will undergo less grain growth upom heating to the press forging temperature,
and it may be that there is a more uniform distributiom of slip in such a
fine-grained matrix than in the coarser-grained pure alumina. (In particuler,
defcrmation bands due to single (basal) slip might be less prevalent in ,
the finer-grained materials.) A somewhat similar case is known in TD-nickel, (16)
wbere the oytimum high temperature properties are achieved after successive
strain and recovery-anneal” cycles; the dislocation distribution is re-
arranged during each cycle 80 as to enhance resistance to recrystallizatiom.
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3.8 Annealing cf ‘eformed and Recrystallized Materiale

Selected high temperature (~ 1900°C) annealings have been conducted
cn both deformed and recrystallized structures, and these experiments
helped clarify many details of the recrystallizatiocn process, perticularly
the distinction between deformed and recrystalliized textures,

Figure 3.25 shows the microstructure of FA-3L4 after annealing
at 1900°C for 2 hours (the unannealed microstructure is shown in Pigure 3.13).
Although scme porosity was generated during this anneal, the main effect
1s an er~rmous increase in size, from 10 u to 80 u. This very ronid
grain growth 1s about double that expected from an  gxaggerated grain
growth mechanisa*, and is thus attributed to the greater dviving force
resulting from recrystallization.

It was argued previously that elongated fine-grained structures
occurred in samples with a deformation texture, while equisxed fine grained
structures occurred in conjunction with a recrystallization texture. The
recrystallized structure shown in Figure 3.25 is relatively coarse and
elorgnted, and it is pertinent to inquire about the origin of the micro-
structiural anisotropy and whether it btear. on the problem of the origin of
the recrystallization texture.

It has already been mentioned that the deformation texture is
unchange 1 upon recrystallization and alumina is in this va{ % lar to some
of the hexaganal metals - particularly zinc and its alloys' !/, This may
be eviuence that the recrystallization texture originates in & prefsrred
orientution in nucleation, rather than ‘n enhanced grain growth rates
of grains of a certain orientation. This i. contrary to recrystallization
in fc° metals, where the most recent evidence is that the texture arises
from oriented grovth.(18) However, it is difficult to see how the fine-
grained equiaxed recrystallized structure shown in Figure 3.24 could
have grown by oriented growth; anisotropy in & hexagonal msterial should
also glve rise to a microstructural texture, due to the uniaxial symmsetry
(c/a ratio = 2.73). However, there is unquesticnably some anisotropy in
grain growth rates in alur‘na, and this is manifested by platy ar tabular
grains in alumina hot-pressed or sintered at relatively high tewperatures
to produce large grains (see Figure 3.15). Thus, the ccrrect interpretatim
for Figure 3.25 may be that the crystallographic texture arose froa
oriented nucleation, while the microstructural texture arose from ariented
growth. This microstructural texture after recrystallization does not occur
gt sma'l graln sizes because of the gmall amount of growth.

Recrystallizat.on up.n annealing was also observed in megnesia containing
specimens, &s shown in Figures 3.26 ard 2.27. These specimens had been
deformed to a height reduction of 19% and 50-50% respectively, and both showed

* }. Mistler, private communicatiog, M.I.T.
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& microstructural deformation texture. (The microstructure of FA-52 befare
a.nealing 1s shown in Figure 35.14.) The annealed microstructnral texture
is more proncunced in FA-52, no douot because the deformatiaon texture was
also stronger. It was surprising that the annealed grain size of FA-52

was not appreciably smaller than FA-84, as it has been more extenaively
worked (see Flgure 3.1). Thie can probably be attributed to the sluggishness
of recrystallizaticn in these magnesia-doped spe-imens, which thus allowed
sunsiderable recovery (snnealing out of strain energy by annihilation and
diffusion of dislocations) before appreciable recrystaliization commenced.
This wmay also be the reason for the non-uniform grain growth in FA-8h;
ar=8s cf low strain undervent complete recovery during annealing.

Tc date, no successful annealing studies have been conducted
:n equiaxed recrystallized pure alumins specimens, but Figure 3.28 shows
the mizrostructure of FA-136 (AlpO3 + 1/4% MgO, see Figure 3.24 for an
mannealed microstructure) after an 80 hour armeal 2t 1800°C. Only normal
srain growth occurred (the MgO suppressing all exaggerated growth), and
this is very strong evidei.ce that all dislocations had beea removed
during the recrystallizatian of the equiaxed stru.ture.

Single crystal growth has also been cobserved during annealing,
but .nly for specimens "quenched" at an early stage of the press-forging.
Meures 3.25 and 3.30 are low magnificatic: photo's of specimen FA-1L2,
tefore and after annealirg at 1900°C for 3 aad 1/2 hours. This powder
t:{1let had beer weld at temperature and pressure for 1/2 hour during hot
ferging rather than the 1-5 hours usually used for such billets. These
photos Jlemonstrate the not unsurprising fact that single crystal growth
is & critical function of time and defarmation. Annealing & portion of
a blllec contaiping a well-developed single crystal either produced
nome)ﬂ Srain growth or exaggerated grain growth of the single crystal (Figure
3.31).

Finally, Figure 3.32 is a composite micrograph of & portion of
FA-100 further removed from the composite area shown in Figure 3.8. ‘The
fine grained matrix at the left of this micrograph is part of the same
general area, tut separated by ~7 mm, from the fine-grained matrix at the
right of Figure 3.8.) The large grains may have grovn by examggerated grain
growth afler recrystallization. There are twc possible gradients in thi=
portion of the billet, & grain size gradient resulting from primary recrystalliz-
ation, the grains becoming smaller further fram the center of the billet due
to the increasing shear deformation, and a thermal gradient, due to the
heating arrangement {the die body being the susceptor); the smaller grsins
being at a higher temperature. sSuch gradients could give riase to the observed
railal gradient in grains vhich had experienced exaggersted growth. However,
this micrograph is similwu to Flgure 3.20, viereln the microstructure vas
though to result fram recrystallization. It may therefore be due to a secomd
primary recrystallization caused by continued deformation after the first
primary recrystallization. The gradient in recrystallized grains would then
follow the expected gradient in shear strain. However, such further deformatiomn
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Figure 3.28 Microstructure of Equiaxed 41203 + L/4% MzO
after 80 Hour Anneal at 1800°C.  Note the  Iack
of apprecisble greia gr( .th during this annealing.
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Figure .29 Macrophotograph of PA-1k2, "quenched"
L:fore Press Forging bad beer campleted.
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Figure 3.30 Microphotograph of FA-142 after 3 1/2
Hour Anneal at 1900°C in Vacuum.
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Mgure 3.31 Exaggerated Graim Growth of Single Crystal
in PA-119 During 3 Hour Amneel at 1900°C
in Vacuup. The arrw danctes the position
of the aingle crystal before smnealing.
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Figure 3.32 Composite photograph of popu
in FA-106. Note the radial i
of larpe greins. The arrowed |
in a later section.
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would require extensive nont-gsl, non-prism plane slip, due to the promounced
recrystallization texture {there would be zero resolved shear stresses on
both bssal and prism planes). It wili probably be necessary to experimentally

separate deformation processes from recrystallization processes to resolve
this point.

3.9 Removal of Pcrosity

The application of stress during ordinary pressure sintering
greatly reduces the temperaiurs neces for the removal of the last
porosity. I% is now well establisbed'19) that the demsification mechanism
in the final stages of this process is diffusional, the applied stress
increasing the comcentration gradieut between the pores (scurce) and grain
boundaries (sink). In normal {pressureless) sintc ‘ng, the driving force
for densificatian arises from the surface tensici of the pores, and a
certain concentration gradient of wacancies 1s established. The additionsl

concentration gradient in pressure sintering can be described by the Kelvin
equation:

NC = CoQ 0 -a
o (7B -%)

where Co is the equilibrium vacancy concentratiom, (! the vacancy volume, ¢
and o, the stress on & graln boundary and on a pore, respectively, and k
snd T have their usual meaning. The following simple argument shows that
must always be larger than “p. The narmal compressive stress at a pore
surface must be equal to the applied pressure o if cne assumes the solid
compect diatributes the pressure hydrostatically. Grain boundaries must also
transmit this same force, but as a grain boundary will intersect e random
number of pores, the solid area of the grain boundary must sustaia, on
average, a higher force. The succeas achieved in pressure sintering occure
because s larger flux of mstter can travel along this increased vacancy grad-
ient, and thus eiiminate porosity, at temperatures low enough so that grain
growth 1s limited. In other words, the two factors of importance are a

high vacancy flux and a short source-sink distance.

B

)

The porous microstructure to ivhe left of the single crystal in
Figure 3.8, and the high temperature hot-pressed sample shown in Figure 3.15
are examples vhere the grain growth rates were high enough to isalate pores
sufficiently yar from grain boundaries so that they could not be removed
by ddffusion of vacancies. Thus, it appears that in the recrystallized
area in Pigure 3.8 (forged fram povder), either the defarmation or the
subsequent recrystallization must heve been effective in removing vores.
The entrapped porosity in the left of the single crystal of this figure, as
vell as the porosity shown in the large etcued single crystal in Section 3.3,
suggested that the movement of & grain boundary during recrvate liratiom may
itself not be a particularly effective way cf removing porosity, even if that




grain boundary intersects a pore. This is not surprising, as a similar
situation ari{ses in pressureless sintering, vhenever exaggerated grain
growth occurs; por~sity becomes entrapped because the mobilities of
the grain boundaries of growing secondary grains are high enough to
allov them to sweep past pores.

One possible explanatiop is that the deformstiom during hot
working contributes to removal of porosity. The observation that the
decreasing porosity gradient in Figure 3.8 seems to parallel the increas-
ing st-ain gradient is evidence for this. The exact mechanism of porosity
removal during deformation is not known with any certainty, but the follcwing
may be suggeated:

1. "Fipe" diffusion along dislocations to grain boundaries;

2. Destruction of pore equilibraticn (shape, size, etc.)
by deformation of the surrounding matrix;

3. Grain boundary shearing or sliding; and

4, Closing of pores ' self welding. This lasi process
requires that the gas entrapped in the pores have scme
salubility in the matrix.

It would sppear that furtber theoretical vork {s needed to ascertain
1f auy of these (or others) may be important in the present process. However,
while rapid.y moving boundaries of recrystallizing grains may not be able
to remove porc-.ty, the recrystallized structure may be much more suitable
for subsequent densification than the origiral matrix. Such a situation
is suggested by same of the work with powder billets. Quemching a forged
povder billet as soca as the rate of punch travel has slowed down (~ 1/2 hour)
lead to a porous partially re.vrystallized m’~rostructure; thie is shown in
Figure 3.33. However, leaving such a bdillet under temperature and pre_sure
for long times (L-6 hours) leads to the dense optically-transparent poly-
crystalline specimens shown in Sectiom 3.5. The traasparency is, of course,
excellent evidence that all porosity was remcved, as any remaining pores
would scatter light.

One likely mechanism by vhich the recrystellized structure could effect
pore removal is if all pores were situated an graln boundarie. after
recrystallization, while before recrystallization, they were far removed
from the grain boundaries of the duformed matrix. This, of course, implies
that the nuclesation could take place at pores, as vell as at grain dboundaries,
deformation bands, etc. Although such an effect has not betsocgbserved in
the recrystallization of metals, there is abundant evidence that coarse
salid precipitates can enhance nucleation, and that there must be s critical(h)
degree of dispersicn that is particularly effective {n enhancing nucleation.

-T2-
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Porous Recrystallized Area In Powder Billet
"Quenched” after Porging for 1/2 Eour.

Flgure 3.33




The enhancement of nucleation is undoubtedly due to the local enhancement
of the dislocation population, and lar, > pores would have a similar effect.

A further effect leading to possible pore entrapment
recrystallized graein boundaries is that origirally due to Zeneral). Pores
(or inclusicne) intersecting boundaries exert a drag on the boundary,
lowering the boundary motility and eventually leading to cessation of
grain growth (at constant driving force) at a critical grain siz=. The
critical grain diameter, where the drag balances the driving force, is
proportionas to r/f, where r is the radius of the pore or inclusic and f
is its volume fraction. This relation, although never experimc.ctally
verified quantitatively, is gener.ily accepted.

One can picture a situation such as shown in Figure 3.3L4, vhere
the nucleation occurs at a pore and the boundary remains pinned at this
pore. If we assume that a recrystalllization nucleus formed at each pore,
the fully re:rystallized structure should be capable of undergoing
extensive further densification and pore removal by normsl vacancy flow
(i.e., similar to the final stages of sintering). Figure 3.33 may be
good evidence that such a mechanism can occur, as there is certainly a non-
statistical distribution of pores on dboundaries.

The micrographs shown in Figure 3.35 and 3.36, taken from a
forged solid villet, (criginally 95% of theoretical density) may be further
evidence for such a mechanism. Here, the single crysztel contained large
amounts of porosity (which may appear exaggerated in this photo due to
etching), while the area s.owing the duplex microstructure is dense. The
fine-grained matrix is believed to be recrystallized from extensively
forged material (cf., the palycrystalline matrix adjacent to the single
crystal) and the larger grains in this region probably grew by exaggerated
grain growth after the eptrepped porosity uad bean removed from grain
boundaries by a normal sintering process.

As porosity interacts with grain bdoundaries according to the Zener
analysis, it {s also possible for a grain boundary in the course of recrystalliz-
ation %o drags its complewent of pores with it, if the driving force is
powerful enough to overcame the drag due to the pore. Such a mechanism migh’.
explain the porosity at grain boundaries shown arrowed in Figure 3.32, and
also the aggregatian of pcres in boundaries {nto vcids.(ag}ts has already
been observed {n the case of fission ges bubdbles {n UOp .

Hovever, another interpretstion of Flgure 3.32 may be suggested.
It can be aeen that most, if not all, of the pores are on "horizontal”
rather than on “vertical” grain boundaries. The thermal gradient present
in this billet was from left to right (the hot furnace being situated towards
the right at the outside of the billet) and it may be that the pores are
traveling along the thermal gradient. Such pore travel occurs because vhen
pores move 1o this way, matter is removed fraz hotter to cocler regions, thus
minimizing the gradient. This occurs regardless of the mechanisa of pore
travel {(i.e., surface diffusion, evapomt?m-cmdenaaticn, etc.) and such
pore travel has also been obse:rved in UOp 3),
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Porous 3Single Crystal in Forged Salid Billet
PA-LO (ariginally 9°% of tbeoretical density)
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3.10 Me-hanioal P es_of Press-I

A preliminary investigation of mechanical properties Uf gnu-
forged alumine, same of which was reverted in last year's report, (3
suggested that these wcrked alumina spscisens vere strongesr than hot-
pressed and annesled spacimsns of eguivalent depsity and grain size {data
nf Pessmore, Spriggs, and Vasilos(24)), Thewe data are included in

Tabls 3.8, and it can also be seen that specimens ccataining 1/4% MgC were
sonsideradly strongsr than the pure o«2'mina specimens, no doudt dus to
the finer grain sise. No adequrte comntrcl samples were available however,
to ascertain if the relatively high strengihs of the forged specimens were
due to an orientation effect dus to the stromg basal texture or whether
some other mxplanation, such as changes in grein boundary “chrracter” due
to the vorking, were temable.

Accordingly, a number of solid billets, each cou.eaining 1/4% MgO
to prevent recrystallization and retard grain grovth vere forged to various
height reductions (up "o 50%) at tesperatures of 1750-1325°C. Standard
bend dars, 1.75" x .2" x .1" were cut from these forged billets and
tested (vith as-machined surfaces) st variocus temperstures from -196 to 1550°C.

All billets vhich had been deformed to a he! “* reductiom
grester than 10-15% exhibited a crystallogiaphic dsformation texture (Section
3.5). Microstructural evidence of thie texture vas also cbserved in the
difference of etching rates an sections cut parsllel and perp:ndicular
to the press-farging directicn (for specimens deformed D15%) and by marked
gain elngation (for specimens deformed > 30%).

Strength results at -196 and 1200°C (belov which any plas*ic
deformation occurred) are listed in Tadle 3.9 and plotted in the farm of
histograms in Mgure 3.37. The central conclusion that stands oul is
that nc loss in structural integrity occurred due to the hot working. The
histograms are arrsnged in order of incressing deformations at incressing
working temperatures, and the strength values at -196°C, comsidering the associsted
soatter, was Vvirtually ths seme for all groups of specimens. At 1200°C,
ths strengths of forged specimens were slightly below those of the as-hot
yressed specimens. However, the forged specimens vers rironger than the specimens
hot-pressed and annealed (without load) at the forging temperature; the
letter were the veakest specimens tested. Furthermore, strengths st 1200°C
seamed to fall off as the forging tempersture increased; the 1750°C specimens
vere the stromgest. The strongest specimen at -196°C (86.4 oef - PA-5L) waa
also from this group and {t may de concluded that forging tex aratures
should ds kept as lov as possidle for good mechanical propertizs. Thia
teagerature, of course, mist be camsistent with reasonable forging rastes.

This lov forging tespersture also has the advantage of maintaining finer
grain sises at a given dogres of crystallographic orientation; it has deen
shown earlier (Secticn 3.5) thet the degree of texture is dependant mainly
on the amount of farging, but not oo the tempersture of forging.




TABIE 3.

FRELDMINAZY EERD SYRSROTH RESULTS FOR PRESS FORGED
AloCo ang Aln0, v 1/4p Met:

Bend Strength

Texperature Bend Streagih®  Reference Value
Rillet Comments °c , Kpei Kpsi
FA-19 Pure Al;0s, duplex siructurs, «196 29.3
average graln size of large 28.5
graipns 4O v, smmil greins 23 26.3 Q.7 45
5 u, forged from povder 23.3 -1
26.8
27.8
1200 2Q.0 6.1 = 1.5
20.6
20.6
1400 9.9
10.0
FA-34 Pure Al03, microstructural
texture, grain size 16 u x 23 58.0
3B u forged from powder 16.2 £ 5
67.0
59.9
57.0
Sk.3
41.8
1300 24.0 8.4 t 1.5
28.1 {at 1200°C)
FA-52 Al203 + 1/4% Mg0 23 55.9 45.1 £ 15
5 u grain size, 52% sk.2
HR at 1860°C
1200 1.5 23.3t 5
1‘806
1300 35.3
¢ = 0.025%
* See next pege
Kote: HR = Height Reduction
-’m-




TABIE 3.8 {comel'd)

PRELIMINARY RFND STRENQTH FESUITS POR PRESS FORGED

Alo0s end Als03 + 1/4% Mg0

Billiet Conmpents

FA-52 {comt'a)

FA-55 0 + 1/4% Mg0
glﬁ grain size,

35% BR at 1820°C

Teaperature
°C

135¢
1480
1500

23

1300

1Loo

1450

1500

* When plastic deformation occurred, total strain

at fracture 1s also given.

Band Strength®
Kpsi

29.0
¢p = C.05%

27.5
(f = Oclm

20.1

2 = 0,524
8.7
.5
33.5

25.3
¢cp = 0.01%
2f.3
(f = 0.013%

15.8

¢ = 0,013%
22.7

‘¢ = 0.026%
18.7

tp ™ 0.049%
23.0

‘= 0.04%

22‘3

ff = 0.073*

Bend Strength
Reference Value

Kpsi

31.2 10

6.2 5
(st 1200°C)

e el et e




TABLE 3.9

TRANSVERSE BEWD STRENCTHS (KPSI) AT -196°C AND 1200°C

ARD REFERERCE COMPARISON VAIUES

_ Refesrence Value leference Value
Billet Caments -196°C at 25°C 1200°C  at 1200°C
FA-61 as hot-pressed 72 .08 89.6 t 15.0 36.0% 46,0 £ 10.0
2.l u G.S. 66.5 33.0+
69.84 T.D. 56.T% 42.4
5k Lst 39.3
54.0+
66.8
5%.7
FA-85 het precsed and annealed  53.6% 304
for 15 minutes at 51.6 18.6
1850°C, 3.4 u G.S. W 8+ 21.4
97.6% T.D. 5. .8 22.9
57.5%
58 2%
FA-53A 17.4% HR at 1750°C 64.0 60.3 % 15.0 3.8 31.0 + 10.0
3.5 u G.S. 98.6% T.D. 33.8
FA-93D 21.6% HR at 1750°C 6.6 58.2 + 15.0 23.8 30.2 ¢ 10.0
3.5 4 G.S. 98.1% T.D. 56, T# 30.8
35.5%
FA-Gk 34.4-38.09 ER at 54,9 53.2 + 15 37.0 27.5 £ 8.0
1750°C 4.5 u G.S. 64.2 2.6
98.8% T.D. 64.2 31.2
86. 4+ 26.5%
FA-81 3.6-5.4% HR at 1850°C b1.k 50.4 + 15.0 23.1 25.9 £ 8,0
5.3u G.S. 99.4% T.D. 57.3 32.6+
73.2 31.0
51.7
FA-84 15.5-16.2% HR at 1850°C 56.3 k5.4 £ 15.0 32.6 25,4 £ 8.0
5.5u G.S. 99.4% T.D. 55.0 31.8
56 .2%
53.8

% See next page




TABIE 3.9 (comcl'd)

TRANSVERSE BEWD STRENCTHS (KPSI) AT -196°C AND 1200°C

AND REFERENCE COMPARISON vAIUES

Refercnce Value Reference Value
Billet Comment s -196°C at 25° 1200°C at 1200°C
FA-87 30% HR at 1850°C 25.4* 55.1t "0 30.6 17.0 t 5.0
10.4 u G.S. 99.8% T.D. 50.3 27.9+
tansile surface parsllel 62.5 29.0%
to pressing direction 56.0 26.7+
tvensile surface perpendi- 56.3 26.2
cular to pressing 62.6 27. %
direction 54.5 26.4
55.4# 27.5
FA-80 41.5% HR at 1850°C 58.9 40.3 £ 15 33.2 20.7 t 5.0
8.3 u G.S. 99.7% T.D. 28.3
33.2
FA-86 41.56 HR at 1350°C 67.6% 43.1 £ 15.0 26.0 22,0 £ 5.9
7.3 u G.S. 99.9% T.mn, ik, 7 28.3
29.3
2900
FA-90 21.1.25.0% HR at 1900°C 6C.6 36.8 + 10.0 22.1 19.0 t 5.0
8.7 u G.5. 99.0% T.D. 59.7# 28.2
h?ch 30'9*
50.3 29,4
FA-9L 41% HR at 1900°C 7.2 u 43,3 48.6 t 15.0 25.0+ 24.9 ¢ 6.0
G.S. 99.8% T.D. 55.24% 25,24
FA-92 45% ER at 1900°C, 1%R5°C  54.9 h5.4 % 15.0 25.2 23.3 t 5.0
6.2 u G.3. 99.1% T.D. 70.4 . 25.7

*  Fracture under an immer knife edge

+ Fracture cutside gage lsngth - ncte that higher stress was
supported inside gage length.

HR BReight reduct.om
G.S. Average linear gain intercept
T.D. Theoretical Density
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It was {nstructive to plot the -196°C and 1200°C strengths
as a fun-tion of grein size, and this is shovn in Figures 3.38 and 3.3G.
Contrary to almost all previous work in ceramics, there was virtually
pno strength dependence on grain size at -19°C and only & very small
depende?ce at 1200°C. The best comparative data (Passmore, Spriggs, and
vasilos(@%)) indicated that e strength decrease of ' 50% occurred st both
room temperature and 1200°C when the grain size was increaseu from 2 to 10 u.
This predicted strength decrease for the larger grain size specimens can
te ascertained from an examination of Table 3.9.

Thus, & comparison of the forged alumina with a pressure-sintered
alumina specimen at a grain size near the upper limit of the range
examined reveals that the forged specimens are stronger. There are two
possible explanstions for this behavior; ane based on orientation effects
and one on grain boundary "character'”. These will be discussed in turn:

Orientation Effects - it wes argued in cur previous vork(3)
that 1f brittle fracture in polycrystalline alumina involves any plastic
Jeformation in the initiatiom or propagaticn stages, (vhich bas been
suggested recently, see References 25 and 26) then the strong basc) deform-
ation texture could profoundly incluence brittle fracture phenomens. Specifi-
cally. it is probable that if any micro-plastic deformation occurred, it
would occur by basal slip, (0001) <1120) , end this vould be suppressed
ic the forged specimens - the basal texture would minimize resolved shear
stresses on the active slip plane during trangverse bendiung. Plastic
deformation leading to fracture has been invoked by Ca.miglic(25 using
the Fetch relationship

, .= 1/2
7-oy+ky(D) /
be

where e 18 the average fracture strength, o a yleld strength, and ky (D)l/2
8 back stress resulting fram the restraint i sed on the surrounding grain
configuration, to explain the strength dependence on grrin size in relatively
ﬁne-g;ra.ine? (.~ 00 u) MgO + Al;03). Mare recent dats of Passmore, Spriggs,
and Vasilos(<%) was not considered by Carniglis, hovever, and these data obeyed
the Knudsen relation, %, = g (D)~ 1/e down to the fin-<st grain sizes examined
(2 u). In the latter case, the f.ow cantrolling the fracture process is
believed to extend by a true brittle or elastic process, rather than by the
plastic ylelding process implied by the Petch relationship. The strength
cansvancy clearly does not support the Knudsen relation. If, bowever, the
Petch relation (plastic flow) is normally operative, the grain size

dependency may t- normalized due to the retardstion of basal slip. The slight
grain size dependence of sirength at 1200°C may be ruticoalized by noting
that the orientation {s not perfect and the critical resolved shwar stress

has without doudbt fallen cansiderably from its value at -196°C.
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I+ was mentioned above that the Griffith -~oncept i3
maintained in all dis-ussioms of the brittle fracture of polycrystalline
alumina, but there 1s some uncertainty over the mechunis.. f attaining
the critical Griffith size. In the present cas., tue constancy of
strength implies a constant Criffith flaw size, and some mechanism
leading tc this is necessary. It is possible that the "Griffith” flaw
wvas introduced during machining of the test bars, rather than being
associated with a grein boundary, and the size ~f the flaws so produced
may have been limited to several microns by the high denstty of di.-
locations remaining after the hot working (see ..ection 3.u). The crit’ :al
experiments needed to check the above hypotheses will be le.cribed in =»
suusequent parsgraph.

There are several other possible .rientat.un effe:is
which could affect strength (in some cases at lcw as weli as high temp-
erstures) in a similar manner and arguments similar to the plastic
deformatica model are applicable. These are; unfavorable crystallogradhic
orientation of a clevage plane to initiate fracture, unfavcrable
crystallographic orientation for the initiative cf fracture by a twinning
mechanism, and difficulty of grain boundary sliding in & -pecimen of
high microstructural texture. It is tiuought that these r.ssible cri:entation
effects would be difficult to separate from the plastic flow model.

Grain Boundary 'Character’ - It (: possi le that changes
in chemical bonding, atamic geoameiry, or orientaticr, mcrphology, etc.. of
the grain dboundaries introduced by the hot-workiag :cculd also have been
responsible for the relative strengthening of the forged material.
However, such an explanation requires first of all a very different -cn:ept
that that given above cf the factors affecting the strength and it;\y,g.. iatiaon
vith grain size of ordinary hot-pressed or sintered alumina. Rice'<«!
has ehown convincingly that gases entrapped during hot pressing can have
profound effects on mechanical properties, even when densities »939.5% of
theoretical are achieved. Furthermore, many studies of strength-grai..
size relationships utiiized hot pressed samples, where tue larger grain
eizes were achieved by annealing, and these anneals were often accompanied
by an i{:icrease in pore vaolume, due to the above-mentioned entrapped gases.
(Such an effect was found in the present study in the hot-pressed and
annealed sample FA-85.) Thus, while the decreasing strensth may have been
accompanied by an increas.ng grain size, the actual weakeuing may have been
caused by a change ‘" the grain boundary “character' upon annealing, it
beins assumed that the "character” determines when a grain boundary can act
as a Griffith flav and propagate to fracture.

To argue in & similar vein, it cannot be assumed that
strength i{s a single-valued function of grain size and porosity. Suppart for
this also comes fram comparisans of the strength of hot-pressed with sintered
Al507 + 1/4$ Mg0. Up to the present, the upper limit of strength (4-point
ben - 1 3/« inch specimen) in polycrystalline alumina has been at abcut
100,000 psi, and this has been achieved in our laboratory on anly the highest
quality, deneesat, finest grained ( 1 u) vacuum hot-pressed samples, with most
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specimens falling in the range 50 - 100,000 psi. However, sintered lucalox
specimens, with grain sizes at least one order of megnitude larger, (12 u)

and vith a very slight porosity, can have strengths in this ssme range (Section
L) when tested under similar canditions of surface condition and sanple size.
Thus, it is clear that some other factor, probably grain boundary chemistry,

is limiting strengths of hot-pressed samples, as etrengtas much in excess

of the values for the sintered materiale might be expected from the

difference in grain size availsble by hot-pressing.

Therefore, the seccnd explanation for the strength
uni formity envisions that grain boundary "refinement” embodying changes in
grain boundary 'character”, are occurring during the hot working, and may
be responsible for the constaucy of strength with grain size and for the
relatively high strengths for the worked materials,

It 18 thus implied tbat gas removal, grain boundary bonding
etc., are all aided by the applied loed at the elevated forging temperature,
and this is further enhanced by the massive material transport cccurring
during press forging. This effect would be different than previous vork(3),
which showed strength increases as a result of annealing, becaise it was
envisaged that surface healing occurred during the annealing and say have
been responsible for the strength respanse. It is worth emphasizing that
the forged specimens were tested with "as-machined” surfaces. It is
difficult to find convincing proof that changes in grain boundary chemistry
may be cccurring, primarily because of the dearth of detailed knowledge
about grain boundaries in ceramics or >f experimental techniques leading
to such knowledge. The results of specimen FA-81, deformed 3.6-5..4% at
18507°C, lend support to this hypothesis, as the data are similar to data
for more extensively forged specimens, although such light defoarmation does
not give rise to any texture.

Te summarize the discussion of low temperature strengths,
two possible explanstions were advanced to explain the relative comstancy
of strength with grain size; one dus to the marked basal texture achieved
during hot vorking, &nd the other due to & suggested graip boundary "refine-
ment’ which can be achieved during hot working. Both are speculative; the
first assumes that plastic deformation (or one of several other arientation-
controlled mechanisms) is important in the brittle fracture of alumina; the
second that it {s grain voundary "character”, which cannot be properly
defined, but which includes chemistry, bonding, morphology, orientation, etc.,
which {s most impourtant. However, it is possible to design several experi-
ments wnich should be able to differentiate between these two and this
vili te attempted i{n the future. If a highly-crfented, relatively thick
(after fourging) billet could be produced, then bent bars could be cut
oblique to the press forging direction such that basal planes are at
some angle (3°-457) to the tensile stresses during mechanical testing. Resolved
shear stresses would then be maximized onto basrl planes acd any strengthening
effects due to suppressicn of tasal slip vould be negated. Strengths apprec-
iably smaller than the preser* data would be excellent support for the
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¢ Cevntht.on explanation; o uivalent strengths would support the grain
rounen T clnement nypethesic.*  The secona experiment would test

wact' © . . U the Jriifitn crack leagth ‘s wctoted by the surface
fini1:h an- {1. location substruciure, which was aldo suggested to explain

ne censt o, . of strenth with grain size. A series of specimens in the
rradn e - ae Z2-10 u and with surface finishes from 200 micro inches
4+ 2.9 n. c.-inches would be fractured at -1y,°2. If the strength

pevels aer ‘nstant for each surface finish over thi; grain size range,

the Sriffitn relation would be tenable; this of -ourse, would support
th wra‘n Youndary refinement hypothesis.

Strensth. were also determined at higher temperatures,
it 199072, and plusii: deformation began to Le appreciasble at 1300°C
T oae data are given {n Table 32.10 and piotted as s function of temperature
Sor ench tillet in Ficure 2.40. In all cases, the strength levels began to
irop off at same temperature which appeared to increase with increasing grain
size. In addition, the :tress-strain curves showed zero load-hariening,
whish 15 similar to the behavior cf hot pressed or sintered alumina. 7Tne
dats. suggestel that the macrosceple deformation may have been due to Nabarro-
Heroins ddffusional creep, the creep rate being enhanced sufficiently by
t.r relatively rine 5oain sizes (this, in spite of thie high dislocation
*rn*ont in these samples and the fact that dislccation slip was almost
‘¢ tainl” 1mportant in the hot working (Sectian 3.€)). It was possible tc
‘& 1.1le an apparent ciiffusion coefficient of the rate cantralling species
Tran the stress-stradn curves at comstant str-ain rate, utilizing the Nabarro-
Hevilny equation

D o=

| 3

:

.
(G.3

1 013‘-.‘-‘1'

o

where 0 is the ddifusian coefficient, ¢ the strain rate, G.3. 1.5 times the
grein intercept (given above 85 grain size), ! the vacancy volume, < the stress,
and k¥ and T b.ve their usual meaning, and these values are plotted as s

functicn of temperature in Figure 3.3, along vith similarly c&lculatec})éz?.‘;ues
of vnf vred alumipa frum a study presently undervay in our laboratoxy.:i=V.

* It may be menticned that in ane case, bars were cut from a single billet

¢ that the tensile surfaces were parallel cr perpendicular to the press
or e ne ddrection (TA-37).  {In either case, resolved shear stresses un
bacaal planes woull be near zerc.) No strength differences were noted, and
fn the reaadning tiilets, the corieutation was chcsen that would yield

“he wsreater number of test bars.
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TABIE 3.10

STRENGTH PROPERTIES AT 1L00-1550°C

Temp Fracture (or Maximum) Stress Maximun Plastic
Billet Comments °C (Kps1) Strain (%)
FA-61 As hot pressed - 1400 9.3 - N.F. 1.75
2ol u G'S- l‘\m 8.1 - N-F 1172
1kc0 4.3 - N.F. 1.75
1.56
FA-85 Hot-pressed and
annealed-3.4 u G.S. 1O 26.0 0.096
1400 25.4 0.37
1450 18.5 1.10
1450 ib.4 - N.F. 1.64
FA-Q3C 16.8% ER at 1400 25.3
1750 - 3-“ u GoSo ll‘w 2806
FA-93B 22% ER at 1750°C 1400 31.25% 0.365
3.5 u G.S. 1u00 28.0 = 0.16
38.1% T.D.
FA-Ob 3.4 - 38.0% AR 1400 14.6 0.24
at 1750°C - 4.5 u 1unQ 23.7 0.35
G.S
1450 11.8 - N.F. i53
1450 15.0 - N.F, 1.79
at 1850°C 1400 28.7 -
5.3 u G.S. 1400 7.8 -
1450 25.8 -
1500 1.7 1.7
1550 10.5 1.7
FA-84 15.5 - 156.2% HR 1400 28.6% -
2t )B50°C - 5.5 u 14O 25.8+
G.S.
1550 6.9 1.7

QS«nut”
+
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Billet

FA-80

FA-90

FA-91

FA-92

TABLE 3.10 (comel'd)

STRENGTE PRCPERTIES AT 1k00-1550°C

Teap Fracture (or Maximum} Stress Maximu Plastic
Comment 8 °C (Kpsi) Strain (%)
1850°C 8.3 u 1400 1.6 -
G.5.
lhﬁo 23-1 -
1450 1..G% 0.05
1500 b5+ 0.0
1500 2.1 -
1550 18.7% 0.58
155 16 4+ Q.22
21.7-25.0% HR 1400 22.6 -
at 190G C 1400 22.0 -
807 u ﬂoSo 1]#00 2301* =
1500 18.2 0.1
1500 35.7 0.1
1550 10.8 1.7
429 HR st 1200°C 1400 19.1% -
7.2 u GoSa lhw 23o2+ -
1k50 1. T4 -
12"50 18.1'*' -
#0.3% HR at 1500 11.3 0.15
1900-1925°C 1500 154+ 0.19
6.2 u, G.3.
1550 14%.3+ 1.k9
1550 Ln3 - NeFa 1091

# Fracture under an inper knife edge

+ Practure outside gage length - note that higher stress was supported

inside gage length

BR = Height reduction; G.5. = Average linear grain intercept; N.F. not

fractured.
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It can be seen that these sets of data are similar, and they are plotted
together with comparative date from previous creep work and self-diffusiom
data of Al and O. The calculated D's sgree reasomably well with the

work of Folweller; however, the activation energy is slightly lower at about
100 kcal. It 1s difficult, however, tc compare these D values and
activetion energles because it 1s known thst at lease cpe other mechanism,

probabply grain boundary sliding, parting, or shearing is occurring and

may be the explanation f?gashe high D's. A detailed discussion of these

data are given elsewhere\~“/; however, the similarity of the press forged

data and unforged data is perhaps due to tbe orientation ir the former,

there being no resolved sheer atresses on basal planes and hence, no

means for slip to becowme mcre important than diffusiopal creep. However,

to rositively identify a Nabarro-Herring mechanism, it is necessary

to show that da G.5.“and 7 a ¢ ., The amall range of grain size and

the inherent scatter makes it difficult to prove quantitatively the first

proporticnality; however, it is possible to vary the strain rate at

constant temperature and thus determine 1f there is l.nearity between ¢ and
¢ . Tests fur unforged alumina indicated 8 non-linearity which suggested

that some strain could be attributed to a grain boundery phencmenon, as
described above.




Jede summary and ceneral Discussion

Press forging techaiques wer~ used to hot work polycrystailine
aluminun oxide. Both porous compacts, obt: ned oy sintering of a loose
powder, and Jlense, hot-pressad or sintered billets could be forged and
genern ! gave similar results. The porous billets were easier to forge
tlan tie fully dense starting material, while fine-grained dense pieces
were omewhat easier to forge than coarser-grained material. However,
there wis no real ductilitv problem with either starting material, and
Meiht redi~tians up te 71 could be achieved above 1750°C.

The hot werking induced recrystallization in some materials,
w.d Lhiis resultc? in either single crystals or equiaxed structures
P ouessing a basal recrystallization texture (c-axis parallel to press
i rine dlrection), The microstructures obtained after working depended
on the Us<tributlon of shear strain within the worked piece, which was
canpler because of the superposed hydrostatic stresses., It was sugges.ad
that the pores in the ‘powder” forgings were preferential sites for the
formaticn ¢f the strain-free recrystellization nuclei.

Ir. other cases; recrystallization did not occur; rather

met: .. .. witn e marked deformation texture (which, however, was the same

as tov reery.tallization Lexture) were produced. At sufficiently large

de fcrmations, materials with marked grain elongation normal to the press-
ir » Yrectiun, {.e., a uicrostructural texutre, were also observed. The
"stro.~th” of the defoimation texture depended only om the amount of deform-
ation and was indepence.. of th. working temperature. 1/4% MgO additioms
provec to be very ellecy: ve in suppressing recrystallization, and allowed
sanple . th + marked d . rmation texture to be fabricated reproducibly.

Arssealing such deformed samples also led to recrystallization.
13 the re~rystallized grain sizZe was large encugh, a microstructural tex.ure
we - alic obgerved. Thus, as both fine-grained equiaxed and coarse-grained
elom; .1 struciures could be obtained by recrystallizatiom, it was
su e i’ed that the origin of the crystallographic recrystellization texture
arcse irom or. uted nucleation, while any microstructural texture which
accompa..ed recrystellization arcse trom preferred growth.

Detf'ormaticn mechanisms during hot working were briefly considered.
The , *. .unced basal t-xture indicated that basal slip was the domipant mode.
It wvr  :sgested that riwmbohedral s1ip might also be occurring, which
woe 11 oatisfy the Von “Uses criterion of 5 independent slip systems. Further,

Netaoro-Herrin  ddffusional :reep was also suggested as important in providing
ac.e-uate ductillity.

A series of billets ~ontaining 1/4% MgO were forged at several
tenporitures up to height reductions of 50% and subsequently used for
me .han - . properties evaluation. These materials differed from ordinary
h. . pressed or sintered slumina in two important respects; they contained
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large numbers of dislocations and & praoacunced basal texture. The
mechanical properties of the worked materials were quite good, strengths
in excess of 80,000 psi being achieved at -196°C. Moreover, the
strengths were relatively insensitive to grain size, at least in the
renge 3.5-10.5 u, and this may perhaps be attributed to a different
rechanism of fracture sucleation. Because of the marked basal texture,
the easy slip plane ves alwvays parallel to tensile forces during
mechanical testing, and thus only small resolved shear stresses vere
available. The dislocatica structure seemed to have a minor (if any)
effect on mechanical properties, even at elevated (. 1500°C) temperatures,
and this was surprising.

The most important result of the mechanical properties tests
was that no loss in structural integrity occurred duriag working. Thus,
forging alumine to particular shapes can be expected to yield products
whose mechenical properties are equivalent to presently avallable sintered
or hot pressea articles.

3.12 Future Work

As was pointed out in several places in the discussion, there are
certain areas vhere specific information is needed adequately to under-
stand the processes occurring in hot working and primary recrystallization.
These include:

l. Forging Parsmeters - A further understanding is needed
of variables that determine the "ease" of forging and
the homogeneity of shear strain within the billet.

In particular, the aspact ratio and initisl porosity
of the billet, and stresses and strain rates

imposed by the press are thought to be particularly
{mportant. In addition, facters involved in the
removal of porosity during forgings of porous
compacts need further elucidation.

2. Single Crystals - In addition to determining the means
of obtalning large single crystals by strain-axmeal
reproducibly, 1t is necessary to determine the
critical sirain needed to induce recrystallization.

It may be that traversing specimens deformed, but nct
recrystallized, through a sharp thermal gradient
would be best for producing single crystals. Also,
further etch pit and thin foll electra microscopy
studies are needed to understand the defects vhich
may be preseni in such strain-armmeal crystals.

3. Deformation Texture in Pure Alumina - A meaus &5
produce defarmed but not recrystallized specimens of
pure alumina reproducibly is not now availeble.
Relstively low teuperature forgings should be
investigated towards this end.
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X-ray Studies - Rurther X-rsy work to define the
basal texture gquantitativsly and also to obtain

s pole figure from prism plane reflections 1is
neeced.

Deformaticn and Mucleation Mechanisms - Further
thin foil electrom miciovscopy studies are needed to
elucidate deformation mechanisms. In additiom,
this should be coupled wvith annealing studies so
that a good model of the nucleaticn of str-in-free
regions can be advanced. Furthér, this may beer
on the question of recrystallization texture - does

it criginate from oriented growth or fram oriented
nucleation.

Mechanical Properties of Forged Oxides - In
particular, the erxperiments descridbed in Section 3.10
to differentiate between the besal texture or grain-
boundary refinement explanations for the coustaucy

of strength with grain size at lovw temperaturec
should be performed. In addition, further studies

at higher temperatures, vhere the orientatiom,
dislocation substructure, and grain bow. 'ary
"charscter” might all affect plastic roperties

vould be useful.

Cther Materials and Shapes - Finally, the merit of
using the forging process for other oxides of
structural interest and for producing unigque shapes
should be investigated,




IV. FLAME-POLIGHING Ji%LIE;

Frevious work(?) 3. Jlame pollching polycrystalline slumina revealed
that apprecisble differences in graln size after polishing sumetimes
occurred. Chemical analy:is has now revealed that these were due to
differences in the concentration of magnesia which was present as un-
intentional impurities. It was thus, of interest to attompt to flame-
pclish Lucalex, & high density pol:-rystalline alumina containing MgO as
a8 deliberately-added grainu gr?wth fghibitor. 3tandard procedures for
the flame volishing were used\ ' 22/, (A Lepel crystal growing apperatus
allowed precise contryl of traverse rates and rotatian speeds. As
previously described,\3 the poiycrystalline specimens were much more
i fficult to "polish” than similar single crystals - a flame 1deal” for
tne latter was much ton cool to achieve any surface melting or "polishing”
f the polycrystalline specimens. This difference was bellieved to be
associated with diffe.ent heat trausfer rates, probably due to acattering
“rom pores and grain boundaries. In addition, there was no clear visual
indication when s osmall molten pool had been establiished on the surface,
Jhich {s bellevad to be the ideal condition for flame polishing. Thus,
it was very easy to ¢ irom an "under-polished” to an "over-polished”
sondition, Hevertheless, ten specimens were pclished using various traverse
spee ts, rotation retes, oxygen-gas compositions, and flame pcsitioms. The
poly .ystalline alumina specimens were prone to thermai shock using this
apparatus, probably because the specimen holder constituted an efficient
thermel sink and gave rise to large thermal stres es, This problem was
"inally overcome by traversing the specimens upwa:rds rather than downwards
throa h the flame. Tt was also observed that the yellow color characteristics
o1 flame-polished polycrystalline alumina deepened to a dark brown on very
"over-polished” (i.e., over-heated) specimens. Finally, the slight
srooving visitle on flame polished specimens, both single crystals snd
polycrystals,\29r3o) could be eliminated at ldgh rotation speeds; however,
uni2r these coaditions, an entire traverse of the flame could not be meAde
without the specimen departing from the shape of a right circular cylinder,
..e., appreciable bowing out occurred due to the centrifugal forces.

Four of the best flame polished specimens were tested along vwith an
unpolished control ssmple &t -196°C. The re-ults, shown in Table L,1, did
.ot indicate any strensth improvement due to fleame polishing. Microscovic
exznination of polished :ross sections of these five specimens confirmed
thrt no surface melting of IFP-1 ap:i-2 had occurred. Also, the magnesia
aucition {n Luralox was effective (n preventing any merked grain g.owth, even
when the surface had bee: successfully melted (Figures 4.1 and 4.2),

in addition to the crack:e die Lo thermal stresses and thermal shock,
Tracee +.1 and Figure 4.2, a8 crazed appearance was occasiorally observed.
Thua was believed to result from surface tensile stresses set up during
~ooling, due to the temperature gradient between the interior and the
previovusly molten surface. It {3 pertinpent to ask whether a similar state
of »tress exists for single crystals., No crazing has heretofore been
reforted for single crystals, (3, €9, 3O§ although rhombohedral deformation
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twins have been observed in single crystals Jjust above the malten zone,Qo)
{.e., vhere thermal stresses are expected to be most severe. The project
monitor, Mr. C. Berach, has put forward the interesting suggestion

that the surfaces of flame-pclished single crystals may in fact be in
compression, due to the more efficient cooling that might occur in the
surface, and this could be a major factor in the high strengths realized
for siugle crystals.

Because of the inability to strengthen polycrystaliine alumina by
flame-polishing, no future wcrk was attempted in this area.

TARIE 4.1
STRENGTES OF FIAME-POIISHED LUCALOX

Test Term. Modulus of Rupture

Specimens °C Kpsi Comments

L-C-1 -196 88.8 Control specimen

LFP-1 -15%6 61.4 Light yellow color* - "Unglazed"
appearance

LFP-2 -196 21.5 Similar to LFP-1 but looks
better "polished” but still
"Unglazed”.

LFP-3 =196 17.6 Light brown color* - spiral
thermal stress crack along
length of specimen - well
glazed sppearance - "grooving”
almost eliminated.

LFP-L -196 18.6 Dark brown color* - spiral thermal

stress cracks- well "glazed"
appesrance - very prominent
grooving

* Color restricted to surface regicns




V. GRAIR GROWTH IR ULIRA-HIGH "THSSURE-JINTERED MA@VESIUM OXIDE

Ultra-high pressure sintering nas been employed(31) . our laboratory
to cansolidate nagnesium oxide to theoretical density while maintaining
an sxtremely fine gruin size of 500 - 700 A°. Optimur fabrication
conditions for producing transparent pieces were found to be 250,000
pcl at $00°C for 5-10 minutes. As this grain size s an order of
magotinde saaller than {8 found in ceramics produced by ord'nary pressure
sintering, it was of interest to study grain growth kilnetics.

Specimens for this study were obtained from a sarple which had
laminated into discs,-~ .050" in thickness, during cooling. They were
introduced into keated furnaces for various times at temperatures of
1000° to 1500°C and then quenched, Replicas of both fractured and
ground surfaces vwere exr  ined in an electraon microscope and gr&i(n izes
were determined using an uncorrected circular intercept method. Results
for tae temperature range 1000-120G°C are shown in Figure 5.1.

These results were anamalous, in that the slopes of the isothermal
linear curves of log grain size versus log time increcsed from a value of
0.13 at 1000°C to 0.20 at 1100°C to 0.31 at 1200°C, all of which were
considerably less %B’u the theoretical value of O. 30(33) Previous results
in ocur laboretory had shown that a conventionally hot pressed magnesia
prepared from the same starting powder followed the theoretical t 1/2 law
for normal {sothermal gra.tn grovth at temperatures between 1300°C and 1500°C
Op the other hand, a t /3 1aw 1s observed in most palycrys t&Hé e ceramics
and has been ascrided fo the influence of residual porosity, during
grain growth, the pores must migrate along with the grain boundaries.

An incr;u of slcpe with increased temperatures his been noted in
some met&.ll,\3° and seemed to be associated with pri~ary recrystallization.
This was not thought to be occurring during the p: .ent experiments.

Specimens became cpaque upon heatipg, even after 10 minutes at
1000°C, and this suggested that submicroscopic lampurities, both salid and
geseous, may have effectively pinned grain boundaries. JColutiom of
iapurities {s known to occw: in single crystal magnesia in this temperature
range and to have profound c¢ffects oo mechani~al preoperties; 37) salution
of iagurities as temperature iy increased could csase the cbserved ingrease
of the slope of the isothermal graip growth curves. Further, Ricei27/ has
guggested that hydroxides and carbomates would not be deccmposed during
pressure sintering et such a lov temperature, and the absorption bands
belov 5 u shown in the IR spectra of Figure 5.2 {8 evidence for this.

At higher temperatures, grain growth becsame very ncen-uniform and seaning-
ful kigetics could mot he cobtained. This 18 alsc attributed to an impurity
factor. At the highest temperatures employed (1500°7), glassy phases wvere
found at grain toundaries. Similar exsclutian of 1mpr,r§ties
have been found in MgO prepared by comventiocnal pressu-e sintering
reinforce the need for higher purity specimens (see Jectian 1).
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The low temperstures at vhich grain growth could be odzerved suggested
that it might be possible to observe this growth directly in thin foils
in the elecirun microzcope, using the hot stage attachment. However, this
could not be realized. d-e to the marked evaporaticn that occurred; high
texperatures were achieved by the hesting effect of “'.2 electrcm beam
and the lov thermal conductivity of magnesis. Although this bas not &en
reported in previcus electron microacopic investigationg of M%A’ia, ,39)
the tendsncy for megnesia to evaporate in vacuo is well known; in sdditionm,
this may have been emhanced by the fine grain size snd/or impurities.

However, the moat interesting sspect of the electron micreoscopy was
the observation of whisker growth in situ. This occurred at low electron
beam currents and at fairly high hot-stage temperatures (~ 1G00°C). The
growth was almost certainly due to thermal gradients in the stage and
probably occurred after the matrix had "stabilized" due to grain growth.
Figures 5.3 and 5.4 show the growth of one of theme whiskers; the time
difference is 2 xminutes. The cbaervation that growth was fram the tip
(the arrowed steps near the base attests to this) and the opagueness of
the tip smst that the growth occurred by the VIS mechanism of Wegner
and Ellis « This sgain relates to impurity effects; for example, a
Ca-5i-Mg glass would satisfy wany of the requirements of VIS growth.
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Maure 5.3 Magnesia Whisker Gbserved Growing in the Electrop
Microscope. OSee text for discussion of th: arrow
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