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Dead load-time to failure studies on

€8 oi pulyerystalline Mg0 exhibited a
decreasing load bearing capacity with time which was interpreted by the

, Cherles and Hillig stress corrosion model. The possibility of a mechanical
model similar to that invoked for metals was considered and not ruled out.

Chemical polishing of polycrystalline Alp03 was accomplished. but
mechanicel tests failed to show a statistically valid strength improvement.
Only a thermally etched surface from an earii
surface sensltivity to fracture strength, and

required to unequivocally demonstrate this effect,

T AT ST O T M P W g ol g

Two new grades of high purity Alg03 and Mgo powders were fabricated, and
mechanical testing of the Al203 showed equivmlent brittle strengths and

equivalent microstructure. The explanation for the creep resistance may be
either a slight inecrease in grain size which accompanied the test or decreased
diffusivity due to the increased purity. Preliminary grain growth studies

on high purity MgO indicate a normal grain growth behavior, but about an order
of magnitude slower rate than 99.49 Mgo.

Press forging of polyerystalline A1203 was directed toward 80lving the

engineering end process control Problems or ftorging material with a high in-

. line opticael trensmission. Conslderable progress has been made although
the desired properties have not yet been obtained.
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This study was concerned with the effectn of mlrrratructurs and

cliuisiry on the physico-mechanical properties of oxlde ceramics

Carlier atudiesl'2'3 on the effect ol purface structure and environment
on “he brittle mechanical properties of alumine and magnesia were c~ntinued.
It had been demorstrated that moderate straln rale tests on magnesia did not
exhibit stress corrosion behevior. Dead load-time to fallure t=sts were
conducted to investigste this point more fully. In addition, bend tests on
chemically polished alumine were conducted to complete the range of surface
gtructures tested for this material.

Over the last several year82'3 a number of potential high purity slumina

(99.9% cations) and magnesie powders have been Bcreened for purity, powder
physical characteristics and ease of febricatlion to a uniform microstructure.
The work to be reported consisted of continued febrication of one selected
powder for both magnesia end alumina, low and high temperature mechanical
properties on alumina, and grain growth of magnesie. The properties obtained
are compared with standard grades of alumina and magnesia.

Polycrystalline alumina was previously press-forged to belght reductions
of » 504 without loss of structural integrity. 3trengths were equivalent
to hot pressed material, apd were relatively insensitive to grain size up te
10 microns. Streugth measurementc to larger grain sizes are now reported.
The major emphasis in the press forging effort was placed on understanding the
engineering and physical ceramice of the deformation and recrystallization
phenomena. The production of transparent alumina wﬁth high in-1line transparency
was the major goal to which the study was directed.

II. EFFECT OF SURFACE CONDITION AND ATMOSPHERE ON THE FRACTURE STRENGTH
OF MAGNESTA AND ALUMINA

A. General

Thls subject has been under study for several years.1’2'3 A review of
the literature rcvealed that the cleerest example of strength sepsitivity to
surface conditicr was for glass, where there 1s general agreement that pre-
existing microscopic Griffithd surface orsc act as stress concentrators
leading to crack propagation at 1072 to 10~} of the theoretical strength of
these materials. For very perfect surfaces, strengths a~~ 0.8 of thg 3.4 npsi
estimated theoretical strength have been obteined ir fused quartz Flame
polished sapphire has withetood stress levels of 3 mpsl at -196°C without
failure,' but in the case of brittle crystelline material, the influence of pre-
exieting flaws on the fracture strees, the crack nucleation mechanism and the

crack propagation mechanism are significant points of current research and
dispute.

The resultes on Mg0 &8 of the beginning of the current program led to the
conclusion that; 1) stress corrosion did not cccur in Mg0 at room temperature
at testing strain rates in the order of 5 x 10~ 3/min., 2) room temperature
fractures were nucleated by mobile dislocatlons; hence, high strengths were
obtained in both alr and argon for annealed specimens. Thus, the room temper-
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ature strength wes not particularly sensitive to the initial creck length
....... t wnt not possibls Lo bay whmiber il wus ntricgly aue TO The Grirrith
criteria or if the dislocation mechanlam of Clarke et al® was dowmlnant. The
fact that the mechanical polished samples which certeinly contained fresh
distccaticons showed significantly higher strengths suggested, however, that

the classic Griffith relation holds &b 770K, rather than a dislocation crack
nucleation process.

In polycrystalline Alp03 it was concluded that: 1) stress corrosion
rosults in a strength reduction to between 0.65 - 0.83 of the strength value
at room temperature for "dry" moderate strain rate tests, 2) nonme of
the surface finishes obtailned were sufficiently perfect to prevent stress
corrosion, 3) liquid Np or dry argon at 23°C suppressed stress corrosion, but
only 30% strength increases were obtained for various polished and annesled
surfaces. An air annealed surface tested at 77 K did exhibit a 4Ud strength
increase over an as-ground surface, thus leading to the conclusion that this
was the most efficient means of blunting surface flaws, U) 1t was concluded
that Griffith type surface flaws were controlling fracture strengths at both
77°K and 296°K. A switch over in mechanism to dislocation nucleated fracture

at 2969K was not unequivocally discounted, but {he resulte did not lend support
to this school of thought.

The work reported in the following section was aimed at examining the
guestion of stress corroalon in MgO by classic dead load-time to failure test,

and to study the effect of one more surface condition (chemically polished) on
the fracture strength of Al203.

B. ¥xperimental Procedure

1. Specimen Preparation

Samples were vacuum hot pressed to & density of greater than 99% of
theoretical density and grain size of from 1 to 10 microns. Iinde A 99.9%
aluminum oxide and Fisher Electronic Grade 99.4% magnesium oxide were used as
starting pousder. Unlike the previous Alp03 tested, the billet prepared for
this year's program contained 44 Mg0.

2. Surface Treatments

The MgQ tests were nonducted on 500 grit diemond ground surfaces.
This results in a surface of moderate roughness showing evidence f'or surface
cracks and grain pull-out (Figure 2.1)., The center line average (Talysurf)
surface roughness wes 33.6 micro-inches,

Conslderable effort was expended in reproducing eud refining the
Al»03 chemical pollishing treatment developed by Tomilovekii? for single crystals
and nglo for polycrystals. Fused borax was the polishing media. A 200 cc
platinum crucible was isothermslly held at 825°C. A cradle made from Pt-Rh
wire contained the mechanically polished bend specimen in such & manner that
the gage length of the tensile suriace was not in contact with the wire cradle.
The specimen wae then lowered slowly into the bath and agitated in a non-
concentric manner for 20 minutes. After slow cocoling, the borax was removed
by washing in concentrated HC1l. The suirface obtained is 1llustrated in Figure
2.2. The center line average surface roughness was T micro-inches.

e,
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Figure 2.2 Surface Structure of Chemically Polished Al20x.
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3. Sample and Test Arrangement

Traneverse bend specimens were 0.100 Inches high by 0.200 inchee
wide by 1.75 inches long, and on the edges of the tensile surface a 1/64
inch radine waa honed.

The dead load tests were conducted in a lever arm test frame equipped
with microswitch-clock arrangement to record time to failure. A brass k-
point bend test fixture was equipped for holding liquids, and tungsten (outer)
and alumina (inner) knife adges were employed. The majority of the stress
corrosion tests were conducted with the test specimen submerged in distilled
H20.

The Alp0O3 tests were conducted in four-point bending within e tungsten
mesh, high temperature vacuum testing furnace* at a strein rate of 5 x 10-3/min.
Each specimen after placement on the test Jig was glven a vacuuw (107 mm Hg)
outgas at 9000C for 1 hour. This cycle was chosen in an attempt to desorb
chemigorbed as well as physi-sorbed water and other poassible corrosive surface
contaminante, yet have the temperature sufficiently low to have miniwum effect
on microstructure. The epeclmen was allowed to furnace cocl and tests were
conducted at the temperature of the water coolant running on the outside of
the furnace. Dry argon (et 1 atm.) was introduced into the test chamber without
breaking the chamber to air and tests were conducted within several minutes of
introducing the argon. This is believed to allow testing of specimens with a
water-free surface in s nearly water-free environment. Control testis were
conducted on samples glven the same treatment except that air (relative humidity
of 55% at T29F) was introduced into the chamber and was the atmosphere during
testing.

C. Magnesla
1. Results

The magnesia stress corrosion study was conducted with specimens
machined from one billet having a density of 100%. A slight density gradient
was noted in the »illet with specimens varying between 1004 dense and 99.6%
dense. (Care was taken to randomize the specimens so that testing at any one
stress level was conducted with the full i1ange of specimen densities. The
8 micron grain size intercept ueasured for the billet was quite uniform through-
out.

The test results are listed in Table 2.1. The dead load tests were
‘conducted at fractions of between .93 and .50 of the "dry" moderate strain rate
average fracture stress. The stress corrosion behavior 1s 1llustrated in

Figure 2.3.

Replica electron microscopic techniques were employed to study
surface and fracture effects of MgQ tested under water (Ho0) at constant stress
levels of 22.8 kpsl and 12.1 kpsi. Specimens fractured in conventionsl "dry"
test conditions were also examined for comparative purposes.

* Centorr Associates, Suncook, New Hampshire,
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TABLE 2.1

TETAVI'TD TRASTRME MRAMm N\
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RN ST I YV % |

Specimen/Density*
Mg-2-13 I
Mg-2-2h H
Mg-2-18 I
Mg-2-19 H
Mg-2-17 L
Mg-2-22 L
Mg-21-11 1
Mg-2-12 H
Mg-2-21 L
Mg-2-20 I
Mg-2-16 H
Mg-2-23 L
Mg-2-15 L
Mg-2-9 I
Mg-2-10 H
Mg-2-1k L
Mg-2-5 I¥*
Mg-2-6 B
Mg-2-T7 I
Mg-2-8 H

Ioad, Kpsi

Six specimens 24.3+ 3,0 Kpsi

(2 from each group)

¥ U - density high

-0

I - intermediate density, 3.578 o,

L - low density 0
#* test in 55% air

3.584 gm/cc
3.570 gm/ce

12.0
14.0
16.0
16.0
17.0
17.0
17.0
17.0
18.4
18.4
18.4
19.85
19.85
19.85
19.86
22.5
22.5
22.5
22.5

22.%

Tested in argon at
€ = 8 x 10-5 sec”l
900°C - 1 hour anneal

-
2%
L

porosity
porosity
porosity

Time to Fallure, sec

6

3.86 x 106

1.6k x 106

1.86 x 10

1.60 x 10
3.36 x 107
3.10 x 103
5.84 x 10’
8.57 x 10°
0.0

1.50 x 103
5.50 x 10
1.0 x 10
1.29 x 10
1.13 x 103
1.47 x 10
0.0

2.3k x 10
2.10 x 103
0.0

2.4 x 10!
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The pressure sintered MgO used in the experiments fractured pre-
dominantly by intergranular mechanism as shown in Figure 2.h. A modarsts amount
of second phase impurities are present in the grain boundaries as 1llustrated

in Figure 2.9. The powder used for pressure sintering this material contains

Al, Ca, Na and Si as impurities which mre known tc segregats at the grain

boundaries.!l gince processes dependent on the grein boundary conditions such
as stress corrosion could be greatly affected by these impurities, it is nec-
easary to ascertain the extent and nature of the speciles located at the
bourndaries. Electron diffraction analysis of extracted particles near areas

plicate Interpretation of the fracture characteristics associated with
corrosive type fallure.

Intergranular fractures and secondary cracks at grain faces are
commoanQObserved in stress corrosion and hydrogen embrittlement failures in
metals. Similar cracks were observed at the fractured grain faces (Figure 2.7)
of Mg0 tested under water. Most of the specimens fractured in water also
exhibited & corroded appearance at the grain boundaries (Figure 2.8).

2. Discussion

It 18 clear that the dead losd tests 1llustrate a classic delsyed

failure curve. This result was entirely unexpected from the moderete strain
rate (8 x 10°5 gec-1) tests.

Charlesl3 performed a rnursory study of stress corrosion in single
crystal Mg0. He found evidence for stress corrogion et 240°C testing under
compression in dry nitrogen and saturated water vapor. Simllar tests at room
temperature gave mixed behavior. (onsidering the known hydration behavior of

Mg0O, they speculated that stress corrosion in the classic manner for glass
had occurred.

In contrast, there is abundant informaetion that dislocation motion
pleiys a role in fracture at room temperature and above. Higher fracture
stresses and decreased ductility have Leen observed when single crystal
surfaces have been chemically polished,1%,15 which 1s thought to be a result of
removing mobile dislocations normally introduced through handling damage.
Similar results have been obeerved in bicrystals and high density polycrystalline
magnesia. Tensile strengths of over 100,000 psl were observed for fresh
dislocation-free single crystals and bicrysta’s while a tensile strength of
35,000 psi was reporteg for polycrystalline material 15 vith a similarly prepared
surface. (larke et al® have proposed a mechanism in which dislocations inter-
act with pre-existing subcritical Griffith flaws and propagate the crack
through the influence of the piled up dislocation strain field. TE 8 mechanism
is a variation of a theory advanced by Cottrell. 16 Recently, Rice”' examined
fracture surfaces on extruded Mg0 having a pronocunced {100) texture, &nd
concluded that fracture was initiated from some point to 2 to 8 grains deep in
the specimen by the intersection of slgp bands and subseguent nucleation of a
crack. More recently, Westwood et a11° intrcduced dislocation half-loops on
freshly cleaved MgD and studied the effect of adsorbed species on dislocation
mobilities. He was principally interested in explaining the delayed creep

apparently conteining high concentrations of the impurities (Figure 2.6) f
dave crystal patterns which could be indexed as sodium aluminum. silicates
(Table 2.2). The presence of these second phase compouuds also tend to com- :

i
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‘ Figure 2.4 Electron Fractograph of Sintered Mg0 Showing )

[ Predominantly Intergranular Fracture.

|
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#6965 T500% )
Figure 2.5 Fractograph of Impurity Phase at MgO Grain Boundaries. .
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(a) 30, 000X

Flgure 2.6

(v)

TClectron Micrograph (a) and Assoclated Eiectron Diffraction
Pattern (b) of Extracted Particles Mg0 Fracture Surface.




TABLE 2.2
L LY

ELECTRON DIFFRACTION DATA OF

GRATN BOUNDARY PHASE IN Mg0

Messured AST™ 10-31
o . Dasalsi0y
Values ;‘ﬂ. /T @_
L.23 h.21 80 111
2.54 2,58 100 220
2.12 2.10 3 pores?)
1.66 1.82 10 400
1.67 5 33
1.%8 1.49 35 Lo2
1.27 1.40 1 511, 333
1.29 6 Lo

1.23 1.23 3 531
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pheriomena found by Westbrook and Jorgenaon.l9 Compilexes of high positive or
negative chavge or molecules of high dipole moment uignificently enhanced
disloestion mobility sivine what 1s termed a iwhinder effect. Thus. dialocation
velocity 1s apparently influenced by envirorment and a mechanism for a delayed
dislocation nucleated brittle fracture in Mz0 may be forwarded.

Assuning that the classic stress corrosion mechanism of Charles and
H1111320 18 operetive, the stress corrosion curve way be used to calculate the
activation volume, V*, The model asBumecs that an element of material contelining
a semi-elliptical surface flaw 1s under a uniaxial stress. The kinetic
process aesociated with the essumed chemical corrosion reaction at the crack
radius 18 linearly related to hydrostatic pressuse in a manner anaiogous to
diffusion or ionic conductivity in solids. The activation volume 1s the prop-
orticnality constant for the pressure term. In the expression, velocity, V,
of the corrosion reaction 1s

V = Vo exp -[A-V*c- +D’Vm/1;J (1)
vhere Vo = a constant

A = an activation energy

Y = surface free energy between the sclid
and reaction product

Vmp = molar volume of sclid material
f = radius of curvature of interface

the local stress

S

20
It can be shown  that the delayed failure curve related to this
basic equation {1) by the relation

ln(t/to.s)a:-g; rth[gb‘%]‘f(gn) (2)

where t 18 the time-to-fallure, tgy s is the time-to-failure at 1/2 of the
"dry" strength, Sp: the term -f (S/gD) is a slowly varying function which
relates the short time behevior of a fatigue system to the time behavior of
the system as 1t approaches the fatigue limit.

The slope of the line in Figure 2.3 is -0.067 thus,

d 1ln ¢t VI Lo L 3
TEER & e - b (@3) (3)

The modulus of elasticity, E, of Mg0 is 3.17 x 10° Kg/cw?, and assuming that
oy o EfS, the @t 2 6.34 x 105 Kg/cw?. The activation volume, V*,
or corrosion reaction resulting in the fatigue of Mg0 is about 1.37 cc/mole




-13-

(referred to a unfaxia) atregs)  Typical wmluss found by olber lnvesiigavors

are 0.5 cc/mole for carbon in Fe, 0.66 cc/mole for stress corrcsion in Alp03.
and 4.0 cc/mole for alksli metal ion diffusion in Bilicate.glanaeB.El

E
54

The second basir equation for this fatigue theory 1s as follows:
. 1/2
s = |3 Tin ¥ Vm

(%)
8 v L

vhere Sp le the fatigue 1imit and L 1s the initial depth of the flaw.

The value of Sy was not found in this study, but an estimate of )’,
the surface energy between the reaction product and MgQ can be made by making
two assumptions: 1) 8y, & 0.2 5p as was found for Alaoq“l and 2) 1 is equal
to the grain size or, 12 mlcrons for this Mg0 sample. The ratio of J7/L ig
epproximately-6 x 10  ergs/cm3, so for the 12 micron flaw, ¥ 15 68 ergs/cum®.
This value appears low, but it 1e probably correct within an order of magnitude.
A value of 20 ergs/cum® was cbteined iy Charles and Shaw for alumina-ls Thus,
the MgO data is readlly treated by standard stress corrosion models, and results
in readily comparable values for the activation volume and surface energy
between MgO and the corroslon product.

S ety Ly

A e~ D

In view of the evidence for dislocetion nucleated fractiure in Mg0D
3 the possibility of stress corrosion by a mechanical model analogous to those
invoked for metals should be considered. The brittle film model for example.
;- involves the formation of a corrosion product film which fractures after a
certaln tine due to the elastic stresse concentretion. The crack prcpagates
into the matrix for e short distance ouly to be halted by plastic flow. This
process continues until elither the flaw becomes so deep that the specimen fails
or diglocations from this discontinuous crack propagation pile-up on & grain
boundery and nucleate fracture when the back stregs becomes too high. The

secondary crack on the fracture surface (Figure 2.7) may be evidence for this
phenomenon.

é

It is not poseible to decide between a mechanical and classic chemical
stress corrosion model at the present time. The lack of stress corresion
behavior at moderate € 's leads to the conclusion that a reaction ie involved
with kinetics requiring somewhat over a minute to become effective. It should
be mentioned again that evidence for a minor sodium aluminum silicate grain
boundary phase was found. Thus, the possibility exists that the corrosion
response 1s thet of the grain boundsry phese and 1s not an intrinsic property
of Mg0. This comment, of course, can be made sbout most of the property work

on MgO to date, and is certeinly an argument for the generation of high purity
Mg0 samples (Sention III).

P o W TT e O T I

D. Alumins

E 1. Results

Specimene were machined from one billet, C33, which possessed a
- grain size of 2 microns and s density of 99.8%.

[ T
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The resnlta for the teste ronducted encording o the proccdurs cut
lined are glven in Table 2.3. There was no apparent strengthening due to the
chemical polichirz. The two groups of polished samples di1d have a higher
slaidaesd devisiion in strength than the unpolished samples which was a resuit .

0 f bend strengthc as high as 75.4 Kpsl and as low as L4 Kpsi.

L

2. Discuseion -

g T LRI 3™ 10

!
: The Alp03 tests feiled to confiru the previous finding that stress
; corrosion limits the bend strength at moderate strain rates to ~ 0.8 of the
: "dry" strength. The ebove tests were conducted on Al203 + 1/U% MgO rather

; than pure Al 03 a8 previously tested. Charles and Shaval tzsted Lucalox

i (A1203 + 1/b% MgO), and found evidence for stress corrosior. Therefore, 1t

would appear that the Mg0Q addition per se 18 not regpongible for the lack of
i collaboration.

The question must be raised, however, whether the Mg0Q aseumes an
identical distribution and form when hot pressed as compared with the sintered
preduct. The temperatures and times are botn lower and shorter for hot pressing
thus conditions are less favorable for complete solution. Another point for
consideration is that MgO itself did aot exhibit & stress corrosion response
: wvhen tested in an identical manner to that sbove.3 It is suggested. therefore,
* that the form of Mg0 in hot pressed Al203 may be responsible for the lack of

stress corrcsion behavior in the above tests. This suggestion, however, implies .
e great deal concerning the strength behavior of such a body, and the authors

are not prepared to delve into all of these questions with the limited data
available.

R S ARG S | AL | SRR R

There 1s also the possibility that eome experimental problem, e.g.,

vet argon, failure to load specimen uniformly, etc., was the cause of the above
behavior.

2
With the overwhelming evidence from the previons studies,3"l the
authors still believe that stress corrosion plays an lmportant role in coom
temperature failure of A1203.

1
\
! The testing wae rather inconcluselve concerning the effect of the
B chemically polished surface structure on 23°C bend strength. From the high
strengths obtained on several specimens it app2ars that chemical polishing is
k at least capable of reducing flaw lengths and Increasing strength. However.

o to accomplish thls for an entire gage length of a specimen is an improbable
proposition.

The previous conclusion that an air amneal is the most effective meens
i of reducing flaw size and dengity in Alp03 still holds. However, in view of

! the recent discussion by Riced of geseous impurities in hot pressed bodies

i the above conclusion should be tested in a more conclusive manner.*
P

i

1

I1I. CHARACTERIZATION AND DENSIFICATION OF HIGH PURTTY ATUMINA AND MAGNESIA

A. Genersl

i |
| * Similar to the tests conducted by the avthors3 on Mg0 where ~ 100 micron i
7! layer 1s ground from control sumples given on identicel heat treatment to i
! those being tested as 'heat trected”.
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There is general agreement that property measurements on single and
polyeryatalline ceramics have to date reflected extrinsic behavior. Further-
more, the lack of sufficiently pure specimens has made it difficult, if not
impossible, to unequivocably separate gtructure-gsensitive from composition- °
sansitive properties. DTroperties gensitive to point defects such as electrical
conductivity, diffusion and hardness are thought to be particularly sensitive
to composition. For example, Aust and Westbrook22 have found that grain -
boundary hardening is associated with impurity-vacancy interactions. There is
congiderable evidence that grain growth rates are impurity sensitive. Also,
line defects and their response to imposed stress are known to be dependent
on impurities. These facts lead one to anticipate an effect of chemical purity
on the mechanical properties of oxides.

Much of the mechanical property work by the authors and othersl'2'3‘17
to date has been based on materials mde from Linde A A1203 (99.9%) or Fisher
Electronic crade Mgo (99.4%). Leipoldll has shown that Mg0 of this purity
develops visible grain boundery precipitates when heated to approximately
2200°C and that segregation undoubtedly is present in hot pressed material (see
Section II). It is reasonable to predict that some of the mechanical properties
of MgO0 will depend on tihis impurity segregation. Although evidence for impurity
segregation or precipitation is less conclusive for Als03, it 1s assumed that
similar effects will be found. The question of gaseous ?mpurities. particularly
on hot pressed material, is extremely immortant,, and must be considered in an
analysis of impurity effects. -

Preliminary lots of Alp03 and MgO were evaluated in a previocus program.l
Several possible sources of Alp03 were found and the fabrication behavior was
studied. All but one source of AlpO3 was eliminated from consideration because
the agglomerate structure resulted in an inhomogeneous porosity distribution
and exaggerated grain growth wvas prominent perhaps because of an inhomogeneous
lmpurity distribution. The high purity Mg0 obtained was too coarse in particle
size for adequate densification, so 1t was decided to produee Mg0 with a

. controlled particle size by calcining high purity Mg(OH)2 as fine powders
- car be produced in this manner.23 A great deal of difficulty was encountesed
in producing dense samples conteining e uniform grain size.

The goals for the program to be described in the followlng section were
to fabricate, with minimum contamlnation, high density MgO and 41203, to
characterize the fabricated samples and to meke property measurements for
comparison wlth data for the "standard" grades of 41203 and MgO.

B. Fesulte and Discussion

1. Chewical Characterizatiorn

The povders used for this program and the reported purity are listed

in Table 3.1.
TABLE 3.1
SOURCES OF HiGH PURITY POWDERS
Suppliers Reported -
Material Supplier Lot No. or Grade Cation Purity
Alp203 United Minerals DMst. of Juhuson- S.1 99.9995 .
Mstthey, New York S.3109
8.5578
- RIS
== e e
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TABIE 3.1 (Concl'd)

PAPVETTRAITIOS  ARS TR AP e e, AT e S8 s e e
wwwALLA) U dlaun ULl WL

Guppliers Reported

R Moo B

2 Materisl Supplier 1ot No. or Grade Cation Purity
g Mg(oH), United Minerals Dist. of SH1Gk 99.9989
E Johneon-Matthey, New York SH182 99.9954

a. (Chemical

Three analytical tools were utilized in the chemical analysis of
the powders; namely, emission spectroscopy, plasma source mass spectroscopy,*
and spark scurce mess spectroscopy.®¢ Emlsslon spectroscopy is & well Y-own
analytical technique for determining cation impurity concentrations with a
typical Getection limit of from i-10 ppm.

Plusma source mads spectroscopy is less common, but 1t offers great
songitivity, flexibility and mass coverage. The spectrograph utiligas a
plasma of S-6 KV potential which 1s low enmough tha: the ionigation potential
of each impurity tecomes important. It 1s, therefore, necessary to determine
sputter ion ylelds to generate quantitative data, These are difficult to
obtain as they are matrix sensitive. Very good qualitative and comparative
data can be obtained without determining sputter ion ylelds, however, by
estimating these yields based on experience with similar matrices. The plaesma
can be directed at a spot on an outer or fractured curface of a specimen,
and sputtering can be continued until an internal fresh area is analyzed. This
feature of the analysls 18 a dlstinct advantmge over the spark source, wilch
requires dilution of the sample, and subegequent handling by incorporation into
a high purity carbon or silver electrode. However, the plesma analysis ie
gelective due to tne limited area of the team and an area not representative
of the entire body mey by chance be analyzed.

¥ 119 oy AT 411 0 e (1) oy

AL IR M T A RN 3

The spark-source mess spectrograph utilizes an RF spark operating
at 50-60 KV potential and hence the lonization pctential of individual ions
does not enter the calculations - all ions ere ionized. However, this introduces
some complexity in the analysis as a multiplicity of charged lons per element
often occurs. Qu the other hand, this multiple ionization ie advantageocus
for species which have high thermal-ionization efficiencies as local heating of
the electrodes in the spark area 1s unavoidable; therefore, it is assumed that
the first stage of ionization for such ions as Nal* and K1* comes in part from
the electrodes and is not representative of the sample. 1In this case, the
enalysis 1s conducted on the Na+2 or K+2 peaks. The spark source analyses a
larger volume element of the matefial than the plasma source, thus it may give
a8 better average analysis. The reproducibllity for both spectrographs is of

the order + 50%; however, accuracy is usually quoted to be of the order of a
factor of three.

A LS A T 0SSP LAt 1T DA LRI 1 L

The analyses for AlgQ3 powder from the above source and several
fabricated samples are listed in Table 3.2. The agreement among the thnree

A )

¥ Performed by Dr. Frank Satkiewlcz, GJA Corporation, Bedford, Mass.

** Performed by D.C. Walters and E£.R. Blosser, Battelle Memorlal Institute,
Columbus, Ohio.
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techniques varies between being quite good (with a facior of two) to quite
poor ~ a factor of 5. Under these conditions, it is aifficult to know which

- Vol a b TMaVd cnen Fas am akmaaTiidba Anatbnemadumadd mn AP AneAn néwntd An T+ wuient
Gikad, 240 U WU CTYE AUl Bl GUOWAUMULU UL VLA MANG VAV Wi Lvislvdsvatavawiie 4w LAl

also be borne 1n mind that accidental contamination prior to analysis could -
influence one or more of the analyses. Fabricated samples Nos. 1329 and 1331

were given a 50 /'nr to i200PC - 16 hour air anneal prior L0 analysis ('w‘r'apped

in Pt foil) vhereas 1188 was snalyzed as "hot pressed". It is interesting to .
note that the emission spectroscopy analysis of Sample 1188 revealed a 150 ppm

pick up of carbon whereas the annealed samples were substantially lower. Sulphur
contamination also occurs during hot pressing and it 1s thought that the

source for sulphur is the graphite hot pressing die. The plaswa source analysis

showved an abnormally high F content which was not detected in the original
analysis (No. 1) or by the other techniquea. It was also found in the MgO
analysis conducted at the same time. So, there is some ques:tion whether this
is actually present in the sample or the result of elther machine or sample
contamination from an outside source not connected with the fabrication effort.

The analyses for Mg0 produced from the two J-M lots of Mg{OH)2 and

severel fabricated samples are listed in Table 3.3. The absolute agreement

in iwpurity concentration was not good particularly for Fe, K, Al and F. Na

was clearly the most important powder impurity, but it eppeared to have been

driven out during either hot pressing or the slow 1200°C air anneal (s-ae
~conditions as for A1203). According to the spark source analysis, the most

serious impurities for MgO (tranditionally Si, Ca and Fe) are present at -
moderate levels both in the powder and fabrication samples.

Several years ago, M. Leipold -conducted a program to synthesize
and fabricate high purity Mg0. A prograz was conducted at Battelle to develop
analytical techniques to augment the synthesis effort. E.R. Blosser of Battelle
was the principal investigator on the aralytical progra.m.2 As the spark source
mess spectrographic analysis reported in Table 3.3 was conducted under hie
direction, presumsbly on the sesme spectrograph, 1t was of interest to compere
the analysis of the Avce sample with several fahricated under the direction of
M. Ieipold. Tablie 3.4 shows just the major impurities (excluding H) for both
types of ssmples. It appears that in gereral, the Avco material is lower in
S, C1 and T and the JPL materiml is lower in Na, S1 and Ca while Fe und Zn
are about equivalent. On & total impurity basis. JPL 63 was clearly tie purest
with Aveo 1330 ranking second. Si and Ca are extremely bad lmpurities iun terms
of segregation and second phase production thus, the JPL samples are more likely
to be free of sv~t effects.

The physical characteristics of the two powders employed were fully
discussed.3 To summarize briefly, 35578 Alp03 18 58 w/o ot Alp03 with the
remaining transitional (mostly Y Al203) phaBes. the mean size of of£ is
1500 A and@ the mean size of Q s 240 A9, and the surface area is 2L4.4 m@/gnm.
The calcined Mg0 exists as 20-50 A° size particles within a loosely bonded
0.1 to 0.5 microns agglomerate which 18 apparently a relic of the Mg(OH)2
platelet. X-ray techniques demonstrated that some Mg(OH)2 remains afier the
350°C - 1 hour calefn>.

2. Consolidation and Structure

Considerable care was taken jiu die cleaning and powder transfer

operations. All loading operations were conducted within a glove box. The 3
precautions to prevent ccntamination have been described in deteill previously.

e,
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TABLE 3.4 '
COMPARISON OF SPARK SOURCE MASS SBPECTROGRAPHIC .
ANALYSES CONDUCTED ON MgO FROM ‘WO HIGH FURITY PROGRAMS l .
Ao Jet Propulsion Lab Sample No.*®
o
No. 1330 Lg 56 63
Flement D xopmv_ ppuv Prov_
Na Lo 16 0.5 1
S1 150 160 58 5
8 10 330 83 16
Ca 100 50 33 50
F= 20 50 20 5
Zn 20 33 8 8 .
C1 3 660 330 66
T 41 66 25 £16 T
TOTAL 34k 1365 557 C 167
* E.R. Blosser, "Development of Chemical Analysis Techniques for Advanced
Materisls,” JPL Contract No. 951578 (1968), p. 55.
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The Poco grephite dies were cutgassed at 1700°¢ for 1/2 hour prior to use.

Table 3.5 lists the hot pressing results for J-M alumina. As noted.
1ittle difficulty was experienced ir obtaining high density. Of course, the
choice of hot pressing conditions was basazd on prior experjence with this
grade of Al203 as well as experience with other grades of powder. Essentially.
all of the runs were fully dense as indicated by the density and the high
degree of translucency. The first three runs were also characterized by a
macroscoplically visible cloud of poroeity dispersed throughout the specimens,
It was thought that these were relicse of the powder agglomerale structure
that had tailed to completely break down under the applied load during hot
pressing. The discussion on microstructure which will reveal that exaggerated
grain growth occurs very easily in this material. Thus, porosity entrapnent
leading to the chaerved '"clouds" might readily occur. Sample 1329 was
fabricated from puowder thet had first been screened through a 100 mesh nylon
screen. This cmapletely eliminated the macroscopically visible "clouds". Thus.
this procedure was adopted as standard practice. A number of samples were

fabricated in 1" dlameter by 3/16" thick so mechunical property measurements
could be conducted.

Microstructural examination of samples fabricated either for a short
time (6 min.) at high temperature (1450°C), Figure 3.1, o for a long time
(60 min.) at low temperature (1380-1400°C), Figure 3.2, revealed a marked
tendency for exaggerated grain growth. The grain size was not large (average
intercept; 2.0 p for 1307 and 1.2 p for 1325) but the ratio of grain sizes
did lead to the above conclusion. It was thought that the apperent ease for
exaggerated grain growth was related to both the high purity and the inhomo-
geneous disgribution of the impurities present in the system. It was shcwn
previously,- that impurities were not homogeneous in hot pressed samples or
even in Vernueil grown sapphire rods. Thus, 1t 1s thought that in an impure
sanple, a sufficlent coucentrsiion of impurities are present to stabilize noraal
grein growth. The high purity Alp03 on the other hand contains local
exceptionally clean ragicns #hich are capable of repid grain boundary mobility.
These areas act as centers for exaggerated growth.

Semples 1339-41 were fabricated under the same temperat ure-pressure
conditions, but the hold time was reduced by 2/3 to minimize the grain growth.
Figure 3.3 reveals that the tendency for exaggerated grain growth was still
present, but the total growth experienced wes somewhat less than for the 60-
ninute samples. The average grain intercept was 0.8 microns. Samples of
both types heve been included in the properties program.

Table 3.6 1lists the hot pressing results for Mg0. In contrast to
the Alp0y effort, a great deal of difficulty was experienced in the Mg0
fabrication effort. The microstructural goal was a uniform 10 micron grain
size and density > 99.4% of theoretical (3.581 gm/cc). A number of specimens
were fabiicated with the desired density (3.560 gm/cc), but none of these
possessed the desired small grain size.

A very unusual wmicrostructure feature was encountzred with creat
. regularity while atfempting to achieve small grain sizes by lowering the hot
pressing temperature. Figure 3.4 illustrates this structurz which appears to
consist of regions of dense well-bonded greins and extremely fine (~1 micron)
grains located both in patches and along grain boundaries. The origin of this
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Run

Yo.

1307
1308
1325
1326%
1329
1331%

1337%

1335%

13h0o*

1341

s

4
S 3]

351G CONDITIONS AND RESULTS

FOR HIGH PURITY AlpOz

Temp. Pressure , Time Density Grain Intercept
oc Kpsi min. gm/ce microns

1450 15 6 5.986 2.6

1480 15 60 3.988

1400 15 60 3.990 3.2

100 15 60

1400 15 60 -

1380 15 67 3.989

1400 15 60 3.990 )
1400 15 20 3.986 0.8

1400 15 20 -

1400 15 20 3.993

#1" dismeter - all others 1/2" diameter
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Figure 3.1 Electron Fractograph of Sample of 1307 Showing
Some Evidence for Exaggerated Grain Growth.




#9392 (b) 7500%

Figure 3.2 Optical {(a) and Electron Replica cf Polished and

Etched Sample Exhibiting Some Evidence for Exaggerated
Grain Growth.
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#6901 (a) 1500%

#69603 (v) 7500X

Figure 3.3 Electron Replica of Polished and Etched Sample 1339
BExhibiting Tendency for Exaggerzted Grain Growih s
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1309
1310
1311
1314
1317
1319
1327+
1328
1330%
1332%
13k
1343#

* 1" diameter - all others 1/2" diameter

Teunp.
e

1350
1300
1350
1400
1280
1230
1250
1250
1150
1200
1150
1150
1150
1150
1150

1150

HOT PRESSING CONDITIONS AND RESULTS

FOR HIGA PURITY Mg0

oy
6 105 3.528
15 90 3.562
10 L8 3.561
8 90 3.535
15 90 3.557
15 110 3.580
15 60 3.569
10 90 2.952
15 105 3.597
8 115 3.477
15 90 3.563
15 90 -
15 90 3.558
15 90 3.56Y
15 90 3.570
15 90 3.563

Grain Intercept
microns

18

18
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45000-1

Figure 3.4 High Furity Mg0 (Sample 1327) Hot Fressed at 1150°C

¢ Duplex Grain Size.
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astructure 1s not Xnown, but it appears to correlate with the amount of
Mg(OH)2 revaining after calcination.

More uniform grain structuves were cbtained by hot pressing in the
tempuratura range 2 12500C (Figure 3.5). The grain size is not es uniform
as that obtaiked for leas pure MgD. but the contrast with Figure 3.4 is marked.
Graln growth studies (see Section III B 3) were conducted on samples 1241,
1243, ead 1244 which had been hot pressed at 1400°C, and although the grain
intercept 1s isrge ( > 35 pu) the structure exhibits a more normal grain size
distribution.

Thus, it eppears that either due to residual Mg(OH)2 or perhaps
the impurity distribution model proposed for Als(O3, the high purlty MgoO
fabricated in this program exhibited a duplex grein siructure when fabricated
at low temperatures (1150°C). Higher temperature cycles resulted in the
disappearance of the' fine grains presumably through the classic grain growth
process. This grain growth process probably leveled the impurity conrentraticn-
distance curve which may have played an important role in the evolution to
& nearly normal groin size distribution.

3. Prgggrties
a. Mechanical Properties of AlnsO3

Specimens (.05" x 0.15" x 0.875" were machined from ihe 1"
diemeter A1203 specimens. Only 2-3 specimens were machined from each Tiliet
8o to obtained a statistically significant number of tests at any one temperavure
required using samples from different billlets. Tests ware perforamed in two
new picces of apparatus designed to perforr four-poln® bend tests on the above
slze specimen. The elevated temperature testing atwosphere wae argon fci- 9itl

of the test results in this section.

The bend test results are glven in Teble 3.7. Also listed in
this table are comparative data for hot pressed Alp(O3 fabricated from Tinde A
powder. The "230C dry" tests were performed by first heating the dar to 900°¢
for 1 hovr in argon and then cooling to 23°C for the testing cycle without
hreaking the argon atmosphere. Similar tests were reported in Section I1 B,
and previously-’ except that a vacuum was emplosyed during the heat treataeat.,
The "23°C wet" test employed 55% relative mmidity eir.

The low temperature fracture strengths for the high purity
samples were approximately equal to the reference values. The reference values
chiosen were the highest comperable strengths aveilab,e thus the comparisnn is
thought to be critical but va)id. It is noteworthy that a 20-30% strength
drop was found going from “dry" to "wet" test conditions which correlates
we:!l with the stress corrosion phenomenon previously (Section II and ref. 3)
discussed.

The high temperature strength values again appear to bes as
good, but the higher purity does not significantly alter the failure properties.
Such might have been expected 1f, for axample, intergranular bonding wes
improved due to decreased impurity concentration. From the chemical analyses
or the hot pressed product, it is not possible to conclude that grain boundaries
wo11ld be free of impurities.
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Figure 3.5 High Purity Mg0 (Saumple 1311) Hot Pressed st 1250°C
Exhibiting Structurc Close to Normal.
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TABLE 3.7
BEND STRENGTH OF HTGH PIRTTY 41203

AND COMPARATIVE DATA

Bend Strength, Kpsi at

Sample
Number 23°c 23°% 1200°C 1400°C at 1450°¢C at,
wet dry € 10°7 gec <, 10-5 sec
1326 61.7 101.k hi.7
1331 65.6 97.9
91.5
1337 32.h Lko.s
52.0
1339
1340
1341 3h.7/2.7 29.5/6.8

Reference Data

FLU-2-A1203 +
1/4% Mgo (1)
1.3 u G.S. Th + 10 35.7/43

(L) 35.9/5.8
BR-1-L-Alp03
1.6 p GiS. 72 + 12 102 + 11
Reference (28) L9 26
2.2 y G.S.
Reference (29) 31 26
1-2 p G.S.
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High lemperature deformation studies were also initinbed on
0.875" long specimens of high purity Al203. The tests agnin were four-
noint bend $e5Y5 conducied in argon. Hatnium diboride knife edges contarted
the sample. A W probe transferred the specimen deformation to an LVDT, and
both straln and load versus t{ime were recorded.

For brittle fracture tests, the procedure is straightforward
using elastic theory to reduce load-deflection curves to fracture stresses
and elastic moduli. For high temperature tests, a more compiicated procedurs:
is necessary jn order to analyze the plastic flow which occurs. This resulis
becausz the flow stresgs is, in general, a function of both strain and strain
rate, and 18 not necessarlly linear through the heam, thus invalidating the
elagtic stress analysis. When the stress i3 independent of strain and is
linearly proportional to the strain rate, ag in diffusional creep, the streas
distribution is linear in the beam and the elastic equation may be used.2>

Previoug investigation in this laboratory has shown that the
rate sensitivity. m. (from the egpirical relation J = K€" ) 1s less than
unity for fine grained alumina.2® A procedure has been developed for
determining the stress-strain-strain rate relations for materials which atrain
harden and are rate sensitive.®! This requires the measurement of the bending
moment as a function of deflection and deflection rate and the determination
of the outer fiber stress from the relation;

¢ o] @
where Dy, o= 2 1n Ml . (2)
g lne/ g
m = [.v 1n M (3)
2 1n g ﬂ
where M is the bending moment, the angle of inclinetion of the neutral
axis of the beam (proportional to the deflection), p' the rate of chenge
of , and b and h are the width and depth of the beam. The strain and
strain rate are determined directly from the deflection by geometrical
considerations. During a test the load and the deflection are continuously
recorded versus time and the "outer fiber" stress-strain. and strain rate
are calculated from this data. In general, & series of constant rate bend
tests are made from which the desired relations are celculated. 1In the case

of fine grained alumina the flow stress has been found to be essentislly &
independent of strain at least to the 3% strain 1imit used in this work.®
Because of this ny, is zero and the ratc sensitivity can be determined from
dlscrete rate changes during each test. Although the lack of stress dependence
of strain is not as well established for the high purity materials, it appears
to be at least approximately trun.

Teets were performed on gpecimens from three billets. 1339-41,
at two temperatures, 1400 and 1450°C. Also, tests were conducted on 1.3
micron grain intercgpt hot pressed Alp03 + 1/44 Mg0 which had been previously
extensively tested. T
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A typlcal load-deflection curve 13 plotted 1n Figure 3.6.
Once gteady-state, stress wes reached. 1t was cusicmary to change £ 80 that
as many as four £ ~g~ points were obtaeined for any one run.

The ¢ - € rolations found for bolh Lhe hiigh purdily AlaO
and Al50; + 1/4% Mgo are shown in Figure 3.7. Superimposed on thia curve 1s
corrected data (to the came stress factor) found for identical AlaO3 + 1/4% .

Mg0 billei tested in air at the same temperature.

The most extenslve data was taken at 1400°C on the high purity
The scatter was somewvhat larger than expected freom previocus work on
A1203 + 1/ Mg0O. This suggested elther the microstructure was variable
from specimen to specimen or some apparatus problem, e.g., binding, was ceusing
the variability.

The data obtained on AlpO3 + 1/b% MgO fits the earlier measure-
ments remarkably well. This lends conslderable confidence to the data on
this new apparatus. The high purity samples are leocs plastic suggesting
either that the effective grain size 1ls larger then the Alp03 + 1/4% MgO or
creep i8 extremely sensitive to impurity content. This, of course, assumes
that a major fractioB of the creep process 1s due to diffuslon as was found
for less pure Aln03- Diffusion is known to be impurity dependent particularly
in the region between extrinsic and intrinslc behavior, thus the deformation

behavior may be a result of decreased diffusivity. -

Fracture surfeces of crept and broken specimens were examined
by electron microscopy techniques. It was found that grain growth had occurred. -
The average graln intercept had increased to 1.5 microns and a duplex structure
which was on the verge of being apparent in the "as hot pressed’" sample became
obvious. The large grain areas had an intercept of 2.2 microns and the fine
grain areas were 0.6 microns. The grain size increase explains some of the
apparent creep registance. The present data does not unequivncally answer the
question of increesed creep resistance due to purity. More extenslve testing
will enable a comparison with the existing creep data for A1203.

b. Grain Growth of Magnesia

Several grain growth experiments were conducted with samples of
~ 36 micron grain intercept high density Mg0. The large starting grain size
was chogsen because only at this level was there anything approaching a normal
distribution of grain size. Figure 3.8 11lustrates the structure of the
matarial studied.

Swall samples were cut from three hot pressed billets; 1241,
12&3 and 124h4. Photomicrographs were taken in three areas for each billet
and grain sizes determined by the linear intercept technique. Samples were
annealed at 1300°C and 1500°C teking care to insure rapid heating and cooling
for a series of times lLetween 10 and 1000 minutes. Grain sizeg were measured
as before.

: Grain growth could not be detected in the 1300°C anneals. There
most certainly was some growth, but it was within the deviation of the linear
intercept measurement. The large starting grain size played d role in the
difficulty of detecting growth. The 1500°C data is shown in Flgure 3.9. Also
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0
indlicated on this plot 1s the data of Spriggs et 313 for grein growth in
99.4% MgQ (Ficher 300 M). The data is plotted according Lo the normal grein

]
aaD
B UWEL bowwdiel of Turnbulls+

o TR T R IR

0? - Do=(K 4 V)b

’{: g vhere D = average graln diemeter at time. f

A Do = original grain diameter at time zero
K = constant

J = interfacial energy

TP TR T T

V = gram-atomic volume

A plot of log D versus log t for the high purity gave s slope of 0.54 which

is just slightly higher than the theoretical slope. Spriggs et al found a

: +1 /2 slope, consequently, only a small difference exists. The main feature of
the comparison is the difference in the constant terms. It appears that purity
3 has a marked effect on grein growth in MgO, and further work to delineate

. and explain the process is warranted. However. this attempt will be hampered

! by an 1nability to fabricate small grain slze MgO.

IV. PRESS FORGING ALNMINA

A. General

S A LTI T

Studies have been conducted over the past several years on the press
forging of Al203 and Mgo. 1 Farly work demonstrated that alumina single crystuls
having a volume up to 7 cm? could be grown in the solid state.l,32 The
apparent growth method was the strain-anneal technlque which has been used to
grow sizeable slngle crystals of metals. Jmplicit in this conclusion 1s that
primary recrystallization is possible in pclycrystalline AlpOq having undergone
a moderate sirain rate deformation in the 1700-1950°C range. ~

T

Subsequent worke_u’33 has substantiated that primary recrystallization
occurs in A1203 forging. A highly elongated grein structure with the long
axis of the grains normal to the pressing Jdirection has been identified as
a deformetion structure. Upon primary recrystallization the microstructural
texture is often absorbed, but a crystallographic texture which had accompanied
the grain texture is retained. Also accompanying primary recrystallizaticn and
the equiaxed microstructure resulting from the process 1s & pore removal
mechanism. 1t was suggusted33 that the porosity distributed throughout the
structure presented preferred nucleation sites for the new generaiion of grains.
This process itselr could absorb porosity or the structure could be more
susceptible to continued densification due to the nearness of pores to grain
boundaries; their potential sink.

There are at least three potentisl motivations for forging Al 0 They
are, 1) the production of complicated shapes where a fine- -grained dense micro-
structure is required, 2) improved mechanical properties due to the texture
and retardation of structure sensitive failure mechanisms, and 3) high in-line




PARNICIFCRNIS § NPT

Sl L

TS NN

B! NCS

PPN T Ll

&

Pt aart i

B

BRI DS, TN

DI TRE NN A LY

40

optical transmisasion due to the rryatalingrsnhio fextiu e erd the olimination
of light scettering from birefringence. ‘he mechanical properties have been
studied extensively,“ and 1t was found that the strengtha -196°C and 1200°C
was utarly iudependeni of grain size in the 1-10 micron range. However, there
was no apparent effect of textu§e on the mechanical properties tetween
1475-1700°C, the plastig range.” Some very interesting shape forging were
accomplished last year;> namely, 60° cones and a near hemisphere ware produced.
Iack of explicit knowledge of the flow and fallure criteria for the temperature
interval (1800-1950°C) in which most of the forging is conducted prevented
further mwajor gains in shape forging. Improved kn-line transmission has been
the most drapatic outcome of the forging effort. In-1ine light transamissiona
of 60% were achieved for the forged material as compared with a maximum of 20%
for the best randomly oriented pore-free Alp03 available at an equivalent
thickness. The main limitations of the process were the extent of the
transparent zone, complete pore removal and the extent of the crystallographic
texture. The work to be described in the following sections was aimed

toward solving the problems associated with producing traneparent forged Alz03.
Also, some additional mechanical property data at -196°C and 12000C at grain
sizes > 10 microns were obtained.

B. Material and Procedure

The forgings were conducted with 99.97%, 0.3 micron A1203.* The powder
is mainly alpha Al203, but it also contains 10-20% gamma Alp04°

The forgings were conducted in a conventional induction heated graphite
hot pressing rurnace and press (Figure L.1). (S graphite was used for the mold
and sleeves while the pistons were made from ATJ grephite. The starting powder
or billet corditions were arranged such that lateral f1ow was unrestricted
during the deformstion step. This was accomplished by either, 1) cold nressing
the powder at 4 Kpsi in the graphlte die and wllowing unrestricted normal
densification and shrinkage to occur during the heat up and dwell period prior
to forging, or, 2) forging an undersized sintered (34-90% dense) or preforged
(~99% dense) billet. One of the major variables in the study was the
separating media between the graphite and Aip03 billet being forged. This
will be discussed in the next section. All forgings were conducted in an
ambient atmosphere present with the essentially graphite systems. At 18600¢
the atmosphere 18 expected to be C, co, 002 with CO the major species.

C. Results and Discussiosn

The forging conditions and resulted are listed in Table 4.1. Runs 1042
and 1052 were conducted nn the O + 1/4% Mg0 slloy. High density specimens
vere forged to & 60% height redunrfidn. The objective was to obtain large
( >10 micron) grain size specimens to extend the grain size versus bend
strength plots previously reported. The property results are given in Section

IV C 2. The remaining forgings were concerned with the fabrication of trans-
perent Alp0s3.

1. Forging Studies

a. Iubrlcation and Remction Barriers

¥ A. Meller Co., Providence, R.I., or Union Carbide, hicago, Ill.
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Iu ine previous gtugles molybdenum was employed as a barriler
% Jayer between the graphlte pistons und A1203. Graphite alone will reduce

E AlQOQ at these temperatures. Another comon probhlem Auring the previoue york
‘€ was the forging of billets which ended up with a non-uniform cross section.
'% T'his, of course, resulted in varylng strain usually tappering from the center
- to edge with the edge receiving the grestest heighi reduction. The conditlon
occaoionolly resulted in this strain gradient the critical strain for
recrystallization was reached and nucleation of only a few grains occurred.
{See references 4 or Aust's review article3*, for a complete discussion of
the strain anneal process). This condition was clearly undesirable from the
viewpcint of the desired uniform crystallographically oriented dense micro-
structure.
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Runs 1119-1127, 1136 and 1186 were experiments with a variety
of medla as noted in Table 4,1, The metals employed were uaually in the form
of 0.010 inch thick foll; however, experiments with Mo ranged all the way from
0.005 to 0.125 inches. T7The material noted C was pyrolytic graphite paper,
ané resulted in a dark Alo03. Figure 4,2 illustretes cross-sectional regions
adJacent to and in the midd%e of forgling 1122 which employed piTolytic graphite
paper on one face adjecent to the graphite peper which 1llustrates the great
influence impurities have on graln growth and/or recrystallization. Ta was
very bad and should not ncve been included due to the known reactivity. Sone
minor sticking occurred with TiBp and the billet crecked,

BN was usuelly employed as a sprayed powder coating either

directly on the graphite mold or as a layer between Mo foll and Alp03. Three-
. elghth inch thick BN plates were used in Run 1185, and both the plates and

the Al50< billet cracked. The best material system devised was graphite

piston, 8.010” Mo plate, and a BN sprayed powder wash. This resulted in many

forged billets with both a uniform cross-section and uniform translucency.

The cross-section variation on many billets wvas < 0.010". However, some

specimens, e.g., 1142 and 1167 exhibited considerable doming even though this

lubrication system wa: employed. I* was clear, cherefore, thaet the uniformity

of a torged billet was also dependent on forging parameters.

b. Sintering During Initial Stage of Powder Forging

The runs listed in Table 4.2 describe the conditicns and results
of several experiments to delineate the initial stage of the powde:r forging
cycle. It was common practice to cold prei's the powder at 570 psi. During
the 1-2 hour heating to the forging temperalure, the specimren sintered to some
degree. It was also cormon practice to employ a 10-minute 1sothermal period
prior to the initiation of forginz. These runs isclate the condition of the
blank prior to forging. Run FA 108 from a previous study ' apparently sintered
more readily than D1130. Both specimens wer. cold pressed at the same low
pressure recsulting 1n a lowv green denslty. Thus, the reletively low sintered
density is not surprising, but the difference betwuun the two is somewhat
surprising. The only known variable in this study was the powder supply.
Apparently Linde A sinters faester than Meller at this low green density. Runs
D1155 and D1157 were conducted to verify tils result and although the o-der
remalned the sa =2, the difference became 1less. Slightly higher temperatures

. and longer iimes bring the sintered density for Meller powder equal to Linde
powder. Thus, the M-Al1p03 powder forging conducted at 1860°C 1isted in Table 4.1
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possessed the following conditions prior to the application of pressure
and pntential changes during forging:

density N 34,

diameter .. 2.4 inches

lengtn . 1.32 inches

potential area increase (baged on 3" dia.) - 4E4%

potential height decrease {based on 3" dia.) - 36%

poteniial density increase - 669
The 1880°C forgings potentielly underwent somewhat greater diwensiousl changes.

TABLE 4.2

SINTERING DURING INITIAL STAGES OF WNRGING

Tgmp. Time Relative
Specimen C min, Density
FA 108% 18560 10 629,
1130 1860 10 3kg,
D1155% 1900 15 1%
D1157 1900 15 5kq,

* yinde A powder. Others, Meller A1203.

c. Sintered Forging Blanks

A number of runs were conducted with blanks that were fabricated
by standard sintering techniques which included the use of binders, etc. The
binder was burned at 850°C and the specimens were sintered in Hy at temperatures
between 1300-1600°C to relative densities of 37% to 90%. It wee thought
that the atmosphere entrapped with ghe pores may play a role in the nucleation
and/or pore removal process. (Coble’ has shown that some gases (namely Hp and
02) are more soluble in the Alp0; lattice. Run 1132 was probably the most
transparent forging to date, but it is not clear whether this i1s due to the
Ho presinter or the use of a 4" die and the greater height reduction and lateral
expansion. Nopnz of the remaining forgirgs conducted on the Hp presintered
blanks looked particularly promising. It 1s thought that the mediccore
results were due to other forging parameters than the starting blank.

d. Crystallographic Texture

The fa2xture or degree of crystallographic orientation in forged
materials is best determined by x-ray diffraction techniques. Such information.

f courgse, i1s of great benefit in the interpretation of the forging studies.
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fexture 18 completely described by ithe construction of a pole figure which
shows the dlatribution of the orientatlons of the various crystallographic
ez of the individual crystalllies in the polycrystalline body relative to
th axes of the forglng process. However, for the purpose of evaluating
reiative degrees of vrientation a simpler ayatem was deviged.

The d@iffraction pattern of a random (powder) sample was obtained.
Values of £ (h,k,1) defined by the relation

fo (h)k1) = Zm

I (hk1)

were calculated.

Similarly, velues f (hkl) were calculated from the diffraction
pattern of a forged specimen. The ratios R(hkl) = f Ehkl; which give the
To
relative intensity of reflection were calculated and ar< plotted in Figure 4.3
against the angle @ Dbetween the planes (hkl) and the basal plane,

In the case of a random (powder) sample R has the constant value
of unity. 1In the case of a perfectly orienced sample, R is zero everywhere
except at ‘0 = O where it has some large finite value. 1In the case of a
dietribution’ of orientetion, in general, R will decrease monotonically from

;' = 0 to ﬂ’ = 90°, The better the crystallites are alligned, the higher
the intercept at /ﬂ = 0 and the steeper the drop with increasing ¢f

E~ctions were cut from two samples such that the faces examined
were 5/16 inch and 1 inch from the center of the billet. This, of course, was
performed to ascertain if there were differences in the deformation and texture
that might be present due to the radial material flow pattern. Figure L.k
shows this relation for D1142 which exhibited recrystallization of large grains ¥
appraximately 1/3 of the distance from the center. Figure 4.5 exhibits the
ratio for the simllar two sections of D1140 which exhibited some large surface
grains, but was quite uniform radially. The steeper slopes on the two curves
for the center sections indicate that these regions were more perfectly
orlented 1a both cases. This must be caused by the massive material flow in
: this area and the local bending moments which gave rise torotation of the 3

basal planes. 3

SRS S Y
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The relative orientation of outer sections for the four
representative billets examined, D1127, D1140, D1142, D1151 are compared in
Flgure 4.6. This comparison shows that D1127 has no orientation and that
D1151 is the most highly oriented with D1140 and D1142 teing intermediate cases.

e. Strain Rate

1 The initial forging experiments (1110-1129) were conducted under
; a variety of strain rates. Strain rate was actually controlled by altering
the rate of lcad increase, thus the strain rate control was rather crude.
However, many of the slow strain rate forgings were opaque and two (D1116

and D1118) contained remarkably large crystals indicating that the nucleation
process was slow at a well-defined strair zone. It wes thought that in the
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werts redched mnd nadintaiped oo epough Tor Just s Tew shealdn Ppee ppealng e
: nuclest e and besln ceou ),
Rung conducred wlth a straln rate hlpgher by as much as sn order
o1 mapgnitude exhibited iore unllorm miervostruetures which was Lhought Lo
1 . e due to a rapid Lransition through the eritical scrain level (approximately )
’ % strain).

One run (1142) proved to te the exception to the ahove
conclusion. This tillet exhlblted an equivalent level ol large crystel growth
to sample 1116, ‘The interface Lelween the large crystal and the fine grain
recrysiallized product is shown in Figure 4.7. 7This result may have been due
to hlgh frictional forces between the sample and barrier layer due tc too
thin a BK layer. It 1s not possible to be conclusive in the explanation of
run 1142, 1L 13 interesting to note from the prios discussiuvu on crystello-
graphic texture that a marked orientetion was pregeri in the center section
whleh presumably was only strained + % at the time recrystallization occurred.
This imrlied that®t exlensive deformation occurred after the nucleatlon of the

Z large grains. As Lhe center section did not appear to be recrystallized this

also implies that the deformation texture 1s more perfect than the recrystallized
structure.

I!th-l-uﬁhnu-nl-uuununuum-mnummmuwmmeMMWMmmmmmmmm

f. Hold Period at Temperature and Pressurc

; ' The following discussion will consider only samples that were
- given the relatively rapld strain rate (full load in less than 15 minutes).
v The deformation process following the upplication of fuil load was monitored
; through a ram travel measuring system. There was a general trend for time to
' zero deformation to be diiectly related to the time of pressure applicetion.
In other words, & run in which 13 minutes was taken to bring the 1load to 5600
psi took 120 minutes before the pilston movement halted whereas a 5 minute
load application run took on the average 30 minutes before deformation was
complete. A larger number of runs were conducted with a total holid period

solely dependent on the time to zerc strain; thus, the gquestions of hold period
and strain rate are inter-related.

A P e ot e o s . e n e s

An example of the structure obtained for a giow strain rate and
long hold period is shown in Figure 4.8 a and b. Figure 4.8 a, near the center
of the billel possessed a structure representative of Alpo0q after ordinary
) hot pressing at high temperature. The tabular structure is probably due to
- anisctropic grain growth and the porosity entrapment is due to the exaggerated
grain growth which has occurred in the course of the 2-hour deformation pericd.
The outer 2/3 of a radlal segment possessed a structure as illustrated in
Figure 4.8 b. This segment of the billet wes quite translucent &s reflected
by the low porosity level i1llustrated. It would appear that microstructural
testure was present in this micrograph. However, the x-ray stuly showed no
meacureable crystellographic texture. Thua, it appears that eltuer the slow
rate of straining has caused a normal hot pressing condition for the bulk of

the densification or recrystellization has remcved any texture obtained during
forging.

The siructure shown in Figvore 4.9 a and b represent the results
of forging 1124 which had load and zero strain times of 5 and 30 minutes,
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Flgure 4.7 Interface between Large Grein and Fine Grain
Polycrystallized Structure.
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H Svid o rad e wag very Ulne-preines sl posoeuseed s cns )|
arounl. ot porosiiy ( Losse Y it 1y Upn,qucf) . Thepre doos appear Yo b gomn
microsiructural Lexture althouph suel: fexture dneg nol heooms (a7 lily apparen
sio iine frain sizes In A1303.? Thus, this eentral reglon Lo nrovevldy w-
recrystellized.  Hear Lhe ouler portionz of Lhe radius (Figure 4.9 L) a mixed
praln slze is appurent, and this resion was conoiderably mors iransparen:

(pore free) than Lhe central core. Apparently quite widely separated nucleatjon
centers wepre formed and Lhe reerysiallized grain grew into the deformalion
structure.  Thils would suggest that s relatively low amount of streiln enery

was in Lhe lattice, and e level just slightly in ex«ess of Lthe critical strain
wae present in the pepiphery. It is interesting to nole that recrystaljizagiﬁn_.
was ac-companied by pore removal which iz consistent with previoug findings.g' 33
Thus. rapld devormation prevents a ~entral "hot pressea sLructure,” but gt

least in blllet 1134 recvystallization was not complete.¥

Billel 1140 was forged from a billet that had already lLeen
forged Lo high density. TI'he billet was surface ground and cored to permit
continued deformation. Delormation was complele in 30 minutes, but the gample
was held under load for 240 minutes. Figure 4.11 1llustrates the equiaxed
structure wnich undoubtedly represents a recrystallization structure. It is
also noteworthy that the grain size is markedly smaller than that observed ior
pillel 1127 (Figure 4.8) which was at 1860°C for a considerably shorter time
than 1140. This 1llustrates the grain refirement accompanying recrystallization
(following high strains). Both billet faces (1140) exhibited very large grains.
Tha present inverprcetaticr of this result is that ions from the separating
me 1la gresatly enhanced normal grain growili. It would be difficult to prove
that this was not nssociuted with the deformastion process itself however.

2. Properties
a. Mechanical

Four-point bend tests were performed ou specimens cut normal to
the pressing direction from forged billet 1052. Jome grain size variation from
center to edge was noted. By plotting the bend specimen location versus the
grain size gradient, it was determined thet the specimen gage length wss
between 16-20 p grain intercept. Tests were conducted at 1200°C and -196°C

for the purpose of extending to larger grain sizes strength-grain si:e measure-
ment, for forged Alo03.

The strength-grain size plots for the two temperatures are shown

in Figure %.12 and #.13. The il96°c tests indicete a slight fall-off in strength.

but not the normul &~G.S.72 relationship cften observed. The curve

previously drawn to represent the strength-grain size curve at 1200°¢ would
remain unchanged by the new data.

The results previously reported and discussed3 led to the
conclusion that the date did not support the view that basal slip or twinning
nucleate fracture at -196°¢ or 1200°C.

* One-half of hillet 1134 was reforged (1137) and the recrystallization zone
was extended so that a region corresponding to Pigure b,9a possessed the

structure shown in Figure 4.10. The translucent zone was also extended into
the central region.
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It was previously argued that the special grein boundary

L "character" was responsible for the decreare grain size dependence. This

i character was defined as structural characteristics such as atomlc geometry,
graln to grain orlentation, boundary defect concentrations and chemical
charecteristics such as bonding Impurities (to include entrapped gazes).

Because of' the high degree of crystallographic orientation, the boundaries

are probably of a very special structural character. That 1s, they probably
have a predominant twist charecter with a very small tilt component. TFlaws

may Interact in quite a different manner with this type of boundary as compared
with a random boundary in A1503.

Kirchner36 recently presented a paper where he correlated the
slope of the strength-graln size curve with anisotropy in elasticity and
thermal expansion of the system. Residuel thermal contraction strains (after

“abrication) result in stressese which degrade the strength properties of large
grained highly anisotropic bodies (Alp03, BeQ, Ti0p) to a greater extent than

a large grained nearly isotropic body (Mg0). Removing the thermal expansion
anisotropy by preparing a crystallographically oriented polycrystalline Al1l203
would tend to lower the grain size dependence by this model. This 1s precisely
what has been observed. The authors now feel that this latter explanation is
the major effect being observed In the strength properties of forged Al2C3.

b. Optical

Precise optical transmission data were not obtalned during this
program. A number of blllets eppear to possess low porosity levels and high
crystallographic orientation, so measurements are warranted. Figure L4.14
glves a qualltative view of the transmission in billet D1151 which possessed
the greatest basal orientation. The entire 3-inch diameter - 0.3 inch thick
billet was of this quality. Billet D1132 measuring 3.4 1inches diamecter and
0.1 inches thick looks particularly promising and will be polished in &
subsequent effort.

VI. SUMMARY

In contrast to moderate straln rate tests on Mg0, dead load testing under
H20 displayed a classic stress corrosion curve. The activation volume and
surface energy for the reaction interface were evaluated by the model of
Charles and Hilligeo. The values appeared quite reasonable when compared with
2 those obtained for AlgOg- However, it was pointed out that a mechanical model
E similar to those invoked for metals may control the strength degradation as
’ there exists plentiful evidence of dislocation controlled fracture in Mg0. It
was also pointed out that grain boundary impurities or discrete pheses (sodium
“ aluminum silicate) may be controlling stress corrosion:. Alumina chemical
E : prolishing procedures were developed to extend & previous study on the ef*ect
' of surface structure on fracture strength. Neither the "wet" or "dry" strength
was significantly improved by chemical polishing. Only an annealed surface
condition consistently showed strength lmprovements for A1203, and it weas
E necessary to test in a corrosion ree environment to demonstrate this phenomenon.

Dense high purity Aleo and Mg0 were fabricated. Successful fine grain
size (€5 u) Alp03 samples were generated and their brittle and plastic
3 mechanical propergies were determined. The brittle propertiee were equivalent

T4
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to less pure hot vressed Al20z. Increased creep reslstance Jver less pure
AlpQ0q of a aimilar grain size was noted; however, it was not clear whether
this was due to a smrall amount of grain growth which accompanied the test or
decreased diffusivity due to the increased purity. All attempts to Tabricate
a uniform fine graln size high purity Mg0 failed due to the occurrence of
exaggerated grain growth. Thirty micron uniform grain size material was -
fabricated and preliminary grain growth studies were conducted. Grain growth

followed the normal growth law, but was sbout an order of magnitude slower

than noted for less pure Mg0.

Sl

Press forging studles were directed toward solving the engineering probnlems
of forging. Along with this an understanding of the physical ceramics of
primary recrystallization was gained. A mold lubrication system consisting
of boron nitride sprayed on molybdenum platns was adopted. A rapid method of
determining relative crystallographic orientation was developed and applied.
Considerable understanding was obteined in developlng a press forging cycle
to control the deformation and recrystallization phenomena for the productiun
of alumina with high in-line optical transmission. For example, it was
found to be desirable to complete the first 10% of strain rapidly to inhibit
the nucleation of large grains.
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