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FOREWORD

This report was prepared by the Systems Division of Avco Corporation
under U.S. Navy Contract NO0019-72-C-0298 entitled, Microstructure Studies
of Polycrystalline Oxides.

The work was administered under the direction of the U.S. Department
of the Navy, Air Systems Command, with Mr. Charles F. Bersch, Code AIR-
520324, acting as Project Engineer.

This report covers work conducted from 29 March 1972 to 28 April 1973.

The writers are pleased to acknowledge the conteibutions of the follow-
ing individuals to this prograr; B. MacAllister for mechanical evaluation,
C.L. Houck for ceramographic preparation, J. Centorino, P. Foley, G. Ross,
and E, Vallante for materials preparation, and T. Vasilos for useful
discussions. Also Dr. N. Dutta of the U.S. Army Materials and Mechanics
Research Center is scknowledged for helpfu. discussions in the area of
flaw analysis.
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I. INTRODUCTION

Three aspects of oxide fabrication and properties were studied. They
were treated as separate topics although there were implications and inter-
relations from one topic to the next. Each toplc was at a different stage
in development and knowledge. The press forging of Ala0; has been under
study for a number of years; thus, the current effort dealt with developing
the processing to allow fabrication of useful shapes. A few preliminary
experiments on the application of the press forging process on SiiNy are
reported. One year of effort has been given to finding the cause of the
low strength Al,0; bars in a distribution of bars with various strengths,

This study was continued with characterizatior of two new sources of powder
and the resultant product. A new area was undertaken for study this year
that has an obvious interrelationship with the others. Gaseous speecies in
hot pressed products are well known, but thelr origin, level of concentratien,
and effect on properties have received only limited study. This initial -
effort dealt with the identification of the gas phase, possible chemical

. reactions, and the relationship between precursor of the A1203 pcwder and

o gases evolved from the hot preused product.

11, “RE&‘* FORGING OF ALUHINA HEMISPHERES

A, Geueral

, Prens forging polyerystalline AlgO} has nrcviaua‘y ngtabliqhedl .
that high density bedies esn be achieved with unlque properties. Nigh ine -
line optical tranamizsivity is obtained Az a result-of nearly complete pore

. removel and'high eryatallographic texturing. The textured structure g :
achieved Ly plasrtic defermation primarily. on the basal elip syatem. This R
tex'tnre 14 mtamed *:*.hmu.gh nrimry r@eryatanimt. on. -

Peraait" di-trihuhed *hrauubcuc the ﬁtruccura may ant ag preferrod
: nunleutieu gites for the noew gene*ution of graing during reeryesallization. -
' Thia process itself could abaorb porosity or the structure could be moxe '
Ceuseeptible to continued densifieatien dug to the nearness of pored to grain
boundarics; thei: potential cink, In-line ifght transmizaions of &0% at
0T p %nveltngth vere achieved foyr the forged matevisl ae compared with a
- maximez of 0% for the best randomly oriented porefree Ala0y available at.
- an equivalent thickuess. This resulted from the preferred “basa? textuse
. eliminsting to a large extent the light diffraction due to birefrin dhce.
7 Inverse pole flgures demonstrated that the erystallographis orientation vas
-atrong but sot perfect. The misorientation undoubtedly accounts for the
absenae of even higher OPLﬁLlL trensuiasion flgures. ,

Bechanical strength wae the recond property that wad erhanced ac a
result of forging. Tt vas found thust the strength at -196%C ana 1*_’@0"@ |
was nearly 1ndependent of %ruin aize 4in the 1.30 mieron renge Gy Fractude
strengthe 1n the 1200° to 1450% range vere ovey 50§ higher than rtraibht
‘hot preased material of an caulvelest grain sizel¢, However, there was S0
apparent effect of tuxture on the plcstic proverties hoetvecs ¢k?§°-lw®0 cld,

Mest recently thin shedy t-anch»ddu;xter hemispheres have been
forged which retaln the erystalliographic orfeatation in the plage of the
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shell.lh The optical transparency was uniform throughout the full hemi-
sphere on the besv samples. During forging of the sintered preforms, edge
tears developed in the skirt of the forging, and some of these extended
from the O.4-inch skirt into the hemisphere portion of the forging. The
tearing was thought to ' cavitation resulting from a more rapid deforma-
tion than the available mechanisms could accommodete at the strain rate
imposed. This problem was one of the subjects addressed in the current
effort. The second major effort vas aimed at drveloping the process to the
point vhere a specific geometry could be achieved. Along with this effort,
the process was scaled up to & three-incb uiameﬁer hemisphere.

B. Raw Materials and Prefomms

Vendors I and II 99. ?a‘i‘ AloOg powder wvas used for the forging
experiments. Section II ineludes a description of these powders. Concentra-
tions between 0.12 and 0,03% weight percent MgO vere added to an aleochol/
alumira slip in a bell milling operation. The dried powder was isostatic-
ally pressed.at 20 Kpoi inte cylinders 3 inches diameter by 4 inches long,
These were cut and ¢ haped in the green state into circular right cylinders .
2«inch diameter by ll_-inch high with & 2«inch radius cap. Some of the
‘ 'px’e&orm were used in the green state while others were fired in Ha at
- 1500% wiich vesulted in velative density of about 98.5%. It ves of intexesty

L to Porge some of the highor density preforms as they were cxneegﬂ& o hava :

¢losed pore‘,, and g iz uore ,-..oluhlﬁ in Alaﬁa th.m othor ga.;c

C. Press Fergi:m ?r@cedum

- Forging runs were condusted in an induction: heated 7S tca pw:

us iag standard ambieat graphite base hot presaing Purdses’ w:rtru\.uoﬁ
“technigues. The forging div wws constyueted Dras high atreagth HPD Peao
graphite, The matorfal uearly sstohes tie thersal oxpanaion soufficient
_ Of Alp03,  This twns o to b & big sdvantage in die deslign as dimenvioas

.V.::;-A etn be directly sSrenslated. Alse, provlens of speeisen/éle Shermally fndu ged :
- cool dovn con trainte arve greatly aminisized uwsing Pooo graphite, The dio. ‘

vae designed o produse g 1.%2-inch radiuwe wesispherical eap oud with a

© Ovkeinch high £O tapered oylindrical skirt. A piuned top ATY pusich wae
used which alloved hot oxtraction of the male die. The boren nitride die
lubricant vas sprayed or painted directly onto graphite. Is sowe deses,
graphite paint wus used Betveon tiw male punch awmd BR cover coet. Asblent
atzosphere forgings were employed vhich aeant that at the forglug teaperature
the stuosphere v predosinantly €0 with a partiel precsuire of TOp and A, E
The argon gemeat*a 16to the cavity from the sight tube where {t vag wplc;yed
as e ssight tube mwh. Alzo, :mixiual withogen vas expeoted.. - :

, The ﬁie asgeably wag heated to the forging traperature is about

| 100 minutes, The xam travel wui initiuted mad driven by & sanusl straln

rate sontrol. The stiefin rate during the rupld deflection regize was

controlled to betueen 1 % 10°% sec-l and 1 x 1073 see~l. the above strain

vrater ard the best present estimates of acceptable strain rater {n the LBS0%

Ysnge., Once nexinus pressure vas reached, the defication rate slowed dowm

as forging and densification case to.a \.mclurim. The specimen wae held

. et maxisie tespérature and pressure for some preceribed period of time
beyond that where deflection Las apparently cessed. Sose densification
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continues by diffusion, and there is some evidence that multiple recry-
stallizaticn mey take place in this period:L Upon completion of the run,
pressure was released and the male punch extracted.

D. Analysis

The texture or degree of crystallographic orientation in forged
materials is best determined by X-ray diffraction techniques. Such informa-
tion, of course, is of great benefit in the interpretation of the forging
studies. Texture is completely described by the construction of & pole
figure which shows the distribution of the orientations of the various
erystallographic axes of the individual crysta.lites in the polycrystalline

~ body relative to the axes of the forging process. However, for the purpose
- of evaluating relative degrees of orientation, a simpler system was devised,

. . The diffrsction pattern of a random (povder) sample was obtained.
 Values of fo (Tuxl) or normalized intensities defined by the relation

o were calcu!,ated for eash of 4 mmber of Nflcctimx‘ fivom planes at variou.;
am,ular orienimt.ims with wsyec* te t.he basal plane. .

_ Sailerly, valuss :(Im) vere daloulated from the diffraction
. pattern of a flad ground surfaee on o Porged spoeclmen. The ratios of the -
sonmalized nt:cwit..es for the. xﬁa’p&zcﬁv@ rerlections R(l‘m},) 5 1(It;k 1)

, : : a(Ilml)
uh'? el givz? the re"at.sve fntonzity of m&’lcctien are caleulated and plotted
R aguingt the sng.-.é bgtw&u the - pl:u.m, (hkl) and’ tim basel plenv..

E In the ease a&‘ 4 randoy pouder *am;\im., R} hae the ;.m,stmw value of

' ~mity over the entire § range. In tiw case of n porfestly erfented sample,

R te zere everywhere oxcept at § = 0 vhere it has aoee lorge Tlaelte value.

£n the ease of o distribution of oricntation, in gencmk, ] wil} deervase

. monotonieally fros o « 0 to § » 900, The better the erystallites ere alignes,
the higher tiae futercegs at é 0 and the steepar the drop with Lt iervasing V.

.  Gpevimens VV8-inoh squere were extﬁwui T forged billvts, The
“center of theoe specivear vas 13716 fooh frow tic senter of the billet so &
corparison of orientaticn deta botveen bHilletd guve an accurate wview of '
relative orientation witheut fully dewrﬂbms relatwe e.*ient«atim ulmze, s
“radiuz in any given bi ilet, _

T3 Foralng "‘”*’u&t" and M“cn“**lézi

Thie experﬁ'tent* sre listed mrmola.gimuy in Table I. After an
Inftinl commisetoning run (1826), a serfes of Pive runs cuploying sintered
preforms vere gondusted., Teveral of these runs scere quite suvceessful and
. new insight vas galned in this fnitial series. It vas detensined after
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examining runs Nos. 1834 and 1840 that a pressing temperature of 1885°C to
1895°C was on the ragged edge of a temperature where a reaction between
Al503 and the die or -2parator materials proceeded at a measurable rate.
This reaction rate was sufficient to cause serious problems with a 330-
minute hold, lesser problems with a 165-minute hold, and almost no problems
with & 128-minute hold. A drop of about 10°C apparently eliminated the
problem even for long holds at temperature. The reactionc did cause some
of the cracks that extended into the apex. Two other runs provide some
insight into the problem of cracking. It was originally thought that the
apex crack of No. 1830 was caused by thermal expansion mismatch as it was
stuck slightly to the mule punch. However, Run 1838 was also stuck to the
male punch and did not exhibit any apex crack. This finding was borne out
by subsequent runs. Thermal shock was ruled out after numerous rtns survived
the furnace cooling without cracking. 1In fact the apex crack of No. 1830
was not convincingly explained, and may be related to stress components

of the rim cracks.

Rim cracking was a problem that was carried over from the previous
effort, It was common to develop 5 to 6 rim cracks as shown in Figure 1.
These rim cracks, in general, extended for the full O.L inch of the dispos-
able skirt. The rim cracks were thought to arise due to cavitation result-
ing from the imposition of strain rates greater than the available deformation
mechanisms could tolerate, It is known that basal slip plays a major role
in the deformation, but accommodation must be accounted for by diffusional
creep with a grain boundary sliding component. One of these mechanisms
must control the strady state flow stress at 18809, and therefore the guiet
of cavitation if the strain rate is exceeded., If work in the 1300-1600°C
range can be extrapolated to the higher temperature, it would appear that
diffusional creep may be the controlling deformation process.l An effort
was made to control the imposed strain rate through load rate control.
Flgure 2 illustrates the deflection and range of strain rates for several
runs during the series (1830 to 1857) using sintered priferms. Run 1832
exhibited a peak in the strain rate curve at 35 minutes. Strain rate
control had improved by the time Run 1840 was made as the curve slowly .
decreased during the run as it probably should to allow for the decreasing
flow stress associated with grain growth, This level of strain rate was
still apparently too fast as rim cracks were present. Run 1834 exhibited
only 3 rim craciks 0.2-inch long, but, of course, this sample was spolled
because of the reaction problem. However, the results suggest that the
temperature was just enough higher to provide the margin needed to prevent
serious rim cracking. This, together with the r“action, suggest that the
temperature may have been higher than the 1885°C recorded. Thus, it is
thought that further refinements in the direction of even lower strain rates
may provide the margin needel vo control the rim cracks to a tolerable level.

As mentioned, the rim crackc are concentrated in the disposable
skirt. Consequently, several of the hemlspheres produced in this initial
series were crack-free within the hemisphere desired as a final product.
Figure 3 illustrates & machined and polished hemisphere taken {rom forging
1857. The "as-forged" version was illustrated in Figure 1. The product
was quite transparent and appears to hold considerable promise for optical
applications.

Run 1606 was conducted under conditions which represented a marked
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Figure 1. Forging 1857 Showing Rim Cracks in Skirt of As-Forged Hemisphere.
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departure from the initial series. A cold pressed preform s employed

in piace of a sintered preform, ard forging commenced at 1565° rather than
1880°C. The use of a cold pressed preform was expected to yield benefits
in increased ductility due to the finer grain size and increased accommoda-
tion of a high porosity body. Flat forgings of such material have been
previously reportedi“€, The piece was forged in two stages as inferred
from Tavle I. The piece showed definite promise for the approac., but there
vere ceveral features requiring improvement. Rim cracks were present even
though far fewer formed and those were partiaily healed. Unfortunately,
the preform did not weigh enough resulting in a piece not fully forged and
not fully dense. The approach apjeared worthy of continued emphasic.

Run 1874 also employed an isostat:.c cold pressed billet and agaln a two-step
approach was taken, In the initial jhase at 158500, the strain rate was
reduced and only W3500 psi was applied in an effort to avold rim cracks.
After u 30-minute hold at this temperature, pover was increased raising the
temperature to 1885°C. At this point the pressure was raised o 6250 pei
with a velocity goal of #0.015 inch/min, The forging was very successful
as 1t was crack-free throughout, and exhibited high translucency for about
90° of arc. One chip flaked out near the apex leaving the wall thickness
about 0.100 at this point. The cause of this chipping was a very slight
sticking and react’'on similar to what happened on a more extensive basis
for runs 1834 and i1..J. The wall thickness was not uniform indicating
that this can be a problem for both cold pressed a-.d sintered preforms.

The use of cold pressed preforms was followed for much of the
remaining work since it offered a ready solution to the rim cracking problem.
Runs 1874, 1875, and 1893 vere successfully forged and had no rim cracks.
Pgure 4 {llustrates the type of product obtained in this series. These
specimens were not highly translucent, but this was due to deliberately
restricting the hold time at maximum temperature. During this phase of the
experiment, the principal goal was the elimination of rim cracks. Samples
1878 and 1889 exhibited healed cracks which were judged to be a result of
fracturing the prefor: early in the run., The cold pressed preform hag a
much lower strength thun the sintered preforms. Thus, it is reasonable to
expect that lower stresser and strain retes cen be tolerated until densificu-
tion approaches 9% of tiecoretieal, .nalysis of the run conditions for
these cracked forgings compared with the uncracked forglngs pointed to
high atrer- at an early atage in the process being more critical than high
strain rates, ' '

One poussible solution to the reaction problem would be to simply
forge using a minimal thermal cycle to achieve the orientation and a
moderately high density. This could be followed by a sintering anneal to
attain a high degree of transparency. Run 1874, which had been forged
from & powder preform, was sintered in an ambient hot pressing environment
- for 3 hours at 1865°%. Inctead of cintering, a 3% loss of density was
recorded, This was a clear example of “he problem of gases in hot pressed
(and apparently forged) ceramics which i discussed more fully in Section
IV. It is thought that sintered preforms subsequently forged and re-
sintered would not display this behevior due to Ha being the residual gas
phase and the fact that H, is apparently soluble in A1203.2’33
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Figure 4. TForging 1893 from a powder preform‘illustrating elimination
of rim cracks.
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Run 1875 was in reality a hot pressing rether than a forging.
Granulated (-100 mesh) powder was loaded iato the die nearly £illing the
female cavity. The initial pressure was applied at 1000°C which is fairly
commor practice in hot pressing. The sample was uncrucked, and probably
unoriented., It was 92.5% dense which, of course, is not Impressive, and
suggests that this is not a very desirable approach. .

Forging 1879 was performed on a sintered preform at 1615°C which
wvas 2009C lower than any previous hemispherical forging. Previous efforts
had taught that forgings could be conducted as low as 1400°¢ and, further-
more, crystallographic nrientation was achieved.3 However, forging 1879 wac
unsuccessful as the forging die fractured at a stress which was at least
6500 psi and possibly as high as 20,000 psi (uncertainty due to possible
error in area of preiorm in contact with die)., No further efforts were
made at low temperature forgings. The concept appears worthy of further
consideration although it is clear that a delicate balance exists between
deformation stresses and strength of the die components, As with all the
forgings, a balance between grain growth and flow stress must also be found.

Forgings 1891, 1898, and 189S were performed using a die set
fabricated from ATJ graphite. It is noteworthy that all of these forgings
stuck on the male punch and were badly cracked. This was attributed %o
the mismatch in thermal expansion between this grade of graphite and Al203.

F. Charecterizatlion Results andVDiscussion

Forging 1830 was scctioned and exemined at mid section and near
the inner rim (Figure 5). Second phase similar to thet previously encountered
vas apparent at mid section (arrow D). The area where a slight reaction
was visible showed a third phase (arrow A). The phase at arrow .: avpeared
similar in reflectivity to the arrow D phase, but, of course, ir much higher
concentration, X-ray analysis was performed by a diffractometer trace on
the outer hemispherical surface. The mojor phase was e< =Als03. Also
found were a spinel-type (ay ™ 7.94) and a third phase which could possibly
be AIN, BN, H3BO3, or a tetragonal AL-0-N compound. Previouslyll, the
spinel-type s@cofd phase vas ldentified as MgAloOy. Pressing 1830 contained
only 0,05% Mg0 which was about 100 ppm under the solid soluticn limit at
1830°% in vacuum. In reconsidering the problem, it was thought that the
second phase might be an oxynitride of the type AlpO3 + AN, One form of
tbls phese is reported to be a spinel face centered cublc structure with
composi&ionally dependent lattice parameters which include the value
T+95 R.* Electron microprobe analysis was perforned on this sample in an
effort to clarify principally the question of matrix second phase identifica-
+icn. Nitrogen was found in the phase identified by arrow A of Figure 9,
but not in any other phase. The phases delineated by arrows B and D were
rich in Mg while no Mg was found in the phase under arrow C. Only Al
emission was noted here, Based on these analyses, the phase identification
can be narroved down to either AIN or BN for the phase at arrow A and
Mg Alp0)y solid solution for the phases at arrows B and D. It may be
possible for N to enter into the MgAls0O) structure based on the similarity
in structure for the oxynitride.

Based on the fact that BN was in contact with the sample suyface
during forging, the phase at arrow A is probably BN. The high concentration
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Figure 5. Section of (a) rim and (b) center of 1830 A105 Hemisphere Porgilug.
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of MgAls0), at the surface must arise from normal volatilization of Mg0
at high temperatures. Buing confined by the forging die, this phase must
react to form MgAl,0),. This phase in turn appears to bond preferentially
(over Aleo ) with BN. No clearcut reacticn phase was found, but it is
suggested ghat some of the sticking problems and reaction problems were
caused oy & reactlon of BN and MgAlsQy.

Figure 6 illustrates the microstructure of a 0.0335 wt. % MgO addition
to Alp0, after forging at 1885%. The MgAl,0y, concentration was found to be
0.45 vol. % by lineal analysis with no geometric correction. This analysis
together with others performed on various 1880° - 1890° forgings having
additions of Mg0 to Aln0; are plotted in Figure T. Judging by the extra-
ypolation of this data, the solubility limits of MgQ is estimated to be
about 0.015 wt. %. This, of course, should be added to the background
concentration which according to the lot. analysis of the powder employed
for the lowest two Mg0 additions was a "trace". This is assumed to be
< 50 ppm making the observed solubdlity limit ~0.02 wt. % at & 1880%
in an atmosphere which wmust be >99.9% CQ.

Roy and Coble’ measured the Mg0 solubility in Al.0: in vacuun.
At 1880%, which is ouly a S0°C extrapclation of their dat& they expeat

a 0.0880 wt % MgQ solubllity. Samples equilibrated in Hp shcvm. a siight
shift in lattice parameter, whereas those prepared in vacuum or air did not
‘exnibit a shift dn lattice parameter. This wvas interproted as evidence
for even greater zolubility of Mg0 in a Hp environment. The data for an
air environment was not reported, In any cvent it can be inferred from the
vacuwn data and the shift of lattice pare: 'tor that there is an atmosphere
effect, Parhaps the factor of & luver solubility in CO is peasonable,
Another possible oxplanation is that a higher zolubllity existy at the
forzing tempevature, but that Mgh) a0y vas exsclved during furnace ceoling.
However, the coarse grein sive vihh the longer diffnsion distances makes
t’li\s unlikely, Thore {3 alw a poxaibility that the NzQ selublliity is .
tomevhat lover than the 0.92 wt, $ Mg catimated as there wus microstructurel
3"idem.e for MgAlaDy, 2. _regastion at the surfsce. This fsplies that com '
M0 was lost due-to volatilization. Based on thia discussion, the observed
0.02 v, § Ng0 limit should de termed an “"experimental coucentration lismit"
applicable to forglng Sls0; at 1880% {n graphite dies. It i vorth sentiose
ing thet Q.1 - 0.3 wt, ¢". Ngb 1o often added as & grein growth ianhibitor in
hot pressed or sintered Als0y. This level appears t~o high by 8 significant
sargin and spinel phase :;hould w obaurved.

Forging 1840 vas amly ed for orystalicgraphic texture. The inverse
pole figure choun (n Plgure § demonstrates a marked preferred basal plspe
orientadion, aé has been chreyved previcusly for betau flat end hemlispherlcal
forgings.l The shift from o mmooth curve 8% ¢ = 39° o Judped ¢o %o &
result of the large grain size (33 pa). Hecentric peaks vere noted in the
‘diffractoseter trace even ueling a 10 mather thas the norwal 19 source slit.
The R enhancenent at ¢ = 0 and depression at & » RO g unqu-.rtiwnble
evidence for strong erystellographic texture, Also shown in Figure 8 ¢
the inverse pole figure 7., flat disc Corging 47 and the error bars asscee
lated with the measurement. Data for forging 47 vas averaged for three
tlow diffractoneter scans on each of two specimen cricntationr relative
to the J-vay bea=. Thus, the error bars account for nonuniformity of
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Flgure 6. Nicrostructure of Forgt ng mm Showing ¥uily Dease %»tmatm
and sn Botimated 0. k5 vel MIQO&.
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orientation, micro-tructure, taking a tangent to the forged surface,
instrumental reproducibility and scale factor conversions. Unfortunately,
the (006) veflectior is one of the weakest in the A1503 structure, so %he
error bars are exceedingly large at § = 0, Bettier siatistics were
cbtained for other reflecticms, thus 1o is possible to state that the disc
forging had a stronger texture. The <(OOOL} orientation has previously
been accounted for s a result of rotation of the basal plane by a bassl
slip mechanism due to a superimposed bending moment. Diffusional and
grain boundary sliding mechanisms probably account for the necessary
sccamodetion to sllow basal slip to continue without cavitation.

Transmission in the visible range has previously been reported.la
A 2 ma thick "c¢" direction sample exhibited 72% total and 49% in-line
transmittance at 0.55 jm wavelength. These values were compared with a "very"
transparent 1.8 mm thick sintered Lucalox specimern having TT% total and 15%
in-line transmittance at 0.55 sm. The higher total transmittance for the
sl_ghtly thinner Lucalox specimen indicates that th: density of this speci-
men vas indeed excellent and lends credence to the validity of comparing
the in-line transmissivity of this sample with the forged Al,0;. The 35%
higher in-line transmittance for the forged Aln0, campared with the sintered
Alggi was judged to be principally due to the reguced optical anisotropy

ting from the crystallographic texturing achieved in forging.

At larger wavelengths, the in-line transmission increases for both
forged and sintered AlpO;. The fall off in transmission above k.5 Jm
wavelength 1s from true absorption with the thicker sample faliing off
faster as expected from the relation

I =7=(1-r)°@"x% (1)
[o]

where I is the intensity of trensmitted light, I, is the intensity of the
incident beam, T then becomes the fraction transmitted r is the surface
reflection coefficient X 1s the thickness of the sample and o4 is the
absorption coefficient. The sbsorption coefficient for “apphire is between
OO2mm"lagd003mmlath5)nnwave18ngthand019mmlat535)1m
wavelength.

The effect of thickness on transmission through forged AlpO3 at
4,5 pm wavelength is shown in Figure 9. A variety of disc and hemispherical
forgings are plotted. The samples have varying densities, crystallographic
orientation, and second phase content accounting for the scatter. ‘The
best fit gives a calculated absorption coefficient of 0,15 mm~l. Since it
is significantly higher than that for sapphire, the value 1s 1udged to be
extrinsic and due to porosity‘ impgrities, and cecond phase scattering
centers, Grimm, Scott, and Sibold® measured an absorption coefficient of
0.3 m=! for 3.975 gm/cc or greater Lucalox at 4.5 pm waveleagth. It is
not clear that the lower absorption coefficient in forged Al,03 can be
attribuled to the crystallcgraphic orientation of the forged samples as
previously diszcussed for measurement at 0.55 pm wavelength. Index of
refrection measurements in the infrared report only the ordinary ray value?
and no reference could be found for the extraordinary ray. A decrease in
biresfringen.e with increasing wavelength is one possible explanation for
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increasing transmission from 0.8 tg 4.5 pm wavelength for both forged alumina
and Lucalox. However, Grimm et al® contend that the decreasing absorption
from 3 to 4.5 pm wavelength was proportional to lAQ\F and therefore supports
& small particle scattering model for the absorption or in-line loss coeffic-
lent in this wavelength region. This argument appears reasonable especially
in view of the fact that the absorption coefficient for both forged alumina
~and Lucalox appear highly extrinsic when compared with the value for sapphire.
However, in view of the consistency of the birefringence-crystallographic
orientation model in explaining the optical data in the visible wavelength
range, the lower absorption coefficient at h.S;nn for forged alunina than
randomly oriented Lucalox, the fact that similar quality starting powders
were used for specimen preparation, and ttat the microstructure of the
forged specimens were not highly perfect (spinel second phase), it appears
equally reasonable that a finite level of birefringence does exist at 4.5 um
wavelength, and has the net result of sllowing greater in-line transmission
for the oriented polycrystalline body.

G COnclusions

1. The press forging process is capable of fabricating complete
nemispheres having high in-line transmissivity.

Mo

+ Both cold press and sintered preforms can be employed. Cold
pressed preforms exhlblt greater accommodation, thus the fabrica-
~ tion of a crack-free hemisphere is somewhat easier. Sintered
preforms have to date always exhibited non-cstastrophic rim
cracks that occasionally extend from the skirt into the hemi-
sphere. To date, sintered preforms have resulted in a higher
density more transparent product.

3. It was shown that as little a: 0.035 wt. % Mg0 addition results
in 0,45 vol. % MgAlo0), phase, and it is estimated that 0.015 wt.
% MgO 1s the “experimental concentration limit."

L, An absorption coefficient of 0,15 mm™t at 4.5 um wavelength
vas found for forged Alp,03 which is about half of that for
sintered Alp03. This suggests that there may be a slight
birefringence in the infrared region.

5. A pret'erred basal crystallographic texture was developed
parallel to the hemisphere surface which was attributed to basal
slip playing & strong rcle in the deformetion process, The
texture was slightly less than that achieved in one of the best
flat disc forgings.

IIT. FLAWS IN ALUMINA AND THEIR EFFECT ON STRENGTH

A. (eneral

Pears and Starrett!® found an effect of speclimen velume on the
strength of alumina of the type predicted by Weibull, but no single get of
Weibull cons%tants could be found. Although many data pointas were eliminated
because of obvious flaws, microscopic flaws in the order of 1 to 50 grain
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diameters in size may have contributed to the prcblem of defining a single
set of Weibull parameters. Such a conclusion was reached in a previous
report on this subjectllt where microscopic flaws were correlaied with strengih
in hot pressed Al50 Flaws wvere detected which reflected both a process
origin and a raw ma%er¢al origin. TIdentiflable second phase inclusions were
found both in the ss-received powder and the hot pressed billets. Two
billets were produced from one manufacturer's powder using different powder
lots, but identlcal procesa conditions. The average microstructures were
identical, but both the mechanical properties and flaw origin were quite
different, Thus, it is clear that the problem of defining the strength of
hot pressed Alp03 by a single set of Weibull parameters was probably not
within the limits of technology at the time this original work was completed.
The question of whether or not it is within the current state of technology
is appropriate and was considered in the current effort. This current work
considered hot pressed alumina from two new powder sources rounding out
consideration of the major vendors of hot pressing grade powder.

B. Powder Characterization

Powder selected for this program was supplied by two vendors
previously used for many fabrication studies on moderately high purity
Alx03 with a specification of 99. 98% pure and 0.3 micron particle size,
Emlission or mass spectrographic analy-'= of starting powders gives a very
selective volume analysis which wav o. aay not be representative of the
total batch., Further, an impurity psrticle or high concentration of solid
solution impurities could be complet ly by-passed :n the sample selection
process. Therefore, Vendor II and Vendor ITI powder was subjected to a
cuttirg and X-ray diffraction + 1lysic in addition to thc standard emission.
syectrographic analysis, Vendor I powder was examined in detail in the
previous repert.ii ~ .

A vendor-supplied impurity analysis is reported in Table II. Both-
powders appear to be ¢ high quality and easily fall within the purity
specifications. Although Alp0y wolid solution soluuility limits heve not .
‘been. determined for most of thé elements liated, 1t is Judged that the
elements reported would all be within the 50¢ubility limit. The wajor
problem with this type of analysis 1s that {t is very selective., Only a ,
few hundred milligrams are analyzed in any one determination making it quite
possible to completely miss a diserete 1mpuritv particu;ate such as thooe
descrived in the rnext section.

Two types of particle surveys were conducted. In the first analy«
sis, &3 gm of powder was extracted from & previcusly unopened ccntainer and
surveyed under an optical sterecalcroscope at 10-45X. Such an analyai: on
Vendor II powder resuited in 20 grey-vlack particles, one grey fibver, one

- strav-colored fibver, one clear rod, and 5 yellow-brown particles. The
second technique concisted of preparing a slurry in a challow dish, drying,
and examining & 2 by 2 inch square area with the dish upstide down using
bottam lighting. In this way, temi-gquantitative particulate impurity
concentrations weru conducted. These results are reported in Table III
for both Vendor II and Vendor III powders. Both powders contain a large
nuzber of particulate impurities, but the powder fram Vendor III exhibited
only one type cf impurity and about half the concentration of impurities
compared with Vendor II. Based on depth of focus and a cheéck of the powder
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TABLE IT

Fnission Spectroscopy Analysis

Concentration in ppuw

Vendor IT Vendor III

si 25 3C

Pb ¥D 1l

Fe 22 10

Mg » Tr 1

Ga 1 3

Ca Tr 3

Cr . ar 1
TABLE IIX

Quant!'ative Analysis of Particulate Contaminetion

in Alumina Powdey

, : ... large
_ Anelysis Black Brown - -~ Clear :

Supplier “ymber - Pagrticulates Particulates - Particuiates - Total
Vendor II - T S N 1
- 2 B B 2. ‘ 5

3 8 - 1 9

CAversge . 8

Vendor YII 1 4 B
2 b Sk

Average (S
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density after drying, the volume of sampling was ebtimated as 0.258 cns,
This translates to 294 particles/cm3 and 147 particles/cm3 of dense material
for Vendor II's and III's powder, respectively. The average spacing between
particles would be 0.15 cm and 0.19 cm. These numbers probably have a

# 2004 accuracy, but even with this tolerance they reflect the fact that
parti»ulate impurities can be closely spaced if they are allowed to became
incorporated in the final product.

Flgures 1l0a and b illustrate a collection of the various impurities
in the two powders. These particulates werc analyzed by X-ray diffraction
end are reported in Table IV. In addition, o&lFep03 wis found in Vendor II
powder. The Fe and Al contamination must occur after calcination. The
94510, is probably from the fused S10, calcining coniminers. Large a<..m.?03
grains arc probably residual powder which underwent miny calcinations before
it wecame incorporated in this powder lot. The ccmplex oxide may be a

_result of & heavy impurity concentration which reacted with the Als03
during calcination, and the fiver cbviously came from some powder handling
process.

C. General Iﬁefect Analysis

One hot pressed Al,0y billet fyom each veudor's powder was
examined for defects by a variet) of microscopy techniques to inglude
fractured chips containing flaws. An attempt hes been made to categorize
the pwdaui.:mxt defects., SR ' '

1. Jherical amd& Zones

: — L‘é\!‘e*t.; in this category contained no obvious inc) u\:iona 0y
.-detailed by optical microscopy and vere one of seversl shadings relative
Cto the matrix; light eodor apheres with no diatinet boundary, dark coler
spheres with no distinet bowndury, and light spheres vith a Gistinct rving
and halo effect. The former defects are illustrated in Figure 1! and appeay
. 1ight in reflected light and dark in trsnsmitvea wdghb. Most often they
. blend wit! the matrix vhen cbserved at high magnification in reflected
1gght. X-rey and microprobe studies previously reportedl! tndicated that
high {opurity or grain grovth inhibitor concentrations may be responuibls _
even though a distinet impurity phase tould not be seen by the usual nicro-
.. seopie techniques. For example Mgh concentyations of 54 and ¢ wn! found
by microprohe, !md it vas me\-ni that the reactim

could occur pnder hot pressing canditions. Aloo, 8 mmm- concentrat on -
of M3Alaly was observed in one cuch defect. It fu Judged that this uype
e & &ex‘ect ‘also arisea from process relatsd problems such as the formation
of s large agglomerate bridyge which fails to break up during hall wil'ing
or the sddition of the grain growth inhibitor.

2. Second Pha:: Incluzion

Another class of defect which may be closely related to that
describved above is the distinguishable cecond phaze inclusion. Figure 12a
showe & lens shade zone surrounding a reodily distinguishable second phacse.
A similar appearing secoud phase was sectioned and revealed an inclusion
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56801 | ) 100K

Figure 10. Impurity particulates found in (a) Vendor II, and (b) Vendor IIX
alumina povder (letters reference particulates described in
Table 1V.)
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TARLE IV

Identification of Particulates in Alumina Powder

Particle(s) in ize |
Figure 10 _pm Analysis ;
A 20-200 Single or compound rhombohedral
: metal oxide of either the Cro0,- ‘
A1203 or Fe’l':LO3 iimenite structure {
a, =5.00 &, Cg = 13.45 &, '
|
B 150 One large and one small e ALy, |
grain. z
¢ 200 o< Fe i
i
D 100 Organic fiber
|
E 60 Amorphous, shiney black, C? i

P 30 One or two grains of °<Si02

G 60 Al
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56TT-4A 50X

Figure 11. Spherical shade zone in a billet fabricated from
Vendor III powder.
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that was identified visually as a metal flake (Figure 12b), clearly a
result of contamination. rigure 13 shows an inclusion with a fiber morphol-
ogy. This inclusion did not exhibit a shade zone apparently indicating
little chemical interaction with the matrix. It is thought that this
inclusion is carbon in the "as-hot pressed" condition. The inclusion

shown in Figure 14 was a dark green 100 Jm transparent grain. This -osuld
be an alumina grain rich in impurities giving it a role similer to tne
exaggerated grain growth defect. However, it is included with this defect
category as it probably has a raw material origin.

3. Exaggerated Grain Growth

This type of defect may be one of the more praminent defects
in hot pressed Al 03. Figure 15 illustrates a cluster of 20-30 mm grains,
Grains half this size could still act as defects from a strength viewpoint
and are not as easily found. Such defecis could arise from inadequate
mixing of the grain growth inhibitor, impurity pramotion of grain growth,
inclusion of a large Al;03 grain in the powder (Figure 10), or perhaps
Just the statistical fluctuation of grain growth lesding to the discontin- .
uous process. : _ S : .

L. Fine Grain Reglon

- W0 examples of this type of defect were found in Venders IX

and XII materials. They may be present, howvever, so 1t is useful te
catagorize thi defect vhich can be described as a zone of fine grains

vhich appear to ue poorly bonded and porous. The size of this defect i» :
- only several matrix grain dismeters, thus it &s much smaller than the sphevie .
cal shade zones previously disceussed. This Fine grain defect {u thought to
‘be & pocket where agglomerate bridging har prevented adequate particle

eontact for solid state dirfuzion, sintering, and grain growth. There is

no cvidence that this defeet has a chemieal origian, ' S

D.  Hot Precsed Alumina for Testisg

“Billets for testing vere fabricated for the test prograsm frog

the pouders already desertbed. Details of the procesy and reswlts are
given In Table V. These conditions vere selected to simulate sites snd
processes used fn the comsercisl production of hot precsed Al0y. The
data canrot be directly cuopared because of the different v jitive and
process conditions. Hovever, both billet: are essentiall, single phase

- hot pressed Al0q with very sisllar sicrosirvctures, 20 on this basis »
comparison ves expected to yield sew understanding. In sddition, billets
fabriceted and tested in the previous period vere directly couparable ssd -
will ve the subject of some discussion. :

E. Traansverse Bend Ctrength and Flav Analyels

Strengti seasurvments vere conducted in four point bending iu
asbient afrvith a relgtive hasidity of 55%. The strain vate employed in
testing vas 5.9 x 10°7 sec*). The riral Pinish on the specimen surface
vas obtained with s L00 grit vheel with the grinding direction parailel to
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I-‘igure 15, Cluster of 20-30 ws grains in material fabricated from
Vendor III material. Lo
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TABLE ¥

Rillet Density Grain size Additive Pressing
Number gn/ce mierons Powder wo. % Atmos phere
1118 3.979 2.9 Vendor II G.1 Mgl - Argon-Vacuun .
459 3,986 1.9 Vendor III 6.2 Mg0 Ambient

: 0.1 Wi0

the eperii.cn-axis. -

All testing was conducted in a ball tearing and stdipless steel
test fixture designed to reduce knife edge concentration and frictionsl
effects. Cousideration was also glven to the shifting of the point of.

tangency at the load and support points. Vrodmun and Ri%t L haya showR.
this to be a serious problem at high deflectious, requiring a numeri cal
analysis to obtain corrected stresses, The error in strsss for the fixture
employ i was caleculated to be 0,025% at 100,000 psi. At this level and
with the standard deviations usually found in Al 05 testing, it was con31dered 7
unnecessary to employ the numerilcal analysis. Shandl has discussed the -
interpretation of fracture features on glass to include mirror region of
smooth crack extension from a flaw, crack branching, and interaction nf .4
crack front with stress waves reflected from nearby.surfaces to fom ﬂallner
lines. Kirchner et a113 recently demonstrated that these regionu'mav be . 5
identified in polycrystalline Al,Oz and are useTu. in some cases to find =
the fracture origin. Further, fradture origings-could be located in several -. . !
of their bars. Similar techniques were employed in this study. ‘ T

Bend strengths are reported in Table VI along with the results-of =
a detailed flaw alysis employing a combipation of stereo and reflected ST
light microscopy technigues as well as electron microscopy techniques.
These results are summavrized in Tsble VII.

A« ey Rl

Six liquid N, tests were conducted on billet 1118 N, to gein.a
measure of the absence of stress corrosion on critical flaws. The average
strength of this specimen group was 50% higher than the specimens tested
in an ambﬁent atmosphere. The spread is perhaps 10-20% higher than normslly
observedl* for a difference in the two types of tests, The direction of
the shift and general levels of strength are within reason, The implications
of the flaw analysis will be discussed in & subsequent section.

LA A Lo

hew et et Sl

Potential difficulties in the testing of square cross section bend
bars can arise due to a r~n-uniform cross section. Knife edge stress §
concentrations and torsional moments giving a complex blaxial stress condi-
tion are the two most likely difficultles., The severity of this problem
in temms of readily obtainable machine tolerance is not well known. After
the first nine (9) specimens of billet 1118 were treated, it was noted that
the machining tolerance and squareness was not up to the normal standards.




Speciméii and , ST A . :
Test Conds‘t.mn . - S Observations

As Machinsd+ °3°

k59-1 ’ S iy o, Fraciure Qrigii;—at large graims
W59-2 ‘ . .J}“&eture or*gm 8% large graing

459-3 ' . _ - Particalak kt\c,x.usiun at fracmr&
T origins:

4594 ) w1 o oo Fracture ori gi“ st corner M*“‘:EN '
B located. - _ T

459-5 50.1 | ~ Fracture origin at one la;?-_g?-zgrain_ oy
459-6 57.5 " Fracture origin at large gratns -

459-T S " 56.6 _ Fracture origin located. o £law e
: : ’ located. ) '

459-8 e 604 Fracture origin ai large grains
R : around a defect. .

62,5+ 9.94.

'As_Machined
11181, ‘7 SRR N 58.8 - . " Rlask inclusion st fracture origin.

11182 ©...580 . Vertical surface scratch at fravture
' T LD e origin.

8.3 - A 61.1 ' - Fracture origiz;.a.t fine grain patch.
‘ 3.118-14 o ‘565.‘?' ' o Bla.ck inclusion at fracture origin.
Lo18s el 0' . . Black inclusion at fracture origin.

1186 ST 6’(.,.. I ‘Either black inclusion or large:
AT - grain at fracture origin

' 11134’ - o 51@.7 o = -Gorner oafigin = 1o flaw located. -
-. 1118-8 ;, . ‘-'65.1‘:,"'j\.1\:.‘ e Black inelusion &b frgé’c‘ufa'd;‘igin. . ,4
mey L BT P Possible large srain st fractue origin
| AP h89 ' v
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-“TFABLE VI {Cont®d)

Fracture Strength and Flaw fnslysis

Remachined - 196°¢C

Specimen Bend Strength ' Observations ﬁ
Kpsi i

Remachined + 23°C
111816 T1.7 Corner origin - no flaw located ;
111811 A 48.1 . Fine grain patch at fracture origin
11:8-12 64.9 Either black inclusion or 5-10um z
- rm—— grain as fracture origin ;

6.2 }

i

i

!

1118-13 80.5 Black inclusion at fracture origin |

T1118-14 102.5 Black inelusion 100 «min from tensile ]

‘ : : surface - possible fracture origin. !

1

11815 . 9k.5 : No obvious flaw at fracture origin z

1118416 101.2 Yo obvious flaw at fracture origin |

SRR KA 1- S | 92.1 Possible 10 jm grains at fracture |

S origin %

1118-13 . ] T2.2 Possﬂible 10 jm grains at fracture
R ety origin

Average=90.6 _
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Therefore, it was decided to resurface the remaining nine (9) specimens
for a check on the severity of the "out of squareness" problem as well a:
other testing on the task. The task results on this subtject are given in
Table VIII. The average strengtns are essentially equal for the two groups
indicating that either both groups are within or cut of the necessary
tolerance for these problems., Fracture origins were found on all the specie
mens and in every case but cne the fracture occurred at a flaw. Several
of the flaws were near a corner, but the majority were at least i of the
vay in from & coruer. The one specimen where a flaw could not be found had
a corner fracture and also exiiibited the lowest strength of the entire
group (54.7 kpsi). "This specimen also showed the greatest thickness variae-
j tvion {0.0008 inch) and a side to side variation that was on the high side

. (0.0003 inch), but not the highest of the "initial machining" group. Based
on these observations, it was concluded that both groups on the average are
g | within the nccessary tolerance to avoid rerfcus xnife edge or blaxial
: stress concen.ration, but that such problems begin to affect results when
the thickness tolerance exceeds about 0.0005 inch.

o, M amromot iyt Rt 4

isathets/
escnpmant

It was interesting to note in Table VII that each billet possessed :
_ a dominant but different defect. FPigure 16a illustrates a low magnification i
T view of & specimen 459-6 having & large grain fracture origin, the major
SRR defect for this billet. A higher magnification view is shown in Figure 16b
3 where it is quite clear that & cluster of grains 5-10X the naminal grain
! size was the critical flaw for failure at 57.5 kpsi.

Only one specimen from billet L59 exhibvited & critical flaw associ-

- = ated with a particulate inclusion, A low and high magnification view of
k- this specimen, 459-3, 1is shown in Figure 17. The semicircular flat region
E of Figure 17b is judged to be the clasalc mirror region of brittle fraction.

This feature is often seen on glasa, but has also been observed previously
on hot pressed Al 03. 1h,13 In the center of the mirror is & 20 pm long. :
rod or plate shaped particulate impurity that is thought to be the critical
flaw for failure 2t 55.9 kpsi. The close proximity of this flaw to the o .
tensile edge results in & calculated stress of 5.5 kpsi at the upper tip A i
of the flaw. Integrated secondary X-ray emission counting was performed on S
the region within the mirror and compared with the matrix. No evidence was I
obtained for an impurity concentration in thie reglon, thus it is possible :
that the nature of the flaw has been improperly identified. It 1s also
possible that the impurity particulate vas lost or on the opposite side of

. the fracture. Thus, the authorswill rest on their analysis vhich is based

- mainly on microstructure consideration.
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Figure 18 illustrates a billet 459 fracture origin where the cluster
of large grains surrounds an cblong zone., It is thought that an impurity .
particle was at the center of the oblong z~ne and was responsible for the
entire microstructural anomaly. It is not clear whether the rather porous-
structure of the oblong zone or whether one of the large grains acted s¢ the
fracture nucleus at 65.1 kpsi.

The strength of billet 1118 was dominated by included particulate
impurities. Figure 19 illustrates a low and high magnification view of one
specimen whose strength was conirolled by the inclusion. Faillure was near
a corner of the specimen. Sterecmicroscopic examination conclurively
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Apecimen kY
¥ frity et hiowing >
and (b) {:rili..:\»:!'@:."‘f" {n) Cricture facc and ori
Tlend defent e W 2luster of 1 origin (arrow),
, e irge graing,
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Figure 17. Bend rpecimen k50-3 hewing (a) fracture orlgin, and
' (b) particulnt~ impurity (¢ cpherteal -hade zone.




Specimen 459-8 showing (a) fracture face and origin (arrow),
and (b) critical defect to be large graine surrounding oblong
impurity zone.




Specimen 1118-1 showing (a) Cracture face and corner origin
(arrov), and (b) mirrer surrcunding defect (arrow) and fracture
origin.
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proved that a black impurity particulate was in the position designated

by the arrow of Figure 19b. The semicircular zone whose origin appears to

be at the arrow in all probability is the fracture mirror referred to earlier.
In se.~ral cases, black impurity particulates were found on the fracture face
and Judging from the crack pattern, they were not the critical flaw for
specimen failure. In all cases the particulctes were some distance away

from the tensile surface. A black impurity particulate is shown more clearly
in Figure 20 which is of specimen 1110-13. :

The fracture of specimen 1118-9 at 68.7 kpsi was attributed to a
possible large grain. Figure 21 illustrates the fracture face and fracture
origin zone. There are several 8-10 am grains near the tensile surface
which could ve the critical flaws. This case is illustrated because it
demonstrates that the analysis is subjective and that seemingly rather minor
deviations from the average 2-3 pm grain size can in all probability act
as strength limiting features. This type of defect is expested to be the
most difficult to control end eliminate in the defelopment of a batter
material.

Specimen 1118-2 showed a clear fracture origin as illustrated in
Figure 22a. A shallow (5 pm) scratch parallel to the specimen axis was
noted, Also some 30 am in form the tensile surface there were a number of
S to 10 am grains. It iz not possible to state with confidence which io
the critical flaw. However, since the 5 to 10 um grains are noted else-
vhere along the tensile surface of the bar, the scratch is suspascted as the
fracture origin. The scratch itself does not appear sharp enough te act as
a critical flaw, thus it i3 suspected that damage caused by the scratch way
have caused nucleation o' the crack., This demage might include dislocation -
structures of the type cbserved by HOck@yls. Rice and Becherl® have noted

that horizontal scratehes can act as erack nuclel and the authors previoualy‘h4

. Tound an angled seratch as a fracture origin. This may be the {irst
documented example of a parallel scrateh as the fracture origin.

F. Di.cuseion

- The analysis of pouders frea tvo nrevieusly unupened nantuiner@

. demonstrated that particulate impuritie: were prevalent in both grades.
‘This, together with the results previously reported, indicates that thyee
mejor suppliers of nominally 99.97% Als0a have a particulate contaminat!dn

problem. A tentative grading of the powders based on the size and concentra-
tion of particulate tmpurities is Vendor:s I, II, and III in onder of

- decreasing particulate contaminatior. The impurity perticulates appear to
aversge 60 pm and can range fin size up to 200 am, whiech, of course, makes
them ready sources of flaws and failure in the Cinal product. The produc-
~tion of high quality Alg03 bodies will require cither finding a scurce of

~ inclusion-firee Axgo3 pcvder, learning to clean powders, or encouraging the
- present manufectureps to exercise serupulous care in powder production.
This {s a problem that muct be coomoni to all users of high quality Als0g
‘censequently {t is expected that there would be great interest in seuurins
a successful solutlon. _

,Inclusiona can be introduced during conscliidation processing.
Examples of this have not been clearly defined during this study, but
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Rigure 20. Specimen 1118-13 showing black impurity part.icuiuw
- as t‘raz.tm orii,in. :




1€

Plgure 21. Speclimen 1118-9 showire (a) Cracture face and urigin (arrov),
and {b) rtructure i origin with possible critical flaws
(in = grains) denoted.




Pigwre 22. Specimen 1118-2 showing {3) fracture face and origin {arrov),
erd {b) scratoh parsllel to axis of bar to be fracture origin.




previous work in hot pressing Al,03 has shown the necessity of establishing
procedures for elimirmting particulate carbon as an in-process inclusion.

In terms of the generalized defects observed in hot pressed billets,
the speclal shade zone is the least well understood, and may be of several
origins., One such origin is thought to be an impurity particuiate which
reacts during pressing to affect a spherical zone around it. The other
:ause may ve agglomerate bridging forming a slightly higher porosity nest.
No examples of this defect as & fracture origin were encountered in the

. mechanical testing. These defects were widely spaced reducing the prob-

ability of them being in the zone of maximum stress. This does not mean
that such defects can be ignored or minimized as applications such as
gas bearings and substrates rennire highly perfect defect-free surfaces.

Second phase inclusions can act as majof strength 1limiting defects.

. Some of the defects found both in the powders and billets range up to

200 pm in size, Many wes€ in the 20 j;m to 60 pm range, which is still
apparently too large. Ball milling the powder is thought to be beneficial.
This reduces the particle size of Inclusicn contaminants end uniformly
distributes the grain growth iﬂkibitor. It is thought that a finely

divided €10, will react to Jorm 28i09.3A1,03 as a thin grain boundary second
phase which would be preferred over a large o€-quartz inclusion. The

grain boundary phase would still represent a source of weakness and corrosion
susceptibility as the _rain to grain bond strength would be reduced over a
pure Al,0; system. The ball milling emplioyed was apparently not suff'icient
to comple%ely reduce the impurities to a grain boundary phase. Furthermore,
it is not clear whether or not this approéach is feasible. However, it is
thought that further advances can be made both by the manafacturers of powder
and in processing. : :

Exaggerated grain growth may result from one of three causes.
Since Mgy is added as a grain growth inhibitor, ore explanatlon is that
the MgO was not wniformly distributed and that the grains grew by the
classic exaggerated grain growth mechanism. The fabrication procesa included
a 16-hour wet ball milling as the manner of mixing the Mg0, which is usually
considered to be & very efficient and thorough manner of mixing. A second
possible explanation is that impurities were clustered in a local volume
and promoted grain growth to the point where exasgerated grain growth took
over, resulting in the very large grains. large colored gralns of oCAlPOq
have been fournd and are taken as ‘eyidence for impurity promoted grain growth.
A third possibility 1s that large € AlpO3 grains were present in the powder

(Figure 10) and acted as nuelei for further exaggerated growth.

The two billets tested in this period had essentially equal strengths.:
One was vacuum »ressed (1118) and the other ambient pressed. Also, billet
1118 had a grain size sbout 1 am lerger than No. 459. Normally the vacuum
pressing result~ in stronger materia. as Goes going to smaller grain sizes
providad densit, remains conctent. The billets in question varied in such
e way that the atmosphere and grain size parameters may have cancelled, )
resulting in billets of equal strength. Such a line of reasoning probably .
would huve been acceptable -if the fracture origins had not been examined
in detall. Having done so it is possible to emphatically state that (laws
larger than the matrix grain size controlled the recorded {racture stresses
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of the billets in question, This being true, therz is no reason.io expect
average strengths from these billets to £i¥ on any streéngth-grain size T :
Plot in a wvay that could be used in any mechanistic arrangement. S e s E

Several specimens where the flaw size wus accurately measured are

plotted in Filgure 23 as strength versus flaw size. Also plotted are .
several data points from the previcus work ! and three comnonly referencedlh’l"l8
strength versus grain size curves where the grain intercept times 1.5 was
considered the flaw size, There is perhaps more scatter in the data than
sometimes cbserved in strength-grain size studies., This is in part due to

the fact that individusl data points are plotted rather than averaged data.

The point to be made, however, is that when < best £it line is drawn through

the data, a line very §lose to the hot pressed A1203 curve of Spriggs,

Mitchell and Vasilosl® is generated. This lends credence %o the validity

of plotting the strength data versus flaw size rather than average matrix

grain size, Another way of viewing the agreement is that it lends supvort

to the data of Spriggs et al suggesting that the matrix grains rather Jhan i §
. flaws were the crack origins in this work. -

o

&R
ey Q“,

This identlcal strength data is plotted versus the inverse square
root of grain or flaw size in Figure 2k, Also included in this plot are .
thie average billet strengths versus matrix grain size, A straight line-
extrapolating to the origin is expected if the vehavior follows the
Griffith relation ‘
2EY

«c

where @, is the fracture stress, E the elastic modulus, 7‘ the fracture
P surface erergy, and C the half length of the elliptical cross section of
' the crack. Alternately a two branch cuxrve is interpreted to follow the
Petch relation of the form

g =

ok

ff‘N(o"y)"'KG-

where N( ¢™,) is a constant related to the yleld stress, K is a constant,
and G is the grain size. In addition to yleld or miecro-yield phenemensa,
Ricel9 has attributed non-zero intercepts to thermal expansion anisctropy
and elastic anisotropies. Figure 24 shows that the Griffith equation (3)
is followed if the flaw size is plotted. The average billet strengths and
average gralin sizes fall off the curve and near the two branch curve of
the data of Spriggs et 811° as analyzed by Carnigliago. It has been shown
in this study that "average grains" are not flaw origins; consequently,
plotting the data this way haec no relatiog op to the actual mechanism. It-is
suggested that the data of Spriggs et 2110 15 also subject to the same
restrictions since their material was rfabricated from an earlicr version of
one of the powders studled in this proj2ct. Thus, branching of the Petch
plot for AlpoO; appears to be caused by increasing flaw to grain size ratios
with decreasing grain size rather than plasticity. This possible explanation
has been discussed previousiy by the authorsll and by Rice.

The finding that the flaws larger than the matrix grains can be
responsible for Petch plots that appear to follow the equation points out
a difficulty and pit fell in analyzing data generated by others particularly

for fine grain materials. Unless the fracture surfaces are examined and
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found free of flaws larger than the matrix grain size (the authors suspect
that few such cases will be found at grain sizes under 10 un) further analy-
sls and interpretstion does not appear warranted. Rice 9 has taken the
approach of emphasizing the large grains in his grain size measurement; this

appears quite correct in cases where impurity or porosity related flaws are
absent,

The results of this study as well as the previous effort in this area
indicate that care must be exercised in performing a Weibull analysis on
ceramics., Certainly in the case of hot pressed A1203 diffi~ulty could be
expected if different powder vendors were used to sugply powder for the
billets under consideration. Evidence was obtainedl® for a lot to lot
variation in particulate analysis and final properties from one vendor's
powder. Consequently, at this state of the art the establishment of
Weibull constants would have limited application.

The 1liquid Np tests were interesting in that higher strengths were
recorded, yet at ﬁeast two specimens had fracture origins at particulates,
Charles and Shawl reasoned that in an ambient atmosphere non-critical
eracks grew under the influence of stress corrosion to the critical size
for propagation. Higher strengths were recorded at -l96°C because crack
growtn cannot occur by this mechanism and higher stresses are required
to propagate a smaller flaw. It would seem that mauy of the flaws seen in
the ambient tests were not large enough to propagate without added growth
by stresc corrosion. Consider the black particulate inclusions in billet 1118
for example. Under ambient conditions, 64.L kpsi are required for crack
propagation, but at -19600 an average of 91,5 kpsi are required. These
facts suggest several possibilities: (1) the particulate flaws of L0 am
(Figure 20) may not be large enough and stress corrosion may be required to
extend a surface crack to the flaw with a net crack length that satisfies
the Griffith criterion, or (2) a change in the crack nucleation mechanism

- occurs between 23°C and -196°C. The latter possibility might entail a

- dislocation nucleated fracture at the higher temperature and a truly brittle
extension of the flaw at -196 C. This would imply that dislocations interaet
preferentially with flaws since flaw origins were found at 23°¢. Although
pocsible, this does not appear likely as dislocation mobilities are likely
to be restricted by the imperfect structure surrounding & flaw. Assuming
that the Griffith relation applies and that double cantilever
beam fracture surface energies are applicable, some idea of the necessary
flaw size for fracture can be calculated. Consideration of the recent

- meagsuremeat of Y for Al50321-2% led to the conclusion that the W= 24.3
'J/m2 value of Swanson<: was a reasonable compromise value for this calcula-
tion. This calculaticn gives for the samples in question

e Tt
S

’577'15:'.;2: kgt

-at 23°C, 64.3 kpst - C = 32,2 m,
Meximum flaw diemeter = 6L.4 pm,
at ~196°C, 91.5 kpsi - C = 16.0 pm

' and
an Maximum flaw diameter = 32 pm.

Thus, in view of thu measureq flaw diameter of 40 pm for the black
particulates of Figure 20, further growth by stress corrosion, for example,
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might be required to cause fracture at 64.3 kpsi. Based on this fracture
mechanics view, model (1) above appears quite reascnable.

G. Conclusions

1. Three commonly used hot pressing grade 99.97% Al;03 powders
contain particulate impurities which lead to inclusions and/
or flaws in the product.

2, Four types of defects were found in hot pressed billets
where the most severe in terms of limiting strength were
particulate inclusions followed by large grains, fine
grain patches, and spherical shade zones.

3. Seventy-two percent of the fractures could be traced to a
defect in the material. The flaws could not be found in
20% of the specimens, while the remaining 8% could be
aseribed to s machining error.

L, Since strengths were shown to be controlled by flaws
larger than the grain size, any effort to relate strength
to "average" microstructure or method of processing was
ruled invalid. o

5. A Petch plot can have a non-zero intercept due to the inecreac-
ing crack/grain size ratio with decreasing grain size. Thus,
although microplastic effects are acknowledged as being
important in some asystems, a non-zero intercept should not,
without examination of fracture origins, be considered proof
of plastic or anisotropy related fracture initiation.

6. A fracture mechanics view of the sirength differences at
23°C and -196°C and particulate flaws at fracture origins
led to the conclusion that further crack extension by stress
corrosion can be required to csuse flaws to be critical. '

T. Using a well aligned foller bearing bend fixture, thickness
variations in rectangular beam specimens must be under : :
0.0005 inch to prevent strength limiting stress concentrationr.

'IV. VOLATILE SPECIES IN HOT PRESSED A1203

A. QOeneral

Upon heat treatment, hot pressed materials normally loze weight
and deneity. This is thought to be a result of processes in addition to
" pore coalescence which causes “over-firing" in pressureless sintering. fThe
‘additional mechanisms have been attributed to cither the expansion due to
an absence of an overpressure of insoluble gases trapped in pores, or the
development of gases due to decomposition or reaction of a chemical apecles
11 the annealing environment. Rice2) believes that molecules such as OH™,
SOu'a, 003'2 are residual from the powder calcining and subsequent handling
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operations. These become entrapped at grain boundaries and pores during

hot pressing. The phenamena persists for vacuum pressed MgO even using
porous or dense dies, and C, Al,03, or Mo die materials. This by itself 06
implies that the powder 1s the source of the volatiles., Rossi and Fulrath
in their ctudy of final stage pressure sintering deusification of Al503
found that end point densities can result from gases trapped within the

die during pressing. By alcohol washing the powder, they were able to
reach high density and observe first order kinetles, a fact they attributed
to absorbed Ho0 on the surface of the A1203 crystallites. It appears to
the authors that the possibility of envircimental gas entrapment could

also contribute to the problem. The work of Coble<’ on sintering Al,0
demonstrates that the gaseous species present in the furnace influence§

the final sintered denjity. This was interpreted as being a result of -
differing gr= solubilities where certain gases such as Np are sufficicutly
insoluble to ..hibit the final stage of pore removal. Similar effects

could be vperative in pressure sintering. Consequently, there are at least
three possible sources of gases in hot pressed material; decomposition
products from the base salt, volatiles absorbed on powder surface sites, and
eptrapment of gases present in the die cavity.

These gases Influence properties which, of course, is the main
regson for concern and serious study. The optical properties of transparent
polycrystalline inorganic compounds are seriously downgraded by pore coarsen-
ing. This can be a problem in wanufacture and high temperature applicationg.

-1t can also he 8 problem {n fabricetion as demonstrated by Huffadine et al®

for MgFo and Z2nS. They found it necessary to maintain pressure during the

- initial part of the cooling cycle to prevent pore cosrsening ard an attend-

ent loss of transmissivity. Mechanical properties are also affected by
these phenomena, A slow auneal of MgO can increase ambicnt temperature

~gtrength presumably dud tc slow diffusion and velatilization of grain bound-

ary impurities. -In contrest, rapid heating to the 1100° - 13009 annealing
temperature generates measurable poroaity and lowers the ambient strength.
The effect of heatinhg reate and pregence or absence of pore generstion on

" elevated temperature mechanical properties have not been decumented in a

controlied fashion. However, density and color changes have beer noted duxing

~ the course of creep studies on hot prezsed Aang Many oxides exnibit

strength o& (grain size)~¥ relstions which break down at goin sizes under

1 -2 pm. In fact, strength has actually been shown to decrease at grain alzesy =
- under 1 pm in Mgd and A1903.?9 One explanation for the phenomens iz that

tiigh anion impurities sasociated with the fine powders and lack of gralin

grovtr lﬂad to decreased grain to grain bond strength.

' The ultimate ob*ective of this study 1a to obtain en undaratanding
nf gas/pore/property relstionships in hot pressed AlO;. The inftial effort
nas dealt with one aspect of this problem: the relationnhip between powder

. precursor, hot pressing environment, and chemlstry of volatile apeciea.

- B, Experimental

The materials for amalysis vere selected to test a number of variablex.
These samples listed in Tabie TX contist of hoth ambient and vaeuum hot
pressed Al.D; from the ammonium aluminum sulfate precursor. Aleso, a sintered
sample frum %he same precursor wvas a.alyzed. Threes different powder precursors
were tested for vacuun pressed products, and finally an annsaled and
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as-pressed sample were analyzed for one high purity vacuum hot: pressed
sample from the aluminum nitrate precursor. The latter samplzs were alsc
chemically analyzed by several techniques.

The mass spectrographic system consicsted of an induction heated
tungsten effusion cell coupled to & Bendix time-of-flight mass spectrometer.
The effusion cell was placed in the vacuum chamber in such a way that gases
effusing from the cell passed into the spectrometer ion source by a direct
line-of-sight path. This system had the advantage over other possible gas
handling systems that unstable species such as free radicals or condensible
species could be detected. A movable shutter which could block the line-of-
sight path from the cell to the ion source was useful in identifying non-
condensible versus condensible gases, It was found during the course of
the work that a memory effect required a high temperature degassing of the
effusion cell prior to introducing each new sample,

C. Results

Pixure 25 illustrates the mass spectrum observed during a typical
run, with a vtackground spectrum shown for comparison. The background
spectrum is composed of peaks identified with compounds common to most high
vacuum systems: H,0, Np, and CO, Op, CHy, and other hydrocarbons. The
spectra taken during the run are characterized principally by a large
increase in the contribution from carben monoxide, CO. This is cbserved as
a large increase in intensity of the mass 26 peak (CO*) Nitrogen (Not*).
also exhibits its major mass peak at 28, but CO and Np can be distinguished
easily by comparison of their complete mass spectra. Under electron impact,
melecular nitrogen undergoes lonization and dissociation to produce the
tons No* (mass 28), ¥* (mass lh) and No™ $+ass 14), while carbon monoxide
‘ylelds ions cO* (mass 28), ot (maas 16), co™ (mass 1k) and Ct(mass 12).

The spectrum shown in Figure 25 shows large increases in intensity of peaks
at masses 12 and 16 as well as at mass 28, but only & slight increase at
mass 14, identifying the evolved gas as carbon monoxide.

Above 1300°C the mass spectrum for Sample 459 showed peaks at masses

70 and 27 az illustrated in Figure 25. The movable shutter identified

"~ these gases as condensible, indicating the presence of Al,O and Al, respect-
ively. These species have been previously seen by DeMarid et al30 when
Aln0; is heated i1 a reducing atmosphere. The major difference between
the present study and that referenced is that evolution of Al-0C and Al
began at a much lower temperature for the present work, indicating the
presence of stronger reducing conditions.

A chip of Lucalox was heated to a maximum terpervature of 1670°C
- without any identifiable Alo0 or Al peaks. Soue CO evolution occurred,
‘but much less than for Sample 45T, This exmeriment was repcated twice
with similar results*, The lack of Alo0 or Al for Lucalox suggests that
C is present in hot pressed billet L59, resulting in the reaction:

2 Aly0, (8) +5C (8) ————gmAl0 (g) +2AL (g) + 50 (g) (1)

#Mchae3l also observed €O (mass 28) e alved from Lucelox and attributed it
to dissolved, chemisorbed and occluded gases.




Figure 25. Magr cpectrua (n) bucirround, and Sh) cample W50 at 1500%

showlng cvolved Al o (muoo f0), €O (ma @ %), and Al (mass 27).




~56-

Many of the hot pressed samples listed in Table IX did not exhibit the
presence of Al50 end Al in heating to 1550°C. Thus, reaction (1) does not
appear to be dominant in all grades of hot pressed materials.

The samples listed in Table IX were traversed to 1550°C. Sample 459
was heated twice. The dominant species that was clearly identified as being
evolved from the Al,O, samples was mass 28. The portion above background
was Judged to be CO a8 discussed previously. Because Alo0 and Al were not
observed on all samples, it appears likely that CO gas rather than C is
entrapped for many grades of hot pressed Aln0O3. This particular question
was ret fully resolved at this point in the study, and will be discussed
further. Semple 1245, a sulfate derived Al50;, was taken through its melt-
ing point without any sign of a S related species. Upcn melting, there was
a massive evolution of CO which swamped the electronics,

The relative intensity of mass 28 was recorded versus time at each
- of &k temperatures from 930 C to 15500(:. Quantitative date was not recorded
for the initial heating of sample 459, however. As each new temperature
was reached, the mass 28 peak height rose through a maximum and decayed

to a nearly constant value., These values are proportioml to concentration,
but of course, are arbitrary units.

, : It was reaaoned that the eoneentmtion evolved would ve proporticnal
to the surface area of the sample. Thus, the peak heights vere divided

by surface area and plotted versus reciprocal tempersture in Figures 26 and |
27 for the maximum concentration and near steady state value, reapectively.
The near steady state concentration values (Figure 27) for Hamples 104k,

1650, and Lux-2 appear to pise with temporsture as expected for a thermally
ectiveted process, . The peak concentrations alzo show this trend at ail but
.the lovest temperature where high concentretions of CO were evolwved. This
lov temperature phenamena is undoubtedly a result of initial degassing of

the surface, As the teapereture was increased, CO apparently diffuses froa -

the interior of the apecimen and is desorved. Such a procese probably
involves an activation energy of motion explaining the higher concentraticus '
~at high temperatures. In contpast, Ssmples 1368«) and 1368-3 exhfbited
approximately equal concentrations of ¢O evolution at 8ll temperetures.
Thiz can be explained as resulting from desorption of the eurface or a hear
surface layer, The dovnwaxd trend of concentration vith inereasing tempers -
-ature suggests a wlow depletion of this surface layer, The {nitial heating

"~ of the ambient hot pressed sample 459 gave qualitative evidence for sassive
CO evolution (Figure 25). However, the secend hoating of the same casple
(Figures 26 and 27) demonstrated that the £0 evelution ums rather lovw, Taies
 is taken ay further evidence for a slow depletion of & surface layer.

Chcmical analyses have been: yer!omed onh puwder, precsod, and
annealed samples from Johngon Matthey Aly0y. Samples 17368-3 and 1368.1,
analyzed in these experiments, are mywsentat&w of the latter two types
of samples, Tabie X liets theve analyses of posi 12:16 volatile speajer
perforned by a variety of technigues. A factor of & dissgreeasent among
the techniques 1= noted. QOreater confidence {s placed in the woet chemical,
fusion and spark source miss spectrometry analyses than the plasua fource
mets spectrometry. Yt Is interesting to note that accomding to the fucicn
anelysis, € actually decreased as a result of hot pressing. Since the
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TABLE X

Anion Analysis of Impurities in High Purity Alumiw

Concentration in ppmw for Samples

Element Technique Pouder As-Pressed Annealed

R

c , Plasmsa mass spec.

18 ' -
Pusion ' '

b
_ 800 80
Plasma zass spee. ‘2&

P ~ Spark mass spec, B
.~ Wet chemical 18

ot

aa Plasma mass Gpec. £0.
‘ A : - Spark uass spec,

B
g

15
'$. . spark mass spec. 0 R L T L

[

© Analysic of msterial equivelent £0 1368-1 and 13683,
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sample was prepared into a powder for analysis, some CO entrapped during
pressing could probably be lost to the atmosphere at this point. The plasma
source mass spectrometric analysis shows & gain in ¢ during pressing. This
analysis was performed on & solid sample, thus it might include entrapped
C0., Based on the analyses alone, Cl 1s the only cother specles that can bhe
expected to be evolved during the Knudsen cell hesting, and none was seen,

The weight loss during the Knudsen cell experiments is listed in
Table XI. For the hot pressed samples the weight losses corrz.ated
qualitatively with the amount of CO evolved at the maximum temperature:
the correlation is better for the weight loss normalized per unit area of
the sample than per unit mass as would be expected if the loss of CO were
diffusion limited. This did not hold for the sintered sample, Lux-2, which
did not lose weight, but appsrently evolved CO. Hot pressed sample 459
was large enough to make accurate density measurements before and after its
two Knudsen cell neating runs. The initial density gain was quite unexpected
as it was felt bloating would occur due to the rapid heating; a small density
loss was recorded for the second heating. The change in density is thought
to be real, as density was measured four times with standard deviations of
+ .007 gn/cc and + 0.004 gu/cc.

These total weight losses are very much higher than can be accounted
for by carbon present simply from gas entrapped in the pores at the point
of pore closure. Assuming that the pores contain CO at 1 atm. pressure
and that closure occurs at 7% porosity, the entrapped carbon would be only
2 ppm, and for vacuum hot pressed material the carbon content from entrapped
gas would be even lower, This is orders of magnitude less than the 80 ppm
measured for the high puritxé vacuum het pressed material, or than carbon
contents as high as 470 ppm’“ measured on other hot pressed AlpO3. Much
of tne observed weight loss can be accounted for on the basis of these
higher carbon contents assuming some reduction and vaporization of AlpG
. as in equation l. These results both indicate that there is significantly
more carbon present than that entrapped as gas at pore closure, Since
these pewders are not carbonate derived and the carbon contents are higher
than usually measured for the powder, it seems probable the carbon 1s picked
up from the hot pressing dies. It 1s difficult to know the driving force
for transport or the form of the carbon in AloCy since there are no solubil-
ity data for C, CO, or COp in AlnOz. Both solii diffusion and gas transport
could provide mass transport from the die to increase the ¢ and CO to the
solubility limits., Carbon could also be present as & second phase. Because
of the temperature dependence of the equilibrium 00/002 ratio this could
result from gaseous transport and redepositiocn of solid carbon in the compact
during heatving when the temperature of the die is greateyr than that of the
compact, Physical inclusion during loading could alsoc be a contributor
although care is taken to eliminate this. A final possibility 1s reduction
of AlpO; to form Al)yC, or oxycarbides; however, the thermodynamics do not
appear %o favor this @nder the hot pressing conditions before pore closure,
and there ls little microstructural evidence for it.

In spite of the uncertainty as to the form of most of the carbon
presert, it is of interest to coisider briefly the form of the gas which
1s entrapped at pore closure. After closure, the pore can shrink to an
equilibrium size at which the internal pressure is in equilibrium which
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TABLE XTI .

Correlation of Physical Crange with Qas Evoluticn
in Knudsen Cell Heating Exweinents

1550°¢ €O

AV
Av, ¢ fen? x 101‘ Ag, ) Peak feight
-0.63 7.6 A 12,650
-0.55 8.9 -_ 19,000

-0.37 11.% +0.175 (high qual. only)
"Oc 035 10 0 ‘Oo 091 69

"00083 1«1. 153
-0.0k0 0.6 59

0 | 0. 1825
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the externally applied pressure and the surface tension, assuming spherical

pores:
b =0 Y +Fa
r

where r is the pore radius, p; the internal pressure, Pa the external
pressure, and Y the surface energy. Assuming the gas to be present at the
ambient pressure at closure (which in hot pressing is less then the applied
pressure) and assuming ideal gas behavior the equilibrium pore size and
final density can be easily calculated. This has been done neglecting.gas
solubility, taking the porosity at closure as 7% ard using 1000 erg/em”

for ¥ and is plotted in Figures 28 and 29 as a function of the initial
pore size at closure. These were calculated for ambient hot pressing taking
Po = 1 atm. and for vacuum pressing using p, = 10~3 atm.; which is higher
than the measured vacuum levels to account for the low powder permeability.
The calculations are done for en applied pressure of 5000 psi end for
ambient pressures which would be typlcal of sintering and alsec cof the condi-
tions for equllibration in firing hot pressed bodies at ambient pressure.
For these materials with 1-2 u grain size, it is expected that most of the
pores would be between 0.1 and 1 p at closure. It 1s interesting that for
such fine grain sizes the final porosities are less than 0.1% even for
ambient pressing and further the ~mount of bloating on refiring is small "
to insignificant. For vacuum pressing the equilibrium porosity and bloating
on refiring for small pores are too smell to be measurable. This indicates
that bloating must result from larger pores present at closure or from
gaseous diffusion between pores during hot pressing and during refiring.

For the fine vwore size predicted, the internal pressures are very high and
gas solubility may be expected. Coble33 has treated this analytically,
showing that for rine pores, solubility becomes increasingly important,

but there are no CO or COp solubility data to allow quantitative analysis.
These considerations plus frequent observation of bloating on refiring,
suggest that the solubility and diffusivity of the CO is suffieclent to
allow some pore coarsening during hot pressing or refiring of this fine
grained Al O3.

The view that emerges is that two simultaneous phenomena are contribut-
ing to the weight loss and CO evolution: (1) C is reacting with Al,0
according to equation (1); and (2) CO gas is entrapped and diffuses aiong
grain boundaries to the surface and desorbs. There does appear to be a
correlation of gas evolution with powder precursor. The sulfate and tri-
hydrate derived powders are assoclated with high evolution, whereas the
nitrate gave a low evolution. Some CO was present in the as-pressed material,
however, as the annealed sample (1368-1) evolved lower concentrations.
The study to date has not adequately defined the differences between vacuum
and ambient hot pressed Al,0.. Clearly they both evolve high concentrations
of CO, and further work is rgquired on this latter point. .

Annealing and the effect of annealing on bore composition and pore
volume has received only introductory attention, and the results were quite
surprising., It can definitely be concluded that ambient hot pressed Al,O-
can, under some conditions, be rapidly heated, evolving copious quantitles
of CO with an appaient improvement to the pore structure reflected by an
increased bulk density. The limits of this condition will be the subject
of further studies,
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The findlngs to date are samewhat in contrast to those of R:Lce:el

who reported CO, OH, H;0, CO,, and mass 34 (H,S) to be evolved from hot
pressed Linde A Alp03. The current effort found no evidence for mass 3k.
This is especially surprising since sample 1245 was fabricated from a

X Al,0; derived from NH@AI(SO&)Q « 12 H50 which, of course, means that it
received less calcination than the powder used by Rice which, if it was
standard Linde A, conta_ined ggA1203 as & major phase and only minor '5’ A1203.
Also, although OH, Hp0 and CO, were observed, it was judged that these could
be assigned to a background source.

D. Conclusions

1. The major species evolved from A120 hot pressed in grephite
dies is CO which is thought to be egtrapped from the pressing
environment. The evolution results in o weight loss which is
yroportional to the CO evolved.

2. There appears to be a correlation between the CO evolved and
the Al,03 precursor. The A1(NO3), derived powder evolved
markedly lower concentrations o% éo.

3. The evolution of CO seems to be limited by a kinetic process,
The nature or mechanism of the process has not been analyzed.

L. No gaseous species directly related to the powdes precursor
was observed during Knudsen cell geating to 20007°C for =
sulfgte derived powder or to 1550°C for the other powders.

5. Although a loss of density has been observed upon rapid heat-
ing of hot pressed Al,03, simllar heating conditions can result
in an increased densi%y and massive evolution of CO.

V. PRESS FORGING S1gN),

A. (General

S8ilicon nitride has become an important englneering material,
Many laboratories are engaged in efforts to improve the properiies and
fabricate shapes. Hot pressing experiments conducted at Avco3h and
Westinghouse3 suggested that a slight preferred orientation is developed
during a conventional hot pressing cycle, This suggested that a press
forging approach similar to that employed for A1203 might provide the ability
to achieve unique shapes and/or propertles. Several preliminary experiments
are reported in this section.

B. Materials

High o& 81.N) powder* was ball milled with U% MgO using an Aly0
ball mill and alcohol media. (Subsequent work has shown chat WC balls ané
tertiary butanol provide a superior mixing procedure.)35 The dried powder
was cold pressed into a 2-inch diameter by i-inch high preform for a flat
dise forging and a l-inch diameter by l-inch high preform for a hemispherical
forging.

*Advanced Materials Engineering Ltd.
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C. Results and Discussion

The forging conditions and results are listed in Table XII. The
95% of theoretical density for 17Tl was considered reasonable for the first
attempt, but certainiy not outstanding. The billet was flat, with only
minor edge cracking, indiceting an extensive capacity for forging.

The hemispherical forging, 1788, was quite successful. Rim cracks
were restricted to the disposable skirt. A sound moderately high density
full hemisphere was obtalned as shown in Figure 30. The hemispherical
surface 1llustrated is an "as-pressed" surface. The forging die fractured
on this run pointing to one problem that must be considered in future work.
It is thought that thermal expansion mismatch between the die and product
produced the strain to fracture in the cool down cycle. A hot extraction
procedure must be devised.

A strong microstructural texture was observed in sample 1771

(Figure 31). This is an extremely strong microstructural texture and campares

with any of the press forged A1203 samples examined.!

The sample was analyzed by X-ray analysis with the phase analysis
reported in Table XTII. ‘This billet was hgﬁher in retained SioN50 than had
been seen on a recently completed program. This is probably due to the
fact that the sample was unconfined ana porous up to 1700° C, the temperature
of forging. The retention of a minor amount of @€-SiN), 1s common &g is
the finding of a trace concentration of Fe3Si which is an impurity coming.
from the starting Si in the powder production.

TABLE XXIT
~ Phase Analysis of Press Forged SigN), (1771)

, ~ Coneentration
Phase : Percent
6 -Si3ﬁh - : 12
ok -5i3N), 2
S1N-0 e %
FeqSi (tentative)  trace

An inverse pole figure for -Si phage was prerewvsd feom an -
area on & polished surface normal to the gﬂressmg direction located approxi-
mately 0.5 inch from the rim. The analytical technique was identical to that
described 1in Section II. Some possible interference was expected from the
0&-514N),, but because of the low concentration the interference was

 predictéd to be small. The pole figure is shown in Figure 32. Also

indicated on this plot are maximum possible errors due to instrumental
variation. The plot shows a moderate crystallographic orientation with the
"c" axis normal to the pressing direction. The SiN,O phase, which is
orthohombic, exhibited a lesser degree of orientation with the "b" axis

noymal to the pressing direction. This orientation i{s compatible with the
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#5766-1 | 1x
Figure 30. 813Nu Hemlsphere Forged from a Cold Pressed Preform
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Forging
Direction

T2hk9 T500X

Figure 31. Microstructwal Texture in Press Forged SigNy,
Sample 1771,
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{10.0}€00.1»s1ip system where the slip plar . rotates normal to the applied
force due to shear within grains oriented favorably for slip.

Four point bend strengths and unnotched Charpy mode impact strengths
were measured on billet 177)1. These are reported and ﬁanpared with two
not pressed Si;N) billets prepared on another program in Teble XIV.
~ Hot pressed biélet 1810 was febricated with powder prepared in a similar
manner to that employed for tl.is forging. MNot pressed billet 1851 contained
1% MgO and was the powder prepared by a special milling technique. This
milling technique has been shown to give higher fracture gurface energies
and higher strengths for reasons that are not _nnderstood.35 Similar results
are noted in Table XIV, thus 8 ccmparison of billet 1771 with 1851 is not
totally valid. It is 1ntex\esting to note the higher impact strength and
lower bend strength at 1316° C,, A comparison of the properties of 1771 with
1810 again shows thet the lgcﬁ C impact strength was somevhat higher for the
 forged billet. Both. the 23% and 1316% strengths vere lower for the forged
billet; howvever, the }.093 C strength may be judged to be equivalent o
either billet 1810 or 1851, Attention is called to the fact that forged .
billet 17Tl was only 95% dense whereas the other two were 99% dense. 1In
summary, it appears that forging holds promise in terms of matching the low
tempersture properties of hot pressed SigN). At 1316°C a low bend streugth,
together with a high impact strength, su.gge.:t‘s that the micro.tructure '
texture results in increagsed plasticity. Clearly, further work to delineate
the nature and usefulnes.a of.‘ the high tempamtm'e behavior is wvarranted, -

D.- Cenclusicae‘ '
mm

1. 481 g, can be press farged fato sound dense discs or hemisphers
ical shapes, thus the process appears ‘to hold proalse. *‘cr
application to this mte. {al. - _

| 2. A strong microstructurel end mcﬁemtcly tmngl 10, Oftcxtum
' is devem;zed. _

. 3. - Press forged Sigly, exhtbxte an interesting mtemlatmmh&p :
‘betveen hibh tenpersture bend and impact streng?h viﬂ.ch varrants
furwer WOrR., K
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