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FOREWORD
This report was prepared by the Space Systems Division of
Avco Corporation under U.S. Navy Contract N178-8986, entitled
"Transparent Armor Protective Material."
The work was administered under the direction of the U.S.
Department of the Navy, Naval Weapons Laboratory, Dahlgren, Virginia,
with Mr. Louis Flaer, Code TI24C, acting as Project Manager.
This report covers work conducted from 1 July 1966 to

30 June 1967.
The writers are pleased to acknowledge the contributions of
the following individuals to this program: R. Gardner and J. Curtin
for ceramographic preparation; P. Daniel and J. Centorino for materials
preparation; R.M. Haag and P. Berneburg for X-ray studies; and
R.M. Haag and A.S. Bufferd for useful discussions.
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ABSTRACT

This study was aimed at the development of transparent alumina
by employing hot working techniques on polycrystalline A1 2 0 3 at
temperatures above 1400 0 C.
Polycrystalline alumina possessing high total and in-line visible
light transmission was fabricated by a hot forging technique which
included suitable recrystallization and annealing periods. The
percentage of the billet that was converted to high transparency w s
strongly influenced by the presence of a strain gradient in the
billet, and this in turn was related to the asper' ratio of the
billet, surface friction of the billet-punch interface, and the creep
resistance of the punches.
The high total transmission was a result of nearly complete
pore removal, and was equivalent to the best randomly oriented
polycrystalline alumina. The high in-line transmission (up to 60%)
was thought to be a result of a strong basal crystallographic texture
induced during forging by the predominance of basal slip as a deformation mechanism. The deformation and recrystallization steps were
thought to be effective in pore removal by a mechanism such as shearing of pores due to grain boundary sliding or the nucleation of a
new population of grains at pores and their subsequent removal by
vacancy diffusion. Initial experiments to define the critical strain
for recrystallization indicate that this value lies between 4-10%
"engineering" strain. The room and elevated temperature bend strength
of transparent material was equivalent to dense but opaque alumina
of equivalent grain size.
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I.

INTRODUCTION AND THEORY
The objective of this program was to produce transparent alumina by a

technique which would lend itself to the production of sizeable sheets approximately ½ inch thick.

Earlier work' had demonstrated that alumina single

crystals having a volume up to 7 cm3 could be brown in the solid state.

Thu

apparent growth method was the strain-anneal technique (described in a subsequent
paragraph) which has been used to grow sizeable single crystals of metals.2
This was proof that primary recrystallization could be induced in alumina, and
thus a new* method of microstructure control was open to the processing of
alumina.

Two new processing techniques were suggested from this finding for

producing the required specimens of transparent alumina.
1.

They are

to produce transparent single crystals by the strain-anneal technique,
and

2.

to hot press polycrystalline alumina with a strong crystallographic
texture (where a large percentage of the grains have an identical
crystallographic relationship to a specimen surface) which was expected
to enhance in-line light transmission due to the suppression of birefringent scattering.

The production of transparent alumina by either

of these methods required an understanding of deformation and pri.-er..v
recrystallization in alumina.
Primary recrystallization can be defined as the growth of strain-free nuclei
Into a deformed matrix, the reduction in strain energy providing the driving
force.

5

Nucleation is important but particularly difficult to study in the

case of alumina because deformation, recovery, grain growth, and recrystallization are all occurring simultaneously.

In metals, this area is still unresolved

*It is important to mention that primary recrystallization has been observed by
Stokes and co-workers 3 after tensile deformation of Wg, and that Rice and
Hunt have been ex%iulning hot extrusion in pclycrystalline MgO and A120 F

-2-

and research is active (see Reference 6 for R recent review).

However.

in

,

deformed metals, it may be assumed that in alumina after hot working, there will
be ntuerous nucleation sites present, particularly at grain boundaries, pores,
deformation bands, and free surfaces, and that nucleation will not be the
rate limiting step in primary recrystallization.

Further, the numter of nuclei

(strain free grains) increases with increasing strain, and this accountj for
the relationship shown in Figure 1--increasing deformation leads to a progressively finer-grained structure after recrystallization.

N
Co

WI

,-4

5o.s
o .G.S.
I,Cc
c

Shear Strain,

E

Figure 1. Variation of recrystallized grain size with deformation. Note that
no recrystallizat>•. will occur below a critical strain, and sample
will retain its original grain size (O.G.S.).
Microstructural evidence that this relationship holds was obtained in tre
examination of an alumina fozrging. Figure 2.

This billet contains a radial

strain gradient where the outer portions had been utder the highest shear
strain, and it Is thought that the micrograph includes areas strained botn.
below and above the critical strain, ("c.

The porous large-grained area to

the left of the single crystal was near the center of the billet, and had not

been strained suftlcf.ently to undergo recrvstallization.

The single crystal

almost certainly nucleated in a region of strain at!or just In excess or the
critical amount, where the small strain prevented excesslve nucleation.

For

single crystal groth to be possible, growth of the first nucleus must proceed
at such a rate that possible nucleation sites in adjacent areas are consumed.
The area to the right oi the single crystal had been deformed more extensively;
hence, the nucleation rate was higher and recrystallizatiorl to a fine-grain
matrix occurred before the deformed matrix was incorporated into the growing
single crystal.

When recrystall!zation to a fine-grained matrix was canplete,

the driving force promoting the fast growth of the single crystal was eliminated.
The fine grain size of the right hand region is

quite remarkable considering

the long time this sample was subfected to high temperature and pressure (5

hours

at 1870 0 C and 6000 psi).
The problem of single crystal growth by the strain-anneal technique (method
1 above) is

somewhat more difficult than producing a recrystallized structure.

The first aspect,

of course, is

"critical strain," • c,

to learn what amount of strain is in fact the

and then be able to induce just this amount of strain

throughout a sizeable specimen.

Deformation control is very difficult for

alumina because all potential pressure transmitting die materials undergo creep
and/or deformation at the temperature required (1750 0 C - 1950°C) for the deformation of alumina.*
step.

The second major problem is the control of the nucleation

As mentioned in the previous paragraph,

the recrystallization temperature.

deformation is

occurring above

Therefore, after deformation,

one must quench

the sam~ple to below the recrystallization temperature to prevent the nucleation
of multi grains.

Then, somehow the temperature of the sample must be raised in

such a manner that one or perhaps several strain free grains nucleate,
obvious technique is to pass the sample through a temperature gradient.)
several grains nucleate,

(One
If

preferred growth rates will usually allow one grain to

*One possible exception to this statement is the use of dense SiC die materials
at 1350°C; this is discussed further ia Section II.E.

-5dominate and consume most of the matrix.
It was recognized that the growth of large transparent single crystals by
the strain-anneal technique would require a large amount of background research;
even with this knowledge, process control and theoretical growth rates may
preclude the achievement of sizeable crystals.

Therefore, work on this process

was aimed at answering one essential question about the strain-anneal process.
What is the critical strain needed to induce primary recrystallization?
In principal, method 2 (above) which is

illustrated by the area on the

right of Figure 2 should be easier to produce than a large single crystal.
Such a structure may well show improved in-line light transmission due to low
porosity and perhaps crystallographic texture.
The previous study

demonstrated that highly worked alumina possessed a

preferred basal crystallographic texture,

so at the beginning of this project

there was reason to believe that scattering of an image as it

traversed through

multi-grain boundaries could be greatly reduced for a worked body over a body
of equal porosity but with random grain orientation.
To achieve a suitable recrystallized structure, an amount of shear strain
should be induced uniformly in the specimen that is far greater than E c and
preferably in the region where the recrystallized grain size-strain curve
(Figure 1) becomes flat.

Secondly, the specimen should be uniformly recrystallized;

that is the temperature of the billet should be raised uniformly above the
recrystallization temperature to allow simultaneous nucleation of the new
population of grains.

A uniform recrystallized grain size would have the best

properties, and this would require a uniform strain; this property would be the
most difficult to control in the hot working process.

It was thought that the

entrapped porosity problem would have to be approached separately; that is,

-6by first obtaining theoretically dense billet stock by either conventional
pressure or pressureless sintering techniques.
it

However, early in the program

was recognized from an examination of micrographs similar to Figure 2

that incorporated in the deformation-primary recrystallization process was a
mechanism of porosity removal; note the decreasing porosity from left to right
into the fine-grained recrjstallized structure.
of these two light scattering mechanisms,

Therefore, the elimination

porosity and anisotropic crystallo-

graphic texture were studied by considering a single process--hot working and
recrystallization.
II.

RESULTS AND DISCUSSION
A.

Fabrication and Microstructural Characterization
The press forging and prefsure anneal operations were conducted usiiig

the unconstricted die wall configuration shown in Figure 3. Three types of
forgings were attempted; (1) forging of powder allowed to undergo normal sintering shrinkage during heat up to the forging temperature;
compressed,
(3)

(2) forging of pre-

undersized cold pressed or partially hot pressed billets; and

forging of previously hot pressed or sintered dense material.

The first

two categories constitute a combination of hot pressing to full density followed
by working of the ceramic material in its fully dense state.

The third technique

more closely represents a true forging wherein most of the vertical compression
achieved results in plastic deformation of the material.

Three types of A12 0 3

powder having a purity of greater than 99.97% were employed; average particle
sizes were 0.3, 0.05, and 0.06 microns.*

The 0.3 micron powder was alpha phase

A12 0 3 , while the 0.05 and 0.06 micron powders were gamua A1 2 0 3.
The processing conditions for all the forging attempts conducted during the
*0.3 P powder was Linde A, 0.05
from A. Meller Co.

p powder was Linde B, and 0.06 p powder was
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-8program are summarized in Table 1.

As no quantitative data on the relative

importance of the various process parameters was available at the onset of
this study, a considereble effort was spent during the course of "he experiments to single out several of the va'iables and to investigate their importance.
The information gained from this approach as well as that from several alternative
processing modifications incorporated into the program are summarized below.
Appropriate definitions of optical terminology used in this report are found
in the Appendix.
1.

Powder Forgings
Figure

4 illustrates the progression of densification and deforma-

tion when powder was used as starting material for the forgings.

The normal

3-inch diameter powder billet shrinks to approximately a 2-inch diameter during
heat up and a density of 60% of theoretical is attained (top left piece in
illustration; run FA-150).

A similar run (FA-108) gave identical results.

The

application of 100 psi expands the diameter to 2- inches and the density to
approximately 70% and 300 psi produces a piece of 2

3/8 inch in diameter and

80% dense (top middle and right billets in illustration; runs FA-151,

149).

The application of further pressure produces further densification, lateral
movement, and produces a piece with rounded edges similar in appearance to metal

forgings (bottom left hand billet in Figure 4).

Eventually the material fills

the die and produces a dense straight edged piece with either conical surfaces
or flat surfaces depending on the rate of deformation, the aspect ratio of the
piece (height/diameter ratio), and surface friction.

Further annealing under

the proper temperature-pressure cycle produces recrystallization, and a change

from opaqueness to transparency.
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Fibure 4. Illustration of ctepwise progrevsion of material durirng
powder forging.
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Effect of Pre-Sinter, Forging Temperature and Length of Anneal
When employing raw powder billets, the usual procedure employed

was to allow the billet to sinter and shrink under no load during heat-up and
for a period of 2-5 minutes during which the temperature was stabilized prior to
the application of pressure.

One attempt (FA-lI8) was made to extend the

sintering period for 30 minutes at zero pressure to see if
beneficial.

such an approach was

The treatment appears to have promoted more extensive single crystal

growth than normally experienced under these process conditions (Figure 5), and
a large equiaxed microstructure containing entrapped porosity was produced in
the polycrystalline section (Figure

6).

It.

therefore,

appears detrimental to

allow excessive sintering to take place before the advent of the deformation
step.

Similar conclusions were reached from run FA-9t and 98 which were

pressure sintered rather than forged at temperature,
employed t-, produce transparent material by forging.

pressure, and times normally
The forging condition

(shrinkage to an undersized billet) was prevented during these runs by applying full load at lower temperatures.

These translucent billets were found to

contain very large, randomly oriented tabular grains with considerable porosity
in the center of the grains and pore-free sections near the grain boundaries
(Figure 7).

The microstructure suggests that initial grain growth rates were

large, and pores were entrapped.

The time at temperature was sufficient. however,

to allow the pores near the boundaries to 'e annihilated by vacancy diffusion
to the boundary.

The remainirng porosity accounts for the lack of transparency

In these pieces.
Forgings conducted between 18400 - 1900°C yielded the bulk of
transparent material.

One forging run (FA-45)

conducted at 18100 C - 18300 C

resulted in a translucent product and previous work involving long term forgings
of A12 0 3 below 18000C were found to yield translucent products at best.

-14-
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4500-A
Figure 5.

Forging FA-1I4 chowing two areas of extensive
grain gromth and translucent matrix.

(

0

~45()3
Figure •..

.,X

Cro:-: :rction of rolycryrtallnc ,atrix of forginv

:h',-ihm-.np retained Iorority and equ.!-xed microFA-1
struclt.re.

S~-15-

1?0

43570
Figure 7.

100 x
Cross section of FA-97 hot pressed at 18400C
showing randomly oriented tabular grains with
pore clusters laying in central areas.

Temperatures above 19000 C were found to result in the developmient of a single
or small number of very large grains during recrystallization.

The resultant

anisotropy of thermal expansion between these grains and that of the surrounding
finer grained matrix created sufficient internal stresses in the billets to
cause crack propagation during the cooling cycle.

Therefore, it seemed

inadvisable to continue to hot form or anneal in the temperature range of
19000

-

1940 0 C.

Process temperatures above 19~40 0 C were not attempted as previous

work has shown that the A12 03 is likely to react severely with surrounding
graphite media in this temperature range.
Temperature uniforrnitý was found to be an important variable during the
course of this program.

This was discovered inadvertantly during run FA-96

when several graphite cylinders in the pressure train below the die body were
replaced with one solid cylinder.

This, of course, resulted in fewer interfaces

in the vertical heat path and consequently a higher heat loss.

The net effect

was to produce a billet transparent on the top, white in the middle, and black
on the bottom.

As a check, the same effect was purposely reproduced in run

FA-102 (Figure 8) by decentralizing the induction coil with respect to the die
body causing uneven hcating along the vertical axis of the die.

The transparent

section apparently experieaiced sufficient deformation to cause recrystallization
which led to the transparent microstructure (Figure 9).

The microstructural

texture in the recrystallized matrix is thought to be due to preferential grain
growth as it is -wellknown that an anisotropy uf grain growth rates occur in
alumina.

The recrystallized structure possesses the same crystallographic

texture as produced during deformation7 and it is well known that there is an
anisotropy of grain growth rates in alumina.

Figure T'is an example of this

where the grains werc oriented randomly with respect to each other.

The middle

-'17-
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21I

31

47
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1 x

4500 A
Figure 8.

1

Forging FA-102 forged under the influence of a steep temperature
gradient

4502 D
Figure 9.

750 X
Cross section of transparent area of forging FA-102
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s~ction of Figure 8 appears to have undergone recrystallization after less
plastic deformation (due to the temperature gradient) as judged by the equiaxed
and large grain size (Figure 10), but subsequent pore removal mechanisms were
limited probably due to the temperature restriction.

The cooler bottom section

of the billet contained a much finer microstructure (Figure 11), and is
to be the uncrystallized deformation microstructure.

thought

The black color apparently

owes its origin to infiltration and condensation of carbonaceous gases.
Two short-term anneals conducted at 1860°C for periods of 30
and (0 minutes (runs FA-142,
translucency.

Runs FA-44,

140) failed to produce material of even good

100, 107 annealed for 120, 125, 133 minutes, respec-

tively, established the minimum annealing period to produce transparency at
70-120 minutes.

Runs FA-47, 96.

101, 106, and 147 with annealing periods of

308-360 minutes indicated that extended annealing up to 6 hours produces no
detrimental effects on transparency.

However,

it

is

not yet clear if the long

anneal is beneficial in improving porosity removal or crystallographic texture.
b.

Effect of Starting Powder
The bulk of the experiments were conducted using Linde A,

0.3

)

alpha A12 0 3 , as the first encouraging experiments indicated that a pore-

free material could be developed using this material.

Six attempts (FA-100-

106) were made later in the program to evaluate Linde B, 0.05p gamma A1 2 0 3 , and
a sample amount of a third powder, A. Meller, 0.

06

y gamma A1 2 0 3 , was added

to the top section of FA-107 to evaluate its potential.

The 0.06)1 powder

offered a distinct cost advantage over the 0.3y and the 0.05

p

powders.

All

three powders proved to be capable of producing transparent material under
similar processing conditions.

The A. Meller 0.06

appears to have

formed a more highly elongated grain structure than the Linde B powder in the
same billet as shown in Figures 12 and 13, both taken near the surfaces of the

-19-

4502 C
Figure 10.

4502E
Figure 11.

750 X
Cross section of white area of forging FA-102 showing
extensive porosity in grain boundaries.

7'50 X
Cross s:ection of dark area of forging TA-102 showing
fine grained equiaxed grain structure
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250 X

14503 B
Figure 12.

Cross sectional area of forging FA-107 from
area made from 0.06 micron gamma A1 2 0 3 powder.

dI

14503 C
Figure 13.

250 X
Cross sectional area of forging FA-10 from
opposite side of sample made from 0.05 micron
gamma A1 20 3 powder.
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billet.

Limited experience on conventional hot pressing of this material also

indicates that it

assumes a more tabular characteristic during grain growth,

so

it

appears that this powder may offer some inherent characteristics that makes

it

more suitable for producing strongly oriented, low birefringent material.

Further evaluation of this material during the report period was not possible,
however,

since a very small sample amount was available and the analysis of

this sample was completed late in the program.
c.

Secondary Effects on the Realization of Transparent Material
Several factors influenced the relative amount of polycrystalline

material within the billets that attained a high degree of transparency.
of the billets ended up 4ith a domed appearance,

Many

and these billets experienced

a gradient in strain history increasing from the center to the edge.

The

extent of doming in these specimens can be Judged by referring to the differential
(center to edge of the billet) in height reduction in Table 1. Transparency
invariably was realized only in the outer sections of such billets.
forgings resulted in a relatively flat specimen,

When the

the degree of transparency

was found to be more extensive and uniform.
The areas of maximum strain (transparent areas in the domed
Riqecimens) contained a finely grained equiaxed or elongated microstructure as
a result of recrystallization and in some cases the outer portions appear to
hnve undergone exaggerated grain growth (Figure 14).
*

Directly interior to this

section was an area of very large grains or a single grain which was brought
about by total strain slightly above the critical amount needed for primary
recrystallization.

The translucent center of the billets contained a micro-

structure of large equiaxed or tabular grains with abundant porosity and
represent the product of insufficient total strain to cause recrystallization
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-23(also refer to Figures 1 and 2).

The strain gradient found in these specimens

is caused by a multitude of factors such as the hydrostatic stress distribution
in the powder during uniaxial compression, surface friction on the punch faces
encountered by material moving outward, the creep resistance of the mating
punch material, and the strain rate employed.

The effect of these factors on

powder as well as solid billet forgings was investigated in a concurrent program7
Basically, hydrostatic pressure distribution was found to be influenced by the
aspect ratio of the piece (height/diameter) and at very low aspect ratios
(below 0.03), deformation becomes impossible.

At slightly higher ratios, "doming"

occurs, and intermediate aspect ratios yielded fairly flat forgings.

Excessive

height/diameter ratios would probably introduce new problems in the form of
barreling of the piece and also by possible interior intergranular separations
of material (due to excessive tensile forces).

During many pressings, mutual

gorging on the surfaces of both the molybdenum spacers and the A12 03 occurred
(for both solid and powder billets) and was undertaken as evidence for extreme
surface friction.

Attempts were made to evaluate pyrolytic graphite paper

and a BN wash as lower-coefficient of friction surface materials for improved
lateral extension of material (FA-45. 46, and 104).

Both of these materials

were effective as evidenced by the flat forgings produced.

However, these

separators should be looked upor with some reservation as the pyrolytic graphite
caused limited reaction and inclusions in the surface, and the BN appears to
have caused excessive grain growth along the surfaces of the A12 0 3 .

A stronger

grade of graphite (Poco AT}X) was utilized in forgings FA-109, 110, 118, 125, 127,
and 128, and was found effective in reducing the strain gradient over that
normally realized with ATJ grade graphite at these temperatures.
Two forgings (FA-136 and 11) of the composition A12 03 + LI NgO
were attempted under conditions found to produce transparency in pure A12 03 .

It was of interest to see if this composition was capable of producing transparency with the possible added benefit of restricting recrystallization and/or
grain growth to the point where the detrimental effects of large grains would
be limited.

(This additive has been found to be a very effective grain growth

inhibitor and is responsible for the almost complete removal of porosity in
the Lucalox sintering technique.)

An examination of the microstructure of FA-136

(Figure 15) revealed that this composition successfully eliminated excessive
grain growth (no large grained areas were found in either FA-136 or FA-141).
Furthermore,

attempted anneals at high temperatures (1900OC)

produced only normal grain growth.

on this piece

The composition, however, resulted in a

gray discoloration in the material and promoted enough reaction with the surrounding graphite during the long annealing periods to cause bonding and subsequent
cracking during the cooling period.
2.

Forging of Hot Pressed and Siutered Billet Stock
One possible disadvantage of the powder forging technique is that,

due to the combined densification and deformation steps, there is limited
opportunity to impart plastic deformation to the material; i.e., the povder
column is very high due to the low bulk density of such fine powders and some
lateral movement takes place before full density is achieved.

A possible

approach to overcome this limitation would be to use starting billets of moderate
density (i.e., partially sintered or hot pressed) or to proceed directly
to impart plastic deformation on undersized fully dense sintered or hot pressed
material.
One attempt was made to test the feasibility of using 70% dense
hot pressed material (FA-123) during run FA-125.

The deformation of this

material proceeded suncessfully, but no improvement was noted mver that achieved

A
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' 4

4384
Figure 15.

250 X
Cross section of forging FA-136 of the ccmiposition

A12o 3 +

%Mgo.

.

14S03A
Figua-e 16.

;*'$.EU•>7.
-r%•%-I, I4'

•5o X

Csr ro
e-,tio of forginga FA-125 made rrom To0
dense hot p-esed billet. Note retained porority
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by powder techniques.

Metallography revealed that an elongated grain structure

was produced but entrapped porosity was noted in many of the grains.

Apparently

the pretreatment of this material (the initial hot pressing) creates further
difficulties to the pore removal process that occurs during plastic deformation
and annealing (Figure 16).
Several attempts at forging previously hot pressed or hot forged
ctock (FA-119.

133, and i35) revealed that slightly transparent material could

be generated in this manner and that it
produce a given deformrtation (little

took considerably higher pressures to

reduction occurred in FA-119 wita pressures

as high as 7000 psi).

One ettempt at a simultaneous multiple forging and anneal-

ing operation, FA-127,

failed to show any improvement over the powder technique,

and it

is

quite possible that only the initial pressure application produced

plastic deformation with the material.

An examination of the microstructure

failed to show any evidence (texture) of extended plastic deformation.

Another

ferging (FA-143) which was conducted on a dense, previously hot pressed billet
or the A120 3 + !4 MgO compo°ition (2.5 3 grain size) experienced a "
reduction at pressures close to those normally employed in

height

the poider forging.

The ease of forging a dense billet was strongly dependent on graln ý;ize (the
smallest grain size forges the easiest
Several attempts (FA-132,
Lucalox material.

This material is

- lowest pressure),
l4k, 145, and 146) were made at forging

nearly pore free. thus forging is

only

needed to impart crystallographic texture to improve the tranapiarency.
again. it

Here

was lound that %iry high pressures were -e4ed'd to cause deformation

presumably because of the large grain size.

Sowe improvements in optical

properties were realized in FA-132 over unforged material (see Seltion IID),
but an examination of billets FA-44. 1145, and 146 reveeled that elongated grain
structures were not attained in any portion of the billets (Figures 17)

1I444e,:
Figure 17

250X
forg-ing FA-14i6 (Lucalox), perpendicular
Section r-'f
to the ~)olno of pressing. Note spinel phase.

I
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These specimens have not been fully characterized for crystallographic texture.
Perhaps the only improvements in optical characteristics are due to further pore
removal by the simultaneous application of pressure and temperature (see
Section 11.0).

A comparison of the differential in height reduction of FA- 1 44,

145, and I46 (Table 1) versus time to maximum pressure shows that some reduction
in the "doming" of these pieces can be brought about by a reduction in the
strain rate.
The difficulty of forging dense billet stock is apparently due to
the large initial grain size.

This conclusion is strengthened by the realization

that high pressures, ) 10,000 psi, were never found to be necessary when forging
dense, 5 f grain size pieces of hot pressed A12 0 3 + -i%MgO.
B.

7

X-Ray Diffraction Studies
Diffraction scans were conducted on sections of transparent billets,

both parallel and perpendicular to the pressing direction, and the results
were normalized to characterize the degree of preferred orientations produced
during the forgings.

This was done by comparing the peak intensity levels

received from the crystallographic planes in forged specimens to the published
values expected from randomly oriented powder samples.

This measurement is

thought to be important in the evaluation of transparent material as a high
degree of crystallographic texture is expected to reduce scattering due to
birefringence.
The hot forging work was found to generate material in which appreciable amounts of preferred crystallographic orientation was observed.

This is

shown in Table 2 which lists the normalized intensities for the basal planes
(O00

6 )and

(000.12) a plane close to the basal plane with favorable Bragg

conditions for strong reflection (i0i.i0) and the prism planes (ll2ojand (03o0)
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Table 2.

Relative Intensities of X-Ray Reflections From
Indicated Planes in Forged A12 0 3
Prism Planes

Basal Planes
SSample No.

Direction

Randomly Oriented
Powder

(000,12)

•%,(i0[.i0),

1

15

(1120)1(0110)

50

34o
15
77

19
100

FA-45

Parallel
Perpendicular

0
0

66
5

17
28

FA-47

Parallel

8

100

18

12

1

Perpendicular

o

6

0

100

73

FA-103

Parallel
Perpendicular

0
2

11
8

0
2

0
179

0
58

FA-106

Parallel

36

63

15

47

16

0
2

0
6

0
0

100
47

27
81

Lg. Grain Perpend.
Sin. Grain Perpend.
FA-107

Parallel
Perpendicular

14
5

77
0

14
0

12
79

18
67

FA-109

Parallel
Perpendicular

5
0

9
6

2
0

6
70

8
go

FA-110

Parallel
Perpendicular

5
0

24
8

9
0

4
4o

3
71

-30for A1 2 0 3.

If

orientation was not achieved during the working and annealing

the intensities in both sections would be similar and match that of

periods,

the randomly oriented powder pattern listed at the top.

As can be perceived

from the data, intensity values are enhanced for the basal planes in sections
parallel to the pressing direction and for the prism planes perpendicular to
the pressing direction.

The overall effect is that the process yields a product

in which an abundance of grains are oriented with the c-axis running through
the thickness of the piece.
It

is thought that the crystallographic texture arises principally from

the dominance of basal slip, (O001)

llklO

during the plastic deformation.

This texture arises as the basal planes rotate, due to a superimposed bending
moment,

into a stable position normal to the compressive force.

Other modes of

deformation must occur to satisfy the Von Mises criteria of five independent
slip systems; otherwise, voids or cracks would be generated.

Twinning, grain

boundary sliding, diffusional creep, and slip by other slip systems are all
possible.

Prismatic plane slip, (1120)*0o10>, has bpen reportea to cocur

above 16000C, and previous work1 ' 7

has indicated tnat rhombohedral slip

(1012).l0011 , probably also occurs during the forging of alumina.

This

latter slip system is as yet not well documented.
The crystallography of the deformed structure is unchanged upon
recrystallization, and this may be due to o.rtented nucleation or oriented growth
of the recrystallized grains.

Figures 18 and 19 show the microstructures of

two specimens exhibiting a high degree of transparency (see Section II.D for
optical properties).

Both specimens are large grained, 40p to 100

show crystallographic texture.

p,

and both

However, billet FA-47 exhibited microstructural

texture as well as evidenced by the elongated grain structure (Figure 19).

The

most consistent explanation of the recrystallization process that evolved from

-3'-

S°

-411
100 x

4358D
Figure 18.

Av/!

Cross Section of transparent section of forging
FA-110 perpendicular to plane of pressing.

'W';

100 x

4151A
Figure 19.

forging
Cross Section of transparent section of
pressing.
of
plane
perpendicular to the
FA-lO

Fiue1.

CosScino

FA!Tpredclrt

rasaetscino

tepaeo

ogn

rsig
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7

and can also be deduced from examing these structures is the

following:
Both structures are recrystallized.

The new generation of grains retains

the crystallographic orientation of the deformRtion structure due to
oriented nucleation.

FA-II0 received a light deformation and it

recrystall-

ized to a coarser structure than the more heavily deformed FA-47 (following
the relation shown in Figure 1).
by preferential grain growth (it
to recrystallization).

FA-47 attained a microstructural texture
already had a crystallographic texture due

This type of structure only occurs if

the structure

recrystallized to a very fine structure and/or the grains have grown very
large.
C.

Pore Removal
The driving force for the removal of porosity by solid state diffusion

is the decrease in surface free energy by the elimination of the solid-vapor
interfaces.

Atomistically, the process is best viewed as the movement of ions

to the pore and the counter migraticn of vacancies to either a free surface
or a grain boundary sink (the latter is by far the most important of other
possible sinks).

This process is believed to be the major mechanism leading

to densification in either pressure or pressureless sintering of Al2011 0 .
Pressure sintering occurs at lower temperatures than ordinary sintering because
the pressure increases the vacancy gradient (causes more rapid diffusion)
between the pore and sink.

As was mentioned in Section I, there is

an apparent

pore removal mechanism operating in conjunction with primary recrystallization.
Possible explanations for the observed phenomena will be discussed in

light of

known sintering and recrystallization phenomena.
The porous microstructure to the left of the single crystal in Figure 2
is an example where the grain growth rates and consequently grain boundary

-33velocities were high enough to isolate pores sufficiently far from grain boundaries
so that they could not be removed by subsequent diffusion of vacancies during
the annealing period.

It

appears that in the recrystallized (right) area in

Figure 2 (forged from powder),

either the deformation or the subsequent recrystall-

ization must have been effective in removing pores.

The entrapped porosity

in the left of the single crystal of this figure suggested that the movement
of a grain boundary during recrystallization may itself not be a particularly
effective way of removing porosity, even if that grain boundary intersects a
pore.

This is

not surprising, as a similar situation arises in pressureless

sintering, whenever exaggerated grain growth occurs; porosity becomes entrapped
because the mobilities of the grain boundaries of growing secondary grains are
high enough to allow them to sweep past pores.
One possible explanation is
butes to removal of porosity.

that the deformation during hot working contriThe observation that the decreasing porosity

gradient in Figure 2 seems to parallel the increasing strain gradient is evidence
for this.

The exact mechanism of porosity removal during deformation is not

known with any certainty, but the following may be suggested:
1. Pre-Recrystallization Mechanisms
a.

Rapid diffusion oi ions and counter diffusion of vacancies from
isolated pores to grain boundaries could occur by "pipe" diffusion
along the many dislocations present after working.

b.

The deformation of the matrix could destroy the size and shape of
pores,

thereby altering and very possibly increasing the driving

force for pore removal.
c.

Grain boundary shearing and sliding could destroy the geometry
of pores lying along the boundary.

Theoretically, the pore could

be spread out as a flat platelet until they essentially become

-34-

adsorbed "into" the boundary.
d.

Pores may be able to close by self welding under an applied load
if the entrapped gas has a sufficient solubility in the matrix.

2.

Recrystallization Mechanisms
a.

The new population of grains may recrystallize at pores, thus
making the diffusion distances short for vacancy diffusion.

b.

The recrystallized grains are,

of course, angstrom size at some

point, and they may well be nucleated randomly in the structure.
As the grains grow they will come in contact with the remaining
pores.

The boundaries may become pinned by the pores as they grow

and/or the pores could be adsorbed by the grain boundary during
growth.
It would appear that further theoretical work is

needed to ascertain if

any of these mechanisms (or others) may be important in the present process.
However, while rapidly moving boundaries of recrystallizing grains may not be
able to remove porosity, the recrystallized structure may be much more suitable
for subsequent densification than the original matrix (mechanism B-2).

"a situation is suggested by some of the work with powder billets.

Such

Quenching

"a forged powder billet as soon as the rate of punch travel has slowed down
(jv j hour) led to a porous, partially recrystallized microstructure; this is
shown in Figure 20.

However, leaving such a billet under temperature and

pressure for long times (2-6 hours) leads to the dense optically-transparent
polycrystalline specimens shown in Figure 21.

The transparency is,

excellent evidence that all porosity was removed,
scatter light.

of course,

as any remaining pores would

-35-

Figure 20.

Porous recrystallized microstructure
"quenched" after forging for ½ hour.

I

16386-c
Figure 21.

Transparent alumina produced by hot forging.
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Optical Properties
Sapphire is trigonal and consequently all of its physical propertie3

are expected to be anisotropic and vary with the direction of measurement
relative to the major crystal axes; in particular, differences are prevalent
between the C and the A axes.

The optical properties of sapphire show this

anisotropy and consequently are subject to certain restrictions.

Light enter-

ing a single crystal at some arbitrary direction to the main crystallographic
axes is

split into two rays, traveling with different velocities and vibratinr

in different directions.

One of the rays vibrates in a plane defined by the

direction of travel and the C axis, while the other vibrates in a direction
normal to this plane.
and ordinary ray.

The two rays are known, respectively, as the extraordinary

In sapphire, the ordinary ray has a slower velocity; sapphire

thus falls in the optical category of uniaxial negative and two indices of
refraction exist for the two rays.
light into two components is

The only exception to this splitting of

for light incident on the basal plane.

In this

case, all rays are vibrating in a direction normal to the C axis.
Polycrystalline alumina would be subject to the optical property restrictions of the parent crystal.

If the crystallites were randomly oriented,

a

bear of white light would be split many times passing through the thickness of
a specimen.

However,

if the C axis of the crystallites in a polycrystalline

body were perfectly aligned (the A axes could have a random relationship to
each other), light would not be split when viewing parallel to the C axisý and
would only be split once into the ordinary and extraordinary rays vhen viewed
normal to tlis

direction.

The losses in optical transmission are normally the accumulation of
three effects; reflectance,

scattering, and absorption.

The reflectance loss, r,

-37(Frensnel losses) at an interface for sapphire with N = 1.76 is given by:

r

- 1)2
r(Na.

0.077

M1

(N + 1)2
where N is the refractive index.

Therefore, the transmission at each surface

is 0.923 and the transmission, T, for a sample with no other losses (theoretically
impossible, of course) is given by:

T = (1 - r)

2 =

(0.923)2 = 0.852

(2)

When absorption losses are considered, the transmisýAon is given by:
TI 1

100 = l00 (1 - r)

2

e -4x

(3)

where
intensity of transmitted light

I

=

Io

- intensity of incident light

aC

- coefficient of absorption (cm" 1 )

x - thickness of sample in cm.
The absorptiorn coefficient, o( , varies with wavelength, and is thought to be
1
"low" in the visual range, but it attains values as large as 1.9 to 7.6 cm-

in the Infrared range.

In the visual range, samples of sapphire 0.0482 cm

and 0.2573 cm thick possessed an equal transmission of 85%8, and it could be
inferred that thicker samples may equal this transmission level.
It was difficult to assess the differences between a translucent and a
transparent specimen when they are both unpolished.

However, an effort was

made to select the "best" specimens from the large number fabricated, and a
number of these were polished and their optical properties vere determined in
the visual range.

Other bpecimens produced in the progra will undoubtedly show

equal and perhaps superior properties, and these will be subsequently examined.

-38The crystallographic texturing and possible consequences of texture on optical
transmission have been discussed, so it is important to reference the samples
predominant optic (C) axis; the sampling method is shown schematically in
Figure 22.

Each graph showing optical data refers to the x and y direction.
Figure 22.

Orientation of Specimen for Optical Measurements

Pressing direction

J

Billet

4~irection

-

predominant C (optic) axis

x direction

Both in-line and total transmission measurements were conducted with
an extended range Beckman DK-2 ratio recording spectrophotcmeter.

The instru-

ment was calibrated before each series of tests using a :'ational Bureau of
Standards "Didymium" glass standard.
A number of both x and y samples were sectioned from billet FA-47
(forged from powder at 186°C, 5400 psi, and 335 minutes).

The total and in-lIne

transmission (NOexit cone) is plotted as a function of wavelength in the
optical range for x specimens of three different thicknesses in Figu-c ^.
The total transmission for the 0.5 = thick specimen approaches that found for
sapphire of this thiekness (85%).

The in-line transmission of these samples

exceeded any previouas ulues reported for polycrystalline A120 3 of comparable
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thicknesses.

R.L. Coble, holder of the initial Lucalox patent, reported values

of 0.5% to h.5% for 1 mm thickness in patent No. 3,026,210, and St. Pierre lists
40% maximum for 0.5 mm thickness in patent No. 3,026,117 for Lucalox material
of improved in-line transmission.
Professor R.L. Coble kindly loaned his most transparent Lucalox sample
to Avco for a direct comparison of the two Lmaterials.

The total and in-line

transmission values for this piece (A12 0 3 + MgO) and for sections of forged
material (FA-47) with faces parallel to the pressing direction (y) are shown
in Figure 24.

Sections of the forged billet taken in the y direction were

found to contain slightly higher total transmission and considerably higher
in-line transmission than those measured in the x direction.
For example, compare the Lucalox (A120 3 + MgO) specimen with the slightly
thicker (2 mm) forged specimen.

The Lucalox piece has a very good total trans-

mission (approximately 80%) while the forged material was slightly lower
(approximately 70-72%).

The in-line transmission of the forged material, on

the other hand, was considerably higher (49% vs. 16%) than in Lucalox.

The

1.8 mm thick Lucalox specimen possessed an in-line transmission about equal to
that for the 4.8 mm forged A12 0 3.
The in-line transmission differences are shown more dramatically in
Figures 25 a and b.

In Figure 25 a, the 1 mm forged, the 1.8 mm Lucalox, and

the 2.0 mm forged pieces were placed against printed matter.

All three pieces

shqw good total transmission as evidenced by the intensity of the image received.
In Figure 25b, the pieces were placed on a thin glass slide and raised approximately one inch from the printed matter.

As can be seen, the image when viewed

through the Lucalox becomes extinct due to birefringence while the image is still
reasonably distinct through the 2 mm forged piece and essentially unaltered
through the I mm forged piece.

A

TOTAL AND INLINE TRANSMISSION
OF FORGED AL203
100

So-

AL 20 3 + Mg 0(18mm)

80.

Ln.

a

TOTAL TRANSMISSION

--

IN LINE TRANSMISSION

(5aEX IT CONE)
FA-47 Y DIMENSION
20

rAL2O 3 +Mu 0(1.mm)

'-(4.8 mnm)
0.4
771062 P

0.45

0.5

0.55

0.6

WAVELENGTH, microns
Figure 24 TOTAL AND IN-LINE TRANSMISSION FOR FORGED BILLET
FA-47 TAKEN PARALLEL TO THE PRESSING DIRECTION

0.65

4
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and
Comparison between optical transmission in forged alumina (left
flat on the
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The explanation for these results almost certainly lies in the crystallographic texture.

Scattering at pores cannot explain these results, as the

Lucalox specimens exhibited higher total transmission; thus, if scattering was
dominant, the Lucalox in-line transmission should be higher than the forged
specimen.

Birefringence or the splitting of the ordinary and extraordinary

rays as light passes through the multiple randomly oriented grains must account
for the loss of in-line transmission in Lucalox as compared with the forged
crystailographically textured samples.

The texture of FA-47 was not perfect,

of course, or otherwise the in-line transmission would have approached the total
transmission.

Also, it was noted that y samples exhibited slightly (N 8%)

greater in-line transmissions than x sample of the same thickness.
there is a possibility that these were essentially "better" samples,

Although
the most

reasonable explanation is that light passing through the x samples is split
into the two rays and this results in further losses due to the interaction of
these two vibrating modes with grain boundaries and any remaining porosity.
Light passing through a y sample with perfect basal plane texture would not be
split.
Total transmission curves for x specimens from billets FA-44 (forged
from powder at 1850 0 C, 4000 psi, 120 minutes) and FA-i1O (forged from powder
at 18700 C, 6800 psi, 230 minutes) are presented in Figure 26.

Billet FA-110

was the most transparent of the two, but both billets exhibited slightly lower
values than FA-47 (see Figure 23 and compare ihe 1.0 mm and 2.0 mm curves).
The x-ray data in Table 2 showed that FA-47 possessed a higher degree of basal
texture than FA-110 which is undoubtedly part of the explanation.

Some

difference in porosity level may also be present although this could not be
detected by immersion density measurements.

0i
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II
0

I

I

0
NOSI)NH

IVI
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-45Optical measurements were conducted on two commercial specimens of
Lucalox (G.E.

Co.).

One specimen was forged (18500C,

15 kpsi in 180 minutes,

and 5.4% reduction - FA-132) and the other was measured in the "as-received"
condition (both samples were given an equivalent optical. polish).
and in-line transmission as a function of wavelength is

The total

plotted in Figure 27,

and the transparency of the specimens are illustrated pictorially in Figure 28.
It was expected that the forging might induce crystallographic texture in the
sample and increase in-line transmission, but this expectation was not fulfilled.
Instead, the in-line transmission was equal for the two specimens.

However,

the forged specimen possessed a somewhat increased total transmission (the
difference in thickness accounts for only 1.5% of the increased transmission).
This suggests that the hot forging process itself is

capable of porosity

removal on this material (see Section II.C for discussion of several possible
mechanisms under this general category).
E.

Critical Strain Experiments
The discussion in Section I mentioned the fact that a critical strain

exists for maximum crystal growth.
step, it

With suitable control of the nucleation

should be possible to grow large single crystals, and in fact this is

commonly done with metals.

2

The determination of the critical strain for

maximum crystal growth was attempted, and although the question has not been
definitively answered,
from previous work

significant progress has been made.

It was thought

that the critical strain was between 2 and 10 percent.

The

program plan was to produce a number of specimens uniformly strained within
this range, and then to subject each specimen to a uniform nucleation-and-growth
thermal treatment.
it

From an examination of the grain size of these specimens,

was thought that the "critical strain" could be determined.

This phase of
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Figure 28.

Lucalox (G.E.) aluxnLna illustrating transiparency for ýpe~cimen-,
from left to right; as fired, as polished, FA- 132 forged and
polished.

-48the program was only partially completed,

so the following remarks should be

viewed as a progress report.
The apparatus used for forging is

shown in Figure 29.

This consisted

essentially of a water cooled fused quartz envelope and a pressure train made
up as follows:

tungsten/alumina piston/5 mil molybdenum sheet/alumina specimen.

It was "0" ring sealed so that an argon atmosphere could be maintained.

A 7/16

inch diameter specimen was used for this work.
With a

5 KW induction generator coupled to the molybdenum sheet on either

side of the specimen,
were achieved.

temperatures up to the melting point of alumina (2050 0 C)

It was hoped that with this short (71 inch) pressure train and

the clear view of the specimen,

deformation control could be achieved by means

of a cathetometer and/or dial gage mounted to the press platens; the deformation
monitoring attempts were only moderately successful.
The forgings and results are listed in Table
che forgings was pure (99.98%)

3.

The starting material for

alumina which had been conventionally hot pressed

to greater than 99.5% of theoretical density.

A number of strains in the

desired range were achieved, and in many cases the deformations were uniform.
Most of these forgings were conducted above 1700 0 C which is undoubtedly above
the recrystallization temperature of alumina, so it
quenct

was thought necessary to

these specimens to some relatively low temperature - 1000

to 1200 0 C

-

to prevent recrystallization; recrystallization was to be induced subsequently
in a controlled manner.

Quenching was accomplished while pressure was being

maintained which should have inhibited the formation of any strain-free nuclei.
Many forgings were conducted at 1760 0 C and deformations up to 10 percent
were achieved.

No firm conclusion can be drawn relating pressure and deforma-

tion, as each run was terminated to achieve a specified deformation--thus times
at load varied considerably.

In the forging process,

the aspect ratio of the

o49-

iI

Figure 29.

Forging Apparatus for Critical Strain
Experiments.
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Table

3.

Forgings of Small Specimens for Annealing Experiments
Specimen

Temp.

No.

Pressure

Percent Height

°C

kpsi

Reduction

JC 2

1760

5.8

JC 3

1760

JC 6

1760

8.7

10

JC 12

1770

3.0

0

JC 13

1500

run terminated prematurely

JC 14

1770

5.0

15

1500

run terminated prematurely

JC 16

1800

7.5

1.5

Quench to 12000 C, furiace cool

JC 17

1760

13.5

1.8

Quench to 12000 C, furnace cool

JC 19

1770

0.7

0

Quench to 126000,

JC 20

1760

5.0

1.4

Quench to 1215 0 C, furnace cool

JC 21

1760

8.0

i.4

Quench to

JC 22

1850

8.0

20

Jc 23

186o

8.0

4

Quench to I-350C, furnace cool

JC 24

1800
w.0

3.8

0
4uench to 1'1,2
00C, furnace cool

JC

Post Strain Treatment

2

Quench and reheat to 1810°C

4~.5

Quench to 23 0 C

0.2

Quench to 10000C,

furnace cool.

Quench to 1200°C,furnace cool

Quench to 12000C, furnace cool

furnace cool

-1000, furnace cool

Furnace cooled

specimen is the most important variable to control after temperature and
pressure.7

A convincing demonstration of this was obtained by comparing the

results for forging JC-22 (aspect ratio of 0.45) and JC-23 (aspect ratio of 0.09).
Both forgings were conducted at the same pressure and temperature,

yet JC-22

deformed greater than 20 percent in less than 1 minute and JC-23 took 20 minutes
to deform 4 percent.

The amount of shearing forces as compared to hydrostatic

force increases with the aspect ratio and this promotes plastic deformation by
slip.
The program plan called for these samples to be given a uniform recrystallization treatment.

It was decided to pass the specimens through a temperature

gradient which included the recrystallization temperature at a specified rate
and then hold them in a uniform temperature zone for 1 hour.

This cycle is

shown in Figure 30.

2000
0

1800
1600

14oo
2
Figure 30.

4

6

Time, hr6.
StRndard Thermal Cycle for Strain-Anneal Experironts

Much of the time spent on this aspect of the program was concerned with
the design and debugging of an apparatus to produce the desirec thermal treatment.

The final design is

shown schematically in Figure 31.

A Lepel Crystal

Puller provided a means of uniform lowering and consequently a means for heatIng a specimen at a constant rate.

Slots were cut in the susceptor to introduce

MOLDIER- CONNECTED TO LEPIL

FLOATING ZONE UNIT

ALUMINA ROD-

-LOOSE

FIT-POSITIVE GAS LEAK

ARGON OUTMOLYBDENUM WIRE SUPPORTS
SAMPLE
SITE SAMPLE
MOLYDEtNUM SUSCEPTOR

"SAND"QUARTZ TUBE

~II

SUSCEPTOR
SLOTS IN

INDUCTION COILS--C

c

VYCOR CLEAR
QUARTZ TUBING-

/
/

ARGON IN
QUARTZ WINDOW
PRISM

-.

J

Figure 31 TEMPERATURE GRADIENT ANNEALING FURNACE
-5Z-

Tre temperature at the hot zone was rield at the

a - arp tenperature gradient.

final annealing temperature throughout the anneal.

A site sample (alumina)

was lowered ahead of the forged specimen so final temperature adjustments could
be made.

An argon protective atmosphere was maintained within the chamber.

No

completely successful annealing has as yet been completed although several
moderately successful annealings have been completed.

Specimen JC-24 was

annealed according to the above mentioned heatIng cycle although it
undergo the full 2 hours at 1950 0 C.

did not

A microstructural examination of the anneal

specimen failed to reveal any evidence of single crystal growth or recrystallization.

The preliminary conclusion is that 3.8% strain is below the critical

strain.
One series of forgings (JC-4 and JC-7-11) was conducted at a temperature
which was believed to be below the recrystallization temperature of A1 2 0 3 and
these are reported in Table 4.

Forging at low temperatures is

attractive in

that the quench step and the uncertainty of preventing recrystallization would
be eliminated.

The working and recrystallization steps would in this case be

analogous to those used in conventional metallurgical practice.

The experiments

were intended to show the limits of temperature and pressure which could be
employed for the hot working of A12 03 .

It

was recognized that die material

limitations rendered pressures in the range of 35 kpsi impractical for large
(1 inch diameter) specimens.

These forgings were 1 inch diameter specimens

using SiC punches arl a platinum 'urnace.

All of the specimens exhibited some

reaction with the SiC punches and consequently cracked into several pieces.
However,

it

is thought to be quite significant that homogeneous deformation

was achieved which implies that five Independent plastic flow systems (Von Mises
criteria1 1 ) were operative..

Although little

crystallographic texturing was

Tatle
Low Temaperature Forgings of Small Specimens
Specimen
No.

Temp.
0C

Pressure
kpsi

Percent Height
Reduction

Post Strain
Treatment

mc 4

1350

35.0

4

Furnace cool

JC 7

1350

35.0

1.5

Furn~ace cool

JO 8

1350-1500

35.0

45

Y,.rnace cool

JO 9

1425

35.0

50

Furnace cool

JC 10

1425

35.0

35

Furnaze cool

JO11

1425

35.0

37

Furnace cool

observed, some microstructural texturing occurred (Figures 32 a and b).

There

was no evidence that recrystallization had proceeded--thus it appears that these

I

specimens were in fact forged below the recrystallization temperature.

Thus,

it
appears that critical strain anr,!aling experiments could be done with these
specimens.
F.

Mechanical Properties
A limited study was made of the brittle strengths of some of the more

tran'sparent specimens.
Figure 33.
grain size.

This data is listed In Table 5 and also plotted in

The strength of polycrystalline alumina depends critically on
Data from Spriggs, Mitchell. and VasilosI 2 are included in this

Vigtre for comparison.

It e~an be seer that the strengthq or the transparent,

* j.grain size alumina is intermnediate between the 40-50
grain size opaque materials.

p and

80-100

y

Also, the room temperature values agree closely

with these of Charles and sihawl3 for Lucalox (G.E. translucent Polycrystalline
A1 2 0 3 ).

This suggests that neither the press forging nor the transparency has

seriously weakened the specimens produced under the present program.

Moreover,
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-57Table 5.
Bend Strengths of Tgansparent Polycrystalline Alumina
(Billet FA 10-)
Bend Strength (psi)

Temperature
230 C

29.2
32.2

31.9
28.6
21.5

1200°C

21.9

21.6
21.5

19.5
18.4

1400°C

18.8
it may be expected that experience with and trends predicted from opaque alumina
may be extended to transparent alumina, at least with regard to their mechanical
properties.

Such experience would suggest that finer ultimate grain sizes

would be desirable for improved strengths and this is expected to depend
ornLr
the post recrjoita

crIt2.ca
III.

za" .,

heat treatment.

SUMMARY
A.

Three types of high purity A12 0 3 powders varying from 0.06 P to 0.3y

average particle size were used successfully to produce highly transparent
bodies by a hot forging and annealing technique.
ing performed on the powder teS:: tI..-ao1

Sintering or pressure sinter-

tion of 'he forging pre-,ire ras

found to be detrimental because it led to a rtention of porosity in the finished
product.

Suitable annealing periods were established at 2 to 6 hours.

The

amount of transparent area in a billet was found to be influenced 17the presence
of strain gradients, which in turn were found to be related to the aspect ratio,
surface friction, creep behavior of mating materials, and the strain rate

-58employed.

Solid billet forgings necessitated the use of higher pressure levels

to achieve a given deformation, because of larger initial grain sizes, and, in
general, were found to offer no advantages over the powder forging technique.
B.

The hot working of alumina results in a strong basal crystallographic

texture normal to the pressing direction, principally because of the dominance
of a basal slip deformation mechanism.

This same texture is

retained after

recrystallization, and this may be due to an oriented nucleation mechanism of
recrystallization.

The recrystallized material exhibits microstructural texture

after an extensive growth period, and this was attributed to oriented grain
growth.
C.

A pore removal mechanism thought to be unique to the hot working

process accompanies deformation and/or primary recrystallization.
deformation pore removal mechanisms,

Several

such as the sheering of pores due to grain

boundary sliding and recrystallization pore removal mechanisms,
nucleation of the new population of grains at pores,

such as the

are thought to be responsible

for the development of transparency.
D.

The in-line transmission of forged alumina at optical fequencies

was found to be considerably higher (withi values up to 60%) than randomly oriented
pore-free polycrystalline alumina.
of crystallographic texturing.
, -r, P '',s

This improvement is

thought to be a result

Total transmission values of material generated

study were equii.Aeent to the beat randomly oriented polycrystalline

alumina.
E.

A series of specimens were forged and quenched for use in annealing

experiments which were designed to study the critical strain required for
primary recrystallization.
strain was above 3.8%.

Initial experiments indicated that the critical

Microstructural texture was produced in small scale

forgings conducted at considerably lower temperatures (1400 0C) than normally

-59employed (i50

0 C)

by going to very high pressures (35 kpsi).

Bend strengths of transparent specimens at 2 3 uC, 1200 0 C, and

F.

1400°C

were found equivalent to dense but opaque specimens of equivalent grain size.

IV.

CONCLUSIONS AND RECOMMENDATIONS
Polycrystalline A12 0 3 possessing total light transmission of greater than

75% and in-line light transmission of greater than 55% in the visible range
can be prepared by the hot forming teciniques described in this report.

Unique

pore removal mec~ianisms active during the deformation and recrystallization
periods are thought to be responsible for the transparency achieved.

The high

in-line transmission hereto not possible in this anisotropic material is a
result of the strong crystallographic texture induced by the basal slip of this
material at very high temperatures.
Presently, the process is
small (4

limited in reliability and to the realization of

4 square inch) area tiles.

The consistent extension of these techniques

to larger areas requires a better understanding of the following categories.
1.

Determination of Optimum. Raw Material Characteristics - The techniques

employed provided transparent material with all three powders that were examined;
i.e.,

the process seems to hold a certain latitude in the choice of starting

material.

However,

it

Is felt that to further improve total transmission

values to levels 1eyond 80ý transmission, the influence of variations in
powder characteristics such as particle size and impurity levels on transparency.
will nave to be established.
?.

Modifications of the hot forming technique will have to be developed

to c-%nsistently produce a uniform deformation over a greater percentage of the
billet area.

The proper control of this parameter vould extend the size of

transparent areas within each billet.

"II

3.

A better understanding of the pore removal mechianism(s)

at

u. darirw

ti~e deformation and annealing periods and factors whicr directly influence
t-eir effectiveness would be useful to establish more optimtm processi~ig
conditions.
4.

Greater plastic deformation and therefore greater preferi'ed crystallt-

graphýic orientation must be aciieved to increase tV
through wnich distant objects may be viewed clearly.

I

thic::neso of material

-61APPENDIX
Since there is a lack of standardization of qualifying terms used in the
study of optics, the following definitions of optical terms are included and
are appropriate to the terms discussed within this text.
Opaque - inpenetrable to light, not allowing light to pass through.
Translucent - having the property of transmitting rays of light to pass
through but diffusing it

so that persons, objects, etc.

on

the opposite side are not clearly visible.
Transparent - having the property of transmitting rays of light through
its substance so that bodies situated beyond or behind can
be distinctly seen.
Total Transmission -

transmittance,

the ratio of the radiant flux

transmitted through and emerging from a body to the
total flux incident tc it.
In-Line Transmission

-

transmittance of emergent beam which is parallel
to the entrance beam,
transmittance.

sometimes called specular
0

In the reported text, a 5

exit

cone whose axis is parallel to the entrance beam
was evaluated to arrive at the stated values.
Diffuse Transmission

-

light transmission passing through a body irrespectful
of the 50 parallel exit cone - total transmission
minus the in-line transmission.

I
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