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SUMMARY

The purpose of this program is to develop a technique for hot extruding MgO and to determine
the effect of hot extrusion on MgO. Preliminary evaluations of the effects of extrusion will
be made on other oxide bodies.

Crack free MgO extrusions were obtained from 1"-diameter billets in a 1"-thick-wall tungsten
can, while extrusion of 1.5" diameter billets in a 0.75"-thick-wall can were cracked.

Extrusion into a catch tube heated to 2000°C (3635°F) reduced, but did not eliminate cracking.
The mechanism of cracking appears to be either excessive shear or thermal stress of the ceramic,
with the latter favored.

Testing of extruded MgO showed that its strength is 50%,0r more greater than hot pressed MgO
of equivalent grain size. The increase in strength was shown to be due to decreased misorienta-
tion of grains by the {100 axial texturing. The extruded material obeyed the Petch
relationship. Fracture texture of the extruded MgO allowed fracture origins to be detected,
which,along with strength analysis,showed that crack nucleation by dislocation pile-up at

grain boundaries occurs in extruded MgQO, and is probably the controlling factor in the strength
of all dense MgO of adequate purity and flaw content,

Extruded bodies, especially those without cracks, were found to have residual stresses. This
apparently was the cause of weakening of the bodies by chemical polishing. Annealing for
1 hour at 2200°F (1205°C) relieved these stresses.

In addition,this work confirmed results of the first year's study. These include substantial
grain elongation during extrusion; nearly,though not fully,complete recrystallization during
cooling; slower grain growth and the same or greater orientation on annealing; that the least
porous and finest grain size starting billets generally give the least porous and finest grain
size extrusions; and that extrusion improves alloy homogeneity .



INTRODUCTION

Background

Hot extrusion of refractory oxides(]-3) in this program is primarily intended to improve
mechanical properties of these materials and increase knowledge of their high temperature
deformation characteristics. In brittle ceramics, mechanical failure initiates with crack
nucleation and subsequent rapid propogation. In several, and possibly all refractory oxides,
cracks are nucleated at lower temperatures due to grain boundary constraints on microscopic
plastic deformation; while at higher temperatures, failure frequently occurs due to grain
boundary sliding. Both of these mechanisms increase with increasing grain misorientation,
Hot extrusion was, therefore, proposed to improve mechanical properties because it should
develop a preferred texture, reducing this grain misorientation,

Ceramic alloying was proposed in conjunction with the extrusion because it should reduce
grain boundary crack nucleation and sliding,as well as inhibit crack propogation!!=%/, and
because extrusion provides an excellent means of preparing many possible alloys.

That hot extrusion of ceramics was indeeci feasible was shown by the pioneering work of
Hunt and co-workers on reactor fuel rods(®), subsequent cursory work(2), and then an
exploratory study of MgO by Rice and Hunf(z). The technique was generally to co-extrude
the ceramic in a metal can of suitably matching stiffness. It was also suggested that some
ceramics would have adequate plasticity to allow extrusion without cans,

Summary of 1964-1965 Work

Work in 1964-1963 under NASA contract NAS 7-276, " Identifying Optimum Parameters of
Hot Extrusions" (6, ), showed that ZrO3, CaO, and a CaO-MgO alloy were extrudable in
molybdenum alloy (TZM) cans after heating to temperatures of approximately 2000°C(3530°F)*
Both showed distinct discoloration part way into the extruded ceramic indicating reaction with
or contamination by the can. CaQ showed {100 > texture along the extrusion axis similar
to MgO(2,6,7), Separate single trials of extruding NiO and CeO2 in molybdenum alloy
(TZM) cans apparently resulted in decomposition of these oxides. A trial of MgAl204 was
thwarted by what appeared to be rapid reaction with a CaO billet in contact with it in the
same can, :

Attempts to extrude MgO with only a thin metal shell were unsuccessful - possibly due to the
sacrifice in billet quality needed to obtain the necessary large billets (2.4"-2.9" diameter by
5" to 7" long).

*Throughout this report, the first temperature indicates the scale in which the equipment
was calibrated.




MgO and MgO alloys containing NiO, AlpO3, CaO, or ZrO9 were successfully extruded

in the several experiments using 3" OD, 1.5" ID sintered tungsten cans. Solid billets made
by sintering (usually hot pressing and firing) or fusion generally produced denser extrusions
than the extrusion of powder. MgO, MgO-NiO, and MgO~1 w/o Al7O3 all extruded
similarly, generally requiring heating to over 2100°C (3810°F) and extrusion pressures of about
60-70 tons/in2. MgO-CaO, MgO-ZrO2, and MgO-5 w/o Al2O3 extruded similarly, but
required heating to temperatures of over 2300°C (4170°F), the same or greater extrusion
pressures, and underwent less reduction than MgO and similar materials. Alloy homogeneity
was generally improved, though some grain boundary accumulation of the second phase was
present after extrusion (apparently due to re-precipitation).

Lowest density bodies usually underwent the greatest densification, but the least porous
starting bodies of the same composition were generally the least porous after extrusion,
Similarly, the largest grain size bodies usually underwent the greatest reduction in grain size,
but the finer starting grain size generally gave the finer extruded grain size. MgO bodies
with second phases (due to CaO, ZrO2 or A|203) had the finest grain sizes.

All extruded MgO and CaO bodies were found to be mostly but not completely recrystallized.
MgO, MgO-NiO, and MgO-1 w/o AlyO3 bodies had a very strong 100 >  texture
parallel to the extrusion axis and MgO-CaO, MgO-ZrO2, and MgO-5 w/o Al,0O3 had a
somewhat less pronounced texture. Annealing at temperatures up to 3000°F(1 65%°C) appeared
to increase orientation, but produced slower than usual grain growth,

Reduction ratios of ? and 13 to 1 were readily achieved with higher reductions seen feasible.
Higher reductions appeared to increase orientation and reduce grain size,

The major problem was cracking, This could generally be classified as either random or
linear depending on whether the intersection of cracks with planes either through or
perpendicular to the extrusion axis are approximately random or straight lines (see Figures 1
and 2 for examples). Random cracks were generally more dense and generally associated
with second phases (precipitates or pores) and less textured specimens. Some cracking
appeared to be due o irregularities of the extruded ceramic allowing the tungsten can to
mechanically constrain ceramic shrinkage on cooling. Radial cracks appeared to start at
the center in both extruded and unextruded (stalled) billets. Use of cans with slots down the
side so the can broke open upon cooling may have reduced this (and facilitated removal of
the ceramic), but were not always well controlled upon exit from the die in the limited tests
performed. Extrusion into an insulated tube tripled time for loss of red heat to about 3 minutes,
but made no noticeable change in cracking.

The program was continued, emphasizing use of solid billets of various compositions or para-
meters in tandem in thick wall cans,with the major emphasis on reducing cracking and
obtaining data on mechanica! effects of extrusion on MgO and its alloys. Some work on other
oxides was planned, with particular interest in study of an anisotropic oxide such as Al9O3 ®)
because even greater strengthening effects by texturing an anisotropic material was predicted* .
Fabrication of better billets and further evaluation of uncanned extrusions were also considered,
but in a secondary role depending on need and opportunity for development without dilution of
the main program effort.



BILLET FABRICATION

General Technique

Billet fabrication continued to be based on Vacuum Hot Pressing Procedure B (Appendix 2)
except for modifying the temperatures at which pressure is applied and held, These modifi-
cations, particularly in applying pressure, were made to avoid problems of excessive gas
entrapment!®),  Modification of the pressing temperature also reflects correction of thermo-
couple errors. (The Appendix Procedure B has also been corrected). Earlier work at temp-
eratures in the order of 1000°C(1835°F) had appeared satisfactory with fine gauge chromel-
alumel thermocouples. Later, a much heavier gauge was used for longer life and higher
temperatures. Subsequent testing showed these to read about 50°C(90°F) low at 950°C(1745°F)
and about 100°C(180°F) low at 1300°C(2375°F) when compared with Pt-Pt 10% Rh thermo-
couples, The latter were found to exhibit some inconsistencies with themselves and die surface
optical readings even though the couple was protected in an AlpO3 tube inside a molybdenum
tube. The presence of induction power was found to explain a small percent of the difference,
however use of the die as its own susceptor or with a separate susceptor made no change.
Subsequent checking of platinum couple and optical readings against melting points observed
independently inside a hot pressing die, showed optical pyrometer reading to be the most
accurate and consistent. Inside and outside die readings were also found to rapidly equilibrate
at constant induction power (tests performed using a separate susceptor). Optical hot press
readings are therefore used and are shown in Table | along with other data for the billets
fabricated.

All hot pressed billets were subsequently fired on Firing Schedule A (Appendix 3) to remove

residual volatile impurities and improve alloy homogeneity. Maximum temperatures (see
Table 1) were reduced to limit grain growth,

Fabrication Development

Previous hot pressed, dense billets had typically been 1.5" in diameter and 1" long. Para-
meters for an experiment on can wall thickness called for additional billets of the same length
but of 1.0" and 2.0" diameter, The smaller size presented no basic problems. However, when
just a single die, instead of a stack of 3 dies, was used to load powder in the die, repeated
cold pressing was required. Even though cold pressed surfaces were cleaned and roughened,
patches of trace laminations were seen at the original powder interfaces. Two-inch-diameter
billets were readily fabricated to about the same quality as 1.5'-diameter billets using
Procedure B and a stack of 3 dies for powder loading.

Longer billets are also desired for both more efficient fabrication and extrusion. Other Boeing
studies had shown that MgO can be hot pressed at lower temperatures to high but not full
density (typically 85-95% of theoretical density), then re-hot pressed to full density. Thus

it was considered that such separate pre-hot pressing of two billets could provide two spacers
between which to hot press MgO powder. The latter pressing could be carried out at normal
conditions to fully densify both the powder and pre-hot-pressed pieces in one continuous billet
approximately three times the normal length feasible. Initial experiments showed this was
indeed feasible, with good densification being obtained in all three sections and only limited
remnants of the original interfaces remaining.




Isostatic pressing of powder, then dry machining a slug to fit the hot press die was seen as
another method to get more powder in a die and hence a longer billet. This also proved
successful (see M-3-31 in Table 1). Loose powder added on either end of the pressed and
machined slug hot pressed well and bonded to the slug, though the joint is readily seen at
the surface in the as-hot-pressed body.

Fisher Electronic grade MgO was "dead burned” at approximately 2400°F(1315°C) for 20 hours
in order to remove volatile contaminants, then screed through 28 mesh for "powder billets" .
Such powder billets are designated with a small "m",

For comparison with both powder and hot pressed billets, several bodies were isostatically or
unidirectionally cold pressed and fired as shown in Table I,

Materials
Dies for 1" and 1.5" billets were Graph-i-tite G*, and dies for 2" billets were ATJ**,
Raw materials used in billet fabrication are shown in Table Il.

Mixing, where necessary, was by ball milling 2 hours using Al,O4 cylinders and cyclohexane
as a fluid. '

MgO-Al»O3 bodies were made with Alon C; MgO-1/2, 2, and 5 w/o0 ZrO2 with Colloidal
ZrO9; and MgO-6 w/o ZrO2 with fused ZrO9. Fisher Electronic grade MgO was used in the
Al,G4-1/2 w/o MgO bodies.

(6)

in addition to previous unused billets'"’ and those shown in Table 1, billets were machined

from:

(1) A piece of fused MgA|204*** (Sma-1-4).

(2) A cusiom fused ingot**** of Al,C5-45 w/e MgO (A45M -1-1, -2)
(B) Zircoa C***** rod (Z-1-3, -4).

(4) Coors AD-99 A|203 rod*****% (A~1-2 1,0" diameter x 2" long).
(5) Fused MgO crystals***#*¥*

The fused MgO crystals were approximately cubes .8" to 1" on a side and consisted mostly or
completely of a single crystal. They and their respective_approximate orientation perpendicular
to their cube faces are M=f-10, {100 ; M~f-11, {110 ; and M=~F-12, {111 .

*Basic Carbon Division of Carborundum, Sanborn, New York.

**National Carbon Corporation, New York, New York,

***Through the courtesey of J. Ardis of Muscle Shoals Electrochemical Corporation,
Tuscumbia, Alabama.

****Tennessee Electro~-Mineral Corporation

***%*7irconium Corporation, Solon, Ohio

******Coors Porcelain Company, Golden, Colorado

**x*x%***The Norton Company, Worchester, Mass.



EXTRUSION

Equipment

All extrusions were performed on a Loewy 1400-ton horizontal press whose present tooling
ID is 3". The liner is heated to 400°C,

The previous ZrO2 insulated induction billet heating furnoce(é) was not large enough for
some of the longer billets this year. Therefore, an existing vertical furnace using a graphite
susceptor was used.,

Initially, ZrO, coated steel dies were again used. However, other work at Nuclear Metals
had established greater reliability of solid ZrO2 dies or die nibs, so these were subsequently
used.

A heated catch tube to receive the extrusion on exit from the die and to subsequently control
extrusion cooling was constructed as shown in Figure 3. The existence of a second T00KW,
3KC induction unit at Nuclear Metals was an important factor in selecting induction over
resistance heating,

The catch tube (purged with argon) was found to heat to 2175°C(3950°F) in 6 minutes at
98KW. Holding at 20KW for 33 minutes maintained the temperature between 2080°C(3780°F)
and 2130°C(3865°F). During this time, the transite shell became only slightly warm and the
high silica cloth insulation between the coils only dull red, while cooling water through the
coils remained cold. Subsequent natural cooling of the catch tube without power took 15
minutes to drop from 2100°C to 1620°C. Due to the location of the die, the distance from
the die exit to start of the catch tube is about 50 inches. The hot zone is about another

10 inches further from the die.

Technique

The extrusion technique is basically the same as previously used. The ceramic billets are
cleaned and loaded in the can, which then has a closing plug welded in the end. The can
and billets are heated in the furnace vertically, then dropped down a chute, from which it
rolls across glass lubricant onto the press loader. The time for transfer from furnace to the
press is 3 to 7 seconds, and extrusion time is 2 to 5 seconds. Extrusion temperatures can be
only roughly estimated (see Appendix 4: Billet Heat Loss Estimate), so "drop temperature",
the billet temperatures just before dropping from the furnace, are listed.

Cans 2 to 3 inches longer (totalling about 12 inches) were used for extrusions into the heated
catch tube so the longer tail could remain unextruded in order to stop the extrusion in heated
zone of the catch tube, Thus, with present tooling and can lengths, about 60% of the
extrusion is not in the catch tube hot zone.

A typical breakdown of billet and can arrangement is shown in Figure 4,




Description and Results

The first experiment planned was to check the effect of can wall thickness by a multidiameter
extrusion as shown in Figure 5. This was delayed by cracking of the can during machining

and during welding of the tail. These problems had been solved when an uranium fire at
Nuclear Metals contaminated the MgO billets, rendering them unusable. These were replaced.
However, the extrusion stalled (due apparently to excessive cooling resulting from loading
difficulties) after the penetrator densified the "powder billet" (Figure 5). The can and MgO
billets broke on removal from the liner. Another multidiameter ceramic extrusion was prepared
and successfully extruded at 2300°C(4175°F), 9 to 1 reduction ratio, and 80 tons per square
inch (with very important results as discussed later). The latter is shown in Figure 6.

The second experiment was to check the effect of the heated catch tube on extrusion cracking.
On the first attempt (MgO=-12), the ZrO2 coating on the steel die spalled, broke or eroded
off, resulting in an oversized extrusion which bent and failed to go into the catch tube. This
resulted in the catch tube being dislodged and further bending of the extrusion (see Figure 7).
It was at this stage that solid dies were replaced with the solid ZrO, nibs.

Extrusion MgO-13 was successfully extruded through a solid ZrO5 die into the heated catch
tube at 2000°C(3635°F) with the tail of the can unextruded as planned. However, the
extrusion broke near the tail, allowing most of it to pass through the heated catch tube and
fall onto the floor. It was quickly picked up with tongs and put back into the heated catch
tube before it had cooled below an estimated 1300°C(2375°F).

Extrusion MgO-14 (Figure 8) was successfully extruded into and brought to rest in the heated
catch tube as planned. lts cooling is shown in Figure 9.

To evaluate the effect of the heated catch tube on extruded MgO alloys, extrusion MgO-15
was planned. This was canned in a split tungsten can in a slotted TZM shell (see Figure 10A)
in order to minimize mechanical gripping of the extruded ceramic by the can which was
cbserved(6) most in these alloys. In order to prevent reaction and melting due to the Mo-C
eutectic (approximately 2200°C), the graphite susceptor and base were iined with tanialum
foil. This did not prevent reaction and melting at about 2350°C(4260°F), so the extrusion
was aborted. The split tungsten can was salvaged and the ceramic billets showed limited
contamination and may be reuseable.

In order to limit cooling before, during and aofter extrusion, the self-insulating can concept

of Figure 10B was devised. Limiting cooling before extrusion reduces heating required to
obtain a given extrusion temperature. This is especially important for materials such as

Al203 which may have to be extruded close to their melting point. It is also important in
reducing grain growth before extrusion and hence grain size after extrusion. It was expected
that cooling would be reduced by the ceramic shells and metai-ceramic interfaces; the
shrinkage of the MgO shells away from the metal due to the greater MgO thermal contraction;
and in extreme cases by shattering of the MgO shells. It was also felt such an experiment
could lead to cheaper cans, and provide further information on ceramic extrusion by evaluating
the extruded MgO shells as well as the core, MgO was chosen primarily because it was known
to be compatible chemically and mechanically with tungsten in extrusion. Since the "drop-
temperature” was to be 2200°C(3990°F) instead of 2400°C(4350°F) as above, it was felt the



Mo-C eutectic could be avoided. It was not. Some melting of the outer TZM shell occurred,
causing sticking of the billet in the furnace and chute, and finally in deformation so it would
not slide into the press liner.

A first attempt at extruding AloO3 was made using o TZM can. Since it was felt that the
TZM might be too soft for the AloOg3, the ID of the can was made larger (2.0") and the space
packed with dense tungsten powder.  The billet was heated to an optical reading of 1950°C
(3540°F), dropped and successfully extruded.

Parameters for extrusions are shown in Table lII.

Table IV presents data on the billets in each extrusion.




MATERIALS ANALYSIS

Technique

Extrusions were removed from cans by grinding two diagonally opposed slots nearly through
the can wall with a surface grinder, then breaking the can open by a slight wedging action

in the slots. Since the maximum length that could be reasonably handled was about 18"
(requiring 1-2 hours for slotting), the extrusion was cut in shorter pieces on a cutoff saw using
radiographs of the extrusion to indicate the most desirable places to cut,

Subsequent to visual examination and preliminary photographing, extruded ceramic sections
were cut on a diamond saw, and cut surfaces were dry sanded to a 600 grit finish. Etching

all MgO rich bodies in concentrated boiling chromic acid (2.5 gm of CrO3 to 10 cc HyO) was
used to reveal dislocations, sub-boundaries, and grain boundaries, as well as aid in revealing
second phases. This technique was used for both optical and electron microscopy, with
fracture surfaces being etched for 2 to 10 seconds and sanded surfaces 10 to 150 seconds.

Thin sections were prepared per standard petrographic techniques.

Specimens for electron probe and orientation analysis were generally processed through a
1 micron A|203 wet sanding on silk,

Orientation of MgO bodies was determined by evaluating the ratio of the peak x-ray intensit
of an oriented plane in the transverse section to the same plane in a randomly or near randomly
oriented body of the same or similar composition. All values were obtained using Cu K a
radiation with a scintillation counter, after initial tests showed saturation problems in the
available geiger counters. Cursory evaluation indicated that extensive abrading of the surface
could reduce the intensity by as much as 20%.

Grain sizes were measured by counting boundary intersections along straight lines,

Extrusion Uniformity and Can Interaction

All completed MgO extrusions resulted in generally uniform rods, Again, there was often
some variation in diameter in a given cross section (see Figure 2), which changed along the
billet. Some extruded billets were separated, in which case they sometimes had bulbous
noses, while others were jointed by smooth flow of the tail of one over the nose of the other
(see Figures 6 and 7). These effects are reflected in reduction ratio data in Table IV, In
joined billets the_interface between the two original billets was readily discernable as pre-
viousiy shown{é:7) | The extruded ZrOg billet (Z-1-3 - extrusion MgO-12) also extruded
fairly uniformly, except for a bulbous nose (Figure 7).

MgO and MgO alloy specimens could be readily removed from the cans except many of those
that were obviously porous after extrusion (due apparently to initial porosity or outgassing
during heating). The difficulty appeared to be mechanical rather than chemical bonding.



The ZrO9 was readily removed where its interface with the can was smooth, in which case
both the ZrO2 and tungsten can surfaceswere glossy. Removal was difficult where the inter-
face was rough due to extensive ZrO2 cracking.

The AlpO3, AlpO3-MgO, and MgAle‘;!I billets were all extremely irregular, and were not
removed from the can. The front billets had diameters in the order of 0.1" and the rear ones
approached 0.75" in places. No sign of reaction with the can was observed.

Density

Densities before and after extrusion are given for many billets in Table IV. Again, the more
porous billets generally underwent the greatest densification, but the least porous before
extrusion were genercﬁy the least porous after extrusion. One exception fﬁaf has been noted
is that "powder billets" will frequently have higher extruded densities than some solid billets
starting with some porosity.

Cracking

The 1.0" diameter billets located in the front and rear of the multidiameter extrusion MgO-11
apparently extruded without cracks. No cracks could be found by visual, optical, or x-ray
Vidicon examination in the resulting rods { approximately 0,33" cﬁomefer by 9" long). The
1.5" diameter billets gave 0.5" diameter rods with about normal longitudinal and transverse
cracking, except one or two sections of 0,75" to over 1" in length were obtained which were
free of transverse (but not longitudinal) cracks. The 2.0" diameter billet gave a rod about
0.7" in diameter which had about average or fewer than average transverse cracks, but more
than average longitudinal cracks,

Diamond sawing of all extruded bodies has typically resulted in the specimen fracturing along
the saw line for about the last 5 to 20% of fKe cut, especially in transverse cuts (perpendicular
to the extrusion axis). 'However, in cutting the apparently uncracked extrusions this fracturing
was up to 50-75% of the proposed cut as shown in Figure 11. Further, after longitudinal
cutting (parallel to the extrusion axis), transverse linear cracks as shown in Figure 11B
occurred with the same separation or closer than in other extrusions. Subsequent testing of the
more transparent sound sections from cracked extrusions showed that some transverse cracks
developed in them while cutting longitudinally. This transverse cracking was found to be
reduced by annealing at 2000°F(1095°C) for one hour and to be eliminated by annealing for
one hour at 2200°F(1205°C) prior to cutting. Most of the cracking in earlier extrusions was
observed without any cutting, grinding, or other preparation. To check whether extrusion
cracking frequency r:ad been over estimated by including possible cracking from sawing,
sections were annealed, then cut. No significant difference was observed. Further, the
frequency with which cracking during sawing occurred in unannealed sound sections of
cracked extrusions was much less than in the smaller, uncracked extrusions,

The stalled multidiameter extrusion billets were cracked as shown in Figure 12.
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Extrusion MgO-12 which was oversized, bent, and failed to go into the heated catch tube
showed linear cracking in the dense MgO bodies and showed random cracking in the more

orous ones, especially those mechanically bonded to the can. The ZrO32 in this extrusion
ﬁad fine random cracking as shown in Figure 13. It also showed signs of cylindrical cracking
just inside the surface black band (Figures 7, 13).

Extrusion MgO=-13 which went through the catch tube, and was reloaded in the catch tube

(at 2000°C) before the extrusion cooled below about 1300°C showed the usual linear cracking.
In addition to this, the MgO-5 w/o0 Al203 billet at the back of the extrusion showed wider
cracks going in a short distance from the surface. Many of the fractures in this extrusion
showed signs of thermal etching, especially near the center of the extrusion.

Extrusion MgO-14 which was successfully extruded into and brought to rest in the catch tube
at 2000°C(3635°F) appears to have significantly reduced cracking. Analysis is incomplete,
but long solid-uppearing lengths were obtained (see Figure 8). Cutting of several sections
shows substantially less than average cracking.

MgO-CaO and MgO-ZrO2 alloy billets recovered from the attempted extrusion MgO-15 (in
a split tungsten can with a slotted TZM shell) showed only possible faint cracks.

All billets from the attempts to extrude in a "self-insulating” can (alternate tungsten and MgO
cylindrical sleeves) were cracked, The two larger (1.5" diameter) and one smaller (approxi-
mately 1" diameter) billets that were less dense than the others showed both less cracking and
less distinct cracking. Cracks were almost all longitudinal, except for a transverse crack
approximately across the center (about 1/2" from either end) of the densest billet, which also
had the most pronounced longitudinal cracking.

All billets of the Al,O4 extrusion were highly fractured.

Microstructure

Grain size data is shown in Table IV, The stalled extrusion (MgO-10) shows grain sizes
resulting from billet heating prior to extrusion, MgO microstructures were the same as in
earlier work(zrér;) (see Figure 14) with some variation in grain size and not completely
equiaxial grains, Again, in many specimens, a complete or partial rim of grains about
one-half the average grain size was observed with a typical thickness of a few to about
20 grains. One billet (M-3-19) had grains about twice the average size within the rest of
the extrusion.

Again, frequent evidence of grain elongation and subsequent breaking up due to substantial
recrystaiiization was observed, along with some residual sparse substructure, the latter mostly
in large grains.

The extruded ZrO3 grain size is somewhat smaller (30-40 microns), and is more equiaxial than
grains of extruded MgO (see Figure 15).
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Electron probe analysis shows that the purchased ZrO9 billets have significant CaO
accumulation over much of the grain boundary area (see Figure 16A). Net CaQ accumulation
was less in the extruded ZrO5, and this accumulation was frequently more intense along

cracks than at grain boundaries (see Figure 16B, C). lron and hafnium impurities were
generally uniformly distributed both before and after extrusion. Tungsten was found only as
scattered isolated particles averaging about 5 microns in size, located in cracks or voids, up

to 1500 microns from the extrusion surface (see Figure 16D). No detectable Si was observed.
No difference in the distribution of impurities, Ca, O, or Zr was found with the probe between
the black exterior ring and the brown interior of the extruded ZrO9.

MgO-5 w/o Al9O3 bodies hot pressed from mechanically mixed MgO and AloO3 powders
result in apparently randomly distributed second phase particles. These particles are typically
1 to 4 microns in size after firing to 2200°F(1205°C). On firing to higher temperatures, the
second phase particles tend to increase in mean size (eg. size range is about 1-9 microns at
2600°F(1425°C)) and begin to show a cubic shape (see Figure 17A). Hot extrusion of this
composition results in a more uniform distribution of the second phase. Rapid cooling using a
sEHf can and only an insulated catch tube gives a fine rod shaped structure (Figure 17B),
though some signs of larger particles (Figure 17C) were seen. Cooling of these extruded bodies
in the heated catch tube (the extrusion went through the tube and was reloaded in the
2000°C(3635°F) tube before cooling below about 1300°C(2375°F)) resulted in a coarser second
phase structure, showing considerable evidence of cubic shapes. More grain boundary
accumulation of the second phase is also seen in the latter extrusion. A thin section (Figure
17D) shows "stringers" indicating grain elongation from extrusion,

Lave patterns from two of the more uniform sections from about the center of the Al,O3
extrusion showed no definite sign of orientation,

Annealing

As noted earlier, annealing for 1 hour at 2200°F(1205°C) eliminated cracking during cutting
and grinding of extruded MgO.

Orientation measurements, though still complicated by considerable scatter and limited repeat-
ability indicate increased orientation after annealing for 1 hour at 2400°F(1315°C) as shown
in Table V.

A thin section of an annealed MgO-2 w/o NiO specimen was prepared so as to preserve the
surface having rectangular protrusions like those previously noted on many other annealed
surfaces of MgO and its alloys, especially MgO-NiO and MgO-Al,03. Analysis showed
the protrusions to be optically anisotropic, and hence not consisting exclusively of MgO,
NiO, or any solution thereof. A subsequent electron probe survey of part of this thin section
showed the protrusions to consistently contain less Mg and Ni than the surface, but that they
contained Si and Ca which were not detected in the surface. The Si content was estimated at
5-10 percent, and the Ca content at less than half that of the Si. Sample photographs are
shown in Figure 18. The annealings were performed in silicon carbide resistance heated
furnaces with the specimens setting on MgO single crystals in Al,O4 boats inside of large

, : 1 2.3
99 percent pure MgO crucibles. Annealing was conducted at various temperatures from

1150°C(2105°F) to 1650°C(3000°F).
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STRENGTH AND FRACTURE ANALYSIS

Microhardness Testing

Stoloff and Johnston(9) have reported that hardness indentations are not a good measure of
relative strengths in MgO single crystals with and without Mn, but that the inverse of the
length of dislocation rosettes from Vickers indentations did give a reasonable comparison of
relative strengths. Groves and Fine(10) have also demonstrated this in crystals of the
Mg-Fe-O system,

The reference work(9) was done on { 100 } cleaved surfaces of single crystals. Almost all
fracture of extruded MgO is by { 100 } cleavage of grains. Therefore, this technique was
applied to fractures of extruded MgO bodies. To obtain experience with this technique, both
Knoop and Vickers indentations in the 5 to 50 gm range were made on cleaved MgO single
crystals. Etched dislocation rosettes from these indentations showed increasing variation with
decreasing load for either technique. The more symmetric rosettes from the Vickers point were
judged to be easier to measure; therefore, all further tests were with Vickers point as in the
reference work. To determine possible effects of grain boundaries on resulting rosettes, series
of indentations were made across a bi-crystal boundary. Although some difficulty in repeat-
ability from series to series was encountered at low weights, the low angle bounJ;ry of

Figure 19 had limited effect on the rosette lengths across the boundary in a given series. How-
ever, to eliminate questions of grain boundary effects, it was decided to use light loads which
would limit rosettes to a single grain if each indentation was centrally located in the selected
cleaved grain, even though the light load indentations gave less uniform results.

Figure 19B shows that such indentations could be made, at least in the larger grains of extruded
MgO. However, measurement of rosettes was complicated by the high random etch pit density.

Further development was not undertaken because extrusion MgO-11 provided specimens for
direct mechanical testing.

Mechanical Preparation and Testing

Specimens were sawed and ground from the longer, uncracked sections of extruded billets
M-=3-7, M-2-11, and M-3-8 with moderate breakage. Grinding was done on a surface
grinder with water cooling using a 320 grit diamond wheel. When the edges and one side
were flat each was dry sanded on 240, 400 and 600 grit silicon carbide sandpaper. Groups of
specimens were then attached to a flat plate with double-back tape and similarly ground and
sanded together. Edges were rounded by hand.

Chemical polishing of several unannealed specimens was done in boiling phosphoric acid for
five minutes. The acid was diluted with water to a density of 1.3-1.4 gm/cc (which boils at
approximately 150°C) based on earlier experience with MgO crystals. Single crystals of MgO
were included in each batch to indicate adequate operation of the polishing bath, Some poly-
crystalline specimens obtained a glossy finish like the single crystals and some did not.
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Numerous specimens were either annealed before or after cutting, grinding, and sanding, or
both, Those annealed aofter cutting, etc, were tested as annealed.

Testing was by 3 point bending at ambient conditions on an adjustable jig with steel loading
rams with diameters of 0,125", Spans of 0.5, 0.75, 1.0, 1.5 and 2.0" were used, though
0.75" was most common, Data in Table VI shows that test span has little or no effect on
strength within this range for the same bar if only fractures at the center are accepted.
(Fracture away from the center is often due to a flaw or some other fault since maximum stress
is at the center.) This lack of span effects is in agreement with other testing of both hot
pressed MgO and Al,O5 at Boeing.  Specimens were typically about 0.25" wide and 0.12"
thick; however, speciméns as much as 50% smaller were used to provide larger populations.

Tests were made on numerous occasions over a period of several months, thus averaging effects

of set up, weather, and time of specimen storage. All were with a head travel speed of
0.05 in/min,

Strength and Fracture Results

Modulus of rupture versus grain size for all specimens failing at the center of the test span

are shown in Figure 20, Strength of Boeing's best vacuum hot pressed and fired MgO speci-
mens tested in the as-fired condition are shown for comparison (see Appendix 5). Chemically
polished extruded specimens were typically weaker than the as-sanded specimens. Specimens
annealed at 2200°F(1205°C) for 1 hour prior to cutting and a few MgO-2 w/o NiO specimens
are included for comparison.

Microscopic examination of the fracture surfaces frequently revealed that both fracture ridges
or steps several grains wide, and microscopic cleavage steps on individual grains, all pointed
to a single grain or area of a grain, as shown in Figures 21 and 22, indicating a probable
origin of fracture*, While such origins were frequently several grains inside of the tensile
surface of the specimen, others were at the surface or corners; often near possible flaws (see
Figure 23A) or near the edge of flaws extending in from the tensile surface (see Figure 23B),
The latter were seen most frequently in chemically polished specimens (see Table VII).

Grain size was measured by counting grains along straight lines near the origin on the fracture
surface,

*Note: Adequate lighting for such photos could be obtained only at magnifications of 100X

or more. Thus, many photos had to be taken to show a significant area of the specimen.
Varying focus from photo to photo, required by the complex fracture topography, often makes
the large ridges less distinct in the composite picture than in actual observation.
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Selection of only those specimens appearing to have fracture origins away from comers or the
tensile surface and hence minimizing possible surface effects on fracture substantially reduced
the data scatter as shown in Figure 24, Such selection eliminated all but two of the chemically
polished specimens. The few annealed specimens tested showed about the same distribution as
unannealed specimens. The best hot pressed and fired MgO data is again included for com-
parison,

Figure 24 shows that the unextruded bodies have a strength versus grain size slope of about
-0.44. Most of the large grain extrusions are from extruded MgO crystals and hence pore
free (they are very transparent) while all of the fine grain specimens are from hot pressed
billets (except the one powder billet specimen) and have a fractional percent porosity and
hence may be weakened slightly. Thus, the slope of the curve for all fully dense extruded
specimens would be -0.44 or greater.

Since both the hot pressed (see Appendix 5) and extruded MgO bodies have strength versus
grain size slopes of near -0.5, a plot of strength versus the inverse square root of grain size
(a Petch plot) can be made. Such a plot is shown in Figure 25 where it is seen that hot
pressed and extruded bodies have distinctly different slopes, but both have intercepts at
several thousand psi.

Fourteen specimens from MgO powder extrusion from previous workm were also tested. Half
were tested as sanded, and half as annealed at 2200°F(1205°C). All had some porosity,
generally ranging from about 0,25% to about 2%. All, with the possible exception of one,
failed at the surface or corner and this one may have failed at a flaw. Many of these were
much weaker than the other denser extruded bodies. Some, mostly the ones with less than 1%
porosity, approached the strength of the denser extruded bodies. The extruded powder body
with the finest grain size (about 13 microns) was one of these and is shown in Figure 24 (with
an arrow indicating a correction in strength for its porosity).

Limited testing of specimens annealed at temperatures of 2200 to 2800°F(1205 to 1540°C) after
cutting and grinding indicates the same or greater strength, on an equivalent grain size basis,
for specimens failing at the center of the test span and inside of the body. These specimens
also indicate some increased tendency for intergranular failure with increasing anneal
temperature, and structure suggestive of impurities on the exposed grain boundaries. The
fractures are still predominately cleavage which indicates the same order of preferred
orientation. Annealed specimens also show a possible increase in frequency of failure at

the surface or corners (see Table Vil).

Only about 10% of over one hundred specimens tested broke off center. Many specimens
failing off center showed fracture initiation at the surface or corners, a few failed from
internal flaws (extrusions cracks). However, numerous ones had internal origins such as
those of Figures 21 and 22, The statistics on fractures which occurred at the cenier of the
test span are shown in Table VII. Overall, about 75% of specimens failing at the center
of the test span had internal origins. Survey data on the depth of origin of most specimens
with internal origins is shown in Table VIII.
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Fractures were almost exclusively cleavage as shown in Figures 21 and 22, with larger grain
size specimens having rougher fractures (contrast Figure 21 and 22). Fractures propagated
from either a grain boundary surface as in Figure 21, or a cleaved grain as in Figure 22, The
latter were definitely the most predominant and typically showed river marks pointing back
to an origin at the boundary between 2 or 3 cleaved grains as shown in Figure 22. Etching
specimens of this type frequently revealed one or more slip bands indicating piled up dis-
locations at the point of apparent fracture origin. These were observed in both extruded hot
pressed and extruded fused bodies, though more frequently in the latter probably because the
large grain size facilitated observation by allowing lower magnifications and hence greater
depth of focus. Examples of different combinations of slip band pile-ups are seen in
Figures 26 - 29. The slip bands typically go from the boundary on one side of the grain to
the boundary on the other side, usually at or near a triple point, and are parallel with
cleavage steps on the grain.

Several cases of slip bands, which may or may not be associated with fracture (see Figure 29),
were also observed passing through a boundary.

Although the fractures are much more regular than in unextruded MgQO, more variation in
angle from grain to grain between grains and the mean fracture plane exists than Figures
26-29 would suggest since care was taken to orient fracture surfaces for maximum clarity,

Roughness resulting from the angular variation, though limited, restricted detailed observations,
especially around the specimen edges (away from the origin if it was at or near the edge).
However, there are indications that many grains along the surface have a dense population

of slip bands extending part way across fKem from the surface (see Figure 30).
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DISCUSSION

Extrusion

The very irregular nature of the bodies in the AloO3 extrusion, the apparent squeezing of
material to the rear, and lack of apparent texture indicate that the AloO3 may have been
molten during extrusion,

The bending of MgO-12 indicates considerable MgO plasticity remains shortly after extrusion.

Numerous results indicating extensive grain elongation during extrusion, folhzwqg by nearly
but not fully complete recrystallization, are in agreement with previous work{é:7),

Cracking

The crack free extrusions from 1"-diameter starting billets demonstrate that cracking can be
eliminated. However, by itself it does not identify the couse of cracking since (1) the thicker
wall can could have absorbed more shear, thus preventing fracturing; (2) the thicker wall

(can + sleeve) and the can-sleeve interface may have provided enough thermal insulation to
eliminate cracking due to thermal stresses; and (3) the smaller diameter of the extruded rod
would reduce any stresses in the rod which may depend on its radius such as thermal stress or
possibly stresses due to its texture.

Cracking in the aborted extrusion attempts shows that cracked extrusions probably are not

due to extrusion itself, The fact that similar cracks also occur in the unextruded powder billet
indicates that cracking occurs after the billet is loaded in the press and the penetrator densifies
it since it is believed that the powder billets are poorly densified until then. Since no cracks
in these bodies appear to start from the outside, cracking cannot be due to radial flow of the
billets with inadequate plasticity. (In which case, cracks start from the outside as consistently
shown when hot pressing dies break.) Residual stresses might be introduced by the penetrator
or ram since the one cborted extrusion which had little or no cracking was the only one which
did not have ram or penetrator pressure on it. However, all those biiiets were aiso alloys
which appear to have greater high temperature strength. Also, the greater thickness of the
can plus shell and can-shell interface provided better insulation. Since longitudinal grain
boundaries are preserved in exfrusion(ég , longitudinal cracks occurring before the bodies

enter the die might also be preserved. However, this would not explain transverse cracking,
which does not appear to occur much in aborted extrusions,

Cracking in the self-insulating can does not prove the concept invalid, but does indicate it
. may be limited to extruded diameters of less than 1.5" if cracking is not due to ram or
peneirator pressure, This doeg however, show that cracking probably is not due to constraint
of ceramic radial thermal expansion by the can wall since the can waii was oniy partially
densified tungsten powder inside an MgO sleeve.

The presence of cracking in billets of the aborted extrusions indicates that orientation probably
is not the cause of cracking since these bodies have little or no preferred crientation,
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Much slower cooling in the heated catch tube appears to have considerably reduced but not
eliminated cracking. Failure of the heated catch tube to eliminate cracking could be due
to cooling from the die and the unheated space between the die and catch tube hot zone.

Thus, thermal stress still appears to be the most likely cause of cracking since:
(1) The heated catch tube reduced cracking.

(2) Improved insulation or smaller size were involved in all cases of reduced cracking and
both reduce thermal stress,

(3) It is unlikely that any ram or penetrator effects cause transverse cracking which normally
accompanies longitudinal cracking.

(4) Cracking due to excess shear is normally only transverse, and appears to start from the
outside in and not the inside out.

When the MgO-5 w/o Al203 composition was the rear billet in an extrusion, some cracking
starting from the outside was found. This indicates poorer plasticity due to cooling in agree-
ment with previous results, since this composition has been extruded previously without such
cracking when it was not the rear billet(6). However, such cooling was not enough to crack
the small MgO billet in the rear of the successful multidiameter extrusion.

Previous esfimafes(é) based on thermal etching {again observed in several bodies) showed
that cracking occurred above 1200°C(2195°F), and hence must be controlled above this
temperature, '

The reduction of cracking by cooling in the 2000°C(3635°F) catch tube, but not in the

1300°C(2375°F) cooling (extrusion first went through tube and was reloaded) is in agreement
with these estimates.

Strength and Fracture

Selection of extruded test specimens with only internal fracture origins, though eliminating
some good specimens, should eliminate any surface effects on fracture strength. Tests (see
Appendix 5) show that surface finish has limited effect on the hot pressed MgO. Both hot
pressed and extruded bodies have only small amounts of porosity. Therefore, since both
the hot pressed MgO and extruded MgO were fabricated from the same materials and at
the same range of conditions, the strength difference between the two types of bodies

must be real and due to the only processing difference: hot extrusion.

The fracture surface of extruded specimens appears flatter than for hot pressed specimens,

thus indicating that nucleation or growth of cracks below the critical Griffith size is the
determining factor of strength and not crack propagation.
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There is extensive data showing that the strength of MgO single and bi-crystals is dependent
on slip and related phenomena. Johnston, et al{l1) have shown that the probability of crack
nucleation by dislocation pile-ups at grain boundaries in bi-crystals increases rapicﬁy with
increasing misorientation between the grains. Ku and Johnston{12) confirmed this and have
shown that this crack nucleation by dislocations in MgO bi-crystals of approximately { 100 )
misorientation is described by the Petch equation:

Fracture Stress: of = Oo + K G-]/2

where O _ = stress to multiply dislocations,

K = a constant providing a qualitative measure of cohesive strength at the
tip of a crack nucleating glide band, and

G =distance of dislocation source from the boundary.

Since the grain size is the upper limit of G, it should be approximately the grain size as is
commonly found in metals. Copley(13) has shown that sub—ﬁoundaries in MgO crystals
apparently act as sources of mobile dislocations at elevated temperatures. In the present
work slip bands associated with fracture origins traversed the grain, indicating possible origin
from the boundary and showing G and grain size to be essentially the same. Wilson and
Chapman(14) showed that in metals, preferred orientation can changeboth O 4 and K in the
Petch equation and that K can vary independently of O 4 if there is an alteration or
orientation relationships of adjacent grains. They also noted that these effects became more
pronounced as the number of slip systems decreases. Since the extruded bodies have a 100
texture similar to Ku and Johnston's bi-crystals, @ _ should not be affected unless there is
residual work in the bodies. °

The Petch plot of the data (Figure 25) clearly show that K is substantially changed and that

there is little or no change in _O . Thus strengthening is primarily due tothe preferred
orientation as predictedt!,2,0,7), This is in agreement with resulis which indicate the

same or greater strength after annealing since annealing would reduce residual work. It

should also follow that strength across the extrusion should not be reduced, but should be

about the same as for hot pressed bodies since the orientations in that direction are approximately
random,

The intercept of the extruded MgO data on the Petch plot (Figure 25) is appro i%ately the
stress to multiply dislocations in MgO, and not too far from Ku and Johnston's bi-crystal
result of about 7800 psi. (Their value could be higher due to a possibly greater impurity
content within the fused grains of their bi-crystals. The hot pressed and extruded material,
though having about the same level of impurities, may have purer grains due to greater grain
boundary surface area for accumulation of impurities.)

The observed slip bands associated with fracture origins do not appear to be due to edge
components of the { 110} {110 > slip systems. First, there would be limited macroscopic
resolved shear stress on these cleaved surfaces because of their trend toward perpendicularity
with the tensile axis. Second, the observed slip bands are parallel to what appear to be

{ 100 } cleavage steps. Edge components of the { 100 } { 110 ) system have this
orientation; however, this system is not known to operate at room temperature because it
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requires stresses of the order of 1,000,000 psi(ls). Thus the slip bands appear to be screw

components of the { 110 } { 110 ) slip system since they are the only other components
known to operate and have the indicated orientation.

Pile-up of edge dislocation components at grain boundaries in bi-crystals is observed to
nucleate cracks, but not of screw components 12,16,1 S (It should, however, be noted that
most bi-crystal tests have been such that screw components have low angles with the boundaries. )
The orientation of the extruded bodies may be the fundamental factor in this apparent change in
mechanisms. The €100 > axial texture means that grain boundaries approximately parallel

to the extrusion axis will be predominately of a tilt character while those approximately
perpendicular to the axis wiIFhave a net predominately twist character. However, most of the
latter may have limited twist misorientation or even only small tilt character since they are
apparently formed by recrystallization of the elongated grains into several shorter grains.
Hence, boundaries perpendicular to the extrusion axis with large misorientations (predominately
twist) probably exist only as a remnant or result of the original boundaries between tandem
elongated grains if there is no correlation in twist orientation between such elongated grains.
Therefore, such boundaries would be in the minority.

A tentative concept of fracture of extruded MgO is thus offered as follows. Dislocation sources
(probably from or near grain boundaries) are activated. The resulting edge components may
reach a Eoundary perpendicular to the extrusion axis. If there is enough misorientation (pre-
dominately twist) and stress, fracture should occur due to pile-up; however, such boundaries
are expected to be in the minority. Fracture origins from grain boundary surfaces which ma
have resulted from such edge dislocation pile-ups were not frequently observed. This woul
agree with the expected possible frequency of boundaries perpendicular to the extrusion axis
with greater than average misorientation,

Screw components from the activated dislocation source may reach a grain boundary if the
edge components of the dislocations have not yet met a boundary or have met a boundary of
sufficiently low misorientation so as not to nucleate a crack. Failure of edge components to
nucleate cracks can then allow higher than normally observed stresses to be applied to the
screw dislocation pile-ups which then results in crack nucleation, The exact mechanism by
which screw components would nucleate cracks is not yet clearly understood; however, two
factors may be of importance in this suggested mechanism. First, the boundaries that screw
components will most likely meet, due to the { 100 ) texture of thebody and their 100
motion, are mostly paraller to the extrusion axis (in agreement with observation) and hence
mostly likely to be of high misorientation and predominately of tilt character. Second, the
observed dislocation bands are commonly associated with crack nucleation from or near a
triple point. Triple points could greatly change local stress concentrations to aid crack
nucleation,

All the data and evaluations in this study indicate that crack nucleation by dislocation pile-up
at grain boundaries is the determining factor in strength of extruded MgO unless substantial
flaws are present. Further, since hot pressed MgO whose strength is not determined by
impurities or substantial flaws (see Appendix 5) also obeys the Petch relationship and also
extrapolates to about the stress to multiply dislocations in MgO crystals as the extruded MgO
does, it is therefore concluded that crack nucleation by dislocation pile-up at grain boundaries
is the determining factor in the strength of dense hot pressed MgO.
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The reason that extruded MgO frequently fractures internally may be due to one or both of
the following factors:

(1) The statistical chance of finding the combination of a grain of the most favorable
orientation with an adequately operable and located dislocation source may not
commonly be found in the surface.

(2) Sanding of the surface grains may introduce many mutually blocking slip bands similar
to Alden's(18) cyclical strengthening of MgO crystals since the chance of such slip
bands nucleating cracks is reduced by orientation. Frequent high slip band densities
in surface grains, and the apparent increase of surface failures in annealed specimens,
would agree with this suggestion.

The degradation of strength of extruded MgO but not hot pressed MgO (see Appendix 5) by
chemical polishing could be due to any one or a combination of:

(1) Thermal shock of the bodies (taken from boiling phosphoric acid at approximately 150°C
to hot water at approximately 60°C) enhanced by residual stress in unannealed extrusions.
(The fact that annealing reduces cracking during cutting, shows residual stress exists in
unannealed bodies,)

(2) Stress~corrosion by the acid, most likely ot grain boundaries, due to residual stress and
possibly aided by impurities.

(3) Stress-corrosion by the acid, most likely at grain boundaries, due to local stresses from
Y y
possible work hardening of surface grains (from sanding) and possibly aided by impurities
or residual extrusion stress.

The consistent failure of extruded powder MgO at surfaces and corners, particularly since
this commonly occurs at substantially lower stresses than for denser extruded bodies of the
same or larger grain size, shows the marked effect of porosity on strength and fracture.

Annealing

Orientation and fracture data both indicate that annealing results in the same or greater
grain orientation than in the as-extruded body.

Strength and fracture studies,indicating increasing grain boundary failure and possible grain
boundary impurity content, suggest agglomeration or precipitation of impurities during
annealing.

Results suggest slower grain gr vs'fh of extruded MgO during annealing in agreement with earlier
results on both MgO and CQO?é . This could be due to the limited amount of residual sub-
structure which may be very slow to anneal{l?), or to reduced misorientation.

Since stalled extrusion billets show little or no increase in orientation, orientation must be due
to extrusion. However, whether the orientation is caused directly by extrusion, or indirectly
by extrusion effects on annealing (during cooling) cannot be determined.
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CONCLUSIONS

From the foregoing work it is concluded that:

(1
(2)
3)
(4)

©)

(6)

This

m

(2)

3)
(4)

Crack free extrusions can be obtained.
Extrusion of MgO increases its strength 50 to 100% with a { 100 ) rod texture.
Extruded MgO obeys the Petch relationship.

The increase in strength of extruded MgO is due to the preferred orientation, and not
to residual work.

Crack nucleation by dislocation pile-up at grain boundaries is the source of fracture in
extruded MgO and governs the strength of all dense MgO adequately free of flaws and
impurities.
Extruded bodies have residual stress which is relieved by annealing at 2200°F(1205°C)
for 1 hour.

work has also shown that:

Billets of high density can be fabricated with both greater lengths and diameters than
were obtained during the first year,

Extrusion into a heated catch tube, bringing the extrusion to rest in the hot zone, and
subsequently controlling its cooling can be done.

Extrusion into a hot catch tube reduces cracking.

Chemical polishing of unannealed extruded MgO weakens it.

It has been reconfirmed that:

)
(2
©)

(4)
(5)
(6)

The densest starting billets give the densest extruded billets.
The finest grain starting billets give the finest grain extruded billets.

Substantial grain elongation occurs during extrusion, but nearly (though not fully)
complete recrystallization occurs during cooling.

Extrusion improves alloy homogeneity.
Annealing results in the same or greater grain orientation than in the as-extruded bodies.

Grain growth during annealing of extruded MgO is apparently slower than in unextruded
MgO.
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This work also indicates that:

M
(@)

®3)
(4)

Thermal stress is most likely the main cause of extrusion cracking.

Screw dislocation bands can nucleate cracks, at least at or near triple points involving
high angle tilt boundaries.

Extruded MgO may have a work hardened surface as a result of sanding.

Weakening of unannealed extruded MgO by chemical polishing is due to either residual
stress from extrusion or surface finishing effects.

23



FUTURE WORK

Fabrication

Efforts to improve both size and quality of all billets and reduce grain size will continue.
Hot pressed and fired bodies will continue to be the main source of billets, but experiments
w ith both powder and fused billets will continue to be considered. Higher purity materials
will be sought, particularly if they will allow achievement of finer grain sizes. All fabri-
cation efforts will be limited by need or opportunity so as not to dilute the main effort on
extrusion.

Extrusion

Extrusion using thick wall cans will continue to be the primary technique because experience
with it should allow the greatest amount of information on extrusion effects to be gained in
the coming year (though hot fluid to fluid extrusion appears feasible and indicates solution
to several problems).

Evaluation of the heated catch tube to control extrusion cooling will be continued,

Further testing of the self-insulating can concept will be continued to lower heating require-
ments (thus limiting high temperature reactions, grain growth and chances of melting), by
control of heat loss before and during, as well as after extrusion. Evaluation of ceramic shells
in the cans will be done since this may also provide more information on extrusion (of tubes,
wall thickness, cooling, etc.).

Extrusion of alloys and other oxides by tandem extrusion of appropriate compositions will be
continued. Alloys are of prime interest because extrusion provides an excerlenf method of
processing them, and they may provide much greater strength while also yielding further
information on extrusion. Other oxides are of interest to understand the interaction of
extrusion, deformation, and orientation, and because other oxides especially anisotropic
ones should be strengthened even more than MgO by extrusion. This would result from
orientation by extrusion not only reducing crack nucleation by dislocations (or twinning)
phenomena, Euf also by reduction of internal stresses due to anisotropic elastic relationships
and thermal contraction of grains.

Extrusion of single crystals of different orientation and of different shapes are of particular
interest to learn more of extrusion texturing mechanisms. Extrusion of round billets through
square dies is planned since this should either give some {100 ) texture perpendicular to
the square face as well as along the axis, or change the texture along the axis. In either
case, specimens with tensile stresses at measureable angles to the { 100 » direction could
be obtained (preferably with tension along ¢ 111 > directions.) This should result in
substantially more strengthening of MgO than texturing in the { 100 > direction which
offers the easiest mode of slip operation.
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Anclxsis

Continued improvements in analysis techniques, such as orientation measurements, will be
sought as warranted. Further evaluation of the effects of treatment such as chemical polishing,
and annealing on extruded bodies will be conducted. Special effort will be made to study
strength and fracture of extruded MgO at elevated temperatures since fhg preferred orientation
in the extruded material should also reduce grain boundary sliding(}1:2,3) thus improving high
temperature properties,
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EXTRUSION
DIRECTION

_——>

NOTE: ALL SPECIMENS ARE APPROXIMATELY 0.5 IN DIA.

FIGURE 1 RANDOM AND LINEAR CRACKING IN TRANSVERSE SECTIONS

(A) RANDOM CRACKING IN MION-1-1 (MgO-2)
(B) LINEAR CRACKING IN M-1-11 (MgO-5)
(C) INTERMEDIATE, M4C-1-4 (MgzO-4)
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FIGURE 2

EXTRUDED BILLET CROSS SECTION SAMPLES
A) BILLET MI!A-1-2 (MgO-3) D) M-1-7 (MgO-5) - THIS SPECIMEN |S
B) M-f-3 (MgO-3) SETTING IN A POOL OF GLYCERINE
C) M2N-1-3 (MgO-2) TO SHOW TRANSPARENCY. ALL
SPECIMENS ARE APPROXIMATELY
0.5" IN DIAMETER.
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EXTRUSION DIRECTION

FIGURE 6 MULTIDIAMETER EXTRUSION MgO - 11

33



EXTRUSION -

WEMEE IRECTION
.
L]
]
]
L]
]
[ . " 4
(LT L gj.qﬂﬁfﬁlil..llll!lll.lllllIII---llllIlIIlll-l=
; "
]
]
M2N-1-7 :
SENENEEEENEE EEEEnEnnnS
]
u
u
n
n
n
.
u
EEENNENEEEN IR AN AR RN l-llll-lllllIllu.lllnnl--Illl=
]
n
]
]
n
n

IIIIIIIIlllIlIllilI.l'lllIIIIIIIIIIIIIII‘&&V

FIGURE 7 EXTRUSION MgO-12
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Slots (usually filled

with MgO)
N \\ E
N Split
3 LY
\ \ \ N\
\\
N Ceramic
S A A 1 . 5 in_ T A N TN A
! Core
3.5 Dia

Tungsten 3.0 Dia.

FIGURE 10 SPECIAL CAN CONFIGURATIONS (A) SPLIT CAN
IN SLOTTED SHELL (B) SELF - INSULATING
METAL-CERAMIC CAN.
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Fracture

Extrusion Direction

FIGURE 11 FRACTURE IN CUTTING UNCRACKED EXTRUSIONS.
Sections of M-3-5 (MgO-11). (A) Transverse Section,
(B) Longitudinal Section Note Transverse Fractures
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FIGURE 12 CRACKING IN EXTRUSION MgO-10 (UNEXTRUDED)
A) M-2-20, B) M-3-2, C) M-2-7, D)M-2-21,
. E) m-1-1 (Note, billets listed in order: front to rear)
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Extrusion Direction

FIGURE 13 EXTRUDED ZrO2 (Z-1-3) (A) Transverse Section,
(B) Longitudinal Section
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0pn

-

FIGURE 14 TYPICAL MICROSTRUCTURES, (A) (B) AND (C):

TRANSVERSE SECTIONS (FRACTURES) OF BILLETS
M2N-1-2 (MgO-3), M-1-4 (MgO-4), AND M-1-12 (MgO-5) RESPECTIVELY
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EXTRUSION
DIRECTION

F

FIGURE 14 (CONT.) TYPICAL MICROSTRUCTURES. (D) (E) AND (F):
LONGITUDINAL SECTIONS OF BILLETS

M2N-1-2 (MgO-3), M-1-4 (MgO-4), AND M-1-12 (MgO-5) RESPECTIVELY
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Extrusion Direction .

FIGURE 15 GRAIN STRUCTURE OF EXTRUDED ZrOy (Z-1-3)
(A) Transverse Section (B) Longitudinal Section
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FIGURE 16

ZrOs ANALYSIS (A) AS RECEIVED BILLET-Ca FLUOR-
ESCENCE (B) LONGITUDINAL SECTION OF EXTRUDED
ZrOg (Z-1-3)-Ca FLUORESCENCE (NOTE CRACK) (C)
TRANSVERSE SECTION OF EXTRUDED ZrOg3 (Z-1-3)-Ca
FLUORESCENCE (D) LONGITUDINAL SECTION EXTRUDED
Zr02 (Z-1-3)-W FLUORESCENCE. (NOTE IN X-RAY
FLUORESCENCE PHOTOS WHITE INDICATES PRESENCE
OF THE FLUORESCENCING ELEMENT)
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ANALYSIS (A) HOT PRESSED AND
DY (B) HOT EXTRUDED BODY

Al»O
°F) BO
RAPID COOLING)

/O
(2600
2)

FIRED
(M5A-1

FIGURE 17 MgO-5W
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EXTRUSION__
£ DIRECTION

BODY (M5A-1- PID COOLING) (D) THIN SECTION
OF HOT EXTRUDED BODY (M5A-1-5, COOLED IN
CATCH TUBE)

FIGURE 17 (CONT.) MgO-5W/O AIQZO;}{:NALYSIS (C) HOT EXTRUDED

46



FIGURE 18- ANALYSIS OF SURFACE PROTRUSIONS A) Protrusions on M2N-1-3 Surface After
Approximately 4 hours at 1620°C, B) Si X-ray Fluorescence, C) Ca X-ray
Fluorescence. NOTE: Random dots represent background noise.
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Boundary

Boundary

FIGURE 19 MgO HARDNESS INDENTATIONS (10 Gm Load) ETCHED

IN BOILING CHROMIC ACID. (A){lOO}Surfaces of a Bi-Crystal
(B) {100} Cleavage Surfaces of Extruded MgO (Polycrystalline).
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FIGURE 21

SAMPLE HOT PRESSED AND EXTRUDED MgO
FRACTURE (A) SURVEY OF FRACTURE ORIGIN

OF BEND TEST SPECIMEN FROM EXTRUDED
BILLET M-1-15
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/—— Zone of Rough Fracture

- 0.196" >
A
Region of
Relatively
Flat

Cleavage 0.122"
|
| \

Ridge Tops Initiation Survey Boundary

i
1251
B i
C.

Specimen M-1-15 1-3

FIGURE 21 (CONT.) SAMPLE HOT PRESSED AND EXTRUDED
MgO FRACTURE (B) SKETCH OF FRACTURE
SURFACE (C) PHOTO OF PROBABLE ORIGIN
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FIGURE 22

SAMPLE FUSED (CRYSTAL) AND EXTRUDED MgO
FRACTURE (A) SURVEY OF FRACTURE ORIGIN OF
BEND TEST SPECIMEN FROM EXTRUDED BILLET
M-f-4
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- 0.233
Ridce Tops

%

AN

Sharp Steps

.058

Survey
Boundry

FIGURE 22 (CONT.) SAMPLE FUSED (CRYSTAL) AND EXTRUDED
MgO FRACTURE (B) SKETCH OF FRACTURE
SURFACE (C) PHOTO OF P ROBABLE ORIGIN.
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Specimen
Edgze

Apparent
Flaw at
Correr

Tensile .' o ~ Mo 25
Surface of ¢ . & »
Matchine Halves

B2 Chemical Polish Attack

FIGURE 23  PROPABLE FLAW INDUCED FRACTURE IN EXTRUDED
M¢O. (A) Sample From Extruded Billet M-1-10, Tested
As Sanded. Note Probable Flaw At Specimen Corner Where
Fracture Orizinated. (B) Sample From Extruded Billet
M2N-1-6 Tested After Chemical Polishine in Boiling H3POy4

Note Two Rerions of Apparent Attack By H3PO4
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Strength (S: Modulus of Rupture) in 1000 psi
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FIGURE 25 PETCHPLOT OF HOT PRESSED AND EXTRUDED MgO

56




FIGURE 26 FRACTURE OF SPECIMEN FROM EXTRUDED BILLET
M-f-4 (A) AND (B) MATCHING, ETCHED FRACTURE
FACES.
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FIGURE 26 (CONT.) FRACTURE OF SPECIMEN FROM EXTRUDED
BILLET M-f-4 (C) OPTICAL PHOTO OF AS
FRACTURED SURFACE (D) ELECTRON MICROGRAPH
OF MATCHING ETCHED FRACTURE SURFACE.
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FIGURE 2/ MATCHING FRACTURE HALVES OF SPECIMEN FROM
EXTRUDED BILLET M-f-1 (A) UNETCHED (B) ETCHED
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FIGURE 28 MATCHING FRACTURE HALVES OF SPECIMEN FROM
EXTRUDED BILLET M-f-2 (A) AND (C) OPTICAL
PHOTOS OF UNETCHED FRACTURE; (B) AND (D) OPTICAL
PHOTOS OF ETCHED MATCHING FRACTURE HALVES
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FIGURE 29

C

MATCHING FRACTURE HALVES OF SPECIMENS FROM
EXTRUDED BILLETS M-f-2 AND M-1-11 (A) M-f-2 ETCHED

(B) M-f-2 UNETCHED (C) M-1-11 UNETCHED (D) M-1-11
ETCHED
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FIGURE 30 SAMPLE DISLOCATION DENSITY IN SURFACE GRAINS
OF MgO TEST SPECIMEN. ALL PHOTOS ON FRACTURE
LOCATION

SURFACE AWAY FROM FRACTURE ORIGIN.
OF PHOTOS AND BILLET SOURCE OF SPECIMENS ARE:

(A) BOTTOM (TENSILE) SURFACE, M-f-4 (B) BOTTOM
TENSILE) SURFACE, M-f-2 (C) SIDE SURFACE, M-f-2

D) SIDE SURFACE, M-f-1

62



“pesseud joy usyy 81p ul peppo| ‘peujyobw ‘pesseid x:ou:otoxﬁb

*pe4jj usys ‘sie|jlq punod wouy ynd so|dwos passaid Jol  “si9[|1q UO|{oes $504D .__u.__._mc_Euoy_Gv

"oIp Q"1 .G | Uax0iq 4o 4no pabpnq Apoq woiy PAUIYIDW .y
* (Buysseidas sayyp Ajjsuep) passesde.s uewoads ‘exoiq E_uy_euv

*BuyssoByno o4 enp pewloy si9si|q djdossosdbw J:o?nOAmv

22/wb |0 OF Joue [pujwoN “Bupliy ..otﬁmv
(xjpueddy) v a|npeyds Buii4 cOA:

L6° (DoS1€1)de00VC (0] (De0LE1)40006Z  (D009Z1)4000EZ 01 4 £-1-2/WV
L6°€ (D0S1E1)4a00¥Z 09 (DeSZY1)40009Z  (D050Z1)400NZT (= | £z Z-1-Z/WV
R6°E (DaS1£1)400022 1V4 (DeSZ71)40009Z  (DeS0Z1)400022 G'L OBWo/mz/1-*O%lY  L-Il-Z/WV
26°¢ (DoSLEL)d000VT 14 (De04E1)4000ST  (D00921)4000€2 01 a g-1-v
26°C (DoS1E1)de00¥2 09 (DeSZ¥1)40009Z  (D0S0Z1)400022 ¢l ez Z-1-v
26°¢ (DeS1EL)de00VT 09 (DeSZ¥1)400092  (DeSG1Z1)d000ZZ | (v spu17) *O“1v -1~V
29°¢ (DeS1E1)d000VZ Gl (DeS1EL)4000¥Z  (D05621)400622 ¢l Coiz o/mM 9-OBW I-1-Z9W
z9°¢ (DoS1£1)4000¥2 Gl (DoS1E1)4000¥T  (D00£Z1)d00FET Gl loiz o/m G=-0OBw 1~1-ZSW
19°¢ (DoS1EL)de00VZ Gl (DoOVEL)400SYE  (DeSLEL)H000¥Z Sl Co1z o/m Z-0BW L-1-ZINWN
09°'¢€ (DeS1E1)4000¥2 Gl ﬁ a 01 £=-1-2/ZW
65°¢ - Gl Gl z Z-1-2/ZW
GS'E (DoS1€1) 4000¥2 Sl (DeS1E€1)4000¥2  (D0S0E1)4006€T 'L “0iZo/MZ/1-OBW  |-1-T/ZW
¥6°€ (DoS1EL)d000V2 Gl (DoSIEL)H000¥Z  (D009Z1)4000E2 S 1 * L-1=DSW
0S°€ (DeS1E1)4000¥2 Gl (D006Z1)400822  (D00£11)460912 Gl oprD o/M G-OBW  9-1-DGW
8s°¢ (DoS1EL)do00¥Z  @doiq 81q (S1) A 0°1l £-1-DZW
65" - Sl (| -1-OIW
26°¢€ (DeS1E1)d000¥C Gl (DeS1EL)4000¥T  (DeSIEL)da00VE Sl Op> o/m Z-OBW I=1=DTW
(99,/wB) :.%2 peitd 1(*ujw) Jo4 2V PIoH iy poj|ddy aunssald (seyouy) uojysodwod ._wnE:Z.
ANV.A:EoQ Bujsselg Jejown|(
o)1

NOILVOREvVS 1371118 -

| 318vl

63



a.

8¢ (oS 1E1)4000¥Z St a 0l a e-1-DLW
65°€ - . Gl G'1 =1-DIW
85°¢ (DeS1€1)4000#2 Sl (DoS1EL)4000VT  (DoS1EL)d000¥T 6’1 OpD o/m |-OBW I-1-DIW
[9°¢€ - 09 (00061 1)40581Z  (DoSF1L1)40001T Sl LL-1-NSW
A AR - Gl (DoS¥11)40001Z  (DoS¥L1)300012 Gl 0L-1-NGSW
¥5°¢€ (D050Z1)400022 GS (D00Z11)40050Z  (D06601)400002 §_ x| 6-1-NSW
(= ajoiq 31d (SF) (Do0ZL1)400S0Z  (De0011)40S5102 G'1 8- 1-NSW
96°¢ (DoS1€1)4000¥2 09 (D66601)40000Z  (D05601)40000C 61 L~1-NSW
¥S°€ (DoG1E1)d000VZ 09 (D05601)40000Z  (D05601)400002 Gl 9-1-NSW
yS°¢€ (DeS1€1)4000¥C 09 (D05601)40000Z  (D05601)400002 G 1 OIN o/m G-OBW  G-{-NSW
5°¢ (DeS1€1)4000¥2 Gl (DeS1E1)4000¥Z  (D0SOE1)4058ET 0°1 4 9-1-VSW
6¥°€ (DeS1E1)4000¥T Sl (DoS1EL)4e00VZ  (D00£C1)d00VET G'1 €2 G-1-VSW
o“Iv
rA°Ml (DeS1€1)4000¥T Gl (DoS1EL)4000¥Z  (D00LZ1)460VET 61 o/mG-OBW  #-L-VSW
A
- Gl Gl a yl-1-VIW
65°¢ Sl 61 el-1-VIW
. toly
86°¢ (D050Z1)4000Z2 Sl (DoS1€1)4000¥T  (DeSLEL)4000¥C §_ x| o/m |-OBW  ZI-I-VIW
) 4
09°¢ [pisA1D) a|Buis OBW pasnd ()06 %L (uoyioN) OBW Ol-4-W
65°¢€ 0Z (2068Z1)4005€Z ( 1(200£21)d00VET "1 Le-€-W
85°€ a04q 81 () * (DeS1E1)4000¥2 @ 1¥’1 0€-£-W
£5°€ Gl (D001E1)4006€2 i Xyl 62-€-W
65°€ (D050Z1)400022 Gl (DoS1EL)4000¥Z  (D0SOE1)4008€2 ( v_ x| (+9ys1d) OBW 8Z-€-W
6e°2 (D00€Z1)400622 passaides pup ueoiq ‘1sd 0p0G pesse:d pjoD oz 1 (+0yst4) OBW LT-E-W
¥e°2 (D00£Z1)400522 pessaidas pup uedoiq ‘|sd gpog pessesd pjod Ze 1 (4ponpdurfjow) OBW 9Z-¢-W
(3No/MmZ+
8e°¢ (D050Z1)400022 1sd noog pessesd pjoD £0°1 %os_uc___ozv\ OBw GZ-£-W
(411 o/m
LT°E (De5021) 400022 1sd 000’ Qg pessesd A||po4pjsos| Sv 1 + Jaysid) mmi yT-£-W
(dNo/MmZ+
8E'€ (D00€Z1)400522 pessaidas pup uaoiq ‘ysd o0z ‘pessesd pjoD GlL°1 h_Ss_uc___oé\ obw £Z-€-W
09°€ (D05021)400022 Gl (D006Z1)400€6Z  (D009Z1)4000€T 01l (s9ys14) OBW zT-¢-W
AMU\EQ :.v"o# paiiyd :("urw) 104 34V PIeH 14y pal|ddy ainssaid (sayoui) uoisodwo?) JaqunN
(@) *ed Bujssaid 18jswoig
EEIHIL:

(@.INOD) - 11378Vl

64




1e°¢ q opig 81Q  (D009Z1)4000€Z  (D009C1)4000€Z ©f L i 1Z-¢-W
85°€ Gl (D00€Z1)400522 (ol 0C-€-W
96t (DeG50Z1)d00NZZ Gl ﬂ (D00921)4000€2 Sl 6L-€-W
&v°'e Gl (D609Z1)4000€2 Sl gl-€-W
6°¢e q @)S | (D00921)40006Z  (D0N9Z1)4000€2 Gl LI-E-W
65°€ 0L (DoSOEL)de0BET  (DoSPZL)deSL2ZZ G'l ol-¢-W
09°€  (DaS1EL)4000¥2 N (Da0LZ1)400ZE€T  (DeS¥Z1)405£2T 0'l Sl-g-W
65°C  (DaS1EL)de00¥T Sl (De08E1)400ZGT  (DeSSEL)doSLYT Gl y1-€-W
96°¢  (De60Z1)400022 0Z  (De08E1)40026Z  (DoSGEL)deSLYT Gl eL-£~W
86°€  (DeSIEL)4000VT Sl (DofiZE1)4000ST  (De0PEL)deG8YZ G'1 Zl-e-W
66°€  (DoSlEL)4e00VT Sl (DeSZEL)4e0ZFT  (Do00NEL)H0GLET o'l LI-€-W
£5°C  (DeSIE1)4000¥Z Gl (DeSZEL)4e0Z¥T  (D000£:1)4054ET Sl ol-e-W
65°€  (DeS1EL)4000¥2 Sl (DeSIEL)4e00¥T  (D0N:Z1)400VET ¢l 6-C-W
05°¢  (De50Z1)400022 0Z  (Do0ZEL)4e01¥T  (DeO¥ZT1)405922 | 8-c-W
* _0>D.Z
0S°¢  (DoS0ZL)4a00ZZ wo! 84pnbepou] ﬂ (D000€1)4052E2 0l o
§6°C  (DeSLEL)do00VT Gl (D008Z1)400VET 0°¢ 9-¢-W
L5  (DeS0Z1)4000ZC Gl (DoSIEL)4000¥T  (D008Z1)deOVEL n'1 G-E-W
66t (DeSIEL)H000¥2 Gl (D0SZEL)H00ZFT  (D008Z1)400OVEL Gl r-c-W
05°¢€ ﬁm“__e ) i i G'1 £-C-W
e 0°¢ T-e-W
PG E [ °519) Gl 1-£-W
(€)
86°¢ 0l 12-2-W
65°¢ 01 HZ=2=W
8g°¢ 0°1L 61-Z-W
85°¢ Gl 0l 8l~Z-W
oe'e 8o.g woy 0t L1=T-W
VA Al > 6l (DeS1EL)4a00¥Z Sl 91-Z-W
es'¢ Gl (DeSEEL)daOVIZ | Sl-Z-W
£S°¢ Sl ¢l y1-2-W
96°¢ Gl 0°2 el-2=-W
*|eApYy
I¥°e wol a4pnbapoul (DeS1E1)4000VZ 0°¢ Z1-z-W
£6°¢ 0Z  (DoSNEL)4008EZ 0'¢ L1-2-W
9G°€ Gl (DeS1EL)4e00VT  (D00£T1)do00¥ET 1 01-Z-W
Gr°€ 09 (DeSLLL400¥0ZT  (DoS111)doOPIT 1 6-2-W
'€ (DaSLEL)4e00¥2 Gl (De0SZ1)40082Z  (Da0911)40061Z Gl (40ys1d) OBW 8-Z-W
(92/wB) ( wo* paiid $(*ujw) Jo4 4o pleH 13y pol|ddy einsseld (ssyout) uoijisodwon JoquinN
Ajisueg ! Buisseiq Jejown)
@ . e

(a.LNOD)

| 378Vl

65



Aesso[ moN ‘yBangsdj|jiyd ‘0D |pojweyD Jexog L°T
*ssoyy ‘Jaiseyolop ‘Aundwo)) uopoN eyl

o]yO ‘uojog ’‘pojiewy jo uojjoiodio) wnjuodsZ

[Hnoss|W ‘S|N0T “4S ‘HIOM |PIJWRYD) Jpoayduf|[PW
Aessof moN ‘yBingsd]|jigd /0D [PojweyD sedog *|°f
oupjpu] ‘oBpdiyD 4503 ‘ep|qip) UOJUN jOo UO|S|AIQ SPY|T
*ssoy ‘uoysog ‘uojimodio)) joqe)

[4nOSS|W ‘SINOT *iS ‘SHHOM |DOjweyD {poidul]|owW
sjou][|] “oBp3ayD ‘°0D d|j4ue|IS Jeys]y

92inog

jueBoey Joxpg
PeZi[1904S OPD pesnd
(pezi]1qpisun) [opjo|(oD

¢(Ho)ed

jueBoey {possdul||oW wouy
(xjpusddy) v einpesoiyd
Bujujo o) Jed peujd|pd
:..oun..ox J9)jog

€olv0 - v epunt
€oliv -5 uwrv

YTV ipofdu] |[oW

®pRIS) DjuoyDe|] Jeys| 4

odAj]

SIVRIALVW MWY - |l 318Vi

411

¢o0sz

oo
OIN
Coliv
Cotiv
oBw
OBw

[Pj404oW




"peBiojue e|p inq ‘pepusiul som | of ¢ jo uoj4onpe. <Anv

*osou ueisBuny epniyxe oy 92l04 @)

*@9pwing wouy Bujddoip uo 49)j1q djwoies-UDS Byjsoduicd 0 !22&&0::

0ss sz8 sl Lo46  De0S6L §'1-0°1 §'¢ 1-€otiv
0§S oL 91 Lot g 200022 S'1-0"1 0°E r1-Obw
0Z5-009 059 €l 1046 260022 S°l 0°’e e1~OBw
06%~0.45 o¥9 8l @ %9 200022 ¢l 0'€¢ T1-Obw
$Z6-009 004 91 Loig D000€Z 0°Z-0"1 0'e 11-OBw
po|I™s 200022 0°Z~0"1 0°¢ 01-OBw

“Bujuuny ( Nvao&D uo.o\h: o..._-:é eininisduse) ?_v 19 own|q (up) 1equinN
(suoy) #2104 peeds co_wo ..L.qy_ (1) 19]]19 djwbued *q°o um uojsnuyx3g

SYILIWWVIVA NOISNAILXI - (1l 318Vl

67



viva 1371719 a3gniix3

Al 3189Vl

6¢ 26 Lo y8-9'% or°S peseiu|S oz £-1-Z
o4 €9 9G°¢ g OBW 9-Z-W
osg'9 6° mc_z. $50| "¢ UDY) $39] e ¢, OBwW 1z-1-w
91 L LE 44 Ly LoiE°9-9"F GG'E FA*RE v oO"lvo/m |- -OBW  #-L-VIW
6l L 9¢ 514 8t Lo L7 L-E°9 LS°E 9¢°¢ v OIN©o/mMZ-OBW L-1-NIW
8l S ££ 9g ge LoIG°/S°S ¥S'€ 5 A q obw 8-T-W
1Z 11 4> 8S %4 LoV L L~6°G S°E (%) A 3 v OBwW 9l-1-W
91 8 62 86 6L Lo 6-€°G 65°€ 85°€ uofsng OBw Z-3-W
Avow.o_:u oip inq ‘popueju] | o4 6) | ©4 T°9 oliny uolionpey DALY ‘D602 esnyouedwe] ‘Z|-OBW 1equnN suojsniyxy
Ll Il °T4 [4A 91 Lo+ 4 gL~ depmod OBw -1-w
YA I 06 o€ 14 Lot 6 09°¢ [S5°¢E 9 obw G-€-W
ov Ge v 0g Lot 6 GS'€ 05°€ 9 obw g-€-W
yi & €9 06 Loil°L-€9 L5°€ €5°¢ g obw L1-T-W
9/ 89 6L o€ oA | ot 6-S'V 5°¢ 0S°€ 1 OBw LW
Loté 85°€ 05°€ q OBw £-g-W
(uoD ho._oEu_v:_aiv | 4 4 0140y UOIdNPRY DOIY 95000€C :eangosedws] ‘| |-OBW 1equnN :uoisniix3y
§'T 61 TE (c)8E @ M Gt lapmod obw [-1-w
vy 8T ¢£9 )7 @ 85°¢ g OBw 12-T-W
9z L SV ()06 @ 65°€ q OBw L~T-W
[A ‘ A é ‘ é ‘ M Amvom AmV 9¢°¢ d OO<< Nlﬂlz
Amvmo Am.v 14 > | OQ<< _.lﬂl<<
VAT AR I B A 4 (6)74 ()98 65°€ q oBw 0Z-2-W
(UD? 184oWD|P|I|NW) PEPNIIXeUN ‘D007 :enipsedwe) ‘0|-OBW JequnN :uojsning
*Bay Mo yBiH |pulpniiBuoy assiaasuni} oDy uojsnuyxj uo|snuxy ( vo_tuo uoi4jsodwo)) ( v._oa:__ﬂﬂ
uol§pjualIO (suosoiw) 921§ UIDIS) uojyonpey ) i)y €) ai0j0g ¢ -14qR4 _.
oBoiany pely 0o /wb Ayysueq

68




uojsny OPD o/mMG-OBW  £~1-D6W

n " - _.IUVE
8§ OPDo/Mp-OBW  £-|-DFW
] " 9=1-ZIN
lopmod pesny
pesse.d joH G-1-ZIN

uosng C0u7 o/MZz-OBW  Z-1-ZIW
*119Ys WZL 484no jo Bujjjew puo uo|§oDeI 04 8NP peLioqy ‘De00YZ :8dniiedwe) ‘G|-OBW JequnpN :uojsniyx3y

L o4 ZL-0l e | iopmod oBw £-1-w

Lot gl-11 e ¥E'T peild P pomesd osw £T-E-W

St Lots 8Se=¥S°¢C 65°€ g obw ri-g-wW
L ol 4-6"8 09°€ gS°e q obtw 6-6-W

Lot 6 89°¢ 96°€ q OIN o/mMg-0OBW  £-1-NSW

Lot 6 8S°€ (0, > v OIN o/mMZ-OBW  Ol-1-NZW

o€ L o4 6~8 G6°'¢E &' e | OBw gl-e-W

cAmops %a_ooo puo
(De000Z) ®#9n4 Y2400 pojosy Oju| PEPNIIXB)‘| Of & :0[40Y UOLIINPeY DBIY ‘De(0ZT :0inDIedwe] ‘§|-OBW JoqunN :uojsniyxy

1e 74 1 04 §=Z g5 7' € g momz o/MG-OBW  G-1-VSW
Ly o Lot s~C'8 8c°¢c 9%°¢e v O° v o/mM|-OBW  9-I-VIW
e 62 Lot G 6-6 99°¢ ¥S°€ 9 OIN o/Mg-OBW  ¢-|-NSW
z9 9¢ Lo416%6=6 65°¢€ L5°E q otw ol-g-W
9 (% 4 L o4 01-6 09°¢ 9e°¢ v OIN ©o/MZ-OBW  ¢-1-NZW
134 1) 4 Lol G 6-6 86°¢ 96°¢ q ofw 61-€-W
14 ee 1 o46~6"L gs°e Al 3 9 oBw 6~Z-W
olz (1) ¢4 LotG 6~6 65°¢ uojsny otw 6=~3=W

*(De00€L ~ 30 vanjpiadwe; uo|sniyxe D (De000Z) OGN Y2402 U] PEPDO|SY °JOO[§ O} UD YBNOIY: jUBM Ing
‘eqny Yyo4pd peioey ojuj POPNIIXS) | Of 4 :O1OY UOC[IINPEY DBIY ‘De00ZZ :einpiedwe] ‘g[-OBW JequnN :uosniix3

.u><;o._;u_z_oc_va_aco._on.o>u:2._. o:ux :o_.:.:xm uoysni)x3 uo|pd uoijjsodwo?) ( v5.‘:52
uoliB§us IO (suosojw) 82)§ UiDIS) uoj4onpey (¥) 045y (€) eJojng @ ~14qo4 l
o6oieAy Douy 22 /wB 4ysue(

(@.INOD) - Al 778VL

69



‘UOJSNIYXD 1O} PO4OBY 40|[1q 944D 250Amv

* (A31suep juesoddp eonpes ubd BupxyopId) 23 /wb Zo°OF Josse Ayjsuep _oc_EoZAvv
*92/wh |0°0F Jo4le x:uco.v _nx.__EeZAmv

"§ pup Yy seJnpesold Bujsselqd joH o) A|eA|idedses Jejel g puo v @

"Dl o} juoly woly peis|| 2o_=nA$

pw
50°¢ uojsny "olivew  ye1- S
or'e ; oW T .
1$°¢ ix3] 085 o/mMgy-"OCIV  L-1- WSYV
OBw
86'¢ g omz/1-f0bv  1-1-z/wv
86°¢€ 9 ¢ M I-1-Vv
88°€ iXe] 99§ o~lv -1-v
*0inujw /D6 | A|eipw)xoiddp b Pe|ood usyl De0GLL P “Ulw OZ pe3pos

(DoS/81 +°) 9qN4 Y24DO Pa4DeY Oju| POPNIIXe ‘| Of 4 :0[4DY UCL4INPBY DALY ‘Do0G61 :eunypsedwe | ;umON_( suojsnuyxj
08'S  4xeL eeg Coiz §-1-Z
LT°E Ppeild’p pesseld obw ¥e-€-W
le°e g obw 1Z-e-W
9c°€ L] OBw El-e-W
A g obw L1-E-W
8E'E  Pol|d § perreyd obw GC-E-W

*119Yys WZL 48ino jo Bujjjew pup uo4opes 0 ONp PaLIOqY ‘D600ZZ 9 Mpiadwe] ‘9|-OBw JequnN :uoisniyx3
‘BAy Mo yBiH |puipnyjBuo  esieAsupi] o}4oy uo|snuyxy uojsniyxg uo|4od uojjsodwon) Joquni

uoppuallQ (40s01W) 9ZIg uiDIO) uo4dnpeYy (¥) wyY €) elojeq @ -l1qp4 (1)

aboiany peuy 22 /wb Ayjsueq

(Q.INOD) - Al 318V1

70




*a|dwps pajuaiio A

|WopuDJ D Woly A}1SUS4UL PRJODIYHIP B} Of UOISNIXD UD JO UO|4DaS

asiaAsunly o jo aup|d *oowu— ay4 wouy Ayisusqul Abi-x pajopIyyIp 8Y4 JO O14DL BY4 84D 53_0>:v

144
L4

sri

2 >4
s
6t

§°ZS

6%
§6
oy
49
6l

oBoioay

6¢
14
¢Te
[ A4
Ly
Gl
G°LE
0L
S8
14
144
L

moY

1S
4 4

Sle

Syt
6S

74
g el
80l

65
6t
YSIH

3

(1)

noH | 10§ (DeSLEIL)
4e00¥Z 40 Bujjoeuuy Jeyy :uojinjuelIO

ONITVINNY NOISN¥LX3

) 4 ]

S £
£S A4

09 A 4
(4> 0t
143 Ll

rl 6
6% LAY
65 SS
94 £e
7> o¢
or ce
“oBoieay o7

(1)

44
L
29
§°9
1>
¢t
1z
A

©

€9
)
or
4
L3

PopALIXg-sY :uoliDiue|i0

- A 3Vl

|-Bw
1-OW
ri-1-wW
r-1-OYW
r-1-w
T-1-VIW
L=1-NOIW
ol-1-w
E-[-NIW
r-i-W
I-1-VIW
1-1-NTW
‘ON "dedg

n



¥ oz
6°8l

0°¢¢

£°4¢E

?°6¢€

w0S°0

*popuDs—$D payse} susw|oeds Jeyjo ||° ‘poysijod A||pojweyD,

1°0Z Nn..m..ic
. leaso
G°8l G=3-Wa
21
1°0€ L-8-W
0°€Z =Ze j-w
9°12 8°0z =lg-1-w
(+94u@d Y40
.._.. -~ Oxeﬂv _.|N
L"6E L8l £-€-W
(493ued Yo (494ued 4o
40"~ 9ooig) wS0°~ ®oig) 1-Z
§°LC 88" €t S-6-W
wSL°0 W' 1 WSl «0°2 ‘oN uew|oedS

1jo suodg uo (1sd Q001 ut) esnudny jo snjnpow

SNVdAS INF¥IA41d NO SHIONFYLS OBW a3aNiLX3 40 NOSRIVAWOD - IA 318Vl

72




14

$9|pog peysjjod
Al1p2jweyd jo sequinN

> 8
"PO|DOULD-$D Paisa) - $8Ipog PepniIX] (40008Z~00ZZ) POjoeuUY
4 ol
"POPUDS-$D POISS) -  $0)pog POpALXT (d0002Z) Pe|BRULY

14 9o
"POpUDS-SD peisel - se|pog pepnuxy sy

91 8¢
*poysijod A||pojweypd o POpups-to peyse] -~ sejpog pepruixy sy

i9woY) Jo edpyNng 4o Apog epjsu|
Bupnionuy susw|oedg Bupinioouy suew)sedg

SOILSILVLS IYNLOVYEE - IIA F18VL

73



TABLE VIII - INTERNAL FRACTURE DATA

M;j::::eof G':‘: ;imsgi:e Origin in From Surface
_Billet No. (Ksh) (microns) Grains?  Microns?
2 23 2-6 75
-3- y 25 2-4 75
M-3-7 39.2 28 4-7 90
34.8 27 2 40
44.9 24 2-3 70
m-3-8 47.9 25 3 70
18.7 26 2-3 40
M-3-3 39.1 20 2-3 3C
28.3 4 210
39.6 26 2 30
27.7 61 4-5 400
M-1-11 27.5 70 2-3 130
29.8 73 2-3 100
M-1-10 29.0 42 1-2 40
M-1-15 42.2 3¢ 5-8 170
36.6 29 2 60
M-2-11 45.0 25 e s
32.5 1 20
35.1 79 1 40
M-f-2 27 .1 70 3 120
31.1 87 2 110
M-f-4 29.3 73 5 300
18.9 97
21.3 151 2-5
M-f-5 20.7 130 2-3 400
31.5 75 2-3
24.0 173 6
23.2 125 3-5
M2N-1-3 35.3 24 2 30
M2N-1-6 35.0 47 1-2 &0
44 .4 31 3 80

(])Number indicates the grain in which fracture origin Is located - either within that grain
or at its boundary away from the tensile surface,

2 .
( )Approxlmate distance of origin from tensile surface.
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10.
1.

APPENDIX 1
BILLET VACUUM HOT PRESSING PROCEDURE A (WITH LiF)

Two weight percent reagent grade LiF is added to the ceramic powder by milling for
2 hours in an organic fluid, nomally benzene,

The milled slurry is dried, screened through a number 28 screen, and stored in sealed
jars. The time of storage in sealed jars is normally less than one week prior to
complete usage of the powder.

Powder is loaded in the die by cold pressing at 1000-2000 psi. Pyrolytic graphite
spacers are placed between the rams and the powder when graphite dies are used.

The die is placed in the vacuum hot press which is pumped down to a chamber pressure
of 10~4-10"3torr in about 1 hour.

After at least 4 hours at ]0—4-10_5torr, the die is heated at an approximately linear
rate to 650°C(1200°F) in about 0.5 hour. Temperatures are measured by a thermo-

couple in the die wall approximately 0.75" from the inside die surface and about 1"
above the specimen.

Between 650°C and 700°C(1295°F) the ram pressure is built up to approximately
3500 psi.

Heating, while maintaining this ram pressure, is continued at a slightly slower rate
until a temperature of 980°C(1800°F) is reached after a total heating time of 50 to
60 minutes.

Pressing conditions of 980°C and 3500 psi are held for 15 minutes with vacuum chamber
pressure averaging 2 to 4 x 10-3torr..

The heating power is shut off and the ram pressure released over a period of about
1 minute,

The die is removed from the vacuum hot press after 2 to 4 hours of cooling.

The specimen is ejected from the die at temperatures of 400°C(750°F) or less.
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APPENDIX 2
BILLET VACUUM HOT PRESSING PROCEDURE B (WITHOUT LiF)

Powder is directly loaded into the die from sealed bottles, without any prior milling
unless milling was ﬁreviously used to mix alloy agents. Pyrolyfic graphite spacers
are used between the rams and the specimen when graphite dies are used.

The powder is cold pressed at 1000-2000 psi.

The die is placed in the vacuum hot press which is pumped down to a chamber pressure
of 10-4-10-3torr in about one hour,

After at least 2 hours at 10_4-10_5f0rr the die is heated to 1650°F(900°C) in about
30 minutes. Temperatures are measured by a thermocouple located in the die wall about
0.75" from the inside die surface and about 1" above the specimen.

Starting at 1750°F(950°C) the ram pressure is built up to 5000 psi over a period of
about 2 minutes.

A temperature of 2400°F(1315°C) is then reached in about 20 minutes, while maintaining
the ram pressure at 5000 psi.

Pressing conditions of 2400°F and 5000 psi are held for 15 minutes with vacuum chamber
pressure averaging about 10‘2forr.

The induction heating power is shut off and the ram pressure released over a period of
about 1 minute.

The die is removed from the vacuum hot press after cooling for two to four hours.

The specimen is ejected from the die at a temperature of 750°F(400°C) or less.
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APPENDIX 4
BILLET HEAT LOSS ESTIMATE
A rough estimate of billet heat losses can be made by assuming the billet has infinite thermal
conductivity, and loses heat only by radiation into an infinite space or perfectly absorbing

media (i.e., no reflection or re-radiation back to the billet).

A typical billet weighs about 17 killograms and has about 580 cm? surface. Assume the billet
has temperature of 2400°K and emittance ( € ) of .7, then

qg= €0 (T]4 - T24) = rate of heat lost by radiation per unit area
q = (.7)5.7 x 10-5) [(2400)4 - (300)4] 2133 x ]07 ergs/cmz-sec.
Q= (133 x 107)(580) = 7.72 x 10" ergs/sec

A= (7.72 x 10'1)(2.39 x 1078) = 1.85 x 10% cal/sec.

In 10 seconds, the total heat loss (Q) is:

Q = (10)(1.85x 104 = 2 x 10° cal .
Q = (heat capacity)(mass)(change in temperature)
Q= 3.8x1091.7x10% AT = 2x10°

T = 300°C

The limited thermal conductivity of the billet will cerfoinlg reduce this figure, as may the
glass lubricant (as insulation); however, conduction losses by thebillet contacting press parts
would counteract some of this reduction,
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APPENDIX 5
STRENGTH OF HOT PRESSED MgO

It has generally been recognizﬁ that strengths of ceramics decrease as either porosity or
grain sizes increase. Knudsentl) suggested the equation:

Strength ( S) = k G™° e-bP

to numercially express these relationships, where k, a and b are empirical constants, G the
grain size, P the volume fraction porosity, and e the Napierian Log base (2.718....).

Spriggs ond Visilos(z) showed the above equation held for MgO, giving strengths (in 4 point
bending supported on a 1,50" span with bars 1.75" x ,25" x . 15") of:

-I/Ze-bP
-1/3e—bP

S
S

75,000 G psi (b =6 to 9) for hot pressed and carefully machined MgO,and

75,000 G psi for MgO fired after hot pressing and machining.

@)

These authors subsequently published more data'™’ in which the equations (for zero porosity)

were modified as follows:

S = 75,000 G.l/2 psi for hot pressed and carefully machined MgO

50,000 G"]/6 for MgO fired after hot pressing and machining.

S
The authors could not explain the difference between fired and unfired hot pressed MgO.

In order to eliminate questions of this variation and to check materials being developed, an
investigation was carried out at Boeing. The same raw material, Fisher Electronic grade
MgO was used and fabrication conditions were similar to those of the reference work -

(graphite dies, temperatures of 2300°F({1240°C) £200°F, and pressures of 5000 psi), except
g p - ! p. . - sfe HE v p . p
hot pressing was carried out in vacuum. However, the most significant difference was in the

use and evaluation of firing treatment,

Extensive evidence(4) shows that volatile-producing impurities can be readily trapped in hot
pressed bodies made from highly active materials such as the above Fisher MgO. The most
common one in MgO is Mg(CO3) as shown by IR transmission of translucent as-hot-pressed
specimens, Decomposition of fﬁis trapped carbonate explains much of the clouding and
bloating observed upon annealing hot pressed MgO by many investigators, including the
referenced work. Recognizing this, precautions (mainly vacuum hot pressing) to minimize
these contaminants were taken; however, these did not eliminate this problem. Therefore,
firing cycles were adapted to subsequently fire the hot pressed specimens in order to siowly
break down and diffuse out these gaseous impurities, and obtain some sintering to heal the
voids left by the decomposed compounds. This could generally be done by slowly raising
the temperature to about 2200°F(1205°C). Rice(S) has shown that this results in substantial
increases in strength up to some optimum temperature (usually approximately 2200°F) as

shown in Figure A1, Comparison of as-sanded, fired, and chemically polished specimens



Modulus of Rupture in 10° psi

J 300
4 200
55 p—
——— Grain Size 1 100
- —— Strength 7
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1100°C 1300°C 1500°C
20 1 i l' 1450 ) T 1 b | 1
° 240D0° 2800°F
As Hot 29&’ F F B
Pressed Fired 1 Hour

FIGURE TA MgO STRENGTH AND GRAIN SIZE vs. FIRING TEMPERATURE.
ALL STRENGTH POINTS REPRESENT AT LEAST 5 SPECIMENS TESTED IN 3
POINT FLEXURE ON A 0.78" SPAN. FIRING TO 1050°C WAS OVER A
PERIOD OF 3 DAYS. ALL SPECIMENS WERE HOT PRESSED AT 1205°C
(Courtesy of Plenum Press)
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shows that surface finish plays only a secondary role (e.g., chemically polishing increased
strengths of bars fired to 2100°F agouf 15% and 600 grit sanding reduced fired strengths

about 15%). Thus, this maximum in strength is a true effect of firing. The location of this
peak for a particular fabrication may vary 100°F, and sometimes nearly 200°F, and the peak
increase in strength may only be about 50% rather than nearly 100%. (These variations
appear to be the reason for the plateau in Figure Al since this averages specimens from several
fabrications.)

After firing to temperatures near those giving maximum strength, the carbonate IR absorption
bands are gone. Therefore, it was concluded that below the optimum firing temperature,
MgO strengths were controlled by the presence of such volatile producing impurities, while
firing at or past the optimum temperature eliminates this control.

Thus, the following procedure was used. Disks of 1.5 and 2.0" diameters and about 0.25"
thick were vacuum hot pressed, wet ground and dry sanded (600 grit finish) to give bars with
cross sections of about 0.25" x 0,12", These were then fired to various temperatures on the
developed firing cycles, and only those specimens near or past the optimum firing for each
disk were accepted. This proceJllJre also gives a range of grain sizes from each original

disk.

All specimens were tested at ambient conditions in 3 point bending using 0.75" span and
0.125" diameter steel loading points. Cross head speed was 0.05 in/min. Tests cover a
wide range of time and hence average effects of set~up variation, weather, etc. Grain
sizes were measured by counting grain boundary intersections with straight lines near the
tensile surface.

Results are shown in Figure A2 along with data from References 2 and 3. The latter also shows
higher strengths as a result of firing, and their fired strengths though somewhat lower,
generally have the same slope as the work herein presented. The lower strengths from the
reference works may be due to differences in specimen factors such as porosity and test factors
such as specimen size and type of tests (4 point versus 3 point testing). In the present work
no bodies were completely pore free, though mast were fairly translucent, especially at larger
grain sizes. The smallest grain size specimens generally had 0.1 to 1% porosity which is the
same or greater than the larger specimens. In the 50 to 100 micron grain size range, both
sets of data show a deviation from the slope for grain sizes. There are numerous factors which
could cause this deviation toward higher strengths as large grain sizes are obtained by pro-
gressively higher temperature firing.

(1)  Grain growth may cause orientation (through preferential elimination of grains of high
misorientation) and thus change fracture mechanisms or strengths,

(2) Larger grains may reduce the probability of having o grain oriented for easiest fracture
nucleation at the region of maximum stress.

(3)  There may be some further elimination of impurities which are no longer controlling,
but may be limiting strength.
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(4)  Stable impurities which may initially be inhomogeneously distributed may become more
homogeneously distributed, which could result in sfrengfﬁening.

(5) Annealing and pinning of dislocations may occur to strengthen bodies.

(6)  Surface grains may be smaller than the rest of the grains because they cannot grow in
one direction. Thus fracture initiation in a smaller surface grain would require more
stress, so the mean grain size would not be representative. (There is evidence to
suggest this in some cases).

(7)  Larger grains may have more dislocation sources such as impurities or pores(s) inside the
grain that would effectively reduce the grain size if grain boundaries are the normal
sourc(ej of dislocation ions in smaller grains. (This may be the case since Passmore,
et alté show?%fhere are few or no mobile dislocations in polycrystalline MgO grains,
while Copley\’/ reports sub-boundaries in MgO crystals appear to act as dislocation
sources.,)

(8)  Pores in the body will be trapped in the grains by grain grow'rlwsrhich may result in
strengthening, possibly due to impurity accumulation at pores\9/, Recent experiments
indicate this may be fKe most important of the above factors.

From Figure A2 it is seen that the strength varies as G"'4 fo -'5. The above discussion shows

that the presented data is probably somewhat low for small grain sizes and high for large grain

sizes, thus indicating the relationship actually should be G=-3 or very close to this.

Another technique of fabricating dense MgO is by hot pressing with LiF(B) or NaF. An
optimum strength with firing is also found in these systems as shown in Figure A3, though not as
pronounced as in the Fisher MgO without additives. Again the height and temperature of this
peak varies some from fabrication to fabrication; however, it is nominally around 2400°F
(1315°C). Data from these systems was therefore accepted only if it was near or higher than
the optimum temperature. Results for both Mallinckrodt AR and Fisher Electronic Grade MgO
with 2 w/o LiF and for Mailinckrodt Mgl with 1 and 2 w/o NaF are shown in Figure A4, This
shows that MgO from either source made with either additive generally has the same strength
versus grain size variation as MgO without additives. Grainsizes smaller than 15-10 microns
cannot be achieved because of the higher firing temperature with (2400°F) than without
(2200°F) LiF, and due to effects of the additives on grain growth, The latter appears to be
the greatest factor, probably due to a liquid phase from the additive during firing. (Typical
pressing conditions with NaF or LiF at about 1800°F and 3000-5000 psi for 15 minutes result

in grain sizes of 0.5 to 3.0 microns from Mallinckrodt MgQ.) After firing, no Li is detect-
able in specimens, but a few hundred to a few thousand parts per million F (probably as

MgF7) remain in these bodies. This may explain the apparently slightly higher strengths of
the ﬁuoride processed bodies.
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APPENDIX 6
CALCINING PROCEDURE A

Powder is loaded in 99% gure MgO crucibles approximately 3" in diameter x 4" high
with 0.1" wall thickness by using the crucible to scoop powder from the container,

The crucibles are placed in a metal retort with half of them inverted on top of the
remainder. The top crucibles are slotted on the side near their base to allow ready
gas escape and good flushing while acting as lids to prevent excess spillage of powder,
and possible contamination from the retort metal lid.

A thin metal lid is welded on the retort to seal it.

Lines are attached to fittings to introduce argon at the bottom in front, and a vacuum
system to the top of the retort in the back.

The retort is loaded in the furnace and the vacuum and argon valves are set to establish
an argon flush at about 10" absolute pressure.

The retort is heated at a linear rate to reach 600°C(1110°F) in apﬁroximately 5.5 hours.
Temperatures are measured by a thermocouple near the center of the retort.

After 1 hour at 600°C, the retort is cooled in approximately 1.5 hours, initially in the
furmace, then out of the furnace.

When the retort is less than 100°C(212°F) the vacuum valve is closed, when the retort
is near atmosphere pressure, the argon valve is closed, and the retort is flooded with
benzene through a third fitting.

The thin retort lid is then removed and the powder, covered with benzene, is transferred
to jars which are closed for storage.
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