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_ EFFECT OF PROCESSING ON MICROSTRUCTURE
AND MECHANICAL BEHAVIOR OF MAGNESIUM OXIDE

Truett B. Sweeting* and Joseph A. Pask
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
: -Berkeley, California 94720
ABSTRACT
Specimens of polycrystalline Mg0O were fabrieated from two powders
after varying preparation procedures by hot pressing'in gtaphite or
- alumina dies,»followed by anneeling in air, vacuum, or within the
'grephite die in vacuum. Impurities introduced and modified throughout
the entire processing procedure resulted in microstructures with varying:
grain size and grain boundary structure. The formation of a liquid phase
| iqvene‘type.tended to eliminate the effect of these ﬁfecessing variables-
but led to the development of larger grain siees.v Cdrrelations of the .

- microstructures of the specimens were made with their mechanical

behavior in compression at a constant strain rate at 1200°C.

*Based on a thesis submitted by T. B. Sweetlng for the M.S. degree in
ceramic englneerlng v _
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I. INTRODUCTION

Dense, fine grained polycrystalline MgO has 5een fabricated by hot
pressing. Spriggs et al.l produced nearly theoreticelly dense MgO at
1120°C and 13,000 psi. Leipold and Nielson2 obtained>theoretically densev
specimens at 800°C and lO,QOO psi,'which on subsequeﬁt_heating.id air
showed rapidigrain growth and no reheat porosity. The_influence of water
vapor on the ﬁot pressing of MgO was studied by Shelly and Nichelsoﬂ.
Presence of‘impurity anions was found to retard deﬁsification;’bloating
and clouding Qete also observed, which were attributed to pressure
‘building up from the entrapped gases. |

Mechanical behavior at elevated temperatures is dependent on micro-
strgcturai featﬁres of the gpecimens. The importaﬂqe-of the nature of

¢

the grain boundary has been shown in experiments conducted in tension,

bending,9 and-compreésion.lo’11 }2

Most recently, Snowaen and Pask
attributed differences of behavior of specimeﬁs fabficeted by several
vprocedures.gtiiizing‘hot pressing as a step to reéﬁlting differeneee in
grain boundary structure.

In thié,etudy, the first objective wes to contribute to the under—;
standing of the role of processing conditions_in hot pressing on micro—f :
. structure develepment, and then to determine the relation between |
ﬁechanical behavior end mierostructural'features_ﬁith particdlar
Emphasis-placed on the nature of the‘grein_boundary._.

II. EXPERIMENTAL PROCEDURE-

(1) Characterization of MgO Powders

Two magnesia powders were used in this study, and will hereafter be

referred to as Type”I and Type II. The major difference in their
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analyses (Table 1) was the higher Si, Ca and suifate contents in Type II.
Differential thermal analysis (DTA) and thermogravimetric analysis
(TGA)'were obtained in air at a heating rate of 10°C/min up to 1000°C.
An endothermic reaction was shown beginning about 26S°C and peaking at
360°C for both types of Mg0 which is in good agreémentvwith the resul;s
.of Chown and Deacon13 for hydrated magnesia; the inﬁensity, however, was
higher for Type I. ' The weight losses occurred wifhin the ééme tempera;
ture fange but more gradually for Type 1I thch also Qas still losing
weight at 1000°C. This was probably due to the higher suifate content

of'Type I1 since,MgSO4 has' a decomposition pressure of 1 atm at 1125°C.

Table I also contains physical data on the Mg0 powders; The surface

.area was measuréd by adsorption from an iodine solution. The reéctivity
was measured by mixing two grams of ﬁoWder with citric acid aﬁd noting
the time.to'endpéint using phenolphthalen as an indicétor, a shorter
time being indicative of great reactivity. Powder éf Type II‘was twige
as reactive and had five times the surface area as that‘of Typé I.

X-ray diffraction patterns for both powders did not indicate the
presence of any second phase. The crystallite size yés determined by a
method’outlinéd by Rau_14 using thg Scherrer equati§ﬁ.'b B : \

(2) Powder Preparation

Preliminary specimens prepared from an unmilled powder were found
to contain undeéirable microstructural inhomogeneities_which were
véttributed to agglomeration in the starting powder. This led to an in-
vestigation into the following powder processing procedures, using
Type I powder thaf had been first screened té remove the coarsest

aggregates, to evaluate their effectiveness in reducing such defects:
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(1) Dry milied 2h —- alumiﬁa balls.

. (2) Dispersion in isopropanol, dried, dry milled 2h -- alumina
balls.

(3) Dry milled 2h —- teflon balls.

(4) Wet rﬁilled 1h, dried, dry milled 2h -- teflon balls.

The ball milling was done in a 2—liter, rubbervlined mill, using 55
grams of powder in each case. The dispersion step,in.(é) consisted of
gradual addition of the 55 grams of unmilled powder-t§‘275 ml.of.isopro—
panol, while sﬁirring "magnetically.'" The resulting“mixtu¥e was placed
in-an ultrasonié cleaner for two minutes to aid disﬁerSion. The suspen-
sion was. then d?ied 24 h at 90°C, resulting in a ”éakelike" structure
which was broken up manually before ball milling. In.(é) the powder was
dispersed as in (2), but an additional 250 ml of isbp;oéanol was added
during dispersion; this mixture was wet milled one'hrbefore drying within '
the mill for 24 h at 90°C. This treatment was folléwed;by the dry mill- -
ing step. The poWdefs were then hot presseq in graphite dies and‘anhealed

in air.

(3) Specimen Preparation for Mechanical Testing

Disks, 2 in. dia., were prepared from both powdér#,by using the
éélected powder preparation érocedure and then hot pfessing them in
graphite and alumina dies. With the graphite die, a ﬁhin (.005")
graphite foil‘sléeve'Was used along the die cavity wall. Graphite foil
spacers were aléo used between the powder and the plﬁngér faces."The
powder was cold pressed at 2000 psi outside of thevfurnacé,vso thaﬁ
measurements could be taken to determine green densit&Q The die was

placed in the hot press, and evacuated to 10_4 Torr'before heating. The
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heating cycle‘éonsisted of keating at 8°C/min to 1250°C with arrests at
500°C for 15 min1 and 1000°C for one h to allow gés from decompositions
to eséape, and finally at 1250°C for 30 min. Pressure of 3000 psi was
applied at 1200°C and maintained constant through the hold at 1250°C.
Pressure was then released and the specimen was furnace-cooled. A simi-
lar pfocedurevw§s followed for the alumina die; howevef, a heating rate .
of ¢S°C/min vwas used to minimize thermal gradients aé;oss the die wall.
Molybdenum spacers were used to separate the powder from the plunger
faces to prevént_sticking and reaction. Because of;fhe loﬁ density of -
thé Type I MgO specimen produced by this procedure,{é specimen was made
applying pressure at 1100°C and gradually increasing it to a maximum of
6500 psi at 1200°C. The pressure Qas then held coﬁsfant to 1250°C and.
held 20 min. All of the disks were cut into_speciﬁens approximately

.6 in. x~.25.in;_x .25 in., using a diamond blade.

Hot—pressing characteriétics in the graphite die are shown in Fig. 1
by a plot of'denéity obtained from the measurementé'of ram‘travel on hot
pressing versué'temperature. Some densification, greétér for Type II
powder, bccurred between 800 and 1000°C. Type I thenvéhowed little
change in densify until pressure was applied at 1200°C, and densification
continued until near the end of the 30 min hold périod'at_1250°C; Type
II, on the othe;.hand, started to further densify with increase of
temperature after 1000°C .and reached its final density only a‘few mihutes B
after pressure was applied at 1200°C. | | |

The specimens from the disk formed in the éraphite die were annealed
at  1550°C for two h ih air, vacuum, and vacuﬁm withinvthe graphite die.

A specimen was also annealed in air for 24 h in a quench furnace with
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MoSi2 eléments. The vacuum anneal was done-in a Brew furnace with
tantalum heating elements. The annealing in the graphite die was done
in vacuum in the hot press. Specimens from the disk formed'in the alumina
die received identical heat treatments, but were nét-anneéledvin the
graphite die.. | i
Approximately .15 in. was cut from the end of each test specimén.
The internai sﬁrface of the end piece was used for‘mic£63cdpic examnina-
tion. The polishing sequehce consisted of using é'séries of emery papers
through grade 4/0, followed by 6 um diamond paste Qith kerosene és a
vlubricant.on a nylon cloth, and finally with 1 um diamonds on a Syntron
Qibrator. All samples were etched using .5M A1C13;at:50°C for about one
min. Grain size determinations were made by countihg the number of grains
in a kﬂown area, converting to equiValent spherical,diametef, and mul- .
tiplying by a‘stétistical factor of 1.28 or 4/ﬂ.15 Over 500 grains were g
counted in each case. | | -
Density measurements were made using a displacémént techﬁique in

mercury. A value of 3.58 was taken as theoretical density of MgO to

compute relative densities.

(4) Mechanical Testing

Specimeﬁs prépared for mechanical testing had a final.length to
width ratio of 2:1 and were approximately .36 in. *,{18 in. x .18 in.
The specimens were poliéhed to these dimensions on a-series of emery
. papers using a‘jig designed to keep faces parallel, and the ends flat,
parallel, and perpendicular to the loading axis. Following this prepara-.
tion, the specimens were chemically polished in 85% éfthophosphoric acid

at 110°C for two min.
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Allfstréss—strain data were obtained in’compreséién at 1200°C at a
constant'stfaiﬁ rate of .025/min based on original éample Height,'using
an Instron testing machine. The specimen was heated in.a M0812 element
furnace at abOuf 10°C/min, with a stabilizafion period of approximately
20 min at 1200°C before the start of the compressibh test. Platinum.
foil spacers brevénted reaction between the specimen and the Lucalox
Al.0. buttoms used between the specimen and the ioadiﬁg rams. All

273

stresses reported are based on original cross-sectional area, and all

\

strains are true strains calculated from the recorded engineering strain.

‘The amount of plastic strain was taken as the.difféfcnée'between the
strain at .27 offset‘yield stress and the strain at the maximum stréss
_recorded. The tésts.were run until the load started_decreasing at an
accelerating rate.

III. RESULTS AND DISCUSSION

(1) Microstructure Development

(A) Effect of Powder Preparation on Microstructure: Specinens

prepared from Qﬁmilled Type I MgO powder by hot pressiné in a graphite

die and subsequent annealing in air had non-homogeneous microstructures

as indicated by the pfesence of non-uniform regions of higher porosity
and smaller grain sizé. Specimens were then formed from poﬁders pre-
-vpared by the four differeﬁt procedures described ﬁrevidusly. Density
and grain size data are summarized in Table II.  ( |
The appeéraﬁce of specimens after hot pressing varigd: procedure
(1), light gray and sligﬁtly translucent core coVéring approximately

four-fifths of the cross-sectional area with the areas adjacent to the

surfaces white; (2), similar but slightly lighter gray core; (3) and
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unmilled powder, uniform wﬁitevcross—sections; k4)3 very dark gray
throughout.  All specimens were white after annealiné'in air.

After hot pressing,.the cores developed in (1)‘and (2) were
attributed té contamination by organics introducéd:from tﬁe abrasion of
the rubber—lingd mill by the’AléO3 balls. In (3) and (4), the powaer
was cbntaminatéd-by teflon on its surfaces duringfmiiling sincé MgO ié
hafder than teflon. In addition, the dark gray color of (4) was
attributed to contamination by organics from the ruﬁber introduced by
solution of fhe rubber by the isopropanol during the wet ﬁilling stage.
Thé gray colors in (1), (2) and (4) were the result of sdme type of
_ reaction involving rubber contamination and the carbonaceous atmosphere
present in the graphité die during hot pressing; The white color of (3)_‘"v
inaicates the absence of a dark carbongceoué residue on annealing teflon- .
'contaminated specimens. |

For all of the procedures, milling improved the hdmogeneity and
increaéed tﬁe greén density of the specimens. The rubber contamination _
did not signifiéantly affect'fhe densification procésSgsinCe' the hot-
bressed and annealed densities of (1) and (2) wefe_essehtially the same
-~ as the specimenvpfepared from the unmilled powder.' Tﬁé teflon contaminé-v

tion, on the other hand, significantly reducedvthe ﬁot4pressed and
‘énnealed densities of (3) and (4) as seen in Table Ii. The Merck Index
reports that teflon reverts to the gaseous monomer at>400°C; this must
have been chemically adsorbed on the surfaces of the particles without
fprming a carbon residue. | | |
Grain growfﬁ during anﬁealing was sigﬁificant iﬁ-;hat the grain

size for all of the hot-pressed specimens was only about 3 um. After

16
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annealing, the grain siée was about the same for (1) and (2) as for the
unmilled powdér.specimen, ~30 um.  The grain size1for'the specimehs made
from powders exposed to teflon, (3) and (4), was smaller, 20 ym.

After anélysis of thé microstructures on the baéis of-homogeneity,
density, andAgrain size, procedure (2), consistiﬁg of;dispersién in
isopropanol fqllowed by dry wmilling with alumina balls, was chosen as

the best procedﬁre for the processing of both MgO‘poﬁaers for the fab-
"rication of sPegimens for mechanical testing.

(2) Characterization of Test Specimens

A nge'l Mg0: In preparing specimens for mechanical testing,
additional variables of hot pressing die (graphite or alumina) and
ambient atmosphere during annealing (air, vacuum, or graphite die vacuum)

were introduced. Also, specimens were made in the alumina die at two

pressures. Table III summarizes data on density ahd”grain size obtained -

on the Type I MgO specimens.
The specimen formed in the graphite die had a grayish core as

described previously, whereas both specimens formed:in_the alumina die

were white. The absence of any carbonaceous vapor species in the alumina -

die modified the reactions involving the contaminationé introduced dur- -

ing preparatiod of the powder.

Samples'frém the specimen formed in the alumina &ie remained white
upon annealingvin air and vacﬁum. The higher density-ébecimen which had
pressure applied.at a lower temperature showed a cléuding of the center
region affer annealing in air, probably due to the formation of pores
from entrapped gases, similar to that observed by Riée;17 The air anneal

removed the grayish core from the samples hot preséed in the graphite
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die, with little evidence of clouding. This différence in clouding was
most likely attributable to the chemical nature of the:residue'along
grain.boundaries resulting from the difference in ambient atmospheres
during hot pressing. The vacuum annealed specimeﬁ}formed in the grapﬁite g
die retained,é faint'gray core of about the same pfbfortions but ﬁhe

core lost its slight translucency; the specimen annealed in the die was

" gray thfoughout.

The_average grain size in the graphite die specimens annealed in
different ambient atmosphefes at 1550°C for 2 h was eSsenﬁiaiiy constant
(m29vum). Annealing in air for 24 h increased the gfain size to about
60 uﬁ. The nqmber and size of pores varied althbugh they‘were'predomi—
nantly on grain bpundarieé.

The annéaled specinens from the aiumina die ha§e considerably
greater grain gizeS, &40 um. This difference suggests that the.ambienti
atmosphere during hot pressing has a significant efféét on the natufe‘ |
of the grain boundary impurity and structure which Subsequently.affeCts -
‘grain growth during annealing. Thus, it was noted that the grain siées;
for}the annealedispecimens from the alumina die.wefe:largér tﬁan that
for the annealed specimens from unmilled powder hot:préssed in thé_
graphite die. Thesévébservations are in general agfeeméntvwith reported -
results of Mg0 grain growth retardation by a fine.diépersion of carbon.¥§ 

(B) Type II MgO: Table IIL als§ contains deﬁsity and grain size ”
fér Type I1 ﬁgd'specimens fabricated in both dies aﬁd»then ahnealed in- -
various ambieﬁt atmospﬁeres.

The disk hot’pressed in the grapﬁite die was gréy;and translucent

throughout its entire cross section; in the alumina die, it was white
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andtranslucédt. Both samples were white after annealihg in air but
showed considefable clouding in their centers. Ih Comparison with Type 1
Mg0 a significamt decrease in density occurred on.anneaiing, and white
planar spots up to 3 mm in diameter developed-just under the surface.
Microscopic examination of the spots showed them to be voids between a

denser outer layer and the cloudy porous center. It is believed that

they were formed because the higher density of the outer region prevented

the escape of gases generated in the interior. Similar spots were seen
in the vacuum annealed specimens from both dies, but_ﬁhe gpots were
smaller and fewer in number. The graphite die anﬁéaled specimen was
gray thro@ghout gnd free of spots. |

The ‘clouding in the center on annealing in air can be attributed to

the more rapid densification of Type II MgO specimens during hot pressing,

énd to the presence of sulfate. The overall undetermined reactions,
however, are complex as indicated by a varying.degreé of cloudiness and -
spot formation on annealing in different ambient athSphérés.

- Porosity was.pfesent mainly within the grains.for all cases, and

there was evidence of a second phase film along'graih boundaries. This

phase was -attributed to the relatively high Ca0 and $i0, content.of the.*-.

Type II powder which led to the formation of a calcium-magnesium-silicate

liquid phase during annealing at 1550°C. Leipoldlgvfound segregation of
Al; Si and Ca af grain boundaries during hot pressing_eQen when présent .
in average amounts as low as 30 ppm. This liquid phaée-presumably was
responsible for the large increase in grain size by_a solution-precipita-
tion mechanism dufing annealing in ccmparison with.tﬁe Type I MgO

specimens, grain sizes of ¢90 um vs 29 pm. Initial grain growth rates

'
|
|
1
i
s
i
i
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are also:fast,.as indicated by a grain size of 74 pm with no holding
time at 1550°C compared with 84 ﬁm after an annealiﬁg time of 2 h.
The presence of the liquid phase also has'appafenﬁiy eliminated most ’
of the atmospﬁeric effects introduced. during hot préséing since the grain:_
size was similar for all‘annealed'specimens of Type Ii MgO. Fof Type 1 '
MgO specinmens the.grain size was larger for the specimens formed Ey~hot

. pressing in the alumina die.

(2)> Mechanical -Behavior
Stress—#train curves for the various annealed SPeéimens formed in
the graphite die, and the curves for the air annealed.épecimens formed
in the alumina die, are Shbwn in Fig. 2. The yield stress, maximum
stress and plastic strain at maximum stress are summarized in Table III.?
MacroScopic.examination of the épeéimens aftervteéting revealed |
' that all Type I specimens contained visible vertical éracks near the
center on one or more faces, whereas Type 11 specimens had cracks ét the
edges exéendiﬁgvalong the vertical length of the specimén as shown
schematically in Fig. 3. In compression testing friCtional forcés de~
Qelop bétween_the specimen and the raﬁ’faces; tﬁese7q§n§tra1ning forces
,_ieéd to a barreling type of deformation which results in-tensile,streSSeé i5 
ﬁerpendiculaf to the loading direction and regions of_high:strainuoﬁ the  §v
;faces. Type II specimens; which showed little ductiiity; could not
: a§commodé£e this high strain on tﬁe'edges and fracfufe& as'illustrafed.
In contrést, Type I specimens, which exhibited much mdré duétility,
accommodated the strain at'the edges by yielding in sﬁear and eventuaily e

began to fail in‘the,center, the region of maximum tensile stress.
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Accdrding to the Von Mises criteria for‘plasticify,.plastic defor-
mation by disipcation glide in polycrystalliné Mgé fequires movement on
five independent slip systems;zo At 1200°C, dislocatioﬁs can move first
in favorably 6ri¢nted grains‘on three (110).<110> sliﬁ systems for which
the yield stress for a conjugate pair is about 3000 psi at a stress rate

- of 20vp$i/seq;21 Adjacént grains, however, may notbbe‘suitably 6riented
- to alldw the dislocations to move through the boundary;-resulting_in
dislocation pile-ups .that lead to stress concentratiéns. If the speci-~
men haé boundaries relétively free of impurities and pdrbsity strong
“enough to maiﬁtain integrity to higher stress levels, slip may be
initiated on three secondary (100) <110> systems, for which the Yield
stress. is about 18,000 psi at‘1200°C with a stresé rate_of 20 psi/sec.21
Thus the five slip systems necessary for plastic deformation are
activated. If the stress conéentrations cannot be felieved by flow in
adjacent graiﬁs,‘cracks may be nucleéted at the grain boundary; and if |
the grain bbundaries‘wauld be weak or impure, cracks»may fofﬁ_at grain
boundaries before pléstic flow is‘realized_in adjacén£ grains. - The
propagation éf grain boundary cracks, however; is depehdent on the
nature of the grain boqndariés. |

Examining the mechanical behavior of tﬁe Type 1'§§ecimens from the
graphite die with 2 h annééls (Table III), the data show the yiéld
stresses Qere éimilar yet the plastic strain was quite different; the
air annealed specimen shbwed néarly three times as mﬁéh‘stréin as the
die annealed specimen. Since the microstructure, including gfain size
and the amount and distribution of pores, was similar in‘each case, the

significant variable must have been the nature of the grain boundary
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after annealingtl The charatter of the grain bo;ndary of fhe alr annealed
specimen would be expeéted to be relatively free ofjcarbonaéeousv;p-'
purities and.mofe perfect in comparison with the dié annealed specimen
which was gray. The grain boundary structure of the latter does not

transmit glide deformation as readily to adjoining gfains as indicated

»by the smaller amount of plastic strain at the maximum stress. The-

vacuum annealed ‘specimen would be expected to be intermediate in proper-

‘ties and behavior. The high yield stresses for these specimens in com-

parison with those for the slip systems of single crystals suggest the
presence of grain boundaries in all cases that offer some resistance to
nucleation and_transmission of slip. There is, hoWéVer,_also the possi-. .

bility that the higher straih,rates in this study cduld'have'contributed_ 

'to the higher yield stresses.

In the air annealed graphite die Type I MgO specimen, which pre-

- sumably had the strongest grain boundaries, initial dislocation movement

resulted in some plastic deformation. However, cracks began to develop

between the most unfavorably oriented grains. These cracks did not

" readily propagate because of accommodation by some localized plastic
~deformation and lateral grain boundary separation akin to crack branch-
ing. The die annealed specimen, on the other hand, could not accommodate

the initial cracks as easily because of less perfect grain boundaries.

Therefore, once cracks were initiated their continued propagation wés
more probable, eventually leading'tovcomple:e'failure;v SEM examination
of fracture surfaces formed by.breaking deformed specimens af room
temperéture, shqwn in Figs. 4 and 5, suPpbrt this_anélysié. The:frac-

tured surface of the air annealed specimens show considerable cracking
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and boundary separation; the die annealed specimeﬁ shows little separa-
tion and fewer cracks.

The-Tybe I.éir annealed specimen from the aluﬁina_&ie showed»reduced
plastiéity and yield stress in comparison Qith the éir'annéaléd specimen
formed in the gfaphite die (Fig. 2). Thevgrain sizé,'however, is about
33% larger,-44 Um compared to 28 Um. ‘A specimen from the graphite dié
annealed in air for 24 h showed even lesser plasticiﬁy,'lower yield
stress, and a larger grain size, 60 Um. Vasilos ét al.22 reported a
decrease in Strquth with increase of grain size, and Evans et al.
‘showed a_decfeaée in stress to initiate cracks by:gfain boundaryAdis-
location pile—ué with:increasing graiﬁ size. Thus, increasing grain
size for‘spécimeﬁs similarly prepared increases thevprobability‘of form-
ing a craék tha# will propagate to failure more'readiiy. |

The beﬁaVior of the'Tyﬁe IT MgO specimens was.markedly different
from that of Type I but simiiar to each other (Fig. 2). This relation}
ship was attributed‘td two factors: the preséncefof_tﬁe second ﬁhase,

and the large grain size. The presence of the'second phaéefwas verified

by the debris on the fracture surfaces created at room temperature after

the test, as seen in Figs. 6 and 7.

Thevbfitfle'second phase along érain boundaries hinders dislocafion
nucleétion and motion across grain boundaries dpe to;stress qonceﬁtra—
tions devéloped‘by-dislocatiqn motion on easy slip Syétems'genefated.
within a single grain.23 The resulting high stressvéoncentratioﬁs were
accommodated by the formation of cracks, which can be large in allarge
grain material. Thése long cracks led to fgilure at.much lower stress

levels and strains than those for the Type I MgO specimens. The brittle_
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second PﬁaSe was the dominazing factor and not the grain size as in;
dicated by the‘fact‘thaf stress values for corresponding conditions were
approximately_four times larger for Type I thén Type II ﬁgo with a dif-
ference of only about 14 pym in grain size between the iargest of Type I
and smallest‘of;Type II; Another significant effect of the secondbphasev '
was to minimize the differénces in grain boundéry chﬁracter'introduced
by variations in processing shown to exist for spééiméﬁS‘made froms
Type I MgO.
, IV, SUMMARY AND CONCLUSIONS

The role of impurities in determining the character of pdlycrystalfv,i'
line MgO speéiméné was seen to be significant thrOﬁghout the enfire -
 processing prbcedure. The impUrities'assqciated with_the starting Mgd
éowder Qeré significant in two ways: the anions dHf, SOZ and CO§ played
a role in the production of gases during hot pressing'and.annealing, and
the cations Ca.aﬁd Si led to the formation of a liquid fhase during the
aﬁnealing step which was distributed along grain bqﬁhdaiieé'and sigf
hificantly’increased the grain growth rate. The impurities introduced
dprihg the preparation‘of the powdef were.also sigqificént. Contamina-
tion.by rubber and'teflbn retarded grain growth on éﬁbSéquent annealing.
Grain boundary chéracter'was also_affectédvbvahether hot pressing was
done in a gfaphité’or alumina die and by the'naturebéf the aﬁbient atmof._
sphere during anﬁealing.

Specimens for mechanical behavior stuéies werévfabricated from two.:~
MgO powders prepéred by dispersing in isopropanol, @fying, and milliﬁg
in a rubber-lined mill with alumina balls. Speciméns Vere then hot

pressed in graphite and alumina dies, lelowéd by anneaiing in air,
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vacuum, and within the grapﬁite die in vacuum. Type 1 MgO powder speci-
mens had microstructures of varying grain sizg and grain boundéry
structure. TypevII MgO po&der specimens had a smali amount of second
phase along grain boundaries and essentially constant but larger grains.
StreSs-straih_déta was obtained in compression at . a constant strain rate
at 1200°C. |

For spécimens of Type I, the amount ofvplasti§ strain was de#ermined
by the nature:of the grain bouﬁdary:_ the more perfec; the boundary,’thev
mofe strain at failure, In specimens with stronger.aha purer boundaries
cracks could be.essentially accommodated by localized plastic deférmatioﬁ
at the crack tip, leading to progressive grain boﬁndary separation akin
to crack braﬁéhing. The specimens with more impe;fécf grain boundaries
could not accémmodate cracks as easily, resulting'iﬁ faiiure at 1owef
maximﬁm sfresses and less strain at maximum §£res$; .

. For specimens of Type II Mg0, grain boundary modifications and graih
-sizé'variatiéﬁs dufing specimen preparatién were hiﬁimized-by the
presence_of:é second:phaSe. This phasé led to faiidre at considerably
lower stresses and strains.

The role of.impurities introduced either in the péwder or duriﬁg
procéssing in determining thé grain boﬁndary character’and, in tumn, the‘
mechanical behavior was found to be critical. Grain boundary differ- -
ences were interpreted ih terms of differences in appearance and mechani-
cal Eehavior. Further work is needed to deferﬁine the actual reactions
taking place ddring the fabfication processes, and to characterize the
grain boundaf&,_in éfder'to improve understandiﬁg of the grain bdundary‘

character-mechanical property relationship.
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; Table I. Characterization of MgO powders

Type I ' Type 1I
Chemical
1A1203 | f 3% [._; Louz
T+Ca0 ' v .21 - .46
+Fe0 - .09 o .06
TNa,0 | ©.014 o .007
thsio, : .06 B .31
1™ o o .005 o .021
0, N ;o; - ;-, : .22
*CO, o o ‘:" .82
*H,0 : o - 2.64 L 2.48
*Free moisture | © 0.37 ' vA - 0.28
*Loss 6n.ignition 3.74 ‘ o | 3.82
'*Mgcd3,.calculated | ©1.35 ' .‘. ": 1.57
| v‘*Mg(OH)Z, calculated 8.6 | - 8.8
- Physical _ |
| **Surface area,sz/g o 11.5 | : : ; 56.5
**Reactivity, sec. : 87 “ 44
X-ray crystallite size; A 360 _' 120

-TBased on Spectrographic analy51s of elements, Lawrence Berkeley Lab
Univ. of Calif., Berkeley, Calif.

*Based on chemical analysis, Merck and Co., South San Franc1gco, Calif.
‘+tBased on chemical analysis, Robert B. Langston, Inorganic Materials
Research Div., Univ. of Calif., Berkeley, Calif. :

**Performed by Merck and Co., South San Francisco, Calif.
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 Table II. Densitiés and grain sizes of Type I MgO Specimens
: produced by different processing procedures

Hot

Teflon balls

Air 7vAverage
Green Pressed Annealed Grain
Procedure - Density  Density - Density Size
~Unmilled 34 98.0 97.8 32
(1) Dry milled -~ alumina balls 39 98.0 97.8 30
(2) Dispersed, dry milled - :
. ‘alumina balls 46 98.5 98.2 28
(3) Dry milled - teflon balls 39 9.5. 96.2 21
(4) Wet milled, dry milled - _
- : 41 95.5 95.1 19
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‘Table I1I. Data for Type I and Type JI MgO specimens

‘ - Amnealing . - Grain  Yield Maximum VplaSFic"f
Die Used Environment '  Density % - Size um Stress _Stress Straln*-‘
Type I

" Graphite o 98.5 o <3 |
ar 983 28" 24,000 37,200  23.4
v_Air, 24 h | 60 16;000' 31,600: 8.8
'vVacpum. 98.1 . 28 24,600 36,460 14.0 -
Die  98.3 30 '22;80Q 32,300 'V8‘6
‘Alumina (1) ) ©93.0 <3 |
CAir 96.0 41
Vacuun 96.2 38
 Alumina @) 9.0 <5 |
: Ar -  98.6 44 20,000 34,900 0.6
'vIXEe ITI | |
'Giaphite S T 991 <3 |
 mir 98.0 8 5,300 19,050 | 2.4
Ar, 0 h 74 6,500 © 9,100 2.3
Vacuun -  98.0 90 6,000 9,900 2;4:?}~
Die ., 198.5 101 6,000 10,050 2.9;{[ 
_Aigmina I 99.0 <5 | |
Air 98.0 = 87 4,540 6,850: 2.1

Vacuum 198.3 80

+ All annealing times 2 h except as noted.
* At maximum stress.
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"FIGURE CAPTIONS

Typical curves of density versus temperature and time during
hot pressing in a.gfaphite die. -

Stress—s£rain curves in compression at a constant strain rate
of 0.025/min. at 1200°C for'specimens anneaied invair,'vaCUﬁm;
and'vacuum withih a graphite die after h§t fressing in graphite1
and alumina dies. | |

Schematic diagram of'cracking'seen after stress-strain testing

in Types I and II MgO.

Fracture surface after deformation of Typé'I'MgO hot pressed
in graphite die and annealed in air. o

FfactUré surface after dgformation of Type i‘MgO hot pressed
ih graphite die and anngaled in vacuum within the graphite_die,

Fracture surface after deformation of Type II MgO hot pressed

in graphite die and annealed in air.

Fracture surface after deformation of Type II MgO hot pressed

in graphite die and annealed in vaéuum-within the graphite‘die.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Govérnment. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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