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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 polycrystalliné MgO were fabricated from two powders
by hot pressing in graphite or alumina dies, followed by annealing in air,
vacuum, or within the graphite die in vacuum. Character parameters
‘affected were density, grain size, and visual appéarance which was con-
sidered to be dependent on grain boundary structure. The formation of
“a liquid phase with one type of powder tended to eliminate the effect of
processing variables. Correlations 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. Sweeting for the M.S. degreé in
ceramic engineering. '
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I. INTRODUCTION

Properties of materials are dependent on théir character (micro-
strunture; in a broad sense) which iﬁ turn are dependent on the process-—
ing parametéfs. Extensive studies have been reported correlating density,
~ and grain and pore characteristics as critical character parameters with
the mechanical behavior of materials. The nature of the grain boundary
was shown to ?lay a role in determining»the_mechanical behavior of poly-
crystalline MgO at elevated temperatures in tenéion;l bending,2 and

3-5
compression.

The objéctive of this study is to émphasize the significance of the
nature of thé grain boundary in affecting the compressive stfess—strain
- behavior of polycrystalline Mg0 at elevéted temperatqres. -The specimens
were formed by a three-step process:. powder prépafation, hot ﬁréssing,
and'annealihg. The character parameters examined are density, grain size,
and visual appearance. The annealing step, which affects the grain
boundary,. is carrelated with the stress-strain behavior. A preliminary
study was made to determine.;he éowder preparation procedure to be
followed in making the specimens for fhe mechanical study.

II.. EXPERIMENTAL PROCEDURE

(1) Mgo Powders

Two MgO powders were used in this study, and‘will hereafter be
teferred.to_as'Type 1 and Type II. Their characteristics are listed in
Table I. The major difference in the anal&ses‘is the higher Si, Ca and
sulfatg contenté in Type II. Also, Type II has five times fhe surface
area and“is twice as reactive as Type I. .The surface area waé measured

by adsorption from an iodine solution. The reactivity was a function of
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time for solution of powder in citric acid. The higher reactivity of
Type II was also indicated by the -smaller crystailite size, which was
one—-third ;hét of Type I.

(2) Powder Preparation

A powder prepération step was necesséry since ﬁhe starting powders
had aggiomerates which caused Lndesirable microstructural inhomogeneities.
The procedure folloﬁed, as discussed later, consisted of dispersing the
powder in isopropanoi, drying at 90°C, and dry milling in a rubber-lined

mill with alumina balls.

(3) Specimen Preparation for Mechanical Testing .

Disks, 2 in.'dia., were prepared by hot preésing in a graphite die.

A thin (.005") graphite foil was used between the pbwder and the die and
plunger. vfhé powder was cold pressed at 2000 psi_within the die which
was then plaéed in the hot press, and evacuated to 10—4 torr befbre
heating. The heating cycle consisted of heating at 8°C/min to 1250°C
with arrests at 500°C for 15 min and 1000°C for 1 h to allow gas from
decompositions to escape, and finally at 1250°C for 30 min. Pressure of
3060 psi.waS-éﬁplied at 1200°C and maintained.cqnstant through the hold
at 1250°C. Pressure was then released and the‘specimen was furnace-
cooled. All of the disks were cut into specimens approximate1y .6 in. x
.25 in. x .25 in.,'using a diamond blade.

| Hot-pressing characteristics in the graphite die are shéwn_in

Fig. 1 by a plot of denSity obtained from the measurements of ram travel
on hot pressing versus»temperature. Some densificaﬁon, greater for
- Type II powder, océurred between 800 and iOOO°C. Type Ivthen éhowed

little change in density until pressure was applied at 1200°C;
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densification continued until near the end of the 30.min hold period at

' 1250°C: Type”II, on the other hand; started to further densify with

increase of temperature after‘1000°C and reached its final density only
a few minutes after pressure was applied at 1200°C

All of the specimens formed through the hot -pressing step were the

- same within experimental error. The atmosphere was the processing

o variable during annealing at 1550°C for 2 h: air, vacuum, and vacuum

within the graphite die. These atmospheres had decreasing partial

. pressures of oxygen. A specimen was also annealed in air for 24 h.

Specimens were also hot pressed in an alumina die in vacuum. Anneal-

ing at 1500°C for 2 h was done in air.

Approximately .15 in. was cut from the end of each test specimen.

The internal surface of the end piece was used for microscopic examina-

tion. All samples were etched using .5M AlCl3 at 50°C for about 1 min.

Grain size determinations were made by counting'the number of grains in

a known area, converting to equivalent spherical diameter, and multi-

plying by a statistical factor of 1.28 or 4/w.6~ Over 500 grains were
counted in each case. . -
Density measurements were made using a displacement technique in

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

.compute relative densities.

(4) Mechanical Testing
Specimens for mechanical testing were prepared by metallurgical

polishing and then chemically polishlng in 85/ orthophosphor1c acid at

-110°C for 2 m1n. The final dimensions were approx1mate1y .36 in. x

<18 in. x .18 in.
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4

All stress-strain data were obtained in c&mpressién at 1:200°C at a
constant étfain rate of .025/min based on original sample height. All
stfesses reported are bésed on orjginal cross-sectional area;land all
strains are true strains calculated fromithe reéorded engineering strain.
The amount of plastic strain was taken aé the difference between the
strain atv.ZZ.offset yield stress and the strain at the maximum stress
recorded. |

IITI. RESULTS AND DISCUSSION

(1)  Effect of Powder Preparation on Microstructure

Experiments were performed to determine the powder preparation pro-
cedure to be followed to form specimens for the mechanical behavior

study. Type I pbwder was prepared according to ﬁhe following processing
procedurés;

(1) Dry milled. 2 h -- alumina balls.

(2) Dispersion"in.isopfopanoi, dried, dry milled 2 h -- alumina

. balls.
(3) Drybmilledb2 h -- teflon balls.
(4).Wet miiled 1.hin isopropaﬁol, dried,vdr§ milled 2 ﬁ - teflon
balisf | | | | .

The'ﬁall milling in all cases was done in a rubbgrrlined mill. Specimens
were ghen formed by hot pressing these powderé and an untreated powder
in a graphife die.

The visuél appearance of specimens after ho; pressing varied:
procedure (1); light gray and slightly translucent core covering approki-
mately four-fifths of the cross-sectional area with the areas adjacent

to the surfaces white; (2), similar but slightly lighter gray core; (3)
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and unmilled pb&der, uniform white cross-sections; (4), very dark gray
thfoUghout. -Ali.specimens.ﬁere white after annealing in air; The
resulting density and grain‘size data are summarized in Table II.
'Evaluation of the data in Tablé IT and the visﬁal"éppéaranceé after
hot pressing indicates that contamination of the pqwdér byvorgénics from
the rubber occu;;ed from abrasion by A1203'balls and from solution by
isopropanol during the wet milling stage (procédures (1) and (2), and
(4)). The rubber contamination ‘alone did not significantly'affect the

densification process since the hot-pressed and annealed densities and

‘grain size of (1) and (2) were ‘essentially the §aﬁe as the Spécimen pre-

" pared from the unmilled powdér. In (3) and"(ﬁ),:hdwever; the contamina-

tion introduced by milling with teflon balls;'which'are softer than MgO,

reduced their hot-pressed and’ annealed densities and retarded grain

‘growth. In all cases, miliing increased the green density of the speci-

‘mens Enﬂ‘impfovéd their homogeneity.

'-PfQCedufe‘(é)’was selected for the processing of the MgO powders in

the fabrication of all of the specimens for mechanical testing. The

‘selection was based on impfoﬁéd homogeneity and maximum gréen, hot-

pressed ‘and air annealed densities. | | )

(2) Mechanical Béhavior

(A) Charactérizatiqn of Test Speciméns

'(a)‘TzEe'I Mg05:_TaBie'111 includes data on density and grain
siié’for‘tHéIType I MgQ“éﬁeéimenS’hot pressed in a.graéﬁite die and
annealed in air, Vaéﬁum; or graphite die vacuum,.and hot-preSsed'in an
'aldmina'die and annealed in éirﬂ_“A’déscfiptioﬁ”of the visual appearance

follo&s}
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The speéimens formed in the graphite die had a grayish slightly
tfanSIUCeﬁﬁ core as déscribed-preViodsly under pfocedure (2). Thése
formed in fhe éiumina die‘were'white, which waé attributed to thé higher
partial preséure of oxygeﬁ. | |

The ap?earance of the spécimens, formed in graphite die, after
annealing‘waé dependent upon the annealing atmosphere: -~ in air, white;
in vachum,‘é_fétainéd faint gray core of about the same proportions as
that after hof ﬁressing but with no translucency; in die vacuﬁm, gray
throughout.-'The specimen formed in an alumina die and annealed in air
remained white; some clouding was present in the center region, similar
to that repdfted by Rice.7

‘The a&eragé grain‘sizevin the graphite die spécimens annealed in
different ambieﬁt atmospheres at 1550°C for 2 h was esséntially constant
(29 uh)¢ Annéaling in air for 24 h increased the grain size to about
60 ym. The number and size of pores varied although they were pre-
dominahtly'on grain boundaries;

Specimens from thevalumina die annealed for 2. h have considerably
greater grain sizes, V40 um, ihdicating that the hot-pressing aﬁbient
atmosphere affécts subsequent grain growth during ahnealing. Thus, it
can be noted thétviﬁ general the graphite en§ironment &uring hot pressing
has a re;ardatiqn effect on grain‘growth during annealing. These obser-
v;tions are in general agreement with reportéd'results of MgO grain
groﬁth fetardatiOn by‘a fine dispersion of carbon.

The varié;ions-in visual éppearance of the MgO specimensvare con-
cludedvto Be dﬁe to:variations in structure and composition of the grain

boundary regions. An analytical analysis, however, is not possible at
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the preSeﬁt:;iﬁe.
| (b) Type II Mgoi Density and grain ;i;¢‘§§t; for Type I1 MgO

specimens fabricated in both dies a@d theniqnpggied;in various ambient
atmospheres are listed in Table III. vA?desé;iﬁtioﬁ:of the visuél
appearances follows.: & | |

Ihe'disksfho; pfessed in the graphite die were gray and transluéent
throughquf ﬁheir entiie'cross—section; in the alumina die, thte énd
.trépslucent..’After annealing in air both types were whitéva;d showed
considerable glpuding in their centers. lSimilar:buf a lesser émount of
cloﬁdinglwas 6bséryed in the vacuum annealed speéiﬁen. ‘Tﬂe'graﬁhite die
annealed specimens were uniformly gray kﬁrogghoﬁt;‘ -

Porosity.was,preseﬁt ma;nly.within thg grainstor a;l cases. A
‘secoﬁd-pﬁase film wasupfesent along grain boundaries as shown iﬁ Fig. 2.
This phase was .attributed to the relatlvely higher CaO and S102 content
of the Type. II powder which leads to the formation of a calc1um—
magnesium—silicate liquid phase during anneallng at 1550 C. Leipold9
ffound,segregation of.Al, Si and Ca at grain boupdarles during hot'press-
ing even when present,in average amounts as low as.3Q ppm. The large
..increase in.grain size, N99 pm vs>&29 umﬂfor.Type I MgO specimens formed
under the same conditions, was Canluqedbto be due to tﬁe presence of
the liquid phése, _Initi;lwgrain.gppwth rates ére aisovfast; as.in—
:,diéafed by a gfain size of ?é_umjwith no holding time at 1550°C cém-
pared with 84 um aftér ap”apnga}ing“§ime 9fn2 ﬁ. o | -

The liquid phase has also eliminatggMany graiébbounaary differenées
due'to-atmésphefic:effe;tsuintrogpced dyring hoﬁ;;Féssing“sincg the

grain size was similar forvglliannpaled specimens of Type II MgO. For
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Type I'MgO,_the grain size was larger for the specimens formed by hot

pressing in the alumina die.

(B) Evaluation of Mechanical Behavior. Stress-strain curves for

the specimens formed in thé graphite die and annealed in different
atmospheres, and the curves for the air annealed speqimens formed in the
alumina die, afe-shown in Fig. 3. ‘The yield stress, maximum stress and
plastic strain‘a; maximum‘stress values are summariéed in Table ITI.
‘Data for tﬁebType I specimens from the.graphite'die with 2 h anneals
shQW'that thé yield stresses were similar but that the plasti; strain

was reduced with decrease of P during annealing; the air

o
annealed specimenlhad nearly thiee times as much strain as the die
annealed specimen. Since the microstructure, with respect to grain size
and the amounc_and distribﬁtion of pores, was similar in‘eacﬁ case, the
significant vériable must have been the nature.of ;he grain boundary
-after annealing, e.g. the gréin béundary of the air annealed speéimen
which was whipe would be expected to be closer to an ideal structure
than the graiﬁ'boundary'of the die annealed specimen which was gray and
thus behaved Aifferently.

1 Even thOugﬁ the air annealed spécimen had ~23% ﬁlastic'deformation,
its fractured éurfécé shoﬁed'considerablevcracking and‘boundary separa-
tion,.as seen in Fig. 4 by SEM. These cracks, however,'must not have
pfopagated feadiiy because of accommodation by some localized plastic
deforma;ion and métériél’grain boundary separation_akin to crack branch-
ing. The die annealed specimen, on the other hand, with 9% plastié
strain couid not:écéommodate the initial cracks as éasily because of

less perfect grain boundaries; the cracks were thus fewer in number, as
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seen in Fig;'s,

fAccording‘to von MiSeslo.piagtic deformation:of;a polycrystalline
specimen by d1slocat10n glide redulres movement on five 1ndependent slip
systems. For MgO thlS requ1rement 1s fulfllled by two {110} <110> and
»three {100} <110> Sllp systems At 1200°C w1th uniax1a1 loading at a
stress rate of 20 psi/sec, the y1e1d stress for a s1ngle crystal with
<100> orientation is 3000 psi and with <lll> orientation 18000 psi. 1
‘Plastic.deformatlon without or w1th limited grain boundary separatlon
has shown y1eld stresses intermedlate between these values because of
localiaed stress;concentrationsvsuffic1ently large to activate.secondary
_slipvspstems in adjoining grains.dne to‘dislocation motion'on the pri—
mary'slip systems.3_§‘ The high yield stresses for-the Type I specimens
‘relative to the 31ng1e crystal values indicate the presence of grain
boundaries that offer resistance to nucleation and transmiss1on of slip
This»conditionlis‘alsolindicated by the exten51we.grain boundary separa-
tion:as an”accommodationrmethanism in the'deformedvair annealed'specia
mens.: énrtherfresistance is indicated by thebdie;annealed specimen on
the basis of more limited grain boundary separations and failure at“a
witierserate.

llhe fypeﬂl air annealed specimen from the alumina die'showed re-
_duced plasticlty and wield'stressfln comparison‘with the alr annealed
specimen formed in ‘the graphite die (F1g 3) ”The grain‘31ze however,
:is about 33/ larger,v44 Um compared to 28 um. A spec1men from'the o
graphite die annealed in a1r for 24 h showed ‘even lesser plastic1ty,

lower yield stress, and a 1arger grain s1ze, 60 um. ThlS correlation

with grain size is 31m11ar to that of Va31los et al 12 who reported a
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decrease in stfength with increase of grain size; and of Evan% et ai.
whe showed_q decrease in the stress. to initiate cracks by grein boundary
dislocation pile-up with increasing grain size.

The stress-strain curves for all of the Type II specimens were
markedly differene from those of Type I but similar to each other showing
comparable low yield stresses and plastie straies (Fig. 3). This re-
lationship'wés.attributed to two factors: the preeence of the second
phaee, and ;he large grain'siee. The Type 1I sﬁecimens were the only
ones that had a second phase (Fig. 2) and that showed debris on the
fractured serfaces ereatedAat roomhtemperatufe after deformatioe (Figsf
6 and 7).

The brittle second phase along grain boundefies hinders the trans-
mission of eny.generated dislocation motion within a gfain across griin
boundaries;;3 The resulting high s:rees concent;ations can be accom-
modated by'the formation of cracks, which can be 1arge in a large grain
material. The brittle second phaee plays this sighificapt role as in-
dieated by the fect that the yield stress and plastic strain values are
lower than expected bn.the basis of extrapolating data for air-annealed
Type I specimens to the average grain size of 82 um of.the Type II
specimens. 'Anofher'significant effect of the second phase was to
eliﬁinate tbe dependence of amount of plastic strain on the annealing
atﬁospﬁere that was‘observed for Tyée I MgO, in accordance with the
'similar.visual appearaﬁce of all the Type II speeimens after annealing.

Macroseopic examinetion of the specimens after testing revealed
thaﬁ all Type-I‘speeimens coﬁtained visible verticel cracks near the

center on one or more faces, whereas Type Il specimens had cracks at the
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edges extending along;chg vértigél }ength of ;he{speqimen. In compression
;esting,vfrigtéonal fprces devg;qp bgtwegnfthe gpeéimen and the ram fa;es;
thesg'constraining fq;ce§'1ead.to_a:bgrreling type of Qeformatigﬁ,which
'resulgs'invtehs;le s;tesses pefggndicglap.to_thiloadipg_d;rection;aﬁd
regiogs_qfvhigh strain on the faégs{ _ The Type II,spgcimens;iwhich‘éhowed
little ductility,'could not accommodate this high strain on the edges
and f;ac;ured a§_indiéaped._ In gqnt;ast, Type I sRecimens, which. ex-
hibited_mpqh_moge“ductilépy,‘gcgommpdatqd Fhe straig_qt thgﬁgdges ?yh.:
Ay%g}?ingAiq_ghéar andvgventggl}y {gi;gﬁzin the center, tthrégiqn of
peximm tensile stress. |

Iv. SUMMARY AND CONCLUSION

MgO powaers fequired'p;eparatoFxmtteaCment in_order to reduce
_aggldmeratgs,gﬁd re&}?zé{pq;e homoggngous andjup?form microstructures.
Vaxiatioqg.iﬁ.thgtprepagation of“Typé I MgO_powdgr gnd,keeping the spb-
‘_sequengvp;bgeésing;p;rame;egs of hof pre;sing and air:anngaling»cons;ant
resulted iﬁ vafiations»in the densities and grain_sigé. Use of teflon
millingﬁgglls ?éégced:thé hot-p;essed and air—anﬁealedﬂdepsities,mand
re:a:dgd grain‘gfcw;h.'iibglpfoggqure sg;ec;edvfgr;subseqygﬁp“prepafg—
fibn wa?§w§er$w99n$;§ted of dispep§ing:in isop;gpﬁnbl,.ﬁrying?_and‘v
milling in a rubber-lined mill with alumina balls.

Specimens £of mechanical behavior studies were.made by keeping the
powder preparatiop and hot—p?essing steps constant and varying -the
.annealing atmosphere: air, vacuum and within graphite die in vacuum
(i.e.; decfgasing Pd'){ Type.I MgO specimeﬁs indicated a corresponding
visual aﬁpegrance from white to gray;.which was considered to be due to

differences of the Structure_in the grain boundary regions. Type II MgO
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.
gpecimens,were white for all annealing atmospherés, which was considered
to be due tb‘the presence of a.second pﬁase along grain bounda;ies re-
sulting from the presence of a small amount of Ca0 and SiO2 imbgrities.
Type I specimené showed a decrease in plastic strain with decrease

of P in the annealing atmosphere. Type II specimens prepared in all

0,

annealing atmospheres showed a considerably smaller plastic strain and
essentially no variation.

Impurities in the powder, and the nature of tﬁe ambient atmosphere
during'the prdcéssing'steés affect the visual appéafance and the
mechanical behavior of Mgolpolycrystalline sﬁeciméﬁs without a second
phase that caﬁ only be interpreted in terms of resulting differences in
the ;tructure of the grain boundaries, which are unkﬁown in detail.
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Table I. * Characterization of MgO powders

Type I Typ~ 11
Chemical
A+A1203 | .13% 047
+tCa0 - .21 = .46
tFe0 | 09 s
'fNazb - | | Lol " Lo07
_++5162 I o .06 - R 3
[ | 05 o7
S0, | R .22
co, ‘ o .' | .82
HO | | 2.4 2.48
. *Free moisture o .37 o . .28
*Loss §n ignition " _ © 3,74 : 3.82
*Mgcoé;'calculated | 13 s 1.57
*Mg(Oﬂ)Z; c&ICulated o N 8.6 v 8.8
| thsiéal '_’» | |
| ##Surface area, M/g . 11.5 - 56.5
**Re#ctivity; sec. | 87 . ' 44
:x-raY‘cfyétallite size,lz 360 . ‘ 120

tBased on ‘spectrographic analysis of elements, Lawrence Berkeley Lab.,
Univ. of Calif., Berkeley, Calif.

*Based on chemical analysis, Merck and Co., South San Francisco, Calif.
TtBased on chemical analysis, Robert B. Langston, Inorganic lMaterials
Research Div., .Univ. of Calif., Berkeley, Calif. :

**Performed by Merck and Co., South San Francisco, Calif.



Table II. Densities and grain sizes of Type I MgO Specimens
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produced by different processing procedures ’

_ Hot Air. Average
v 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  96.5 . 96.2 21
(4) Wet milled, dry milled - .
41 95.5 - 95.1 19

teflon balls
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Table I1I. Data for Type I and Type Il MgO specimens

Annealing = Grain

Maximum Plastic

Die Used » 'Environmentf. - Density % .Size um gt:z:s Stress Strain*
Type I
Graphite | o | 98.5 <3
Air . 98.3 28 24,000 37,200  23.4
. Air, 24 h 60 16,000 31,600 8.8
' Vacuum 98.1 28 24,600 36,400  14.0
Die 98.3 30 22,800 32,300 8.6
Alumina - ‘ _ | 99.0 <5
Mr 98.6 46 20,000 34,900 10.6
‘Type II - |
Graphite - 99.1 <3
'Air o 98.0 84 5,300 . 9,050 2.4
Air, 0 h 74 6,500 9,100 2.3
 Vacuum 9.0 90 6,000 9,900 2.4
| ' Die - Ceals 101 6,000 10,050 2.9
E Alumina |  ‘:' : N 99.0 <5 |
Air | 98.0 87 4,540 6,850 2.1

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

- Typical curves of density versus temperature and time during

hot pressing in a graphite die.
Photo@icrograph of Type II polyc:ystalline'MgO_specimen.

Stress—strain curves in compression at a constant strain rate

of 0.025/min. at 1200°C for specimens annealed in air, vacuum,

and vacuum within a graphite die after hot pressing in graphite

. and alumina dies.

Fractuie surface after deformation of Type MgO hot pressed
iﬁ'g:aphite die and (a) annealed in air, and (b) annealed in
Qacuumvwithin the gréphite die.

Fpacturé surface after deformation of Type II MgO hot pressed
in gréphite.die,énd (a) annealed in.air, and:(b).annealed'in

ﬁacuum hithin-the graphite die.



PERCENT RELATIVE DENSITY
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"j LEGAL NOTICE

.Th1s ‘report Was prepared as an account of Work sponsored by theA

United" States Government ‘Neither the Un1ted States nor the Un1ted .
- States Energy Research and DeveIopment Adm1n1strat1on nor any of .
their emp]oyees, nor. any of their contractors, subcontractors,. or

their employees, makes any warranty, express.or 1mp11ed or assumes o

any 'legal liability or respons1b111ty for the accuracy, completeness
or -usefulness. of any- mformat1on apparatus, product or process

' :'fdzsclosed or represents that 1ts use Would not mfrmge przvate]y“
' owned r1ghts
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