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I. INTRODUCTION
There i1s at the present time a great need for structural naterials
capable of withstanding both an oxidizing environment and also the very

high temperatures at which many'metals melt or become so ductile that they

have only a limited practical application. Magnesia (Mg0O), with a melting

point of 2800°C and general availability, is thus of considerable’
interest., This intérest is enhanced by the fact that its NaCl-type.
crystal structure provides the potentialities of realizing some plastic

deformation under applied loads, which is highly desirable for such ap=-

‘plications. Of further interest is the fact that its isotropié crystal

structure allows a polycrystalline MgO specimen to be transparent in the

~absence of any other phases, either pores and/or condensed phases. As &
- result there has been a considerable amount of work directed toward the

" development of an understanding of the mechanical behavior of single

crystals and polycrystalline specimens of MgO. Because of the need for

¥ Presently at Departument of Surface Physics, Cavendish Laborator:,

ze, Cembridge, England,
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polycrystalline specimens>of theorétical densipy and with controlled
character, there has been a parallel development effort extended in this
direction.’

The MgO crystal, or periclase, is an ionié cryétal.whose model
strucﬁﬁre»can'be considered to‘consist simply of hard spﬁeres bound'to—
gether by electrbsfatic affraétive forces. The oxygen ions are ¢lose—
‘paéked according'to a face-céﬁtered'cubic-(f.é.c.) arrangement. This
packing has octahedral'holeé (cdordinated byusix oxygené).éQualvto the
number of oxygens and twicevés many tetrahedral holes (coordinatédvﬁy
four oxygéns); The magneéiﬁm'catiqns occupy all'qf the octahedral holes.
Thé résu1ting NéCl—fypéjstruéturé is'pictured‘iﬁ Fig.»l; it can then be
consideréd‘to conéist of:two iﬁteréénetrating f.c.c. iatticesslone of
oXygéns'and.oné'Qf magnesiums, as shown séhemétiéaliy in Fig. 2.

Iopicncfystals éfithé’NaCl-t§éé dgform by frénslation gliding, or -
slip, most_easilyvéh {ilO} blahes,éé_éhéwn ithhe PPPGT Sketéh'ofiFig; 2.'
. At.high temperatures élide can also feadily occur oﬂ {ldb} planes'(iOWer
.skefch of Fig. Z)i dbéérﬁétibﬁé'5f:siipfoﬁ:{ili} ﬁlanes above 16OQ°guf
have élso beenirePOrtéd;‘thére is éome doubt,-hoWévéf, as tpiﬁhethér slip .
caﬁ aétually ocecur on ﬁheée ﬁiaheé;f41n all éases the diréction'éf glidiné_'

is <llO>~whichvislthe shottéét traﬁsiafiéﬁ,vector.of‘iﬁe crystél stfucé' |
ture, i.e., it cqnnects nearestineigh@ofiﬁg;ibns'of'the.samg.sign;as -

- seen in Fig. 2. .This is théjéireqtion‘of densest‘fbws of iiké ibns; if -
thus is thé_direction that rééﬁires the smallest éﬁount-bf.dispiaée@éhtv'
across the glide plane.té festore the-éichtﬁre. Also, norstrong electfof}’
static repulsion forces"écéﬁf beﬁweén cétions in tﬁe ﬁfocess of <liO>'

~gliding. It should also be pointed out that any gliding'in the <100>

L al
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direction wouldﬂresult in theﬂjuxtaposition_of like ions with the de-
velopment of large'eiect£os£a£ic répulsive forces.

Geometrically, ho&évér, it would be expected that glide on the {100}
<>l.l(.)> slib systems would be ﬁore favorable than on the'{llb} <110> slip
systems on the basis thaf the'{lOO} planes are more densely packed and
héve the wider spacing; The reason:that they are not fhé primary glide
planes‘is probéblyvdue tq the fact that gliding on {100} planes is

accompanied by some electrostatic faulting (Gilman 1961); in gliding, the

cations come close enoﬁgh_td each other at half the unit translation dis-

tance tovdevelop strong repulsive forces. It can be seen by examining
Fig. 2 that this does not happen in gliding on {110} planes in the <110>

direction. It is of interesﬁ to note that the tendency for glide.on

{100} planes increases with increase in temperature; it also increases

as the iéhic Chafactér of the binding decreases, e.g., PbTe (NaCl;type_
éffuctﬁfé) ?referé to glidé on'{lCO} <110> slip systéms at room te@bera_
ture. it'should be_noted that in.ioﬁic NaCl-type crystals the {100}
planes aré.cléavége planes;vthis éharécteristié majvbe associated with .
any distortion in the'<100>.direétion; Although geometri¢ai1y most
févorable on the basis of density énd épaciﬁg, itvaﬁpears that glide on
{lll} plénés would be inopefable because it wéuld result in offsets aﬁ

the faces of the crystal either with an excess or a deficiency of posi-

tive charges and thus produée an electrostatic unbalance.

Uniform instantanéous slip.over an ehtire_given plane is litefally
impossible because of the large amount'of'energy that would Be required
to break all of the bohds invthe process of flow. Flow mechanisms be-

come possible because of the presence or introduction of mobile line
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defects, known as dislocations, in the crystal. These can move by
breaking a relatively small number of bonds at any given instant. There
have been many papers in this subject area; two .reviews that provide a
good introduction to the subject of dislocation theory have been written
by Gilman (1961) and Washburn {(1967).

As mentioned, in MgO0 easy glide oceurs dﬁ.theA{llO} <110> family of
siip systems. In this fa@ily.thére are three orthogonal pairs of slip
planes'iﬁ each of which the'Buréers.direction vectofs‘shown ét the righf

in Fig. 3, .are also at right'angles.>.The,angles formed between Burgers

vectors from different Crthégonél pairs of slip planes are oblique (120°).

It can be shOwn that the résOlvéd Shear stress on each'slip system of
an ortﬁogonal pair.is'equal for any uniaxial.sfress. Alsb, chaﬁse of
the random orientation of grains. in é polycrystalline piece, it is
desirable to know the shear stresses'developed on ail péfentiai glide
planes for any orientation of a grain.‘ This anélysié_has been presented
by Hulse et al. (1963);._In the {100} <110> family there are also éix
slip systems consisting of three blaﬁes.aﬁfight angles; with each plane
having two slip directions‘ét riéht anélés to éach'other which are_the
same as those'éhown at the fight in Fig. 3. The angleévformed bétWeen
Burgers vectbrs'from two slipfplanes aré again_oblique. Traces of allb
the {110} and {100} planes ére shown in the left sketch of Fig.r3:

The following criteria must be fulfilled in ordér to fealize uniform
plastic deformation by slip in'a-poiycrystalline matrix: there musf be
an adequate number of independent slip systemé, homogeneous slip must
occur throughout a crystal, énd the different crystallographic slip

systems must have the ability to interpehetrate. Unfortunately, at lower

?\v



s

temperatures thesé criteria are not fulfilled.-'Limited slip frequently
leads to the nucleation Af'fléws which result in cleavage. fracture. It
thus beéomes as equally imﬁoftant to‘study dislocation behavior to reélize
reliable-high étréngths'és'iﬂ is to realize plasticity. These factors
and precediﬁg items will.be diécuséed and developed.

‘Although several refiew articleé on mechanical propertiés have been
published in the paét (Wachtman 1957, Gilman 1961, Stokes and Li 1963a,
Miles 196&;, Stokes l965b; 1966a, Wachtman 1967), fhese have endeavored
to cover the compiéte’?ange'éf iénic crystals; in this chapfer, it is
intended»to review in'éome detail those investigations which refef
specifically to MgO.
o II. SINGLE CRYSTALS
It is only within the lést decade that any detailed investigatién

of the méchanical-propértiés_of.ionic.crystals’has'been undertaken. This

apparent omission arose because ceramic materials were for many years

thought to be inherently Brittle; - It was not until 1958 that a group df_
investigators at the University of California, by applying dislocation

theory as obtained frdm‘a:studyvpf metals,-prédicted-that ionic solids

‘having cubic crystal structures would possess a reasonable degree of

ductility even at ordinary temperatures.
The 6riginél'tes£s,'éarried-out on freshly cleaved single crystals
of sodium chloride and potassium chloride (Gorum etbal. 1958, Parker

et al. 1958), showéd that ductility was possible, and that the crystals

could be bent by hand but for”only less than a minute after exposing the

cleavage faces ﬁdiair. A similar ductility'was alsc observed in mag-

nesium oxide at room temperature, using small pieces cleaved from an
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impure single crystal. In these tests, strains of up to 20% were
realized on the tension side of a .bend-test specimen, although it was

againvfound that the ability to bend the MgO crystals decreased with the

time after cléaving;'a similarkébservation was also reported'by Lad et al.

(1958). In later work (Gorum et al. 1960), the effect of & high tempera—
ture (ZQOOOC) heat treatmentiwaé.examined, apd it was found that this
made a specimen either weéker and ﬁore ductile or stronger and more
brittle depending on whether the.subséquenf cOoiing was fast or slow.
Purity was also an important pafaméter, since crystals containing only
lO'pém of Fe flowed at a muéh‘lower stre;s than those containing 30 ppm
or more. Much of this early work on MgOvsingle crystals was devoted to
detefmining>the'mechanical ffopérties-at room temperature, and it is
convenient to first revieﬁ.this dafa‘Before'éxamining the results ob-
tained when the temperature is incféased;

From tensioﬁ»fésts, expérimentai evidence was presented by Washburn
et al. (1959) (see also Parker 1959, 1961) to support the theory
(Cottrell 1958).that éleévage fraétufe can be initiated by the nucléation
of cracks on'{lOO}'planes due to.the’coalescence of dislocations on two
intersecting {110} slip plangs.v it should be noted, howéver, that'since.
thé cracks did not appear to forﬁ uhtil thevslip bands had reached a
certainvcritical wid£h, a modified method bf nucleation has also been
suggested (Orowan 1959, Argon aﬁdVOrowanv1§6hb - see also Briggs et al.
1964, Briggs énd Clarke i965). Teéfs in,three;point bending by Washburn
et al. (1959) revealedvthafvoné slip éystem freéuently dominated on the
tension‘sidé of the beam, with the conjugate system operating on the

compression side. Since the specimens were loaded such that four of the

*~ .
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v{llO}'(llOS slip syétems were.subjected to.the.same.reSolved shear stress,

it was conciudéd.that diéioééﬁions on a slip bahd in onevsystém were
efféctive barriéré to,élib oﬁ-an:interseétiﬁg‘system. Such lack of
inférpenetratioﬁ; whicﬁ‘is éénsiderediin more detail later,TWas ihitially
prOVen_by the oﬁéervation thafvaislocations on an infersecting syétem

could pile up_againét a bafrier.imesed by the initial slipbto the extent

of bending the crystal through greater than 3°, as revealed by the direc-

tion of slip bandé ohithg.tﬁo sides Qf the barrier. The actual mechanism
of élip»band intersection has béen'analyzed:in some,detail.by Argon and
Orowan (196ha). Washburn ef ai.‘(1959) alSQvasérvéd,that the grownfin
dislocétions did nbtfmo§ejduring piaSﬁic.deférﬁétion, and did not act as
effeétiée barfiers'ﬁo.dislécatiOn motion. .The'significance of these

gfown?in dislocations willybe discussed in more detail later.

" In a detailed study of the formation of cracks in MgO single crystals

tested in compression, Stokes et al. (1958) confirmed that slip took

place oVer'{llO}'planes in §110>”directioﬁs; énd foﬁnd that cracks

originatéd in kink bands:ﬁhich'wére produced as a result of non-homogeneous

. compression. If the cleaved surface was sprinkled with silicon carbide

partiéles; sli? dislocations were geheraﬁed by impact, and these could
be révealed as rosettes on the surface by means of a suitable etch, as

shown in Fig. 4 (after Pask ahd_Copley 1963). On loading a sprinkled'

- crystal, slip then occurred with each slip line'passing fhrough a

rosette; a typical example is shown in Fig,_S{ Direct support for the‘_
Stroh mechanism of crack formation (Stroh 1954, 1955, 1957), whefeby a

crack is nucleated as a result of the stresses assoclated with the pile-

up of edge dislocations against a barrier, was obtained by compressing
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cryétals to a strain of about 3%. These "Stroh cracks" lay on conjugate
{110} slip planes, instead of the usuél:{lOO}.cleavage planes, and ex-
tended right through the crystal as tiny slits in a [00l] direction.
Seéondary cracks wére aiso observed, but these were tapered and did not
extend through the céystal{ To explain these observations, it was noted
that Stroh craéks_were nﬁcleatedlﬁy.the piie—up of dislocations against
the kink bands, as shown in Fig. 6;v Once formed perpeﬁdicular to their
associated slip plane, the cfacks Quickly ran into the compression stress
field of the next'pile—ﬁp;'théreby‘festricting thelr tofél length but
allowing them to spread répidly alﬁng the length of the edge dislocation
line to form a [OOl}-direétion slit. Furthermore, they were able to in-
crease their length by ad#aﬁcing inté the region-ﬁithin the kink band
to.form a segondafy crack. -

The.formationﬂéf Stroh craéks_was_later_coﬁfirmédgby Johnsfbn (l960>,
and Stékes et él, (19595) shbwed fhat théy were frequently observed lyihgv
parallel to the (110) slip planes iniboﬁhjthe fegiops ofvcoﬁpression and
tension.after éimple.bending.vAItvwas'also observed, by etching, that the
slits developed in three—point,bénding were confihéd‘betWéen two Adjacent
oftﬁogonal (liO)_Slip bandsk(Siokes et al. 1959¢c). .Aﬂ_example of the
slits associated with”the'interéecfion bf‘orthogonal slip bands.is shown
in Fig. T3 the wavy lines visible here ére cleavage éteps, and caﬁ be”.
disregarded. Stokes et al. (1959c) also noted that the‘cracks_qouldfnot
only be nucleaﬁed where slip bands interéécted,.but more important, they
could Be stabilized by_meeﬁingAa slip band.v This. observation is df‘
particular importanée,»sincé»itvshows that if ﬁiéro—cracks form in the

early stages of pléstic flow, when there is little slip present, their
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growth is unimpeded and the material is brittle. If, however, the crystal
is fifét'plastically déféfméd to introduce a.sufficient number of slip

bands, the growth Of“thefmiéro;éfacks is restricted in certain directions

‘and they develop into narrow slits which do not lead immedistely to

céﬁastrophic'failure; 'Thus it is the ‘growth, and not the nucleation, of
the miéfo—cracké Whicﬁyis the critical stage in the fracture procéss,
and thisiis.detefminea primarily'by the density.ahd distribution of slip.

" An alfefnatiVe.ﬁype of crack nucleation was suggested by Keh et al.

(1959), Whéréby a crack forms on:thé (110) slip plane . due to the coales-

éénce‘of;aiéiocationé by ihﬁégééction of the (011) and (lOl)‘slié planes
at éﬁ:aﬁgléhdfiiEOq}. Exbéfiméﬁtal evidehce for fhis type éf crack was
o%fafnéd.ffém'hé§anééé"iﬁdéﬁ£étionsf(Keh et al, 1959, Keh 1960), and
éiﬁiiafiéfééks haVéwéiéé been reported by Atkins and Tabor (1967) from a
mufualiindentation fééhﬁiqug; | | |
:Thé‘éurfa5¢ ébﬁa££i§n of MgQﬁéihgié cfysfals is extremély'impoftant
in'déﬁermiﬁiﬂg:£hé ﬁechaﬁicéi:behéVibf; For example, eféh-pit’studies,
céfried dut ih bending‘and'fenéion, have revéaled that the first few dis-
location'i00ps moving on‘the (llb)'planes originate from sources located
ét the surface (Washbu;n and Gofum 1960). A detailed‘éxamination of the

effect of Surface'conditiOn was reported by Stokes et al. (1959b), in

‘which it was found that; although the yield stress of crystals sprinkled

ﬁith‘siliéon cafbide particlés‘was idéntical to that of unsprinkled.
crystals from the same sourée;:there was a marked difference in ﬁhe 6b—
served.disldcation behavior. In the sprinkled crjstals, the "fresh"
dislocation.half—loops introduced by fhé sprinkling started to expand at

'

approximately one-third of the "yield stress,”" and multiplication
P _one y _ plicat
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commenced above about one-half of this; in the unsprinkled crystals,
however, slip was not detected until two-thirds of the "jield stress,"
which was théﬂpoint at whiéh-the impact.half—loopsfpnderwent gross multip-
lication. It was éuggested, in a study of the effect of sUrfacé.micro—
cracks {Stokes et al.’i960), that the appearaﬁce of the fracture surface
was.thé‘most reiiablebgritefién for determining Whé%her ffécture was due

to'the presencé of surfacé flaws. Thus, when crystals were tested with

a surface which had been "damaged," whether by mishandling or in'cleavage,

the cleavage lines at the source of fracture radiated from a point located

on the periphery.of the fracturé'surface, and this boint coincided with a
surface flaw} In;folished crystéis, however, the fractufe nucleated as a
direcfléogéeéﬁencé'Of the dynam;c‘iﬁteraction of orthogonal slipzbands,
as>fir§t %epbrted'by-Waéhburn et al. (1959). It‘WQS'also poinfed out
fhatlit is not eésential to.éhemically poiish éingLé Crystalé‘in'order
toaobtain;a'suffacé'freé of micro-cracks, since thié'can be attaihedlby

cleaving MgO on a sbft pad of tissue paper. The effect of surface con-

dition has also been reported by Bruneau and Pratt (1962) for tests in

bending.

Clarke and Sambell (1960) showed that surface defects may exist in

the form of micro-cracks at the crystal edges which, although at least

an order of magnitude below the critical Griffith size, are still able to

7

found ‘that if the cracks were removed by polishing,.the ductility was

“eénhanced five to ten times. 1In a later study (Clarke et al. 1962b), the

dislocation movements associated with the growth of micro-cracks in

cleaved single crystals were revealed by recording the changes in stress
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birefringence on cine¥film.f A:mechanismpwas‘suggested to account for the

- growth of these micro-cracks, and this is illustrated schematically in

Fig. 8. In this model, afmicro—crack ABC exists at the edge of the crystal,

and slip spreads'outvfrom:point'Bjin the manner depicted. New dislocation

‘sources are formed in the body-of the crystal‘by double cross-sliip, and

this gives a band of slip of which a part passes under the micro-crack
front (such as thevedge'dislocationsvalong line EF). Although the dia-

gram'shows that"the'screv.components have cross—slipped onto a plane:

above the initial plane BG, cross-slip to a lower plane can also occur.

Therewls‘a strain'field"assoclated with the pile-up of dislocations on.
intersectlng svstems:at F ;and'thisvsupplements locally the strain due
to the applled load and thus favors the growth of the micro-crack along
FH;‘ ThlS growth is very slow untll the micro-crack’ reaches the crltlcal

Grlfflth 51ze, and it is p0351ble to reduce ‘the load whlle the crack is

_grow1ng and thus prevent complete fallure of the spec1men (Tattersall

and Clarke 1962)
The tensile behavioerf chemicallylpolished crystals at room tempera-
ture was examined in detail by Stokes et al. (1961), and it was found

that the fracture behavior depended oritically upon the relative orienta- -

1».t10n number thlckness and spa01ng between the slip bands. Thus a

'crystal vas completely brlttle if two. Sllp bands, generated on orthogonal

{llO} planes, happened to 1ntersect to nucleate a crack before other sllp

_ bands had developed. Duétility was possible, howeVer, if there was a:

highydensity of slip sources, and the cracks could‘be stabilized by the
adjacent slip bands. If, in the extreme case, slip was confined solely

to a single slip band, then this expanded laterally to fill the entire
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gauge length.and the éfysfal was extremely ductile. These thrée possi-
bilities are depiétéd ih Fig. 9, wherein the yield.stfess remains con-
sistently in thé‘rahge:hOOO-SdOO p.s.i., but the elongation at fracture
varies from less than 0.2%, so that the specimens appeéred completely
brittle, to in excess of T% (the total possible elongation for the type
ITI specimens is not known since, unlike thé types I and IT which always
fracturéd'Within the:géﬁge.length,-these specimens failed'byvpulling |
locse from or fracturihg at the gfips); As shown in Fig. 9, there is

édmé evidénce of a yield point in the_type ITT crystals. An examination
of spééiméhs of typé Ii shdwed that'tﬁéy contained cracks at rélétively
small éffaihs, but tﬁéééﬁwere stﬁbilized_by the déﬁsity'of slip sources
and‘thﬁs fhé‘crystal'cbntinued to deform;' Althoughvfhé feaéoﬁ for fhe
variétion in the numﬁér of'iﬁtfihsic slip sburéés bperétiye from_?he'onset
of plésﬁic flow for néminallyridénfiéal crystals was nbt fully ﬁnderstood,
it was found experimentally that crystalé originally prepared from the
sane bulk'cfyétai usually fell intq the_same category (I, Ii or III); this
suggests that the amount and diéfributién of impurities.is aﬁ important
factor.

Further work by Stokes et al. (1961) on crystals with cleaved sur-
féces showed‘that these were usually of type»II; since slip sources were
introduced by the cleavage pfocess;_and'an optical eXaminétion of the
specimens after fracture revealed many stable (110) thO]'slits of the
type described previoUsly; These results suggest that if the numbef of - -
slip sourées is increased substantia;ly by sprinkling, the distributién g
of slip bands would Be.sufficiently dense to suppress thg formation of

cracks by the conventional mechanism. In fact, tests in tension showed
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this was not the case since, although the.sprinkled crystals were always
ductile due to the high density of slip artificially introduced, the

gauge length became subdivided into a number of blocks within which slip

was' very deﬁsetand confined to a single slip plane. The reason that slip

shoﬁld_be confined iﬁ this manner, although many slip sources were present
on all four equaily.strésséd planés, was not cleaf, although it was sug-
gésted that>it may be a consequence of a non-uniform étress distriﬁﬁtion
dﬁe to misalignmént or ﬁariation in cross-section along the géuge length.
The result of this block formation}'howevef, was that slits were con-
fiﬁed éntirély.fo the regions of less dense interpenetrating orthbgonai
slip located at the bouhdaryvbetﬁeen two adjacent blocks.

| In bénding;‘fhe éifﬁation wés somewhat different sincé the crystals
alwayé.slippea on the two {lld} pianes having the bend axis as theilr
zone axis, and spfinkling fhen gave a three to five-fold improvement in
dﬁctilﬁt&.. Unlike téﬁsion,Anovslip blocké.were formed in this case, and
sﬁéble'(lio) [OOl]'éli£s aid not occur. It appears fhat this may be due
eithér.to the ﬁoééibility th@t sprinklihg réduces the spacing between
slip bands below microscopic dimensions, so that slits, if formed, are
not oétically visible, or becausé sprinkiing introduces a hiéh numﬁer of
slip sources which efféétively hoﬁogenizes the strain;

The results in tension support the previous suggestion that stabili-
zation of a slit is possiblé (Stokes et al. 1959¢c). For the mechanism
éf élit-nucleation, however, itvwas noted that‘a slit was fprmed’ggz
when é slip baﬂd burst acrbss the crystal and was held_up by ah‘inter—
secting slip band, thereby reéﬁlting in a sudden avalanche of edge dis%

locations piling into the obstacle, but rather when two slip bands had
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completely cut through each other. This is illustratedvschematically in

‘ Fig; 10 in whichbtwo ihdependent slip bands (Fig.'lOa) grow in width to ,
meet and intersect-one another (Fig. 10b), and a crack can nucleate
(Fig. 10c) by the piling up of dislbcafions moving in band Y against the
barrier provided by band X. After nucleation, .the crack caﬁ then propa-
gate in the [110] direction along the edge of slip band‘k, and then in.
the [100] direcfion'acrose the band; vThe developmenf of the fracture
path is shown in Fig. 10d with A being the pointvef_nucleation, from
whichhit is seen that slip band Y continues to groﬁ in width until it is
finally cut off.by the frecture. A composiﬁe photomicrograph showing
thie effect is given at the bottom of Fig. 10.

The in#estigaﬁion just described emphasiies that‘the yield stress
is dependent chiefly ﬁpon the sffain rate and not at all upon the number
of "fresh" dislocation sources originally present; this is true even if
a crystal contains onlj‘ggg'"fresh" source sinee prolific dislocation
multiplication is able to take place at the edge of the slip baﬁd, and
the crystal-then shows the same yield‘sffess and rate of work hardening
as in a sprinkled crystal. The question now arises, hoWever, ef the
status of crystals containing no "fresh" sources. Te investigate this
problem, Stokes (1962) chemically polished cfystals for 30 minutes te
remove all "fresh" sources, and then 1oeded them with extreme care and

tested in tension. These crystals, which contained only the grown-in

stresses of 30,000-50,000 p.s;i., after which they yielded with a sharp
drop in stress down to 8000-9000 p.s.i., and then deformed plastically

with a number of intersecting slip planes visible in the gauge length.
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It is interesting to note that the.stress of 8000 p.s.i. corresponds

closely with the stress level at which the "fresh" sources were observed

‘to operate in the sprinkled crystals. However, whereas a specimen with

é'"freSh" source yields'with'a.smooth expansion of a single slip band,
the slip‘in speciméns'with;onl& grown-in sources fluctuated bétween a
number of infefséé£ing-planes: This is probably due to the much higher
stress ieVél at which the latter source begins to operate, since the
initial burst of dislocaﬁions must move with a very high¢velocify, due
to thé ﬁigh'stress; énd thé mo&ement of this COﬂcentrated.sﬁress.pulse
through‘the lattice is thus ablevto trigger off other grown-in sources.
Wﬁiién thése results refer Spécifically to tensile tests, experiménts
were aléo conducted in bending but it was then found that there was'an
ﬁnavoidabié:introauction of "fresh" dislocations by mechanical contact
aiong_the'three loading beams.

fheée resﬁltsAsugéest that the gfown—in dislocation sources are
associated with impurity preéipitéte particles, and direct evidence of
this will bé presented‘iater. It:waé‘fbund that these parﬁiclés could
be dissolved by annealing at 2000°C, so thét the crystal was essentially
free of dislocation sources and was then consistently stronger. For
example, Sfokes and Li_(l963b) found thaf annealed and polished crystals
deformed elastically up to stresses in excess of 160,000 p.s.i.; ﬁowever,
if a crystal was annealed at 2000°C,vcooled, and then sprinkled, it
yielded at the lbwer stress level again, and was highly ductiie; It
should be nofed that Alden (l963a; 1963b) has achie&ed maximum stressesv
in'tension of up to 112,000 p.s.i., by‘applying an'alternating étress

to sprinkled crystals containing a high density of dislocation sources.
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Keh (1960) showed that it was also pqssible for nominally "fresh"
dislocations to be pinned by é high temperature anneal, by introducing
dislocations on one surface of a cleaved crystal with an indentor, anneal-
ing aﬁ 1000°C, putting several more indentations on.the opposite surface
énd etching to show the "ffesh“ aﬁd "aged" dislocations, and then stress-
ing in compression until macroscopic yielding.occurred. On re-etching,
it was fbund that most of the glide bands were initiated from the "fresh"
dislocation rosetteé, while none was initiated from the "aged" ones.

Tt is clear from these results that the dislocations of the grown-

in network dé not move at all, for if they moved only a short distanée
then "fresh" dislocation loops would be nucleated by the cross-slip
mechanism and yieidiﬁg would immediétely occur., As it is'unlikely that
the dislocations Are firmly pinned by the impurity preéipitate particles,
since bowing between the éinnihg points could still occur, it appearé
instead thaf'the grown-in dislocétions lie on the wrong slip plane or
\péssess the wroﬁg Burgérs vector to.be mobile at room température. Since .
it is only dislocations with.a/Q[llO] Burgers vectors lying in the {110}
slip plane which can move easily without causing elecfrostatic faulting
(Gilman 1959), it is possible that these are, for example, a/2[110] dis-
locations lying in the closely packed'{lOO} planes} Furthermore,
a/2[110] dislocations lying in other plépes will be even less mobile, and
~dislocations possessing Burgers vectérs other than a/2[110] can only move
.by introducing considerable electrostatic faulting into the crystal., In
contrast, "fresh" dislocation sources have the correct a/2[110] Burgers-
Vectdr; they lie in the most mobile‘{llO} pléne,-and afe completely free

of contamination by impurities.

L
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:While the results discussed so far have dealt specifically with
investigations carried out at room temperature, a large volume of work
has also been published on the high temperature mechanical properties of
Mg0O single crystals. .Hulse ana Paék (1960) deformed'cleaved'crystals in
compres51on with a <100 loadlng axis, using a constant rate of loading
of 20 psi/sec.; and'obtained a plot of the bulk‘yieid stress versus
tém@érafure in the réngé'—l96°C to 1200°C. This plot decreased exponeﬁ—
tially'with incféasing temperature, until it became essentially constant
at about 96000. This tréhdfwas also noted by Siﬁha (1964), and a similar
decreasé.was réported‘ﬁy Thompsoh and Roberts;(l960) from four-point
beﬂdihg tests in the range';lhBOC to 507°C, although in the latter case
marked differences werekobserved in specimens cleaved from different
parent crystals;k In the work of Hulse and Pask (1960), all crystals work
hardened after yielding; the féte increasing gradually with strain except
at 1200°C where it reméined cbnétant until failure. The dg%ormation
patterns were revealed by etchlng,.and this showed that slip on one, set
of (110) planes had difficulty in pa551ng ggrough slip bands formed on
the conjugate set of (110) planes, so that there were appreciable areas
Where multiple slib did not occur. Dew—Hughes and Narlikar (1967) alsé.
carried out compression tests on cryétals with a <100> loading axis, at
room temperature only, and under qondéfions of constant étrain rate. They

reported a linear, but low, rate of wofk‘hardening_immediately after

s

yielding, up to 0.751,5% strain, after,Which the rate was again linear
but very much increased. Slnce examrnatlon of the deformed crystals by
! >

X-ray microscopy (Narlikar and Dewaughes 1962-63) showed that they had

becomé fragmented into many small crystallites during this second stage,
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it was suggested that the change in rate was due to the pilé—up of dis-
locations against these sub-grain boundaries.
An apparent anomaly should be noted here which undoubtédly is the

effect of the method of testing. Hulse and Pask (1960) with a constant

(\

loading rate observed the strain-hardening rate, as measured by the slope
of the first approiimately lihear'portion of the stress;strain curve, to
increase with incréasihg‘fémperature in the range 26°C to 1030°C (see
Copley and Pask (19651.3)7for plot). .Howe.ver, vPhillip.s (1960), working in
compression with a similar orientation but with a consﬁant strainvrate,v
found the rate of work hardening, as measured by the slope of the:stress- 
strain curve at L% strain, to sharply decrease with increasing temperature
in the range 25-1000°C. Later work (Phillips 1962), taking the slope of
the stress-strain curve at 1% strain, showed a sharp:decrease ovér the
temperature range -203°C to 600°C. | |

Single crysfals ﬁere also teéted in compression with both <110> and
<111> loading axes (ﬁﬁise ef'ai. 1963),vcovéring the temperature range
2690—1250°C.: A plot was'obtainéd of yield stress versus temperature for
these loading axes, and this wﬁs cémpared with that obtained pfeviously
for the <100> loading éxis (Hulsé and Pask 1960); Two of these curves,
for <100> and <111> loading a#és, are shown later (Fig. 29) vhere they
are compared with résults for polycfysﬁalline specimens;'thé other cﬁrve,
for the <110> loading axis, is intermediate between these two. In
analyzing these results, it is necessary to consider the effect of ﬁhe
orientation of the stress axis. Thus, specimens with a <100> stress ¥
axis, which are easily obtained by cleavage, have a résolved.éhear stress !

equal to one half of the applied stress acting on four of the six
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{110} <110> sliﬁ_sysfems”whereinvin those with a <1103 stresé axis the
resolved shear stress still acts on‘fouf of the six'{llO} <110> slip
systems but is now egual»to énly one—quarter.of the applied stress. 1In
both orientations, the resoived shear stress_acting on the remaining two
slip systems is zero. 'if is therefore to be expected that the applied
uniaxial stress needed fo yield crystals with a <110> loading axis should
be twice that réquired'to yield.crystals with a <lOQ>‘axis, assuming that
in both ofiéntations slip takes place solely on fhe'{ilo}b<110>.siipv
systems. Thé reéults showed reasonable agreement with this aﬁalysis,
although with a sy_étematié deviation below 800°C which, it was suggested,
probably‘afose %hfbugh the use of crystals from different batches for the
two series of tests. When ébeciméné are tested with a <111> loéding
éxis; no fesoived‘sheaf Stresé is'realized on dny of the {110} <110>

slip systems, and etching revealed that the specimens then deformed

.plastically on the {100} <111> slip systems at temperatures above 350°C.

The very high yield stresses observed for the <111> loading axis arise
because of the strong electrostatic repulsive forces which must be over-

come before dislocations of a/2<110> Burgers vector are-able to move on

{100} planes (Gilman 1959). This repulsive force, however, is less

severe than that gxperienced in a <100> direction. As the temperature is
increased,  the crysﬁal lattice expands and this leads to éasiér movement
and a consequent rgductiqn in the observed'yield streés. While these
results were obﬁained for gfystals ﬁaving constrained ends, simiiar values
of yield stress have also been reported for crystals.tested with a:<lil>

loading axis with unconstrained ends (Hulse 1967T).
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.Althqugh the specimens of Hulse et al. (1963) explosively dis-

integrated into powdér'at a high stress.level with a constant loading ' v
rate at room temperature, Withbno plastic yielding, an extrapolation of
their data for a <11l> loading axis suggests that the critical shear
stress for (100) slip at room temperature will be extremely high. Weaver
(1967) has recentiy compressed crystals of this orientation at a constant
straiﬁ rate at room téﬁperatUre, uéing a high confining pressure to pre-
vent fracture. Even so, the'sfress for (100) slip was still not reached,
and the observed behavior was mafkedly different from that reported by
Hulsé et al. (1963). At high pressures, the crystals deformed elastically
to ﬁigh stresses and theh:yielded abruptly with a sharp drop in stress,
(It should be noﬁed fhat at temperatures of 3SO°C aﬁd above, Hulse et>al.
(1963) using a constant loaaing rate.ébserVed.a high faté of Qork,harden_
ing beyohd the yiéld point.) An examination of the crystals deformed at
room témperéture showed thaﬁ kinking had taken piace on the dbdecahedral
(120)[110] siip systems, déSpite thé fact that these are normally un-
stressed while'three of the (lOO)tllO] slip.syStems are'uﬁder stress.
Weavér‘(l967) showed, however, that only smailvlocal misorientations of
the crystai, of the order of 2°, are needed to throw an appreciable re-
solved shear stress éh the weaker (110)[110] slip systems. This_work'
therefore serves.to emphasize thevimportance of perfection of alignment
when tesfing'crysfals with a <111> loading axis at iow temperatures.

Copiey_and Pask (1965b>;extended the -earlier wofk of Hulse et al.
<1963) to higher temperatures by compressing single crystals ﬁith <100>
and <111> loading axes with »lconstant loading rates at temperatures in

the range 1000°C to 1600°C. Typical stress-strain curves for these two
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loading axes are shown in Figs. 11 and 12. Of particular interest for
the <100> stress axis is the change in shape of the curves above about

1100°C with the appearance-of a graduel yield. The yield stresses for

 <111> orientated specimens, which were considerably higher than for <100> -

drientatiohs at all temperatures, continuously decreased up to_l600°C.
The completé plot of yield stress versus temperature, combining these
results with those obtained earlier by Huléé et al, (1963), is shown
later in Fig. 29. A»<1oo$’orientated,crystal strained 14.8% at 1&0000 is

shovn in Fig. 13a, and the same specimen is shown under polarized light

in Fig. 13b. " The birefringence visible here is a result of elastic dis-

‘tortions in regions where the density of dislocations of one sign is

high; this serves to reveal the great‘localization of dislocation damage.

The vertical striations visible in Fig. 13a on the upper part of the front

':féCe are associated with deformation bands which result fromAthe separa-

tion of regiqns that have deformed by slipping oﬁ planes at 45° to the
crystal surface (bulging bands) from those that have slipped on planes

at 90° (flat baﬁds).. It was suggested by Copley and Pask (1965b) that:
the_boundaries'§epafating these two regions were formed by dislocations
moving 6n obliéue planes with Burgers:vectors.enclosing aﬁ anglevéf i20°,

according to the reaction.

[101] #

N

| R | . :
% [011]) = 3 [T10] - | _Fl)

(i

as first suv&ested by Kear et al. (1959). The segments of edge dis- B

" location thus formed lie along the [111] direction and, sincc thev can

o

only move in the (112) vlenes, are sessile.
This investigaticn also showed that, even et the highest test

~

Lenverature of 1000°C, slip in any given region onl;” ccecurred on two
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-
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planes at 90° to each other. Thus slip on one such orthogonal set of
slip systems is seen to block slip on the other orthogonal set, even
though both sets experience the same resolved shear stress. The 60°
intersections are therefore considerably more difficult .than those at
90°. Calculations<weré made, using the estimated number of etch pits
formed in an edgé dislocation bana (Washburn and Gorum 1960), to show
that the stress-strain curve obtained at room fempératﬁre could be satis-
factorily explaihed in terms of the stress dependence of the dislocation
veiocity. Tﬂis suggesfs that the'decreasé in yield sfress for §100>
stressed specimens with incfeasing temperature was due to an increase in
the dislocationvmobility.’ It was also postulated that thé observed de-
crease in the sfrain-hardening rate at temperatures above liOO°C‘was due
to the annealing;out of dislocation dipoles, owing to the increased dif—
fusivity rétes at the highér températures.

Impacﬁ.téSts.were uééd by Johnston et al. (1959, 1962a) to study the
brittle-ductile transition, and this revealed that it was possible to
cleave Mgd.over.(looj planés:without macroscopic deformation at tempera-
tures up to aimost 2000°C-(¢O.7 Tm’ where Tm is the.melting point in
degrees Kelvin). This observation éhows clearly that theiability éf an
ionic solid to accommodate plastic flow without fracture is strongly--'
dependent upon the imposea plastic strain rate, since MgO single crystals
may be bent at room temperature (<0.1 Tm) at strain rates of n10™° séc—l,
but under impact it is necessary to go to temperatures éreater than 2000°C
to accommodate similar deformation. It therefore follows that the ob-~
served brittle-ductile transition temperature is strohgly dependent on

the method of testing; for example, temperatures of 200-800°C, depending

’J
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bn both time of air_agiﬁg and sourcevéf materiél, were.reported by
Murray (1960)’from.teéfs'ih $low bending, a transition temperature Qf
850-1050°C was reported vy Atkins and Tabor (1967) from mutual indenta-
tibn téchniques, énd Sinha (1965) refefs to a transition in bendiﬁg at
~800°C.

‘“Thé formation of kinks under bending, and fhe-tendency for this to
lead to fracture, Wééfinveétigated by Stokes‘et al. (1962), and it was
foﬁnd that the tendency'for'fracture diminished as the temperature was
increased. At higﬁ.tempefatﬁres and low strain rates, the crystals were
found to be ductile sincé the dislocations in the kink boundaries were
nd.longer’efféctive barriers to slip.

A detailed inVestigatibn of fhe mechanical behavior of Mg0O single
cf&stals wiﬁh;a <100> loading axis was cafried out by Day and Stokes
(1964), covering a tempeféture range of IOCO°C to QOOOQC. Unlike the

work of Hulse et al. (1963)land Copley and Pask (1965b) where specimens

were tested in‘compression, these crystals were pulled in tension after

annealing at 2000°C and chemically polishing. The results showed that the
behavior was determined by the number of slip systems operating con-

currently in any given volume, and three different situations arose

'depending on the tempefaturei

(1) At low temperatures (<1300°C), slip was confined to a single

{110} <110> system since slip on any one <110> system was unable‘to

penetrate slip on any cher. The overall plasticity was therefore
limited by the stress éoﬁdentration which developed where slip switched
from one plane to another. Generally, the slip alternated between two
conjugaté <110> systems\wifhin the gauge length, as shown by type I in

!
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Fig. 14, Slight knots.were.formed, as indicated, at the points where
slip switched from one conjugate plane to another. At these low tempera-
tufes, the specimens fractured in a brittle manner with cleavage fre-
quentlyrorigihating in the boundaries between two adjacent areas of

slip on different planes.

(2) At intermediate temperatures (1300°C-1700°C), {110} <110> slip
systems at 90° could intersect each other, but those at 60° could not.
The mechanical behavior then depended on the initial slip distribution,
gnd two possibilities arose. . Firstly, there was the situation where
élip originateﬁ>throughout thé whole gauge length on just oné pair of
interpenetrating conjugate %ilO> systems. Under these conditions, the
specimens necked down to zero in one dimension only, as shown by type IT
(a) of Fig. 1k, Secondly, there was the situation where slip switched
from dﬁe_pair of conjugate <110> gystems to the other at some point along
ﬁhe gauge length. Since 609 ihtersections were not possible at these
témperatures;.ﬁhe cfystal divided into two bldcks,suqh that one block
reduced in one dimension and the other in the second dimension, asvshown
by type II (b) éf Fig. 14, Although there was some necking in the
separaté blocks, the specimens then fractured in a brittlé manner by
cleavage.

(3) At high temperatures (>1700°C), the dislocations could inter—
penetrate on all slip systems, both at 60° and at 90°, although it was
generally observed that slip was confined primarily to a pair of con-
Jjugate <110> planes within any given region. There was also évidence
of slip on planes other than {110} whére the tﬁo systems switched over.

This lead to a modified knife-edge fracture, as shown by type ITII in

+

#
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Fig. 1k, with a .reduction in bothvdimensions, and recrystallization with
a strong preferred:érientation within the necked region. X-ray observa-
tions showed that extensive polygonization took place throughout the
crystals at these temperatures, and at 2000°C the specimens elongated
homogeneously by as much as 150% before the .ductile fracture commenced.

It shéuld be nofed'that, although these three differing types have
been presented as 6ccufring within ceftain discrete temperature ranges,
this’isvnot strictly correct since fhé temperature of fransition between
one type and anothér is dependent on the strain rate. At lSBOdC, for
example, each mode of behavior could be observed for different strain
rates: type I at @1.0" min;l, type Ila at ~0.1" min-l, type IIb at
A0, 01" min~t, and type IIT at &0.00'2" min~t. Tt is clear from these de-
tailéd results that a rise in temperature not only aids the mobility,
and multipiication, Qf'dislécations on the primary'{liO} planes, thereby
redﬁcing the yield streés,'ﬁquaiso allows interpenetrafién of the slip
sysﬁemsbsovﬁhaf.the spééﬁmens“beéome less brittle. The latter behavior
is undodbtedlyrassociated witﬁ a reduced tendency for cleavage.

The various observed ﬁransitions were considered in detail by Day
and Stokes (196Lb) in terms df the dislocation behavior. For-inter_
section between the conjugate élip systems, the dislocation interaction
must involve only their mutual cutting at a point, and it is therefore
necessary to considér the interaction between screw dislocations (s.) in

1

QTVSCTGW’(S') dislocations in the othef, as

the one plane with edge (E 5

5)

shown in Fig. 15 a and b reépectively. In both cases a jog (J) is pro-
duced, which is constrained by its Burgers vector and direction to move

in the cross-hatched {100} plane. Since the jog on S, cannot move forward

2
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with the screw dislocation conservatively, a cusp is formed, and even-
tuallyvan edge dislocation dipole which can be pinched off by cross-slip
of the two separated segments of 82_(as indicated by.the arrows in Fig.
15a) to form a prismatic loop or "debris" in the slip plane. Cusps on
screw dislocétions after deformation at temperatures up to 1000°C have
been obsérved ﬁsing transmission electron microscopy (Groves and Kelly
1963b, Elkington et al. 1963) and "debris" has been reported in the slip |
bands up tb 1200°¢C (Groves and Kelly 1962, 1963b). In the case of the
jog on the edge dislocation, movenent i; confined to the {100} plane and
is therefore restricted due to electrostatic faulting (Gilman 1961).

This may ultimately give rise to a screw diélocaﬁion dipole which can
diséipate by cross-slip. |

The temperature effect arises since the jogs are relatively immobile
at low femperaﬁures, and ﬁhe debris causes further tangling, as observed
in thevelectron microscope (Washburn et al. 1960a), and leads to»the in-
ability'of two conjugate slip systéms to interpenetrate extensively. As
the temperature is raiséd,_however, Jjogs in the edge dislocations become
more mobile dﬁe to fhe increasing ease of slip over {100} planes (Hulse
_et al. 1963) and‘the prismatic loops diffuse to form large single loopé
which can move under stress by a conservativé climb mechanism (Kroupa
and Price 1961). Thus the intersections are kept relatively free of
debris, énd interpenetration of the tﬁo conjugate slip systems increases
with increasing temperature.
The situation is someWwhat different for intersections between two

slip systems making 60° angles (or 120°) to each other, since dislocations

can then react according to the equation
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2 [110) + 2 [011) = & (101] (2)
This gives a drop in strain energy, and the formation of a third dis-
location lying parallel to <lil>, as shown in Fig. 16a. This dislocation
is pure edge and is restricted to moving in the {112} slip plane, so that
£his disloqation may be regarded as.sessile at low temperatures; direct
observations of this reaction have been reported using electron micros-
copy (Groves and Kelly 1963b, Washburn et al. 1960a). A high density of
these pure edge sessile dislocations are formed over the broad interface
where the.sliﬁ bands intercept, and these act as a barrier to flow aﬁ
low teﬁperafures{ Abové about 1300°C, howefér, they can rearrange into
vertical polygonized arrays by.climb, giving the observed longitudinal
surface kinks. The result is a kink boundary lying in the {110} plane,
Qf the form shown in ﬁig. 16b. It is considered that these sessile dis-
location walls are relatively'immobile below 1700°C, constituting a bar-
rier to interpenetratioh on two 60° slip systems, but above this tempera-
ture (depending on the strain rate) the mobility of theée'{ll2} <110>
dislocations increases sufficiently for them to be regarded as glissile.

The kink boundaries therefore then move under stress, and slip on the

two 60° systems can interpenetrate.

Day and SﬁokeSr(l966a) later carried out similar tests but with a
[110] tensile axis which favors slip on oblique systems (i.e. at 120°).
Two main modes of deformation were identified in this case:

(1) In the range 1L400-1700°C, no interpenetration occurred and the

crystals became subdivided into distinct blocks, slipping on different
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systems, which were separated by kink boundaries. Brittle fracture
occurred by void formation in the kink interfaces.

(2) Above N1700°C (depending on the strain rate), slip on all systems
intérpenetrated and the crystals elongated about 100%, and recrystallized,
before necking down to completely ductile fracture.

Stokes (1965a) also analyzed the temperature dependence of the flow
stress, compensated by the change in shear modulus with temperature,
from room temperaturekto 1000°C, and showed that the results exhibited
two distinct regions:

(1) From room temperature ®SOO°C, there was a strong, almost linear,
decregse in flow stress with increasing temperature for as-~received
crystals. This decrease was greater, however, for crystals preannealed
at 2000°C, suggesting that the high temperature anneal took some im-
purity particles into solution in the manner discussed previously.

(2) From 500-1000°C, the temperature dependence for the as-received
crystals was identical to that of the shear modulus; but the curve for
the preannealed crystals, when obtained by an increase rather than a
decrease in temperature, showed a distinct hump with a peak at 800°C.

It was suggested that this was probably due to re-precipitation. A
similar temperature dependence for preannealed crystals has also been
reported by May and Kronberg (1960) and Miles et al. (1966), and by

Lewis (1966c) for vanadium-doped Mg0O. However, Miles (1964Db) has pointed
out that the hump in the curve observed by May and Kronberg (1960) was
obtained by taking the maximum of the loading curve as the yield point;
since this is followed by a sharp yield drop at temperatures greater than

- 700°C, a plot of the value of the stress after this yield drop largely
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eliminates the hump.

The discussion so far has centered primarily around the results
obtained from mechanical tests over a wide temperature range, and it is
con&enient‘at this stage to review briefly the observations'reported
using transmission electron microscopy. The first direct observation of
dislocations in MgO using this technique, and in fact the first observa-
tion Of dislocafions in a refractory ceramic material; was by Washburn
et al. (1960a, l960b), in which thin foils were obtained by rotating the
specimen above a jet of hot ortho—phosphorié acid. A modification of
this technique was later presented by Kirkpatrick and Amelinckx (1962).
In the study by Washburn et ai. (1960a, 1960b), the motion of dislocations
was observéd by momentarily increasing the beam current between sucessive
photographic exposures, and it was found that’individual screw dis-
locations frequently cross-slipped from a (101) slip plane into a nearby
parallel glide plane, and then back to the (101). This cfoss—slip leads
to the formation of many highly elongated'prismatic loops, which are
observed profusely within slip bands produced by bending at room tempera-
ture but tend to break up into smaller loops when heated in the electron
microscope._ A mechanism was presented‘to explain the wide slip bands
which are observed under the optical microscbpe (Washburn et al. 1959),
by suggesting that two lengths of a screw dislocation may move apart by
éross-slip until they are so far separated that they can each move in-
depéndenﬁly on widely separatea, but parallel, slip planes.

The elongated prismatic loops were later studied by Groves and
Kelly (1961, 1962a), who showéd that they became large circular loops

after annealing at temperatures in the range 850-1600°C. It was
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suggested that the process by which this occurred was the motion of
vacant lattice sites along the dislocation lines and possibly through -
the bulk material. The loops so formed were of the vacancy type (Groves
and Kelly 1962b), and lay on {110} planes at 45° to the {100} specimen v
plane, with a <I10> Burgers vector. It was aléo shown (Groves and Kelly
1963a) that successive anneals increased the mean diameter of the loops
and reduced their number; the mean loop diameter increased linearly with
total anneaiing time within the limits 500-2000 Z.
A study of as-received crystals showed that about half of the grown-
in dislocations were contained in low-angle boundaries, while the rest
tended to be present in small groups (Groves and Kelly 1963b). The im-
mobility of grown-in dislocations, observed by Stokes (1962), could be
explained since the dislocations in the low-angle boundaries did not
generally lie on their slip planes, while. the remaining dislocations had
precipitates on them in the manner first reported by Venables (1961).
Elkington et al. (1963) have also shown that the grown-in dislocations
always contain precipitates along their length, and often do not lie in
a slip plane, as shown in Fig. 17. However, a calculation revealed that
the spacing of visible precipitates was not always sufficiently small to
have pinned the dislocation at the maximum stress level reached in bend-
ing tests, suggesting that dislocations are immobile due to the presence
of invisible impurity atmospheres or a high jog concentration. Pre-
cipitate particles along grown-in dislocations were identified as ZrO

2 W

particles by Venables (1963), and as MgO-Al spinel particles by

2%3
Henderson (1964). Groves and Fine (196k4) studied an iron-doped MgO

single crystal and reported the presence of MgFeZOLL precipitate. Stokes
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(1966b) observed that particles of a‘MgMn2Oh phase precipitated preferen-
tially on dislocation lines in a crystal into which manganese oxide had

been diffused. The.pfesence of precipitate particles élong grown-in

" dislocations has aléo‘been studied in a number of other investigations

(Bowen 1963, Bowén and ciarke 1963;'3tokes and Li 196L4b, Miles 1965).
It was reportéd by Groves and Kelly (1963b) that, while the dis-

location structure of the élip bands was qualitatively similar in

cfys%als deformed within the temperature'range -196°C to 527°C, it ap-

peared that the slip bands became somewhat wider and contained fewer

dislocations as the temperature of deformation was increased. There was’

a'éhénge in dislocation structure in a crystal bent at 984°C, however,
with long edge dislocations prominent and g marked reduction in the

density'of'elbngated loops and strings of circular loops. Elkington

et al. (1963) also reported that the dislocation density continuously

decreased with increasing température of deformation in the range -196°C

to 1200°C, and noted further that there were only a few resolvable dis-

location.péirs in specimens deformed‘at -196°C although many were clearly
visible at ambient temperature. The density of such pairs was found to
decrease with increasing temperature, but the average pair éize increased
and the pairs broke into rows of_smail prismatic loops at temperatures
of T750°C and above.. \ |

Stokes and Olsen (1963) sﬁégested a possible mechanism whereby dis-

location dipoleé may be formed by the interaction of two screw disloca-

tions 6f the same sign, when they became cross-linked to form an edge

dislocation dipole at the cross-over point. Evidence for the cccurrence

" of this mechanism in MgO was obtained by studying the dislocations
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introduced into the foil after thinning. An alternative mechahism of

dipole formation,.wheréby two edge dislocations of opposite sign approach .
each other and form a dipole along their iine of contact, was considered

unlikely for dislocations injected into thin foils after thinning, but Y
may possibly account for many of the long dipoles seen in MgO after de-
forming in the bulk.

A detailled examination of the initiation of yielding in Mg0O was
carried out by Stokes and Li (19641b), by introdﬁéing“"fresh" dislocations
by a prestrain at roém témperature, and then aging these dislocationsvby
a high temperature anneal, It was found that heat treatment above 6OO°CV
always resulted in an increase in the room temperature strength of the
crystals due to dislocation locking. This locking was weak for tempera-
tures in the range 700—lbOO°C, and yielding of the crystals occurredb
accompanied'by.a load drop and subsequent jerky flow. There was strong
dislocation locking for heat treatments above 1000°C, however, and the
speciméns érushéd in Bending before slip wés re-initiated in the tension
surface affer only a short anneal (e.g., 2 hours at l200°C or 1/4 hour
at QOOOOC).  It seems likely that this strong locking is due to the
change in dislocation cbnfiguration which occurs at the higher temperatures
(Stokes 1966b), since the much finef debris begins to anneal-out at
tempefatures as low as T00°C, and a series of closed prismatic loops dre
formed by annealing at 1000°C, These results, ana those obtained.later
by Stokes (l966b), confirm the original observations of Groves and Kélly
(1962a, 1963a). Specimens deformed atbiBOOOC were féund to contain a
cell structure with the cell boundaries consisting of stable dislocation

networks of the type shown in Fig. 18.
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While these resulfe have referred to thin foile with the surface
parallel to'{lOO},edgaWe (i966a, 1966b), Washburn and Cass (1966) and
Cass and Washburn (1966a) developed methods for preparing thin foils
parallel to the {110} slip planes. Such foils are more advantageous
than those parallel to the {001} cleavage plane; since the {110} slip
planes‘dd-notvlie et.h5° or 90° to the surface and it is therefore POS~-
sible'to'ekamine more than a thin strip.of anyvgiven.slip plane. Using
this type ef‘feil;'Ogaﬁen(1966b) showed that.dipoles and slip disloca-—
tiong were of mixed charecter, with no preference for edge er screw
orientaﬁidns; ‘The occurrence of'such'effecﬁs:as three—fold dipelevnodes,
observed elsd.by Cass and ﬁashburn (1966a), lead to the.conclusioh that
these dipoles were predueed 5y a eollisibn.mechanism, ﬁhereby a pair of
dislocations move toWerds:eaeh other en parallel slip piahes from two
independeﬁt seurces, fatherbthen by the. cross-slip of screw dislecations
éé sﬁggested by Washburn et al; (1960a) and Groves_aﬁd.Kelly (1963b).

Cass and Weshburn”(i966a) and-Washbure and Cass (1966)"alse noted

that dipoles often deviated'greatly from a pure edge orientatioh, although

the shorter dipoles usually had a narrower spacing and lay closest to

edge orientation. Both-vacancy and interstitial dipoles were present

in the deformed state, and, as with observations on foils parallel to

{100}, the break up of dipoles into strings of prismatic loops Was_egain

observed at temperatures above T50°C. The dislocation structure in'a
crjstal deformed at 850°C can be seen in Fig. 19, in which the Black"v
liﬁe, of 1 um total length, is parallelvto both the active Burgers vec-
tor in the plane of the foil {110} and the diffraction vector (after

Washburn and Cass 1966). Many of the dipoles are transformed into
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strings of loops by dislocation climb. While most crYstals were de-
formed by loadiﬁg in a <100> direction, some where also compressed in or
near a <111> axis; in this_case, the long dipoles were much less numerous
and the short ones were often wide at the center and pointed at the ends.
The results obtained from these investiéations‘lent.further support to a
mechanism of dipole formation presented earlier by Washburn (1963).

These studies in transmission electfon microscopy have, in general,
attempted to difectly correlate the observed dislocation configuration
with the méchanical properties, but other experiments have also been
conducted. For‘example; many measurements have been carried out of the
mean and anomalouévabsorption coefficients of electrons in MgO (e.g.
Kohra and Watanabe 1961, Wataﬁabe et al. 1962, Kamiya 1963; Uyeda and
Nonoyama 1965).

As work on MgO coﬁtinues, it is becoming increasingly clear that
alloying will be extremelyAimportant in the future, as it is with metals
(see, for example, Clarke and Kelly 1963), and meny further investiga-
tibns.are feqﬁired to dgtermine the mechanical properties of doped
single cryStals. Prelimihary work by Satkiewicz (1961) indicated that
unannealed crystals doped with Cr203
than the undoped material, and Liu et al. (196k4) later showed that the

and NiO had higher yield stresses

addition of NiO produced up to a threefold increase.in the compressive
strength at room temperature. Day and Stokes (1967) continued this study
to high temperatures, and found that with a 0.3% Ni0 additive, the
alloys had lower yield stresses and lower ultimate tensile strengths
compared with the pure material at all temperatures above 1200°C. It

was suggested that this arose because the reducing atmosphere in the
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furnace caused the alloy crystals to decompose by the removal of oxygen
and internal précipitation,of nickel, thus creating an excess of vacan-
cles Vhich enhanced the nonconservative mobility of dislocations. Thus
it is concluded that a stable oxide such as MgO 1s strongly environment
sensitive when an unstable oxide is present as an impufity. The addition
of 1% of feffic iron to MgO was shown to_rnghly_double.the flow stress
by Groves and Fine (196&); and the fracturé tqughness of‘MgO containing
0.1% titanium has.been invésﬁigated by Groves and Shockey (1966). Other
studies usiﬁg doped'crystals‘have also beeﬁ reported by Ogawa (1966a,
19665), in whiéh'electrbn microscopy revealed nO-éppregiable difference
in disloéatibn cohfigufationﬁbetween puré and doped crystals, Lewis
(1966a; 1966b), Davidge (1967) and Matkin and Bowen (1965).

Many other studies using MgO single crystals have alsoc been carried

'ouf: ‘microstructure of cleaved surfaces (Lewis 1966b, Robins et al.

1966), effect Of.explosive‘shock (Gager et al. 196L, Klein 1965, Klein

and Edington 1966; Klein and Rudman 1966), effect of neutron irradiation
(Clarke and Sambell 1960, Bowen et al. 1962, Clarke et al. 1962a,
Stablein 1963, Groves and Kelly 1963c, Desport and Smith 196%, Sambell

and Bradley 196k, Bowen ‘and Clarke 196L), variation of indentation hard-

ness with temperature (Atkins et al. 1966), frictional behavior of

crystals sliding over each other (Bowdeﬁ'et al. 196k4, Bowden»and Hanwell
1966, Bowden.anderookes 1966, Biliinghurst et al. 1966), effect of dif-
ferent chemical etches (Ghosh_éﬁd Clarke 1961, Stiefbold et al. 1963,

Cass and Washburn 1966b), éffeéf of thermal shock (Miles and Clarke 1961,
Clarke et al. 1961), and growth and strength of MgO whiskers (Hulse 1961,

Wolff and Coskren 1965, Hulse and Tice 1965, Brubaker 1967). Other
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studies have included measurements of internal friction (Dahlberg et al.

the generation of vacancies by deformation (Klein and Gager 1966),

k4 Rd

1962)
and direct observations of the fracture of single crystals using high-
speed photography (Field and Heyes 1965). Single crystals of MgO have s
also been studied using X-ray diffraction topography (Miuscov and Lang
1963, Lang and Miuscov 196M, Lang and Miles 1965, Lewis 1966b). Seferal
investigators have studied thé diffusion of impurities in MgO, and a
recent tabulation of much of this work was provided by Harding (1967).
Similarly, the ﬁajor‘publications on the optical constants of MgO are
listed in the recent report by Williams and Arakawav(l967).
- III. 'BI-CRYSTALS

Bi—crystéls are a convenient means of evaluating the basic mechanical
behavior of a material since,.unlike-polycrystals, they allow a close
study of such variables as the degree of misorientation across the boundafy
and the effect of the'intersection‘of glip lines with the boundary plane;
It should also be’recogniZéd ﬁhat this configuration essentially corres-
ponds to.an "unconfined condition" and thus enables the study of the
behavicr of a boundary without the complications arising due to inter—
actions between grains in a polycrystalline piece under stress. Furtherf—.
more, their use is particularly attractive in MgO, since they may be
readily obtained by cutting directly from the large-grained magnesia
-blocks which are commercially available. As.a result, many investigations #

have been reported using MgO bi-crystals (see Table I) and, while a

&

number of problems are still unresolved, considerable progress has been
made in interpreting the importance of grain boundaries during deforma-

tion.
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In our present understanding of materials, the grain boundary may

‘be considered to play two distinct, but inter-related, roles in deter-

mining the mechanical behavior. In the first place, the boundary may act
as an obstacle to dislocation movement, and thus prefent the passage_df
slip lines from one grain to .the next; in the second place, the boundary
may directly contribute té the o&erail strain by the process of grain
boﬁndary slidiﬁg, whereby:the two'grains shear past each other along
ﬁheir mutual-boﬁﬁdéry;. The bhenoménon of grain boundary sliding is well
documented_in métals, but waé not observea in a ceramic material until
the bi—érystalrexperiments oh-sodium chloride and.magnesia by Adémé and
Murfay (1962)." In compression tests oﬁ MgO bi—crystals.containing
asymmetriédi boundaries,,they found that'sliding occurred at the boﬁndary,
and, Within,the limit of resolutién éf_ﬁhé optical microscope, the shear
dis@lacement was confined to the boundary plane. As with metals, sliding
was observed to occur in discréet jﬁmps, with the sliding rate dependeﬁt
on stress and Iboﬁndary' misorientation. ‘The possibility that sliding may
haveioccufred merely by fhe shearing of a lowlstréngth, possibly glassy,
boundary phaéé'was discounted; siﬁce this would not have given rise to
the observed orientation dependence. In later work, Murray et al. (196k4)
further.examined the effect of stress and temperature; by testing bi-
crystals with the boundary at 45° to the compressive axis. By conducting
experiments iﬁ which thé load was increased at fegular intervals, they
foﬁnd that an incubation period always preceded the sliding and that this
period decreaséd with increasing stress. The témperature was also found
to be an'important parameter in the range 1300—1500°C.‘ This factor was

later examined in more detail (Mountvala and Murray 1966) by testing
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bi-~crystals having béundaries of various misorientations. 1In this study,

it was found that a critical temperature existed above ﬁhich there was ¢
a'catastrophic drop in strength; this critical.tempefatufe was "1200°C
for twist boundaries and 1400°C for tilt boundaries; as .shown in Fig. 20.
In each case, fracture was intergranular, and caused by one gfain sliding
off the other. NoAconvinéing explanationé were offered for this be-
havior. It may be significant that a brittle—ductiie transition was
observed by Hulse anvaaék (1960) for single crystals of MgO tested in
compression at a‘léading rate of 20_psi/sec in the <001> direction at
1200°C; this behavior was pfesumabiy due to the development of éasy
intersections of conjﬁgéte slip plénes at fhis temperature.-

Thé effect of degree of ﬁisorientatioﬁ has also been examined in
other inveétigations. Johnston etval. (1962b) considered the case of a
Single slip band impinging upon the boundary, and éhowed thatvthree
separate situations may'occur: ; |

(1) For "small boundéry misorientations (i.e., a simple tilt boundary)
no cracks'wére.formed, But'the shear stress concentration ahead of the
pile-up nucleated dislocation loops and therefore slip bands in the
adjaeent grain.

(2) For "medium" misorientations (i.e., a twist plus tilt boundary),
the tensile stress concentration beneath an edge.slip band nucleated a
transgranular crack in the adjacent graiﬁ, and;'under compressioﬁ, this
cleavage craék'decelerated'and generated dislocation loopsbwhich de-
veloped slip bands in the adjacént grain.

(3) For "largeﬁ nisorientations (i.e., a large twist plus large

tilt), the tensile stress concentration beneath an edge slip band
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nucleated an intergranuiar'crack.

Essentidlly similar.reéults were reported by Sinha (1965), but in
this case it was observed that micro—cracksvwere present prior to test-
ing in the bi—érystals having'large misorientations. Since ﬁhese bi-
crystals had been found’foiffacture intergranually without any macro-
plasticity, it was 'suggéétéd' that the micro-cracks propagated at Griffith
cracks along the boundary:  Whilefﬁheselresults.refer specifiéall&'to
fbom fémperatufe,”teSts étleOC°C revealed that the bi—érystals having a
lafge miéorien£ation'fhen ékﬁibitedbsome’plasticbdeférmation priér to
fracture, but failure again océurfed by shearing along the boundary.

Morg'réééntly, Lange and Bueséem (1967) measured the intrinsic

brittle étrength for bi—crystals of various misorientations; where

‘brittle ffacture was defined és'that occurring prior to any dislocationv

ﬁotion;’”Iﬁ'their tests,.thé_sPecimens were chemically polished to re—.
mdveiailvdislocation sources; and then a tensile load wés appliéd and
the spééiméns‘oﬁsefvéd.confianﬁsly>underVpoléfizedvlight; By this pro-
éédure; cfacks ﬁefe.féuﬁa'tbvhucleate at‘the boundary, énd then either

travel along the boundary completely'(at low stress levels), or travel

- along the boundary and then de#iate into one of the crystals (at high

_stress levels). . In either case, a. post-fracture examination always re-

vealed_secohdary cracks in the crystals adjacent to the boundary, and
it was suggested that intergranular fracture may predominate at the.
higher stress levels since the seéondary.cracks can then_propagate-more
readily.

The first reported use.of MgO bi—crysﬁals to directly investigate

the mechanism of fracture was that of Westwood (196la, 1961b), wherein
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tests were carried out to distinguish between the three types of failure
which may occur in polycrystalline samples: .by cracks initiating inside y
individual grains and then propagating transgranually; by Zener-type
cracks initiating at a boundary aﬁq propagatihg either intergranually or
transgranuélly (Zener 19&8); or by failure of the boundary itself due to
impurity embrittlement or the presence of voids; The résults confirmed
the second 6f these alternétivés, althdugh in a somewhat modified form
since, whereas the méchanism postulated by Zener (1948) for metals sug- -
.geSted thaﬁ a crack may be formed at thé boundary undér the action of a
piled—up.group of edge dislocations, the resultsvonngO indicated that
two such groupsbwere required. A cloée examination of the bi-crystals
leduto the suggestion that cracks Qere only formed in the bouhdary when
two slip bands; one from each grain, intersected the boundary separated
by some small but finité (ﬂ&;Zum) displacement. In particular, no cracks
were observed assdciated with a single pile—ub, and only occasionally
when two slip bands met ﬁhead—on". ‘This is shbwn in Fig. 21, where
cracké have formed at points A and B bﬁt ﬁot at C, D, Eor F, While
this modification tb the Zener mechanism is feasible at high strains;'
Westwood (196la) suggested that at‘low strains it may occuf if a source
closé to the boundary-can be activated by the stress associated with a
primary piled;up group of dislocéfions in the neighboring grain.

In later work, however, Johnson et ai. (1962b) directly confirmed -
the classical Zener model by showing thatvcracks could .be nucleated at
a grain boundary by the pile-up of a single band of edge dislocations
when bi-crystals were used in which fresh dislocationvsourcés were

eliminated by a high temperature anneal., It was therefore suggested
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that the observation of Westwood (1961a) may represent a special case,
wherein thé small.separatioﬁ of 2 ﬁm or less between the tips of the

two slip bands is sufficiéntly small that.the.stress fields of the edge
diéloéations at the tips interact stréngly. At larger separations, the
interaction is ﬁuch less, as the sfresses fall off as the square of the
sepafatidn distance, and“cracks can no longer form by the superposition
of the stress fields. Direct evidence for the Zener mechanism was also
provided by Clarke et al. (1962a), by taking a ciné-film under polarized
light conditions and‘bbserving the develoﬁment of the stress bire-
fringence péttefns. However, it was also pointed out that the strain
field due to the pﬂe;up may have caused the growth of an existing micro-
crack which was beyond the limits of microscopic resolution and possibly
associated with impurity deposits (Venables 1961).

In a continuatién of tﬁeir single crystal work, Clarke et al. (1961)
and Miles and Clarke (1961) studied the effect of thermal shock, under
both very high (arc plasma) and moderate (quenching) rates of heat
‘transfer. With the plasma discharge, they found that, while there were
some instances in which cracks had clearly arisen at the boundary, it'
was often difficult to decide whether the point of origin was the graiﬁ
boundary or cleavage steps near it. Since the boundaries were inefficient
in preventing.the passage of dislocations, it was again §uggested that
cracks at the bbundaries may be due to pre-existing micro-cracks. The
quenching tésﬁs confirmed that the boundary represents a source of
weakness in the material.

Further direct confirmation of the Zener mechanism was provided by

Ku and Johnston (1964) by measuring the crack nucleation stress, Ops @
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function of the distance D between the source of the glide band respon-
sible for crack formation and the grain boundary. To do this, bi-
crystals were tested in four point bending, and fresh dislocation
sources were introduced into the tension surface by means of micro-
indentation. D was then taken as the distance measured along an edge
slip band between the boundary and the point of indentation. The re-
1/2

sults showed that o_ = o+ KD~

F , Where GO is the stress required for

dislocation multiplication, and K is a qualitative measure of boundary
strength and thus of boundary porosity. It was therefore concluded
that the stress concentration was primarily controlled by those dis-
locations of an appropriate sign emitted from the indentation towards
the boundary, in confirmation of the Zener model.

A series of tests were carried out by Stokes and Li (1963b) in
which bi-crystals were prepared with fhe.boundary interface normal to
the tensile axis, and with the surfaces chemically polished to eliminate
all dislocation sources. Under these conditions the bi-crystals were
capable of supporting very high stresses without fracture, with values
approaching those obtained for pclished single crystals. However, if
the bi-crystals were sprinkled with silicon carbide, thereby introducing
a high and uniform density of fresh dislocation sources, they were com-
pletely brittle and fractured at a stress level approximately equal to
that required to initiate yielding in a sprinkled single crystal. A
close study of the fracture surface showed that, while the fracture
appeared almost completely intergranular, it had in fact originated from
a cleavage crack nucleated by the direct inter-action of a single slip

band with the grain boundary.
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On the basis of their detailed observations, Stokes and Li (1963Db)
presented a fracture mechaniém for bi-crystals tested under tension.
The mechanism,.as shown in Fig. 22,vbasically inyolves three stages.
(1) It commences when a singlé slip band in the grain AC intercepts the
grain boundafy'along a line. Since the dislécations cannot cross the
boundary, they areldfivenupyagainst it by the applied stress, and the
tensile stfess concentratioh beneath the dislocation pile-up nucleates
a transgranular cleavage crack lying in a (100) plane of the same grain.
(2) The crack is then opened up by the arrival of further dislocations,
causing it to ﬁedge deeper into grain AC. (3) At the same time, dis-
locations arriving at the bottom edge of the slip band bpen up an inter-
granular crack; finally, this crack propagates over the grain boundary
surface. Thus, in tension, the cleavage crack is nﬁcleated and propa-
gates, into the grain which has slipped, in a manner consistent with ex-
perimental observatiohs; In compression, however, the situation is re-
versed, and thé cleaﬁage crack is propagated into the édjacent grain,
as shown in Fig. 23. Both of these mechanisms are éonsistént with the
basic concept of the Zener moael (Zener 1948), but it is not ciear whether
they support the results of Clarke et al. (1961) wherein it was suggested
that the tensile stress concentrafion due to the pile-up acts on pre- |
existing submicroscopic flaws in the boundary. On the one hapd; nuclea-
ﬁion at such flaws satisfactorily explains the appearance of cleavage
cracks at certain random points along the line of the slip band inter-
section ﬁith»the boundary; it does not, however, explain the tendency
fbr cracks to nucleate in the cleavage plane of the crystal rather than

in the intergranular surface. Nevertheless, the results clearly show
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thét whenever slip occurs, a crack is nucleated at the boundary giving
rise to immediate fracture, Thus the possibility of measurable plastic
deformation in polycrystalline MgO under tension at foom temperature
appears extremely unlikely.

The role of impurities and defects in the grain boundary was studied
by McPherson and Sinha (1965), by testing at room temperature bi-crystals
and single crystals prepared from the same MgO block. Bi-crystals having
a boundary with a simple, mostly tilt, misorientation were found to fail
transgranually after some plastic deformation, due to crack nucleation
resulting from the pile-up of dislocations at the boundary. Bi-crystals
with a large (both tilt and twist) misorientation, however, were found
to fail intergranually with no macroplasticity. In contrast, single
crystals showed yielding and considerable plastic deformation. Since no
slip was observed in the bi-crystais of large misorientation, it appeared
that failure did not result from dislocation interaction; furthermore,
very small microcracks could not be responsible since Clarke et al. (1962b)
have shown that these do not act as Griffith cracks but grow as a result
of preferential slip from their tips. The grain boundary was therefore
examined in situ, and this revealed a series of cavities at the boundary,
with a thickness of "0.1-1 um, An electron probe analysis of the frac-
ture surface showed the existence of a silicate phase associated with
the pores, and a microscopic examination revealed that failure occurred
by cleavage between the cavities. This work therefore serves to em-
phasize the importance of defects in the boundary, since it was sug-
gested that the cavities could act as a major source of weakness by

propagating as Griffith cracks.
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The tests described in this section refer specifically to bi-crystals.
It is difficult to extend the data to the more complex case of poly-
crystalline materials. A first step in this direcﬁion was taken by
Mountvala and Murray (1966) by testing tri-<crystals in which each of the
three grain boundaries hed distinctly differeht misorientations. The

results showed that the fracture behavior was controlled by the weaker

vboundafy. Tt was thus éuggested that in polycrystalline material, where

bbunderies ef ali miseriéntations ere preeent, a marked loss in strength
by deformation would be observed at temperatufes of ebout 1200-1250°C
when easy 90° intersections of'slip'systems becomes possible.
Iv. PCLYCRYSTALS

A, Production

i A'mejoridifficulty which»retarded the étudy of the mechanical preper—
ties of polycrystalline MgO for some years was the-igability to obtain
fully—dense'meterial. Non-porous Mg0Q is transparent; the ﬁresence of
residual ﬁofosity causesvobaqueﬁess by scattering of light at ﬁhe pores.

The endrmity'of the task of completely removing all porosity can be best

. appreciated by pointing out that a porosity of 0.01 vol. % represents

about lOll pores, each of 0.1 um diameter, per cubic centimeter. Poly-
crystalline ceramics are preduced by sintering fine powders with or B
without pressure at elevated temperatures; invariably this results in
small voide'located at the'grain.boundaries,causing opaqueness or, at
best, tfanslucency.

_ Although polycrystalline‘MgO ofvtheoreticel density is now available
commercially (Eastman Kodak Company; Rochester, New York), the develop-

ment is fairly recent. The first fabrication of optically transparent
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MgO was by Rice (1962) ‘who used a two-step process: hot-pressing MgO
powder with a small additive of LiF, and a subsequent heat treatment.
The suggested use of the lithium halides as a sintering aid arose since
they allowed the functioning of a liquidvphase sintering.mecﬁanism and
their low bqiling points prdviaed the possibility of their being driven
off to leave a dense,>fine—grained material; ultimately, LiF was chosen
as it appeared to give.better results. The optimum density realized,
with a 2% LiF additive,-was 3.589 g/cc (Riée 1963), but this value must
be aécepted With-reserve since it is’ slightly higher than the best value
currently aVailable fdvagO single crystals.(3.5833 * 0.0010 g/cc, based
on work by Skinner 1957). Budworth (1967) suggests the use of a value

- of 3.584 g/cc at rbom_temperature for everyday ceramic purposes.

The hqt—pressing step of the process was later studied by Benecke
et al. (1967), in an attemﬁt to determine the nature of the densification
mechanism. An iﬁteresting sidelight of their investigation was that only
cértain sources of Mg0O powder produced trénsparent specimens; the reason
for this is not fully uﬁderstood, although a similar effect was also
reported in the early work df Rice (1962). Miles et al. (1967) have
pointed out that the starting powder should be of high purity, and it
seems likely fhe,relative surface area is of importance also. Using the
apparently optimum additive of 2 wt % LiF, the favorabl¢ effeét'of LiF
on the densification of MgO was ciearly shown by Benecke et al. (1967)
in the manner illustrated in Fig. 24. From curve B, it can be seen
that with a cénstant heafing rate densification begins at about STOOC,
and is essentially complete by the time the melting point of LiF (846°C)

is reached. In contrast, curve A shows that negligible densification

LS
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is attained in.the.absence_of a LiF additive. .Curve C indicates the
importance of the nature of.fhe powder, by.showing that densification is
delayed for mixtures cbntaining the same MgO powder presintered at 1L00°C
for 5 hours. From this investigation, Benecke et al. (1967) showed that
the hot-pressing steﬁ is controlled by'a kinetic process; and it was
pointed outvthat in oﬁder to develop transparency during the subsequent
heat treétment; a tﬁeérétical'density 6f at least 99.5% relative to MgO

must be achieved during this first step. It was concluded'that two

‘densification mechanisms were capable of explainingvthe results: either

a plastic deformation process, and/or an enhanced diffusional creep
process at the grain boundaries.

Altypiéél disc obtained by hot-pressing MgO powder with a 3% LiF

additive is shown on the upper left in Fig. 25, (Langdon and Pask 1968a) ,

together with a chemically-polished specimen of dimensions 0.25 x 0.25 x
l.O";len contrast; the épaque material on the upper right in Fig. 25 is
sintered MgO obﬁained commercially, The microstructures of these two
materials shown in the lower part of the figure indicate that although

both have an average grain size of about 15-20 um, the sintered material

- contains considerable porosity which is localized primarily along the

grain boundaries and at thevtriple points. Tt should be noted that the
measured density of the sintered materialvwas of the order of 98.5%
theoretical; the porosity is overemphasized in fhe figure due to the
tendengy for the pores to open up dﬁring the polishing procedure. Tech-
niques for pglishing polycrystalline MgQ havg beehvsuggested by Gardner -

and Robinson (1962) and Copley and Pask (1965a).
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The technique of Rice was further developed by Miles et al. (1967)
so that fully transparent discs, of high optical perfection, were con-
sistently produced. In this work, non-porous MgO was obtained for any
additive of LiF in the range 0.1-5.0%, but . it was reported that there
was never more than a maximum of 0.5% LiF presént»ih'the compact after
pressing;'this was reduqéd to about 500 ppm by the subsequent heat treat-
ment. The major factors affecting the perfection of the final product
were found to be tﬁe homogeneiﬁy of mixing of the MgO and LiF, and the
complete removal of gaseous contaminates by’hof—pressing in vacuum.
Since ﬁhe process used by Miles et al (1967) for the production of fully-
.dense méterial has been well documented, it is summarized in detail in
Table II. | |

Deﬁsificéﬁion pérameters for héﬁfpressing have recently been ex-
amined in detail by Rhodes et al. (1967), for both the techniqué of usiné
the pure MgQ‘powder and Qf using an LiF additive followed by an anneal-
ing tfeatﬁént. It was .found that the spécimens were slightly mofe tfans—
parent when the additive‘was used (up to 85% total transmission in the
visible spectrum for thin specimens produced with an additive compafed
with 60% total transmission without an additive). In addition, an anneal
in a hydrogen atmosphere at 1250°C was found_to be effective in improving
the transparency of maﬁerial produced without the additive (measured |
densities up to 99.9%), although’éonsiderable grain growﬁh also took
place (from 5 um initially to 40 um after 160 hours. By carrying out
grain growth studies, weight loss experiments, and determinations of the
lattice parameters, it was éoncluded that the densification mechanism

in the presence of an additive was pressure-enhanced diffusion of the
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Nabarro-Herring type (Nabarro 1948, Herring 1950). Since a calculation

of the diffusion coefficient using this approach was of a reasonable

i 9.5

magnitude, but between 410 and 10 faster than extrapolated values of

-the lattice diffusion coefficients, it was suggested that diffusion took

place through a high—diffﬂsivity grain boundary region or.film. At

higher temperaﬁures, héWever, it was considered that a preésure—enhanced

liquid phase sintering mechanism probably operaﬁed.
Additionél'tést.were also carried out by Rhodeé et él. (1967) to

study the effectiveness of other lithiﬁm compounds as .densification éids.

These tests showed that:

(1) LiF Was‘dnly effective as a dénsifying_agent when it was present

in Conéentrations of 0.5%'or greater. (Miles et al. (1967) found they

were able to produce transparent material with LiF additives as small as

0.1%, although in the complete absence of an additive the hot-pressing

and post;sintériﬁg'gave a material of only T70% of theoretical density.)

-(2) Lithium oxalate (LiCzoz) was nearly as effective as LiF as a
deﬁsifying agent, while LiOH and LiBr were quite ineffective. These
results are summarized in Fig. 26, in which all pressings were conducted

at a temperature of 800°C (with the exception of the 1% LiF additive for

which the temperature was 750°C) under a pressure of 5000 psi. The

‘cruve for 0.25% LiF is similar to that obtained for pure MgO without an

additive.
) A more extensive study of the densificatibn mechanisms- involved in
the fabrication of optically transparent polycrystalline specimens by

hot pressing MgO powder.with a LiF additive was undertaken by Hart et al.

(1968). The densification progression was divided into three steps
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with complex transition . stages. The first step consists of a particle
rearrangement process which is facilitated by the formation of a lub-
riéatingAfilm on the particles. The second step consists of a redistribu-
tion of MgO by a solution-precipitation mechanism through a liquid phase
consisting principally of LiF, but the controlling mechanism %n the
kihetié analysis is the flow of this liquid either within the compact

or in being squeezed out of the compact. This step>in other studies has
been variouély interpreted as diffusional creep along grain boundaries;
pressure—enhanced diffusion of the Nabarro—ﬁerring type, or grain boundary
diffusion. The:remaining LiF'is lost in the third or annealing stép by
vaporization from the‘compact surface.

Spfiggs et.él. (1963) reported the production of a éubmicron:grain
size‘(NO.5 pm ) matérial, with a. density greater than 99% theoretical, by
a pressure consolidation.technique utilizing a fairly low temperature
(900°¢) and high pressure (20,000 péi) with no additives. The measured
tensile strength of this material (215,000-18,000 psi) was of a similar
magnitude to that obtained on.fhe more usual 5-10 pm transparent speci-
mens prepared by other méthods; this relationship is inconsistent wsince .
there is evidence that strength decreases.with increasing grain size
(Spriggs and Vasilos 1963, Spriggs et al. 1962, Evans 1963). It was
therefore sﬁggested that the low value of tensile strength may be due to
the presence of a small amount of residual porosity, but it may also be
due to significant differences in the nature Qf the grain boundary;’ In
later work, Spriggs et al. (1966) reported considerably higher strengths
in bending of up to 28,600 psi and 48,800 psi for MéO pressure-sintered

in air and in vacuum, respectively. By comparison, the equivalent value
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obtained for the commercially,available transparent MgO used for infrared
transmitting elements is about 35;000 psi.

A study of grain growth in fully—densé material of this type (Spriggs
et al. 1964) showed good agreement with the theoretical relationship for
normal isothermal grain growth, although thé observed activation energy
of about 81 kcal/mole is greater than the value of 60 kecal/mole obtained
by Daniels et al. (1962) for porous MgO. Rice -(1966a) has demonstrated
the ability of vdids to inhibit grain growth, and this is substantiated
ﬁere'since the growth rates observed by Spriggs et al. (l96hj were very
much faster fhén those recorded by Daniels et al. (1962).

Using pressure sintering, Vasilos and Spriggs (1963, 1965) were
able to obtain optically transparent MgO without the use of a liquid-
phase (LiF) additive, and, by taking porosify into account in calculating
diffusion coefficients, it was concludea thét the densifiéation in this
process was éssentially diffusion-controlled. This technique has also
bééh used for the production of other cefamics such as Al,03 and NiO
(Vasiiés and Spriggs 1965, Spriggs 1965). These invesﬁigations refuted
tﬁe possibility of plastic flow as the predominant mechanism.due to
(1) the non-existence of a true end-point density and (2) the absence of
extensive préferred orientation. It may bé necessary to modify this
statement, however, since Tagai et al. (1967) have recently reported the

existence of a high degree of preferred orientation in hot-pressed speci-

~mens, with the (111) plane predominantly oriented in a direction perpen-

dicular to that of the applied pressure. Furthermore, this preferred
orientation is not eliminated by annealing and considerablebconséquent

grain growth. In contrast, de Wys and Leipold (1967) reported that no
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preferred orientation was present in a hot-pressed material with a grain
size of75 pm, produced by the technique of Neilsen and Leipold (1963),
but that a preferred oriéntationvdeveloped on .subsequent heating due to
grain growth. It was suggested that this condition was probably due to
the presence of a thermal gradiént.v |

‘Stokes and Li (1963b) have shown that specimens produced in the

manner of Vasilos and Spriggs (1965), with a density of 3.581 g/cc and
no visible porosity after hot—pressing, have a éecond phase present along:
the triple lines ﬁﬁere the grains intersect. This phase diéappears dur-
ing annealing at 200060, probably by'diffusioﬁ along the triple lines
and subseguent e&aporation at the surface, resulting in slight porosity
at the intergranular surfaces. Rice (1966a) has also reporfed the
presence'of a second phase in material of this type.

Other methods for producing polycrystalline MgO are also aﬁailable.
Day and Stékes (1966a, l966b, 1966¢)  have shown that single crystais
with a <110> tensile axis recrystallize when pulled in tension to high
strains (60%) at 1800°c, préducing polycrystalline specimens with a fine
grain size.v A short anneal at 2100°C produces a material that is fully-
dense and completely free from any pores or flaws, with an average grain
size of about iOOO um. Harrison (1964) has produced material of up to
© 99.5% of theoretical density by an isostatic préssing and sintering
technique, but it has been pointed out (Stpkes and Li 1963b) that sin-
tered material invariably cogtains some porosity and is therefore un-

likely to achieve the same high tensile strengths as hot-pressed

material.
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It is also possible td produce polycrystalline MgQO by hot extrusion,
in the mannef developed by Rice and Hunt (1966, 1967). In this technique
MgO and variqus MgO élloys; in the form of solid billetsvobtained by
sintering or fusidn, were extruded in tungsten cans; densities of up to
3,60 g/cc were'achieved. All extruded_MgO bodies had a strong <100>
fexture_parallel to the extrusion axis, and this was found to give an
increase in strength of 50—100% over hot-pressed material of equivalent
grain size-provided the tensile stress was parallel or in one of two
directions'perpendicular to the extrusioﬁ axis. In ﬁhe other perpendicular
direction;.the sfrehgths'Of the two matefials were comparable. It was
also observed that there was a weakening of the unannealed body if chemi-
cal polishing was carfied out, which, it was suggested, was due to a
stress corrosion mechanism.

Since the major interest has been the production of fully-dense MgO,
only 1imited wdrk has been carried out on the possibility of irregular
impurity distribﬁtion within the final material. Leipold (1966) has
shown that in high-purity hot-pressed material some common impurities,
such as Al, Ca and S5i, are segregated at the grain boundariés, even whén
only present in amoﬁnts as small as 30 ppm. Later work (Leipéld 1967)
establisbed this effect to be primarily due to the slow cooling employed
after hot-pressing, although it could not be fully eliminated even by a
rapid guench. Such segregation would be expected to have a marked effect
on the mechanical properties of the material, ﬁarticularly those involv-
ing grain bQundaryvprocesses. For éxample, Nicholson (1966) studied grain
growth in MgO with a 1% Ti (as TiOz) or a 1% Fe (as Fey03) additive, and

found that the activation energies for grain growth were 104 % 20 and
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146 * 25 kcal/mole, respectively. These values are much higher than the
activation energy of 81 kcal/mole obtained by Spriggs et al. (1964) for
pure MgO.

B. Mechanical Properties

The effort'necessarily expended in developiﬁg.techniques for the
production of fully-dense polycrystalline MgO and the indicated uncertain-
ties in the ch&ractefiiation of resulting specimens have done much to
inhibit investigations of the mechanical properties of the material in
other than single crystalvform; Notwithstanding this, however, detailed
investigéﬁidns have.been carried out to compare thevbehaﬁior of different
types of hot-pressed material with that of1recrystallized single crystals
(Day and Stokes l966b, 1966¢c), the behavior of materials produced by
different techniques (Copley and Pask l965a) and, more.recently, the
différing behéviof of materials with various porosities (Langdon and
Pask, 1968b).

In order fof a polycrystalline-body to deform plastically, without
the nucleation of vdids at the internal boundaries, eaéh of the indivi-
dual grains must be capable of a perfectly generai change.in shape.

This leads to the von Misés criterion (von Misés 1928), which states
that, for polycrystalline plasticity, the solid must possess five
independent slip systems (an'independent slip system is one capable of
producing deformation which cannot be accomplished by a linear combina—
tion of slip on the other available systems). In the case of MgO,
Groves and Kelly (1963c) have shown that slip in <110> directions over
110} planes as observed in single crystals at low temperalures, gives

only two independent slip systems. However, slip in <110> directions
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over'{ldO} planes cofresponds to three independent slip systems, so that
‘a combination of both;{llO} and'{lOO} slip, provided they operate in-
dependently, satisfiesvthe von Misés criterion. The oeset of fairly
easy slip on {100} planesvabeve about 1500°C, as indicated in single
crystal experiments, should then give rise to a transition from brittle
to ductile behavior. Any movement that may materialize on {111} planes
which Weuld.provide five independent systems, would contribute to this
transition. In fact, this.analysis oversimplifies the problem since
slip is not homogeneous;'es aseumed in the von‘Misés criterion. Slip
is confined to diecrete slip bands, and it may also be difficult, as
shown for singie efystals, for the various slip systems to interpenetrate
eech chef. Furthermore, at high temperatures; greater than about 0.5 Tm’
other fecﬁors coﬁtribute to polycrystalline plasticity,‘such as poly-
goniZation.of dislocations invhighly strained regions, grain boundary
migration which may.aet as a stress relief mechanism, and grain boundary
sliding. These factors leadvto complexities in interpreting the results
of any ﬁechanical teSte on polyerystalline MgO at elevated temperatures.
Day and Stokes (1966b, 1966c) compared the mechanical behavior of
materials produced by recrystallization with that of material.produced
by hof;pressing both with'aﬁd without a LiF additive, In this study,
all of the specimens were given the same annealing treatment (1 hour at
2000°C) to standardize the initial condition. Specimenslwere tested ih
tension, at a strain rate of ¢5 b'd 10_h sec_l, and it wae found that the
recrystallized material exhibited a brittle-ductile transition at a
temperature of about 1700°C. This is evident from a.comparison of the

stress~-strain curves obtained at various temperatures, as shown in Fig. 27.
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At temperatures of 1600°C and below, the behavior was completely brittle,
although optical eXaminatioh revealed that a limited amount of slip had
taken place primarily in the vicinity of triple points. At 1800°C and
above, recrystallization occurred atbveryvlargg étrains ("80% elongation)
and the specimené necked down to a ductile ffacture éfter up to lbO%
homogeneous elongatién. An examingtion of ﬁhe specimens deformedvat
.lYOO°C showed-considerable evidence of grain boundary migration,4grain
boundary sliding,_énd the formation of substructure within the grains due
to dislocation polygonization. Brittle intergranuiar fracture took place
at this temperatﬁre, which, it was éuggested, was due to internal voids
produced on the boundaries by the grain boundary sliding. Such slidihg
is known to beVPOSSible at these temperatufes, as:shown by the experi—.
ments of Adams and Murray (1962)'and Copley'and Pask (1965a), and will
leéd to &oid formation and conséquent brittie ffacture if tﬁe temperature
is sufficiehtlyvlow thaﬁ.the individual grains afe still not pléséic
enough to follow the flow pgtterns réquirea to maintain the integfity of
the matrix. Thus the brittle;ductile-transitioﬁ is not aBlevto take
-place When’the additional slip systems bécome avéilable'at lSOO°C,,and
the transition is delayed until abou£ 1700°C.

With the hot-pressed material, it was obsgrved that specimens con-
taining porosity were in general Weéker than those relati#ely free ffom
pores, Wheﬁ the grain size was comparable. However, at’ temperatures
below 2000°C, a fine-grained material containing a slight amount of
residual pérosity was, in fact, superiof to a pore-free material‘having a
large grain éize; this situation was revérsed at temperatures greater

than 2000°C. All of these specimens exhibited brittle behavior up to
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about 1800°C, but elongations of .the order of 30% were achieved at 1200°C;
there was evidence of the existence of a brittle-ducfile transition at
temperatures somewhaf higher than this. Fracture surfaces were always
completely intergranular above 1800°C, but showed considerable evidence
of éleavage at lower températures. Surface folds were often observed
spreading out frdm-the’tfipie points in specimens deformed to fracture
(V1% total elongation) at 1900°C, as shown in Fig. 28, No definitive
feasdn could be gi?en'fof the observation that it was necessary to go
-about 500°C higher in temperature with the hot-pressed maferial to observe
the séme pﬁenomena as with the recrystallized specimens, élthough it was
suggested that such facforé as residual porosity and imperfectionsvwould
play an impOrtanf role. The over-riding conclusion froﬁ‘this ﬁork, how-
ever, is thé close similarity between the high temperature defqrmation
processes in polycrystalline Mgd and those already documenfed in some
vdetaii'fqr thé face céntered éubic metals. Since the primary slip para-—
meters of'the f.c.c. metals are {111} <110> and since slip can also occur
on {100} and'{liO} planes; this similarity is not too surprising.
In a manner similar to thafvreported for single crystals, Stokes

and Li (1963b) have shown that £hére is a substantial drop in the tensile
stfeﬁgth (by a factor of about one third) for polycrystalline specimens -
sprinkled with silicon carbide powder. This is almost certainly due to
the introduetion by sprinkling of fresh mbbile dislocations'although,
unlike single cfystals, an attémpt to réveal evidence of'thié by etching
was unsuccessful., Thus, eyen.with polycrystals, the extreme sensitivity
to surface conditions is aemonstrated, and high tensile strenéths are

best attained by using fully-dense chemically-polished material. The



-58-

advantage of chemical'polishing with slightly borous material has been
amply demonétrated_by Harrison (1964).

To check the behavior of materials produced by different technigues,
Copley and Pask (1965a) obtained stress-strain curves for five types of
polycrystalline MgO, all nominally dense and pure but differing in grain
size, coméositidn and porosity. Tests weréAqonducted in compression at

" temperatures up to 1500°C, under a constant initial force rate.of 20 psi/

sec. The results revealed marked diffefences in behavior. One material, ﬂi

prdducea by iédstaficbpréssing and sintering,'showed substantial ductility'
at teméeraturesvas low as 800°C, and the éther materials only showed
ductility at temperatures'of abouﬁ 1200°C and above. The differing be-
havior is best appreéiated by comparing the observed yield stresses at
different temperatures with those.obtained for single crystalé (Hulse
et al. 1963, Copley and Pask 1965a), as shown in Fig. 29, where the yield
stress values for single crystals with <100> and <111> sfress axes are
plotted aé a function of tempefature. The."typé 1" material, which was
produced by hof—preséing with an LiF’addition, only first showed duc—v
tility at about 1200°C, whereas the "type 2" material formed by sintefing
was one that exhibited ductility at-temperatufes down to less than-800°C.
It is clear that the "type 2" specimens yielded at stresses which
were cconsiderably lower than those needed to yield a singie crystal ﬁith
a <111> stress axis, although the "type 1" specimensvshowed approximate
agreement with the <lli> data for single crystals. The yielding.behavior
of the "type 2" specimensvcan‘be quantitatively explained by notihg that
slip first occurs on the {110} <110> slip systems causing the build-up

of long range stresses within the grains. Such stresses can then force
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slip on the {001} <li0>,slip‘systems at temperatures above the brittle-
ductile transition, bﬁt will lead to grain boundary separation below the
transition température. It foilbws therefore that the temperature of
traﬁsition will depend not only on the mobilities of dislocations on
these two slip éystems but also on.the strength of the grain boundaries.
A possible ékplanafion of the'béhavior of the "type 2" material is thét
the few pores present, which do not occur in the "type 1" specimens, are
sufficient to initiate slip and develop duétility. The less ductile
behavior of the "tyﬁe 1" specimens may also be due to the presence of Li
aﬁd‘F as>a result of the hot-pressing, which would possibly reduce the
mobility of dislocations (seé, for example, the single crystal data of
Gorum ét'al. 1960); or, ifvpfesent predominantly as avthin second phase
or in'a zone aléng thé grain boundaries, may severely limit ductility by
pefmitting the'relief of stresses between grains by localized boundary
siiding. Direct evidence for the existence of sliding at the higher
temperafufés was prdvidéd by the loss of transparency which took place
during the test, and by the offsets of surface markef lines. An example
of such offsets is.shown in Fig. 30 for a hot-pressed specimen strained
3% at 1400°C.

An attempt was made using transmission electron microscopy to deter-
mine whether there is in fact a thin second phase present at the grain
boundaries of material hot-pressed with a.3% LiF additive and heat
treated. Thin foils for electron microscopy. can be ébtéined by a fractufe
method (Hulse aﬁd Tice 1966), but.this.has the disadvantage of yielding
only extremely small foils which rarely contain even low-angle grain

boundaries. A chemical thinning technique was therefore developed
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(Langdon 1967) although this is not easily applied .to porous material
since the pores are .subject to preferential attack. The technique can,
however, be used with fully-dense MgO, but care must be taken to avoid
introducing mechanical damage during the handiing of the foil; an example
of such damage ié shown in Fig. 31 whefe dislocations have been intro-
ducéd into the diélocation—free grain by cuttiﬁg of the foil aﬁ point A.
On examination, n;ither the'deformedvhor undeformed specimens showed any
eVidénce’of a'grain boundary second'phase in any of the many foils
studied (Langdon and Pask l968a).‘.In contrasf, Rhodes et al. (1967) have
recently reported ﬁhe existence of a grain boundary film immediately fol-
lowing the hot¥preésing state in material hof—preséed witﬁ a 2% LiF
additive. | |

Rélatively féw dislocations were observed in spéciﬁens deformed in
compression at femperatures less than 1200°C (Langdon and Pask 1968a), but
at higher temperatures;-ﬁhen slip took place on ﬁoth the {110} <1I0> and
{o01} <liO>‘éli§ éystéms and 90° intersection of ﬁhé'{llO} <170> systems
was élso.poésibie, many dislocatiéns were visibie within the grains and‘
specimens fractﬁred at total strains in excess of lO%.I-At these temperé— '
tures, .bulk diffﬁsion occurs -and the dislocations are able to climb éut
of their slip bands.to-annihiiate orrpolygonize.

The effect of varying porosity on the,deformation of polycrystalline
MgO has been investigated by testing speciﬁens of varying density and
with pores located priﬁarily either along fhe.graiﬁ boundaries or within
ihe grains (Langdon and Pask, 1968b). The results provide conclusivé
proof that for specimens of similar density, the‘stress-strain behavior

is critically dependent on the location of the pores. With pores located
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intergranually, or for specimens of theoretical density, ductility only
oceurs atltémperatures greatef than about 1200°C;.Whereas specimens con- |
taining transgréﬁular pores show ductility.at,témperaturés as low as 800°C,
in the manner first reported for the "type 2" specimens of Copley and
Pask (l965a); It is éonéludéa thefeforevthat,ﬁhe‘pores pléy an important
roie in the polycrystalliﬁe behavior, and that.auctility is best realized
if the pores are not present’on the grain boundaries, or if preéent, are
very small relative to fhé_average grain size.

It is interesting tqzhoté that brittleness was always observed in
_ the ténsile.tests at temperatureé as high as 1600°C (Day and Stékes 1966b,
1966c), whereas the inveéﬁiéations in qompfessidh revealed appreciable
ductility at'tempéféturés'as low as'SQO?C. Thislappérent dichotomy is
brdbébly dﬁe tovthé ohset-of grain boundarylsliding, which may give rise
to extensi&e void formation in ténsion.and therefore lead to brittle
fféétﬁre. o

Thévresuits sé_féf described have been éssentially’exploratory in
nature; due to the present difficulties of producing poiycrystalline
.materiél with controlled‘microstfuctures. Thus,.while these tests give .
an indication of the tyée of behaviéf to be expected_from polycrystalline
.MgO produced by varioﬁs fechniques, they are_oﬁiy a first step towards
an overall uﬂderstan@ingbof the mechanisms of plastic deformation Qf nominally
single phase specimens. Other types of ihvéstigation have élsé been car-
ried out; for.examplé, Davidge and Tappin (1967) studied the effect 6f
thermal shock on fully-dense MgO‘by quenching heated specimeﬁs in water;
Spriggs and Vasilos (1963), Vasilos et al. (1964b) and Jacobson and

Fehrenbacher (1966) measured the transverse bend strength with particular
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reference to the effect of grain size and porosity; Rice (l966b) deter-
mined the fracture strengths of hot-pressed and hot extruded MgO; and
Tattersall and Tappin (1966) measured the "work of fracture" in MgO
polycrystals (i.e., the energy absorbed as a crack grows-—é see also
Clarke et al. 1966). These latter results are particularly interesting
since they show that a theoretically dense material has a lower work of
fraéture than a porous materiai, thereby indicating that the presence of
pores gives rise fo an enefgy—absofbing process. Values of the elastic
modulus have also been measured,.both at 25°C (Chung 1963) and as a
function of grain size and température:(Vasilos et al. 1964b), and single
crysfal values have been used to calculate the elastic constants of the
polycfystalliné material (Lowrie 1963). Reéently, measurements of the
elaétié moduli have alsc been extended to MgO-pore and MgO-nickel-pore
composites (Janowski and Rossi 1967), and the results ghow that the in-
clusion of péres or nickel pérticles produces a decrease in the elastic
moduli of the composite which.is greatér than that predictéd by theory.
It is therefofe clear thaf méasurements.of this type will become increas-
ingly important.in thé future, particularly.when a better control over
the degree of porbsity; and thus of microstructure, is attained.
V. CREEP

"Creep" may be defined as the time-dependent plastic flow which
occurs when a conétant load or stress is applied to a material over a
prolonged period of time., This flow is a therﬁally activated process,
and is of particular importance at teﬁperatures greater than about 0.5 Tm.
If i atomistic mechanisms are contributing to this plastic déformaﬁion,

: ° .
then the creep rate, €, can be represented by an equation of the form

i
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e-= Y A, £, (0, T,8) exp [~ Q, (o, T, §)1/RT - (3)
1 v

.wherg A is a.gonstant, fivrepresénts3the functional dependgnce for the

vith,procéss, 0 is the applied streés, T is thénabsolute témperature, Q

is thewaétivation:enérgy for creep, R is the gas constant, and.S is a

structuré_parameté?thiéh va?ies with graih size; Substructﬁre and poros- '

ity. |
In‘practicé,‘ghe creep process is usually dominant, and the creep

rate is oftén then described by an équation of the form

Z = A'o” exp(,—Q/RT) . 3 S - '(u)

where n ié the stféséléxﬁonent;énd A'bi$¥approximaﬁeiy.éonstént for any
given sﬁfeés:(the'apprbkimétioﬁ‘arises dﬁerté é'slight'depehdence on
témperatﬁréj. O | |
‘i£ is'kﬁoWhvthat a numbéf of processes may be'involvea.in'the de~
formation of materials at‘hiéh temperat@res, such aé the glide; Cross—
slipvand climb of dislocations, grain boundary sliding, and vacancy dif;
“fusién;vand the problem therefore grises of determining which.mechénism
'is rate-controlling under any sPecified conditions. This determinaﬁiqn'
is best a¢hieved,by measuring the acfivation energy, Q, and stréss ex-
ponent, n, from fests covering a wide range of temperature and stress.
The stressvexponent is éaiticularly importaﬁt in distingufshing_betﬁéen
various rate;cbntrollihg:mechanisms, since the stress-directed diffusidn

of vacancies requires that n = 1, whether diffusion is through the lattice
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(Nabarro 1948, Herring 1950) or along the grain boundaries (Coble 1963),
whéreas nmodels based on the movement of dislocations through the lattice
require n'= 3 or greater'(Wéertman 1955, 1957, Chang 1963).

While the creep of metéis is fairly well documented, this‘is un-
fortunately not the case for ionic materials. A comprehensive summary
of the results obtained from éreep tests dn single crystal and poly-
crystalline MgO is given in Table III, but it is not easy to draw de-
finitive cOnclusions from this data; lFirstly,.the majority of tests
have been conducted in bénding, wheféin an‘interpretation of the results
is aifficuit'Since both the stress and strain rate vary throughout the
cross—sédtion of tﬁe specimen. This problem is overcome to a large
degree in the compréséioh tests, but difficultieé then arise due io the
possibility of plastic buckling. Such buckling was analyzed.in detail
by Cropper (1966), and it was sﬁown that ‘he compressife load at which
plastically deforming MgO becomes unstable is aécurately pfedicted from
a considerétion of:continﬁum mechanics. It was also shbwn that buckling
may be eliminated for mést test conditions by the applicatioh of suitable
end constrairts and a careful choice of specimen geometry. Secondly,
problems may arise due to the presence of voids, particulérly if these
are preferentially located at the grain boundaries and theréby increase
the ease of grain boundary slidiné and hinder migration, or due to the
segregation of impurities to the grain boundaries. Leipold (1966) has -
shown that segregation can occur even when the impurities are present in
low concentrations (&30 ppm); this can substantially change the grain
boundary diffusion coefficieﬁts (Wuensch and Vasilos 1966), and thus

alter the mechanical behavior of the material.
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Without disregardihg these limitations, however; avquantitative
assessment of the-tapulatedeeta is possible. For sihgle crystals, there
is an obvious aisorepency betweeﬁ_the high temperature results of Rothwell
and Neiman (1965) where'n‘iv3 independent of temperatore, and those of
Cummer ow (1963) where n = ﬁ - 7 with a tendency for the exponent to in-
crease with décreasing temperature; The activation energy obtained by
Rothwell and Neiman (1965) et the higher temperatures is in fair agree-
ment ﬁithmthe value of 120 kcal/mole reported by Davies (1963) for pair
formatron ehd diffusion of oxygen in MgO, and it was therefore concluded
that creep is'oiygen.ioﬁ diffusion—controlled by the cliﬁb of edge dis-
looatrons oter obetaolee:'-ﬁoweyer;vit was sqggested.that at 1000°C
(&b.h Tm); where the activation energy is coneiderably lower, creep is
controlied by the‘oross;slip;of screw dislocations. The differehce in
beﬁavior between 1000°C and i’6oo°c is clearly indicated by the etch-pit
patterns obtained after‘oreep at'these two temperatures, as shown in
Fig. 32; discrete slip bands are visible at the lower temperature (top
photo), but there is a polygonized structure at 1600°C (bottom photo).

Working in compression, Cropper (i966) obtained_a stress exponent
of th at 1200°C, which is intermediate between the values obteined by
'RothWell.and Neiman'(l965) at 1000°C andvl300—l630°C,respectively. This
value was interpreted in'terms of a model based on the dissolution of '
trails left behind by movipg screw dislooatione (Chang 1963), in which
n is 5 or h.for the dissolution of dipoles or loops; reSpectiVely. Some
support for this suggestion is provided by the observation that the motion

of dislocations in MgO results in dislocation dipoles at low temperatures,

and these tend to break up into prismatic loops at temperatures greater
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than about 800°C (Groves and Kelly l962e,,Stokes 1966b, Washburn and
Cass l966, Cass and Washburn 19665).

For the creep of polycrystals, the situafion is more complex.
Testing in bending Vasilos et al. (1964a) obtained a linear stress de~
pendence for very small grain sizes (1-3 m), which implies a stfess—
directed diffusional mechanism. A linear strese deﬁendence was also
reported by Passmore et al;‘(l966) fof grain sizes of 5.5-20 um. Test-
ing in compression, hoWever, Lengdon and Pask (1968b) obtained an exponent
of 3.3 for grain sizes:in the range 12—52 ﬁm, therebylsuggestiﬁg a dis-
loeation meChaﬁism sﬁch as the climb of>edge dislocations over obstacles.

The aetivatioh ehefgy for creep obtained by Vasilos et al. (196La)
is intermediate befween the values of 79fkcal/mole (Lindner and Parfitt
1957) and 62.4 kcal/mole (Qishi andiKingery 1960) for lattice self-
diffusion in Mg0 of.the caﬁion and aniqn respectivel&; altheugh, since
the ahion is the slower mdving speciee, it is anticipated thatvit should
be rate—controiling. The value of 5kh.1 keal/moie obtained by Passmore
et al. (1966) shows fair agreement. with that‘for extfinsic oxygen ion
diffueion, and their results also revealed that.the strain rate was in-
versely proportional to d2-5; where d is the average grain size, in the
range 5.5-20 um. ‘This grain‘éize dependence is intermediate between the
d2 predicted for lattice diffusion‘(Nabarro 1948, Herring 1950) and the.
.ds predicted for grain boundary diffusion (Coble 1963); and, after a
consideration of the calculated diffusion coefficients, lead to the
proposition of a vacancy formation mechanism. In the work of Lengdoh
and Pask (1968b), however, no grain size dependence was observed in the

range 12-52 uym. The larger values for the activation energy obtained by
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Passmore et al. (l966)ifor grain sizes less than 5.5 ﬁm, indicate a
possible transition té cohtfél by intriﬁsic magnesium ion diffusion;
although, since the QXygen ion is the slowér moving, it is not clear
why thisvshouid occur.

It is well known that iﬁ metals the grain boundaries play an im-
portant role in the creep behavior at eleﬁated.temperatures. In ionic
materials’cémplexities arise due to the possibility of impurity segre-
gation at the Boundary, thevpfesence of voids, and the nature of the
chemical bonding at:thé grain boundary. Thus, the boundariés cannot be
thought of simply in terms of the random misfif of two grains, or in
térms of a specific'di51ocaﬁion model, as applied to metals, due to the
ﬁbssibility of large local lattice strains, charge faulting; and com-
pOéition changes. These proﬁlems-héve been discussed in some detail b&
Rice (1966a) énd Cai«n_iglia (19‘6‘6);» and Smyth and Leipo_ld (1967) have:
recently developed a model for grain bpundaries in Mg0O in terms of a
random network.

The oécurrence of‘grain bOQHdary sliding during creep at high
temperatureé‘is known to make a substantial contribution to the overall
strain of metals, particularly under conditions of small grain size and
low strain rate, and it is therefore prqbably of importance in ionic
polycrystals also (see, for example, Habraken and Blavier 1963, Hornstra
i965). Hensler and Cullen (1967) attempted to determine the grain boundary
sliding céntributiOn,‘ in polycrystalline MgO of 98% theoretical density,
by measuring the change in grain shape which occurred during compréssife
creep. Their results sﬁggested that sliding accounted for all of the

elongation at temperatures in the fange 1200-1500°C, up to 30% total
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strain; this conclusion, however, must be accepted with.reserve since
experiments on metals have shown that the grain shape technique often
leads to an overesﬁimatiéh of the grain boundary sliding contribution
due to the tendency for ﬁigration to spheroidize the grains {Langdon and
Bell, 1967). 1If sbheroidization is unimportant in MgO, which has yet to
be proven, the lack of any observabié changé in grain shape in the ex-
periments of Hensler and . Cullen (1967) appears to negate the possibility
of a stress—directéd diffusional mechanism, either through the iattice
or along the grain boundaries, since both models predict a change. in
" grain shaﬁe corrgsponding to strains of the same mégnitude as the total
specimen strain. Gifkins (1968) has recently developed a model of creep
in which grain boﬁndafy protrusions move along the boundary by diffusion-
controlled sliding and are accommodated byvdiffusibn around triple
pdints. This mechanism; which yiélds a linear stress dependencé, does
not require a permanent change in grain shape,>and would appear to
Vsatisfy the results of Heﬁsleriand Cﬁllen.(l967). |

Other factors affecting the creeb of MgO have alsovbeen investigated.
It has been shown, for example, that the aﬁplication of an eleétric field
to a single crystal during creep markedly affects the movement of
charged dislocations and leads to an enhanéed steady-state creep rate
(Neiman and Rothwell 1963, Rothwell and Neiman 1965, Rothwell 1966).
The effect on the éreep rate of porosity (Spriggs and Vasilos 196k4) and
the minor addition of various oiides such as Ca0 and Z;Og (Vasilos et al.
1965) has also been examined. Further investigations of this type are

necessary before the creep processes in MgO are fully understood.
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: VI. CONCLUSiONS 

It is evident .that the level of understanding of the mechanical
behavior of singie crystals of MgO is considerably.advancéd. Mény
éfudies in the iast teﬁ yéars have contributed significantly to a knowl-
edge of dislocaﬁioh motion énd ihtergctions, and crack nucleation and
growth. This development was due to the easy availability of single
crystals and'thé application of the_electron mibros;ope to single crystal
studies; Byjthe same tbken, the effect of impurities and alloying on
the mechanical behavior of MgO single.crystals has not been sufficiently
studiéd, in this case as a result of the lack of such controlled.speci—
mens. It is expected thét this area will receive more attention in the
near future because oflthevaccbﬁpanying poteﬁtial beneficial effects of
réducingvthé tendenéies for cleavage fracture. It is a paradox that the
factof of easy'éleavage, ﬁhich was responsible for initiating ductility
studies in ionié cryéfélé, By making it possibie to'bbtain suitable
specimens free of Griffithvcracks in the sﬁr%éee, 1s also the charac-
feristic that is pfobably most responsible forvbrittle behavior at low
temperatures. |

The.singlé crystal'ahd‘bicrystal studiés provide a good background
for investigations'of the meéhanical behavioerf polycrystalline speci~
mens. The latter studies, however, have been limited primarily becausé
Qf a lack of capability of fabricating specimens with controlléd micro~ -
structure, or character, and also of’characteriﬁing them. It is diffi-
cult to carry on fundamental studies based on relating character to
mechanical behavior when, for example, the nature of the grain boundary

~or the distribution 'of impurities are not too well known. Nevertheless,
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a potehtial interest exists. for following -up these factors whenever the
opportunity arises in .the form.of édequate specimens, as evidenced by
fhé reported studies on pélycrystalline and creep behavior.

The currenf intérest invdeveloping a science of .ceramic processing,
and the progress that has already been made in producing theoretically
denge polycrystalline piecés, indicates fhat specimens with controlled
character should be available in the notQtoo—distanﬁ future. Another
important contributing factbr to propagating polycrYétalline studies is
the availability of relatively new analytical tools--the electréh micré—'
probe and the electron scanning microscope.

Demands for materials‘with high temperature capability are increasing
rather than decreasing. Therefore, regardless of whether materials with
ductility are developed of,not, detailed fundamental studies on the
mechanical behavior of Mg0 and other ceramic materials primarily in terms
of nucleation and propagation Pf fracture, aﬁd relatiﬁg»them to the

material character, will continue.
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Tests on'MgO Bi-crystals

Table I.
Type of boundary Type of test Temﬁeraturé Results Reference
10°-20° tilt Compression Room temp. Cracks formed when two slip bands meet at Westwood (156la, 1961b)

<5° twist

- boundary

Thermal shock

Possibility of crack nucleation at boundary

Clarke et al. (1961)

"V10° misorientation

Thermal shock

Grain boundary is source of weakness

Miles and Clarke (1961}

Tilt + twist

Compression

1355-1495°C

Grain bdundary sliding strongly dependent
on boundary misorientation

Adams and Murray (1962)

Large tilt +
large twist

3-point bending

Room temp.

- Intergranular crack foimed

Johnston et al. (1962)

Tilt + twist

3-point bending

Room temp.

Cracks produced at boundary, probably by
Zeher mechanism :

Clarke et al. (1962a)

Simple tilt

3-point Sending

Room temp.

Slip bands nucleated in adjacent .grain

“Johnston et al. (1962b)

Tilt + twist

3-point bending

Room temp.

Transgranular crack nucleated in adjacent grain’

Johﬁ§ton et al. (1962b)

A10° misorientation

3-point bending

Roon temp.

Cracks nucieated along slip planes due to
dislocation pile-up

Sinha (1963)

Misorientations

Tension

Room femp,

Strength critically.dependent on surface con-
dition : '

Stokes and Li (1963D)

Various mis-
orientations

T-point bending

“Room temp.

up to 1097°C

Stress measured to fbrm crack at tip of

" blocked glide band :

Ku and dohnston (1964)

Tilt + twist

Compression

1300-1500°C

Grain boundary sliding recorded as function
of temperature and shear stress

Muréay et al. (196&)

Various misorientations

3-poiat bending

Room'temp.

Silicate phase at boundary is major source
of weakness

licPherson and Sinha (1965)

Sinha (1965)

Simple tilt (<5°) Bending Room temp. Slip crossed boundary without nucleating crack
Tilt + twist Bending Room temp. Transgranular fracture Sinha (1965)
and 1000°C o
Large misorientations Bending Room temp. Intergranular fracture. Séme plastic deforma-  Sinha (1965)
and 1000°C tion at.1000°C :
High tilt -+ low twist Compression 1200-1500°C Catastrophic drop in fracture strength at  Mountvala and Murray (1966)
‘ \1400°¢ P
Medium tilt + high Compression 1200-1500°C Catastrophic drop in fracture strength at Mountvala and Murray (1966)
twist 1200°C
Varioﬁs misorientations Tension

Room temp.

Brittle fracture at strengths of 70,000~
370,000 psi .

Lange and Buessem (1967)
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Table II. Summary of Fabrication Process

Stage . .. Details

Raw materials Mallinckrcdt A, R. basic magnesium carbonate and
laboratory-produced lithium fluoride.

Calcination of basic Rotary_calciner; 750°C bed. temperature. Through-
carbonate , ' put 300 g/h. Surface area of powder 150-200 m?/g.
Blending ' 1% of LiF in isopropanol added to magnesia in iso-

propandl by shaking slurries together or by colloid
- milling (mill-stones set at zero clearance, slurry
passed 20 times).

Drying Carried out immediately after milling. Stirred con-

' tinuously. Dried to approximately 10% alcohol con-
tent. . :

Pre-sintering 1 The MgO/LiF powder is compacted into a pure‘alumina

(optional) tube mould of suitable size and heat-treated in air

at TT70°C to give a sintered cylindrical body just
fitting the die.

Hot-pressing ' Powder or pre-sintered body loaded direct into EY9
: graphite die., Pre-pressed between the hands. Vacuum
pressure <lO"l-‘L torr before starting programme. Pro-
gramme stopped if pressure rises above 10 ° torr
during cycle. Heating-rate, 200°C/h. 1500 p.s.i.
applied at T70°C. Temperature held steady for 15 min.
at 1000°C. Load removed when die cooled to 800°C.

Post-sintering : Furnace chamber large compared to specimen, or flowing
air. Heating-rate, 30°C/h to 1200°C. 3 h soaking
period. Residual mistiness or coloration can be re-

‘moved by a longer soaking-period.




TAELE ITI. Creep of magnesium oxide

Percentage of Activation Suggested rate-
theoretical Grain . Temperature energy Stress controlling
density size Type of test range (kcal/mole) exponent, n mechanism Reference
SINGLE CRYSTAL: 3-point bending.  1450-1700°C 81-162 L7 Climb of edge Cummerow (1963)
. (1700+1500°C) dislocations '
3-point bending 11000°C 33.3 + 5.7 5.2 + 1.2 Cross-slip of screw Rothwell.and Neiman
. dislocations : (1965)
3-point bending 1300-1630°C 134k.5 + 16.8 3 Climb of edge Rothwell and Neiman
. : . dislocations © (1965)
Compression 1200°C - L.7 Dissolution of dis- Cropper (1966)
location loops and
dipoles .
POLYCRYSTAL: . s
88% - Torsion 1100-1300°C 6.8 2.5 - Wygant (1951)%
98% . - Torsion 1100-1300°C [T AN 3.5 - Wygant (1951)<2
—* 1-3 um L-point bending -  1180-1260°C Th 1 Nabarro-Herring or Vasilos et al. (196ka)3
grain boundary dif-
fusion }
>99.5% 2 um L-point bending 1107-1527°C 96.0 1.5 Vacancy formation Passmore et al. (1966)3
>99.5% 5.5-20 ypm  L-point bending 1107-1527°C Sh.1 Vacancy formation Passmore et al. (1966)3
97% 50 um L-point bending 41650-1800°C 89 - - Bakunov et al. (1966)%
(Low) - Compression 1205-1525°C 62 4.5 Dislocation mechanism Kreglo and Smothers
v ' (1967)°
>99.5% 12-52 um Compression . 1200°C - 3.3 Climb of edge Langdon and Pask (to

" dislocations

be published)

"

* Specimens stated to be of "essentially full density."

1. Slip-cast MgO; 99,3% purity

. Hydrostatically-pressed lig0; 99.3% purity
. Hot-pressed Mz0; 99.8% purity

. Sintered MgO; 99.7% purity

WA W N

. Hot-pressed MgO with a LiF additive; >99.8% purity

. Specimens cut frow periclase bricks (98.2% MgO, 0.9% Ca0, 0.5% Si0;)

m+?6_
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Fig.

Fig.

Fig.

10.

11.

.FIGURE CAPTIONS ‘ 
Magnesium 5Xide strucfure——same as that for NaCl. Large spheres
repfésent“dxygen idns;féméll“sphefes:répresént_magﬁesium*iéné.
Tran;lation gliding iﬁ the samé direction, buf on two differehq
planes in MgO crystals (Gilman, 1959)7
(a) A diagram of the -six slip planes of the‘{llo} <110> slip ‘
systems; (b) A diagram éf the six.Burgérs_Vectors <110>.
Etched roseﬁte of'dis;pcations at thé surface of an MgO crystal;
Slip lines originatiﬁg from rosettes in a liéhtly~strained MgO
crystal (Stokes et al. 1958).
(a) The distribution of dislécations around a kink band.
(b) The_poéition‘ahd orientation .of the.Strgh and secondary
cracks around the kink band; (Stokes et al. 1958). |
The location of slits with respect té.bandsvof slip (Stokés et al.

1959a).

Suggested mechénism of microcfaqk growth (Clarke et al. 1962b).

Tensile stress—strain curves for chemically péiiéhed Mg0O crystals
tested at foom.temperature. (Stokes et‘al;; 1961).
The fofmation of é crackbat the interseCtiQn of two expanding
slip bands to give the distribution of élip in the composite
photomicrograpﬁ wﬁich.shows the location of the (llb) [001] slit
fraéturersoﬁrce (Stokes et‘al., 1961).'

Stress-strain curves for MgO single crjstals compressed with a -
<100> stress axis at various temperatures.

Stress-strain curves . for MgO single crystals compresSedeifh a

<111> stress axis at various temperatures.



Fig..

Fig.

Fig.
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Fig.

Fig.

Fig.

Fig.

Specimen deformed 14.8% at 1400°C. (a) Illuminated by re-

‘flected light, and (b) between crossed polaroids, illuminated

by tfansmitféd:lighf;'~"

Diagrammatié representation of the various modes of-deformation'_
identified between 1000° and 2000°C- on loéding in tenéion.
(Day_and Stokes;,196hb).'

Interaction of dislocations oﬁ cbnjugate slip systems. (a) Jog
on screw’disiocation; and (b) jog on.edgé dislocation. (Day

and Stokes,_196hbj. |

Interaction of dislocations on 60° systems. (a) Dislocations
Ei8, aﬁd‘Ezsz interact tQ produce a sessile-dislocation E,

along <lli>, and (b) wall of éessile»edge dislocations Ej
forming.a kink.boundary lying.in the (110) plane'parallel to
tenéiie axis, @. (Day énd Stokes; 196Lb) .

Grown-in dislocation whichvdoes not lie on a slip plane. Dashed
lines show_apprdximately the projection of a {110} plane
(Elkington et al., 1963). |

Dislocation network in MgO crystal elongated 100% at 1850°C.

(Stokes and Li, -196L).

{110} slip plane section of a Mg0 crystal deformed at 850°C.

The gradual change of loop diameter in several of the narrow
strings of 1oops.is evidence for non-uniform épaéing in tﬁe
original dipole. (Washburn and Cass, 1966). |

Boundary shear fracture stress as a function of temperature.
(a) Low twist-high tilt boundary. (b) High twist-medium tilt

boundary (Mountvala and Murray, 1966).
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Cracks formedvat grain boundary by piléd—up groups of edge
dislocations (Westwood, 196la).

Frééfﬁfé*dffbi—cryétaisﬂundef'fénéidn;“ (a)'Thé"iﬁtersectiqnn

of a slip bahd‘with a grain boundary to generate a cleavage

crack. (b) The three stages of fracture (i) cleavage crack -

nucleation, (ii) cleavage crack growth, and (iii) intergranular

rupture. (Stokes and Li, 1963b).

Crack nucleation in a bi-crystal under compression. (Stokes
and Li, 1963b).
Relative density vs. temperature curves_bbtained at a.stress

of 1700 psiland_a heating rate of 5.5°C/min. (A = MgO powder,

‘B = Mg0 powder_ﬁlus'é wt % LiF, and C = MgO powder presintered

at 1400°C for 5 hrs plus 2 wt % LiF.)

Polycrystalline MgO disks: (left) hot-pressed with a LiF
additive and subsequently heat treated, and (right) commercially-

sintered specimen. Microstructures of specimens shown below -

them.

Densificatiencurves for the hot-pressing of various lithium

compound additions to MgO. (Rhodes et al. 1967).

Stress-strain curves in tension for recrysfallized poly-
crystalline MgO.as a function of temperature (Day aﬁd Stokes,
l966bj...

Surface folds due to slip in vieinity of triple points. (Day

and Stokes, 1966b).



Fig. 29.

Fig. 30.

Fig. 31.

Fig. 32.
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Yield stress vs temperature for the {110} <1I0> and {001}
<110> slip systems (single crystals with <100> and <111> -

stress axes) and for type 1 and type 2 polycrystalline speci-

-mens.

Grain boﬁndary shearing in tYpe 1 polycrystélline MgO strained
3% at 1k400°C,
Transmission electron micrograph of a section of polycrystalline

MgO, showingxintroduction“ of dislocations inte dislocation-

free grain by cutting of the foil at point A.

(Top) Etch-pit pattern showing discrete slip bands formed by

‘creep of MgO at 1000°C. (Bottom) Eteh-pits in MgO showing

polygonized struéture after creep at 1600°C. Edges of both
photos are along the <100> direction. (Rothwell and Neiman,

1965).
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This report was prepared as an account of Government
sponsored work., Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.



