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' EFFECT OF MICROSTRUCTURE ON DEFORMATION OF
POLYCRYSTALLINE MAGNESIUM OXIDE**

Terence G. Langdon* and Joseph A. Pask
Inorganlc Materlals Research D1v1s1on Lawrence Radlatlon Laboratony
- . and Department of Materials Sc1ence and Englneerlng,
College of Engineering, University of Callfornla,
Berkeley, Callfornla ' :
CamstRACT N
October 1970 |
Six different t&pes of.polycrystalline magnesium oxide, one nomi-
rally fully—dense and the others having porosities of V1-2%, were tested
in compression at temperetures up to 1400°cC. At temperatures of 120060
and ebove, all materials deforﬁed_élastioally;.but two of the maferials,
botheporous, also exhibited plastic flow at temperaturee down to 800°C,
and a tﬁird at lOOO°C. A qualitative analysis of the ﬁicrostructures of
these ﬁaterials indicgted thet the differences in behavior primarily
aroee.because of'variations invtheﬂsizevand distribotion of pores ano in
thevconeertratioﬁ of imporities atvthe grain bouoderiee.. It is‘euégested
that.theifollowing }actors aid plasticlty_at temperatures below %1206§C:
(i) strorg’grain boundaries in the absence of excessive.imporities,.peré'»
mittiog the.build—up.of stress coneentrations ﬁiﬁh.the consequentinuclea;
tionvof_elip on the {100} system and the exteneioh of slip_across the
bounderiee, and (ii) clusters oflvery fine poresvwithin the grains, which

- allow some mass accommodation.

¥ Now at Department of Metallurgy, Unlver31ty'of British Columbla
Vancouver 8, B.C., Canada. . S :
- ¥% Presented in part at the Twentieth Annual Pac1f1c Coast Regional Meet—
ing, American Ceramic Soc1ety, San Francisco,’ Callfornla, November 3, 1967
Basic Sc1ence II).
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1. INTRODUCTION
Muoh attention hégvoeen devotod'to an evaluation of the mechanical
behavidr'of.magnésium oxidé Single.crystals'undér-voriOus expefimental
conditions; but only 11m1ted work has been carrled out on polycrystalllne
MgO because of the dlfflcultles of obtalnlng spec1mens ‘with controlled
microstrgctures (characters) and of characterizing porous, and thus two-
phaso, syotems; The few investigationsbreported With,polycrystalsvhaVe S
invériéply.dealt With métefial in which the‘porosity was not e&aluated in
terms of‘averagebpore size or distfibttion.(i.e, whether the porés wero
_locate@oprimdrily along thé gfain”bounda¥ies'or within“the motfix).
Experiments_byvCopley and Paokl indicatéd that thevsize and distribu-
tion of pofés may markedly affect tﬁé mechanical Behavior, sinoe a
material hgving veryvsmail pores both within the grainé and along the
boundariés was ductile st temperatures as low as 800°C, whereas fouf other
matefialé,-ihcluding one which was nominally fully—densé,~were all
brittle up to.temporotures of A1200°C. This suggested that ductility may
‘be realiZod in a slightly porous material becéuse the few poreé pfééent
were sufficient to iﬁitiate-slip, but the desirable felationships between.
~grain 51ze, pore size and/or pore locatlon were not 1nvest1gated
Tests on metals havlng porosities of 10—307 have demonstrated that
meChanical_behavior is often influenced by'character featureg other than
the total volume of porosity'ggg;ég;e'but no aefinitiVe tests have
apporently been carried out to study'the.importance of pore distribution
for the much lowér total»porosities usually associated with polycrystalline‘
ceramics,  The present investigation ﬁasftherefore undertaken to evaluate

the significance of porosity in polycrystalline Mg0 under controlled



experimental conditions, o v i o P

II. A more detailed desoripthn follows:

' mens wereiheld\ap temperature for 3 h, and then furnace-cooled to give
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II. EXPERIMENTAL PROCEDURE
(1) Material
o Tests ﬁere carried.out on'five different ﬁypesvof polycrystalline

MgO (Types 1—5), cover1ng a. range of graln size and poros1ty. A spectro-

. graphlc analys1s of each type is glven 1n.Table I. To permlt a direct ‘

comparison with the earller work of Copley and Pask, 1 their "Type 2"

g
materlal whlch.showed ductility at temperatures as low as 800°C , is . also
1ncluded 1n Table I as Type 6. Typlcal microstructures of each materlal

are shown in F;g. l, and the primary cnarecteristics are listed in Table

Exge l; ‘Transparent polyerystalline Mgvaas produoed in ﬁnls
laboratory.by‘hof—pressingeMgO:powaer with an LiF additive, using‘the_
techniquefdeveloped by Rioe3 and described in detail elsewhere. |

High pnrity Mg0 powder (BakerbandvAdamson:reagent grade) was nixed
with 3 wt7 LiF (Baker reagent grade) in 1sopropyl alcohol, dried in an‘
oven, and: then hot-pressed in vacuum in a graphlte dle. A constant‘pres-
sure_of_lzoo psi wes applied,at room temperature, and maintained constanf
while the temperature was‘raised to lOdO°C overba.period of V3 h.;ys§¢¢if .

v ; | » o
translucent disks approximately 1.5 in. in diameter anq 0.25 in. thick.
The average grain size in this condition was ¢2+3 un, and-the’second
colum of Table I, Type l(a) refers to.the material at'this stage’of

the fabrication process. Following hot—pres51ng, all specimens were

annealed for 3 h at. 1300°C -to give transparent disks w1th an average

_grain;siae-of.WIQ pm.
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| As sﬁbwn in Table I, thé‘sﬁall aﬁount of lithiumbremaininé after
I : : '

hot-pressing was predominahtly remoﬁed By the subsequent heat-treatment
at 13009C,.aifhough 75.ppm wa; still present.in the finél material.
Using frénsmissign'eléétron‘microscqpy, it was>establi§hed that there was
no second phase iﬁ this materiai, even at the grain boundafies or triple
pbints;5 bﬁt‘differencés ih,fréctufe bghé&iqr between Type 1 and the
other}méferials‘s@ggeét that the residual LiF was probably préferentfally
ségregafed.alqng the boﬁndaries‘in,solid soiution. ‘

Type 2. Specimens of Types 2;6vwere dbtained commercially¥* in the
form of'vhite, slightly translucent, ﬁgles of approkimate dimensions
-1.25 in.bk i.25vin. i 0.25 in. These were produced by isostatic pressing
and sintéring, with'ﬁhé,manufacﬁﬁring éonditions varied in each case to
~glve different degrees of porosity and Pore distribution; further details
of the fabrication'pibéeduré are given elsewhere,

Sﬁecimens of Type 2 had many'lafge pores on the grain boundaries and
at tripie ﬁoints; in: some inétances, elongated pores, up to V10 um in
length, épréad-alopg the.bouhdaries. FInvadditicn, the average size of
the pores on the boundaiies (b pm) was'iafge reiative to the average
graih size (ratio of 0.20). Smaller pofes existed ﬁithin'the grains,
with some evidénée of'clusteriné; »

Typ;:3, The pores on»thévgrain bouﬁdaries (%2.0 pym) were small with
respect to the.averagé grain size (ratio of 0.05).- With;niﬁhe:grains,
the pofés were usuailyrvery émall and in clusters. The whitish.blotchés

visible in the microstructure in Fig. 1, and also to a lesser extent in

*Honeywell, Inc., Minneapolis, Minnesota.
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Types-h-6; may be ééédciated’with the highér-SiOZ énd CaO\éoﬁﬁents‘bf'p.
thééé\ﬁéterials. |
Tiéé‘MQ” The poreudistribution was fairly unifbrm, with léss
evidencé“of.élustering; As a result; only a small nuﬁﬁer of'porgs
existedvbnxthe boundarieé;bthese were invariably small relative to the
aﬁerage érainvsiZe (fatio of 0.02). |

.Txéé'SQ"Tﬁis>maﬁérial’vas similar to TYpe 6,;but withvailaréér _
grain Sizé‘due fé,an.aQneal a£.1800°C.' Lafée pores;'up to_NSIﬁm in |
diameter; were“lbéatéd'én theﬁbéﬁndaries; btt_thésebwere émall ﬁith_
respect to the grain éize (rati§ of 0.05). - Clusters of extfemely small
pofes ékiéted pfedoﬁinantij in the centers of the larger grains.

"pré.G. vExffémeiy‘fihe porés ekiéted'in:largé clusters»withiﬁbthe '
l“gfaiﬁé. dh the”boundéries, the pofes were small relative to the éver;ge
grain size'(ratio'of 0.04).

Avéomparison of thevﬁicrdétructures Of Types 5 and 6 suggestg;ﬁha; '
the pofeéfree fegions,adjacent to the grain'boundéries in Type 5 fépreT
éent thelﬁreas swept out by the moving boundaries dﬁring—the gfaiﬁ growth -
at lSOOdC. The existence of these large regions at grain edgeé, 'and the
fact that the average‘gizé of pores on the boundaries is:larger_ithypevS
- than Typ;;S; indicates that the pofes migratevwith,the'boundériéé during‘:
_.grain‘gfowth. This is subétantiated by"noting fhat.the‘évéfage pore sizey

is approximately linéarly proportional to the grain-size.7

(2) Preparation and Examination of Specimens

Test specimens were cut from the disks and tiles with a diamond saw

e
i

to approximate~aimensions'1.0 in. x 0.25 in. x 0.25 in., and the ‘ends

~ ground perpendicular to the longitudinal axis using a special jig. To
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permit defailedAexamination befofe and after deformation, Qﬁe face of
each speciﬁen Qas polished.on.succeséively finef grades of abrdsive
paper, and fﬁén léppéd with_i;Z um diémond paste'fqllowed by 0.3 ym
alumina>éiur£y'on‘a high-speed wheel. After_ﬁéskingfﬁhé ends in a lacquer.
CBtoner;Mﬁdée");‘the'speciﬁens were chemicaliy pélished.by immersing for
1 min. in 85% H;PO, heated to 150-155°C, and then washed in boiling dis
tilled Qéter, ﬁéthyl'alébﬁol, analether; All féur faces Were'polisHed
siﬁce'it-is known that, for both single and polycrystals, the deformation
chéracteristics afé affected byuthe preséncé.of éﬁﬁmicroscopic surface

damage;6?8_lo The lacquer was removed prior tovtesting using methyl-

i
!

ethyl-ketone. ' v ' |
| UndéfOrmed specimens were etched in a solution of two parts 85%
H3P0g‘and one part‘H2804 for 1-2 min. at‘room temperature, and avefage
‘ gfain éizes measured uéing the linear intercept method. Densities wére
determined:to +0.1% by’displaCément in alcohol, taking the theoretical
densify 6T'pure MgO singlé_crystals as 3.58L g/cc.ll Since poreé are
'enlérged by chemi cal leishing, the averége pore diameter, d, was ob-
'tainea by‘counting the number of‘pores, N, in a known area,.A, and using

the relation’>
B ' 1/2 - : |
d=2 (E..:ﬁ>“v- - ‘ ‘ : (1)

where p‘is the volume fraction of porqsiﬁy calculated from the density
measurements. For Types 3, 5, and 6, this technique was only practical

. by omitting the clusters of extremely small pores>within‘the grains,
. ‘ j ) N

3
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Following-gefqrmaxiog, épécimens were e#amined'with‘a Zeisé Linnik
intérferencé microééopé (uéing monochromatic light having a Waveléngth
‘of>0.27_ﬁm):and with a scannihg electfon microscope. Thin sections of
specimens'qf Type 1 were also‘examined by transmission electroh;micro—
scépy, using chemical thinning techniques described elsewhere;13 dué td‘

vthe‘residual porosify; ﬁo étteﬁ@t was made to thin spécimens of ijes:é;6,

| o |

(3) Testing Procedure

All specimens were tested under compression in air, at temperatures

in the range from room temperature to 1400°C. The specimens’weré’plaéed

|

qpright-in the center of a large vertical furnace with MoSi, heatiﬁg |

elements, and held in place with alumina loading rams under a low load.
The rams were_protectéd by small alumina buttons (0.7 in. diameter x”‘

0.3 in. thickness) placed between the specimens and the ram surfaces, and

thin (0.001 in.) Pt sheets were placed between the specimens and the but-. .

| tons to act as reaction barriers. To determine strain, two sapphire rods
weré'inéerted.in smail holes, initially 0.5 in. apart, bn one face of the
specimeﬂ;iand wére éonnectedfeXternally’thrqugh‘a iever arrangemént to a
lineér vOitage differential transformer and recorder. .The testing equipé
ment was described in detail as machine Number III by Hﬁlse and Copley'.:lll
Spégiméns‘%ere'heated in air. and ﬁeld»at tempefature for,at’leasﬁf
1h pfior to testing. 1The equipment was arranged so that all specimens
were tested under a constant rate of loading of 2Q psi/sec, based on the

initial specimen. cross-section.¥* Strains were continuously recorded

¥Some investigations have directly compared tests at constant strain 15
-rate and at constant rate of loading; see, for example, Zhurkov et al.
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>

_during eachlfest to a sensitivity of #5 x 10 °. The temperature was |

maintained constant to within #2°C at temperatures of 800°C and lower,

end to an estimated *¥5°C at the higher temperatures.

II1. RESULTS

(1)~ Stress-Strain Relationships

The Stress—strain curves obtained for specimens of Types 1-6 are

~given in Fig. 2. A‘high slobe in thebeurves indicates a low rate of

strain and a low siope'represents a high rate of strain; speciﬁen frac—
ture is designated by a vertical afrow, Due to machine limitations,
several of the ﬁresent experiﬁents.were terﬁinaxed prior to fracture at
total stresses of less than &56,000 psi.¥

Asxshoﬁn in Fig. 2; there.was a marked difference in'specimen be-
hevioriatrlOOO°C. At this tenpefature, Types 1'end 2 fractured without
any significant strain, Type 3 was slightly ductile, but Types L-6 dee
fofmed to strains >Q.O2 prior to failurei Furfhermore, Types 5 and 6
aiso exhiﬁited exteneive plastic sfrein at‘800§C. A1l specimens were -
ductile at temperatures ofv1206°d'and ebove.

In geﬁefalg specimens.were ﬁaken to fracture.to.oeserve the overali
ductiiity,ebut in a number bf éasesndupiicate tesﬁs:were‘terminated'be;

fore fraeture to permit a microstructural study_du:ing’the earlier stages

~of plastic deformation. Nbfsignificant differencé in behavior was ob-

served in these duplicate tests. .

¥Copley and Paskl-used specimens- of a slightly smaller cross-section
(0.2 in. x 0.2 in. ), thereby permitting total stresses of up to 70, OOO
psi on Type 6 with the same equlpment
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(2) Slip Band Formation

Ah»eiaminétion of the specimens after testing révealed several
distinctive deformationVcharécteristics, For specimens of Type 1, there
was no eviaehée bf Slip{in the optical microscope.after tésts_at room
' ﬁemperature and.600°C; and transmission electron microscopy indicatédii
fhat the‘grains ﬁere essenﬁially dislocafion—free. At 800°C,‘straight

slip lines ﬁere Viéible'ih a small ﬁumber of the grains,vsimilar to ‘those
reported by Hulse et al;,l6 thus indicating that some slight plastic de%
fofmatibn oécufredbprior to fraéture; Such'linesvariée from slip on tﬂe
“{llO} <110> slip syétems. Wavy slip traceS'occurréd within the grains

at temperafﬁres.of 1200°C and above, so that slip then also toock place§

" on the {001} <1I0> slip systems.
Copley and Paskl reported that the”Type 6 specimens; in which maCrF—
scopic stréin occurrea at lower temperatures, exhibited ﬁé&y slip lines

at 800°C. In a similar manner, wavy slip markings were visible in the

1

- two specimens of Type 5, tested at 800°C and.lOOO°C, respectively;‘énd |
in specimens of Type 4 at 1000°C, but nét-at 800°C. No wavy slipAlines
were seen in Types 2 or 3‘at testé_bel&w'l200°0. These observations are

»therefore c§nsisteﬁt with the.expefimental'data presented»in;Fig. 2, and
indicafe'that_slip.on'both the {110} and {l0O} plénes‘iéva prerequisite
for any appreciable plastic strain. .

It was also noted that, whereas the grain boundaries acted as
obstacles to the low température planar glide, at high temperatures the -

. wavy slip bands often extended across the boundaries and there was a -

tendency for bifurcation.

!
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(3) Graih Boundary Slidiﬁg

tv Thé_specimens of Typévl, beingrnbminally fully-dense, were
inifiall& tfénsparent.* vLiﬁtle or nd:i6ss in fransparency>wés,observed'
" after tésting‘ét 800°C and beipw, but the specimens became translucent
at 1000°C ‘and fully’opaque af testing‘témperafuresvof 1200°C snd above.
Thié.lOSS Of transparepcy was'aftributed to the occurrence of grain
boundaryvsliding aﬁ‘thé_higher>temperatures, thus leading tovthe férmé—
tion bfAintergranular éavifies and suﬁsequent.cracking.

Direct evidence_for sliding'was obtained by examining deformed
sﬁeciﬁéns with an inteffereﬁcg mi croscope. .Although the surfaces were
still'reiaxively smobfh after teéting at low fémperatﬂréé, the presence
of sliding wés-cieérly'reQéaled at_hiéh t;mperétures'by the many steps,
and thus discontinuities in the iﬁterference ffinges, churring at thé

vgréin boundariés.‘ Such étéps Were visible in spééimens of each type,
but only_éfter tééting at temperatﬁres of 1200°C and above. It is con-
cluded therefore that the'plasticity observed_in Types 5 and 6 at the
lower témperétures is not,significantly assisted by grain boundar&
sliding. |

- (4) Fracture Behavior

At the iower tempergtufes.ﬁhen no plastic flow took placé (fér
.example, <1000°C in Type 2); specimens of Types 2-6 failed primarily .
byvtranséfanular fraéture;vgiving many cleavage faéets on the fracture
_surface. In.speciméns_of Type 1, however; there was also-much inter-

~granular fracture at the lower temperatures, suggesting that the

*An illustration of the high degree of transparency is given elsewhere.’
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matériélxwas ﬁ§ékehédey‘the,présencéﬂof fésidual LiF in solid solution
vaiéné tﬁe_éréih'boundaries. ‘This difference in fracture béhavior is
.spown by the;scanning electr@n photomicrogréphs of Types 1 and‘2 in
‘Fig. 3., At the higher féuperatures, fracture was almbst entirely inter-
_graﬁuiaf:fdf all specimen types. | |

A ﬁéjbf differénﬁe in'thé macroscOpic-frécture charﬁcteristics aﬁvv
low and high tempéfatufes.was also noted. At low temperatures, due fd‘b
the'horizontdl tenéile streéses; speciﬁens ﬁendéd‘to fraétﬁrebby the
verticél.pfopagation bf'one or moré‘cracks alqng'the compressive axis;¥
at high femperaturés,bwheré'yielding oécurred, fréctﬁrevtookvplace'by
shear on_oblique pianes,,resuiting/in fracture cones ét éither end of”
.thé'speCiﬁen. These two fracture modes are illustrated-schemétically'in
Fig.'h.

It ﬁas aléo dbseived that speéimenszoften contained a'numberuof
internal'craéks after fraéturevatiheﬂhigher temperatures; these appeared
. to be enti?eiy-intergrahular iﬁ ail Specimens except those of Typef3.v'
Anvexamplé is éhown in Fig. 5 for a Type hvspecimen tested at 13OC°C.

In Type'3, the cracks were occasionally of a mikxed charactef; some trans-—
~granular cracking was evident, although to a limited extent, evenaat
-1400°C. This is illustrated in Fig. 6 in which;the.cragk-élternates
betweén¥a smooth boundary Crack»(A and C) and a rough transgranular
crack (B). This difference in beha#iof may be associated with the
higher impurity.contentibf the Type 3vmaterial, since it has been éhown

: thatn3102 and Ca0, even though present in lesser amounts than that

"*A similar fracture phenomenén has also been reported for fine-grained
rock and glass.17 :
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néceésary td form é.second phase,prefefentiallyzéégregates at the grain
bdundaries when present in amounts as small as 30 atomic ppm.18 This
_cogld iﬁipede grain b-oundary slidin';g and separation at the hi'gh tempera-
tures,.and‘thereby favor transgranular fracture. |

Few lnternal cracks were observed‘ln>any_specimens‘tested at the
lower témperatures; théreby showing fﬁgt, once initiated, a crack then
propagatesuvéry rapldly. |
| IV. DISCUSSION

(1) Genersl Characteristics of Deformation

In ordér'to‘deformlplaéticallyvwithout the nucleation of intefnal
voids, a. polycrystal mﬁst possess five indépendent.slip systems.lgv In
MgO,ISlip over {llC}.planes in <130> directions provides only:two in-
dependénﬂ élip systems, but the advent of slip o&er.{lOO}.planes inv<ll0>
directidns; as in wavy éllde, provides a further three independent systems.20
A complekity arises, ﬁcwever, since‘slip is not homogeneous but confined |
to discrete slip bands, and itAls often difficult ih ionic polycrystals
for the various slip systems to intefpenetrﬁte; these pr6blems are dis-
cussed in more detail elseWhere.21 |

Tésting in tensidn, Day and Stokés22 reporfed'thatvrecrystalllzed‘
polycrystalline MgOlwas éntirely brittle at temperatures below lTOO°C,»
whilst hot-pressed material was not significantly ductile until "2100°C.
The présent results show, however, that ductillty is . .possible in com-
pressién af temperatures as low as 800°C. Thls difference_afisesabecause.
of_thé.gréater difficulty of catastrophic failuré when testing in c6m~ |

pression, since a nucleated crack is not exposed'tobstrong lateral

tensile stresses. Larger stresses may therefore build up in compression,
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aﬁd_this faéilitates the activation and interpenetration of the ‘different
siip systéﬁé. -

It iS;uéeful ﬁb»compare these polycrystalline resuits with those for
MgOVSihgle>cfy$tais:-parficularly éince the yield.sﬁress versus tempera-
tdre relationéhip Hés béen reported for the same constant raté-of ldédiﬁg
as ﬁhét,used in tﬁe_present wofk:l6;?3’2h | |

The resuits for siﬁgle chsﬁéiéuhaving <100> and <111> ldading axes
are iﬁaiﬁa#éd by the tﬁO»bfokenilines ip Fig; T for temperéfures in the
range from -196 to 1600°C. In fhe former orientation, there is a re- -
solved'éheai stfess, eqﬁél'to 6ne half of the.appliéd stfess, acting on
four:of the'siiv{lid} <110> sliP systems; in the latter orientation, no
 resolved shear Stréés.acfs.on any of the {110} <110> slip systems and
slip then takes place on the’{OQl} <130> systéps. Since electrosfgtic
rgpulsi&é_forces inhibit the mqvement of dislocétidns of-% <110> Burgers
- vector on the {100} pl‘anes,25 tﬁe yield stresses are substantially higher
‘for the <lil> Qrientaﬁion; The figure shows aléo.the.yield stresses .
_obtéinéd for the polycryéﬁalline material: the opeﬁ symbois are fér.
specimeﬁs‘eXhibiting somé,plasticity, calculated by.tékiﬁg a strain bffT
~set of 5 x lO-h from the modulus iine, and the élosed symbol for Type-l}
at lOOO?C is the fracture streés when no significant yielding océurred;

The yield points for Types 1-3 lie approximately on the line obtained
for <111> loaded single crystals, but the points for Types 5 and 6 are
somehét lower. |

Although this result at firétxsuggests that the specimens Qf ijes 5

and 6 yielded at the lower temperatures at stresses such that no slip was

produCéden the {001} <li0>'slip-systems,'it is clear from the cbservations
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of wavy'slip that bbth the {110} and {100} systems were operative. o

Furthermore both systems are requlred for polycrystalllne plasticity.
It appears therefore that stress concentratlons can build up at the grain
boundarlee_Of,these two materlals of a sufflclent magnitude to nucleate
slip ohAfhe {100} sysfem, and it follows that some ductility may be
realizedeet'the 1eﬁer temperatures=if the boundaries are sufficiently

\

strong to support these enhanced stresses.¥

(2) Effect of Differences in Material Character . L

The marked differences in mechanical behavior documented here are
apparently due to micreetructural features, in particular to variations
in pore size end distribution and to the presence.of impurities along
the grain ﬁounderies. |

When'pores are loca£ed oh the boundaries, they decrease the inter—
facial Coﬁtact area between adjaeent grains, and thus weaken the material.
To pre&enf the growth of these peres along the boundary to a critical -
erack length, they should.tﬂerefore be few in number and small relative
to the.graiﬁ size. When porES.are‘located-withinvthe grains, they impede
the moVement of dislocations,zT thus giving rise to stress concentratrons,'
but they may also allow mass accommodeﬁiOn by acting as diéloeation
sources and einks, possibly in ﬁhe menner reported for silyer chloride in
_ Wﬁich dislocations ﬁere genereted by the stress—field.around spherigal

_glaSSjinclusions.ga This suggests that mass accommodation is prdbably

¥The occurrence of substantial stress concentrations at the grain
boundaries was directly demonstrated in polycrystalline lithium fluoride
by showing'that a localized shear stress probably greater than 9000 psi
developed on a slip system on which the applied load gave a resolved
shear stress of only 880 psi.? .
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aidedvif the 1ntragranular pores are small in 51ze and fairly evenly '
distributed
On this basis, it is nossible to interpret; at least qualitatively,
the differenees in behayior for theisix.specinen'types.-‘for Type 1, 'the-
fracture characteristics (Flg 3) show that the grain boundaries are
week prdbably due to the segregatlon of residual LlF which leads to R
eesy 1ntergranular Separatlon. In additlon, it is significant that this‘
material exhibited the lowest fracture stresses at 800°C and lOOO°C. In
Type 2, low temperature ductllity'is inhibited by:the numerous-large
‘pores on the'grain»boundaries ﬂﬁhich act as crack nuclei and thus prevent -
the build—up of stress concentrations and consequent formation of slip
. on the {100} system._ | ‘g . | | _ !
Spec1mens of Types. 5 and 6 both of Whlch exhibit low temperature.‘
ductility,.have pores on the boundaries which are smell with_respect to
the average_grain size, and clusters of very fine peres within the greins.
_The"wide,difference in grain sizenshoﬁs that tnis.alone is not the.im—

1
|

nertant feeter in prdmoting;plestieity’at the lower_temyeretures; It

' sappears instead that, in the presence of relatively_strqngfboundaries

as suggested by_thevlowiimpurity contents,,the_boundery porosityAis_in—
v;sufficient-tO‘lead‘te easy intergranular cracking, end'stress concentra~
tions nucleate flow on‘the {oo1} <1IQ> slip systems. Some mass accommo-
“dation may also be_provided by the clusters:of‘very small pores within '
the grains. The possibility_that pores may assist in nucleating dis- -
locations was suggested earlier by Stokes and Li,8'end.they further_postu-_ o
_ _lated_tnat_nucleation.may be easier when the pores are intragranular;

both ofrthese suggestions'are supported by the results presented here.. .
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it should'aiso be nbted.thét; whereas the Type‘6.maferial has a fairly
uniform diétribution of pore clusteré, Ty?e 5 tends to have clustefs only
at the gfainjcenters;. This suggestélthat the pore clusters méy be less
effective in.proﬁoting ductility as the.grain size is incfeased; particu-
larly singe the pofosity ié swépt up during grain growth to give larger
pofeé onbthé boﬁndaries. In fact,:thié hdy account for the slightly less
ductile behavior of Typé SIQt 800°C and iOOO°C. » A ‘

be Type 3, the pore structure is-similér'to that of Typeé 5 and 6,
but the.Si-énd Ca éontents are significantlyvhigher. The lack of inter-
~ granular éeparatibﬁ at fhe lower températures suggests that the presence
of these iﬁpurities does nét weaken theuboundaries, in contrast to.the
vLiF in specimens of Type 1, but ‘rather it appears to interfere with the
propagatiéﬁ of slipvlines from one.grain to.the next. In addition, the
pores within the graihs afe probably insufficiént to allow substantial
mass aéqomﬁodatioﬂ.  Ih this respect,.the chafacte; of Type 4 represents
an intermediate situation between Types 3 and 6, and this is reflected
-by the stress-strain curves in Fig. 2.

It is concluded that the pore distfibution is only of major impor-
~tance in determining b_eﬁé.vior in the teﬁperaturé range -whefe all slip
band intersections are difficult, 'na,me'_ly, a.t'temperature"s less than
¢l200°C when ﬁesfing in cqmpression. At temperatures 6f 1200°C and
higher, the intersection difficulfies‘of_conjugaté'{110} <110> slip
sysfems decrease as‘indicated by tﬁe develo?ment of graduéi yielding aﬁd '
large stfains atffracture.in stress4Strain curves dbtained oﬁvginglé
crystals with an <001> loading axis;l6’2h resulting in a.decreased ten—

.dency for crack nucleation which allows the build-up of higher localized
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etresa ieVels.‘ |
' V. SUMMARY AND CONCLUSIONS
Spec1mens of six different types of polycrystalllne MgO, one
nomlnally_fullyedense and_the others hawlng_varlous pore ‘sizes and dise
‘tributions,ﬂwerevtested'in’compressdon at temperatures up to 1L00°C. All
specimenefexhibitedveone’plastic(flow'prior_to fracture at temperatures
of 1206°caand ab0ve?‘but two of the materials, both V1% porous, also dé-

formed plastlcally at. temperatures as low as 800°C, and .a third at lOOO°C.

Plast1c1ty at temperatures below*NlEOO C is dependent upon graln :

i
stress concentratlons to nucleate Sllp on the {100} system and to allow

boundarles that are strong enough to allow the build up of sufficient

the extenSion of slip bands across the boundaries;: A qualitative com—
vparison of the charactere of the di fferent materials in terms of this |
benavior snggests the following critical factors:

(l) The boundaries should ne relatively pore—free; if pores are
preeent,,they should be small with,respeot to the average grain size.

-(2)_Clusters ofvverj,fine pores within the grains appear beneficial,
probably Because they allow some mass accommodation by acting as soUrces
and sinke for dislocations; |

-(3)1The_b§uhdari¢s Snouldbbe,free,from_excessive_amounts of im-
purities in solid solution since this condition may‘weaken them, thereby
‘aldlng 1ntergranular separatlon, or may 1nterfere with the development
of Sllp lines within a grain and their propagatlon from one graln to the

‘next.

W
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.’Table_I Spectrographlc Analy51s of Different | v
‘ : Types of Polycrystalllne MgO¥

..Specimen Type, Wt%:

Constituent - 1 - a) . 2 3 b 5 6
Mg» .  Principal constituent in eaeh'type‘
si - 0.003 0;663 0.007 ~ 0.1 / 0.63 ©0.02 ‘ogois
Fe - 40.002 ©0.002  0.006  0.003 ' 0.004 <0.002 - f
Al .. . 0.001 | '0;001 . 6.007. Q;le . 0.002  0.001. <o.065
cu . 0.0005 :o.ooos_f<o.odos <o,ooos | 01000# <0.0005 0.0008
L . 0.0075 ©0.15. o - - - -
N e €0.001  <0.001 - - o - _
Sr . <0.005 <0.005 <0.005 <0.005 <0.005 <0.005  <0.005
Cr - - 0.0008 - - <0.0008 <0.0008 -
Ba - - - <0.002 - - -
Ca »5 0.00k4 0.005  0.01  0.08 0.02 0.008  0.02

0.0165¢ 0.0175+ 0.0363 - 0.1915 6.0625 0.0373  0.0458

*Constltuents reported as ox1des of the elements 1nd1cated with the
exception of Li in Types 1 and 1(a) which was probably present as LiF.
Analysis performed by Amerlcan Spectrographic Laboratorles, Inc., San
Franc1sco,_Callforn1a :

T Li not included in total.
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' Table II. Primary Characteristics of the
Different Specimen Types

" Average Average Averagé Ratio of pore size

-Specimen - grain size density Density pore dia. on boundary to
Type  (m) o (g/ec) esa®  (m)  grain size
1 12 3.577  >99.8%4  (No pores visible)
2 20 3.528  >98.14% 2.5% 0.20
3 ; koo | 3.535 - >98.6% | ‘2.0 ©0.05,
b s 3.515  >98.0% 1.0 0.02
5  [1' 80 3.536 = >98.6% 4.0 0.05
6 25 _3.5L6 >98.9% 1.0 : 0.0k

*Average'size of pores on boundary alone V4 pm.
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‘vIntergrahﬁlar crack”in sPecimen of Type 4 tested at 1300°C.
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" 'FIGURE CAPTIONS
MiCroStructures of‘each‘specimen‘type.

Stress-straln curves for each speclmen type tested‘at'a constant

;rate of loadlng of 20 p51/sec.,

'Scannlng electron photomlcrographs of the fracture surfaces of

spec1mens of Types 1 and 2 tested at room temperature. -

: i
Mode of fracture(at}(a) low temperatures;, (b) high temperatures.
. , _ g ,v . 1

 Mixed 1ntergranular (A and C) and transgranular (B) crack in
sspeclmen of Type 3 tested at lhOO°C.

-Yleld stress versus temperature for the {110} <llO> and
'M{OOl} <llO> Sllp systems, correspondlng to SLngle crystals with
"<100? and <111> stress axes; and the yleld (cpen symbols)‘and
fracture (clesed symbol) stresses fqrcpolycrystalline sﬁecimens

of Types 1-6.
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'Neither the United States, nor the Comm1sszon 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 informa-
tion contained in this report, or that the use of any information,
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fringe privately owned rights; or
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process disclosed in this report.

As used in the above, "person acting on behalf of the Commzsszon
includes any employee or contractor of the Commission, or employee of
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