Presented at Sixth University RECEIVED ' UCRL-20383 :
Conference on Ceramic Science, LhInECE Preprint l . v
North Carolina State University, = RADILTION LABORATORY : 1
December 7-9, 1970 s -

: MAR L 91

. LIBRARY AND
DOCUMENTS SECTION

FACTORS INFLUENCING THE STRESS-STRAIN
BEHAVIOR OF CERAMIC MATERIALS

Terence G. Langdon and Joseph A. Pask
December- 1970

AEC Contract No, W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

LAWRENCE RADIATION LABORATORY
UNIVERSITY of CALIFORNIA BERKELEYyy

£€8¢0Z-TUDN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



o1- . UCRL-20383

"FACTORS INFLUENCING THE STRESS—STRAIN
BEHAVIOR OF CERAMIC MATERTALS

Terence G.‘Langdon* and Joseph A. Pask
‘Inorganlc Materlals Research DlVlSlon, Lawrence Radlatlon Laboratory,
and Department of Materials Science and Engineering, '
College of Engineering, University of California,
' Berkeley, California . e
INTRODUCTION

Although ceramic materials are of censiderable potential.intereet
because of their ablllty to w1thstand hlgh temperatures and severe corro- -
S1en env1ronments their use has so far been llmlted by br1ttlenes= and
poor resistance to thermal shock. " A large volume:of work over the last
deeade.has:shown thatvseveral fecfore'influence the stress-strain be-
havior~Qbserved.in'ceramic Systeme, ranging frdmjthe‘presence-df’poiﬁt

defects ih’Single crjstals to the size and locdtion of pores in poly-
érysfals.. Furthermore, the complexity of thlS 1nfluence may be 1llus-
_trated by noting that the behav1or of nom1nally 1dentlcal single crystals'
is markedlyidependent on whether_lmpurltles are present as isolated p01nt
:defects, ae aggregates, or in the form of pairs of impurity'atome end
cherge—eoméensaﬁing vacancies.

”'Thie‘paper reviews the primary factore influencing the stress-strain
behavior ef single erystals;_and discusses some recent results obtained
on polyerystalline magnesium oxide. . For simplieity;:emphesis i;-placed
on systeme having ﬁhe rock salt Structure;.and the effect of changes in
stoichiomefry, important in materials such ae'UOQ and ThOzs'is not in-

.cluded.f‘

. *Now at University of British Columbia.
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FACTORS INFLUENCING THE BEHAVIOR OF»SINGLE‘CRYSTALS  ;

Under é'cbnstant rate of strain or loading;.aléingle'crys£a1'£ESted
in tension:of’cbmpression'deforms.elasticail& upzfo the critical £e301véd'
Sheaf stress (CRSS) at whigh plastic flow begins. |
' '.An'analysis of the témperatﬁre-deﬁendence ofvthe CRSS (or the yield
stress).is moét conveniéntlyvcgrried out bj;éonéidering the écheﬁéiic 1
 curves invfig.fl, in ﬁhiéh'tﬁe behavior fof:a given:strain rgte,é1’*is -
‘divided into three distinct.regions. At.ldw temperafﬁfes (region I),
typicailyf50.2;0.3 Tm where ?m is.thé ébsoluﬁe.melting'temperature;vthe
CRSS decreases rapidlyiwith“iﬁcréaéing temperature, and the behavior is"
controlled by thermal fluctustions which pérﬁit the,dislocations-to'6Vé£—
come short—raﬁge obstaclés'in_thg'glide plané- (e;é.‘splﬁﬁe'aioms,or'the.
Peierls barrier). In region II, the CRSSidrops;oniy siighily with in- )
creasiﬁg fempgratufe,iand the contfolling meéhgniém is'thgn.a?hermal '
v(e.g.-ovefcoﬁing of loﬁg—range stress fields);:the slight teﬁpératﬁre
dependencé;in this regidh arises from the_décreasé ig'shear’modulus with-;
incfeééing”tempefature. .At high températufes (region III), ﬁypiCéli§f_
<0.5 jm,_diffusion plays a significant role;‘ahd the‘CRSS'agéih drbbsf
It should also be noted that these three regions are not delineated by -
fixed'température boundaries; a faster strain réte; sﬁch as.é2(>él);
moves the transitions to higher temperatures. Fipally, régioﬁ Iv éorre-
sponds to very rapid strain rates (g; ?5 éz),'as invimpact_teSts,lwhere_
‘the motion of dislocations-is limited by viscous damping.

Factors influencing the behavior in reéions Ivénd ii afé‘now examined;
the deformation mechanisms of inmportance in,region 11T, ﬁhichvcorféspondé
essehfiéiiy.to the’"high—teﬁperature creep" range, are not éonsidereq‘:

here, but are dealt with in detail in the following paper.1
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Effect'pf‘Suffacé Condition’

The‘surféée"cohdition of ionic crystals:is impoftant'in détermining
the shape ofvthe-stress-strain'curve;ﬂa detailed>revierof fhe extensive
work on magnesium oxide is givén eléewhe%e;e StokesS showed that MgO
crystals confainiﬁg "fiesh"fdislocatidn ;ourcesgldue.to cleavage or
mechanical contact, yielded smoothly in tension at "6-8000 psi. ,waevef,
if the "freshV soﬁrcés'Were eliminated by chemical polishing, the crystals
vdéformed elastically up to stréésés of'm30—50,000 bsi before yieldihg
with a sharp drop'iﬁ.stress dowh to'the.ievel dt}which the "fresh" dis-
lqcations:mdved._ Thesé éxpefimenfs emphasize thevsignificance.of the
surface.cdﬁdition, and serve to show that the "grown in"'disloéations in
MgO are immobile. - |

EffgctVOf straih Rate
"~ As indicated in Fig. 1, énvincrease_in'stfain rate at any given
temperature fésults in a hiéher CRSS in the thermally-activated regioﬁ.I;
but there is ho change in\regi¢n.II. Ah expérimgntél example.is shown
in Figf'2 for NaCl crystalsvhaviné a <100$ axis tested atvﬁwo diffefent
strain ratgs,h Vhere the CRSS,VTC, is;dividgd by’the shgar.mpduius, G;

o) that‘thé'results in regioh II are. independent of temperature. At_-'

vtemperatﬁres less than “250°K, the expériméntal points. for the two Strain .

rates are different, and, within the error bars indicated, the results

are reasbnabiy approximated by the two straight lines'converging to

T _/GVI.8 % 1077 at T = 0°K.

Althougthig. 2 réfers‘to‘only>a modest increase in-é, tests have
als been carried out on MgO crysfals at very rapid»stfain rates.5

Results are given in Fig. 3 for values of € ranging from lO-h sec t
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(which is compéfab1e to the uéuai stréssfstrain‘data) toiﬁ x lb3vseé-l, )
thereby shéwihg the transiﬁion to-region Iv indicated'in Fig. 1.

Effect of ori'enta_tioﬁ
The orientation of a crystal'determines>th§~mégnitude'of'the re-.

solved shear stress acting on the slip planes. Fdf crystals,of.the‘roék
salt structure, slip takes place preferentially on fhé'{llo} <110> élip__'
systémé;balthqugh‘flow is aiéo possiﬁle on fhe‘{OOi} <110>'systeﬁs at
higher'téﬁperatﬁfes‘of.3£fes§es. Fof_a crystalvteSted'i#.cbmpression
with a <lOO;'lqngitudinal axis, which représents thé_usuéi cleaved con—
dition,'fhEre‘is a resolved shear stress equal to oﬁé haif of the_applied
stress acting on four of the six {110} <iiO>_slip sysfemsé[the other two
systems eXpe;ience no-stréss.,_For a ?lil>-loading'axis, however, there
is név;esolyéd’shear stréss acting on any'bf the‘{llO}‘éliC? siip-
syétems; s§ #hat crystals then deform at thé higher témpératﬁres by élip '
on thei{OOif‘<liO> slip'systems;‘at.low;tempefaturésvthéICrystals frac- |
ture without any plastic’déformatioﬁ;_ The importance éf this orientation
differéhce“iSfillustrated_in Fig. b for Mg0 crystals teéted'at'avconstant

rate of ioading of 20 psi/sec;6’7’8

for the <100> axis there is only a
slight decrease for temperatures aboveyﬂlQOO°C, buf the values bbtéined
for crysﬁéls with a <111> axis ére subsfantially higher and aré stillvde—'
creasing sharpiy even at the highest indicated test_tempefature. , |
Effect of impurity‘Concéntraﬁion |
>Impurities piay‘a'major folé in deterﬁining_stresé—sfraiﬂ behévior,-

LeQen when the concentfatipn is relétively smail.v For e*amplé,'Gbrum "

et al.9 showed that the yieid stress for.ah Mg0 érystalvcéhtaining 30 ppm '

of iron was sbout four times higher than for a crystal:COntaining only
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10 ppm. 'By’éontrast -a further increease 1ﬁ iron content to 3600 ppm
1ncreased the yleld stress only sllghtly.

The CRSS_ln alkali halide crystgls is extremely:sensitiVe to the
presence of.divalént cations. oUsing'Na01 crystals, Hessolo showéd that
an increase.i'n.Cae+ concentration from'2 to 20‘ppm increased the athermai
platéau (fégioh II) and, because of the larger nomber'of’obstacles;
introduced a greater temperatureQSensitiviﬁy in the thormally—activated
region I. There is also a marked difference’infthefshape of the stress-
strain ourvesofOr diffefeot iﬁpufity‘cooéentrations, as shown in Fig. 5
for NaCl crystals tested at 29%°K with'Ca2+ concéﬁtratidns of 2,33 and
64 ppm, respocﬁivoly.ll _In’particolaf; the élope énd:length of stoge I
increases:withjincreasing impurity content..

Effect of Nature of Impﬁritios'

Whiléﬁ small variationé in the concentraﬁion of impurities signifi-
cantly affect'thé stréés;strain behavior;.ﬁhe magnitude of this influenoe
is dependent on both the state of diépersion‘ano'the valency of the im-
purities in question. This is illustrated in Fig. 6. For "que";LiF
crystals;_ooniaining 3 ppm Mg2+, the CRSS increases{only‘slightlyvat very.
low tenpéfatores, andvthere‘is.no significant difference between crystals_-v
slowly_cooiod (¢0.0029C/min; solid.lihe) and'oir-cooled (%50°C/min; |
dashed line):fromoan annealipg treatment.at 300°C. By contrast, tﬁe
behavior of “impure"'crystals, containiné 75 ppﬁ Mg2+._depénds oritically
on'thegmal histofy' for alr-cooled crystals, the athermal stress level
(reglon II) is only sllghtly higher than for the "pure" crystals but.
there is a pronounced 1ncrease in CRSS in the thermdlly-actlvated region

I, for slowly cooled crystals, the CRSS in region II is very much
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increased, but the temperature dependence in region I ig less proneunced
This suggests that in the slowly cooled crystals the impurities are pr1-
marily present in’ clusters or prec1p1tates."A further complex1ty may
also arise since, whereas these results for Mg2 in LiF show & guench
softening; so thei the CRSS' at ‘room temperature isvless for air-cooled
'crystals'than'forvsiow-eodled, NaCl crystals dopedvqith.large ¢concentra—

, oy + _ ‘ . ,
tions of Mn2 ‘and Cd2 show a‘guench,hardening,l3- : c-

In magne51um ox1de the presence of Fe3' leads to considerable3 
hardenlng, but N12 in the-absencevof iron has only'e small effect. This
is shown in Fig. 7, using room temperature data reported by Srinivasan

S R 15 L ol \ 3+
and Stoebe and Moon and Pratt _(note that the point for 130 ppm Fe
was obtained by extrapolation of the published datals)..bThis plot sug-
~gests that,-overvthe limited rangevexamined, T, is dpproximately linearly
proportional to c, where c:is the defect concentration; but results by.
16, sl . L 1/2 . . ‘
Davidge™ indicate T, 1s proportional to ¢’ over .a range of 100-1k00
L SR 2+ L
ppm of Fe™ .,  The differing hardening effects of Ni~ and Fe in MgO.
are thus'analogous to the effects of mono- and divalent impurities in
vthe alkali halidesn(compare, forvexample,.Fig. 6 with Fig. 23 of the
review by Gilman.7). The significance of valency is also shown by noting
that the CRSS for MgO crystals heat’ treated in air to give m6 1 ppm
+ ‘ B
of iron in the Fe> state was 1. 1%0. o7 kg/mm (1560 lOO psl) ’whereas
identical crystals given a reducing treatment at 2000 C, s0 that the
iron was present as Fe2t , gave a CRSS of only 0.73 * 0. OT kg/mm (thO +
'100 psi).lh
- It may be initially anticipated thet plastic flow in ionic crystals

at the low temperatures is governed by a form of Peierls mechanism,’

12 -

[}
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becausé of thé negessity for the disloéatioﬁs to overcome Coulombic inter-
acﬁions; Howévér, the experimenfal'data bresented_in Fig. 6 show that
'tHe_behaNi§r is depéndent‘on'the'prééencé of impuritigs. To explain the-
large temperafuré—sensitivity of the airicooled "impureﬁ LiF crystals, a
theory was:déQelOPea‘in'wﬁich the hardening was attributed to the'tetr;—
gonal lattice distortions produbed by an“impuritj'(Mg2+)évacanéy dipole;l
This theony‘predicts'a'linear relationship between‘f¥l/2 and Tl/z, vhere
T*:is the efféétive‘sﬁress (equal to the measured CRSS minus the atﬁermal
stress, TA;f;ee Fig. 1) and T is the absolute temperature, in agreement
with the dgta shown in Fig. 8. The theory also predicts a linearity
between(T* and_cl/z;'this‘agrees with experiments at IOW'temperéturéé but
some reéults'at-highgf temperatures (e.g. in NéCl'at room temperature for'
Ca2+ éoncentrations of up to 900 mole'ppml3)vshow'T¥ is lihedrly proper.
tional ta c. FThese latter reSults‘have been iﬁterpreted by assuming that |
the impurity—vacancyvdipoles_are then able tb'rotafe in.fhe strain field
of the diéloéations, thereby 1oﬁering the elastic energy of the system.19
The situation for MgO is somewhat different'sihcé; although one
cation vacancy is required for-charge cémpensation for eve:y tworFe3f-ions
incox@orafed in the.lattibe;'elecfron'spin resdnance-iﬁdicatés that.these
are-not.coﬁfained in.ﬁhe‘férm of ion—vacancy'paifsléé in this‘case thé
hardening may arise Because'thé excess vacancies, or the presénCe ofv
Fer ions on interstitial siteé,.inéréaéé £he rate Qf]jog formation.on
_ the scfeﬁ‘dislocations.
| Effect of Pressure-

Experiments show that the CRSS is independent of pressure for NaCl

: crysﬁals of <100> orientation up to 10 kbars2p and Mg0 crystals of <111>
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orientaﬁion:up ﬁé S'kbars;el respectively. But it shoﬁld.bé ﬁoted théf.,,.
the situation is more complex for polycrYStalliné-méterials,.and“in Mg0
>there is & brittle-ducﬁilevtransitioﬂ witﬁ increasing.preésure, so3tha£'
large stfains (EZ 10%) may be achieved at room temperature ﬁitﬁbut frac-
‘ ture. 2t |
‘Effect of Irradiation‘
_Irradiaiioh produéeé a hardening invélkéliihalidess‘tﬁe magni£ﬁde
of which depends on'thE'ﬁime, te@perature, intensit&s andinatﬁré of the
radiation, and thé impurity level of the crystal. The theory of asymmet;
rical defeétslehas.been used to intefpret the magnitude and temperature
dependence of radiation hardening in'Ag—doéed KCl;22'but‘tﬁe theory pre-
dicts that defect élignment Wili lead to anisotropic hardehing, and this
is nof observed experimeﬁtally.23
: FACTORS INFLUEﬁCING THE BEHAVIOR OF POLYCRYSTALS;
Whilst'thé preceding sectibn shows that éeveré; factors significantly'.
influence thé stres—-strain behavior of single crystals, the situation for
poiycrystalline maferialsfis more complex. In particular, four addi-
tional features should be considered.
. Firstly, impurities may further influence the defbrmation behavior
in polycfystals due to preferential segregatién atvthe grain boﬁndaries;
either as a second phase or in solid sclution. F§r examp1é; it‘has'been'
shown that-Some coﬁmon impurities in polycrystalliné Mgo; such as Al;vCa
and Si, segregate to the boundaries even wﬁen'only present.in,amOunfs_as
small as 30 atomic ppm, although other impufities, such,aste,,tend to be
more uniforml& distributed.zu More complex ceramic systems may have a 

silicatevphase at the boundary.
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Secondl&,’thé density of.polycrystalline cerémicsbis invariably less
then the theoretical value for‘siﬁgie cryStals. As discussed in the
folloﬁing séction, the influence of this residual pofosiﬁy depends on
such feaﬁﬁres as the v,pi'imz.i.ry-pore location (1e whé.ther."along the gfain
boundaries'é? within the grains), the.siierand distribution of the intra-
vgranulafvpores,rand the average siie of the boundary poresvwith reépect
to thé grain size.

Thirdly, a pblycfystalline naterial is only éapable‘of_deforming
plastically; without the hucieation ofvinﬁernal‘VOids, whén_it possesses
five independent slip systems; This requirément is fulfilled in thevrock
salt structufevwhen”slip occurs on both the {110} <110> and {001} <l§0>
slip systems; in MgO, this'necessitates éithef.high temperatufes or %he
' ability_fqr'large stress concentrations to build up at the boundaries and
thereby nucleate slip on the {100} planes.

'Fourfhly, it is necéssary that these various slip systems are capable

|

of intérpenetration. A detailed investigation of MgO single crystalé,

4

tested in tension at an initial strain rate of‘ﬂ6}7_x 107 sec-l,-showed
that the 90° interseétioﬁs due to.slip on conjugaté'planes, whieh form
neutral (i.é. uncharged) jogs, are only possible at températﬁreé of 1300°C
and above, and the 60° and 120° intersections due to slip on oblique
planes, which form electrosta£icaily charged qus, only occur abover

- 1700°C;%?

although these temperatures may be lowered by a reduction.in
strain rate. In conformity with these results, tensile tests on re-
crystallized polycrystalline MgO show a brittle-ductile transition at

%1700°C.26' In compression tests, however, catastrophic fdilure.ié more.

diffiéult, and large streéses can then build up to aid the nucleation.
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and interpenetratioh of'the.different slip'syétems'a£ lower temperétﬁréé;,
for éxample, fhe 90°vintersections become possibie‘aﬁ temperaturés éé loﬁl
as 1200°C.
Stress-Strain Behavior of Polycfystalline Mg0
The coﬁsiderable significance of small changes in microstructgral
detail is~demonstrated By resﬁlts obtained. from compréssion_testszon sixx

27 .

different typés'of polycrystalline'MéO. All‘of these material; déf
formed pléstically at.l2QO°Ciénd gbove, but two types (5 and 6) exhibited
plastic flow at temperatures as low as 800°¢C and'a_third (£ypev§) at
1000°C. | |

' Examples_of.the microstructures of types 1-=h érebshgﬁn in'Fig.:Q;'ﬂa
Type i'(10werfléfi) was producedvby*hdt:pfessing g0 poWdér'with a3 ﬁt"%
LiF”édditive; giving a.transparent materiél *hich,was nominally fully-
dense but with a residual.Li content of 75 ppm; aAlthdugh electron .
miéroscopy.éhowea tﬁat.ﬁo'second phase existed at #he graih boUndarie3528
the occurrence of mﬁch‘intergrénulér fractﬁre at'iow‘tempefafﬁres in‘
.comparison,with,SPeéiméﬁs vithout'an additive suggesﬁed that LiF was
probably'preférentially segregated at the boundéries in solid solutioﬁ.
Typé 2 (lower right), 3 (upper left) and_h (upper right) Weie producedv1A
by isostatic pressing and sintering; énd.wére typically %l;S%.poroﬁs_but -
with variations in:the average pore Size and distribuﬁion.. The'miéro—
étructure-of type 5, which,waS'one of the tWOlmaterialévdeforming
plastically at théklower temperatures, is shown in greater detail»in
Fig. 10. This materiai was also‘¢i.5% porous, and ﬁa; obtained by
annealing the type 6 matefial at 1800°C. ' The poré;fréé regioné adjacent

to many of the grain boundaries prchably representTthé areas swept cut
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during grain_grbwth from the initial average grain size of 25vum té the
final size of 80 ym.
Althoﬁgh:thé microstructures of these materials apﬁear fairly

similar, thé;étfess—strain;cufves reveal significant‘différences; this

may be Seeg_by compariné the resuits at 800°C and 1000°C, as shown in
Figs.‘llvand l2, respectively. At 800°C, types 1-4 weére not ductile,

but types 5 ana 6 deforimed to strains >0.02.; Type 1 fractured at

40,000 péi;'represented by the vertical arrow, but the tests on types

2=k were diééontinuéd prior to fracture at %hs,OOO psi. At 1000°C,

types 1-3 fractured with little significant plastic deformation at stresses
in the range ®29—MS,OOO péi, but types 4-6 deformed to strains >0.02. A1l
specimens weré ductile to strains in excess of 0.02 at 1200°C. o

Figure 13 shdﬁs the‘yield‘strésses:calCulated from = strain offset

df.S’x lOmh és a function of temperature; togethef with the data described
earlier for single crystals hé.\}ing <lOC>'and.<Jl1> lOading axes; the
closed symbol‘for type 1 at 1000°¢C repfésents a fraéﬁure stress when no
yiélding occufred. The values recorded for typés 5 and 6 are iower than
for the <111> loédéd.singleAcrystals, and.this'at.first suggésts that no
slip occurrea on tﬁs:{OOI} <li0> slip s&stems. 'waever, wévy slip~1ines
résulting from slip on bbth ﬁhe {l10} and'{100}'systéms_were,visible on
the surféceé.of these‘specimeﬁsvafter testing at temperatﬁfes as low éé
'8009C,Ha1thqugh no wavy slip was obServedviqitypes l+3 ét_temperatures
beiow 1200°C. This indicates that $tress levels.of suffipienttmagnitude
were able to build up.atvthe grain béﬁndaries in types.S and 6 fo reaiize.

flow on the_secondary slip systems.
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The:mafked di fferences in.ﬁehayior for materialé of'similar density
(W98.5%)rshow,that the microstructural féatﬁres1influeﬁéing the stress-
strain relations in polycrystals are faifly compléx, ﬁarticularly'since
the_reéiization.ofhéeneral‘ductility at 1200°C céffesponds_with the
témperafufe'at'which.sucﬁ béhavior is obtained for single cryétals with
<100> andf<lli? orienfatidns,7’8 as indicated for the iatter orientation
in Fig. lh} vAn.analysis of the éxperimenﬁal observatipné in tefms,of-thev
material'cﬁaragteristics of the various specimen.types; described‘ih
detail elséwﬁere,gT.nggésts th factors which aid pléétiéity atvtempera;b
fUres below @120090:' | . |

(i) The grain boundaries should be sufficiently strong to alléw the
build-up.bffStress concentrations and nucleation vasiip on the:{IOQ}-'
system'and:to permif éxtensioh of slip bands acroés'ﬁhe boundaries.’ This
réquirésI(a)'that'they*aré relatively pore;free, and if boﬁndary-poresv
exist.they‘shbuld.be small with respect to the.grainisiZé,:énd.(b) that
they are frée from excessive amounts of impurities in solid solution.
Condition (a) is not fulfilled ip type 2, where the ratio of boundary
pores to gféin size is 0.2, condition (b) is nof fulfilied_invtype 1
due tb thé residual LiF which appears to veaken ﬁhé‘graiﬁ_ﬁoundariés; or
in type 3 due to .a higher amount ofvSiOZ and Ca0 éoﬂtent»whichvappear to
interfere ﬁith dislocation motion;" R

(ii) Very fine poreé distributed within thﬁlgrains_apbear ”to bé'
'beneficialé'pfobably becéuse they permit sd@e mass-accommodaﬁion:réf’
quired‘bécauée of the limited slip activity. Types 5 éndAGIQfe examples

of fairly pure materials containing fine intpagranular'?ordsity.
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' SUMMARY AND CONCLUSIONS

The.facfbré'ihfluenciﬂg the Stféss;étrain behavior of‘singlevcrystais‘
are'briefly reviewed; It is shown that the résuitsvobtained.under'é'
given set:df‘exPeriheﬂtéi conditions depend on feaﬁufes ranging from
crystal oriedﬁétibn, whiéh.is"readilj:detérminea, to less coqtrollable
parameters such aSjthe.presence,'dnd iﬁiﬁérticular the state of disper-
| sion, of certain impurities. Furthér cﬁmplexities-arisé-in pochrystéié
because of impurity segregation at the ﬁoundaries, the preseﬁéé and nature
of residual porosity;vénd problems associated wiﬁh.the av@ilability, and.
interpenetration, of the various slip systems.

An eiamiﬁation of experimental.resﬁlts 6btained on sevéral diffeient
types of pélycrystalline Mg0 spggesﬁs:that ductility is aided at‘tempera—.
tures less thanvﬁlZOO?C_ﬁy the presence of strong‘gréiﬁ boundaries and by.
very fine intragranuiér porosity. |
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FIGURE CAPTIONS
Séhématic representatibn of the'température.dependence:of:fhe i‘v
criﬁical resolﬁéd shéar s£ress (or'the yfeld streés) up to the:
absélute melting temperature, Tﬁ, for:stréiﬁ;rateé of El,-éz
and'ég. Region i isifhermélly—activated, région II is athermal,
région IIT is diffusion controlled, and region Iv representg
viscous damping.i‘“ | |

Normalized critical resolved shear stress (TC/G) as a function

of temperature for NaCl single crystals tested at two different

strain rates.

Flow stress as a function of temperature for MgO single crystals

tested at strain rates'differing by over seven orders of

'magniﬁude.s

Yield stress as_a function'of températuré for MgO single. .

6’758 The <111>

" orientation yield stress at 560°C is 71,000 psi and at 360°C

is 143,400 psi.

Stress-strain curves at 29L°K for NaCl single crystals having

Ca? concentrations of 2, 33 and 64 ppm, respectively.ll

Critical resolved shear stress as a function of temperature-

for "pure" and "impure" LiF single crystals showing effect of

thermal'history.;e

Critical resolved shear stress for MgO'single_crysﬁals teStéd

at room temperature as a function of the molar concentration

e D4

A



i.Eigi,B;VsTenperature varlatlon of the effectlve stress for LlF s1ngle’?ﬁr

pFig;'9;-EMlcrostructures of four types of polycrystalllne MgO type l 'f?:fas'
S [ _ S

. (lower left) 5 (1ower rlght) 3 (upper left) and h (upper

e i

rlght) g

: fié. 10. lecrostructure of type 5 polycrystalllne MgO
pFig, 11.. otress—strarn curves for six types of polycrystalllne MgO at .
~ 8oa°c. |

: »Fig._iQ.-ﬁstress—straln curves for 31x types of polycrystalllne NgO at

;1ooo°c.
_Fig,'lSJp;Yleld stress as 8. fuuctlon of temperature for MgO.s1ngle crystals s.
| “ ;fW1th.<1oo> and <111> loadlng axes), .and for,polycrvstalllne-

':ﬁspec1mens of types 1—6 g The closed symbol for type l at. lOOO° Sy
fgls a fracture stress in the absence of yleldlng. ' ff*:”tpf qfff.:"f
'.Frg."ihg;;Stress—strslu:curvesufcryMgO srngle~crystals hav;ngua-<ii1>ﬁilghﬂ}"";
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employmeht or contract
with the Commission, or his employment with such contractor.
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