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ABSTRACT
- Stress~strain curves for five types of polycrystalline MgO are

presented as a function of temperature. All ﬁypes were nominally dense‘
- and pure but differed in grain size, composition, and porosity. Above
1200°C deférmation occurred by grain boundary shearing accompanied in
some cases by slip; below 800°C, specimens fractured primarily by gfain
boundary parting with little permanent straiﬁ. Between 800°C and 1200°C,
' one type deformed plastically by slip; the other four types were brittle.
v The observed behavior is analyzed in terms of the presence of mobile

- dislocations, the resistance to dislocation motion, and.the strength of

grain boundaries,
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research assistant and professor of ceramic engineering, Department of ..

_Mineral Technology of the College of Engineering, and Inorganic Matérials
Research Division of the Lawrence Radiation Laboratory, Univetsity éf
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1. INTRODUCTION

In crystalé with the NaCl structure, slip can occur on two families
4 of slip systems, In those with ionic bonding, at low tehperaturés, dis-
locatiéns move on {}id} <1i0> slip systems producing stfaight slip steps;
‘at somewhat higher ﬁemperatures they can also move on {001} <110> slip
" systems produéing slip steps that are wavy, N For a polycrystalline.
material to maintain continuity dufing plastic deformaﬁion, its grains
" must Be able to undergo general changes in shape, Many years ago, von
Mises pointed out. that a general change.in shape requiies.sﬁearing on

- five independent slip systems.4 Groves'aﬁd Kelly have shown ﬁhat in

NaCl-type crystals slip must occur on both the {lld} <1i0>-and the

- {OOI} <1i0> families to provide five independent slip systems; the
{}10} <1i0> family alone pfovides only two.S Accordingly, polycrystal-
.line AgCl, NaCl, and KC1 are found to be britfle at low temperatures but
become ductile at the temperatures ﬁhere slip on both {110} <110> and
'{901}'<110> families is possib1¢.2’6’7

Hulse, Copley, and Pask have‘ﬁeasured the yield stress for {110} <110>

and {pOﬂ '<1i0>-s1ip in MgO up to 1606°C.8 Their measurements sugéest
that slip on both families of slip syséem; and hence ductility should be
~ possible in polycrystal}ine Méo, above 600°C; however, polycrystalline
Mgo with ductility comparable to polycrystallise AgCl, NaCl,“or KC1 has .
'.not'been reported.a’9 Only at temperatures in the neighborhood.of 1200°5.
"has polycrystalline MgO been observed to strainvsignificantly‘prior‘to
fracture, and, in this case, the straining was attributed to grain bound-

~ary shearing.9

o e e e ato
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' This investigatien~wes eoneernedfwith an_expleretory's;udy of the

-effect of struetﬁre*eon"the mechanical behavior of nominally dense poly-
fvcrystalline MgO, Specimens'frdm five sources produced by different

"'-fabrication methods were used,

 II. EXPERIMENTAL PROCEDURE

A. Types of Polycrystalllne M;O

The composition of each type of polycrystalline Mg0 was determined

- by spectrographic analysis, The constituents are reported in Table I

rh; as oxides of the elements, A description of each type follows.

Type 1 was made in the authors' laboratory using a technique based

on;one described by Rice.lo In brief, a mixture of powdered Mg0 with -

'_3%:L1F was hot-pressed at 1000°C at a pressure of 3000 psi for about

-3

 was then fired at 1300°C for 4 hrs in air. This procedure resulted in

" a transparent polycrystalline MgO containing approximately 75 ppm of
Lff with & density of 3,579 and with the microstructure shown 'in Fig, ‘1.

- The grain size was uniforﬁ, the largest cross sections being about 15y,

These specimens were called Type 1 (S.G.). Some of this type was given'-

% ' : ' : \
Structure is used in the broad sense to include composition, micro-

.‘ structure, flaws, ete, Microstructure refers \to the geometric dlstrlbu—
. tion of identifiable grains and phases.

T Private communication from Roy W. Rice states that radio-tracer tech-

‘ Tf;niques indicate that such specimens contain approximately 0.08% F. -

: f 8 All reported density values were.obtaiﬁed by use of Arcliimedes principle
.+ and are thus comparable; x-ray density value for MgO single crystal is
- 3.5733. .

mm-Hg)., The resulting compact .

-

e 4
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' 8 high‘temperature'anneal to cause grain growth, After this anmneal the
‘grains faried in size froﬁ region to region, and grain cross sectidns

- up to 100u were observed.‘ These specimens ﬁere called Type 1 (L.G.).
Type 2 was obtained from the Honeywell Research Center, Hopkins,
Minnesota, and was formad by an isostatic pressing anﬁ sintering ﬁethod.
It was white and translucent with a density of 3.546 and with the micro-
structure shown in Fig, 2, A number of veryvsmall pores can be seen
within the grains and on the grain boundaries, The largest grain C?OSS
sections are about S0u. |

Type 3 was obtained from the Avco Corporation, Wilﬁingtbn, Massachu-
setts, It was maae by hot pressing in an alumina die at about 10,000 psi
pressure and a‘femperature of abou; 1100°C as described by Spriggs,

- Brissette, Rossetfi, and Vasilos.11 It was blue~grey in color and
translucent with a density of 3,578 and.with tﬁe microstructure shown

.in Fig. 3. A few pores can be seen at‘threé grain junctions. The largest
grain cross sections are about 5.

Type 4 was obtained from the Los Alamos Scientific Laboratory 6f _
the University of California,_Los Alamos, Néw Mexico. It was made by
aqueous slié casting and then firing at 1600°C for about 2 ﬁxs as
described by'Stoddard.IZW‘Its density wa§”3.452, and its microstructure °
is shown in Fig. 4.A It is typiéal of crystalline materials sintered id;

the presence of a liquid phase iﬁ that the grakns are rounded, Large E
pores are visible within the grains but not on the grain bouﬁ@aries.v
 The lérgest grain cross sections are aboﬁt 1504,

a Typg 5 was obtainedrfrom the Union Carbide Co. and was made by .

'..casting from the melt, It was locally fairly dense but contained some
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large voids,” A representative microstructure is shown in- Fig. 5. A

'second phase and also cracks can be seen in the regions between graxns

The distribution of the second phase is not continuous as it is in the

- Type 4 specimen; The largest grain cross sections are about 400u.‘

B. 'Prggaration and Examination of Specimens

- Compression speclmens of each type of polycrystalline Mgo were cut 1'”
SR with a dlamond saw. The specimens were prisms with approx1mately square :
cross sections about 0.2 by 0.2 by 1.0 in, Coarse abrasive paper (2204) ‘

‘was used to grind specimen ends parallel,

Several specimens were carefully polished on one face to allow

metallographic examination before and after deformation,. The faces were

' (a) flattened by grinding with 600-grit SiC, (b) lapped with 1-2u diamond

grip, and (c) lapped with a high speed wheel using Linde A on Politex

Polishing Disks (Style PArK).* All specimens were chemically polished

- for 1 min in 85% oxrtho-phosphoric acid heated to about 150°C prior to

. deformation, This treatment produced, in general, a very smooth surface

- although pits were observed on a few'grains. The etching solution used

i . T

consisted of two parts 85% ortho-phosphoric acid and one part sulfuric

Pl

acid, MgO single-crystal specimens immersed in this etch for 1 min at ’

f; 26°C showed pits only on\the‘{loo} and {llO} faces,

_All photographs were taken with a Leitz Metallographic-Microscope

. (M5) using 4 by 5 in, Polaroid 55P/N film,- ‘ . e

C. 'Stress-Strain'Experiments

Stress-strain curves were obtained for each type of MgO at a number -
'of constant temperatures Specimens were loaded in compression at ‘a

';;:constant force rate such that the initial stress rate was- 20 psi/sec.

" Geosclence Instrument Corp,
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| ihe stressés were:calculated from initial spécimen c;oss-sections gnd

are reported as normai rather than resolved sheaf stresses, Strains

- were determined by measuring thé displacement of tﬁo small divot holes
initially 0.5 in, . apart on a side face of the specimen, All reported

‘ str@ius are true strains, the true strain being edual po the natural
logarithm of one_plusAthe engineering strain,

Specimens were heated in air in a furnace with MoSiz heating elements.
Alumina buttons were placed between specimen ends and the loading rams,
wﬁich were also made of alumina., ' Thin platinum sheets were placed
between the specimen ends and the buttons as reaction barriers, A
detailed description of the overall apparatus used in this investigation

will be published separately.13

III. RESULTIS
In a force rate experiﬁent, the slope of the stress=-strain curve

is related to the strain rate at small strains by the equation

do _ ig(9£>'1 - )
de dt dt ’ '

‘where 6 is the applied force diQided‘by the cross section of the undeformed
;, specimen, ¢ is the strain, and t is time."llt can be seen that for a
constaﬁt'fbrce rate a small slope of the curve‘indicatéé a high strain
rate; and a high slope, a iow strain rate, g -

Figure 6Ishows typical stress~strain curves for Type 1 (8.G.)
B épecimens at temperétures ranging from 1000 to 1500°C; At 1dOO°C frac-
v,'ture occurred with little bulk strain, ‘and the basic shape of the curve

is different from those obtained at higher temperatures, At 1400 and
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o '1500°C, after'initiel.yielding; the.stressestrain curves rapidly became

‘flat indicating high strain rates; and the experdiments were termineted

't'", by fracture of the alumina Supporting buttons, At 1200 and 1300°C -~

stress-strain curves are intermediate and terminated by fracture of the
specimen.4
After deformation it was noticedvthatlthe Type 1 (s.G. ) specimens

:had lost their, tranSparency, the 1400 and 1500°C specimens being appre-

" ciably opaque, These observations suggested that deformation mlght be * -

occurring by grain boundary'shearing and separation, =~ To check this
hypothesis, lines -approximately lp wide were scribed with a diamond

point on the mecnenically and chemically nolished surface_of a Type 1
(S.G.) specimen, ,Figure_7 shows the surface of this specimen after it
was strained 3% at 1400°C, The displacement of the scribed lines between
grains A and B isjclear'evidence_of grain bonndary-shearing. Of perticu-
lar interest is the cleavage fracture developing in_grain Af Such frac=-
ture is a necessary consequence of grain boundary shearing and allows

for accommodation .at three grain junctions, Although occasionally

:s'.occurring within grains (as in grain A), such localized fracture most

'-frequently occurred along the grain. boundaries
A second feature of.interest in Fig, 7 is the ghost lines which
‘were not present before the deformation experxment. These 1ines are

vngthe result of thermal etching and correspond to positions where the

"ffff;grain boundaries were stationary for a perlod of time at 1400° The

"fsifinal grain boundary positions are darker than the ghost lines. They

"are sharp bottomed due to the presence of the b0undary, while the ghost

;)‘1ines are rounded due to add1tiona1 thermal pollshing after the boundary

'moveda

et ey v o aa
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'The translucency §f the deformed Typeil (5.G.) specimens is thus
accounted for by localized fractures and.grgin boundary separations.
v Thése discontinuities also account for the high scréin rates shortly
after yielding because they réducé the cross-sectional area resisting
deformation, This effect is emphasized'with increasing stfain because
as the amount of 1ocaiized fracture increases, the gaps between grains
_join together to form long intergranular cracks roughly parallel to the
 loading axis. |

Figure 8 shows an intergranular créck in a Type 1 (L.G.) spgciﬁen
defofmed to fracture at 1300°C, Although little bulk straining by slip
'actually occurred, dislocation etch pits can be seen on the favorably ;
oriented grains, In a large grain specimen, the gaps resulting from -
: gfainlboundary shearing are quite large and can sﬁread easily causing
bulk fracture. Thus from 1000 to 1500°C, the Type 1 (L.G.) specimens
B were observed to fracture with little plastic strain, |

Figure 9 shows typical stress-strain curves for Type 2 specimens

at temperatures ranging from 400 to 1400°C. Experiments were s;opped
-prior to fracture to obtain the complete specimeﬁs for metallographic
- examination, It can be seen that the‘Typé 2 specimens were“duétile
“well below 1200°C, BetwgenYSOO and 120056, parabolic-éhaped streés-
strain curves wére obtained. At 1460°C, however, the curve was similar,
to that for the Type 1 (S5.G.) specimén in that it rapidly became flat
after initial yielding, suggesting that grain boundary shearing was
occurring at this temperaturg. At 400°C the stress-strain curvé was
:'hot parabolic and liﬁtle bulk_strain oécurred, vhile at 600°C it was

. intermediate in nature, Figure 10 shows the surface of a specimen

-~
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o deforoed at 400°v' ~Mahy grain Sgundééie; Vefe cracked; hoﬁever, ldttle
intragranular cracking was observed |

Figure 11 shows the surface of a Type 2 speclmen deformed about 5%
at 1000°C, This surface had Been mechanically and - chemically polished
. prior to.defocmation but was not treated after deformation, The dark

- spots were caused by the chemical polish and were visible on the surface

: before deformation, The wavy lines appeared after deformation and are

‘wavy slip' steps siﬁilar to those observed in NaCl, AgCl, and KCl.
These steps were quite pronounced and appeared in almost all of che
-grains. They‘occasionally‘crossed gcain bouddaries and often became
'forked as they approached grain boundaries, Similar steps were observed
“i'on specimens deformed at 800°C but not at 600° . The 1200 and 1400°¢'

. specimens were not prepared for this observation,

For purposes of comparison, stress-strain curves for the different.

types of polycrystalline MgO at 1000 and 1400°C are shown in Figs. 12

and 13, respectively, At 1000°C the stress-strain curves are similar

' i_in shape for all typeé except Type 2, which is the only one that showed

- _deformation by slip, Also, metallographlc examination of the surfaces

;of Types 1, 3, 4 and 5 specimens revealed no slip steps or other

evidence that bulk slip'had occurred, At 1400° C, grain boundary ehearing

l»or_separation was quite evidept_in all of the cypes{ and thefe were

' - greater variations in the shapes of the stress-strain curves and yield'

stresses.- | |
The Type 3 stress-strain curve at 1000°C was similar in shaoe_co .

;"that for the Type 1 epecimens except that ic ﬁad a considerably higher-

- strength at fracture; at 1400°C, the curve was similar ‘to those for

ca e e e oy era ¢ o
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‘Types 1 (S.G.) and 2 but it had a lower yield stress. The 1400°C

specimen was observed to have markings on its side faces lying at 45°

to the stress axis, These were interpreted as flow markings resulting

from extensive shearing along boundaries oriented for maximum shear

. stress,

~ The Type 4 specimen exhibited the greatest strength at 1000°C, but

. it fractured at a low stress and strain at 1400°C, The Type 5 specimens

“had comparable'stress-strain-cyrves but were weaker., Figure 14 shows a

surface after deformation at 1400°C, The darkening of the grain bound-

ary regions suggests that this specimen deformed by a progressive shear-

ing and fracture of the second phase,

IV. DISCUSSION

The interpretation of the differences in behavior of the various.

vtypes of polycrystalline specimens is complicated by the fact that the

number of specimens was insufficient to provide a systematic variation

of parameters such as porosity, grain size and composition because of

the unavailability of specimens with completély controlled struc-

_ tures, The types, hbwever, can be roughly classified into two groups

- on the basis of the presence of a second condensed phase, as observed

in the microstructures of Types 4 and 5 and suggested by the. analyses

“shown‘in Table I. Types 1 and 2 were similar in that they were rela- ;,

tively pure and lacked a detectable second condensed phase, The analyses

- 1indicate that Type 3 was intermediate in that it may have had 'a small

amount of second phase which was not optically distinguishable, -

Type 2 specimeﬁs were the only ones that exhibited behavior com-

parable to that previously reported for AgCl, NaCl, and KCl., At 600°Ci
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and below these specimens were brittle and their deformation was accom-

L panied by a pulling apart of grain boundaries, At 800°C and above they

 were ductile and wavy slip steps were observed, A transition from brittle :

.to ductile behavior thus occurred between 0, 28 TV and 0.35 T, 1In AgCl
' NaCl, and KC1 similar transitiona were observed in tension at: about '
‘-€_0.24 Tps 0.44 T, and 0. 40 Tps respectively. 2,6, 7 |
Before comparing the behavior of the different types of polycrystal-
:li'line MgO, the behavior of the Type 2 specimens will be considered in more
detail, The deformation of these specimens can be.further understooe'by
comparing thelr stress-strain behavior tovthat of uniaxially stressed
single crystals, TFigure 15 gives yield stress values for MgO single
}l-crystals with <100> and <l11> stress axes as a function of temperature.s’}4
'A <100> stress axis results in equal,'nonzero resolved shear stresses on
‘four {110} <110> slip systems, A <111> stress axis results in equaly
| nonzero resolved shear stresses on three {901} <1ld> slip systems. In
both orlentations the resolved shear stresses on all other {llO} <110>
and.{OOl} <110> slip systems are zero., The ratio of yield stresses for
I‘lsingle crystals with a <l11> stress axis to those with a <100> stress
';'axis provides a measure.of the'relative nobility of{disloéations on the

| two families of slip systems, This ratto/is l3:1'at 350°C, 4.5:1 at
600°C, and 2 9:1 at 1600°C, Because slip on both families of slip sys-‘._'

-~

' tems is necessary to satisfy the von Mises requirement an increase in

'ﬂ;f ductility with increasing temperature would be predlcted

Also shown in Fig, 15 are yield stress values for the Types 1 (S G. )
and 2 polycrystalline specimens, - It can be seen that the Type 2 speci-

";mens yielded at stresses considerably below those necessary to yleld a
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single crystal with a <111> stress axis, This fact is particularly
significant because a <l11> stress axis produces a near maximum resolved
shear stress of 0,472 x the uniaxial stress on the three {001} <110>

slip systems, Thus, slip on these slip systems in the randomly oriented .

~'g:r:a.ins of the Type 2 polycrystalline specimens could not have resulted

from the uniaxial stress alone but is evidence of additional stresses
between grainé.

These observations suggest the following explanation for the yield-

ing behavior of the-Type 2 specimens, With the application of stress,

slip occurs first on the {;ld} <110> slip systems because of their lower

resistance to dislocation motion, Slip on these slip systems can provide,
however, only two independent slip systems so that long range stresses

build up in each grain, Above the brittle-ductile transition temperature

' these stresses force slip on the {b01} <1i0> slip systems and yielding

- occurs in the polycrystalline piece., (This phenomenon was quantitatively

demonstrated for large grain polycrystalliﬁe LiF by Scott and Pask wherein

-a localized shear stress of 9000 psi was shown to develop on a slip sys-

tem on which the resolved shear stress due to the applied load was only -
880 psi.ls) Below thé brittle-ductile transition temperature these

stresses cause grain boundary separation before'they become sufficient

-

fractures without yielding, It follows that the brittle-ductile transi-

tion temperature in polycrystalline MgO should depend not only on the

‘mobilities of dislocations on the {110} <110> and the {001} <110> slip

w7. systems but also on_the'strength of the grain boundaries,

T
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It is also interesting to compare the strain hardenlng behavmor of

bn'the Type 2 polycrystalline speclmens to that of uniaxially stressed
.{:-single crystals in the temperature range where polycrystalllne deforma-
- tion occurred predominantly by slip (800-1200°C). According to earlier
7;measurements by Copley and Pask, single crystals compressed with <lQO>V
ﬁﬁ-stress axes exnibit moch less strain hardening than the Type.g specimensr

S _Although four slip systems are equally stressed in this orientation, slip

in a particular volume element of the crystal will generally occur on

- only two slip systems with orthogonal Burgers vectors. The interpenetra-

tion of slip on slip systems with Burgers vectors enclosing an angle of

60° (or 120°) is observed only where a transition occurs from one set of

"orthogonal slip systems to the other., Long range stress interactions

exist between dislocations on these slip systems, and dislocations with

"‘Burgers vectors at 120° can react to form sessile dislocation networks

14,16,17

- which are observed where such transitions occur, ™’ These observa=~

tions suggest that greater strain hardening should result from inter-
penetrating slip on the oblique slip systems than on the orthogonal ones,

In polycrystalllne Mgo, slip on f1ve 1ndependent slip systems in

,‘ieach grain is necessary for ductility and thus an interpenetration of

;’(

" 8lip on the oblique slip systems must occur. A measure of the amount
”‘ﬁ': of strain hardening that might be expected under these conditions is

. provided by the stress-strain behavior of single crystals with <111>

stress axes, In this orientation, slip occurs on three {901}{110>-

. slip systems providing that the ends are constrained from lateral move-

~:f'ment. The Burgers vector of each of these slip systems is at 120°

relative to the other two,. A comparison of the previously reported

PN ., g

L
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"_ strain hardening behavior of <111> oriented single crystals to that of

the Type 2 specimens shows that they are indeed cc>mparable.8’14

After considering in some detail ‘the Type 2 polycrystalline specimens,

their behavior will be compared to that of the other types of polycrystal-

line Mg0O, Of particular interest are the behavior differences exhibited

by the Types 1 (5.G.) and 2 specimens because of their similarifies in

. structure, As discussed earlier, both of these specimen types were

relatively pure and lacked a detectable second phase, They differed,

howevef, in grain size, in the presence of Li and F in the Typé 1 speci~

. mens, and in the presence of a dispersion of fine pores in the Type 2

specimens, The Type 1 specimens fractured without significant deforma=-
tion at 1000°C and below, while the Type 2 specimens exhibited ductile
behavior down to 800°C, Yielding was observed in the Type 1 (S.G.)
specimens only at 1200°C and above where they deformed primarily by
grain boundary shearing. As shown in Fig. 15, the Type 1 (5.G.) speci-.
méns.generally supported greater stresses than those required to yield
fhe Type 2 specimens without yielding themselves;

The less-ductile behavior of the Type 1 specimens may be caused by

" (a) lower dislécation mobility, (b) greater difficulties in initiating
7‘,slip, or (¢) grain boﬁndary weakness., A reduction of the mobility of .

- dislocations may be éaused by the presence of Li and F, Gorum, Luhman,-
';and Pask have shown that small solute additiong can increase the yield
’?::stress of MgO single crystals by as much as four times.18 Microhardness
' 3'measurements on both types of specimens, however, detected no difference

Ijin hardness,

ey e b e
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" If dislocations and slip-areeinitiated‘at'ohiy_a few points in a

..grain, they will cause nonhomogeneous stress concentrations and fracture,
“,iStokes and Li on the basis of room temperature tensile experiments on

polycrystalline MgO concluded that mobile dislocations can be introduced

19

o through stress concentrations associated with' pores, Thus, it is
':~possib1e that the presence of the small amount of pores in the Type 2

~ -specimens may play a significantlrole in initiating slip and developing

ductility, This explanation, however, would -be ruled out at higher

temperatures when the grain boundaries may also act as effective sources

‘of mobile dislocations, Copley has shown that dislocations in subgraxn

20

Lastly, the presence of Li and F in the Type 1 specimens, preferably

at'grain boundaries, can be expected to have a significant effect on

' the structure, strength, and behavior of the grain boundaries. Modifica- -

tions in their structure can increase the difficulties in forcing slip
on {901} <aio> slip systems in adjoining grains, On this basis, the

Type 2 specimens have grain boundaries whose strength and characteristics

are considerably ﬁore favorable for allowing the forcing of slip on
‘._'{Qdi}‘<1i0>-slip systems and the development of wavy slip, The greater

.'ductility of the Type 2 specimens than Type 1 (S.G.) does not appear to

be attributable to some unknown favorable role of their larger grain

size since the Type 1 (L.G.) specimen, whose grain size is still larger,

'f';_showed no ductility at 1000°C

The greater strength and 1ack of ductility of the Type 3 specimen -

 at 1000°C can be attributed either to the smaller grain size or the
' presence of impurities, These factors, partlcularly the latter, could

"also be responsible for the lesser strength at 1400°C

-~

F I
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The Type 4 specimen showed the higheét strength and a limited

- strain with no géneral ylelding at fracture at 1000°C. The presence

of a second phase at grain boundaries apparently prevented a sufficient

build-up of localized stress either to initiate slip or to force flow

on {901} <lo> slip systems, The second phase may have also played a
‘'role in sealing crécké that ﬁay have developed., The weakness and lack
;iii of ductility at 1400°C indicated that'the boundary phase was.behaving
':as a‘liqdid of relatively low viscosity.

"The weakness of the Type 5 specimens at 1000°C can be attributed

te the presence of large pores and cracks on their grain boundaries

which cause early failure, At 1400°C, failure is apparently due to

shearing along grain boundaries,

V. CONCLUSIONS

This exploratory study has provided several general conclusions as

to the nature of the mechanical behavior of polycrystalline MgO,

. 1.

The ductiliﬁy of polycrystalline MgO is limited at high témperatures

A by grain bounﬁary shearing and at low temperatures by the high
. stresses required forlslip“on the {901}‘<1i0>‘slip systems,

- In an intermediate temperature'range ductility is pdssibie in

compression provided that (a) slip can be initiated homogeneously,

: (b) the resistance to dislocation motion is not too great, and
.:(c) the grain boundaries are sufficiently strong to resist separa-
" tion or shearing,

'f'With ductile deformation, the strain hardening of polycrystallinevv

/. Mg0 is comparable to that of <l11> oriented single crystals.
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At low temperatures, the strength of polycrystalline MgO is seriously

limited by the presence of grain boundary porosity.

At low temperatures, a continuous grain boundary phase is not neces-

sarily detrimental to strength; at high temperatures, such a phase

. is generally weak and leads to fracture of the polycrystalline pieceA

with little strain,

B e e e
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of Polycrystalline Mg0O™

Table I, Spectroscopic Analysis of Various'Types

UCRL~11943

-'l,.Constituents | Typeé of Polycrystalline Mg0
1 2 3 4 5
' :,»LMg Principal constitqent of all 5 types
\ e - 0.025% © 0.03% 0.1 %
Cipa - -- -- 0.004 -
st . 0.01 _‘Z‘ 0.015 % 0.03 0.4 1.0
M - -- 0. 003 £ 0,003 - 0.006
o Al':\v:.( © . <0,005  <0.005 <0.005 < 0,005 | . < 0.005
ca 0.003 0.02 0.25 0.2 0.25

L cu 0.0008 = 0,0008 ~ 0,0008 =  -- 0. 0005

T 0,006 | - 1 0.003 - -

: Li . 0.0075 -- -- -- --
M - - 0.002 0. 005 " 0.003
er 0.004 - 0,006 0.001 < 0.001

B -- - ‘/-- - 0,15
0. 0288 0.0408 . 0.3248 0. 648 1.5155

* Anélyses made by the American Spectroécopic Laboratories, San

- Francisco, California,
*.. . indicated,

Constituents reported as oxides of the elements

-
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FIGURE LEGENDS

Surface of an undeformed Type 1 sﬁecimén; poiished and etched,
Surface of an undeformed Type 2 specimen, polished and etchéd;

3 specimen, polished and etched.
Surface of‘hh undeformed Type 4_specimeﬁ, polishedrapd»eCChed.
Surface'of‘aﬁ undeformed Type 5 specimen, polished and etched,
Stress;strain curves for Type 1 (5.G.) MgO specimensAioaded
at 20 psi/sec.
Grain boundary shearing in Type 1 (S.G.) MgO strained 3% at
1400°C, |
Ihtergraﬁular fracture in Type 1 (L.G.) MgO deformed at 1300°C.
Stress-strain curves for Type 2 Mgdvspecimens loaded at 20 psi/sec.
Intergrapular fracture in Type 2 MgO deformed at 400°C.
'"Wavy slip" in Type 2 MgO strained several percent at 1000°C.
Stress-strain curves #t'IOOO‘C for various types of polycrystal-
line MgO, Loading rate 20 psi/sec. .
Stress-strain curves at 1400°C for various types of'polycrystal-.
line Mg0. Loading rate 20vpsi/sec. |
Type 5 MgO deforméd at 1400°C showing fracture of boundary phase.
Yield stress vs temperature for the {110} <110> and {oo1} <1lo>

slip systems, and for the Type 1 and Type 2 specimens.
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Ny - 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

B. 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.
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