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" ABSTRACT

Stress-étrain curves are presented for.MgO single crystals; com~
E'pressed thh {100) and {111) stress axes, for temperatures of 1000 to
1600° ’ The yield stress of {100) specimens decreases slightly ;n this
'; temperature range. Tee strain-hardening rate passes through a”meximum
at abeut 1iOO°C and decreases by'e factor of about 8 at'1600°C.- Abere
f this temperatere, the strain rate of {100) specimens is much 1ess sen~
g sit;;e to ehanges in stress and the shape of the stress-strain curves
ehanges. The yield stress of {111) specimens decreases rapidly with
inereasing temperature withoutva.change of slope up to 1600°C, The
ratlo of the yield stresses for (111} and <100) specimens decreases

';contlnually from 1200 to 1600°

. Part presented at the Fifteenth Pacific Coast Regional Meetlng, The
_American Ceramic Society, Seattle, Washington, October 18, 1962 (Basic
" Science Division) and part at the Sixteenth Pacific Coast Regional Meeting,
~ Los Angeles, California, October 25, 1963 (Properties of Ceramics Symposium),

s . This paper is based on part of a thesis submitted by Stephen M. Copley
~in partial fulfillment of the requzrements for the degree of Doctor of
. Philosophy in engineering science, Un1versxty of Callfornla, Berkeley,
' Callfornla, June 1964,

At the time this work was done the writers were, respectively,

' research assistant and professor of ceramic engineering, Department of

‘Mineral Technology and Inorganic Materials Research Division, Lawrence
-~ Radiation Laboratory, University of California at Berkeley, S. M. Copley
is now associated with the Advanced Materials Research and Development

- Laboratory, Pratt and Whitney Aircraft, North Haven, Comnecticut.
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Various stress rates were used to obtain a measure of strain

hardening at 1300°C, Static recbvery experiments were carried out at.

lOOO and 1400°C. At 1000°C static pinning occurred during the unloaded
petiod;lat 1400°C, 'Brthorecovery" occurxed,

Stress=strain curves were‘analyzed by a dynamicAapproach based oﬁ&
the length of moving dislocation line in the crystal and the average

dislocation velocity,
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1. INTRODUCTION

Investigations of stress-strain behavior and the distribution of

. dislocations in deformed single~crystal specimens have led to a more

© . detailed ﬁnderstanding of the mechanism of plastic deformation of MgO

at room temperature, Stokes, Johnston, and Li have shown that disloca-
tion movement is initiated on {110} <1i0> slip systems by the expansion

of dislocation half loops which are present at cleavage steps, scratches,

" and other points of damage at the crystal surface.1 Johnston and Gilman

have measured the expansion velocities of individual dislocation half

loops in LiF and have shown that they vary with temperature and impurity

content and are extremely sensitive to stress.2 Johnston has dbservggw_

- @ similar behavior in the case of MgO.

‘As' a dislocation loop expands, it leaves in its wake "debris" in

the form of elongated edge dislocation pairs or dipoles, which have been

‘directly observed by Washburn and coworkers in thin foils of MgQ with

the electron microscope.4’s These dipoles obstruct further-diélocation
mermenﬁ on active slip planes but also provide the mechanism for spread-
ing ofvmobile dislocation lines to adjacent atomic planes.5 Because
dislocation movement within slip bands is obstructed by the'presence.of
dipoleé, moSt movement occurs at slip band edges through undeformed

regions;6 Hoover and Washburn have shown that subsequent to yielding

 the length of mobile dislocation in LiF is proportional to the number

-.of interfaces betweenislip bands and undeformed materia1.7' Strain

hardening was not observéd until slip band overlap and intersection

became. important,
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At elevated temperaturés; much less is known about the relationship
of.dislocation behavior to the plastic deformation.of MgO, Hulse and
vPask,s Thompson and Robert:s,9 and also May and Kronberglo'havevstudied
the.spiess-strain behavior'of MgO slngle crystals compressed in a (100)
_direetion_at temperatures up to 1200°C. Elkington, Thomas, andvWashburn
" have studied the dislocation "debris“ in slip bands of Mg0 specimens
deformed at temperatures up to 1300°C uéing the thin foil transmission
.eleepron ﬁicposcope technique.11 Day and Stokes have recently.reported
on deformation studies of Mg0 siﬁOle crystals pulled in a (100) dlrection
at a constant crosshead dlsplacement rate at temperatures up to 2000°C 12.
' Hulse, Copley, and Pask13 have reported stress-strain curves up to 1200°C
for single crystals compressed in a (lll) direction and have shown that,
above 350°C, specimens oriented in this way deform on the {lOO} (Oll)

' slip.systems; .

In this investigation, stress-strain curves are presented for boph
:7‘<100>-and_<lll) oriented single crystals, compressed at a copstadt stress.
.;ate at temperateres raﬁgipg from 1000 to 1600°C. The effect of jarying
" ‘the stress rate.and.the‘static recovery behavior have also been investi-
gated Stress -strain results have been analyzed by extending the dynamlc

approach developed by Johnston and Gllman for explaining the yield

behavior of LiF single crystals in a constant displacement rate test,

' ; ' : s . o . . 2,14
- to the constant stress rate method of resting used in this investigation.™

A/’ '

I1. EXPERIMEWTAL PROCEDURE

/

(l) MeO Slngle-Crystal Specimens

Specimens, w1th typical d1mensxons of O, 225 by 0,225 by 1 in,, were

- prepared-from aggregates of large MgO crystals obtained from the Norton
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Co,, Worcester, Massachusetts, and from the Muscle Shoals Electrochemical j

'_Corp;, Tuscumbia, Alabama,* The {100) loading axis specimens weré formed;v_'
| by cleaving;  the (111) loading Axis specimens were cut as described
pfeviously,¥3 Aftef.final shaping by grinding with 220A sandpaper, all‘
spécimens were polished for 1 min in 85% orthophosphoric acid at 110°C

to remove part of the damage, The specimens, h@wever, probably had many
dislocation sources on theif surfaces., Stress-strain curvés obtAined'

" under the same experimental conditiohs for crystals from both sources

“were found to be quite similar,

f'(2)‘ ngéss-Sérain Tests

All specimens were loaded in.compression at a constant stress rate
of 20 psi/sec; The reported stresses were calculated from initial gémple
'C?OSS seqtiohs and are actual compréss;ve stresses, Strains were decer-
| m;ﬁéd by measuring the displacement ofiﬁwo small divot holes'initially
' ‘0;5 in, aparﬁ'centered on a side face of the specimens., All reported

" strains afé true strains, the true strain being equal c0’thé natural
: 1ogérithﬁ of one plus the engineering strain,

Ea?ly experiments indicéted-that the specimen ends ﬁended to trans=-
late in a pléne perpendicular to the loading axis, This translétion
':was évoided by anchoring alumina buttons{ which were placed as stress '
ldistributbrs between the ends of the specimen and the loading rams, to
'the‘loading rams; A strong bond déveloped at ;he specimen~-button
.intérfaces, even in the presence of thin ‘sheets of platinum that wefem;”
placed there as reaction barxriers, Thus, constraiﬁing tﬁe buttons .

constrained the specimen ends as well,

*Spectroscopic analyses indicated for Norton Co. crystal—Fe 0,01, Mn 0.0015,
Al 0,005, -Cu 0,0015, Ca 0.01, and Cr 0.001%; and for Muscle Shoals Electro=-.
. chemical Corp. crystal=-Si 0,004, Fe 0,006, Mn < 0,0008, Al 0,005, Cu 0,001,
- Ca 0,12, and Cr 0,002% (values are reported as oxides of indicated elements),
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A furnace, using MOSig hairpin-shaped elements, was constructed to
~enable obtaining stress-strainicurves at constant temperatures up to
1600°C in air. A détailed‘desctiptibn of the overall apparatus used
in ﬁhis investigation is to be published sep;arately.1

III. RESULTS

L

~ (1) Stress-Strain Curves for (iOO) Stress Axis

' «/" ) ' 3
Stress-strain curves for specimens with a (}OO) stress axis at tem-
. J ‘
peratures from 1000°C to 1600°C/are shown in Fig., 1. This orientation
/

results in a maximum resolved shear stress on four of the six pdssible
.slip systems belonging to thel}lO} <1i0> family; the resolved shear

stress vanishes on the other two slip systems as well as on the {}00}{b1i>
family; ‘The four consist of two pairs of orthogonal slip systems which
intersect at 60 deg., Although the behavior of individual specimens

agreed qﬁite well up to 1300°C,'some variation was observed for the
differeﬁt specimens tésted'at 1460°C. It was thought that this variation
might<be'reléted to differeﬁces in.iﬁpurity content between‘specimeﬁs.

- Thus, the stress-strain curves for 1300, 1510, and 1600°C, shown in

. Fig. 1, were obtained for single crystais cleaved from the same crystal

~ block. FigurelZ shows the yiéld stress values, corresponding to the
V‘StreSQISupported by the specimens at 0.1% strain, vs temperature. Only
a,s;ight decréase inAyiéld étréSs dccurs for this orientatibn in the
temperature range of 1000°C to 1600°C.: |
Of particplar interest fo? teméeratufes above 1160°Cmis thé cﬁange

in the general shape of the stress-strain curves with the appearance of - -

~ a gradual yield, This'ttansitiqn from an abrupt 'yield becomes more
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apparent at€higher temperatures, Specimens were not normally deformed -
to failure at temperatures above 1100°C; they were~often strained 15%
‘without the appearance of cracks, At 1400°C one specimen was strained
" 307% without the appearance of a crack,

As a measure of strain~hardening rate; the slope of the first
apprdximately linear portion of the stress-strain curve extending over
. an appreciab}e strain is plotted vs temperature in Fig, 3, At 1100°C
and below it was observed that as the stress at a given strain decreased,
this slope increased, Abovea1160°c this slope decreased.rapidly with

Tw

:increaSing temperature, Data points at 1000°C and below in Fig. 3 are

taken from the paper by Hulse and Pask.8

(2) Stress-Strain Curves for {I11) Stress Axis

Stress-strain curves for ‘specimens with a {111) stress axis obtained
at'temperatures from 1200°C to 1600°C are shown in Fig, 4. This orienta-
tion results in an equal resolved shear stress on three of the six
{}OO} <011> Sllp systems, and no stress on the {}10} <}10) famlly, as
prev1ously discussed. 13 It is apparent that the strain hardening is
]9consxderab1y greater than that observed in the curves for the (100>
v.orlented spec1mens This result is undoubtedly due to the long range
v repulsive ‘stress interactions between rntersectlng dlslocatlons arxsxng
because the Burgers' vectors of the three active slipvsystems are at
r60.deg to one another, As a consequence it was particularly difficult
; to constrain the sample ends from translating in planes perpendicuiari

vtohthe stress ayis. in the 1500 and 1600°C specimens such translation

resulted from slip taking place predominately on one {}Od} (pli)_slipv

system as was verified by examination of slip band birefringence with -

" polarized light,
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The yiéld stresses for (111) oriented specimens were considerably |

greater than those for the (100) orientations and continuously decreased

. up to 1600?0, as seen in Fig, 2. The ratio of the yield stresses is

(3) Intersection of Slip Planes

Figure 5a shows a (;00) oriented single crystal strained 14,87% at

~° 1400°C., An interesting feature of this specimen is the vertical striations

which'appear on the upper part of the front face, Figure 6 shows a'{}OO}"

' surface cleaved parallel to the front face of the crystal, The steps

appearing on this surface show that there are dislocation boundaries

that go back from these striations through the volume of the crystal,

~ Figure 7 shows a {}Od} surface cleaved perpendicular to the front face

of the crystal and also perpéndicular to its stress axis, The steps on
this surface indicate that the dislocation boundaries lie on {}ld} planes.
These striations and dislocation boundaries are associated with

deformation bands resulting from the separation of regions that have

deforméd by slipping on planés at 45 deg to the crystal surface (bulging

" bands) from those that have slipped'on planes at 90 deg (flat bands).

At temperatures up to 1600°C, slip in a given region of a specimen

deformed in this orientation was observed to occur only on two slip

planes at 90 dgg‘to each‘other. Slip on one such orthogonal set of

slipbsystems apparently blocks élip on the other orthogonal set even

though both sets have the same resolved shear stress, It is thus

~'indicated that even at the'highesﬁ‘test temperatures the 60-deg inter=-

sections of Ghe Burgers' vectors are éonsiderably.more difficult than

the 90-deg intersectionms, .
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Figure 5b is a photograph of the same specimen under'polarizea
light, The birefringence is a result of elastic distortion in reg;ons
where the density of.dislocations of one sign is great, .The localizatiop
of‘disloéation damage as indicated by this photograph is particulafly
interesting since the etched crystal surface gave 1iﬁ£1e’indication that

such localization might exist. Etching revealed only a dense continuum

of pits,

(4) Effect of Stress Rate

The effect of various stress rates on the plastic deformation of

o

{100) oriented specimens at 1321°C is shown in Fig. 8, At a given strain,

the slope of the stress-strain curve generally decreases with a decrease

‘in_the loading rate, as was the case at room température.9 The effect

on the bulk yield stress was slight, although there was a decrease with

-

' decrease in loading rate, None of the specimens showed any fractures up

to the test limit of 15% strain,

" (5) Recovery Experiments

Figures 9 and 10 show the resuits of static recovery experiments
carried out at 1000 and 1400°C for specimens compressed in the'(lOO)

direction with a stress rate of 20 psi/sec during the loading periods.

. The specimens were yielded, unloaded for a period of time, and then

- yielded again, This cycle was repeated several times., The stress-strain

quve'obtained at 1000°C, following this procedure, is particuiarly
inﬁereséing because thé abfupt yieldiﬁg foilowed by a high strain rate
indicates that'a pinning of dislocatidns, probably by diffusion of
impurity étoms ﬁo them,'occurred_while the specimen was unloaded, Thish
S 6 .

result is consistent with previous observations by Elkington et al, ” and
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also by May and Kronberglo of the appearance of a yield point for Mg0
deformed ‘above -750°C, |

Some idea of the rate'of pinning can be obtained by comparing the

~ results of unloading the specimen for various lengths of time, Little

pinning was observed after unloading the specimen for 2 min, but the
5-min period produced as much pinning as the 30-min one.

At 1400°C the static recovery behavior of Mg0 is quite similar to

‘:that of a metal deformed at a temperature exceeding half its melting

~point, Much of the dislocation damage introduced during plastic étraining

Y

anneals out during the unloaded periods. This "anmnealing-out'' appears
to occur quite rapidly, The term 'orthorecovery' has often been used

-

to describe this behavior in metals,

Iv. DiSCUSSION

- (1) The Slope of the Stress-Strain Curve at Constant Stress Rate

‘The slope of stress-strain curves obtained at a constant stress rate

is related to the plastic strain rate by the equation

L do | do (geNP .
de ~ dt dt . S (,)

The plastic strain rate can be related:to dislocation behavior by the

~ equation /

. : v
de _. o _..‘ /b" - o (2)
T R | L

wheré P is the éotalqlength of/hobile'dislocation in the crystal
: o : ' ,/ _ s ' . \
b is the magnitude of the Burgers' vector,

divided by the crystal volume,

W
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g .
-
- v is the average dislocation velocity, and m is a geome%rical constant

.

equ;l to 1/21for single crystals of MgO stressed iﬁ a (&OO) direction,
"Johnston and Gilman'32 measurements of_dislocation'vélocities in

LiF and Johnston's3.measurements‘of dislocation velocities in MgO show

that the velocity of screw énd edge dislocations is related to the’

resolved shear 'stress by an equation of the form

Vo=, (%)n, | e

where T is the resolved shear stress, v, equals 1 cm/sec, and T, and n

¢

“are constants, Johnston and Gilman also found that in LiF edge disloca-

tions travel at a substantially greater velocity than screw dislocations.

-

‘Because of this velocity difference they show that

0

v 2vg, : »b (W)

g is the velocity of screw dislocations,

where v

5xEquations (1) to (4) can be combined to give

: do _ 1 do | (5)
C de’ p b v, (T/T,)P dt 7 ' _ .

‘ .whexe.m Has been‘set'equal to 1/2 ana i; is the appropriate c&nstant.for
.3§rew di;lédatiqns. Thus, if (a) the éonstancs T, and'n, (b) the:shear
st?e;s acting‘on'mobile dislocation 1inéJ and (c) the variation of f
'duripg plastic deforﬁation are known,‘the slope of the stress-strgin_g
'-curve at conStan# stress rate can be predicted,

(2) Yielding Dynamics at Room Temperature

During the bulk‘yieldiﬁg of MgO single crystals at room temperature,

both the shear stress acting on a mobile dislocation line and the
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- variation of ; P during plastic deformation are known, #he shear stress-
acting on a dislocation moving through undeformed crystaf is just the

‘resolved sheér stress calculated from the applied load, AiSo, because

dislocation movement is restricted to slip band edges, P is’ proportional

to the amount of interface area between slip bands and undeformed crystal, °
Thus,lfor specimens in which a moderate number of slip bands form, P

shoﬁld'change rapidly during the period of slip band formation early in

: yielding when the strain rate is small and then remain essentially constant

during yielding, If T in equétion (5) is-'set eqdal to the resolved shear
1 . i 7 . s v .
stress, 7 0, and p is held const%Bp; equation (5) may be integrated to

- give directly the stress-strain curVe at small strains,

/ | -
/
/

’ . Vob - do -1 1
€ = TEI (pos“) (5;) o, S (8)

-~

°

"where o = 2 T,. If P o:n and n were known for the crystals used in

‘this investigation, a direct comparison could be made between theoretical

and experimental stress-strain curves, Because these parameters are not

‘known, the consistency of equation (6) with experimental stress-strain

" curves was checked by determining whether it could reproduce such curves

to 33.and p o,

based on reasonable values for p oj" and n.

Curve 4 in Fig. 11l was thus calculated from equation (6), with

e ofn and n chosen so that curve A would match curve B which is the 26°C

curve shown in Fig., 1. The best match was obtained by setting n equal

33 equal to 4,82 x 107135 cm'zApsi-33. This value of n

is similar to values obtained by direct measurement of dislocation

velocitie§ in LiF and MgO.2’3 It will be shown that the value given for
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iF o:n is also quite reasonable (a) by establiehing an upper limit for' o;.;vf
(assuming that n equals 33), and (b) by showing thatfthe corresponding»v »
“to 4,82 x 10"135 cm” 2 psi” 33 is consistent thh the results of etch pit
2 "studies.-
" The distance, c; that a dislocation moves during a time t can be
vi'obtained Byiintegratihg'equerionv(3) (Tvand I; have been replaced by c":
Cand @) - o . ,; ‘ o
v;/t(E".KE)_)n-dt. ' | _'(7)'-.
% ' % ' | _ |
L}An upper iimit for o, can, therefore,"be.calculated based on the fact'
that screw dislocation bands were observed in the gage sections of speci- 
"j’mené deformed at room'temperature at about 0,1% strain. In the case of -
'c7ﬁ“ffj{;:u the specimen wﬁose stress-;train behavior is represented by curve B, a
 }{f[;ii4l:.;.strain of 0.1% correéponded to a compressive stress of aBOut 14,800 psi. . '>
The stress4rete for this specimen was 20 psi/eec and thus, at this stress, -
o loading had been in progress for 740 sec, The formation'of screw dig=
location bands could not have occurred unless screw dislocations had moved
‘T” at,1east 3 mm, Thus, an uppex lﬁnlt can be set for T, by making the |
”}t_appropriate substitutions in equatian(Z) and by carrying out the inte- ir::h

-gration, The calculated'upper limits fornfb;"and P are given in

" Table I,

Washburn and Goruxix6 have eetimated the number of etch piCS formed

1n an edge dlslocatxon band of Mgo to be on tﬁe order of 109 -2. Edge

‘"“5%Q‘<' dislocation bands were abouc 1 cm long in the compressxon specimens, and

‘ l*?.f/afj . the total number of dlslocatxon bands formed in the gage sections of

- upper limit for P, as determined by the condition that P be equal ‘%,:}Af;-

o
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is assumed that 1/50 of the etch pits lying within 0.1lu/of slip band
edges éorrespbnded to mobile dislocationé, én the basis that (a) only

dislocations 1y1ng close to slip bgpd'edges can be mobile, and (b) most

K

- of the etch pits in edge dislocation bands correspond to dislocation

dipoles; then, p should be about 2(200) x 107 x 1 x 109 x %6 =

8 x 1()4 Cm'z; This value is in reasonable agréement with the calculated

hpper limit and thus it is concluded that both the values for n and

~n . IO s
p o, used to "fit' curve B are comsistent with the known experimental

facts.

It is of particular interest that additional assumptions with regard

. to unpinning of dislocations or the sudden generation of mobile disloca-

tion line.by dipoles are not necessary to explain the shape of the stress-

-~

strain curve at room temperature, The curve is determined by the stress

dependence of the dislocation velocity. The agreement of the calculated

.and experimental curves supports that slip band formation in the specimen
occurred at strains less than 0,001,

-(3) Yielding Dynamics at Elevated Temperatures

No measurements have yet been reported of the temperature variation .

of average dislocation velocities in MgO. Such measurements have been

y

made, however, for LiF over a relatively narrow. temperature range which

' showed that increasing the témperature from 77 to 300°K decreased T,

while n remained about constant.'2 Assuming a similar behavior in MgO,

S

curve C in Fig. 1l was calculated with the same values of p and n as

, curve-A'but with o adjustédrto give the same yield stress as curve D

‘which is the iOOO°CTin:Fig. 1. This curve and the éxﬁerimental curve D

5

o TR e
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il"approach each’ other
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e:both show aisharp yield as predlcted by equatlon (6) The increased‘wee
1slope of the experlmental curve beyond the y1e1d is due to straln: |
Ahardenlng whlch‘Occurs at small stralns. This behaylor suggests chat
”idislocation interactious>exist at small strains at 1000° C which do'not{

. occur at room temperature and which are not taken into account by the -

equation.
On the basis of the dominant role of dislocation mobility in deter-

mining the shape of the stress-strain curve at room temperature and the

- temperature dependence'of dislocation mobility observed in the case of

/

"LlF the most, stralghtforward explanation for the decrease in yleld stress -

i
Lt

for (100) 'stressed specimens with ‘increasing temperature would appear to
~ be increased dislocation mobility, A difference in di510cation mobility

fis~alsoiprobah1y responsible for the difference in yield stress between

-

."specimens stressed in (100) and (111) dtrections; When-a dislocationv
":dmoves*ou_a‘{lld} plane, ions ofvooposite sién aoproach each other at'the

‘icore of the dislocation ih a ’hddolide" position, For dxslocatlon move—v‘
'u‘ment on {}Od} planes, on the other hand Gllman has p01nted out that

fyvstrong repulslve forces develop because ions of‘llke sign are forced to

16

.-;:ence in dlslocatlon moblllty on {}Od} and {}ld} planes, it seems unlxkelyv_ .
'tf_that the bulk yleld stress of ionic SLngle orystals thh the NaCl struc-
- ture should bedthe same for both sllp systems'at temperatures up to the

"~ melting point.

Curve:E in Fig; 11 is a'curve calculated using'equation'(6) with

P’ and n chosen to match curve F which is the 1300°C curve from

:Flg._ .' In thls case the best match was’ obtalned by choosxng n to be

’;dabout 2, Thus, at 1300°C the strain rate is much less sensxtlve to stress’

Because of this structural reason for the dlffer— hd;"
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" than at 1000°C.7 Similar.shapes were observed for all specimens tested ',;‘l'

‘equation (6) no longer apply: the dislocation velocity may no longer

ﬂv;be represented by equation (3); the shear stress acting on moving dis-

R part in determining the shape of the eress strain curve during yielding.

(4) ‘Strain Hardening

=14~ UCRL-10316

‘above 1100°C, It is likely that this decrease in stress sensitivity'is..ﬂ
due to a decrease in the stress sens1t1v1ty of the dislocation veloc1ty;u.'

Such a decrease might occur, for example, if dislocation motion becomes

' limited by the nonconservative motion of jogs. 1t is doubtful, however,
-that the assumptions made in developing equation (6) aré valid above

'1100°C

Equation (6), for example, does not correctly predict the effect of

" varying the stress rate at 1300°C as it does at room temperature. - This’

S

condition becomes apparent,by’comparing the experimental curves in Fig. 8
“with curves G-80, G-2, and G-20 (same as E) in Fig. 11 which were calcu-
-lated using the same values of Ps s and n as curve E, Although the

" calculated curves predict qualitatively the correct behavior, the agree~

" ment with respect to the magnitude of the stress rate effect is poor,

It thus appears. that one or more of the assumptions used to derive

10cations may hoplonger be that calculated from the applied load due to

" interactions between dislocations arising from a change in the distribution .
» ofvdi31ocations at small SCrains; or the. parameter p may no longer be
‘constant in the yield region. ‘The implied decrease in the streSs depend- .

'ence of the dislocation veloc1ty would also cause P to play a greater"

A material lS said to strain harden lf ltS yield stress increases

upon‘reloading after an increment-of plaStic strain; the-slope of a



- .where such resistance is least,
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*. stress~-strain curve is thus often taken as a measure of strain-hardening

rate, In making such an interpretation, however, it must be realized -

that the resistance of a test specimen to dislocation motion may vary'

considerably from region to region because of inhomogeneity of disloca-

tion damage and that the slope of the stress-strain curve at a given—"

 strain indicates only the resistance to dislocation motion in the region

al

Tor a given applied load,'strain hardening results from a decrease

of the net shear stress acting on moving dislocations due to stress

»

- interactions between the moving dislocations and other dislocations and

defects present in the deformed volume, It can also occur in a compres-

‘sion specimen as a result of lattice rotation relative to the compression

axis, A decrease of the net shear stress acting on moving dislocations

~

causes them to move more slowly or to stop moving altogether, ' Thus, the

' length of moving dislocation line, the average dislocation velocity, and

 consequent1j the strain rate all decrease for a given applied load,

Figure 3 shows that %%r measured at the first approximately linear.

:f part of fhe stress-strain curve is about twice as large at 1000°C as it
:  is at 26°C; The‘reason for thié”increase is not clear, Informa;ion»onrr
;the distribution of dislocatiﬁné in deformed cfystals at various stages
iof déformatiOn aé.a functi6n of températuféuis neededﬁto'prOperiy'inter-'
".\'Pfet this,éfféét; ‘Etch piﬁ aﬁdﬁstfess‘ﬁireffingencevtechniques are now

";iibeing'uSed,tovobtain such information,

'f'Beyond'1100°C, QE{‘bégihslto decrease rapidly with increasing

v teﬁpérature'and By 1600°C has decfeasedvbyfa'factor of about 8. It seems

© likely thatithisﬁdeérease results from the rapid "annealing-out' of .

s



. dislocation dipoles due to increased diffusion rates in this'temperature’7i"”
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,Vrahge', Washburn et al, 3 and also Elklngton et al, 11 have observed that
'fdlslocatlon dlpoles in Mgo are not stable at elevated temperatures and

plnch off into a series of small prlsmatzc loops separated by dlstances_

of sevaral'tlmes their diameter, . The annealing-out of this type of

‘defect probably accounts for much of the/recovery observed in the‘static

‘frecovery experiment at 1400°C, ///

~ . /

The statlc recovery experiment at 1400°C also indicates that a part'

=of the dislocation damage produced at 1400°C is stable and lnterferes

-

with further dislocation moveﬁent. At each successive 1oading,‘yie1ding

occurred at a higher stress, The results of the stress rate experiments
-shown in Fig., 8 also indicate that thermally stable dislocation damage
' is produced which accumulates with increasing strain, This effect can

-be seen by comparing the strain rates at 10,000 psi/for the various'&

constant stress rate curves (Table II). The smallest strain rate was

~ observed at 2 p51/sec because thlS specimen had strained the ‘most even
:though'the time to anneal out thermally unstable damage was greatest for

" this stress rate.

- One type of dislocation damage stable at 1400°C is that represented PR

by the dislocation boundaries associatéd with the vertical striatioms on

" the surface of the specimen shown in Fig. 5a. As pointed out earlier,

p 90 deg and 45 deg to the spec1men surface

5 movxng on oblxque {}10} planes as dlscussed by Kear, Taylor, and Pratt

these boundaries separate'regions that have deformed on slip planes at

Two types of dlslocatlon boundary can be formed by dlslocatlons o
17
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PR } : _
a) Dlslocations moving on - obllque planes thh Burge ' vectors

- _that enclose an angle of 60 deg experlence a repulsxve force 'Reactions.

of the type

[101]+ [011] = %[iiz] | (i)

. do not occur because they cause an increase in elastic energy. A bound-
. ary may form, however, which can lie on any contact plane,
'b) ‘Dislocations moving on oblique planes with Burgers' vectors that

enclose an angle of 120 deg experience an attractive fqrce.' A reaction.

of the‘type'

2 ..z..‘?.l 7 = 2 1] ii
5 [101] + 5 [011]_ = (o] _(i1)

f—can occﬁr to fotm segments of edge.dislocation line lying aieng'the [11i]

: ditection;( These segments can move only in the (112) planes and are
&'7‘therefore'se5311e.' A boundary can form which in the case of (101) [101]

.”and (011) [011] dlslocatlons lles on the (110) plane and. consists of.
;téf— [110] edge dislocations lylng one above the other and parallel to [lll]
Each of the boundarles descrlbed above has a [111] rotation agls as l55

a';determined‘hy the cross preduct_blvx ba. Thus, the first boundary with a. .

(110)~contaet'plane'is'atmixed tilt-twist bOundary; while the second with

o a contact blane of (110) is a pure tilt’boundery, The mixed type of -

'*7;'boundary has been reported to form-in squat compre351on spec1mens of NaCl

18

7>:} :however and should be rather dlffuse it thus seems'unlikely that they
'-f are responsible‘for the stable,-sharp boundaries lying on {110}'p1énes.“?'
M"fthat were observed in our spec1mens These boundaries are théught to

'lbe the pure tllt boundarles ‘They have previeusiy been observed ‘to form

"'Vand KCl by Taylor and Pratt - Such bounder;es¢are hlgh-energy boundar&es,;.;h



; =18= ; : ‘ UCRL-10316

..in_Nadl; LiF,:and MgO bend séeciﬁens by Stokes, Johnston, and Li, 12
‘.Bouﬁdériés of this type will remain sessile unless'some complex disloca~:

* tion mo?ément takes élace such ds glide on {112} planes; thus explaining
‘Eﬁheif'pé:sistence.up to 1600°C; They attract or repel dislocatiohs_ﬁith
‘a forcé which décreéses graaually'with temperature because their only

temperature dependence comes from the decrease in the shear modulus,

V. SUMMARY
_ Stress~strain curves have been obtained for single crystals of Mg0

deformed at constant stress rate in compression at 26°C and at 1000 to

51600°C1in'(100> and (111} orientéﬁions; Below 1200°C, the experimental
;'cufvés are consistent with the ﬁypdthesis thét yielaing behavior is -
\;xdéfermined'ptimarily by the dis1ocation'mobiiity due to a 1afge n in
- equation.(3). ’Above 110060, the strain rate becomes much less'$tress
ﬁféensitive.. This fact sugéests that theidislocation velocity may be less
”igbsifess senéitive and that F; the length of dislocation line, thgréfore,-
. piayswa gfégter.patt invdetérﬁining yield Behavior (n is small). |
| Algog.above 1100°C the straih-hardening'fa;e was observed tp'décrease
‘"and cleavage fracturé was ﬁotloﬁger observed in specimens défofmed'up to
. 15% at these loading rates.z.A# 1406°C, "6rthorecovery" was observedl
‘which was not the caée at'1000°C.'.A11K£hese effects are believed to be
'*};elatédvto the onset of rapid diffusion. The “annealing-out' of dipoles
: gréétly'decregéés thé dislééatibn dénsity and, thus, the resiétaﬁc¢ >w
Céncounte:ed by dislocation§ éé.cgey move thrbugh‘thé crYstgl. There
.eXistsréétween dis1o§ations méving.on oblique slip planes, hqwevef, a 0

.long range stress interaction because: their Burgers' vectors enclése an

[P



' boundaries cannot disperse until some complex dislocation movement takes

/’_.
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) ;

_angle of 60ideg (or 120 deg). These dislocations can react to form

sessile boundaries which interfere with dislocation movement, Such' - 3 -

I
H

>

" place such as glide on {}12} planes,

The resistance to dislocation motion on {}OO} planes in the {111)

specimens is high because in this orientation the Burgers' vectors of
.. the three active slip systems are at 60 deg (or 120 deg) to each other.

It would also be predicted on the basis of structural considerations that’

the mobility of ¢islocation5'on {}OO} pianes would always be less than

~on {}10§_p1anes. The yield stress, however, for {111) oriented crystals

' _contiﬁu6us1y approached the yield stress for crystals with a {100) stress

-

A axis from 1000 to- 1600°C, On the basis of ekpefiments with LiF, it would

 be expegted-that a sharp chaﬁge in slope of the yield stress vs tempera-

-

ture curve would occur at some temperature slightly above 1600°C.
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i Table I. Parameters used to calculate

! theoretical stress-strain curves

‘ CurVé_' ‘- T °C o 3‘(§si/séc) - a o; (psi) - P.(ém/cm3)

A, 26 20 33 16,640 9,47 x_1o4

B 26 20 . . | .
¢ 1000 200 -33 - 4,580 - 9.47 x 10%
] ;'_'iooof i:" f 20 . i' o
 ﬁE' ! - 1320 . 20 208 142,200 B '9.47'x:1o
" F ';: :u1321:‘ - 20 ‘  77_‘ - | ,'_; - e
¢ 1a s 2.08 142,200 9.47 x 10%
o 1321 20 S " o

1321 2 o " "
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Table II.
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of 10,000 psi

‘Stréin rates at a stress level-
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do . .,
s (pSL/sec)

do
e (psi)

de -
it (sec 7)

1

165
80
20

2.

1.8 x 10°

4

8.0 x 10
© 5.0'x 10%

2.0 x 104

0.9 x 1073

1.0 x 1073
44 x 1074

1.0 x 1074

0.032

0.038

0,060

0. 080

4
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FIGURE LEGENDS

Stress-strain curves for Mg0 single crystals compressed with a
{100) stress axis at various temperatures., All specimens were

loaded at 20 psi/sec. The specimens deformed at 1300,v1510, and

.1600°C were cleaved from the same crystal block,

” The yield stress ?s temperature curve for crystals with {100}

and (l11) stress axes compressed at 20 psi/sec. The {111)

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

'is 143,400 psi.

;. Slope of the first linear portion of the stress-strain curve,

vs temperature for {l00) oriented single crystals.

Stress-strain curves for MgO single crystals compressed with a
{111) stress axis at various temperatures, All specimens were
loaded at 20 psi/sec. -

: Séecimen deformed 14,8% at 1400°C

' (a) . illuminated by reflected light

7.

.(b).'between crossed polaroids, illuminatedvby transmittedrlight.

. Cleavgd‘suffacevparallel to the front face showing the deformation

bands picturéd in Fig. 5;

Cléaved §ﬁrfa¢e perpendiéular to the front face and to the stres$

axis showing deformation bands, . /- .



. Fig. 8. Stress-strain curves for MgO single crystals compressed with a N

"Fig,ll,r'Calculated and expetimental stress-strain curves'forngO singlé :
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- . ‘ , . . j ‘
{100) stress axis at various constant stress rates, The

specimens . deformed at 165, 80, and 20 psi/sec wefe.all cleaved

" from the same crystal block,

Fig, 9, Static recovery experiment on MgQ single crystai at 1000°C.

Specimen loaded at 20 psi/sec.

".Fig.lo. vSﬁatic recovery experiment on MgO single crystal at 1400°C;

Specimen loaded at 20 psi/sec, ' s . o
!
crystals deformed under various conditions. The identification

‘of the curves is given in the text,
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. - ‘_’Récove"ry' experiment =
T=1000 °C
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Fig. 9

006

MU.32275



.35 . UCRL-10316

I : R _Recovery experiment D EEEEE.
A . T=1400 °C

Stress (psi 'XIO‘3) - )
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0 o002 - 004 . 0.06
S .. True strain |

MU-32274
Fig., 10
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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

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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