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ABSTRACT 

Stress-strain curves are presented for MgO single crystals, com-

pressed with (100) and (111) stress axes, for temperatures of 1000 to 

l600°C. The yield stress of (100) specimens decreases slightly in this 

temperature range. The strain-hardening rate passes through a maximum 

at about 1100° C and decreases by a factor of about 8 at 1600° C •. ~ Above 

this temperature, the strain rate of (100) specimens is much less sen• 

sitive to changes in stress and the shape of the stress-strain curves 

changes. The yield stress of (111) specimens decreases rapidly with 

increasing temperature without a change of slope up to 1600°C. The 

ratio of the yield stresses for <111) and <100) specimens decreases 

continually from 1200 to 1600°C. 

. Part presented at the Fifteenth Pacific Coast Regional Meeting, The 
. American Ceramic Society, Seattle, Washington, October 181 1962 (Basic 
Science Division) and part at the Sixteenth Pacific Coast Regional Meeting, 
Los Angeles, California, October 25, 1963 (Properties of Ceramics Symposium). 

This paper is based on part of a thesis submitted by Stephen M. Copley 
in partial fulfillment of the. requirements for the degree o·f Doctor of 
Philosophy in engineering science, University of California, Berkeley, 
qalifornia, June 1964. 

At the time this work was done the writers were, respectively, .•"' . 

· . research assistant and professor of ceramic engineering, Department of 
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Mineral Technology and Inorganic Materials Res~arch Division, Lawrence 
Radiation Laboratory, University of California at Berkeley. s. M. C9pley 
is now associated with the Advanced Materials Research and Development 
Laboratory, Pratt and Whitney Aircraft, North Haven, Connecticut. 
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Various stress rates were used to obtain a measure of strain 

hardening at 1300°C. Static recovery experiments were carried out at 

1000 and 1400°C. At 1000°C static pinning occurred during the unloaded 

period; .at 1400° C1 "orthorecovery" occurred. 

Stress•strain curves were analyzed by a dynamic approach based on 

the length of moving dislocation line in the crystal and the average 

dislocation velocity. 

;· 

. ~ . . . ' 

/ 
I 



:;;.:~ 

.~·:i·v;~· 
~,.....,.... 

' .. ~~~ 

/ 

-1- UCRL-10316 

I. INTRODUCTION 

Investigations of stress-strain behavior and the distribution of 

dislocations in deformed single-crystal specimens have led to a more 

detailed understanding 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) (1io) slip systems by the expansion 

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

1 and other points of damage at the crystal surface. 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 a+e extremely sensitive to stress. 2 

3 
a similar behavior in the case of MgO. 

Johnston has observed 

,. 
As a dislocation loop expands, it leaves in itS wake "debris" in 

the form of e~ongated edge dislocation pairs or dipoles, which have been 

'directly observed by Washburn and coworkers in thin foils of MgO with 

4 5 
the electron microscope. ' These dipoles obstruct further ·dislocation 

movement on active slip planes but'also provide the mechanism for spread­

S ing of mobile dislocation lines to adjacent atomic planes. Because 

dislocation movement within slip bands is obstructed by the presence. of 

dipoles, 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 
. 7 

of interfaces between slip bands and undeformed material. Strain 

hardening was not observed until slip band overlap and intersection 

became. important. 
..... 

.o 
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At elevated temperatures, much less is known about the relationshi~ 

of dislocation behavior to the plastic deformation of MgO. Hulse and 

8 9 10· Pask, Thompson and Roberts, and also May and Kronberg have studied 

the stress-strain behavior of MgO single crystals compressed in a (100> 

direction. at temperatures up to 1200°C. Elkington, Thomas, and Washburn 

··have studied the dislocation "debris" in slip bands of MgO specimens 

deformed at temperatures up to 1300°C using the thin foil transmission 

1 . h . 11 e ectron m~croscope tee n~que. Day and Stokes have recently reported 

on deformation studies of MgO single crystals pulled in a (100) direction 

at a constant crosshead displacement rate at temperatures up to 2000°C. 
12 

. 13 . 
Hulse, Copley, and Pask have reported stress-strain curves up to 1200°C 

for single crystals compressed in a (111) direction and have shown that, 

above 350°C1 specimens oriented in this way deform on the (100} (Oli) 

slip systems. 

/ In this investigation, stress-strain curves are presented for both 

(100) and (111) orie~ted single crystals, compressed at a constant stress. 

rate at temperatures ranging from 1000 to 1600° C. The effect of varying 

the stress rate and .the static recovery behavior have also been investi-

gated. Stress-strain results have been analyzed by extending the dynamic 

approach developed by Johnston and Gilman, for explaining the yield 

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

' h d f ,' . d . h. . . . 2,14 · to the constant stress rate met o o ;:est~ng use ~n t ~s ~nvest~gat~on. 

II. EXPERIMENTAL PROCEDURE 
,/ 

(1) MgO Single-Crystal Specimens 

Specimens, with typical dimensions of 0. 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 

Corp., Tuscumbia, Alabama.* The (100) loading axis specimens were formed;; 

by cleaving; the (111) loading axis specimens were cut as described 

previously.~3 After final shaping by grinding with 220A sandpaper, all 

specimens were polished for l min in 85% orthophosphoric acid at ll0°C 

to remove part of the damage. The specimens, however, probably had many 

dislocation sources on their surfaces. Stress-strain curves obtained 

under the same experimental conditions for crystals from both sources 

were found to be quite similar. 

(2) Stress-Strain Tests 

~11 specimens were loaded in compression at a constant stress rate 

of .20 psi/sec. The reported stresses were calculated from initial sample 

cross sections and are actual compressive stresses. Strains were deter-

mined by measuring the displacement of .two small divot holes ·initially 

0.5 in. apart centered on a side face of the specimens. All reported 

strains are true strains, the true strain being equal to the natural 

logarithm of one plus the engineering strain. 

Early experiments indicated that the specimen ends tended to trans-

late in a plane perpendicular to the loading axis. This translation. 

was avoided by anchoring alumina buttons, which were placed as stress 

distributors between the ends of the specimen and the loading rams, to 

the loading rams. A strong bond developed at the specimen-button 

interfaces, even in the presence of thin 'sheets of platinum that were 

placed there as reaction barriers. Thus, constraining the buttons •. 

1 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 Huscle Shoals Electro­
chemical Corp. crystal--Si 0.004, Fe 0.006, Ym < 0.0008 1 Al 0.005 1 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 MoSi2 hairpin-shaped elements, was constructed to 

enable obtaining stress-strain curves at constant temperatures up to 

1600°C in air. A detailed description of the overall apparatus used 
. 15' 

in this investigation is to be published separately. 

III. RESULTS 

(1) Stress-Strain Curves for <ioo) Str~ss Axis 

/ 
Stress-strain curves for.spe~ifuens with a ~00) stress axis at tem-

; 

peratures from 1000° C to 1600° C ;are shown in Fig. 1. This orientation 
I 

results in a maximum resolved shear stress on four of the six possible 

.slip systems belonging to the,Q.10} (liO) family; the resolved shear 

stress vanishes on the other two slip systems as well as on the (1oo}<o1i) 

family. The four consist of two pairs of orthogonal slip systems which 

int~rsect at 60 deg. Although the behavior of individual specimens 

agreed quite well up to 1300°C1 some variation was observed for the 

different specimens tested at 1400°C. It was thought that this variation 

might. be related to differences in impurity content between specimens. 

Thus, the stress-strain curves for 13001 1510, and 16~0°C1 shown in 

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

bloc~ Figure 2 shows the yield stress values, corresponding to the 

stress supported by the specimens at 0~·1% strain, vs temperature. Only 

a slight decrease in yield stress occurs for this orientation in the 

temperature range of 1000° C to 1600° C.· 

Of particular interest for temperatures above 1100°C is the change 

in the gener.al shape of the stress-strain curves with the appearance of. .. 

a gradual yield. This transition from an abrupt'yield becomes.more 

.. -----~ 

0 
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i 
I 

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 

30% without the appearance of a crac~ 

As a measure of strain-hardening rate, the slope of the first 

approximately linear portion of the stress-strain curve extending over 

an appreciable 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. Above 1100°C this slope decreased rapidly with 

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 (111) 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 

{100} {Oli) slip systems, and no stress on the {110} (lio> family, as 

previously discussed. 13 It is apparent that the strain hardening is 

considerably greater than that observed in the curves for the (100) 

oriented specimens. This result is undoubtedly due to the long range 

· repulsive stress interactions between intersecting dislocations arising 
i 

because the Burgers' vectors of the three active slip systems are at 

60 deg to one another. As a consequence it was particularly difficult 

to constrain the sample ends from translating in planes perpendicular 

to the stress a~is. In the 1500 and 1600°C specimens such translation 
.•:"" 

resulted from slip taking place predominately on one {100) (Oli) slip 

system as was verified by e~amination of slip band birefringence with - · 

polarized light. 



i 
' ,. 

t 
'· 

-6-

.1" 

The yi~ld stresses for (111) oriented specimens were considerably 

greater than 
1
:those for the (100> orientations and continuously decreased 

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

about 13: 1 at 350° c, 4.· 5: 1 at 600° c, and about 2. 9: 1 at 1600° c. 

(3) Intersection of Slip Planes 

Figure 5a shows a (100/ oriented single crystal strqined 14.8% 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 t100}: 

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 {.100) surface cleaved perpendi~ular to the front fa.ce 

of the crystal and also perpendicular to its stress axis. The steps on 

this surface indicate that the dislocation boundaries lie on {uo} planes. 

These striations and dislocation boundaries are associated with 

deformation b_ands resulting 'from the separation of regions that have 

deformed by slipping on planes 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 d~g to each other. Slip on one such orthogonal set of 

slip systems apparently blocks slip on the other orthogonal set even 

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

· indicated that even at the highest test temperatures the 60-deg inter-

sections of ~the Burgers' vectors are considerably more difficult than 

the 90-deg intersections •. 
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Figure 5b is a photograph of the sa~e specimen under polarized 

light. The birefringence is a result of elastic dis.tortion in regions 

where the density of dislocations of one sign is great. The localization 

of dislocation damage as indicated by this photograph is particularly 

interesting since the etched crystal surface gave little 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 

(100) ori~nted 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 temperature. 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 results of static recovery experiments 

carried out at 1000 and 1400°C for specimens compressed 'in the (100) 

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 

curve obtained at 1000°C1 following t~is procedure, is particularly 

interesting because the abrupt yielding followed by a high strain.rate 

indicates that a pinning of dislocations, probably by diffusion of 
.•·"' ' 

impurity atoms to them, occurred. while the specimen was unloaded. This 

result is consistent with previous observations by Elkington et al. 6 and 
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10 also by May and Kronberg of the appearance of a yield point for }~0 

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 ~0 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 straining 

anneals out during ·the unloaded periods. This 11annealing-out 11 appears 

to occur quite rapidly. The term 11orthorecovery 11 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 

= 
da­
dt 

( .9..§.)-1 
\. dt • (1) 

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

equation 

dE: 
dt = 

/ 
where r is the total length of/mobile dislocation in the crystal 

/ 

(2) 

.. , . 
divided by the crystal volume, . b is the magnitude of the Burgers' vector'; 

0 
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v is the av~rage dislocation velocity, and m is a geometrical constant 
I 

·, • I 

equal to 1/2', for single crystals of MgO stressed in a (1.00) direction. 

Johnston and Gilman's
2 

measurements of dislocationv~locities in 

LiF and Johnston•s
3 

measurements of dislocation·velocities in MgO show 

that the velocity of screw and edge dislocations is related .to the 

resolved shear ·stress by an equation of the form 

(3) 

where T is the resolved shear stress, v
0 

equals 1 em/sec, and T
0 

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 

where v s is the velo_city of screw dislocations. 

·. Equations (1) to (4) can be combined to give 

1 = do­
dt ' 

(4) 

(5) 

where m has been set equal to 1/2 and T0 is the appropriate constant for 

screw dislocations. Thus, if (a) the constants T
0 

and·n, (b) the_shear 

stress acting onmobile dislocation line, and (c) the variation of p 
during plastic deformation are known, the slope of the stress-strain 

curve at constant stress rate can be predicted. 

(2) Yielding Dynamics at Room Temperature 
.··· . 

During the bulk yielding of MgO single crystals at room temperature, 

both the shear stress acting on a mobile dislocation line and the 

J 
,l 
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variation of\ f during plastic deformation are--known. Jfhe shear stress­

acting on a dislocation moving through undeformed crystal is just the 

J resolved shear stress calculated from the applied load. Also, because 

dislocation movement is restricted to slip band edges, p is· proportional 

7 to the amourit of interface area between slip bands and undeformed crystal. · 

Thus, for specimens in which a moderate number of slip bands form, p 

should 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 Tin equation (5) is-"set equal to the resolvedshear 

1 
stress, 2 a- 1 arid p 

I 
/ 

is held constant-, equation (5) may be integrated to 
/ . 

give directly the stress-strain curve at small strains, 
I 

€ = 

I 
I 

Vo b 

n +, 1 (6) 

-n d where o;; =' 2 T0 • If p a;. an 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 e-quation (6) w~th experimental stress-strain 

curves was checked by determining whether it could reproduce such curves 

based on reasonable values for p a-;n and n. 

Curve A in Fig. 11 was thus calcula~ed from equation (6), with _.,. 

f o-:n and n chosen so that curve A would match curve B which is the 26° C 

curve shown in Fig. 1. The best match ~as obtained by setting n equal 

to 33 and p ~33 equal to 4.82 x l0-135 cm- 2 psi-33• This value of n 

is similar to values obtained by direct measurement of dislocation 

velocities in LiF and MgO. 213 It will be shown that the value given for 

.... 

. ;• 
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f ~:n is also quit~ reasonable (a) by establishing an upper limit for cro 

(assuming that n equals 33), and (b) by showing that the .corresponding 

·. ; upper limit for p , as determined by the condition that p' ~:n be equal .''; 

., ·. 
I 

,,'_ ... 

:to 4.82 x lo-135· cm-2 psi-33 is consistent with the results of etch pit 

studies. 

The distance,. d, that a dislocation moves during a time t can be 

obtained by integrating equation (3) (T and To have been replaced by a".· 

and cro) 

(7) 

.. 
... An upper limit for can, therefore, be .calculated based on the fact 

... '. 

• • J • 
.. 

- . ~ . . ' 

., . 
···,..\ ·, 1., 

.. t 
• ! . 

' .. -~, . :>··. 

: .· .. 
' • f ~ : < 

·.,.' 

. .. -. 

.. 
' 

. /. '. 

that screw dislocation bands were obs.erved in the· gage sections of speci- . 

mens deformed at room temperature at about 0.1% strain. In the case of 

the specimen whose stress-strain ~ehavior is represented by curve B, a 

strain of 0.1% corresponded to a compressive stress of about 14,800 psi •. 

The stress rate for this specimen :was 20 psi/sec and thus, at this. stress,. 

loading had been in progress for 740 sec. The formation of screw dis-

location bands could·not have occurred unless screw dislocations had moved 

at least 3 ~· Thus, an upper limit can be set for T
0 

by making the 

appropriate substitutions in equation O.? and by carrying out the inte-

· gration. The calculated upper limits for ~ and p are given in 

· Table I • 

Washburn and Gor~6 have. estimated t:he number of etch pits forDied · 

9 -2 in an edge dislocation band of MgO to be on· the order of 10 em • Edge 
!"'" 

dislocation band~- were about 1 em long in the compression specimens, and · 

the total number of dislocation bands .formed in the gage sections of 

'· 
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specimens w~th a moderate amount of surface damage was ~bout 200. If it ' 
; 

is assumed that 1/50 of the etch pits lying within O.lf.LfOf slip band 
I 

I • . , 

edges corresponded to mobile dislocation~, on the basis that (a) only /. 
dislocations lying close to slip band' edges can be mobile, and (b) most 

// 

of the etch pits in edge dislocation bands correspond to dislocation 

dipoles; then, p should be ab~t 2(200) x 10-5 x 1 x 109 x ~O = 

8 x 104 cm- 2• This value is in reasonable agreement with the calculated 

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

p ~n used to "fit" curve B are consistent 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 Pynamics at Elevated Temperatures 

No measurements have yet been reported of the temperature variation 

of average dislocation veloc.ities in MgO. Such measurements have been 

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

showed that increasing the temperature from 77 to 300°K decreased To 

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

·-·--curve c in Fig. 11 was calculated with the same values of p and n as 

curve Abut with a;, adjusted to give the same. yiel~. stress as curve D 

which.is the l000°C in Fig. 1. This curve and the experimental curveD 

" 

t 
I 
1 0 
L 
1 
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both show a \sharp yield as predicted by equation· (6). The increased 

.slope of the \experimental curve beyond the yield is due to strain 

I . .. hardening whic'h occurs at small strains. This behavior suggests that 

dislocation interactions 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 
/ 

· .. 

. / 
·· LiF, the most straightforward explanation for the decrease in yield stress 

. . ,/ 
for (100) stressed specimens with 'increasing temperature would appear to 

~· I 
be increased dislocation mobili.ty. A difference in dislocation mobility 

is also probably responsible for the difference in yield stress between 
~ 

specimens stressed in (100) and <111) d~rections. When a dislocation 

moves on a {110} plane, ions of opposite sign approach each other at the 

core of th~ dislocation in a '~idglide'' position. For dislocation ~ove­

ment on {100} planes, on the other hand, Gilman has pointed out that.~· 

strong repulsive forces develop because ions of lik~ sign are forced to 

approach each other. 16 Beca1,1se of this structural reason for the differ-. 

ence in dislocation mobility on {10o} a~d {uo} planes, it seems unlikely 
. . 

that the bulk yield stress of ionic single crystals with the NaCl struc-

.ture should be the same for both slip systems at temperatures up to the 

melting poin't. 

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

· ~, f, and n chosen to match curve F which is ·the 1300° C curve from 

Fig. 1. In this case, the best match was obtained by choosing n to be 

about 2 •.. ·Thus, at 1300°C the strain rate is much less sensitive to stress 
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than at 1000°C. · Similar shapes were observed for.all specimens tested 

·above 1100°C. It is likely that this decrease in stress sensitivity is 

due to a decrease in the stress sensitivity of the dislocation velocity.· 

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

limited by the nonconservative motion of jogs. It is doubtful, however, 

· that the assumptions made in developing equation (6) are valid above 

'1100° c. 

Equation (6) 1 for example, does not correctly predict the effect of 

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

condition becomes apparent .bi comparing the experimental curves in Fig. 8 

with curves G-801 G-21 and G-20 (same as E) in Fig, 11 which were calcu-

lated using the same values of p1 ~~ 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 

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

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

locations may no.longer be that calculated from the applied load due to 

interactions between dislocations arising from a change in the distribution 

of dislocations at small strains; or the., parameter p may no longer be 

constant in the yield region. The implied decrease in the stress depend-

ence of the dislocation velocity would also cause f . to play a greater 

part in determining the shape of the stress-strain curve during yielding. 

', (4) 

/ 
Strain Hardening 

A material is said to strain harden·if its yield stress increases 

upon reloading after an increment of plastic strain; the slope of a 

I 0 
~ 

\. 
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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 
;,) 

where such resistance is least. 

·For 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 
·, 0 

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

. ' .~ 

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

consequently the strain rate all decrease for a given applied load. 

Figure 3 shows that da-d€ measured at the first approximately linear. 

part of the stress-strain curve is about twice as large at 1000°C as it 

is at 26°C. The reason for this increase is not clear. Information on 

·the distribution of dislocations in deformed crystals at various stages 

of deformation a~ a function of temperature is needed to properly inter-

pret this effect. Etch pit arid stress.birefringence techniques are now 

. being used. to obtain such information. 

Beyond 1100° C, da- begins to decrease rapidly with increasing 
d€ 

temperature and by 1600°C has decreased by a factor of about 8. It seems 

likely that this_decrease results from the rapid "annealing-out" of 

. :_r·" 



! ' 
:j 

I 

'' ' .. 

-i 

.. 
'I 

j 

' ·I 
. i 

'I 

'' 

' ~. 

.''; 

• • ,"~ I 

. ' 

. . · /. 

I 
-16- UCRL-10316 

-_ dislocation dipoles due to increased diffusion rates in this temperature 

·range~. Washburn et a1. 5 and also Elkington et al. 11 have observed that 

''dislocation dipoles in MgO are not stable at elevated temperatures and· 

pinch off into a series of small prismatic loops separated by distances 

of several times their diameter. The annealing-out of this type of 

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

recovery experiment at 1400° c. // 
/ 

The static recovery experime"nt at 1400°C also indicates that a part 
. I 

. of the dis~ocation damage produ~ed at 1400°C is stable and interferes 

! 
with further dislocation movement. At each successive loading, yielding 

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 psi/sec because this specimen had strained the most even 

though the time to anneal out thermally unstable damage was greatest for 

th~s ·stress rate • 

One type of dislocationdamage stable at 1400°C is that represented 

by the dislocation boundaries associate~ with the vertical striations on 

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

these boundaries separate regions that have deformed on slip planes at 

90 deg and 45 deg to the specimen surface. 

Two types of dislocation boundary can be -formed by dislocations 

. . 17 
moving on oblique tllO} planes, as discussed by Kear, Taylor, and Pratt • 
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a) 

I·· 
I 

I 

Dislocations moving on oblique planes with Burgbrs' vectors 
I 

that enclose an angle of 60 deg experience a repulsive force. Reactions. 
. . 

of the type 

(i) 

do not occur because they cause an increase in elastic energy. A bound-

ary may form, however 1 which can 1 ie on any contact plane. 

b) Dislocations moving on oblique planes with Burgers' vectors that 

enclose an angle of 120 deg experience an attractive force. A reaction 

of the type · 

..t.~ 
' 2 

-
[011] = -a [ 110) 

2 
(ii) 

·can occur to form segments of edge dislocation line lying along the [111] 

direction. These segments can move only in the (112) planes and are 

.· j . : .. ~ 
~-

··; I 
1 

f. therefore sessile. A boundary can form which in the case o.f (101) ~ [ i01] 

. . a - -
and (Oll) 2' [011] dislocations lies on the (110) plane and consists of 

. -~ [ i10] edge dislocations lying one above the other and parallel to [ lll ]. 

Each of the boundaries described above has a [111] rotation axis as 

determined .by the cross product b~ x b2 . Thus, the first boundary with a. 

(110) contact plan~ is a. mixed tilt-t't-list boundary, while the second with 

a· contact plane of (llO) is a pure tilt:boundary. The mixed type of 

· .. boundary has been reported to form ·in squat compression specimens of NaCl 

18 and.KCl by Taylor and Pratt. Such boundaries. ~are high energy boundar~es, 

however, and should be rather diffuse; it thus seems unlikely that they 

/ are responsible for the stable, sharp boundaries lying on {110} pLanes 

·that were observed in our specimens. These boundaries are thought to 

be the pure tilt boundaries. They have previously been observed to form 

0 
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in NaCl, liF1 and MgO bend specimens by Stokes, Johnston, and Li. 19 

Boundaries of this type will remain sessile unless some complex disloca-

tion movement takes place such as glide on {112) planes, thus explaining 

their persistence up to 1600°C. They attract or repel dislocations with 

a force which decreases gradually with temperature because their only 

temperature dependence comes from the decrease in the shear modulus. 

V. SU1:1MARY 

Stress-strain curves have been obtained for single crystals of MgO 

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

·1600°C in (100) and (.111) orientations~ Below 1200° c, the experimental · 

curves are consistent with the hypothesis that yielding behavior is ~ 

determined primarily by the dislocation mobility due to a large n in 

equation (3). Above ll00°C1 the strain rate becomes much less stress 

·sensitive. This fact suggests that the dislocation velocity may be less 

stress sensitive and that p~ the length of dislocation line, therefore, 

plays a greater part in·determining yield behavior (n is small). 

Also, above 1100°C the strain-hardening rate was observed to decrease 

and cleavage fracture was no longer observed in specimens deformed up to 

15% at these loading rates. At 1400°C, "orthorecovery" was observed 

which was not the case at l000°C. All 'these effects are believed to be 

related to the onset of rapid diffusion. The "annealing-out" of dipoles 

greatly decreases the dislocation density and, thus, the resistance 

encountered by dislocations as they move through the crystal. There 

exists between dislocations moving on oblique slip planes, however, a 

long range stress interaction because their Burgers' vectors enclose an 

/. 

; 
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angle of 60 deg (or 120 deg). .These dislocations can react to form 
' . . \ 

sessile boun4aries which interfere 't-lith dislocation movement. Such 

bounqaries caQnot disperse until some complex dislocation movement takes ' 

place such as glide on {112} planes. 

The resistance to dislocation motion on {.100} 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 th.at 

the mobility of dislocations on {100) planes would always be less than 

on {110} planes. The yield stress, however, for (111) oriented crystals 

continuously approached the yield stress for crystals with a (100) stress 

axis from 1000 to 1600°C. On the basis of experiments with LiF, i't would 

be expected that a sharp change in slope of the yield stress vs tempera­

tur~ curve would occur at some temperature slightly above 1600°C. 
20 
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. ' ........ ' Table I. Parameters used to calculate 
:. 

theoretical stress-strain curves 

T °C 
0 

(em/ cm3) ·I. Curve a- (psi/ sec) n a;; (psi) p 

A . 26 20 33 16,640 9. 47 X 104 

B 26 20 

; 'i c 1000 20 33 4,580 9. 47 X 104 

D 1000. 20 
; .. ' 

E 1321 20 2.08 142,200 9. 47 X 104 
'' .. 
' 

F 1321 20 
I 

0 

G 1321 80 2. 08 142,200 9. 47 X 104 

·1321 20 II II 11 
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\. 
l Table II. Strain rates at a stress level · 

of 10,000 psi 

. i 
do- ( . I .) do- dE -1 dt psl sec dE (psi) dt (sec ) 

165 1. 8 X 105 0.9 X 10-3 

80 8.0 X 104 1. 0 X 10-3 

20 5.0·X 104 4.4 X 10-4 

2 2. 0 X 104 1. 0 X 10-4 
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FIGURE LEGENDS 

Fig.· 1~ Stress-strain curves for MgO single crystals compressed with a 

<100) stress axis at various temperatures. All specimens were 

loaded at 20 psi/sec. The specimens deformed at 1300, 1510, and 

1600°C were cleaved from the same crystal bloc~ 

Fig. 2. The yield stress vs temperature curve for crystals with (100) 

and (111) 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 • 

Fig •. 3. ,Slope of the first linear portion of the stress-strain curv~ 

vs temperature for (100} oriented single crystals. 

.~ 

. Fig. 4.. Stress-strain curves for MgO single crystals compressed with a 

(111) stress axis at various temperatures. All specimens were 

loaded at 20 psi/sec. · 

Fig. 5. Specimen deformed 14.8% at 1400°C 

(a) . illuminated by reflected light 

. (b) between crossed polaroids, illuminated by transmitted light. 

·Fig. 6. Cleaved surface parallel to the front face showing the deformation · 

bands pictured in Fig. 5. 

Fig. 7. · '· Cleaved surface perpendicular to the. front face and to the stress 

axis showing deformation bands~ .. --~ 

0 
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Fig. 8. Stress~strain curves for MgO single crystals corhpressed 'tvith a 
\ 

(lOO> stress axis at various constant stress rates. The 

specimens _deformed at 165, 80, and 20 psi/sec were all cleaved 

from the same crystal block • 

Fig. 9.. Static recovery experiment on MgO single crystal at 1000° c . 

Specimen loaded at 20 psi/sec. 

· Fig.lO. Static recovery experiment on MgO single crystal at 1400°C• 

j 

Specimen loaded at 20 psi/sec. 

Fig.ll. Calculated and experimental stress-strain curves for M'gO single 

crystals deformed under various conditions. The identification 

of the curves is given in the text. 
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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 con~ractor 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. 




