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ABSTRACT 

The creep of MgO single crystals loaded in compression was stu<lied 

under conditions where plastic buckling was likely to occur. The degree 

of end constraint characteristic of these tests strongly affects the 

possibility of buckling. Experiments suggest that buckled columns 

creep at a lower rate than do columns tha.t remain straight. At tempera-

tures around 1300°C fllld a.bove, the creep rate appears to be particularly 

sensitive to the nature of the crystal surface prior to deformation. 

At 1200°C the stress dependence of the creep strain rate can be represented 

as a power law with a stress exponent of 4.7. This is in reasonable 

agreement with Chang's theory of creep ~y diffusion controlled dissolution 

of dislocation dipoles and loops. 
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I. INTRODUCTION 

A. Literature Survey 

1 2 . 
During the decade since the work of Parker et al. . ' the plastic 

deformation of magnesium oxide single crystals has been subjected to 

intensive study. The early interest was in the room temperature ductility 

of MgO but since that time studies have extended knqwledge to temperatures 

above 2000°C. Significant contributions to the understanding of deforma-

tion phenomena in MgO have been made by Stokes and co-workers at the 

H 11 R h C · t . 3 'l~ '5 ' 6 E t · k . th. 1 b t oneywe esearc en er. x ensl. ve wor l.n . .ls a ora ory 

by Pask and others led directly to the study described herein.7,B,9,lO 

Despite the efforts directed toward understanding the mechanical 

behavior of MgO, literature concerning the high temperature creep 

8 behavior is rr.eager. Hulse and Pask reported preliminary creep studies 

of <001> oriented.single crystals in compression at temperatures between 

800° and 1000°C. They found large instantaneous plastic deformation 

f 11 d. b 1 t t t c · 11 d · d · f M o· o owe y s ow cons an -ra e creep. ummerow stu J.e creep o g 

single crystals subjected to three point bending between 1450° and l100°C. 

He concluded that creep in MgO is a therma~ly activated process with an 

activation energy ranging from 3.5 to 1 eV (81 ... 162 kc/3.1/inole). 

Cummerow also described the variation of strain rate with applied stress 

by a power law with an exponent varying from 4 to 7 thus lending support 

to the W.eertman ·theory of steady state creep by edge dislocation climb. 

Neiman and Rothwe1113 •14 studled creep of MgO single crystals in three 

point bendlng below 1100°C and above 1300°G, including extensive observa-/ 
: : . 

tions on modifications of creep behavior by.a d.c. electric field. fthey 

report that creep at 1000°C is cross slip controlled while creep betvecn 
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1300° and 1630°C is best descri·oed by diffusion controlled climb of edg0 

dislocations over obstacles. More recently Rothwe1115 analyzed the low 

temperature results, deriving analytical expressions for the creep strain-

rate-time dependence in agreement with experiments at 1000°C, 

The principal goal in this work was to prov~de a detailed study 

of the creep in compression of <001> orier~:ted !'l~gO single crystals between 

1000° and 1300°C. Compression loading has been used in this laboratory 

for a number of years in mechanical behavior studies, primarily in con-

stant stress rat.e tests. Provided no buckling of the specimen occurs, 

the stress distribution in a compressed rectangular parallelepiped is 

both uniaxial and uniform. In addition, no special grips or specimen 

geometry are required; for a <001> stress axis the specimen can be pre-

pared for testing simply by cleaving. Difficulties in constraining .the 

. 8 
ends of the cryst~ls have been noted by Hulse and Pask and by Copley 

10 and Pask. Translation of the specimen ends across the faces of the 

loading rams was observed and attributed to lateral forces developed by 

resistance to slip intersections on. {110} planes at 90°. ' This investi-

gator also encounter~d similar problems but. attributes them primarily 

to the addi~ional complications arising from the plastic instability or 

buckling of the slender columns typically used in these tests. A 

digression on .. the subject of plastic buckling of columns ·loaded in com-

pression thus would be in order at this point. 

B. .·Plastic Buckling of Columns 

Let us consider.first the c1assical example of a two hinged bar of 

constant cross-section, initially ideally straight and homogeneous; sub-

jected to an exactly axial load as shown in Figure 1. The :>rnallcst value 

·---( 

, 
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Fig. 1. Deflection of a buckled ba.r p.i.nned at both ends. 



of P, the applied load, for which a buckled configuration is possible 

is (:;:i vcn by the well known Euler value 

( 1) 

where E is the elastic modulus and I is the moment of inertia of the 

cross-section with respect to its centroidal axis about which rotation 

occurs. 

Now, if a.material behaves plastically, i.e., if the stress in the 

compressed bar increases beyond the yield point before the Euler load is 

reached, two situations may be obtained. In the first case sn1all 

initial perturbations in alignment of the stress axis cause the axial · 

load and the resulting bending moment to undergo simultaneous increases. 

In the second case the axial load increases to the Euler value, at w~cl:) 

time the bending moment appears. During the latter part of loading a 

strain reversal occurs over part of the cross-section. If, for 

simplicity, we assuni.e we are loading a column of a material with a 

·compressive stress-strain curve approximated by two straight lines as 

shO\Yl1 in :Fig •. 2, then the critical loads for buckling will be given by 

pt 
.'JT 2BI = 1"2 (Engesser load) (2) 

'IT2E I 
p r = L2 r 

(Reduced modulus load) (3) 

for the two cases above, respectively. The quantity B in Eq. (2) is 

sirr;ply the slope of the second straight-line branch of the diagram which 

rc:}:JTCGents, in an idealized fashion, the strain hardening reg:i.on. 'l'hc 

modulus E in Eq. (3) is known as the reduced modulus; for a rectangular 
r 

\ 

... 

" I 
"i 

j 

" I ! 
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Fig. 2. Stress-strain curve approximated by tvo stra,i;~)1t lines. 
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cross section its value is given by 

E = r 
4EB 

2 
(IE+ /B) 

( 4) 

A moQification of the Engesser load that is frequently made for a real 

material that strain"-hardens nonlinearly :ls to replace B in Eq. (2) 

with E.._,,the tangent modulus or slope of the stress-strain curve at the 
v 

stress involved. Equation (2) can then be written 

( 5) 

The significance of this formula was stated by Shanley. 17 Any real 

column having some initial perturbance, will follow the first equilibrium 
' 

path and will buckle .. when tbe load reaches P t, Eq. ( 5), because Et i~ 

less than E . A significant amount of test data confirms this con~lusion. ! 
r 

The buckling formulae presented above in Eqs. (1), (2), (3), and 

(5) were all derived for columns pinned at the ends. A word as to the 

effect of other end conditions is thus in order. Three cases which are 

. com.·nonly observed in practice are shown in Fig. 3. For a column built 

in at one end and free at the other, Fig. 3(a), the critical load is 

( 6a) 

For a column fixed at one· end and pinned at the other, Fig. 3(b), the 

critical load is 

p 
.t 

.· 2 = 2.05 1r Eti 
L2 

( 6b) 
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And a column fixed at both ends, Fit;. 3(c), has a critical load of 

p'' = 
t L2 

(6c) 

18 
According to Popov, when there is uncertainty rcc<lrdint; the end con-

eli tions of real colun1ns, the. ends are most often assUL1ed to be pinned, 

in vrhich case Eq. (5) applies. Additional comments with particula1· 

regard to the experimental conditions in this study will be made later. 

The next section of this thesis concerns itself primarily with 

experimental procedure, i.e. materials, apparatus and testing details. 

This section will be followed by one on the experimental results and a 

discussion of the results in the light of the comrr.ents on bucklinG 

presented-above. Finaliy, the conclusions that can be drawn from this 

work will be stated. 

\.i 
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II. EXPER MENTAL PROCEDURE 

A. Materials 

Large grained polycrystalline aggregates of MgO formed by slow 

cooling in a carbon arc furnace were purchased from Muscle Snoals Electro-

chemical Corp., Tuscumbia, Alabama. Semi-quantitative spectrographic 

analysis by Jv:nerican Spect-rographic Laboratories, San Fran~.;i.sco, 

California, determined the crystals t6 be 99. 94% I'l;.gO. Typical values 

for impurities detected, reported as. oxides of the ele;·nents indicated, 

were Ca (0.04%), Fe (0.008%), Cr (0.002%~ Mn (0.001%), Al (0.007%), 

Cu ( <0. 001%) and Ni~ <0 ~ 002%). 

Single crystal specimens in the.form of rectangular parallelepipeds 

typically 1.0 x 0.225 x ·0.225' inches were cleaved along {100} faces. 

The loading ends were then ground flat, parallel to each other and 

perpendicular to the.load axis, <001>, by mounting in a specially . . 

prepared steel yoke and polishing on Type 1 Emery Polishing Paper. The 

specimen dimensions were then accurately determined and two small 

divots, nominally one half inch apart, were made ori the center of.one 

face with a No. 80 steel twist drill to serve as a gauge length. Vary-

ir .. g degrees of surface damage were obtained .by one of the following 

. procedures. Most tests were. performed on crystals in the '1as cleaved" 

condition. Etching with a two part H3P04:l part H2S04 solution at room 

te:nperature revealed etch pits indicative of a moderate degree of 

surface damage realized through normal handling. Some crystals were 

polished as long as five minutes in E3P04 at 155°C in order to remove most 

of the surface damage. Other crystals were subjected to this polishing 

procedure and subsequently heavily damaged by dropping No. 120 SiC grit 
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' 
repeatedly on the side faces. Such treatment was observed to introduce 

a large number of rosette-1H:e arrays of dislocations to the surface. 

B. 1\pparrLtus 

The creep apparatus empl.oyed in this study vas essentially the sa111e 

' l-9 
r.,,,.;:;;:i ;~e described as Apparatus II by Hulse and Co:gley. Some modifica-

tions were made in that the loading rams vrere high density Al203 rather 

than SiC, and an improved automatic controller was employed to control 

the furnace temperature. The MgO crystals were compressed by the alurr.ina 

rams'which were constrained so that their axes remained aligned during 

motion. Tests were performed at constant load, the load being applied 

through a lever system. Constant loading rates were obtained by regulat-

ing the flow of water ir:ito a large tank suspended from the end of the 

lever system. The final value of load was attained in from three toJ · 

ten minutes. 

One feature of this apparatus which affects the buckling behavior 

of the specimens is an inherent instability in the loading rams. The 

bottom Al203 cylinder is fixed quite securely to the base of the 

appm:'atus and does not move. The upper ram >s fixed to the lever system 

and :moves vertically as the load is applied·' Linear ball bearing bushings 

are employed to position the ram and insure that its motion is restricted 

to only the axial direction. However, the bushing nearest the loading 

surface is thirteen inches away. Thus the loading system itself, be-

having as a slender col~ loaded elastically in compression, can bend 
... 

a s:r.s.ll amount during the application of the load. The situation 

d\~scribed ir:; far enough n.::;:.ovcd froni "ideality" that the first ca:;e o:~· 

plustic buckling described in the i11troduction would be expected to 
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occur 1vi th a si:nultaneous a};plication of axial load and bending moment. 

C. Test Procedure 

After the crystals were prepared for testing as described nbovc, 

they were placed between two dense aluinina buttons, nominally 3/8 inch 

thick and 3/4 inch in diameter. Small squares of 0. 001 inch thiclt 

plc.:timi.Il1 sheet were placed between the specimen ends ancl the alumina 

o-u.Ltons to act as reaction barriers. The buttons and crystal were then 

positioned between the rams and a small pre-load, usually about 15 

pounds, was applied to hold the test assembly in position. Spring-loaded 

sapphire rods were then positioned in the divot holes so that the change 

in distance between the holes could be transmitted via a double lever 

system to a Shaevitz Linear Vario.ble Differential Transformer. The dif-

ferential voltage from the transfor~er was amplified by a Daytronic ' ' .. 
Model 300C amplifier .. 1'he amplified signal was then received and plotted 

by a Brown .Electronik recording potentiometer as deflection versus t:i.me. 

Ti1e applied stresses were calculated from the appl.ied load on the 

basis of the cross-sectional area of the specimen before deformation. 

Values of strain were reported as engineering strain, e, where 

e = IYJ... 
9., 

0 

( 7) 

Here Q, is the original room temperature gauge length and t; Q, is the 
0 

obsc':l·ved change in spacing of the divots. This procedure is in contrast 

to reporting the true strain, E, given by 

E ::: J 
9., 

0 

R. dQ. 
-·= 
9., 

R.n ( l + e) (8) 
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In this expression e and 1
0 

are defined as for Eq. (7) and 1 is the • 

instantaneous gauge length. A significant difference between e and ~ 

occurs only at high strains. For exa~mple, if e is 0.10, the vulue of 

~ calculated from Eq. (8) is 0.0953, a difference of only 4.7%. 

,'• 
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III. RESUUrS AND DISCUSSION 

A. Effect of BuckJinc 0:1 Strain Rate 

10 Compression stress-strain curves obtained previously by Copley _ 

were used to calculate ·the critical loa.Cis for buc;ding in the t.cmperature 

range studied here.· Values of the tangent modulus, Et, were obtained 

directly from the curves shown in Fig. 4 at each temperature and. stress 

level desired. Using these values and a normal specimen e;eometry, i.e., 

l.O x 0.225 ~ 0.225 inches, the critical buckling loads as calculated 

from Eq. (5) are shown in Table 1. 

Table I. Critical buckling loads for crystals 

deformed between 1000° and 1300°C 

==================~=============-==== 

·remperature 

1000°C 

ll00°C 

1200°C 

:;_:::;oo°C 

-= --= 

Stress 
(psi) 

6000 

8000 

6000 

Boob 

6000 

8000 

6000 

8000 

Equivalent load 
(lb) 

30lt 

406 

304 ' 
" 

406 

304 

406 

304 

406 

=====-·='-

P t, buckli11G load 
(lb) 

221 

2i0 

156 

311 

183 

............ =-.... ·:===:;;. 
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·Fig. 4. Stress-strain curves at 1000°, 1100°, 1200° and J300°C 
for single crystals compressed in an <001> direction. 
Values of the tangent modulus, Et' are shown for stresses 
between 6000 and 8000 psi at eacl1 temperature. 
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i':ote the strong influence of the shape of the stress-strain curves on the 

buckling loads. At l200°C and below the crystals yield abruptly causing 

a rapid reduction in the value of Et just beyond the yieJ.d stress. As 

the axial load is increased beyond the level necessary for yieldin.:;, 

the probability of buckling thus increases rapidly. Ho,.;ever, at the 

h:i_gher temperatures, e.g., 1300°C, the appearance of a gradual yiel<i 

allows deformation to proceed as much as several percent before the 

possibility of buckling is introduced. 

One important factor was omitted from the foregoing discussion--

that of the end constraints characteristic of these experimental con-

ditions. As was shown earlier for Eqs. (6)(a), (b), (c), the value 

of the critical load may vary between l/4Pt and 4Pt where Pt is the value 

calculated for a column with pinned ends. It will be shown from-the3 

experimental results that it is unlikely that Pt for the conditions 

observed here is greater than about 2 times the value calculated for 

a column with pinned ends. It is noteworthy that the nature of the end 

constraints is critical, and that o.ny increase in Pt will allow an in

crease in stress and· strain before the possibility of buckling occurs. 

Typical results frOm creep experiments performed between 1000° and 

l300°C are shown in Fig. 5. The most striking feature of the duta is 

tt.e high degree of variability betvreen tests performed under sir..ilar 

condHions. The· straightforward explanation for this variability is 

that "the occurrence of plastic bucltling in the compressed XgO colurr.ns 

has introduced complications of stress distribution and consequently 

uislocation interactions. Careful cxar..ination of the deforr.1ed crystU:ls 

confirrilcd this hypothesis. 
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Figur~ 6, for example, shows a crystal loaded to 13,150 psi at 

1200°C that buckled quite severely. In general, ,the dec;ree of bucklin;:; 

was not as great as that shmm here; in some cases very close inspection 

of the crystal was required to confirm that buckling haci. in fact 

occurred. Figure 7 shows a crystal deformed at 1300°C and 8000 psi that 
# 

apparently did not buckle; note the barrelled appearance indicative of 

fairly unifor:1~ deformation on a pair of conjugate {110} <110> slip 

systems. 

B. · Observations of Microstructure 

Examination of the deformed crystals brought to light several 

interesting microstructural features. An etchant consisting of two 

parts H3P0 4 and 1 part H2S0~.1 at room temperature was used to reveal 

etch pit patterns on the surface of deformed specimens. Since the ,. 

tests were all performed at relatively high temperatures, the narrow 

well defined slip bands characteristic of low temperature deformation 

in f!JgO were not observed. Rather the more uniform, evenly distributed 

. 21 8 arrays of etch pits noted oy Copley were observed. Figure shows 

the et.ched. surface .qf a crystal deformed about 6% at 1300° and 8000 psi .. 

This appearance is representative of etch pit patterns observed through-

o~t the entirety of a deformed crystal. 

In marked contrast to the uniform distribution of etch pits were 

the stress birefringence patterns obtairied when viewing a deformed 

crystal between crossed polaroids. Although this techniq_ue presents 

more of a macroscopic view than etch pitting, considerable infor~~tion 

as to the distribution and nature of slip can be obtained. One of tl·.e 

most striking features observeo wi ti:. this techniq_ue is the subdivision 
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ZN-5900 

Fig. 6. Crystal deformed about 16o/o at 1200 o C and 13,000 psi 
showing extreme buckling. 
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ZN- 5901 

Fig . 7 . Crystal deformed about 16% at 1300 o C and 8 000 psi 
showing no buckling. 
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ZN- 5902 

Fig. 8. Polished and etched surface of a crystal deformed about 
6 o/o at 1300°C and 8000 psi. 
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of so;r.e crystals into blocks wi thir, which deformation proceeded by 

:notion of separate {liO} planes or conjugate pairs of {110} planes. 

·Figure 9( a) sho-vrs an example of behavior of this t:n1e. The figt<rc shows 

views of each of two adjoining {100} faces; it is seen that the cryGtal 

tas subdi~ided into two blocks each containing deformation by motion 

on a single conjugate pair of {110} planes. This behavior is in cont;rast 

to that shown oy the speci;:r.en in :Fig. 9(b), also views of e:lch of two 

aCijoining {100} faces, which has deformed on a single p;:..:i.r o.r {110} 

- . t t .· 1 t- D - St k 5 - ' -p..La:1es over :1. s en :J.re eng n. ay ana. o es , ooservea. t.he same 

pnenomena in tensile loading at temperatures between 1300° and 1700°C. 

'':'':~C.f attributed the behavior to diff:Lcultie~> in forcing interGecti.ons 

oetween {110} <llO> disl'ocat:i.ons whose Burgers vectors lie at 120° to 

eacr, other~ interpe-netration of dislocations at 90° -vms .CounU. to b,~ .~ 

complete. They fo~nd that bel~w 1300°C the interpenetration of slip 

on orthogonal {110} planes was difficult.· In this study, however, 

regions of corr.plete interpenetration on orthot;onal systems hb.ve· been 

observed in crystals tested in com;Jression at ter.llj~:C::l.".:;ures as low ac 

ll00°C. It is reasonable to expect that compression testing, \vi ti1 •~.or0 

rigid ends, would tend to force intersections on orthogonal plar,es at. 

lower temperatures than they would nornally occur in tension. 

C. Effect of End Constraints 

To determine as closely as possible the ·riatureJ of the end concl.itionc 

-existing in these experiments the following procedure wa.s followed. It:. 

is possible to write trw equ.:.tion for ti1e critical ·oud;:.J_ins loud in th0 
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(a ) 

(b) 
ZN-5899 

Fig. 9. Specimens viewed between eros sed polaroids with transmitted 
light showing (a) subdivision into separate blocks, and (b) no 
subdivision. 
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where i3 is q. number characteristic of the end constraints for a .;iven 

experiment. The value of S may vary between 0.25 and 4.0 as discussed 

in the introduction. For a crystal that has buckled we know that the 

applied load for the stress level involved exceeds Pt in :t;q_. (9). 'l'hus 

by using this equation with tbe value of tbe applied load, the specimen 

geometry and the tangent modulus at tb<it stress level, an approximate 

value of S can be calculated. By making this calculation for tests at 

the lowest stresses where buckling occurred, the minimum value of B 

is obtained. Fo~ example, a crystal that buckled aL 1200°C and 6000 

( 301+ lb .. load) results in B = l. 9. Analogous calculations for other 

low stress experiments resulted in similar values for i3. Numerically. 

it thus appears that the end conditions are approaching the case shown 

·in Fig.· 3(b), a column fixed at one end and pinned at the other. 

Actually the situation is probably much more complicated but the 

illustration does appear qualitatively similar to some of the deformed 

specimens. 

D. Stress Distribution in a Buckled Column 

There does not appear to be a completely straightforward exp1anation 

for the behavior of a buckled bar under cr<=ep conditions. H0f Cn.:di : .. 11d 

16 
Sachs contrast the stress and strain distribution in buckled. bars for 

the two cases of buckling described previously. Figure lO(a) shows the 
. . 

~wo ·distributions for· the ca:>e 1-rherc a:-:ial loc..d ancl bending lilor;,ent are 

applied sir;mltaneously. Tilis distr·;b._ __ i.on is contrasteli. -with t·hat in 
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FiG. lO(b) where the' axial load is upplied to its total value, at which 

ti:::-,e tne bending moment o.ppea:rs. Note that for the second case du1·ing 

t:-:e 'J.;:·iilication of the moment, strain reversal takes plo.ce over po.rt of 

the cross section. It is highly lilcely that the first case, as represented 

by ?ig. lO(a) applies under the conditions described here. 

It is not completely clear how such a stress distri·ou~ion r..ight 

affect the observed strain rate. The motion of and ir,t.er<J.ctions bctweer. 

dislocation line segments lying on the high stress side of" the central 

'fiber would probably be enhanced whilt:! the opposite situation might apply 

on the low stress side. As the degree of bending that can occur is 

limited to some extent by the end conditions, it is likely that once a 

buclded configuration is realized ,deformation mo.y proceed more slowly 

than in a column that remained straight .. 

In order to c;neck this hypothesis several crystals with small 

length to width ratios were prepared for testing. As the length to 

width ratio is reduced the value of the critical buckling load increases 

well above that of the applied load, thus insuring that the colw--r.r. will 

ren;:J.in unbuckled. However, it is difficult to obtain a single crystal 

specimen of such size that an appreciable volume of material is free 

·~o deform. Frictional forces encountered between the specimen encis unci 

-the loading rams effectively reduce the volume of material thu.t can , 

deform. Consider, for example, two crystals with dimensions as shown 

:.n Fig. ll. As the shaded area represents material not restricted by 

:;:'1·::.ctior.al forces, it ::.s cv:i.J.cnt ti1at t:1e stubby crystal, ?ig. ll( a), 

·,:i L <ll)})(;:ar "harcicr" in a comprc~>sior:. than the slcnd..::r column in F:i~;. ll(o). 

'l'i1is difference was in fact coni'ir:r.ell by ;4 cre~p t8st at l200°C and 
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(a) CASE I 

.· 

'/ 
~ - - - - - W......J.....J....J.....J-L.....I...l...L-..J..-'W....J 

(b) CASE 2 

?ig. 10. Stress and strain distri·outions ir. oars subjected to 
buckling, (a) case l, and (b) case 2. .v I 
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Fig. 11. Effect of specimen size on deformation in compression tests. 
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8000 psi utilizing a specimen i'H:..Vii1.:; the dir;.ensions sl".o·.·rn in Fi.:;. lJ.(a). 

The crystal did not deform ;~eaG.ily a.nd cracked q,uite severely t'..m·i:1c 

the test at a temperature and stl·ess where normal specimens would have 

si:own la:c.:;c ~;trr ... ins and li ttlr~ ter.der:..cy for cracking. Thus it wr,.s :-.ot 

possib:l.e to obtain a direct comparison between strainrates of straight 

.:..nd buckled coltm1ns. 

E. Sur:'ace Condition 

One feature of the mechanical behavior of MgO that .has att:;:-acted. 

much attention over the years is the effect of surface cond.i'tion on 

ductility. It has been shown that at room temperature a chemical polishing 

treatment that removes fresh sm·face dislocations can cause the rr.u.terial 

to behave completely elasticaJ.ly up to fracture. As slip in V~O is 

consid.ered to be initiated at sites of surface d~uage, the reduction;in 

ductility is reaso.nable. How~~ver, some investigators, notably Copley
21 

and Cass
22 

have·s\lggested that at elevated temperatures segments of the 

grown-in dislocation substructure may act as initiators of slip. To 

determine what effect, if any, this factor migh~ have on creep, a 

series of experiments on crystals having extreme conditions of sur:~ace 

da:.1age was performed.. The two extreme conditions were a. chemically 

polished (undamaged) surface a.'1d a polished and subsequently heavily 

da.."':la.ged surface. Creep experirr,ent~ at 1200° and 1300°C anc 8000 psi 

gave the striking results shown in Fig. 12. At the lower temperature 

the degree of surface da:nage did. not appear to have a si;;nir~icant in-

:r~.uer;Cf-; on the strain rate. At 1300°C, however, the polish~:~<l crystals 

co::sistently d~formed at a hic,her rate than the heavily d.n.maged 

l'" 
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:Fig. 12. · Cree:t:J · s-crain vs. time curves for a number of crystals· \.ri th 
controlled surface conditions . 
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Appa.rently the heavy surface da;:~age caused. by drolYZ)i.ng SiC o·:it on. 

~::~ crystals results in initiation of slip on so many intersectinc {110} 

ar-"0. ·below, grown-in disloc;;.tiot>s car-.r.ot act as initiators of slip o:1 a 

-~rge scale; hence the low strain rate for the polished crystal. But 

~t hicher temperatu~es, the grow~-in dislocations do initiate slip; this 

These results must be cJ.uo.lifieG., ho·,.;evcr, 

effect is ~ctually superimposed on these tests. Nonetheless the ex-

~eri~8ntal evidence pre~ented suggests that the .surfac~ effects are real. 

F. r~-1echanisms 

.1 

~· Stress Exnonent 

It is possible to deduce frm;; other trends in tl:e Ciata sor;,l:· j_m:o1·ma.-

-cion as to the nature of .the mechanisms of creep in sin,zle crystal MgO. 

>:any investigators have not,c;d a chanr;e in deformation beho.vior o.t 

temperatutes in the vicinity of 1200°C. 9 Hulse, Copley and Pask, for 

exa:n1)le, fo~~.nd a warked increase in tot.ul strain at fr~~cture fo~~ <COl> 

oric:;.te<i ·crystals as tr.e test tem:pe1:aturc exceeded ll50°C. A calc~.:J.~.-ti.or; 

o:i' or,e-:i1n.lf' thB melting poi.nt (in absolute degrees) yields a vah<c of 

u.co~.:~ l240°C for MgO. As dif'fusio:1al processes begin to contribute 

-co ;:o_:p:preciable deformation in the neighborr"ood of 0. 5'l'~, several 
.iOI. 

r12cently proposed. :mecl-1anisms .;..ppear feasible:. One sc;.ch theory is that 

~:,ro:_:Josed oy 1:Jeertman
12 

for higi"; ter;~pcratu:r:e cleformJ.tior, controlled 'uy 

l 
,ji_~~;:·.J011lt,iQD ()}~ eli !--,}QCUtj.OJ1 ~,_c~·L:ilt-) • /\ fJU~1~()Cr Of Ct.\lt~h)1'~~;, s·t~()~~(·~.; t ~i.i,(4 

\. 



Cc..ss 22 :Cor exG.rnple, have shown tha·c; tiie debris result in.:; fro::-, ;~:otion of 

in ~he form of dislotation dipoles and prismatic loovo. 

1\Teertman originally prOl)Oseii tnat ti-~e strain ::cate vs. stress 

:.:'l':lu:r.ionship takes the fo1·r:• of a power law, i.e. 

0: 

creep rate = const (-_£) eX') 
., f') .t 
J\.1 

(10) 

v1here c.: is a constant (a'V3 to l+), Q is the activation ener.;y of s~li..' 

ciffusion) (J is the applied stress' k is :Boltzmann 1 s cor,stant ;;,.nC:, 'I' is 

tne absolute temperature. C!unt;' s theory also predicts 8. pm""'r law 

::,:clc.~ionship bet1.,reen strair. rate and stress. Ee O.erives an equation of 

the sa...-:-,e form as Eq. · (16) but with the constant a being eq_ual to 5 for 

dissolution of dipoles and 4 for dissolution of loops, respectively.; 

A series of ~csts were performed at 1200°C under various loads 

e;iving initial stresses from 4000 psi to 16,000 psi. Figure 13 is a 

2..0,3;-log plot of strain rate versus stress; the line drawn through the 

d.ata point~ has a slope of 4.7. This value is not at all unreasonable 

4 
as Stokes has shmm ·1200°C to be in the range of tenperatures o.t 

'd::-,ich the slip band debris changes frr:: dipoles to large prismatic 

loops. It is interesting to note that the lo.;arithrnic plot of s·tro.in 

:·:::.'..:;e versus stress appears to be relatively insensitive to the scatter 

introd.uce<i by buckling . 

.. 

<?;-,c.:y-c;y -;.~or whatever process or processes are rate controlling but rc.:sul~~G 
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it is not unexpected that problems might occur. The prir.1ary method 

en~loyed was that of inducing incr2mental changes in temperature and 

calculating the atti~ation energy fro~ the strain rates just prior and 

just after the change. Values of the activation energy obtained this way 

rz.ngcd from about 40 kcal/mole to about 300 kcal/1;1olc. It '..rould 

?:Cobably be a mistake to try and attribute any particular significance 

to these values as little is known about the exact nature of the st1·ess 

or strain distribution and how it might have changed during the course 

of the test. Several normal Arrhenius plots of log strain rate versus 

reciprocal absolute temperature were made in an effort to obtain an 

activation energy. No significant values were obtained due to the 

large scatter of data points; Apparently the data plotted on a scmilog-

·' 
~~ithmic Arrhenius basis (log strain rate versus reciprocal absolute 

temperature) is co~siderably more sensitive to variations introduced 

by buckling than was ·the stress exponent plot • 

.. 
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IV. CO~CLUGIONS 

.v;a"che;;:.atical analys0:s an<i expe::::imcntal observations :r • ..:..vc si:o'.·m ·~i·lut 

slender single crystal MgO colwnns loaded in compression may be cu~jcct 

~o ~lastic buckling. The nature of the end constraints may critically 

inl'~.l:ence the stability of such a column in that the ouckling lonG. can 

cl:aq;e by a factor of 16 for variOUL> end conditions. For t):.? t.c;:iih~r;L'l .. ul·.:: 

~ange studied here, ( 1000° to 1300°C) , fewer ·t;han 55~ of the colw1;:1s 

vere stable. This factor results in considerable uncertaint;'/ in il:t.cr-

p:::etinc the data or obtainir,g quantitative information co;·,ccri!ing tne 

creep mechanisms. 

The deformed crystals exhibit extre~e inhomogeniety with rcgar<i to 

rJ.istrib·u.tion of slip. Etch pittin.; suggests that the da;r.age is sprc:a.i 

in a dense continuwn of slip throughout the crystal. The actuu.l nutu'j:e 

vr"' "the darriage, · oQs~rved by viewing tile crystal 'between crossed poluroids, 

was found to be markedly innomogencous. In extreme ~ases some crystals 

st<bdivided. into separate blocks containing deformation on different 

conjugate pairs or" {110} <110> slip systems. 

Evidence was found. that at temperatures exceeding about l200°C 

segments of the grown-in dislocation substructure c&~ act as initiators 

of slip. In particular, experiments at 1300°C appear to support ttis 

:ny:pot.l-.esis despite the occurrence of plastic buckling. 

Fro:n a series of tests at 1200°C it ·Has found t'nut t!-',e stress 

d.ep.::::1dence of the creep rate can be expressed as a power la'..r wi tn a 

Ch~nc's theory of creep based 011 diffusion controlled diGsolutinn of 

d ·i <:.ocation dipoles and loop;. Experiri;ents to detcrraL>c the ucti vcd.:io:·, 
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e~ergy for creep were largely inco~clusive due to wide scatter in the 

O.n:t a. 

This study sugges~s that investigations of plastic deforffiution in 

corr,)ression are particularly sensitive to bucklinG because of a lliarked 

drop in the value of the tangent moO.ulus after yielding. It is not 

clear at this point just how the shape of the stress-strain curve beyond 

tr.e instability point is affected. The creep data suggests that a 

tYllckled column appears qualitatively "harder" ttan one which cioes not 

buckle. It is expected, however; that creep experiments, because of 

~heir constant stress level, may be particularly sensitive ::.o stress· 

~ertubations caused by buckling. 
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