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. CLIMJ OF DISLOCATIONS IN HAGNESIUM OXIDE SINGLE CRYSTALS 

Jagdish Narayan 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Materials Science and Engineering, Ccllege of Engineering 

University of California, Berkeley, California 

ABSTRACT 

* The wave like pattern, observed in dislocaticm dipoles of uniform 

spacing during annealing, which starts from the ends of the dipole and 

gets damped tmrard the centre, has been attributed to controlled vacancy 

** migration. A theory has been set-up to give activation energy for the 

process, 60,700 :t 2,000 cal/mole. This value has been compared with an 

independent study of pipe diffusion,i" in which a prismatic loop inside 

the foil is connected to both surfaces of the foil by another screw dis-

location. 

A theory set~up for the latter gives the diffusion equation: 

Dp = 1.5 X 10-3 exp (-60,400/RT) 

and the value of entropy IJ.S = 0.1 cal/mole•deg. 

In the diffusion process, both oxygen and magnesium ions take part, 

but the rate,is controlled by oxygen ion mobility . 

* Two dislocations of opposite signs and closely spaced • 

** Diffusion, along the dislocation, is limited within one wavelength. 

i"Diffusion along the core of a dislocation. 
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I. INTRODUCTION 

Earlier transmission electron microscopic studies on magnesium oxide, 

deformed plastically either by bending or compression, have provided 

information concerning the nature of the dislocation distribution,
1

'
2 

the 
I 

mechanism of dipole formation, 3'
4
' 5 the kinetics of breaking of dipoles 

and subsequent annealing behavior.
6

' 7 However questions still remain 

concerning the following. 

(i) The mechanism of termination of dipoles 

(ii) The mechanism of dipole break-up intE>· r.ows of prismatic loops 

and a precise value for the activation energy of this process; the extra 

stability of dumbell shaped dipoles, during annea:ling. 

(iii) Direct evidence of pipe diffusion and its activation energy 

is still lacking. 

(iv) The mechanism ·of climb of dislocation loops during annealing 

after complete break-up of dipoles and the activation energy of the bulk. 

diffusion process involved are still uncertain. 

(v) Prismatic slip and conservative climb of dislocation loops 

due to annealing. 

,, ).:.:: : . 

(vi) The nature of dislocation loops formed between' slip bands during 

annealing. 

Experiments have been done which give further information concern-

ing all of these questions, but this report will be limited to (ii) and 

(iii) 

The plastic deformation of magnesium oxide single crystals produces. 

slip .bands corresponding to (lldl ~lio\ slip. These slip bands consist of 

..·: 
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dislocation di~oleH us well as individual screw and edge dislocations. 

Slip bands contain dipoles of all sizes and nature and dislocations from 

pure edge to pure screw. However most of the damage is in the form of 

dipoles. 

The kinetics of breaking of these dipoles into prismatic loop.3 on 

annealing, studied by Groves and Kelly6gives only an upper limit of the 

activation energy for pipe diffusion. Also, since the spacing of tr;e 

dipoles studied by them was unresolvable in the electron microscope; the 

mechanism of dipole breaking was not understood cl~arly. 

By developing a technique of annealing electron microscope foils 

outside the microscope and observing the same area repeAtedly, we have 

studied the annealing kineticsof dipoles Hhose spacing is clear}y resol-

vable. This not only reveals the mechanism of dipole breaking, but also 

a better value of the activation energy for pipe diffusion has been esti

mated by measuring the change in amplitude after each annealing treBtment. 

Another way to study the pipe diffusion process is to find a con

figuration where either a vacancy or an interstitial loop inside the foil 

is connected to surfaces of the foil by another dislocation and then 

measure the shrinkage rate, during a series of annealing treatments 

outside the electron microscope. From this \ve can estimate the activat-

ion energy for the pipe diffusion on the basis of a simple diffusion 

equation. This provides direct evidence of pipe diffusion. Also, the value 

of the activation energy and kinetics are more reliable than any obL-; bed 

in the past. 

• 
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II. EXPERIMENTAL PROCEDURE 

A. Material 

Magnesium oxide supplied by Muscle Shoals Electrochemical Corp., 

Tuscumbia, Alabama was used for the experiments. The following are the 

impurities reported by American Spectrographic Laboratories. 

Al - .o&{o, 

Ca - .03%, 

Fe - .03% 

Mn - .002% 

Cr - .oo2'{o, Cu - < .001% 

Si - < . OO'Y/o 

B. Specimen Preparation 

Material, as supplied, was polycrystalline of very large grain size. 

Single crystal specimens in the form of thin sheets (~0.50 - 0.25 rnrn thick) 

were obtained by cleaving carefully along (100) crystallographic planes. 

The surface damage introduced during cleaving was removed and subsequently 

the sheets were thinned down to ~.l mm by chemical polishing in hot phos-

phoric acid (150 - l60°C). These samples were bent backwards and forwards 

( ±5 em radius) a bout 200 times till they were full of slip bands all over. 

Then the samples were thinned down further, after applying masking lacq~er 

around the edges, by chemically polishing in hot phosphoric acid. Final 

thinning to get electron microscope samples was done by a jet polishing 

l 
technique;' After cold working the thinning was done from one side as far 

as possible because damage is maximum at the surfaces and minimum at the 

centre. 

C. Foil Orientation and Electron Microscopy 

When a thin sheet,is bent along-[010] axis;· dipoles are,,introduced on 

(101) r1o1], (l01)_, [lOl] and on (110) [110], (l10) [110] slip systems 
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as shown in Fig. l. 

Dipoles on (101)[101] and (l01) [101] are of primary interest as 

dipoles on (110) [llO] and (llO) [110] are seen edge on. If the bending 

axis is slightly off from [010], dipoles on (011) [Oil] and (Oll)[Oll] 

also appear. 

The foil surface is perpendicular to the [001.] direction. For 

the electron microscope the 200 reflection was used because this makes 

sure that observed dipoles lie on (101) planes, not on (Oll) planes. The 

latter might occassionally be present. 

All the foils were examined in a Siemens 100 kV electron microscope. 

A double tilt holder was used. The same area was observed repeatedly 

after annealing at constant temperature out~si:de the electron microscope 

and cooling in air. 

·W 

'J, 
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III. THEORIES 

A. Model for Breaking of Dipoles 

The following derivation is based on the assumption that the dipole is 

.. infinitely long, breaking occurs far away from both ends and on experi-

mentally observed fact that diffusion is of a very localized nature. 

Referring to Fig. 2 let the fluctuation be represented by 

y = h + a sin px (1) 

' There is a force F per unit length, acting on the dislocation due to 

other dislocation of the dipole, which makes it climb. The concentration 

of vacancies C in the vicinity of the dislocation is given by 

2 
C = Co exp Fb /RT (2) 

where Co is the equilibrium concentration of vacancies at temperature T. 

Force of climb F arises due to two factors 

(i) force of attraction between dislocations of opposite nature in the 

dipole and (ii) line tension of the dislocation. 

Force of attraction term = Gb2 

27r(l-v)y 

Line tension term 

Since line tension force opposes the force of attraction and dy/dx << 1 

F B c·(~) (3) - y - dx2 

Where Gb2 
Gb2 h 

B= 2TI(l-v) ' 
C' = 47f ( -v) ln -b 

G is the shear modulus of elasticity at the temperature of consideration. 

The flux of vacancies at point 0 is given by Fick's law: 

D ("c) - v dx 0 
( 4) 



Where D 
v 
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2 
~ 1/6 vb exp ( ..Urn:/kT). 

"U " is the activation energy for the movement of vacancies in the 
m 

core. 

Number of vacancies migrated across 0 in time dt = AJ0dt 

(5) 

"A" being the area of the core. 

Number of vacancies migrated across 0 in time dt is also equal 

to Ms'/b2 , where DAs' is the area of the shaded region in Fig. 2. 

Ms' = da/P ( 6) 

So we have 

A J
0 

dt da/Pb
2 (7) 

Now from Eq. (2) 

(JQ )a c b
2 Fb2 

OF ) (8) exp 
~0 (Jx 0 RT 

'0' refers to point 0 in Fig. 2. 

CJF i B :)0- C' 
CJ3y jo (9) dX = -~ 
2Jx3 y 

*~ a P cos px, 
2J3 Y.. 

- a p3 cos px 
(Jx3 

__ax_1 
ex - Bjh

2 a p + C' a p3 

tOF t . l/2l ~~ a P + C' a p3] (10) · 2x 
v. 

From ( 4), ( 7)~ (8) and ( 10) 

[ ~2 C' p2] b
2

D 
F b2 

da A a 2 2 /.0 
(11) dt p b - 2kT 

Co exp 
kT 

';/ 

.;; 
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On substituting for D and Co, we have 

A a p2 b 6 

p2] da vn
0 [ B = 2 C' dt 12 kT h 

u +U 2 
f m - Fob 

exp - kT 

'n ' is the number of atoms per unit volume at the core. 
0 

ln 

Now integrating Eq. (12) 
2 6 

a
1 

A P b vn
0 

t 
= 12 kT 

kT 

from a
1 

to 

[h~ 
a

2 
in time t, 

- C' P
2
] exp 

we have 

B. Prismatib Dislocation Loop Connected to the 
Foil Surfaces by Another Screw Dislocation 

(12) 

(13) 

Referring to Fig .. 3, ~C, the difference in concentration of vacan-

cies at point 1 and 2 can be written 

b.C = C ( e~/kT:- 1) 
vo 

(14) 

Where CVo is the equilibrium concentration of vacancies at 

temperature T and jJ.\ is the reduced chemical potential of the vacancy due 

to the line tension of the dislocation. 

From Fick's first law the flux of vacancies along the connecting 

dislocation, which acts as a pipe is: 

. , 2ADV t.J.jkT 
Flux (number/sec) = -s CV (e - l) 

0 

A, is in the area of cross section of the dislocation pipe. 

( 15) 

D v 
is. the coefficient of diffusion of vacancies. Let's define NV

0 
as the 

fraction of the equilibrium concentration of vacancies 

Cvo 
= 
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Where Sl is the volume of. single vacancy. 

Therefore: 

2A DVo Nvo 
F·lux (number/sec) ,., . .--'""!!::'""~-_..;;.. S D 

( e'l-fJ./kT - l) 

The free energy (G~) of the dislocation loop can be written 

G'Y = 

Where r is the line tension and r the radius of the loop. The 

number of vacancies in the loop is: 

2 
7Tr 
D s 

D is the area of cross section of one vacancy Eq. 17 can be 
s 

rewritten as 

ln = K r in 4n( 1-v) 
O:r 

r
0 

= radius of the core, a core energy factor, K 

v = Poisson's ratio. 

Using Equations (17), (18), and (19) 

cir 
K 

Putting this value in Eq. (16) 2 

2 A Dv. l\Ty.
0 

K (l+£n o:r/r ) ~1s 
Fl\lx (number I s'ec) . 

From Eq. ( 18) 

rO 0 
sn2kT(27rr) 

eJ.l,/kT_ 1 - 1-L 

kT 
for 

dr 
dt = Flux (number/sec) 

kT 
<< l. 

(16) 

(17) 

(18) 

(19) 

2(1-v) 

(20) 

(21) 
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and from Eq. (21) 

dr 
dt = 

-9-

2 A DJ? K (l + £n 

N = D = Pipe diffusion coefficient vo p 

Where 

Equation (22) can be written as: 

2 
r dr = c dt 

3d Dp KA 
c = H)rr kTS 

'd' is the diameter of the atom. 

n 2 
s 

= 

8 

(22) 

(23) 

Numerically integrating Eq. (23) from r 1 to r 2 in time t, we can 

find C, hence D . 
p 

By studying the kinetics at different temperatures, we can determine 

the equation 
- Eact/kT 

rEact' is the activation energy for the pipe diffusion process. 
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IV. RESULTS AND DISCUSSION 

A. Breaking of Dipoles 

Referring to Eq. (12) da/dt is positive when Bjh
2 > C'P

2
, which is 

the condition for instability to break up. When this condition is satis-

fied, there is a net flux of vacancies or interstitials away from a 

(Fig. 4). 

In the second case, when Bjh
2 = C'P

2
, there will be no break-up. 

The dipole shows very little change after a very long time of annealing. 

This is the condition for the formation of dipoles with dumbell shaped 

ends except where there is cross over'(example for cross over, Fig. 16 

dipole F). In the third case, when Bjh
2 > C'P

2
, the dipole opens up due 

to net flux of vacancies from end toward a. Usually it has been ob-

served that the second condition changes either to the third one, or to 

the first one. 

' 4 -4 Since the value of B = l. 7 5 x 10 dynes and value of 

-4 C' = 3.52 x 10 dynes, to satisfy the condition for break up. 

"' > 2 .f27T h 

Usually for small values of h, this condition for break up can be 

satisfied either by nonuniform spacing along the dipole or by the end 

effect. 

Nonuniform spacing can lead to breakings anywhere along the dipole 

for example in Fig. 8 (A, B) and in Fig. 9 I, II, at A. 

The end effect, which is more common is due to the fact that at Lhe 

end b (Fig. 4), the chemical C'/cr is always more than B/h at point a, 

... 
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because a < h/2. So there is a net flux of vacancies or interstitials 

from b to a. As a result of this net flux, the dipole tries to open at 

the end and this may lea·d to a fluctuation where B/h 
2 > C' P

2
. When this 

condition is satisfied, there is net flux of vacancies or interstitials 

away from a (Fig. 4), which leads to breaking up of the dipole (example 

Fig. 8 I and II at C.) 

However, if h is sufficiently large to start with, the fluctuation 

would lead either to B/h
2 = C'P

2 
or B/h

2 < C'P
2

. In that case, the 

dipole will either remain stable with dumbell shaped ends, for example, 

Fig. 17 dipole A or open up Fig. 16 dipole G or Fig. 17 dipole C. 

6 
The argument, given by Groves and Kelly, for br<;aking at the end 

is that since C/cr > B/h a.t the end, the two sides will move away from 

one another providing the first step in the formation of a circular loop 

or in the break up. But as we have proved, this is not a sufficient 

condition for breaking up, it may lead to any one of the three situations 

mentioned above. 

Once this instability is set up, a further difference in chemical 

potentials is created between c and d (Fig. 4) which leads to instability 

and break up. Thus there is a wavelike pattern set up, starting from 

both ends. Its wavelength increases and the amplitude gets damped as the 

difference in chemical potentials between successive points (c and d, e 

and f) goes on decreasing, for example, Fig. 8 I and II dipoles D and E. 

2 13 . I 3 Taking A = 10 b , v = 10 , n0 = l b and measuring experimentally 

'A.= 1660 A
0

, (a2/a 1)av = 1.15, h = 167 A
0 

from Figs. 11 and 12 at A and 

B. From Fig. 8 at B (a2/a1)av = 1.2, h = 170 A, Eq. (13) gives Uf + Um 

6o, 700 ± 2,000 cal/mole. 
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Figure 10 shows the dipoles after less annealing time. 

Within the experimental accuracy of measurements the value of the 

activation energy obtained for pipe diffusion from breaking in the middle 

as well as breaking at the ends is the same. However as it was pointed 

out previously, the theory is very good only for the breaking in the 

middle, where the total diffusion path of ions does not exceed the wave-

length of the fluctuation. This is particularly true at the intial 

stages. 

B. Connected Dislocation Loop and Comparison 

The diffusion equation, obtained using this approach is 

10-3 exp (-6ROT,400 ) Dp = 1.5 X 

and the value of entropy 6 S = 0.1 cal/mole•deg assuming Dp 

exp (-Eact/RT), using Figs. 13, 14, 15 and Table I. 

The remarkable agreement between the two theories not only proves 

that proposed models are sound, but also that the same diffusion process 

(pipe diffUsion) is involved in both cases. Further it is to be noted 

annealing temperature in the dipole breaking experiment is only 1200°K, 

but the activation energy is the same. This shows that the kinetics of 

pipe diffusion can be described by a diffusion equation similar to that 

of bulk diffusion. 

The upper limit of the activation energy 71,300 ± 46oo cal/mole, 

6 estimated by Groves and Kelly also seems reasonable. However, their 

upper limit is not very accurate, as the value of h (separation between 

the dipoles) was a matter of guess. Also since the separation of dipoles 

is pretty inhomogeneous, using the total time for breaking to estimate 
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the upper limit of activation energy does not carry any meaning. 

In the diffusion process, both oxygen and magnesium ions take part. 

However, the rate is controlled by oxygen ion mobility as this is the 

slower moving species.
8' 9 

The fact that the diffusion process is controlled by oxygen ion 

mobility can be further checked as follows. Assuming no leakage from 

the dislocation pipe, during the pipe diffusion process and cylindrical 

diffusion during bulk diffusion, the last is especially true for thin 

foils. 

Then at least for the equal rate of shrinkage of the dislocation 

loop during bulk and pipe diffusion,we should have: 

Dp X areas of the pipe = Db x area of the dislocation loop 

Dp X 10 b
2 = lil'bx6o,ooo b

2 

Dp ~ (103 - 10
4) Db. 

Using the above va~ue of Dp and taking Db from Refs. 8 and 9 we find: 

Db (for oxygen) e 

Db(for magnesium) 
10-2 e 

2,000 
RT 

18,6oo 
RT 1 

Figure 16 is an example which shows that the shrinkage rate in the 

pipe diffusion process is a little higher than that in the bulk diffusion 

process. Under similar conditions after 1 hour and 21 minutes loops 

A and B have disappeared in V by the pipe diffusion process, where as 

there is a comparatively small change in C, D and E, which are shrinking 

by the bulk diffusion process. This conclusion is based.ptimarily on 
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A as B is very close to the surface. As we showed, agreement is good 

for the assumption of equal rates. These discrepancies may be attributed 

to surface conditions of the foil. The foil for pictures in Figs. 13, 14 

and 15 is different from that for pictures in Fig. 16. Also theory as-

sumes that the atoms after coming at the surface go to equilibrium sites 

(i.e. ledges at the surfaces) and thus neglects rearrangement energy. 

This arrangement not only depends upon surface conditions but also upon 

the cleanliness around the opening of the connecting dislocation at the 

surface. 

6 
Groves and Kelly were very happy to find their upper limit for 

activation energy between activation energy for the bulk diffusion of 

magnesium in MgO 3.4 ± 0.1 ev
8 

and that for diffusion of oxygen in 

MgO 2.7 ± 0.3 ev. 9 A~parently they thought the process is controlled by 

both oxygen and magnesium ion mobilities because then: 

Ea ct ( f . d. ffu . ) ;;:; or p1pe 1 s1on l/2 Eact(for bulk diffusion) 

1/2[~++ + mm0 __ + Ef Mg++ + Ef 0-- J 

~g* Activation energy of migration for Mg++ 

Ef Mg++ = Energy of formation of cation vacancy 

6Hm0 __ Activation energy of migration for 0--

Ef 0-- = Energy of formation of anion vacancy 

However, as we have shown, it should be 

Eact(f . d'ff . ) · or p1pe 1 us1on 

It assumes that the diffusion process involves Schottley defects, which is 

reasonable in view of the size difference between anion and cation. 
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The very small positive value of entropy is also understood, as 

on~y a very small fraction of the total number of atoms take part in 

the diffusion process and the process is limited within the pipe itself. 
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V. CONCLUSIONS 

When dipoles, introduced by plastic deformation in magnesium oxide 

are annealed they break up into rows of prismatic loops by the pipe 

diffusion process. 

The equation for the pipe diffusion is 

D = 1. 5 X 10-3 
p (-60,400) 

exp RT 

The diffusion process is controlled by oxygen ion mobility. 

.. 
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Sample No. 
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B1 

B2 

~ 
B4 

B5 

B6 

B7 

Temperature 
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Radius in A 

1500 

1500 

700 

595 

573 

539 

438 

-11 
L5x10 

5.1X10.Jl2 

L05x1o-12 



Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Fig. 9. 
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Figure Captions 

Slip band structure after plastic deformation (bending) at 

room temperature. Slip bands appear only .on {110), (lio), 

(101) and .(iOl) planes. N.' B. p;t;>Ojection of {101} slip bands 

is along TO:LO) ... direction. 

Model for dipole breaking. 

Model for pipe diffusion through a screw dislocation connected 

to both surfaces of the foil from a prismatic dislocation 

loop inside the foil. 

Mechanism of waveo pattern formations in the dipoles during 

annealing. 

Shear modulus of elasticity of magnesium oxide single crystals 

versus temperature. 

2/ ar 2b r 1 + £n -. -. vs r graph taking a= ·2 and r 0 = • 
ro 

. (!) Coefficient· of pipe diff~sion versus T graph. 

I annealed for 196 min at 1700~; II same area as I annealing 

further for 60 min. 

I, II and II show that breaking at A is due to nonuniform dipole 

spacing. 

I after room temperature deformation, foil is annealed at 

1700~ for 75 min 

II same foil as I, after annealing further at l700°F for 

30 min 

III same foil as I, after annealing further at 1700~ for 

31 min. 

Fig. 10. After deforming at room temperature, foil was annealed for 

.~ 
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Fig . 11. Same area a s in Fig. 10 a fter annealing 30 min. at 1700"F. 

Fig . 12. Same area as in Fig. 11 after further annea ling 30 min 

Fig . 13. B1 after room temperature deformation annealed for 4o min 

at 2491 "F. 

B2 same area annea l ed further for 20 min at 249l 4 F. 

Fig. 14. ~ same a rea annealed further for 32 min at 2491~ 

B4 same area annealed further f or 10 min at 2491 ~ 

B5 same area annealed f urther for 15 min at 2060~ 

Fig . 15. B6 same area as above annealed further for 30 min at 2040 ~ 

B
7 

same area as above annealed further for 26 min at 2335~ 

B8 annea l ed same l oop furt her for 40 min at 2335~ . 

Fig. 16. IV After room temperature deformation foil is annealed for 

7 hours 28 min at 1700 ~ plus 135 min at 2335~ . 

V same area as IV, annealed further for 1 hour 21 min at 

2335"F 

Fig. 17. After room t emperature deformation foil is annealed for 

7 hours 28 min at l700 °F plus 30 min at 2335~. 
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Fig. 1 
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Fig. 2 
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2 

2 

Fi g. 3 

Dislocation which connects 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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