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SELF DIFFUSION IN MAGNESIUM 'OXIDE 

J. Narayan and J. Washburn 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 

Quantitative measurements were mode of the shrinkage rate of 

1 dislocation loops, b = ~ 101], which were near the center of the foil. 

The effect of loop to sink distance on the rate of climb has been 

directly confirmed. A value of 110,000 ± 4,200 cal/mole for the 

activation energy for bulk diffusion and (1.37 ± 0.26) x 10-2 cm2sec 

for the pre-exponent ail factor were obtained. Comparison of these 

results with tracer and electrical conductivity measurements suggest 

'that oxygen ion diffusion is the rate controlling .process for dis-

location climb. 

INTRODUCTION 

Self diffusion studies on MgO have been reported by tracer diffusiv-

, 1 2 28 
ity measurements.' For cation self diffusion, a layer of Mg 

(21.3 hr. half life) is deposited on one side of an MgO single crystal 

and heated to high temperature. On heating, the radioactive tracer 

atoms are distributed throughout the crystal. The final distribution 

and consequently the diffusion coefficient is evaluated by sectioning. 

Oxygen self diffusion coefficients have also been determined by 

measuring the rate of exchange between a limited volume gas phase 

enriched with the isotope 018 and MgO powder. 2 One uncertainty in this 
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kind of tracer diffusivity experiment is caused by the presence of 

dislocations which can act as fast diffusion pipes. Dislocation climb 

involves diffusion of both anion and cation. The rate of diffusion 

will be controlled by the slower moving species. By studying the 

shrinkage of small dislocation loops due to transport of material to or 

from the surface of a thin foil it should be possible to obtain 

quantitative information on the diffusion of the slower diffusing ion. 

By selecting loops that are relatively isolated from other loops, the 

mechanism would be unambiguously volume diffusion .. The only experi

mental work on dislocation climb in MgO available in the literature is 

that of Groves and Kelly.3 However, since their observations were 

based on thin foils prepared from bulk, samples after different annealing 

tr~atments and the climb of individual dislocations was not observed 

it was impossible to separate volume diffusion and pipe diffusion. By 

developing techniques of annealing thin foils outside the electron 

microscope and of photographing the same area under identical diffraction 

conditions, we have been able to study volume and pipe diffusion 

separately. Measurements of the shrinkage rate of the same dislocation 

loops were made at more than one temperature to eliminate errors in 

the calculation of activation energy due to poorly known pre-exponential 

factors. 

• 
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EXPERIMENTAL 

Large grained polycrystalline MgO was purchased from Muscle Shoals 

Electro-chemical Corp., Tuscumbia, Alabama. Semi-quantitative spectro-

graphic analysis revealed the following impurities (in PPM): 

Al-200, Si-200, Fe-30 

Na and K were undetected up to 2 PPM, Ag undetected up tol PPM, 

all other elements also undetected. 

Single crystal specimens in the form of thin she~ts (- 0.50 -

0.25 rom thick) were obtained by cleaving along {100} planes. The sur-

face damage introduced during cleaving was removed by chemical polishing 

in ,hot orthophosphoric acid (150-1600 c) to a thickness of about 0.3 rom. 

These sheets were then bent plastically backwards and forwards (±5 cm 

radius) about 200 times until they were fUll of slip bands. Following 

the deformation the specimens were thinned further, after applying 

masking lacquer aroun~ the edges. Final thinning to obtain electron 

microscope foils was done by a jet polishing technique. 4 After cold 

working the thinning was done primarily from one side because plastic 

deformation was maximum near the surfaces. 

In thin sheets bent along the [010] axis, dislocation dipoles are 

introduced on (101)[101], (101)[101] and on (110)[110], (110)[110] slip 

systems. Dipoles on (101)[101] and (101)[101] are of primary interest 

as dipoles on (110)[110] are seen edge-on along [001] which is perpen-

dicUlarto the surfaces of the foil. 
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Annealing Technique: An MgO (98%) crucible with a tight platinum lid 

Was fired at 15000 C for 48 hours. Then an MgO tube 1/16 in. internal 

diameter and 14 in. long was fitted in the crucible so that the 

atmosphere inside the crucible could be isolated from the furnace atmos

phere and could be controlled from outside. This was also given a firing 

treatment similar to that of the crucible before connecting it to the 

crucible. The thin foil was kept between two pure MgO ~rystals. One 

of these crystals had a spherical cavity, made by an ultrasonic drill. 

The thin foil was placed in the cavity in such a way that the area of 

interest did not touch the enclosing crystals. A calibrated Pt-lO% Rh 

thermocouple was connected to the crucible to measure the temperature 

inside the crucible. The temperature could be controlled to better 

than ± 5°C. For temperatures above 1400oc, there was some indication 

that the specimens became slightly non-stoichiometric. This was 

easily detected as a change in transmitted intensity inside the electron 

microscope. The problem was overcome by introducing some oxygen in the 

crucible atmosphere. Care was t~en not to turn the foil over during 

electron microscope observations. 

Electron Microscopy: All the foils were examined in a Siemens 100 kV 

electron microscope. For a particular set, the same diffraction 

conditions were used. Stereomicroscopy was done along the 200 Kikuchi 

band and around the 001 pole at each stage in order to be able to 

locate positions of all loops. Objective lens current was measured at 

each step of the picture making, keeping intermediate and projector 

lens currents fixed. The microscope was calibrated in small intervals 

• 
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of objective lens current for the. sa;me'projectorand intermediate lens 

currents. The measured positions 'were alw~s taken as the average of 

g+ve and g-v~ diffraction conditions • 

All the quantitative measurements were made directly from the 

electron micrograph plates. Electron micrographs were .observed in a 

Nikon enlarger at 20x to make measurements. The thickness of the foil 

(2L) 'was determined to ± loA by measuring the parallax of surface 

reference points (ends of screw dislocations running across the foil 

or dirt particles On the foil surfaces) in the stereo pairs . The 

following relation was used: 

Thickness of foil ("2L) = Parallax 
2 sin (e) 

'where 'e' is the angle of tilt between stereo pairs. 

THEORY 

. The influence of the sink to loop distance on the climb process 

was dem.onstrated by observing the climb behavior of loops near surfaces 

of the foil or near dislocations. Figure 1 shows the same area after 

various annealing treatments at 1195°C. The dislocation loop at 1, 

b = ~[lo.IJ, is near one of the surfaces of the foil; and the loop at 

1 
2, b =2110.1], is near a larger dislocation loop. Both these loops 

annealed out faster thari the very small dislocation loop with b = tr lo.l} 

at 3 which is near the center of the foil. The latter has the greater 

driving force for shrinkage because of its small size. These observations 

show that the climb rate is controlled by diffusion of vacancies between 

the loop and the surface rather than emission or absorption of vacancies 

at the loop. In fcc metals this is also found to be true when 
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dislocations are not'widely split into shockley partials. 5 ,6 

In the case of' dif'f'usion-controlled climb it is not necessary to 

make any detailed assumptions about the state of' the dislocation core 

. other than that it can maintain the vacancy concentration in the lattice ._ 

surrounding the loop at its local equilibrium concentration. The rate 

of climb is then determined by the vacancy flux between the lattice 

surrounding the loop and surfaces of the foil. The vacancy concentration 
F B2 

in the vicinity of a dislocation loop is C : exp 
o [~T ], where Fc is the 

driving force for climb, B2 is the cross-sectional area of a vacancy 

and C is the vacancy concentration at the surfaces of the foil. When 
o 

the radius of the dislocation loop (r) is small compared with the foil 

thickness, the loop can be considered as a sphere of radium r and the 

dif'fusion equation is solved for spherical symmetry, with the boundary 

conditions that vacancy concentration: 
F B2 

C = Co exp I ~T ] at x = r and C = Co at x = L. Here x is measured 

f'rom the center of' the dislocation loop, and 2L is·the thickness of 

the foil. The rate of shrinkage, dr/dt (following Dobson et al. 5) f'or 

this case is given by 
2 

dr _ 2D [Fc
B 

] 
dt - - b exp kT" - 1 (1) 

where D is the self bulk diff'usion coeff'icient for the rate controlling 

FSr large loop radii (r > L), one loop can be approximated by a 

straight line of length 2nr and the diff'usion equation is solved f'or 

2 cylindrical symmetry with the boundary conditions that C = C exp[F B /kT] 
o c 

at x = band C = C at x = L, where x is measured f'rom the dislocation 
o 
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line. The rate of shrinkage dr/dt for this case is given by 

(2) 

Following Seidman and Balluffi,7 for small loops the diffusion 

geometry may be better represented by a toroidal source (radii rand r 
o 

and concentration Cl on the torus) situated at the center of a sphere 

of radius L. The concentration on the surface of the sphere is C . 
o 

The shrinkage rate is given by 

dr _ -2 1T. D 
dt = b 

For large loop radii, the rate equation corresponding to Eq. (2) is 

dr -= 
dt 

-2 1T D 
b 

8 Using the expression given by Bacon and Crocker for the elastic 

energy of a prismatic dislocation loop, F can be written as 
c 

where V is the Poisson's ratio and r is the radius of the core of a 
o 

dislocation. 

Substituting for V ~ 0.3 in the range of temperaturel080-1450oC 

and r ~ 1.5b, F can be rewritten as 
o c 

Since F b2 « kT, the Eq. (1) can be rewritten as 
c 

(4) 

(6 ) 
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dr -2D -= 
dt b 

F b
2 

_C_ 
kT 

because B2 ~ b 2 , for ~ ~lOl> prismatic edge dislocation loops. 

By substituting for F in Eq. (7) and simplifying, we have 
c 

r dr -llDb3 

1 7 = 1.4 1T kT dt R.n -=......!. 
b 

Similarly Eq. (2) can be written as 

rdr 
n 1. 7r )l,n--

b 

-}.lDb3 R.n{L/b) 
= 1.4 TI kT dt 

By integrating numerically the left hand side of Eq. (8) and Eq. (9) 

from r l to r
2 

corresponding to a given interval of time of annealing 

( 8) 

at a temperature T, D can be determined. Finding D values at different 

temperatures and recalling D = D exp (-E t/kT), the activation energy 
o ac 

(E t) can be determined. U. sing this value of activation energy the ac· . 

pre-exponential term D was then calculated. 
o 

RESULTS AND DISCUSSION 

Figure 2 is a set of pictures of the same area after various 

annealing treatments at four different temperatures (1202°C, 1291oC, 

1368°c and 1243°C). The pictures represent the end points of annealing 

treatments at one temperature. Dislocation loops 1, 2, 3 and 4 

(b = ~lOl]) remained roughly near the center of the foil. This was 

confirmed by stereopairs taken after each annealing treatment. Dirt 

particles on the surfaces of the foil provided convenient surface 

reference points. The set in Fig. 3 is at two different annealing 
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temperatures (12600 c and 14000 c) and another set in Fig. 4 is at two 

different temperatures (14000 c and 1427°C). 
. 2 

Plots (r vs t) for the 

loops which remained near the center of the foil are. given in Figs. 5 

through 7. 

Using Eqs. (8) and (9) an average value of activation energy 

110,000 ± 4,200 cal/mole was obtained in the temperature range 1100 to 

1427°C. The value of D in this temperature range was found to be 
o 

(1.37 ± 0.26) x 10-2 cm2lsec. In calculations of activation energy direct 

vacancy elastic interaction with the dislocation loop has been neglected. 

For a large dislocation loop, where the stress field can be approximated 

by the stress field of a straight disloc~tion line, the elastic inter-

action of Vacancies due to change in their size (because of lattice 

relaxation} and shear modulus is given in the Appendix. Hickman and 

Walker9 found that the nature of the dilation around an isolated Schottky 

defects in MgO is contraction and varies from 0.2 to 0.4 times the 

molecular volume. As shown in the Appendix, a dilation of 10 to 40% could 

increase the shrinkage rate as much as 50%. 

The value of activation energy agrees with the activation energy 

which has been associated with intrinsic diffusivity of oxygen ions 

obtained from electrical conductivity measurements. lO For shrinkage of 

++ 
dislocation loops both ions Mg and 0-- must diffuse at the same time, 

but the rate of diffusion is probably controlled by oxygen ion mobility. 

This is expected because of the m~ch larger ionic radius of 

0--(0--(1.32 A), Mg++(0.66 A)). 

1 Oishi and Kingery measured the oxygen self diffusion coefficient 

by measuring the rate of exchange .between a c:mtrol:ied gas phase 

(oxygen gas at 150 ~ pressure) enriched and isotope 018 and MgO 
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powder in the temperature range 1300-l150oC. Their value of activation 

energy for self diffusion of oxygen ion was 62,400 cal/mole and they 

attributed this to impurity controlled or structure sensitive diffusion. 

If we take this value as that corresponding to extrinsic or impurity 

controlled diffusion of oxygen, then it represents H , the enthalpy 
m 

of motion of oxygen ions. Oxygen vacancies are created due to the 

presence of aliovalent impurities. The activation energy 

110,000 ± 4200 cal/mole obtained in air experiments probably corre-

sponds to intrinsic diffusivity of O~- and therefore, corresponds to 
H

f ~ + Hm where H
f 

is the enthalpy of formation of a Schottky defect. 

From thisH
f 

is 3.6 ± 0.22 eV and Hm is 2.76 ± 0.11 eV. Harding et al.
ll 

did measurements of self diffusion of Mg++ in single crystals of MgO 

and determined Hf = 3.4 ± 0.2 eV and the enthalpy of motion for cation 

. ++ 
vacancy (H , Mg ) = 1.7 ± 0.1 eV. There is good agreement in the m . 

values of Hf . Both in anion and cation diffusion Hf corresponds to the 

enthalpy of formation of the complete Schottky defect. The value of 

H for oxygen ion migration deduced from electrical conductivity 
m 

. 10 measurements l.S 2.7 eV. The higher value of H for oxygen ions 
m 

(2.76 ± 0.11 eV) compared to that of Mg++ (1.7 ± 0.1 eV) is also expected 

f .. d' . 'd t' 12 rom l.onl.C ra l.l. consl. era l.ons. 

Oishi and Kingery's value of activation energy, 62,400 cal/mole 

is also the same as the activation energy for pipe diffusion, reported 

13 by the present authors.. Therefore instead of interpreting their 

results as extrinsic diffusion of oxygen they might also be interpreted 

as pipe diffusion Oishi and Kingery probably used unannealed MgO powder 

in their experiment. These particles might have contained a high dis-

location density. This has been found to be true for NaCl and KCl 

. ,. 



• 

'. ~ .. ' I ; 

-11-

powders as discussed by Barr et al.
14 

The relatively high values of the 

diffUsion coefficient obtained by Oishi and Kingery support this idea. 14 

The equality of the activation energy for bulk diffUsion under an impurity 

controlled diffusion condition to the activation energy for pipe diffusion 

along dislocations is just a coincidence. 

Groves and Kelly3 measured the sizes of dislocation loops by trans-

mission electron microseopy in thin foils prepared from cold worked 

samples of various annealing treatments at l242°C, 1333°C and 1426°c. 

They determined the average growth rate at thes7 temperatures and found 

the activation energy of 76,000 ± 4600 cal/mole. B,y photographing 

the same area in transmission electron microscope under identical 

diffraction conditions15 after various annealing treatments outside 

the electron microscope, the present authors have found that the primary 

machanism of loop coarsening below about 13000 Cis the self climb. 

Most of the close loop pairs, which result from breaking up of dipoles 

during the beginning stages of annealing in the cold-worked samples, 

coalesce by self climb below about l300oC. Only very few big loops 

grow at the expense of smaller loops by bulk diffusion. In thin foils 

isolated loops can shrink only by bulk diffusion. Therefore"the 

apparent activation energy of 76,000 ± 4600 cal/mole obtained by Groves 

and Kelly3 probably represents contributions from both volume diffusion 

and pipe diffusion. 



-12-

CONCLUSIONS 

1. The shrinkage or growth of dislocation loops in MgO is controlled 

by diffusion of vacancies rather than emission from the dislocation. 

2. The rate controlling ion during diffusion of Mg++ and 0-- is the 

oxygen ion. 

3. The activation energy of self-diffusion of oxygen ion has been 

interpreted to be 110,000 ± 4,200cal/mole and the value of the pre

-2 2 exponential was found to be (1.37 ± 0.26) x 10 cm /sec. This method 

of loop-shrinkage for the measurements of self diffusion, using the 

technique developed by the present authors would prove very useful 

in studying precisely the effects of various impurities on self 

diffusion, as MgO is a very good host for many impurities. 

. .. 
'I .... 



, 
REFERENCES: 

"/ 
I _,J 

-13-

1. Y. Oishi and W. D. Kingery, J. Chern. Phys. 33 (3) 905 (1960). 

2. Ronald Linder and G. D. Parfitt, J. Chern. Phys. 26 (1) 182 (1957). 

3. G. W. Groves and A. Kelly, J. Appl. Phys. 34, 3104 (1963). 

4. J. Washburn, G. W. Groves, A. Kelly and G. K. Williamson, Phil. 

Mag. 2., 991 (1960). 

5. D. S. Dobson, P. J. Goodhewand R. E. Smallman, Phil. Mag~ 16, 9 

6. J.-P. Tartour and J. Washburn, Phil. Mag. 18, 1257 (1968). 

7. D. N. Seidman and R. W. Balluffi, Phil. Mag. 13, 649 (1966). 

8. D. J. Bacon and A. G. Grocker, Phil. Mag. 12, 195 (1966). 

9. B. S. Hickman and D. G. Walker, Phil. Mag. 11, 1101 (1965). 

10. M. O. Davies, J. Chern. Phys. 38 (9) 2047 (1963). 

11. B. C. Harding, D. M. Price, and A. J. Mort1ock, Phil. Mag. 21, 

399 (1970). 

12. L.W. Barr and A. B. Lidiard, Physical Chemistry - An Advanced 

Treatise 10, 151 (Academic Press, 1970). 

13. J. Narayan and J. Washburn, Submitted to Phil. Mag., 

14. L. W. Barr, et a1., Trans. Faraday Soc. 56, 697 (1960). 

15. J. Narayan, Ph.D. thesis, University of California, Berkeley, 

LBL~406 (1971). 

16. R. Bu11ough, Atomic Energy Research Estab. Rep. (AERE-PGEC/L33), 

1964, p.19. 

17. G. B. Gibbs and J. A. Turnbull, Met. Sci. J., 1, 25 (1967). 



-14-

APPENDIX: 

EFFECT OF ELASTIC INTERACTION ON THE RATE OF CLIMB 

The elastic interaction arises from two effects (i) the size 

effect because of interaction between the stress fields of the 

vacancy and the dislocation, and (ii) the inhomogeniety interaction, 

which arises because of different elastic constants associated with the 

vacancy. After approximating vacancy-loop-interaction by vacancy-

straight edge dislocation interaction and neglecting orientation depen

dence of the potential,16 the size effect interactions can be written as: 

-4].lE:br 3 -w 
E= .0=--1. 

1 r r . , 

and inhomogeniety interactions as: 

-5].lb 2r 3 (1-E:)3 
E = . 0 

2 2n (1-v)(7-5v)r2 

(1 ) 

where ro (I-c) is the radius of the vacancy and ro the atomic radius. 

This binding energy will increase the vacancy concentration in equilibrium 

with the loop; and while this will tend to increase the rate of climb, 

the increase in the apparent activation energy for diffusion will tend to 

decreas e the climb rate. If the interactions were completely localized 

at the dislocation core the two effects would cancel out, but since the 

decreased climb effect occurs over relativelY long ranges the net effect 

of the interaction is to increase the rate of climb. 

Following Gibbs and Turnbull17 for the size effect the.ratio of 

vacancy fluxes with and without interactions is given by: 

, , 

• • 
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where a = kT . 
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In(L/b) 

l/r exp _(WI) dr 
rkT 

[
.log 1. + ~ + _~a:;..2 __ 
. r r 2'2'2 I r .. .. 

Similarly for. inhomogeniety interactions: 

~L f:] 
d 

In(L/b) 
= 

f l/r exp -(~) dr 
- 2k ro r T 

= In( Lib) 

L 

+ 0 0 .J 
ro 

c 3 
L 

I [ 1 c -- log - + -- + 
222 

r r 
-r"'?6 --'3-'-3-1- + • oJ 

ro 

where c = 

For core radius about 2b and maximum dilation of 0.4 the climb rate 

increases as much as 50%. 

(4) 
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FIGURE CAPTIONS: 

Fig . 1. Effect of loop to sink distance on the shrinkage rate of 

dislocation loops. The dislocation loops at 2 and 1 are shrinking 

at much faster rates than other loops of similar sizes because of 

being near to a very big loop and surface of the foil respectively. 

In all figures the length of the marker is 0.3~. 

Fig. 2. Shrinkage of dislocation loops b ~ l [101], due to 
2 . 

lattice diffusion. Annealing treatments A ~ B, 42 min 5 secs at 

1368°C; B ~ C, 45 min 52 secs at 1291oC; C ~ D, 150 min 8 secs 

at 1202°C; D ~ E, 46 min 10 sees at 1243°C. Intermediate 

pictures taken at one temperature are not shown. In all plates 

to follow the indicated magnification applies to particular 

photograph, other photographs in the plate have slight variations . 

Fig. 3. 
1 Annealing of dislocation loops, b = 2 [101]~ Annealing 

treatments: A ~ B, 64 min 0 secs at 1260oc; B ~ c, 80 min a sees 

at 1260oc; C ~ D, 20 min 10 secs at 1400oc; D ~ E, 20 min 5 secs 

Fig. 4. 1 
Climb of dislocation loops, b = 2 [101]. Annealing 

treatments: A ~ B, 11 min 0 secs at 1427°C; B ~ c, 16 min 0 sees 

at l427°C; C ~ D, 24 min 35 secs at l400oc; D ~ E, 9 min 1 sec 

Fig. 5. Annealing curves of loops in Fig. 2. 

Fig. 6. Annealing curves of disloca~ion loops in Fig. 3. 

Fig. 7. Annealing curves of dislocation loops in Fig. 4. 
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figure 2. 
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Figure 3 . 
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Figure 4. 
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