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ABSTRACT

Quantitativé measurements wéré madé of sélf climb of dislocation
loops, b = %<101>, in magnésium okide single crystais; The rate of motion
of pairs of coplanar loops was studiéd by repeated observatioﬁ of the
same areas of a thin foil during.a séries_of annealiﬁg tréatments. A
value of 60,300 i_3,500 cal/mole for the activation energy for pipe

diffusion and (7.5 *+ L4.3) x 10718

cmh/sec for the pre-exponential term Doap wore
" obtained. The experiments show that up to about 1250°C self climb is a

primary mechanism by which average loop size increases during annealing

of plastically deformed magnesium oxide.



INTRODUCTION

Self climb of diélodation loops differs from the.usual non-
conéer&axive growth or shriﬁkage in the sensé.that the total area of the
loop projected pérpendiéular to its Burgers Vector remains unchanged ahd
climb occurs by migratibn of étoms aldng the easiest'péth, i.ef, the core
of the dis;océtion} This type of climb was first proposed by Johnson
(1960) in order tovexpiéin observations of vacancyvloop coarseningvon
anﬁealing bulk samples of quenéhed aluminum. . Johnson considered,the
self climb of two_square 1§ops but unfortunately neglected the driving
force term in his analysis. Later Kroupa et al. (1961) took this into
accéunt and analysed the movement of a square loop in the strain field,of
a circular léop. Price (1960), during eiectron microscopy of deformed
zine, observed that the prismatic diélocation loops ﬁoved due to inter-
action with a nearby edgé disldcation, whiié réméihing én the same basal
plane layer. During this motion the area of the loop projécted perpéndi—
cular to its Burgeré Vector was unchanged. Theoretical treatment of |
these observations was given by Kroupa and Pricev(l96l). |

In self.climb, the driving force for pipe diffusion grises from two
sources. The first is due to interaction with neighbbring loops
(Westmacott et al., 1962; Barnes, 1963; Turﬁbull,'1970) or surfaces of
the foil. (Barnes and Mazey,il962) of nearby dislocations (Price, 1960).
This-givés-risé to_differences_in concentration Qf vacanéieé around the
loop (i.e. enefgy of formation of a vacancy is affected). Coplanar pairs
of dislodation loops have strong interaction oﬁly if the separation is
small (ébout one diametér of the bigger loop). This'interactio;vresﬁlts
in a net flow of vacancies around the loop. The éeqdnd is due to direct

loop-vacancy interaction. Vacancies once created at a given loop
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interact with the surrounding elastic stress field and accordingly
the energy for migration of a vacancy will be affected.

Reliable quantitative measurements of dislocation climb rates are

largely still lacking because of the following experimenﬁal difficulties:

1) It is often hard to avoid concurrent prismatic slip; this is
particularly true in metals;

2) It is necessary to carry ouf annealing treatments outside the
microscone because of the inherent inaccuracy of temperature measure-
ment in hot stage experiments.

These difficulties have been avoided in our experiments. Magnesium
oxide was found to be an ideal’material for observing self climb for the.
fbllowing reasons:

.l) Prismafic slip in magnesium oxide is not easy even at tempera-
turee high enough for self climb to oceur readily;

2) Many of the prismatic dislocation loeps, which are formed from
the same dislocation dipole on ennealing are coplanar;

3) Annealing of thin foils of magnesium oxide outside the electron
microscope is relafively easy; |

4) The high fracture strength and high yield strength of MgO made
it less difficuit than for metals to handle thin foils nithqut meking
dislocations move during a series of electron microscope observations
and annealing treatments.

The presenf report contains a quantifative analysis of self climb
of coplanar pairs of loops. Only those loqps were selected for measure-

ments which were near the center of the foil to minimize the effects of
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foil surfaces; ‘The rate of self climb kas meaéured.at moré than one
temﬁératuré for the same sef of lqops td avoid the uncéftaintyvdué.to
pbofly Rnown pre-exponential factors. BSelf climb dﬁe to éurfades of
tﬂe foil or‘néérﬁy dislocatiQns has also been observed, but it was not’
possible to maké a quantitative analysis. A model, similar td that af
Tﬁrnbuli, has béen'used.to calculate the activation energy for pipe
diffusioh and éomparisoné have beeh made with Turnbull's recent analysis
~of self cliﬁb in U02. |

EXPERIMENTAL

Large gfained polycrystaliine MgO was purchased from Muscel Shoais
Electro—chemical Corp., Tuscumbia, Alabama. ‘Semi—quantitative spectro-
graphic analysis revealed the following impurities:. Al - 0.06%, Fe -
0.03%, Ca - 0.03%, Mn Q 0.002%, Cr - 0.002%, Cu - <o.00i%, Si - <0.001%.

Single cfyétal specimens in the form of thin sheets ( 0.50 - 0.25 mm
thick) were.obtained by cleaving along 100 planes. The surface damége'
introduced during cleaving was removed by chemicai polishing in hot
~orthophosphoric acid (150 - 16080) to a thickness of aboﬁt 0.2 mm.
These sheets were then bent backwards and forwards (+5 cm radius) about
200 timesuntil they were full of slip bands. Fecllowing the deformation,
specimens were thinned further, éfter applying masking.laéquer around
the edges. Final thihniﬁg to obtéin electrdn microscope foils was done
by a jet polishiﬁg technique (Washburn et al., 1960). After cold |
working thé thinning was done primarily from one side because plastic

deformation is maximum near the surfaces.



In thin sheets bent along the fOlO] axis, dislocation'dipoles dre
intfqduced on (101)[Io1], (101)[101] and on (110)[110], (ilo)[iio] élip
systems. Dipoles on‘(loi)[iOl] and (101)[101] are of primary interest
aé dipoles on (llO)[ilO] are seen edge-on along fOOl] which is perpen-
dicular to the surfaces of the foil. |

All foils were examined in s Siemens 100 kV electron microscdpe.
The same area was observed repeatedly after aﬁnealing at constant teﬁe
perature outside the electron microscope in an atmosphere—céntfdlled
furnace and subsequently cooling in air. Care was taken not to turn the
foil over during a series of observations. Changes in the positions of loops
were meaéured directly from the electron micrograph plateé using a Nikon
enlarger at 20x. Magnificatién calibration of the microscope was

carried out at every step of the picture making.

THEORY

In the following formulation it is assumed that motiop is due only
to pipé diffusion and that the onlykdriving force is the interaction
between the twb loops. The direct vacancy-loop interactions are not
included due to uncertainty in the relaxation around Qacancies inside
the core of a dialocation in ionic crystals. Also, in agreement with
experimental observations,'it is assumed that the loops remain circular

while getting closer.



‘The flux of vacancies passing from the far half into the near half

of a climbing lbop is (see Fig. 6 and Eq. (4) of Turnbull (1970)):

' ' P
N P P
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vhere DP = self_diffusion coefficient at the core of the dislocation,
a' = area of cross-section of the dislocation pipe,-Cg is the concentration
of yacancies at 6 = 90°, Ng = atomic density at the core of the dislocation

d;nt is the change in interaction energy with the center distance of

dislocation loops and ry is the radius of the loop.

The rate of displacement of the loop center is:
. £

- .y B
dt loop 1 1 2rl
ptafb Wef  aE, |
v 0 0 int
- T .3 & y (3)
1TkTr1

If both loops of an attracting pair are migrating, the total rate of

: ax dx
change of X, %%-'is the sum (ja%) + 7;%) _
: : loop 1. loop 2
Therefore
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ecause D D, exp (u /kT)’ C_ = exp (u , /kT)’ Wmv and U

are the activation energies for migration and formation of a vacancy
respectively at the care of the dislocation.

Defining X = X/r ‘where rl‘is the radius of the larger of the two
. : 1 .
loops and rearranging Eq. (4), we have

ax - 5 = Kdt , - (5)
int
where _ )
P PPk P P
K = 'Doa Nob 1 + 1 exp umv + ufv
L2 3 3 - KT :
Trk'I-'r1 rl r2-

X : t .
2 = 2
- . ax _ ,
f X = = f Kdt. (6)
- int

The integral on left side in Eq. (6) was evaluated numerically
for the sets of loops suitable for self climb measurements. This

required first the double integration for Eint
' ax

dE,
~in

at small intervals of

X and then evaluation'of vs X .

t
Graphical integrations were performed from il to X

5 corresponding

to intervals of time At to get Al,vA2 etec. Therefore, for an interval

of time Atiiat temperature Tl

A, = KAt . (7)



Similarly for snother time interval At2 at temper#ture T2

A, = Kb, : o - (8)

From Eqs; (7) and (8) we have: -

et ﬁ% _ 2 exp Pact (1 1) : | (9)
= -7 . s
A2 Atl Tl R T2 Tl
. _ P . P
vhere. E .4 = v T Hey

» RT. T A At T
Therefore - Eet = 7 ETQ in 1 23 (10)
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RESULTS AND DISCUSSION

The set of pictures in Fig; lis an ekample where the same ared
was photographed‘after annealing treatments at.three different tempera-~
tures (1100°C, 1200°C and 1237°C). - The cdplanar groups of loops at 1,
2, and 3 move closer togeﬁher by self climb and form single loops of
approximately conserved total area. 'Figure 2 is a set of pictures at

.two temperatures (1086°C and 1250°C). The coplanar groupsﬂof loops at
1 and 2 moved clogér together and formed single loops with unchanged
itotal area, Other examples of self climb are at 1, 2, 3, 4, end 5

in Fig. 3 at 1195°C. Changes in the sizes of dislocation loops



- due to bulk diffusion were negligible for loops near the center of the
fdil.' A few loops which were near the surfaces of the foil'slipped out
by prismatic slip along their glide cylinders (see loops 4 and 5 in
Fig. 1)

The values of activation energy for pipe diffusion, obtained by
. measuring the rate of climbvof various sets of loops of different
sizes are given in Tables.I through III. The average valﬁe of activation
énergy is 60,300 * 3,500 cal/mole. An estimate of the uncertainty due
to limits of precision in the measurements of separation, fadius and
temperature aré given for each value. To maximize the precision of
measured separations and radii of loops, pictures were taken with both
200 éndb200 diffraction conditions. The resﬁlts reported in Tables I
through III represent the average of measuremenfs for the two diffraction
conditions. Stereomicroscopy was also done at each.stép to locate the
loops in the foil. Surface dirt particles were used as reference
points. Only those loogs which were located near the center of the
foil and were reiatively isolated from other loops were‘selected for
the measUremenfs. Surface effects were not important in the calculations
vbecause‘these are of short range and are negligible for loops situated
at a depth more than about two aiameters of the loop (Groves and Bacon,
19703 Narayan énd Washburn, 1972).

In the théory of self climb one Qf the assumptions was that loops
remain cifcular due to line tension while moving closer togéther. The
dislocation iooPS at 3 in Fig. 1D and_at 2 in Fig. 2D show that loops

do remain circular even np to the time of contact. This should be
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expected because the loop_self'ehergy remains large compaféd to the
interaction energy right up to the point whefe the loqps‘come into
cbntacﬁ. Turnbull (l9f6) has mentioned that his formulation for the
rate of self climb.explains ﬁhy both loopé remain circular ﬁhile coming
closer‘fogethéf. Hoﬁever, his analysis considered oniy the shape of

' near halfs of the loops; Whén’the forces on the entire ioqp are
accounted for, the net force acting on far halfs is repulsionvwhich,

in ﬁhe absence of loop self.energy, would make‘the 100pé elbngate
rather than remain circular.

Depending upon the vacanc& saturation around the loops, bulk
diffusion can cause slight increases or decreases in the sizes of the
lobps during annéaling. .If_}qop size»changes, the pipe diffusion path
length changes during the exﬁerimeht. These changes have been neglecfed
in the formulation for rate of self climb. However, in the temperature
range of our experiments these changes ﬁere very small for the dislocation
loops which wefe near the center of the foil and relatively isolated from
other loops. The dislocafion loop (near the dirt partiClebon the right
side of photographs in Fig. 1), whiéh is close to center of the foil, did
‘not shrink éppreciably insﬁite of being one of the smallest loops therefore
having had ablaréevdriving force fof shrinkage. Therefore, the variations
in the calculated Values of activation eneréy due to this.éimplification
wefe within experimental errors. 

By making measurements of climb rate for a given lbop pair at more
than one temperature, errors due té inadequate kndwledge of the appropriate

pre-exponential terms, particularly Dg and aP, hive been avoided.’
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‘Measurements at one temperature (Turnbull, 1970) require.a theoretical
eétimate of DS and aP to permit calculation of the activation engrgy.

The activation energy calculated from rate measurements at two temperatures
was used to calculste the pre-exponential term»DSaP (7.5 iih.3) X

10'18

cmh/sec. This value of DzaP was then used to calculate the activa-
tion energy for measurements done at constant temperature. The small
'variations in meéSured activation energy over the temperaﬁure range

1100 to 1250°C and for various sizes of loops justifies confidence in the

model and analysis. If we take a? as 10-15 cm2, Di is about

5 x 1073

cme/sec.‘-This is in good agreement with previous results on
pipe diffusion along screw dislocations* (Narayan, 1970).

This rather low value of Dg may be due to precipitation of impurities
along the dislocations, which act as traps for vacancies and/or a reduced
value of the frequency of‘atomic vibration inside the core of a
disiocation.

In Turnbﬁll's paper, arguments are also presented for not taking
into account direct loop-point defect_interaction. He argues that
relaxation around vacancies in ionic crystals is generélly‘small.

However, Hickman and Walker (1965) found that in MgO, the relaxation
aroundzivaeancyistension'andfisabout 0.2 to OJ+tim¢s the molecular volume,

but it is not clear how the relaxation around a vacancy in the core of a

dislocation might be estimated from this value for an isolated vacancy.

A configuration was used in which a dislocation loop, b = l?[IOl],
was connected to both surfaces of a thin foil by a screw dIslocation
of the same b-vector.
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By'measuring the shrinkagé rate of dislocation loops due to bulk
diffusion in the tem;ier;ture range 1080-1427°C (Nar'ayan, 1971), the
gctivation enérgy for intrinsic bulk diffusion was detérmined to be
110,000 * ﬁ,200 cél/mole. This is in égreementiwith that for intrinsic -
- diffusion of oxygen'ions obtained from electrical conductivity.measure—'
ments (Déviés, 1963); The value of activation eﬁergy for self climb
is abouf‘O.SS times that for oxygen ion bulk diffusion. This ratio is
in agreeﬁent with that in fcc metals (James and Leak, 1965). This
leads to the conclusion that pipe diffusion is controlled by ox&gen ion
mobility which is expected in view of ionic redii of 0 (1.32R) and

Mg'T (0.66A).

CONCLUSIONS

1. The activation energy for pipe diffusion and pre-exponential factor
Dgap from measurements of rate of self climb of coplanar pairs of

1oops, b =% (101) , are 60,300 * 3,500 cal/mole and (7.5 * 4.3) x

lO-18 cmg/sec respéctively.
2. Self climb 1s the primary mechanism of dislocation loop coarsening
during annealing of plastically deformed magnesium oxide up to

1250°C.

3. The rate of self climb is controlled by oxygen ion mobility.
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Table I.
Group of _ Time Temp. Activation
- Loops X in Sec °K Energy
1 in Fig. 1 A | 2.78
sko2 1373 o
B | 2.68 60,300 % 3600 cal/mole
3257 1473 |
C 2.44
2925 1510
D |1.588
E Cblla.pse
2 in Fig. 1A |3.k2
| 502 1373 | |
B [3.35 60,700 * 3300 cal/mole
3257 1473
C |3.14 _
| 2925 1510
D 'Collapsé
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Table II.
~ Group of - Pime = Temp. Activation
- Loops X in Sec °K - Energy
1in Fig. 2 A | 3.19 |
‘ ' 2438 1359
B | 3.17 IR .
2392 1523 59,300 + 3200 cal/mole
c -3.0h
1570 1523
D 2.98
’ 1202 1523
E | 2.845
F qdllaps¢
2 in Fig. 2 A { 3.99 _ . U
' ' 2438 1339 59,700 * 3700 cal/mole
B | 3.96
2392 1523
c | 3.5%
‘ 1570 1523
D | 2.80
1202 1523
.E Collapse
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Table III.
Group of _ - Time Temp . Activation
Loop 1~ X . . in Sec °K Energy
1 in Fig., 3 A | 4.91
4565 = 1468
B | 4.81 . 60,100 + 3000 cal/mole
2305 1468
¢ | b.7h
1810 1512
D | Collapse
4 in Fig. é A | 4,k49
L565 . 1468
B | 4.30 , ,
2305 1468 59,500 * 3600 cal/mole
c | k.16

D Collapse

5 in Fig 3 A | 4.37
. 4565 1468

B | 4.15 60,600 * 4000 cal/mole
2305 1468 :

c| 3.97
Collapse
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FIGURE CAPTIONS

Fig. 1. Self climb at 1, 2 and 3; prismatic slip at 4 and 5 due to
surfaces of the foil at three different temperatures. In all
figures intérmediate pictures have not been included.
Annealing treatments:

A »> B, L4502 secs. at 1100°C; B -+ C, 3257 secs. at 1200°C;
C + D, 2925 secs. at 1237°C; D = E, 3880 secs. at 1200°C;
E > F, 2720 secs. at 1200°C.

Fig. 2. Self climb at 1 and 2 at two different temperatures. Some of
the smaller loops have slipped out of the foil. Annealing
treatments:

A » B, 2438 secs. at 1186°C; B - C, 2392 secs. at 1250°C;
C + D, 1570 secs. at 1250°C; D - E, 1202 secs. at 1250°C;
E > F, 2369 secs. at 1250°C.

Fig. 3. Self climb at 1 through 5 at 1195 and 1239°C. Annealing
treatments:

A > B, L4565 secs. at 1195°C; B = C, 2305 secs. at 1195°C;

C + D, 1810 secs. at 1239°C.
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