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Microstructure Evolution

F. Ferroni, X. Yi, K. Arakawa et al. Acta Met. 2015

• Post-irradiation annealing is known to be 
highly temperature dependent 

• The dominant change in microstructure is 
the growth of prismatic dislocation loops

higher temperatures, loops turn into lines, making loop
area comparisons within the same sample section erro-
neous. Secondly, radiation damage recovery in the litera-
ture has commonly been measured using resistivity.
Above the Debye temperature, the electrical resistivity in
the kinetic theory approximation is inversely proportional
to the electron scattering time. According to Mattheisen’s
rule, one can write the scattering rate as the sum over pos-
sible contributors, such as impurity scattering, electron–
phonon scattering and electron–electron scattering.
Dislocations (larger ones more so), would have a constant
scattering power per unit length, as opposed to enclosed
area [52,53]. This is predicated on the idea that the elec-
tron–phonon scattering inside a relatively large loop (above
!1 nm diameter) is virtually zero [54].

From Fig. 10, we calculate the logarithmic change in
normalised dislocation line length between 700 !C and
1100 !C, and plot it against the inverse of temperature to

extrapolate an activation energy from the gradient of the
linear fit, as seen in Fig. 15. This yields Ea = 1.34 " 0:2 eV.

One can also attempt to estimate an activation energy by
looking at the isothermal bulk annealing data given in
Fig. 8. Assuming a linear extrapolation between the 4 and
8 h data points for 800 !C, the mean loop size at !6.5 h
is equal to a 1-h anneal. In other words, the loop growth
rate at 950 !C is !6.5 times larger than at 800 !C, which
yields an activation energy of 1.41 " 0:1 eV.

6.3. Estimation of climb mobility

Equilibrium positions of loops can be found using the
isotropic elasticity approximation found in Hirth and
Lothe [55]. These elastic interactions have been shown to
be the driving force of loop re-organisation into chains
via glide [56], with some coalescing due to direct collisions.
These chains are clearly visible at !800 !C in Fig. 1.

One hypothesis for increased recovery above 800 !C is
the activation of dislocation climb. As shown in Fig. 11,
coalescence seems to occur when two adjacent loops which
have reached their elastically-determined equilibrium posi-
tions through glide join together via climb, to form oblong
loops. For isolated infinite straight dislocations, analytical
expressions for climb mobility laws are available [57,58],
which allow estimation of typical timescales expected for
climb motion, based solely on vacancies. Assuming a lin-
early varying dislocation velocity with applied force, climb
velocity can be written as (Eq. 1).

vcl ¼ M cl F cl þ F os½ & ð1Þ

where M cl is the climb mobility, F cl the climb force, and F os

the osmotic force. The osmotic force occurs when there is a
vacancy supersaturation [58]. However, in the present
analysis, it is considered negligible as large loops were not
observed growing through processes such as Ostwald ripen-
ing. The climb force F cl is the projection of the Peach–
Koehler force in the direction perpendicular to the disloca-
tion glide plane and is given by F cl ¼ ½ðrb) m& * n, where r
is the local stress, b the dislocation Burger’s vector, and n
the climb direction. For two infinitely long straight edge

Fig. 9. Damage microstructure after (a) 1 h annealing, (b) 8 h annealing, at 800 +C anneal, with ramp-rate of 1400 +C/h. Two-beam kinematical
bright-field with g = (020) excited.

Fig. 10. Variation of visible total dislocation line length (normalised to
that at room temperature) during ramp-up experiment; the same area
was analysed at each temperature.
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Climb
• Glide is rapid but often blocked by 

impurities / junctions etc  

• Climb allows dislocations to leave  
their glide surface even when 
glide motion is blocked  
 
 
 
 
 

• Climb typically requires 
concurrent mass transport, 
facilitated through biased diffusion 
of the vacancy atmosphere

by the subtraction, Dsub, instead of the time dif-
ferential of MSD. The drop in Dsub during the
period from 1/30 to 4/30 s is attributed to the after-
image of the current imaging system (17). By
extrapolating Dsub to t = 0 s with the exclusion of
the effect of the afterimage, we estimate the real
value of D to be 50.1 ± 0.4 nm2/s. The ap-
propriateness of this procedure for estimating D is
assured:When this procedure is applied to the result
obtained by kMC (fig. S2A), it yields a value ofD
(49.5 ± 0.4 nm2/s) almost equal to that set in kMC
(fig. S2, C and D) (17).

The temperature dependence of D and its
loop size dependence are shown in Fig. 4A. The

temperature dependence ofD satisfies Arrhenius’
law (24). From the slope of the lines in Fig. 4A,
the values of the activation energy for loop dif-
fusion, E, are estimated to be 1.3 eV, independent
of the loop size, with statistical dispersions less
than 0.03 eV. A simple extrapolation of the size
dependence of the E values of the crowdion
bundles [which were calculated by MD (3–7)]
to the size range of these “conventional” loops
yields E < 0.1 eV, independent of the size. One
of the origins of the drastic slowdown in “con-
ventional” loop diffusion is attributed to atmo-
sphere dragging, as described below. The
dependence of the pre-exponential factor, D0,

on the number of self-interstitial atoms that
compose a loop, N, obtained for E = 1.3 eV, is
shown in Fig. 4B, where D0 monotonously de-
creases with increasing N. If we assume that a
power law on the N-dependence of D0 is es-
tablished, we obtain

D0 ¼ ð2:3# 0:3Þ % 1015N−ð0:80 # 0:02Þ

ðnm2=sÞ ð3Þ

The loop size independence of E implies that
the loop moves not by overcoming the Peierls
potential (1) hill at once and as a whole, but by
forming and moving double kinks (1, 2). The
presence of double kinks in a loop has been
mentioned in MD studies (3, 5) and a theoretical
study (10). These studies relate the origin of E to
the kink-pair nucleation process. However, in
general, the rate-controlling process of disloca-
tion glide under low stress is not double-kink
nucleation but the sidewise motion of the double
kinks present at thermal equilibrium (1, 25).

In response to low shear stress symmetric
with respect to the central axis of the loop, the
dislocation velocity ud is expressed as a function
of the kink velocity uk (1) (fig. S4A)

ud ≈
a

1=ck
uk ¼ ackuk ð4Þ

where a is the period for the Peierls potential, and
ck is the equilibrium concentration of all (positive
and negative) single kinks and is a function of Ek,
the formation energy of a kink. In the case of the
sinusoidal-type Peierls potential, ck at the high-
temperature limit becomes

ck ≈
2
wk

ffiffiffiffiffiffiffiffiffiffi

2pEk

kT

r

exp
"

–
Ek

kT

#

ð5Þ

where wk is kink width, k is the Boltzmann
constant, and T is absolute temperature (2).
Equation 4 indicates that a dislocation moves
by a distance of a due to the movement of each
kink, with average spacing of 1/ck between
kinks. Thermal kinks are formed as double
kinks. Backward double kinks, which bow out
in the direction opposite from the direction of
motion of the dislocation, easily undergo
mutual annihilation by the stress; hence, they
cannot effectively contribute to the dislocation
glide. In contrast, under zero stress, both back-
ward double kinks and forward double kinks
are present in the same number on average (fig.
S4B). In this case, the drift velocity of the dis-
location is obviously zero; however, the dif-
fusivity is determined by the stochastic thermal
fluctuation in the difference between the num-
bers of forward double kinks, nf, and backward
double kinks, nb
$

ðnf − nbÞ2
%

¼
$

ð2nf −NdkÞ2
%

¼ 1
2Ndk

∑
Ndk

nf¼0

Ndk!
nf !ðNdk − nf Þ!

ð2nf −NdkÞ2

¼ Ndk ð6Þ

Fig. 4. Diffusivity of almost isolated ½〈111〉 loops. (A) Arrhenius plot of the diffusivity. Matching
symbols correspond to the same loop with a diameter d. The diffusivities of carbon and nitrogen in
the matrix (19) are also drawn. (B) Relationship between the pre-exponential factor of the
diffusivity and the number of self-interstitial atoms that compose each loop. The additional
inserted line is a result for crowdion bundles obtained by MD calculations (5).

A

B

Fig. 3. Analysis of the 1D motion of an almost isolated ½[111] loop. (A) Temporal variation in the 1D
displacement of the loopwith diameter of 5.9±0.2nmat 575K. (B)Wavelet transformof the temporal variation
of the 1D displacement shown in (A). Color scale is shown in dimension less units. (C) Relationship with time of
theMSDof an extracted1Ddisplacement variation corresponding to themotionperiod from81.633 to150.867 s
in (A). (D) Dependence of the diffusivity, D, obtained by the temporal subtraction of the MSD shown in (C).
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Loop pinning in Fe by C / N 
K. Arakawa et al. Science 2007

• Theory of vacancy mediated climb 
(VMC) gives
vVMC / cvacancies ⇥ vvacancy

/ e��(E
formation

+E
migration

)

~1.3eV
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• Due to the restricted dimensionality 
of glide, climb has long been known 
to play an crucial role in PI annealing 

• This has been confirmed through 
direct observation under the TEM 

• However, in many experiments climb 
motion is up to x106 faster than the 
predictions of climb theory  
 

• In addition, the dislocation loops are 
actually executing non-glide motion, 
incompatible with climb theory.

Climb in post irradiation annealing

b

1/2<111> loops in Fe à 750K (this work)

where X the atomic volume, h the dislocation character,6 k
the Boltzmann constant, T the temperature and rc the inner

core radius of the dislocation line. Dv ¼ D0
v exp Um

v
kT

! "
, with

Um
v being the vacancy migration energy, D0

v the constant
prefactor characterising vacancy diffusion, and
cv

0 ¼ exp "ðU f
v " PDV v=kT

# $
, where U f

v is the vacancy for-
mation energy, and DV v the associated relaxation volume.
The vacancy migration and formation energies of tungsten,
Um

v and U f
v , are 1.78 and 3.56 eV, respectively [59], and the

vacancy diffusion prefactor is $1:5% 10"5 m2=s according
to DFT studies [60].

With the above parameters, the climb mobility is extre-
mely low, even for the highest temperatures and smallest
segment separations. For example, at 1200 !C two seg-
ments with 1 nm separation would coalesce solely by
vacancy-mediated climb in $1 h, making this hypothesis
very unlikely based on the experimental observations
reported here.

7. Conclusion

High temperature isochronal (1 h, 800–1400 !C) and
isothermal (1–8 h) annealing of pure tungsten was carried
out, followed by post-annealing characterisation. No
b = h100i-type loops were found for loops above 2–3 nm
diameter, only 1

2 h111i-type, of predominantly interstitial
nature. Average loop size increased and loop density
decreased with increasing temperature, with a particular
acceleration above $950 !C. Average loop diameter after
1 h annealing was $ 5 nm at 800 &C (1 h) and $ 23 nm at
1100 & C. Virtually no dislocation defects were observed
after annealing at 1400 &C for 1 h.

In situ annealing experiments up to 1200 !C were also
carried out, including dynamic temperature ramp-ups.
These confirmed an acceleration of loop loss from 800 &C.
Small dislocation loops were observed hopping from
300 &C, increasing in frequency from 500 !C. By 800 &C,

loops had rearranged into loop “chains” or clusters.
Increasing the temperature resulted in formation of larger
irregular or oblong finger loops from coalescence of smaller
loops in such chains. Above 1000 &C, dislocation lines
moved relatively freely, interacting with smaller dislocation
networks and “sweeping” out damage. Small voids
($ 2 nm) were also observed at such high temperatures.
The acceleration of loop loss at $ 1000 &C may be related
to “Stage V” annealing, as observed in previous resistivity
recovery experiments on neutron-irradiated tungsten [26].
Voids were observed in all 1-h anneals at 800 !C, but were
found to increase substantially in size (up to $4 nm) and
decrease in number density at 1400 !C. An activation
energy for the annealing of dislocation length was derived
from the ramp annealing experiments, finding
Ea ¼ 1:34' 0:2 eV for the 700–1100 !C range.

Acknowledgements

The authors express their thanks to Dr. Nianhua Peng from
the National Ion Beam Centre (United Kingdom), for specimen
irradiation. We also extend thanks to Dr. Daniel Mason for help-
ful discussions. FF was funded by the Engineering and Physical
Research Council (EPSRC) Fusion Doctoral Training Centre
and EPSRC programme grant “Materials for Fusion and
Fission Power” (EP/H018921/1). K.A. acknowledges the follow-
ing: Grant-in-Aid for Scientific Research (Grant Nos. 24360395,
24656371, 24560805, and 22224012) from the Ministry of
Education, Sports, Culture, Science and Technology in Japan),
and the Iron and Steel Institute of Japan Research Promotion
Grant. P.D.E. also acknowledges funding through an EPSRC
Career Acceleration Fellowship (EP/K030043/1).

Appendix A.

The damage profile as predicted by SRIM 2008, is given
in Fig. 16. The simulation was run using the full-cascade
mode, using 10,000 implantation events, and extracted
from the vacancy.txt files. The peak damage is approxi-
mately at $100 nm depth, quickly falling to relatively
negligible levels doses at <300 nm. The displacement
energy threshold used was 55.3 eV [41]. From this, a nomi-
nal dose of 1.5 dpa was extrapolated.

Fig. 15. Log(y) plot of the change in normalised dislocation line length
versus inverse temperature, to extrapolate activation energy. Fig. 16. SRIM damage profile, as calculated using SRIM 2008, with a

displacement threshold energy of 55.3 eV [41].

6h ¼ p
2 for pure edge, and 0 for pure screw (capped at a maximum

mobility).

F. Ferroni et al. / Acta Materialia 90 (2015) 380–393 391
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)

1/2<111> loops in W à 1273K  
(Ferroni et al. Acta. Met. 2015)
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Climb in post irradiation annealing

VMC Mechanism

TEM Observations

• Vacancy mediated climb (VMC) is driven by biased diffusion of the 
surrounding vacancy atmosphere 

• This leads to non-local coarsening of dislocation loops
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Climb in post irradiation annealing

Feature Vacancy Mediated 
Climb (VMC)

Experimental 
Observations

Loop growth 
mechanism

Growth by the 
evaporation of small 

loops due to non-local 
vacancy flux balance

Direct coalescence by 
non-glide motion, with 
no change in loop area

Rate of climb 
motion ~10-7Ås-1 at ~0.3Tm ~100-1Ås-1 at ~0.3Tm 

• Vacancy supersaturation (due to e.g. irradiation) can in principle increase 
the VMC rate, but this cannot account for the mechanism of loop growth 

• VMC cannot explain many experimental observations at these 
temperatures (it is still very important at higher temperatures!)

≠

≪
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Climb without vacancies
• This has been recognised since the 1960s, with an alternative mechanism, 

self climb, proposed to allow anomalously fast climb velocities[ 1255 ] 

The Growth of Prismatic Dislocation Loops during Annealing? 

By C. A. JOHNSON$ 
Materials Research Laboratory, University of California, 

Berkeley, California 

[Received June 20, 19601 

ABSTRACT 
Recent observations of the growth of quenched-in dislocation loops 

during annealing are discussed. A mechanism for the coalescence of loops 
is pr3posod. The mechanism depends on short-circuit diffusion around the 
periphery of prismatic dislocation loops. This mechanism is contrasted 
with tho theory of loop coalescence by vacancy diffusion through the matrix. 
I t  is shown that the experimental observations are in better accord with the 
shorl-circuit diffusion theory. 

Interpretation of the experimental observations on the basis of the 
short-circuit mechanism leads to a value for the activation energy for 
diffusion along a dislocation line. For aluminium this value is calculated 
to be 0.7ev. 

4 1. INTRODUCTION 
Is recent electron-micrographic experiments on the annealing of quenched 
aluminium, Silcox and Whelan (1960) and Vandervoort and Washburn 
(l9GO) have observed that the density of dislocation loops present in the 
as -quenched material decreased markedly upon annealing. I n  the experi- 
ments of Silcox and Whelan, annealing was carried out in two distinct ways : 
annealing of the foil in situ within the niicroscope so that the details could 
be observed as annealing proceeded, and annealing of the bulk material 
before thinning, in which case the progress of annealing could not be 
followed continuously. 

It was found that the annealing of loops in foil became noticectble a t  a 
temperature of 1 7 O O c  and proceeded by the shrinking of all loops, and that 
there was no tendency for any of the loops to grow at the expense of the 
others. Silcox and Whelan have accounted for these observations by 
proposing that vacancies are evaporated from the periphery of each loop 
and that these vacancies then diffuse to the surface of the foil. Since the 
free surfaces of the foil provide a nearby sink for vacancies, this process can 
occur rapidly a t  moderate temperatures. 

I n  specimens prepared from material annealed in bulk, however, they 
found that the decrease in loop density was accompanied by the growth of 

-f Communicated by the Author. 
$ Graduate Physicist, Materials Research Laboratory, University of California, 

Berkeley 4, California. 

4 R 2  

D
ow

nl
oa

de
d 

by
 [C

he
ls

ea
 &

 W
es

tm
in

st
er

 N
H

S 
Tr

us
t D

ep
t o

f U
ro

lo
gy

] a
t 0

0:
32

 1
0 

Fe
br

ua
ry

 2
01

6 

C. A. Johnson Phil. Mag. 1960[ 767 1 

Neutron Irradiation Damage in Molybdenum 
Part V. Mechanisms of Vacancy and Interstitial Loop Growth 

during Post-irradiation Annealing 

By B. L. EYRE and D. M. MA HER^ 
Metallurgy Division, Atomic Energy Research Establishment, Harwell, Berks. 

[Received 6 April 19711 

ABSTRACT 
An electron microscope study has been made of the time-dependent 

annealing behaviour of interstitial loops in impure and pure molybdenum 
neutron-irradiated at 77°K (A,, and C,,) respectively and of vacancy loops 
in pure molybdenum neutron-irradiated at 4 7 3 " ~  (C473). The results have 
been quantitatively analysed and loop growth behaviour has been compared 
with that predicted theoretically for perfect loops growing by bulk vacancy- 
limited diffusion mechanism and by a glide and self-climb mechanism. 

It has been shown that the interstitial loop growth observed in A,, and C,, is 
accounted for by a glide and self-climb mechanism. On the other hand, 
vacancy loop growth observed in C,,, can be accounted for by a bulk 
vacancy diffusion mechanism although it is considered that both mechanisms 
contribute to the observed growth at intermediate stages of the anneal. 

Finally, two general distinguishing features of loop growth have been 
exposed. Firstly, under bulk vacancy diffusion-limiting conditions, inter- 
stitial loops are considerably more stable than vacancy loops whereas the 
glide and self-climb mechanism makes no distinction between loop nature. 
Secondly, with regard to the growth kinetics, bulk diffusion-limited growth 
is approximately linearly dependent on time 1, whereas growth by glide and 
climb should follow a P/13 law. 

8 1. INTRODUCTION 
ELECTRON transmission microscope studies have been made of the 
distribution, geometry and annealing behaviour of defect clusters in 
neutron-irradiated molybdenum (Maher and Eyre 1971, Eyre, Maher and 
Bartlett 1971, Maher, Loretto and Bartlett 1971, Maher, Eyre and Bartlett 
1971, subsequently referred to as Parts I, 11, 111, and IV, respectively). 
Part I1 of this series was concerned specifically with the influence of crystal 
purity on cluster topography and its annealing behaviour in specimens 
irradiated to integrated doses > 5 x 101efissionn. at 7 7 ' ~  and 4 7 3 " ~ .  
The experiments were carried out on materials of three different purity 
levels designated A, B and C, and having resistivity ratios, p2930K/p4.20K, 
of 140-200, 2000-2500, and 7000-8000 respectively. Most of the results 
of annealing experiments were obtained from specimens given a standard 

t Now at  Bell Telephone Laboratories Incorporated, Murray Hill, New 
Jersey 07974 U.S.A. 
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The Coalescence of Dislocation Loops by Self Climb 

By J. A. TURNBULL 
Central Electricity Generating Board, Berkeley Nuclear Laboratories, 

Berkeley, Gloucestershire GL13 9PB 

[Received 15 September 19691 

ABSTRACT 
During an isothermal anneal of an ion-bombarded UO, thin foil, electron 

microscope observations were made of the self-climb velocity of dislocation 
loops prior to coalescence. A model for loop movement by self-climb has 
been constructed and two interactions considered to act aa the driving force. 
First, the mutual interaction of the loop strain fields, and second, the inter- 
action between loops and individual vacancies. In the case of UO, the 
former predominates, but for metals both interactions are of similar 
magnitude. The model predicts that the loops remain circular during the 
climb process and that the velocity is rate controlled by the pipe diffusion 
coefficient at any particular temperature. 

$1. INTRODUCTION 
LOOP motion by self climb has received much less attention than the 
shrinkage and growth of loops by dislocation climb. Therefore, when two 
pairs of loops were observed to  coalesce by this process during an isothermal 
annealing study of perfect interstitial loops in UO,, it  was considered 
worth while studying the phenomenon in some detail. 

The mechanism of self or conservative climb was first proposed by 
Johnson ( 1960) in order to explain observations of vacancy loop coarsening 
on annealing bulk samples of quenched aluminium (Silcox and Whelan 
1960, Vandervoort and Washburn 1960). Johnson suggested that under 
the influence of their strain fields two co-planar loops at small separation 
could coalesce by movement of material through the pipe for easy diffusion 
surrounding the dislocation loop. To simplify his analysis Johnson 
considered the self climb of two square loops, but unfortunately he omitted 
any driving force term in his final equations. At approximately the same 
time Price (1960), during electron microscopy of deformed zinc, observed 
the self climb of a prismatic loop in the strain field of a long straight edge 
dislocation. These observations were treated theoretically by Kroupa and 
Price (1961), and the analysis was subsequently extended to the movement 
of a square loop in the strain field of a circular loop by Kroupa, Silcox and 
Whelan (1961). 

Kroupa et al. considered the driving force for self climb to operate in 
two distinct ways on the vacancies immediately adjacent to the dislocation 
bounding the square loop. Firstly, they considered the interaction of the 
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Self-climb of Dislocation Loops in Magnesium Oxide 

By J. NARAYAN and J. WASHBURN 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory, 
Department of Materials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 94720, U.S.A. 

[Received 1 February 1972 and in final form 19 June 19721 

ABSTRACT 
Quantitative measurements were made of self-climb of dislocation loops, 

b = f < 1 0 1 > ,  in magnesium oxide single crystals. The rate of motion of 
pairs of co-planar loops was studied by repeated observation of the same 
areas of a thin foil during a series of annealing treatments. Values 
60 300*3500 cal/mol for the activation energy for pipe diffiion and 
(7.514.3) x 10-l8 om4/sec for the pre-exponential term LfaP were obtained. 
The experiments show that up to about 1250°C self-climb is 8 primary 
mechanism by which average loop size increases during annealing of 
plastically deformed magnesium oxide. 

5 1.  INTRODUCTION 
SELF-CLIMB of dislocation loops differs from the usual non-conservative 
growth or shrinkage in the sense that the total area of the loop projected 
perpendicular to its Burgers vector remains unchanged and climb occurs 
by migration of atoms along the easiest path, i.e. the core of the dislocation. 
This type of climb was first proposed by Johnson (1960) in order to explain 
observations of vacancy loop coarsening on annealing bulk samples of 
quenched aluminium. Johnson considered the self-climb of two square 
loops but unfortunately neglected the driving force term in his analysis. 
Later Kroupa, Silcox and Whelan (1961) took this into account and 
analysed the movement of a square loop in the strain field of a circular loop. 
Price (1960), during electron microscopy of deformed zinc, observed that 
the prismatic dislocation loops moved due to interaction with a nearby 
edge dislocation, while remaining on the same basal plane layer. During 
this motion the area of the loop projected perpendicular to its Burgers 
vector was unchanged. Theoretical treatment of these observations was 
given by Kroupa and Price (1961). 

In self-climb, the driving force for pipe diffusion arises from two sources 
(Kroupa et al. 1961). The f i s t  is due to interaction with neighbouring 
loops (Westmacott, Roberts and Barnes 1962, Barnes 1963, Turnbull 
1970) or surfaces of the foil (Barnes and Mazey 1962) or nearby dislocations 
(Price 1960). This gives rise to differences in concentration of vacancies 
around the loop (i.e. energy of formation of a vacancy is affected). Co- 
planar pairs of dislocation loops have strong interaction only if the 
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Climb without vacancies
• In self climb, non-glide motion is driven through shape fluctuations (i.e. pipe 

diffusion) around the loop perimeter, much like the transport of surface islands

C. A. Johnson Phil. Mag. 1960

Growth of P&wtdic Dislocation Loops during Annealing 1257 

glide would therefore permit the motion of loops in any direction. The 
limitations on prismatic glide of loops have been discussed by Kuhlniann- 
Wilsdorf (1958), and will also be discussed below. 

Examination of the micrographs published by Vandervoort and 
Washburn (1960) shows that, in specimens prepared from material annealed 
at 15Ooc, the loop density is considerably smaller than the loop density in 

Fig. 1 

/ / /  , / , , I ,  I ,  I , ' ,  I 

Formation and migration of defects involved in self-climb. 

as-quenched material and, moreover, that the loops which remain after 
annealing are often considerably larger than those found, on the average, in 
the as-quenched material. In particular, a number of pairs of loops are 
observed. The distance between the members of such a pair is commonly 
smaller than the diameter of either loop. This effect is particularly evident 
in fig. 7 of Vandervoort and Washburn's paper. From these observations 
the following conclusions have been drawn. 
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Climb without vacancies
• In self climb, non-glide motion is driven through shape fluctuations (i.e. pipe 

diffusion) around the loop perimeter, much like the transport of surface islands

• It is simple to derive a self climb mobility - 

• But all previous studies could not calculate ESC, 
the critical, rate controlling parameter

• Previous experiments (in Mo, MgO and Al) found results in the range
E

SC

⇠ (0.4� 0.7)(E
formation

+ E
migration

)

x̄ =
X

i

xi

N

, DSC = lim
t!1

hx̄2i
2t

=
NP

N

2
DP

vclimb

fclimb
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glide would therefore permit the motion of loops in any direction. The 
limitations on prismatic glide of loops have been discussed by Kuhlniann- 
Wilsdorf (1958), and will also be discussed below. 

Examination of the micrographs published by Vandervoort and 
Washburn (1960) shows that, in specimens prepared from material annealed 
at 15Ooc, the loop density is considerably smaller than the loop density in 

Fig. 1 
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Formation and migration of defects involved in self-climb. 

as-quenched material and, moreover, that the loops which remain after 
annealing are often considerably larger than those found, on the average, in 
the as-quenched material. In particular, a number of pairs of loops are 
observed. The distance between the members of such a pair is commonly 
smaller than the diameter of either loop. This effect is particularly evident 
in fig. 7 of Vandervoort and Washburn's paper. From these observations 
the following conclusions have been drawn. 
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• To calculate a self climb activation energy, we looked at structural 
fluctuations of irregular 1/2<111> and <100> loops in Fe and W.

• Irregular loops are much more common than regular loops!

Climb without vacancies
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• Automated process written in LAMMPS/Python, 
using EAM potentials 
Fe: Gordon et al. Phil. Mag. 2011  
W: Marinica et al. JPCM 2013 

• An irregular SIA palette (N~170) is constructed, 
inserted into a perfect lattice and relaxed 

• Possible perimeter fluctuations of the initial palette 
are identified and then also formed in bulk 

• NEB calculation to find migration pathway / barrier 

• Identical calculations performed in a two loop 
supercell to gauge effect of nearby elastic fields  
(Answer: less than ~10% even with d = (2-3)a)

Climb without vacancies

TDS, K Arakawa, et al., Scientific Reports 2016
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• All observed pathways 
could clearly be split into 
jumps along primitive lattice 
vectors 
1/2⟨111⟩, ⟨111⟩, 1/2⟨111⟩ 

• The energy barriers in Fe,W 
could be normalised by the 
vacancy migration barrier

Climb without vacancies

TDS, K Arakawa, et al., Scientific Reports 2016
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• From 200+ pathways, we found the simple average relation  
  
1/2<111>:   
     <100>:             
 
     EVm : vacancy migration barrier 
     ∆c : change in number of SIA neighbours  
 
 

• The migration of a vacancy is the hopping  
of a single atom, `breaking` a nn `bond`  

• For loop fluctuations we have a similar  
picture, with hops between SIA sites,  
with a similar changes in coordination

�E ' �cEV
m, Em ' (�c+ 1)EV

m

Climb without vacancies
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Self-climb in kMC

• Implementing this energy law in kMC we can 
calculate DSC and therefore ESC, finding that Mscl =

2�⌫a5

⇡R3
e��Escl
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Self-climb in kMC

• The activation energy corresponds to SIA 
migration around loop corners

Eh100i
scl = 2.5EV
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glide would therefore permit the motion of loops in any direction. The 
limitations on prismatic glide of loops have been discussed by Kuhlniann- 
Wilsdorf (1958), and will also be discussed below. 

Examination of the micrographs published by Vandervoort and 
Washburn (1960) shows that, in specimens prepared from material annealed 
at 15Ooc, the loop density is considerably smaller than the loop density in 

Fig. 1 
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Formation and migration of defects involved in self-climb. 

as-quenched material and, moreover, that the loops which remain after 
annealing are often considerably larger than those found, on the average, in 
the as-quenched material. In particular, a number of pairs of loops are 
observed. The distance between the members of such a pair is commonly 
smaller than the diameter of either loop. This effect is particularly evident 
in fig. 7 of Vandervoort and Washburn's paper. From these observations 
the following conclusions have been drawn. 
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• DSC is unchanged when nucleation from flat surfaces is explicitly forbidden 

• Self climb is driven by the intrinsic roughness of `non-magic’ number loops
TDS, K Arakawa, et al., Scientific Reports 2016
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• In our TEM experiments, essentially isolated prismatic loops were directly 
observed executing motion perpendicular to the loop Burgers vector

Mscl =
2�⌫a5

⇡R3
e��Escl

Unbiased self climb diffusion

axes. The manner of the motion of the crowdion
bundles seems to differ from that of “conventional
dislocations,”whichmove like strings because of the
cooperative motion of atoms around the core (1). In
contrast, loops larger than crowdion bundles are
regarded as the simple loops of the “conventional
dislocations.”However, such loopsdid not showany
significant movement during the span calculated by
MD on the order of nanoseconds (6); therefore, their
diffusion process is difficult to examine by MD.

In contrast, experimental studies using trans-
mission electron microscopy (TEM) have shown
that nanometer-sized loops can perform a glide mo-
tion (14–16). However, these results were only quali-
tative and theorigin for the loopmotionwasnot clear.

We used in situ TEM to examine the motion
process of nanometer-sized ½〈111〉 “conven-
tional” loops (>5.9 nm in diameter) in a-Fe with
purity of 99.998 weight % (table S1) upon heating
under the application of no external stress and
negligible internal stresses. Our study was
motivated by the following essential but un-
resolved questions: Can “conventional” loops
undergo diffusion? If they can diffuse, how
high is their diffusivity? How do loops undergo
the diffusion?

We performed two kinds of experiments: (i)
measurement of the dependence of the motion
fraction of loops on temperature and time, and (ii)
examination of the behavior of almost isolated
loops. Figure 1 shows the experimental setup for
both experiments (17). The surfaces of the TEM
thin foils were set at almost (011) so that we could
select only loops whose b values (½½111" and
½½111") were almost parallel to the surfaces for
the examination of the behavior of almost
isolated loops. By this procedure, we mini-
mized the force applied onto these loops along
their direction of motion from the surfaces. In
the examination of the behavior of almost iso-
lated loops, other internal stresses were also
reduced to a level at which they could not affect
the loop behavior (17). Using the specimens that
satisfied the above condition, we observed the
projection of the loop motion onto the screen at
temperatures ranging from 290 to 700 K.

Loops occasionally exhibited 1D motion. The
dependence of the motion fraction of the loops on
temperature and time is shown in fig. S1 and
movie S1. Here, the motion fraction is defined as
the ratio of the number of moving loops to that of
the visible loops. The “mobile” loops become
immobile below ~450 K (the atmosphere forma-
tion temperature Tc) once the specimen is heated to
a temperature above Tc. This suggests that the Cot-
trell atmosphere (18) of the interstitial impurity
atoms with high diffusivity—such as C and N
(19)—is formed around the loops when approach-
ing Tc, and the atmosphere locks the loops below
Tc. The equilibrium concentration of the impurity
atoms that compose the atmosphere is obtained
by the Fermi-Dirac distribution function (20). For
example, the binding energy between a C atom
and an edge dislocation is 0.7 eVat themaximum
(21). These sites are occupied by C atoms up to

100% at 450 K and 30% at 700 K, although the
amount of C atoms in the specimen is only 0.8 ppm
byweight (table S1) (17).We examined themodes
of the motion of almost isolated individual loops
above Tc, where the motion fraction monotonous-
ly increases with temperature.

The behavior of an almost isolated loop is
shown in Fig. 2 and movie S2, which show that a
loop performs 1D motion in the direction of b.
Figure 3A shows a temporal variation in the 1D
displacement of the position of a loop, obtained
by measuring the center of mass of the loop
image by a time step of 1/30 s (Dt) (17). Figure
3B shows its wavelet transform (17). For com-
parison, the temporal variation in the 1D dis-
placement of a particle performing a random
walk (13, 22) with a unit step of |b| without any
trapping sites, obtained by kinetic Monte Carlo
(kMC) simulation (17), is shown in fig. S2A; its
wavelet transform is shown in fig. S2B. Compar-
ison of Fig. 3B and fig. S2B reveals that significant
defects exist in the high-frequency region in Fig.
3B. These defect periods are attributed to the
trapping of the dislocation that composes the loop
by dispersed static impurity atoms (23).

The motion of a loop detrapped from a
trapping site is slow enough to enable its position
to be traced continuously, even with a time step of

Dt. Hence, we can examine whether the loop
undergoes the diffusion, and we can then measure
the loop diffusivity by the following procedure.
Figure 3C shows the time (t) dependence of the
mean-square displacement MSD(t) of the tempo-
ral variation in the 1D displacement x = x[(i – 1) ·
Dt] (i = 1, 2,…, n) during a single motion period
(81.633 to 150.867 s), as shown in Fig. 3A.
Here, MSD is calculated by the following equa-
tion under the assumption of the realization of
ergodicity

MSDð j ⋅ DtÞ ¼ ½xð j ⋅ DtÞ − xð0Þ"2
D E

¼ 1
n − j

∑
n−j

i¼1
fx½ð j þ i − 1Þ ⋅ Dt" − x½ði − 1Þ ⋅ Dt"g2

ð j ¼ 0; 1; :::Þ ð1Þ

Figure 3C shows that MSD is approximately
proportional to t; hence, the loop clearly under-
goes Brownian motion or normal diffusion (22).
We estimate D by the equation

D ¼ lim
t→0

½d MSDðtÞ=2dt" ð2Þ

excluding the period during which a time cor-
relation effect appears. Figure 3D shows the
temporal variation in the diffusivity estimated

Fig. 1. Schematic view of the obser-
vation of the 1D glide motion of a
nanometer-sized interstitial-type pris-
matic perfect dislocation loop by
TEM. The red ring is a loop. The
direction of the motion of the loop is
parallel to its Burgers vector.

electrons

specimen

glide cylinder

screen

Fig. 2. One-dimensional
motion of an almost isolated
½[111] loop at 575 K. The
observation axis is approxi-
mately along [011]. The re-
flection adopted is g = 200.
The diameter of the loop is
5.9 ± 0.2 nm. A loop almost
continuously moves in a di-
rection parallel to its Burg-
ers vector.

www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007 957
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• Our calculated self climb mobility, (with ν0 from DFT, Sandberg et al. PRB 
2015)  gives good agreement with TEM measurements

self
climb

TDS, K Arakawa, et al., Scientific Reports 2016
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• The only other candidates for such non-glide motion, even 
discarding the migration character, are either too fast or too slow

TDS, K Arakawa, et al., Scientific Reports 2016
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Self climb in DD

TDS, K Arakawa, et al., Scientific Reports 2016

• In dislocation dynamics simulations allowing glide and self climb, we emulated 
binary loop coalescence processes seen under the TEM in Fe and W
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• In dislocation dynamics simulations allowing glide and self climb, we emulated 
binary loop coalescence processes seen under the TEM in Fe and W

Mscl =
2�⌫a5

⇡R3
e��Escl

TDS, K Arakawa, et al., Scientific Reports 2016

Self climb in DD

vglide = Mglidefglide vclimb = Msclfclimb

Mglide � Mscl

vglide � vclimb• As                                our simulation protocol is- 

• Let dislocations glide to a steady state due in some time  

• Calculate            and find              such that 

• Update simulation time with 

�t
climb

|v
climb

|max = 1Å

fglide = �b̂ ·rEelastic

fclimb = �b̂⇥rEelastic �t
climb

|v
climb

|max = (0.1� 1)Å

�tglide

�tglide + �tclimb

fglide = �b̂⌦ b̂ ·rEelastic

fclimb = �
⇣
1� b̂⌦ b̂

⌘
·rEelastic
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• In dislocation dynamics simulations allowing glide and self climb, 
we emulated binary loop coalescence processes seen under the 
TEM in Fe and W

Mscl =
2�⌫a5

⇡R3
e��Escl

TDS, K Arakawa, et al., Scientific Reports 2016

Comparison to experiment

• Hard to find examples that can be modelled with the simplistic 
dislocation geometry used in simulations but much closer than VMC

fglide = �b̂⌦ b̂ ·rEelastic

fclimb = �
⇣
1� b̂⌦ b̂

⌘
·rEelastic
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• We also gauged the influence of self climb in simple DD simulations of post 
irradiation annealing of a box of ~80 prismatic 1/2<111> loops in Fe at 750K  

• For computational simplicity we used the far field approximation (R << d)  
for parallel loop-loop interaction 

• This approximation does not capture  
the force divergence and hence  
underestimates self-climb driven 
coalescence rates.

TDS, K Arakawa, et al., Scientific Reports 2016

Self climb in DD
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• We also gauged the influence of self climb in simple DD simulations of post 
irradiation annealing of a box of ~80 prismatic 1/2<111> loops in Fe at 750K 

• Compared against an analytical model of vacancy mediated climb driven 
annealing, which has been successfully tested with VMC climb simulations 
 

• Bakó, Clouet, Dupuy and Blétry Phil. Mag. 2011 

• In agreement with experiment, self climb significantly affects PI annealing rates
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of an isolated loop (cf. Appendix). We therefore use this value. Using in
Equation (14) the input parameters of our DD simulations, we compare the time
evolution of the loop average radius observed in our DD simulations with the one
predicted by Equation (13). Figure 2 shows that quantitative agreement is obtained
for all the initial loop areas studied. As predicted by the KBS model, the average size
of the loops only depends on its initial value and not on the loop density.

The KBS model predicts that the number of loops Nloops(t) decreases like the
inverse of the time:

NloopsðtÞ ¼
Nloopsð0Þ
1þ !t

: ð15Þ

This is in perfect agreement with the results obtained in ourDD simulations (Figure 3).
The vacancy supersaturation is directly linked to the average size of the loops

according to the KBS model:

c1ðtÞ
c0

¼ 1þ "b!

kTRavðtÞ
: ð16Þ

It should therefore decay asymptotically like t%1/2. The agreement with our DD
simulations is not as perfect as for Rav(t) and Nloops(t), but the discrepancy is
nevertheless small (Figure 4). This difference may arise from the line tension
approximation used in the KBS coarsening theory where it is assumed that a loop of
radius R is subject to the stress #¼"b/R. A more precise expression of the line
tension exists for a circular prismatic loop [43]. Such a loop of radius R is indeed
subject to the self-stress

#ðRÞ ¼ "b

4$ð1% %ÞR
log

4R

rc

! "
: ð17Þ

The core radius rc appearing in this expression is directly linked to the parameter a
used to spread the dislocation core in the non-singular expressions of the stress field
[42]. For a prismatic loop, one should take rc¼ a/2, i.e. 1.5 Å in our case. With this
value of the core radius, #(R)R/"b varies between 0.96 and 1.08 for loop radii
between 100 and 250 nm. This shows the correctness of the approximation used by
Kirchner [33] and Burton and Speight [35] for the line tension. This small difference
in the value of the line tension only slightly impacts the vacancy supersaturation.
Using Equation (17) for the line tension instead of "b/R, the time evolution of the
vacancy supersaturation is given by

c1ðtÞ
c0

¼ 1þ "b!

4$ð1% %ÞkTRavðtÞ
log

4RavðtÞ
rc

! "
: ð18Þ

Figure 4 shows that the change in the vacancy supersaturations is small in the
considered size range. This does not really improve the agreement with our DD
simulations. Probably, even Equation (17) based on an improved line tension
approximation only roughly estimates the stress existing on the dislocation segments
in the DD simulations. Equation (17) assumes that the loops are circular and neglects
the interaction between different loops: DD simulations do not make these
approximations. On the other hand, one cannot exclude that the discretisation

3182 B. Bakó et al.
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Self climb in DD
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Outlook / Conclusions

Thank you for listening
tomswinburne@gmail.com 
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EV
m + EV

f ' (3� 5)EV
m

Self-Climb: 
Climb:

ESC = (2 or 2.5)EV
m

• By considering structural fluctuations on timescales too great for MD, 
anomalously fast defect coalescence can be accurately modelled.  

• Self climb is fast due to the significantly lower activation energy  
 

• Consistent with previous experiments that found  

• Inclusion of self climb mobilities, benchmarked against experiments, has a 
significant influence on the rate of post-irradiation annealing simulations 

• Future work will investigate the proven role of self climb in post-irradiation 
annealing and explore applications to climb motion of dislocation lines

EV
f + EV

m ' 4EV
m

EV
f + EV

m ' 3EV
m

(Fe) 
(W)

ESC = (0.4� 0.7)(EV
f + EV

m)
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