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In this study, we explore the interaction of electron wind force (EWF) with defects originating from ion
irradiation in-situ inside a transmission electron microscope. Nanocrystalline gold specimens were self-
ion irradiated to a dose of 5 � 1015 ions/cm2 (45 displacement per atom) to generate a high density of
displacement damage. We also developed a molecular dynamics simulation model to understand the
associated atomic scale mechanisms. Both experiments and simulations show that the EWF can impart
significant defect mobility even at low temperatures, resulting in the migration and elimination of defects
in a fewminutes. We propose that the EWF interacts with defects to create highly glissile Shockley partial
dislocations, which makes the fast and low temperature defect annihilation possible.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

During irradiation, highly energetic particles (ions, neutrons,
electrons) collide with atoms in materials, thereby generating var-
ious types of defects [1,2]. Considerable amount of efforts in the lit-
erature is dedicated on formation, structure and properties of
defects [1,3]. Defect annihilation or microstructural control in irra-
diated materials is relatively less studied. The predominant mech-
anism for defect annihilation is thermal annealing [4], which
involves high temperature. Electro-thermal effects are also known
to control defects and microstructure. Electro-pulsing is a common
approach, where the very small loading duration (tens of microsec-
onds) applies intense electrical and thermal stimuli with minimal
increase in overall temperature [5]. An intriguing analogy can be
drawn with sever plastic deformation (SPD), where a steady state
between defect generation and annihilation) is observed at low
temperature TSPD [6], even though the defect annihilation rate
would imply a higher temperature if thermal annealing were the
driving mechanism.

In this study, we propose that thermal vibration is not the only
way to make defects mobile and introduce the electron wind force
(EWF) as a non-thermal stimulant. When current is passed in met-
als, Joule heating and the EWF arise from lattice and defect scatter-
ing respectively. EWF arises due to defect scattering only since
electron flow in the lattice is considered ballistic compared to
defects such as grain boundaries [7]. Thus, EWF is a mechanical
force in nature, imparted to defective atoms during collision and
momentum transfer by the electrons [8]. It is highly specific to
defects since no such momentum transfer takes place in the crys-
talline region. We hypothesize that such high defect-specificity
make it an efficient (fast and low temperature) driver for defect
annihilation. In this study, we minimize Joule heating effects by
suspending our 100 nm thick specimens on silicon beams with
20 � 20 lm2 cross-section. Because they effectively act as massive
heatsinks, the silicon beams develop a parabolic temperature pro-
file in the specimen with the two ends at ambient and the middle
section at highest temperature [9]. We exploit this temperature
profile by restricting our investigation near the support regions
only. Such thermal boundary condition driven decoupling of EWF
and Joule heating has allowed us to study EWF effects on defects
[10,11] with DC current.
2. Methods and materials

Gold film (about 500 nm thick) was irradiated normal to the
surface with 1.5 MeV Au+ ions using the 6MV HVE Tandem accel-
erator at Sandia National Laboratories. The fluence was approxi-
mately 6.5 � 1015 ions/cm2 and corresponding Stopping and
Range of Ions in Matter (SRIM) calculated displacement per atom
(dpa) profile is shown in Fig. 1a. After ion irradiation we used
Ga+ Focused Ion Beam (FIB) based lift out technique to prepare
nominally 100 nm thick, electron transparent specimens and
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Fig. 1. (a) Displacement per atom (dpa) profile for irradiation dose of 6.5 � 1015 ion/cm2, (b) MEMS device mounted on in-situ TEM holder, (c) temperature profile obtained
from electro-thermal simulation, (d) TEM BF image showing irradiation damage, (e) BF image showing dislocation annihilation at 9.5 � 105 A/cm2, and (f) SAED pattern after
EWF annealing.
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mounted them on an in-situ TEM holder (Fig. 1b). To complement
the experiments, we performed molecular dynamics (MD) simula-
tion to qualitatively investigate the atomic scale processes behind
defect annihilation. Further details on experimental [10,11] and
computational modeling [10] are available in the literature as well
as the Supplementary information. To perform EWF-based anneal-

ing, we passed DC current in finite steps of 0.5�105 A=cm2 while
observing the low temperature region of the specimens inside
the TEM. This is shown with the dotted box in Fig. 1c, where the
massive heatsinks (electrodes) constrain the temperature around
300 K as indicated by a multi-physics simulation in COMSOL. This
is significantly low compared to the thermal annealing tempera-
ture of 525 K [12]. For each current level, about 5 min hold time
was allowed.
3. Results and discussion

Effect of EWF on defect mobility was visually observed around
current density ~ 5x105 A/cm2. We choose an individual grain
located at the specimen edge to investigate specific types of defects
and their annihilation mechanism under EWF as shown by TEM
bright field (BF) image. Fig. 1d shows the irradiation induced dislo-
cation lines (green color arrow), dislocation loops (cyan color
arrow), and vacancy cluster (blue color circle) in a specimen.
Fig. 1e clearly shows the same area transformed into a highly
ordered crystal, corroborated by the selected area electron diffrac-
tion (SAED) pattern in Fig. 1f. BF images as shown in Fig. 1e indi-
cates dislocations annihilation during EWF annealing. Further
details are given in Supplementary Fig. S1. The process is very
rapid compared to thermal annealing. At this current density, it
took less than 5 min to achieve a defect free single crystalline area
where the temperature was constrained to the ambient.

To investigate how the EWF interacts with the defects and
causes them to migrate towards sinks, we performed MD
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simulations. Our extensive computational experiments suggest
that the fundamental mechanism behind EWF based annealing is
the splitting of defects into Shockley partial dislocations. Details
of computational modeling and results are provided as Supple-
mentary information. Fig. 2a-c show our computational results
for specimens containing two dislocations and vacancy clusters,
while Fig. 2d-e are for one stacking fault tetrahedron (SFT)
between two grain boundaries. For each case, we observed EWF
induced dissociation into partial dislocations, which are highly
mobile (through gliding motion) defects [13] that can be further
swept by the EWF towards the defect sinks.

In low stacking fault energy materials, irradiation generates
SFTs that are very difficult to remove below 873 K [14]. With
EWF, we were able to annihilate SFTs at around ambient tempera-
ture as shown by Fig. 2d-f (computational) and Fig. 3 (experimen-
tal). Fig. 3a manifests high resolution TEM (HRTEM) bright field
image with high density of SFTs (cyan color arrow and yellow color
dotted triangle). Fig. 3b shows an atomic resolution image of a sin-
gle SFT defect before the EWF processing. Surface induced SFT
annihilation under the effect of EWF is shown in Fig. 3c. Such anni-
hilations of SFT are marked by cyan color dotted arrow (Fig. 3c). At
higher current densities, the SFT interacts with the GBs as shown in
Fig. 3d to be subsequently absorbed by the GBs. This is the same
location as in Fig. 3a and 3c. Such GB-SFT interaction has been
shown in Fig. 3e with atomic resolution. Complete defects annihi-
lation is observed at a current density of 9.5 � 105 A/cm2 and cor-
responding image is shown in Fig. 3f. MD simulation of SFT
annihilation under EWF is shown in Fig. 2d-f. Here, the SFTs were
computationally composed of stair-rod dislocations. The role of the
EWF is to disintegrate them to Shockley partial dislocations, which
migrate through the grain and subsequently become absorbed by
the GBs (Fig. 2e). This is suggested by our dislocation density cal-
culations showing diminishing stair-rod dislocations with simulta-
neous increase in the Shockley partials as indicated by Fig. 2f.



Fig. 2. Computational results on (a)-(c): Annihilation of dislocations and vacancy clusters, and (d)-(f): SFT annihilation under EWF.

Fig. 3. HRTEM images of low temperature processing of irradiated materials: (a) defects in the irradiated sample before processing, (b) HRTEM image of SFT, (c) Surface
induced annihilation of SFT at a current density of 7� 105 A/cm2, (d) SFT-GB interaction at 9� 105 A/cm2, (e) HRTEM image of SFT-GB interaction, and (f) After EWF annealing
at 9.5 � 105 A/cm2.
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4. Conclusion

Our study shows that the EWF interaction with defects such as
dislocations and SFT can induce significant mobility even at room
temperature. This non-thermal process is hypothesized with the
help of computational results indicating generation of high density
of glissile and reactive (with other defects) Shockley partial dislo-
cations. Similar high mobility may govern the steady state defect
3

density in SPD. However, more work is needed to reconcile EWF
and SPD phenomena because our specimens tend to grow larger
crystal grains, whereas SPD tends to refine grains. An important
feature of this process is the EWF is absent in non-defective
regions, therefore the electrical energy input is specifically tar-
geted towards the defective regions resulting in rapid, ‘just in loca-
tion’ annihilation of defects.
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L. Kurmanaeva, A. Korneva, P. Zięba, B. Baretzky, Phase transitions induced by
severe plastic deformation: steady-state and equifinality, Int. J. Mater. Res. 106
(7) (2015) 657–664.

[7] H.B. Huntington, A.R. Grone, Current-induced marker motion in gold wires, J.
Phys. Chem. Solids 20 (1–2) (1961) 76–87.

[8] H.B. Huntington, Effect of driving forces on atom motion, Thin Solid Films 25
(2) (1975) 265–280.

[9] M.T. Alam, M.P. Manoharan, M.A. Haque, C. Muratore, A. Voevodin, Influence of
strain on thermal conductivity of silicon nitride thin films, J. Micromech.
Microeng. 22 (4) (2012) 045001.

[10] Z. Islam, H.J. Gao, A. Haque, Synergy of elastic strain energy and electron wind
force on thin film grain growth at room temperature, Mater. Charact. 152
(2019) 85–93.

[11] K.Z. Zahabul Islam, J. Robinson, A. Haque, Quality enhancement of low
temperature metal organic chemical vapor deposited MoS2: an experimental
and computational investigation, Nanotechnology 30(Number (2019) 39).

[12] I. Nashiyama, P.P. Pronko, K.L. Merkle, Annealing studyof self-ion-irradiated
gold by proton channeling, Radiation Effects 29 (2) (1976) 95–98.

[13] W. Cai, V.V. Bulatov, J. Chang, J. Li, S. Yip, Dislocation core effects on mobility,
Dislocations in Solids 12 (2004) 1–80.

[14] B.N. Singh, S.I. Golubov, H. Trinkaus, D.J. Edwards, M. Eldrup, Review:
Evolution of stacking fault tetrahedra and its role in defect accumulation
under cascade damage conditions, J. Nucl. Mater. 328 (2–3) (2004) 77–87.

https://doi.org/10.1016/j.matlet.2020.128694
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0005
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0005
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0005
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0010
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0010
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0010
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0015
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0015
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0015
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0020
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0020
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0020
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0025
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0025
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0025
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0025
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0030
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0030
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0030
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0030
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0035
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0035
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0040
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0040
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0045
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0045
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0045
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0050
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0050
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0050
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0055
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0055
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0055
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0060
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0060
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0065
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0065
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0070
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0070
http://refhub.elsevier.com/S0167-577X(20)31401-4/h0070

	Defect annihilation in heavy ion irradiated polycrystalline gold
	1 Introduction
	2 Methods and materials
	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary data
	References


