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Insights into electron wind force by a helical

dislocation reconfiguration
Chang Zhou,' Lihua Zhan,"?>%* Chunhui Liu,”* and Minghui Huang®>

SUMMARY

Many efforts for decades have been made to explore electron wind force, pro-
duced by electric current itself under electropulsing treatment. However, the
clear evidence of this force is hard to separate from Joule heating. Here we study
a helical dislocation within quenched Al-Cu-Li alloy when subjected to a pulsed
current. Such a helical configuration is quite suited for uncoupling this force
from Joule heating effect because, contrary to general dislocations, it can take
a unique reconfiguration under a driving force parallel to its Burgers vector.
We find that within the pulsed samples, an initial helix happens to reconfigure,
evolving into a line morphology. Therefore, it is this electron wind force F.,,
which parallel to the Burgers vector, would result in such novel helix reconfigura-
tion when compared to the absence of this force. This is the first study to verify
electron wind force by a helical dislocation reconfiguration.

INTRODUCTION

Electrical pulsing treatment (EPT) technique, introducing a pulsed current into a material without deforma-
tion, has been suggested to be a highly effective and promising method to tailor the microstructure of the
materials." Many research works for decades have been carried out on the EPT impacts on mechanical
property,”” phase transformation,®"" recrystallization,'”"'® and aging kinetics,”’ " all of which involve
the microstructure modifications. The application of electropulsing has been seen to result in an instantly
decreased flow stress and a significantly increased elongation for tensile tests of the 5052-H32 aluminum
alloy, which attributes to the dislocation annihilation via the athermal effects of electropulsing.” It was also
reported that the recrystallization kinetics was accelerated by the EPT for AZ31 magnesium alloy, due to the
reduced activation energy for recrystallization by around 60%."'* The authors also reported that the mark-
edly shortened aging process through EPT for the Al-Cu-Li alloy is due to the reduced average diffusion
field size via the formation of dislocation network configuration induced by electropulsing.'® These EPT
studies commonly show that microstructural modification can be accelerated by the athermal effects pro-
duced by electric current itself, and further resulting in improvements of material property. While the ex-
istence of athermal effects of EPT is well established experimentally, its clear mechanism has not been
identified until now. A most popular assumption to explain the athermal effect of EPT is suggested to
be the electron wind force (F.,), a direct force transmission from the drifting electrons onto the disloca-
tions. Kravchenko?” firstly proposed that high-speed drifting electrons are capable of exerting a force
on the dislocations in the crystal lattice of the metals and also gave a theoretical formula of estimating
this “electron wind" force. In Kravchenko theory, electron wind force could explain a non-thermal mecha-
nism for the electroplasticity effect. It was grounded on the assumption of an equivalence of electrons ef-
fects on dislocations to mechanical forces and stresses. Later, both Klimov et al.”® and Roschupkin et al.?*
provided a simplified expression for the electron wind force (F.,) on the basis of Kravchenko’s “electron
wind” theory.
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Figure 1. Experimental system of electrical pulsing treatment (EPT) and subsequent preparation method of TEM sample

(A) Schematic diagram of the EPT apparatus.
(B) Temperature history of the CHT and EPT samples and a magnification box on the right of temperature curves clearly showing the temperature rise when

electropulsing was applied.
(C) The arc-shaped TEM sample was prepared in order to confirm the relationship between electron flux direction and dislocation distribution.

Roschupkin et al.
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where F.,/lis the force per unit length acting on the dislocation, v. = J/en is the electron velocity, b is the
Burgers vector, e is the electron charge, Jis the current density, nis the electron density, m*is the effective
electron mass, Er is the Fermi energy, ve is the Fermi velocity, v is the dislocation velocity, and h is the
Planck’s constant. From these theoretical equations, the electron wind force is directly seen to be propor-
tional to electron velocity. Furthermore, when assuming that dislocations are temporarily pinned by some
obstacles (i.e., vg = 0 here), this force is also proportional to the current density. Waryoba et al.?> thought
that electron wind force can specifically target the defective regions, which further results in the shortened
processing time and the higher energy efficiency during the electrically treated annealing of metals.
Recently, a report from Xiang et al.”® indicated that electron wind force can enhance the movement of va-
cancies and also lead to dislocation rearrangement parallel to the direction of the drift electrons. Zhang
et al.?’ by in-situ transmission electron microscopy (TEM) observations found that dislocations annihilation
at first and then regeneration happen under the action of electron wind force. Recent work of Minor’s
team”® demonstrated that enhancement of surface nucleation from electron wind force is more likely
than Joule heating to be the origin of the more uniform plasticity observed during electrical pulsing. Be-
sides, in the hypothesis of electron wind force, electric current density, which may trigger solute atoms
to move, is required to be greater than 10%-10* A/mm?.?"*° However, these current research works on elec-
tron wind are still under a hypothesis and are not capable of providing clear evidences of electron wind
force due to the lack of the reliable experimental data.

Helical dislocations have been widely observed within the metals and alloys subjected to radiation dam-
age, cold work, or quenching from high temperatures. In addition, the formation mechanism of this helical
dislocation has been reported to be that defect-mediated climb for the screw component of dislocations in
the irradiated materials.' For the quenched samples with an excess of vacancies, these helical dislocations
with their axes parallel to the direction of Burgers vector <110> are suggested to arise from the vacancy-
induced climb of screw dislocations.®” Such dislocation structure with a specially helical character should
be prone to take shape into a straight-line morphology when subjected to a driving force, whose direction
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Figure 2. HAADF images and corresponding EDS STEM-Mapping of these particles
They exist around helical dislocations within the initial samples.

is consistent with the Burgers vector b. This special kind of helical dislocation was observed to only expand
along the radial direction at thermally activated state.*® If a helical dislocation happens to a significant re-
configuration, i.e., evolving into a straight-line morphology, we can firmly infer the presence of this electron
wind force, when confirmed the consistent direction between electron flow and the axis of the helix. There-
fore, this helical configuration is uniquely suited to uncouple the electron wind force from Joule heating
during the EPT process. In other words, we can acquire clear and convincing pieces of evidence of electron
wind force from helical dislocation reconfiguration in the EPT samples.

In the present work, we investigated evolution of the helical dislocations from the quenched Al-Cu-Li alloy
under the EPT conditions, to reliably verify its predominant role of electron wind force. This helix structure is
of a great interest in this context due to a pronounced reconfiguration when subjected to a driving force
parallel to the Burgers vector. Namely this driving force is strongly considered as electron wind force
when this parallel relationship between electron stream and the Burgers vector was confirmed during dislo-
cation reconfiguration.

RESULTS AND DISCUSSION

Firstly, bright-field images of the stage | sample were observed to validate the helical configuration of dis-
locations produced by quenching. Figure 3 clearly shows the presence of uniquely helical configurations,
with a bunch of successive turns. It should be emphasized that these dislocations seem to appear with or-
dered shape and specific orientation in the Al matrix. This direction-specific distribution is expected to be
beneficial to study electrons wind force when high-speed electrons flow into dislocations along the pitch
direction. In addition, an enlarged view in Figure 3 shows a clear dislocation helix with the absence of clus-
ters or particles on it, which is on account of the pre-treatment of stage I. In order to further confirm
this point, a high-angle annular dark-field (HAADF) image was also provided with the corresponding
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Figure 3. Microstructural characterization of the sample after Stage |
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TEM bright-field images of the sample after stage |, clearly showing a uniquely helical configuration produced during the quenching. And a high-angle
annular dark-field (HAADF) image of the stage | sample, with corresponding EDS mapping of different elements. It proves that none of clusters or particles

exists around these helical dislocations after the stage I.

energy-dispersive x-ray spectroscopy (EDS) mapping of different elements in Figure 3. Results amply prove
that none of clusters or particles, as mentioned in Figure 2, exists around these helical dislocations after the
stage |. It means that these thermally activated helical dislocations (here defined as the initial dislocation)
should be more prone to be triggered to move when subjected to a certain driving force.

In order to verify the hypothesis of predominant role of electrons wind force, we, therefore, specifically per-
formed the observations of helical dislocation evolution after the EPT and conventional heat treatment
(CHT) for various times. Firstly, we have confirmed by the method as mentioned in Figure 1C this almost
parallel relationship between electron flow and the pitch direction of helical dislocation, as detailed in
an image between (A) and (B) of Figure 4. These TEM observations revealed significant differences in dislo-
cation configuration between the EPT and CHT samples. After EPT for 3 min, these helical dislocations were
observed to reconfigure slightly, from an initially regular helix to a variant with a part of a straight line at the
top end as shown in Figure 4A. This clearly suggests that an “opened out” process for a dislocation helix
seems to be happening under a driving force parallel to the pitch direction, much presumably due to elec-
trons wind force. A higher magnification in Figure 4B more clearly shows an evolved helical dislocation
structure in the EPT sample for 3 min. With increasing time to 20 min, a sharp transition of a regular dislo-
cation helix was found to happen into an almost opened helix structure. This evolutive process appears to
that a helix with a string of tightly packed coils is gradually straightened, with the steadily increased pitch
accompanied with the decreased turns, when subjected to a driving force. Apparently, a fully “opened out”
dislocation helix, almost a straight line, is presented in Figure 4D. It should be noted that there is an obvious
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Figure 4. Bright-field TEM images of the EPT and CHT samples, showing the dislocation configuration under
different conditions, respectively

(A-F) (A), (B) the EPT sample for 3 min; (C), (D) the EPT sample for 20 min; (E), (F) the CHT sample for 20 min. Note that we
confirm this almost parallel relationship between electrons flow and the pitch direction of helical dislocation, as detailed
in an image between (A) and (B).

expansion of helical turns along the radius direction when compared with that of an initial helix. However,
these helical dislocations in the CHT sample for 20 min, as control group with the absence of electron flows,
were almost similar with the initial dislocation helices but only with the increase in radius of helical turns as
shown in Figures 4E and 4F. Therefore, electrons wind force formed by current itself can seem to be estab-
lished via a great morphological difference of dislocations after the EPT and CHT all for 20 min, in that such
an “opened out” process of dislocation helices is specific to the EPT sample with high-speed electron flows
along the pitch direction.

To further verify the electrons wind force during such an “opened out” process of the dislocation helix, we
also by the g-b method®* carried out the determination of the Burgers vector b for a helical dislocation in
the EPT sample. Three extra g-vector images in Figure 5 were used to confirm the Burgers vector b of a
helical dislocation. In term of the g-b invisibility criterion, the Burgers vector of it was identified to be
%[0T 1]. Figure 5D clearly shows a parallel relation between its Burgers vector b and the axial direction
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Figure 5. Characterization on the Burgers vector b of a helical dislocation

(A-C) A series of weak-beam bright-field micrographs (A)-(C), captured using several g-vectors. From the g b invisibility
criterion, the helical dislocation has a Burgers vector of %5[011].

(D) showing the direction of the Burgers vector b (insert a diffraction pattern of [110] zone axis).

of a helical dislocation, which also agrees well with the results of the literature.**> Consequently, the di-
rection of electrons flow is almost consistent with the Burgers vector of the helical dislocations in the pre-
sent case, which strongly means that it is the electron wind force that operates on the dislocation helix to
induce its pronounced reconfiguration. So far, we have confirmed this indispensable and predominant role
of electron wind force, by a reconfiguration of the uniquely dislocation helix during the EPT process.

Lastly, we further investigated the kinematics of an initially helical dislocation when subjected to the elec-
tron wind force. To study the detailed kinematics of a dislocation helix under electron wind force, we
simplistically chose a helical turn AB as a research unit in Figure 6. The edge component A'B, arising
from its projection on the climb plane normal to the Burgers vector b, was considered to possess the nature
of a Frank loop. In this study, the climb force 7 of an edge component was mainly offered by the osmotic
force Fosm, whose magnitude value is determined by vacancy concentrations.®**” As the vacancy diffusion
controls climb of an edge component, the larger climb force = would form during stage Il of the EPT con-
dition. These increased free vacancies, owing to the temperature rise during the stage Il, prefer to migrate
into the helical dislocations acting as the vacancy-biased sinks, which can further lead to the increased va-
cancy concentration around helical dislocations. An edge component A'B will be driven to climb under this
climb force 7, whose moving direction is normal to the Burgers vector b. This behavior can only lead to a
steady expansion of helical turns with the nature of a Frank loop. Most importantly, the electron wind force
Few, Whose direction is almost along with the Burgers vector b, operates on the screw component AA’ of a
helical dislocation and promotes its prismatic slip (In Figure 6). According to the Equation 2, the electron
wind stress Tey, (Tew = Few/! here) is calculated as 15.0 Pa at the given current parameters of this work. We can
also infer that this magnitude value of electron wind force F.,, is much sufficiently capable of triggering the
slip of the screw component AA’ on the surface of the cylinder with an axis parallel to its Burgers vector. This
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Figure 6. Schematic diagram of the kinematics for a helical dislocation under the electron wind force
It is worth noting that the electron wind force is consistent to the Burgers vector b.

inference is mainly based on a precondition that these helical dislocations were thermally activated state,
as presented in this work. Moreover, it is such a beneficial prismatic slip of a screw component that will lead
to the increasing space between spirals and further to straighten a dislocation helix. From the aspect of
kinematics, an initial dislocation helix would take an “opened out” process with the combination of pris-
matic slip of the screw component and climb of the edge component during the EPT. It should be empha-
sized that this prismatic slip induced by electron wind force plays an indispensable and predominant role
during a dislocation reconfiguration observed here.

Conclusions

In summary, we studied evolution of a dislocation helix, which is uniquely suited to verify the electron wind
force produced by currentitself under EPT conditions, in that such a helix line will be straightened when sub-
jectedto a driving force parallel to the Burgers vector b. This is the first study to verify the electron wind force
by a helical dislocation reconfiguration. Our findings have shown that an initial dislocation helix took a clear
and significant reconfiguration into a similarly straight line in the EPT sample. We have also confirmed that
the direction of electron wind force is almost consistent with the Burgers vector of a helical dislocation in this
work. Finally, we have also revealed the kinematics of an “opened out” process of a dislocation helix when
subjected to the electron wind force. This work, which designs an innovative experiment of a helical dislo-
cation reconfiguration, will provide new insights into the electron wind force in the EPT field.

Limitations of the study

In this study, we proposed a kind of innovative experimental design, i.e., a helical dislocation reconfigura-
tion via electropulsing and then verified the existence of electron wind force. However, real-time observa-
tion of a helical dislocation evolution is not very detailed under electropulsing. Our subsequent study will
focus on the entire evolution process of it via in-situ TEM.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
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Ethanol/Ethyl Alcohol Nihon Shiyaku Reagent CAS 67-56-1
Nitric Acid (61%) Katayama Chemical CAS 7697-37-2

Software and algorithms

Digital Micrograph Software AMETEK GATAN https://www.gatan.com/products/temanalysis/
digitalmicrograph-software

OriginLab 2019 OriginLab https://www.originlab.com/2019

Other

Transmission electron microscope (Talos F200X Thermo Fisher https://www.thermofisher.cn/cn/zh/home/

G2 TEM) electronmicroscopy/products/transmissionelectron-

microscopes/talos-f200xtem.html

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Professor Lihua Zhan (yjs-cast@csu.edu.cn).

Materials availability

This study did not generate new materials.

Data and code availability
Data: The data that support the findings of this study are available from the authors on reasonable request.
See author contributions for specific datasets.

Code: This paper does not report code.

For any additional questions or information please contact the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not involve experimental model or subject details.

METHOD DETAILS

Preparation method of materials

The AA2195 alloy with the chemical composition of Al-4.34Cu-0.95Li-0.33Mg-0.28Ag-0.15Zr (wt %) was
used in this study. The dog bone-shaped specimen with a gauge length of 82 mm and 5 mm diameter,
was machined along the roll direction from the as-received sheet, as shown in Figure TA. All specimens
were first given a solution treatment for 40 min at 510 °C, then water quenched and finally naturally
aged for a week before the EPT.

Pre-treatment of the experimental samples

Given that the initial helical dislocations being pinned by these particles (see Figure 2 for details) formed
during naturally aging after quenching, all samples firstly experienced a Stage |, in which heated from the
room temperature to 155 °C by a furnace with a rate of 5°C/min. This pre-treatment of Stage | would enable
these particles to reversion into Al matrix, and further result in the thermal activation of dislocations.
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Experimental procedures under EPT

After the Stage |, two kinds of heating process were respectively carried out through the EPT (as shown in
Figure 1A) and the conventional heat treatment (CHT) using a furnace at the almost identical time-temper-
ature history (Figure 1B) with EPT (here defined as Stage Il). Herein the CHT test as a control group, was
performed to exclude the Joule heating effect of electropulsing. It is pointed out that a TP700 temperature
measuring device, with a K-type thermocouple, was used to record the temperature history between the
gauge length of the specimens. Its measuring error is about +0.05 °C.

Parameters of pulsed currents

The pulsed current in this work, with a maximum current density of 26.5 A/mm?, a pulse width of 1.3 ms and
aperiod of 10 ms, produced a temperature rise of around 40 °C during the Stage Il for 20 min. Note that this
ratchet-shaped temperature curve for the EPT sample is due to the characteristics of the pulsed current,
i.e., in each pulse period, the temperature instantly increases when applied a pulse and then rapidly de-
creases until the next pulse of electric current.

TEM characterization measurement

All TEM samples for helical dislocation analysis were taken at the center of the EPT specimen in terms of
gauge length. TEM samples were firstly cut from the CHT and EPT specimens, then mechanically thinned
to about 50 pm and punched into discs of 3 mm in diameter. Next these TEM samples were prepared by
twin-jet electropolishing using a solution of 80% Methanol and 20% Nitric Acid at —30 °C and 15 V. Then
these prepared TEM samples were cleaned by Ethanol. For the helical dislocation observation by TEM, it is
worth noting that thin foils of the EPT sample were prepared as 3 mm diameter disk with a missing part as
shown in Figure 1C, in order to mark the electron stream direction. Bright TEM imaging was performed us-
ing a Tecnai G2 T20 microscope operating at 200 kV.

QUANTIFICATION AND STATISTICAL ANALYSIS

This study does not involve quantification or statistical analysis.
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