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Strong external stimuli may significantly alter the deformation 
behaviour of metals1. Research dating back to the 1960s has 
shown that many metals and alloys display dramatic increases 

in ductility when subjected to periodic electrical pulses during 
deformation2–6. Since the energy consumed by these pulses is often 
less than that required to heat the material to a temperature that 
offers comparable ductility7,8, ‘electroplastic’ forming can be eco-
nomically attractive and has been used to enhance the formability 
of titanium alloys9, aluminium10, magnesium alloys11, zirconium 
alloys12 and steels13. The imposition of a pulsed current may change 
the microstructure12,14,15. For example, imposing high-density cur-
rent pulses may dissolve precipitates16,17. Research further suggests 
that electroplastic behaviour may reduce stress concentrations at 
twin boundaries18. More recently, an electrical pulsing treatment 
was successfully applied to modify the microstructure of additively 
manufactured parts15.

While electroplasticity is well established experimentally, the 
underlying mechanisms are not yet clear. Several different possibili-
ties have been explored, all based on the hypothesis that the electri-
cal pulse momentarily lowers the flow stress. Initially it was believed 
that electroplasticity is nothing but thermal softening. However, 
further work showed that thermal effects could not fully explain 
the phenomenon19,20, and it was proposed that the direct momen-
tum transfer from the electron current to dislocations—that is, the 
‘electron wind force’—would facilitate dislocation slip21,22. Other 
researchers concluded that the electroplastic phenomenon is related 
closely to the thermal activation of dislocations5,14, and suggested 
that electrical pulsing either lowers the energy barrier or increases 
the vibrational frequency of dislocations19,21,22. More recently, it was 
shown that the local energy states at the dislocation cores can be 
modified by the magnetic field induced by electrical pulses, which 
might lead to the de-pinning of dislocations from local obstacles23,24. 
However, evaluating these various athermal mechanisms is difficult 
since Joule heating occurs as soon as a current is applied and ther-
mal softening intrudes. Historically, the threshold for electroplastic-
ity has been loosely defined as the critical current density at which 

stress drops can be observed. However, this is complicated by the 
inertia effect of instrumented test systems where small load drops 
can be buried in the noise of bulk testing14.

In the present work we studied electroplasticity in a Ti-Al alloy 
with 7 at.% Al (Ti-7Al). This material is particularly interesting in 
this context because of the influence of Al on the ductility of Ti. 
First, Al additions strengthen Ti and stabilize the α (hexagonal 
close-packed) phase25. However, there is a significant concomitant 
loss of ductility, which creates a need for process modifications to 
increase formability. This ductility loss is associated with a pro-
nounced increase in the contribution of planar slip to the overall 
deformation. Planar slip is promoted by the short-range order of 
the Al (the preferred lattice occupation of specific elements over a 
length scale of several nearest neighbour distances) into coherent 
clusters with a D019 structure26 and by the suppression of twinning in 
alloys with >5% Al due to an increase in the stacking fault energy27. 
As a result, the ductility of this alloy actually decreases on moderate 
heating (to 200–300 °C) as the pattern of slip becomes increasingly 
planar28 and the extent of mechanical twinning diminishes29.

Given that heating decreases ductility in this alloy, any signifi-
cant electroplastic behaviour cannot be attributed to homogeneous 
Joule heating and must have other causes. To study the electroplastic 
effect, we performed tensile tests of Ti-7Al at ambient temperature 
under three conditions: (1) no current (room temperature, or RT), 
(2) a periodic pulse to a current of 0.5 × 103 A cm–2 with a square 
profile and a pulse duration of 100 ms (pulsing deformed) and (3) 
a continuous current of 0.5 × 103 A cm–2 (continuous current). The 
maximum current in the experiments was well below those used in 
previous studies of electroplasticity1,4,7 and was chosen to minimize 
any Joule heating. The interval between two consecutive electri-
cal pulses was 900 ms, which is sufficient for the sample to reach 
thermal equilibrium. The sample configuration and experimental 
details are given in the Methods. Typical stress–strain curves for the 
three tests are presented in Fig. 1a. An infrared camera was used to 
measure the temperature within the gauge length of the specimens 
(Fig. 1b–d). The steady current produced a temperature increase of 
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~200 °C, while the pulsed current caused only a very modest tem-
perature rise (∆T ≈ 5–10 °C). The data show that, despite the fact 
that the peak current in the periodic pulse was small compared to 
that used in prior work, the pulse produces a pronounced effect that 
improves both the tensile elongation and the maximum strength. 
This effect is specific to the pulsed current; a steady current of the 
same magnitude degrades both strength and ductility, presumably 
due to Joule heating.

Interestingly, the pulsed and RT specimens behave similarly until 
the strain reaches about ~5%, at which point the stress–strain curves 
diverge, with the strength of the RT specimen remaining well below 
that of the pulsed specimen for the remainder of the test. Consistent 
with its higher work-hardening rate, the pulsed specimen has a 
greater total elongation. To investigate the cause of this divergence 
we performed additional tensile tests that were interrupted at a 
strain of ~5% and examined the test specimens with high-resolution 
transmission electron microscopy (TEM). These observations 
revealed dramatic differences between the dislocation distribu-
tions in the RT and pulsed specimens. As shown in Fig. 2, the RT 
sample has the typical pattern produced by planar slip (Fig. 2a,b),  
while the pulsed sample contains a homogeneous, multidirectional 
dislocation network with a high population of jagged dislocation 
lines (Fig. 2c,d). This pattern is referred to as ‘wavy slip’ in other 
work. A g·b analysis shows that the dislocations are primarily of the 
〈a〉 type on prismatic planes in both cases, but the dislocations in 
the pulsed specimen are heavily curved, indicating the occurrence 
of either local bow-out at discrete pinning points or cross-slip onto 
adjacent planes, while those in the RT specimen are aligned and 
relatively straight. The dislocation patterns are clearly differenti-
ated by imaging near a [0001] zone axis: in the RT sample (Fig. 2b), 
the dislocations lie in planar bands on prismatic planes, creating a 
well-organized crystallographic network with 60° angles between 
the bands. The pulsed specimen shows no such planarity; the dislo-
cations are curved and wavy, and the distribution is relatively homo-
geneous through the bulk. Apparently, the current does not alter the 
dislocation type in any obvious way, but rather changes the pattern 
of the dislocation network that develops during deformation.

To clarify this behaviour, we investigated whether this difference 
in the planarity of slip was present from the beginning of the defor-
mation or resulted from some reconfiguration at about 5% strain. 
We conducted tensile tests that were interrupted at 2% strain and 
examined the dislocation distributions with TEM. The results are 
illustrated in Extended Data Fig. 1, which compares the dislocation 
patterns in the RT and pulsed samples at 2% strain, well before the 
stress–strain curves diverge. Slip in the RT specimen already appears 
planar, while that in the pulsed specimen is three-dimensional 
and wavy; the morphological difference between the two disloca-
tion patterns seems to be established in the early stages of plastic 
deformation.

The next question for investigation is whether this beneficial 
dislocation pattern requires that the current be pulsed. The data 
for the sample tested under continuous current (Fig. 1) seems to 
show that it does. A continuous current with a density equal to 
that at the peak of the pulse not only does not improve the strength 
and elongation of the RT sample, but actually degrades them. 
Consistently, the steady current results in a highly planar disloca-
tion pattern very similar to that in the RT specimen, as shown in 
Extended Data Fig. 2.

These results suggest that the beneficial electroplasticity exhib-
ited by Ti-7Al is directly due to the suppression of planar slip by the 
current pulse. If this hypothesis is true, it follows that other ways of 
suppressing planar slip should have a similar effect. One possible  
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Fig. 1 | Mechanical and thermal measurements of the material at 
different conditions. a, Characteristic true stress versus true strain curves 
for Ti-7Al samples at room temperature, under continuous current and 
under electrical pulsing. b–d, Infrared images during testing showing the 
temperature distribution on the surface of the gauge section of the tensile 
specimen under each condition.
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Fig. 2 | Comparison of dislocation morphology of samples pre-deformed 
to 5% of engineering strain. a, Bright-field TEM micrograph of 
tensile-deformed sample at room temperature shows planar slip 
configuration, with imaging condition close to ½11�23

I
zone axis.  

b, Dislocation network imaged from [0001] zone axis. c,d, Bright-field 
TEM micrographs of sample deformed with electrical pulsing, showing 
a relatively more homogeneous dislocation distribution. The imaging 
conditions in c and d are chosen to correspond to those of a and b, 
respectively. The two-beam, weak beam dark-field (WBDF) images of the 
dislocations are given in the insets of the corresponding bright-field images. 
In all the micrographs shown here, the tensile direction is perpendicular to 
the normal direction of the TEM samples and roughly pointing upwards. 
Schematic atomic structures are shown in blue for each orientation. The 
scale bar is the same for all the micrographs.
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way of doing this is to lower the test temperature and increase the 
flow stress, reducing the tendency towards planar slip in these 
alloys27. We, therefore, conducted tensile tests in liquid nitrogen 
(77 K) with and without the current pulse. The results are presented 
in Fig. 3. The upper curve in Fig. 3a is the true stress–strain rela-
tion for the alloy tested at 77 K with no current. At this temperature 
the alloy exhibits high strength and ductility with a stress–strain 
behaviour very like that of the pulsed sample tested at ambient tem-
perature. Moreover, TEM studies of the 77 K sample show a diffuse 
dislocation distribution similar to the pulsed specimen at ambi-
ent temperature (Fig. 3b). Figure 3a also includes the stress–strain 
curve of a sample pulsed at 77 K. While there does seem to be a 
slight softening of the alloy during the pulse, evidenced by the small 
periodic fluctuation in the stress–strain curve, the pulse does not 
increase ductility. In fact, there may be a slight decrease.

These results appear to establish that the beneficial electroplastic-
ity exhibited by Ti-7Al when deformed in the presence of a periodic 
current pulse is directly due to the suppression of planar slip. As a 
consequence, the alloy retains a homogeneous distribution of active 
dislocations whose evolution produces sustainable work hardening 
and maintains uniform plastic deformation to high strain.

A final point that was investigated concerned the intrusion of 
mechanical twinning during the later stages of deformation. TEM 
analysis shows that prismatic slip by 〈a〉-type dislocation domi-
nates deformation to at least 5% true strain. However, it is not pos-
sible to construct five independent slips systems in a hexagonal 
close-packed crystal with 〈a〉-type dislocations alone. Other mecha-
nisms, such as mechanical twinning or slip by 〈c + a〉 dislocations, 
must be involved to accomplish significant plastic deformation  
in three dimensions. We, therefore, specifically investigated the  

contribution of twinning in the later stages of tensile strain, although 
the contrast of wavy versus planar dislocation configuration is still 
preserved, as shown in Extended Data Fig. 3.

At a strain of ~10%, the pulsed sample contains a recogniz-
able density of twins whereas the RT deformed sample does not. 
Grain boundary misorientation analysis (Fig. 4a) indicates that the 
twins are primarily of f10�12gh�1011i

I
 type with a misorientation of 

~85° around the h1�210i
I

 axis. Figure 4b illustrates the nanoscale 
twins in the pulsed sample. The high-resolution TEM and scan-
ning transmission electron microscopy (STEM) images (Fig. 4c–e) 
taken on the zone ½11�20

I
 indicates that these twins lie on f10�12g

I
 

planes. The fraction of twin boundaries increases from 6% in the RT 
deformed sample to 11% in the pulsed sample (at room tempera-
ture) (Extended Data Figs. 4 and 5).

Since no significant twinning was detected in either the RT 
or pulsed sample at strains up to 5%, it is unlikely that twinning 
plays a vital role in the suppression of planar slip. However, twin-
ning in the later stages of deformation does enhance ductility (the 
twinning-induced plasticity effect) and should contribute to the 
observed increase in tensile elongation. It also produces a more dif-
fuse deformation, consistent with the observation that the pulsed 
sample exhibits necking prior to fracture (Extended Data Fig. 6a) 
while the RT deformed sample (Extended Data Fig. 6b) shows a 
pronounced shear fracture morphology.

While most previous interpretations of electroplasticity focus on 
mechanisms that enhance deformation by increasing the strain rate 
at a given stress (that is, by softening the material), in the present 
case the current pulse has the opposite effect. It hardens the mate-
rial. Specifically, it increases the rate of work hardening so that plas-
tic instability and necking are forestalled to increase strength and 
ductility.

Moreover, it is reasonably clear what the current pulse does to 
achieve this effect. It ‘hardens’ the material by frustrating the devel-
opment of planar slip that softens it. The pulsed current maintains 
a diffuse, three-dimensional dislocation pattern of the sort that also 
produces high strength and ductility in the sample tested at 77 K in 
the absence of current. However, it is not yet clear how it does this. 
Pending further research, we can provide only a general discussion 
of the mechanisms that may be involved. Note that an appropriate 
explanation must explain not only how a current disrupts planar 
slip, but why a relatively modest pulsed current does this while a 
steady current of the same magnitude does not.

The likely cause of the pronounced planar slip in Ti-7Al seems 
clear from prior research30–32. The Al atoms in this alloy undergo 
short-range order and tend to cluster into coherent domains with a 
D019 structure. Lattice dislocations that cut through these domains 
create planar defects (diffuse anti-phase boundaries, or DAPB). If a 
second lattice dislocation passes through on the same glide plane, 
it partially restores the diffuse D019 and, therefore, moves easily 
through the ordered domain, so dislocations tend to cut the domain 
in pairs at a lowered value of the critical shear stress. Sequential 
dislocation cutting leads to the gradual destruction of order on the 
active glide plane, so following dislocations glide on the same plane 
at still lower critical stress33. These mechanisms promote planar slip. 
This theory is corroborated by evidence such as the observation of 
dislocation pairs as expected from the creation and destruction of 
diffuse anti-phase boundaries and by characterization of the short 
range ordered (SRO) structures with neutron diffraction29 and 
energy-filtered transmission electron microscopy26.

Planar slip in Ti-Al alloys is also facilitated by heating to mod-
erate temperature since the greater dislocation mobility at higher 
temperature makes it easier for groups of dislocations to organize 
and maintain planar arrays. The higher flow stress and lower dislo-
cation mobility when Ti-Al alloys are deformed at lower tempera-
ture favours slip activation on multiple planes, cross-slip, activation 
of alternative dislocation types (〈c + a〉 dislocations) and significant 
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Fig. 3 | Cryogenic deformation shows similar behaviour as pulsing 
deformation at ambient temperature. a, Stress–strain curves of the  
Ti-7Al alloy at 77 K, showing a noticeable enhancement of strength and 
ductility, as compared with its room temperature behaviour in Fig. 1.  
Pulsing at 77 K does not lead to further improvement other than a periodic 
stress drop (note that we increase the pulse duration to 1 s to better 
illustrate the electrical pulses). b, TEM characterization of 2% (engineering 
strain, ε) pre-strained sample shows a wavy dislocation configuration, 
similar to the pulsing deformation at the ambient temperature (Fig. 1c,d). 
c, Electron backscattered diffraction (EBSD) inverse pole figure map of 
the sample after 22% of the pre-strain exhibits deformation twins. The 
similarity of the deformation mechanisms between 77 K and pulsing 
at ambient temperature indicates that the athermal component of 
electroplasticity is more important.
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twinning, all of which promote a three-dimensional deformation 
pattern with a large, sustained work-hardening coefficient.

If we consider the various possible mechanisms of electroplas-
ticity that have been proposed in prior work to explain the phe-
nomenon in other materials1–3,15, it is helpful to consider the usual 
Arrhenius equation for thermally activated dislocation plasticity:

_γ ¼ _γ0 exp �ΔH τð Þ
kT

� �
ð1Þ

where _γ is the shear strain rate, ΔH(τ) is the activation energy 
(a decreasing function of the applied stress, τ) and _γ0

I
 is a 

pre-exponential factor that includes the attempt frequency and the 
incremental strain per activation event. k is the Boltzmann constant 
and T is the temperature. It has been suggested that (1) Joule heat-
ing by the electrical current will soften the materials by increasing 
T, (2) direct dislocation–current interactions (the ‘electron wind’) 
will lower ΔH(τ) by increasing the effective stress, τ, and may also 
increase the pre-exponential factor by increasing the slip distance 
per activation event and (3) rate effects associated with the periodic 
pulse may increase the effective attempt frequency.

There are two generic mechanisms that operate on the dis-
location network to promote cross-slip in preference to planar 
slip: altering the stress state to promote cross-slip or changing the  

structure of the dislocation core so that it moves more easily on 
alternate planes. The stress can be significantly affected by thermal 
gradients and may also be affected by the current itself. The most 
obvious source of thermal gradients is inhomogeneous Joule heat-
ing due to some combination of inhomogeneity in the distribution 
of current and heterogeneities in the local value of the resistivity. 
Persistent thermal gradients seem unlikely under either a steady 
current or during a pulse (see Supplementary Information for esti-
mates), so that if thermal gradients are inducing cross-slip, they 
must be only transient gradients that arise during the build-up or 
draw-down of the current at the beginning or end of the pulse.

Another potential source of a stress that promotes cross-slip is 
the momentum transfer from the current itself, the electron wind. 
However, the magnitude of this stress is very small in the case stud-
ied here. The stress is7,

τew  mevFj
3e

ð2Þ

where me, vf, j and e are the electron mass, Fermi velocity, current 
density and electron charge, respectively. Given a current density 
of 0.5 × 103 A cm–2, the stress due to the electron wind stress is only 
2.8 Pa, too small to have a significant influence on the dislocation 
even if directed perpendicular to the slip plane. Moreover, the effect 
of the electron wind (or a similar effect of enhanced cross-slip due 
to electromigration-induced climb) should appear in the steady test 
as well as the pulsed tests and should be more pronounced under 
steady current since the integrated flux of vacancies is larger with 
a steady current. In a similar manner, an estimate of the magne-
tostriction effect suggests a negligible contribution (Supplementary 
Information).

Still another possible origin of the observed dislocation reconfig-
uration is that the current pulse promotes twinning, which changes 
the local stress state and promotes cross-slip. While it is true that 
there is evidently more twinning in the pulsed sample than in the 
RT sample, this twinning appears fairly late in the test. No twinning 
was observed in the samples tested to 2% strain even though the dif-
ference in the dislocation pattern was well established by that point 
in the test. The evidence suggests that the more extensive twinning 
in the pulsed sample is a consequence of the dislocation pattern 
rather than its cause; the pulsed sample hardens to a higher flow 
stress that drives twinning as a preferred deformation mode.

Twinning is a stress-induced process and inherently athermal34. 
Avoiding stress concentration on unfavourable planes eventually 
leads to the nucleation of twins once a critical stress is reached. 
Electrical pulsing promotes a homogeneous deformation by 
enhancing cross-slip or dissolving the SRO domains, which favours 
the activation of twins since it allows for the stress to build up for 
mechanical twinning. However, planar slip in the RT deformed and 
continuous current deformed samples is unfavourable, since the 
stress localization in the prismatic plane does not correlate to any 
twin systems in hexagonal metals. At 77 K, the stress level is much 
higher, and thus it is easier for the alloy to undergo twinning35. A 
comparison of the twinning ability under different loading condi-
tions is shown in Extended Data Fig. 4; both pulsing and cryogenic 
deformation promote twining, whereas continuous current and 
room temperature deformation supress twins.

Lastly, a generic way in which the current can change the dis-
location pattern is through its effect on the microstructure. If the 
planar slip is due to domains of short-range order, then the modi-
fication or dissolution of these domains could dramatically change 
the tendency towards planar slip. However, for these SRO-related 
mechanisms (see Supplementary Information for details) to be the 
cause of the electroplasticity observed here, they must not only be 
sufficiently potent to disrupt planar slip but also explain why puls-
ing is effective while a steady current is not. A possible explanation 
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d, High-angle annular dark field, STEM (HAADF-STEM) image in the same 
region. e, The high-resolution STEM image of the twinned area (boxed in d) 
showing the atomic picture of the f10�12g

I
 twin.
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may lie in the thermal consequence of the current; in contrast to the 
steady current, pulsing imposes the current without significantly 
heating the specimen. Since moderate heating is known to promote 
planar slip in this alloy, Joule heating by the steady current may 
eliminate the beneficial effect of the current.

Finally, while the change in the dislocation pattern is the evident 
cause of the pronounced, beneficial electroplasticity in the alloy 
studied here, it does not follow that this mechanism is the univer-
sal cause of electroplasticity. Other plausible mechanisms have been 
proposed and may well be valid for other alloys or in other situa-
tions. However, it does follow that investigations of electroplastic-
ity should pay close attention to the effect of the current or current 
pulse on the evolution of the dislocation pattern since it may play 
an important role.

In conclusion, we investigated the electroplastic behaviour of a 
Ti-7Al alloy, which is uniquely suited to differentiate simple Joule 
heating from electrical pulsing with regards to defect configuration. 
We have shown that the defect configuration can be dramatically 
modified by the application of pulsed currents, from localized planar 
slip to homogeneous wavy slip. A schematic illustration of the dis-
location reconfiguration is presented in Extended Data Fig. 7. Such 
a sharp transition in microstructure leads to beneficial effects in 
terms of enhancing the ductility of the material. A variety of plausi-
ble mechanisms are qualitatively evaluated. Our investigation dem-
onstrates that the macroscopic electroplastic behaviour originates 
from defect-level microstructure reconfiguration, which cannot be 
rationalized by simple Joule heating. It also suggests that the critical 
threshold for electroplasticity may be much lower than the critical 
current that marked the drop in flow stress. Since this mechanism 
enhances strength and ductility by changing the dislocation pattern 
during deformation, it is expected to apply only to materials whose 
ductility is limited by the deformation pattern, the most obvious 
being materials that deform by planar or otherwise markedly het-
erogeneous slip. The candidate materials we are likely to test in the 
near future include other alloys with pronounced short-range order; 
face-centred cubic alloys with naturally planar slip, including austen-
itic steels and high entropy alloys; and alloys that are age-hardened 
with coherent precipitates, including aluminium alloys and Fe- and 
Ni-based superalloys. Our discoveries not only provide new insights 
on the physical origins of the electroplasticity, but also may help 
refine electrical pulsing treatment for relevant alloys as a more 
affordable processing route for industrial applications.
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Methods
Materials. TIMET provided the material used in this study. The raw material was 
argon, arc double melted and then forged to a square at 1,125 °C before water 
quenching. The square was then rolled at 910 °C. The nominal composition of the 
ingot material was Ti with 7 at.% Al. The buttons were heat treated at 840 °C for 2 h 
(∼45 °C below the β-transus) to give an equiaxed microstructure with an average 
grain size of 80 μm. No preferred crystallographic orientations were observed.

Tensile testing. The tensile tests were performed using an MTS multifunctional 
mechanical tester (Model 43). The miniature dogbone-shaped tensile specimen 
with a gauge dimension of 1.8 mm × 0.8 mm × 5.1 mm was prepared with electrical 
discharge machining. A nominal strain rate of 10−3 s–1 was used for all the 
experiments. It has been proven that the results from these miniature samples 
are similar to those with a standardized sample. The detailed CAD plot of our 
sample geometry is shown in Extended Data Fig. 8. The dogbone-shaped tensile 
specimen was cut by an electro-discharge-machining method and the damage 
layer was mechanically polished away before mechanical testing. The region that 
is subjected to TEM observation is located in the centre of the sample and thus the 
mechanical damage introduced by electro-discharge machining is neglectable in 
our observation.

Thermal imaging. A Keysight B2961A 6.5 digit low noise power supply was 
used to provide the direct current with desired pulse shape (0.5 × 103 A cm–2 peak 
current density, square pulse with a pulse duration of 100 ms). The sample fixture 
is insulated from the loading cell. A FLIR One Pro infrared camera was used to 
record the temperature distribution along the gauge length of the tensile sample 
during the mechanical testing. A video showing the specimen subjected to pulsed 
and continuous currents is provided in Supplementary Video 1.

EBSD measurement. The twinning frequency of materials subjected to different 
loading conditions was studied by EBSD. A FEI Strata 235 scanning electron 
microscope equipped with an EDAX EBSD detector operated at 20 kV was used 
for EBSD scans with a step size of 500 nm, and a field of view of 200 µm × 500 µm 
(within the gauge region in the tensile sample). The sample surfaces were 
electrochemically polished using a solution of 6% perchloric acid and 94% 
methanol. Orientation maps and twin boundary frequency plots were generated 
using the commercial EDAX EBSD analysis software.

TEM and STEM characterization. The deformation microstructure of the 
material was subjected to TEM observations to identify the twinning and 

dislocation behaviours. A 300 kV FEI TitanX TEM instrument was used to conduct 
the bright-field imaging and high-resolution TEM observations of twin boundaries 
and dislocations. The high-resolution STEM images were taken in the TEAM I 
microscope, which is both probe and image aberration corrected. The samples for 
TEM observations were polished with a Fischione Twin Jet Electropolisher (Model 
110) to electron transparency using a solution of 6% perchloric acid and 94% 
methanol at −40 °C at approximately 30 V.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | Dislocation morphology of Ti-7Al subjected to 2% of plastic strain using different loading conditions. a, room temperature 
without pulsing shows planar dislocation configuration; (b) pulsing deformed showing wavy slip.
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Extended Data Fig. 2 | Planar dislocation configuration of materials subjected to continuous current. a, Imaging condition near the basal plane and 
(b), imaging condition near the {11–23} plane. This Figure illustrates the dislocation structure deformed under continuous current (current density similar to the 
pulsing deformation reported in the main text). The temperature during deformation is measured to be around 200 °C. It is shown clearly, in two distinctive imaging 
conditions (A-near the basal plane, and B-near the {11–23} plane), that the dislocation exhibits a planar configuration, indicating a lack of cross-slip and is very 
similar to the deformation at room temperature. This suggests that raising temperature at this range cannot trigger planar-to-wavy transition.
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Extended Data Fig. 3 | Dislocation configuration from the as fractured tensile specimen. a, high density of wavy dislocation tangles in pulsing deformed 
sample; (b) Planar dislocation bands in sample deformed at room temperature (RT).
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Extended Data Fig. 4 | Comparison of twinning ability in the different deformation conditions. EBSD grain boundary misorientation analysis shows that 
both electrical pulsing and cryogenic deformation temperature lead to an enhanced twinning ability for the Ti-7Al alloy. The field of view of the EBSD scans 
is 200 µm × 500 µm along the gauge section of the tensile samples.
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Extended Data Figure 5 | Inverse pole figure mapping of pulsing vs. no-pulsing deformed sample. It shows virtually no twins in the RT-deformed sample 
(a), whereas noticeable {10–12} twins are observed in the pulsing-deformed sample.
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Extended Data Fig. 6 | Secondary electron fractographic micrographs. a, tensile sample after pulsing deformation and (b) tensile sample without pulsing 
treatment.
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Extended Data Fig. 7 | Schematic illustration of dislocation configurations. a, At room temperature, dislocation prefer to slip on the prismatic plane and 
cut through the obstacles (Red, solute atoms or short-range order clusters). b, The subsequent dislocations tend to follow the leading dislocation due 
to slip-plane softening, leading to a planar dislocation configuration similar to what is shown in Fig. 2 (a, b). Note that the obstacles will be destroyed 
after the passage of several dislocations as each dislocation causes a shear displacement. c, Upon applying a pulsed current, dislocation prefer to 
cross-slip (shown here on the first order pyramidal plane). d, This mechanism helps dislocations bypass the obstacles, leading to a non-planar dislocation 
configuration, similar to what is shown in Fig. 2 (c, d).
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Extended Data Fig. 8 | Detailed illustration of the dog-bone tensile specimen. a, Schematic drawings of the geometry of the sample mounted in our 
loading fixture; (b) the CAD model detailed dimension of the dog-bone sample.
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