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Microstructural processing of steel at ambient surface temperature 
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A B S T R A C T   

We provide evidence that microstructural processing of metallic materials can be achieved at lower temperatures 
by passing dc current and simultaneously cooling the specimens. As the Joule heat is removed, the electron wind 
force due to transfer of momentum to defects become the predominant stimulant for grain boundary and defect 
migration. We demonstrate this technique on nominally 50 μm thick additive manufactured 316 stainless steel 
specimens, electrically biased at around 200 A/mm2 current density while actively cooled to maintain ambient 
surface temperature. The microstructural analysis involved electron backscattered diffraction, grain boundary 
misorientation plots, and grain size analysis. Experimental results indicate that both grain growth and grain 
refinement are possible, depending upon the controlled temperature and processing time. The results also 
showed significant changes in misorientation angle distributions for both grain growth and grain refinement with 
almost all low angle grain boundaries being converted to high angle grain boundaries. These results are 
encouraging for further development of the electron wind force as a driver for low temperature post processing of 
metals and alloys.   

1. Introduction 

While the microstructure of metallic materials strongly influences 
their properties, it is materials processing that determines the various 
microstructural parameters, such as grain size, texture and dislocation 
density. Heat treatment has been used for processing since the early 
history of metallic applications. Particular details vary with the material 
types or the need for specific properties, but the fundamental mecha
nism is heat energy activated promotion of diffusion. At lower temper
ature, mobility of defects and grain boundaries is low enough to make 
the processing slow. Recrystallization or annealing, for example, re
quires very high temperatures, ~1000 ◦C for 316 stainless steel [1] and 
for long holding periods such as 60 min per inch of thickness. The entire 
process is a sensitive function of temperature, time and alloying ele
ments. A critical observation motivating this study is that while defect 
mobility increases with temperature, high temperature can stagnate 
defects or even create new defects such as voids. For material systems 
with interfaces, high temperature can also develop thermal stress due to 
uneven expansion. In this study, we explore non-thermal stimuli such as 
mechanical force at either ambient or slightly elevated temperatures. If 
feasible, such non-thermal processing may be time and energy efficient 
for metallic materials and provide active control of the microstructure 

and hence material properties. In particular, we investigate the me
chanical force field developed in metallic materials when electrical 
current passes through it. This is also known as the electron wind force 
(EWF). It is the momentum of moving electrons that is transferred to 
defects during collisions inside the material [2,3]. This momentum 
transfer increases atomic mobility of defects in the material. Beyond a 
critical value, the EWF can induce appreciable grain growth and defect 
annihilation in a short period of time [4–6]. However, high current 
density also induces Joule (resistive) heating due to electron scattering 
in the lattice. Fig. 1 schematically shows the EWF and Joule heating 
effects in a polycrystalline metal, where the grains are idealized with 
hexagonal shape. 

Fig. 1 also shows a unique feature of the EWF, i.e., it arises from 
electron-defect interactions. Here, the defects could be the grain sub- 
structures comprising of low angle grain boundaries, dislocations, or 
grain boundaries. In comparison, Joule heating arises from electron- 
lattice interaction and impacts both grain interior and boundaries. 
Thus, EWF is a ‘just in location’ driving force, specific only to defects for 
their migration or annihilation. It is particularly effective on surface and 
interface defects such as the grain boundaries, where the electrons lose 
momentum when flowing from one grain to another due to the differ
ences in crystal orientation. However, the phenomenon requires 
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fundamental understanding because it can potentially damage the ma
terial through electromigration. Electromigration damage manifests 
through the EWF but happens at an order of magnitude higher current 
density in the presence of Joule heat. At lower current densities, the 
momentum transfer of electrons will promote diffusion, grain boundary 
migrations, and other microstructural changes. At higher current den
sities, the momentum transfer will result in mass transport in the ma
terial that leads to material damage or failure. Electromigration in 
copper (Cu) has been studied inside the scanning electron microscopy 
technique to reveal the void and hillock formation at the cathode and 
anode ends respectively. The process has an activation energy that de
pends on the material and microstructure [7]. The magnitude of the 
force depends on defect types (two dimensional interfaces will scatter 
the electrons stronger than one dimensional dislocations) and atomic 
structure [8]. 

Electrical current effects on microstructural changes have been 
studied on smaller scales, such as in thin films, to enhance the creation of 
new phases and grow grain sizes. For example, near-amorphous, 100 nm 
thick zirconium thin film was shown to re-crystallize under EWF and 
temperature. The average grain size grew to 150 nm, about 10 times 
higher than that achieved by thermal annealing alone [9]. Microstruc
tural changes caused by an electrical current have also been achieved on 
a larger scale using constant and pulsed currents. Constant current has 
been shown to cause microstructural changes in materials from a couple 
of recent studies [6,10]. Pulsed current has been much more extensively 
researched under the term electropulsing. Very high current pulses with 
width from 20 to 150 micro-seconds have been applied on structural 
materials, such as aluminum alloys and steel [11–13]. The small pulse 
width and low frequency result in a negligible rise in temperature. 
However, this also means extremely fast heating and cooling of the 
material, similar to a shockwave. Therefore, these studies have reported 
grain refinement unless the electropulsing is performed at high tem
perature. The field of powder metallurgy has also explored the use of 
electrical current to enhance sintering processes [14,15]. These various 
fields of study have all revealed high-density electric current’s ability to 
improve material properties in ways such as altering grain size, pro
motion of twin growth, promoting certain phases, or enhancing 
mobility. 

This study focuses on direct constant current, which has been 
significantly under-researched compared to the general technique of 
electropulsing, which is characterized by large spikes of increased cur
rent density for micro-seconds of duration followed by a lack of current 
to allow for the material temperature to drop. This temperature drop 
minimizes the effects of Joule heating while retaining the effects of the 
EWF. Literature has shown that electropulsing has the ability to alter 
microstructure in the material but requires very high peak current 

densities, on the order of 1000 A/mm2 [16,17]. In this study, we 
implement specimen cooling under constant direct current to retain the 
effects of the EWF without the effects of Joule heating. Thus, our steady 
state technique is different from the electropulsing process. 

The electropulsing literature shows evidence of microstructural 
changes (such as recrystallization, grain refinement, grain growth) that 
have been debated to be the result of the EWF, Joule heating, or the 
combination of the two effects. Several studies have suggested that Joule 
heating plays a role in the dislocation motion and microstructural 
changes [18–20]. These studies have included alloys such as brass and 
steel. These materials are not very different from their additive manu
factured counterpart; except it is known that the highly non-equilibrium 
processing conditions increase the defect density in the additive man
ufactured alloys [21]. The Joule heating explanation for microstructural 
changes stems from the fact that the generated heat can activate the 
traditional thermal process. Arguments have also been made that the 
heat focuses at the grain boundaries which causes the changes in 
microstructure [18]. The debate is difficult to resolve because the con
tributions from Joule heating and the EWF are hard to decouple from 
each other. This explanation does not apply when the microstructural 
changes occur in samples that were processed at temperatures far below 
the annealing temperature for a substantially shorter time than what 
would be used in a thermal annealing process. Meanwhile, the EWF has 
been suggested to be a definite cause of the microstructural changes by 
several studies [10,17,22]. 

To provide convincing evidence towards the benefits of using elec
tricity for post processing of metals, we have designed an experiment 
that demonstrates EWF for both annealing and refinement of grains in a 
metal specimen. Additively manufactured 316 stainless steel was chosen 
for the specimen material, primarily because the high defect density and 
anisotropy arising from highly non-equilibrium processing conditions. 
In the next sections, we present the experimental procedures and results 
for post processing of this material using the EWF in a controlled tem
perature environment utilizing electron backscatter diffraction (EBSD). 

2. Materials & methods 

Additively manufactured 316 stainless steel using laser sintering of 
powder metal was chosen for this study. Powder feedstock with average 
diameter of 30 μm and purity within ASTM A240 was used with a ni
trogen gas atomization process. The sample was printed in a shape of a 1 
cm3 cube then cut into slices of approximately 1 mm thick. These slices 
were cut parallel to the build direction to reveal the columnar shaped 
grains. Each slice was grinded down to 150 μm using grit paper. Then 
the strips were cut into long rectangular shapes of approximately 10 mm 
long, 0.5 mm wide and 150 μm thick using a dicer machine. From here 
each strip was individually polished down to approximately 50 μm using 
various grit paper with the final stage being a grit paper of 1200. The 
samples were then polished using microfiber pads with diamond, 
colloidal alumina, and colloidal silica suspensions with particle sizes 
ranging from 3 μm down to 0.02 μm. 

The polished sample was mounted to an aluminum nitride slab that 
acts as a heat spreader because of its high thermal conductivity and 
electrical insulation. Copper tape was attached to the aluminum nitride 
slab to act as electrical contacts on both sides of the sample. The sample 
was mounted on top of the electrical contacts to make it a free-standing 
object. Wires were also attached to the copper tape and solder was used 
on top of the contact pads to enhance the electrical connections. The 
sample and stage were mounted on a liquid nitrogen temperature- 
controlled stage inside of an FEI Scios 2 SEM equipped with Focused 
ion beam (FIB) and energy dipersive spectroscope (EDS) detector. The 
liquid nitrogen cooled stage allowed for the extraction of heat from the 
stage to avoid the effects of Joule heating and possible surface 
contamination in the form of oxidation. The high vacuum conditions and 
high definition monitoring systems inside the SEM are helpful for in-situ 
observation of the microstructural changes, particularly at the onset of 

Fig. 1. Schematic showing the areas impacted by Joule heating and electron 
wind force. 
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subtle changes in the microstructure, and greatly increased the chances 
of achieving grain growth without failure from the environment. The 
wires were connected through a feedthrough port in the chamber and 
connected to a power supply. During the experiment, the current was 
increased in small increments and held at each current level for a period 
ranging from about 30 s to a few minutes. 

3. Results 

EWF-based annealing was performed on the specimens with both 
passive and active cooling. Passive cooling was achieved by placing the 
sample on an aluminum nitride slab and then using the massive SEM 
stage as heat sink. Active cooling was achieved with a temperature 
control stage with liquid nitrogen flow. We did not observe any 
discernible changes in microstructure below 150 A/mm2 current den
sity. However, the annealing process seemed to accelerate thereafter. 
Irrespective of cooling technique, there is always risk of thermal 
runaway, a process where thermal stress induced voids localize the 
temperature leading to failure. We therefore did not exceed the current 
density limit of 200 A/mm2, as shown in Fig. 2. Our experience suggests 
that slightly lower current density than this critical value could be 
beneficial for the annealing process, although the rate is slower. 

As-received Sample: The microstructure of the as-received material 
as characterized by EBSD is shown in Fig. 3a as an inverse pole figure 
map in the x-direction (xIPF). The grains appeared to be elongated in 
one dimension, probably due to the competitive grain growth in additive 
manufacturing, where grains grow in a direction that is determined by 
the previously deposited grains and the direction of maximum heat 
extraction. After performing grain size analysis using the ImageJ soft
ware and the line intercept technique, the width of the columnar grains 
in the as received material was estimated to be around 40 μm. This grain 
size is typical of a 316 L laser powder bed fusion process [23]. Fig. 3b 
shows the grain misorientation angle plot obtained from EBSD. A large 
fraction of the grains had smaller misorientation angles. This suggests 
high residual stress in the material [24] due to large contractions of the 
melt pool during solidification. 

EWF Annealing with Passive Cooling: While a major objective of 
this study is to investigate EWF effects at lower temperature, we 
recognize that the synergy of EWF and moderate levels of temperature 
can be beneficial for recrystallization and grain growth. To illustrate 
this, we only passively cooled a fresh specimen at current density around 
200 A/mm2. Fig. 4a shows an EBSD scan of the sample. Interestingly 
there is a large fraction of annealing twins in the new microstructure. 
This indicates that EWF applies a high strain rate to the grains during 
growth that creates the twinning phenomenon. The estimated average 
grain size from the intercept method is around 75 μm, which is almost 
double the width of the columnar grains in the as-received material. 
Plots of the misorientation angles were made for the EBSD scan and can 
be seen in Fig. 4b. The plot has almost entirely all high angle mis
orientations. This is the opposite of the as-received scan and 

demonstrates how the material is at a lower residual stress level. 
EWF Annealing with Active Cooling at Room Temperature: In 

this processing, we used liquid nitrogen for active cooling of the SEM 
stage to constrain the specimen surface at room temperature. Fig. 5a 
shows the EBSD inverse pole figure map to reveal large sized, equiaxed 
grains and large density of annealing twins. Grain size estimations show 
the average grain size to be 45 μm. The misorientation angle plot shown 
in Fig. 5b has almost entirely high misorientation angles. The distribu
tion shows that the microstructure has achieved a lower residual stress 
state. 

We also analyzed residual strain in the as-received and annealed 
samples with EWF through measurement of local variations/spread in 
lattice orientations or Kernel Average Misorientation (KAM). KAM dis
plays local orientation changes in the grain and is represented by the 
average misorientation between every point and its surrounding points, 
and correlates well with macroscopic plastic strain to highlight regions 
of high residual strain [25]. The higher the residual strain, the higher the 
KAM value, and vice versa for low residual strain. It is clear that the 
as-received specimen (Fig. 6a) exhibited the highest residual strain, 
distributed throughout the specimen, whereas specimen annealed with 
EWF and active cooling (Fig. 6c) developed the lowest local strain field 
with heterogeneous pockets of high strain. Interestingly, specimen 
annealed with EWF and passive cooling (Fig. 6b) showed intermediate 
level of residual strain. 

Grain Refinement: An interesting observation on the influence of 
annealing time as a processing parameter is the possibility of grain 
refinement. In both actively or passively cooled experiments, we clearly Fig. 2. Current density vs time during a typical EWF annealing experiment.  

Fig. 3. EBSD of the as-received showing (a) the xIPF map and corresponding 
(b) misorientation angle plot. 
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observed the transformation of low angle grain boundaries to high angle 
grain boundaries in a span of about 5 min and at a current density of 
around 200 A/mm2. This transformation depends on the dwell time; 
therefore, the processing time can play important role on the final 
microstructure. To study this, we did not allow the dwell time (5 min) 
for a full transformation, rather it was limited to only 2 min. Fig. 7a 
shows the xIPF map reflecting appreciable amount of grain refinement 
across the sample. Also, no twinning was observed. Grain size analysis 
revealed an estimated grain size to be approximately 15 μm. Fig. 7b 
shows the distribution of misorientation angles in this sample. The 
comparison of Figs. 3b and 7b shows that, at a dwell time of 2 min, there 
is a partial transformation of low angle boundaries (θ ≤ 10◦) to high 
angle boundaries (θ > 10◦). Consequently, the microstructure exhibits a 
mixture of high and low angle boundaries. The high angles are from the 
areas of new microstructure and the low angles are from the original 
microstructure (retained boundaries). 

The KAM analysis of this specimen, shown in Fig. 7c, shows a 
microstructure with residual strain that is lower than the starting 
microstructure (Fig. 6a) but higher than the specimen annealed with 
EWF and active cooling (Fig. 6c). However, the residual strain was 
distributed throughout the specimen as in the starting material. This is 
indicative of a microstructure undergoing partial transformation. 

4. Discussion 

In this study, we present experimental evidence of defect removal 
and microstructural changes at ambient temperature using the EWF. 
EWF is proposed to be defect-specific, since the force is appreciable only 
when the electrons are scattered by the defects. In the defect-free lattice, 
the electrons interact with the lattice atoms only and give rise to Joule 
heating, but not EWF. Thus, EWF can be viewed as an athermal, just-in- 

location driving force to mobilize the defects. We suggest that the highly 
localized nature of this force enables it to disintegrate the immobile 
defect clusters (for example dislocation sub-structures inside deformed 
grain that are essentially low angle grain boundaries), even though their 
global (or average over the specimen cross-section) values are not very 
high. We also suggest that the EWF is directional (due to the direc
tionality of the electrical current flow), whereas temperature driven 
defect mobility is mostly random. This could explain why conventional 
heat treatment requires very long time compared to the EWF-based 
processing timeframes in this study. 

The EBSD scans provide details of microstructural parameters and 
their evolution. For example, both passively and actively cooled EWF 
annealed samples transformed to equiaxed grains that coalesced to 
larger equiaxed grains. However, shorter processing time (even at the 
same current density) transformed the original microstructure to equi
axed grains but did not allow these grains to complete their grain 
growth. The new grains formed in these samples can be easily differ
entiated from the original microstructure since the original grains were 
elongated in shape. With regards to grain size, passive cooled samples 
experienced 74% increase in size when comparing columnar grain width 
to equiaxed grain diameter. Active cooled samples saw a minor grain 
size increase from 40 μm to about 45 μm. Even with a minor size 
increament, the microstructure of the room temperature EWF annealed 
sample still changed drastically since it transformed into equiaxed grain 
shapes. The grain refinement sample (shorter anneal time) experienced 
a 74% reduction in grain size when transforming into the small equiaxed 
grains. The original microstructure also contained more defects inside 
the grains compared to the newly formed grains. These results are 
typical of a strain induced grain boundary migration process where the 
grains bulge from the original shape and have lower dislocation 
densities. 

Fig. 4. EBSD of the sample annealed with EWF and passive cooling showing (a) 
the xIPF map and corresponding (b) misorientation angle plot. 

Fig. 5. EBSD of the sample annealed with EWF and active cooling showing (a) 
the xIPF map and corresponding (b) misorientation angle plot. 
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The EBSD scans of the passive and actively cooled samples revealed a 
large number of annealing twins. These twins formed due to the large 
strain rate that was applied to the grains during the grain growth stage. 
It is also not surprising that the twins formed in the samples with large 
grains since large grain sizes have been shown to promote the twinning 
phenomenon [26,27]. This is also confirmed by the fact that no twins 
were found in the smaller grains formed in the grain refinement sample 
shown in Fig. 7a. These twins should be beneficial to the mechanical 
properties of the samples by increasing the strength and ductility of the 
samples. The large amounts of twin boundaries should restrict the 
movement and creation of dislocations. This means that the micro
structure can be approximated as an equivalent microstructure of 
smaller average grain size and therefore larger material strengths [28]. 
Twins have also been shown to improve ductility of the material beyond 
what would be seen in a material of similar grain size but without twins 
[29]. 

EBSD scans also allowed quantification of the orientation spread as 
well as the fraction of high and low misorientation angles. For each of 
the EWF annealed samples, we saw increase in high angle grain 
boundaries. Studies have shown that scans with large fractions of low 
angle grain boundaries are evidence that the material is at a high level of 
stored strain energy [10,30]. Therefore, the resulting plots from our 
experiments show that the annealing process has reduced the stored 
strain energy in the sample. This process of analyzing the misorientation 
angles acts as an easy way to establish optimum processing conditions 
that ensure complete transformation of the microstructure. 

The EBSD scans of the samples that underwent grain refinement 
showed some unchanged microstructure after processing. It may be that 
these samples needed more processing time to allow for these grains to 
be consumed by the bulging new grains. The other possibility is that if 
the samples were processed further, then the first grains to nucleate 
would start to grow while other grains are just starting to form. If grains 
are growing while others are just starting to reform, then the resulting 
microstructure would have substantial variation in grain size. From the 
analysis of the grain boundaries (Table 1 and Fig. 8), it can be deduced 
that at the beginning of EWF annealing, low angle boundaries (LAGBs) 
are transformed to mostly high angle boundaries (HAGs) with 35◦–45◦

Fig. 6. KAM maps for (a) as-received materials, (b) specimen annealed with EWF and passive cooling, and (c) specimen annealed with EWF and active cooling.  

Fig. 7. EBSD of the specimen annealed with EWF and passive cooling for 2 min 
showing (a) the xIPF map and corresponding (b) misorientation angle plot and 
(c) KAM map. 

Table 1 
LAGBs, HAGBs, and special boundaries in as-received and annealed specimens.  

Specimen LAGBs 
(%) 

HAGBs (%) Special Boundaries 

35◦–45◦

Boundaries 
60◦

Boundaries 
Σ3 
twins 

Σ(9 +
27) 
twins 

As-Received 56.36 3.57 0.31 0.25 0.27 
2 min 

Actively 
Cooled 

13.35 34.30 15.5 18.21 1.50 

5 min 
Actively 
Cooled 

9.49 12.56 48.8 49.52 2.70 

5 min 
Passively 
Cooled 

2.37 14.45 56.6 56.01 3.52  
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boundaries and a few 60◦ boundaries and latter transformed to mostly 
60◦ boundaries. The 35◦–45◦ boundaries are reported to possess high 
energy and high mobility, whereas the 60◦ boundaries, which are mostly 
Σ3 coherent twin boundaries, have low energy and low mobility 
(causing a pinning effect) [31]. In general, the ability of the grain 
boundary to migrate is characterized by the grain-boundary mobility 
[32], which depends on grain boundary energy, orientation, solute 
interaction, etc. During grain growth, differences in the grain-boundary 
mobilities determine the final texture and grain size distribution of a 
material. In some cases, some grains can grow at the expense of others or 
may shrink if surrounded by pinning boundaries such as Σ3 coherent 
twin boundaries [31,33]. It is therefore reasonable to deduce that the 
35◦–45◦ HAGBs noted at the intermediate processing time (2 min in this 
case) are responsible for the grain growth and large grain size that is 
observed at long processing time (2 min in this case). As they migrate, 
and coupled with EWF effect, these boundaries are transformed to 60◦

boundaries (mostly Σ3 twins). Based on the growth accident model [34], 
the formation of Σ3 boundaries is considered as a result of stacking error 
at the migrating grain boundaries. The interaction of EWF with mobile 
boundaries could trigger stacking errors, thereby transforming these 
boundaries to Σ3 boundaries. It should however be noted that the 
additional thermal energy for passively cooled specimen could account 
for the increase in the grain size and the 60◦ (Σ3) boundaries in this 
specimen. Annealing twins are usually common in fcc materials with 
low to medium stacking-fault energy [35]. 

If the samples need more processing time, then in order to achieve 
grain refinement the current density should be decreased to allow for 
more time for the process to take place. This is because, at 200 A/mm2, 
the microstructural changes happen very quickly with the original 
microstructure changing into large grains in a matter of seconds. The 
samples that underwent grain refinement also saw a large rate of current 
increase up to the critical current density. This may have influenced the 
formation of more grain bulging sites (nucleation sites) resulting in a 
larger number of small grains. If the speed at which the current level is 
increased to the critical level affects the formation of smaller grains, 
then the process of refining the grain size would be difficult to control 
due to the reduced time to detect surface changes. The most reliable way 
to create a grain refined sample would be to sacrifice on the minimum 
achievable grain size and allow for a little bit of grain growth to occur to 
ensure that all the original microstructure has been consumed. 

Our experiments indicate that a critical current density is needed to 
induce rapid (order of minutes) changes in microstructure. For addi
tively manufactured 316 Stainless Steel we found this to be around 200 

A/mm2, which is roughly two orders of magnitude smaller than the 
electromigration damage level. This is because of the very high initial 
defect density in the as-received sample. Operating far below the elec
tromigration limit is a beneficial feature. We believe that passive or 
active cooling further reduces the risk of electromigration damage. The 
relationship between the current density and time to anneal a material is 
not a linear relationship. Current densities slightly below the critical 
value will result in substantially longer processing times. This nonlinear 
relationship also holds true for larger current densities which means that 
one can create large microstructural changes in a very short period of 
time. The differences in processing time at the different current densities 
may also create different resulting microstructure, but this was not 
confirmed in this work. The critical current density value is material, 
composition and mostly, defect density and type dependent. 

The samples in this study were processed at a low temperature 
compared to the temperatures seen in traditional annealing processes. 
However, exact measurement of internal and surface temperatures is 
difficult. The actual average temperature in the samples were probably 
higher than what was measured during the experiment. This is since the 
temperature was measured on the liquid nitrogen stage, which was a 
constant 20 ◦C, not on the sample’s surface. Since thermal conductivity 
of stainless steel (13 W/m-K) is reasonably high and the specimen 
thickness is very small (about 100 μm), it is expected that the temper
ature difference is less than 5 ◦C. It is important to note that any air gap 
between the specimen and the cooling stage would cause heat to accu
mulate in the sample and raise the temperature of the material. Our 
infrared measurements for similar experiments showed relatively low 
temperatures (on the order of 200 ◦C), especially when considering that 
these samples were only passively cooled. These passive cooled tem
peratures were also confirmed with thermocouple measurements of 
experiments performed without any cooling stage. 

There are ways to estimate how high the temperature was in the 
cooled samples. For instance, some samples were slightly deformed due 
to the material trying to expand but were pinned by the electrical con
nections. This means that temperatures in the sample were large enough 
for a small size change. This is what first indicated that the sample 
temperatures were not the same as the cooling stage. A more promising 
temperature indication of the cooled samples was the fact that the solder 
had not re-melted during the experiment. This is significant when trying 
to claim low temperatures because the solder used in this experiment has 
a very low melting temperature compared to traditional solders. The 
passively cooled experiments commonly had electrical connection issues 
due to the solder re-melting, so clearly, the liquid nitrogen cooled stage 
was working to cool the sample to some value closer to room 
temperature. 

5. Conclusion 

In this study, we present passive and active cooling of metallic 
specimens carrying constant direct current to isolate the electron wind 
force from Joule heating and use the former to perform low temperature 
annealing. Processing parameters related to achieving grain bulging and 
growth in 316 stainless steel were developed with the key parameter 
being the critical current density of 200 A/mm2. At this current density, 
grains grow in short periods of time. This study enhanced the knowledge 
of how the electron wind force, and not Joule heating, dominates the 
electric annealing process by creating grain growth at temperatures 
close to room temperature. This study also provided new information 
related to how this unique method of strain induced grain boundary 
migration resulted in a large fraction of annealing twins. These twins 
formed due to the large strain rates induced by the electron wind force 
and the large average grain sizes that were obtained. The success of this 
annealing process was demonstrated by the EBSD data gathered. The 
large grain sizes and large fraction of annealing twins achieved through 
this electric annealing process could be clearly identified in the optical 
images. The EBSD scans confirmed what was seen in the optical images 

Fig. 8. LAGBs and HAGBs in as-received and annealed specimens (AR – as 
received; 2AC – 2 min actively cooled; 5AC – 5 min actively cooled; 5 PC - 5 min 
passively cooled). 
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and showed that the microstructure was at a near equilibrium state since 
the misorientation angle distributions heavily leaned towards high an
gles. The short processing times in these experiments seems to be the 
most beneficial aspect of using this type of grain refinement compared to 
the long times associated with traditional heat treatments. Even though 
this process requires large amounts of power, the short period of time at 
which this power is maintained results in a more energy efficient process 
compared to traditional heat treatments. 

A challenge with this technology is the limitations on size that comes 
with the large current densities. The maximum size obtained in this 
study was only in the micron scale due to the available power supplies 
and cooling solutions. Examples of large amounts of current can be seen 
in field assisted sintering technology and in electric arc furnaces that 
have current in excess of 10,000 Amps. With these types of power 
supplies, parts with cross sectional areas in the centimeters squared size 
range could be processed in a few minutes. The size scale available for 
this study limited the feasibility of such analysis. While this study was 
not able to establish a relationship between the processing parameters 
and the resultant mechanical properties, there is no doubt that the 
mechanical properties would be drastically different from the as- 
received state due to the drastically different microstructures. In terms 
of energy efficiency, we note that EWF-based annealing not only needs 
the electrical power as input, but also cooling power to avoid thermal 
shock or failure. Thus, the input energy can be double of a typical heat 
treatment process. However, we also note that the time required for the 
EWF-based process can be 10 times less compared to heat treatment. 
Therefore, the total energy required can significantly lower compared to 
conventional heat treatment. 

The area of post processing is still dominated by heat treatment. 
Effect of other stimuli (such as electrical current, as described in this 
paper) is under-researched and has questions left unanswered. Practical 
applications of this technology could revolutionize the manufacturing 
industry and become a standard post processing step due to the energy 
savings and unique results that have been established by this and other 
studies. Scaling this technology to meet industrial applications needs to 
be done. The next logical step in researching this technology would be to 
increase the sample size. The application of this technology to a standard 
dog bone shaped sample would require unique power supply and cool
ing solutions but would undoubtedly result in an excellent process- 
property relationship and bring this technology one step closer to the 
industry. 

Data availability 
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