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Abstract: Low-angle grain boundaries (LAGBs) accommodate residual stress through the rearrange-
ment and accumulation of dislocations during cold rolling. This study presents an electron wind
force-based annealing approach to recover cold-rolling induced residual stress in FeCrAl alloy below
100 ◦C in 1 min. This is significantly lower than conventional thermal annealing, which typically
requires temperatures around 750 ◦C for about 1.5 h. A key feature of our approach is the athermal
electron wind force effect, which promotes dislocation movement and stress relief at significantly
lower temperatures. The electron backscattered diffraction (EBSD) analysis reveals that the concentra-
tion of low-angle grain boundaries (LAGBs) is reduced from 82.4% in the cold-rolled state to a mere
47.5% following electropulsing. This level of defect recovery even surpasses the pristine material’s
initial state, which exhibited 54.8% LAGBs. This reduction in LAGB concentration was comple-
mented by kernel average misorientation (KAM) maps and X-ray diffraction (XRD) Full Width at
Half Maximum (FWHM) measurements, which further validated the microstructural enhancements.
Nanoindentation tests revealed a slight increase in hardness despite the reduction in dislocation
density, suggesting a balance between grain boundary refinement and dislocation dynamics. This
proposed low-temperature technique, driven by athermal electron wind forces, presents a promising
avenue for residual stress mitigation while minimizing undesirable thermal effects, paving the way
for advancements in various material processing applications.

Keywords: low temperature electropulsing; FeCrAl alloy; residual stress mitigation; cold rolling;
electron backscatter diffraction (EBSD); X-ray diffraction (XRD)

1. Introduction

FeCrAl (Iron-Chromium-Aluminum) alloys hold significant importance due to their ex-
ceptional oxidation and corrosion resistance at elevated temperatures, alongside favorable
mechanical properties and stability under aggressive conditions [1,2]. These advantages
make FeCrAl alloys the preferred materials for a wide range of high-temperature applica-
tions, including heating elements, automotive exhaust systems, industrial furnaces, and
cladding material in nuclear reactors [3–5]. Despite their robust performance, Sun et al. [6]
observed that commercial FeCrAl alloys often possess residual strain stemming from the
fabrication process, which they suggest can be mitigated through annealing treatments
to enhance material reliability and longevity. Moreover, certain applications may require
the cold rolling of FeCrAl alloys to meet specific mechanical strength, dimensional accu-
racy, or surface finish criteria [7]. Cold rolling, a pivotal process in materials engineering,
is utilized to enhance the mechanical properties of metals through plastic deformation.
It is well-documented that cold rolling not only contributes to hardening by generating
dislocations within the material’s structure [8,9] but also inherently introduces residual
stresses [10,11]. While cold rolling is instrumental in improving strength and hardness,
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the additional residual stresses it introduces can complicate the material’s microstructural
integrity. Consequently, it is imperative that residual stress, whether arising from the
fabrication process or induced by cold rolling, needs to be alleviated to maintain the FeCrAl
alloy’s desired properties and performance.

The induced residual stresses are usually accommodated within the grains by low-
angle grain boundaries (LAGBs) [12]. These LAGBs, characterized by slight misorientations
between adjacent crystalline areas, have a direct correlation with the extent of residual
stress within a material [13]. To mitigate these induced stresses, conventional methods
such as thermal annealing, cryogenic treatment, and chemical treatments are commonly
utilized [14–18]. However, these traditional techniques often present challenges, including
high energy consumption, prolonged processing times, and the risk of inducing additional
microstructural changes, such as unwanted phase transformations [19,20]. Consequently,
the quest for alternative approaches that can efficiently and effectively reduce residual
stress without these drawbacks is ongoing.

Electropulsing treatment (EPT), which applies short, high-intensity electrical pulses,
has emerged as a promising technique in this context, offering the potential to modify the
microstructure and alleviate residual stresses of materials and alloys [21–25]. The appli-
cation of electropulsing to materials induces two distinct types of effects: athermal and
thermal [26–28]. The electron wind force is a non-thermal force exerted by the conduction
electrons, which are driven through the material by the electric field. As these electrons
collide with the defects, they lose momentum. The defects experience a mechanical force
due to the momentum transfer, which mobilizes them [27,29]. On the other hand, the ther-
mal effect, which arises from Joule heating, is the heat generated by the passage of current
through the resistive material, leading to an increase in the material’s temperature [26,27].
The fundamental mechanism for reducing residual stress in alloys is currently debated.
Some researchers suggest that electron wind force plays a key role, while others believe
Joule heating is more influential [21–25]. For example, Zhang et al. [23] argue that the key
to residual stress reduction lies not in Joule heating but in the action of drift electrons,
which purportedly exert an additional force aiding dislocation movement. Conversely, Pan
et al. [21] contend that the primary influence on dislocation dynamics stems from Joule
heating, with the electron drag force playing a negligible role. However, in most cases, it is
believed that a synergistic effect of both Joule heating and EWF is responsible for residual
stress mitigation, suggesting a complex interplay at the microstructural level. Interest-
ingly, Huang et al. [30] reported a 20% increase in residual stress in 16 Mn steel plates
post-electropulsing, raising questions about the method’s reliability and indicating the
need for more research to understand its impact and potential for industrial use. Moreover,
most of the existing research on the elimination of residual stress through electropulsing
treatment (EPT) has been concentrated on steel, with little to no focus on its application to
FeCrAl alloys for residual stress annealing. Electropulsing has conventionally been applied
with a significant increase in temperature by Joule heating [27,31,32].

This study proposes an innovative approach to anneal the residual stress in FeCrAl
alloy induced from cold rolling through EPT, emphasizing the athermal electron wind
force (EWF) effect associated with electropulsing. While thermal and athermal effects in
electropulsing treatments are distinct, they are not mutually exclusive. Achieving a high
electron wind force (EWF), essential for promoting dislocation movement and reducing
residual stress, necessitates an increase in current density [33,34]. However, this increase
in current density invariably enhances Joule heating and thus increases the processing
temperature [35], making it challenging to isolate the effects of the thermal and athermal
components of electropulsing. In this study, we address this challenge by pulsed current
supply, distinct from the constant elevated temperatures typically reported [22]. This
still gives rise to temperature spikes, but the very low-duty cycle ensures a minimal
rise in average temperature. By employing low frequency and narrow pulse widths, we
successfully minimize thermal effects, maintaining the average temperature below 100 ◦C,
even at an elevated current density of 3.35 × 105 A

cm2 . The use of short pulse width and low
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frequency provides sufficient time for heat to dissipate before the next pulse, minimizing
the risk of excessive Joule heating [25,36,37]. This approach offers a more controlled
exploration of how electropulsing can be optimized to exploit the beneficial aspects of EWF
while mitigating the potential drawbacks of excessive Joule heating, thereby advancing our
ability to distinguish between the thermal and athermal contributions to stress mitigation
in electropulsing treatments.

Utilizing a comprehensive analytical approach, we examine low-angle grain boundary
(LAGB) concentrations, and Kernel Average Misorientation (KAM) maps through electron
backscattered diffraction (EBSD) analysis. Additionally, we measure the Full Width at
Half Maximum (FWHM) using X-ray diffraction (XRD) to complement the microstructural
changes observed in EBSD analysis and conduct nanoindentation tests to evaluate the
mechanical properties. This detailed examination aims to underscore the potential of
low-temperature EPT as an effective method for enhancing the properties of FeCrAl alloys
by mitigating their residual stresses.

2. Materials and Methods

In this study, we explored the potential of electropulsing as an alternative method to
traditional thermal annealing for the mitigation of residual stress in a FeCrAl alloy (Fe-73%,
Cr-21.3%, Al-5.7%). The process commenced with the intentional introduction of resid-
ual stress by cold rolling the alloy, altering its dimensions from 10.5 × 2.6 × 0.22 mm3 to
11.5 × 3.26 × 0.16 mm3 (~27% reduction of thickness). Subsequently, electropulsing was
administered in two distinct phases: initially at a moderate temperature of ~30 ◦C, followed
by a more intensive stage with high current density allowing the temperature to escalate to
a maximum of 125 ◦C. This procedure was facilitated by a programmable DC power supply
(model: Magna-power, Flemington, NJ, USA, SL600-2.5/UI) connected to a current pulse
generator (Eagle Harbor, Seattle, WA, USA, IPM-16P-2003), with a thermal microscope
(Optris, Portsmouth, NH, USA, PI 640) deployed to accurately record the temperature
dynamics throughout the processing period, the results of which are depicted in Figure 1.
The figure illustrates the temperature profile of a sample subjected to electropulsing over a
period of 60 s. The cyclic pattern suggests that the sample has sufficient time to dissipate
heat between pulses, resulting in a temperature profile that repeatedly rises sharply and
then falls back as the heat is dissipated before the next pulse begins. The electropulsing
parameters employed are presented in Table 1.
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Table 1. Electron wind force annealing parameters and corresponding processing temperatures.

Frequency
(Hz)

Pulse Width
(µs) Processing Time (s) Current Density ( A

mm2 )
Average Temperature

during Annealing (◦C)

2 40 60 235.15 25
2 40 60 1230.85 28.5
2 40 60 1805.31 50
2 40 60 2215.38 65
2 40 60 2666.67 85
2 40 60 3307.70 96.5

The selection of processing parameters, such as current density, pulse width, and
frequency, was made strategically, drawing upon our extensive experience with similar
materials, as detailed in our prior work [36]. The pulse width was deliberately kept short at
40 microseconds, ensuring the sample receives a concise energy input, allowing ample time
between pulses for heat dissipation and thus maintaining EWF as the dominant influencing
factor. Similarly, the frequency was set to a low 2 Hz to prevent excessive heating that could
shift the balance towards thermal effects, undermining the intended athermal mechanism
of action. It is to be noted that the electron wind force from the sharp pulses transfers
the shock wave energy to the defects. Since defect motion is irreversible and depends
on the input energy level, our technique needs only a few cycles (or seconds) of pulsing.
Prolonged application of pulsing does not improve unless the energy (such as current
density) is increased. We pulsed the sample for 60 s just to make sure that a steady state
had been reached. This methodology reflects a careful balance between optimizing energy
transfer to defects and ensuring minimal thermal influence, underpinning the effectiveness
of our EPT technique.

The electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) analyses were
conducted to provide a comprehensive characterization of the sample’s microstructure at
each stage of the experiment—initial (pristine), after cold rolling, following the first elec-
tropulsing phase, and after the second electropulsing phase. Prior to conducting electron
backscatter diffraction (EBSD) analysis, the sample underwent extensive surface prepa-
ration to render the surface suitable for microscopy. This involved a thorough polishing
regimen using a rotary tool and a series of diamond compounds ranging from 3000 to
120,000 grit, followed by ion milling at 4.5 kV and 1.5 A for 90 min to achieve a suitably
refined surface. EBSD analysis was then performed using a VERIOS G4 UC Scanning Elec-
tron Microscope (Thermoscientific, Hillsboro, OR, USA), set to a beam current of 3.2 nA,
an accelerating voltage of 20 KV, and a step size of 0.3µm, utilizing the Aztec software
suite version 6.2 for data collection. The acquired EBSD data were post-processed and
thoroughly analyzed using the dedicated Aztec Crystal software suite version 5.1 [38].

The XRD measurements were carried out with a Malvern Panalytical Empyrean®

instrument, equipped with a cobalt line-focus X-ray tube (wavelength = 1.7890 Å) and
optimized for comprehensive sample area irradiation, adhering to specific settings for

divergence slit of
(

1
16

)◦

, mask of 2 mm, soler slit of 0.04 rad, and anti-scatter slit of
(

1
4

)◦

.
Finally, to evaluate the impact of the electropulsing treatments on the mechanical properties,
nanoindentation tests were conducted using a Bruker Hysitron TI-980 instrument. These
experiments aimed to measure changes in hardness and reduced modulus resulting from
the treatments.

3. Results and Discussion
3.1. Microstructure and Grain Boundaries (GBs) Evolution

The microstructural integrity and mechanical properties of FeCrAl alloys are pro-
foundly influenced by the manufacturing processes they undergo. In this study, we have
intentionally utilized cold rolling to increase the defect density within a FeCrAl alloy,
setting the stage for investigating the efficacy of electropulsing as an innovative annealing
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alternative. The y-axis Inverse Pole Figure (IPF) maps in Figure 2 display the various
microstructural states of the alloy from its pristine condition, through the intentional defect
introduction by cold rolling, to the modifications after electropulsing at controlled average
temperatures of 28.5 ◦C and 96.5 ◦C. The intentional induction of defects through cold
rolling in our FeCrAl alloy led to a marked increase in the concentration of low-angle
grain boundaries (LAGBs) from 54.8% in its pristine state to 82.4%, indicative of the high
residual strain imposed on the material (see Figure 3). These LAGBs are characterized
by misorientations between 2◦ and 10◦. Such an increase aligns with the understanding
that cold deformation intensifies the entanglement of dislocations within the crystal lattice,
which, in turn, impedes further dislocation movement and contributes to residual stress
accumulation [8,9].
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~27% reduction of thickness, (c) pulsed at 28.5 ◦C, and (d) pulsed at 96.5 ◦C.

The subsequent application of the electron wind force at 28.5 ◦C yielded a reduction
in LAGB concentration to 70.5%, suggesting the onset of dislocation disentanglement.
Drawing on analogous discussions from existing literature, such as the study on titanium
alloys [29], we consider a similar mechanistic interpretation for our observations. The
entangled dislocations generated through cold deformation, which serve as impediments
to the mobility of dislocations, are conjectured to be swiftly disrupted under the influence of
the electron wind force. This athermal stimulus is believed to cause dislocations to migrate
and pile up at grain boundaries, potentially forming dislocation walls that transform LAGBs
into high-angle grain boundaries, thus facilitating the process of recrystallization and stress
reduction in the alloy [29]. The influence of the electron wind force is dependent on the
current density during electropulsing. A higher current density means a larger number of
electrons are flowing through the material, which can increase the momentum transfer to
the dislocations and thus enhance the electron wind force. As a result, the rate of dislocation
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movement can increase, leading to more effective disentanglement and migration. However,
this high current density can lead to an increase in the material’s temperature during the
processing. It is well-established that the peak temperature increment induced by a singular
electropulse is quantitatively related to the current density.
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of thickness, (c) pulsed at 28.5 ◦C, and (d) pulsed at 96.5 ◦C; Red color indicates low angle grain
boundaries-LAGBs (2◦ ≤ θ ≤ 10◦).

As detailed in [39], this temperature rise, denoted as ∆Tm, is governed by the following
relationship:

∆Tm =
tcρj2m
2CpD

(1)

where tc is the pulse width, ρ is the resistivity of the materials, Cp is the specific heat, D is the
density of the materials, and jm is the current density amplitude of the applied electropulse.
Although the thermal effect causes changes in microstructure and properties through
mechanisms like recrystallization, and grain growth, in this study, we focused on the
athermal effect. By using low pulse widths and low frequencies, the Joule heating is
restricted, thus limiting the temperature rise (see Figure 1). The dislocation disentanglement
within our FeCrAl alloy commenced at a current density of 1230.85 A/mm2. To advance
this disentanglement process, the current density was elevated to 3307.7 A/mm2 with a
processing temperature of an average of 96.5 ◦C. For this current density of 3307.7 A/mm2,
theoretical calculations using Equation (1) suggested a maximum temperature rise of
92.5 ◦C, which, with an ambient starting temperature of 25.5 ◦C, projected a maximum
processing temperature of 118 ◦C. Our observations revealed a slightly higher maximum
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temperature of 125 ◦C during the treatment, with an average temperature of 96.5 ◦C
throughout the process. This slight discrepancy between the expected and observed
temperatures can be attributed to several factors. Notably, the cold rolling process likely
introduced localized thin sections within the material, leading to uneven current densities
during electropulsing. These localized areas of increased current density would experience
enhanced Joule heating, generating hot spots that elevate the temperature beyond the
calculated value. However, this increased current density exerts a stronger electron wind
force, which reduced the concentration of low-angle grain boundaries (LAGBs) to 47.5%, a
figure that notably falls below the initial pristine state of the alloy. This substantial decrease
in LAGB concentration post-EP treatments is indicative of the process’s effectiveness in
not only reversing the cold rolling effects but also enhancing the microstructure. It is
critical to highlight that typically, such a high current density during electropulsing would
result in a material temperature of around 600 ◦C [31]. However, by employing controlled
electropulsing parameters, we were able to limit the average processing temperature to
96.5 ◦C, thereby minimizing the thermal effects while still capitalizing on the benefits of
the electron wind force to modify the microstructure.

The significance of HAGBs in reducing the dislocation density and recrystallization
during the electric pulse processing is also imminent. As we discussed earlier, the electron
wind force (EWF) acts to disentangle and mobilize the LAGBs and thus enhance their
interaction with existing HAGBs. As these mobile LAGBs encounter HAGBs, they begin
to accumulate and undergo a transformation into HAGBs themselves. This kind of trans-
formation leads to reduced density of dislocations to the material. Such transformation of
LAGBs to HAGBs is reported in [40,41]. On the other hand, HAGBs emerge as potential
centers for recrystallization. When low-angle grain boundaries (LAGBs), mobilized by the
EWF, approach HAGBs, the subsequent interaction leads to the accumulation of subgrains
around these high-energy boundaries. This phenomenon plays a crucial role in the mi-
crostructural evolution process, as the accumulation and consolidation of subgrains near
HAGBs can effectively divide parent grains, resulting in a finer grain structure. The division
and refinement of grains contribute to a smaller mean grain size across the treated alloy.

A comprehensive grain size analysis is shown in Figure 4, revealing the microstructural
changes under different conditions—Pristine, Rolled, and Pulsed at 96.5 ◦C. Initially, the
rolling process altered the grain size distribution, notably decreasing the frequency of
smaller grains while increasing that of larger grains, culminating in an overall mean grain
size increase from 6.0 µm in the pristine condition to 7.2 µm post-rolling. This observation
aligns with the expected effects of mechanical deformation, where grain elongation and the
merger of smaller grains contribute to an increased mean grain size. Conversely, after the
application of electropulsing treatment, a notable shift in the grain size distribution was
observed. Specifically, there was an increase in the frequency of smaller grains, while the
distribution of larger grains remained relatively unchanged. This shift towards smaller
grain sizes is indicative of the material undergoing microstructural refinement induced by
the electron wind force. Such grain refinement, facilitated by electric current assistance, as
observed in our study, aligns with the findings reported in [42–44]. As a result, the mean
grain size was reduced to 6.5 µm, underscoring the potential of electric processing to refine
the grain structure and partially reverse the coarsening effects introduced by cold rolling.

3.2. Microstructural Analysis through Misorientation Maps

The microstructural modifications induced by cold rolling and subsequent electropuls-
ing treatments are quantitatively depicted through Kernel Average Misorientation (KAM)
maps (Figure 5) and the distribution of disorientation angles (Figure 6). In our KAM
analysis, we employed a kernel size of 3 × 3, averaging misorientation over each pixel
and its eight immediate neighbors, to accurately capture local texture variations indicative
of stress states. Following the cold rolling process, we observed an increase in the Kernel
Average Misorientation (KAM). The increase in KAM values post-cold rolling is indicative
of elevated internal strain, reflecting the introduced dislocation density and the resultant
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residual stress within the material [45]. Li et al. [46] demonstrated that deformed grains
exhibit increased KAM values due to elevated dislocation densities. This increase in KAM
is further substantiated by the disorientation angle distribution, where the rolled state in
Figure 6 exhibits an intense peak, indicating a densification of dislocations. Moreover, the
observation is consistent with the well-established notion that mechanical deformation,
such as cold rolling, significantly raises the residual stress of a material [47]. Although the
values of residual stresses obtained from EBSD Kernel Average Misorientation (KAM) mea-
surements are not absolute, Terner et al. [48] have established a correlation between KAM
values and the level of residual stress. It is observed that higher KAM values correspond
to elevated levels of residual stress. Therefore, our observation of increased KAM after
cold rolling is consistent with an increase in residual stress, aligning with the established
expectations. Subsequent electropulsing treatments resulted in a gradual decrease in KAM
values as well as the peak intensity of the disorientation angle. The first pulse at 28.5 ◦C
initiated the reduction of strain, indicating the start of microstructural recovery. The effect
was more pronounced after the final pulse at the higher current density, where the KAM
values and the distribution of disorientation angle approached those of the pristine alloy.
This substantial decrease in KAM points to a decrease in dislocation density and, by exten-
sion, suggests that electropulsing, particularly at elevated current densities, is instrumental
in effectively reducing the residual stresses and thus restoring the alloy’s microstructure.
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3.3. Microstructural Characterization through X-ray Diffraction (XRD) Analysis

The X-ray diffraction (XRD) analysis further complements our understanding of the
microstructural evolution of the FeCrAl alloy through various stages of the treatment.
Initially, the XRD pattern of the pristine FeCrAl alloy exhibited three distinct peaks labeled
A, B, and C (Figure 7). After subjecting the alloy to cold rolling, an increase in the Full Width
at Half Maximum (FWHM) was noted for all three peaks: Peak A increased by 48.76%,
Peak B by 58.1%, and Peak C by 60.27%. These enlargements in FWHM are indicative of
an increase in defect density, dislocation, and residual stress within the material [49,50].
Notably, there was no evidence of secondary phase formation due to cold rolling. Following
the electropulsing treatment at 96.5 ◦C, the FWHM of Peak A decreased by approximately
48.91% and Peak C by approximately 40.6%, approaching the sharpness of the pristine
state, which signifies a substantial recovery from the defects and residual stress introduced
by cold rolling. However, the FWHM of peak B, after electropulsing, displayed a reduction
of 12.64%, which, despite a decrease from the rolled condition, did not return as close to
the pristine value. This behavior implies that the lattice planes associated with peak B may
have a different response to the electropulsing treatment compared to those of peaks A
and C.
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These changes in FWHM are quantitatively detailed in Table 2, providing a clear
view of the material’s response to the electropulsing treatment. These precise FWHM
measurements from the XRD peaks reinforce the findings from the microstructural analysis
made via KAM maps and disorientation angle distributions, providing a holistic picture of
the stress-relief and recrystallization processes occurring within the FeCrAl alloy because of
electropulsing, albeit with varying degrees of effectiveness across different crystallographic
orientations.

Table 2. Full width at half max (FWHM) along with % change of three peaks for various conditions.

FWHM Pristine Rolled Pulsed at 96.5 ◦C

Peak A 0.2151◦ 0.320◦ (+48.76%) 0.215◦ (−48.91%)
Peak B 0.284◦ 0.449◦ (+58.1%) 0.413◦ (−12.64%)
Peak C 0.36◦ 0.577◦ (+60.27%) 0.431◦ (−40.6%)

3.4. Texture Evolution and Grain Rotation during Electropulsing

Grain rotation, a common phenomenon associated with electropulsing [36,51], was ev-
ident in our study. In our analysis of the texture evolution through pole figure examinations
in Figure 8, we noted a more prominent change in the HCP phase compared to the BCC
phase during electropulsing. For the BCC phase in its pristine state, a pronounced <111>
texture is visible, with the plane oriented parallel to the Z-axis, highlighted by an intense
red coloration. Upon rolling, this distinct red intensity faded away slightly, suggesting a
reduction in the <111> texture density. However, after the final electropulsing treatment,
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the <111> pole intensity is restored, indicating a reorientation or recovery of the grains
back toward the original <111> texture. In the case of the HCP phase, the pristine condition
displays a strong pole near the <10-10> plane, which is markedly reduced after rolling.
Concurrently, the rolling process introduces a visible pole near the <0001> plane, shifting
the texture emphasis away from the <10-10> orientation. After electropulsing, the pole
figure evolves further: the <0001> plane’s intensity becomes more pronounced, and there is
a slight resurgence of the <10-10> plane’s visibility, suggesting a partial reversion towards
the initial texture.
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3.5. Evaluation of Mechanical Properties through Nanoindentation Testing

In the final phase of our study, the nanoindentation tests were performed at nine
separate locations on the sample for the pristine, rolled, and pulsed conditions, as illustrated
in Figure 9, to examine the mechanical properties of the FeCrAl alloy under different
processing conditions. The obtained average values for hardness and reduced modulus for
each state are provided in Table 3. After cold rolling, both the hardness and the reduced
modulus of the alloy were observed to increase by 15.66% and 14.04%, respectively. The
increase in hardness due to cold rolling can be attributed to the work hardening effect,
where the introduction of a high density of dislocations impedes the movement of other
dislocations, thereby increasing the material’s resistance to plastic deformation.

Table 3. Average hardness and reduced modulus (along with percentage changes) for various
conditions obtained from nanoindentation.

Conditions Hardness (GPa) Reduced Modulus (GPa)

Pristine 4.47 ± 0.22 160.4 ± 3.52
Rolled 5.17 ± 0.18 (+15.66%) 182.9 ± 3.96 (+14.04%)
Pulsed 5.35 ± 0.19 (+3.5%) 161.4 ± 3.32 (−11.8%)



Metals 2024, 14, 331 12 of 15

Metals 2024, 14, x FOR PEER REVIEW 12 of 16 
 

 

3.5. Evaluation of Mechanical Properties through Nanoindentation Testing 
In the final phase of our study, the nanoindentation tests were performed at nine 

separate locations on the sample for the pristine, rolled, and pulsed conditions, as illus-
trated in Figure 9, to examine the mechanical properties of the FeCrAl alloy under differ-
ent processing conditions. The obtained average values for hardness and reduced modu-
lus for each state are provided in Table 3. After cold rolling, both the hardness and the 
reduced modulus of the alloy were observed to increase by 15.66% and 14.04%, respec-
tively. The increase in hardness due to cold rolling can be aĴributed to the work hardening 
effect, where the introduction of a high density of dislocations impedes the movement of 
other dislocations, thereby increasing the material’s resistance to plastic deformation. 

 
Figure 9. (a) Displays the nine indent points and load-displacement curves for (b) pristine, (c) cold 
rolled to ~27% reduction of thickness, and (d) pulsed at 96.5 °C obtained by nanoindentation. 

Table 3. Average hardness and reduced modulus (along with percentage changes) for various con-
ditions obtained from nanoindentation. 

Conditions Hardness (GPa) Reduced Modulus (GPa) 
Pristine 4.47 ± 0.22 160.4 ± 3.52 
Rolled 5. 17 ± 0.18 (+15.66%) 182.9 ± 3.96 (+14.04%) 
Pulsed 5.35 ± 0.19 (+3.5%) 161.4 ± 3.32 (−11.8%) 
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rolled to ~27% reduction of thickness, and (d) pulsed at 96.5 ◦C obtained by nanoindentation.

Moreover, Zhao et al. [52] discussed that, during nanoindentation, an elevated reduced
modulus is typically observed at higher penetration depths, where a ‘forest’ of dislocation
entanglement forms. Analogously, cold rolling introduces a high density of dislocations
into the FeCrAl alloy system, akin to dislocation pinning hardening. Consequently, the
presence of these pre-existing dislocations contributes to a higher reduced modulus.

Upon electropulsing, the anticipated reduction in hardness due to decreased disloca-
tion density was not straightforwardly reflected in our observations. While electropulsing
is typically expected to lower the hardness by reducing the dislocations introduced by cold
rolling, our measurements indicated a slight increase in hardness by 3.5%, a value that
falls within the margin of experimental error. This suggests that contrary to expectations,
electropulsing either slightly increases hardness or maintains it at a level comparable to
the post-rolling state. This paradoxical outcome merits further explanation. Notably, after
electropulsing, we observed a slight reduction in mean grain size (from 7.2 µm post-rolling
to 6.5 µm following the pulsing treatment), a factor that, according to the Hall-Petch rela-
tionship, should inherently increase the hardness. Conversely, the observed decrease in
dislocation density should theoretically lead to a decrease in hardness, presenting two op-
posing influences. We hypothesize that these conflicting effects—grain size refinement and
dislocation density reduction—may neutralize each other’s impact on hardness, resulting in
an overall hardness that is nearly unchanged following electropulsing. On the other hand,
the reduced modulus was seen to revert nearly to its pristine condition post-electropulsing.
This suggests that while the material retains the hardness imparted by the cold work due
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to the aforementioned mechanisms, the stiffness of the material, as it relates to elastic
deformation, returns to close to its original state due to the relief of residual stresses and
the restoration of the microstructure toward its pre-deformed lattice arrangement.

4. Conclusions

This study successfully demonstrates the potential of low-temperature annealing,
utilizing electron wind force (EWF), as an innovative and efficient technique for mitigating
residual stresses and defects induced by cold rolling in FeCrAl alloys. Key findings include
the following:

• A significant reduction in low-angle grain boundary (LAGB) concentration from 82.4%
in the cold-rolled state to 47.5% post-electropulsing, surpassing the initial condition’s
54.8%, thereby illustrating the effectiveness of EWF in microstructural refinement.

• The application of electropulsing led to notable texture changes, with the hcp phase
showing more significant texture evolution than the bcc phase, indicating a pro-
nounced impact on microstructural orientation.

• XRD analysis confirmed improvements in the FWHM for peaks A and C post-electropulsing,
signifying a decrease in defect density and residual stress, whereas the less pronounced
recovery for peak B suggests that the effectiveness of EWF annealing may be lattice-
plane dependent.

• Nanoindentation tests showed a slight increase in hardness by 3.5%, and the reduced
modulus approached near-pristine levels post-electropulsing, suggesting a balance
between grain boundary strengthening and dislocation density reduction.

By employing a unique combination of low frequency and short pulse width, our
method not only minimized Joule heating but also established a low-temperature process-
ing regime, effectively enhancing the mechanical and microstructural properties of the
treated FeCrAl alloy.
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