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A B S T R A C T

This study investigates the microstructural transformations and associated property enhancements in a Zr50-Ti50
alloy annealed at only 120 ◦C with low duty cycle current pulses. Microanalysis with electron backscatter
diffraction (EBSD) and X-ray diffraction (XRD) show the formation of alpha lath structure, typically observed in
much higher thermal annealing temperatures. EBSD and XRD analyses revealed the formation and/or growth of
the lath structure, with notable changes in pole distributions and the appearance of a distinct peak at 52.5◦ in the
XRD spectrum. The lath structure is quantified using FiJi weka segmentation machine learning technique.
Nanoindentation data showed an increase in the average hardness from ~7 to ~8 GPa and a corresponding
increment in the reduced modulus from 127 to 148 GPa. The observed increase in low-angle grain boundaries
(LAGBs) from 4% to 12% further complements the findings, suggesting a complex interplay of microstructural
features contributing to the overall improvement in the mechanical properties. The proposed low temperature
annealing technique demonstrates the predominant role of the electron wind force for tailoring the micro-
structure and mechanical performance of Zr–Ti alloys, providing insights that could have implications for the
broader field of materials engineering.

1. Introduction

Zirconium‑titanium (Zr–Ti) alloys stand as pivotal materials in
various high-performance applications, such as aerospace, biomedical
and nuclear industries, owing to their exceptional dimensional stability,
high temperature strength, and appropriate stiffness [1–3]. Conven-
tionally, the production of Zr–Ti alloys involves processes like the self-
consumption arc furnace melting method, wherein the alloy composi-
tion is achieved by melting an electrode with desired constituents
through a vacuum arc [4,5]. Alternately, spark plasma sintering (SPS)
method rapidly densifies materials by integrating plasma activation,
resistance heating, and hot-pressing sintering, offering advantages such
as reduced processing time and lower temperatures compared to the
self-consumption arc furnace melting method [6–8]. The resulting alloy
typically exhibits a mixture of beta (β) and alpha (α) phases at room
temperature, with the alpha phase being dominant [8,9]. To optimize
the mechanical properties of Zr–Ti alloys, heat treatment processes like
annealing have been widely employed [10–12]. Annealing involves
heating the alloy to temperatures within the beta phase stability range.
The alloy is held at this elevated temperature to allow for

homogenization and nucleation of the alpha phase, followed by
controlled cooling to induce a phase transformation from beta to alpha
[10–12]. The transformation from beta to alpha phase depends on
multiple factors, such as the temperature at which annealing is per-
formed, the holding time and cooling rate [12]. During this trans-
formation, needle-like elongated alpha lath structure is formed for some
particular conditions. The formation of alpha lath structure, character-
ized by its elongated and acicular morphology, contributes to the alloy’s
enhanced strength and hardness [6,13]. Thus, understanding the for-
mation of lath structure is essential for optimizing the performance of
these alloys. For example, Liu et al. [12] have shown that alpha lath
structure is formed during the annealing of Zr–Ti alloy at 400–500 ◦C
with lower holding time and faster cooling rate. This phase transition
temperature depends on the alloy composition and their relative per-
centage [14]. The addition of oxygen significantly increase the alpha/
beta transition temperature and works as alpha phase stabilizer [15].
Domagala et al. [16] have shown that the alpha/beta transition tem-
perature is more than 900 ◦C for a Ti-Zr-O system, meaning that, to form
lath structure in this alloy system by thermal annealing, at least 900 ◦C
temperature is required. Moreover, traditional annealing methods lead
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to potential drawbacks such as grain coarsening, increased energy
consumption, and non-uniform changes in microstructure across the
material [17,18]. In response to these challenges, an innovative
approach involving the utilization of electropulsing is proposed as an
alternative to conventional annealing. For instance, Park et al.’s [19]
finding suggests that lower annealing temperatures and shorter
annealing times are needed in electropulsing treatment (EPT) compared
to heat treatment.

Electropulsing, characterized by short pulse width and low-
frequency current pulses, provides a unique avenue for microstruc-
tural manipulation in alloys [20–23], typically in a very short time. Zhu
et al. [20] have observed recrystallization in cold-rolled TiNi alloy
within 9 s and achieved maximum super-elasticity by controlling elec-
tropulsing parameters and grain size. Electropulsing has also been used
to enhance plastic elongation in a cold-deformed Zn–Al alloy (ZA22) by
inducing circular phase transformations, improving dislocation identi-
ties, and influencing microstructures [24]. Yang et al. [25] investigated
the microstructural evolution and mechanical properties of a deformed
Zr-Ti-Al-V alloy after electropulsing treatment and showed that a
charging voltage of 2 kV induces a slight decrease in dislocation density
due to the electron wind, softening the alloy despite a peak temperature
of only 86 ◦C. They further observed that increasing the voltage to 6 kV
elevates the temperature and accelerates the α″ → β → α phase trans-
formation, which strengthen the alloy significantly [25].

In this study we investigate the response of a Zr–Ti alloy under the
application of low temperature electropulsing. Unlike conventional
thermal annealing, electropulsing imparts controlled electrical pulses to
the material, inducing changes in its structure and behavior. The
microstructural change is a result of simultaneous effect of thermal
(joule) heating induced by high current density and electron wind force
[26–29]. For example, Kim et al. [28] have shown that electric current
can indeed have a distinct role in inducing annealing, separate from the
effects of Joule heating. It is to be noted that the conventional electro-
pulsing can induce temperature of 600–1000 ◦C, which makes the
thermal force as a dominant factor for the microstructural change [25].
In this study we keep the temperature rise around 100 ◦C by controlling
the pulse width, current density and frequency. This low temperature
electropulsing makes the electron wind force a significant factor along
with thermal force in altering the microstructure of materials, as indi-
cated in our previous publications [30–32]. As mentioned earlier, the
presence of oxygen makes the formation of lath structure by thermal
annealing energetically unfavorable (required temperature is
800–1000 ◦C), this study demonstrate that the alpha lath structure can
be induced at significantly lower temperatures (120 ◦C) through care-
fully controlled electropulsing. To comprehensively evaluate the

material’s response to electropulsing, electron backscatter diffraction
(EBSD) and X-ray diffraction (XRD) analyses were conducted for various
electropulsing conditions. Additionally, nanoindentation experiments
were conducted to provide quantitative insights into changes in me-
chanical properties, specifically hardness and reduced modulus. The
implications of this research extend beyond the immediate focus on
Zr–Ti alloy, opening avenues for innovative approaches in controlled
microstructural evolution and property enhancement.

2. Experimental details

In this experimental investigation, we focused on the electropulsing
treatment of a Zr–Ti alloy, with a detailed exploration of microstruc-
tural changes and potential phase transformations. We bought the
Zr–Ti alloy sample fromMSE supplies LLC. The energy-dispersive X-ray
(EDX) analysis have shown that a contamination of Oxygen (O),
Aluminum (Al) and Hafnium (Hf) is present in the alloy (see Fig. 1) and
the composition is 62.2%Zr, 32.2%Ti, 3.92%O, 0.3%Al, 1.44%Hf.
Electropulsing was performed by applying short pulse width and low-
frequency current pulses, with the concurrent monitoring of the sam-
ple temperature using an Optris-PI 600 thermal microscope. To prepare
the alloy for detailed microstructural analysis, a multi-step sample
preparation approach was implemented. Mechanical polishing using a
rotary tool, coupled with diamond polishing compounds, ensured an
initial surface refinement. Subsequently, ion milling, operating at 4.5 kV
and 1.5 A for a duration of one hour, improved the sample’s surface
quality, paving the way for subsequent electron backscatter diffraction
(EBSD) investigations. EBSD mapping was conducted at three distinct
stages. Initially, an EBSD map was obtained from the pristine sample.
Subsequently, electropulsing was applied, allowing the sample tem-
perature to rise up to 40 ◦C, and a second EBSD map was acquired. A
second round of electropulsing with a higher current density was then
performed, allowing the sample temperature to reach 120 ◦C, followed
by another EBSD mapping session. The detailed electropulsing

Fig. 1. (a) EDX spectrum confirming the elemental composition, (b) thermograph showing the maximum temperature attained during the electropulsing processing.

Table 1
Parameters used in electric processing.

Frequency
(Hz)

Pulse width
(μs)

Current density (
A
cm2

) Temperature
(

◦C)

Time
(minutes)

2 40 1.94× 104 40 1
2 40 2.19× 104 65 1
2 40 2.7× 104 87 1
2 40 3.37× 104 115 1
2 40 3.55× 104 120 1
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parameters are shown in Table 1. During EBSDmapping, a beam current
of 3.2 nA and a voltage of 20 V were employed to ensure precise data
acquisition. The obtained EBSD data underwent thorough post-
processing analysis using the AztecCrystal software suite to extract
meaningful insights into microstructural alterations [33]. In addition, X-
ray diffraction (XRD) analysis was carried out to confirm the presence of
any newly formed phases resulting from the electropulsing treatment.
The X-ray diffraction (XRD) analysis was conducted using a Malvern
Panalytical Empyrean® instrument equipped with a copper (Kα1–2 =

1.540598/1.544426 Å) long-fine-focus X-ray tube operated at 45 kV and
40mA. Samples were positioned on a programmable manual phi stage to
ensure precise data collection. The incident beam path included iCore®
optics fitted with a BBHD® optic with 0.03 rad Soller slits, a 0.2 mm
primary and a 0.3 mm secondary mask, and a fixed 1/4◦ divergence slit.
The diffracted beam path incorporated dCore® optics with a 1/4◦ fixed
anti-scatter slit, and 0.04 rad Soller slits. A PIXcel3D® detector was used
in scanning line (1D) mode with an active length of 3.3482◦ with a
nominal 2θ step size of 0.0236◦ and count time of 382 s for a total time of
one hour. Peak positions were determined, and phase ID was carried out
using Jade® software (version 8.9) from Materials Data Inc. (MDI) and
the PDF5 database from the International Centre for Diffraction Data
(ICDD). Finally, to assess the change in mechanical properties such as
hardness and reduced modulus resulting from these electropulsing
treatments, nanoindentation experiments were performed using a
Bruker Hysitron TI-980 instrument.

3. Results and discussion

In this section, we present a comprehensive analysis of the micro-
structural evolution and phase transformations observed in our alloy
system. The microstructural evolution was captured using electron
backscattered diffraction (EBSD) technique, where subsequent changes
in microstructures and crystallographic orientations can be interpreted
within the context of the alloy’s inherent phase composition.

3.1. Evolution of the microstructure during electropulsing

In examining the microstructural evolution of the Zr–Ti alloy
through inverse pole figure in the normal direction (zIPF maps), distinct

microstructural transformations were observed under various condi-
tions. In the pristine state, as depicted in Fig. (2a), the microstructural
analysis reveals a composition with minimal lath structures. The
absence of extensive lath structures suggests a more homogeneous
microstructure. Grain boundaries appear relatively smooth, contrib-
uting to the semi-equiaxed and broad-lath appearance in the micro-
structure. The subtle presence of lath structures, althoughminimal, hints
at the potential for phase transformations that becomemore pronounced
under specific conditions, forming the foundation for subsequent
comparative analyses following electropulsing treatments.

Typical microstructures of the Zr–Ti alloys originate from the high
temperature transformation of the parent β-phase grains, which have a
bcc crystal structure, to the low temperature α-phase grains, which have
an hcp crystal structure. Depending on the cooling rate, a mixture of
basketweave or colony α-laths, acicular α’ (martensite), and retained β
phases are formed [8,9]. The phase map obtained from electron back-
scattered diffraction (EBSD) reveals that the pristine sample consists of
~80% α-phase and ~ 20% of β-phase (see Fig. 3). Slow cooling results to
equaixed/semi-equaixed grains to broader/coarse lath morphology,
whereas fast cooling (quenching) results to fine/thin lath or acircular
(martensitic) microstructure. The relative fractions of these variants,
which are determined by materials processing conditions, affect the

Fig. 2. zIPF maps of alloy for various processing conditions: (a) pristine; (b) pulsed at 40 ◦C; (c), pulsed at 120 ◦C, respectively. The arrows indicate the direction of
electron wind force (EWF).

Fig. 3. Pristine phase map obtained from electron backscattered diffraction
(EBSD). (The black dots are points of zero solution).
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overall texture of ZrTi alloys and therefore their mechanical properties.
In contrast to traditional thermal annealing processes, where alpha

lath structures are typically induced at higher temperatures around
500 ◦C [12], proposed electropulsing methodology showcases a distinct
behavior. Notably, following the controlled electropulsing at a relatively
modest temperature of 40 ◦C, a substantial increase in lath structures is
observed, highlighting the unique influence of the electron wind force.
Unlike conventional thermal annealing, where temperature is the pri-
mary driver of phase transformation, electropulsing introduces an
additional dynamic – the electron wind force. This force, generated by
the application of short pulse width and low-frequency high density
current pulses, imparts mechanical momentum to the alloy, promoting
enhanced atomic mobility even at lower temperatures. The micro-
graphs, as illustrated in Fig. (2b), depict the emergence of elongated lath
structures, showcasing the alloy’s responsiveness to the synergistic ef-
fects of temperature variation and the electron wind force.

The altered crystallographic orientations (discussed in a later sec-
tion) and the evolving microstructure emphasize the sensitivity of the
alloy to even modest temperature variations and electron wind force
induced by electropulsing. This microstructural evolution sets the stage
for further temperature-induced changes observed in subsequent elec-
tropulsing conditions. It is to be noted that the current density is directly
related to the temperature rise and electron wind force during electro-
pulsing. According to [34], the maximum temperature rise due to a
single electropulse can be expressed as:

ΔTm =
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. The controlled variation
in current density within our experiment is expected to correlate directly
with the temperature rise, with higher current densities contributing to
more pronounced temperature increments. Although, according to Eq.
(1), the temperature rise is proportional to the square of current density
amplitude, it is essential to acknowledge the complexity introduced by
heat exchange between the material and the environment. Table 1
presents the current densities and the corresponding recorded temper-
ature at which the electropulsing was conducted. In addition, electron
wind force is directly proportional to the applied current density
[35,36]. Based on this discussion, it is expected that the increased cur-
rent density in subsequent electropulsing stage will impart higher
electron wind force and the associated thermal effect will also be more
intense.

Fig. 2b is a representative of the initial microstructural changes due

to electropulsing. It is clear that at a current density of 1.94× 104
(

A
cm2

)

,

the microstructure has evolved to fine basketweave α-lath structure.
However, some of the areas were still in the original pristine condition
with α-grain/broad laths. Interestingly, patches of nucleating laths
(marked with white dotted boundary in Fig. 2b) were vivdly visible. Out
of curiousity, we gradually increased the current density to

3.55×104
(

A
cm2

)

and the temperature rose to 120 ◦C. This promoted

extensive lath formation (Fig. 2c) with nearly the entire microstructure
transforming to fine basketweave α-lath structure (please refer to the
Supplementery Fig. 1 for additional maps displaying the representa-
tiveness of the alpha-lath formation). The electron wind force and
thermal force, intensified by the higher current density, plays a pivotal
role in this microstructural shift. It is to be noted that, although the EWF
is inherently directional, the constraints imposed by neighboring grains
hinder the formation of lath structures in a specific direction of the
applied electron wind. This phenomenon occurs due to the complex
interactions between neighboring grains, which may restrict the pref-
erential orientation of lath structures along the direction of the electron

flow. Another factor is the energy requirement for grain rotation (to
align in the direction of the wind force direction) and how it compares to
the energy requirement for the observed phase transformation. The
lenticular shape of the lath structures makes it very difficult to rotate
compared to equiaxed grains [31]. In addition, grain rotation becomes
energy intensive for larger grains. The combination of these factors
might have led to the lath structured phase transformation with sup-
pressed grain rotation.

A comparative analysis was performed to highlight a progressive
increase in the lath structures across processing conditions. To quantify
this evolution, we employed the Fiji Weka segmentation machine
learning technique. Initially, a model was trained to discern and identify
lath structures within the micrographs (Fig. 4a-c). This model, attuned
to the distinct features of lath structures, was then applied to each
condition, allowing for an assessment of the lath percentage. The sub-
sequent quantification, facilitated by ImageJ software, revealed
compelling insights into the shifting composition of lath structures. In
the pristine state, the microstructure exhibited a modest ∼10% lath
content. Upon applying the first pulsing, this percentage notably
increased to ∼30%, signaling a significant growth of lath formation.
However, the most striking transformation occurred after the final
pulsing, where the lath content surged to ∼90%. This systematic in-
crease underscores the direct correlation between electropulsing con-
ditions and the observed rise in lath structures. The temperature
influence is also evident, with higher temperatures promoting more
pronounced microstructural changes. In addition, another distinct
characteristic, differing from that observed in standard heat treatment,
is noted. Typically, in heat-treated Zr–Ti alloys, the formation of lath
structures is predominantly a characteristic of the alpha-Ti (α-Ti) phase,
where these lath structures precipitate into the matrix [37,38]. How-
ever, in our observations with electropulsing, we found that almost 90%
of the microstructure consists of lath structures, indicating that Zirco-
nium (Zr) also contributes to the formation of these structures under
these specific conditions, a behavior not commonly seen in standard
heat treatments of Zr–Ti alloys. It’s noteworthy that Zr’s ability to form
lath structures has been observed in other scenarios, such as when
alloyed with Niobium (Nb) [39].

3.2. XRD analysis on pristine and electropulsed sample

X-ray diffraction (XRD) analyses were conducted on both the pristine
and final electropulsed samples to gain insight into the structural
changes induced by electropulsing. The XRD pattern of the pristine
sample (Fig. 5) revealed characteristic peaks consistent with the domi-
nant alpha phases of Zr–Ti, indicative of the alloy’s initial state. On
examining the XRD pattern of the final electropulsed (at 120 ◦C) sample,
a remarkable similarity in peaks was observed, affirming the persistence
of alpha phases. However, a distinctive strong peak was identified at
52.5◦ in contrast to a weak peak for the pristine sample as shown in
Fig. 5b. This peak with high intensity at 52.5◦ serves as compelling ev-
idence for a pronounced increase in the density of alpha lath structures
[40–42] induced by electropulsing. Arguably, this distinct peak provides
a clear signature of the altered crystallographic orientation resulting
from the electropulsing treatment. These observations align with the
transformation “alpha to alpha-lath,” reflecting the alloy’s response to
electropulsing. The XRD results corroborate and complement the
microstructural observations, reinforcing the transformative influence
of electropulsing on the alloy’s structural composition.

3.3. Crystallographic orientation characteristics

The rotation of grains can lead to a change in their crystallographic
orientation. This is because the crystallographic orientation of a grain is
determined by the orientation of its lattice planes [43]. When a grain
rotates, its lattice planes also rotate, which changes the crystallographic
orientation of the grain [44]. Any changes in the pole density

M.H. Rahman et al.
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distribution imply alterations in the orientations and rotations of grains
within the material. This can be illustrated by the inverse pole figure
(IPF) analysis, which offers insights into the crystallographic changes
induced by external factors like electropulsing. In this section, we will
discuss the changes in crystallographic orientation due to electropulsing
by analyzing the inverse pole figure (IPF) of the alpha phases.

In Fig. 6, the inverse pole figure (IPF) maps illustrate the crystallo-
graphic orientation evolution during distinct stages, namely the pristine
state, post-electropulsing at 40 ◦C, and post-electropulsing at 120 ◦C.
The IPF for the pristine sample (Fig. 6a) shows a basal texture with a
〈0001〉 poles normal to the surface. This suggests that the alpha grains
are oriented with their 〈0001〉//z-axis (i.e., perpendicular to the sample
surface).

After pulsing the specimen at 40 ◦C (Fig. 6b), a noticeable shift of the
pole density towards the 〈−12−10〉 orientation was observed, signifies a
change in the dominant orientation with respect to the z-axis. This shift
indicates a rotation of grains in response to electropulsing. Increasing
the current density in subsequent step of electropulsing leads to further
rotation of the pole density towards the <−12–10 > orientation. This
indicates a continued reorientation of grains, aligning more with this
crystallographic direction. In addition, a new region of less densely
distributed poles (green color) emerges towards the 〈01−10〉 orienta-
tion, suggesting additional alterations from the initial basal texture.

3.4. Effect of electropulsing on grain boundaries and misorientation
dynamics

We further performed detailed analysis of the boundaries sur-
rounding the α-grains/laths in the pristine and pulsed specimens. On
transformating from the β phase, the α phase preserves a Burgers
orientation relationship (BOR) where the {0001} basal planes of the α
phase are parallel to the {110} planes of the β phase, and the closed
packed 〈1120〉 directions of the α phase are parallel to the 〈111〉 di-
rections of the β phase [45]. Based on the BOR, there are 12 possible
variants for the α phase which transforms from a single parent β grain.
However, due to the nucleation barrier energy associated with each
variant and the impingement of these variants, only 5 distinct energet-
ically favored α variants are reported. These include 10.53◦[0001] (Type
6), 60◦[1120] (Type 2), 60.83◦ [1.377 1 2.377 0.359] (Type 3), 63.26◦[10

Fig. 4. Lath-structure identification (a)-(c) and quantification (d)-(f) using machine learning technique (Fiji Weka segmentation) for various processing conditions:
(a), (d) pristine; (b), (e) pulsed at 40 ◦C; (c), (f) pulsed at 120 ◦C, respectively.

Fig. 5. (a) XRD pattern of Zr–Ti alloy; (b) Zoomed-in section highlighting the
α-lath phase peak at 52.5◦.

M.H. Rahman et al.
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5 5 3] (Type 4), and 90◦[1 2.38 1.38 0] (Type 5) [46,47].
The analysis of the boundary misorientations between neighboring

(correlated) α-grains/laths in the pristine and pulsed specimens (Fig. 7)
agrees with the reported BOR and shows a strong peak at 60 ± 5◦, and
marginal peaks at 10 ± 5◦ and 30 ± 5◦. Evidently, after pulsing, there
was a progressive disappearance of the 30 ± 5◦ boundaries, and
enhancement of the 60± 5◦ boundaries. A corresponding increase in the
10 ± 5◦ boundaries was also noted. We can postulate that the high
electron wind force causes local reorientation of the microstructure.
Similar results have been reported by other researchers [48].

Fig. 8 presents a detailed mapping of the special boundaries (variants
based on the Burgers orientation relationship). It was clearly noted that
60◦[1120] (Type 2) and 60.83◦ [1.377 1 2.377 0.359] (Type 3) were the
dominant variants in this alloy system. Initially, a few scattered
boundaries of Type 2/Type 3 boundaries were present in the pristine
specimen (Fig. 8a). On the contrary, pulsed specimens (Fig. 8b-c) were

populated with Type 2/Type 3 boundaries at fairly equal proportion.
Meaning, these special boundaries had the same mobility and proba-
bility of growth due to the electron wind force. The high propensity of
the Type 2/Type 3 boundaries matches the observed increment in the
intensity of the 60 ± 5◦ boundaries (Fig. 7) due to electropulsing. The
preferential formation of type 2 and type 3 grain boundaries, as
observed in our electropulsed specimens, are critically linked to the
Burgers orientation relationship inherent in the lath transformation
processes within the α phase. Under conditions such as electropulsing,
the electron wind force plays a pivotal role in accentuating these ori-
entations by facilitating atomic realignment along favorable paths that
conform to the Burgers orientation. This enhancement is not limited to
electropulsing but is a general phenomenon observed in any treatment
that leads to lath formation. The electron wind force effectively reduces
the energy barriers for the nucleation of these orientations, promoting
their formation at the expense of less stable configurations such as the
30◦ boundaries.

It should be noted that twin boundaries were observed in the pristine
specimen (Fig. 8a). However, hardly any were observed in the specimen

pulsed at pulsed at 1.94×104
(

A
cm2

)

and 120 ◦C. This implies that the

electron wind force was also capable of transforming twins to lath-
structure. Twins exhibit low energy state (low dislocation density)
compared to α/α’-lath structures [49]. The type 2 variant share the same
rotation axis with compression twin 57.42◦[1120] at ~3◦ misorientation
difference. It has been reported that the 57.42◦[1120] compression twin
can form via transformation from the Type 2 variant boundaries [50].
We did not observe this transformation in this study.

3.5. Impact of electropulsing on mechanical properties of Zr–Ti alloy

Nanoindentation tests were conducted at nine distinct points across
the alloy, providing a comprehensive evaluation of the material’s me-
chanical response. Fig. 9 displays the reduced modulus and hardness
distribution of pristine and annealed samples. In the pristine state, the
average hardness was measured at 7.03 GPa, indicating the initial me-
chanical strength of the alloy. Following the final annealing stage (at
120 ◦C), a noteworthy increase in hardness was observed, with the

Fig. 6. Inverse pole figure distributions of hexagonal alpha phase for various conditions: (a) pristine; (b) pulsed at 40 ◦C; (c) pulsed at 120 ◦C, respectively.

Fig. 7. Grain boundary disorientation distribution for pristine, pulsed at 40 ◦C,
and pulsed at 120 ◦C specimens.
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average value rising to 8.02 GPa. Such increase in hardness is unex-
pected because α phase in titanium has lower hardness compared to the
β phase [52]. However, we have discussed in earlier sections that the
growth of the α-lath structure is accompanied with higher fractions of
LAGBs and dislocations into the sample. The increment in the α-lath
boundaries and low-angle grain boundaries (LAGBs) plays a crucial role
in influencing hardness [30]. LAGBs often serve as immobile dislocation
networks, acting as barriers to dislocation movement and contributing
to increased material hardness [51]. These boundaries accommodate
and trap dislocations, impeding their motion and hindering plastic
deformation and enhance the overall hardness of the material. In

addition to higher LAGBs, the enhanced alpha-lath structure contributes
to the increased hardness. Typically, alpha phase of Titanium results in
lower hardness [52], however, the presence of a needle-like lath struc-
ture within the material results in a significant hardness enhancement,
elevating it from ∼7 to ∼8 GPa.

In addition to hardness, the reduced modulus, representing the ma-
terial’s elastic stiffness, was examined. In the pristine condition, the
reduced modulus was measured at 127 GPa. After electropulsing at
120 ◦C, the reduced modulus experienced a significant augmentation,
reaching 149 GPa. This notable increase in stiffness (see Fig. 10) sug-
gests alterations in the material’s elastic behavior induced by the

Fig. 8. Distribution of special boundaries in (a) pristine, (b) pulsed at 40 ◦C, and (c) pulsed at 120 ◦C specimens. Red boundaries are 60◦[1120] (Type 2) and green
boundaries are 60.83◦ [1.377 1 2.377 0.359] (Type 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 9. Reduced modulus and hardness obtained from the nanoindentation test for pristine sample (a, c) and post pulsing at 120 ◦C (b, d).

M.H. Rahman et al.
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electropulsing process. This substantial enhancement in hardness and
reduced modulus signifies the impact of electropulsing induced lath
structure on the material’s resistance to plastic deformation. We can
postulate that the high electron wind force causes local reorientation of
the microstructure to orientations that are harder or more resistant to
yield. This translates to a higher external applied stress to achieve
yielding for pulsed specimen than for the pristine specimen [53].

4. Conclusion

We investigated the microstructural evolution of a Zr–Ti alloy
subjected to electropulsing, exploring the influence of varying current
density and temperature conditions. The pristine state exhibited mini-
mal lath structure, while electropulsing at 40 ◦C promoted noticeable
lath formation, and at 120 ◦C induced extensive lath structures. This
unique lath structure, forming at significantly lower temperatures than
conventional annealing, was characterized using techniques such as
electron backscatter diffraction (EBSD), X-ray diffraction (XRD), and
nanoindentation. The electropulsing process, designed to minimize
thermal effects, showcased the effectiveness of electric wind force in
inducing structural changes. The observed increase in lath structure was
quantified through Fiji WEKA segmentation, indicating a remarkable
transition from 10% to 90% lath content. Crystallographic orientation
changes were elucidated through inverse pole figure (IPF) maps,
revealing the rotation of grains induced by electropulsing. Additional
analyses of grain boundaries and Kernel Average Misorientation (KAM)
maps provided insights into the mechanical properties. We noticed
significant increase in the KAM, LAGBs, and 60 ± 5◦ boundaries, espe-
cially Type2/Type 3 special boundaries due to electropulsing. These
boundaries are barriers to dislocation motion, thereby contributing to
enhanced hardness. This study sheds light on the unconventional
method of electropulsing for microstructural control in Zr–Ti alloys,
showcasing its potential applications in tailoring material properties for
various engineering applications.
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