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Effect of Surface Roughness and Chemical
Composition of Metastable Austenitic Stainless
Steels on Electrochemical Polishing-Induced
Martensitic Transformation

JUNYOUNG CHAE, HOJUN GWON, CHANWOO JEONG, HYUKJAE LEE,
GUIHYUNG LEE, HYUNGJUN CHO, SUNG-JOON KIM, and HEUNG NAM HAN

Herein, we analyzed the martensitic transformation kinetics during electrochemical polishing (EP)
for stainless steel specimens with varying surface roughness and austenite stability. Martensite
fraction measurement demonstrated that specimens with higher surface roughness and lower
austenite stability exhibited relatively higher levels of martensitic transformation. To understand
these phase transformation characteristics, the amount of charge build-up on the specimen surface
during EP was calculated using COMSOL Multiphysics simulations for specimens with different
surface roughness. The effect of charge build-up-induced stress was analyzed using previously
published first-principles calculations. We found that specimens with higher surface roughness
accumulated more charge build-up, resulting in greater stress and a martensitic transformation
driving force. Furthermore, the critical energy required for the martensitic transformation was
calculated using Thermo-Calc for specimens with different austenite stabilities. We demonstrated
that the martensitic transformation kinetics during EP could be explained in terms of austenite
stability, similar to the stress-induced martensitic transformation.
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I. INTRODUCTION

THE electroplasticity effect is a phenomenon in which
the application of an electric current to a material
decreases flow stress and increases ductility without
significantly increasing temperature owing to Joule heat-
ing. Troitskii[1] first observed a phenomenon in which flow
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stress decreased when an electric current was applied
during tension and compression experiments using various
metallic materials. Conrad[2,3] conducted research on the
application of current during plastic deformation and
reported that the basis of the electroplasticity effect is not
limited to the Joule heating effect. Several researchers have
analyzed the mechanical behavior of aluminum, copper,
and brass alloys under the application of an electric
current[4–6] and have captured the existence of an athermal
effect, which is distinct from the Joule heating effect. In
addition, studies investigating the effects of electric current
on the microstructural changes in metallic materials, such
as annealing,[7–9] aging,[10–12] dissolution,[13,14] recrystal-
lization,[15] and healing,[16,17] have reported that the
athermal effect accompanying the Joule heating effect
during electric current treatment enhances the kinetics of
the material compared to a control group where only the
Joule heating effect is present. In a study aimed at
elucidating the mechanism of kinetic enhancement by the
athermal effect,[18] the authors focused on the charge
build-up/charge imbalance phenomenon that occurs near
defects during current applications using first-principles
calculations, microstructure-based finite element analysis,
and experimental approaches. It was proposed that charge
build-up/charge imbalance changes the shape of the
interatomic potential, triggering variations in the bond
energy and equilibrium atomic spacing, which constitute
the main mechanism underlying the athermal effect.

Electrochemical polishing (EP) is a surface treatment
method that utilizes an electrochemical reaction resulting in
the dissolution of metals from the surface as metal ions.
Unlike surface treatmentmethods that apply direct stress or
deformation to the surface (i.e., mechanical polishing[19] or
focused ion beam milling[20]), EP treatment is a noncontact
polishing method between the electrode and the workpiece.
Recently, a phenomenon in which austenite in
metastable stainless steel transforms into martensite during
the anodic charging of EP treatment was observed.[21] The
authors attributed this phenomenon to the changes in the
shape of the interatomic potential owing to charge build-up,
similar to the athermal effect. The EP treatment accumu-
lates electric charges on the surface of the specimen
simultaneously with the leaching ofmetal ions [Figure 1(a)].
The charge build-up during EP treatment generates a
charge-imbalanced environment, and the resulting change
in the shape of the interatomic potential leads to a variation
in the equilibrium atomic spacing, which can induce a
stress-induced martensitic transformation [Figure 1(b)]. As
an extension of previous studies, this study analyzed the
martensitic transformation occurring during the EP treat-
ment of various stainless steel specimens with different
surface roughness and austenite stabilities. The results
demonstrated that the kinetics of martensitic transforma-
tion during theEP treatment also follow the same context as
the stress-induced martensitic transformation.

II. MATERIALS AND EXPERIMENTAL DETAILS

Specimens A and B used in this study had different
austenite stabilities owing to differences in their alloy
element contents, and their chemical compositions are

listed in Table I. An overview of the experimental
preparation steps for specimens A and B is presented in
Figure 2. To obtain different surface roughness values
for each specimen, the specimens were subjected to a
primary-EP treatment using a 10 pct perchloric
acid-90 pct acetic acid mixture as the electrolyte under
a voltage of 20 V for 60, 120, and 180 seconds. To
prevent oxidation during heat treatment, the pri-
mary-EP treated specimens were sealed in quartz tubes
under a vacuum and then annealed at 1100 �C for
1 hour to obtain 100 pct austenite phase, followed by
water quenching. Subsequently, a secondary-EP treat-
ment was performed using the same electrolyte as that in
the primary-EP treatment step for 30, 60, 120, and
180 seconds. Meanwhile, the specimens were set as the
anode to avoid martensite formation owing to hydrogen
charging during the secondary-EP treatment.[22] And the
martensite fraction was obtained at each time step using
electron backscatter diffraction system (Gemini 560
SEM; ZEISS) under conditions of an acceleration
voltage of 15 kV and a step size of 0.4 lm to observe
the martensitic transformation occurring during elec-
tropolishing. In addition, further microstructural infor-
mation on grain size and dislocation density for
prepared specimens A and B has been included in the
Supplementary material (see Figures S-1, S-2, and S-3).
Meanwhile, we have documented the negligible temper-
ature changes resulting from the heat generated by the
electrical current input during the secondary-EP treat-
ment process also in the Supplementary material (see
Figures S-4 and S-5). Based on this information, we
intend to proceed with the analysis, disregarding the
effects of heat generation due to the electrical current
application.
Because an electrochemical reaction occurs at the

surface of the specimen during EP treatment, it is closely
related to the surface morphology. Therefore, a 3D
image of the specimen surface was obtained before the
secondary-EP treatment through atomic force micro-
scopy (NX-10; Park Systems). Furthermore, we statis-
tically analyzed the surface asperities using surface
roughness parameters, such as the root mean square
deviation (Rq) and kurtosis (Rku). The formulas for Rq

and Rku are given below.[23,24]
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where l and x represent the base length and absolute
horizontal coordinate, respectively, and Z(x) represents
the absolute vertical coordinate. We defined the Rq and
Rku values before the primary-EP and heat treatment as
the initial surface roughness and investigated the effect
of changes in the initial surface roughness on the
martensitic transformation.
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III. FINITE ELEMENT MODEL
FOR ELECTROCHEMICAL POLISHING

To analyze the kinetics of the martensitic transfor-
mation occurring during the EP treatment, a COMSOL
Multiphysics simulation model[25] was constructed to
calculate the electrochemical etching kinetics and the
amount of charge build-up on the stainless steel surface
during the EP treatment. During EP treatment, a
preferential anodic reaction occurs on the surface
asperities of the specimen resulting in the elution of
metal ions and the charge build-up.[26] A COMSOL
Multiphysics simulation was constructed to calculate the
amount of charge build-up that accumulated at the
asperities during the aforementioned chemical reaction,
as depicted in Figure 3.

The specimen surface, including the asperities, was
modeled as a 2D columnar structure with dimensions of
100 9 20 lm2 in contact with a 90 pct acetic acid-10 pct
perchloric acid electrolyte. The asperity shape was based

on surface roughness data measured using AFM, with
heights of 104.5, 77.9, and 50.3 nm, and sharpness
values of 2.21, 2.15, and 2.11 for A1, A2, and A3,
respectively, determined from root mean square devia-
tion (Rq) and kurtosis (Rku) of the surface roughness
data. The simulations were conducted with the lower
boundary fixed at ground potential, the upper boundary
at 20 V, and the left and right boundaries insulated to
avoid potential boundary effects. The authors referred
to our previous studies[21] to formulate the constitutive
equation, and added the following equation to realisti-
cally simulate the electrochemical reaction.
The Nernst–Planck equation is used to describe the

movement of ions through electro-diffusion in relation
to their concentration[27]:

Ni ¼ �ziliFCirU�DirCi þ Cim; ½3�

where the symbols Ni,zi,li,Ci,Di represent the flux den-
sity, charge, mobility, concentration, and diffusivity
for species i. Meanwhile, and F,rU,rCi,m is a Fara-
day’s constant, electric field, concentration gradient,
and velocity vector, respectively. If there are no homo-
geneous reactions happening within the electrolyte,
then the material balance can be determined by follow-
ing equation:

@Ci

@t
þr �Ni ¼ 0; ½4�

where t is time. The migration of ions was modeled by
linking mobility to diffusion via the Nernst-Einstein
relation:

ui ¼
ziFDi

RT
½5�

The reaction kinetics including rate of an electro-
chemical reaction and the current density flowing
through an electrode is given by the Butler-Volmer
equation[27]:

iBV ¼ i0 exp
ð1� aÞFg

RT

� �

� exp
�aFg
RT

� �� �

; ½6�

where i0,a,g stands for the equilibrium corrosion cur-
rent density, charge transfer coefficient and overpoten-
tial, respectively. The overpotential g is defined as

g ¼ Us � Ul; ½7�

where Us, Ul are the potential of the solid electrode and
the electrolyte adjacent to the electrode, respectively.
Table II shows the material parameters for EP simula-
tion used in the above constitutive equations.

IV. RESULTS AND DISCUSSION

A. Identification of the Specimen Surface Morphology
Using Atomic Force Microscopy

Figure 4 shows that a large number of uneven
asperities are distributed on the surface of specimen A.
We quantitatively identified the morphological

Fig. 1—(a) Schematic diagram of EP and oxidation-reduction
reactions occurring around the surface asperity of the metallic
specimen, and (b) Mechanism of martensitic transformation induced
by charge build-up during EP treatment.

Table I. Chemical Composition (Weight Percent) of Two

Alloys A and B

Alloy

Element

C N Si Mn Cr Ni Mo Fe

A 0.15 0.1 0.9 0.3 16 5 0.7 bal.
B 0.08 0.1 0.9 0.3 15.9 6.1 0.7 bal.
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Fig. 2—Experimental scheme: Primary-EP treatment for removing surface oxide and controlling initial surface roughness, Heat treatment
performed in a quartz tube to make 100 pct austenite microstructure followed by water quenching, and Secondary-EP treatment conducted to
observe the effect of EP treatment on the martensitic transformation.

Fig. 3—Overview of the EP simulation model: designed simulation conditions and dimensions for EP, and differently defined asperities and their
corresponding mesh conditions (A1, A2, and A3) and boundary conditions for EP simulation.
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characteristics of asperities statistically using surface
roughness parameters.

The surface roughness parameters Rq and Rku of steel
specimens A and B were measured at primary-EP
durations of 60, 120, and 180 seconds, as shown in
Figure 5. The average Rq values for the A steel when
primary-EP was performed for 60, 120, and 180 seconds
were 104.5, 77.9, and 50.3 nm, and the average Rku

values were 2.21, 2.15, and 2.11, respectively. For B
steel, the average Rq values when primary-EP was
performed for 60, 120, and 180 seconds were 82.2, 56.1,
and 40.9 nm, and the average Rku values were 2.16, 2.08,
and 2.01, respectively. As the primary-EP duration
increased, the Rq and Rku values decreased for both
specimens A and B, indicating that the initial surface
roughness of the specimen before the secondary-EP step
can be controlled by adjusting the duration of the
primary-EP step; as the primary-EP duration increased,
the specimen tended to have asperities with a lower (low
Rq) and duller (low Rku) shape.

B. Observation of Martensitic Transformation
of the Specimens with Different Initial Surface Roughness
and Austenite Stability During Secondary-EP

Figure 6(a) shows the phase maps obtained by EBSD
for specimens A and B after the secondary-EP treatment
for 30, 60, 120, and 180 seconds. Before the sec-
ondary-EP treatment, all specimens were confirmed to
have a 100 pct austenite phase, indicating the pri-
mary-EP and heat treatment worked well. Meanwhile,
specimens A and B treated with secondary-EP exhibited
a rapid increase in the martensite phase fraction with
duration, followed by a tendency to converge to a
certain phase fraction. Herein, the specimens were
named according to the duration of the primary-EP
treatment that affects the initial surface roughness for
convenience when comparing the specimens with vari-
ous initial surface roughness and austenitic stability: The
A specimens were further labeled as A1, A2, and A3,
corresponding to the duration of the primary-EP
treatment for 60, 120, and 180 seconds, respectively; B
specimens were labeled as B1 corresponding to the
duration of the primary-EP treatment for 60 seconds.

C. EP-Induced Martensitic Transformation Analyzed
in Terms of the Amount of Charge Imbalance
in Specimens with Different Initial Surface Roughness

To investigate the effect of the initial surface rough-
ness on martensitic transformation, the martensite
fractions of specimen A with different primary-EP
durations are presented in Figure 6(b). After 30 seconds
of the secondary-EP treatment, the martensite fractions
of specimens A1, A2, and A3 were 26.9, 24.9, and
13.0 pct, respectively. Notably, even with increased
secondary-EP durations of up to 60, 120, and 180 sec-
onds, the martensite fractions remained higher in the
order of A1, A2, and A3, indicating that specimens with
high Rq and Rku values (A1) have a higher fraction of the
martensite phase. Stress-induced martensitic transfor-
mation during EP treatment occurs because of charge

build-up on the surface asperities through electrochem-
ical reactions.[21] The charge build-up occurs due to the
presence of asperities on the specimen’s free surface,
clearly establishing a correlation between the two. To
investigate the effect of the morphological characteris-
tics on the amount of charge build-up, EP simulation
was performed using COMSOL Multiphysics (see Sup-
plementary Figure S-6).
As shown in Figure 7, the amount of the charge

build-up per unit area (C/m2) is shown for specimens A1,
A2, and A3. The maximum charge build-up occurs at the
tip of the specimen asperity, with values of 3.02 9 10�3,
2.79 9 10�3, and 2.55 9 10�3 C/m2 for specimens A1,
A2, and A3, respectively. The amount of charge build-up
decreased as the initial surface roughness decreased due
to etching. These results indicate that lower and blunt
asperities lead to less amount of charge build-up.
Figure 8(a) shows the outcomes of the first-principles
calculations conducted in a previous study on the
impact of charge build-up on stress development in the
Fe lattice.[21] Charge build-up causes alterations in the
interatomic potential shape, which changes the bonding
energy and equilibrium atomic spacing, leading to
stresses ranging from several hundred to several thou-
sand megapascals. We calculated through EP simulation
that different levels of the amount of charge build-up
can be developed at the tip of asperity depending on the
initial surface roughness. The stresses produced by the
calculated charge build-up for specimens A1, A2, and A3

were 472, 436, and 398 MPa, respectively. Under stress,
we calculated the interaction energy, which is the driving
force for martensitic transformation, to check whether
the stress generated by charge build-up is sufficient to
cause martensitic transformation as shown in
Figure 8(b). The interaction energy accompanying
lattice deformation during martensitic transformation
can be obtained by calculating the transformation
strain,[30,31] and the detailed calculation process was
included in the previous work.[21] The interaction
energies for specimens A1, A2, and A3 were 367, 339,
and 306 J/mol, respectively, indicating that the driving
force for the martensitic transformation induced by the
charge build-up was sequentially larger in the order of
A1, A2, and A3. This finding is consistent with the trend
observed in the martensite fraction measured by EBSD,
which increased in the order A1, A2, and A3

[Figure 6(b)].

D. Thermodynamic Analysis of EP-Induced Martensitic
Transformation in Specimens of Different Austenitic
Stability

To compare the martensitic transformation behaviors
of specimens A and B with different austenite stabilities,
the initial surface roughness was set as the control
variable. Because specimens A and B had different
etching kinetics, the martensite fractions of the two
specimens were compared after treating each specimen
with a different primary-EP condition. Figure 5 shows
that A with 120 seconds of primary-EP (A2) and B with
60 seconds (B1) had similar initial surface roughness.
The martensite fractions of A2 and B1 with different
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austenite stability but similar surface morphologies are
shown in Figure 6(c). After 30 seconds of the sec-
ondary-EP treatment, the martensite fractions of spec-
imens A2 and B1 were 24.9, and 19.2 pct, respectively.
To investigate the martensitic transformation behavior
caused by the difference in austenite stability between
specimens A2 and B1 specimens, the critical energy
required for martensitic transformation (Uc) was calcu-
lated. The critical martensitic transformation energy is
the threshold energy required to induce the austen-
ite-martensite transformation at room temperature
(25 �C), and it is equivalent to the difference in
free-energy between austenite and martensite at the Ms

temperature and at room temperature (DGc!a0

Ms
�

DGc!a0

25�C). This implies that if an energy equivalent to
the critical martensitic transformation is provided, an
austenite-martensite phase transformation can occur at
room temperature. In this study, the energy source
considered was the mechanical stress induced by charge
build-up. The free-energy curves for austenite and
martensite in specimens A2 and B1 were obtained using
Thermo-Calc[32] as a function of temperature [Fig-
ure 9(a)]. The Ms temperatures for specimens A2 and
B1 were calculated as � 87 �C and � 81 �C, respec-
tively, according to the following equation[33]:

Table II. Material Parameters for EP Simulation

Parameter Name Units Value References

Diffusion Coefficient of Fe2+ DFe2+ m2 s�1 7.2 9 10�10 [28]
Diffusion Coefficient of Fe3+ DFe3+ m2 s�1 6.1 9 10�10 [28]
Diffusion Coefficient of H+ DH+ m2 s�1 9.312 9 10�9 [28]
Diffusion Coefficient of Cl� DCl� m2 s�1 2.032 9 10�9 [28]
Reference Exchange Current Density i0 A m�2 15.4 [29]
Charge Transfer Coefficient a — 0.5 [28]

Fig. 4—Atomic force microscope images to observe the morphological characteristics of surface asperity: the 3D image obtained for 45 9 45
lm2 region, and 1 9 1 lm2 region for 30 seconds primary-EP treated specimen A.

Fig. 5—Changes in surface roughness parameter for specimens A and B over primary-EP duration (60, 120, and 180 seconds): Rq values, and
Rku values.
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Fig. 6—(a) Phase map obtained from EBSD measurements of specimens with various initial surface roughness and different compositions treated
by secondary-EP for duration of 30, 60, 120, and 180 seconds, and martensite fraction obtained from EBSD measurements of specimens with (b)
various initial surface roughness and (c) austenite stability.

Fig. 7—Maximum amount of charge build-up under application of 20 V for the asperity of specimen A1, A2, and A3.
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Ms
�Cð Þ : 499�308C�32:4Mn�27Cr�16:2Ni

�10:8Si�10:8Mo�10:8W wt pct½ �
½8�

Using the obtained Ms temperatures, the critical
martensitic transformation energies for A2 and B1 alloys
were calculated as follows:

Uc
A2

�87�Cð Þ : DGc!a0

A;�87�C � DGc!a0

A;25�C ¼ 2696�2393

¼ 303 J=molð Þ ½9�

Uc
B1

�81�Cð Þ : DGc!a0

B1;�81�C � DGc!a0

B1;25�C
¼ 2572�2189

¼ 383 J=molð Þ
½10�

The critical martensitic transformation energy for A2

is 80 J/mol lower than that for B1, which means that
martensitic transformation can occur in A2 even with a
smaller transformation driving force. As shown in
Figure 9(b), the martensitic transformation in A2 occurs
when the charge build-up-induced stress exceeds

390 MPa, which is higher than the critical martensitic
transformation energy (303 J/mol). For B1, the marten-
sitic transformation requires a charge build-up–induced
stress of at least 494 MPa, which exceeds the critical
martensitic transformation energy (383 J/mol). These
findings explain the higher martensite fraction observed
in A2 than that in B1, as observed in the EBSD analysis
results [Figure 6(c)].
Meanwhile, despite A2 having a lowerMs temperature

than B2, martensitic transformation occurs more preva-
lently in A2 than in B1, resulting in opposite outcomes
for thermal and mechanical stability. This phenomenon
has been observed in other metallic materials,[34] and it is
because the stress-induced martensitic transformation
tendency is predominantly determined by the stacking
fault energy (SFE). To compare the relative mechanical
stability of A2 and B1 specimens, the SFE was calculated
with the following empirical equation.[35]

cSF mJ
�

m2
� �

¼ 16:7þ 2:1Ni�0:9Crþ 26C wt pct½ � ½11�

The SFEs of A2 and B1 were calculated to be 16.7 and
17.3 mJ/m2, respectively. This means that A2 has a
lower SFE than B1 and is more prone to the formation

Fig. 8—(a) EP-induced stress caused by the amount of charge build-up obtained by DFT calculation; depending on the initial surface roughness,
the degree of charge build-up-induced stress varies, and (b) Interaction energy accompanying the lattice deformation during martensitic
transformation induced by EP-induced stress.

Fig. 9—(a) Temperature-dependent Gibbs free energy change of martensite and austenite at room temperature (25 �C) and Ms temperature
(� 87 �C and � 81 �C) calculated by Thermo-Calc for specimen A2 and B1 respectively, (b) Interaction energy induced by EP-induced stress;
almost identical interaction energy data were obtained for both specimens A2 and B1.
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of stacking faults, indicating an increased tendency for
martensitic transformation.

V. CONCLUSION

Herein, the martensitic transformation in various
metastable austenitic stainless steels with different sur-
face roughness and austenite stabilities is examined
using the EP-induced martensitic transformation theory.
When the initial surface roughness of Rq and Rku is low
owing to a longer primary-EP treatment duration, the
amount of charge build-up on the specimen’s free
surface decreases, reducing the driving force for
stress-induced martensitic transformation. Additionally,
by calculating the critical energy required for martensitic
transformation, we found that even under lower
stress-induced martensitic transformation driving forces,
the low austenite stability specimens underwent trans-
formation compared with the high austenite stability
specimens. These results provided strong evidence prov-
ing the existence of the intrinsic effect of current, which
is represented by the stress generation effect due to
charge build-up similar to the athermal effect.
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