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We found that remarkable martensitic transformation occurs during electrochemical polishing (EP) in 16Cr-5Ni
metastable austenitic stainless steel. It was observed through EBSD measurement that the o’ martensite fraction
increases as the applied voltage and EP time increase. Interestingly, upon comparing EBSD, XRD, and ferrite-
scope measurements, it was confirmed that the martensitic transformation is confined to the surface where EP
took place. To investigate the mechanism by which the EP process induces the martensitic transformation,
COMSOL Multiphysics was used to calculate the electric charge distribution on the specimen surface under
various applied voltages. In order to accurately consider the surface shape of the specimen, we used AFM for
measurement of the three-dimensional space distribution of asperities, which was utilized as an initial condition
of COMSOL Multiphysics simulation. Finally, through the first-principles calculations reflecting the obtained
charge distribution in the surface region, it was concluded that significant stress could be developed due to the
charge build-up on the surface, resulting in stress-induced martensitic transformation on the surface of the

metastable austenitic stainless steel during EP.

1. Introduction

Electrochemical polishing (EP) creates a mirror-like surface by
selectively removing specific parts such as asperities and oxides from the
surface region of a workpiece. When an electric voltage is applied to an
acidic solution, the ions on the metal surface dissolve, leaving behind a
mirror-like surface. Because EP does not apply an external force and/or a
deformation that may seriously alter the surface characteristics of
metallic specimens in comparison to mechanical polishing [1] or
focused ion beam milling [2-4], it has been widely utilized as a process
of preparing a metal specimen for accurate microstructure observation.
Although EP is only a process that causes an electrochemical reaction by
applying an electric current to the specimen surface at anode; interest-
ingly, however, it has been observed that a remarkable o’ martensitic
transformation occurs during EP treatment in several metastable
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austenitic stainless steels, although the occurrence of martensitic
transformation at cathode during electrochemical hydrogen charging
had been reported [5]. In this study, therefore, the characteristics of o’
martensitic transformation occurring during EP were analyzed and its
mechanism was proposed.

Recently, numerous research studies have been carried out on
applying electric current and/or electric charge to significantly change
the microstructure or mechanical properties of metallic materials [6-8].
Especially, electroplastic phenomenon has demonstrated that the elon-
gation increases remarkably during deformation under electric current
without significant temperature rise due to Joule heating [9-11]. In
addition, several studies have been conducted to explain the mechanism
of electroplasticity. Lahiri et al. [12] presented the mechanism of elec-
troplasticity by comparing thermal softening, electron-wind force, and
paramagnetic depinning of dislocations based on a crystal plasticity
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model. They concluded that the reduced flow stress in electroplastic
behavior is mainly induced by the depinning of dislocations from
paramagnetic obstacles and Joule heating. Kim et al. [13] demonstrated
the origin of electroplasticity based on first-principles calculation,
microstructure-based finite element simulation, and experimental ap-
proaches. They suggested that the athermal effect of electric current
could be explained by the weakening of atomic bonding strength near
defects such as grain boundary, dislocation, free surface, and so on,
which is induced by charge imbalance near the defects under electric
current. Rudolf et al. [14] reported that dislocations, defects, and atoms
can be scattered by thermal phonons through application of electric
current, and both thermal phonon and electron effects can be a viable
mechanism for electroplasticity.

Regarding electroplasticity, several researchers have reported that
electric current can enhance the diffusion kinetics via its thermal as well
as athermal effects [9,11,12]. Many research works have examined the
effect of electric current on the microstructural changes in various
metallic materials [15-19]. It has been confirmed that concrete micro-
structural changes such as annealing [20-22], aging [23-25], dissolu-
tion [26,27], healing [28,29], and recrystallization [30], can get
accelerated via the athermal effect of electric current. Ghiotti et al. [20]
observed a reduction in the dislocation density in 1050 aluminum alloy
with the aid of the electroplastic effect. McNeff and Paul [23] reported
that the rapid aging effect in electrically-assisted pulling of Haynes 230
can be demonstrated by electron-ion collision. Zheng et al. [27] iden-
tified an improved dissolution rate through the electropulsing treatment
process for 6061 aluminum alloy with enhanced mechanical properties.
Tang et al. [29] showed that electropulsing has a positive effect on the
healing of microcracks and microvoids in 2024 aluminum alloy.

As mentioned above, many studies have reported that electric cur-
rent and/or charge can have a considerable effect on the binding force
between atoms near defects, which causes various microstructural
changes including electroplastic phenomenon. Since EP is also a process
in which a charge build-up is developed on the specimen surface via an
electrochemical reaction, an o’ martensitic transformation in a meta-
stable austenitic stainless steel during EP may also be interpreted as a
type of electric current-induced phenomenon. In this study, therefore,
using EBSD, XRD, and ferritescope, it was confirmed whether o’
martensitic transformation in a metastable austenitic stainless steel oc-
curs under various EP conditions with various voltages and holding
times. Moreover, to investigate the mechanism by which the EP process
induces the o’ martensitic transformation, we calculated the charge
distribution on the stainless steel surface under various applied voltages
using COMSOL Multiphysics [31]. For the accurate shape of the spec-
imen surface, three-dimensional distribution of asperities was measured
using AFM, which was used as an initial condition for the COMSOL
Multiphysics simulation. Subsequently, we performed first-principles
density functional theory calculations under the obtained charge dis-
tribution to explain the mechanism of metastable austenite trans-
formation into o’ martensite during the EP process.

2. Materials and experimental procedure

A 16Cr-5Ni-0.15C-0.1N-0.9Si-0.3Mn (wt.%) stainless steel was pre-
pared using vacuum induction melting. The ingot was hot-rolled to a
thickness of 3 mm, annealed at 1100 °C for 5 min, and then cold rolled to
a thickness of 2.4 mm at a 20% reduction ratio. The EP treatment was
conducted in a mixture of 10% perchloric acid and 90% acetic acid, and
a voltage range of 20 to 40 V at room temperature; in order to avoid the
effect of hydrogen intrusion during cathodic charging, the specimen was
used as an anode for the EP treatment. After EP treatment on the surface
of the cold-rolled specimen in the normal direction (ND), the specimen
was sealed in a quartz tube in vacuum state to prevent oxidation during
heat treatment as shown in Fig. S1 (supplementary material). The
specimen in the sealed quartz tube was annealed at 1150 °C for 1 h to
make 100% austenite phase and then cooled down via water quenching.
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The ND surface of the annealed specimen was further EP-treated to
observe the effect of treatment time and applied voltage on the o’
martensitic transformation (Fig. S1).

Microstructural analysis was performed using EBSD. A field emission
scanning electron microscope (Carl Zeiss AG, ZEISS ULTRA-55, Ger-
many) was used to collect the EBSD patterns. The volume fraction of o’
martensite before and after EP was measured using XRD, EBSD, and
Ferritescope (Fischer Technology, FMP30, USA). XRD analysis was
performed using a Bruker D8-Advance Davinci (Bruker Company, Ger-
many) equipped with a copper target that yielded 0.154 nm wavelength
with a scan step of 0.01° for 1 s and scan angle 30 ° < 26 < 105 °. The
phase fraction of o’ martensite was obtained via Rietveld refinement
using TOPAS software package [32].

During EP treatment, chemical reactions occur on the surface of the
specimen and are closely related to the shape of the surface [33]. Hence,
the shape of the specimen surface was quantified three-dimensionally,
as shown in Fig. 1, using atomic force microscopy (AFM, Park Sys-
tems, NX-10, South Korea) with a resolution of 0.05 nm [34]. To obtain
parameters related to the morphological distribution of surface asper-
ities, the scan area and speed were set to 3 x 3 pm? and 0.3 Hz,
respectively: the detailed measurement conditions are given in Table S1.

These surface roughness parameters were analyzed using XEI soft-
ware package [35]. For the statistical evaluation of the shape and size of
asperities, the root mean square deviation (Ry) and kurtosis (R, of the
surface roughness extracted through the line profile were used, as shown
in the formulas below [36,37].

@

(2)

Here, | and x denote the base length of asperity and the absolute
horizontal coordinates within the base length, respectively, and Z(x)
represents the absolute vertical coordinates; the starting point of the line
profile is taken as the origin of the coordinate axis.

3. Modeling for electrochemical polishing
3.1. Finite element (FE) model for electrochemical polishing

As shown in Fig. 2, when a specimen (anode) and a cathode electrode
are immersed in the electrolyte during EP, a small amount of oxygen gas
is generated at the anode, as the specimen dissolves. Concurrently, the
dissolved metal ions in the electrolyte solution react with the asperities
on the surface of the specimen to form an oxide layer and simultaneously
cause the elution of more metal ions as the anodic dissolution
progresses.

In the process of oxidation-reduction reaction on the surface, elec-
trons flow into the surface of the specimen, from the anode to the
cathode through an electric wire [38]. Acetic and perchloric acids were
used as electrolytes to elute divalent metal cations during EP and form
an oxide layer, metal perchlorate, and metal acetate. These hypothetical
reactions are as shown below [39].

CH;C00),0 +3Me — 2¢" —»MeO + Me*" + (CH;COO0),Me 3
2 2

2HCIO, + Me —2e"—-Me(Cl0,), + H, 4

From the above reaction, it can be affirmed that the number of
perchlorate anions and acetate anions participating in the reaction
during EP, on the one hand, and the number of electrons flowing into the
metal specimen, on the other hand, are the same. Therefore, by calcu-
lating the areal ion charge density near the asperity, the areal electron
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Fig. 1. Atomic force microscope (AFM) images for morphological analysis of asperity (a) The 3D image obtained for 30 x 30 um? region, (b) 3D image obtained for 3
x 3 um? region, and (c) Z-axis height distribution contour map for 3 x 3 um? region.
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Fig. 2. Schematic diagram of electrochemical polishing (EP) and oxidation-
reduction reactions occurring around the surface asperity of stainless
steel specimen.

charge density flowing into the metal specimen can be obtained. A
multiphysics-based simulation using COMSOL multiphysics was used to
calculate the areal ion charge density.

In order to calculate the areal ion charge density concentrated on the
surface asperity of stainless steel, a multiphysics-based simulation model
as shown in Fig. 3 was established two-dimensionally assuming a
columnar structure. The shape of asperity was set based on the surface

100 um
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ASurface roughness
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Fig. 3. Overview of the EP simulation model (a) Designed simulation condi-
tions and dimensions for EP, (b) Differently defined asperities and their cor-
responding mesh conditions, and (c) Boundary conditions for EP simulation.

roughness data of Egs. (1) and (2), which were measured using AFM and
analyzed statistically. As shown in Fig. 3a, the dimension of the spec-
imen surface including asperity was set to 100 x 20 um?, and it was
designed to be in contact with the electrolyte (90% acetic acid-10%
perchloric acid) having the same dimension as the specimen. The base
lengths (1) of asperity were set to 100, 300, 500, and 1000 nm based on
the statistical analysis of AFM measurement data. The sharpness of
asperity was set to 1.37, 1.58, 2.21, 3.34, and 4.75 based on the kurtosis
(Riy) of the surface roughness data (Fig. 3b). Based on the various
morphological conditions of asperity, the effect of the asperity shape on
areal ion charge density during EP treatment was calculated.

To ensure an accurate solution, more dense triangular elements were
used as the upper vertex of the asperity approached. The same analysis
was repeatedly performed while increasing the total number of meshes,
and the mesh refinement proceeded until negligible changes were
observed in the calculation result. The resulting mesh had a total of
15,832 triangular elements. For the electrical conductivity values used
in the calculations, 37 S/m and 1.45 x 10% S/m were set for the elec-
trolyte and stainless steel, respectively, and a relative permittivity of
18.5 was used for the electrolyte [40,41]. The relative permittivity of the
acetic acid-perchloric acid mixed electrolyte at room temperature was
obtained using the relative permittivity of fluid mixture law [42].
Meanwhile, the simulations were performed while fixing the lower
boundary to the ground potential and changing the voltage applied on
the upper boundary to 20, 30, and 40 V. In addition, the insulation
condition was applied to the left and right boundary of the model so that
the potential boundary did not exist (Fig. 3c).

The governing equation for the current conservation condition for
calculating the areal ion charge density during EP treatment is as follows
[43]:

J=0cE+ b +J. (5)
ot

where J, o, E, D, t, and J, represent current density, electrical conduc-
tivity, electric field, displacement field, time, and external current
density, respectively. When the electrolyte is considered a linear
isotropic material, the ions of the electrolyte are divided into bound
charges and free charges by an external electric field [44]. The polari-
zation properties of electrolytes can be defined through the following
displacement fields [45]:

D = gy¢,E (6)
where ¢ and ¢, are the vacuum permittivity and the relative permit-
tivity, respectively. The displacement field obtained through Eq. (6) was

applied to the Gauss law of Eq. (7) and used to obtain the areal ion
charge density [45].

?{Dda = /pf~dt = Gfree 7)
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where a, p;, and gj. represent the cross-sectional area, free charge
density, and flow charge amount, respectively.

To reflect the etching by external voltage during EP, the following
boundary condition was used, which defines the interfacial mobility
between the specimen and the electrolyte [46]:

U=-KJ, ®

where U, K, and J, are the velocity of the interface, the coefficient of
interface velocity, and the normal current density, respectively. The
interfacial mobility of the specimen surface is proportional to the normal
current density. In addition, the coefficient of interface velocity K is a
material constant, and it was calibrated by using the R, value statisti-
cally analyzed with AFM data. Its value was obtained as 3 x 1071° m%/
As through a calibration.

3.2. Density functional theory calculations for excessive charge effect

To understand the experimentally observed martensitic trans-
formation during electrochemical polishing of metastable austenitic
stainless steel, we simplified it as a transformation from FCC to BCC
structure of iron in the presence of excess charge. We constructed a
supercell with six iron atoms of FCC in a cuboid, in which there are three
(111) planes or ABC planes perpendicular to the c-axis or the [111] di-
rection (Fig. 4a). Note that the a- and b-axes are parallel to the [TOI] and
[121] directions, respectively (Fig. 4b). It is well known from the K-S
relationship [47,48] that the (111) plane of the conventional FCC
structure can be shared by the (110) plane of its BCC counterpart with an
appropriate strain, as shown in Fig. 4b where the yellow and red boxes
indicate the FCC (111) and BCC (110) planes, respectively.

To understand how excess charge induces stress on the structure
resulting in the structural transformation, we performed first-principles
calculations based on density functional theory, as implemented in the
Vienna ab initio simulation package (VASP) [49-52]. Planewave basis
was used to expand the electronic wave functions with a kinetic energy
cutoff of 600 eV. Exchange-correlation functional was treated within the
generalized gradient approximation of Perdew-Burke-Ernzerhof [53]
with spin polarization. We employed the projector-augmented wave
pseudopotentials [54] to describe the valance electrons. The Brillouin
zone (BZ) corresponding to the supercell was sampled using a 29 x 51
x 21 k-point mesh according to the Monkhorst-Pack scheme [55]. We
also used the first-order Methfessel-Paxton scheme [56] with a smearing
width of 0.2 eV to integrate the BZ, since the scheme is known to well
describe the partial occupancies near the Fermi level of metals. Excess

(@)  Perspective View
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charge calculations were performed with the same amount of
uniformly-distributed opposite background charges to prevent diver-
gence of the total energy due to infinitely-repeating excess charges in the
periodic configuration. It turned out that all the parameters used in our
calculations were optimally selected to evaluate accurate and converged
values of total energy, force, stress tensor, and so on.

4. Results and discussion

4.1. Observation of martensitic transformation during electrochemical
polishing

The 16Cr-5Ni-0.15C-0.1N-0.9Si-0.3Mn (wt.%) stainless steel spec-
imen was annealed at 1150 °C for 1 h in a sealed quartz tube and then
cooled down to room temperature via water cooling (Fig. S1). As shown
in Fig. 5(a) obtained from EBSD, a specimen that had >40% o’
martensite before annealing was changed to 100% austenite structure
after annealing at 1150 °C for 1 h. The quartz sealing in a vacuum seems
to effectively protect the EP-treated surface from oxidation during
annealing. Further EP treatments were performed on the fully austenitic
surface with the variation of the change of voltage level and duration,
and the surface of the specimen was observed with EBSD (Fig. 5b).
Interestingly, a significant amount of o’ martensite was observed by
EBSD analysis on the surface of the EP-treated specimen at anode: At a
fixed voltage of 20 V, an increase in EP duration resulted in an increased
o’ martensite fraction. EP treatment for 40 s yielded 25.7% o’ martensite
on the surface, whereas EP treatment for 160 s yielded 72.2% o’
martensite. EP treatment at 30 V yielded a higher fraction of o’
martensite than that at 20 or 40 V. The smaller fraction of o’ martensite
after EP treatment at 40 V than at 30 V may be a result of the elimination
of the phase transformed layer due to etching.

To examine the effect of specimen depth on the EP-induced o’
martensitic transformation, the fraction of o’ martensitic transformation
was additionally measured using XRD and ferritescope on the same
specimen. The XRD analysis results (Fig. 6a) revealed that the annealed
specimen showed strong austenite (face-centered cubic structure) peaks,
with relatively smaller o’ martensite (body-centered cubic structure)
peaks. As the EP treatment duration increased at a fixed voltage of 20 V,
the intensity of the o (110) peak increased gradually (Fig. 6b). The
fraction of o’ martensite, which was calculated using the Reitveld
method in TOPAS, gradually increased as the EP treatment duration
increased, i.e., from 26.8% at 40 s to 45.6% at 160 s (Fig. 6¢). The
amount of o’ martensitic transformation was also measured using a
ferritescope. The total fraction of o’ martensite converted from magnetic

(b) Top View

FCC (111) ( ), BCC (110) (Red)

Fig. 4. Various views of iron structure for the DFT calculation (a) Supercell of FCC (111) bulk structure, (b) Top view of the supercell showing FCC (111) and BCC

(110) planes, respectively.
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Fig. 5. Effect of EP treatment condition on martensitic transformation of 16Cr-5Ni-0.15C-0.1N-0.9Si-0.3Mn (wt.%) stainless steel (a) ND inverse pole figure map and
phase map for specimen annealed at 1150 °C for 1 h, and (b) EBSD image with martensite fraction at various voltages (Vertical line: 20, 30, and 40 V) and EP

duration (Horizontal line: 40, 80, 120, and 160 s).
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Fig. 6. XRD analysis results of EP-treated specimen after annealing at 1150 °C for 1 h. (a) whole XRD peaks of the annealed specimens with varying EP treatment
time (Voltage of 20 V; 0, 40, 80, 120, and 160 s), (b) magnified a (110) peaks, and (c) o’ martensite fraction calculated by XRD (Reitveld method), EBSD, and

ferritescope.

saturation [57] from a penetration depth of 1-2 mm [58] was less than
1% in all EP duration conditions (Fig. 6¢). Thus, the o’ martensite
fraction obtained from ferritescope measurement is much lower than
those measured from EBSD and XRD. This result indicates that o
martensitic transformation was limited to the extreme surface of the
specimen. Meanwhile, the difference between XRD and EBSD mea-
surements might be attributed to the fact that XRD analysis has a larger
interaction volume than EBSD [59].

Another experiment was performed on specimens with various
compositions to verify that EP-induced o’ martensitic transformation
does not occur only in the specific composition of the steel. The speci-
mens used in the experiment had similar chemical compositions, while
the concentration of the main elements, i.e. Mn, Cr, and Ni, was slightly
different. The experimental results and analysis for these specimens are
presented in Table S2 and Fig. S2 of the supplementary material. As a

result, it was identified that the martensitic transformation during EP is
not limited to a specific composition of stainless steel.

4.2. Statistical analysis of surface roughness and FE simulation for EP

To investigate the mechanism of the o’ martensitic transformation
during EP, as described above, a multiphysics-based simulation using
COMSOL multiphysics was used to calculate the charge distribution on
the surface of stainless steel under various applied voltages. The three-
dimensional space distribution of asperities was measured using AFM
to accurately consider the shape of the specimen surface; subsequently,
statistical analysis was performed based on the obtained surface
roughness parameter data (Fig 7). Root mean square deviation (Rg),
kurtosis (Rky), and base length (I) of asperities are presented in Figs. 7a,
7b, and 7c, respectively, fitted with a lognormal distribution function
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Fig. 7. Surface roughness parameters and base length of asperity statistically represented using lognormal distribution (a) Rq over time (0 and 120 s), (b) Rku, and

(c) base length.

[60,61]. It can be seen that the R, value gradually decreases with
etching (Fig. 7a). Using the statistical results of Figs. 7b and 7c, the
standard asperity was set as follows: kurtosis (Ry,) of 2.21 and base
length (D) of 300 nm. In addition, using statistical data such as maximum,
minimum, first quartile, and third quartile values of kurtosis (Ry,) and
base length (1), representative asperities used in COMSOL Multiphysics
simulation were designated in various shapes as described in Section
3.1.

The distribution of current density and areal ion charge density ac-
cording to EP duration calculated is shown in Fig. 8 and Fig. S3. In
Fig. 8a, the maximum current density of approximately 107 A/mm? is
concentrated when a voltage of 40 V is applied for standard asperity.
Both the sharpness of asperity and the maximum current density
decreased as etching progressed. Fig. 8b shows the areal ion charge
density (C/m?) over EP duration. The amount of ion charge on the
surface was largest at the tip of the asperity and diminished as the sur-
face roughness decreased with etching.

By conducting simulations with various values of kurtosis (Ry,) and
base length (1) for the asperities, the effect of asperity shape on the areal
ion charge density was identified. These simulation results are shown in
Tables S3 and S4, and summarized in Fig. 9. Under the base length () of
300 nm, as the Ry, value increased, the areal ion charge density
increased linearly (Fig. 9a). Meanwhile, when the Ry, value was fixed at
2.21, it was confirmed that the areal ion charge density decreased
exponentially as the base length increased (Fig. 9b).

As the Ry, value of asperity increases and the base length decreases,
the tendency of the areal ion charge density to decrease was observed in
all simulation conditions, regardless of the strength of the applied
voltage. And it was also found that the factor that had a dominant in-
fluence on the areal ion charge density area was the base length, which
means the size of the asperity, rather than the Ry, value of the asperity.

4.3. Excess charge effect on stress based on density functional theory
simulation

To investigate the effects of excess charge on the structural

Current density (A/m?)

(a)- —

transformation, we performed ab initio calculations based on density
functional theory. We first estimated a realistic range of excess charge
amounts in the Fe FCC structure by converting the areal ion charge
density evaluated under various conditions of voltages and asperity
shapes into the number of electrons per single Fe atom through the
following procedure, which is also schematically described in Fig. 10. It
was assumed that the calculated areal ion charge density is the same as
the areal electron density flowing through asperity. Then, we calculated
the number of electrons per Fe atom directly from the areal electron
density under various voltage and shape conditions by considering the
number density of Fe atoms in a (111) plane; they are summarized in
Table 1. The number of electrons flowing in the standard asperity during
EP was evaluated to be more than 10~2 per Fe atom. On the contrary,
those flowing in asperities with a larger Ry, value or a smaller base
length (I) can increase up to approximately 1072 per Fe atom.

With these evaluated numbers of electrons per Fe atom in mind, we
calculated the stress applied to the equilibrium unit cell while adding
extra electrons to the FCC unit cell shown in Fig. 4a. We varied the
amount of excess electrons from 107> to 10~} per Fe atom. Note that the
neutral Fe FCC unit cell was fully relaxed to have essentially zero stress.
As shown in Fig. 11, we found that the applied stress depends loga-
rithmically linearly on the excess electrons within a range of 10™° and
107! electrons per Fe atom. More interestingly, the applied stress also
depends algebraically linearly on the excess electrons with a slope of
1.55 x 107> MPa per electron.

It was shown that the evaluated numbers of 10~° and 102 electrons
per Fe atom flowing in asperities during EP can cause the applied stress
estimated to be approximately 155 MPa and 1.55 GPa, respectively. This
can be explained as the excess charge in a finite unit cell causes self-
repulsive interaction resulting in structural stress and leads to possible
structural transformation into the BCC structure. Therefore, in real sit-
uations, approximately 107> to 1072 electrons per single Fe atom
penetrated in metastable austenitic stainless steel during EP can trigger
EP-induced stresses on the scales of hundreds to thousands of MPa.
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Fig. 8. Morphological change of surface asperity by etching over EP duration (0, 40, 80, and 120 s) (a) Contour map of current density distribution under application

of 40 V, and (b) Areal ion charge density under application of 40 V.
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——————————

Ry, Electric 2.21 1.37 1.58 3.34 4.75
potential [V] (standard
shape)
40 6.00 x 3.07 x 3.36 x 1.03 x 1.61 x
1073 1073 1073 1072 1072
30 4.56 x 2.33 x 292 x 7.71 x 1.20 x
1073 1073 1073 1073 102
20 3.01 x 1.55 x 1.94 x 5.16 x 8.00 x
1073 103 103 103 1073
Base length [nm] 300 (standard 100 500 1000
Electric potential [V] shape)
40 6.00 x 1073 1.92 x 3.70 x 1.92 x
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1072 1073 1073
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Fig. 10. The conversion process of the areal ion charge
density (C/m2) into a number of electrons per single Fe
atom for FCC (111) plane; the calculated areal electron
charge density can be converted to the number of electrons
in the FCC (111) plane by dividing by the following two
terms: The area of the FCC (111) plane and the quantity of
electron charge. And the number of electrons per single Fe
atom is obtained by dividing the number of electrons in the
FCC (111) plane by the plane density of the FCC (111)
plane.

10"k

EP-induced stress (MPa)

10° bt

10

10 107 107?

Number of electron per single Fe atom
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atom flowing into the asperity.
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4.4. Thermodynamic approach for electrochemical polishing induced
martensitic transformation

The phase transformation kinetics from metastable austenite to o’
martensite is closely related to the free energy of each phase. Fig. 12
shows the free energies of austenite and o’ martensite as a function of
temperature, which were calculated for a 16Cr-5Ni-0.15C-0.1N-0.9Si-
0.3Mn specimen using Thermo-Calc [62].

As shown in this figure, the austenite has metastable characteristics
because its free energy is higher than that of o’ martensite below the Ty
temperature (560 °C). Thus, below T, temperature, the chemical driving
force for austenite-to-martensite transformation exists and increases
with decreasing temperature. In general, the chemical driving force
becomes greater than the activation energy barrier when supercooled
below the M, temperature, resulting in the martensitic transformation.
The M, temperature of the present specimen was calculated to be -87 °C
using the following equation [63]:

M,("C):499
—308C —32.4Mn—27Cr—16.2Ni—10.8Si—10.8Mo— 10.8W[wt.%)
(C)]

As described in Section 4.1, the occurrence of o’ martensitic trans-
formation during EP at room temperature, much higher than the M;
temperature, is strong evidence supporting the existence of an addi-
tional driving force at room temperature. In Section 4.2, the COMSOL
multiphysics simulations and DFT calculations revealed that a signifi-
cant amount of electric charge gets accumulated in the vicinity of the
surface asperities; the charge build-up on the surface asperities results in
considerable EP-induced stress as described in Section 4.3. Therefore,
the mechanical energy due to the charge build-up may act as an addi-
tional driving force for the mechanically induced martensite trans-
formation (MIMT) [64].

The difference between the free energies of the austenite and o’

’
y—a

martensite at room temperature was evaluated to be AG)g.. = 2393 J/
mol (Fig. 12). When the energy difference between AG};* and AGY; ¢, is

added to AGQ;‘E, as a form of mechanical energy, MIMT can occur even
at room temperature where EP proceeds. Therefore, U° indicates a
critical mechanical driving force required for MIMT at room tempera-
ture and was finally obtained as 303 J/mol. We intended to confirm
whether the stress generated by the charge build-up is sufficient enough
to cause MIMT by performing the calculation of the interaction energy
between EP-induced stress and lattice deformation based on a
phenomenological theory [48,65]. Then, the magnitude of the calcu-
lated interaction energy was compared with the critical mechanical

0 — T T T T T T T T v T T T

2696 J/mol

-5000

2393 J/mol

Gibbs free energy (J/mol)

-10000 | P 303 J/m\o\l“il,(
-15000 |
IM_(-87°C)  RT (25 °C)
20000 L) - s : .

-150 -100 -50 O 50 100 150 200 250
Temperature (°C)
Fig. 12. Temperature-dependent Gibbs free energy change of o’ martensite and

austenite at room temperature (25 °C) and Ms temperature (-87 °C) calculated
by Thermo-Calc.
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driving force (U°) required for the MIMT.

The mechanical interaction energy, U, for the i-th variant can be
defined by considering the transformation strain for i-th martensitic
variant (eﬁj) and the EP-induced stress (ag‘»p) developed at surface
asperities:

i EP i
U = myo; -€;

10

where my is the molar volume of the material. To analyze the lattice
deformation during the martensitic transformation more precisely, the
invariant plane strain (IPS) together with the Bain distortion should be
considered based on the crystallographic theory suggested by Wechsler
et al. [65]. Here, the K-S orientation relationship with 24 variants was
assumed for this lattice deformation. The detailed calculation procedure
for the transformation strain for i-th martensitic variant (sgj) is described

in [48,65]. The variant having the largest energy (U™) among 24 U' is
energetically favorable, so it is most likely to transform. Eventually,
when the U™ value is greater than the critical mechanical driving force
(U°), MIMT due to EP-induced stress can occur.

Referring to the above-described DFT calculation results (Fig. 11),
EP-induced stress on the scale of several hundred MPa was generated by
the inflow of electrons per Fe atom via (111) plane in the range of 10>
to 1072, Fig. 13 shows the interaction energy (U™) at the stress level
corresponding to the inflow of electrons per Fe atom in the range of 10>
to 1072 obtained from the DFT calculation.

As shown in the figure, it was confirmed that the interaction energy
exceeded the critical mechanical driving force (U°, 303 J/mol) when the
stress of 390 MPa or more was induced. This threshold value of 390 MPa
is the stress corresponding to the influx of 2.51 x 103 electrons per Fe
atom (Fig. 11). Table 1 shows that many more electrons than 2.51 x
1072 per Fe atom flow into asperities with larger Ry, values and shorter
base length than into standard asperity (Ry, of 2.21 and base length of
about 300 nm). In other words, we found that in most asperities the
martensitic transformation can occur, since the interaction energy
generated by EP-induced stress is greater than the critical mechanical
driving force (U°). In addition to the (111) plane hitherto addressed, we
conducted an additional analysis to understand the effect of electrons
flowing into the FCC (110) plane of asperity on MIMT and the results
presented in Fig. S4 and Table S5 of the supplementary material.

Fig. 14 shows the true stress-strain and work hardening rate curves
obtained for the stainless steel through a tensile test. It can be confirmed
that o’ martensitic transformation starts to occur actively at the inflec-
tion point of the work hardening rate curve (a strain of 0.015), and the

Number of electron (107)
065 129 193 257 322 387 451

600 T T T T 1 T T i
,’0'
= 500 [ -
E 4
3 w0
s B 0 7
[5) Critical mechanical drivin, fofée for MIMT (303J/mol) 1
S 3004 1&
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o < i
S 200 | .
@© H
[0} B i
00F i Threshold stress
(390MPa)
0 { 1 D\ S—" 1 )
100 200 300 400 500 600 700

EP induced stress (MPa)

Fig. 13. Interaction energy generated inside the unit cell by EP-induced stress;
the number of electrons Fe per atom corresponding to the EP-induced stress are
shown in the top axis of the graph from the calculation in Fig. 11.
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Fig. 14. True stress-strain curve and work hardening rate curve of for 16Cr-
5Ni-0.15C-0.1N-0.9Si-0.3Mn (wt.%) stainless steel at room temperature.

stress corresponding to the strain is 391 MPa.

Through this, it was confirmed that the threshold stress, which was
obtained using the multiphysics-based finite element simulation, the
DFT calculation, and the calculation of the interaction energy, matches
well with the experimental martensite formation stress. As a result, we
elucidated that the austenite-to-martensitic transformation on the
extreme surface of stainless steel during EP treatment is a thermody-
namically favorable phenomenon.

5. Conclusion

We discovered an unexpected phenomenon of o’ martensitic trans-
formation in 16Cr-5Ni-0.15C-0.1N-0.9Si-0.3Mn (wt.%) stainless steel
during EP treatment. By analyzing the EP-treated specimen using EBSD,
XRD, and ferritescope, it was found that the formation of a’ martensite
confined to the extreme surface of stainless steel. To elucidate the
mechanism by which o’ martensite is generated on the extreme surface
during EP treatment, the morphological characteristics of surface
asperity were quantified using AFM, and statistical analysis was per-
formed on Ry, Ry, and base length data. Multiphysics-based simulation
was performed based on the shape and dimension of asperity to calculate
the number of electrons per Fe atom flowing through asperity during EP.
The EP-induced stress generated in the unit lattice due to the electron
inflow was identified through the DFT calculation. As a result, by
analyzing the interaction energy for martensitic transformation under
EP-induced stress, it was elucidated that thermodynamically stable o’
martensitic transformation in the stainless steel can occur by EP treat-
ment. The main results obtained through this study are as follows.

1 By discovering o’ martensite after EP treatment on a fully annealed
austenite specimen, we experimentally corroborated that o
martensite phase transformation can occur during EP treatment.
Such o’ martensitic phase transformation showed a tendency to be
promoted as the EP duration and applied voltage increased. And it
was found through EBSD, XRD, and ferritescope analysis that o
martensitic transformation was limited to the extreme surface of the
specimen. Therefore, these results show that considerable attention
is needed when quantitatively analyzing the martensitic trans-
formation of metastable austenite by EBSD or XRD after EP.

2 The areal ion charge density was calculated in various types of
asperity through multiphysics-based finite element simulation.
Morphological characteristics of asperity were quantitatively iden-
tified through atomic force microscopy (AFM) measurement, and
various types of asperity were applied to the simulation model based
on a statistical analysis of asperity. We could affirm that the smaller
the size of the asperity and the sharper it is, the more electric charges
are concentrated. At the same time, it was found that the dominant
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factor affecting the areal ion charge density was the base length of
the asperity rather than the Ry, value of asperity. When the areal ion
charge density calculated through simulation was converted to the
number of electrons per Fe atom, 10~° to 102 electrons flowed into
the specimen through asperity.

3 Our DFT calculations showed that excess electrons added to the Fe
FCC structure can cause stress linearly depending on themselves. We
estimated that 10~ to 1072 excess electrons per Fe atom can flow
into asperities during EP, which can induce stress of several hundred
or thousand MPa in the system. Such induced applied stress causes
self-repulsive  interaction leading to  possible structural
transformation.

4 Thermodynamic analysis was performed to determine whether o’
martensitic transformation could occur during EP treatment. Based
on the crystallographic theory of Wechsler-Lieberman-Read (W-L-R),
we calculated the interaction energy generated during o’ martensitic
transformation. We also obtained the critical energy for o
martensitic transformation at room temperature through Thermo-
Calc. It was found that the EP-induced stress and the interaction
energy have a linear proportional relationship, and when the
threshold stress of 390 MPa or more was applied, the interaction
energy that exceeds the critical martensite transformation energy
(303 J/mol) was generated. The experimental tensile test showed
that o’ martensitic transformation begins to occur actively at a stress
of 391 MPa. As a result, it was identified through the interaction
energy calculation that EP-induced stress can provide sufficient
mechanical driving force for the o’ martensitic transformation,
which is the evidence for explicating the cause of o’ martensite
occurrence during EP treatment.
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