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Abstract: The demand for Li-ion batteries has significantly increased in recent years, driven by
the growing need for electric vehicles and electronic devices like smartphones. Among various
materials, super duplex stainless steel (SDSS) is considered a suitable material for Li-ion batteries
due to its excellent strength and corrosion resistance. However, SDSS is sensitive to heat-treatment
conditions, necessitating research on heat treatment and Ni plating for battery case usage. While
extensive research has been conducted on SDSS and its heat-treatment conditions, there is a research
gap concerning the Ni plating of SDSS. This study addresses this gap by performing Ni plating on
heat-treated SDSS. Ni plating can be executed via two methods: electroless and electro-Ni plating.
To achieve a uniform plating layer, Ni plating was conducted after heat treatment at temperatures
ranging from 1000 ◦C to 1300 ◦C, followed by an analysis of the behavior of electroless Ni plating. The
heat-treated SDSS displayed three primary characteristics: secondary phase precipitation, solution
annealing, and ferritization (ferrite fractions of 61% and 73%). The presence of secondary phases led
to a slower Ni plating rate due to its lower reactivity with Ni. Post-solution annealing, the texture
of SDSS exhibited the thickest Ni plating layer at the same plating time. As the volume fraction of
ferrite increased from 50% to 73% on electrochemical impedance spectroscopy, the resistance of the
Ni plating layer decreased from 45 kOhms to 13 kOhms. The lowest resistance was observed when
the ferrite fraction reached 73%, attributed to the lower reactivity of ferrite compared to austenite.
Both secondary phases and ferrite contributed to reducing the thickness of the electroless Ni plating
layer. Therefore, optimizing the volume fraction of SDSS using solution annealing proves beneficial
for optimizing Ni plating and enhancing corrosion resistance.

Keywords: super duplex stainless steel; electroless Ni plating; volume fraction of austenite and ferrite

1. Introduction

The demand for Li-ion batteries has significantly increased because of the growing
demand for mobile phones and electric vehicles, leading to various material challenges
due to overheating [1–4]. Ensuring the safety of battery casings under overheating is a
critical issue that warrants attention [1,3,5]. To address these challenges, various materials
for battery cases have been developed. Polymers offer excellent corrosion resistance but are
susceptible to impact and seasonal temperature variations [6–8]. Aluminum is lightweight
and offers good corrosion resistance but has a lower strength than steel [9–11]. Stainless
steel (SS) is a suitable choice for batteries because it has excellent strength and corrosion
resistance, reduced volume, and enhanced impact resistance [12,13].

Among SS materials, Duplex Stainless Steel (DSS) stands out as it consists of dual-
phase structures, austenite, and ferrite, which provide superior strength and corrosion
resistance [14–16]. SDSS, particularly super-grade DSS, exhibits an official resistance in-
dex ranging from 40 to 50 and has demonstrated excellent electrochemical properties for
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over 50 years in seawater [17–19]. It also possesses mechanical characteristics such as
a tensile strength of 800 MPa and a yield strength of 30%. Thus, SDSS is preferred for
marine plant pipe production in high-pressure and high-corrosion environments [16,17,20].
Recent research has focused on the process characteristics of SDSS, such as welding [21–23].
Trinh. L employed laser welding and post-weld heat treatment to enhance strength and
corrosion resistance [22]. Beziou. O and Valiente. B. M has investigated the characteristics
of SDSS following arc welding [21,23]. Increasing research in welding is aimed at im-
proving competitiveness using better manufacturing methods for applications in offshore
plant industries.

To optimize the corrosion resistance of SDSS, the volume fraction of austenite and
ferrite in SDSS must be controlled [18,24,25]. The volume fraction of SDSS changes with
temperature, affecting its mechanical and electrochemical properties [17,20,26]. Due to
their corrosion properties, research has been conducted to control the volume fraction of
austenite and ferrite in SDSS. This control is essential for various applications, including
batteries. In addition, further research in Ni plating for SDSS applications is necessary.

Ni can be plated on steel using electroless or electroplating methods [27,28]. Electro-
plating is known for its high speed but can result in non-uniform plating layers [29,30].
In contrast, electroless plating produces a slower but more uniform plating layer, which
makes it suitable for SDSS plating to advance the electroconductivity. Electroless Ni plating
is used in various fields [29,31,32]. For example, zinc-plated steel plates are subjected to
electroless Ni plating to enhance their corrosion resistance. Electroless and electrolytic Ni
plating processes are employed in saw-wire production to attach diamonds to stainless
steel wires [30]. While substantial research on electroless Ni plating has been conducted,
there has been insufficient research focusing on SDSS.

Research efforts are required to replace stainless steel with SDSS for advanced battery
applications, focusing on controlling the volume fraction of SDSS and developing suitable
electroless Ni plating techniques. The heat treatment of SDSS occurs at 1100 ◦C, when the
volume fractions of austenite and ferrite become equal, resulting in optimal corrosion resis-
tance [15,33,34]. At temperatures exceeding 1200 ◦C, ferrite formation occurred, increasing
the ferrite fraction to over 70% at 1300 ◦C [16,35]. Conversely, at temperatures below
1000 ◦C, SDSS undergoes secondary phase precipitation [20,36]. The ability to control the
volume fraction of SDSS with heat treatment has been extensively investigated. However,
research on SDSS for electroless Ni plating with volume fraction is scarce.

A review of the existing literature revealed a lack of cases involving Ni plating on SDSS
or an analysis of the volume fraction. Consequently, this study aimed to regulate the volume
fraction of SDSS and carry out electroless Ni plating. To achieve this control, the volume
fraction between austenite and ferrite was adjusted at intervals of 100 ◦C, ranging from
1000 ◦C to 1300 ◦C. The electroless Ni plating solution for Ni plating was chosen based on
prior research. The behavior of electroless Ni plating and the electrochemical characteristics
were then analyzed at various plating times [37–39]. The microstructures of the heat-
treated SDSS samples were examined using field-emission scanning electron microscopy
(FE-SEM, SUPRA 40VP system from Zeiss, Land Baden-Württemberg, Germany), electron
backscatter diffraction (EBSD, SUPRA 40 VP, OIM analysis software package system from
Zeiss, Land Baden-Württemberg, Germany), and image analysis. The plating behavior
at different points was analyzed using FE-SEM, X-ray diffraction (XRD, D8 VENTURE,
Stanford, CA, USA), volume fraction analysis, and atomic force microscopy (AFM, _ NX-
10, Park System corp., Suwon, Korea). The electrochemical properties of electroless Ni
plating were studied using electrochemical impedance spectroscopy (EIS, Versa State 3.0,
AMETECK, Inc., Commonwealth of Pennsylvania, Harrisburg, PA, USA).

2. Materials and Methods

Stainless steel is classified into five categories based on its phases. DSS is a dual-phase
stainless steel composed of austenite and ferrite. The grade of the DSS was determined
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based on the pitting resistance equivalent number (PREN), calculated using the following
formula [16,19]:

PREN = wt% Cr + 3.3 wt% Mo + 16 wt% N (1)

The SDSS (Commercially manufactured POSCO SS) used in the study was produced
as a round bar, and its composition was analyzed using inductively coupled plasma-mass
spectrometry (ICP-MS, ThermoFisher Scientific, Madison, WI, USA, SUPRA 40VP system
from Zeiss, Land Baden-Württemberg, Germany). The chemical composition is listed in
Table 1. The DSS used in this study fell into the super grade, with a PREN value of 42. The
chemical compositions of austenite and ferrite were analyzed using EDS (Energy-dispersive
X-ray spectroscopy (EDS)), and the chemical composition of N was calculated based on
the existing literature [14,26]. The ferrite phase was saturated with maximum N content to
attain a solubility of 0.05 wt%, while the excess N was dissolved in the austenite phase as
per the following relationship:

Nr = Chemical composition of NTotal wt% − FerriteVF × 0.05 wt% (2)

Table 1. Chemical composition of SDSS SAF 2507.

C N Mn Ni Cr Mo Fe

Total 0.01 0.27 0.8 6.8 25.0 3.8 Bal

Austenite 0.01 0.51 0.9 5.5 23.3 3.2 Bal

Ferrite 0.01 0.05 0.8 7.9 26.6 4.4 Bal

Figure 1 presents a schematic diagram of the heat-treatment process for SDSS, which
was used to investigate the behavior of electroless Ni plating as a function of the volume
fraction in SDSS. In state #α, as received from the manufacturer, the ratio of austenite to
ferrite is 52:48. In state #β, the volume fraction in SDSS was balanced at 50:50 using a
solution heat-treatment process. For this study, the microstructure of SDSS was manipulated
into four distinct states using heat treatment, labeled as #γ. These heat treatments were
conducted at intervals of 100 ◦C, commencing at 1000 ◦C and culminating at 1300 ◦C.

To analyze the Ni-plating behavior in relation to the volume fraction of the SDSS, the mi-
crostructures of the heat-treated SDSS were examined. The microstructure of the SDSS at differ-
ent heat-treatment temperatures was analyzed at a magnification of 1000× using techniques in-
cluding FE-SEM (SUPRA 40VP system from Zeiss, Land Baden-Württemberg, Germany) and
EBSD (SUPRA 40VP, OIM analysis software package, Land Baden-Württemberg, Germany).
The samples were polished with colloidal silica (0.03 µm) to obtain images of the microstruc-
ture after heat treatment. XRD (D8 VENTURE, Stanford, CA, USA) analysis provided infor-
mation on the crystal structure. Phase analysis was conducted using XRD over an area of
100 cm2, scanning from 30◦ to 100◦. The target was a pure Cu plate.

The volume fraction was measured using the FE-SEM images and analyzed using an
image analyzer. To determine the volume fraction, the heat-treated SDSS samples were
etched in a 5 wt% KOH electrolyte solution at a voltage of 5 V for 30 s [16–18,20]. The
volume fraction values were calculated by analyzing five points in the images and then
averaging them at 200×magnification.

The plating conditions, including the Ni plating solution and parameters, for elec-
troless Ni plating on SDSS as a function of its volume fraction were as follows. Before
the electroless Ni plating, the heat-treated SDSS surfaces were polished using colloidal
silica to control the surface roughness, achieving a surface roughness within the range of
50–70 nm. An electroless Ni-plating solution was prepared using Ni chloride (240 g/L) and
hydrochloric acid (120 g/L). The pH of the solution electrolyte ranged from 3.0 to 3.5 due
to variations caused by the solution’s usage, while temperature (50 ◦C) and agitation speed
(350 rpm) were maintained constant. The electroless Ni plating time was varied from 0 to
300 s.



Coatings 2023, 13, 1807 4 of 16

Coatings 2023, 13, x FOR PEER REVIEW  4  of  16 
 

 

hydrochloric acid (120 g/L). The pH of the solution electrolyte ranged from 3.0 to 3.5 due 

to  variations  caused  by  the  solution’s usage, while  temperature  (50  °C)  and  agitation 

speed  (350  rpm) were maintained constant. The electroless Ni plating  time was varied 

from 0 to 300 s. 

 

Figure 1. Heat treatment condition for advanced ferrite fraction on SDSS SAF 2507 (a) Schematic 

diagram for heat treatment of SDSS, (b) FE-SEM image of #a and #b, and (c) volume fraction with 

the heat-treatment condition. 

The Ni plating behavior was analyzed using FE-SEM, AFM (NX-10), and XRD. Sur-

face  images were  obtained  at  different  plating  times  using  optical microscopy  (OM, 

DSX500, Anyang, Korea). Surface roughness changes were monitored using AFM [40,41], 

and phase analysis was performed using XRD. Surface images were captured using OM 

after plating. Surface roughness changes with respect to plating time were measured at 10 

µm intervals in five locations for both austenite and ferrite phases. This measurement was 

repeated five times, and the average values were calculated, as shown in Figure 2. The Ra 

was estimated using the following formula: 

Ra =  1/ℓ ∣ f x ∣ dx
ℓ

  (3)

where l is the total length of the measurement, phase analysis was carried out using XRD 

over an area of 100 cm2, scanning from 30° to 100°. These techniques allowed for a com-

prehensive analysis of the Ni plating behavior, including its effects on the surface mor-

phology, roughness, and phase composition. 

Figure 1. Heat treatment condition for advanced ferrite fraction on SDSS SAF 2507 (a) Schematic
diagram for heat treatment of SDSS, (b) FE-SEM image of #a and #b, and (c) volume fraction with the
heat-treatment condition.

The Ni plating behavior was analyzed using FE-SEM, AFM (NX-10), and XRD. Surface
images were obtained at different plating times using optical microscopy (OM, DSX500,
Anyang, Korea). Surface roughness changes were monitored using AFM [40,41], and phase
analysis was performed using XRD. Surface images were captured using OM after plating.
Surface roughness changes with respect to plating time were measured at 10 µm intervals
in five locations for both austenite and ferrite phases. This measurement was repeated five
times, and the average values were calculated, as shown in Figure 2. The Ra was estimated
using the following formula:

Ra = 1/l
∫ l

0
| f(x) | dx (3)

where l is the total length of the measurement, phase analysis was carried out using
XRD over an area of 100 cm2, scanning from 30◦ to 100◦. These techniques allowed for
a comprehensive analysis of the Ni plating behavior, including its effects on the surface
morphology, roughness, and phase composition.
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The electrochemical characteristics of the SDSS after electroless Ni plating and heat
treatment were analyzed using a potentiometer (Versa State 3.0, AMETEK, Inc., Berwyn, PA,
Commonwealth of Pennsylvania, USA) and EIS [33,42,43]. The electrochemical properties
of SDSS with electroless Ni plating after heat treatment were analyzed using a three-
electrode cell. The cell was composed of a working electrode (WE, specimen), a reference
electrode (RE, saturated calomel electrode (SCE, KCl)), and a counter electrode (CE, Pt
mesh). The electrolyte used was 3.5 wt% NaCl. The condition of the Ni plating layer was
measured using EIS, and the resistance was measured at frequencies from 10−3 to 106 to
check the condition of the Ni layer and passivation layer.

3. Results
3.1. Microstructure of Ni-Deposited SDSS

The heat-treatment temperature of SDSS is an essential factor in controlling its prop-
erties because it affects the fraction of ferrite and austenite [16,19]. The microstructure of
the SDSS with respect to the heat-treatment temperature is shown in Figure 3. As the heat-
treatment temperature increased, austenite underwent a transformation, and its volume
fraction decreased. In contrast, ferrite, which is the base structure, gradually increased from
1100 ◦C to 1300 ◦C. At 1000 ◦C, a secondary phase precipitated, but it was distinguished as
ferrite using EBSD analysis.
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triangle of IPF color map.
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The crystal size of SDSS was observed as a function of the heat treatment temperature.
As the temperature increased from 1100 ◦C to 1300 ◦C, an increase in the crystal coarsening
of austenite and ferrite was observed. At 1100 ◦C, austenite and ferrite crystals were
observed with dimensions in the 5 to 20 µm range. At 1200 ◦C, crystals with dimensions
in the range of 5 to 40 µm were observed, and at 1300 ◦C, crystals with dimensions in
the range of 5 to 100 µm were observed. This coarsening of crystals can be attributed to
the increase in the ferrite fraction (based on microstructure) and the austenite (maximum
crystal size growing from 20 µm to 40 µm). Considering the IPF color map, an increase in
the heat-treatment temperature resulted in an increase in the crystal orientation of the ferrite
from (001) to (111) and (101). The crystal orientation of austenite also transformed from
(001) to (111) and (101) with increasing heat-treatment temperatures. Changes in volume
fraction and crystal orientation were observed with varying heat-treatment temperatures.

FE-SEM was utilized to scrutinize the microstructure of SDSS in relation to the heat-
treatment temperature. Figure 4 and Table 2 present the microstructure and volume fraction
of SDSS at varying heat-treatment temperatures. The secondary phase (Blue circles in the
figure) precipitated at the grain boundary between austenite and ferrite, and at 1100 ◦C, it
was incorporated into both ferrite and austenite. As the heat-treatment temperature escalated
from 1000 ◦C to 1300 ◦C, the fraction of austenite diminished from 56% to 28%, while the
fraction of ferrite amplified from 26% to 72%. The variation in the fractions of austenite
and ferrite signifies the transformation of the secondary phase, which gets incorporated
into ferrite with increasing temperature. The phase transfer in SDSS with temperature
is attributed to the stabilization of delta ferrite in Fe, primarily due to high levels of
alloying elements such as Cr and Mo. Consequently, at temperatures exceeding 1100 ◦C,
an augmentation in the fraction of ferrite occurs while the fraction of austenite decreases.
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Table 2. Volume fraction and properties of SDSS with heat-treatment temperature.

Condition Properties
Volume Fraction

Austenite Ferrite Secondary Phase

(a) # γ-1, 1000 ◦C Secondary phase 56 ± 1% 26 ± 1% 18 ± 1%

(b) # γ-2, 1100 ◦C Solution annealing 50 ± 1% 50 ± 1% 0%

(c) # γ-3, 1200 ◦C Over ferrite 60% 39 ± 2% 61 ± 2% 0%

(d) # γ-4, 1300 ◦C Over ferrite 70% 28 ± 3% 72 ± 3% 0%

Because SDSS undergoes changes in volume fractions due to heat treatment, it results
in variations in peak intensity and two theta values in XRD analysis. XRD analysis was
conducted on the SDSS at different heat-treatment temperatures to determine the presence
and state of the phases, and the results are presented in Figure 5 [19,20,36]. As the heat-
treatment temperature increased, the intensity of austenite peaks (43◦ (111), 51◦ (100), 74◦

(100)) decreased, the intensity of ferrite peaks (44.5◦ (111), 64◦ (100), 81.6◦ (110)) increased,
and the peaks associated with the secondary phase (42.1◦ (Sigma, (111)), 45.4◦ (Sigma,
(100)), 46.6◦ (Chi)) disappeared when the heat-treatment temperature was above 1000 ◦C.
Based on the findings from the EBSD, FE-SEM, and XRD patterns, the SDSS was checked
for changes in the volume fractions with heat-treatment temperature. This property is a
crucial factor in altering the choice of the material, thus necessitating appropriate control
depending on the intended application of the material.
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Figure 5. XRD pattern of SDSS with heat treatment temperature.

3.2. Electroless Ni Plating Behavior

The SDSS was subjected to electroless Ni plating after heat treatment, and the results
are shown in Figure 6. Upon observing the surface images, it became apparent that the
difference in reactivity between austenite and ferrite made it easier to distinguish them
after electroless Ni plating. The electroless Ni plating behavior of Stainless Steel 304 (γ,
single phase) and SDSS is illustrated in Ni plating behavior in Figure 7 [27,29]. During
the electroless Ni plating process, there were differences in behavior owing to variations
in the reactivity between the single-phase stainless steel and DSS. Electroless Ni plating
initially reduced the surface roughness at the grain boundaries for single-phase materials.
After plating, a uniform Ni layer was formed, reducing the surface defects caused by
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grain boundaries. In contrast, duplex materials exhibit preferential reactions at the grain
boundaries of more reactive phases. The difference in reactivity between austenite and
ferrite makes it easier to distinguish between these phases. The variations in the crystal
structures of austenite and ferrite in electroless Ni plating are attributed to differences in
Ni reactivity. The secondary phase was indistinguishable after plating. During electroless
Ni plating, the secondary phase facilitated Ni diffusion owing to the differences in surface
roughness. After plating, the secondary phase resembled ferrite and austenite.
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Figure 7. Schematic diagram of electroless Ni plating on metal (a) Single phase stainless steel and
(b) SDSS.

The effect of the volume fractions on the electroless Ni plating of SDSS was investi-
gated. Secondary phases and ferrites were identified as the factors that decreased the Ni
plating rate. Secondary phases appeared to reduce the plating rate owing to the reduced
surface smoothness and reactivity, whereas ferrite exhibited differences in reactivity owing
to lattice mismatches. When the austenite fraction was at 50%, a distinct boundary between
phases was observed at 180 s, but this boundary deteriorated at 300 s. The electroless
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Ni plating primarily reacted with austenite, and as the Ni layer thickness increased, the
boundary between ferrite and austenite deteriorated.

After the heat treatment and subsequent plating, the surface of the SDSS was analyzed
using XRD, and the results are presented in Figure 8. As the plating time increased, the
intensity of the peak associated with the face-centered cubic (FCC) structure increased,
whereas that of the body-centered cubic (BCC) structure decreased [29]. The peak intensity
varied depending on the heat treatment temperature, and this difference was the same as
that of the volume fraction. Because austenite and Ni share the same peak, an increase
in the thickness of the Ni plating layer results in an increase in the intensity of austenite.
As the electroless Ni plating time increased, the austenite peak intensity increased in all
heat-treated materials.
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(c) 1200 ◦C, and (d) 1300 ◦C.

The surface roughness was measured using AFM; the results are shown in Figure 9 and
Table 3. Secondary phases not removed during surface polishing contributed to increased
surface roughness. Distinct differences in the surface roughness were observed in areas
with and without secondary phases. As the plating time increased, the surface roughness
initially decreased; however, after 120 s, it began to increase. This variation in surface
roughness appears to be associated with differences in Ni plating reactivity owing to the
reaction kinetics of FCC and BCC [29,30]. Austenite has an FCC structure, which is the
same as the crystal structure (lattice constant) of Ni, leading to a rapid reaction. In contrast,
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ferrite has a BCC structure that differs from that of Ni (different lattice constants), resulting
in slower reactivity [44–46].
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Figure 9. Surface roughness of SDSS with electroless Ni plating time after heat treatment to atomic
force microscope.

Table 3. Surface roughness of SDSS with electroless Ni plating time after heat treatment to atomic
force microscope.

Ra, nm 0 s 60 s 120 s 180 s 240 s 300 s

# γ-1 1675 ± 221 1751 ± 219 1540 ± 215 1431 ± 213 1529 ± 212 1633 ± 218

# γ-1
(Removed

S.P)
73 ± 21 49 ± 19 46 ± 15 36 ± 13 31 ± 12 32 ± 18

# γ-2 54 ± 12 42 ± 13 39 ± 12 51 ± 15 84 ± 17 101 ± 18

# γ-3 52 ± 14 28 ± 13 19 ± 9 16 ± 8 18 ± 13 31 ± 15

# γ-4 49 ± 14 21 ± 12 15 ± 6 10 ± 5 17 ± 12 29 ± 13

The initial decrease in roughness was ascribed to a reduction in surface indentation,
while the increase in roughness was influenced by the differences in reactivity between
the austenite and ferrite phases. In instances where secondary phases were present, the
slower decrease in roughness was attributed to the substantial differences in reactivity and
roughness between these secondary phases and austenite. Conversely, in the absence of
secondary phases, the plating rate is primarily determined using the reactivity between
austenite and ferrite. An increase in the ferrite fraction resulted in a decreased plating rate
due to the lower reactivity of ferrite. Therefore, the phase fraction of SDSS significantly
impacted the electroless Ni plating process.

3.3. Electrochemical Behavior

After electroless Ni plating, the surface condition of SDSS was assessed using EIS [33,42,43].
The changes in resistance as a function of frequency were measured to evaluate the surface
state, and the results are presented in Figure 10 and Table 4. The Bode plot shows the variation
in degree and ohms with frequency owing to the resistance change.
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Figure 10. EIS results of SDSS with Ni plating time after heat treatment (a′) Frequency vs. Angle of
phase, Bode plot, (a′′) Frequency vs. Resistance, Bede plot (b′) Nyquist plot of Rs, (b′′) Nyquist plot
of R1, (b′′′) Nyquist plot of R2, (b′′′′) EIS circuit, (c) Nyquist plot with electroless Ni plating condition.

Table 4. EIS values of SDSS with Ni plating time after heat treatment.

Condition Rs
CPE1

R1 (kOhms)
CPE2

R2 (kOhms)
C1 N1 C2 N2

# γ-1

0 s 0.1 0 0 0 6.5 × 10−5 0.5 326

60 s 0.1 0.6 × 10−4 0.6 4 6.5 × 10−5 0.5 326

120 s 0.1 1.2 × 10−4 0.6 8 6.5 × 10−5 0.5 326

180 s 0.1 2.0 × 10−4 0.6 12 6.5 × 10−5 0.5 326

240 s 0.1 3.1 × 10−4 0.6 19 6.5 × 10−5 0.5 326

300 s 0.1 4.3 × 10−4 0.6 26 6.5 × 10−5 0.5 326

# γ-2

0 s 0.1 0 0 0 6.8 × 10−5 0.5 340

60 s 0.1 1.1 × 10−4 0.6 7 6.8 × 10−5 0.5 340

120 s 0.1 3.0 × 10−4 0.6 18 6.8 × 10−5 0.5 340

180 s 0.1 4.5 × 10−4 0.6 27 6.8 × 10−5 0.5 340

240 s 0.1 6.0 × 10−4 0.6 36 6.8 × 10−5 0.5 340

300 s 0.1 7.5 × 10−4 0.6 45 6.8 × 10−5 0.5 340
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Table 4. Cont.

Condition Rs
CPE1

R1 (kOhms)
CPE2

R2 (kOhms)
C1 N1 C2 N2

# γ-3

0 s 0.1 0 0 0 6.7 × 10−5 0.5 335

60 s 0.1 1.1 × 10−4 0.6 7 6.7 × 10−5 0.5 335

120 s 0.1 2.3 × 10−4 0.6 14 6.7 × 10−5 0.5 335

180 s 0.1 3.5 × 10−4 0.6 21 6.7 × 10−5 0.5 335

240 s 0.1 4.7 × 10−4 0.6 28 6.7 × 10−5 0.5 335

300 s 0.1 5.7 × 10−4 0.6 34 6.7 × 10−5 0.5 335

# γ-4

0 s 0.1 0 0 0 6.6 × 10−5 0.5 325

60 s 0.1 0.4 × 10−4 0.6 2 6.6 × 10−5 0.5 325

120 s 0.1 0.8 × 10−4 0.6 5 6.6 × 10−5 0.5 325

180 s 0.1 1.2 × 10−4 0.6 7 6.6 × 10−5 0.5 325

240 s 0.1 1.6 × 10−4 0.6 10 6.6 × 10−5 0.5 325

300 s 0.1 2.2 × 10−4 0.6 13 6.6 × 10−5 0.5 325

Analysis of SDSS subjected to solution annealing and electroless Ni plating revealed
three distinct stages of resistance: solution resistance (RS), plating layer resistance (R1), and
passive layer resistance (R2). The solution resistance remained constant throughout the
experiment. The plating layer resistance increased with plating time, causing the resistance
in solution-annealed SDSS to rise to 45 kOhms in EIS. When the plating time was 0 s, R1
was not observed because no layers were formed.

The resistance of the plating layer varied depending on the volume fraction. The main
factor affecting the Ni plating was the reactivity of austenite. An increase in the austenite
fraction increased the resistance of the Ni plating layer. However, the secondary phase
acts as an exception, diminishing the plating capability because of the high roughness and
segregation of the chemical composition.

We investigated the variation in Ni plating thickness as a function of the phase fraction
using EIS, and the results are presented in Figure 11 [33,42,43]. Due to the reactivity differences
between Ni and the phases, the plating thickness varied depending on the volume fraction.
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The presence of secondary phases appeared to reduce plating thickness, which was
checked to decrease the resistance of the Ni layer. Upon conducting solution annealing, it
was noticed that the Ni layer exhibited the highest thickness when the volume portion of
austenite reached 50%, and no secondary phase was present. As the volume fraction of
ferrite increased, the Ni layer thickness decreased, and with increasing plating time, the
difference in the Ni layer resistance also increased.

4. Discussion

We analyzed SDSS after heat treatment and subsequent electroless Ni plating. The
SDSS underwent secondary phase precipitation, solution annealing, and ferritization fol-
lowing heat treatment. Changes in the volume fractions and morphological transformations
of austenite were observed with respect to the heat-treatment temperature [16,19].

At 1000 ◦C heat treatment, SDSS promoted the growth of austenite, leading to sec-
ondary phase precipitation at the boundary of ferrite [36]. Heat treatment at 1100 ◦C
equalized the volume fractions of austenite and ferrite in SDSS, whereas subsequent treat-
ments at 1200 ◦C and 1300 ◦C promoted ferrite growth to 73%. During these Ni plating
processes, fine austenite transforms into ferrite, depleting austenite [23,25,27].

The volume fractions during the electroless Ni plating significantly influenced the
SDSS. Plating led to a reduction in surface roughness. The secondary phase, post-plating,
bore a resemblance to ferrite. The XRD analysis confirmed the intensity of the secondary
phase and a decrease in the intensity of ferrite. The secondary phase appeared ferrite-
like but was located beneath the Ni plating layer. The fractions of ferrite and austenite
influenced the Ni plating capability. An increase in the ferrite fraction from 50% to 73%
reduced the Ni plating stabilization range from 120 s to 180 s. The phase fraction between
austenite and ferrite impacts the plating rate due to differences in their lattice structures.

The ferrite and austenite fractions also influenced the Ni plating performance. An
increase in the ferrite fraction from 50% to 73% reduced the resistance (R1) of the plating
layer from 45 kOhms to 13 kOhms at 300 s. Subsequently, the resistance of the passivation
layer (R2) remained constant. The resistance of the plating layer increased proportionally
with electroless Ni plating time, and the volume fraction was a limiting factor depending
on the desired outcome [33,42,43].

This study confirms that electroless Ni-plated SDSS can achieve a uniform Ni layer,
depending on the electroless Ni plating time. The uniform Ni-plated layer on SDSS
exhibited excellent electroconductivity, making it suitable for both the anode and cathode
in Li-ion batteries. Furthermore, the outstanding strength and corrosion resistance of SDSS
makes it a suitable material for Li-ion battery casings. Considering these results, Ni-plated
SDSS can be considered for use as a casing material in Li-ion batteries, contributing to
integrating both the cathode and anode.

5. Conclusions

The phase fraction was regulated to utilize SDSS in Li-ion batteries, and the material
characteristics were analyzed with respect to electroless Ni plating time and heat-treatment
temperature. The results are as follows:

SDSS displays variations in the proportions of austenite and ferrite phases depending
on the heat treatment temperature. As the temperature increases from 1000 ◦C to 1300 ◦C,
the volume fraction of the secondary phase disappears, the volume fraction of ferrite
increases and that of austenite decreases. These changes in material properties with heat-
treatment temperature are controllable, making SDSS a suitable candidate for battery casing
applications due to its high corrosion resistance and strength.

Both the secondary phases and ferrite in SDSS acted as elements that reduced the
capability of electroless Ni plating. The secondary phase was confirmed to be a factor that
reduces the resistance of the plating layer. An increase in the fraction of ferrite reduces the
thickness of the plated layer. When the fraction of ferrite increases from 50% to 73%, the
resistance of the plated layer decreases from 45 kOhms to 13 kOhms in EIS measurements.
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To enhance plating capability and corrosion resistance, it is advisable to perform heat
treatment on SDSS at 1100 ◦C.

SDSS, which has undergone heat treatment at 1100 ◦C, exhibits outstanding strength
and corrosion resistance, making it highly suitable for electroless Ni plating. During manu-
facturing, SDSS heat-treated at 1100 ◦C provides an advantage by facilitating electroless Ni
plating without requiring additional heat treatment. Thus, SDSS is a promising choice for
battery casing applications as it can be employed as a high-performance casing material
without additional heat treatment.

The use of Ni-plating may be effectively leveraged to enhance the performance of
conventional materials like SDSS in many applications, including cathodes, anodes, and
casings. The current body of research on battery materials indicates that the use of Ni-
plating technology on SDSS has the potential to serve as a fundamental basis for the
advancement of battery casing materials in the future.
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