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Super duplex stainless steels (SDSSs) exhibit high pitting corrosion resistance in seawater because of
their dual-phase composition of austenite and ferrite, requiring solution annealing. Therefore, the
solution annealing (1100 °C) of SDSS is a crucial step to optimize the corrosion resistance of stainless
steel during the manufacturing process. UNS S 32760 is an SDSS formed by adding 0.6 wt.% W and 0.7
wt.% Cu to UNS S 32750. The change in the chemical compositions of the alloys alters the solution
annealing temperature. This study electrochemically analyzed the effects of the addition of Cu and W
on the solution annealing of SDSS. UNS S 32750 and UNS S 32760 exhibited the most favorable
electrochemical properties at 1100 and 1080 °C, respectively, owing to their chemical compositions.
UNS S 32750 exhibited high pitting corrosion resistance, whereas UNS S 32760 exhibited highly
uniform corrosion resistance.

Keywords: Electrochemical properties, Pitting corrosion, Critical pitting temperature, Solution
annealing, Super duplex stainless steel.

1. INTRODUCTION

Structural materials used in offshore plants require high pitting corrosion resistance and strength
[1, 2]. Although stainless steels generally exhibit high corrosion resistance, stainless steels comprising
austenite or ferrite exhibit unfavorable pitting corrosion resistance [3, 4]. Conversely, duplex stainless
steels exhibit high pitting corrosion resistance and strength [5-10]. The duplex stainless steels are
classified into four groups based on the pitting resistance equivalent number (PREN; PREN = wt.% Cr
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+ 3.3 wt.% Mo + 16 wt.% N) [1-4]. For super duplex stainless steels (SDSSs), the PREN is in the range
40-50.

SDSSs exhibit high uniform corrosion resistance, pitting corrosion resistance, and hydrogen
embrittlement resistance [1, 2]. These electrochemical properties are affected by the heat-treatment
conditions because of changes in the chemical composition due to changes in the volume fractions of
austenite and ferrite [1-3]. Conventionally, SDSS UNS S 37250 is solution annealed at 1100 °C for the
optimization of its electrochemical properties [11-19]. Because the chemical composition is affected by
the solution annealing temperature, UNS S 32760 requires a specific solution annealing temperature.

Researchers have studied the effect of W on the mechanical properties of stainless steels [20—
23]. Park et al. studied the effect of W on secondary phase precipitation in ferrite stainless steel (29 wt.
% Cr) at 850 °C [12]. Ahn and Kang examined the effect of W and Mo on secondary phase precipitation
in lea duplex stainless steel after heat treatment at 750 and 800 °C, respectively (PREN: 20-30) [18].
However, thus far, no study has investigated the effects of W and Cu on the electrochemical properties
and solution annealing temperature of SDSS.

The most commonly used SDSS is UNS S 32750; UNS S 32760 was developed from UNS S
32750 by the addition of Cu and W to enhance the corrosion resistance of the original materials [18]. W
and Cu are the body-centered cubic (BCC; ferrite) and face-centered cubic (FCC; austenite) stabilizer
elements, respectively [12]. W improves pitting corrosion resistance, whereas Cu improves uniform
corrosion resistance. However, changes in the chemical composition require to be studied in terms of
the electrochemical properties and annealing conditions.

In this study, we investigated the electrochemical properties and solution annealing conditions
of SDSS UNS S 32750 and UNS S 32760. The phase transformation as a function of the solution
annealing temperature was examined using optical microscopy (OM) and field-emission scanning
electron microscopy (FE-SEM). The chemical composition was determined using energy-dispersive X-
ray spectroscopy (EDS). The electrochemical properties under different conditions were analyzed using
potentiodynamic polarization curves, critical pitting temperature (CPT; potentiostatic test at 700 mVscg),
and electrochemical impedance spectroscopy (EIS) measurements.

2. EXPERIMENTAL

The duplex stainless steel grade was determined based on the PREN (wt.% Cr + 3.3 wt.% Mo +
16 wt.% N). The SDSS (UNS S 32750 and UNS S 32760) used in this experiment had PREN in the
range of 40-50 [3]. The materials were cast. Their chemical compositions are listed in Table 1.

Table 1. Chemical compositions of commercial SDSSs UNS S 32750 and UNS S 32760.

C N Mn Ni Cr Mo Cu w Fe
UNS S 32750 0.01 0.27 0.8 6.8 25.0 3.8 0.2 0.02 Bal
UNS S 32760 0.01 0.24 0.6 6.7 25.2 3.7 0.7 0.60 Bal
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The specimens were heat-treated from 950 °C (precipitation temperature of the secondary phase)
to 1200 °C (ferritization temperature). A schematic is shown in Figure 1 [13].

This condition shows the effect of Cu and W as a function of the heat-treatment temperature. The
effects of the heat treatment on the microstructure, volume fraction, and chemical composition were
examined.

950 °C ~ 1200 °C
Holding time (1 h)

Quenching
- Liquid temperature: 3 °C

Temperature, °C

Time, h

Figure 1. Schematic of heat-treatment (temperature 950-1200 °C; cooling method is quenching) of
SDSSs UNS S 32750 and UNS S 32760.

The specimens subjected to microstructure and volume fraction analyses were etched at 5V in a
20 wt.% NaOH solution after the surfaces were polished down to a diamond paste (particle diameter:
0.25 pum) [13]. The microstructures were analyzed by OM and FE-SEM. The volume fraction was
calculated using an image analyzer, and the chemical composition was determined using EDS. However,
the N composition calculated using EDS (interstitial elements) was inaccurate. Therefore, the N
composition was calculated using the maximum solubility of ferrite with a volume fraction [1-5]
according to the following formula:

Nr = chemical composition of Ntotal wt. % — Ferritevr * 0.05 wt. %,

where N is the chemical composition of N in austenite, and Ferritevr indicates the volume
fraction of ferrite.

The electrochemical properties of SDSS UNS S 32750 and UNS S 32760 were analyzed using
potentiodynamic and potentiostatic tests. The potential vs. current density curve (potentiodynamic
polarization test; analysis area: 1 cm2) expresses the change in the current density as a function of
electrolyte (3.5 wt. % NaCl) potential from —0.5 V to 1.5 V; the scan rate was determined to be 0.167
mV. The reference and counter electrodes were a saturated calomel electrode (SCE) and a platinum mesh
(dimensions: 20 x 20 mm), respectively. CPT and EIS analyses were conducted as potentiostatic tests.
The CPT was determined in a 5.85 wt. % NaCl electrolyte at 700 mV. The CPT was determined as the
temperature above a current density of over 100 pA/cm? for 60 s at a scan rate of 1 °C/min. EIS was
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conducted from 10 Hz to 107 Hz in a 3.5 wt. % NaCl electrolyte (Potential: 230 mV, current density
300 pA/cm?).

3. RESULTS AND DISCUSSION

3.1. Microstructure as a function of the solution annealing temperature

The SDSS microstructure changes with the solution annealing condition [9-11]. Figures 2 and 3
show the UNS S 32750 and UNS S 32760 microstructures as functions of temperature ranging from 950
to 1150 °C.

Figure 2. SDSS UNS S 32750 microstructure after etching in 20 wt. % NaOH with heat treatment: (a)
casting, (b) 950 °C, (c) 1000 °C, (d) 1050 °C, (e) 1100 °C, and (f) 1150 °C.

Figure 3. SDSS UNS S 32760 microstructure after etching in 20 wt. % NaOH with heat treatment: (a)
casting, (b) 950 °C, (c) 1000 °C, (d) 1050 °C, (e) 1100 °C, and (f) 1150 °C.
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The microstructure changes with heating temperature, and as shown in these figures, identical
changes are observed at the same temperature for UNS S 32750 and UNS S 32760. Figure 4 shows the
effects of Cu and W on the microstructure.

Figure 4 shows the microstructures of UNS S 32750 and UNS S 32760 after heat treatment at
1000 °C. The addition of Cu and W decreases the secondary phase precipitation. Figure 5 shows the
effect on the volume fraction of the bare metal.

Figure 4. Microstructures of (a) UNS S 32750 and (b) UNS S 32760 with heat treatment at 1000 °C
(precipitation temperature of secondary phase (Sigma & Chi)).
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Figure 5. Volume fraction (austenite, ferrite, and secondary phase) of the cast UNS S 32750 and UNS

(a) (b)
70 T T T T 70
60 60 -
S =
s £ 50
S 501 s 50
= E=
g a0 g 4
= &
L 30 @ 30
£ 1S
3 2 2
° 204 >°
> 104 —— Austenite ] 104 —— Austenite
—@— Ferrite —@-— Ferrite
0 —d— Secondary phase 0 —&— Secondary phase
950 1000 1050 1100 1150 950 1000 1050 1100 1150
Heat treatment temperature, °C Heat treatment temperature, °C

Figure 6. Volume fractions of (a) UNS S 32750 and (b) UNS S 32760 as functions of heat-treatment
temperature.
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The volume fraction of SDSS changes with the heat-treatment temperature [9, 10]. Figure 6
shows the volume fractions of UNS S 32750 and UNS S 32760 as functions of heat-treatment
temperature. At the same temperature, UNS S 32760 exhibited a lower volume fraction of austenite than
UNS S 32750.

Cu and W are the stabilization elements of austenite and ferrite, respectively. UNS S 32760
exhibited an increased volume fraction of ferrite at each temperature. The chemical compositions of
UNS S 32750 and UNS S 32760 changed because of increases in the Cu and W compositions by 0.5 and
0.58 wt. %, respectively, consequently changing the volume fractions of UNS S 327560 and UNS S
32760. The volume fraction can be predicted using the Schaeffler diagram, and the Ni and Cr equivalents
for calculating the coefficient are as follows [12]:

Ni equivalent: wt. % Ni + wt. % Co +30 wt. % C + 25 wt. % N + 0.5 wt. % Mn + 0.3 wt. % Cu.
Cr equivalent: wt.% Cr + 2 wt. % Si + 1.5wt. % Mo + 5wt. % V + 5.5 wt. % Al + 1.75 wt. %
Nb + 1.5 wt. % Ti + 0.75 wt. % W.

We observed an increase in the volume fraction of ferrite greater than that of Cu by a factor of
two at the same temperature. According to this equation, UNS S 32750 has a higher volume fraction of
austenite than UNS S 32760 at the same temperature.

3.2. Chemical composition as a function of heat-treatment temperature

The change in the volume fraction of duplex stainless steel due to heat treatment affects its
corrosion resistance because of the change in its chemical composition [23]. SDSS requires an equal
PREN of austenite and ferrite to achieve the highest pitting corrosion resistance, because the low PREN
phases of austenite and ferrite work at the pitting site [9]. Table 2 lists the chemical compositions as
functions of heat-treatment temperature. Cr, Ni, Mo, Cu, and W were determined using EDS, whereas
N was obtained from a previous study [5].

Table 2. Chemical compositions of (a) UNS S 32750 and (b) UNS S 32760 as a function of heat-

treatment temperature.
(a)
Tem?fcr;‘t“re Phase Cr Ni Mo Cu W N
1080 Ferritt 274+08 50£05 5305 012+00 003£00 005
Austenite  231+09 8106 26403 023400 00100 044
o5 Ferrite 271408 52505 50£05 012400 003200 005
Austenite 231409 8006 27:03 023:00 00100 047
o8 Ferrite_ 26808 54+05  46+04 012£00 003200 005
Austenite  232+08  79+06 3003 023£00 001£00 049
100 Ferritt 26608 55+05 4404 020200 003£00 005

Austenite 23.3+08 7.9+06 32+03 016+0.0 0.01+0.0 0.51

1150 Ferrite 265+0.7 5706 44+04 012+x00 0.03+00 0.05
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Austenite 23.2+09 7.7+06 32+03 024+x00 0.01+0.0 0.54

Ferrite 26309 6.0+06 43+04 012+00 0.03+0.0 0.05

1180 Austenite  23.3+0.9 76+0.6 3.2+0.3 025+00 0.01+£0.0 0.56
1200 Ferrite 26.1+0.8 6.2+ 0.6 43+04 0.12+0.0 0.03+0.0 0.05
Austenite  23.3+0.9 75+0.6 3.0+0.3 028+0.0 0.01+£0.0 0.62
(b)
Temzeg;tture Phase Cr Ni Mo Cu W N
1030 Ferritt_a 27.7+13 461+05 519+05 048+0.0 0.79%0.1 0.05
Austenite 23.3+1.2 834+0.7 255+03 0.89+0.1 045%+0.0 0.44
1050 Ferritt_e 27.2+08 486+05 481+05 050+0.1 0.74+0.1 0.05
Austenite 235+0.7 827+07 277+03 089+01 048+0.0 0.46
1080 Ferritg 266+09 521+05 439+04 051+0.1 0.74+0.1 0.05
Austenite 238+09 816+07 30203 091+£01 046+0.0 0.49
1100 Ferritt_e 26.5+0.6 54+05 431+04 051+01 0.73+£0.1 0.05
Austenite  23.9+0.5 8.1+0.7 30703 092+01 046+0.0 0.50
1150 Ferritg 26.2+0.5 6.0+ 0.5 421+03 052+£01 0.72+£0.1 0.05
Austenite 24.0x0.5 7.6+0.7 30803 094+£01 04600 0.53
1180 Ferritt_e 26.0£0.7 6.1+0.7 412+03 052+01 0.71+£01 0.05
Austenite  24.2+0.8 75+0.7 31603 095+0.1 046+0.0 0.55
1200 Ferritg 25.9+0.9 6.3+0.7 401+04 052+£01 0.71+£0.1 0.05
Austenite 24.3%1.0 7.4 +0.7 325+03 099+£01 044+00 0.59

The heat treatment affected the chemical composition, consequently changing the PREN, as
shown in Figure 7.
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Figure 7. Figure 7. Pitting resistance equivalent number (PREN = wt. % Cr + 3.3 wt. % Mo + 16 wt. %
N) of austenite and ferrite in (a) UNS S 32750 and (b) UNS S 32760, as functions of the heat-
treatment temperature.
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Figure 8. PREN of austenite in the SDSS as a function of heat-treatment temperature.

The change in PREN makes the cross point. The optimal heat-treatment temperatures for UNS S
32750 and UNS S 32760 are 1100 and 1080 °C, respectively. The volume fraction exhibits the same
trend. As shown in Figure 8, UNS S 32760 consistently exhibits a lower PREN than UNS S 32750. This
is attributable to W owing to the decrease in the volume fraction of ferrite.

3.3. Electrochemical properties as a function of heat-treatment temperature

The electrochemical properties of UNS S 32750 and UNS S 32760 were examined using the
CPT, potentiodynamic polarization curves, and EIS analyses after solution annealing at 1100 °C.

As shown in Figure 9, the PREN affects the CPT. The highest CPT values for UNS S 32750 and
UNS S 32760 were 1100 and 1080 °C, respectively. These results are similar to those of the volume
fractions and PREN tendencies.
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Figure 9. Critical pitting temperature as a function of heat-treatment temperature of SDSS at 700 mV in
5.85 wt. % NaCl.
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Figure 10. Potentiodynamic polarization curves of UNS S 32750 and UNS S 32760 after solution
annealing at 1100 °C, from —0.3 V to 1.5 V in 3.5 wt. % NaCl.

The corrosion behavior after solution annealing at 1100 °C is shown in Figure 10. The corrosion
behavior of SDSS is classified as active polarization, passivation, and pitting potential [9-11, 23]. Table
3 lists the major values for each polarization. UNS S 32750 exhibits a higher Ecorr but lower lcorr than
UNS S 32760. Furthermore, UNS S 32750 exhibits a higher pitting potential than UNS S 32760. This is
owing to the changes in chemical composition caused by Cu and W.

Table 3. Values of the major points on the potentiodynamic polarization curves of UNS S32750 and
UNS S 32760 at 1100 °C.

Condition Ecorr lcorr Passivation range Enpit
UNS S32750  -0.097V 7x10% Alem?*  —0.016 V~1.131V 1.141V
UNS S32760 -0.042V 2x 108 Alem?  -0.029V ~1.019V 1.023 V

Table 4. Values of resistance and CPE obtained for UNS S32750 and UNS S 32760 at 1100 °C.

Condition Rs CPE Rp (Ohms)
(Ohms) C n

UNS S 32750 6.1 7.77 x 10° 0.82 372,240

UNS S 32760 6.0 7.12 x 10° 0.81 421,350

Figures 11 and 12 show the Bode and Nyquist plots, respectively, obtained via EIS [13]. The
Nyquist plot shows a half cycle. The Bode plot reveals a high phase degree over a frequency range, a
linear relationship with a slope close to 1 between IZI and frequency, and a phase decrease near 180°1 at
low frequencies, highlighting the highly capacitive passivation behavior typical of stainless steel. The
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passivation behavior of SDSS is attributable to the considerably low passivation rate, and the equivalent
circuit in Figure 13 is fitted to the EIS data to quantify the electrochemical parameters [18].
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Figure 11. Bode plots of UNS S32750 and UNS S 32760 SDSSs after heat treatment at 1100 °C in 3.5
wt. % NaCl: (a) I1ZI (Q) as a function of the frequency, and (b) Z (Q2) phase as a function of
frequency.
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Figure 12. Nyquist plot of the UNS S32750 and UNS S 32760 SDSSs after heat treatment at 1100 °C

in 3.5 wt. % NaCl.
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Figure 13. Electrical equivalent circuit used to fit the Bode phase diagrams of the UNS S 32750 and
UNS S 32760 SDSSs.
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In this equivalent circuit, Rs represents the solution resistance. The constant phase element (CPE)
is the double-change layer capacity (C), and the polarization resistance (Rp) is the charge-transfer
resistance. The electrochemical impedance parameters obtained by fitting the EIS diagrams are listed in
Table 4. The value of n is 0.82, indicating that the passivation film has the same thickness. Although it
has an equivalent passivation layer, the corrosion resistance of SDSS varies with the state of the alloy
[12, 13].

The corrosion resistance of SDSS varies with the heat-treatment temperature, and the difference
in Cu and W contents influences the corrosion resistance. As stabilizing elements of austenite and ferrite,
Cu and W, respectively, showed differences in performance. This affects the annealing temperature of
the solution.

Changes in Cu and W contents influenced the electrochemical properties; UNS S 32760 heated
to 1100 °C exhibited a low reactivity but enhanced the uniform corrosion rate. Moreover, the addition
of Cu and W changed the optimal solution annealing temperature; optimal solution annealing (1080 °C
for UNS S 32760) induced an increase in the pitting corrosion resistance of the steel.

4. CONCLUSIONS

In this study, the electrochemical properties of UNS S 32750 and UNS S 32760 SDSSs as a
function of the heat-treatment temperature were analyzed, and the following conclusions were drawn:

1. UNS S 32760 exhibited a decreased austenite volume fraction upon the addition of Cu and W;
however, it exhibited a lower solution heat-treatment temperature than UNS S 32750 because its ferrite
fraction increased owing to the addition of W.

2. Although UNS S 32750 and UNS S 32760 exhibited equivalent passivation layers, they
exhibited different pitting corrosion resistances. The addition of Cu improved the uniform corrosion
resistance and not the pitting corrosion resistance, whereas the addition of W improved the pitting
corrosion resistance.

3. SDSS exhibited high corrosion resistance; however, this resistance changed with the heat-
treatment temperature. The addition of W decreased the heat-treatment temperature because of the
stabilization of the ferrite. Alloys with equivalent PREN also require control of the solution annealing
temperature according to the alloy composition.
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