
Abstract

Sigma phase precipitates in duplex stainless steel during slow cooling from high temperature, which 
generally induces great loss in both corrosion resistance and impact toughness. To develop a non-
destructive method for detecting the presence of sigma phase in duplex stainless steel for on-site use in 
the quality management of ready-made large machines, the single loop electrochemical potentiokinetic 
reactivation (SL-EPR) behaviour of SUS329J4L duplex stainless steel continuously cooled from the 
solution annealing temperature with various rates by adjusting fluxes of cool nitrogen gas were investigated 
under several polarization conditions. The reactivation current density of SL-EPR test was used to detect 
the precipitated σ phase and compared with the ferric chloride test, the modified DL-EPR test and the 
impact test, as well as observation of the dissolution morphology. As the result, the high reactivation 
current density in the SL-EPR polarization was obtained on the cooled SUS329J4L steel at WQ ~ 0.02 
K/s in solution of 0.5 M H2SO4 + 0.01 M KSCN + 0.5 M NaCl at potential sweep rate of 0.83mV/s. In the 
polarization, the potential holding at 0.3 V vs. SCE for 300 s before sweeping the potential to negative 
side is necessary to stabilize the passive film and thus improved the detection sensitivity of sigma phase 
in duplex stainless steel. As comparison, the modified SL-EPR test which checks the presence of sigma 
phase has a quasi-equivalent detection sensitivity to impact test on the WQ ~ 0.02 K/s cooled SUS329J4L 
steel, with higher sensitivity in SL-EPR method than the modified DL-EPR method.
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Introduction

The duplex stainless steels comprising austenite (γ) and ferrite (α)
phases are widely utilized in many industrial fields because of their 
high corrosion resistance and excellent mechanical properties. On the 
other hand, the sigma (σ) phase, which contains high concentration 
of chromium (Cr) and molybdenum(Mo) with two inner quasi-
hexagonal layers in a 30-atom tetragonal crystal lattice[1-4], generally 
precipitates in the α phase when the steel is isothermally aged 
between 973 ~ 1173 K [5-12] or is slowly cooled from a near solution 
annealing temperature [13,14]. This usually causes great loss in 
impact toughness because σ phase causes easier cleavage fracture[4-8]
and the decrease in corrosion resistance due to the depletion of Cr 
and Mo in vicinity to σ phase [8,15,16]. It has been known that both 
the Charpy impact energy and corrosion resistance in ferric chloride 
solution of slowly cooled 2205 duplex stainless steel after annealed at 
1338K were degraded [17]. In particular, the cooling process from a 
high temperature is inevitable in either of fabricating mill-products 
or machines, therefore it is important to have a non-destructive and 
effective way to on-site detect the precipitated σ phase in duplex 
steel for lowering manufacture and maintenance cost in the quality 
management.

It is no doubt that the metallographic examination after electrolytic 
etching in sodium hydroxide or oxalic acid is the traditional and 
exact way to detect the presence of σ phase. However, it is difficult to 
quantify the observation.  Other methods, such as the impact test and 
the ferric chloride test, are casually considered useful to detect the 
absence of harmful level of σ and other intermetallic phases [18, 19]. 
The authors revealed that the Charpy absorbed energy obtained from 
a sub-size impact test at room temperature is much more sensitive 
than the ferric chloride test in 6.0 wt.% FeCl3 solution, in instantly 
responding to the minute change of σ phase precipitation despite 
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the method’s destructivity [19]. On the other hand, the double 
loop electrochemical potentiokinetic reactivation (DL-EPR) ratio 
responds to the decomposition of α phase to intermetallic compounds 
of σ phase and carbides as well as χ phase with vicinity to Cr- or Mo-
depleted regions [7,9,20-22]. This electrochemical method can be on-
site applied on ready-made large machines by using a portable or a 
disposable electrochemical mini cell as a non-destructive test. Lopez 
et al. obtained a result that the DL-EPR ratio seemed proportional to 
σ phase content in duplex stainless steel of UNS S31803 in a solution 
containing 0.01 M KSCN + 2 M H2SO4 + 0.5 M NaCl [20]. The authors 
also recently developed a modified DL-EPR method to detect σ phase 
in SUS329J4L steel at average cooling rates of 1.0 to 0.02 K/s from 1073 
to 773 K, in a solution of 0.5 M H2SO4 + 0.01 M KSCN + 0.5 M NaCl. 
However, the DL-EPR ratios were too small to be distinguished on the 
steels cooled at 0.3 K/s and higher, with minute amount of σ phase 
[23]. It should be related to the occurring of local active corrosion and 
the unstable passive film formed in the forward polarization [24,25], 
however, this had not been checked on the SUS329J4L steel.  If it is 
true, the detection sensitivity for σ phase should be enhanced by using 
the single loop electrochemical potentiokinetic reactivation (SL-EPR) 
test, in which the potential is directly swept from a passive potential 
to the reactive potential avoiding the undesired prior local dissolution 
[24,25].
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Here in this study, the SUS329J4L duplex stainless steel was 
respectively cooled at several different cooling rates from the solution 
annealing temperature. The observation of specimen surface after 
the forward and then the backward polarizations of DL-EPR test was 
conducted to check the prior local dissolution and its affection on the 
reactivation behaviour. After then, the SL-EPR test was carried out on 
the cooled steel under various polarization conditions. The reactivation 
current density of SL-EPR test was used to detect the precipitated σ 
phase and compared with the ferric chloride test, the modified DL-
EPR test and the impact test, as well as observation of the dissolution 
morphology. Finally, the optimum measurement condition of SL-EPR 
was chosen for obtaining high detection sensitivity of σ phase. 

Experimental

Material and heat treatment

A commercially supplied SUS329J4L duplex stainless steel bar with 
chemical composition shown in Table 1 was used in this work. The 
steel bar was cut to specimens of 20 mm x 20 mm with thickness of 5 
mm and then heat treated in vacuum furnace, being aged at 1323 K 
for 1.8 ks followed with continuously cooling to room temperature.
Except water quenching (WQ), several averaged cooling rates of 1.0, 
0.5, 0.3, 0.2, 0.1, 0.02 K/s within 1073 and 773 K were applied by 
adjusting fluxes of coolnitrogen gas. The specimen was then polished 
by 2000 grit paper followed with ultrasonic cleaning in acetone. Note 
that the averaged cooling rate used here, with slower value in slower 
cooling process, is not a representative parameter to indicate the 
convection cooling. The authors expect to modify it with considering 
its relation to the precipitation state of σ phase in the future work. 
Prior to all the EPR polarization, the specimen surface was sealed 
with silicone sealant leaving an exposed area of about 100 mm2.

DL-EPR test and surface observation

In both the DL-EPR and the SL-EPR, the polarization was 
performed in a typical three-electrode electrochemical cell, with a 
platinum plate as counter electrode and a saturated calomel electrode 
(SCE) as reference electrode. The electrochemical cell was put into 
water bath to keep the solution at constant temperature of 303 ± 2 K.  
The solutions with different concentrations of NaCl in 0.5 M H2SO4 
+ 0.01 M KSCN were deaerated by nitrogen gas for 1.8 ks before and 
during the test.

In the DL-EPR test, the 0.02 K/s cooled specimen surfaces were 
observed after the potential was swept at sweep rate of 0.83 mV/s 
to 0.3 V (vs. SCE) in passive zone and then backward to -0.3 V 
corresponding to the reactivation current peak in the above solution.

SL-EPR test

In the SL-EPR test, the specimen was kept at the open circuit 
potential (OCP) for 300 s, following with a cathodic polarization at 
-1.0 V for 60 s and again kept at the OCP for 300 s. After further 
a cathode polarization from -0.6 V to OCP, the polarization started 
at potential sweep rate of 0.83 mV/s from 0.3 V to -0.6 V, as shown 
in Table 2 under the condition of SL-EPR (1). On the other hand, 
under the condition of SL-EPR (2), the potential was kept at 0.3 V for 

300 s before sweeping to -0.6 V. The cathodic polarizations at -1.0 V 
and from -0.6 V to OCP aim to obtain a bare surface without passive 
film before sweeping the potential backward reactive zone. Figure 1 
shows a schematic SL-EPR curve, where IR is the peak of reactivation 
current density corresponding to corrosion from Cr- or Mo-depleted 
regions around σ phase. The reactivation current density of IR but not 
the normalized charge [24, 26] was used as a simple way to express 
the reactive dissolution with consideration of the difficulty to obtain 
the real grain boundary area around σ phase. After polarization, the 
specimen surfaces were observed with scanning electron microscope 
(SEM).

Results and Discussion

Surface observation in DL-EPR process

In isothermal aging of duplex stainless steel, it had been known 
that σ phase precipitates as follows [9]. Chromium carbides (M23C6) 
precipitate in γ phase near the γ/α boundary and grow into α phase 
associated with the formation of new γ’. The new γ’ phase contains less 
Cr and Mo than the original γ phase. σ phase nucleated at the M23C6/γ’ 
interface and then grow into α phase with the continuous precipitation 
of new γ’ phase. During such precipitation, Cr- or Mo-depleted region 
formed around σ phase [13,27]. The same precipitation should also 
occur in the slow cooling of SUS329J4L steel. In the previous XRD 
analysis, about 22.9% σ phase was detected in the 0.02 K/s cooled 
SUS329J4L steel [23].
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C Si Mn P S Ni Cr Mo N Fe
SUS329J4L 0.029 0.43 0.73 0.038 <0.005 5.68 24.19 2.68 0.14 Bal.

Table 1: Chemical composition of SUS329J4L duplex stainless steel (wt.%).

      Concentration of solutions
 H2SO4             KSCN(M)        NaCl(M)

Scanning Rate
(mV/s)

SL-EPR(1)

0.5 0.01 0 0.833

0.5 0.01 0.2 0.833

0.5 0.01 0.3 0.833

0.5 0.01 0.5 0.833

Sl-EPR(2) 0.5 0.01 0.5 0.833
Table 2: Various conditions used in SL-EPR polarization.

Figure 1: Schematic polarization drawing of SL-EPR curve with 
indicators of passive current density of Ip and reactivation current 
density of IR.
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In the following, the specimen cooled at 0.3 K/s, in which σ phase 
cannot be detected in the present XRD condition and the modified 
DL-EPR method but with obvious loss in absorbed energy, were 
used firstly to check the effectivity of various SL-EPR polarization 
conditions.

Influence of NaCl concentration

Figure 3 shows the polarization curves obtained on the 0.3 K/s 
cooled specimen in solutions of 0.5 M H2SO4 + 0.01 M KSCN + x (0 
~ 0.5) M NaCl under the condition of SL-EPR (1). At the potential of 
0.3 V, the passive current density sharply reduced with the decrease in 
potential, indicating the formation of passive film on the bare substrate 
followed the prior cathode reduction processes. In solution without 
NaCl (Figure 3(a)), the reactivation current peak did not appear on 
the polarization curve. However, several current noises can be found 
at potentials ranging from -0.22 to -0.3 V, indicating a sign of much 
weak reactivation tendency. When NaCl concentration was 0.2 M and 
higher, the reactivation current density peak clearly appeared and 
increased with NaCl concentration. The obtained reactivation current 
density IR is shown in Figure 4. The increased values of IR should be 
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Figure 2 shows the 0.02 K/s cooled specimen surfaces after the 
forward polarization to 0.3 V in passive zone (Figure 2 (b)) and then 
the backward polarization to -0.3 V corresponding to reactive zone 
(Figure 2 (c)). σ phase can be seen at the potential of  0.3 V (Figure 
2 (b)), indicating the prior dissolution of Cr- or Mo-depleted regions 
during the active zone [28] and accordingly the decrease of total area 
of such regions. This phenomenon should have directly resulted in 
the small reactivation current density and thus the undistinguishable 
small EPR ratio. Indeed, as shown in Figure 2 (c), further dissolution 
around σ phase was not obvious, but some pits appeared in the γ’ 
phase. 

Polarization curves and reactivationcurrent density of steel cooled 
at 0.3K/s

In the previous report [23], the following had been clarified. In 
XRD analysis, about 5.9% σ phase was detected in the 0.2 K/s cooled 
specimen whereas no discriminable σ phase diffraction peaks can be 
found from specimens being cooled at 0.3 K/s and higher. On the other 
hand, the absorbed energy of the sub-size specimens in the Charpy 
impact test at temperature kept nearly decreasing with the cooling rate 
from 1.0 to 0.02 K/s. The absorbed energy of 1.0 K/s cooled specimen 
was almost the same with that of the water quenched specimen. 
Such results indicate that, (1) σ phase can precipitate at cooling rates 
less than 1.0 K/s, and (2) higher σ phase detection sensitivity can be 
obtained by impact test than by modified DL-EPR. In addition, the 
detection sensitivity by the modified DL-EPR is almost the same with 
XRD analysis in the authors’ condition.

Figure 2 : Schematic DL-EPR polarization curve (a), and specimen 
surfaces after the potential reached Ep = 300 mV (vs. SCE) in passive 
zone (b) and the ER = -300 mV (vs. SCE) corresponding to the 
reactivation current peak (c) in solution of 0.5 M H2SO4 +0.01 M KSCN 
+0.5 M NaCl. The specimen was continuously cooled at 0.02 K/s.

Figure 3: SL-EPR polarization curves of steel (cooling rate: 0.3 K/s) 
obtained in 0.5 M H2SO4 + 0.01 M KSCN + x (0 ~ 0.5) M NaCl solutions 
under the condition of SL-EPR (1).

Figure 4 : Reactivation current density (IR) obtained from 0.3 and 1.0 K/s 
cooled specimens in solutions of 0.5 M H2SO4 + 0.01 M KSCN + x (0 ~ 
0.5) M NaCl under the condition of SL-EPR (1).
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attributed to the destruction of passive film and the dissolution from 
the surroundings of precipitated σ phase by the attack of chloride 
ions (Cl-). The reactivation current density in 0.3 M NaCl (Figure 
3c) containing solution is a little larger than that in 0.2 M NaCl 
(Figure 3b). Furthermore, the current density obtained in 0.5 M NaCl 
containing solution (Figure 3d) is much higher. This result means that 
the detection sensitivity of SL-EPR is much higher than the modified 
DL-EPR measurement. 

Reactivation current density obtained in 0.5M NaCl containing 
solution

Figure 5 shows the reactivation current density (IR) obtained in 
0.5 M H2SO4+0.01 M KSCN+0.5 M NaCl on specimens being cooled 
at 1.0~0.1 K/s. The IR on 0.02 K/s cooled specimen is much higher 
as 320 A/m2 (omitted from the figure). Although the precipitated σ 
phase in 0.1 K/s cooled specimen should be more than that in the 
0.2 K/s cooled one according to the previous XRD analysis [23], the 
value of IR on the former specimen was a little smaller than the latter. 
This tendency is also like the DL-EPR test. The distinguishing both 
the reactivation current and the cooling rate is important to cooling 
process control in the fabrication or the operation conditions for 
structures and machines. Although the reactivation current can be 
detected on the 0.3 K/s cooled specimen, the distinguishable cooling 
rate from the value of IR is between 0.2 and 0.3 K/s, which is almost 
the same with previous result obtained from the modified DL-EPR 
method [23]. On the other hand, the deviation of IR on the specimen 
cooled at 0.3 K/s is much larger than other, which is the reason for 
the undistinguishable IR when comparing to the specimen cooled 
at 1.0 K/s. In comparing with DL-EPR test, the polarization time to 
produce passive film in SL-EPR test until the potential was swept to 
the reactive potential zone is short. This means that the formation of 
passive film might be not stable enough. This unstable passive film 
also corresponded to the larger value and larger deviation of passive 
current density (Ip) at 0.3 V(Figure 2) on the specimen being cooled at 
0.3 K/s (Figure 6a). In addition, only on the 0.3 K/s cooled specimen 
occurred the much large deviation of IR and Ip, perhaps there is a 
special distribution state of σ phase in this steel.

Effect of stabilization of passive film
 

In order to obtain a stable passive film on specimen surface before 
sweeping the potential to reactivation zone, a potential holding at 0.3 
V for 300 s was applied before negative sweep, which is noted as the 
condition of SL-EPR (2) (Table 2). Such methods were also used to
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investigate the degree of sensitivity in Type 304 and 304L steel at 0.2 V 
[26] and Inconel 600 at 0.88 ~ 1.0 V [29, 30]. The obtained polarization 
curve with and without the 300-s potential holding is shown in Figure 
7, while the passive current density (Ip) and the reactivation current 
density (IR) are respectively shown in Figure 6b and Figure 8. As shown 
in Figure 7, with comparison to without potential holding at 0.3 V, the 
passive current density at 0.3 V after potential holding is much lower 
(Figure 6b) and the further current drop did not occur. This result 
indicates that a stable passive film had been formed during the 300-s 
potential holding, which should have reduced both the value of IR and 
its deviation. As the result, each value of IR obtained from 0.3~1.0 K/s 
cooled specimens become distinguishable, not overlapping each other 
(Figure 8).

Sigma phase and reactivation current density
 

Figure 9 shows the specimen surfaces after polarization under the 
condition of SL-EPR (2). No obvious σ phase can be clearly found at 
this magnification on either of the surfaces cooled at 1.0 ~ 0.3 K/s 
(Figure 9 (a ~ c)), whereas σ phase and the corroded surroundings 
were observed on the 0.1 K/s cooled specimen (Figure 9d). The 
corroded surroundings should be originated from narrow Cr- or 
Mo-depleted regions and then perhaps spread to γ’ phase. Therefore, 
the reactivation current density IR can be utilized as a sign of the 
presence of σ phase. Except the recognized dissolution from Cr-
depleted region, there is also evidence that the active dissolution

Figure 6 : Passive current density (Ip) obtained from 0.1 ~1.0 K/s cooled 
specimens without (a : SL-EPR(1)) and with (b : SL-EPR(2)) 0.3 V 
holding for 300 s in solution of 0.5 M H2SO4 +0.01 M KSCN +0.5 M 
NaCl.

Figure 7: SL-EPR polarization curves of steel (cooling rate: 0.3 K/s) obtained in 0.5 M H2SO4 + 0.01 M KSCN 
+ 0.5 M NaCl solutions without (a: SL-EPR(1)) and with (b: SL-EPR(2)) 0.3 V holding for 300 s.
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current increases when the content of Mo decreases [28]. With the 
decrease of cooling rate from 1.0 to 0.3 K/s, the dissolution varied as 
(i) dispersive corrosion initiated from both γ and α phases without 
presence of γ/α grain boundaries (Figure 9a), (ii) relatively severer 
corrosion initiated from α phase than from γ phase with presence of 
γ/α boundaries (Figure 9 b), and (iii) severer localized corrosion from 
γ/α boundaries without corrosion initiated from γ phase or α phase 
(Figure 9c).  The dispersive corrosion on 1.0 K/s cooled specimen 
should be triggered by Cl- ions attacking defects in the homogeneous 
passive film, considering the Charpy adsorbed energy was as large 
as the water quenched one. Although the reactivation current peak 
was detected in this case, it cannot be attributed to the precipitation 
of σ phase or chromium carbides. On the other hand, the preferable
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dissolution from γ/α boundaries and α phase (Figure 9b and Figure 
9c) should be initiated from fine σ phase or chromium carbides on 
the 0.3 and 0.5 K/s cooled specimens, considering that the Charpy 
adsorbed energies were much smaller than the water quenched one.  
The σ phase on the 0.1 K/s cooled specimen (Figure 9d) can be also 
detected in the modified DL-EPR test and the XRD analysis due to the 
significant precipitation of σ phase [23].

Sigma phase and reactivation current density
 

Figure 10 shows the SL-EPR current density IR obtained on 
specimens cooled at various cooling rates from water quenching 
(WQ) to 0.02K/s under the condition of SL-EPR (2) in the selected 
EPR solution of 0.5 M H2SO4 + 0.01 M KSCN + 0.5 M NaCl. The 
results obtained from the ferric chloride test (6.0 wt.% FeCl3 solution; 
24 hrs at 313± 2 K), the Charpy impact test (sub-size specimen of 
(length) 55 x (height) 10 x (width) 7.5 mm with V-notch at ambient 
temperature) and the modified DL-EPR ratios (solution: 0.5 M H2SO4 
+ 0.01 M KSCN + 0.5 M NaCl)[23] are also shown in this figure as 

comparison. On the specimens being cooled at 0.2~0.02 K/s, a 
same variation trend was obtained among all these tests. Obvious 
differences among specimens can not be found in the ferric chloride 
test at 1.0 ~0.2 K/s and in the modified DL-EPR test at 1.0 ~0.3 K/s. 
However, the SL-EPR current almost kept continuously climbing from 
1.0 to 0.02 K/s. Accordingly, the above modified SL-EPR results can be 
applied to sensitively detect the presence of σ phase in duplex stainless 
steels, with almost the same sensitivity as the destructive impact test.

When the SL-EPR polarization was applied on ready-made large 
machines of duplex steel using a portable assembly cell, which can 
be attached to the machines, it is possible to on-site determine the 
presence of σ phase in the machine. This is helpful to maintain and

Figure 8 : Reactivation current density (IR) obtained from 0.1~1.0 K/s 
cooled specimens in solution of 0.5 M H2SO4 +0.01 M KSCN +0.5 M 
NaCl under the condition of SL-EPR (2).

Figure 9 : Specimen surfaces observed after SL-EPR polarization in solution of 0.5 M H2SO4 +0.01 M KSCN 
+0.5 M NaCl under the condition of SL-EPR (2). (a) Cooling rate 1.0 K/s, (b) 0.5 K/s, (c) 0.3 K/s and (d) 0.1 
K/s.
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enhance the machine’s integrity by correctly controlling of the cooling 
condition. Of course, the detection ability depends on the corrosion 
from the vicinity to Cr- or Mo-depleted regions or new γ’ phase rather 
than the σ phase itself. Therefore, the reactivation current density 
varies with either of the shape, the distribution as well as the amount 
of σ phase, which should be clarified in the future work. Moreover, if 
recovery of Cr or Mo from adjacent ferrite (α) or new austenite (γ’) 
phase occurs through diffusion in case of long duration of isothermal 
aging, the variation of SL-EPR reactivation current should be further 
clarified.

Conclusion

To on-site detect with high sensitivity the presence of sigma phase 
precipitated in SUS329J4L duplex stainless steel after continuous 
cooling, a modified SL-EPR method was applied in comparison 
with the results from the ferric chloride test, the impact test and the 
modified DL-EPR polarization. The following results are obtained.

1.	 The high reactivation current density in the SL-EPR polarization 
was obtained on the cooled SUS329J4L steel at WQ ~ 0.02 K/
sin solution of 0.5 M H2SO4 + 0.01 M KSCN + 0.5 M NaCl at 
potential sweep rate of 0.83 mV/s.

2.	 The potential holding at 0.3 V vs. SCE for 300 s before sweeping 
the potential to negative side is necessary to stabilize the passive 
film and thus improved the detection sensitivity of σ phase in 
duplex stainless steel.

3.	 The modified SL-EPR test which checks the presence of sigma 
phase has a quasi-equivalent detection sensitivity to impact 
teston the WQ ~ 0.02 K/s cooled SUS329J4L steel, with higher 
sensitivity in SL-EPR method than the modified DL-EPR 
method.
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