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Abstract

Duplex stainless steel samples were aged at low temperatures (300 and 400 �C) for 1000 and

2000 h. Their anodic behaviour was studied in a 0.1 N concentration of sulphuric acid, which

revealed that the polarisation curves were dependent on the aging temperature and time.

Complex anodic current peaks occurred at low and high potentials due to the dual austenite

and ferrite microstructure. The aging treatment promoted silicon enrichment of the passivated

film, probably over the austenite phase, as indicated by X-ray photoelectron spectroscopy

measurements. G phase precipitation and spinodal decomposition was identified by trans-

mission electron microscopy.

� 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Duplex stainless steels (DSSs) are used in a wide variety of applications, com-

bining good corrosion resistance, weldability, good castability and high mechanical

strength. They are little susceptible to stress corrosion cracking and intergranular

corrosion, and possess a high pitting corrosion resistance. DSSs have been used

increasingly as structural materials in various applications that require high me-

chanical strength and in highly corrosive environments such as chemical plants,
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offshore installations, thermal power plants, etc. They are prime candidates for sour

well applications where H2S, CO2 and chlorides are found [1–3].

The properties of DSSs arise from an equilibrium of the austenitic (c) and ferritic

(a) phases obtained by either chemical composition or thermal treatment and its best

properties are achieved with a 50:50 a=c ratio.

DSSs are susceptible to the formation of additional phases that can influence their
mechanical and corrosion properties. These phases correspond to the precipitation

of various compounds such as chromium carbides, nitrides and several other inter-

metallic phases. These phases can be formed during solidification, subsequent heat

treatment, or by plastic deformation or aging during their service life [2]. As an

example, pipes used in primary coolant water in pressurised nuclear reactors are

designed for a 40-year service life and their long-term mechanical and corrosion

integrity are of the utmost importance for safe operation. However, aging during

service in some temperature ranges can degrade the material�s mechanical and cor-
rosion properties [3]. Long-term thermal aging in the range of 300–400 �C produces

an increase in hardness and tensile properties, together with a decrease in the impact

properties, ductility and toughness. Earlier studies [4,5] have attributed such de-

gradations of mechanical properties to a spinodal reaction occurring in the ferrite

phase, in which the ferrite decomposes into an iron-rich phase and an enriched

chromium a0 phase [6], but other precipitated phases, such as a complex nickel sil-

icide known as G phase, have also been observed [3]. In the 700–1000 �C range,

increased contents of Cr, Ni and Mo in the steel composition accelerate the pre-
cipitation of a r-phase and other precipitates (nitrides, v-phase), which have a strong

negative impact on corrosion resistance [4]. When chromium precipitation occurs,

depleted areas cause reductions in the corrosion resistance [6]. Moreover, the ap-

pearance of the r-phase is also a ductility-reducing factor [2].

Therefore, despite several studies about the effect of phase precipitation on DSS

properties, there is little information about DSS performance in the presence of

precipitation at low temperatures, particularly about its corrosion properties. In this

study, an analysis was made of the corrosion properties and passivation of DSS with
high chromium content after long-term aging (1000 and 2000 h) at 300 and 400 �C.

2. Experimental procedures

The samples used in this investigation were obtained from a hot rolled DSS whose

composition is given in Table 1.

The samples were aged in a horizontal electric furnace for 1000 and 2000 h at two

different temperatures (300 and 400 �C) and then quenched in water at 25 �C.

Table 1

Chemical composition of the DSS, wt.%

C Cr Ni Mo Cu Mn Si P

0.11 29.4 8.70 0.08 0.10 1.77 0.41 0.02
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The effect of aging on the susceptibility to intergranular corrosion was assessed by

the ‘‘double loop reactivation method’’ [9] and polarisation curves were obtained by

potentiodynamic polarisation methods.

The work electrodes used for testing by the polarisation technique consisted of

cylindrical samples insulated by an epoxy resin, polished with 600 grade silicon

carbide paper, rinsed in alcohol and dried before each measurement. A platinum
counter electrode was used and the reference electrode consisted of a saturated

calomel electrode, to which all potentials are related. The working solution (0.1 N

H2SO4) was prepared from distilled water and analytical grade sulphuric acid. The

potentiodynamic polarisation curves were determined using a PAR model 370

electrochemical system at a 10-mV/s-scan rate.

X-ray photoelectron spectroscopy (XPS) was used to analyse the surface with a

Kratos XSAM HS spectrometer, using Mg Ka radiation, 1253.6 eV energy, 15 kV

power and 5 mA emission. The background was subtracted by the Shirley method [7]
and the peaks were fitted using both Gaussian and mixed Gaussian/Lorentzian

functions [8].

3. Results and discussion

Fig. 1 shows the microstructure of two samples, the first in the unmodified con-

dition (Fig. 1a) and the second (Fig. 1b) aged at 400 �C for 2000 h. No micro-
structural change was observed by optical microscopy analysis during long-term

aging, since only austenite and ferrite appeared in the two microstructures.

Substantial phase precipitation was detected when the samples were analysed by

transmission electron microscopy. The double loop reactivation method, however,

showed that this fine precipitation was insufficient to induce significant susceptibility

to intergranular corrosion, as illustrated in Fig. 2. A tendency for reactivation with a

very low anodic current was observed during sweeping in the cathodic direction.

With this method, when the ratio of peak current in the anodic direction to peak
current in the cathodic direction increases, the degree of sensitisation also increases.

Fig. 1. DSS microstructure: (a) unmodified condition, (b) aged at 400 �C for 2000 h.
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Some authors [11] consider the material to be sensitised steel when this ratio lies in
the range of 7:0� 10�3. Considering the results shown in Fig. 2, which indicate a

peak current ratio of 3:0� 10�3, it appears that only the samples aged at 400 �C for

2000 h became partially sensitised, while the remaining samples showed no reacti-

vation peak.

Aging treatment changed the polarisation curves drastically, particularly in the

passivation and transpassivation regions. Fig. 3 shows anodic potentiodynamic

polarisation curves in the region of low potential (Fig. 3a) and in the region of high

potential (Fig. 3b). These polarisation curves indicate two potentials in which a
complex current peak occurred. Each of these complex peaks can be considered an

overlapping of two simple current peaks. In the low potential region, the peaks are

present at � �405 mV (peak E1a) and )307 mV (peak E1c), while the high potential

region shows peaks at þ1250 mV (peak E2a) and þ1344 mV (peak E2c). According to

Symniotis [5], this may be attributed to the DSS�s dual phase ferrite/austenite mi-

crostructure, which gives rise to galvanic action that accelerates the selective disso-

lution of the ferrite phase. The peak occurring at E1a corresponds to the dissolution

and passivation of the ferrite phase and the peak at E1c corresponds to the disso-
lution and passivation of the austenite phase. The complex peak at higher potentials

is related to transpassive dissolution and to a secondary passivation (due to a stoi-

chiometric transformation of the passivated film) occurring in the ferrite phase at E2a

and in the austenite phase at E2c, both with simultaneous oxygen evolution.

To support the argument for secondary passivation, Fig. 4 indicates the results of

a chronoamperometry experiment conducted at E2a and E2c. As can be seen, the

current continuously decreases at both potentials, but with stronger kinetic decay in

the austenite phase. This demonstrates that the secondary passivation, caused by the
stoichiometric transformation of the passivated film, occurs faster in the austenite

phase than in the ferrite phase (probably due to the high silicon content in the

austenite phase).

Fig. 2. Results obtained from the double loop reactivation method for samples aged at 400 �C for 2000 h,

showing a reactivation peak: (a) unaged; (b) aged for 1000 h at 400 �C; (c) aged for 2000 h at 400 �C.
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Fig. 3. Potentiodynamic anodic polarisation curves in 0.1 N H2SO4 at a 10 mV/s sweep rate. Panel (a)

depicts the complex peak at low potential for the unmodified sample, (curve a) aged for 1000 h at 400 �C,
and (curve b) aged for 2000 h at 400 �C (curve d). Panel (b) indicates the complex peak at high potential

sample, (curve a) aged for 1000 h at 400 �C, (curve b) aged for 2000 h at 300 �C, (curve c) aged for 2000 h

at 400 �C, and (curve d) aged for 1000 h at 300 �C (curve e).

Fig. 4. Chronoamperometry experiment conducted at E2a and E2c potential.
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Fig. 3a reveals that the aging treatment decreased the current peak at E1a potential

and that the impairment was dependent on the aging time. Moreover, the current

peak at E1c increased with the aging treatment, but did not show a direct correlation

with the aging time. Therefore, the critical passivation current for the ferrite phase

became less pronounced in the complex peak as the aging time increased. On the

other hand, the critical passivation current for the austenite phase became more
marked in the complex peak as the aging time increased. This effect may be ascribed

to the fact that the aging treatment promoted silicon enrichment in the austenite

phase and silicon depletion in the ferrite phase. Consequently, the aging treatment

caused silicon enrichment of the passivated film in the austenite phase and silicon

depletion of the passivated film in the ferrite phase. Silicon enrichment of the surface

oxide film was observed by Rhodin [11] on the austenitic microstructure of AISI 304

stainless steel, although he found no chromium or iron enrichment. Rhodin also

observed that surface oxide films with silicon are more corrosion resistant and that
the distribution of alloy elements in the substrate and the oxide film can differ.

Table 2 indicates how the critical passivation current varied with the duration and

temperature of the aging treatment. Evaluating the effects of time and temperature

on the critical passivation current for secondary passivation is complex, because it is

composed of current dissolution, stoichiometric transformation and oxygen evolu-

tion.

Fig. 3 and Table 2 show that the aging treatment strongly influences the passi-

vation of aged DSS, probably due to enrichment of the alloying surface during
aging. It is possible that silicon enrichment of the passivated film occurs after a long

period of heat treatment, even at low temperatures, because of its greater formation

of free energy oxide compared to that of the other reactive elements in solid solution

(DGCr2O3
¼ �147 kcal/mol and DGSiO2

¼ �173 kcal/mol at 583 �C), and the lower

dissociation pressure of silicon compared to that of chromium (10�38 atm for Cr and

10�43 atm for Si at 583 �C [9]). Furthermore, the greater solubility of silicon in the

austenite phase compared to that of Si in the ferrite phase (19.5 at.% Si in austenite

and 3.19 at.% Si in ferrite) [10] suggests that silicon enrichment occurs principally in
the austenitic phase, with a consequent depletion in the ferrite phase, mainly due to

the precipitation of silicon-rich phases such as G phase.

Aging treatments therefore stimulate galvanic corrosion between the ferrite and

austenite phases. This effect was demonstrated by the results of weight loss experi-

ments in 0.1 N sulphuric acid at 60 �C, which indicated that the corrosion rate for a

Table 2

Effects of aging treatment time and temperature on critical passivation current

Variable

ic Time Temperature

ic (E1a) Decrease Low reproducibility

ic (E1c) Increase Low reproducibility

ic (E2a) Decrease Decrease

ic (E2c) Decrease Decrease
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sample aged at 400 �C for 1000 h was 0.23 mpy, remaining unchanged in the un-

modified sample, while the corrosion rate of a sample aged at 400 �C for 2000 h was

10.40 mpy. Fig. 5 shows the surface appearance of both samples, viewed by scanning

electron microscopy, after the weight loss experiment. These figures reveal sub-
stantial corrosion in the sample aged for a longer period.

To obtain additional data about the composition of surface oxide film, as cast and

aged samples (2000 h at 400 �C) were subjected to potentiostatic aging at the peak

potential (E1c and E2c) to facilitate the formation of oxide film over the austenitic

phase. The surface film was analysed by XPS, which revealed the presence of

chromium oxide (Cr2O3), silicon oxide (SiO2) and iron oxide (Fe2O3) in both sam-

ples. Table 3 shows a mean value for the austenite and ferrite phases of the atomic

Cr/Fe and Si/Fe ratio in the passivated film. These findings indicate that the silicon
content in the as cast condition for both potentials was similar, but silicon enrich-

ment occurred in the passivated film of the heat-treated sample when aged at E1c

potential, i.e., in the austenite phase. The depletion of silicon in the passivated film

aged at E2c indicates that silicon participated in the secondary passivation of DSS,

occurring due to a complex stoichiometric transformation with simultaneous oxygen

Fig. 5. Surface appearance of aged samples after weight loss experiments in sulphuric acid at 60 �C.
(a) 1000 h at 400 �C and (b) 2000 h at 400 �C.

Table 3

Atomic ratio of Cr/Fe and Si/Fe in the passivated film, determined by XPS after 5 min in sulphuric acid at

peak potential

Cr/Fe Si/Fe

As cast at E1c NA 1.45

Heat treated at E1c 0.87 3.00

As cast at E2c 0.75 1.53

Heat treated at E2c 0.53 0.77

NA: not analysed; heat treated at 300 �C–2000 h.
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evolution. No significant variation was observed in the Cr/Fe ratio, indicating the

same level of chromium in the passivated film in every condition.

The formation of a surface oxide film in the ferrite phase of aged samples was also
influenced by metallurgical transformations that occurred in this phase, namely

spinodal decomposition and G phase formation, as depicted in Fig. 6. In both cases,

the precipitation of silicon-rich a0 and G phases decreased in quantity in solid so-

lution, thus affecting the silicon content of the passivated film in the ferrite phase.

4. Conclusions

1. The passivation of DSSs is affected by long-term aging heat treatment at low tem-

peratures, especially at 400 �C.
2. Long-term aging contributes to silicon enrichment of the passivated film in the

austenite phase, with silicon depletion of the passivated film in the ferrite phase.

3. Silicon content influences secondary passivation, which develops more rapidly in

the enriched austenite phase than in the depleted ferrite phase.
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