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AbstrAct

Alpha prime formation leads to material embrittlement and 
deterioration of corrosion resistance. In the present study, 
the mechanical and corrosion behavior of super duplex stain-
less steel UNS S32520 aged at 475°C from 0.5 h to 1,032 h 
was evaluated using microhardness measurements, Charpy 
impact tests, electrochemical impedance spectroscopy, and 
cyclic polarization curves. The sensibility of these tests to the 
effects of alpha prime phase was investigated. The microhard-
ness test showed a gradual increase in hardness with aging 
time, whereas the impact tests revealed losses of about 80% 
in the energy absorption capacity for the material aged for  
12 h in comparison with the solution-annealed samples. The 
most responsive analysis was the impact test, which indi-
rectly revealed the presence of this deleterious phase in 
samples aged for 0.5 h. The electrochemical impedance spec-
troscopy and polarization tests were not highly sensitive to the 
alpha prime phase unless these are present in large amounts 

in the stainless steel.
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IntroductIon

Duplex stainless steels (DSS) have been used exten-
sively in nuclear, chemical, and petroleum industries 
because of their good weldability, mechanical, and 
corrosion resistance, especially in aggressive environ-
ments.1-6 These steels are basically Fe-Cr-Ni-Mo-N 
alloys presenting a microstructure of approximately 
50 vol% ferrite and 50 vol% austenite. When the pit-
ting resistance number (PREN = %Cr + 3.3 × %Mo + 
16 × %N) assumes values greater than 40, the mate-
rial is called super duplex stainless steel (SDSS).

Despite their superior mechanical and corrosion 
resistance properties, they are susceptible to precipi-
tation of deleterious phases when exposed to specific 
temperatures, such as the chromium-enriched body-
centered cubic (bcc) phase, called alpha prime. This 
phase leads to deterioration of mechanical and corro-
sion resistance properties. This precipitation process 
occurs in the temperature range from 270°C to 550°C, 
but it is most favored at 475°C and leads to material 
embrittlement.7-17,4-5 This phase is formed in the ferrite 
matrix either by nucleation and growth processes or 
by spinodal decomposition.7-8,18-21 Depending on their 
amount in the stainless steel, the corrosion resistance 
and absorbed energy in impact tests decrease whereas 
the hardness and mechanical strength increase. 

Stainless steels usually present a ductile frac-
ture behavior, characterized by dimple structures. 
However, when alpha prime precipitates, the duc-
tile fracture turns into brittle structures, with a lot 
of cleavage surfaces from the blockage of disloca-
tions movements and reduction of active slip planes.22 
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According to Tavares, et al.,23 UNS S31803(1) DSS 
aging at 475°C for longer periods than 300 h, leads to 
changes in the fracture morphology from a completely 
ductile, with no cleavage facets in the ferrite phase, 
associated to solution-annealed samples, to a highly 
brittle one.  

In this study, the mechanical and corrosion 
behavior of UNS S32520 SDSS samples, either solu-
tion-annealed or aged at 475°C for various periods 
that varied from 0.5 h to 1,032 h, were tested using 
microhardness, Charpy impact tests, electrochemi-
cal impedance spectroscopy (EIS), and cyclic polariza-
tion tests. Prior to aging at 475°C, all samples were 
solution-annealed at 1,200°C for 1 h. The goal of the 
study was to compare the sensibility of various types 
of tests, either mechanical or electrochemical, to the 
presence of alpha prime and to evaluate the effect of 
this phase on mechanical and corrosion properties.

ExpErImEntAl procEdurEs

Table 1 shows the chemical composition (wt%) 
of the UNS S32520 SDSS used in the present study. 
Initially, all the samples were solution-annealed at 
1,200°C for 1 h, under nitrogen atmosphere, to have 
a homogeneous microstructure prior to aging treat-
ment. Nitrogen atmosphere was used during aging 
treatments to avoid excessive oxidation and to prevent 
nitrogen loss from the SDSS. The aging treatments 
were performed at 475°C for various periods that var-
ied from 0.5 h to 1,032 h, to obtain different alpha 
prime volumetric fractions in the material. After the 
aging treatment, the samples were quenched in water.

All tested samples had their surfaces ground with 
silicon carbide (SiC) paper from no. 220 to no. 2,000. 
Samples used for microstructural characterization, 
electrochemical, and micro-hardness tests had their 
tested surfaces polished using diamond abrasive from 
6 µm to 1 µm and then rinsed with ethyl alcohol 
(C2H5OH).

Microstructural characterization was carried 
out by immersing the samples for 15 s in a modified 
Behara solution, at (22 ± 1)°C, composed of 20 mL 
hydrochloric acid (HCl), 80 mL distilled water, and 
1 g potassium metabisulfide (K2S2O5). To this stock 
solution, 2 g of ammonium bifluoride (NH4HF2) were 
added just before the etching. Subsequently, the sam-

ples were rinsed with deionized water, ethyl alcohol, 
and dried under a hot air stream. The samples were 
observed using an optical microscope.

Microhardness tests were carried out using a 
microdurometer with 0.5 kgf load, with 30 measure-
ments being taken on each specimen. Reduced sec-
tion Charpy impact tests were performed using a 
V-notched sample with dimensions of 55 by 10 by  
5 mm, as Figure 1 illustrates.

Electrochemical tests were carried out using a 
three-electrode cell setup, with a platinum wire as 
counter electrode and a saturated calomel electrode 
(SCE) as reference electrode. The electrolyte used was 
0.6 M sodium chloride (NaCl) at (22 ± 1)°C.

EIS measurements were carried out using a 
Gamry EIS 300† frequency response analyzer coupled 
to a potentiostat. The EIS measurements were per-
formed at the open-circuit potential (OCP). The ampli-
tude of the sinusoidal potential signal was 10 mV  
and the investigated frequency was from 100 kHz to 
10 mHz, with an acquisition rate of 10 points per 
decade. The EIS measurements were obtained prior  
to the cyclic polarization tests. Cyclic potentiodynamic 
anodic polarization data were collected at a scan  
rate of 1 mV/s in the range from the OCP until the 
current density reached 1 mA/cm2 when the scanning 
direction was reversed, and the tests were terminated 
when the potential reached the OCP initially mea-
sured. After polarization tests, some samples had 
their tested surface analyzed using scanning electron 
microscopy.

rEsults And dIscussIon

Figure 2 shows micrographs of UNS S32520 
SDSS samples, either solution-annealed or aged for 
1,032 h. In the micrographs, alpha prime cannot be 
observed, because its small size and the similarity of 
the scattering amplitude of both chromium and iron 
diminish its detection even with techniques like x-ray 
diffraction and electron diffraction in the transmis-

 (1) UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers 
(SAE International) and cosponsored by ASTM International.

 † Trade name.

TAbLe 1
Chemical Composition (wt%) of Super Duplex Stainless Steel UNS S32520

 Cr Ni Mo N C Mn Cu S P Si Fe

 24.90 6.500 4.040 0.218 0.024 0.867 1.399 0.001 0.046 0.295 Bal.

FIGURe 1. Schematic V-notched sample for Charpy tests.
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ness degradation from the increasing amount of alpha 
prime with aging time is inferred from the results pre-
sented in this figure. As the amount of alpha prime 
increases, dislocation blockage also increases, leading 
to embrittlement.26-27

The solution-annealed fractured surface showed 
morphology typical of ductile fracture, with large and 
predominant dimples areas, as Figure 5(a) shows. The 
transition from a predominant ductile fracture to a 
brittle one is clearly seen in Figures 5(b) and (c), with 
decreased quantities of dimples. Clusters of alpha 
prime must have led to brittle fracture behavior. For 
aging periods longer than 12 h, the fractured surface 
showed a large amount of cleavage surfaces, typical of 
brittle fracture.

EIS results are shown in Figures 6(a) and (b) as 
Nyquist and Bode phase angle diagrams, respectively, 
for various aging times. High phase angles, typical 
of passive materials, are seen over a large frequency 
range. This is because of the much larger propor-

(a) (b)

FIGURe 2.Typical microstructure of UNS S32520 SDSS: (a) solution-annealed and (b) aged at 475°C for 1,032 h. Both 
micrographs show ferrite (dark gray) and austenite (white) phases.

FIGURe 3. Hardness profile for solution-annealed and aged samples 
at 475°C. The solution-annealed sample was represented by an 
aging time of 0.01 h. Results presented correspond to the mean of 
30 measurements on each sample, and the vertical bars show the 
mean and standard deviation for each heat treatment condition.

FIGURe 4. Charpy impact test. Results for samples solution-annealed  
(0.01 h) and aged at 475°C samples.

sion electron microscope.24-25 Only two phases can 
be seen—the ferrite phase, which corresponds to the 
dark phase and the austenite phase, which corre-
sponds to the white one. Both phases are aligned to 
the rolling direction in the observed surface.

The microhardness test results shown in Figure 
3 indicate a gradual increase in hardness with aging 
time up to 24 h, when a maximum is reached, sug-
gesting that alpha prime formation was completed. 
For longer aging periods, the hardness was fairly  
stable.

Absorbed energy values measured by the impact 
test for the 475°C aged samples during various times 
are shown in Figure 4. As it can be seen, a huge 
decrease in the absorbed energy was associated to 
samples aged for only 0.5 h, showing high susceptibil-
ity of this property to the alpha prime phase. Tough-
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tion of the passive area at the surface, comparatively 
to the very low size of alpha prime. The impedance 
slightly decreased with aging time, and no signifi-
cant changes could be detected for samples aged for 

shorter periods than 1,032 h. This result shows that 
the EIS is not a proper technique to detect the effects 
of alpha prime on the localized corrosion resistance of 
SDSS.

EIS results of samples aged for 1,032 h show a 
second time constant at low frequencies, which could 
be a result of corrosion processes at the exposed sub-
strate at the defects in the passive film. However, the 
literature27-28 has associated the two time constants 
usually found in stainless steels to the duplex struc-
ture of the passive layer, with an inner, chromium-
rich layer and an outer, iron-rich layer.

(a)

(b)

(c)

FIGURe 5. Scanning electron microscopy micrographs of fractured 
areas of UNS S32520 SDSS: (a) solution-annealed sample, showing 
large amounts of dimples, typical of ductile fracture; (b) sample aged 
for 12 h showing brittle and ductile fracture; (c) sample aged for  
1,032 h with large amount of cleavage surfaces, typical of brittle 
fracture.

(a)

(b)

FIGURe 6. (a) Nyquist and (b) Bode phase angle diagrams of 
samples of UNS S32520 solution-annealed and aged at 475°C for 
1,032 h. Results obtained in 0.6 M NaCl solution.
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TAbLe 2
Values of Resistance and Constant Phase Element Obtained for the Super Duplex Stainless Steel UNS S32550 Solutions 

Annealed and Solution-Annealed and Then Aged for 4, 12, 32, and 1.032 h at 475°C

  Rsol CPe1  R1 CPe2  R2 
  (Ω·cm2) (cm–2s–n Ω) n1 (Ω·cm2) (cm–2s–n Ω) n2 (Ω·cm2)

 Solution-annealed 18.69 3.75×10–5 0.82 1.21×105 1.60×10–5 0.99 6.18×106 
 Aged for 4h 12.79 2.54×10–5 0.88 1.25×105 1.73×10–5 0.98 4.15×106 
 Aged for 12h 11.37 2.70×10–5 0.86 3.29×105 2.23×10–5 0.99 4.15×106 
 Aged for 48 h 12.54 2.35×10–5 0.81 2.13×105 1.75×10–5 0.98 2.11×106 
 Aged for 1.032 h 11.59 1.96×10–5 0.90 6.72×104 5.77×10–5 0.92 9.72×105

EIS results were fitted using electrical equivalent 
circuits, and the best results were obtained with the 
equivalent circuit shown in Figure 7. It is proposed 
that the R1-CPE1 pair, corresponding to high-fre-
quency data, is associated to the oxide and trans-
fer processes and charging of the double layer at the 
oxide-electrolyte interface, whereas the R2-CPE2 pair 
corresponds to the low-frequency data and is related 
to charge-transfer processes at the stainless steel 
substrate-oxide interface and charging of the double 
layer. The results of fitting for the equivalent circuit 
components are shown in Table 2. In all cases, the 
agreement between experimental and fitted data was 
very good. The CPE exponents associated with the 
R1-CPE1 pair were between 0.8 and 0.9 for all tested 
samples. The CPE exponents related to the R2-CPE2 
pair were around 1 for the solution-annealed samples 
and for the samples aged at 475°C for 4, 12 and 48 h. 

The samples aged for 1,032 h presented a lower value, 
around 0.9.

EIS results suggest that not only the resistance  
of the oxide layer and at the oxide-electrolyte inter-
face, but also the charge-transfer process at the sub-
strate-eletrolyte interface, decrease with aging time, 
suggesting a decreased corrosion resistance with the 
increase of alpha prime. The results also show that 
phase angles at low frequencies decreased with aging 
time. The results indicated that the passive layer 
becomes increasingly less protective because of rising 
amounts of defects caused by alpha prime precipita-
tion during aging treatments.26

Cyclic potentiodynamic polarization curves are 
presented in Figure 8 and support the EIS results, 
also showing that the resistance to localized corro-
sion decreases with aging time. The film resistance to 
breakdown largely decreased from 12 h to 48 h show-
ing that the material is progressively more prone to 
localized corrosion.

Very low current densities, which is typical of 
passive materials, and high pitting potentials (around 
1.15 VSCE) were obtained for the solution-annealed 
samples. These high pitting potentials found in this 
work can be associated with the reaction of oxy-
gen evolution; once it takes place, current densities 
increase and bubbles of oxygen, from O2(g) formation, 
favor passive layer breakdown.30 The pitting potential 
decreased progressively with aging times up to 96 h 
at 475°C, as shown in Figure 9. For aging treatments 
higher than 96 h, the pitting potential diminishes 
drastically. The removal of chromium content from 
the ferrite matrix by alpha prime precipitation hinders 
the chromium redistribution in the matrix and, con-
sequently, the repassivation process. Surface obser-
vation after polarization tests, Figure 10, shows that 
all aged samples are prone to localized attack, and the 
pits’ density and depth increase with aging time as 
the amount of alpha prime phase also increases. 

conclusIons

❖ The alpha prime phase might be detected indirectly 
by either mechanical or electrochemical methods, but 
the mechanical test, mainly the Charpy impact test, 
was the most susceptible to alpha prime presence 

FIGURe 7. Electrical equivalent circuits used to fit the Bode phase 
diagrams.

FIGURe 8. Cyclic potentiodynamic polarization curves obtained for 
UNS S32520 in 0.6 M NaCl solution.
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among the tests used. Changes in pitting potential 
were only detected for samples with aging times lon-
ger than 96 h, and for the EIS, 1,032 h of aging was 
necessary to detect the alpha prime effect. However, 
the propensity to repassivation decreased in the sam-
ples aged for 48 h comparative to those aged for 12 h. 
Electrochemical tests also showed the deterioration 
of the oxide layer resistance, with decreased pitting 
potential, as a result of chromium impoverishment of 
ferritic matrix caused by alpha prime formation.
❖ The Charpy impact test was the most sensitive 
among the tests adopted in this study to detect alpha 
prime phase in the UNS S3250 SDSS. Samples aged 
only for 0.5 h showed a large reduction in fracture 
toughness. The hardness gradually increased with 
aging time until 24 h, indicating completion of alpha 
prime formation. Transition from a predominant duc-
tile fracture, found in the solution-annealed sample, 
to a brittle fracture occurred with increasing aging 
times. It was also observed that the dimples, typical 
of ductile fracture, almost disappeared in the sam-
ples with longer aging times. It can be concluded that 
mechanical tests were more sensitive than the electro-
chemical methods adopted to determine the presence 
of alpha prime.
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