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Local pitting corrosion resistance 
evaluation in large forged UNS-S32760 
super duplex stainless steel parts of a 
sphere valve for the oil&gas industry

A.F. Ciuffini, S. Barella, C. Di Cecca, A. Gruttadauria, S. Crugnola, C. Mapelli

Super Duplex Stainless Steels (SDSSs) display their best performances in localized pitting corrosion resistance, so they are materials of choice in 
many industries, such as oil&gas. 
The thermal history coupled to the plastic deformation during hot forming processes of the large components play a major role, changing the 
microstructure of the studied parts, affecting locally their corrosion resistance. 
These properties have been tested through potentiodynamic anodic polarization and gravimetric measurements. A correlation between the di-
splayed microstructure evolution and the pits generation has been evaluated. Moreover, the actual chemical composition of the different phases 
has been estimated through SEM-EDS analysis. 

HIGHLIGHTS:

• Large SDSSs components may experience different thermal hi-
story in different areas.
• Thermal history affects SDSSs microstructure and locally the 
chemical composition.
• Thermal history affects SDSSs pitting corrosion resistance.

INTRODUCTION
One of the most significant advances impacting the construction 
sector has been the use of duplex grades for structural appli-
cations, thanks to the combination of higher strength than the 
austenitic grades with similar corrosion resistance. Enabling a 
reduction in section sizes and leading to lighter structures, these 
steels have tremendous potential in structural design possibilities 
[1-5].
Super duplex stainless steels (SDSSs), at room temperature, 
display a typical biphasic microstructure, composed of a ferri-
te matrix (α-phase) in which are located the austenitic grains 
(γ-phase). This family of steels combines the best properties of 
single-phase stainless steels; they show excellent corrosion re-
sistance properties (comparable to or higher than monophasic 
austenitic stainless steels) and good mechanical strength (com-
parable to or slightly lower than martensitic or ferritic stainless 
steels) [6,7].
This compromise is achieved not only through the dissolution of 
specific contents of alloying elements (which for this steel gra-
de are many and in large quantities) but also through a proper 

balance of the α/γ phases, achieved following the proper ther-
momechanical paths. Nowadays, it is well known, from a rich 
literature, that the best combination of the constituent phases 
is obtained for a balanced ratio to approximately 50% austenite 
and 50% ferrite. [8-10]
Despite the good mechanical properties, the main feature of 
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duplex stainless steels (and super duplex) is definitely represen-
ted by the high resistance to localized corrosion, especially in 
chloride-rich environments. Thus, the fields of application of the-
se steels are ideally the petrochemical industry and the marine 
environment, whereas the corrosion resistance plays a key role. 
[11-13].
The main purpose of this work is the observation and the study of 
the resistance to pitting corrosion of two large forged industrial 
components, manufactured in super duplex F55 - UNS S32760 
steel. 

EXPERIMENTAL PROCEDURE
In this work, different analyzes were performed in order to eva-
luate the microstructure, the chemical composition and the cor-
rosion resistance properties of the different areas of the super 
duplex stainless steel AISI F55 - UNS S32760 semi-finished pro-

ducts. These components are a forged stem (diameter of 205 
mm for a length of 808 mm) and a forge gland (outer diameter 
equal to 560 mm, internal diameter of 225 mm and a length 
of 630 mm), used for the realization of a valve system to ball 
in the oil and gas sector. The stem undergoes to a hot pressing 
forming and the gland also, but after plugging. After the for-
ming process, an annealing thermal treatment at around 1100 
°C may be necessary to dissolve eventually formed secondary 
detrimental phases (σ, χ). Finally, the forged semi-products are 
water-quenched. The technical drawings of these parts and the 
locations from which the samples were extracted are shown 
in Fig. 1. The samples extracted from the stem measure about 
20 mm in thickness; on the other hand, those from the gland 
mesure about 30 mm in thickness.

Fig. 1 -Technical drawings of the forged parts: on the left the stem and on the right the gland of a sphere valve. The numbered areas 
represent the section where the specimens have been extracted. The reported dimensions are expressed in millimeters (mm)

Furthermore, a simple simulation exploiting the finite elements 
method was used to qualitatively describe the thermal histories 
of the different areas from which the samples were obtained 
from the analyzed components.

FINITE ELEMENT SIMULATION PARAMETERS
The finite elements simulation was performed to describe the 
water quench executed as cooling step for the semi-finished 
products. The system has been simplified as much as possible, 
obtaining the description of a one-dimensional geometry heat 
transfer. This description has been completed by the use of 
the physical properties of a super duplex F55 steel and the 

thicknesses of the components, as representative dimension.
The boundary conditions imposed are the maximum tempe-
rature of the component, fixed as the typical industrial solu-
bilization temperature for this steel grade (equal to 1080° C, 
1353,15 K) and the amount of heat transferred in one unit of 
time per unit area equal to 16000000 W/m2 [14,15].
The resulting speed of heat extraction is so high that the exter-
nal surface of the semi-finished components reaches the am-
bient temperature in negligible times.
Following, the local variation of the temperature as a function 
of time has been simulated, using as boundary conditions the 
initial temperature of (1353,15 K) and the final one at room 
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temperature (298,15 K), imposed on the geometry of the ex-
tremes.
In this way it is possible to obtain five different cooling rates, 
which represent the evolution of the temperature during the 
water quench production step along the thickness of stem and 
gland. Indeed, virtual thermocouples have been placed in cor-
respondence of the center of the experimental samples in order 
to describe their own thermal history. 

MATERIALS AND METHODS
Regarding the experimental part, the samples were extracted 
from the components, mechanically smoothed and polished 
following the common practice. Then, the specimens have 
been chemically etched by Beraha’s acid solution, following 
the ASTM standard E407-07 (2015) concerning metallography, 
in order to highlight the different phases, which compose the 
analyzed steel. Moreover, it was followed the ASTM E1245-13 
standard to evaluate the volumetric percentages of the secon-
dary phases.
The chemical composition was detected through SEM electronic 
microscopy (Scanning Electron Microscope Zeiss EVO 50) via a 
backscattered electrons detector and an energy-dispersive X-
ray spectroscopy detector. Also, the through the same instru-
ment was used to collect data about the samples morphology, 
using the secondary electrons detector.
The ASTM G48-11 standard was followed to determine the pit-
ting corrosion resistance to by the measurement of the weight 
loss of the specimens, normalized on the exposed areas. The 
samples were polished using abrasive paper of up to 2500 grit 
(to obtain an average roughness smaller than 1 micron) and 
left exposed to the ambient condition for 24 hours, to generate 
a passive oxide layer on their surfaces. Immersion tests in ferric 
chloride (following the method A of the previously specified 
standard) lasted 72 hours at controlled room temperature (22 
±2 °C).
Data about the potentiodynamic polarization were collected 
following the ISO 17475 standard. Again, the samples were 
polished using abrasive paper of up to 2500 grit (to obtain 
an average roughness smaller than 1 micron) and left exposed 
to the ambient condition for 24 hours, in order to generate a 
passive oxide layer on their surfaces.
The potentiodynamic curves have been obtained performing 
the tests at room temperature in a water solution of sodium 
chloride, simulating the sea water. Then, the average concen-
tration of the solute was equal to 35 g/l.
The sample and solution are contained within a three-electrode 
cell, in which two counter-electrodes are present. The reference 
electrode is a saturated calomel electrode. An increasing poten-
tial have been applied between the lower threshold (-600 mV) 
and an upper (1800 mV) with a scanning speed equal to 0,2 
mV per second (as standard).
The exposed area of the samples is equal to 0,6326 cm2 (ac-
cording to the standard, in which at least 100 ml of water for 
each cm2 of surface are required). For high conductivity me-
ans, such as seawater (simulated in this test), possible voltage 

drops should be prevented, keeping the distance between the 
Lugging capillary and the sample between 1 and 2 mm (value 
equal to twice the capillary, according to the standard). 

THEORY AND CALCULATION
Hot forming and heat treatments clearly represent a critical 
production step for super duplex stainless steels, on which gre-
at attention must be paid. The temperature and the soaking 
time must be optimized in order to avoid the formation of se-
condary detrimental phases, such as σ and χ, harmful both for 
the mechanical features and the corrosion resistance. Further, 
these parameters are crucial also to obtain a microstructure as 
possibly balanced of α/γ phases [8,16-19].
Due to the large size of the investigated components, a com-
parison in terms of microstructure, mechanical properties and, 
above all, the resistance to corrosion have been tested along 
the section of the stem and the gland.
Since these industrial components are bulky and their thickness, 
which is the representative dimension in the quenching step of 
the thermal treatments, results large, the cooling does not take 
place with the same speed in the whole analyzed parts. In other 
words, the outer area is subject to higher thermal gradients, on 
the other hand, the inner part, along the thickness, is characte-
rized by a higher thermal inertia and then by a slower cooling 
rate.
Coupled to the effect of the cooling rate, also the different de-
formation steps during the hot working processes of the two 
components can play an important role, acting both on the 
phases ratio of the microstructure and on its shape.
Indeed, related to these phenomena, within the phases can 
be generated extremely localized areas, which can suffer the 
depletion or enrichment of elements, such as chromium, ni-
ckel and molybdenum, changing locally, the pitting corrosion 
resistance.
Indeed, the α-stabilizer elements, which stabilize the ferritic 
phase, tend to migrate towards the ferrite; on the other hand, 
γ-former alloying elements, acting as stabilizers for the auste-
nitic phase, tend to migrate towards the austenite.
The material flow during the hot working may contribute to 
a redistribution of the alloying elements within the different 
phases in the microstructure. The main effects of these phe-
nomena are: local chemical composition inhomogeneities and 
differences in the corrosion resistance properties between the 
two constituent phases [20-22].
To highlight these differences and to evaluate the thermal 
history experienced by the samples extracted from the forged 
parts, a FEM simulation has been performed.
Simulated the local variation of the temperature as a function 
of time, for the different areas of the analyzed semi-finished 
products, the results of the stem are reported in Fig. 2 and the 
results of gland are shown in Fig. 3.
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Fig. 3 - Cooling rates in water quenching of the gland

Fig. 2 - Cooling rates in water quenching of the stem



La Metallurgia Italiana - n. 10  2017 37

Acciaio e ghisa 
Five different cooling paths are evident, showing the evolu-
tion of the temperature during water quenching along the 
thickness of both stem and gland.
The difference in the cooling paths among the different are-
as, primarily between the outer and the inner areas, appears 
glaring and the consequence of these differences is the in-
fluence on the materials microstructure.
Indeed, the inner areas of the investigated components, due 
to the high thermal inertia of the material, is maintained 
at high temperatures for a longer time lapse; on the other 
hand, the external areas, where the influence of the thermal 
inertia results much more limited, the temperature reduction 
is extremely fast during the water quench process.

As result, the temperature limiting diffusion processes, equal 
to 0,6 the melting temperature, is reached in outermost are-
as in few seconds [23]. Instead, the inner areas come to 
the temperature limiting diffusion processes in more than 2 
orders of magnitude with respect to the outer counterparts.

EXPERIMENTAL RESULTS
The results, obtained in the experimental campaign, are 
here reported. The micrographs collected through optical 
microscopy, following the previously discussed procedure, 
are shown in Fig. 4 and in Fig. 5, respectively those acquired 
from the analysis of the stem and the gland.

Fig. 4 - Microstructure of different areas of the stem

Fig. 5 - Microstructure of different areas of the gland

Moreover, the various morphological parameters of the 
microstructure, such as the volumetric content of the dif-
ferent phases and the austenitic grains aspect ratio, obtai-
ned by means of image analysis software are presented in 
Tab. 1.
The measurements obtained by electron microscopy are 

exposed set out in detail, in Tab. 2, where the chemical 
composition measures, executed in predefined areas of the 
samples, before and after the pitting corrosion tests in-
duced by a chloride-rich environment performed following 
the ASTM G48-11 standard.
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Tab. 1 - Morphological parameters of the analyzed microstructures

Sample

Stem Gland

% Austenite
Austenite 

Grains Aspect 
Ratio

Phases Ratio 
(γ/α)

% Austenite
Austenite 

Grains Aspect 
Ratio

Phases Ratio 
(γ/α)

1 51,3 5 1,05 50,1 4 1,01

2 48,7 5 0,95 50,3 3 1,02

3 46,7 6 0,88 48,3 3 0,93

4 50,4 5 1,01 47,2 3 0,89

5 45,8 4 0,84 46,5 4 0,87

Tab. 2 - Chemical composition of predefined areas of the samples, measured before and after the corrosion tests in a chloride-rich envi-
ronment (only the main alloying elements are reported)

Compo-
nent

Area Phase
Before Corrosion Tests After Corrosion Tests

%Cr %Ni %Mo % Cr % Ni % Mo

Stem

1
α 24,78 7,79 4 24,6 8,03 3,82

γ 25,02 5,73 7,53 27,27 5,1 4,59

2
α 24,61 7,94 4,82 23,83 8,42 3,75

γ 26,93 6,28 8,92 26,6 5,26 5,61

3
α 24,4 8,17 3,66 24,11 7,96 4,19

γ 26,35 5,4 8,36 27,17 5,35 4,86

4
α 23,98 8,33 4,21 24,62 8,22 3,85

γ 25,85 5,62 8,64 27,03 5,56 5,37

5
α 24,43 8,12 4,75 24,08 8,02 3,39

γ 26,55 5,76 9,55 26,9 5,47 5,2

Gland

1
α 23,91 8,62 4,13 23,46 8,59 3,77

γ 26 5,61 9,31 25,52 5,65 5,69

2
α 24,26 8,59 4,56 24,14 8,29 3,68

γ 25,62 5,91 11,03 26,29 5,26 6,71

3
α 23,85 8,46 4,64 24,35 7,56 4,06

γ 25,13 5,53 11,94 25,73 5,51 7,79

4
α 24,54 8,08 4,31 24,36 7,96 4,05

γ 25,31 7,08 6,6 24,94 6,99 5,96

5
α 26,38 5,57 8,59 23,68 8,27 4,22

γ 26,47 5,54 9,28 26,04 4,95 9,68
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Thanks to an analysis through the scanning electron micro-
scope (SEM/EDS), the chemical characteristics of the phases 
belonging to the material can be revealed. In detail, it can be 
appreciated the way in which alloying elements distribute in-
side ferrite rather than inside austenite: the former, as a mat-
ter of fact, is rich in ferrite-stabilizing elements, for example 
chromium, molybdenum and silicon, whereas the latter owns 
predominantly austenite-forming elements, among which ni-

ckel, nitrogen and manganese are the most important. The 
results of the forged semi-products chemical composition 
analysis are hence briefly reported in the following, consi-
dering that the concentration of each element is expressed 
in percentage by weight. Table 3 helps also to evaluate how 
the same element diffuses privileging one phase with respect 
to the other.

Tab. 3 - Chemical composition of each region of the stem and the gland, divided by phases

Compo-
nent

Area Phase %Si %Cr %Mn %Fe %Ni %Cu %Mo %W

Stem

1
α 0,19 24,78 0,94 60,66 7,79 0,48 4,00 1,17

γ 0,04 25,02 0,91 58,06 5,73 0,86 7,53 1,85

2
α 0,36 24,61 0,71 60,01 7,94 0,80 4,82 0,75

γ 0,34 26,93 0,40 55,01 6,28 0,75 8,92 1,38

3
α 0,37 24,40 0,72 60,89 8,17 0,97 3,66 0,82

γ 0,33 26,35 0,54 57,24 5,40 0,56 8,36 1,20

4
α 0,28 23,98 0,55 61,26 8,33 0,86 4,21 0,53

γ 0,31 25,85 0,58 56,83 5,62 0,73 8,64 1,43

5
α 0,33 24,43 0,65 60,63 8,12 0,43 4,75 0,66

γ 0,34 26,55 0,77 55,23 5,76 0,88 9,55 0,92

Gland

1
α 0,31 23,91 0,79 61,14 8,62 0,43 4,13 0,67

γ 0,47 26,00 0,45 56,80 5,61 0,52 9,31 0,85

2
α 0,21 24,26 0,76 60,12 8,59 0,84 4,56 0,66

γ 0,34 25,62 0,84 54,43 5,91 0,87 11,03 0,95

3
α 0,33 23,85 1,03 60,35 8,46 0,78 4,64 0,56

γ 0,21 25,13 0,62 54,00 5,53 0,91 11,94 1,66

4
α 0,21 24,54 0,71 60,26 8,08 0,94 4,31 0,95

γ 0,28 25,31 0,65 58,53 7,08 0,37 6,60 1,18

5
α 0,36 26,38 0,81 56,93 5,57 0,63 8,59 0,74

γ 0,44 26,47 0,54 56,13 5,54 0,75 9,28 0,84

In Fig. 6, the results of the gravimetric corrosion tests in 
a rich environment of chlorides, carried out following the 
ASTM G48-11 standard to induce pitting corrosion, are pre-
sented. The occurrence of pitting corrosion after the immer-
sion tests has been reported in Fig. 7, via optical microscopy 
and SEM/SE analysis.
Finally, the results of the potentiodynamic polarization tests 
have been reported. The data extrapolated from the curves, 
obtained during testing, are reported in Fig. 8: the current 

circulating density (on the left) and the pitting potential of 
the material (on the right). Despite the highlighted diffe-
rences, it is anyway possible to observe, through the col-
lected experimental data, the great resistance that AISI F55 
duplex stainless steel shows when it works in an oxidizing 
environment containing a considerable amount of chlorides, 
such as seawater is.



La Metallurgia Italiana - n. 10  201740

Steel & pig iron

Fig. 6 - Weight loss data resulting from the corrosion test on the semi-finished products, collected following the ASTM G48-11 standard

Fig. 7 - Pitting occurrence in the sample extracted from area 1 of the stem observed via optical microscopy (a) and SEM/SE (b)

Fig. 8 - Circulating current density (left) and the pitting potential (right), measured through the potentiodynamic polarization tests on 
the samples extracted in the different areas of the semi-finished products



La Metallurgia Italiana - n. 10  2017 41

Acciaio e ghisa 
DISCUSSION
From the results of numerical simulations, it is possible to 
observe that the cooling rate of quenching in water, subse-
quent to the solution heat treatment performed in a range 
between 1050° C and 1150° C, are featured by different 
dynamics in the different areas of each semi-finished product. 
In detail, the differences occurring along the thicknesses have 
been highlighted.
Indeed, in both the analyzed components, in the inner areas 
the grains and the austenite nuclei spend at high temperatu-
res, at which the diffusion phenomena are fast, enough time 
to develop and grow generating large austenitic islands.
On the other hand, in the outermost zone, which is numbered 
as 5, the austenitic grains cannot broaden, since these areas 
reach low temperatures short times and the diffusion pheno-
mena becomes so slow to results negligible. The more glaring 
consequence of this on the microstructure is the presence of 
a large fraction of austenite in the form of nuclei, which have 
not found the thermodynamic conditions necessary for their 
development and growth.
The differences in the cooling speeds, for the same reasons, 
are also responsible of the differences in the aspect ratio 
among the austenitic grains in the analyzed samples. In detail, 
the samples extracted from the gland, featured by a lower co-
oling rate, remain at high temperatures for longer times. This 
allows the occurrence of the diffusion phenomena for longer 
times, enabling the rounding of the austenite grains shape.
Coupled to this, also the deformation imposed by the hot-
forming process must be taken into account. Indeed, the stem 
forging cycle is much more severe with respect to the forming 
process experienced by the gland. Also this fact contributes 
to increase the elongation of the austenitic grains within the 
ferritic matrix.
In addition to these considerations concerning the morpho-
logy, the microstructure of the super duplex stainless steel 
components F55 - S32760 is typical of forged parts made of 
this material. The microstructure results to be composed by 
the ferritic matrix and austenitic grains and nuclei dispersed 
within it. No significant precipitation of secondary embrittling 
phases has been detected. Only within the stem were found 
σ phase traces. However, they have been detected just in ne-
gligible quantities.
Moreover, the biphasic microstructure of both the semi-fini-
shed parts displays the austenitic phase present in different 
morphologies: elongated and broadened grains and in the 
form of Widmanstätten and martensitic shear precipitates. In 
detail, the different cooling rates affect the austenitic phase 
grains morphology and growth. These facts are linked to dif-
fusion phenomena, which can occur at an appreciable rate 
only at high temperatures [12,24]. Similarly, also the volu-
metric ratio between the γ/α phases is influenced by different 
cooling rate during quenching in water, subsequent to the 
isothermal annealing, acting as a solubilization thermal tre-
atment [12,21].
The corrosion tests, regarding the resistance to the localized 

pitting corrosion, show different responses of the samples, 
extracted from different areas of the forged parts, in both the 
gravimetric testing and potentiodynamic polarization. These 
results are related to the different local chemical composi-
tions and the local morphology of microstructure. These dif-
ferent features of each sample are the result of the different 
thermal histories, which have experienced the different areas 
of the semi-finished products.
As it has already been highlighted previously, the high corro-
sion resistance of the tested materials is related to the che-
mical composition which characterizes it. In detail, it is linked 
to the high contents of alloying elements, which are able to 
generate a passive surface film in this environment. As conse-
quence, then, a great importance should be conferred to the 
distribution of these alloying elements within the two diffe-
rent constituent phases at the working temperature.
Using the data collected through the SEM-EDS (Tab. 2), it is 
possible to perform a comparison between the chemical com-
positions of the same metallic grains within the specimens 
before and after to corrosion immersion tests.
In detail, it is possible to observe that the molybdenum con-
tent in the different areas of the two samples decreases si-
gnificantly, both in ferritic and in austenitic grains. This testi-
fies the reduction of this element concentration in both the 
phases, due to pitting corrosion. Since only the concentration 
of molybdenum considerably decrease, it becomes evident a 
selective corrosion of this element.
This is also confirmed by morphological analysis performed 
via SEM-SE, which show a much greater degradation of the 
ferritic phase (Fig. 7b), in which molybdenum is present in 
higher concentration with respect to the austenitic phase (the 
chemistry of these steel grades has been optimized to have 
the partition coefficient of molybdenum equal to 1,3 [25]). It 
is also well-known that the ferrite may also be susceptible to 
localized pitting corrosion due to the formation of nitrides. 
It should be recalled that in the analyzed material nitrogen 
is present in quite high concentrations, then, an undesired 
detrimental precipitation of nitrides may occur. The precipita-
tion of such nitrides, rich in a composition of chromium and 
molybdenum, is well known to be a cause of the reduction of 
the corrosion resistance for pitting in duplex steels [26-28].
The link between the variation of the molybdenum content 
and the pitting corrosion is evident even considering the 
weight loss differences shown experimentally by the speci-
mens extracted from the two components. The samples obtai-
ned from the stem, in fact, results less enriched in molyb-
denum than those of the gland and show a higher pitting 
corrosion resistance, highlighted by an average lower weight 
loss in the pitting corrosion tests via immersion.
In this sense, the molybdenum levels are highest within the 
ferrite, while those of nitrogen are smaller than those of au-
stenite, due to their partition coefficients. However, thanks to 
the synergy between nitrogen and molybdenum, the auste-
nitic phase, which is poor in molybdenum content but rich in 
nitrogen, acquires a greater resistance to the pitting corrosion 
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with respect to the ferrite, inhibiting it. This phenomenon re-
sults, therefore, in the lowering of the pitting corrosion resi-
stance in the ferrite and, in parallel, in the increase of this 
feature in the austenite [9, 29].
An intensification of the deformations is responsible for a 
decrease in pitting corrosion resistance [30]. As regard the 
stem areas affected by major deformations are external ones, 
for the compass is instead the inner part. This could be also 
depicted by the corrosion behavior of the investigated com-
ponents.
In addition, a deep significance is taken by the partition-coef-
ficient of the element itself, individuated as the ratio between 
molybdenum content belonging to ferrite and molybdenum 
content inside austenite. In general, the partition-coefficient 
is strongly function of the cooling rate, so that evident dif-
ferences emerge among the regions of the components. The 
lower this rate is, the more effective the partition of an ele-
ment results, whereas a shorter cooling time determines a 
more homogenous composition of austenite and ferrite, thus 

leading to a coefficient tending to one.
Besides these considerations, it is worth evaluating the pa-
rameter representing the diffusion of manganese inside the 
two phases. The outcomes of the computation, obtained as 
the ratio between ferritic manganese content and austenitic 
manganese content, come into view in the following.
Table 4 display then the values of partition-coefficient asso-
ciated to stem and to the gland, respectively, taking in ac-
count each different region of both these components. The 
results express quite clearly that the partition-coefficient of 
molybdenum assumes very high values, significantly far from 
the unitary quantity. Moreover, the regions showing a grea-
ter susceptibility towards corrosion phenomena are the same 
for which partition-coefficient of manganese more distances 
with respect the unitary value. This latter condition, in fact, 
theoretically represents the best one to counteract stainless 
steel degradation.

Tab. 4 - Partition coefficients of molybdenum and manganese for each region of the stem and the gland, derived from the data reported 
in Tab 3

Areas

Stem Gland

1 2 3 4 5 1 2 3 4 5

Mo 
partition 

coeff. 
(α/γ)

1,88 1,85 2,28 2,05 2,01 2,25 2,42 2,57 1,53 1,08

Mn 
partition 

coeff. 
(α/γ)

0,97 0,56 0,75 1,05 1,18 0,57 1,11 0,6 0,92 0,67

Analyzing the data referred to the stem of the potentiodyna-
mic polarization (Fig. 8), it is possible to highlight a consi-
derably different condition between the internal sections of 
the component and the external parts. This observation is 
particularly well confirmed by the trend characterizing the 
amounts of corrosion current density. The value associated 
to the internal part of the stem, in fact, appears several 
orders of magnitude lower than the one associated to the 
other regions, thus underling that the extent of the corro-
sion process limitedly develops. 
Shifting the attention to the gland, the discrepancies exi-
sting among the sections individuated in the component ap-
pear once again quite evident. In detail, the section facing 
the internal hole (region 1) shows a very high tendency to 
degradation. If one evaluates the amount of circulating cur-
rent density, in fact, it assumes values by several orders of 

magnitude greater with respect the others. 
The explanation of such a trend in corrosion resistance 
emerges from the investigation of molybdenum content insi-
de the regions of the components. In fact, this quantity pro-
gressively reduces when the material is subjected to a corro-
sive process, both in ferrite and in austenite: this means that 
this element is selectively corroded in chlorides-containing 
environments. Ferritic phase, in detail, being strongly rich in 
molybdenum, shows much more pits than the austenite and, 
for this reason, appears as the weak link when the steel 
suffers an attack, as explained before.
This considered, the internal part of the stem shows lower 
molybdenum content, justifying in this way its tendency to 
better resist against localized corrosive attacks with respect 
the neighboring regions. This fact is also validated by the 
partition-coefficient attributable to the element: although 
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it is not possible to say that this approaches the unit, it is 
anyway less far, if compared to the others.
On the contrary, the differences existing among the corro-
sion tendency inside the regions of the gland can be attri-
buted to manganese concentration but, above all, to the 
partition-coefficient related to this element. Plenty of stu-
dies, in fact, have already demonstrated how detrimental is 
its presence inside a stainless steel in general and, moreo-
ver, inside a duplex stainless steel [31,32]. Thus, a correct 
alloying elements composition and partition between the 
two constituent phases play a key role in the pitting cor-
rosion protection of bi-phasic stainless steels. Otherwise, 
even micro-galvanic coupling could be generated between 
the two constituent phases, drastically lowering the pitting 
corrosion resistance.
Moving the attention to the values of “pitting potential” for 
both the stem and the gland, it is possible to highlight the 
extremely strong capability of this grade of stainless steels 
to maintain itself unaltered in chlorides-rich environments 
at relatively low temperatures.
It should be noticed that the threshold in correspondence 
of which trans-passivation phenomenon of the steel occurs 
approximately situates at the same voltage ranges, thus not 
highlighting a particularly significant difference for the two 
components in the initiation of pits generation.
This aspect is probably due to the high content of nickel 
and tungsten in this material, referring once again to the 
chemical composition listed in Table 4. These elements have 
the capability to improve the resistance of a stainless steel 
towards corrosive attacks by extending the passivity range, 
improving the entirety of the material and justifying such 
high values of trans-passivation threshold. All tested sam-
ples, in fact, own a considerable variety in terms of micro-
structure, but they are, except for the underlined differences, 
characterized by a very similar chemical composition, reason 
for which a general “adequate behavior” is expected.
A series of interesting conclusions can be drawn if the 
“pitting potential” is related to the combination of auste-
nitic phase and ferritic phase inside the microstructure of 
the steel. As reported in precedence, it is possible to find 
a close relationship existing between the above-mentioned 
parameter and the γ/α phases’ ratio. The variation of the ba-
lance between these two phases can affect the activation of 
the decay. The trend of the phases’ ratio across the overall 
thickness of the stem is perfectly reflected by the behavior 
of the pitting potential. As confirmed in other studies by H. 
Heon-Young et Al., for a ferritic volumetric content lower 
than 56% (the current case), an increase in the percentage 
of ferrite determines an increase in the pitting potential, 
as observed brightly in the stem component [31,32]. The 
gland component does not follow strictly this trend, espe-
cially the sample 4 show a pitting potential much lower 
than expected. This behavior is probably related to its lower 
alloying element contents with respect to the other samples.
Finally, it should not surprise that variations of pitting 

potential do not reflect the extent of the ones related to 
corrosion current density. The former, in fact, results more 
useful to detect the capability of an “identical” metallic al-
loy, where identical means characterized both by the same 
chemical composition and by a homogenous microstructure, 
to resist in different environmental conditions, rather than 
to evaluate how the same environment attacks different, or 
“differently characterized”, materials.
The last microstructural parameter that deserves a men-
tion is the austenitic grains aspect ratio, associated to the 
morphology of the microstructure, also known as austeni-
te spacing. This one is particularly important considered 
the great affection it acts on the capability of the steel to 
counteract stress corrosion cracking and hydrogen embrit-
tlement. It appears interesting to evaluate if this parameter 
affects the resistance of the stainless steels also when pit-
ting corrosion develops. However, it does not appear that 
an evident relationship exists between the two quantities.
Potentiodynamic polarization analysis can be compared to 
the results evaluating the loss of mass. It is immediate to 
see the parallelism in the trend obtained considering poten-
tiodynamic polarization of the samples, especially focusing 
on the corrosion current density. Both for the stem and for 
the gland, in effect, the regions appearing subjected to a 
stronger degradation are exactly the same. This achievement 
results to be a confirmation of the identification of all the 
pitting corrosion mechanisms involved.
However, it should be highlighted that it is not meaningful 
to extract a quantitatively precise value representing the 
corrosion rate from these two experimental procedures, ex-
pecting equivalence or at least a similarity. These corrosion 
resistance measurement methods are completely indepen-
dent one with respect the other and this comparison can 
be only drawn under a qualitative point of view, without 
inferring any other conclusion. Moreover, it should be hi-
ghlighted, once again, that this total correspondence occurs 
only between the amount of “mass loss” and the “corrosion 
current density”, which is, in a potentiodynamic test, the 
parameter that can be more easily evaluated and that better 
expresses corrosion tendency. The pitting potential quantity, 
on the other hand, is not able to reflect this precise beha-
vior, also because, besides its more complex individuation, it 
does not take into account the contemporaneous presence 
of galvanic corrosion, related to the different nobility exi-
sting between austenite and ferrite, and the generalized 
surficial degradation occurring in correspondence of pits’ 
bottom.
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CONCLUSIONS
This work investigates the resistance to pitting corrosion of 
a stem and a gland used for the realization of large sphere 
valves, made of super duplex F55 - S32760 steel. The solubi-
lization heat treatment and the forming cycle in forging have 
been correlated to the pitting corrosion resistance. Analysis 
show important considerations, regarding the characteriza-
tion of the material:
• the microstructure of the semi-finished components is the 
one typical of forgings made of duplex steel and do not show 
significant precipitation of secondary detrimental phases (σ, 
χ);
• the biphasic microstructure, both in the stem and in the 
gland, is featured by austenite present with different morpho-
logies: elongated and broadened grains and in the form of 
Widmanstätten and martensitic shear precipitates. In detail, 
due to the different cooling rates experienced by the water 
quenching, the morphology of the austenitic phase is related 
to different stages of the growth of austenite nuclei within 
the ferritic matrix.
The forged components show, between them and along the 
respective thicknesses, a different behavior to the pitting cor-
rosion resistance and to the potentiodynamic polarization. 

From the experimental results the following conclusions can 
be extrapolated:
• the phase more damaged by the pitting phenomenon is 
the ferrite. Its resistance to the pitting localized corrosion is 
compromised by the synergic mechanism developed between 
molybdenum and nitrogen. The high content of the first, as-
sociated with a low content of the second inside the ferrite, 
compromises the resistance to localized pitting corrosion;
• local lowering of pitting corrosion resistance, along the 
thicknesses of the studied parts, are due to a variation of 
the ratio of the phases austenite/ferrite and the partitioning 
between them of the alloying elements, such as chromium, 
nickel and above all molybdenum and manganese;
• an intensification of the deformations is responsible for a 
decrease in pitting corrosion resistance. As regards the stem 
areas affected by major deformations are external ones, for 
the compass is instead the inner part.
• the data collected through the potentiodynamic polariza-
tion are consistent with the results obtained via the gravi-
metric tests. Both tests denote different resistance to pitting 
corrosion in different areas of the analyzed forged parts.
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