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Abstract

The aim of this work is to investigate the resistance of cast duplex (austenitic-ferritic) steels to pitting corrosion with respect to the value of
PREN (Pitting Resistance Equivalent Number). Pitting corrosion is one of the most common types of corrosion of stainless steels. In most
cases, it is caused by the penetration of aggressive anions through the protective passive layer of the steel, and after its disruption, it leads to
subsurface propagation of corrosion. The motivation for the research was a severe pitting corrosion attack on the blades of the gypsum-
calcium water mixer in a thermal power plant operation.

In order to examine the corrosion resistance, 4 samples of 1.4517 steel with different concentrations of alloying elements (within the interval
indicated by the steel grade) and thus with a different PREN value were cast. The corrosion resistance of the samples was evaluated by the
ASTM G48 — 11 corrosion test in a 6% aqueous FeCls solution at room and elevated solution temperatures. To verify the possible effect of
different alloying element concentrations on the mechanical properties, the research was supplemented by tensile and Charpy impact tests.
Based on the results, it was found that a significant factor in the resistance of duplex steels to pitting corrosion is the temperature of the
solution. For the components in operation, it is therefore necessary to take this effect into account and thoroughly control and manage the
temperature of the environment in which the components operate.
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1. Introduction steels, and ductility reaches values between ferritic and austenitic
' (11, [2], [3].

The limiting factor for duplex steels is the temperature range.

Duplex steels have insufficient toughness at cryogenic

1.1. Duplex stainless steels temperatures (due to the brittle-ductile transition of ferrite) and at

temperatures above 300 °C (which leads to precipitation of brittle

The term duplex steel is usually understood as austenitic- phases), therefore, the best performance is achieved in

ferritic steels. This convention will be used in the whole article. —100 to 300 °C, although it may vary between individual steel
Thus, at room temperature, duplex steels consist of two phases — grades [4], [2].

austenite and ferrite. Their proportion can vary, but usually, it is
approximately the same (50-50%). Duplex steels thus combine the
most important properties of ferritic (resistance to stress-corrosion 1.2. Pitting corrosion
cracking and pitting corrosion) and austenitic (high toughness)
stainless steels. The corrosion resistance of duplex steels is similar
to that of austenitic steels, although they are significantly more
resistant to stress corrosion cracking and pitting corrosion. Duplex
steels achieve higher strength than ferritic and austenitic stainless

Pitting corrosion is one of the types of localized corrosion and
belongs to electrochemical corrosion — it is accompanied by an
anodic and cathodic reaction and is formed in the presence of an
electrolyte.

(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made.

@ ® © The Author(s) 2022. Open Access. This article is licensed under a Creative Commons Attribution 4.0 International License


http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3141-6776
https://orcid.org/0000-0002-1025-4579
https://orcid.org/0000-0003-4870-1749

S
~
DEM

The mechanism of pitting corrosion presupposes the formation
of a stable pit, by fluctuating the passivation and depassivation
events on the surface of the material. Once a stable pit is formed,
its interior behaves as a sacrificial anode (i.e., the anode dissolves
due to the corrosion process) and the surrounding metal as a
cathode, where the oxidizing component (usually oxygen dissolved
in the electrolyte) is reduced. The course of pitting corrosion is
supported and accelerated by an increased concentration of
activating ions, the presence of oxidizing substances (O3, CIO"), but
also increased temperature and low pH value [5].

Pitting corrosion is dangerous because its extent is often
overlooked, the loss of material is extremely small, the pits are
difficult to detect due to their size (in addition, they are covered
with corrosion products). However, even with small visible
damage, it can lead to mechanical failure of the part due to the holes
it creates in the material. This can also lead to leakage of fluids
through the material [6].

Passive layer breakdown and the formation of a pit

The formation of a stable pit is related to the properties of the
passive layer and there are several mechanisms that describe it. The
real phenomenon is often a combination of individual mechanisms.
The adsorption mechanism describes the adsorption of aggressive
anions from the solution (oxygen, hydroxide, or halide) at the
surface of the passive layer, which leads to the migration of metal
cations through the layer. If there is no migration of oxygen ions in
the opposite direction, a cavity will form under the passive layer,
which expands until part of the passive layer collapses because it
has lost support. Another case is the penetration mechanism, in
which the anions from the solution (mainly chloride) penetrate
through the passive layer and behind this layer the anions react with
the metal. The growth of the phase of the reaction products causes
a local mechanical breakdown of the oxide passive layer. This
mechanism is considered to be the main cause of pitting corrosion
in an environment with chloride anions. The adsorption and
penetration mechanism is shown in Fig. 1. At the same time, the
material undergoes repassivation (i.e. the formation and renewal of
the layer) and the transfer of electrons through the layer. These
electrically compensate for the transfer of ions (depending on
whether adsorption, penetration or repassivation occurs at a given
location). The film-breaking mechanism appears under non-
stationary conditions, i.e., changes in the potential in the layer.
Sudden changes in the potential cause stress in the layer. This is
due to chemical changes (e.g., a change in the valence of the
element) and electrostriction (i.e., deformation of a non-conductor
due to an external electric field). These stresses can cause a crack
in the passive layer. In the presence of aggressive anions in the
solution, they come into direct contact with the unprotected metal,
which prevents repassivation at the crack site and leads to the
formation of a pit [7].

Corrosion growth in a pit

Metal cations from the anodic reaction diffuse to the mouth of
the pit, where they react with the hydroxide anion OH-, which is
formed during the cathodic reaction, and diffuse to the mouth of
the pit by the electrolyte. The reaction results in metal hydroxide
deposits which partially cover the surface of the pit. These
corrosion products accelerate corrosion because they prevent the
internal electrolyte inside the pit from mixing with the surrounding
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electrolyte, resulting in a very acidic and aggressive environment
inside the pit. Pitting corrosion often occurs on a horizontal surface,
with gravity accelerating the growth of the pits downwards because
at the tip of the pit the solution is significantly denser and more
concentrated [6].
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Fig. 1 Transfers of particles through the passive layer [7]
2. Experimental procedure

2.1. Description of the experiment

The aim of the experiment was to investigate the resistance of
1.4517 steel to pitting corrosion, depending on its chemical
composition and the PREN (Pitting Resistance Equivalent
Number) value. The standard test method ASTM G48 — 11 [8] was
chosen to investigate the corrosion resistance. It describes the
testing of stainless steels for the initiation of localized corrosion in
a 6% aqueous solution of ferric chloride. The FeCls solution is an
extremely aggressive environment that causes corrosion in a
shorter exposure time than in the common corrosive environments
where parts work. The standard ASTM G48 — 11 specifies 6 test
methods (A, B, C, D, E, F). Method A was chosen first - a pitting
corrosion test at a constant room temperature, then at an elevated
temperature of 55 = 7 © C. Subsequently, method E was chosen
(more in chapter 2.5).

The reason for the research was a corrosion attack on the blades
of a gypsum-calcium water mixer in the operation of a thermal
power plant. The corrosion attack led to mechanical damage and
loss of the functionality of the blade.

2.2. Experiment design

Steel 1.4517 was examined. Steel grade 1.4517 specifies a wide
range of elements content (Table 1). For this reason, different
PREN values can be achieved with specific alloy contents (within
the interval specified by the steel grade). The aim of the experiment
was to investigate the corrosion resistance of steel 1.4517 at
medium and elevated PREN values.
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Table 1.
Chemical composition of steel grade 1.4517, mixer blade from operation and cast blocks.
2
Material  %C %Si %Mn %P %S %Cr %Mo %Ni %N %Cu PREN! PREN
26.00 3.50 5.50 0.15 2.50 39.95 48.11
14817003 100 150 0040 0020 5550 450 750 0.5 350  46.85 6195
Blade 0.029 0.56 1.01 0.018 0.006 26.12 3.63 6.98 0.204 2714  41.363 52.62
Alloy 1 0.025 0.29 0.099 0.008 0.018 26.25 3.57 6.95 0.195 3.15 40.53 51.84
Alloy 2 0.024 0.274 0.985 0.0089 0.018 26.21 3546 6906 0.201 2973 4113 52.12
Alloy 3 0.024 0.283 0.847 0.0088 0.018 26.3 4496 6931 0.22 2.928  44.66 57.94
Alloy 4 0.027 0.293 0.67 0.0094 0.019 26.83 4454 6.8 0.312 2879  46.52 65.28
1 _ PREN values calculated according to equation 1 [2]:
PREN = %Cr +3.3 - (%Mo + 0.5 - %W) + 16 - %N (1)
2 _ PREN values calculated according to equation 2 [9]:
PREN =%Cr+3.3 - %Mo+ 51 - % N+6 - %Mo - %N - 1,6 - %N2 )

Steel 1.4517 was investigated at 4 different chemical
compositions:

. Alloy 1 was designed to contain max. 0.15% of Mn. Since
localized corrosion often initiates at MnS inclusions, to verify
the effect of this phenomenon, the first alloy was selected
with a reduced manganese content.

. Alloy 2 was designed to a chemical composition typical of
steel grade 1.4517, i.e., to keep the content of the alloying
elements in the middle of the specified interval.

. Alloy 3 was designed with the amount of molybdenum at the
upper limit of the specified interval, in order to increase the
PREN value.

. Alloy 4 was based on the composition of the third and, in
contrast to it, designed with an increased nitrogen content and
a slightly increased chromium content.

Atest Y block (with a casting width of 60 mm) weighing about

20 kg was cast from each alloy. All the blocks were cast within one
melt. After casting one alloy, the remaining melt was alloyed in the
furnace to the desired composition of the next alloy. The melting
took place in a vacuum induction furnace with the max. the
capacity of 80 kg. Prior to casting Alloy 1, the furnace was
evacuated in several phases, at a final pressure of 100 mbar for
20 minutes. The chemical composition of all the cast alloys is given
in Table 1. The cast blocks were then subjected to solution
annealing (5-hour stay at 1150 °C + 5-hour stay at 1040 °C,
followed by cooling in water). Corrosion test specimens were then
cut from the cast blocks. In addition to the cast specimens, the
specimen cut from the stirrer blade, which failed in an operation,
was also included in the corrosion test.

2.3. Preparation of the specimens

This subchapter describes the processes that all the specimens
went through both for method A and method E. The specimens with
the dimensions of 50x25x5 mm = 1 mm were cut from the casting
part of the block (the other part was the riser). The specimens were
ground to a uniform surface quality, with the final grinding
performed on the P120 grit sandpaper, on which the edges of the
specimens were also rounded. The specimens were rinsed
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thoroughly with water, cleaned with a cleaning paste, then rinsed
in acetone and hot-air-dried. Until the test was performed, the
specimens were stored in a desiccator. Before the test, their mass
was measured to 0.0001 g.

All the corrosion tests were performed in 1000 ml glass
beakers. The specimen in each of them was placed on a glass holder
so that no surface of the specimen was in contact with the bottom /
wall of the beaker. The position of the specimen in the beaker is
shown in Fig. 2.

Fig. 2 Position of the specimen in a beaker

Subsequently, the specimens were immersed in a corrosive
solution. The beakers were closed with plastic wrap and the
specimens were left in the solution. The temperature of the solution
and the immersion time of the specimen in it vary depending on the
method. At the end of the specified time, the specimens were taken
out and the corrosion products were brushed off. Then, the
specimens were washed with water in an ultrasonic cleaner, rinsed
with ethanol and hot-air-dried. Subsequently, their masses were
measured, which were compared to the mass of the specimens
before the test. The mass loss of each specimen was then expressed
with respect to the size of its surface, making it possible to compare
all the specimens, even if their dimensions differed by + 1 mm.
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2.4. Experiment method A

Solution: specimens were immersed in 600 ml of 6% aqueous

solution of FeCls.

Test duration: 72 hours

Solution temperature: 1) room temperature (21.5 + 2 °C);
2)55+7°C

The experiment according to ASTM G48 — 11 method A was
first performed at room temperature. In this experiment, all the
specimens resisted the corrosive solution, the mass losses were
zero. There were no visible signs of corrosion, neither in the visual
inspection of the specimens nor in the metallographic observation
of the microstructure. From this, it was possible to conclude that
the observed steel is resistant to 6% FeCls solution at room
temperature, for all the investigated contents of the alloying
elements.

Due to this result, the experiment was repeated (with new
specimens) at elevated temperatures. To maintain a constant
temperature, the beakers with the solution and the specimens were
placed in water, in which an approximately constant temperature
was maintained using an electric resistance heater (Fig. 3). The
water temperature measurements revealed the water temperature as
55+ 7 °C. The resulting mass losses and mass losses per area (i.e.,
outer surface of the specimens - area exposed to the solution) are
given in Table 2.

Fig. 3 Test apparatus in temperature 55 + 7 °C
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Am — mass 10ss (Am = mbef — Mafter)

Y%Mioss — relative mass 10ss (%Mioss = Am / Mief)
P — surface of the specimen

Am/P — mass loss per unit of surface area

Indications of corrosion, which appeared on the surface of each
specimen, can be divided into 3 groups - colour indications, local
surface protrusions and pits.

The specimens were then cross-sectioned, and metallographic
specimens were made from the cross-sectional area for
examination to further investigate the mechanisms of corrosion
(Fig. 4, 5). The site of the cut was chosen at the site of a large
indication of corrosion visible by visual inspection. The
metallographic specimens were prepared by standard preparation
procedures, i.e. they were successively ground and polished.
Etching was performed with a Beraha Il etchant to distinguish
ferrite and austenite in the microstructure. The number of pits
caused by corrosion on the main surface of the specimen (50x25
mm) was counted on the cross-section. Each pit of size >0.05 mm
was considered a corrosion pit. The number of pits on the main
surfaces of the samples is indicated in Table 3.

Green ovals indicate the original surface of the specimen fallen
inside the pit. Brown particles are mostly impurities from grinding
and polishing

-II\-/Ia:sI: Ii.ss of the specimens at elevated (55 + 7 °C) temperature
Blade Alloyl  Alloy2 Alloy 3 Alloy 4
meer[g] 521516  58.2678  54.4808  53.1401  55.3642
Muer [g] 475279 529381 494512  47.9027  53.598
Am [g] 46237 53297  5.0296 5.2374 1.7662
%M oss 8.87% 9.15% 9.23% 9.86% 3.19%
P [cm?] 33.0328 343394 331838  32.584 34.0702
fr?]}/]]’ (¢ 01400 01552 01516 01607  0.0518
mbef — Mass of the specimen before testing
Mafter — Mass of the specimen after testing
8 ARCHIVES of FOUNDRY ENGINEERING Volume 22, Issue 3/2022, 5-10
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Table 3.
The number of pits caused by corrosion on the main surfaces of the
specimens — evaluated on the cross section

Blade Alloyl Alloy2 Alloy3 Alloy4

Numberof ;) 30 26 23 1
pits

Method E of the same standard for the corrosion resistance test
(ASTM G48 - 11) was chosen due to the high fluctuation of the test
temperature (55 +7 °C) and in order to investigate more thoroughly
and accurately the corrosion resistance of each alloy at the elevated
temperatures.

2.5. Experiment method E

Solution: the specimens were immersed in the solution, which
consisted of 600 ml of water in which 6% FeClz and 1% HCI had
been dissolved
Test duration: 24 hours
Solution temperature: 1) 61 + 1 °C; 2) 55 + 1 °C;

The ASTM G48 - 11 method E consists in determining the CPT
— critical pitting temperature — the lowest temperature at which
pitting corrosion occurs. This procedure was chosen to better
characterize the problem and compare the differences in the
corrosion resistance of the investigated alloys. The theoretical
estimate of CPT is described in equation 3. Based on this, the test
temperature is selected (as the nearest increment rounded to 5 °C).

CPT =2,5-%Cr +7,6 %Mo + 31,9 %N — 41,0 (3)
If the specimen is attacked (meaning if pits with a size >0.025
mm form or when the value of the mass loss per area reaches
>0.0001 g/cm?) at the selected test temperature, the next procedure
is to perform the test again (with a new specimen and fresh
solution) at a temperature 5 °C lower and repeat until the specimen
passes the pitting corrosion test. Thus, the lowest temperature at
which pitting corrosion occurred is the real CPT of the material.

Table 4.
Theoretical estimates of CPT for the examined alloys

Blade Alloyl Alloy2 Alloy3 Alloy4

estimated

cprec) 84

58.0 57.9 65.9 69.9

Two sets of specimens were prepared for CPT detection. The
temperature of the initial test was chosen to be 60 °C for all the
specimens, according to Alloy 2, which has the lowest value of the
theoretical estimate (eq. 3). Theoretical estimates of CPT for the
alloys are given in Table 4.

The test was performed according to the defined procedure
(although the temperature rose 1 °C higher) and the mass loss of
each alloy was evaluated. Due to the test result at 60 °C, after which
all the specimens were affected by corrosion, the temperature of the
next test was reduced to 55 °C. The mass losses at both
temperatures are described in next chapter, in Table 5.
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3. Experiment evaluation

3.1. Mass losses evaluation

The values given in Table 5 show that all the investigated alloys
were affected by pitting corrosion even at temperatures
significantly lower than the theoretical estimate of CPT. However,
with increasing PREN, the alloy’s mass losses (per area) reached
lesser values. Based on the comparison of the specimen of the blade
and Alloy 2 (whose mass loss corresponds to a similar PREN
value), it can be concluded that the result of the Y block material
corresponds to the result of a material from the real part. Therefore,
the results for all the Y block specimens can be compared to
components with a similar chemical composition in real operation.

Table 5.
Mass loss per unit of surface area compared to PREN and
theoretical CPT values

Blade ALl AL2 AL3 Al.4

PREN 41363 4053  41.13 4466 4652

theor. CPT[°C] 58417 57.997 57.886 65.937  69.878
21,5+

met. A, 2°C 0 0 0 0 0

Am/P 5547

[g/cm?] s 0.1400 0.1552 0.1516 0.1607  0.0518
61 +1

met. E, oC 0.0587 0.0487  0.0561 - 0.0393
Am/P S5 L1

[g/cm?] s 0.0541 0.0474 0.0531 0.0484  0.0369

theor. CPT — theoretical estimation of critical pitting temperature
met. A/E — ASTM G48 — 11 method A/E

Am/P — Mass loss per unit of surface area

missing data — failure during test

Because Alloys 2 and 3 (which differ mainly in molybdenum
content) reached similar mass loss values, it can be stated that the
change in the molybdenum concentration did not have such an
effect on the pitting corrosion resistance as would be estimated
based on the PREN value (or the CPT theoretical estimate).

A significant decrease in weight loss was present only in
Alloy 4, which differed from the others mainly by the increased
nitrogen content. Minimized manganese content (in Alloy 1) has
led to increased corrosion resistance, but the significance of this
effect is not sufficient to make it a recommendation-worthy
procedure.

3.2. Evaluation of the mechanical properties

The cast Alloys 1 to 4 were subjected to a tensile test and a
Charpy impact test. The aim was to determine whether changing
the alloy content in favour of increasing the PREN value will affect
the mechanical properties. Tensile test specimens were made
according to DIN 50125, type B 10x50. Samples for the impact
Charpy test (V-notch) were made according to the CSN EN ISO
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148-1 standard, type A 10x55 specimens were used. The values of
strength, elongation and toughness are given in Table 6. The values
from the tensile test (Rpo.2, Rm, A) given in the table are the average
of 2 measured values, the KV values given in the table are the
average of 3 measured values. They are compared with the standard
values for this steel grade [10].

Table 6.
Average values of the mechanical properties measured
ALl AL2 AL3 AlL4 Standard
Rpo,2 [MPa] 497 498 536 546 min. 480
Rm [MPa] 775 7865 817 8255 650 — 850
A [%] 3055 3035 298 241 22
KV [J] 146.1 124 1305 1315 >50

The tests of the mechanical properties show that the change in
chemical composition affected the mechanical properties, but all
the monitored properties safely met the requirements given by the
standard. The measured values show that with an increasing
content of the PREN-increasing alloys, the strength increased,
while the ductility decreased. This is due to the substitution (in the
case of nitrogen interstitial) strengthening of the material. The
toughness of Alloy 1 exceeds the others, which reach
approximately the same value. All the alloys safely reached the
required toughness.

4. Conclusions

. The actual critical pitting temperature (CPT) for 1.4517 steel
in cast state is lower than 55 ° C, which is significantly lower
than the temperature expected due to the chemical
composition (57— 69 °C in this experiment). The exact
determination of the CPT for this steel needs to be achieved
through further research.

. A reduction of manganese content (as MnS inclusions act as
nucleation sites for localized corrosion) did not lead to
increased resistance to pitting corrosion.

. An increase of molybdenum content did not have a
significant effect on pitting corrosion resistance in 1.4517
steel, despite its relatively high coefficients in PREN and
CPT formulas.

. An increase of nitrogen had a significant positive effect on
pitting corrosion resistance (indicated by lesser mass loss),
although even its increase above the standard did not lead to
measured CPT reaching values estimated by chemical
composition.

. Increasing the content of PREN-increasing alloys has led to
an increase in strength and a decrease in ductility, but all
safely within the ranges specified by the steel grade.
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