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SUMMARY

Duplex stainless steels (DSS) with roughly equal amount of austenite and ferrite phases are
being used in industries such as petrochemical, nuclear, pulp and paper mills, de-salination plants,
marine environments, and others. However, many DSS grades have been reported to undergo
corrosion and stress corrosion cracking in some aggressive environments such as chlorides and
sulfide-containing caustic solutions. Although stress corrosion c
racking of duplex stainless steels in chloride solution has been investigated and well
documented in the literature but the SCC mechanisms for DSS in caustic solutions were not
known. Microstructural changes during fabrication processes affect the overall SCC susceptibility
of these steels in caustic solutions. Other environmental factors, like pH of the solution,
temperature, and resulting electrochemical potential also influence the SCC susceptibility of
duplex stainless steels.
In this study, the role of material and environmental parameters on corrosion and stress
corrosion cracking of duplex stainless steels in caustic solutions were investigated. Changes in the
DSS microstructure by different annealing and aging treatments were characterized in terms of
changes in the ratio of austenite and ferrite phases, phase morphology and intermetallic
precipitation using optical micrography, SEM, EDS, XRD, nano-indentation and microhardness
methods. These samples were then tested for general and localized corrosion susceptibility and
SCC to understand the underlying mechanisms of crack initiation and propagation in DSS in the
above-mentioned environments.
Results showed that the austenite phase in the DSS is more susceptible to crack initiation and
propagation in caustic solutions, which is different from that in the low pH chloride environment
where the ferrite phase is the more susceptible phase. This study also showed that microstructural

xx

changes in duplex stainless steels due to different heat treatments could affect their SCC
susceptibility. Annealed and water quenched specimens were found to be immune to SCC in
caustic environment. Aging treatment at 800°C gave rise to sigma and chi precipitates in the DSS.
However, these sigma and chi precipitates, known to initiate cracking in DSS in chloride
environment did not cause any cracking of DSS in caustic solutions. Aging of DSS at 475°C had
resulted in ‘475°C embrittlement’ and caused cracks to initiate in the ferrite phase. This was in
contrast to the cracks initiating in the austenite phase in the as-received DSS. Alloy composition
and microstructure of DSS as well as solution composition (dissolved ionic species) was also
found to affect the electrochemical behavior and passivation of DSS which in turn plays a major
role in stress corrosion crack initiation and propagation. Corrosion rates and SCC susceptibility of
DSS was found to increase with addition of sulfide to caustic solutions. Corrosion films on DSS,
characterized using XRD and X-ray photoelectron spectroscopy, indicated that the metal sulfide
compounds were formed along with oxides at the metal surface in the presence of sulfide
containing caustic environments. These metal sulfide containing passive films are unstable and
hence breaks down under mechanical straining, leading to SCC initiations. The overall results
from this study helped in understanding the mechanism of SCC in caustic solutions. Favorable
slip systems in the austenite phase of DSS favors slip-induced local film damage thereby
initiating a stress corrosion crack. Repeated film repassivation and breaking, followed by crack
tip dissolution results in crack propagation in the austenite phase of DSS alloys. Result from this
study will have a significant impact in terms of identifying the alloy compositions, fabrication
processes, microstructures, and environmental conditions that may be avoided to mitigate
corrosion and stress corrosion cracking of DSS in caustic solutions.
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CHAPTER 1
INTRODUCTION

1.1. MOTIVATION
Duplex stainless steels (DSS) have a dual microstructure consisting of roughly equal
volume fractions of ferrite and austenite phases. This balanced microstructure contributes
to the superior mechanical and corrosion properties of these steels as compared to carbon
steels and austenitic stainless steels. However, in spite of the overall better performance
of duplex steels, corrosion problems are persistent in the various process streams of
chemical industries using DSS. In the pulp and paper industry, pulp mill digesters were
previously made of carbon steel. But due to severe stress corrosion cracking (SCC)
[1],[2] in sulfide containing caustic solutions and due to changes in the pulping processes,
they are being replaced by duplex stainless steels. Today, almost all new pressure vessels
in the pulp and paper industry (Kraft digesters and other pulp mill equipments) are made
of DSS. Although the frequency of corrosion failures have decreased by the substitution
of carbon steel with DSSs, field experience and recent laboratory studies have shown that
the aggressive alkaline pulping liquor environment consisting of sodium hydroxide
(NaOH) and sodium sulfide (Na2S) may cause severe stress corrosion cracking at
temperatures higher than ~ 120°C [3]-[6]. DSS equipment in different pulp mills have
been reported to show stress corrosion cracking in pressure vessels and other high stress
components [7][8] as shown in Figure 1.1 to Figure 1.3. SCC failures were found in the
weld sections as well as in the base DSS metal.

1

Figure 1.1. Propagation of stress corrosion cracks in the base metal of 2205 DSS white liquor
accumulator.

Figure 1.2. Propagation of stress corrosion cracks in weld metal of 2205 DSS white liquor
accumulator.

2

Figure 1.3. Stress corrosion cracking of 2205 DSS sand-separator cone in pulp mill.

Although a number of studies were devoted to the problem of SCC of specific DSS
grades in chloride containing environments, especially in sea-water and similar high
temperature environments, not much work has been done in studying the SCC
mechanisms of DSS in sulfide-containing caustic solutions. Factors affecting SCC in
DSS

in

sulfide-containing

caustic

solutions,

like

changes

in

microstructure

(austenite/ferrite phase ratio), intermetallic precipitation due to heat treatment, and
environmental conditions such as pH, electrochemical potential, threshold temperatures
and caustic concentrations are not known. Heat treatments in field may come from
improper welding or other fabrication processes, and may adversely affect the corrosion
and SCC susceptibility of DSS. Hence, systematic investigation was required to
understand the conditions for stress corrosion cracking of DSS in caustic solutions for
effective mitigation and reliable use of these materials in chemical processes where an
unexpected failure may cause tremendous harm to life and/or property.
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1.2. BACKGROUND AND LITERATURE REVIEW

1.2.1. Duplex Stainless Steels
Duplex stainless steels (DSS) represent a class of stainless steels with dual
microstructure consisting of roughly 50% ferrite and 50% austenite (by volume). Figure
1.4 and Figure 1.5 shows typical microstructure of a DSS 2205 plate in longitudinal and
transverse directions. The volume fractions of ferrite and austenite in DSS depend upon
thermal and mechanical history [9]. Maintaining equal volume fraction of phases
involves the simultaneous control of chemical composition and heat treatment. Superior
corrosion performance of DSS is due to the alloying elements such as chromium,
molybdenum and nitrogen [10]-[12], which increase the pitting corrosion and stress
corrosion cracking resistance of these steels in a variety of environments. The austenite
phase provides good formability, toughness, and weldability. It also provides good
resistance to hydrogen embrittlement. On the other hand, the ferrite phase contributes to
the high tensile and fatigue strength and good corrosion resistance of DSS. There are
various reasons for strength enhancement in the duplex structure. The element
partitioning causes an enrichment of nitrogen and carbon in austenite, causing solution
hardening. The mixed structure also causes grain refinement, thus improving the
mechanical properties of the steel. Owing to their superior mechanical properties and
corrosion resistance, DSS have been employed for the construction of equipments in
chemical processing industry, pulp mill digesters, heat exchangers, pressure vessels,
seawater systems, and for various other industrial applications where high temperature,
corrosive environment and other factors restrict the use of carbon steel and austenitic
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stainless steels. A number of duplex stainless steel grades are commercially available.
Nominal compositions of some common DSS grades are given in TABLE 1.1. The
metallurgical structure of DSS can also be related to its composition by means of
Schaeffler diagram, which is shown in Figure 1.6. The figure exhibits a wide composition
range in which the stainless steels exhibit a duplex structure and varying the
concentration of different alloying elements in this range, a variety of commercial DSS
grades can be obtained. Alloying elements are grouped as ferrite stabilizers (Cr, Mo, Si)
and austenite stabilizers (Ni, N, C, Cu) which are expressed in terms of chromium
equivalence and nickel equivalence respectively and form the two axis of the Schaeffler
diagram. These elements in correct proportions give rise to the dual microstructure of
DSS.
New grades of lean duplex stainless steels, like grade LDX2101 have been developed
where the concentration of Cr and Ni in the alloy is lower than 2205 DSS grade. Since
these two elements are important for corrosion resistance, 2101 may have corrosion
related problems in certain environments. The role of composition and microstructure on
SCC susceptibility of DSS has been studied in acidic chloride media. Whereas their
performance limits in terms of SCC susceptibility and general corrosion in other
environments, especially caustic solutions, have not been studied to the same extent.

5

90µm
Figure 1.4. Micrograph showing duplex stainless steel 2205 etched in 40% NaOH solution
longitudinal section (rolling direction). The darker phase is ferrite and the lighter phase is austenite.

90µm
Figure 1.5. Micrograph showing duplex stainless steel 2205 etched in 40% NaOH solution (transverse
section).
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TABLE 1.1. COMMON GRADES OF DUPLEX STAINLESS STEELS AND THEIR NOMINAL
COMPOSITIONS (IN WT %)
UNS
Common
C
Mn
P
S
Si
Cr
Ni
Mo
N
Cu
Number
Name
S32750

2507

0.03

1.2

0.035

0.02

0.8

24-26

6-8

3-5
3.03.5
0.050.60

0.240.32
0.140.2
0.050.2

S32205

2205

0.03

2.0

0.03

0.02

1.0

22-23

S32304

2304

0.03

2.5

0.04

0.03

1.0

21.524.5

4.56.5
35.5

S32001

2101

0.03

5.0

0

0

0.7

21.5

1.5

0.5

0.050.6

0.3

0.22

0.3

……

Figure 1.6. Schaeffler diagram showing composition range in which stainless steels exhibit a duplex
structure [1]
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1.2.2. Stress Corrosion Cracking
Stress Corrosion Cracking is a localized form of corrosion occurring under the
simultaneous action of tensile stress and corrosive environment such as chloride and
caustic solutions [13]. Alloy composition has a significant effect on its SCC
susceptibility. For example, the maximum susceptibility of steels to SCC in chloride
containing environments is in the range of 5-35% of nickel [14]. Temperature is an
important factor, depending upon the alloy composition and environment, SCC may not
occur below a threshold temperature. The tensile stress requirements for the SCC to occur
may be fulfilled either by the residual stresses in the alloy due to fabrication processes or
by the operational stresses due to equipment being used. In certain alloy/environment
systems, stress corrosion cracking can occur at stresses well below the yield strength of
the material. The cracks can nucleate at corrosion pits or other pre-existing stress
concentrators and propagate into the metal if conditions are suitable. SCC is an insidious
form of corrosion and produces a drastic loss of mechanical strength without significant
metal loss. It causes a rapid, brittle failure of the steel without any prior indication and
hence is considered catastrophic. Several major disasters have been attributed to stress
corrosion cracking of steel equipment, including rupture of high-pressure gas
transmission pipes, boiler explosions and severe damage in power stations and oil
refineries. SCC cracking can be either intergranular (along grain boundaries) or
transgranular (through the grains). Figure 1.7 shows intergranular and transgranular stress
corrosion cracking. SCC mechanism can be different for different alloy/environment
combinations. For example, SCC of sensitized austenitic stainless steels in acidic chloride
media is intergranular [15], whereas in absence of sensitized microstructure, SCC in
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austenitic stainless steels in the same media nucleates at slip steps and propagates in
transgranular mode. On the other hand, ferritic steels are more susceptible to hydrogen
assisted stress corrosion cracking.

(i)
(ii)
Figure 1.7. Figures showing (i) intergranular SCC (IGSCC) along grain boundaries and (ii)
transgranular stress corrosion cracking (TGSCC) through grains [16]

Stress corrosion cracking phenomenon can be divided into four stages:
•

Incubation period

•

Crack initiation and stage I propagation

•

Stage II or steady state crack propagation

•

Stage III crack propagation or final failure

1.2.2.1. Role of Surface Films in SCC
Surface films may include adsorbed layers, films of corrosion product and dealloyed
layers [17]. These films may produce brittle medium in which cracks may propagate or
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may affect adsorption of hydrogen. These films may also affect local stresses in the
surface of the metal.
Protective surface films generally reduce the corrosion rate, but if such film breaks
down locally, then local corrosion current density increases, which may lead to
dissolution of metal and formation and propagation of cracks. The rate of propagation in
this case will depend on the rate of dissolution of metal. On the other hand, if the film is
thick and brittle, SCC cracks may propagate into this brittle film and get arrested when it
enters the ductile base-metal. In this case, the rate of crack propagation depends on the
rate of film formation. In both cases, rate of crack propagation depends on
electrochemical processes.
In case of hydrogen embrittlement, especially in case of high strength steels, the film
may control hydrogen adsorption.
Finally, surface films may change the mechanical properties of a material on which
they are formed by preventing the operations of surface sources of dislocations and
thereby leading to strengthening and stiffening of the materials.
The surface film may be ruptured locally due to mechanical stress [17]. This leads to
active dissolution of metal, resulting in a groove formation. This groove acts as a stress
raiser, due to which the metal at the tip of the groove may rupture again. This is seen in
(Figure 1.8). If the tip of the crack remains active with respect to the crack wall, the crack
may propagate. However, if the environment leads to rapid repassivation of the film, SCC
will not occur, as seen in region (I) illustrated in Figure 1.8. But if the repassivation rate
is very slow, crack may blunt and the stress concentration gets reduced as seen in Figure
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1.8(III). SCC is more severe where the film is moderately stable and intermediate
repassivation occurs (Figure 1.8(II)).

Figure 1.8. Schematic figure showing relationship between current versus time transient. (I) Rapid
repassivation. (II) Intermediate repassivation resulting in SCC. (III) Extensive lateral dissolution [17]

Chemical breakdown of the passive film is made easier by mechanical stress. But if
deformation is very slow, chemical breakdown of film may occur before mechanical
deformation has an effect. The time taken for chemical film breakdown may be related to
the incubation time in SCC. Rate of crack propagation depends on rate of metal
dissolution.
1.2.2.2. SCC Initiation
SCC initiation is the time required to achieve a local environmental conditions at any
pre-existing defects on the specimen surface or to form a defect that may result into a
crack. These defects may be from machining, scratches, pits or intergranular corrosion
notches. Prior to the initiation process, local chemistry of the environment suitable for
crack initiation needs to be established. This stage is very important for active-passive
11

materials such as austenitic stainless steels because the local environment at the crack tip
is different from the bulk environment and this local environment is critical for the crack
initiation and propagation. This exposure time is also called the ‘induction time’ (ti) or
‘incubation time’, which is usually a large fraction of the total time to fracture (tf) [35].
Hence, initiation of SCC can be described in terms of two parameters:
•

an incubation or initiation time ti, prior to crack formation

•

a critical mechanical loading threshold, expressed either as threshold stress σf (for
smooth surfaces), or as a critical concentration factor KISCC (in the presence of
preexisting cracks)

The relationship between crack growth rate and the time at different stages of crack
propagation is shown in Figure 1.9.
The incubation time depends on the material/environment combination. For a steady
state material/environment combination, there is a specific incubation time, but if this
steady-state is upset for some reason, the incubation time may change. Earlier work on
SCC of austenitic stainless steels in chloride solution has shown that there is a long
incubation period before cracking is initiated.
Once a crack has been initiated, preceded by the incubation time, it propagates under
the combined action of corrosive environment and adequate tensile stresses. There are
several mechanisms for crack propagation, which are described in the proceeding
sections.
Cracks may be initiated by several mechanisms [19],[20]. They may be initiated at
scratches, nicks or dents on the metal surface where the stress intensity is high, or at
corrosion pits where the passive film is mechanically destroyed [21]. The localized
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rupture of passive film at the metal surface may also take place due to plastic
deformation. Galvanic corrosion can also initiate SCC, where the selective dissolution of
one phase (e.g. matrix, inclusions or precipitates) with respect to another phase, in a
specific corrosive environment, results in the concentration of stress at the tip of
dissolution. Slip steps emerging at the surface also have a pronounced effect on the
initiation of stress corrosion cracks as the passive film may be damaged locally and form
local anodes at the sites, which may further initiate transgranular cracks [22].
1.2.2.3. SCC propagation
Once initiated, SCC propagation takes place under the combined action of
environment, tensile stresses, and microstructure. Crack geometry is maintained such that
the crack tip is typically active while the crack walls have a passive film. The common
rate controlling steps in crack propagation mechanisms are mass transport rates in the
crack enclave, oxidation and reduction rates at the strained crack tips and the inelastic
behavior in that region.
Figure 1.10 shows a schematic representation of the different processes that can be
involved in crack propagation. Any of these steps may be the rate controlling step in
crack propagation [23].
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Figure 1.9. Schematic showing different stages of stress corrosion cracking versus time

3

4

4

2
1

5

5

Plastic Zone

Figure 1.10. Principal types of mechanisms involved in the propagation of stress corrosion cracks: (1)
Surface reactions and transport. (2) Reactions in the liquid phase. (3) Transport in the liquid phase
(4) Local modification of the properties of the material (5) Mechanical failure [23]
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The processes are as follows:
•

Surface reactions at the crack tip
o anodic reactions: oxidation, dissolution, repassivation, formation of salt films
o cathodic reactions: reduction of water or protons and others
o adsorption: adsorption of hydrogen produced during cathodic reaction,
adsorption of ions containing chlorine, sulfur or inhibitors
o surface diffusion

•

Reactions in the solution near the crack tip such as hydrolysis of the metal cations,
precipitation of salts.

•

Mass transportation along the crack in the liquid phase:
o chemical diffusion
o diffusion in a potential gradient
o convection

•

Local modification of the material at the crack tip:
o adsorption and diffusion in the material: hydrogen produced by cathodic
reactions, vacancy produced by the dissolution reactions
o formation of porous or depleted layers by selective dissolution
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o modification of the mechanical properties such as plastic strain due to stress
concentration, partial relaxation of strain by anodic dissolution and increase in
dislocation mobility by hydrogen
o reactions in the material such as local transformation to martensite in relatively
unstable austenitic stainless steels
•

Mechanical failures:
o at the surface such as rupture of the passive film, de-bonding from the material,
cleavage, etc.
o ahead of crack-tip interface due to hydrogen traps

Among all these processes, some contribute directly to crack advance whereas others
create local conditions different from the bulk material, suitable for crack propagation.
Hence, during crack propagation, thermodynamic and kinetic conditions are created at
the crack tip, which cannot be created at the free surface of the bulk material. Any of
these processes can be a rate-determining step in crack propagation.
SCC propagation mechanisms can be divided distinctly into either those which involve
embrittlement of metal due to corrosive reactions (mechanical fracture models) or those
in which cracks grow by localized dissolution process. There are several proposed
mechanisms for crack propagation, which depend on the material/environment
combination. The mechanical fracture model assumes that the crack essentially
propagates by dissolution, and then the remaining ligaments fail by mechanical fracture
(ductile or brittle). There are several proposed models under this broad category. These
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are film induced cleavage model, tarnish rupture model, tunnel model, adsorption model
and hydrogen models.
The dissolution mechanism assumes that crack propagation is due to active dissolution
at the crack tip. This may be continuous or may be due the periodic failure of the
otherwise thermodynamically stable surface film on a material. The different models
under this mechanism are slip dissolution model or film rupture model and intergranular
stress corrosion cracking.

1.2.2.3.1 Dissolution Mechanisms
This model assumes that crack propagation is due to active dissolution at the crack tip.
This may be continuous or may be due the periodic failure of the otherwise
thermodynamically stable surface film on a material. This may lead to either
intergranular stress corrosion cracking or transgranular stress corrosion cracking. Once a
crack has initiated, it undergoes propagation due to the action of specific environment.
The crack wall dissolution rates are orders of magnitude slower than the crack tip
dissolution rates. Hence, in passive metals, crack walls repassivate behind the active
crack tip, leading to dissolution at the crack tip and causing crack propagation. For high
rates of crack propagation by crack tip anodic dissolution model, high values of corrosion
current are required at the crack tip. The main criteria for the proposed cracking
mechanisms in aqueous solutions is that the crack tip must propagate faster than the
corrosion rate on the unstrained crack sides, otherwise the crack will degrade into a blunt
notch. Based on this criterion, the material-environment condition for SCC may be
defined based on thermodynamic and kinetic requirements for the existence of protective
films on the crack sides. Hence, cracking susceptibility will depend on specific
17

potential/pH ranges, where the protective film is thermodynamically stable, but if
ruptured, bare surface dissolution is thermodynamically possible. Another requirement
for the crack propagation is the electrochemical reaction rate (dissolution or oxidation),
which must be significantly higher at the crack tip as compared to those at the crack sides
for a sharp crack to propagate. Therefore, SCC can be suppressed by blunting of newly
nucleated cracks during early initiation stages by specific material/environment
combination if this condition is not satisfied. The crack propagation rates for many
ductile alloy/environment systems are in direct proportion to the experimentally
determined dissolution rates under the mechanical and chemical conditions expected at
the crack tip, as can be seen in Figure 1.11 [24]. In the figure, it can be seen that the
crack propagation rate in austenitic stainless steel corresponds to an average current
density of ~10-1A/cm2.

1.2.2.3.2 Intergranular Stress Corrosion Cracking
In intergranular cracking, the segregation of solutes or the precipitation of the discrete
phases can occur at grain boundaries, which may result in electrochemical heterogeneity
at the grain boundaries, leading to their dissolution [25]. Auger electron spectroscopy was
used to determine the segregation effect in the vicinity of intergranular fracture surfaces
in type 304 stainless steels [25]. The results showed that depletion of chromium in the
grain boundary region resulted in attack by a weakly oxidizing solution, such as, H2SO4CuSO4. This dissolution is due to galvanic effects at grain boundaries, because of the
potential difference between the grain boundary regions and the bulk metal. Hence, the
driving force for dissolution is related to the potential difference between the matrix and
the segregant atoms forming a galvanic cell. Apart from the galvanic effects, modified
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film characteristics in the grain boundary regions, where segregants are present, are also
responsible for the dissolution and IGSCC. Studies have shown that if enhanced
dissolution occurs in grain boundary regions due to the presence of segregants, protective
film may be impaired in those regions causing the crack to propagate. Grain boundaries
also provide obstacles to dislocation motion where pileups occur at these boundaries,
leading to localized deformation in the grain boundary region. This may also cause
IGSCC.

1.2.2.3.3 Slip Dissolution Model or Film Rupture Model
In the slip dissolution model, dissolution takes place at or along the slip lines [23],
[27]-[29]. The steel is protected by a surface film, which is ruptured due to stress during
plastic deformation, causing anodic dissolution of the underlying metal. Localized plastic
deformation at the crack tip concentrates stress in this region leading to film rupture only
at the crack tip and not at the sides of the crack. This causes anodic dissolution at the tip
permitting crack propagation. This mode of propagation is generally found in
transgranular SCC of austenitic stainless steels. Film ruptures due to emergence of slip
steps through the thin passive film (10 to 50Å) and repassivation proceeds after a stage of
transient dissolution. The fundamental parameters that govern the crack propagation are
the strain rate at the crack tip (dε/dtCT), which determines the frequency of film rupture,
and the kinetics of active dissolution and repassivation of the exposed metal due to film
rupture. The initiation and propagation of cracks by this model is shown in Figure 1.12. A
correlation

between

the

dissolution/repassivation

kinetics

and

intergranular/transgranular corrosion can also be obtained from Figure 1.11.
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rates

of

In order for the slip step dissolution model to operate, the slip step height should be
more than the thickness of the surface films, if unfilmed metal is to be exposed to the
environment. Slip step dissolution model can explain most of SCC failures in austenitic

Crack propagation rate in mm/s

stainless steel in high temperature water, chloride containing solutions and caustic media.

Average current density on straining surface in A/cm2
Figure 1.11. Correlation between crack propagation rates and anodic dissolution currents measured
during tensile tests under an imposed potential [25]
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Figure 1.12. Schematic showing various steps (a,b and c) of film rupture model and (d) showing
crack tip intersected by several active slip steps [27]

There have been various hypotheses for the precise atomistics at the crack tip that
have been proposed considering the effect that environment has on the ductile fracture
process. These hypotheses propose an increase in the number of active sites for
dissolution due to strain concentration and the preferential dissolution of mobile
dislocations due to chemical activity of dislocation core or solute segregation at the
dislocations. For crack propagation by slip dissolution model, different types of
protective films present, such as oxides, mixed-oxides, salts or noble metals left at the
metal surface may be ruptured due to the strain developed in these films, leading to crack
initiation [30]. The strain rate at the crack tip, which is necessary for the film to rupture,
may increase due to monotonically increasing the stress or cyclic stress, or due to the
creep process in the underlying base metal under constant stress. Once the film is
ruptured, crack tip propagation is governed by the oxidation on the bare metal surface,
depending on the thermodynamics and kinetics of the system as well as the film
reformation. The crack propagation will be maintained if the film rupture and reformation
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processes occur continuously due to varying strain rates at the crack tip as shown in
Figure 1.13. This model also provides a quantitative description of crack propagation.
According to this figure, the crack sides have a passive film. The crack tip is active due to
the rupture of the passive film and active dissolution occurs at the tip. This film rupture
occurs because of the strain rate at the tip. Hence, crack advance will only be maintained
if the film rupture process reoccurs. Therefore, according to Faradays law, the average
environmentally controlled crack propagation rate (Vt) is related to the oxidation charge
density between oxide rupture events (Qf) and the strain rate at the crack tip (ε.ct) by:
•

Vt =

(1)

M Qf •
×
× ε ct
zρF ε f

where M is the atomic weight and ρ is the atomic density of the crack tip metal, F is the
Faraday’s constant, z is the number of electrons involved in the oxidation of an atom of
metal, and εf is the fracture strain of the oxide at the crack tip.
The rate controlling steps that govern the crack propagation by slip dissolution model
are:
1). Liquid diffusion of either water molecules or solvated cations to and from the
crack tip region.
2). The overall oxidation (dissolution and oxide re-growth) rate or rate of
repassivation.
3). Film rupture rate at the crack tip.
These parameters can directly be related to stress, environment, and microstructure, as
seen in Figure 1.14.
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Figure 1.13. Schematic showing oxidation charge density/ time relationships for a strained crack tip
and unstrained crack sides [30]

Figure 1.14. Interrelationship between the fundamental controlling parameters (mass transport rate,
passivation rate, oxide rupture rate) and the phenomenological parameters (stress, environment,
microstructure) known to affect SCC [30]
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As the oxidation charge density on the bare metal surface depends on material and
environment composition at the crack tip, the crack propagation rate can be expressed as:

Vt = Aε&ctn

(2)

where, A and n are constants depending on material and environment composition at the
crack tip. This equation has limitations at very high and very low crack tip strain rate as
seen in Figure 1.15.
At low strain rates, sharp cracks cannot be maintained because the crack tip
propagation rate Vt becomes equal to the oxidation rate on the crack sides. Hence,
repassivation of the crack tip occurs easily and crack propagation due to dissolution of
the metal at the tip is inhibited. Under these conditions, crack propagation rates will
decrease and crack will be arrested because of blunting. At high crack tip strain rates, a
bare surface will be continuously maintained at the crack tip and the crack propagation
rate becomes independent of ε&ctn .

1.2.2.3.4 Mechanical Fracture Models
Mechanical fracture of ductile metal or of the brittle outer layer is involved in these,
mechanisms. There are several proposed models under this broad category.
1.2.2.3.4.1 Film-Induced Cleavage Mechanism

Sometimes during transgranular cracking, the faradaic equivalent of the oxidation rate
at the strained crack tip is insufficient to explain the observed crack propagation rate [30].
In addition, cleavage like crystallographic features on transgranular fracture surfaces
cannot be explained by the dissolution/oxidation model alone. Hence, studies have shown
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that transgranular, environmentally controlled, crack propagation can occur by a
combination of slip dissolution and brittle fracture mechanisms [31]-[33]. It has been
suggested that initially the crack front propagates by oxidation process that is controlled
by rate determining steps, similar to those in the slip dissolution model. But when the
film rupturs due to strain increment, the crack in the brittle surface film may rapidly
penetrate a small amount (a*) into the underlying ductile metal matrix, due to its inability
to accommodate the imposed strain rate. This is illustrated in Figure 1.16.
Hence, the crack tip propagation rate equation for the film rupture model is modified
as follows:

Vt = (

ε&
M
Q f + a* ) ct
εf
zρF

(3)

This film-induced cleavage component, a* is controlled by state of coherency between
the surface film and the metal and the fracture toughness of the substrate. The ability of
the brittle crack in the surface film to propagate into a ductile matrix depends on the ratio
between the rate of propagation of the crack initiated in the surface film and the velocity
of the dislocations emitted in the underlying metal. This model is attractive for caustic
SCC of non-sensitized austenitic stainless steels [34].
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Figure 1.15. Strain-rate dependence of the crack propagation rate in the slip dissolution model [30]

Figure 1.16. Schematic illustration of the elements of the film-induced cleavage mechanism of crack
propagation. Similarity of the slip dissolution model (Figure 1.13) during initial stages of propagation
cycle can be observed [30]
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1.2.2.3.4.2 Tarnish Rupture Model or Brittle Film Model

The tarnish rupture model or sometimes referred to as the brittle film model is relevant
to the intergranular stress corrosion cracking of austenitic stainless steels. This model can
also be applied to SCC of stainless steels in high temperature water or in polythionate
solutions. In this model, a brittle or mechanically weak surface film is produced by the
environment [27]. This film grows preferentially along the grain boundaries, as seen in
Figure 1.17. In a stressed material, this film undergoes brittle fracture at some critical
depth, and enters the substrate, exposing bare metal and leading to its dissolution until the
metal repassivates and the brittle film is formed again. This process repeats itself, leading
to discontinuous crack propagation. This model is also called stress assisted intergranular
corrosion. The difference between this model and the film rupture model is that film
rupture model involves thin passive films (~ 50 Å) and rate of repassivation plays an
important role in the crack propagation. But tarnish rupture model deals with thick (~
1000 Å or greater) nonprotective films whose growth is limited by the transportation of
ions in the solution.
1.2.2.3.4.3 Tunnel Model

Tunnel model assumes the formation of fine arrays of small corrosion tunnels at
emerging slip steps [35]. These tunnels grow in diameter and length until stress in the
remaining ligaments of metal are unable to bear the stress and cause ductile fracture
leading to crack propagation. This process is repeated and results in a discontinuous crack
propagation, as shown in Figure 1.18. Hence, the cracks propagate by alternating tunnel
growth and ductile fracture.
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The occurrence of corrosion tunnels in austenitic stainless steels was observed in a
number of SCC cases as shown in Figure 1.19. The corrosion tunnel model for crack
propagation is applicable very rarely as compared to other models.

Figure 1.17. Schematic representation of the tarnish rupture model showing the formation of brittle
film along the grain boundaries and subsequent rupture of the brittle film under stress leading to
crack initiation and propagation [27]
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Figure 1.18. Schematic representation of the tunnel model showing (a) the formation of fine arrays of
small corrosion tunnels at emerging slip steps (b) ductile fracture in ligaments between tunnels
leading to crack propagation [27]

Figure 1.19. Scanning electron micrograph of corrosion tunnels along slip traces in activated surface
of 304 austenitic stainless steels [18]
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1.2.2.3.4.4 Embrittlement Models

According to this group of mechanisms, SCC cracks propagate in a brittle manner in
most cases, and hence the Griffith’s approach to brittle fracture can be relevant [25].
Thus, the fracture stress required to cause the propagation of an elliptical crack in a brittle
manner can be estimated from the equation:
⎛ 2 Eγ s ⎞
σc = ⎜
⎟
⎝ πC ⎠

1

(4)

2

where E is the Young’s modulus and γs is the surface energy. Hence, any process that
lowers γs will reduce the stress required for brittle fracture. This γs may be lowered if
some species are adsorbed at the fracture surface. This usually takes place during
hydrogen embrittlement of steels. But if plastic deformation is involved in the fracture,
then according to Orowan, the surface energy term will be modified to account for the
work done during plastic deformation. Hence γp (work for plastic strain) is added to the γs
term. Apart from hydrogen reacting with dislocations, vacancies or larger voids and
affecting fracture, it may also form hydrides and affect fracture. These embrittling films
may be formed at the exposed surface of the metal and rupture, leading to active
dissolution of metal and crack propagation.
1.2.2.3.4.5 Selective Adsorption Model

Selective adsorption model proposes that specific species may be adsorbed at the
metal surface thus reducing the surface energy, γs term in the Griffith or Petch-Stroh
equations, leading to a reduction in the stress required to cause a brittle fracture.
According to this model, specificity of species as well as electrochemical dependence of
SCC can be explained be the selective corrosive species getting adsorbed at surface of
30

given metal and interacting with the strained bonds at the crack tip, causing a reduction in
the bond strength as shown in Figure 1.20 [24].
Adsorption usually occurs at dislocations or other mobile imperfections at the crack
tip. This model involves brittle fracture and is therefore consistent with the cleavage-like
transgranular fracture of austenitic stainless steels. However, there are several
controversies regarding this theory. One of the main controversies is that crack
propagation is controlled by rate of transport of damaging ions to the crack tip, and
studies have shown that an atomistically sharp crack cannot remain stable in a ductile
FCC alloy at such low crack velocities.
Fuller, Lawn and Thompson [36] considered the atomistic model for adsorption
induced fracture. In this model, the atoms are connected by horizontal bonds of spring
constant (β) and vertical stretchable (breakable) bonds of spring constant (α). This model
is shown in Figure 1.21. When a chemical species (diatomic molecule A2 in Figure 1.21)
is adsorbed at the crack tip, it forms two AB bonds and the failure occurs by the
breakage of the weakened AA bond.
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Figure 1.20. Schematic representation of the adsorption model. This model requires that a specific
ion from the environment, B, interacts and reduces the cohesive strength of strained bond A-A0 at the
tip of a brittle crack [27]

Figure 1.21. Quasi one dimensional model of a crack and schematic showing chemically induced
bond rupture. Extraneous molecule AA reacts with crack tip bond BB to produce terminal bonds AB
[36]
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1.2.2.3.4.6 Hydrogen Embrittlement Models

According to these models, SCC is caused by slow crack growth induced by external
sources of hydrogen [27]. There are a number of hydrogen embrittlement models
proposed for different alloy/environment systems and they are:
1). Strain-induced martensite model
2). Hydride models
3). Interaction with dislocations
In strain-induced martensitic model, formation of strain-induced martensite may be
involved in TGSCC of austenitic stainless steels. The observation of martensite on the
SCC fracture surface of austenitic 304L stainless steels in many cases suggest the role of
strain-induced martensite in the SCC susceptibility of these steels. It was hypothesized
that hydrogen entry into the lattice may have promoted the transformation of metastable
austenite to martensite.
In hydride models, hydrides are considered to play key role in the SCC of some nonferrous alloys such as titanium alloys either by acting as barriers to dislocation motion
and hence promoting brittle fracture of the matrix or by providing paths for brittle
fracture through the hydride phase formed in these alloys.
Dislocations can play a role in the hydrogen embrittlement process. In this model,
embrittlement is brought about by hydrogen, which interacts with and pins dislocations,
permitting brittle fracture.
Hydrogen embrittlement occurs in metals due to hydrogen adsorption during hydrogen
evolution on metal surface [37]. The reactions which precede hydrogen adsorption are:
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H2O + 2M = MH + MOH

(5)

H2O + MH = MOH + H2

(6)

These reactions can only occur at active sites, i.e. free of O2 and passive films at the
bottom of growing pits and cracks. This hydrogen may precipitate at non-metallic
inclusions, carbides, grain boundaries, etc. Nucleation of micro cleavage cracks or voids
occur due to piling up and coalesce of dislocation group in the vicinity of any obstacle.
These obstacles are formed due to diffusion of lattice-dissolved hydrogen to the point of
maximum triaxiality of stress. Fracture occurs due to lowering of the cohesion energy of
the bonds.
In DSS, depending upon the environmental conditions, either austenite or ferrite
phases can be preferentially susceptible to SCC. Therefore, SCC growth in DSS will
depend upon the volume fraction and morphology of austenitic and ferritic phases.
Thorough understanding of SCC mechanisms in caustic solutions may lead to tailored
duplex microstructure or eliminate environmental parameters which may make the steel
susceptible to SCC in these systems.
1.2.3. Effect of Heat Treatment on Microstructure and Stress Corrosion Cracking
Susceptibility of Duplex Stainless Steels

1.2.3.1. Heat Treatment and Microstructure

Different alloying elements in duplex stainless steel alloys are partitioned in the
austenite and ferrite phases as a function of temperature [38]. Except for nitrogen, the
partition coefficients of other elements vary very little in different duplex stainless steel
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grades. The partitioning coefficient of nitrogen (ratio of mole fraction of nitrogen in the
austenite phase to that in the ferrite phase) varies manifestly with its total concentration in
the alloy and was reported to be 7.0 at temperatures around 1300°C. Hence, the ferrite
becomes saturated with nitrogen faster than the austenite and the remaining nitrogen goes
into solution in the austenite. Therefore, a slight increase in the proportion of nitrogen
produces a corresponding enrichment of this element in the austenite phase.
Ferrite is a body centered cubic (BCC) structure, whereas austenite is face centered
cubic (FCC).. As a consequence, the rate of diffusion of alloying elements in ferrite is
generally faster than that in austenite, resulting in transformations, mainly in the ferrite
phase, during various isothermal and anisothermal heat treatments of duplex stainless
steels. Ferrite stabilizers such as chromium and molybdenum also promote the
precipitation of intermetallic phases which adversely effect the mechanical properties and
corrosion resistance.
When DSS are heated above 1300°C, the austenite phase dissolves completely in the
ferrite [39]. On cooling, austenite is nucleated at ferrite grain boundaries and grows in a
“blocky” manner, which is generally known as grain boundary allotriomorphs. These
allotriomorphs may have incoherent α/γ interfaces or semicoherent interfaces. On further
cooling, the austenite grows into the ferrite grains from the allotriomorphs in a plate like
manner known as Widmanstatten side plates. The austenite is further recrystallized as
intergranular precipitates in the ferrite matrix [40].
During various fabrication processes, when duplex stainless steel is exposed to
isothermal heat treatments in the temperature range of 300°C to 1000°C, solid-state phase
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transformations occur, resulting in the precipitation of different intermetallic phases, as
shown schematically in Figure 1.22 [41]-[44].
In the temperature range of 500°C to 1000°C, sigma phase, chromium nitride and
chromium carbide precipitation takes place. The chromium rich sigma phase has the
most severe deleterious effect on the corrosion resistance and mechanical properties of
duplex stainless steels. The kinetics of sigma formation are rapid and contains ferrite
stabilizing elements such as Fe-Cr-Mo with traces of Si and W, which lead to the
depletion of these elements in the matrix [45][46]. Prior investigations have shown that
eutectoid decomposition of ferrite phase results in the formation of sigma and secondary
austenite [46]. The sigma phase nucleates at the ferrite-austenite interface and then grows
towards the ferrite. Hence the depletion of Cr and Mo is more pronounced in the ferrite
phase due to higher diffusion rates, making it more prone to pitting corrosion in chloride
containing environment. The size and amount of this intermetallic phase increases with
aging time at 900°C [48]. The sigma phase is hard and brittle; hence, prolonged aging
causes loss of toughness and corrosion resistance in the steel. Chemical analysis of
secondary austenite lamellae has shown that it has low amount of Cr and no Mo at all.
These Cr and Mo depleted zones around the sigma phase have low pitting potentials,
making the passive film breakdown at these sites easier [49].As a result, the passive film
of these austenite lamellae can break down locally in chloride containing corrosive
environments making the steel susceptible to pitting and stress corrosion cracking.
Similarly other intermetallic precipitates also affect corrosion and SCC behavior of DSS
and can make the steel less resistant to pitting corrosion and stress corrosion cracking.
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Figure 1.22. Isothermal cooling curve showing possible precipitations in DSS [9]

Carbide (M23C6) and Nitride (CrN and Cr2N) precipitates form between ~500° and
1000°C in duplex stainless steels [50]. These precipitates generally nucleate along grain
boundaries and ferritic-austenitic interfaces (higher energy regions) causing depletion of
ferrite and austenite stabilizing elements along the boundaries. This has been shown to
cause intergranular stress corrosion cracking in chloride media.
Aging at about 750°C produces χ precipitates discretely distributed along ferriteaustenite grain boundaries. This phase is rich in Mo and is unstable, hence it transforms
into sigma phase with prolonged aging time, depleting the matrix of Cr and Mo and
effecting pitting corrosion resistance and subsequently stress corrosion cracking
resistance. Studies have shown that molybdenum is one of the most important alloying
elements for pitting and crevice corrosion resistance in oxidizing and low pH
environments. However, it also enhances the precipitation tendency of sigma phase at
high temperature. In tungsten substituted 2205 duplex stainless steel, the ferrite and χ
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phases contain large amount of tungsten, and hence they decompose into sigma phase at a
much lower rate than the duplex steels containing only molybdenum [51][52].
Another deleterious effect of heat treatment in duplex stainless steel is the thermal
embrittlement at 475°C [53][54]. In the temperature range of 300°-600°C, the ferrite
phase decomposes spinodally into Cr-rich α’ phase and a Fe-rich α phase. Spinodal
decomposition takes place when alloys between the spinodal points are unstable and
decomposes into two coherent phases. In this case, the ferrite phase decomposes into two
coherent phases α’ and α. Studies have shown that the α’ phase is a body centered cubic
(bcc) structure with its lattice constants being almost same as that of the ferrite matrix.
Since this reaction takes place more rapidly at 475°C, this process is known as “475°C
embrittlement.” When duplex stainless steel is exposed to this temperature for a longer
time period, the steel hardens and looses its toughness. This is the main reason why DSS
are not used in high temperature process equipments operating above ~350°C - 400°C.
1.2.3.2. Thermal Effect on Microstructure of DSS during Welding

Field data have shown that some pulp mill equipments have experienced stress
corrosion cracking in the welded and heat affected zone. SCC susceptibility of DSS has
been attributed to the changes in the steel microstructure in the fusion zone and heat
affected zone (HAZ), when the steel is subjected to certain welding operations [55]-[58]
During welding, the austenitic – ferritic phase balance can be affected and can deviate
from the 1:1 ratio. In the fusion zone and HAZ the base metal may experience
temperatures above 1100°C where the austenite phase tends to dissolve partially or
completely, depending upon the chemical composition of the alloy [59]-[61]. If the
welded section undergoes rapid cooling thereby slow diffusion at lower temperatures will
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favor lesser amount of austenite and more ferritic phase in DSS whereas multiple passes
or resulting lower cooling rates may favor higher austenite locally in DSS.
Nitrogen has more solubility in austenite phase compared to ferrite phase. Hence,
during cooling of weldments, the ferrite phase becomes supersaturated with nitrogen due
to the dissolution of the austenite phase. This excess nitrogen combines with chromium to
form chromium nitride precipitate [62]-[64], which nucleates at dislocations, inclusions
and grain boundaries. This can result in chromium depletion in the ferrite matrix. Prior
investigations have shown that Cr2N precipitation from ferrite can induce pitting in
chloride environments.
Previous work on the composition of weld metals has shown that the addition of
nickel to the weld metal shifts the thermodynamic equilibrium towards a higher austenitic
fraction, maintaining the phase balance of duplex stainless steel. It also raises the (α+γ)/α
solvus and hence the ferrite to austenite transformation during cooling of welds take
place at a higher temperature [65]. Restoring the phase balance helps in improving the
corrosion resistance of duplex stainless steel in chloride and acidic solutions. However,
because the role of DSS microstructure on their SCC susceptibility in caustic solution
was not known, it was difficult to control the heat treatment, welding process or weld
metal composition to avoid fabrication related failures in caustic solutions.
1.2.4. Effect of Environment on Stress Corrosion Cracking Susceptibility of Duplex
Stainless Steels

Corrosive environments play a vital role in crack initiation and growth of SCC.
Generally SCC in a given environment/steel combination occurs in a specific
electrochemical potential range, so the redox potential of the environment also has an
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important role in overall SCC. Redox potential of the solution will change with the
composition of the solution as well as by the temperature, thereby influencing SCC
susceptibility. Numerous studies have been carried out to investigate stress corrosion
cracking of duplex stainless steel in chloride solutions [66]-[71].
The stress corrosion cracking susceptibility of duplex stainless steel in 26wt% NaCl
solution at 90°C was tested by slow strain rate tests under open circuit potential and
different anodic potentials. It was observed that the critical potential for SCC coincided
with the pitting potential in this environment [72]. Hence pitting was considered to be
the precursor to stress corrosion cracking in chloride environments. Examination of the
fractured surfaces showed selective dissolution of the ferrite phase signifying that crack
propagation was due to the galvanic effect between ferrite and austenite. Selective
dissolution of either austenite or ferrite phase depended on the corrosive medium to
which the duplex steel is exposed and the potential of the solution.
Stress corrosion cracking susceptibility was tested in high temperature caustic
solutions (30% sodium hydroxide solution at 200°C) at different strain rates [73]. It was
seen that the stress corrosion susceptibility of DSS specimens increased with decreasing
strain rates, while other test conditions remained identical. The addition of hydrogen
sulfide to the caustic solution also increased the susceptibility of DSS to stress corrosion
cracking.
The behavior of austenitic stainless steels in 300g/L of sodium hydroxide at 200°C
was studied [74]. Susceptibility of austenitic stainless steels increased with the addition
of sulfide ions to the caustic solution. Further, the resistance of this steel to SCC
increased with increasing chromium content. The susceptibility of stress corrosion
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cracking of type 304LSS in caustic solutions was found to be above 100°C, but in the
presence of sulfide, SCC occurred at temperatures as low as 50°C [75]. In some studies,
the mechanism of stress corrosion cracking of austenitic stainless steels in caustics and
chlorides was found to be associated with dealloying of elements, selective dissolution of
elements or film induced cleavage [76]-[79]. Ferritic steels, on the other hand, showed
greater resistance to general corrosion and SCC in caustic environments. Open circuit
potential for austenitic stainless steels moves to more cathodic potentials with an increase
in temperature, and concentration of sulfides and hydroxides [80]. These changes may
stabilize potential in cracking zone, making steels susceptible to SCC.
Caustic stress corrosion cracking is a major concern in the pulp and paper industry
[81], where the pulp mill equipments are exposed to white liquor used in Kraft pulping
process containing high concentrations of sodium hydroxide (NaOH) and sodium sulfide
(Na2S) [82]. Other pulp mill liquors also contain hydroxide and sulfides but white liquor
contains the highest concentrations of caustic and sulfur containing species and hence is
considered to be the most aggressive of all pulping liquors. Sulfide in high pH solutions
exists mainly in hydrated form (HS-) but also in the forms of sulfide (S2-) and
polysulfides [83]. In addition to this, other sulfur anions like thiosulfate (S2O32-), sulfite
(SO32-), and sulfate (SO42-) may also be present in pulping liquors. Some of the oxidized
sulfur species in white liquor such as thiosulfates and polysulfides are known to
accelerate the corrosion of mild steel [84]. Wensley et al., have reported that increasing
the amount of polysulfides caused an increase in the corrosion potential of mild steel in
white liquor [85]. This could either lead to accelerated active corrosion of the steel over
that in polysulfide free solution or cause passivation of the mild steel with a subsequent
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decrease in corrosion rate depending on the amount of polysulfide present. However,
thiosulfate concentration was found to enhance the magnitude of the anodic current
maxima in sodium hydroxide solution [85]. Sulfite and sulfate were reported to have no
effect on the corrosion rate of mild steel [85]. These species are not added intentionally to
the white liquor but are formed as impurity due to air oxidation of the sulfides.
However, range of potentials and effect of environmental parameters on stress
corrosion cracking of DSSs in sulfide-containing caustic solutions are not known.
1.2.5. Effect of Alloy Composition on Stress Corrosion Cracking Susceptibility of
DSS

Alloy composition of DSS may affect localized corrosion as well as SCC
susceptibility [86]. These effects may be either due to stability of passive film or due to
microstructural changes like precipitation and phase ratios, and in turn may affect
corrosion resistance. One way to quantify effect of alloy composition to localized
corrosion in oxidizing chloride environments is by calculation of pitting resistance
equivalent number (PREN), which takes beneficial and detrimental effects of alloying
elements into account. Higher PREN suggests greater resistance to pitting corrosion. It
was shown that by changing the composition of alloying elements with respect to
standard duplex stainless steels, the corrosion properties could be changed. Alloying
elements also affect phase ratios. It was reported that an increase in manganese content of
cast steel decreased the volume fraction of austenite [87]. For example, the increase of
manganese content from 0% to 0.8% decreased the volume fraction of austenite from
44% to 40%. The shape of the austenite phase also changed from round to needle shaped.
On further increasing Mn content to 2%, the volume fraction of austenite was reduced to
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35%, and size of austenite phase became larger and rounder than that with 0.8% Mn.
There was an increase in the yield strength of the steels pertaining to the increase in the
volume fraction of ferrite from 56 to 65%. The change in shape of the austenite phase
also affected elongation and pitting resistance of the steel. With the evolution of needle
shaped phase, the contact area between the noble austenite and the less noble ferrite
increased, which led to the selective dissolution of ferrite and subsequently pitting started
in chloride medium (3.5% NaCl + 5% H2SO4). The increase in the contact area of the
ferrite and austenite phase in the alloy containing 0.8% Mn also decreased the stress
corrosion cracking susceptibility of the steel. The general corrosion properties of the
alloy containing 2% Mn was also inferior to that containing 0% Mn in chloride solution
due to the higher volume fraction of ferrite phase. However, similar effects on corrosion
and SCC in caustic solutions and sulfide containing caustic solutions are not known.
1.2.6. Residual stress and elastic-plastic behavior of duplex stainless steels

Commercially produced DSS have an inhomogeneous microstructure, hence each
phase in the material will have a different response to the applied stress. Moreover, since
the two phases have different coefficients of thermal expansion, thermal microstresses are
introduced in DSS during cooling from an elevated temperature. In a study performed by
Johansson et al. [88], the evolution of the triaxial residual stress state in commercially
produced 2304 DSS was measured in-situ during uniaxial loading. The microstresses
within the material may arise in various ways such as by deformation of a two-phase
material with different yield points or due to difference in thermal expansion.
Crystallographic texture of both phases determined from X-Ray diffraction
measurements showed that the austenite phase had a more complex type of texture as
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compared with the ferrite phase. To determine triaxial stress, it is necessary that the
unstressed lattice parameter be accurately determined. The unstressed lattice parameters
in this study were found to be a0=3.59694 ± 0.00020 Å for austenite and a0=2.87355 ±
0.00018 Å for the ferrite phase. The typical coefficients of thermal expansion (CTE) for
the two phases as a function of temperature are shown in TABLE 1.2 [88]. Since the two
phases have significantly different coefficients of thermal expansion, phase specific
residual stresses are introduced because of quenching from the solution annealing
temperature. The higher value of CTE of the austenite phase indicates that tensile stresses
could be expected in the austenite phase and compressive stresses in the ferrite phase.
The results of this study indicated that the microstresses are tensile in the austenite phase
and compressive in the ferrite phase, which is in agreement with the above theory.
Microstresses were also found to be higher in the transverse direction compared to the
rolling direction. Highest stresses were always found in the austenite phase and the
microstresses increased with an increase in the load in the macroscopic elastic regime.
These microstresses became saturated when plastic deformation started to occur, and
even after 2.5% of total plastic deformation, stresses were still higher in the austenite
phase.
Due to the complex microstructure of DSS, a heterogeneous stress distribution is
generated in the two phases. The presence of surface stress gradients may also affect the
corrosion resistance of the steel [89]. The surface macrostresses are same in both the
phases and vary on a scale that is large compared to the material microstructure. On the
other hand, surface microstresses vary on the scale of the material microstructure and
must be balanced between phases [89]. The average total stress is the sum of the surface
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macrostresses and the average value of the surface microstresses. This total stress can be
determined by measurements using neuron, X-ray and synchrotron X-ray. Mary et al.
have performed texture analysis and surface stress analysis on 2205 (UNS S31803)
duplex stainless steel using XRD measurements and compared the results with the
surface stresses determined by finite-element method [89]. It is evident from their results
that the stress amplitude depends on the surface preparation. Both phases were found to
be under compression after polishing. However, the ferrite phase, which has lower atomic
packing factor of 68% as compared to that of austenite (74%) had undergone more
compression as compared to the austenite phase.
Elastic-plastic behavior of both phases was also studied by Mary et al. [89] by
determining the load partitioning between the two phases under straining condition.
Results showed that the austenite phase had developed tensile surface stresses under
straining above 160MPa, whereas the ferrite phase was still under compression. Above
300MPa, the austenite phase was found to deform plastically, indicated by the emergence
of slip steps in some grains of austenite. Surface observation of the DSS specimen
(Figure 1.23) strained to 400MPa showed the presence of numerous slip bands in the
austenite phase, indicating that it deforms plastically while the ferrite deforms elastically.
The plastic deformation of the ferrite phase was noticed above 425MPa (Figure 1.24).
The Schmid’s factors for the possible deformation modes (among 48 potentially active
slip systems for a body-centered cubic structure and 12 potentially active slip systems for
a face-centered cubic structure) were calculated in the above study. The results indicated
_

_

_

_

_

that the ( 111 ) [ 1 01 ] slip first operates in the austenite phase and ( 10 1 ) [ 111 ] and ( 011 )
_

[ 111 ] first operates in the ferrite phase. According to the values of the Schmid’s factor
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associated with these systems, both phases are likely to undergo plasticity at roughly the
same surface stress value. But as the ferrite is in a highly compressive state and the terms
of the stiffness tensor are of the same order of magnitude in both phases, the applied
stress necessary to reach micro-plasticity in the ferrite phase is much larger than that in
the austenite phase. Hence, the austenite phase undergoes plastic deformation at an
applied stress far below the yield strength of the material (at about 54% of Rp0.2) whereas
the ferrite phase plastically deform at about 76% of Rp0.2.

Figure 1.23. Lamellar microstructure of 2205 DSS obtained from a classical optical microscope after
tensile test at 400MPa (a) bright field image (b) Differential interface contrast image showing
numerous slip bands in the austenite phase which deformed plastically while the ferrite deformed
elastically [89]

46

TABLE 1.2. TYPICAL COEFFICIENTS OF THERMAL EXPANSION (CTE)

Grades

Ferritic phase
Austenitic
phase

Alloy Type

445
303

Mean CTE from 0ºC to :
100 ºC
315 ºC
538 ºC
10.4
10.8
11.2
17.2
17.8
18.4

Figure 1.24. Lamellar microstructure of 2205 DSS obtained from a classical optical microscope after
tensile test at 450MPa (a) bright field image (b) Differential interface contrast image showing
numerous slip bands visible in both the austenite an ferrite phases [89]
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The effect of residual stresses on the individual phase mechanical properties of duplex
stainless steel was studied by Dakhlaoui et al. [90]. The material was UR45N containing
22.4 % chromium and 5.4% nickel. Elastic phase strains were measured axially and
transversely to the applied load. The results showed a large anisotropy of the elastic and
plastic properties in both austenite and ferrite phases. At the beginning of the tests, the
axial elastic strains for tensile loading showed that upto about 250MPa, both the phases
were below the yield point and linear elastic deformation occurred. At the threshold stress
of 250MPa, a deviation from linearity appeared in the axial strain data indicating the
beginning of plastic deformation in the austenite phase. Beyond 250MPa, the elastic
strains of austenite reflections increased more slowly with increasing applied stress than
in the elastic regime, whereas the elastic strains of the ferrite increased more rapidly. This
continued upto a loading of about 500MPa, beyond which the plastic deformation of the
ferrite phase occurred. The ferrite phase was found to work harden more slowly than the
austenite phase. The two threshold stresses of 250MPa and 500MPa indicate the yield
points of the austenite and ferrite phase respectively. In this study, it was found that the
austenite phase is initially the softer phase and the critical resolved stress of ferrite is
higher than that of austenite. Nevertheless, the yield stresses of the phases within duplex
stainless steel are affected by both the critical resolved stresses within the crystallites and
initial residual stresses present within the material. The austenite phase exhibits stronger
hardening than ferrite phase [90].
In situ tensile tests were carried out with an atomic force microscope (AFM) to study
the plastic deformation of an austenitic-ferritic duplex stainless steel Uranus 50® by
Frechard et al [91]. The tensile tests consisted of nine deformation steps of 0.1mm
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separated by pauses. Electron backscattered diffraction (EBSD) method was used to
determine the crystallographic orientations of the austenite and ferrite grains in the
deformed samples. After a 0.5mm elongation of the specimens, the AFM image showed
that some austenite grains exhibited nearly equidistant lines, which corresponded to the
intersection of active slip planes with the grain surface. After 0.6mm elongation, the slip
systems in the austenite phase became well developed in all the austenite grains.
Moreover, secondary slip system was found to be activated in some grains. Many
austenite grains exhibited two or three kinds of slip planes and at this point, no sign of
plastic deformation was detected in the ferrite grains. The global deformation
corresponding to 0.6mm elongation was estimated to be about 45%. EBSD measurements
at the end of the tensile test with 0.9mm elongation revealed slip lines distributed in the
majority of the austenite grains and no slip lines in the ferrite phase. The activated slip
planes in the austenite phase were determined from a comparison between the calculated
angles and the measured angles. The active slip directions were then determined from the
highest values of the Schmid factor (µ). Thus the activated slip systems for the austenite
__

_

_

grains were identified as ( 111 ) [ 11 0 ] and ( 111 ) [ 11 0 ]. Detailed AFM study, with smaller
scanned areas near the phase boundaries, revealed slip traces in some ferrite grains. The
existence of slip steps in the ferrite near the phase boundaries was attributed to two
deformation mechanisms. The accumulation of dislocations in austenite at the
austenite/ferrite grain boundary had generated dislocations in the ferrite. The slip system
corresponding to this was identified as ( 01 1 ) [111] in the ferrite grain. In the other

mechanism, dislocations in the austenite grains were found to shear a ferrite grain,
producing slip traces in the ferrite grain.
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The residual stress state of the heat affected zones (HAZ) of welded duplex stainless
steel U-bend specimens was studied by Heikki et al [4]. These stresses were determined
by X-ray diffraction. The entire stress state of the U-bend specimens consisted of residual
and bending stresses. From the measured stresses, the macro and micro stresses in
austenite and ferrite were calculated in this study. Results showed that by increasing
austenite content in the HAZ, the macro residual stresses increased and the micro residual
stresses in austenite and ferrite decreased and increased respectively. The variation of the
austenite/ferrite phase ratio in HAZ of the U-bend welded specimens modified the macro
and micro stresses. Moreover, microstresses in the austenite phase of DSS SCC
specimens were high in tension and were found to decrease when the percentage of
austenite in DSS increased.
1.3. SUMMARY

Stress corrosion cracking occurs under the conjoint action of tensile stresses,
aggressive environment and susceptible microstructure. Microstructures of DSS may
change during fabrication processes such as welding, or due to changes in the alloy
composition of the steel. Microstructures may also change during different thermomechanical processes or due to isothermal heat treatments of localized areas of DSS
equipments. In Chapter 3 of the present work, effect of welding related parameters such
as different heat input, cooling rates and filler metal composition on the microstructural
changes and SCC susceptibility of DSS in caustic environment has been discussed.
Chapter 4 discusses the effect of different alloy composition, thermo-mechanical
treatments and isothermal heat treatments on the corrosion and SCC susceptibility of
DSS. Environmental conditions such as concentration of dissolved ionic species,
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temperature and pH under which SCC may occur in DSS in caustic solutions has been
investigated in Chapter 5. Corrosion is an electrochemical process hence knowledge of
the electrochemical behavior of materials in environment is necessary for the proper
understanding the corrosion and SCC mechanism. Electrochemical behavior of DSS and
their alloying elements in caustic environment has been discussed in Chapter 6. In
Chapter 7, the results of the above work have been used to propose a mechanism which
might be responsible for the SCC of DSS in high pH caustic environment.
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CHAPTER 2
PROJECT DESCRIPTION

2.1 RESEARCH OBJECTIVE
Microstructure of alloys plays a vital role in the corrosion behavior and stress
corrosion cracking (SCC) susceptibility in a given environment. Significant amount of
research has been published on the corrosion and SCC behavior of duplex stainless steels
(DSS) in chloride environments and to relate the DSS microstructure (or composition and
heat treatment effects) and environmental effects to these degradation mechanisms. A
recent report described failure of DSS (2205) equipment in high temperature caustic
environments due to stress corrosion cracking. However, SCC mechanism for DSS in
caustic solutions, especially the sulfide containing caustic solutions, in the absence of
chlorides is not known. So the primary objective of this project was:
1. To determine the effect of DSS microstructure on SCC susceptibility in sulfide
containing caustic solutions: Different grades of DSSs with varying alloy
compositions may have different microstructure (ferrite/austenite ratio, grain
morphology and intermetallic precipitation). Differences in the composition
and microstructure may influence their resistance to localized corrosion and
SCC. Therefore, this objective addressed the effect of alloy composition on
microstructure and on SCC susceptibility of DSS alloys in sulfide-containing
caustic solutions. Different heat-treatment parameters (annealing temperatures,
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cooling rates and aging temperatures) also affect the DSS microstructure
(i.e.ferrite/austenite ratio, grain morphology and intermetallic precipitation).
Hence, the effect of heat treatment on SCC susceptibility of DSS in sulfidecontaining caustic solutions was studied.

2. To study the effect of environmental parameters on SCC susceptibility of
DSSs: Temperature effects on SCC susceptibility of DSS were studied. Stress
corrosion cracking susceptibility is also affected by the pH and concentration
of caustic solutions. Hence, the effects of these parameters on SCC
susceptibility of DSS were also explored.

3. To determine the electrochemical conditions for SCC initiation and
propagation in DSS in sulfide-containing caustic solutions: Depending on the
underlying mechanism, SCC occurs in a certain, relatively narrow, potential
range [1]-[2]. This range is generally associated with unstable passivity or the
potential range where active-passive transition takes place. The aim of the
present work was to study the electrochemical behavior of DSS in sulfidecontaining caustic solutions and relate it to the conditions under which SCC is
possible in these environments.

4. To investigate the SCC mechanism for DSS in caustic environments and
validate it: Specific DSS phases have selective SCC susceptibility in different
environments. Therefore, DSS microstructure with continuous susceptible
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phase may aid in crack propagation, whereas, the crack growth may be arrested
by the continuous non-susceptible phase in DSS. Prior work suggests that
austenitic stainless steels are more susceptible to caustic stress corrosion
cracking than ferritic steels with equivalent chromium content [3]-[10]. Based
on this, a hypothesis was proposed which states that:
a. Duplex stainless steels may have different mechanisms of crack
initiation and propagation in the two different environments, caustic
solutions, and chlorides.
b. The austenite phase in DSS specimens will be more susceptible to
stress corrosion crack initiation and propagation in caustic solutions.

Effect of heat treatment and composition on microstructure and SCC susceptibility of
DSS and environmental effects on electrochemical condition of SCC were used to
propose an overall mechanism.
2.2 EXPERIMENTAL PROCEDURES
To study stress corrosion cracking susceptibility of DSSs in sulfide-containing caustic
solutions, the following experimental procedures were carried out:
2.2.1. Heat Treatment of DSS
Austenite to ferrite ratio in DSSs depends on the alloy composition, annealing
temperatures, and cooling rates. Slower cooling rates promote higher austenite fraction
and faster cooling rates promote higher ferrite fraction. Intermetallic precipitates with
different composition can also form in DSS at different aging temperatures. Selected
grades of DSSs (S32205 and S32101), with compositions listed in TABLE 2.1 were
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machined out of rolled plates into small sections measuring 12 mm × 10 mm × 10 mm.
These samples were subjected to different heat treatments to see the effect resulting
microstructure (ferrite/austenite ratio, intermetallic precipitation and grain morphology)
on the general and localized corrosion behavior in caustic and chloride solutions. Heat
treatments were carried out in a horizontal tube furnace. All heat treatments were
performed in an inert environment of argon to prevent oxidation.
The annealing temperatures for S32101 were 1000°C or 1100°C and for S32205 were
1000°C or 1150°C respectively. Annealing treatment included exposing the sample to the
annealing temperature for one hour followed by water quenching. After annealing
treatments, aging treatments were given to the annealed specimens either at 475°C (for 4
hrs) or 600°C (for 4 hrs) or 800°C (for 1hr, 4hrs, or 8hrs) followed by water quenching.
TABLE 2.2 summarizes the different heat treatments given to the S32101 and S32205
samples and the specimen codes for each heat-treated sample used throughout this thesis.
In each specimen-code, D1 and D5 represent 2101 and 2205 DSS respectively. First
number, 1000°C, 1100°C and 1150°C represents annealing temperatures. Whereas,
second number 475°C, 600°C and 800°C refers to aging temperatures.
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TABLE 2.1. NOMINAL COMPOSITION OF DIFFERENT DSS GRADES USED IN THIS STUDY

Steel Grade
Common
Trade
Name
2205

Composition (wt. Percent)
UNS
C
Mn S
Number

Ni

Cr

Mo

N

S32205 0.02

─

─

5.7

22

3.1

0.17

LDX-2101®

S32101

0.03

5

─

1.5

21.5

0.3

0.22

0.029
0.03

1.3
2.00
_
_
_
_

22.5
19.5
_
99.97
_
_

0.2
1.5
_
_
_
99.9

0.12
0.14
_
_
_
_

Cu

Fe
Balance

─

2304
S32304
®
AL-2003
S32003
Iron
Chromium
Nickel
Molybdenum

0.001 4.1
0.02
3.00
_
_
_
_
_
99.6
_
_

Balance
─
0.2
─
_
_
_
_

Balance
Balance
99.9
_
_
_

TABLE 2.2. S32205 and S32101 WITH DIFFERENT HEAT TREATMENTS

Code for 2205
Samples

Code for 2101
Samples

D5-1000-WQ

D1-1000-WQ

D5-1000-WQ475
D5-1000-WQ600
D5-1000-WQ800

D1-1000-WQ475
D1-1000-WQ600
D1-1000-WQ800
D1-1100-WQ
D1-1100-WQ475
D1-1100-WQ600
D1-1100-WQ800

D5-1150-WQ
D5-1150-WQ475
D5-1150-WQ600
D5-1150-WQ800

Cooling
Annealing
Temperature
°
C
1000
water
quench
1000
water
quench
1000
water
quench
1000
water
quench
1100
water
quench
1100
water
quench
1100
water
quench
1100
water
quench
1150
water
quench
1150
water
quench
1150
water
quench
1150
water
quench
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Aging
Aging time
Temperature
(hrs)
°
C
475

4

600

4

800

1

-

-

475

4

600

4

800

4

-

-

475

4

600

4

800

1

Percentage ferrite content in the heat-treated DSS samples was quantified in terms of
ferrite number, measured using a Feritscope.
2.2.1.1. Metallography and XRD
Heat-treated samples were polished and etched in 40% NaOH solution to reveal the
ferrite/austenite phases. Area fraction of the ferrite and the austenite phases was
quantified using image analysis. Differently heat treated DSS samples were also etched in
Groesbeck test solution [11] to reveal the precipitates formed due to aging treatments at
800°C and 600°C. Micrographs were taken using an optical microscope. Etched samples
were further characterized using a scanning electron microscope (SEM) equipped with an
energy dispersive x-ray spectroscope (EDS). The incoming energy of the EDS electron
beam was 15 KV. Groesbeck solution does not affect the austenite and ferrite phases but
the sigma phase was revealed as grey and black areas [11].
Phases present in the heat-treated DSS specimens were also characterized by using XRay Diffraction (PW 1800 X-ray diffractometer, Philips, USA) with Cu-Kα radiation and
X’Pert PRO MRD X-ray diffractometer, PANalytical with Cu-Kα radiation.
2.2.1.2. Mechanical Testing Using Nanoindentation and Vicker’s Hardness Method
Heat treatment changes the microstructure of DSS as well as the mechanical properties
of each phase. Hence nanoindentation technique was employed to evaluate the effect of
various heat treatments on the nano-hardness (H) of the ferrite and austenite phase. MTS
Nanoindenter XP (MTS Nano Instruments, Oak Ridge, TN) equipped with a Berkovich
shaped diamond tip was used to get the load-displacement curves from which the
mechanical properties could be extracted. The tests were conducted by displacement
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control method on metallographycally mounted and polished heat treated samples with a
depth limit of 1000nm. The samples were etched prior to testing to reveal the ferrite and
austenite phases. The poissons ratio of each phase was assumed to be 0.3 and the surface
approach velocity was 10nm/sec.
Vicker’s hardness measurements were used to find the relative micro-hardness of the
ferrite and austenite phases in the heat treated DSS samples. The results were further
compared with the relative nano-hardness values of the ferrite and austenite phases. A
Buehler micro-hardness tester was used to measure the vicker’s hardness of the austenite
and the ferrite phases. A force of 25gf was used for the experiments.
2.2.2. Testing for General Corrosion and Pitting Corrosion Susceptibility
2.2.2.1. General and Pitting Corrosion Tests of Heat Treated DSS
The heat-treated DSS samples were subjected to corrosion tests to study the effect of
microstructure on the general and localized corrosion susceptibility of 2101and 2205
DSS samples. Samples were weighed and their initial surface areas were measured. After
cleaning with acetone, the samples were exposed to a sulfide-containing caustic solution
(white liquor used in the pulping process) with composition of 150g/L NaOH + 50g/L
Na2S.9H2O, in an autoclave at 170 °C for 15 days. Precautions were taken to avoid any
contact between the test samples and the autoclave to avoid any galvanic effects. The
samples were placed on a Polytetrafluoroethylene (PTFE) plate and the side facing the
bottom of the autoclave was marked to keep track of possible crevice conditions. At the
completion of test, the samples were washed, and examined for any visual signs of
corrosion. The samples were then cleaned with the Clarke’s solution to remove corrosion
products. Final weight of each sample was measured and used to calculate the rate of
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general corrosion for each sample. It was confirmed that the Clarke’s solution did not
attack the base DSS metal during cleaning time or affect the final weight measurements.
Another set of heat-treated samples were subjected to exposure tests in a chloride
solution. This was done to compare the relative corrosion resistance of DSSs in the two
environments (high pH and low pH). Exposure tests in the chloride solution were
performed according to the ASTM G48 standard where the chloride solution was
prepared by dissolving 100gm of reagent grade ferric chloride, FeCl3.6H2O in 900ml of
water (about 6% FeCl3 by mass). The samples were exposed in the chloride solution at
room temperature (27°C) for 96hours. After the test, the samples were cleaned, weighed
and the surface of these samples was analyzed for pitting or crevice corrosion.
2.2.3. Testing for Stress Corrosion Cracking Susceptibility
2.2.3.1. Slow Strain Rate Test
Stress corrosion cracking susceptibility of different DSS samples was tested by slow
strain rate tests (SSRT). These tests are also known as constant extension rate tests
(CERT). Dimensions of a typical tensile sample used for SSRT are shown in Figure 2.1.
All the work was carried out with tensile samples parallel to the rolling direction of plate.

Figure 2.1. A typical slow strain rate specimen showing the gage length and the gage diameter.
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The gage length of each tensile specimen was polished to 1000 grit paper finish and
cleaned with acetone before using them for SSRT. These specimens were then uniaxially
loaded in a modified slow strain rate testing machine with autoclave in an environment
containing sulfide-containing caustic solution at 170°C and 200°C under high pressure.
Figure 2.2 shows the schematic of the slow strain rate test rig equipped with the
autoclave. Figure 2.3 shows the slow strain rate test setup used for the tensile tests.
Constant temperature was maintained inside the autoclave throughout these tests. The
specimens were then subjected to an initial strain rate of 2x10-6 s-1 and loaded until
fracture occurred. Samples were electrically isolated from the test rig by use of ceramic
washers. All slow strain rate tests in this study were carried out under open circuit
potential. Identical specimens were also subjected to slow strain rate tests in the absence
of environment (white liquor) for comparison. Stress-strain curves were obtained from
each test. The percentage elongation, the percentage reduction in gage area, the
maximum load achieved during SSRT, and the area under the stress strain curve were
calculated. This helped to quantify the decrease in ductility and the change in mechanical
properties of DSS in the presence of environment and stresses.
Electrochemical potential under open circuit conditions was measured by using an
external reference electrode (mostly a saturated calomel electrode). Open circuit potential
of SSRT samples was compared with the potentiodynamic polarization data to
understand the electrochemical reactions and overall mechanisms involved in SCC of
DSS in caustic solutions.
After the test was over, one half of the fractured tensile sample were mounted,
polished and electroetched in 40% NaOH solution and examined under an optical
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microscope to see the crack morphology and to measure the crack length. Optical
microscope was used to study the microstructure and to identify the mode of cracking
(intergranular or transgranular or mixed mode) and the point of initiation of cracks
(ferrite/austenite phase, grain boundaries). The length of the deepest crack in each
specimen was measured and was used to calculate the maximum crack velocity in
mm/sec. Fractured surfaces were examined using Scanning Electron Microscope (SEM)
to examine the mode of fracture while EDS was used to obtain chemical composition of
local areas of the fractured surface and phase composition.
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Load Cell
Environment Cell (Autoclave)
Tensile Specimen

Test Rig
Figure 2.2. Schematic of slow strain rate test setup for high temperature tensile tests ( ≥ 120ºC )
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Figure 2.3. Slow strain test rig with autoclave for high temperature SSRT

Base Metal

Weld
HAZ

1.0 in.
Figure 2.4. Schematic showing welded DSS bar and tensile specimens made out of the welded bar
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2.2.3.2. Slow Strain Rate Tests for SCC Susceptibility of Simulated Welded DSS
The susceptibility of DSS grades to SCC can be mainly attributed to the various
heating processes involved during the manufacturing of industrial equipments, especially
welding. During welding, the heating cycles may affect the dual microstructure
(ferrite/austenite ratio) of the steel, making it more prone to cracking in aggressive
environments. Hence, the effect of welding on DSS microstructure and the effect of this
microstructure on the SCC susceptibility of the steel in caustic environment was
investigated through slow strain rate tests of welded specimens.
To investigate the effect of welding parameters on SCC of DSS under simulated pulp
mill conditions, welded duplex stainless steel bars with different compositions and filler
materials were used in the lab study. The welding procedure used to prepare these test
samples was done in accordance to standard EN1011-1. Flux cored arc welding (FCAW)
and submerged arc welding (SAW) procedures used in this standard were in accordance
with the process numbers 136 and 121, respectively. These welding methods were chosen
as they are commonly used in manufacturing process of pulping equipments. SAW
procedure was chosen to imitate the welding procedure used for the manufacturing of the
white liquor accumulator.
Tensile test samples for slow strain rate test (SSRT) were machined out of the welded
DSS bars. The chemical composition (in wt %) of the base material and weld
consumables of the white liquor accumulator are presented in TABLE 2.3. Specimens
were made such that the composition of the weld metal and base metal were very similar
to that of the white liquor accumulator. The tensile samples had a gage length of 25.4mm
and a gage diameter of ~3.175mm. Samples were machined such that at least one edge of
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the weld was in the middle of the gage (Figure 2.4). The welding methods and chemical
compositions of the tensile specimens and the specimen codes are presented in TABLE
2.4. L and H in the specimen codes represent low chromium and high chromium filler
metal respectively. Whereas, h and u denote welding in horizontal and upright positions
respectively.

TABLE 2.3. CHEMICAL COMPOSITION (IN WT %) OF WELDED WHITE LIQUOR
ACCUMILATOR SHELL PLATE

Steel Grade
S31803
DSS

Specimen
Code
Base Metal
Weld
Metal

Composition
Mn
Ni
1.8
5.4
1.00
9.75

Cr
22.8
22.54

Mo
3.0
3.21

Fe
67
63.46

TABLE 2.4. CHEMICAL COMPOSITION (IN WT %) OF EXPERIMENTAL WELDED BARS
USED TO PREPARE TENSILE SAMPLES USED IN THIS STUDY

Steel
Welding Specimen
Grade
Method Code
S31803
DSS Base
Metal

Composition
C
Mn S
Ni Cr
Mo N
Cu
0.027 1.8 0.001 5.1 22.6 2.5 0.16 0.2

DSS Filler
DSS Filler

FCAW
FCAW

2205-Lh
2205-Lu

0.04
0.04

0.9
0.9

0.015 9.0 22.0 3.0
0.015 9.0 22.0 3.0

0.15
0.15

DSS Filler
DSS Filler

FCAW
FCAW

2205-Hh
2205-Hu

0.04
0.04

0.9
0.9

9.0 25.0 4.0
9.0 25.0 4.0

0.24
0.24

DSS Filler

SAW

2205SAW

0.02

1.5

9.0 23.0 3.0

0.15
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The effect of different heating and cooling cycles on the phase balance of welded DSS
was studied by measuring the Ferrite numbers for each weld, heat affected zone and base
metal. This was done using Feritscope®. Ferrite numbers gave the volume fraction of
ferrite and austenite in each welded specimen. To verify the phase ratio differences,
measurements were also done by image analysis, where the ferrite to austenite area ratios
was quantified. Subsequent to this, small samples of the weld and heat affected zones
were cut from the bars. These samples were mounted, polished and etched to reveal their
microstructure, austenite-ferrite phase distribution and grain size in differently heat
treated parts of welded samples. Image analysis was also used to measure the area
fraction of ferrite and austenite in weld and HAZ of each specimen.
After quantifying phase ratios and performing metallography, specimens were
prepared for slow strain rate tests to study their SCC susceptibility. The slow strain rate
tests were performed according to procedure mentioned in Section 2.2.3.1.
2.2.3.3. Slow Strain Rate Tests for SCC Susceptibility of Heat Treated DSS
Tensile samples were machined out of S32205 rolled plates. These tensile samples had
a gage length of 25.4mm and a gage diameter of ~3.175mm, as shown in Figure 2.1.
S32205 tensile specimens were differently heat-treated to change their microstructure. A
summary of the heat treatments given to tensile specimens are provided in TABLE 2.2.
Slow strain rate tests of the heat-treated 2205 DSS samples were carried out according to
procedure mentioned in Section 2.2.3.1.
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2.2.4. Tests to Evaluate Role of Alloy Composition and Environment (Ionic Species,
Temperature) on General Corrosion and SCC Susceptibility of DSS

Alloy composition plays an important role in corrosion and SCC. Different grades of
DSS with varying alloy composition may be susceptible to general corrosion and stress
corrosion cracking to different extent. In addition, varying the temperature and
concentration of caustics and sulfides may affect the susceptibility of these steels to SCC
differently. Hence to study the effect of alloy composition, temperature and varying ionic
species, tests were performed with different grades of DSS (S32205, S32304, S32101,
and S32003) varying in composition. The nominal compositions of the material tested in
this study are shown in TABLE 2.1.
2.2.4.1. Coupon Exposure Tests for General Corrosion Susceptibility
Samples for the corrosion tests were machined from rolled plates. Corrosion exposure
specimens were machined into coupons measuring (2.5 cm x 5.1 cm). The initial weight
and surface area of each coupon was recorded after polishing to 1000 grit finish and
cleaning with acetone and alcohol. The coupons were then arranged in a coupon rack,
separated by crevice washers as shown in Figure 2.5.

These samples were exposed to

the various test solutions in a duplex stainless steel autoclave (Figure 2.6).

The

compositions of the simulated white liquors used for this study are shown in TABLE 2.5.
Tests for general and localized corrosion in white liquors were carried out at different
temperatures, starting at 140oC. Precaution was taken to avoid any contact between these
samples and the autoclave to avoid galvanic corrosion. After each exposure test, the
specimens were removed, washed, and visually examined for any signs of localized
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corrosion (pits or crevices). The samples were then cleaned with Clarke’s solution to
remove the surface oxide scale without affecting the base metal. The final weight of each
sample was measured and used to calculate the rate of general corrosion for each
specimen.

TABLE 2.5. COMPOSITION OF SULFIDE-CONTAINING CAUSTIC SOLUTIONS USED IN
THIS STUDY

Environment

Composition (per liter)

Environment 1

NaOH 150gm + Na2S 50gm

Environment 3

NaOH 100gm + Na2S 55gm

Environment 2

NaOH 125gm + Na2S 75gm

Figure 2.5. Arrangement for coupon exposure tests showing DSS specimens and crevice washers
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Figure 2.6. Autoclave used for exposure tests at temperatures > 100ºC

2.2.4.2. Slow Strain Rate Tests for SCC Susceptibility
Slow strain rate tests were performed to evaluate the effect of different alloy
composition and environmental parameters on the SCC susceptibility of different grades
of DSS in caustic environment. Slow strain rate tests were performed according to
procedure mentioned in Section 2.2.3.1 of this chapter. The DSS grades used were
S32205, S32304, S32101, and S32003. The test temperatures were 120oC, 140oC and
170oC and the environment used was sulfide-containing caustic solution with
composition shown in TABLE 2.5.
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2.2.5. Electrochemical Tests for Corrosion and Stress Corrosion Cracking
Susceptibility
2.2.5.1. Potentiodynamic Polarization Tests
Stress corrosion cracking mechanisms typically involve specific electrochemical
reactions, which occur at specific potential ranges. To understand the role of composition
and microstructure on the corrosion and passivation behavior of different grades of DSS
(S32205, S32304 and S32101) potentiodynamic polarization tests were carried out in
caustic and sulfide containing caustic solutions at different temperatures (up to 170oC). In
potentiodynamic polarization tests, potential is varied at a predetermined rate in a
selected range of applied potentials while the current response is monitored continuously.
The nominal compositions of materials tested in this study are shown in TABLE 2.1.
Potentiodynamic polarization tests were used to evaluate the relative electrochemical
behavior of S32205, S32101 and S32304 in 3.75M NaOH solution at 40 ºC, 60 ºC, 90 ºC
and 170 ºC. Similar tests were also conducted on the duplex stainless steel specimens in
sulfide-containing caustic solution or synthetic white liquor containing 3.75M NaOH +
0.64M Na2S at 40ºC, 60ºC, 90ºC and 170 ºC.
S32205, S32304 and S32101 samples for the electrochemical tests were machined
from rolled plates. Commercially pure samples of Fe, Cr, Ni and Mo were also tested in
electrochemical studies to understand the behavior of each major alloying element of
DSS in tested environments. All the electrodes were cut in the shape of cylinders with a
total surface area of ~5cm2. The exposed surfaces of the specimens were mechanically
polished with 1000 grit SiC paper before testing. The polished specimens were then
degreased with acetone and washed with deionized water.
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Potentiodynamic polarization tests were used to study the anodic polarization behavior
of DSSs and individual alloying elements. The caustic solution was prepared by
dissolving 150g of NaOH in 1000ml of water. Sulfide-containing caustic solution or
synthetic white liquor was prepared using 150g/L of NaOH and 153.8 g/L of Na2S.9H2O.
pH of the NaOH solution and white liquor was measured prior to the tests and were found
to be 12.5 and 12.3 respectively.
A Gamry potentiostat was used for electrochemical measurements. Electrochemical
experiments at lower temperatures (40ºC, 60ºC, 90ºC) were performed in a conventional
three-electrode PTFE cell as shown in Figure 2.7. The reference electrode used for these
tests was a saturated calomel electrode (SCE) with luggin capillary and platinum was
used as a counter electrode. An autoclave was used for tests at 170ºC. Pressure balanced
Ag/AgCl external reference electrode was used for electrochemical measurements at
higher temperature (170ºC). Initially the open circuit potential was measured for each
sample, after which the anodic polarization scan was started at a potential 300mV below
the corrosion potential measured. The potential scan rate for these tests was 2mVs-1.
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Reference Electrode (SCE)
Working Electrode
Counter Electrode
Salt Bridge
Containing KCL

PTFE Cell
Platinum Foil
Caustic Solution

Metal Sample

Figure 2.7. PTFE electrochemical polarization cell showing working, reference and counter
electrodes

2.2.5.2. Surface Characterization of Passive Films on DSS Using XRD
Corrosion products formed on the S32205, S32101 and S32304 samples exposed to
the caustic and sulfide-containing caustic solution at 170ºC for 15 days were
characterized by using X- Ray Diffraction (PW 1800 X-ray diffractometer, Philips, USA)
with Cu-Kα radiation. X-Ray Diffraction (XRD) of the unexposed DSS metals was also
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carried out to identify the austenite and ferrite peaks in the S32205, S32101 and S32304
samples and compare with those of the samples exposed to the tests environments.
2.2.5.3. Surface Characterization of Passive Films on DSS Using X-ray Photoelectron
Spectroscopy (XPS)
One of the important means to determine the mechanism of stress corrosion cracking
of DSS in sulfide-containing caustic environment is to find out the composition of the
passive films formed on the steel surface exposed to environment. XRD technique was
used to find the composition of the films on DSS exposed to caustic environment at
170°C as described in Section 2.2.5.2 of this Chapter. Surface analytical method using
XPS was also used to find the chemical composition of the passive film formed on 2205
DSS exposed to sulfide-containing caustic solution at 170°C. The equipment used for this
study was XPS-SSX-100 with Al K-alpha radiation (1486.6 eV). It was equipped with an
electron flood gun to neutralize charge build up. ESCA 25G XPS analysis software was
used for data analysis.
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The overall experimental approach to achieve the main objectives of this project is
shown schematically in Figure 2.8.

DSS
DSS
Type
Type
2003
2003

DSS
DSS
Type
Type
2205
2205

DSS
DSS
Type
Type
2101
2101

Electrochemical Test
Potentiodynamic polarization

DSS
DSS
Type
Type
2304
2304
Heat Treatment
Annealing @ <1200°C
Aging @ 475 °C, 600 °C & 800°C

General and Pitting Corrosion Test
Exposure test

Effect of microstructure,
composition and
environment on
passivation behavior
and SCC

Effect of microstructure
and environment on
crack initiation

Microstructure (phase
ratio, precipitation)

Slow Strain Rate Test
Heat treatment Æ SSRT

Effect of microstructure
and environment (Temp,
pH, conc.) on SCC

Mechanism of SCC
of DSS in caustics

Figure 2.8. Overall approach to study SCC in DSS in caustic environment
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CHAPTER 3
EFFECT OF WELDING RELATED MICROSTRUCTURE ON SCC
SUSCEPTIBILITY OF DSS

3.1. INTRODUCTION
Ferritic-austenitic stainless steels have been employed for corrosion resistant
applications for many years. Recently, duplex stainless steels (DSS), instead of carbon
steel, have been used to construct most of new kraft digesters and other equipment in the
pulp and paper industry. This is due to the superior mechanical properties and corrosion
resistance of DSS in sulfide containing caustic solutions under pulping temperatures of
up to 170°C. However, current field experience and laboratory studies have shown that
some pulp mill equipments have experienced stress corrosion cracking (SCC) in the
welded and heat affected zones [1]-[4]. The susceptibility of DSS grades to SCC can be
mainly attributed to the various heating processes involved during the manufacturing of
industrial equipments, especially during welding operations. The ferrite/austenite balance
in DSS welds may vary significantly from that of the base metal, since the thermal
conditions experienced by the weld metal and heat affected zone (HAZ) are more
difficult to control [5], [6]. This shift in phase balance has been shown to favor higher
ferrite contents. Prior work has shown that DSS weld metal occurs as delta ferrite and
that the structure is fully ferritic at the completion of solidification. The structure remains
ferritic until cooling below the ferrite solvus, after which partial transformation from
ferrite to austenite occurs. The extent of this transformation is a function of weld metal
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composition and cooling rate. Faster cooling rate favors lower retransformation of
austenite, resulting in higher ferrite content in the weld and HAZ of DSS. Welding can
also result in the precipitation of undesirable intermetallic phases like sigma phase,
chromium nitride and secondary austenite in the ferrite phase of the HAZ [8]-[9]. These
phases may cause reduced corrosion resistance and impact strength of the steel. Studies
have shown that stress corrosion cracking of welded DSS takes place mainly by two
mechanisms, namely chloride cracking and cracking in sour H2S media [10]. In both the
chloride and H2S environments, high ferrite levels in DSS have been shown to have an
adverse effect on the SCC resistance of the steel.
Most of the prior research has been carried out to study the effect of microstructure and
environmental conditions on chloride SCC of welded DSS. However, recent failure of
DSS equipments in pulping environments has generated a need to investigate conditions
under which welded DSS may undergo SCC in sulfide-containing caustic environment.
In this chapter, effect of microstructure and effect of environmental parameters on the
SCC susceptibility of 2205 welded DSS in caustic environment has been investigated.
2205 DSS equipment failed in white liquor (mainly NaOH + Na2S) was examined for
SCC crack morphology and microstructure. Differently welded 2205 DSS samples were
tested in simulated white liquor to see the effect of microstructure on SCC susceptibility.
3.2. ANALYSIS OF FAILED 2205 DSS PLATE
White liquor accumulator shell showed weld related leaks within three months of
installation. The accumulator vessel had suffered severe cracking, mainly in the
circumferential welds of its shell. Figure 3.1 shows a section of the white liquor
accumulator shell plate with a large crack in the weld region. Sections of the plate near
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the crack and away from this crack were prepared for metallography. Relative ferrite to
austenite volume fraction was quantified by measuring the ferrite number in the weld and
the heat affected zone (HAZ) and compared with the ferrite numbers of the lab-welded
2205 DSS bars. The ferrite numbers measured by the ferritescope, listed in TABLE 3.1,
have an uncertainty of ±16% of the ferrite number measurement. Therefore, to verify the
phase ratio differences, measurements were also done by image analysis, where the
ferrite to austenite area ratios on etched surfaces was quantified. The ferrite/ austenite of
the laboratory welded bar samples were also measured in a similar manner and are listed
in TABLE 3.1. “L” and “H” in the specimen codes represent low chromium and high
chromium filler metal respectively. Whereas, “h” and “u” denote welding in horizontal
and upright positions respectively. It is evident from the table that the ferrite/austenite
ratio in the weld and heat affected zone of differently processed laboratory welded bar
samples was very similar to that for the equivalent areas of the failed white liquor
accumulator plate. Chromium stabilizes the ferrite phase. Hence, welded DSS specimens
with higher chromium in the filler material are shown to exhibits higher ferrite content in
the weld region (TABLE 3.1).
The micrograph of the weld-bead and HAZ of the white liquor accumulator is shown
in Figure 3.2. Heat affected zone, which appears as a clouded area near the weld,
contains lesser amount of retransformed austenite due to the low heat input and faster
cooling rate in this region. Hence, the resulting microstructure in this region shows
mostly ferrite phase due to the dissolution of austenite.

90

Figure 3.1. A section of the hot white liquor accumulator shell plate showing stress
corrosion cracks in the weld region

TABLE 3.1
FERRITE CONTENT IN DIFFERENT WELDED SPECIMENS OF 2205 DSS
% Ferrite (Using Feritscope)
% Ferrite (Image Analysis)
Specimen Code
Weld
36

HAZ
56

Weld
45

HAZ
64

41

46

45

63

2205-Hh

47

55

59

57

2205-Lu

45

61

49

66

2205-Hu

48

56

45

65

2205-SAW

45

49

45

54

White Liquor
Accumulator
2205-Lh
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Base Metal
HAZ
Austenite

Austenite

Ferrite
Ferrite

Weld Metal

30µm
Figure 3.2. Weld and HAZ of the white liquor accumulator showing relatively smaller percentage of
austenite in the HAZ

Examination of the failed plate section revealed that the white liquor accumulator
failure was due to stress corrosion cracking in hot caustic solution, as suggested by the
branched cracks shown in Figures 4-6. The cracks had started in the weld region and had
propagated through the HAZ into the base metal, as is evident from Figure 3.3, Figure 3.4
and Figure 3.5. It was further evident from the micrographs that in all three regions, i.e.
the weld region, HAZ, and the base metal, the cracks seem to preferentially follow the
austenite phase. This is clearly visible in Figure 3.6, Figure 3.7, Figure 3.8 and Figure
3.9 where the cracks are following the lighter (austenite) phase. This indicates that the
austenite phase is more susceptible to stress corrosion cracking and embrittlement in
sulfide-containing caustic solutions.
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50µm
Figure 3.3. Stress corrosion cracks in the hot white liquor accumulator starting in the weld region

50µm
Figure 3.4. Stress corrosion cracks in the hot white liquor accumulator continuing into the HAZ from
the weld region
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50µm
Figure 3.5. Stress corrosion cracks in the hot white liquor accumulator continuing into the base metal
from the weld and HAZ

α
γ

50µm
Figure 3.6. Stress corrosion cracks in the weld region of hot white liquor accumulator
showing cracks propagating in the austenite phase.
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α

γ
50µm
Figure 3.7. Stress corrosion cracks in the weld region of hot white liquor accumulator showing
cracks propagating in the austenite phase.

α
γ

50µm
Figure 3.8. Stress corrosion cracks in the HAZ of hot white liquor accumulator showing cracks
propagating in the austenite phase
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α
γ

50µm
Figure 3.9. Stress corrosion cracks in the base metal of hot white liquor accumulator showing cracks
propagating in the austenite phase

3.2.1. Slow Strain Rate Testing of Simulated Welded DSS Specimens
To understand the effect of weld-related microstructure on stress corrosion cracking
susceptibility of 2205 DSS, welded tensile samples were used in slow strain rate tests
(SSRT) both in inert environment and sulfide-containing caustic environment. Welding
condition simulated and composition of materials used are listed in TABLE 2.4 of
Chapter 2. Results indicate that most of the welded DSS samples tested in the caustic
environment fractured at a lower % fracture strain compared to equivalent samples tested
in sand at the same test temperature as shown by results in TABLE 3.2. Figure 3.10 and
Figure 3.11 shows the percentage strain to fracture for five differently welded duplex
stainless steel samples tested in the sulfide-containing caustic solution at 170°C and
200°C respectively. The %-strain to fracture was lower for the specimens tested at 200 ºC
in the sulfide-containing caustic environment as compared to equivalent specimens tested
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at 170 ºC. These results clearly show that the sulfide containing caustic solution (white
liquor) has an adverse effect on the mechanical properties of the welded duplex stainless
steel samples and this effect is more pronounced at higher temperatures (200 ºC). It is
also evident from the results that the welding procedure and the environment has
significant effect on the overall ductility of these samples. Specimens welded in the
upright position (2205-Hu and 2205-Lu) showed a remarkable loss in ductility with an
increase in the temperature as compared to the horizontally welded specimens. These
specimens were subjected to a slower cooling rate as compared to the horizontally
welded specimens, which may have resulted in the precipitation of intermetallic phases
and a loss in ductility. It was also observed that the submerged arc welded (SAW)
specimens (2205-SAW) showed only 14% fracture strain compared to above 25% for the
flux cored arc welded (FCAW) samples in sand (TABLE 3.1). The percentage fracture
strain for (SAW) specimens in sulfide-containing caustic environment at 170°C and
200°C were also much lower as compared to (FCAW) specimens. These results indicate
that the submerged arc welded samples in general have lower mechanical properties and
higher SCC susceptibility as compared to the flux core arc welded duplex stainless steel
samples. Clear indication of large stress corrosion cracks were seen on all tested duplex
stainless steel samples at 170°C and 200°C.
The adverse effect of environment on the mechanical property and SCC susceptibility
of DSS is further evident from Figure 3.12 and Figure 3.13. Figure 3.12 shows the
fractured region of specimen 2205-Lh in inert environment (sand). The mode of cracking
in the inert environment was ductile with no evidence of SCC on the specimen. On the
other hand, the specimen tested in sulfide-containing caustic environment had undergone
97

brittle failure and severe SCC (Figure 3.13). This severity in cracking increases with an
increase in temperature from 170ºC to 200 ºC (Figure 3.14) which further indicates that
with the rise in temperature, the SCC susceptibility of DSS increases and the steel
becomes more prone to cracking.

TABLE 3.2
% STRAIN TO FRACTURE FOR WELDED DSS IN SAND AND SULFIDE-CONTAINING
CAUSTIC SOLUTION AT 170ºC AND 200ºC
Specimen
% Fracture Strain
% Fracture Strain
% Fracture Strain (200oC
o
o
Code
(170 C in Sand)
in sulfide-containing
(170 C in sulfidecaustic solution)
containing caustic
solution)
2205-Lh
25
16
11
2205-Hh
33
25
13
2205-Lu
30
31
6
2205-Hu
25
19
6
2205-SAW
14
12
4
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Figure 3.10. Stress-strain curves for different welded specimens tested by SSRT at 170°C in sulfidecontaining caustic solution

Figure 3.11. Stress-strain curves for different welded specimens tested by SSRT at 200°C in sulfidecontaining caustic solution
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Figure 3.12. Fractured region of 2205-Lh showing no cracks in the absence of environment (6X)

Figure 3.13. Fractured region of 2205-Lh showing presence of stress corrosion cracks when exposed
to environment at 170°C (18X)
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Figure 3.14. Fractured region of 2205-Lh showing presence of stress corrosion cracks when exposed
to environment at 200°C (12X)

TABLE 3.3
CRACK VELOCITY, CRACK DENSITY AND THE REGION OF FRACTURE FOR DIFFERENT
WELD SPECIMENS AT 170°C AND 200°C
Maximum
Maximum Crack
Region of Fracture
Specimen Code Crack Velocity
Velocity at 200°C
170°C
200°C
(mm/s)
at 170°C (mm/s)
2205-Lh
Base metal
Weld
3.6×10-6
9.0×10-6
(crack in base metal, weld,
(cracks in weld)
and HAZ)
2205-Hh
Base metal
Base metal
3.0×10-7
8.5×10-6
(crack in HAZ)
(cracks in base metal)
2205-Lu
Base metal
Base metal
3.0×10-7
8.9×10-6
(cracks in base metal,
(base metal, weld)
fusion line, and HAZ)
2205-Hu
Base metal
Base metal
1.1×10-6
2.2×10-5
(cracks in base metal)
(cracks in base metal)
2205- SAW
Weld
Base metal
4.5×10-6
5.1×10-5
(cracks in weld)
(cracks in weld, base
metal)
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The crack velocity and the region of fracture for welded specimens at 170°C and
200°C are summarized in TABLE 3.3. As can be seen from the table, at 170°C the crack
velocity was lower compared to the equivalent tests at 200°C. In addition, at both tested
temperatures, the submerged arc welded (SAW) specimen, 2205-SAW, showed the
highest crack velocity among the tested samples, compared to the samples, which were
welded by FCAW process. Weld metal of 2205-SAW samples had more Mn (which leads
to higher volume fraction of austenite after similar heat treatment), as compared to the
weld metal of other specimens tested in this study. Differences in the chemical
composition of the filler metal may also be responsible for the higher SCC susceptibility
of 2205-SAW weld. In all cases, cracks were transgranular in nature, both in the base
metal as well as in the weld metal, as shown in Figure 3.15 and Figure 3.16 respectively.
All welded DSS samples tested in white liquor had stress corrosion cracks in the base
metal S31803. SCC cracks were also found in the weld-bead and the heat affected zone
of some specimens, as summarized in TABLE 3.3. Susceptibility of weld-bead and HAZ
to SCC was significantly different for differently welded specimens. Weld and the HAZ
region of the specimens (2205-Hh) and (2205-Hu) was more resistant to SCC and had
fewer cracks in the weld and HAZ as compared to the base metal. Filler metal used for
the 2205-Hh and 2205-Hu samples was richer in chromium, which may have contributed
to their resistance to SCC in the weld region of these specimens.
A tensile sample machined out of base metal DSS (without welding) was also tested in
same environment, the white liquor. The 2205 DSS base metal sample was found to be
susceptible to stress corrosion cracking in the white liquor, with crack velocity of 1.8x106

mm/s.

Figure 3.17

shows the transgranular SCC of as-received 2205 DSS with
102

numerous small crack initiations. Hence, comparing the results of a welded 2205 DSS
with an unwelded 2205 base metal sample, it can be said that the welded DSS as well as
DSS base metal are susceptible to SCC in sulfide-containing caustic solution.

α
γ
30µm
Figure 3.15. Micrograph showing transgranular stress corrosion cracking in the base metal of 2205SAW at 170oC in caustic environment
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50µm
Figure 3.16. Micrograph showing transgranular stress corrosion cracking in the weld metal of 2205SAW at 170oC in caustic environment

200µm
Figure 3.17. Micrograph showing transgranular stress corrosion cracking in as-received 2205 DSS at
170oC in caustic environment
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Fractography of samples, tested in sand, revealed microvoid coalescence and ductile
mode of failure on the fracture surface (Figure 3.18), whereas specimens tested in the
white liquor showed stress corrosion cracking fracture and brittle mode of failure on the
surface (Figure 3.19), with transgranular crack morphology.

20µm
Figure 3.18. SEM image of welded specimen showing microvoids and ductile failure in inert
environment
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100µm
Figure 3.19. SEM image of welded specimen showing stress corrosion cracks and brittle mode of
failure in presence of sulfide-containing caustic solutions

Examination of tested tensile sample under scanning electron microscope (SEM)
revealed that the crack initiation in the as-received DSS and welded DSS was
preferentially in the austenitic phase. Phases were identified by energy dispersive
spectroscopy (EDS) analysis of local areas in the SEM. Figure 3.20 and Figure 3.21
shows crack initiation sites in the as received DSS and welded specimen 2205-Hu base
metal respectively. Composition of the austenite and ferrite phases in the fractured
specimens was found out by EDS. The results are given in TABLE 3.4. The EDS results
from these samples confirmed that the SCC crack initiation prefers the austenite phase.
2205-Lh sample had the final fracture in the weld region. Micrograph of this specimen
in Figure 3.22 and EDS of this fracture surface also revealed that the small SCC cracks
initiated and propagated in the austenitic phase. Crack initiation both in the weld region
and in the base metal was found to be in the austenite phase. Previous study has shown
that the austenite phase is in tension whereas the ferrite phase is in compression [3].
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Preferential susceptibility of ausenite phase in the DSS to SCC in caustic solutions may
partially be due to the residual tensile stresses in this phase, which is due to the
differences in the coefficient of thermal expansion in the two phases.

TABLE 3.4
COMPOSITION (IN WT%.) OF FERRITE AND AUSTENITE PHASES IN 2205-HH WELDED
SPECIMEN
Elements (wt. %)
Phases
Cr
Mo
Fe
Ni
Mn
Austenite
22.41
2.04
66.67
6.08
2.8
Ferrite
25.65
3.72
65.15
3.64
1.85

α
γ

3µm
Figure 3.20. Fractography showing crack initiation sites in the austenite phase in 2205 as received
DSS tested in sulfide-containing caustic solution at 170°C
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γ

α

10µm

Figure 3.21. Fractography showing crack initiation sites in the austenite phase in 2205-Hu welded
specimen tested in sulfide-containing caustic solution at 200°C

γ

10µm
Figure 3.22. SEM micrograph of weld region of 2205-Lh tested in sulfide-containing caustic solution
showing crack initiation in the austenite phase at 200°C
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3.3. CONCLUSION
Simulated welded 2205 DSS specimens were tested in sulfide-containing caustic
environment to find the effect of weld microstructure and environmental parameters on
the SCC susceptibility of these steels. From the results, the following conclusions could
be made:
1. Welded 2205 specimens were found to have stress corrosion cracks not only in
the weld and HAZ but also in the base metal of the samples. Unwelded 2205 DSS
as received specimens were also found to undergo severe stress corrosion
cracking in sulfide-containing caustic solutions. This indicates that DSS weld as
well as base metal is susceptible to SCC in sulfide-containing caustic
environments.
2. Flux core arc welds with highly alloyed weld metal (higher chromium) was found
to be the most resistant to stress corrosion cracking. These specimens had fewer
cracks in the weld and HAZ as compared to the base metal. This shows that high
chromium content in DSS will make it more resistant to SCC.
3. The severity of stress corrosion cracking and degradation of mechanical
properties was found to increase with increase in temperature. This could explain
the failure of the accumulator. Since the upper part of the accumulator was
exposed to temperatures higher than 140ºC, it had become more susceptible to
stress corrosion cracking.
4. SEM and EDS studies of slow strain rate test specimens showed that crack
initiation was mostly in the austenite phase. Moreover, metallographic
examinations of 2205 DSS white liquor accumulator showed crack propagation in
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the austenite phase. This suggests that the austenite phase in DSS is more
susceptible to embrittlement and SCC in sulfide-containing caustic solutions.
3.4. SUMMARY
Failure analysis of failed DSS white liquor accumulator shell plate revealed that the
failure was due to SCC in the weld region. Cracks were also found in the base metal in
this section. Our lab results from welded samples tested in sulfide-containing caustic
solution (white liquor) showed that weld region as well as base metal may be susceptible
to SCC in this environment. Austenite phase was found to be more susceptible to
cracking than the ferrite phase in all tested samples and in the failed accumulator shell
plate. However, SCC susceptibility depends upon the composition of alloy used and
environmental conditions.
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CHAPTER 4
EFFECT OF MICROSTRUCTURE ON CORROSION AND STRESS
CORROSION CRACKING OF DUPLEX STAINLESS STEEL IN CAUSTIC
SOLUTIONS

4.1. INTRODUCTION
The duplex microstructure of different ferritic-austenitic stainless steel grades such as
S32205, S32304, S32101 and S32003 are manufactured by optimizing the chemical
composition and the annealing temperatures of the steel to meet the mechanical
properties and corrosion resistance requirements for various applications [1]. The dual
phase is usually established by either hot working in a two-phase region or by producing
a single phase structure and then age hardening the alloy by precipitation of an additional
phase or phases [2]. Annealing above the solvus temperature of austenite (γ) results in a
structure, which is completely ferritic (α). The ferrite structure obtained by water
quenching from the solvus temperature is unstable with respect to austenite precipitation.
Hence reheating into the α+γ stability region results in strengthening of the alloy due to
the formation of austenite precipitates. Ferrite/austenite ratio in DSS plays an important
role in mechanical and corrosion properties of the steel. Apart from the ratio of phases,
the distribution of phases as well as partitioning of alloying elements in the two phases is
also important [3]. Composition of the two phases in the DSS alloys is not the same.
Partitioning of alloying elements in each phase can induce a difference in the
electrochemical potential between the ferrite and austenite phases, which may lead to
preferential attack on one of the phases. Selective local corrosion attack can also

112

influence the initiation of SCC for a particular DSS alloy and environment combination
[1]. Hence, understanding and control of the DSS microstructure allows us to study the
effect of alloy composition and phase ratio on the corrosion susceptibility in a given
environment.
High and low temperature aging of duplex stainless steels may give rise to undesirable
precipitates such as sigma, chi, chromium carbides and nitrides or ‘475 embrittlement’.
Previous studies have also shown that the presence of sigma phase precipitates makes the
DSS alloys susceptible to localized corrosion in chloride environments [4]-[5]. Moreover,
pitting corrosion was found to assist in the SCC initiation while selective dissolution of
ferrite phase assisted in the propagation of stress corrosion cracks of DSS in chloride
solution [6]. Hence, the formation of these intermetallic precipitates may affect the
mechanical and corrosion properties of the steel adversely. During welding or other
fabrication processes, localized areas of DSS may be exposed to high temperatures and
different cooling rates, which may lead to changes in the balanced microstructure of DSS
alloys [7]. This change in the microstructure, in-turn, will affect the general and localized
corrosion or SCC susceptibility of the affected area as compared to the rest of the metal.
This makes it important to understand the effect of heat treatment parameters like
annealing temperature, aging temperature, and cooling rates on the DSS microstructure
and resulting corrosion behavior in caustic environment.
In this chapter, the effect of composition and microstructure of the as-received DSS
grades on their SCC susceptibilities in sulfide-containing caustic environment has been
discussed. The affect of different heat treatments on the microstructure of two grades of
DSS (S32205 and S32101) has also been studied. S32101 is a relatively new grade of
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DSS and very little is known about the affect of heat treatment on its microstructure.
Hence, the two grades of DSS with varying alloy composition has been selected to do a
comparative study of the effect of similar annealing and aging temperatures on the
changes in their microstructure and to find out more about the microstructural properties
of 2101 DSS. Moreover, the effect of these annealing and aging temperatures on the
corrosion and stress corrosion susceptibility of 2101 and 2205 DSS has further been
investigated.
4.2. MICROSTRUCTURE OF AS-RECEIVED DSS
Stress corrosion cracking failures of DSS equipments employing caustic environments
have shown that DSS alloys are susceptible to crack initiation and propagation in sulfidecontaining caustic solutions at high temperatures. Most of the reported failures were
related to the weld region but SCC of the base alloy has also been reported in these
environments [8]. To find out the role of DSS alloy composition and microstructure on
the SCC susceptibility of these steels in sulfide-containing caustic environment, asreceived DSS tensile samples were machined out of different grades of rolled DSS plates.
The annealing temperatures, cooling procedures and the measured % ferrite for the asreceived DSS are listed in TABLE 4.1. The % ferrite of the DSS samples was determined
using a Ferritscope. The heat treatment procedures for the DSS grades were according to
ASTM A 480/A 480M – 06b [9]. As can be seen in TABLE 4.1, different alloy
compositions as well as heat treatment procedures have resulted in different
ferrite/austenite ratios for DSS alloy. Micrographs of S32205, S32304, S32101 and
S32003 DSS as-received samples are shown in Figure 4.1 to 4 respectively. These
micrographs show that the microstructure (phase size and morphology) differs from one
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DSS grade to another depending upon the thermo-mechanical treatments of the asreceived samples. From these results it is evident that compositions as well as thermomechanical treatments play a role in the microstructure (ferrite/austenite ratio, phase
morphology) of duplex stainless steels, which in turn affects its corrosion and SCC
properties.

TABLE 4.1. HEAT TREATMENT PROCEDURES AND % FERRITE FOR THE AS-RECEIVED
S32205, S32304, S32101 AND S32003 DSS GRADES
Cooling
% Ferrite
DSS grade
Annealing
Temperature
ºC
S32205
1040
Quenched in water
58
S32304
980
Quenched in water or rapidly cooled by other means
50
S32101

1020

Quenched in water or rapidly cooled by other means

54

S32003

1010

Quenched in water or rapidly cooled by other means

43
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α
γ

90µm
Figure 4.1. Longitudinal section of 2205 DSS polished to 0.05micron finish and etched with 40%
NaOH solution

α

γ

90µm
Figure 4.2. Longitudinal section of 2304 DSS polished to 0.05micron finish and etched with 40%
NaOH solution
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α
γ

90µm
Figure 4.3. Longitudinal section of 2101 DSS polished to 0.05micron finish and etched with 40%
NaOH solution

α
γ

90µm

Figure 4.4. Longitudinal section of 2003 DSS polished to 0.05micron finish and etched with 40%
NaOH solution
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The tensile specimens of S32205, S32304, S32101 and S32003 were subjected to slow
strain rate tests in a solution containing 150gm per liter of NaOH + 50 gm per liter of
Na2S at 170oC. S32205, S32101 and S32003 DSS grades showed SCC susceptibility in
sulfide-containing caustic solutions, but the S32304 DSS sample was found to be
immune to cracking. Corresponding crack velocities for the samples showing SCC are
listed in TABLE 4.2. Although the crack velocities were almost an order of magnitude
different for different DSS grades, the cracks were mostly transgranular with a tendency
to favor the austenite phase for initiation as well as propagation in all tested DSS grades.
Stress-strain curves for the four DSS steels tested in 150gm per liter of NaOH + 50 gm
per liter of Na2S are shown in Figure 4.5. From the figure, it is evident that the
mechanical behavior of different DSS grades varies in the same environment depending
upon their microstructure and thermo-mechanical treatments. S32205 DSS samples had
higher strength but had higher crack velocity in sulfide-containing caustic environment.
Results from these tests have shown that the duplex stainless steels can be susceptible to
stress corrosion cracking in sulfide-containing caustic solution, depending upon the
environmental parameters and alloy composition. Representative micrographs of stress
corrosion cracks are shown in Figure 4.6 to Figure 4.9.
TABLE 4.2. CRACK VELOCITIES OF DSS GRADES TESTED IN 150GM/L OF NAOH +
50GM/L OF NA2S AT 170°C
DSS
Environment
Temp
Crack
Stress
Grade
Velocity
Corrosion
(°C)
mm/sec Susceptibility
NaOH 150gm/l +
S32205
170
1.8E-6
SCC
Na
S
50gm/l
2
S32101
170
2.73E-7
SCC
S32304

170

0

No SCC

S32003

170

6.6E-7

SCC

118

900

S32101 DSS
S32003 DSS
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Figure 4.5. Stress strain curve of various DSS grades in150gm/L NaOH + 50gm/L Na2S at 170ºC.

100µm
Figure 4.6. Stress corrosion cracks in S32205 DSS tested in 150gm/L NaOH + 50gm/L Na2S at 170ºC
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α

γ

30µm
Figure 4.7. Stress corrosion cracks in S32003 DSS tested in 150gm/L NaOH + 50gm/L Na2S at 170ºC

γ
α

30µm
Figure 4.8. Stress corrosion cracks in S32101 DSS tested in 150gm/L NaOH + 50gm/L Na2S at 170ºC.
Notice the crack propagation through austenite phase (light phase)
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γ

α

30µm
Figure 4.9. Stress corrosion cracks in S32101 DSS tested in 150gm/L NaOH + 50gm/L Na2S at 170ºC.
Notice the crack propagation through austenite phase (light phase)

The 2205 DSS sample tested in 150gm/L NaOH + 50gm/L Na2S at 170oC, shown in
Figure 4.6, had numerous stress corrosion cracks initiated at the surface. Some of these
cracks had propagated many grains deep into the sample while some cracks remained
dormant and did not grow beyond the first austenite grain at the surface of the tensile
sample. Although the microstructures of S32205 and S32003 were different, but samples
of both DSS grades showed similar transgranular cracks (Figure 4.7). Cracks were found
to preferentially propagate through the austenite phase and get arrested at ferrite phase
boundaries in 2003 DSS. Crack propagation was also found to favor the austenite phase
in the S32101 sample (Figure 4.8 and Figure 4.9), whereas the ferrite ligaments typically
failed by overload. This effect was more apparent in the lean duplex grades S32101 and
S32003 compared to the S32205 grade with higher chromium and nickel content. In
some cases, the cracks initiated at the surface but did not grow beyond the first austenite
grain.

These micrographs clearly indicate that the austenite phase in DSS is more
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susceptible to stress corrosion cracks in sulfide-containing caustic solutions. This is
different from the susceptibility of DSS in acidic chloride environments, where our work
and previous work has shown that the ferrite phase is more susceptible to the SCC
initiation and propagation [6]. The crack morphology was different for different grades of
DSS. The thin lamellar ferrite phase between the thicker lamellae of austenite made it
easier for the cracks to propagate in S32003 (Figure 4.7). On the contrary, the
discontinuous austenite phase in S32101 did not provide a continuous path for crack
propagation and the cracks were limited to the austenite phase and were arrested at
ferrite/austenite phase boundaries. Highly alloyed 2304 DSS did not show any cracking
which shows that the chemical composition along with the microstructure
(ferrite/austenite ratio and phase morphology) of the steel has a significant effect on the
susceptibility of DSS to SCC in caustic solutions. X-ray diffraction studies were
performed by Leinonen et al. on S31803 to study stress state of the austenite and ferrite
phases. The ferrite/austenite ratio in the above study was assumed to be 50%/50% by
volume [10]. The results have shown that the microstresses (σγmi) in the austenite phase
were of the order of almost +209MPa and hence the austenite phase was in tension. The
microstress in the ferrite phase was -209MPa and balanced out the tensile stress of the
austenite. Therefore the ferrite phase was in compression. This difference in the stress
states is mainly due to the differences in the coefficient of thermal expansions between
the two phases (Chapter 1, Table 1.2). Hence, due to the more active slip system and the
residual tensile stress in the austenite phase of DSS, this phase undergoes plastic
deformation more easily and at an applied stress far below the ferrite phase. This makes
the austenite phase more susceptible to crack initiation and propagation.
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4.3. EFFECT OF HEAT TREATMENT ON THE MICROSTRUCTURE OF
S32205 AND S32101 DSS
Two grades of DSS (S32205 and S32101), with compositions listed in Table 2.1
(Chapter 2) were selected as they represent a commonly used grade (2205) and a
relatively new lean DSS alloy (2101). Phase ratio and precipitation of intermetallic
phases in DSS depends on both alloy composition and heat treatment. Different grades of
DSS were selected to study how similar heat treatments could affect microstructure of
alloys differing in composition. Microstructure of the steel samples was changed to
obtain different ferrite/austenite ratio and grain morphology and to produce intermetallic
precipitation so as to see their effect on the general and localized corrosion behavior in
caustic and chloride solutions.
The annealing temperatures used for S32101 were 1000°C or 1100°C and for S32205
were 1000°C or 1150°C respectively. Samples were held at the annealing temperatures
for one hour followed by water quenching. After annealing treatments, samples were
aged either at 475°C (for 4 hrs) or 600°C (for 4 hrs) or 800°C (for 1hr, 4hrs, or 8hrs)
followed by water quenching. TABLE 4.3 and TABLE 4.6 summarizes the different heat
treatments given to the S32101 and S32205 samples respectively and the specimen codes
for each heat-treated sample used in this study. In each specimen-code, D1 and D5
represent 2101 and 2205 DSS respectively. 1000°C, 1100°C and 1150°C represents the
annealing temperatures. 475°C, 600°C and 800°C refers to aging temperatures.
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4.3.1. Microstructure of Heat treated S32101 DSS
4.3.1.1. Metallography
Lean 2101 DSS is a relatively new grade of DSS with reduced chromium, nickel and
molybdenum content as compared to the commonly used grade S32205. The effect of
heat treatment on the microstructure of this grade of DSS has not been studied before.
Hence, heat treatment was performed on 2101 DSS to study how the microstructure of
this steel is affected by various annealing and aging temperatures and how the various
microstructures may play a role in general corrosion and SCC initiation due to localized
corrosion. Ratio of ferrite to austenite phase was measured for each heat-treated S32101
DSS sample. There was a very small variation in the ferrite to austenite ratio for the heat
treatments performed in this study, as shown in TABLE 4.3. For S32101 DSS the
percentage ferrite in the heat-treated specimens ranged from 42% (for D1-1000) to 35%
(for D1-1100-800). Nucleation of intermetallic precipitates was observed at the phase
boundaries of S32101 samples annealed at 1000°C and aged at 800°C for 1 hour, as
shown in Figure 4.10.
Samples aged at 800°C for a longer period of time (4hrs) showed a distinct lighter
region at the ferrite/austenite interface, delimited from the austenite by the precipitates
(Figure 4.11). Precipitates had nucleated at the interface of the austenite phase and this
lighter region in samples aged at 800oC. The lighter region at the ferrite/austenite
interface was very prominent in the samples aged at 800°C for 4 hrs and increased with
aging time to 8 hours (Figure 4.12). SEM micrograph of 2101 DSS aged at 800 oC for 8
hrs (Figure 4.13) also shows the presence of precipitates at the interface of the austenite
phase and the lighter region. A similar behavior was observed for the samples annealed at
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a higher temperature (1100°C) and then aged at 800°C for 4hrs and 8hrs, as shown in
Figure 4.14 and Figure 4.15 respectively. No visible precipitates were found in the
unaged samples or samples aged at 475°C (Figure 4.16 and Figure 4.17 respectively).
The ferrite values listed in TABLE 4.3 indicates that aging at 800 °C did not produce a
significant loss in ferrite content for the S32101 DSS samples. Whereas a similar aging
treatment of 2205 DSS at 800 °C resulted in a reduction in the ferrite number of the steel
from 54% (solution annealed at 1000 °C) to 38% (solution annealed at 1000 °C and aged
at 800 °C) (TABLE 4.6). In a previous study conducted by Truman.et.al on DSS
containing 26% Cr and 1.45 % Mo, specimens aged at 800 °C for 4hours showed a ferrite
content of about 12.5% in the steel [11]. They reported severe intermetallic precipitation
in the above-mentioned duplex stainless steels with higher chromium content. Similar
precipitates were also found in the present study for low chromium S32101 DSS. The
loss in ferrite volume fraction in the higher chromium alloys 2205 and 2507 DSSs during
800oC aging treatments was attributed to the formation of the sigma phase. The amount
of intermetallic precipitation in the 2205 DSS was much more than in 2101 DSS samples
aged at 800 °C for the same aging time [12]. Our heat treatment results and previous
published data show that the alloy composition, and heat treatment, plays a major role in
the formation and distribution of phases in DSS which in turn may affect the corrosion
and SCC susceptibility of the steel.
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TABLE 4.3. HEAT TREATMENTS GIVEN TO S32101 DUPLEX STAINLESS STEEL SAMPLES
Annealing
Aging
Aging Time
Sample Code
% Ferrite
% Ferrite
Temp
Temp
(hr)
(using Feritscope) (using image analysis)
D1-1000
42
47
1000°C
4
D1-1000- 475
41
45
1000°C
475°C
4
D1-1000- 600
40
41
1000°C
600°C
1
D1-1000- 800
36
40
1000°C
800°C
D1-1100
41
44
1100°C
4
D1-1100- 475
42
43
1100°C
475°C
4
D1-1100- 600
36.5
42
1100°C
600°C
1
D1-1100-800
35
34
1100°C
800°C

Figure 4.10. 2101 DSS annealed at 1000 °C and aged at 800 °C (1hr) and etched by Grosbeck solution
showing intermetallic precipitates at phase boundaries using optical microscope
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Figure 4.11. 2101 DSS annealed at 1000 °C, aged at 800 °C showing intermetallic precipitation and
low chromium lighter region at α/γ interface with 4hrs of aging

Figure 4.12. 2101 DSS annealed at 1000 °C, aged at 800 °C showing intermetallic precipitation and
low chromium lighter region at α/γ interface with 8hrs of aging
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Figure 4.13. 2101 DSS annealed at 1000 °C and aged at 800 °C (8hrs) showing precipitates under
SEM (secondary electron image)

Figure 4.14. 2101 DSS annealed at 1100 °C, aged at 800 °C showing intermetallic precipitation and
low chromium lighter region at α/γ interface with 4hrs of aging
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Figure 4.15. 2101 DSS annealed at 1100 °C, aged at 800 °C showing intermetallic precipitation and
low chromium lighter region at α/γ interface with 8hrs of aging

Figure 4.16. 2101 DSS annealed at 1100 °C and water quenched
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Figure 4.17. 2101 DSS annealed at 1100 °C, water quenched and aged at 475 °C

4.3.1.2. Chemical Analysis of DSS Phases in 2101 DSS
EDS was used for chemical analysis of the different phases in DSS samples after each
heat treatment. To check the reproducibility of chemical analysis, fifteen different areas
each of ferrite phase, austenite phase and the lighter region at the interface were analyzed.
Forty precipitates were also analyzed for their composition. Figure 4.18 shows the SEM
micrograph of precipitates formed after aging treatment at 800°C for 8hrs. Shape of these
precipitates varies from round to ellipsoidal, with some precipitates showing a curved
structure. EDS spectra corresponding to one of the precipitates in Figure 4.18 is shown in
Figure 4.19 while the average composition of the precipitates, based on analysis from
forty precipitates, is given in TABLE 4.4. From the micrographs and the EDS results, it
can be inferred that the precipitates formed in the parent austenite phase of S32101
sample aged at 800°C had high chromium content (33.35 wt.%) as compared to the
ferrite and austenite phases.

Chemical composition of the lighter region near the
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precipitates showed lower chromium (18.48 wt. %) and molybdenum (0.37 wt. %)
content as compared to the precipitates. The chromium content in the lighter regions was
even lower than that of the parent austenite. Low standard deviation in the chemical
compositions in TABLE 2 indicates that the phase compositions were similar throughout
the sample. XRD was used to characterize different phases and precipitates on this
specimen and to determine if the sigma phase was present in these samples after 800°C
aging. The XRD pattern from these samples was compared with the values in the
literature [13][14]. The XRD pattern did not show any sigma peaks. However, in a
similar study performed by Berner et al., the precipitates formed in S32101, aged at 800
°C, were identified as M23C6 by using transmission electron microscopy and selected area
diffraction (TEM/SAD) [15]. Chromium depleted regions delimited from the austenite
phase by precipitates, similar to the ones identified in this study, were also reported by
Berner et al. and they identified this phase as secondary austenite γ2. Hence, from our
results and published work, it can be inferred that the high chromium containing
precipitates formed in this study may be chromium carbides, which also result in the
formation of low chromium containing secondary austenite, which appears as a lighter
region around the precipitates.
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Figure 4.18. Secondary electron image showing precipitates in 2101 DSS aged at 800 °C

Figure 4.19. EDS spectra of intermetallic precipitate in Figure 4.18 showing high chromium content
with presence of manganese and iron.
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4.3.1.3. Partition coefficient of alloying elements in 2101 DSS
The partition coefficient of alloying elements in S32101 DSS was determined by
microanalysis using EDS. The partition coefficients were calculated by taking the ratio of
concentration of each element in the ferrite phase to that in the austenite phase.
Calculated partition coefficients for Fe, Ni, Cr, Mn, and Mo are given in TABLE 4.4.
The coefficients for Cr, Ni, Mo and Mn in S32101 were found to be 1.14, 0.57, 1.8 and
0.84 respectively. These values indicate that the ferrite phase is enriched in Cr and Mo
and the austenite phase is enriched in elements such as Ni and Mn, which is as expected
and in agreement with the values in literature [16]. Partition coefficients in 2205 DSS
have been reported to be 1.2 for Cr, 0.58 for Ni and 1.72 for Mo [17]. Partition
coefficients for S32101 and 2205 were found to be very similar.

TABLE 4.4. AVERAGE CHEMICAL COMPOSITION OF DIFFERENT PHASES PRESENT IN
S32101 DSS AGED AT 800 °C
Phases
Average Chemical Composition, in wt. %, (Standard Deviation)
Cr
Fe
Ni
Mn
Mo
Ferrite
23.42,(0.29)
70.05 (0.58)
1.16,(0.4)
4.89,(0.25)
0.48,(0.19)
Austenite
20.64 (0.24)
71.25 (0.39)
2.02,(0.26)
5.82,(0.34)
0.27,(0.16)
Depleted zone at
18.48, (0.62)
72.58, (0.61)
2.24,(0.24)
6.34,(0.24)
0.37,(0.16)
α/γ interface (B)
Precipitate (A)

33.35, (6.16)

60, (5.65)

1.12,(0.38)

5.25,(0.67)

0.40,(0.17)

TABLE 4.5. PARTITION COEFFICIENT BETWEEN FERRITE AND AUSTENITE FOR
DIFFERENT ELEMENTS
Grade
Partition coefficient
Cr
Fe
Ni
Mn
Mo
S32101
1.14
0.98
0.57
0.84
1.8
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TABLE 4.6. S32205 WITH DIFFERENT HEAT TREATMENTS
Code for 2205
Annealing
Cooling
Aging
Aging
Samples
Temperature
Temperature time
°
°
C
C
(hrs)

%
Ferrite

D5-as received
D5-1000-WQ
D5-1000-WQ-475
D5-1000-WQ-600
D5-1000-WQ-800
D5-1150-WQ
D5-1150-WQ-475
D5-1150-WQ-600
D5-1150-WQ-800

58
54
52
49
38
59.5
63
60
51.8

1040
1000
1000
1000
1000
1150
1150
1150
1150

water quench
water quench
water quench
water quench
water quench
water quench
water quench
water quench
water quench

475
600
800
475
600
800

4
4
1
4
4
1

4.3.2. Microstructure of Heat treatment S32205 DSS
2205 DSS is the commonly used grade for pulp mill equipments. Hence, it is important
to characterize the changes in microstructure due to various heat treatments, which might
affect the corrosion and SCC susceptibility of the steel in caustic environment. To study
this effect, 2205 steel samples with compositions listed Table 2.1 (Chapter 2) were
subjected to selected heat treatments. Two different annealing treatments given to the
DSS S32205 samples in this study involved heating the samples at 1000°C or 1150°C for
one hour followed by water quenching. After annealing treatments, the 2205 DSS
samples were aged at three different aging temperatures, similar to ones used for S32101
i.e.475°C (for 4 hrs), 600°C (for 4 hrs), and 800°C (for 1hr). TABLE 4.6 summarizes the
different heat treatments given to the S32205 samples and the sample codes for each
heat-treated sample used in this study. In each sample-code, D5 represent 2205 DSS.
1000°C and 1150°C represents annealing temperatures. 475°C, 600°C and 800°C refers
to the aging temperatures given to that particular sample.
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The percentage ferrite for differently heat-treated samples, shown in TABLE 4.6,
shows the difference in the phase ratios between the as received sample and the heattreated samples. The effect of annealing temperatures on the phase ratio of the steel is
evident from these results. The as-received sample was annealed at 1040°C and had a
percentage ferrite of 58%. However, annealing the samples at lower temperatures
(1000°C) had resulted in a decrease in the percentage ferrite of the steel and annealing at
higher temperatures (1150°C) had resulted in a higher ferrite volume fraction of the steel.
All the samples annealed at 1150°C showed a higher ferrite volume fraction as compared
to samples annealed at 1000°C and subjected to similar aging temperatures. Prior work
has shown that when duplex stainless steels are annealed above 1100 ºC, the austenite
phase dissolves and its fraction decreases near the solidus temperature, depending upon
the chemical composition of the alloy. This is also evident from Figure 4.20 which shows
the pseudo-binary phase diagram of DSS containing 68% Fe. On cooling,
retransformation of austenite takes place. Slow cooling favors more austenite
retransformation. However, this austenite-to-ferrite transformation is suppressed if the
cooling is rapid. Hence, annealing 2205 DSS to a higher temperature resulted in
dissolution of austenite into δ-ferrite. Rapid cooling by water quenching did not allow
enough retransformation of austenite to take place. Therefore, the resulting
microstructures of 2205 DSS samples annealed at higher temperatures showed higher
ferrite content. Moreover, samples aged at 800°C showed the lowest volume fraction of
ferrite as compared to all other samples. At higher aging temperatures, some ferrite may
have undergone eutectoid decomposition into the sigma phase, resulting in lower ferrite
volume fraction in the matrix [1]. Micrographs in Figure 4.23 to Figure 4.29 also indicate

135

higher ferrite content of samples annealed at 1150°C compared to the ones annealed at
lower temperatures.
Annealing at higher temperature had also produced a change in the phase morphology
of duplex stainless steels. The phases in the as received rolled sample were elongated
along the rolling direction (Figure 4.21) and were smaller in size. Although, annealing at
1000°C did not produce a significant change in the phase morphology of the steel (Figure
4.22) but annealing at a higher temperature of 1150°C produced more evenly distributed
grains with a significant growth in the size of the two phases (Figure 4.23). This
difference in the phase morphology of 2205 DSS annealed at 1000°C and 1150°C can
also be seen in the aged samples (Figure 4.24 to Figure 4.29). There was appreciable
growth in the size of the phases as diffusion rates are higher at higher temperatures
resulting in the coarsening of grains and larger grain growth in the resulting
microstructure.
The sample D5-1000-WQ-475 aged at 475°C had reduced ferrite content as compared
to the solution-annealed sample. Micrographs of D5-1000-WQ-475 and D5-1150-WQ475 are shown in Figure 4.24 and Figure 4.25 respectively. No visible precipitation was
observed in these samples under the optical microscope. Similarly, the optical
micrographs of samples D5-1000-WQ-600 and D5-1150-WQ-600 in Figure 4.26 and
Figure 4.27 respectively did not show any visible precipitations. Aging of duplex
stainless steels may produce various intermetallic precipitates depending upon the aging
time and temperature, as shown in Figure 4.35. Aging treatment at 600 ºC did not show
any visible precipitation under optical microscope or SEM because according to the time
temperature transformation (TTT) curve for 2205 DSS at 600 ºC (Figure 4.36), the
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kinetics of precipitation is very slow. Hence, 4 hours of aging treatment at 600 ºC may
not be long enough to show any precipitation under optical microscope. However, both
D5-1000-WQ-800 and D5-1150-WQ-800 aged at 800°C showed precipitation at the
ferrite/austenite phase boundaries, as is evident from micrographs in Figure 4.28 and
Figure 4.29 respectively. SEM images of D5-1000-WQ-800 shown in Figure 4.30
confirmed the presence of two types of precipitates, a lighter phase and a darker phase.
These precipitates nucleated at the phase boundaries and had grown towards the ferrite
phase. There was a distinct lighter region around the precipitates, as can be seen in Figure
4.31. Similar observation was also made for the sample annealed at 1150°C and aged at
800°C (D5-1150-WQ-800). In this case also, the precipitates had nucleated at the phase
boundaries, as can be seen in Figure 4.32 and Figure 4.33. Higher magnification SEM
images confirmed the presence of two types of precipitates and a lighter region around
the precipitates (Figure 4.33). EDS was used to find the chemical composition of the
precipitates and the results are summarized in TABLE 4.7. EDS results showed that these
precipitates had higher chromium and molybdenum content as compared to the parent
phase. EDX analysis of the lighter phase indicated that these precipitates were
particularly enriched in molybdenum. Whereas the darker precipitate had very high
chromium content and higher molybdenum as compared to the ferrite phase. The lighter
region around the precipitates had lower chromium and molybdenum content as
compared to the surrounding ferrite phase. X-ray diffraction of sample D5-1000-WQ-800
aged at 800°C for one hour was further used to identify precipitates. Figure 4.34 shows
the X-ray diffraction spectrum of D5-1000-WQ-800 and as-received 2205 DSS. The Xray diffraction data of D5-1000-WQ-800 confirmed the presence of sigma phase. Sigma
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peaks identified in previous studies were used to identify sigma in this study [18]. XRD
of the as-received sample (Figure 4.34) did not show any sigma peaks. According to the
TTT curve of 2205 DSS (Figure 4.35 and Figure 4.36), aging at 800 ºC can produce χ and
σ precipitations. Prior work has shown that the χ phase is enriched in molybdenum and
the σ phase is enriched in chromium and molybdenum [19]. Hence, comparing the EDX
results in TABLE 4.7 with previously established data, it can be inferred that the lighter
precipitates were χ and the darker precipitates were σ phase. Lighter region was also
observed around the precipitates, which had low chromium and molybdenum content.
Sigma phase formation takes place due to the eutectoid decomposition of the ferrite
according to the reaction: ferrite → sigma + secondary austenite [1]. During sigma phase
formation, the surrounding regions may be depleted in chromium and molybdenum due
to the formation of this secondary austenite [20]. Hence, the lighter region around the
precipitate was secondary austenite. The lowering of ferrite in the samples aged at 800 ºC
was due to the decomposition of ferrite into sigma and secondary austenite.
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Figure 4.20. Pseudo-binary Cr-Ni-68Fe phase diagram [1]

Results from different heat treatments, as shown by the micrographs in Figure 4.22Figure 4.33 clearly show that when duplex stainless steels are subjected to different
thermal treatments (annealing, aging and cooling rates), these steels may undergo
changes in the ferrite/austenite ratio, phase morphology, and produce intermetallic
precipitations, depending on the heat-treatment given. All of these microstructural
changes can influence the corrosion and SCC behavior of the DSS.
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Figure 4.21. Optical micrograph of as received2205 DSS
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Figure 4.22. Optical micrograph of D5-1000-WQ
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Figure 4.23. Optical micrograph of D5-1150-WQ
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Figure 4.24. Optical micrograph of D5-1000-WQ-475
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Figure 4.25. Optical micrograph of D5-1150-WQ-475
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Figure 4.26. Optical micrograph of D5-1000-WQ-600
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Figure 4.27. Optical micrograph of D5-1150-WQ-600
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Figure 4.28. Optical micrograph of D5-1000-WQ-800
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Figure 4.29. Optical micrograph of D5-1150-WQ-800
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Figure 4.30. SEM image of D5-1000-WQ-800 showing σ and χ precipitates
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Figure 4.31. SEM image of D5-1000-WQ-800 showing lighter chromium and molybdenum depleted
zone around χ phase
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Figure 4.32. SEM image of D5-1150-WQ-800 showing lighter chromium and molybdenum depleted
zone at the phase boundaries
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Figure 4.33. SEM image of D5-1150-WQ-800 showing σ and χ precipitates surrounded by depleted
zone
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Figure 4.34. X-ray diffraction patterns of D5-1000-WQ-800 and as-received 2205 DSS
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Figure 4.35. TTT curve for DSS showing possible precipitations in DSS [17]

Figure 4.36. TTT curves for various duplex stainless steel grades showing relation between time and
temperature that leads to formation of various intermetallic phases. [21]
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TABLE 4.7. AVERAGE CHEMICAL COMPOSITION OF DIFFERENT PHASES PRESENT IN
S32205 AGED AT 800°C AS DETERMINED BY EDX
Phases
Cr
Fe
Ni
Mo
Ferrite
26
66.4
3.7
4
Austenite
22.2
68.4
6.8
2.6
Sigma (σ)
40.5
46.5
3.6
9.4
Chi (χ)
25
61.7
2.6
16.8
Lighter region
18.9
70.8
8.1
2.4
around precipitates

The results of the heat treatments performed on 2101 and 2205 DSS indicated that
identical annealing and aging treatments given to the two grades of DSS did not seem to
produce similar microstructures (phase ratio, precipitates). This difference in the behavior
of the steels can be attributed to the difference in composition of both the grades of DSS.
For S32101 DSS the percentage ferrite in the heat-treated specimens annealed at 1000ºC
ranged from 42% (for D1-1000) to 36% (for D1-1000-800). Precipitates formed at 800 ºC
did not produce a considerable reduction in the ferrite content of the steel. On the other
hand, for S32205 DSS, the % ferrite decreased from 54% (for D5-1000) to 38% (for D51000-800). This significant decrease in ferrite content could be attributed to the sigma
precipitates formed in S32205 due to the eutectoid decomposition of the ferrite phase. No
sigma was detected in 2101 DSS. The composition of the precipitates formed at 800 ºC
was also different for 2101 and 2205 DSS. Whereas precipitates formed in 2101 DSS
aged at 800 ºC showed high chromium and manganese content due to the presence of
manganese in the steel, 2205 DSS had produced precipitates (sigma and chi precipitates)
containing high chromium and molybdenum content and were devoid of manganese. The
amount of molybdenum in the precipitates of S32101 was also low due to the overall low
Mo content of the steel. Precipitates formed in 2101 DSS had grown into the austenite
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phase whereas precipitates found in 2205 DSS had grown into the ferrite phase.
However, in both the grades of DSS, secondary austenite phase depleted in chromium
were found around the precipitates. This comparative study on the effect of heat
treatment on two grades of DSS differing in alloy composition clearly indicate that
composition of DSS plays an important role in the evolution of microstructure during
heat treatments.
4.3.2.1. Mechanical properties of ferrite and austenite phased in heat treated 2205 DSS
Various thermo-mechanical treatments may change the hardness of the ferrite and
austenite phases of DSS, which will, in turn, affect the steel’s overall mechanical
behavior and SCC susceptibility. For example, ά precipitates formed during ‘475
embrittlement’ of DSS cause immobilization of dislocations in the ferrite phase resulting
in an increase in the hardness and in severe embrittlement of the ferrite phase [22]. To
find out the effect of heat treatment (annealing and aging temperatures) on the hardness
of the two phases of 2205 DSS, nanoindentations and Vickers hardness tests were
performed on the ferrite and austenite phases of five DSS samples as listed in TABLE
4.8. The heat treatment procedure for the as-received DSS grade was according to ASTM
A 480/A 480M – 06b. Although the annealing temperatures of the as-received and
solution annealed samples were almost similar but the results showed that the overall
hardness of the as-received DSS samples was higher as compared to the solution
annealed samples. This indicates that sufficient strain hardening had occurred in DSS
during thermo-mechanical treatments, rolling, of the as-received steel plates. The strain
hardening of the as-received DSS is also evident from the stress-strain curves in Figure
4.43 and Figure 4.44. The hardness of the ferrite phase was found to slightly higher as
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compared to the austenite phase. Solution annealing at both 1000°C and 1150°C has
resulted in a decrease in the hardness values of the two phases, which shows that the
solution annealing had decreased some of the strain hardening effects of the as-received
DSS. The greater toughness of the solution-annealed specimens, D5-1000-WQ and D51150-WQ as shown by the area under the stress strain curve in Figure 4.43 and Figure
4.44, further shows that annealing had resulted in an increase in toughness of DSS as
compared to the as-received structure. Vicker’s microhardness results of D5-1000-WQ475 showed an increase in the hardness of the ferrite phase (326.7) as compared to the
specimens annealed at 1000 °C (279.8) without aging, but the nanoindentation results did
not indicate this embrittlement effect in D5-1000-WQ-475. However, specimen annealed
at 1150°C and aged at 475°C showed a significant increase in the hardness of the ferrite
phase as compared to the austenite phase from the solution annealed specimen (D5-1150WQ-475), which may be due to ά precipitates formed at that temperature, as shown by
the hardness data in TABLE 4.8.

TABLE 4.8. NANO-HARDNESS AND VICKERS HARDNESS OF THE FERRITE AND
AUSTENITE PHASES OF HEAT-TREATED 2205 DSS

Code for 2205
Samples
D5-as received
D5-1000-WQ
D5-1150-WQ
D5-1000-WQ475
D5-1150-WQ475

Nano-hardness
(GPa)
Ferrite Austenite
4.411
4.39
3.91
3.86
4.322
4.11
3.81
4.158

Vickers Hardness
Ferrite
412
279.8
295.8
326.7

Austenite
382
279.1
289.5
312.9

5.169

419

294.3

4.505
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4.4. ROLE OF MICROSTRUCTURE ON THE GENERAL AND LOCALIZED
CORROSION SUSCEPTIBILITY OF DSS
Microstructure plays a vital role in the general and localized corrosion susceptibility of
materials. In order to find out how different microstructures produced during different
heat treatments affect the general and localized corrosion susceptibility of DSS in sulfidecontaining caustic solutions, the heat-treated DSS samples were exposed to high pH
caustic environments. Similarly heat-treated DSS samples were further exposed to
corrosion tests in low pH chloride environment to compare the corrosion behavior of
DSS in the two different environments.
4.4.1. Corrosion susceptibility of 2101 DSS in acidic chloride solution
Corrosion tests were performed to evaluate the general and localized corrosion
susceptibility of differently heat-treated S32101 in acidic ferric-chloride solution
(pH~0.54). Serrated crevice washers were used in these tests to simulate local crevice
conditions. Results in TABLE 4.9 show a significant effect of heat treatment and
resulting microstructure on general and localized corrosion behavior of S32101. The
samples D1-1000-800 and D1-1100-800 aged at 800 °C and tested in acidic chloride
solution showed a significant decrease in weight, which was predominately due to the
pitting and crevice corrosion on test samples, as shown in Figure 4.37. Similar corrosion
behavior was also seen for the S32101 samples aged at 600 °C, which also showed
significant weight loss and pitting (Figure 4.38). However, the pit size and the pit density
were much higher for the sample aged at 800 °C as compared to the sample aged at 600
°C. The solution annealed unaged specimens (D1-1000 and D1-1100) and the specimens
aged at 475 °C (D1-1000-475 and D1-1100-475) had lower weight loss and very few or
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no pits after exposure to the ferric chloride solution at 25 ºC. Optical micrographs in
Figure 4.39 and Figure 4.40 show the pit initiation sites in S32101 DSS specimens
annealed at 1100ºC and aged at 800 ºC and 600 ºC respectively. Pitting had initiated near
the ferrite/austenite phase boundaries in the specimen aged at 800 ºC, as shown in Figure
4.39. Pit initiation could be a result of the selective dissolution of one phase versus
another. The micro-galvanic cells formed between the noble and active phases might
have resulted in the selective dissolution of the less noble phase along the phase
boundaries and initiated corrosion pits on S32101 DSS in acidic chloride solution.
Chromium depletion in the secondary austenite phase at the ferrite/austenite phase
boundary could also have resulted in an unstable passive film formation and pit initiation.
Once initiated, the pits propagated through the ferrite phase, as is evident from Figure
4.39, indicating that the ferrite phase is more susceptible to dissolution and localized
corrosion in low pH chloride environment. Pitting was also found in S32101 specimens
aged at 600 °C. Optical micrograph of these specimens (Figure 4.40) suggest that pit
initiation was also along the ferrite/austenite interface and these pits have grown in the
ferrite phase. Although no visible precipitation was observed under optical microscope or
SEM for samples aged at 600 °C, intermetallic precipitation is likely to occur in DSSs at
temperatures between 600 °C and 1000 °C [23]. However, according to the TTT curve
for S32101, shown in Figure 4.36, the growth kinetics for precipitates at 600 °C is very
slow as compared to that at 800°C. Hence, the precipitates may be too small to be
detected by optical microscopy or SEM and further TEM investigation may be required
for their detection. It is likely that the pit initiation in S32101 specimens aged at 600 °C
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may also be due to selective dissolution of precipitates formed at ferrite/austenite
interface.
For precipitation in S32101 DSS in the temperature range of 350 °C to 525 °C, the
nose of the TTT curve is at 475 °C, indicating the temperature at which maximum
precipitation could occur. However, the specimens aged at 475 °C for 4hours did not
show any significant pitting. This may be due lack of sufficient precipitation for the
localized corrosion to occur. Previous work has shown that the formation kinetics of α’
phase is very slow and localized corrosion resistance of 24.6 Cr, 6.6 Ni DSS in chloride
solution decreases after 100 hours of aging [24].

TABLE 4.9. WEIGHT LOSS DUE TO GENERAL AND LOCALIZED CORROSION OF HEAT
TREATED S32101 DSS IN 6% FECL3 SOLUTION AT 27OC FOR 4 DAYS
Localized Corrosion
Heat treated sample
Weight Loss
(mg/dm2/day)*
Pitting
Crevice
D1-1000
254.4
Pitting
Yes
D1-1000- 475

876.84

No

Yes

D1-1000- 600

1661.10

pitting

Yes

D1-1000- 800

2374.23

pitting

Yes

D1-1100

298.53

No

Yes

D1-1100- 475

423.33

No

Yes

D1-1100- 600

2811.14

pitting

Yes

D1-1100-800

1299.40

pitting

Yes

*S32101 DSS samples had localized corrosion attack on the surface so general corrosion rates could
not be calculated from the weight change in these tests.
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Figure 4.37. 2101 DSS showing pitting in chloride environment after annealing at 1100 °C and aging
at 800 °C (1hr)

Figure 4.38. 2101 DSS showing pitting in chloride environment after annealing at 1100 °C and aging
at 600 °C for 4hrs
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Figure 4.39. 2101 DSS showing selective dissolution of ferrite phase and pitting in chloride
environment after annealing at 1100 °C and aging at 800 °C

Figure 4.40. 2101 DSS showing selective dissolution of ferrite phase and pitting in chloride
environment after annealing at 1100 °C and aging at 600 °C for 4hrs
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4.4.2. Corrosion susceptibility of 2101 in sulfide-containing caustic solution
General and localized corrosion tests were performed in sulfide-containing caustic
solution with high pH (~12.5), similar to the white liquor typically used in pulping kraft
process. White liquors are considered to be the most corrosive in terms of general and
localized corrosion as compared to other environments in a typical pulp mill. Sulfide in
high pH sulfide-containing caustic solutions (white liquor) exists mainly as hydrated (HS) but also in the forms of sulfide (S2-) and polysulfides [25]. Corrosion behavior of DSS
alloys was very different in sulfide-containing caustic solutions compared to that in the
acidic ferric chloride solution (TABLE 4.10). In sulfide-containing caustic solution, the
general corrosion rates for S32101 was very low for all heat-treated samples. Weight
changes for D1-1100-600 and D1-1100-800 in chlorides were 2811.14 mpy and 1299.40
mpy respectively (TABLE 4.9), significantly more than that in the caustic solutions
(TABLE 4.10). No pitting or crevice corrosion was found on any of the heat treated
S32101 samples tested in caustic environment. The specimens (aged at 800 °C and 600
°C) susceptible to localized corrosion in chloride solution were resistant to pitting or
crevice corrosion in caustic environment.
Corrosion results show that the intermetallic precipitation, in samples aged at 800 °C,
which has an adverse effect on the localized corrosion behavior of 2101DSS in acidic
chloride solution had no effect on the corrosion behavior when tested in the sulfidecontaining

caustic

solution

at

170ºC

for

15

days.

Microstructural

features

(ferrite/austenite ratio and intermetallic precipitates) formed due to the different heat
treatments did not play a significant role in the general and localized corrosion behavior
of the steel in sulfide-containing caustic solutions. This also indicates that the
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microstructural changes in 2101 DSS due to welding or other thermomechanical
fabrication process may not be as critical in high pH solutions like white liquors or other
kraft pulping liquor in terms of corrosion susceptibility. These results are only applicable
under static or low velocity flow conditions where the S32101 DSS does not have
significant tensile stresses, whether applied or residual.

TABLE 4.10. CORROSION RATES AND LOCALIZED CORROSION SUSCEPTIBILITY OF
HEAT TREATED S32101 DSS IN CAUSTIC SOLUTIONS AT 170ºC FOR 15 DAYS
Localized Corrosion.
Heat treated
Corrosion Rate.
Corrosion Rate.
sample
(mg/dm2/day)
(mm/year)
Pitting
Crevice
D1-1000

36.51

0.17

No

No

D1-1000- 475
D1-1000- 600
D1-1000- 800

33.56
36.85
40.71

0.15
0.17
0.19

No
No
No

No
No
No

D1-1100

43.16

0.20

No

No

D1-1100- 475

49.3

0.18

No

No

D1-1100- 600

38.44

0.18

No

No

D1-1100- 800

40.44

0.18

No

No

4.4.3. Corrosion susceptibility of 2205 DSS in acidic chloride solution
Differently heat-treated S32205 was also tested for general and localized corrosion
susceptibility in acidic ferric-chloride solution (pH~0.54). Results from the corrosion
tests are shown in TABLE 4.11. Corrosion test results from these tests showed a
significant effect of heat treatment and resulting microstructure on general and localized
corrosion behavior of S32205, as was observed in case of 2101 DSS in chloride
environment. The samples D5-1000-800 and D5-1150-800 aged at 800 °C and tested in
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acidic chloride solution showed a significant decrease in weight which was
predominately due to the pitting and crevice corrosion on test samples. Figure 4.41 shows
cross section of pits formed in D5-1000-800 annealed at 1000°C and aged at 800°C.
These pits formed in DSS in chloride environment can act as stress concentrators and
precursor sites for SCC initiation. Micrograph of D5-1000-800 exposed to chloride
environment indicates that the pits have initiated due to selective dissolution of the
precipitates and have propagated into the ferrite phase (Figure 4.42). Prior work has
shown that sigma phase precipitates makes the DSS alloys susceptible to localized
corrosion in chloride environments. The ferrite phase is found to be susceptible to pitting
in chloride environment.

TABLE 4.11. WEIGHT LOSS DUE TO GENERAL AND LOCALIZED CORROSION OF HEATTREATED S32205 DSS IN 6% FECL3 SOLUTION AT 27OC FOR 4 DAYS
Heat treated
Weight Loss
Localized Corrosion
sample
(mg/dm2/day)
Pitting
Crevice
D5-1000-WQ

0

No

No

2139
0
3220

Yes
No
Yes

Yes
No
Yes

0

No

No

D5-1150-WQ-475

1.34

No

No

D5-1150-WQ-600

1079

No

Yes

D5-1150-WQ-800

2096

Yes

Yes

D5-1000-WQ-475
D5-1000-WQ-600
D5-1000-WQ-800
D5-1150-WQ

*S32205 DSS samples had localized corrosion attack on the surface so general corrosion rates could
not be calculated from the weight change in these tests.
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Pit

500µm
Figure 4.41. Micrograph showing cross section of pits in 2205 DSS exposed to chloride environment
after annealing at 1000 °C and aging at 800 °C for 1hr

α

Pit

γ

Precipitate
10µm

Figure 4.42. 2205 DSS showing selective dissolution of precipitates and pitting in chloride
environment after annealing at 1000 °C and aging at 800 °C for 1hr
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4.4.4. Corrosion susceptibility of 2205 in sulfide-containing caustic solution
Similarly heat treated 2205 DSS samples were exposed to sulfide-containing caustic
solution (150g/L NaOH + 50g/L of Na2S) for general and localized corrosion tests. The
results of the tests are summarized in TABLE 4.12.
Heat treatments of 2205 DSS did have any significant effect on their general corrosion
rates in sulfide-containing caustic environments. General corrosion rates for some 2205
samples in caustic environment were found to be less than 0.28mm/year. Different
ferrite/austenite ratio and precipitation of second phase particles did not seem to have
much effect on the general corrosion and corrosion pit initiation in 2205 DSS tested in
caustic environment. These results are very different from that in chloride environment
where the microstructure was found to have a significant effect on the general and
localized corrosion susceptibility of duplex stainless steels [26].
Results from the corrosion exposure tests in caustic environment at 170°C indicate that
the duplex stainless steel 2205 in as-received condition or under tested aging treatments
are not susceptible to pitting or crevice corrosion in sulfide-containing caustic solutions.
Heat treatments may cause changes in the microstructures of 2101 and 2205 DSS, but
will not have any effect on the general and localized corrosion resistance of DSS in
sulfide-containing caustic solution. Sigma, chi and secondary austenite precipitation did
not cause localized corrosion of the steel in caustic environment. This behavior of DSS is
very different from that in the acidic chloride environments, where the intermetallic
precipitates such as sigma and chi are known to initiate pitting by selective dissolution of
the chromium and molybdenum depleted regions around these precipitates [27]. In this
study, in both 2101 and 2205 DSS, aging treatments at 600°C and 800°C were found to
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affect their pitting and crevice corrosion susceptibilities adversely in chloride
environment. Since corrosion pits can act as initiation sites for the stress corrosion cracks
[6], absence of pits in the caustic solution indicates that the SCC initiation in DSS in this
medium is not due to pitting and is different from the one for the chloride environments.
TABLE 4.12. GENERAL AND LOCALIZED CORROSION SUSCEPTIBILITY OF S32205 IN
SULFIDE-CONTAINING CAUSTIC SOLUTION
Localized Corrosion.
Heat treated
Corrosion Rate. Corrosion Rate.
sample
(mg/dm2/day)
(mm/year)
Pitting
Crevice
D5-1000-WQ

50.41

0.23

No

No

D5-1000-WQ-475
D5-1000-WQ-600
D5-1000-WQ-800

49.1
54.93
49.78

0.23
0.25
0.23

No
No
No

No
No
No

D5-1150-WQ

49.2

0.23

No

No

D5-1150-WQ-475

40.03

0.18

No

No

D5-1150-WQ-600

59.92

0.27

No

No

D5-1150-WQ-800

61.54

0.28

No

No

4.5. ROLE OF MICROSTRUCTURE ON THE STRESS CORROSION
CRACKING SUSCEPTIBILITY OF DSS
Stress corrosion cracking susceptibility of duplex stainless steels in caustic solutions
was the main drive for the present study. To understand the effect of microstructure and
environmental parameters on SCC susceptibility of different DSS grades, tests were
carried out on differently heat-treated samples. As-received as well as the heat-treated
2205 DSS tensile samples were tested by slow strain rate test method in sulfidecontaining caustic solution. The results of the slow strain rate tests are summarized in
TABLE 4.13. Results show that although microstructural differences in differently heattreated DSS samples did not have much effect on the general and localized corrosion
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behavior of 2205 DSS (TABLE 4.12), these differences had a significant affected on the
SCC susceptibility of the steels in caustic environment.

TABLE 4.13. SCC SUSCEPTIBILITY OF S32205 IN SULFIDE-CONTAINING CAUSTIC
SOLUTION
Code for 2205
% Ferrite
%
%
Linear
Samples
SCC
Elongation Reduction Roughness
Susceptibility
in area
Index
D5-as received
D5-1000-WQ
D5-1000-WQ-475
D5-1000-WQ-600
D5-1000-WQ-800
D5-1150-WQ
D5-1150-WQ-475
D5-1150-WQ-600
D5-1150-WQ-800

58
54
52
49
38
59.5
63
60
51.8

Yes
No
Yes
No
No
No
Yes
No
No

12.3
23.25
22.1
25.25
19.95
22.35
18.9
22.45
22

52.23
87.85
65.93
69.81
56.94
82.42
68.94
79.54
59

1.888
1.431
1.519
1.423
1.69
1.141
1.656
1.486
1.456

SCC was found in the as-received samples as well as in the samples aged at 475°C.
However, no cracking was found in 2205 DSS samples annealed at 1000°C and 1150°C
or the samples aged at 600°C or 800° C. Stress corrosion cracking susceptibility, in the
slow strain rate tests, can be detected by the signs of embrittlement in the stress vs strain
curve for the tested sample. The lower % elongation and % reduction in area for an alloy
sample tested in an environment, compared to an equivalent sample tested without that
environment, typically indicates the SCC susceptibility of that alloy in the under test
conditions. The lower ductility of the as-received sample as compared to other heattreated samples in sulfide-containing caustic solution is indicated by the stress-strain
curves in Figure 4.43 and Figure 4.44. Stress strain curves from the slow strain rate tests
also indicate that different ferrite/austenite ratios in 2205 DSS also affect its mechanical
properties. D5-1000-WQ and D5-1150-WQ samples without aging had higher %
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elongation and % reduction in area, indicating that significant necking had occurred
before the final failure, which is indicative of a ductile mode of failure. 475°C and 800°C
aged samples had suffered a brittle mode of failure as compared to the annealed samples
without aging. Both samples D5-1000-WQ-475 and D5-1150-WQ-475aged at 475°C
showed significant strain hardening and a higher ultimate tensile strength. Higher values
of linear roughness index of fractured samples in TABLE 4.13 indicated more tortuous
fracture path for these samples.

As received

1000

D5-1000-WQ
D5-1000-WQ-475
SSRT
of Heat treated
2205 DSS

900

D5-1000-WQ-600

D5-1000-WQ-800

D5-1000-WQ-475

Stress, MPa

800
700

D5-1000-WQ-600

600
D5-1000-WQ-800

500
As-received

400

D5-1000-WQ

300
200
100
0
0

5

10

15

20

% Strain

25

30

35

Figure 4.43. Stress strain curve for 2205 DSS annealed at 1000 ºC and subjected to 475ºC, 600ºC and
800ºC aging
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1200
As received

D5-1150-WQ

D5-1150-WQ-475

Stress, MPa

1000

D5-1150-WQ-600

D5-1150-WQ-800

D5-1150-WQ-475
D5-1150-WQ

800
600

D5-1150-WQ-600

400

D5-1150-

As-received

WQ-800

200
0
0

5

10

15

20

25

30

35

% Strain
Figure 4.44. Stress strain curve for 2205 DSS annealed at 1150 ºC and subjected to 475ºC, 600ºC and
800ºC aging

100µm
Figure 4.45. Optical micrograph of 2205 as received sample showing transgranular cracking
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α

γ
3µm
Figure 4.46. SEM image of 2205 as-received sample fracture surface showing crack initiation sites in
the austenite phase

Figure 4.47. D5-1000-WQ-475 showing severe cracking on the surface
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100µm
Figure 4.48. D5-1000-WQ-475 showing transgranular cracks across both the phases

γ

α

3µm
Figure 4.49. SEM micrograph of D5-1000-WQ-475 showing crack initiation sites in the ferrite phase
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γ

α

1µm
Figure 4.50. SEM micrograph of D5-1000-WQ-475 showing crack initiation sites in the ferrite phase

Cr

Fe
Ni
Cr

Cr
Mo

Fe

Ni Ni

Figure 4.51. EDX analysis of the phase associated with crack initiation in D5-1000-WQ-475, as shown
in Figure 4.50.
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Optical micrograph in Figure 4.45 shows severe stress corrosion cracking in the asreceived 2205 DSS sample. Multiple stress corrosion cracks had initiated at the surface.
The cracks were found to be transgranular in nature. Side of the fractured tensile sample
was further examined by scanning electron microscope (SEM), as shown in Figure 4.46.
Cracks typically initiated in the austenite phase, as was confirmed by the EDX. Heattreated sample D5-1000-WQ-475 aged at 475°C was also found to be susceptible to
severe stress corrosion cracking, as shown by cracks in Figure 4.47. Cracks on the D51000-WQ-475 samples were also transgranular in nature (Figure 4.48). However, SEM
metallography of the sides of the fractured sample confirmed that the crack initiation sites
for D5-1000-WQ-475 samples were associated with precipitates in the ferrite phase,
unlike those in the as-received sample, where cracks had initiated in the austenite phase
(Figure 4.49 and Figure 4.50). EDX analysis of the areas associated with the crack
initiation in the ferrite phase in Figure 4.50 showed the presence of very high chromium
content. This is evident from the EDX spectrum in Figure 4.51. Prior work has shown
that ά precipitates formed during ‘475 embrittlement’ of DSS has a high level of
chromium [28]. Mo partitioning also occurs in these precipitates. The composition of the
precipitates found in D5-1000-WQ-475 was very similar to the composition of ά in DSS.
However, further investigation using transmission electron microscopy is required to
characterize the precipitates formed in D5-1000-WQ-475.
The sample annealed at 1150°C and aged at 475°C showed intergranular stress
corrosion cracks in the sulfide-containing caustic solution. Optical micrograph of sample
D5-1150-WQ-475 in Figure 4.52 shows stress corrosion cracks along the grain
boundaries. Figure 4.53 and Figure 4.54 shows SEM micrograph of the sides of the
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fractured tensile sample with stress corrosion cracks initiating along the grain boundaries.
The crack initiation seems to be associated with the precipitates along the grain boundary,
as shown in Figure 4.54. Corrosion product was also found near the crack initiation sites
as shown in Figure 4.54. EDX analysis of the precipitates at the boundary (Figure 4.55
and Figure 4.56) showed enrichment of chromium, molybdenum and nickel as compared
to the surrounding phases. The results also showed a considerable lowering of iron in the
precipitates.

30µm
Figure 4.52. Optical micrograph of sample D5-1150-WQ-475 showing intergranular stress corrosion
cracking
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10µm
Figure 4.53. SEM micrographs of the sides of the fractured sample D5-1150-WQ-475 showing crack
initiation sites along grain boundaries.

Corrosion
Product

Precipitate

3µm
Figure 4.54. SEM micrographs of the sides of the fractured sample D5-1150-WQ-475, showing
corrosion product in the crack initiation sites along grain boundaries.
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Figure 4.55. EDX spectra of the grain boundary precipitate at the crack initiation site of sample D51150-WQ-475
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Figure 4.56. Bar graph showing chemical composition of the grain boundary precipitate at the crack
initiation site of sample D5-1150-WQ-475
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4.5.1. Discussion of Slow-strain Rate Test Results
Results from the slow strain rate tests for differently heat treated 2205 DSS revealed
that the as-received tensile samples, as well as samples aged at 475 ºC were susceptible to
the stress corrosion cracking. Cracking in the as-received sample may also be affected by
the localized residual stresses in the material. Previous study has shown that the austenite
phase in 2205 DSS is in tension whereas the ferrite phase is in compression [29]. This
may further contribute to the preferential crack initiation in the austenite phase of an asreceived DSS sample. Samples annealed and aged at 600 ºC also did not show SCC
susceptibility in the sulfide-containing caustic environments. Similarly, the samples aged
at 800 ºC and containing sigma and chi precipitates showed a brittle mode of failure but
did not show any susceptibility to SCC in sulfide-containing caustic solution. Pitting
corrosion was shown to assist crack initiation in the acidic chloride environment and was
one of the precursors to the stress corrosion cracking [6]. However, the presence of
deleterious secondary phases in 2205 DSS aged at 800 ºC did not show any influence on
the general, localized corrosion, or SCC initiation in the caustic solutions tested.
Aging at 475 ºC was found to play a significant role in the SCC susceptibility of 2205
DSS in caustic solutions. 475 ºC aging is known to produce ‘475 embrittlement’ which
can induce a progressive hardening and reduction in the material toughness [30]. ‘475
embrittlement’ occurs in the ferrite phase and is associated with the spinodal
decomposition of the ferrite phase into Cr rich α’ and Cr poor α phase. The aging at 475
ºC produces changes in the dislocation structure of the ferrite phase as studied by TEM
[28]. The Cr rich α’ precipitates lower the mobility of the dislocations and create microvoid near them in the ferrite matrix [24]. The samples annealed at 1000 ºC and 1150 ºC
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and aged at 475 ºC showed an increase in the strength as compared to other heat-treated
DSS samples in sulfide-containing caustic solution. This is evident from the high σUTS
and σYS values in the stress-strain curves in Figure 4.43 and Figure 4.44. This is due to
the resistance to the dislocation motion because of precipitation. A similar behavior of
duplex stainless steel 2205 aged at 475 ºC was reported by Girones et al [31]. Crack
initiation in the ferrite phase in the sample D5-1000-WQ-475 can be attributed to the
preferential crack initiation at the chromium depleted region around the precipitates as
well as due to the general embrittlement of the ferrite phase. D5-1150-WQ-475 annealed
at a higher temperature and aged at 475 ºC showed a much higher ferrite volume fraction.
During aging at 475 ºC, the hardness of the ferrite increases significantly but the hardness
of the austenite remains essentially constant [22]. Hence, a larger volume fraction of the
hard ferrite phase increases the strength and decreases the toughness of the 475 ºC aged
specimens (Figure 4.44). Precipitates were found along the grain boundaries in sample
D5-1150-WQ-475. Intergranular cracking in D5-1150-WQ-475 is associated with this
grain boundary precipitation, shown clearly in Figure 4.53.
4.6. CONCLUSION
Different grades of as-received DSS were tested under similar environmental
conditions to study effect of alloy composition and thermo-mechanical treatments on
their SCC susceptibilities in sulfide-containing caustic solution. 2101 and 2205 DSS were
further heat treated to study the effect of different microstructures on the general and
localized corrosion susceptibility of the steels in sulfide-containing caustic solutions.
Similar specimens were also exposed to corrosion tests in chloride environment to study
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the difference in corrosion behavior (pitting corrosion, SCC) of DSS in the two different
environments. The following conclusions were arrived at:
1. Different alloy composition and thermo-mechanical treatments affected the SCC
susceptibilities of various grades of DSS differently. Higher chromium containing
2304 DSS was found to be immune to SCC in caustic environment.
2. Aging treatment of both 2205 DSS and lean DSS S32101 at 800 °C produced
intermetallic precipitations, but these precipitates differed in composition due to
the difference in alloy composition. 2101 DSS produced precipitates containing
high chromium as compared to the ferrite and austenite phases. Due to the
manganese content of the alloy, considerable amount of manganese was also
found in these precipitates. On the other hand, S32205 DSS samples aged at
800°C produced sigma and chi precipitates, which did not contain manganese.
3. In both the grades of DSS, chromium and molybdenum depleted regions were
found around the precipitates and at the ferrite/austenite interface adjacent to the
precipitates, which were identified as secondary austenite. Width of this
chromium depleted region increased with an increase in aging time, due to the
partitioning of chromium in the precipitates.
4. DSS samples aged at 800°C and 600°C showed very high weight loss and pitting
in acidic chloride environment as compared to annealed and unaged samples or
samples aged at 475°C.
5. Pit initiation in 2101 DSS was found to be along ferrite/austenite phase
boundaries due to selective dissolution of the less noble phase. Once initiated,
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these pits grew into the ferrite phase. In 2205 DSS, pit initiation was in the ferrite
phase.
6. The general corrosion rates of 2205 DSS was found to be slightly higher as
compared to 2101 DSS in sulfide-containing caustic solution due to the higher
molybdenum content of the steel.
7. Changes in the duplex stainless steel microstructures as a result of different heat
treatments used in this study made the steel susceptible to corrosion in chloride
environment but did not show any significant effect on the general and localized
corrosion behavior of the steel in sulfide-containing caustic solution. General
corrosion rates in caustic solution were very low and no pitting or crevice attack
was found on DSS samples even at 170ºC.
8. As received 2205 DSS was found to be susceptible to stress corrosion cracking in
sulfide-containing caustic solution. Cracking in as-received DSS in sulfidecontaining caustic solution was found to be transgranular in nature. SEM and
EDS studies showed that crack initiation was mostly in the austenite phase.
9. Microstructural difference in DSS due to various heat treatments did not have any
effect on the general and pitting corrosion resistance of the steels in sulfidecontaining caustic solutions, but had significant effect on their SCC susceptibility
in caustic environment.
10. DSS samples aged at 800oC and containing sigma and chi precipitates did not
show any susceptibility to stress corrosion cracking, indicating that sigma and chi
precipitates do not affect crack initiation or propagation in caustic environments.
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11. Sample annealed at 1000ºC and aged at 475ºC showed severe stress corrosion
cracking. Crack initiation sites showed very high chromium content as compared
to the surrounding ferrite phase. Crack initiation was associated with precipitates
in the ferrite phase, which was different from the as received sample. This may
suggest that “475ºC embrittlement” can have a deleterious effect on the stress
corrosion cracking susceptibility of 2205 DSS in caustic environments.
12. Sample annealed at 1150ºC and aged at 475ºC showed severe intergranular stress
corrosion cracking. The cracking in this case was associated with precipitates at
ferrite/austenite interphase and grain boundaries.
The overall results indicate that heat treating DSS may produce microstructures which
may change the mode of crack initiation and propagation in sulfide-containing caustic
solution as compared to the as-received DSS sample.
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CHAPTER 5
ROLE OF ENVIRONMENT ON GENERAL CORROSION AND SCC
SUSCEPTIBILITY OF DSS

5.1. INTRODUCTION
Stress corrosion cracking susceptibility of materials depends on the solution
composition (pH, dissolved ions) and temperature [1]. For example, carbon steels may
undergo SCC in solutions of anodic inhibitors such as hydroxides and carbonates while
magnesium-based alloys are susceptible to SCC in the presence of a mixture of CrO42and Cl- ions, but not with either of these species alone [2]. A number of research groups
have investigated the effect of environmental parameters on the SCC susceptibility of
DSS in low-pH chloride environments. However, the effects of these environmental
parameters on the general and localized corrosion susceptibility of DSS in high-pH
caustic or sulfide-containing caustic environment have not been studied. Hence,
temperature effects and role of ionic species on SCC susceptibility of DSS in high-pH
environments needs to be explored to understand the basic mechanisms of SCC operating
in these systems
In this chapter, effect of temperature and role of hydroxide and sulfide addition on the
corrosion and SCC susceptibilities of DSS in sulfide-containing caustic environment has
been discussed.
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5.2. EFFECT OF TEMPERATURE AND IONIC SPECIES ON GENERAL
CORROSION SUSCEPTIBILITY OF DSS
5.2.1. Corrosion performance of DSS in 3.75M NaOH solution
Samples of S32205, S32101 and S32304 DSS were exposed to 150g/l NaOH (3.75M
NaOH) solution at different temperatures to study temperature effect on the corrosion
rates for these alloys. The pH of the caustic solution was measured to be 12.5. Figure 5.1
shows the corrosion rates of the three grades of DSS in 3.75M NaOH solution at 40ºC,
60ºC, 90ºC and 170ºC. The overall corrosion rates of DSS were found to be low, less
than 0.2mm/year even at 170ºC. Previous studies have also shown that the better
corrosion resistance of DSS can be attributed to the higher chromium content and
controlled, intermediate nickel content in the steel [3]. Results further showed the
detrimental effect of temperature on the corrosion performance of DSS as the corrosion
rate of the DSS samples increased with an increase in the test temperature. The corrosion
rates of difference grades of DSS were found to differ for similar test conditions. The
corrosion rate of S32205 was lower compared to the other two grades of DSS tested in
3.75 M caustic solution at high temperatures. Results in Chapter 4 have shown that alloy
composition plays an important role in the corrosion resistance of DSS. Hence these
results are in agreement with the findings of Chapter 4.
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Figure 5.1. Corrosion rates of S32205, S32101 and S32304 in 3.75M NaOH solution at 40ºC, 60ºC,
90ºC and 170ºC.

5.2.2. Corrosion performance of DSS in 3.75M NaOH + 0.64M Na2S solution
S32205, S32101 and S32304 grades of DSS were exposed for corrosion tests in caustic
environment with the addition of sulfide ions to find out the role of sulfide addition on
the general corrosion rates of the steels. The solution used was 150g/l NaOH + 50g/l
Na2S solution (3.75M NaOH + 0.64M Na2S) which is the typical white liquor (WL)
composition used in pulp mills and the test temperatures were 40 ºC, 60 ºC, 90 ºC and
170 ºC . The results were compared with the corrosion susceptibility of DSS in 3.75M
NaOH solution. These tests also helped to find the localized corrosion susceptibility of
the steels in sulfide-containing caustic environment. The three grades of DSS did not
show any localized corrosion such as pitting or crevice corrosion. Figure 5.2 shows the
general corrosion rates of duplex stainless steels in sulfide-containing caustic solution as
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a function of temperature. From the figure, it is evident that the corrosion rates of the
steels increased with rise in temperature. The general corrosion rates of S32205, S32101
and S32304 were different (Figure 5.2). The difference in corrosion rates was more at
higher temperature (170 ºC). S32205 was found to be more susceptible to general
corrosion as compared to S32101 and S32304, which was different from that in pure
caustic environment (Figure 5.2). S32304 had the lowest corrosion rates at all tested
temperatures. The difference in corrosion rates could be attributed to the difference in the
alloy composition of the steel. Alloying elements play a vital role in the corrosion
resistance of materials.
The test results further showed the detrimental effect of sulfide addition on the
corrosion resistance of DSS. Figure 5.3 compares the corrosion rates of S32205, S32101
and S32304 in caustic environment with and without sulfide addition. The results indicate
an increase in the corrosion rates of the steel with sulfide addition to caustic solution.
Prior work has shown that sulfide addition will favor formation of metal-sulfur
compounds. Such metal-sulfur compounds are non-adherent or may hydrolyze in water
easily, exposing the metal to further attack [4]. Hence, the increased corrosion rates in
sulfide-containing caustic environment are due to the formation of various metal-sulfur
compounds on DSS and are further discussed in CHAPTER 6.
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Figure 5.2. Corrosion rates of S32205, S32101 and S32304 in 3.75M NaOH + 0.64M Na2S solution at
40 ºC, 60 ºC, 90 ºC and 170 ºC

185

Corrosion Rate (mm/yr)

0.3

S32205-NaOH

0.25

S32205-NaOH+Na2S

0.2
0.15
0.1
0.05
0
170

90

60

40

Temperature(oC)(ºC)
Temperature

(a)

Corrosion Rate (mm/yr)

0.25
S32101-NaOH
S32101-NaOH+Na2S

0.2
0.15
0.1
0.05
0
170

90

60

40

Temperature (C)(ºC)
Temperature

(b)

Corrosion Rate (mm/yr)

0.18
S32304-NaOH

0.16

S32304-NaOH+Na2S

0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
170

90

60

Temperature (C) (ºC)
Temperature

40

(c)
Figure 5.3. Bar graphs comparing corrosion rates of (a) S32205 (b) S32101 (c) S32304 in caustic
environment with and without sulfide addition as a function of temperature
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5.2.3. Corrosion performance of DSS in caustic environment with varying OH- and Sconcentrations
The effect of ionic concentration (concentration of OH- and S- species) on the
corrosion resistance of DSS was further studied by exposing as-received DSS samples of
S32205, S32304, and S32101 for general corrosion tests in environment containing
different combinations of sodium hydroxide and sodium sulfide. The compositions of the
sulfide-containing caustic solutions, as listed in TABLE 5.1, were chosen to simulate the
commonly used caustic environments in various pulp mills. These different sulfidecontaining caustic environments represent the range of sulfidity and alkalinity that is
typically used in the industry. The results of the 170oC exposure tests, shown in TABLE
5.2, indicate that the corrosion rates of DSS specimens generally increased with an
increase in sodium sulfide concentration.

The test results corroborate the results of

Section 5.2.2 and further point towards the fact that sulfide ions in caustic solution
adversely affect the corrosion resistance of all the grades of DSS. There was no sign of
localized corrosion such as pits or crevice corrosion on any of the DSS samples tested in
different sulfide-containing caustic solutions in this study. The corrosion rates for DSS
samples were significantly lower than the equivalent corrosion rates for carbon steel
samples tested under identical conditions [5]-[6]. Carbon steel (516-Gr70) samples were
found to corrode at rates ranging from 250 to 150 mils per year (mpy) in previous studies
[5]-[8]. However, the corrosion rates of DSS coupons tested in sulfide-containing caustic
environment in this study ranged from 12 mpy to 0.1 mpy, depending upon the
composition of the environment. S32205 DSS specimens showed somewhat higher
corrosion rate than S32304 or S32101 DSS samples in all environments tested. Previous

187

studies have shown that the presence of molybdenum in the austenitic and duplex
stainless steels can be detrimental for the general corrosion resistance in sulfide
containing caustic solutions at high temperatures. Therefore, a higher general corrosion
susceptibility of 2205 DSS in caustic environment at 170oC may be attributed to its
higher Mo content. S32304 DSS with higher chromium and low molybdenum content
had the least amount of corrosion in sulfide-containing caustic environments under the
conditions tested.

TABLE 5.1. COMPOSITION OF SULFIDE-CONTAINING CAUSTIC SOLUTIONS USED IN
THIS STUDY
Environment
Composition (per liter)
Environment 1

NaOH 150gm + Na2S 50gm

Environment 2

NaOH 100gm + Na2S 55gm

Environment 3

NaOH 125gm + Na2S 75gm

TABLE 5.2. GENERAL CORROSION RATES FOR DIFFERENT GRADES OF DSS IN
DIFFERENT CAUSTIC ENVIRONMENTS, TESTED AT 170°C FOR 7 DAYS
Environment
DSS Grade
Corrosion Rate (mpy)
NaOH 150gm + Na2S 50gm
S32101
0.34
S32205
0.86
S32304
0.13
NaOH 100gm + Na2S 55gm
S32101
4.72
S32205
5.03
S32304
4.95
NaOH 125gm + Na2S 75gm
S32101
5.43
S32205
11.38
S32304
9.43
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TABLE 5.3. EFFECT OF DISSOLVED IONIC SPECIES AND TEMPERATURE ON CRACK
LENGTH, CRACK VELOCITY AND CORROSION RATE OF S32101 DSS SAMPLES (TESTED
BY SLOW STRAIN RATE METHOD)
Environment
Temp
Crack
Crack
Corrosion
Stress Corrosion
Length
Velocity
Rate
(mpy)
Susceptibility
(°C)
(µm)
mm/sec
NaOH 150gm + Na2S
50gm
NaOH 100gm + Na2S
55gm
NaOH 125gm + Na2S
75gm

170
140
120
170
140
170
140
120

62.71
52.64
0.00
110.6
0
92.33
93.17
0.00

3.27E-7
2.66E-7
0
6.19E-7
0
5.03E-7
4.77E-7
0

21.07
9.003
7.59
17.73
5.35
31.22
10.29
0.65

SCC
SCC
No SCC
SCC
No SCC
SCC
SCC
No SCC

5.3. EFFECT OF TEMPERATURE AND IONIC SPECIES ON SCC
SUSCEPTIBILITY OF DSS
As environment plays a key role in the SCC of different materials, the main aim of this
study is to understand how environmental parameters such as ionic species (OH- and Sspecies concentrations) and temperature affects the SCC susceptibility of DSS in alkaline
solutions. S32101 DSS was tested by slow strain rate tests in environment containing
different combinations of sodium hydroxide and sodium sulfide, as shown in TABLE 5.1.
Slow strain rate tests were also carried out at different temperatures to study temperature
effects as well. TABLE 5.3 summarizes the SCC test results for S32101 where the crack
length and crack velocity for samples tested in different sulfide-containing caustic
environment (white liquor, WL) at different temperatures are compared. The results
show that with decreasing hydroxide concentration and increasing sodium sulfide, the
susceptibility of S32101 to general corrosion and SCC increased.

The severity of

cracking was also found to increase with increasing temperature. At 120oC, there was no
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sign of stress corrosion cracking in tested white liquors.

As the temperature was

increased to 140oC, the cracks started to initiate in the DSS. The length of the cracks or
crack velocity increased as the test temperature was increased to 170oC.
5.4. EFFECT OF STRAINING ON GENERAL CORROSION OF DSS
Data shown in TABLE 5.2 shows that the corrosion rates for different grades of DSS
in different sulfide containing caustic solutions were generally low. However, high
corrosion rates have been reported in localized areas of DSS equipments such as in pipes,
evaporators and other areas with high flow rates. Tensile samples were used to evaluate
the effect of passive film disruption, due to the turbulent flow conditions, on the
corrosion behavior of these alloys. Tensile samples were strained at a constant strain rate
where the passive film is continuously disrupted during exposure. Comparison of the
corrosion rates of coupon testing to the corrosion rate of specimens from the slow strain
rate testing tested under similar conditions showed that the corrosion rates of the tensile
specimens (TABLE 5.3) were significantly higher than the corrosion rates for the
coupons (TABLE 5.2). These alloys rely on a stable passive film on their surface to
resist corrosion. If that film is frequently damaged, either by straining or by the erosive
action of fast flowing liquids, the corrosion rates in those local areas can be significantly
higher. These effects may be localized in areas where the passive film is prone to
frequent damage.
5.5. CONCLUSIONS
This study was aimed at investigating the effect of environmental parameters such as
temperature and dissolved ionic species on the general corrosion and stress corrosion
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cracking susceptibility of various grades of DSS in sulfide-containing caustic solutions.
The following conclusions can be drawn from these results.
1. The overall corrosion rates for DSS alloys are less than 0.3mm/year, even at
170ºC in caustic and sulfide-containing caustic solution. At lower temperatures
than 90ºC, rates are almost an order of magnitude lower.
2. Increase in corrosion rates of duplex stainless steels with sulfide addition show
the detrimental effect of sulfur on the corrosion susceptibility of DSS. The
increased corrosion rates in sulfide-containing caustic environment are due to the
formation of various metal-sulfur compounds on DSS.
3. Molybdenum containing DSS S32205 had a slightly higher corrosion rate in
sulfide-containing caustic solution as compared to low-Mo grades like S32304 or
S32101.
4. Highly alloyed 2304 DSS with higher chromium content was found to be immune
to SCC in caustic environment which shows the importance of alloying elements
in the corrosion performance of DSS.
5. DSS were found to be susceptible to stress corrosion cracking in sulfidecontaining caustic solutions at temperatures of 140oC and above and the severity
of SCC in simulated pulping environments increases with increase in temperature.
6. The corrosion rate of DSS may increase in situations where the passive film is
disrupted either by mechanical or chemical action.
Electrochemical behavior of alloys determines their corrosion, passivation and SCC
susceptibilities. Hence it is necessary to find out the electrochemical properties of
different DSS grades and their alloying elements in caustic solution under various
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environmental conditions for better understanding of the corrosion properties of the steel.
Chapter 6 relates the electrochemical properties and passive films formed on DSS to the
results in this Chapter.
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CHAPTER 6
ELECTROCHEMICAL BEHAVIOR OF DUPLEX STAINLESS STEELS IN
CAUSTIC ENVIRONMENTS

6.1. INTRODUCTION

The corrosion resistance of an alloy in a particular environment depends on its
electrochemical behavior, which in-turn depends on the environmental and material
related parameters such as temperature, composition of environment, and alloy
composition [1]. Although environmental factors affect the electrochemical behavior of a
given alloy, the alloy composition is very important in determining the overall corrosion
behavior in a given environment. It is important to understand the role of alloying
elements in the corrosion and passivation behavior of a particular alloy in a specific
environment.
Caustic corrosion and stress corrosion cracking has been a major concern in the
chemical process industries such as hydroxide manufacturing, pulp and paper industries,
oil refineries, alumina processing and other processes that use or produce caustic
environments at high temperatures [2]-[3]. Studies have been carried out to optimize the
material composition for use in hot sodium hydroxide aqueous solutions [4]-[5]. Prior
work has shown that by increasing the chromium content in austenitic stainless steels, the
critical current density for achieving passivity is markedly reduced and the passivation
potential of the steel shifts towards more electropositive direction in alkaline solutions
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[6]. Another study compared the polarization behavior of austenitic stainless steels with
individual polarization behavior of its alloying elements in hot lithium hydroxide and
showed that the primary passivation of the steel in this environment was mainly due to
the formation of chromium oxide or hydroxide compounds [7].
Although research has been done to study the corrosion and electrochemical behavior
of austenitic stainless steels in high pH caustic solutions [8]-[11], very few studies were
aimed at understanding the role of alloying elements and environmental parameters in the
corrosion susceptibility of duplex stainless steels (DSS) in alkaline environments, with or
without the presence of sulfides. Chemical compositions and microstructure of different
DSS grades influence the corrosion behavior of duplex stainless steels. The differences
in the corrosion resistance can be attributed to the changes in the electrochemical
behavior of steels due to the presence of alloying elements. Work in this chapter
systematically investigates the corrosion and electrochemical behavior of different grades
of duplex stainless steels (2304, 2205 and 2101), with varying chemical composition and
microstructure in high pH caustic solution at different temperatures. The present study
investigated the role of individual alloying elements to explain the corrosion and
passivation behavior of different DSS in caustic and sulfide-containing caustic solutions.
6.2. TEMPERATURE EFFECT ON THE ELECTROCHEMICAL BEHAVIOR OF
DSS AND THEIR ALLOYING ELEMENTS

6.2.1. Electrochemical Behavior in Caustic Solution
Corrosion and passivation behavior of DSS 2205 (UNSS32205), 2304 (UNSS32304)
and 2101 (UNSS32101) was evaluated by using potentiodynamic polarization method.
The nominal compositions of materials tested in this study are shown in Table 2.1
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(Chapter 2). The changes in the polarization behavior of the three grades of DSS
(S32205, S32304 and S32101) were studied as a function of temperature through a series
of potentiodynamic polarization tests at 40ºC, 60ºC, 90ºC and 170ºC. Initial polarization
tests were carried out in 3.75M NaOH solution at selected temperatures. Since alloying
elements play an important role in the electrochemical behavior of alloys, four major
alloying elements of DSS (Fe, Cr, Ni and Mo) were also tested in this environment at
different temperatures.
Polarization behavior of selected DSS in caustic solution (3.75 M NaOH) shows a
significant change when the test temperature was increased from 40oC to 170oC, as
shown in Figure 6.1 to Figure 6.3. With an increase in temperature, there was a decrease
in the corrosion potential and, in general, an increase in the current densities at a given
potential for all tested DSSs. The critical current densities of the DSS specimens
increased from ~10-5A/cm2 to ~10-4A/cm2 with an increase in temperature from 40ºC to
170ºC.
The polarization behavior of individual DSS alloying elements in caustic solution, at
selected temperatures, is shown in Figure 6.4 to Figure 6.7. Temperature had a similar
effect on the individual polarization behavior of alloying elements. With an increase in
the test temperature from 40oC up to 170ºC, there was a decrease in the corrosion
potential for Cr, Fe, Ni and Mo, as is evident from Figure 6.4, Figure 6.5, Figure 6.6 and
Figure 6.7, respectively. An overall increase in the current densities of the elements was
also observed with increase in temperature, as is expected due to increased reaction rates
at higher temperatures. This indicates that due to the change in the polarization and
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passivation behavior of the alloying elements with change in temperature, the steel may
become more susceptible to general corrosion at higher temperatures.
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Figure 6.1. Effect of Temperature on the Polarization Behavior of S32205 in Caustic Solution
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Figure 6.2. Effect of Temperature on the Polarization Behavior of S32304 in Caustic Solution
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Figure 6.3. Effect of Temperature on the Polarization Behavior of S32101 in Caustic Solution
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Figure 6.4. Effect of Temperature on the Polarization Behavior of Pure Cr in Caustic Solution
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Figure 6.5. Effect of Temperature on the Polarization Behavior of Pure Fe in Caustic Solution
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Figure 6.6. Effect of Temperature on the Polarization Behavior of Pure Ni in Caustic Solution
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Figure 6.7. Effect of Temperature on the Polarization Behavior of Pure Mo in Caustic Solution

Chromium shows passivity beyond its open circuit potential at all temperatures in
caustic solution mainly due to the formation of various oxides and hydroxides of Cr
(Figure 6.4). Iron also shows passivity at all tested temperatures due to the formation of
magnetite (Fe3O4 and Fe2O3) at various oxidation potentials (Figure 6.5). Polarization of
nickel (Figure 6.6) shows that it undergoes passivation due to the formation of nickel
oxide (NiO). Molybdenum does to form any passive film and undergoes active
dissolution at all temperatures due to the formation of molybdate ions (Figure 6.7). The
various reactions corresponding to the polarization curves of DSS and their alloying
elements are further explained in details in Section 6.6.1 of this Chapter.
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6.2.2. Electrochemical Behavior in Sulfide-Containing Caustic Solution
Polarization behavior of DSS S32205, S32101, S32304 and pure Fe, Cr, Ni and Mo
was also evaluated in the presence of sulfide ions in the caustic solution to see their effect
on the overall corrosion behavior. Electrochemical tests were carried out in 150g/L of
NaOH solution containing 50g/L of Na2S (3.75M NaOH + 0.64M Na2S), white liquor
(WL),at 40ºC, 60ºC, 90ºC and 170ºC. The effect of temperature on the polarization
behavior of DSS and their alloying elements in sulfide containing caustic environment
(WL) are shown in Figure 6.8 to Figure 6.14. Polarization curves in sulfide containing
solutions are different from the ones in the pure caustic solutions, mainly due to various
possible redox reactions for the sulfur species present in the solution. However, the
detrimental effect of temperature on the corrosion susceptibility in sulfide-containing
caustic solution is evident from these results, which show a decrease in the corrosion
potentials and an increase in the critical current densities with rise in temperature.
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Figure 6.8. Effect of Temperature on the Polarization Behavior of S32205 in Sulfide-Containing
Caustic Solution
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Figure6.9. Effect of Temperature on the Polarization Behavior of S32304 in Sulfide-Containing
Caustic Solution
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Figure 6.10. Effect of Temperature on the Polarization Behavior of S32101 in Sulfide-Containing
Caustic Solution
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Figure 6.11. Effect of Temperature on the Polarization Behavior of Pure Cr in Sulfide-Containing
Caustic Solution
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Figure 6.12. Effect of Temperature on the Polarization Behavior of Pure Fe in Sulfide-Containing
Caustic Solution
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Figure 6.13. Effect of Temperature on the Polarization Behavior of Ni in Sulfide-Containing Caustic
Solution
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Figure 6.14. Effect of Temperature on the Polarization Behavior of Mo in Sulfide-Containing Caustic
Solution

In the presence of sulfide ions, Fe and Ni formed various iron sulfide and nickel
sulfide compounds. Molybdenum was found to undergo active dissolution in sulfidecontaining caustic solution as well due to the formation of molybdate ions (Figure 6.14).
Chromium showed passivity at all temperatures even with the addition of sulfide to
caustic solution (Figure 6.11). The reactions of DSS and their alloying elements in
sulfide-containing caustic solution have been explained further in Section 6.6.2 of this
Chapter.
6.3. COMPARISON OF POLARIZATION BEHAVIOR OF DSS IN CAUSTIC
SOLUTION

Results in Figure 6.15 to Figure 6.18 compare the polarization behavior of S32205,
S32101 and S32304 in caustic solution (3.75M NaOH) at 40ºC. Results indicate that
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under aerated conditions, the corrosion potential and anodic polarization behavior of
S32205, S32101 and S32304 was very similar.

The three selected grades of DSS

exhibited a broad range of passivation and primary and secondary active-passive
transition zones. Based on these results, the corrosion behavior of the three DSS grades
are expected to be similar at 40ºC. Further electrochemical tests at higher temperatures
showed that the general behavior of the three DSS grades was also similar for 60ºC and
90ºC, shown in Figure 6.16 and Figure 6.17 respectively. Further electrochemical tests at
higher temperatures (170oC) were done in the autoclave. Pressure balanced reference
electrode was used to evaluate the polarization behavior of DSS samples in the caustic
environment under these test conditions. Even at 170ºC, the polarization behaviors for all
tested grades of DSSs were found to similar at higher oxidation potentials (Figure 6.17
and Figure 6.18 respectively). However, at 170ºC, 2205 DSS had the most noble
corrosion potential and it went into passivation without showing active-passive transition.
This ease of attaining passivation due to lower critical current density might increase the
corrosion resistance of 2205 DSS as compared to the other grades of steel. Polarization
behavior of S32101 in caustic environment showed that the critical current density for the
lean DSS grade was higher at all tested temperatures as compared to S32205 and S32304,
which affect the relative passivation of lean duplex stainless steel.
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Figure 6.15. Potentiodynamic Polarization Curves for S32205, S32101 and S32304 DSS in 3.75M
NaOH Solution at 40ºC.
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Figure 6.16. Potentiodynamic Polarization Curves for S32205, S32101 and S32304 DSS in 3.75M
NaOH Solution at 60ºC.
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Figure 6.17.Potentiodynamic Polarization Curves for S32205, S32101 and S32304 DSS in 3.75M
NaOH Solution at 90ºC.
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Figure 6.18.Potentiodynamic Polarization Curves for S32205, S32101 and S32304 DSS in 3.75M
NaOH Solution at 170ºC.
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6.4. COMPARISON OF POLARIZATION BEHAVIOR OF DSS IN SULFIDECONTAINING CAUSTIC SOLUTION

The corrosion properties of DSS may change depending upon their alloy composition.
To evaluate the electrochemical behavior of, S32205, S32304 and S32101 DSS in caustic
environments, in the presence of sulfide ions, polarization test were carried out in sulfidecontaining caustic solution (3.75M NaOH + 0.64M Na2S) at 40ºC, 60ºC, 90ºC and 170ºC.
Figure 6.19, Figure 6.20, Figure 6.21 and Figure 6.22 shows the polarization behavior of
the three grades of DSSs at 40ºC, 60ºC, 90ºC and 170ºC respectively. At 40oC and 60oC,
the polarization behavior of S32101 samples was different from that of S32304 and
S32205 DSS samples. S32101 showed higher critical current densities as compared to
other two DSS grades up to 90ºC.
At 90ºC, the polarization curves for all three grades of DSS were very similar.
However, at 170ºC, the polarization of 2205, 2304 and 2101 DSS in sulfide-containing
caustic solutions exhibited different behavior. The polarization behavior of S32304 DSS
changed considerably with rise in temperature from 90ºC to 170ºC. The corrosion
potential of this grade of DSS became noble as compared to 2205 and 2101 DSS.
Polarization characteristics also include an absence of active-passive transition zone,
unlike the two other grades, which showed distinct active-passive transition region, as
shown in Figure 6.22. These results indicate that the test sample of DSS S32304 was
already in the passive state under test conditions, which is reflected by the more noble
open circuit potential and the lack of active-passive transition peak. The critical current
density of 2205 DSS was the highest at 170ºC (almost 10-1.88mA/cm2).
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The effect of temperature on the polarization behavior of DSS and their alloying
elements can also be perceived from the polarization curves in Figure 6.19, Figure 6.20,
Figure 6.21 and Figure 6.22. The detrimental effect of temperature on the corrosion
susceptibility in sulfide-containing caustic solution is evident from these results, which
show a decrease in the corrosion potentials and an increase in the critical current densities
with rise in temperatures.
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Figure 6.19.Potentiodynamic Polarization Curve for S32205, S32101 and S32304 DSS in 3.75M
NaOH + 0.64M Na2S Solution at 40ºC
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Figure 6.20. Potentiodynamic Polarization Curve for S32205, S32101 and S32304 DSS in 3.75M
NaOH + 0.64M Na2S Solution at 60ºC
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Figure 6.21. Potentiodynamic Polarization Curve for S32205, S32101 and S32304 DSS in 3.75M
NaOH + 0.64M Na2S Solution at 90ºC
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Figure 6.22. Potentiodynamic Polarization Curve for S32205, S32101 and S32304 DSS in 3.75M
NaOH + 0.64M Na2S Solution at 170ºC

6.5. EFFECT OF SULFIDE ADDITION ON THE POLARIZATION BEHAVIOR
OF DUPLEX STAINLESS STEELS

Results in Figure 6.23 compare the polarization behavior of 2205 DSS in caustic and
sulfide-containing caustic solutions at 90ºC. All three grades of duplex stainless steels
exhibited similar polarization behavior at 90ºC in both test environments so the
polarization behavior of only one grade (S32205) is compared here. From the figure, it
can be clearly noticed that on addition of sulfide ions (Na2S) to the caustic solution at
90ºC, the corrosion potential, Ei=0, of S32205 specimen dropped from -1130mV to 1220mV. There was not only a decrease in the corrosion potential of the steel in the
presence of sulfide ions, but also an increase in the critical current density of 2205 DSS.
Increase in the critical current density due to sulfide addition may affect passive film
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formation for these steels. Hence, increase in the magnitude of the critical current density
of DSS in sulfide-containing caustic solution reflects difficulty in attaining passivation in
these solutions. Current densities of all three grades of DSS were higher in the presence
of sulfide in the caustic solutions as compared to that in the pure caustic solution. A
similar kind of behavior of S31803 DSS has been reported by Rondelli et al. in caustic
and sulfide-containing caustic solutions [1]. This indicates that the presence of sulfides to
the caustic solution can have an adverse effect on the passivation behavior under certain
conditions and may affect the corrosion resistance of duplex stainless steels.
Polarization behavior of S32205 in pure caustic solution and sulfide-containing caustic
solution, white liquor (WL), at 170ºC is shown in Figure 6.24. S32205 in caustic solution
did not show any active-passive transition. This was because the steel was already
passivated in caustic environment at 170ºC due to the formation of magnetite (Fe3O4) and
nickel oxide (NiO) [32]. By comparing this with the polarization behavior of S32205 in
sulfide-containing caustic solution, it was found that the steel showed an active-passive
transition and the current density of the steel was high at all potentials as compared to
that in caustic environment. Sulfide addition had also lowered the corrosion potential of
the steel. S32205 did not show any secondary passivation in sulfide-containing caustic
environment unlike that in pure caustic environment and its current density increased
beyond the passive region. This increase in current density was not due to the transpassive dissolution and corrosion of the steel but due to the redox reactions for the sulfur
species. This is because the potential at which current density increased corresponded to
the S-2/SO4-2 equilibrium. Sulfide ions got oxidized to sulfate ions, releasing electrons
that had resulted in increase in the current density of the steel. A similar difference in
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behavior was observed for S32101 in caustic environment with and without sulfide
addition. But in this case, the lowering of corrosion potential due to sulfide addition was
less as compared to S32205 (Figure 6.25). S32304 showed a completely different
behavior in sulfide-containing caustic solution at 170ºC as compared to the other two
grades of DSS (Figure 6.26). Sulfide addition did not lower the corrosion potential of the
steel.
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Figure 6.23. Potentiodynamic Polarization Curve for S32205 DSS in 3.75M NaOH Solution With and
Without Sulfide Addition at 90ºC
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Figure 6.24. Potentiodynamic Polarization Curve for S32205 DSS in 3.75M NaOH Solution With and
Without Sulfide Addition at 170ºC
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Figure 6.25. Potentiodynamic Polarization Curve for S32101 DSS in 3.75M NaOH With and Without
Sulfide Addition at 170ºC
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Figure 6.26. Potentiodynamic Polarization Curve for S32304 DSS in 3.75M NaOH Solution With and
Without Sulfide Addition at 170ºC

6.6. ROLE OF ALLOYING ELEMENTS IN ELECTROCHEMICAL BEHAVIOR
OF DSS IN CAUSTIC ENVIRONMENTS

Alloying elements play a key role in the electrochemical behavior of stainless steels.
Depending upon the electrochemical properties of the alloying elements in a particular
environment, DSS may undergo passivation or active corrosion. The role of alloying
elements in the polarization behavior of DSS has not been studied before. Hence,
systematic work was carried out to study the effect of alloying elements in the
polarization and corrosion behavior of DSS in caustic environment.
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6.6.1. Reactions Responsible For the Polarization Behavior of DSS and Their Alloying
Elements in Caustic Environment
6.6.1.1. Reactions at 90ºC
The anodic polarization behavior of major alloying elements (Fe, Cr, Ni and Mo) in
DSSs was compared with that of 2205 DSS in caustic solution at 90ºC. The polarization
curves of these elements are shown in Figure 6.27.
The corrosion potential of pure Fe in NaOH solution at 90ºC was at -898mVSHE.
According to the potential-pH diagram for Fe-H2O system at 90ºC [18], the corrosion
potential of iron (-898mVSHE) at pH of 12.5 was in the region of Fe/HFeO2- equilibrium
potential. A similar behavior of pure iron in NaOH solution at 90ºC has been reported by
Agarwal et al [19]. Following the corrosion potential, there was a sharp increase in the
current density of Fe in caustic solution (Peak1) and Fe underwent an active-passive
transition. Increase in the current density at potentials beyond the corrosion potential
corresponds to the active dissolution of iron into dihypoferrite (Fe/HFeO2-) ion. The
critical current density of Fe was higher than the other alloying elements in DSS.
Calculated Pourbaix diagram (E-pH diagram) for iron [18] at 90oC shows that Fe3O4 was
the stable phase at potentials nobler than the active-passive transition potential in the
polarization curve of Fe, shown in Figure 6.27. The reactions and potentials, which
correspond to the formation of Fe3O4 and Fe2O3 [20], are shown below:
Fe3O4 + 2H2O + 2e- = 3 HFeO2- + H+

(1)

E Fe3O4/ HFeO2- = -1.74 + 0.037pH – 0.037log [HFeO2-]3, VSHE

(2)

3Fe2O3 + 2H+ + 2e- = 2Fe3O4 + H2O

(3)

E Fe2O3/Fe3O4 = +0.261 – 0.074pH, VSHE

(4)
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This suggests that Fe3O4 may be formed during active-passive transition and results
into the passivation of iron in the caustic solution. Wensley et al. has also reported the
formation of Fe3O4 on mild steel in NaOH solutions at 90oC [21]. However, the passivity
observed at higher oxidation potentials is due to the formation of Fe2O3 from Fe3O4. At
potentials beyond +310mVSCE, current density increased due to oxygen evolution.
The corrosion potential of pure nickel was -662mVSHE in 3.75M NaOH at 90oC. Ni
also had lower current density than iron at all potentials, as is evident from Figure 6.27.
The critical current density of Ni was almost an order of magnitude lower as compared to
that of iron. According to the high temperature potential pH diagram for Ni-H2O system,
the corrosion potential and the primary current peak (Peak1) in nickel occurred in the
region defined by Ni/HNiO2- equilibrium [22]. A similar behavior of pure Ni in sodium
hydroxide solution has been reported by Agarwal et al [19]. Following the primary
active-passive transition region, there was a decrease in current density of Ni and a
primary passivation region. The passive region of Ni indicates that despite the broad
range of stability of HNiO2-, a protective film forms beyond the active-passive transition
region of Ni and extends for several hundred millivolts. As the potential was increased in
the anodic direction, there was a sharp increase in the anodic current (+220mVSCE) due to
oxygen evolution reaction.
The corrosion potential of pure chromium was -340mVSHE, which was more noble than
that of Fe and Ni. Cr did not show any active-passive transition. Previous work by Zheng
and Bogaerts on the polarization behavior of pure chromium in caustic solution has also
shown similar behavior [9]. As can be seen in the figure, there was a sharp increase in the
anodic current density at -300mVSCE, probably due to the formation of CrO4-- ions from
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Cr(OH)3. Agarwal et al have also reported a similar behavior of pure Cr in NaOH
solution [19]. The reaction showing the formation of CrO4-- ions from Cr(OH)3 in the
transpassive region of the polarization curve is given below:
Cr(OH)3 + H2O = CrO42- + 5H+ + 2e

(5)

The corrosion potential of pure molybdenum was more noble as compared to iron, but
active to nickel and chromium. Molybdenum did not show passivation behavior in
caustic solution. Therefore, an increase in potential beyond the corrosion potential for Mo
resulted into a sharp increase in the anodic current. This active behavior of molybdenum
is likely due to the formation of MoO4-- or molybdate ions formed in this potential range
according to the reaction:
MoO2 + 2H2O = MoO4-- + 4H+ + 2e-

(6)
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Figure 6.27. Potentiodynamic Polarization Curve for S32205 and Pure Fe, Ni, Mo and Cr in 3.75M
NaOH Solution at 90ºC

The polarization curves of pure Fe, Ni, Mo and Cr was compared with that of 2205
DSS (Figure 6.27) to understand the role of each alloying element in the corrosion and
passivation of DSSs. Since the polarization behavior of the three grades of DSS was
similar, the polarization curve of only one grade, S32205, was chosen for comparison. It
is evident from polarization results shown in Figure 6.27 that the current peak of 2205
DSS prior to primary passivation was due to the combined effect of Fe and Ni behavior in
this potential regime. Moreover, Fe, Ni and Cr contribute to the primary passivation of
DSSs. With an increase in the anodic potential, current density also increased for DSSs
(peak 2), followed by the secondary active-passive transition. The current peak in the
secondary active-passive transition of DSS corresponds to the transpassive dissolution of
Cr in the form of CrO42- ions. Beyond the secondary active-passive transition, a
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secondary passivation region was shown which corresponds to the passive region for the
iron and the continuing passivation of nickel. Transpassive region of DSS (above
+325mV vs SCE) corresponds to the oxygen evolution reaction. Presence of
molybdenum is not expected to help with passive film formation, as the molybdate ions
are stable in the potential range above the passivation potential of DSS in caustic solution
with pH of 12.5.
6.6.1.2. Reactions at 170ºC
Polarization behavior of Fe, Ni, Cr and Mo in 3.75 NaOH solution at 170ºC are shown
in Figure 6.28. Comparison of polarization curves in Figure 6.27 and Figure 6.28 show
that with increase in temperature, the corrosion potential of the alloying elements of
DSSs moves to negative values. Comparing the polarization curves at 90ºC with that at
170ºC, it can be observed that Mo had the most active corrosion potential at 90ºC. On
increasing the potential beyond the corrosion potential, Mo underwent active dissolution
due to dissolution of MoO4- - or molybdate ions in caustic solution according to equation
(6).
Fe had more noble corrosion potential (-952mVSHE) as compared to Mo and it did not
show any active-passive transition at 170ºC. Comparing its corrosion potential with the
high temperature potential-pH diagram for iron water system [23], the corrosion potential
was found to lie in the region where Fe3O4 was the stable phase. So the absence of activepassive transition suggest that Fe was already passivated in NaOH solution at 170ºC due
to the formation of Fe3O4 and the continuing passivation of Fe at higher oxidation
potentials was due to the formation of Fe2O3 from Fe3O4 according to reaction (7).
4 Fe3O4 + O2 = 6 Fe2O3

(7)
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Cr also did not show any active-passive transition at 170ºC and at a potential of 467mV vs. SHE, there was a sharp increase in the current density of Cr, corresponding to
the oxidation of CrO33- to CrO42- and dissolution as CrO42- ion in the solution. This is
evident from the high temperature potential-pH diagram for the Cr-H2O system at 150ºC
[22]. Unlike the polarization behavior at 90ºC, Ni also did not show active-passive
transition peak at 170ºC. The corrosion potential of Ni was -834mVSHE, which according
to the E-pH diagram was above the Ni/HNiO2- equilibrium [22] but showed passivation
at potentials beyond the corrosion potential of the element due to the formation of a
protective film of nickel oxide (NiO2).
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Figure 6.28. Potentiodynamic Polarization Curve for Pure Fe, Ni, Mo, Cr and 2205 in 3.75M NaOH
Solution at 170ºC
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The polarization curves for the four alloying elements at 170ºC were compared with
the polarization curve of DSS. The corrosion potentials of DSS S32205, S32101 and
S32304 at 170ºC were different but the overall polarization behavior of the three grades
of DSS were very similar at higher oxidation potentials (Figure 6.18). Hence, 2205 DSS
was used for comparison, as shown in Figure 6.28. The corrosion potential of S32205
was very similar to that of nickel. The corrosion potential of S32101 and S32304 were
below the corrosion potential of iron, nickel and chromium. It is evident from the results
that the primary passivation of the steels could be due to the combined effect of Fe, Ni
and Cr. The breakdown of the primary passivation of DSS (peak 1) could be attributed to
the dissolution of Cr in the form of CrO4-- ions. Nevertheless, DSS showed secondary
passivation due to the continuing passivation of both Ni and Fe. However, Mo did not
contribute to the passive film formation of the DSSs and hence can considered to be
detrimental to general corrosion behavior of DSS alloys in caustic solutions. Prior work
has shown the negative influence of molybdenum in the corrosion resistance of stainless
steel in caustic environment [25].
6.6.2. Reactions Responsible for the Polarization Behavior of DSS and Their Alloying
Elements in Sulfide-Containing Caustic Environment
6.6.2.1. Reactions at 90ºC
Polarization behavior of duplex stainless steels was compared with its alloying
elements to understand the role of alloying elements in the corrosion and passivation
behavior of the steel (Figure 6.31). Tests at higher temperatures (90ºC) were chosen for
comparison, as the rates of corrosion at higher temperatures are higher. Since the
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polarization behavior of all three grades of DSS at 90ºC was similar, the polarization
curve of only one grade (S32205) was chosen for comparison.
Upon polarization, pure iron sample showed a significant rise in anodic current as the
potential was raised above its free corrosion potential of -994mVSHE. According to the EpH diagram of iron-water-sulfur system at high temperature (Figure 6.29), the corrosion
potential of iron lies in the S2-/FeS equilibrium region [23]. The pH-potential calculations
showed that at the corrosion potential, the stable dissolved species are likely to be S2- and
Fe dissolved as HFeO2-. Increase in the current density of iron beyond its corrosion
potential followed by a subsequent decrease in the current density corresponded to the
oxidation of Fe to form HFeO2- and the HFeO2- , S2- interaction to form iron sulfide (FeS)
respectively according to reaction (8).
HFeO2- + S2- + 3H+ = FeS + 2H2O

(8)
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pH=12.3
Figure 6.29. Potential/pH diagram for Fe-H2O-S system at 100 ºC [23]
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Prior work has shown that the sulfide addition will favor formation of FeS [28]. Such
metal-sulfur compounds are non-adherent or may hydrolyze in water easily, exposing the
metal to further attack. Tromans [29] has also suggested that the sulfide addition to the
caustic solution favors a poorly protective film consisting of iron oxide and iron sulfide
on carbon steels. This Fe3O4-xSx film formed on the metal surface is less stable as
compared to the magnetite (Fe3O4) film formed in pure caustic solutions. In another
study, Shoesmith et al. had studied the electrochemical behavior of iron in strongly
alkaline (pH≥12) sulfide solution [30]. The results showed that in alkaline sulfide
solution there was a growth of mackinawite film preceded by the formation of an oxide
film. Mackinawite film formed does not completely passivate the surface. Hence, the
reduced corrosion resistance of pure iron in sulfide-containing caustic solution in this
study could be due to the unstable iron sulfide compounds formed on the metal surface or
due to machinawite film formation.
The corrosion potential of other alloying elements like Mo, Ni and Cr were also shifted
in cathodic direction. In the caustic solution, open circuit potential of Ni was found to be
more noble as compared to Mo [31], but the situation was reversed in the sulfidecontaining caustic solution where the Ni became more active as compared to Mo. Cr was
found to have the most noble corrosion potential among all the alloying elements, which
also indicates that the surface of chromium may have been in the passive state under
these test conditions. The corrosion potential of Ni was -923mVSHE, which according to
the E-pH diagram of Ni in sulfide solution [32] is in the region where nickel sulfide
(NiS2) is the stable phase. Mo did not show any active-passive transition or passivity.
The corrosion potential of Mo was -857mVSHE, which according to the E-pH diagram of
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Mo at 90 oC corresponded to the region of stability of soluble molybdate (MoO4-2) ions.
Hence, with increase in potential beyond open circuit potential, Mo was found to undergo
active corrosion according to equation (9).
MoO2 + 2H2O = MoO4-- + 4H+ + 2e-

(9)

The increase in the current density during the anodic polarization of pure platinum in
sulfide-containing caustic solution (Figure 6.31) at higher oxidation potentials was due to
the oxidation of sulfur species and corresponded to the S-2/SO4-2 equilibrium according to
reaction (10), (Figure 6.30) [33]. The potentials for transpassive region for Fe, Ni and Mo
samples tested in WL coincided with the potential at which S-2/SO4-2 oxidation is
expected to take place. Hence it can be deduced from these results that oxidation of sulfur
species at the electrode surface in each pure-element polarization in the WL was the
dominant reaction at higher anodic potentials. The polarization behavior of Fe, Ni and
Mo were masked by this sulfur oxidation reaction at the electrode surface. From the
polarization graphs in Figure 6.31, no further information could be obtained about the
continuing passivation of Fe, Ni and Mo beyond the oxidation potential of SO4-2. In
sulfide containing caustic solution, Cr showed passivation beyond its corrosion potential.
Passivation current density for Cr was almost two orders of magnitude better than that for
the Fe and Ni in sulfide containing caustic solutions at 90oC.
S2- + 4H2O = SO42- + 8H+ + 8e-

(10)
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pH=12.3
Figure 6.30. Potential/pH diagram at 100 ºC and unit activity of dissolved sulfur species (as revised
from Biernat and Robins) [33]
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Comparing the polarization behavior of pure Fe, Ni, Mo and Cr with that of 2205 DSS
in sulfide-containing caustic solution, it is clear that the polarization behavior of duplex
stainless steel near the open circuit potential is affected by the polarization behavior of Fe
and Ni. The increase in the current density beyond the corrosion potential of S32205 is
due to the dissolution of Fe. However, the dissolution of S32205 and further increase in
current density of the alloy is prevented owing to the passivation of nickel. Due to the
formation of nickel sulfide, DSS showed primary passivation in sulfide-containing
caustic solutions. Mo did not seem to provide any help with the passivation of the steel.
Prior work has shown the negative influence of molybdenum in the corrosion resistance
of stainless steel in white liquor [25]. In this study, it was clear that the molybdenum had
high dissolution rate in the form of MoO4-- or molybdate ion, so the molybdenum would
not provide any protection against corrosion for duplex stainless steels in caustic or
sulfide containing sulfide solutions. Increase in the current density beyond the primary
passivation region of 2205 DSS was due to the oxidation of sulfur species (S-2/SO4-2
oxidation reaction).
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Figure 6.31. Potentiodynamic Polarization Curve for 2205 DSS and Pure Pt, Fe, Ni, Mo and Cr in
3.75M NaOH + 0.64M Na2S Solution at 90ºC

6.6.2.2. Reactions at 170ºC
The operating temperatures in pulp and paper mills are around 170ºC. Hence,
polarization tests were performed at 170ºC on the three grades of duplex stainless steels
and their alloying elements to understand the corrosion and passivation behavior of the
steels. Tests at 170 ºC showed a significant lowering of the corrosion potentials of Fe, Ni,
Cr and Mo as compared to that at 90ºC (Figure 6.32). Fe in this case also had the most
active corrosion potential as compared to other alloying elements. Comparison of the
corrosion potential of iron with the high temperature potential/pH diagrams for ironwater-sulfur system [23] showed that the potential corresponded to the HFeO2-/Fe3O4
equilibrium potential (equation 11). Hence, the increase in current density in the active-
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passive region was due to the oxidation of iron to Fe3O4, which was followed by a
lowering of current and passivation.
3 HFeO2- + H+ = Fe3O4 + 2H2O + 2e-

(11)

The corrosion potential of Ni (-979mVSHE) was more noble as compared to Fe. The
corrosion potential of Ni was in the region where nickel sulfide (NiS2) is the stable phase
[32]. The current density of Ni was lower by several magnitudes in the active-passive
region as compared to that of iron. Cr had a corrosion potential of -970mVSHE, which was
in the region of stability of chromium sulfide (Cr2S3) [32]. The lower current density and
passivation of chromium could be attributed to the formation of Cr2S3. From these
results, it can be deduced that the higher dissolution rate of Fe was compensated by the
lower current density of Ni and Cr near the corrosion potential and active-passive
transition region. These results indicate that alloying Fe with Cr and Ni helps to raise the
corrosion potential and lower critical current density of the alloy. The presence of Ni and
Cr in duplex stainless steels proved beneficial in terms of its passivation behavior as the
steels showed more noble corrosion potential as compared to if Fe alone was present. Cr
and Ni had also lowered the current densities in the active-passive transition region
(Figure 6.32), making it easier for the alloy to attain passivation.
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Figure 6.32. Potentiodynamic Polarization Curve for S32205, S32101, S32304 and Pure Fe, Ni, Mo
and Cr in 150g/L NaOH + 50g/L Na2S Solution at 170ºC

6.7. CHARACTERIZATION OF CORROSION FILM FORMED ON DUPLEX
STAINLESS STEELS BY X-RAY DIFFRACTION

Duplex stainless steels exposed to caustic and sulfide-containing caustic environments
at 170ºC react with the environment to form product film on their surfaces. The film
composition on the DSS surface may vary from one grade to another depending upon the
alloy composition. The corrosion and SCC resistance of DSS depends upon the stability
of these films in the surrounding environment. Hence, it is important to characterize the

232

composition and nature of the passive films formed on DSS in alkaline environment. Xray diffraction was used to study the films formed on DSS in caustic and sulfidecontaining solutions at 170ºC.
6.7.1. Passive Film on DSS Samples in Caustic Environment
DSS samples, S32205, S32101 and S32304, were exposed to 3.75M NaOH to study
the corrosion products formed on their surface. The DSS samples were exposed to caustic
environment at 170ºC under open circuit potential for 15days. Surface film formed on
DSS samples after exposure to the caustic solution was characterized using x-ray
diffraction method to identify the phases formed at the surface. X-ray diffraction patterns
of unexposed DSS grades S32205, S32101 and S32304 are shown in Figure 6.36. XRD
pattern for the unexposed DSS samples predominately show austenite and ferrite peaks.
Figure 6.37 shows XRD peaks for the DSS samples exposed to caustic environment at
170ºC for 15 days. Comparison of unexposed DSS sample pattern with equivalent sample
exposed to caustic solution at 170ºC indicate various peaks corresponding to the
corrosion product film at the steel surface. Comparing peak positions of S32205, S32101
and S32304 DSS with the peak positions of nickel iron oxide (Ni0.4Fe2.6O4), chromite
(FeCr2O4) and magnetite (Fe3O4) in Figure 6.37, it is evident that the corrosion film of
DSS mainly consists of spinel oxides. High temperature Pourbaix diagrams for iron
species in the Fe-Cr-Ni system have shown that nickel iron oxides have the largest
stability area of the spinels existing in a wide potential range and are the dominant
species formed in high pH alkaline environments (Figure 6.33) [26]. Pourbaix diagrams
of Fe, Cr and Ni species also indicate that more than one solid phase can be stable at a
given potential/ pH coordinate and nickel iron oxide can be stable with chromite (Figure
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6.33-Figure 6.35). Hence, test results and prior work indicate that a combination of nickel
iron oxide, chromite and magnetite (spinel oxides) may simultaneously exist in the
corrosion films of DSS in alkaline NaOH solution at 170ºC. Polarization tests of DSS and
their alloying elements at 170ºC have shown that the polarization and passivation
behavior of DSS is affected by the polarization behavior of pure Fe and Ni, though
chromium plays a role in passivation too. This is further evident from the spinel oxides of
iron, nickel and chromium on the metal surface, as detected by x-ray diffraction. Surface
energies of spinels are high and their solubilities are very low, providing a good corrosion
resistance to steels [26]. The overall better corrosion performance of DSS as compared to
the other grades of steels in caustic environment can be attributed to the presence of
spinel oxides on the metal surface. Absence of molybdenum in the corrosion films on the
DSS samples with Mo, may be due to active dissolution of molybdate ions in caustic
environment. This is in agreement with the polarization behavior of molybdenum in
caustic environment.
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Figure 6.33. Pourbaix diagram for Fe species in the ternary system of Fe-Cr-Ni at 200°C. [26]
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Figure 6.34. Pourbaix diagram for Cr species in the ternary system of Fe-Cr-Ni at 200°C. [26]
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Figure 6.35. Pourbaix diagram for Ni species in the ternary system of Fe-Cr-Ni at 200°C. [26]
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Figure 6.36. XRD pattern of S32205, S32304 and S32101 base metal, α- ferrite phase, γ- austenite
phase
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Figure 6.37. XRD patterns comparing corrosion product peaks of S32205, S32101 and S32304
exposed to 3.75M NaOH solution at 170ºC with peak positions of nickel iron oxide (ref.pattern: 01087-2336), chromite (ref.pattern: 01-089-2618) and magnetite (ref.pattern: 01-086-1358)
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6.7.2. Passive Film on DSS Samples in Sulfide-Containing Caustic Environment
X-ray diffraction was used to characterize the films formed on S32205, S32101 and
S32304 exposed to sulfide-containing caustic solution at 170ºC. The results are shown in
Figure 6.38, Figure 6.39 and Figure 6.40. From the results, it is evident that the corrosion
films formed on the three grades of duplex stainless steels was different. The film formed
on S32205 in sulfide-containing caustic solution mainly consisted of magnetite (Fe3O4)
but certain amount of nickel sulfide (NiS2) was also present in the film (Figure 6.38).
XRD pattern of S32101 showed the presence of magnetite, which formed the main
constituent of the film. However, apart from magnetite, some chromium sulfide (Cr5S8)
and iron sulfide (FeS) were also present (Figure 6.39). Prior work has shown that sulfide
addition will favor formation of FeS [28]. Passive film of S32304 consisted mainly of
awaruite (FeNi3). Magnetite and small amount of chromium sulfide (Cr2S3) were also
present (Figure 6.40). The chromium sulfide films formed on S32101 and S32304 were
of different stoichiometry. As is evident from these results, the major elements
contributing to the passive film formed on the duplex stainless steel grades are Fe, Cr and
Ni. Hence, the XRD results are in agreement with the polarization curves obtained for
DSS and their alloying elements, where Fe, Cr and Ni seem to be contributing to the
corrosion products or passive films formed on the DSS (Figure 6.32). According to
Figure 6.32, the formation of magnetite (Fe3O4) is the dominant reaction of iron, and all
three grades of DSS have corrosion films consisting of magnetite as one of the corrosion
products.
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Figure 6.38. XRD pattern of passive film on S32205 exposed to sulfide-containing caustic solution at
170 ºC (ο-Magnetite; +-Nickel sulfide; γ-Austenite; α-Ferrite)
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Figure 6.39. XRD pattern of passive film on S32101 exposed to sulfide-containing caustic solution at
170 ºC (ο-Magnetite; ♦-Chromium sulfide; ∇-Iron sulfide; γ-Austenite; α-Ferrite)
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Figure 6.40. XRD pattern of passive film on S32304 exposed to sulfide-containing caustic solution at
170 ºC (ο-Magnetite; ♦-Awaruite; ∗-Chromium sulfide; γ-Austenite; α-Ferrite)

6.8. CHARACTERIZATION OF CORROSION FILM FORMED ON DSS BY XRAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) study was used to find out the chemical
composition of the corrosion film formed on one of the DSS grades (2205) exposed to
sulfide-containing caustic solution at 170ºC for 15 days. The results were further
compared with the XRD data in Section 6.7.2 in this Chapter. Figure 6.41 presents the
complete XPS spectrum of the film formed on S32205 exposed to sulfide-containing
caustic environment, white liquor, at 170oC. Signals corresponding to elements such as
Fe, Cr, S, O and Ni show that the corrosion film is enriched in oxides or sulfides of Fe,
Cr or Ni. Atomic percentages of the elements present in the film (TABLE 6.1) further
indicate that there was sufficient amount of oxygen and iron present in the corrosion film
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at the surface. These results are in agreement with the XRD data, which has shown the
presence of iron oxide in the surface films formed on DSS in these environments.
Significant amount of sulfur was also found to be present (TABLE 6.1), which indicates
that metal sulfides may also be present along with the predominant oxides in the
corrosion film. XRD study of 2205 DSS in Section 6.7.2 has shown the presence of metal
sulfides in the corrosion films. Prior work by Tromans [29] has shown that the sulfide
addition to the caustic solution favors a poorly protective film consisting of iron oxide
and iron sulfide on carbon steels which is less stable as compared to the magnetite
(Fe3O4) film formed in pure caustic solutions. Hence, the degradation of corrosion
properties of DSS seems to be due to the presence of these metal sulfide compounds in
the films.
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Figure 6.41. Representative XPS spectrum of the film formed on 2205 DSS exposed to sulfidecontaining caustic solution at 170 ºC for 15 days
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TABLE 6.1. CHEMICAL COMPOSITION (ATOMIC %) OF ELEMENTS PRESENT IN THE
CORROSION FILM OF 2205 DSS EXPOSED TO SULFIDE-CONTAINING CAUSTIC
SOLUTION AT 170ºC

XPS Line

Binding Energy (eV)

Atomic %

S 2p

169.454

2.709

Mo 3d

233.163

0.601

C 1s

286.035

35.734

O 1s

532.155

53.779

Cr 2p3

578.130

1.637

Fe 2p1

724.796

4.515

Ni 2p3

856.461

1.025

6.9. DISCUSSION

Polarization curves of DSS in caustic and sulfide-containing caustic environment have
shown that with increase in temperature, the corrosion potential of the steels decrease and
the critical current density increases. Increase in the magnitude of the critical current
density of DSS with rise in temperature reflects greater difficulty in attaining passivation
in these solutions. Section 5.2.1 and 5.2.2 of Chapter V has shown that with rise in
temperature, the corrosion rates of DSS increases. Hence, the detrimental effect of
temperature on the general corrosion susceptibility of DSS in caustic environment is
obvious from both polarization curves and exposure tests. The difference in corrosion
rates of DSS could be attributed to the difference in the alloy composition of the steel. As
results have shown in this chapter, different alloying elements can lead to a difference in
polarization behavior and variation in the passive film composition, which in turn will
affect the corrosion resistance of DSS differently. The corrosion rates of all DSS grades
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were low in caustic solution and increased with sulfide addition. XRD of DSS exposed to
3.75M NaOH solution at 170ºC showed the presence of spinel oxides of Fe, Cr and Ni.
This dense microstructure of spinel oxides with very low solubility formed an adherent
film on the metal surface, which helped to lower its corrosion rate in caustic solution.
XRD of DSS samples exposed to sulfide-containing caustic environment showed the
presence of various metal-sulfur compounds. Metal-sulfur compounds have been found
to deteriorate the corrosion properties of steels [28]. Hence, the increased corrosion rates
of DSS in sulfide-containing caustic environment are due to the lower corrosion potential
and the formation of various metal-sulfur compounds on DSS. 2304 DSS showed better
corrosion resistance in sulfide-containing caustic environment (Section 5.2.2 of Chapter
V). XRD of this steel showed the presence of magnetite and awaruite (FeNi3), which
helped to form a more stable passive film in S32304 resulting in a lower corrosion rate.
The higher corrosion rate of 2205 DSS in WL could be attributed to the presence of
greater weight % of molybdenum in the steel. Molybdenum undergoes active dissolution
and does not help in the passivity of the steel, as is evident from Figure 6.14 above.

6.10. CONCLUSION

The present study helped to provide vital information regarding the electrochemical
and corrosion properties of DSS. The following conclusions can be drawn from this
study:
1. Polarization behavior of DSS S32205, S32101 and S32304 were very similar in
pure caustic solution but differed in sulfide-containing caustic environment.
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2. The corrosion potentials of S32205, S32101 and S32304 were significantly
lowered with sulfide addition to caustic solution. There was also an increase in
the critical current densities of the DSS specimens with sulfide addition. These
results suggest that sulfide addition to caustic environment has a detrimental
effect on the passivation behavior of the steel.
3. Temperature increased current densities and the corrosion rates of DSS were
found to increase with rise in temperature in both caustic and sulfide-containing
caustic solution. Corrosion rates and polarization curves indicate that the
general corrosion susceptibility of duplex stainless steels increase with rise in
temperature.
4. Comparison of polarization curve of DSS with that of the alloying elements
(Fe, Cr, Ni and Mo) in 3.75M NaOH solution at 90ºC shows that the
polarization behavior of the steel at lower potentials was affected by all Fe, Ni
and Cr, which played a role in the passivation of the steel. Tests at 170ºC
indicate that the polarization and passivation behavior of DSS is governed by
the polarization behavior of pure Fe and Ni. Chromium shows transpassive
dissolution at -300mVSCE, which affects polarization behavior of DSS alloys.
5. Comparing polarization curve of duplex stainless steels with that of the
alloying elements (Fe, Cr, Ni and Mo) in sulfide-containing caustic
environment, it is evident that alloying Fe with Cr and Ni helps to raise the
corrosion potential and lower critical current density of the alloy, thus
improving corrosion resistance of the steel.
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6. Molybdenum seemed to undergo active dissolution in both caustic and sulfidecontaining caustic solution at all tested temperatures and did not help in
passivation of DSS. Hence, polarization results indicate that presence of
molybdenum in duplex stainless steels may be detrimental to its corrosion
resistance in slightly oxidizing high pH environments.
7. XRD data of S32205, S32101 and S32304 exposed to caustic environment at
170ºC indicated that the corrosion films of DSS alloys consisted of spinel
oxides of Fe, Ni and Cr, with possibly a combination of nickel iron oxide,
chromite and magnetite. The superior general corrosion properties of DSS in
caustic solution can be attributed to the formation of these adherent spinel
oxides on the metal surface.
8. S32205 was found to be most susceptible to general corrosion and S32304 had
the lowest corrosion rates in sulfide-containing caustic environment. Magnetite
and awaruite (FeNi3) helped to form a more stable passive film in S32304
resulting in lower corrosion rates.
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CHAPTER 7
PROPOSED MECHANISM AND CONCLUSION

7.1. SUMMARY

Main objective of this study was to investigate the effect of composition,
microstructure, and environmental parameters like solution composition and temperature
on the corrosion and stress corrosion cracking of duplex stainless steels in caustic
solutions. Ultimate motive of this study is to investigate the underlying mechanisms
responsible for the SCC in this system. In this chapter, main results from this study have
been summarized and discussed together and a mechanism of stress corrosion cracking in
caustic solution has been proposed.
The influence of microstructure on SCC susceptibility was studied by performing tests
on various heat treated and welded specimens, as described in Chapter III and Chapter
IV. Metallographic examinations of the failed S32205 white liquor accumulator showed
that the weld region and HAZ as well as DSS base metal were susceptible to stress
corrosion cracking. Laboratory tests on simulated welded 2205 DSS specimens indicated
that the weld composition and type of welding affects the microstructure (ferrite/
austenite ratio, phase morphology), which in turn effects the steel’s susceptibility to SCC.
Highly alloyed weld metal with higher chromium content had resulted in fewer cracks in
the weld and HAZ. These results suggest that alloying DSS with higher chromium
content will make the steel more resistant to stress corrosion cracking. Metallographic
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examinations of failed samples indicated that the mode of cracking in as-received as well
as welded DSS in sulfide-containing caustic solution is transgranular in nature. Initiation
and propagation of cracks in the 2205 DSS weld region and base metal was found to be
in the austenite phase, which indicated that the austenite phase in DSS is more
susceptible to embrittlement and SCC in high pH sulfide-containing caustic solutions.
This SCC behavior of DSS in the caustic environment is very different from that in low
pH chloride environment, where the ferrite phase in DSS is more susceptible phase and
the crack initiation typically occurs in the ferrite phase. The severity of stress corrosion
cracking and degradation of mechanical properties due to SCC was found to increase
with an increase in temperature.
The effect of microstructure on crack initiation in sulfide-containing caustic solution
was further studied by changing the microstructure of a lean DSS S32101 and commonly
used S32205 DSS through various annealing and aging treatments. Aging DSS at various
temperatures (475ºC, 600ºC and 800ºC) has been found to produce precipitates, which
affect the localized corrosion susceptibility of these steels in chloride environment [1][2]. Pits generated due to the selective dissolution of these precipitates act as precursor
for SCC initiation in chloride solutions. The initiation of stress corrosion cracks from pits
has been observed in a variety of systems and is usually taken as an indicative of the local
environment within the pit being potent and different from that of the surrounding bulk
environment [3]. Tests performed in the present study revealed that aging treatment of
lean DSS S32101 at 800°C produced intermetallic precipitations along ferrite/austenite
phase boundaries and in the austenite phase whereas S32205 DSS samples aged at 800°C
showed intermetallic precipitations (formation of sigma ‘σ’ and chi ‘χ’ precipitates)
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along ferrite/austenite phase boundaries and in the ferrite phase. Secondary austenite with
low chromium and molybdenum were found around the precipitates in 2S3101 and
S32205 DSS. Due to composition difference in the two grades of steel, the precipitate
formed at 800°C for the same aging time differed in composition as well. DSS samples
aged at 800°C and 600°C showed very high weight loss and pitting in acidic chloride
environment as compared to annealed and unaged samples or samples aged at 475°C. Pit
initiation in DSS was found to be along the ferrite/austenite phase boundaries due to
selective dissolution of precipitates. These pits are likely to act as precursor sites for SCC
initiation in DSS in chloride solution. Changes in the duplex microstructures, because of
different heat treatments used in this study, made the steel susceptible to corrosion in
chloride environment but did not show any significant effect on the general and localized
corrosion behavior of the steel in sulfide-containing caustic solution. General corrosion
rates in the caustic solution were very low and no pitting or crevice attack was found on
DSS samples even at 170ºC. Results from this study indicate that unlike in chloride
environment, SCC initiation in DSS in sulfide-containing caustic environment is not due
to localized corrosion such as pitting or crevice corrosion but other crack initiation and
propagation mechanism is responsible for the crack initiation in caustic environment.
The fact that the precipitates such as sigma and chi, that are formed due to aging at 800
o

C, do not participate in localized corrosion and crack initiation in sulfide-containing

caustic solution was further corroborated by tensile tests performed on heat-treated 2205
DSS samples aged at 800ºC. Samples aged at 800oC did not show susceptibility to stress
corrosion cracking, indicating that sigma and chi precipitates do not affect crack initiation
or propagation in caustic environments. The present study also confirmed that the
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changes in the microstructure of DSS due to various heat treatments could change
cracking susceptibility and mode of cracking in DSS. As-received 2205 DSS was found
to be susceptible to SCC in sulfide-containing caustic solution at 170oC, with cracks
initiating in the austenite phase. The same DSS annealed at 1000oC or 1150oC and tested
under equivalent condition did not show any stress corrosion cracking. 2205 DSS
annealed at

1000oC or 1150oC and aged at 600oC did not show any cracking as well.

However, 2205 DSS annealed and aged at 475oC became susceptible to SCC. Heat
treatments changed the mode of crack initiation and propagation. Samples annealed at
1000ºC and aged at 475ºC showed crack initiations in the ferrite phase. Crack initiation
was associated with precipitates in the ferrite phase, which was different from the as
received sample where the cracks preferentially started in the austenite phase. This may
suggest that “475ºC embrittlement” can have a deleterious effect on the stress corrosion
cracking susceptibility of 2205 DSS in caustic environments. Samples annealed at
1150ºC and aged at 475ºC showed severe intergranular stress corrosion cracking. The
cracking in this case was associated with precipitates at ferrite/austenite inter-phase and
grain boundaries. Hence, these results suggest that by performing heat treatments and
changing the microstructure of DSS, the mode of stress corrosion cracking could be
changed from transgranular to intergranular and one phase can be made more susceptible
to crack initiation versus another.
Role of alloy composition and microstructure (ferrite/austenite ratio, phase
morphology) on the stress corrosion cracking susceptibility of DSS was further tested by
conducting slow strain rate tests on various grades of as-received DSS such as 2205,
2304, 2101 and 2003. Highly alloyed 2304 DSS did not show any cracking whereas
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2205, and lean grades 2101 and 2003 with comparatively lower chromium content
showed susceptibility to SCC. Test results showed that phase morphology in different
grades of DSS played an important role in crack propagation. The mode of crack
propagation was different for different grades of DSS. The thin lamellar ferrite phase
between the thicker lamellae of austenite made it easier for the cracks to propagate in
S32003. On the contrary, the discontinuous austenite phase in S32101 did not provide a
continuous path for the crack propagation and the cracks were limited to the austenite
phase and were arrested at the ferrite/austenite phase boundaries.
Effect of environmental parameters such as temperature and dissolved ionic species on
general corrosion and SCC crack initiation and propagation in caustic environment was
found out by testing duplex stainless steels at various temperatures and in white liquors
containing different concentrations of hydroxides and sulfides. No cracking was found
below 140oC in sulfide-containing caustic solutions. Hence, 140oC could be considered to
be the critical temperature for cracking to occur under these environmental conditions.
With an increase in temperature, corrosion rates and stress corrosion cracking
susceptibility of DSSs was found to increase. Corrosion rates for DSS alloys in 3.75M
NaOH solution without sulfide addition were less than 0.2mm/year, even at 170ºC.
However, increase in corrosion rates of duplex stainless steels was observed with sulfide
addition to the caustic environment. Crack velocity was also found to increase with
increasing sodium sulfide concentrations. From the test results, it can be concluded that
increase in temperature and sulfide addition to caustic solution has a detrimental effect on
the corrosion and SCC susceptibility of DSS.
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Corrosion is an electrochemical phenomenon and knowledge of polarization and
passivation behavior of DSS has helped us further understand the results obtained
through exposure tests and slow strain rate tests. Comparison of polarization curves of
DSS in caustic environment with and without sulfide addition showed that the corrosion
potentials of S32205, S32101 and S32304 were significantly lowered with sulfide
addition to caustic solution. There was also an increase in the critical current densities of
the DSS specimens with sulfide addition. These results suggest that the sulfide addition to
caustic environment has a detrimental effect on the passivation behavior of the steel. Rise
in the temperature increased current densities and resulted in lowering of the corrosion
potentials of duplex stainless steels. Polarization curves indicated that the electrochemical
behavior of duplex stainless steels is adversely affected by increase in temperature and
sulfide addition. These results help to explain the increased corrosion and SCC
susceptibility of the steel with rise in temperature and increase in sodium sulfide
concentration.
Electrochemical studies also helped to find out how alloying elements contribute to the
corrosion and passivation of duplex stainless steels. Comparison of polarization curve of
DSS with that of the alloying elements (Fe, Cr, Ni and Mo) in pure caustic solution
(3.75M NaOH solution) showed that the polarization behavior of the steel at lower
potentials was affected by all Fe, Ni and Cr, which played a role in the passivation of the
steel. Even with sulfide addition to caustic solution, it was found that alloying Fe with Cr
and Ni helped to raise the corrosion potential and lower critical current density of the
alloy, thus improving corrosion resistance of the steel. Molybdenum undergoes active
dissolution in both caustic and sulfide-containing caustic solution at all tested

256

temperatures and did not help in passivation of DSS. Hence, the polarization results
indicate that the presence of molybdenum in duplex stainless steels may be detrimental to
its corrosion resistance in slightly oxidizing high pH environments. These results explain
why molybdenum containing DSS S32205 has a slightly higher corrosion rate and higher
crack velocity in sulfide-containing caustic solution as compared to low-Mo grades like
S32304 or S32101. Duplex stainless steel grades such as S32304 with higher chromium
content were found to be more resistant to SCC in sulfide-containing caustic environment
as chromium helped in lowering current density and assisted in passivation of the steel, as
is evident from polarization results.
XRD data of S32205, S32101 and S32304 exposed to caustic environment without
sulfide addition at 170ºC indicated that the corrosion films of DSS alloys consisted of
spinel oxides of Fe, Ni and Cr, with possibly a combination of nickel iron oxide, chromite
and magnetite. The superior general corrosion properties of DSS in caustic solution as
compared to carbon steel could be due to the formation of these adherent spinel oxides on
the metal surface. DSS exposed to sulfide containing caustic solutions formed metalsulfide films on the surface. XPS results of 2205 DSS exposed to sulfide-containing
caustic solution also showed the presence of sulfur, probably metal-sulfide compounds,
in the corrosion film of the steel. The increased corrosion susceptibility of DSS due to
sulfide addition to caustic solution could further be attributed to these sulfide films,
which hydrolyze in aqueous environments easily as compared to spinel oxides, exposing
bare metal to the environment and assisting corrosion. The corrosion rate of 2304 DSS
was the lowest as compared to 2101 and 2205 DSS in sulfide-containing caustic
environment. Magnetite and awaruite (FeNi3) helped to form a more stable passive film
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in S32304 as compared to the iron sulfide and nickel sulfide films in S32101 and S32205
respectively, resulting in lower corrosion rates of 2304 DSS.

7.2. PROPOSED MECHANISM OF SCC OF DSS IN SULFIDE-CONTAINING
CAUSTIC SOLUTION

The free corrosion potential of 2205 DSS was measured during slow strain rate tests in
sulfide-containing caustic solution at 170ºC. The corrosion potential was found to be at 900mVSCE throughout the test period as can be seen in Figure 7.1. Comparison of the
corrosion potential of 2205 DSS with its potentiodynamic polarization curve under
similar test conditions (Figure 7.2) revealed that 2205 DSS was passive in these test
environments. The mechanism of transgranular SCC, which dominates under these
conditions, is the slip dissolution model [4]. Prior work has shown that in transgranular
SCC, especially in some face centered cubic (FCC) alloys such as copper-based alloys
and austenitic stainless steels, the localization of dissolution is most often related to slip
[3], [5]-[6]. These FCC alloys have low stacking fault energy and planar groups of
dislocations are favored. SCC initiation in DSS in sulfide-containing caustic solution was
found to be initiated in the austenite phase in this study. Austenite phase in DSS is face
centered cubic in nature and in contrast to the ferrite phase (body centered cubic
structure), has close packed slip planes. X-ray diffraction studies were performed by
Leinonen et al. on S31803 to study stress state of the austenite and ferrite phases [7]. The
results have shown that the austenite phase is in tension and the ferrite phase is in
compression. This difference in the stress states is mainly due to the difference in the
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coefficient of thermal expansions between the two phases (Chapter 1, Table 1.2) [8].
Hence, due to the more active slip system [9] and the residual tensile stress in the
austenite phase of DSS, this phase undergoes plastic deformation more easily and at an
applied stress far below the ferrite phase. This makes the austenite phase more
susceptible to crack initiation and propagation. Under these conditions, slip dissolution
mechanism might be the most favorable mechanism to initiate stress corrosion cracking
in the austenite phase. The protective passive film on the metal surface is ruptured due to
the emergence of slip steps during straining of the metal, exposing bare metal to the
environment and leading to its dissolution and crack initiation [10]. Once initiated, crack
tip propagation is governed by the oxidation of the bare metal surface as well as
recurrence of film reformation and breakdown due to straining at the crack tip. Therefore,
according to Faradays law, the average environmentally controlled crack propagation rate
(Vt) is related to the oxidation charge density between oxide rupture events (Qf) and the
strain rate at the crack tip (ε.ct) by:
•

Vt =

(1)

M Qf •
×
× ε ct
zρF ε f

where M is the atomic weight and ρ is the atomic density of the crack tip metal, F is
the Faraday’s constant, z is the number of electrons involved in the oxidation of an atom
of metal, and εf is the fracture strain of the oxide at the crack tip. The rate controlling
steps that govern crack propagation by slip dissolution model are liquid diffusion of
either water molecules or solvated cations to and from the crack tip region and the overall
oxidation (dissolution and oxide re-growth) rate. Since both diffusion of ions and rate of
dissolution and oxide re-growth increase with rise in temperature, the observed increased
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susceptibility of DSS to SCC in sulfide-containing caustic solution and higher crack
velocities at higher temperatures could be explained by the increased kinetics of the
reactions. Further corroboration of this can be provided by the electrochemical results,
which showed that the rate of oxidation and dissolution of metal increased with an
increase in temperature. Corrosion rates of strained specimens in this study have also
been found to be higher as compared to unstrained specimens. Therefore, due to the
applied strain, disruption of passive film owing to slip step emergence may cause crack
initiation and dissolution of bare metal and may lead to crack propagation, making the
slip dissolution model to be the most favorable SCC mechanism under the tested
conditions.
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Figure 7.1. Corrosion potential of 2205 DSS in sulfide-containing caustic solution at 170ºC during
slow strain rate test
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Figure 7.2. Potentiodynamic polarization curve of 2205 DSS in sulfide-containing caustic solution at
170ºC

The mode of crack initiation and propagation in DSS in sulfide-containing caustic
solution in this study due to slip dissolution can be explained by the following:
In all tested DSS samples in caustic environments, irrespective of the type of
microstructure of the steel (as-received, welded or annealed and aged), stress corrosion
cracking was found to be in the necking region of the tensile samples. This can be seen in
Figure 7.3 (as-received DSS), Figure 7.4 (welded DSS) and Figure 7.5 (DSS annealed at
1000°C and aged at 475°C). No stress corrosion cracks were found beyond the necking
region of these samples which indicates that the SCC did not initiate below the yield
stress of sample, otherwise small SCC should be found throughout the gage of tensile
samples. This indicates that plastic deformation is required for the SCC to initiate and
propagate in this system. Plastic deformation will initiate dislocation movement in the
austenite phase, which is more prone to cracking, as the phase is already in tension and
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also has more favorable slip systems compared to the ferrite phase. The ferrite phase is
less susceptible to SCC under these conditions as this phase is in compression in DSS
alloys and also it is difficult for slip to occur in this BCC phase. The slip steps formed
due to plastic deformation in the DSS is likely to rupture the unstable passive film on the
metal surface. Film properties and repassivation behavior will play a major role in
determining the SCC susceptibility of these alloys. Film properties depend on many
factors, including the alloy composition, electrochemical conditions, composition of
solution, other environmental factors like pH and temperature. In caustic solutions with
sulfide, the surface film of DSS alloys consist of various metal-oxide-sulfide compounds,
as is described in Chapter 6, Sections 6.7.2 and 6.8. A critical temperature is required for
SCC to occur because once initiated, the cracks propagate only when the crack tip
dissolution rate is higher as compared to the crack side dissolution rate. Hence at very
low temperatures, due to the slow kinetics of reactions, dissolution of the crack tip is
slow and may result in blunting of the cracks. Cracks initiated by the emergence of slip
steps in DSS alloys will start propagating at the critical temperature which is the optimum
temperature at which crack tip dissolves at a faster rate than the crack sides. In present
system studied, SCC was not found to occur below 140oC under all tested environments.
Crack propagation will continue till the crack tip repassivates and will resume
propagating when the passive film is ruptured again by another slip step emergence. If
the film rupture does not reoccur (for example if the crack tip is in the less susceptible
ferrite phase), crack propagation will stop and crack gets arrested at the ferrite/austenite
phase boundaries. Cracks may also avoid the ferrite phase by traveling around the ferrite
and continuing into the austenite phase (due to the three dimensional nature of the
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cracks). This mechanism of cracking in DSS in caustic environment by slip dissolution
can be further understood with the help of the schematic in Figure 7.6 a, b, c and d. In
heat treated DSS samples (samples aged at 475oC), where precipitates change the
dislocation structure of the ferrite phase, the Cr rich α’ precipitates lower the mobility of
the dislocations and create micro-void near them in the ferrite matrix, which may act as
initiation sites for cracks in caustic environment. Since the crack propagation mode is
similar to that of the as-received DSS samples, slip dissolution may still be playing a role
in crack propagation after the initiation of cracks

1500µm
Figure 7.3. 2205 DSS sample tested in sulfide-containing caustic solution at 170°C
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3000µm
Figure 7.4. Welded 2205 DSS (2205-Lh) sample tested in sulfide-containing caustic solution at 170°C

Figure 7.5. Heat treated 2205 DSS (D5-1000-475) sample tested in sulfide-containing caustic solution
at 170°C
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Figure 7.6. Schematic showing various steps of crack initiation and propagation in DSS by the slip
dissolution model (a) slip step in the austenite phase intersecting unstable passive film (b) crack
initiation due to breakdown of film and dissolution of metal in austenite (c) crack propagation (d)
blunting of cracks at the ferrite phase boundaries
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The effect of various material and environment related parameters on stress corrosion
cracking of DSS in caustic environments and the underlying mechanism of SCC in these
systems was not known before this study. This study helped us determine the effect of
DSS microstructure and environmental parameters like temperature, pH, and dissolved
ionic species on the cracking susceptibility of these steels in high pH alkaline solutions.
Results from experiments and observations made in this study have helped us understand
the mechanism of SCC under tested conditions.
7.3. FUTURE WORK
The present study has concentrated on the role of microstructure and environmental
parameters on the corrosion and SCC susceptibility of DSS in caustic environment. Other
aspects of this study which would help to understand the underlying mechanism of SCC
of DSS in sulfide-containing caustic solution would be to study dislocation structure in
the ferrite and austenite phases using transmission electron microscopy, perform micropolarization on the austenite and ferrite phases in caustic environment to understand the
electrochemical behavior of each phase in DSS and to measure residual stresses in the
two phases in DSS.
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