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Abstract
Austenitic stainless steels have wide range of different applications, but their corrosion resistance
is compromised due to sensitization phenomenon. If these steels are subjected to heat treatments
in the temperature regimes of 500–900 °C, chromium carbides are formed along the grain
boundaries leading to chromium depletion in the vicinity of these carbides. This is called
sensitization and makes the microstructure sensitive to intergranular corrosion. The sensitization
behavior is greatly influenced by several metallurgical factors such as aging temperature, time,
grain size and chemical composition. In order to study the effect of above-mentioned individual
factors, a modeling prediction is needed, because of the cost and limitations involved with the lab
experiments.
The CALPHAD modeling capability has evolved and is utilized in this thesis in estimating the
sensitization by predicting the chromium concentration profiles across the grain boundary M23C6
carbide – austenite matrix interface by considering multicomponent effects. Thermo-Calc has
been utilized in estimating the equilibrium calculations, TC-Prisma for the nucleation kinetics and
DICTRA for solving the moving phase boundary problem. These are validated with diverse
experimentally measured sensitization databases. Commercial stainless steel heats EN 1.4310,
1.4301, 1.4303, 1.4307 and 1.4318 have been subjected to heat treatments at various temperatures
to induce varying levels of sensitization and the degree of sensitization was measured using the
double loop electrochemical potentiokinetic reactivation test (DL-EPR) to develop the necessary
quantitative database. Based on the chromium depletion profiles calculated and the experimentally
determined DOS, a depletion parameter has been established that can quantitatively predict the
sensitization and self-healing phenomenon in austenitic stainless steels. Models are proposed
based on depletion parameter that accounts for the effects of thermal aging, grain size and
chemical compositions.

Keywords: CALPHAD, chemical composition, diffusion, grain size, precipitation, selfhealing, sensitization, stainless steels

Kolli, Satish, Herkistyminen austeniittisissa ruostumattomissa teräksissä.
Kvantitatiivinen mallintaminen ottaen huomioon monikomponenttiset,
termodynaamiset ja massataseen vaikutukset.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 755, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Austeniittiset ruostumattomat teräkset soveltuvat monenlaisiin käyttökohteisiin, mutta niiden
korroosionkestävyyttä on kompromisoitu herkistymisilmiön seurauksena. Mikäli näitä teräksiä
kuumennetaan 500–900 °C lämpötiloissa, kromikarbideja alkaa muodostua raerajoille, mikä johtaa kromista köyhtymiseen karbidien läheisyydessä. Tätä kutsutaan herkistymiseksi, ja se altistaa mikrorakenteen raerajakorroosiolle. Herkistymiseen vaikuttavat olennaisesti mm. lämpötila,
raekoko ja kemiallinen koostumus. Jotta näiden tekijöiden yksilöllisiä vaikutuksia voidaan tutkia, tarvitaan siihen tehokkaita mallinnusmenetelmiä.
Tämä väitöskirja hyödyntää CALPHAD mallinnusta herkistymisen arvioimisessa ennustamalla kromin konsentraatioprofiileja raerajalla olevan M23C6-karbidin ja austeniittimatriisin
rajapinnan ylitse huomioiden multikomponenttiefektit. Thermo-Calc -ohjelmistoa käytetään
tasapaino-olosuhteiden arvioimiseen, TC-Prismaa ydintymiskinetiikkaan ja DICTRA:a liikkuvan faasirajapinnan haasteen ratkaisemiseksi. Nämä tulokset validoidaan erilaisia kokeellisia tietokantoja hyödyntäen. Tutkimuksessa lämpökäsiteltiin kaupallisia austeniittisia ruostumattomia
teräksiä EN 1.4310, 1.4301, 1.4303, 1.4307 ja 1.4318 eri herkistymisasteiden saavuttamiseksi, ja
niiden herkistyminen mitattiin elektrokemiallisella potentiokineettisella uudelleenaktivointitestillä (DL-EPR) vaadittavan kvantitatiivisen tietokannan luomiseksi. Kromipitoisuusprofiilien
perusteella laskettujen ja kokeellisesti määritettyjen herkistymisasteiden perusteella luotiin
köyhtymisparametrit, jotka mahdollistavat herkistymisen ja toipumisen kvantitatiivisen ennustamisen austeniittisille ruostumattomille teräksille. Näihin köyhtymisparametreihin pohjautuvien
mallien avulla voidaan arvioida lämpövanhenemisen, raekoon ja kemiallisen koostumuksen vaikutuksia.

Asiasanat: CALPHAD, diffuusio, erkautuminen,
koostumus, raekoko, ruostumaton teräs, toipuminen
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Abbreviations and symbols
AOD
BWR
CALPHAD
CCS
CEF
CNT
DL-EPR
DOS
DP
EBSD
EDS
EPR
ESR
FESEM
FIB
GDOES
i.e.
IGC
IGSCC
NDOS
NDOSmeasured
NDOSpredicted
PT
PWR
SAD
SCC
SCE
SGTE
SL-EPR
ST
STEM
TEM
TTS
VOD

argon oxygen decarburization
boiling water reactor
calculation of phase diagrams
continuous cooling sensitization
compound energy formalism
classical nucletion theory
double loop electrochemical potentiokinetic reactivation test
degree of sensitization
depletion parameter
electron back scattered diffraction
energy dispersive x-ray spectroscopy
electrochemical potentiokinetic reactivation test
electroslag remelting
filed emission scanning electron microscopy
focused ion beam
glow discharge optical emission spectroscopy
id est
intergranular corrosion
intergranular stress corrosion cracking
normalised degree of sensitization
experimentally measured normalized degree of sensitization
predicted normalized degree of sensitization
peak temperature (°C)
pressurised water reactor
selected area diffraction
stress corrosion cracking
saturated calomel electrode
scientific group thermodata europe
single loop electrochemical potentiokinetic reactivation test
solution treated
scanning transmission electron microscopy
transmission electron microscopy
time - temperature - sensitization
vaccum oxygen decarburization
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a
ac
ai’s
bi
β
ck
γ

ck


cCr


cCr

cCr min
Crint
Crcrit
Creff
da
dp
Di
Dγ
Ecorr
Epp
Ep
Gm
Gsrf
m
Gphy
m
GEm
G0i
GE,bin
m
GE,ter
m
GE,hig
m
∆G*
∆Gα→β
m
HSER
i
ip
icp
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lattice parameter
activity of carbon in the austenite matrix
coefficients that express temperature dependence of the end
members
stochiometric coefficient
concentration of element k in carbide at the carbide - austenite
interface
concentration of element k in austenite at the carbide austenite interface
chromium concentration in austenite in equilibrium with the
carbide
far-field concentration of chromium
minimum chromium concentration at the γ/ interphase
interfacial chromium concentration in austenite
critical chromium concentration
effective chromium content
width of austenite from which carbon can be withdrawn
half-thickness of M23C6 carbide film
diffusion coefficient of element i in the matrix
bulk diffusivity
corrosion potential
primary passivation potential
passivation potential
gibbs energy of phase m
gibbs energy of an unreacted mixture of constituents of phase
m ans srf stands for surface of reference
physical models’ contribution to the Gibbs energy
excess gibbs energy
gibbs energy of pure element i
binary excess energy term
ternary excess energy term
higher order excess energy term
gibbs energy of formation of the critical nucleus
chemical driving force for the nucleation
enthalpy of the element i in the reference state
passivation current
peak anodic current

Ia
Ir
β
Jk
γ

Jk
J(t)
k
Keq
Lij
Lijk
NA
Pi
r*
Scnf
m
ts
td
T
vβ/γ
Vβm
Wcrit
wt.%
XiCr
Xcrit
Cr
xi
xj
xk
β/α
Xi
α/β
Xi
z
Z

β*
γCr
σ
τ

activation peak current
reactivation peak current
flux of component k in the carbide at the carbide - austenite
interface
flux of component k in the austenite at the carbide - austenite
interface
time dependent nucleation rate
number of components
equilibrium constant
binary interaction parameter
ternary interaction parameter
Avogadro number
pi phase
critical radius of the nucleus
configurational entropy of phase m
time taken for the start of sensitization development
time after which desensitization begins
temperature
interfacial velocity
molar volume of the precipitate phase
width of chromium concentration profile at critical chromium
weight in percent
chromium concentration in the austenite at the carbide austenite interface
critical chromium concentration
molefraction of the constituent i
molefraction of the constituent j
molefraction of the constituent k
molefraction of element i at the interface in the precipitate
molefraction of element i at the interface in the matrix
position of the interphase
zeldovich factor
rate at which atoms or molecules are attached to the critical
nucleus
activity coefficient of chromium
sigma phase
nucleation time for precipitation
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i,j
r
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interaction parameter between elements i and j
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1

Introduction

1.1

Background

Stainless steels are an important class of metallic alloys. Owing to their
omnipresence in our daily lives, it is difficult to list the applications of stainless
steels. Their use ranges from low-end cooking utensils to hi-tech space vehicles [1].
The use of the term ‘stainless’ implies no staining or corroding in the conditions
that cause normal steels to corrode.
It was first discovered by Riley in 1889 that the addition of nickel to mild steel
significantly enhanced its tensile strength. Later in 1905, Portvin found that steel
with a chromium content of more than 9 wt.% was resistant to chemical attack.
During the period 1910–1915, stainless steel was made for practical applications
[2]. Stainless steel with the composition 12.8 wt.% chromium and 0.24 wt.%
carbon was first melted in August 1913 in Sheffield, England according to a
proposal by Harry Brearley. It was used in the manufacturing of barrels for heavy
artillery. Later, first austenitic stainless grades were developed by Strauss and
Meurer from Germany [3]. Dannitzen in the USA developed ferritic stainless steel
grades by tweaking Brearley’s composition towards lower carbon contents. At the
same time, Becket from the USA developed heat resistant steel by increasing
chromium to at least 18 wt.% giving oxidation resistance at higher temperatures.
In spite of these early discoveries, the Fe/Cr and Fe/Cr/Ni systems were only
understood by around 1940 and stainless steels were standardized in 1950. New
steelmaking techniques were widely adopted in the 1970’s thereby expanding the
ranges of stainless steel compositions that could be commercially produced. The
steelmaking technologies like vacuum oxygen decarburization (VOD) and Argonoxygen decarburization (AOD) helped to achieve better composition control and
and lower carbon contents. Homogeneous microstructures containing fewer
inclusions were realized with electroslag remelting (ESR). The steel grade 904L
(N08904) was the first alloy that took the advantages of the new technologies and
was developed by the company that is now Outokumpu stainless steel.
The mechanical, fabrication and corrosion resistance properties of stainless
steels make them suitable for construction applications. However, when exposed to
temperatures in the range 450–850 °C, stainless steels are prone to what is known
as sensitization, which is associated with the precipitation of chromium rich
carbides along grain boundaries and the concomitant depletion of chromium in the
19

regions adjacent to the grain boundaries [4]. When the steel is sensitized, it becomes
susceptible to intergranular corrosion (IGC) and intergranular stress corrosion
cracking (IGSCC) resulting in premature failure of fabricated components.
Stainless steel sensitization is one of the most studied cases of environmental
degradation of engineering materials [5].
The sensitization phenomenon in austenitic stainless steels has been widely
studied and a large database of sensitization in different alloys is available in the
literature. There were also several works dedicated to developing models for the
quantitative determination of sensitization and they will be discussed in detail in
later sections. However, some of the models proposed did not consider the
multicomponent effects during the nucleation and growth of M23C6 carbides and
some did not correlate the modeling observations to that of experiments to
quantitatively evaluate the sensitization. This work thus aims to fill these gaps,
firstly to predict the precipitation of M23C6 considering multicomponent effects
using CALPHAD (CALculation of PHAse Diagrams) modeling, and then
establishing parameters that could represent sensitization and self-healing based on
grain size, composition and thermal history. These parameters are established by
correlating the sensitization predicted by models with experimentally determined
sensitization values. The thesis attempts to predict not only M23C6 carbide
precipitation but also the resultant degree of sensitization (DOS). The dissertation
thus advances scientific knowledge related to sensitization behavior by better
enabling the quantitative predictions of not only precipitation but also the DOS.
The work will help in estimating the life of austenitic stainless steels with respect
to intergranular corrosion and also in designing alloys for a specific temperature
application in terms of minimizing the risk of intergranular corrosion.
1.2

Aims of the research

The influence of grain size, chemical composition, temperature and time on
sensitization are understood qualitatively. Also, some quantitative modelling has
been done as exemplified by the models available in the literature. The aim of the
current work is to develop a tool or method to quantitatively predict the presence
or absence of sensitization and the ranges of sensitization in austenitic stainless
steels that are isothermally or non-isothermally heat treated. This thesis thus forms
the basis for the prediction of potential corrosion problems. The objectives of the
current research are as follows:
20

–

–

–

–

–

Experimental determination of sensitization and desensitization in the
austenitic stainless steels that vary in grain size and composition and subjected
to different heat treatments.
To predict the chromium depleted regions around the grain boundary M23C6
carbide - austenite matrix numerically by taking into consideration, the
multicomponent thermodynamic and mass-balance effects.
To develop a model that could quantitatively determine the degree of
sensitization in austenitic stainless steels in combination with experimental
data accounting for grain size, chemical composition and thermal history
Quantitative prediction of isothermal sensitization and self-healing to identify
the temperatures and heat treatment times required to avoid potential
sensitization regimes and to identify the routes to achieve self-healing.
To investigate and predict the importance and influence of steel chemistry and
grain size on the sensitization behavior of austenitic stainless steels, and
thereby provide a tool to estimate potential corrosion problems and aid the
design of alloy compositions suitable for specific applications.

21
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2

Theoretical foundation

2.1

Types of stainless steels

The three main microstructural constituents found in stainless steels are ferrite,
austenite and martensite. They are found in the various classes of stainless steel, i.e.
(a) ferritic stainless steels, (b) austenitic stainless steels, (c) martensitic stainless
steels, (d) duplex stainless steels, and (e) precipitation hardening stainless steels.
The ferritic grades contain around 11–30% chromium by wt., less than 0.1% carbon,
trace amounts of nickel and alloying elements like molybdenum, titanium or
aluminium. These steels possess better deep drawability, resistance to stress
corrosion cracking (SCC), poor resistance to localised corrosion. They are
magnetic, not heat treatable and can be strengthened by cold working [6]. The
austenitic stainless steels are the most corrosion resistant of the stainless group due
to high chromium and nickel contents. These are either single phase austenite or
duplex austenite and delta ferrite phase structures. These steels are non-magnetic,
and can be hardened by cold rolling [4]. The different types of austenitic stainless
steels can be seen from Table 1 and Fig. 1. Type EN 1.4301, which is also
recognised as 18-8 or grade 304, has very good corrosion resistance in atmospheric
conditions. The pitting and crevice corrosion resistance can be improved with the
addition of 2–3% molybdenum to get type 1.4401 (grade 316) and are utilized in
similar applications to type 1.4301 in more aggressive environments. Relatively
expensive nickel can be partly replaced with cheaper manganese or nitrogen to
produce lower-cost and lower-performance chromium - manganese - low nickel
grades such as 1.4372 (grade 201). The 200 and 300 series of austenitic stainless
steel are weldable. These steels are, however, prone to sensitization on exposure to
high temperatures during welding. For such applications, low carbon types
(<0.03%) like 1.4307 (304L), 1.4404 (316L), 1.4541 (321), 1.4550 (347) can be
used [7].
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Table 1. Classification and composition of austenitic stainless steels (Reprinted by
permission from [7]  2016 Elsevier).
EN

BS

AISI

1.4301

304S31

304

1.4303

305S19

305

EN
58E

DIN
X5CrNi

SS

Typical composition (%)
C

Cr

Ni

0.07

18

8

0.06

18

11

2346

0.10

18

8

2352

0.03

18

10

2333

Mo

Other

18-10
X5CrNi
18-12
1.4305

303S31

303

58M

X10CrN

0.35 × S

iS18-9
1.4306

304 L

X2CrNi
19-11

1.4307

304S11

304 L

1.4310

301S21

301

1 4311

304S61 304LN

X12CrN

2352

0.03

18

8

2331

0.05 –

17

6

2371

0.03

18

9

0.22 ×

0.15

17

4.5

6.5 ×

2347

0.07

17

11

2

2348

0.03

17

11

2

0.03
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Fig. 1. The austenitic stainless family (Reprinted by permission from [8] © 2011 Nickel
Institute / AISI).

Martensitic stainless steels contain chromium in the range 12–18 wt.% but have
higher carbon content up to 1% by wt. They can be hardened and tempered like
carbon and low-alloy steels [9]. These are magnetic and have lower weldability and
formability. Duplex stainless steels contain austenite and ferrite in equal
proportions, which is achieved by adjusting the amounts of chromium (18–26
wt.%), nickel (5–6 wt.%), molybdenum (1.5–4 wt.%) and nitrogen. They are
characterised by excellent toughness and corrosion resistance compared to ferritic
stainless steels. They are magnetic, weldable and moderately formable. “Lean
duplex” steels have comparable corrosion resistance to austenitic grades while
“Super duplex” steels have enhanced resistance to all forms of corrosion when
compared to standard austenitic stainless steels. Precipitation hardened steels can
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develop very high strengths when suitably aged due to the formation of fine
precipitates in the matrix of the steel. These steels offer a good combination of
corrosion resistance, acceptance of heat treatment, strength and fabricability [10].
2.2

Corrosion mechanisms in stainless steels

In general, stainless steels are corrosion resistant in most environments due to the
presence of a thin surface layer of chromium oxide that self-repairs naturally when
breached. However, corrosion can occur if the damage is too extensive. When that
occurs depends on the grade of steel, as each of them have a different response in
different corrosive environments. The most common types of corrosion are pitting,
crevice, uniform and galvanic corrosion. The less common types of corrosion
include SCC and intergranular attack [4].
Pitting corrosion is a localised form of attack that occur in environments
containing chlorides or sulphides. The speed of metal dissolution does not allow
the re-passivation of the local break in the passive layer caused by the chloride or
sulphide containing environments [11]. The presence of oxygen is responsible for
the formation of the passive layer on the surface of stainless steel. In crevices,
oxygen access to the steel surface is hindered thereby making crevices vulnerable
to crevice corrosion. In uniform corrosion, the passive layer is attacked uniformly
and metal loss is distributed over the entire surface of the steel leading to uniform
or general corrosion. When two dissimilar metals are in contact with each other in
an electrolyte, a galvanic cell is set up that accelerates the corrosion of the less
noble metal causing galvanic corrosion. The simultaneous presence of tensile
stresses and environmental factors lead to the development of SCC. In SCC, the
cracks are formed after a long incubation time period. However, they propagate
relatively rapidly, either along grain boundaries or through the matrix, resulting in
failure. In the temperature region 450–900 °C, when the carbon content of the steel
is high, it combines with chromium to form chromium carbides along the grain
boundaries. This causes the formation of chromium depleted regions along the
grain boundaries, which is referred as “sensitization” and makes the steel
susceptible to IGC. The stress corrosion cracking that occurs due to intergranular
attack is termed as intergranular stress corrosion cracking (IGSCC) [4].
The corrosion behaviour of any alloy depends on many factors other than
material microstructural condition and can be seen in Fig. 2. One of the important
factors that controls corrosion performance is the severity of the environment.
Materials resistance to corrosion attack also depends on its stress state. In some
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aqueous conditions, the chromium-depleted grain boundary can facilitate IGC or
SCC [12]. The susceptibility of a sensitized microstructure to intergranular
corrosion can be measured in terms of the degree of sensitization (DOS).
Good corrosion resistance, weldability, formability of austenitic stainless steels
makes them one of the important construction materials in nuclear power plants.
Stainless steels are used for piping, reactor-vessel cladding, for structures inside the
pressure vessel including the core shroud in boiling water reactors (BWR). Similar
kinds of material are chosen for the pressurized water reactors (PWR). In the design
codes of boiling water reactors and pressurized water reactors (BWRs and PWRs),
SCC is considered. IGSCC is by far the largest damage mechanism in oxidising
BWR [13], [14]. The cracking in BWRs was observed more than 50 years ago [15].
The SCC problems encountered in (BWR) exemplify the engineering importance
of the sensitization phenomenon. However, it has not been considered as a probable
failure mode in PWRs in operating conditions.

Fig. 2. Factors that contribute to SCC in austenitic stainless steels (Redrawn from [16]).

The most common way to prevent sensitization is to avoid any fabrication or
annealing treatments that exposes the stainless steel to the sensitization temperature
regime. However, this is not possible in the case of stress relieving heat treatments
and welding operations. The other common methods to control sensitization are (a)
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prevention of chromium carbide precipitates by lowering the carbon content (b)
stabilizing the stainless steel by adding titanium or niobium (c) dissolving the
chromium rich carbides with the solution heat treatment followed by rapid cooling
through the sensitization temperature range (d) the use of grain boundary
engineering [17]–[23].
The corrosion resistance in austenitic stainless steels is provided by a
continuous passive film, which is a chromium-rich oxide (Cr2O3) layer formed at
ambient temperatures [24]. When the film is broken, chromium reforms the Cr2O3
layer by combining with the oxygen from the air. Even though the Cr2O3 layer is
very thin, in the range of 1 to 15 nm, it is chemically stable and adheres firmly to
the surface of the alloy. In contact with water, an insoluble passive film is formed
that consists of an inner barrier layer comprising oxides of iron and chromium and
an outer layer of chromium hydroxides. It has been reported that the chromium
enrichment in the passive film might not be homogeneous at the nanometre scale
and heterogeneities in the film thickness are responsible for the breakdown of the
passive film leading to loss of corrosion resistance [25]. The alloys that contain
molybdenum and nickel forms passive films with no thickness fluctuations, thus
providing better localised corrosion resistance [26]–[28]. It has been observed that
after the initiation of localized corrosion, the presence of molybdenum either
mitigates the breakdown of the passive film or repairs the passive film after
breakdown [29]. The behaviour of the passive film and its relative stability can be
estimated in the laboratory using electrochemical potentiodynamic testing by
anodically polarizing the sample, as can be seen in Fig. 3 [30]. With an increase in
potential from the corrosion potential (Ecorr), the current increases due to
dissolution up to a critical current density icp. This defines the starting point of
stability for the passive films that occurs at potentials higher than the primary
passivation potential (Epp). Above this potential, the current falls several orders of
magnitude to the passivation current ip above the passivation potential Ep. When
the potential is increased further into the transpassive region, the breakdown of the
passive film will occur leading to localised corrosion. Different characteristic
regions are identified that help in comparison of the corrosion behaviour of
different alloys considering the relative positions and extensions of current
densities and potentials [31], [32]. In the cyclic polarization test, a variant of the
potentiokinetic test, the sample surface is activated and reactivated in two loops to
measure intergranular corrosion.
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Fig. 3. Schematic representation of an anodic polarization curve (Reprinted by
permission from [30] © 2017 Elsevier).

2.3

Sensitization and mechanisms of sensitization

Sensitization in austenitic stainless steels is due to the formation of a chromium
depleted region adjacent to the grain boundaries in the austenitic matrix. The
chromium depletion results from the nucleation and growth of chromium carbides
on the grain boundaries and the differences in the diffusivities of carbon and
chromium in the austenite matrix [33]. Thus, the phenomenon of sensitization is
controlled by the thermodynamics and kinetics of chromium carbide nucleation and
growth. It occurs in the temperature and heat treatment conditions where the
chromium carbides are thermodynamically stable and the diffusivity of chromium
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is sufficient for the nucleation and growth of the chromium carbide [34]. Therefore,
sensitization identifies a microstructural condition and not corrosive behavior
directly.
There have been three major theories to explain the phenomenon of
sensitization and thereby IGC in stainless steels: (1) the segregation theory, (2) the
noble carbide theory, and (3) the chromium depletion theory.
The segregation theory proposed by Aust et al.[35]–[37] proposes that soluble
segregates and secondary phases are formed continuously along the grain boundary
path and are attacked in highly oxidising media like HNO3 - Cr2O7 solutions. The
immunity to IGC in stabilised microstructures was explained in terms of
preferential segregation of solute at the carbide-austenite matrix interface or by the
redistribution of deleterious solute by preferential solute in the carbide.
Intergranular corrosion is observed in 316 stainless steel with extensive grain
boundary sigma (σ) phase precipitation in less oxidising media. The segregation
theory could not explain this observation of IGC in less oxidising media. The main
drawback of the theory is that it does not consider the importance of the oxidising
power of the corroding environment. Microhardness measurements in the grain
boundary area are the only supporting evidence of the solute segregation theory
other than intergranular attack [38]. General and intergranular corrosion takes place
in highly oxidising solutions and the attempts to extend the theory to carbide
sensitised steels have been unconvincing.
Stickler and Vinckier [39] proposed an electrochemical theory, known as the
noble carbide theory, for intergranular corrosion of sensitized austenitic stainless
steel. According to the theory, it is assumed that corrosion is a galvanic reaction
between noble carbide particles and the adjacent less noble matrix and that the
corrosion proceeds rapidly along grain boundaries when there is a path of
continuous chromium carbides [37]. The presence of a chromium depleted zone is
not considered in this theory. The theory failed at explaining the immunity of
stabilised stainless steel with continuous grain boundary precipitates to the
intergranular attack. It also failed in explaining the desensitization phenomenon in
the presence of intergranular carbides.
Bain et al. [40] were the first to propose that the chromium depleted zone
adjacent to intergranular chromium carbide was responsible for the susceptibility
of the material to intergranular corrosion. It was speculated that the chromium
concentration profile across two adjacent grains was like that shown in Fig. 4. The
model is based on the following assumptions. (a) A minimum of 12% chromium
by wt. is required to have a protective passive film in stainless steels. (b) The
31

chromium carbide contains about 95% chromium by wt. and the bulk up to 18%
and thus the chromium depletion occurs in the matrix adjacent to the carbide. (c)
During the sensitization heat treatment, the diffusion of chromium in the matrix is
too slow to permit the instantaneous replenishment of chromium in the depleted
regions. (d) When the chromium content goes below 12%, the material corrodes
preferentially at the interface.

Fig. 4. Chromium depletion at grain boundary containing chromium carbide (Reprinted
by permission from [37]  1973 Plenum Press).

This chromium depletion theory successfully explained the influence of an
oxidising environment, heat treatment variables and the effect of different elements.
It was argued that during self-healing, back diffusion of chromium should not occur
when the chromium carbide particles are still growing [41]. However, it was shown
theoretically that self-healing can occur simultaneously with the precipitation of
carbides by Stawström and Hillert [42]. It was also shown that the lattice diffusion
of chromium is the rate limiting step for sensitization, thereby supporting the
chromium depletion theory [34], [43], [44]. The theory was further confirmed by
the direct observation of chromium depleted zone of widths ranging 25–200 nm in
scanning transmission electron microscopy (STEM) near the interface between
grain boundary carbides and the matrix [45]–[50].
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2.4

Factors affecting sensitization

2.4.1 Alloy composition
Carbon and chromium are the major compositional variables that affect the
sensitization and self-healing phenomenon, although the presence of other alloying
elements like nickel, manganese, titanium, niobium, molybdenum also affect the
precipitation of chromium rich carbides. The best way to demonstrate the effect of
alloy composition is using Time - Temperature - Sensitization (TTS) diagrams.
These diagrams provide information about the time required for isothermal
sensitization at various temperatures and can be used in choosing the conditions of
annealing that do not result in sensitization. It is well established that TTS curves
are displaced towards longer times with decreasing carbon content. This can be
attributed to the lower availability of carbon to form the chromium rich carbides.
The maximum carbon content that is not susceptible to sensitization is related to
the presence and effect of other alloying elements in the material like chromium,
nickel, silicon, molybdenum, nitrogen, manganese and also niobium and titanium
in stabilized stainless steels. Chromium also has a profound effect on the
sensitization characteristics. Stainless steel with higher chromium content is more
resistant to sensitization and also longer heat treatment times are required in these
alloys to achieve chromium depletion below the critical level.
Nickel is an austenitic stabilizer but its presence increases the diffusivity of
carbon particularly when the Ni content is more than 20% by wt. [51]. To avoid
intergranular corrosion in 25 Cr - 20 Ni stainless steels, it is recommended that
carbon content should be less than 0.02% by wt. To avoid sensitization, Cihal [52]
proposed a balance between carbon, chromium and nickel concentrations by
proposing an effective chromium content (Creff) for 304 stainless steels.
The influence of molybdenum is similar to that of chromium, as Mo in solution
contributes to the passivation of the stainless steel. Mo gets incorporated into the
carbides and thus molybdenum depletion is observed along with chromium
depletion. It was reported that the solubility of carbon in austenite reduces with
increase in Mo content and thus accelerates the precipitation of carbides [53].
The addition of manganese reduces the activity of carbon in austenite and
thereby increases its solubility. This slows down the precipitation rate of carbide
[34], [53]. Contrary to that, some reports claimed alloys with higher manganese
content are more susceptible to intergranular corrosion than that of lower
manganese alloys [4], [54], [55]. It was also established that the addition of stable
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carbide forming elements to the Fe-Mn-Cr steels do not have considerable impact
on the sensitization behaviour. The combined effect of manganese and nitrogen was
studied by many researchers who observed that their presence accelerated the
formation of intragranular precipitation and intermetallic phases [56]. In the case
of commercial and high purity stainless steels, silicon promotes sensitization. In
highly oxidising solutions, silicon is segregated to the grain boundaries and
increases the susceptibility to sensitization. Silicon simultaneously affects the
activities of carbon and nitrogen resulting in the formation of ‘Pi’ phase
(carbonitride) with increasing silicon contents [57], [58]. The effect of nitrogen was
extensively studied and its addition below 0.16% by wt. reduced the sensitization
kinetics. An increase in nitrogen up to 0.25% has been shown to increase
sensitization kinetics due to the precipitation of Cr2N [48], [58].
2.4.2 Influence of grain size
Grain size of the stainless steel have significant effect on the sensitization and selfhealing behaviour. Grain size has major influence on the intergranular corrosion
behaviour as carbide precipitation and grain boundary chromium depletion are
dependent on the grain size. It was reported by Beltran et al. [59] that decreasing
the grain size from 150 to 15 μm decreased the effect of deformation. He reported
increased sensitization and desensitization kinetics with a decrease in grain size
from 150 to 15 μm and attributed it to the smaller diffusion distances required for
the mid-grained chromium atoms to reach the grain boundary in the case of small
grained material [59], [60]. Pascali et al. [61] reported a delay in the sensitization
and desensitization at lower temperatures when the grain size is increased from 17
to 68 μm. Yu et al. [62] concluded that the degree of sensitization (DOS) from
electrochemical potentiodynamic reactivation tests decreased with solution
treatment temperature and time. Li et al. [63] showed that the kinetics of chromium
carbide precipitation are slower in large grained samples. The ccombined effects of
carbon content, grain size and strain rate on the time to sensitization in 304 stainless
steels was reported by Trillo et al. [47] and can be seen in Fig. 5 where D is the
average grain size.
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Fig. 5. Schematic diagram showing the combined effect of carbon content, strain rate
and grain size on the time to sensitization (Reprinted by permission from [47]  1995
Elsevier).

2.5

Experimental determination of degree of sensitization

There are ASTM A262 standardised tests to determine the susceptibility of stainless
steels to sensitization [64]. These include Practices A, B, C, E, F and G-108 and are
commonly used as qualification tests that can only determine the material’s
acceptability. Electrochemical techniques are used for the quantitative
determination of sensitization.
In ASTM practise A, which is a screening test, only grain boundary chromium
carbides are preferentially dissolved resulting in an etched microstructure showing
step, dual and ditch features. When ‘ditch’ features are observed in the etched
microstructure, there is a possibility of intergranular corrosion, which is further
tested using immersion tests ASTM A-262 B to F. Practise B detects intergranular
corrosion related to the precipitation chromium carbides and corresponding
chromium depletion. In some molybdenum bearing steels, the σ phase is attacked
in this practise. Practise C, also known as the Huey test, is used only when the alloy
is intended to be used in nitric acid environments. Practice E, also known as Strauss
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test recommends a bend test after exposing the material to Cu-CuSO4-H2SO4
medium. Tensile properties and electrical resistance of the material are affected by
intergranular corrosion and are used in Practise E to quantify the DOS after
exposure to Strauss test solution. In molybdenum bearing stainless steels, the IGC
exclusively from grain boundary chromium depletion can be obtained using the test
described in Practise F. Also, the susceptibility of low-carbon grades to IGC can be
evaluated using this practise. The tests are intended for screening heavily sensitized
austenitic stainless steels, when they are exposed to highly corrosive environments
that may cause severe IGC attack [65].
The chromium depletion along the grain boundaries is related to the width and
depth of the chromium depleted zone, and the length of grain boundary covered by
chromium depleted zones. The electrochemical techniques and the derived
electrochemical parameters are sensitive to all these parameters and can be
correlated to DOS. In the potentiodynamic anodic polarization technique, the
specimen is anodically polarized with a scan rate of 50 mV/min in deaerated 1 N
HClO4 + 0.2 N NaCl [66]. The presence of chromium depleted zones is indicated
by the occurrence of a secondary anodic peak, and the corrosion current density
corresponding to that peak can be related to DOS [67]. The test fails to detect mild
sensitization and some reports claim that the DOS does not influence the critical
and passive current densities [68], [69]. The potentiostatic etching test measures
the passivation potential during polarization to estimate the chromium content
along the grain boundaries. The test, when conducted at various potentials for 24 h,
determines the potential above which IGC does not occur and thus estimates the
grain boundary chromium content [70]–[72]. The electrochemical potentiokinetic
reactivation (EPR) test is a non-destructive method to quantitatively determine
DOS. Cihal et al. [73] originally proposed the single loop EPR (SL-EPR) method.
It was later developed by other researchers and has been standardised as ASTM G
108. This is one of the two types of EPR methods. In the SL-EPR method the
specimen is initially passivated in 0.5 M H2SO4 + 0.01 M KSCN at +200 mV (SCE)
and then reverted to a corrosion potential at a constant scan rate. Larger corrosion
currents are observed in the samples that are sensitized as a protective oxide film
is not formed in the regions with chromium content less than 12–13% [74]. In this
method, the reactivation of the chromium-depleted, sensitized region is revealed as
an anodic peak in the plot of current against potential. The electric charge is a
measure of DOS and is proportional to the area under the reactivation peak. To
accommodate the effects of grain size and temperature, the DOS has been
correlated to the measured EPR parameters. The SL-EPR experiments that start
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from the transpassive potential region were adopted by Charbonnier et al. [75],
where the scan is extended through the active potential that produces an anodic
peak. The dissolution of carbides occurs in the transpassive region during the
potential scan, thereby detaching these carbides from the grain boundaries. Thus,
during reactivation, only chromium depleted regions dissolve and contribute to the
measured current. However, the reactivation behaviour is surface sensitive and also
the SL-EPR method requires the measurement of specimen grain size. This led to
the development of the Double Loop - EPR (DL-EPR) test method. In this method,
the sample is subjected to two scans, activation and reactivation scans. The sample
is anodically polarised from the corrosion potential to the passive potential, that is
followed by a reactivation scan to open circuit potential. In this method, the ratio
of peak reactivation current density (Ir) to the peak activation current density (Ia) is
used as a measure to determine the DOS according to the standard EN ISO
12732:2008 [76]. During the forward scan, the surface irregularities are dissolved
actively and the passive film is established after reaching the passive potential. Now
the reactivation scan attacks the passive layer by primarily dissolving the chromium
depleted regions that are corrosion susceptible due to sensitization. The magnitude
of peak reactivation current density increases with an increase in chromium
depletion. To compare the DOS from steels with different grain sizes, the
reactivation charge from the reactivation scan is normalised by either grain
boundary length or grain boundary area. A new approach to improve the
measurement of DOS from DL-EPR data was proposed by Rahimi et al. [77] using
a cluster compactness parameter that measures the breakup of the corrosion
susceptible grain boundary network.
2.6

Modeling

There is a long history of phenomenological and mechanistic modelling of
sensitization. Cihal [52] phenomenologically modelled sensitization by
normalizing the effects of bulk composition on IGC and IGSCC susceptibility, but
the predictions were limited to qualitative estimations. After the proposal of grain
boundary chromium depletion theory, mechanistic modelling of the sensitization
phenomenon began. The proposed models for chromium depletion can be classified
into two types: reaction theories and kinetic theories. The chromium content and
the size of the chromium depleted region adjacent to the M23C6 precipitate continue
to change during the nucleation and growth of M23C6 carbide. In reaction theory, it
is assumed that the chromium depleted zone is formed instantaneously after the
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nucleation of chromium carbide, thus both the chromium content and width of
chromium depleted zone are then at a minimum. On the other hand, in the kinetic
theory, after the formation of carbides, there is a time lag in reaching the minimum
chromium concentration. This is in line with experimental observations apparently
due to the low chromium diffusivity relative to that of carbon. According to the
reaction theory, the description of the chromium depletion phenomenon is based on
the precipitation reaction of the carbides. The initial models developed for
estimating sensitization by Stawström and Hillert, Was and Kruger, and Bruemmer
have used this theory for estimating the chromium depletion profiles.
In 1969, Stawström and Hillert developed a model for the predicting grain
boundary precipitation and sensitization in 18Cr-8Ni stainless steel [42]. It was
assumed that local equilibrium exits at the interface between M23C6 carbide and the
austenite matrix. Iso-activity of carbon was also assumed. It is also assumed that
chromium diffusivity inside the M23C6 carbide film is high enough to keep the
chromium content there at a constant level. At any time, the situation at the M23C6
carbide - austenite matrix interface is given by a tie-line in the phase diagram. The
iso-activity tie-line where the chemical potential of carbon is the same in the
austenite matrix and at the interface was identified by calculating the initial carbon
activity. The chromium concentration at the interface can thus be determined from
the phase diagram. The basic rate equation was obtained using Fick’s second law,
and the flux of chromium at the interface was obtained using mass balance theory
as in Zener’s model [78]. By solving the above two equations, chromium
concentration profiles across the carbide - austenite matrix were predicted.
However, in this model by Stawström and Hillert, the multicomponent effects are
not taken into consideration in either the thermodynamic or kinetic modelling. In
the thermodynamic modelling, the interaction effect of chromium and nickel is
neglected and in the kinetic modelling, the diffusion fluxes of only iron and
chromium are considered.
A simple thermodynamic model was proposed by Hall and Briant [79] to
estimate the interfacial chromium concentration in the austenite matrix at the
carbide-matrix interface which is based on the equilibrium reaction
6 C + 23 Cr ⇌ Cr C .

(1)

The equilibrium constant Keq of Eq. (1) is
=
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where γCr is the activity coefficient of chromium, cCr is the chromium concentration
in equilibrium with the carbide, ac is the activity of carbon in the austenitic matrix.
The activity of carbon was obtained using the formulation of Natesan and Kassner
[80], which considers the effect of carbon, chromium, manganese and molybdenum
on the activity of carbon. The equilibrium constant was obtained from the literature
thereby giving the interfacial chromium concentrations. The modelling of the
chromium concentration profiles perpendicular to the grain boundary was done
using an approach for the diffusion controlled growth of precipitates originally
proposed by Zener [81] and later expanded by other researchers [82], [83]. In this
model, multicomponent effects were not considered in the thermodynamic
calculations.
Was and Kruger [84] proposed a model to describe the development of
chromium depleted zones in Ni-Cr-Fe-C alloys and assumed that only M7C3
carbides are precipitated along the grain boundary. According to Kohler [85], free
energy expressions for the Ni-Cr-Fe-C system can be described using binary
interaction parameters. However, these are not sufficient to model the
thermodynamics of carbide precipitation. Therefore, Was and Kruger introduced a
ternary interaction parameter by approximating the quaternary system as a ternary
system of Cr+(Ni+Fe)+C. The interfacial chromium concentration in the austenite
matrix was determined using the equilibrium constant for Cr7C3 precipitation used
in the Hall and Briant model. The chromium depleted region was quantitatively
estimated as a function of time, temperature, alloy composition and grain size.
Fick’s 2nd law was discretized and solved numerically. However, only the diffusion
of chromium was considered in predicting the chromium concentration profiles and
thus neglecting the multicomponent effects.
Bruemmer [5] assumed the carbides to be Cr23C6 and performed
thermodynamic calculations similar to those of Hall and Briant. In 316 stainless
steels, molybdenum might be present in the M23C6 carbides and be depleted during
their growth. To deal with this, Hall and Briant used the effective chromium
concentration developed by Fullman [86], which combines the effects of both
molybdenum and chromium. An empirical relation was established to determine
the activity coefficient of chromium thereby giving the interfacial chromium
concentrations. The kinetics of precipitation were modelled in a similar way to that
used by Stawström and Hillert. Although the model could quantitatively predict
sensitization, multicomponent effects were not considered in modelling the
thermodynamics (although molybdenum is considered) and kinetics of
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precipitation. Mayo [87] developed a semi-empirical model for the prediction of
grain boundary chromium depletion in the alloy 16 Ni - 9 Cr - Fe. Empirical
equations were used in estimating the chromium concentration in the matrix in
equilibrium with the chromium carbide. Mayo defined holding time to reach the
minimum chromium concentration (tc) at the carbide-matrix interface, arguing the
assumption that it reaches the minimum chromium concentration instantaneously
is incorrect. According to his model, the Cr concentration profile is given by
( , )=
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where cCr is the far-field concentration of chromium, Dγ is the bulk diffusivity, and
t is the time, z is the position of the interphase.
An error function is used to express the chromium concentration profile as a
function of diffusion time. Like in the previous models, multicomponent effects
were neglected in the thermodynamic and kinetic calculations.
Similar to Mayo, Sahlaoui et al [88] also argued the instantaneous nucleation
of carbide and instantaneous attainment of the thermodynamic equilibrium
concentration of chromium at the interface between carbide and austenite. In his
work, the evolution of chromium concentrations at the carbide-matrix interface and
the chromium concentration profiles were predicted by a two-stage diffusional
model, i.e. dechromization and rechromization. τ is the time required for nulceation
and growth of carbides, ts is time to reach critical chromium concentration at the
interface, tc is the time to reach minimum chromium concentration, td is the time
taken for self-healing. During dechromization, the chromium concentration in the

matrix adjacent to carbide continues to decrease until a minimum value cCr min is
reached. It can be calculated using
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where k1 is a constant. The value cCr can then be used to evaluate the chromium
concentration profile in the depleted zone using Fick’s second law
( , )=



where z is the position of the interface.
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Fig. 6. Sensitization and desensitization based on the chromium concentration at the
carbide-matrix interface (Reprinted by permission from [88]  2002 Acta Materialia Inc.).

According to Sahlaoui [88], the nucleation and growth of chromium carbides start
at time t0 after which dechromization starts and the chromium concentration at the
interface (XiCr ) starts decreasing as shown in Fig. 6. Sensitization begins after time
ts when XiCr goes below a critical value Xcrit
Cr . A partial thermodynamic equilibrium
is reached between carbide and matrix when XiCr reaches minimum value of
chromium Xmin
Cr after time τ. Carbon concentration decreases uniformly with time
and leads to an increase in the local chromium activity that provides the driving
force for chromium diffusion to the depleted regions from the bulk, i.e.
rechromization. Desensitization begins after time td when XiCr goes above the
critical chromium value. The chromium concentration profile was calculated based
on the inter-diffusion through a plane that divides the depleted zone into two equal
areas in which the transport of the chromium atoms across the two areas takes place
without accumulation, and is given as
( , )=



− ̅





√ 

+ ̅ .

(6)

Sahlaoui does not describe how the thermodynamic calculations are made nor how
interfacial chromium concentrations are obtained. The assumption that self-healing
occurs only after the completion of carbide growth may cause thermodynamic
instability at the carbide-austenite matrix interface.
To solve the diffusion equations for multicomponent systems maintaining local
equilibrium at the interface, Coates [89], [90] developed the flux-balance method.
The diffusivity of carbon is much higher than that of the other alloying elements
and it was assumed by Stawstrom and Hillert [42] that the activity of carbon is
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always constant throughout the material. This isoactivity of carbon is used to attain
the conditions required for the assumed local equilibrium conditions at the interface
between M23C6 and the austenite matrix. In general, the tie line provides the
compositions at the interface. The operative tie line that governs the compositions
at interface is obtained from the iso-activity line for carbon that passes through the
composition of the austenite. The same is shown in the schematic Fe-Cr-C ternary
in Fig. 7. As the growth of the carbide proceeds, the carbon activity decreases and
the interfacial chromium concentration in the austenite increases along the curve
from zi to zn. However more advanced DICTRA calculations do not require the
assumption of constant carbon activity.

Fig. 7. Schematic Fe-Cr-C ternary diagram showing the change of equilibrium during
precipitation (Reprinted by permission from Paper II  2019 ISIJ).

Sourmail et al. [91] modelled the grain boundary precipitation of M23C6 carbides
with the use of MTDATA simulation software for thermodynamic data. A program
in FORTRAN was used to interface with MTDATA and obtain the flux balance line
with a unique interface velocity for all the elements. The diffusion equations were
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then solved using finite difference method to obtain chromium concentration
profiles. The carbide-matrix interface should remain in equillibrium during the
diffusion controlled growth. Two stage model described by Sahlaoui violates this
assumption. Concentrations at interface are obtained by flux balance tie-line
instead of mass balance tie-line. Mass balance tie line gives different interface
velocities for different elements. The fluxes are expressed as
= −

 ,

(7)

where JLi flux of element i in the lattice fixed frame of reference, ci concentration,
Mi mobility, μi chemical potential of element i, and the evolution of concentration
with time is given by



= ( −

)

 ,

(8)

where xi is the mole-fraction of the component i, Vk is the molar volume of the
component i, Vm is the molar volume of austenite. However, no correlations
between the calculated concentration profiles and DOS were made.
2.7

CALPHAD technique

The term CALPHAD means Calculation of Phase Diagrams from thermodynamic
models that are adjusted to the available experimental data. The method uses the
available theoretical and experimental data to assess the parameters that define
Gibbs energy models [92], [93]. The calculation of phase diagrams was first done
from the Gibbs energy models proposed by van Laar in 1908 [94]. However,
Kaufman et al. [95] were the first to give a description of the CALPHAD technique
in 1970. They developed the concept of “lattice stability” which is essential for the
development of a multicomponent thermodynamic database. The development of
thermodynamic models based on experimental data and theoretical models for the
description of different phases is still being done.
The Gibbs energy of all the phases as a function of temperature, pressure and
composition are needed. Interaction parameters are used to describe the deviations
from ideal behaviour and are optimized to fit the experimental data. The
thermodynamic descriptions of all the systems are combined and stored in
databases. These databases are used for the calculation of phase diagrams by means
of software that minimizes the Gibbs energy. They can be extended to obtain
thermochemical properties at temperatures and compositions where experimental
data is not available. The CALPHAD technique can be used in applications that
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need a thermodynamic description of a system. The Gibbs energy state function
can be used to derive thermodynamic quantities like heat capacity, chemical
potentials, and thermal expansion.
The model of a particular phase depends on its physical and chemical
properties like crystallography, order-disorder transitions, magnetic properties and
the type of bonding. The crystal structure of the phase is considered by dividing it
into sublattices that are characterized by different crystallographic symmetries and
numbers of nearest neighbours.
The Gibbs energy of a phase can be given by
=

− 

+

+

,

(9)

where Gsrf
m is the Gibbs energy of an unreacted mixture of constituents of the phase
m and srf stands for “surface of reference”, Gphy
is the physical models’
m
contribution to Gibbs free energy such as magnetic transitions, T is the temperature,
Scnf
m is the configurational entropy of the phase that includes possible arrangements
of the constituents in the phase along with the random arrangements on the various
sublattices. GEm is the excess Gibbs energy, which for a solution phase can be
represented with Redlich-Kister polynomials is as follows
= ∑ ∑

∑

,

−

,

(10)

where i,j
r are the interaction parameters that are stored in the thermodynamic
databases, where xi, xj are the mole fractions of the constituents i and j respectively.
The molar Gibbs energy, Gm of a phase with a fixed composition, that can be
an element or stoichiometric compound, depends on the temperature according to
−

=

+

+

+

+ ⋯,

( )+

+
(11)

where bi is the stoichiometric coefficient, HSER
is the enthalpy of the element i in
i
the reference state, that is at 1 bar and 298.15 K. The ai’s are the coefficients that
express the temperature dependence of the end members (formed when each
sublattice is occupied by only one kind of species) and are taken from the SGTE
(Scientific Group Thermodata Europe) thermodynamic database [96]. Similar
power series in temperature can be used to describe the metastable structure of the
end members. Lattice stability is this difference between the Gibbs energy of the
phase in its stable structure and in its metastable state [97]. In the case of solution
phases with all constituents mixing on one sublattice, the Gibbs energy is given by
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= ∑
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.
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The first term is the surface of reference where xi is the mole fraction of the element
i, G0i is the standard Gibbs energy of the pure element i. The second term represents
the enthalpy of mixing and the third term represents the excess energy due to
deviation from the ideal solution behaviour which can be given by
=

,

,

+

+

,

,

(13)

, GE,ter
and GE,hig
are the binary, ternary and higher-order excess
where GE,bin
m
m
m
energy terms respectively. The binary and ternary excess energies are given by
,

= ∑

∑

(14)

and
,

= ∑

∑

,

(15)

where xi, xj and xk are the mole fractions of the constituents i, j, k respectively. Lij is
the binary interaction parameter and Lijk is the ternary interaction parameter and are
related to the bond energies between similar and dissimilar atoms in a solution.
For a stoichiometric phase, there is only one constituent on each sub lattice. The
phases that have more than one sublattice and with compositional variations are
treated as solution phases and can be modelled using the Compound Energy
Formalism (CEF) [98]. Fig. 8 shows the workflow of CALPHAD and Thermo-Calc.
The thermodynamic optimization section refers to the CALPHAD technique of
creating thermodynamic functions and storing them in databases.
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Fig. 8. CAPLHAD and Thermo-Calc methodology (Redrawn from [99]).
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3

Experiments and Modeling

3.1

Materials

In this work, five different grades of 301 austenitic stainless steels are used for the
sensitization studies. All the grades are provided in the form of 3 mm thick sheets
by Outokumpu Stainless Oy Tornio, Finland. The grades and compositions are
listed in Table 2. Creff , the effective chromium content of alloys, was calculated
according to an equation proposed by Parvathavarthini [99], on the basis of which
a larger Creff implies higher sensitization resistance . As can be seen from Table 2,
these Creff values vary from 6.72 to 15.89 thereby representing low to high
sensitization resistance.
Table 2. Compositions of all the stainless steel grades used in the thesis [Papers I–V].
Steel grade / % by wt.

Creff

C

Cr

Ni

Si

N

Mn

Mo

Cu

1.4310

0.10

16.80

6.36

0.95

0.06

1.20

0.06

0.31

6.72

1.4301

0.04

18.10

9.07

0.44

0.02

1.09

0.30

0.39

12.35

1.4303

0.04

18.14

12.39

0.45

0.02

1.17

0.20

0.25

12.35

1.4307

0.02

18.12

8.08

0.37

0.04

1.54

0.26

0.42

15.40

1.4318

0.02

17.58

6.67

0.43

0.15

1.18

0.06

0.16

15.89

For Papers I–IV, EN 1.4310 grade was used and for the Paper V, all the five
compositions were used for the sensitization study.
Paper I investigates the sensitization behaviour in EN 1.4310 alloy for nonisothermal conditions while Papers II–V are focussed on studying the isothermal
sensitization behaviour. In all of the papers, the material is initially solution treated
and homogenized at 1100 °C for 2 h followed by water quenching. This brings
precipitated carbides as well as other intermetallic phases into the solution [101].
Then different heat treatments are employed to induce various levels of
sensitization and desensitization in the alloy which are discussed in the next section.
3.2

Experimental methods

Heat treatments have been done using a Gleeble 3800 thermomechanical
simulator and also in the furnace. In Paper I, non-isothermal heat treatments were
carried out from room temperature to different peak temperatures (PT) 700, 800,
900 and 1000 °C at a heating rate of 50 °C/s, held there for 2 s before cooling down
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to room temperatures with cooling rates of 0.125, 2 and 32 °C/s using the Gleeble
thermomechanical simulator (Table 3). Also, in Paper II, isothermal heat treatments
are carried out at 700, 760, 820 °C with a heating rate of 50 °C/s, held there for
time periods ranging 1 to 80 mins before rapidly cooling to room temperatures
using the Gleeble thermomechanical simulator. For Papers II–V, the heat treatments
are done in a furnace as longer treatment periods are required to study the selfhealing phenomenon in the material (Tables 4–7). The heat treatments employed in
Paper IV for producing material with various grain sizes resulted in decarburization
as shown in Table 6. Bulk chemical composition analysis was done using glow
discharge optical emission spectroscopy (GDOES), GDA 750 Spectruma Analytik
GMBH.
Oxalic acid etching according to ASTM A262 Practise A [64] has been used
for the classification of etch structures in sensitized, desensitized and unsensitized
samples. This test tells whether a specimen is free of susceptibility to intergranular
corrosion, rather than a quantitative degree of sensitization and, therefore, it should
be used in conjunction with other evaluation tests, in this work, with the DL-EPR
test.
Table 3. Non-isothermal heat treatments employed in Paper I (Reprinted by permission
from Paper I  2017 Associazione Italiana di Metallurgia).
Heating rate (°C/s)

50

Peak temperature

Holding time at peak

Cooling rates

(°C)

temperature (s)

(°C/s)

700, 800, 900, 1000

2

0.125, 2, 32

Table 4. Heat treatment parameters used to produce sensitized samples in Paper II
(Reprinted by permission from Paper II  2019 ISIJ).
Heating rate to peak temperature (°C/s)

Peak temperature (°C)

Holding times (min)

50

700

1, 10, 20, 30, 40, 80

50

760

1, 5, 10, 20, 30, 40

50

820

1, 5, 10, 20, 30, 40

Table 5. Heat treatment parameters used to produce sensitized samples in Paper III
(Reprinted by permission from Paper III  2019 ISIJ).
Holding temperatures (°C)

Holding time (h)

600

3, 6, 10, 24, 48
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Holding temperatures (°C)

Holding time (h)

650

3, 6, 10, 24, 48

700

3, 6, 10, 24, 48, 120, 168

760

3, 6, 10, 24, 48

820

3, 6, 10, 24, 48, 120, 240, 480

Table 6. Heat treatment parameters used to produce sensitized samples in Paper IV
(Reprinted [adapted] under CC BY license from Paper IV  2019 Authors).
Heat treatment

Average ECD (μm)

C content (wt.%)

Holding time at 820 °C

1100 °C/2 h (ST)

72 ± 5

0.105

3 to 480

ST + 1200 °C/2 h

(h)

90 ± 4

0.085

3 to 480

ST + 1200 °C/4 h

120 ± 3

0.082

3 to 480

ST + 1200 °C/8 h

190 ± 4

0.073

3 to 480

Table 7. Heat treatment parameters used to produce sensitized samples in Paper V
(Under CC BY-NC-ND from Paper V  2020 Authors).
Steel grade

Heat treatment temperature (°C)

Holding times (h)

1.4310

600, 650, 700, 760, 820

3, 6, 10, 24, 48, 120, 168

1.4301

600, 700, 820

3, 10, 24, 48, 120, 168, 240

1.4303

600, 700, 820

3, 10, 24, 48, 120, 168, 240,

1.4307

550, 600, 700, 820

3, 10, 24, 48, 120, 168, 240,

1.4318

550, 600, 700, 820

3, 10, 24, 48, 120, 168, 240,

480
480
480

A VersaStat 3 potentiostat (AMETEK Princeton Applied Research) was used to
carry out the double loop potentiokinetic reactivation test (DL-EPR) according to
the standard EN ISO 12732 [75]. The tests were conducted using an
electrochemical cell with three electrodes: a saturated calomel electrode (SCE) as
the reference electrode, platinum as the counter electrode and the sample as the
working electrode. The test is not sensitive to the surface finish of the samples and
so they were polished to a 600-grit finish before the test. A solution comprising
0.5 M H2SO4 + 0.01 M KSCN was used as electrolyte and the tests were run at
ambient temperatures with a scan rate of 1.67 mV/s from a potential range of 0 to
+400 mV (SCE). Before the start of the test, all the samples are maintained in the
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solution for 10 s to 30 min to reach a steady state open-circuit potential. These
dwell times at open circuit potential varied among the different alloys. The test
consists of two scans, an anodic scan from the open circuit potential into the passive
region, which is followed by a reactivation scan from the passive potential to the
open circuit potential, as shown in Fig. 9. During the anodic polarization, all the
surface irregularities and contours arising due to polishing actively dissolve in the
acidic solution causing the activation current peak (Ia). The passive film that is
established after reaching the passive potential is attacked during the polarization
in the reverse direction causing dissolution primarily at chromium depleted regions
that are susceptible to corrosion. This selective dissolution of grain boundaries with
chromium contents lower than 12% by wt. results in the reactivation current peak
(Ir) [102]. The magnitude of Ir depends on the degree of chromium depletion at the
grain boundaries and the total length of grain boundary sampled. The ratio
(Ir/Ia)×100 gives the degree of sensitization as a percentage. In Papers IV and V,
where materials with different grain sizes are studied, the DOS was normalized
with respect to the smallest grain size studied and it was called the normalized
degree of sensitization (NDOS). This normalization was done to compensate the
effect of grain size on Ir through the total length of grain boundary sampled.

Fig. 9. Double Loop - Electrochemical Potentiokinetic Reactivation test method
(Redrawn from [67]).

Field emission scanning electron microscopy (FESEM) (Zeiss Sigma, Carl Zeiss
AG) was used for metallographic investigation. Electron back scattered diffraction
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(EBSD) analysis was primarily used for grain size measurements in Paper IV. An
accelerating voltage of 15 kV with a working distance of 15 mm, tilt angle of 70°
and step size of 0.65 μm was using for the EBSD mappings. The MTEX toolbox
[104] in conjunction with MATLAB was used in post-processing the EBSD data.
EBSD was used for the grain size measurements in Paper IV to accurately measure
the variation in grain sizes. The equivalent circle diameters (ECD) of the grains
with a grain boundary misorientation angle > 15° were obtained from the EBSD
mappings using the MTEX toolbox. The equivalent diameter of a 2-dimensional
grain is the diameter of a circle that contains the same area as the shape in question.
Bulk chemical composition analysis was done using glow discharge optical
emission spectroscopy (GDOES), GDA 750 Spectruma Analytik GMBH. The
decarburization occurred during heat treatments to produce different ranges of
grain sizes in Paper IV, was determined using the GDOES measurements.
200 kV scanning transmission electron microscopy (JEOL JEM-2200FS
EFTEM/STEM) with an energy filter was used for the observation of precipitates
in both transmission and scanning transmission (STEM) modes. STEM-EDS
(Energy Dispersive X-ray Spectroscopy) was used to quantitatively measure
chromium depletion profiles across the M23C6 carbide - austenite matrix interface.
The quantification of these profiles was done using a thin film approximation
method using Cliff-Lorimer k-factors. The k-factors can be determined either from
the specimen or from the thin standards [104]. The samples for Paper IV were made
by electropolishing. Initially, 0.1 mm thick wafers were made from which 3 mm
diameter samples were punched. These were further ground to 0.08 mm and then
electropolished at 25 V in an electrolyte consisting of perchloric acid, butyl
cellosolve, ethanol, and distilled water. Sample preparation for STEM studies in
Paper V were done using Field Ion Beam (FIB) milling. FEI Helios Dual Beam FIB
system was used with an accelerating voltage of 30 kV and beam currents in the
range 90 pA to 9 nA. The lamellae were then thinned and polished with an ion beam.
3.3

Modeling methods

3.3.1 Thermo-Calc
Thermo-Calc is a versatile tool for the thermodynamic calculations. It is based on
a powerful Gibbs energy minimizer and is specially designed for complex
heterogeneous interaction systems with strongly non-ideal phases and makes use
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of many different thermodynamic databases like those developed by the SGTE
organization (Scientific Group Thermodata Europe) and the CALPHAD
community. In this work, Thermo-Calc is used for equilibrium calculations to
predict possible equilibrium phases in the materials. The equilibrium calculation
section in Fig. 7 depicts the functioning of Thermo-Calc.
3.3.2 DICTRA
DICTRA, Diffusion Controlled Transformations, is a tool to simulate diffusion
reactions in multicomponent systems with the aid of the Calphad technique.
DICTRA makes use of the thermodynamic databases assessed by Calphad through
ThermoCalc. The methods suggested by Andersson and Ågren [105] and other
researchers [106]–[109] makes it possible to represent multicomponent diffusion
data in terms of diffusion mobility parameters that are stored in databases. The
atomic mobility of individual species in a multicomponent system is represented as
a function of temperature, pressure and composition. In this work, DICTRA is used
to solve moving phase boundary problems also called Stefan problems. It was
assumed that thermodynamic equilibrium holds locally at all the phase interfaces
and multicomponent diffusion equations are solved in various regions of a material
[110]. The diffusion equations associated with phase transformations like
precipitate growth or dissolution are solved as a part of the moving boundary
problem. A planar boundary separates the two single phase regions and the phase
boundary migration is controlled by the rate of diffusion to and from the interface.
In the case of the growth of the grain boundary M23C6 responsible for chromium
depletion adjacent to the grain boundaries, the precipitates are expected to form at
certain nucleation sites on the grain boundaries and to grow with the help of both
matrix and grain boundary diffusion into one or both the grains as shown in Fig. 10
[111], [112]. The grain boundaries can operate as collector plates for the
substitutional atoms diffusing through the matrix to the grain boundaries [113] as
the mobility of the substitutional alloying elements along the grain boundaries is
much higher than that through the austenite matrix [114], [115]. Low concentration
gradients are required in the boundary plane to transport the substitutional atomic
flux arriving from the austenite matrix due to the high mobility along the grain
boundaries. This makes it reasonable to assume that the concentration profile
perpendicular to a grain boundary is constant along the boundary. It was assumed
that the M23C6 carbide growth is diffusion controlled and the chromium
concentration profile perpendicular to the grain boundary should be similar to that
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encountered in the case of a M23C6 precipitate film covering the boundary as shown
in Fig. 10(b). Therefore, the growth can be modelled one dimensionally and is the
approach used in this work for estimating the chromium concentration profiles.
Grain boundary diffusion of chromium should decrease the incubation time for
M23C6 at higher temperatures and thus it is assumed that the grain boundary
nucleation of M23C6 starts immediately after reaching the isothermal temperatures
in Paper II, where DOS is measured at higher temperatures (700–820 °C). However,
in Papers III and V, the heat treatments are done at lower temperatures like 550 °C
and so incubation times are included before the growth of the carbides. The
simulations were performed using the MOBFE2 mobility database and the TCFE7
thermodynamic database. Multicomponent effects of carbon, chromium, nickel,
silicon and iron are considered in the simulations. The determination of the
operating tie line is quite challenging as there are an infinite number of possible tielines governing the growth of the carbide.

Fig. 10. (a) M23C6 precipitates on a grain boundary. The arrows show the diffusion flux
of chromium towards and along the grain boundary (b) one dimensional representation
of grain boundary precipitation assumed in the modelling (Reprinted by permission
from Paper II  2019 ISIJ).

The following iterative method is used to determine the composition on either side
of the carbide - austenite interface. The interfacial velocity vp/γ (where p is the
carbide precipitate and γ is the austenite phase), activities and the conditions of
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local equilibrium at the interface are initially estimated. This gives the interfacial
concentrations that can be used as boundary conditions. It is then checked if the
flux balances at the interface are satisfied i.e. whether the rates of consumption of
various elements k at the advancing interface are delivered to or removed from the
interface by the diffusion flux. In other words, the flux balances are satisfied when
/
p

−

=

−

,

(16)

γ

where Jk , Jk are the fluxes of component k at the M23C6 carbide - austenite interface
γ
during the current time step and ckp and ck are the concentrations of element k on
either side of the interface in the austenite and M23C6 carbide respectively. New
interfacial velocities and activities are tried when the flux balance equations are not
satisfied until the conditions are met, i.e. the operative tie-line is found. This
procedure is repeated for all the time steps [116]. It is necessary to take the effect
of the soft impingement of the precipitates on different grain boundaries while
defining the modelling conditions. Soft impingement is the overlap of the diffusion
fields of different precipitates on each other and also on the grain boundaries during
precipitate growth. In the one-dimensional model, this can be addressed by
choosing an appropriate austenite width from which carbon can be withdrawn (da)
as shown in Fig. 11 where dp is the half-thickness of the M23C6 film.

Fig. 11. Treatment of numerical simulation across the carbide-austenite interface
(Under CC BY license from Paper IV  2019 Authors).

Sourmail et al. [90] assumed da is one sixth of the grain size. This assumes that
grains are simple cubes and that each of the six faces of the cube draws equal
amount of carbon from the same grain. It is therefore appropriate to attribute a sixth
of grain diameter to each one-dimensional calculation volume. In all the five papers
in this thesis, one-sixth of the average grain size is considered to be da. The results
of simulations made using different ratios between da and the grain size are given
in the discussion section.
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3.3.3 TC - Prisma
TC-Prisma is an add-on module to the Thermo-Calc software [117]. It is a
computational tool for simulating the kinetics of concurrent nucleation, growth and
coarsening and is based on the Langer-Schwartz theory that adopts the KampmannWagner numerical method [118], [119]. In this work, TC-Prisma is used to estimate
the nucleation times for the formation of grain boundary M23C6 carbides at different
isothermal temperatures. Mobilities, driving forces and interfacial energies are the
vital parameters that are needed for the simulation. The TCFE7 thermodynamic
database and the MOBFE2 kinetic database are used for obtaining the required
parameters for the simulations. For estimating the interfacial energies, a modified
Becker’s model is used [120]–[122]. It predicts the values to be around 0.1–
0.2 J/m2, which is in the range reported in the literature [123], [124]. The molar
volumes required for the simulations are calculated based on the work by Qiu and
Frisk [125], [126]. The time dependent nucleation rate J(t) is obtained by the
extension of classical nucleation theory (CNT) for modelling nucleation in
multicomponent alloy systems [127]. The incubation time for precipitation (τ) for
an isothermal reaction is given by [128]
=

∗

,

(17)

where Z (Zeldovich factor) is a measure of the probability that super-critical
nucleus dissolves in the matrix by crossing back over the free energy barrier, and
is given by


=

.

∗

(18)

β* in Eq. (17) is the rate at which atoms or molecules are attached to the critical
nucleus, and it is given by
∗

=

∗

/

∑

/
/

.

(19)

In Eqs. (18) and (19), a is the lattice parameter, NA is the Avogadro number,
β/α
α/β
k denotes the number of components, Xi and Xi are the mole fractions of
element i at the interface in the precipitate and matrix respectively, Di is the
corresponding diffusion coefficient in the matrix. The critical nucleus radius r* in
Eq. (18) is given by
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∗

=

∆

→

,

(20)

where Vβm is the molar volume of the matrix phase and ∆G* is the Gibbs energy of
formation of the critical nucleus and is given by
∆
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∆
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.

(21)

4

Results

4.1

Degree of sensitization

For the alloy EN 1.4310, the variation of experimentally measured DOS with peak
temperature for different cooling rates can be seen in Fig. 12(a) (Paper I). For all
the cooling rates (0.125 °C/s, 2 °C/s, 32 °C/s) the DOS first increases with
increasing peak temperature up to 900 °C after which it starts decreasing. The
slowest cooling rate of 0.125 °C/s induced the greatest sensitization due to the
longer time spent in the sensitization temperature regime. The peak temperature of
900 °C produced the highest DOS values for all the cooling rates. The samples that
are cooled at 32 °C/s from 800 and 900 °C are slightly sensitized and the samples
that are cooled at 32 °C/s from 700 and 1000 °C unsensitized. The DOS values for
the peak temperature of 1000 °C are obtained from the DL-EPR curves in Fig. 12(b).

Fig. 12. (a) Variation of DOS with peak temperature for different cooling rates. (b) DLEPR curves for different cooling rates from peak temperature of 1000 °C (Reprinted
[adapted] by permission from Paper I  2017 Associazione Italiana di Metallurgia).

For the isothermal studies (Paper II), Fig. 13(a) shows the values of DOS obtained
from the DL-EPR tests that are plotted against time at various holding temperatures
for the EN 1.4310 alloy. The data points are average values of three measurements,
which differ from each other by less than 1% on the DOS scale. It is evident that
for all the holding temperatures, the level of DOS rises at an ever-decreasing rate
showing signs of saturations towards long heat treatment times. 760 °C is the
temperature where the DOS is observed to be the highest. This implies that the
precipitation kinetics of M23C6 and consequent chromium depletion are fastest at
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760 °C, while at 700 °C, the kinetics are slower due to the lower diffusion and at
820 °C, due to a lower driving force.

Fig. 13. Degree of sensitization values from DL-EPR tests for isothermal treatments to
study (a) the development of sensitization at 700, 760 and 820 °C, (b) sensitization and
self-healing at 600, 650, 700, 760 and 820 °C. In (a) ST means solution treated and
quenched without subsequent heat treatment (DOS = 0) (Reprinted by permission from
Paper II and III  2019 ISIJ).

In Paper III, the isothermal heat treatments are extended to longer time periods and
more temperatures. Fig. 13(b) shows the experimentally determined DOS values as
a function of holding temperature and time. The tests were repeated three times and
the observed standard deviations are shown as error bars. At all the temperatures,
the DOS increased with an increase in holding time. At the high temperatures 700,
760 and 820 °C, within the studied time periods, the DOS starts to drop after
reaching a peak owing to the start of self-healing. The self-healing began after 24
h at 760 and 820 °C while it started after 120 h at 700 °C. The maximum heating
time employed in the study is not enough to observe the self-healing at 600 and
650 °C. It is clear, that the kinetics of sensitization and self-healing are faster at
higher temperatures. These results were in very good agreement with the oxalic
acid etching test results as can be seen from Fig. 14. The sample heat treated at
600 °C for 10 h shows step structure in Fig. 14(a) and 14(b) indicating the sample
is almost free from intergranular corrosion susceptibility. Fig. 14(c) and 14(d) show
a ditch structure for the sample heat treated at 700 °C for 120 h. In the case of the
sample heat treated at 820 °C for 120 h, the carbides are etched along the grain
boundaries. Despite the fact that the sample condition is self-healed as seen from
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the DL-EPR test results, the carbides at the grain boundaries are etched noticeably
due to the etching with oxalic acid.

Fig. 14. Oxalic acid etching microstructures (a,b) for the samples heat treated at 600 °C
for 10 h at 20 Χ & 100 Χ; (c,d) 700 °C for 120 h at 10 Χ & 100 Χ; (e,f) 820 °C for 120 h at
20 Χ & 100 Χ respectively (Reprinted by permission from Paper III  2019 ISIJ).
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The heat treatment conditions employed in Paper IV for generating different grain
sizes resulted in decarburization the samples. The heat treatments employed,
amount of that was realized using GDOES and the average ECD is shown in Table
6. The DOS is normalized with respect to the smallest grain size i.e., 72 μm and the
NDOS of samples with different grain sizes after heat treatment at 820 °C can be
seen in Fig. 15. An increase in grain size leads to a lower NDOS during the
sensitization and self-healing phases. The sample with a grain size 72 μm was
highly sensitized as is apparent from the peak NDOS achieved. Due to the partial
decarburization that occurred during the long heat treatments at the high
temperature needed to obtain the large grain sizes, the carbon content is lower in
the large-grained samples and hence less carbon is available for M23C6 precipitation,
giving rise to lower peak NDOS values. Another factor contributing to the lower
NDOS of the large-grained samples is the drop in the nose temperature in
temperature-time-sensitization diagram caused by a decrease in carbon content.
The effect of grain size itself on the NDOS will be discussed later. The time to reach
peak NDOS is reduced with an increase in grain size from 72 to 190 μm and a
concomitant decrease in carbon content from 0.105 to 0.073% by wt.

Fig. 15. Normalized degree of sensitization (NDOS) with heat treatment time at 820 °C.
(a) all the results (b) results beyond 20 h on an expanded scale. Means and standard
deviations are shown by points and error bars (Reprinted [adapted] under CC BY
license from Paper IV  2019 Authors).

The NDOS values for all the heat treatments and alloy grades considered and
mentioned in Table 7 for Paper V are shown in Fig. 16. For the heat treatment
conditions considered, the NDOS values are highest for grade 1.4310. The
measured NDOS values are the lowest of all the grades studied in the case of grades
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1.4307 and 1.4318 due to their low carbon contents: even after 20 days of heat
treatment at 700 °C, no sensitization was observed. For the heat treatment times
considered, both sensitization and self-healing was only observed in the case of
grade 1.4310 at 820 °C. The suffixes HiC, HiCr and LC indicate high carbon, high
chromium and low carbon contents respectively in the alloys.

61

Fig. 16. NDOS values of all the sample conditions (measured from DL-EPR tests and
predicted using the model discussed in later sections) Filled symbols are measured
values and open symbols are predicted. Note scale changes between grades (Under CC
BY-NC-ND license from Paper V  2020 Authors).
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4.2

Precipitation and chromium depletion

Fig. 17 shows STEM micrograph of precipitates on grain boundaries,
corresponding EDS mappings, and elemental concentrations for the ST EN 1.4310
sample with an average grain size 72 μm that was heat treated at 700 °C for 120 h.
EDS spot analyses and SAD pattern analysis confirmed that the precipitates are
M23C6 carbides, see Fig. 18. In this heat-treated condition, M23C6 carbides were
detected both on the grain boundaries and inside the grains. The DL-EPR
measurements show that the sample condition is sensitized (NDOS = 76) and the
chromium concentration profiles in Fig. 17(e) for the red line in Fig. 17(b) show
that the chromium concentration adjacent to the interface has dropped below the
critical level of 12% by wt. However, the Cr concentration did not fall below the
critical level in the vicinity of the intragranular M23C6, see Fig. 17(f). The
inclination of the carbide-austenite interface with respect to the electron beam does
not allow for the measurement of the chromium concentration right at the interface.
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Fig. 17. Sample EN 1.4310, grain size 72 μm, heat treated at 700 °C for 120 h. Bright field
transmission electron microscope (TEM) micrograph showing (a) grain boundary M23C6,
(c) intragranular M23C6, (b,d) EDS mapping of Cr in (a,c) respectively, and (e,f) chromium
concentration profiles along red lines in (b,d) respectively (Under CC BY-NC-ND license
from Paper V  2020 Authors).
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Fig. 18. SAD pattern of the precipitate in Fig. 17 confirming it to be M23C6.

Fig. 19. Sample EN 1.4310, grain size 72 μm, heat treated at 820 °C for 120 h (a) Bright
field transmission electron microscope (TEM) micrograph showing M23C6 carbides
along a grain boundary (b) EDS mapping of Cr (c and d) chromium concentration
profiles along lines 1 and 2 in the Cr EDS map (Reprinted [adapted] under CC BY license
from Paper IV  2019 Authors).

Fig. 19 shows details of the self-healed sample EN 1.4310 ST - 820 °C - 120 h
having NDOS = 0.45, as seen with TEM. The EDS mappings of Cr indicate the
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presence of grain boundary M23C6, and the Cr concentration profiles clearly
indicate that the chromium concentration in the vicinity of the precipitates did not
fall below the critical 12 % by wt. Similar observations were made for the sample
conditions EN 1.4310 120 μm - 820 °C - 168 h and 190 μm - 820 °C - 240 h that
were also self-healed: the results of TEM studies with EDS mappings and Cr
concentration profiles are presented in Fig. 20.

Fig. 20. (a,c) Bright field TEM micrograph of 120 μm - 820 °C-168 h and 190 μm - 820 °C240 h respectively showing intragranular M23C6 carbides. (b,d) EDS mapping of Cr for
the micrographs (a) (c) respectively, (e) Cr concentration profile along the red line
shown in (b) (Reprinted [adapted] under CC BY license from Paper IV  2019 Authors).
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In the sample condition EN 1.4310 190 μm - 820 °C - 240 h, Cr2N precipitates were
observed, in Fig. 21. The SAD pattern observed in Fig. 21(b) confirmed the
precipitate to be Cr2N with hexagonal crystal structure. However, Cr2N precipitate
did not cause chromium depletion below the critical chromium value along the
interface (Fig. 21(c)).

Fig. 21. Sample 190 μm - 820 °C-240 h (a) STEM micrograph, (b) SAD pattern showing
the precipitate to be Cr2N and (c) Cr concentration profile along the red line shown in
(a) (Reprinted [adapted] under CC BY license from Paper IV  2019 Authors).
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Fig. 22. (a,c) STEM micrographs (b,d) EDS mappings of Cr and (e,f) Cr concentration
profiles along the red lines in (b,d) respectively for the sample condition 1.4303 - 700 °C
- 360 h (Under CC BY-NC-ND license from Paper V  2020 Authors).

In the grade 1.4303 that was heat treated at 700 °C for 360 h, both intergranular
and intragranular M23C6 was found. Fig. 22(b) and 22(d) show EDS mappings of
the respective carbides. Similarly to the previous observations, chromium was
depleted below 12% by wt. in the vicinity of grain boundary carbides, while
chromium was not depleted below the critical level in the vicinity of intragranular
carbides, Fig. 22 (e) and 22(f) respectively.
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4.3

Nucleation kinetics

Fig. 23(a) shows a phase diagram EN 1.4310 calculated using Thermo-Calc. In the
sensitization regime, both M23C6 and Cr2N carbides are predicted to be stable at
equilibrium. The property diagram in Fig. 23(b) indicates the equilibrium number
of moles of the precipitate phases in 100 g of alloy as a function of temperature.
These equilibrium phases are observed in the STEM micrographs of specimens
heat treated for long times as shown in Fig. 17–22.

Fig. 23. (a) Phase diagram showing the equilibrium phases in the experimental
composition Fe-16.80Cr-6.36Ni-(0 - 0.5) C-0.065N (in wt.%) (b) property diagram showing
the number of mols of the phases in 100 g of alloy for the composition Fe-16.80Cr6.36Ni-0.1C-0.065N (EN 1.4310) (Reprinted [adapted] under CC BY license from Paper IV
 2019 Authors).

The effect of chromium and nickel on the carbon solubility and thereby solvus line
for the M23C6 can be seen in Fig. 24. It is apparent that an increase in either
chromium or nickel content decreases the carbon solubility thus providing more
driving force for the precipitation of chromium carbides.
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Fig. 24. Phase diagrams predicted by Thermo-Calc showing the effect of chromium and
nickel on the solubility of carbon in austenite. Compositions in wt.%: (a) 12 Cr - 6.53 Ni
- 0.95 Si, (b) 20 Cr - 6.53 Ni - 0.95 Si, (c) 16.80 Cr - 4 Ni - 0.95 Si (d) 16.80 Cr - 15 Ni - 0.95
Si. Comparing (a) and (b) shows the effect of Cr, while (c) and (d) show the effect of Ni.
C, Cr and Ni vary around the composition of alloy 1.4310, i.e. 0.10 C - 16.80 Cr - 6.53 Ni
- 0.95 Si (Under CC BY-NC-ND license from Paper V  2020 Authors).

For the heat treatments of the 1.4310 alloy considered in Paper I, TC-Prisma
simulations predicted that M23C6 is not nucleated along the grain boundaries during
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the heating at 50 °C/s to the hold temperatures. The heating stage was thus ignored
by starting the simulations after reaching the peak temperatures. However, M23C6
carbide was considered as an inactive phase at the start of simulation. Once a phase
is predefined as an inactive phase, the driving force for the precipitation of the
phase is continuously monitored and when it surpasses a predefined positive value,
the phase automatically becomes active. It could be seen from the Thermo-Calc
calculations that the M23C6 carbide is stable in the austenite matrix below 960 °C.
The nucleation times were neglected in the simulations in Papers I and II but
included in Papers III–V. Table 8 presents the times for nucleation as measured
from the start of holding as calculated for the heat treatment conditions considered
in Paper III.
Table 8. Nucleation times for the formation of M23C6 precipitates on grain boundaries
in the 1.4310 alloy studied in Paper III (Reprinted by permission from Paper III  2019
ISIJ).
Holding temperature (°C)

Incubation time (s)

600

4690

650

740

700

152

760

32

820

10

As expected, the nucleation times increase with decreasing temperature: nucleation
is almost instantaneous at 820 °C but very slow at 600 °C. In a similar fashion,
higher nucleation times for the grain boundary carbide precipitation (for different
alloys considered in Paper V) were observed for lower temperatures, as presented
in Table 9.
Table 9. Calculated nucleation times in seconds from the start of holding for the
formation of grain boundary M23C6 in the alloys studied in Paper V (Under CC BY-NCND license from Paper V  2020 Authors).
Alloy

% C (wt.)

Nucleation times (s)
550 °C

600 °C

700 °C

820 °C

1.4310HiC

0.10

-

4690

152

10

1.4301HiCr

0.04

-

4825

195

26

1.4303HiCr

0.04

-

3933

161

21

1.4307LC

0.02

58833

8418

556

0

1.4318LC

0.02

85108

13032

1305

0
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4.4

Grain boundary precipitate growth and Cr depletion

The grain boundary chromium concentration profiles predicted using DICTRA for
cooling from 1000 °C, as considered in Paper I, are shown in Fig. 25. In this work,
depletion is characterised by the average weight percentage of chromium in the
25 nm thick layer (a25nm) in the austenite adjacent to the interface. The measured
a25nm values are given in the Fig. 25 and is evident that the slow cooling rates caused
higher chromium depletion indicated by low a25nm values. The experimentally
measured DOS values were used to determine how DOS depends on a25nm.
Calculated values of a25nm were then used to construct the continuous cooling
sensitization (CCS) diagram in Fig. 26. The approach served as a starting tool in
predicting the CCS diagrams and identifying the cooling paths that are expected to
deteriorate the microstructure and cause sensitization.

Fig. 25. DICTRA simulations for the EN 1.4310 composition showing Cr concentration
profiles from the interface between M23C6 and austenite and into the austenite matrix
after continuous cooling from 1000 °C to 400 °C with a cooling rate of (a) 0.125 °C/s (b)
2 °C/s (c) 32 °C/s. Total cell length (not shown) is 12 μm, which is one-sixth of the
average grain size (Reprinted [adapted] by permission from Paper I  2017
Associazione Italiana di Metallurgia).
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Fig. 26. Continuous cooling sensitization diagram obtained from DICTRA simulations
for the EN 1.4310 composition (Reprinted by permission from Paper I  2017
Associazione Italiana di Metallurgia).

The predicted chromium concentration profiles for the EN 1.4310 sample
conditions treated in Paper II can be seen in Fig. 27. The corresponding
concentration profiles for C, Ni, and Si are given in Fig. 28 - 30. In all cases, only
the part of the one-dimensional cell close to the interface is shown, the total cell
length being one sixth of the grain size, i.e. 12 μm.

Fig. 27. Cr concentration profiles as a function of distance in the one-dimensional
calculation cell and holding time at (a) 700 °C (b) 760 °C (c) 820 °C. Total cell length of
12 m (Reprinted by permission from Paper II  2019 ISIJ).
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Fig. 28. C concentration profiles as a function of distance in the one-dimensional
calculation cell and holding time at (a) 700 °C (b) 760 °C (c) 820 °C. Total cell length 12
m. Note scale changes in comparison to Fig. 27 (Reprinted by permission from Paper
II  2019 ISIJ).

Fig. 29. Si concentration profiles as a function of distance in the one-dimensional
calculation cell and holding time (a) 700 °C (b) 760 °C (c) 820 °C. Total cell length 12 m.
Note scale changes in comparison to Fig. 27 (Reprinted [adapted] by permission from
Paper II  2019 ISIJ).

Fig. 30. Ni concentration profiles as a function of distance in the one-dimensional
calculation cell and holding time at (a) 700 °C (b) 760 °C (c) 820 °C. Total cell length 12
m. Scale same as in Fig. 27 (Reprinted by permission from Paper II  2019 ISIJ).
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In Paper II, it was assumed that the grain boundary precipitates nucleated and
started growing from the beginning of the hold (time = 0). This ignoring of
nucleation times and the error incurred due to it was shown in Paper III and will be
discussed later. In Papers III and V, the time for nucleation was taken into account
by starting the growth calculations after the calculated nucleation time for M23C6
precipitation. The nucleation times are given in Tables 8 and 9 and calculated
chromium concentration profiles are presented in Fig. 31 (Paper III). Now that
much longer times are involved than in Paper II, the variation of Crint and Wcrit with
time and temperature is more clearly visible.
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Fig. 31. Chromium concentration profiles as a function of distance from the M23C6 austenite interface at (a) 820 °C (b) 760 °C (c) 700 °C (d) 650 °C and (e) 600 °C for the
1.4310 alloy considered in Paper III (Reprinted by permission from Paper III  2019 ISIJ).

The diffusion simulations for the 1.4310 alloy with various grain sizes and carbon
contents treated in Paper IV give the concentration profiles shown in Fig. 32. The
considered critical chromium concentration, i.e. 12.5% by wt. is indicated in the
figure.
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Fig. 32. Chromium concentration profiles in the austenite away from the M23C6 carbide
- matrix interface as a function of sensitization time at 820 °C for the following grain
sizes and overall carbon concentrations (a) 72 μm and 0.105 C (wt.%), (b) 90 μm and
0.085 C (wt.%), (c) 120 μm and 0.082 C (wt.%), and (d) 190 μm and 0.073 C (wt.%)
(Reprinted [adapted] under CC BY license from Paper IV  2019 Authors).

As mentioned in the above results, similar predicted chromium concentration
profiles are shown in Fig. 33 for all the steel grades 1.4310, 1.4301, 1.4303, 1.4307
and 1.4318 subjected to different isothermal aging treatments. The chromium
depletion regions are narrow in the grades 1.4307 and 1.4318 relative to the other
grades.
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Fig. 33. Cr concentration profiles away from the grain boundary M23C6 - austenite matrix
interface for the a) 1.4310, b) 1.4301, c) 1.4303, d) 1.4307 and e) 1.4318 alloy
compositions studied. Note that distance scales vary (Under CC BY-NC-ND license from
Paper V  2020 Authors).
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5

Discussion

5.1

Relationship between Cr depletion profile and degree of
sensitization

The calculated Cr concentration profiles away from the M23C6 - austenite interface
at the end of the isothermal treatments should be of the form shown schematically
in Fig. 34. Following Yin et al. [129], Crint is the chromium concentration in the
austenite at the interface, Crcrit is the critical chromium concentration that
determines the effective width (Wcrit) of the chromium depleted zone at the grain
boundary. This interfacial chromium concentration Crint value, is a result of the
local equilibrium condition assumed to exist at the mobile model interface and
depends on the isothermal holding temperature and changes with holding time as
illustrated in Fig. 34(a).

Fig. 34. Schematic of chromium concentration profiles in the austenite ahead of M23C6
boundary film at the end of isothermal holding for a) different holding times t5 > t4 >t3 >
t2 > t1, b) different holding temperatures T5 > T4 > T3 > T2 > T1.

The approach served as a starting tool in predicting the CCS diagrams and thus
identifying the cooling paths that deteriorate the microstructure through
sensitization.
For isothermal heat treatment conditions, as is shown in Fig. 34(a), Crint
initially decreases with time from Crint-1 to Crint-2 till it reaches the minimum value.
With further increase in time, Crint rises through Crint-3 to Crint-4. When Crint rises
above Crcrit (during the time period between Crint-4 to Crint-5), the material should
become completely self-healed. The critical width Wcrit initially increases with
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isothermal holding time and then decreases at longer times when the self-healing
phase of sensitization becomes operative. For a given heat treatment time at
different holding temperatures in the sensitization region, the variation of Crint and
Wcrit is shown in Fig. 34(b). Crint increases with higher temperatures from Crint-1 to
Crint-5. Wcrit increases with an increase in temperature until a certain value, from
Wcrit-1 to Wcrit-3 and then decreases to Wcrit-4 before disappearing altogether. It was
suggested by Sahlaoui [46] that only Wcrit is needed in explaining the depletion
characteristics and thereby DOS. However, for reasons given in later sections, both
Crint and Wcrit are considered when characterising the Cr depletion and explaining
DOS and NDOS in this work.
The calculated concentration profiles for chromium, carbon, silicon and nickel
obtained using DICTRA for the isothermal holding temperatures and times used in
the experimental determination of DOS can be seen in Fig. 27–30. These reveal the
similar behaviour of Cr depletion region and the corresponding characteristics as
mentioned in Fig. 34. From Fig. 27, it is evident that the predicted depth of the
chromium depleted zone decreases (Crint increases) with increasing temperature.
The depths also decrease with holding time, but not to any significant extent in the
time periods considered. The regression analyses described below showed that the
best choice of Crcrit on which Wcrit values depend was found to be 12 wt.% Cr and
is marked in Fig. 27. It is also apparent from Fig. 27 that there is a significant rise
in Wcrit with time, increasingly so as the temperature rises. From the concentration
profiles, it is clear that carbon is depleted from the austenite over larger distances
than chromium, which is expected and is shown in Fig. 28. From Fig. 27 and 28 it
is clear that Cr is depleted for around 70 nm while C is depleted more than 280 nm
when heat treated at 700 °C for 80 mins. Fig. 29 shows that silicon is rejected from
the growing carbide into the austenite. However, the shape of the concentration
profile, at first sight, appears unusual - the concentration of Si first increases and
then decreases with increasing distance from the interface instead of just decreasing
from a high value at the interface. Actually, the activity of Si decreases with
increasing distance away from the interface as is required if Si is to diffuse away
from the interface. The chemical interactions of Si with Ni and Cr result in the Si
concentration profile to taking the shape seen. The solubility of Si and Ni in the
carbide is minute, and both Si and Ni are rejected from ahead of the advancing
interface while Cr is absorbed. Although, both Cr and Ni reduce the activity of Si,
the initial increase in Si concentration with increasing distance from the interface
is instigated by the influence of Ni.
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The variation of Crint and Wcrit with isothermal temperature and holding time
for alloy 1.4310 can be seen in Fig. 35(a). Neither Crint nor Wcrit alone correlates
with the experimentally measured DOS values given in Fig. 13 (a), as shown in
Fig. 35 (b) and (c). Bruemmer [75] in his work showed that the DOS will depend
not only on the width of the chromium depleted zone as defined by some critical
chromium concentration, but also on the depth of the depletion profile. Generally
speaking, the depth of the depletion profile could be defined as Crint or (Crcrit - Crint),
for example. It is possible to visualize various depletion parameters that combine
the terms Wcrit, Crcrit and Crint. Three such depletion parameters are (Crcrit Crint)∙ Wcrit, (Crcrit/Crint)∙ Wcrit and Wcrit/Crint. From the statistical analyses of the
correlations between the experimentally measured DOS values and these potential
depletion parameters based on a variety of definitions of Crcrit, it was found that the
best correlation is obtained with the following definition of a depletion parameter:
DP = (12 −

)∙

(22)

in which Wcrit is defined by Crcrit = 12 wt.%. Fig. 35 (d) shows the non-linear
correlation between this parameter and the experimental DOS values. It is clearly
much better than the correlation between DOS and Wcrit in Fig. 35 (c).
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Fig. 35. Variation of (a) Crint and Wcrit at 12 wt.% Cr with time at various isothermal
temperatures for alloy 1.4310. (b,c,d) Variation of measured DOS as a function of Crint,
Wcrit and DP respectively (Reprinted by permission from Paper II  2019 ISIJ).

Except the data point at DP = 22.3 nm.wt%, the data points of DOS lie in a scatter
band that is +/- 4 DOS percentage points. The non-linear relation between DOS
and DP is expected as long heat treatment times eventually lead to a decrease in
DOS i.e. self-healing. By assuming that precipitate growth starts immediately
without any incubation time, the precipitation process and development of Cr
depleted zones can be reasonably modelled for the heat treatment conditions
considered. However, it would be more reasonable to consider the nucleation times
for low temperature heat treatments and might also reduce the scatter observed in
the DOS - DP correlation. Any effects of C, Ni or Si concentration gradients on the
electrochemical properties of the Cr depleted zones and thereby DOS have been
ignored.
The same approach to modeling the DOS in terms of DP was carried out in
Paper III, for the same alloy EN 1.4310 but heat treated for much longer times that
caused self-healing in some cases. Also, a wider range of temperatures extending
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to lower temperatures were included. Fig. 13 (b) shows that, for the temperatures
and times studied, only the sample heat treated at the highest temperature, i.e.
820 °C, was able to achieve full self-healing as a result of its faster precipitation
and diffusion kinetics. As low-temperature heat treatments were now included, it
was necessary to account for the time taken to nucleate grain boundary M23C6, as
given in Table 9, to give the starting point for the DICTRA calculations of Cr
concentration profiles.
As in Paper II, the three same depletion parameters were again considered, i.e.
(Crcrit - Crint)∙Wcrit, (Crcrit/Crint)∙Wcrit and Wcrit/Crint, but additionally the possibility
of modifying the definition of Crcrit was explored. Statistical analyses of the
correlations between the experimentally measured DOS values and potential
depletion parameters based on a variety of definitions of Crcrit led to the best
correlation being obtained with the following depletion parameter (DP)
DP =

)⋅
(12.5 −
(12.5 − 10.0) ∙

> 10.0
,
< 10.0

(23)

where Wcrit values are defined by Crcrit = 12.5 wt.% but taking the minimum
effective value of Crint to be 10 wt.%. In other words, it is assumed that chromium
contents below 10 wt.% in the depleted zone have no extra effect on the tendency
to intergranular corrosion and the DOS. In the above equation DP has the units
wt.%.nm. Fig. 36(a) shows the variation of DP according to Eq. (23) as a function
of time. At all the temperatures, DP increases with time and at 820 °C, DP starts to
decrease after reaching a peak value which can be attributed to the self-healing
behavior in a similar way to DOS as in Fig. 13(b). From this it is evident that the
current approach is successful in able to produce sensitization and self-healing
behavior very well. Although the considered 12% Cr as the Crcrit in Paper II could
able to identify the occurrence of sensitization, it could not able to predict the selfhealing behavior. The choice of Crcrit to be 12.5% Cr could able to predict both
sensitization and self-healing.
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Fig. 36. Variation of (a) DP with heat treatment time, (b) measured DOS as a function of
DP when 10 % Cr cut-off is not considered, (c) measured DOS as a function of DP when
incubation time is ignored, and (d) measured DOS as a function of DP as defined by Eq.
(23) (Reprinted by permission from Paper III  2019 ISIJ).

A very poor correlation was observed between DOS and DP ignoring the 10 % Cr
cut-off in the depletion parameter calculations, as can be seen from Fig. 36(b),
which shows an R2 value of only 0.69. When the cut-off is included as in Eq. (23),
R2 rises to 0.85 as shown in Fig. 36(d) and DOSpredcited is given by
DOS

= (0.2365 × DP) − (0.0002 × DP ).

(24)

The importance of including nucleation times for M23C6 given in Table 8 can be
seen by comparing Fig. 36(c) and Fig. 36(d): ignoring the nucleation time causes
R2 to drop from 0.85 to 0.76. It should be noted that the mentioned polynomial
equation does not imply a correct functional description, but simply been applied
to calculate R2 values.
As in the case of Papers I–III, the same 1.4310 alloy was chosen for the study
of grain size effects on sensitization in Paper IV. The heat treatments employed to
produce different ranges of grain sizes also resulted in de-carburization giving
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samples with both different grain sizes and carbon contents as was shown in Table 6.
Only one sensitization temperature, 820 °C was chosen and the measured NDOS
values for the corresponding heat treatments are shown in Fig. 15.
The calculated depletion characteristics are plotted as a function of heat
treatment time at 820 °C in Fig. 37. Crint is lower and Wcrit is higher in the 72 μm
sample than in the 190 μm sample after 3 h of heat treatment at 820 °C. This can
be attributed to the lower carbon content in the 190 μm sample that leads to a
thinner grain boundary M23C6 film as shown in Fig. 37(d). The sample condition is
considered to be completely self-healed when Crint reaches above 12.5% Cr as
shown in Fig. 37(b).
The depletion parameter was calculated from the grain boundary chromium
concentration profiles according to Eq. (23) i.e. by means of Wcrit values defined
by Crcrit = 12.5%. As concluded in Paper III, chromium contents below 10.0 wt.%
in the depleted zone have no extra effect on the propensity to intergranular
corrosion and thereby the DOS values.
A regression analysis of the calculated values of DP based on Eq. (23) and the
measured NDOS values from what experiments resulted in the following linear
relation
NDOS = 0.23 × DP ,

(25)

where NDOS has percentage units and DP has the units wt.%.nm. The R2 value for
Eq. (25) is 0.85. This is quite good bearing in mind the simplicity of the model,
which disregards, for example, the intragranular precipitation effects. The DP and
thereby the predicted NDOS is controlled by the change in Crint and Wcrit. The
variation of measured NDOS values with computed DP values can be seen in the
Fig. 38(a).
The chromium profiles will be affected by the presence of intragranular M23C6
and Cr2N precipitates that are formed after long heat treatment times. Yet, these
effects are ignored from the simple model that has been considered. That could be
one reason for the inability of the model to predict the small rise in DOS after 168 h
in all the sample conditions. Still, the trends of the measured NDOS values were
very well predicted with the model.
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Fig. 37. Variation with heat treatment time of (a) interfacial carbon, (b) interfacial
chromium at M23C6 carbide - austenite interface, (c) width of chromium concentration
profile at Crcrit, and (d) M23C6 thickness (Reprinted [adapted] under CC BY license from
Paper IV  2019 Authors).

The predicted NDOS values at 820 °C are plotted against time in Fig. 38(b). It can
be seen that they follow the same trend as the experimentally measured NDOS
values in Fig. 15. The predicted and measured times to peak NDOS are in
accordance. The highest predicted peak NDOS is observed in the specimen with a
grain size of 72 μm. As will be shown below, this is due to the fact that this
specimen has the highest C content as well as the smallest grain size.
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Fig. 38. (a) Measured NDOS vs. DP as calculated using Eq. (23). (b) Predicted NDOS with
time at 820 °C for the samples with different grain sizes and carbon contents (Reprinted
[adapted] under CC BY license from Paper IV  2019 Authors).

It should be noted that a good correlation between DP and measured NDOS values
was only found when taking da to be 1/6th of the average grain equivalent circle
diameter; good correlations were not observed when da was taken to be one half of
or the full average grain ECD, thus supporting the earlier assumption made by
Sourmail [90] and the work by Kolli et al. [Paper II], [Paper III]. However, it is
clear from this work that the proposed DP in Eq. (23) can be utilized in predicting
the NDOS in samples with various grain sizes and carbon contents. The model can
thus be extended to predict the NDOS for the samples of different grain sizes.
Similar approach used in Paper II, III and IV for characterizing the chromium
depletion profiles was used to study and predict the effects of composition on
sensitization and self-healing in the alloy compositions mentioned in Table 2. The
same DP described in Eq. (23) was used for statistical correlations with the
experimentally measured NDOS which resulted in the following equation
NDOS

= (0.21 × DP) − (0.0002 × DP )

(26)

with an R2 value of 0.90. The predicted NDOS (NDOSpredicted) and the measured
NDOS (NDOSmeasured) are plotted in Fig. 39, show a very good correspondence.
The NDOSpredicted were plotted together with NDOSmeasured in Fig. 16 to get a better
comparison between the two values. When the bulk chromium, Cr* and Creff were
included in the prediction of NDOS, it did not promote the relationship. The reason
could be the consideration of multicomponent diffusion in the calculation of DP
and thereby NDOSpredicted. At low temperatures (550 °C), the model over-predicted
the NDOS values, Fig. 16(e) and 16(f). The effect of the narrow chromium
87

depletion widths in these conditions might not have any significant effect on the
sensitization susceptibility predicted by the model.

Fig. 39. Variation of measured NDOS and NDOS predicted using Eq. (26) (Under CC BYNC-ND license from Paper V  2020 Authors).

The relationships between measured and predicted NDOS given in Eq. (25) and Eq.
(26) are similar except that in generation of Eq. (25), the DP2 term was not included.
The analysis of all the measured NDOS and simulated NDOS from Papers III–V,
resulted in the same Eq. (26). The effect of grain size and composition based on the
use of Eq. (26) for the prediction of NDOS will be explored in the next section.
5.2

The separate effects of grain size and composition

The effect of grain size alone on the NDOSpredicted can be obtained by using
PRISMA and DICTRA to calculate DP for various grain sizes, i.e. cell sizes da, and
applying the relationship between NDOS and DP given by Eq. (26). The results are
shown in Fig. 40. An increase in grain size at constant chemical composition
(Fig. 40(a)) results in a rise in NDOSpredcited. The time to reach peak NDOS also
shifted to longer times with increasing grain size. According to Li et al [12] and
Taiwade et al. [32] an increase in grain size causes DOS to decrease. However, their
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measurements did not take into consideration the geometrical effects i.e. the
normalization of sensitization values with grain size and the variation of grain size
alone.

Fig. 40. NDOS predicted as a function of time at 820 °C from predicted values of DP
combined with the relationship in Eq. (26): (a) for various grain sizes and the chemical
composition Fe-16.80Cr-6.36Ni-0.95Si-0.10C, and (b) various carbon contents but
otherwise the same chemical composition and a grain size of 72 μm (Under CC BY-NCND license from Paper V  2020 Authors).

Stawström and Hillert [42] proposed expressions for calculating the heat treatment
time periods that cause sensitization and desensitization in the material. However,
the expressions were proposed only for 18-8 stainless steels with variation in
carbon content.
Carbon and chromium are the key compositional variables that control the
sensitization behavior; however, sensitization kinetics are affected by the other
alloying elements too, through their impact on carbon and chromium activities.
The PRISMA + DICTRA calculations of depletion can be combined with the
relationship in Eq. (26) to study the effect of individual alloying elements by
keeping all the other alloying elements constant. Fig. 41 shows the results of such
calculations for the separate effects of carbon, chromium and nickel content on the
sensitization and self-healing behavior of the base composition Fe-16.80Cr-6.36Ni0.95Si-0.10C isothermally heat treated at 820 °C. For example, the time to reach
sufficient chromium depletion to give NDOS = 10% decreases with increasing
carbon content, as can be seen in Fig. 41(a). Of course, low carbon content implies
low carbon activity at the carbide-austenite interface, resulting in higher chromium
activity. Also, according to the observation from the DICTRA simulations, the
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mobility of chromium is slightly lowered with decrease in carbon content in
austenite. With an increase in carbon from 0.07 to 0.12 wt.%, the peak NDOS
increases, but it remains unchanged with further increases in carbon to 0.20 wt.%.
Also, with an increase in carbon up to 0.12 wt.%, longer times are required to reach
the predicted peak NDOS. However, the time required to reach peak NDOS is
lowered with a further increase in the carbon content to 0.20 wt.%. The time to
reach peak NDOS is the same as the start of self-healing. The temperature and
carbon solubility control the amount of M23C6 precipitation and thereby the time to
reach the predicted peak NDOS. Hence, the trends that are observed in the
prediction of NDOS vary at different temperatures and will be different from the
ones predicted here at 820 °C. The trends in time to reach peak NDOS are clarified
by the combined effects of the ‘C’ type behaviour of the TTP curve and the effect
of carbon on chromium diffusivity. Formation of M23C6 is the controlling step when
the carbon content is less than 0.09 wt.%, while chromium diffusivity is the limiting
step when the carbon content is above 0.09 wt.%.
The chromium content in the austenite matrix strongly affects the passivation
characteristics in stainless steels. From Fig. 41(b) it is clear that the time to reach
10 % NDOS increases with an increase in chromium content. The driving force for
M23C6 precipitation increases with higher chromium content; however, a high
chromium in the austenite slows the depletion of chromium near the interface to
below the critical level of 12 wt.%, in spite of relatively high degree of precipitation.
Also, a higher chromium concentration results in higher chromium activity at the
carbide-austenite interface. Together these effects result in combinations of Crint
and Wcrit that lead to a decrease in DP and NDOS with increasing Cr concentration.
The predicted peak NDOS is relatively constant for 14–16 wt.% chromium, but it
falls with further increases up to 20 wt.%. This can be attributed to increased
chromium back diffusion into the depleted region from the austenite matrix far
from the grain boundary as chromium increases from 16 to 20 wt.%. This back
diffusion of chromium is less prominent in the case of 14–16 wt.% chromium,
resulting in higher predicted NDOS values.
In austenitic stainless steels, in general, nickel is increased with increases in
chromium content in order to stabilize the austenite. The influence of nickel on the
solubility of carbon is shown in the Fig. 24(c) and 24(d). The increase in driving
force for the M23C6 carbide precipitation is the reason for the increased predicted
NDOS at any given time with nickel content as shown in Fig. 41(c), which in turn
is due to the decreased carbon solubility in the austenite. From the standpoint of
depletion characteristics, with an increase in nickel content, carbon activity
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increases and chromium activity decreases at the M23C6 - austenite interface. This
results in lower Crint values and Wcrit values that rises with time. It is evident from
Fig. 41(c) that the peak NDOS increases with nickel content as it increases the
chromium and carbon mobilities in the austenite matrix along with the driving
forces for carbide precipitation. The beginning of self-healing, which is the time to
reach peak NDOS, is rather insensitive to the amount of nickel in the austenite in
the range 5 to 10%. However, this start of self-healing shifted to shorter times as
the nickel concentration increases from 10 to 14% due to an increase in chromium
mobility that results from higher nickel contents. It is clear from the discussion that,
for the ranges of alloying elements studied, carbon has the greatest effect on the
predicted NDOS values.

Fig. 41. NDOS predicted from the model extension with changes in (a) carbon,
(b) chromium, (c) nickel contents when the material is heat treated at 820 °C. In each
case, the composition is Fe-16.80Cr-6.26Ni-0.95Si-0.10C apart from the element that is
varied (Under CC BY-NC-ND license from Paper V  2020 Authors).
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5.3

Importance of multicomponent effects

As the importance of multicomponent effects on M23C6 nucleation and growth has
been stressed in this thesis, a comparative study has been done to estimate the
magnitude of such effects. For the alloy 1.4310 that was isothermally heat treated
at 600, 700 and 820 °C, the nucleation was simulated using TC-Prisma and the
nucleation times for the M23C6 carbide precipitation on grain boundaries are
presented in the Table 10. Only Fe, C and Cr are included in the simulations without
considering multicomponent effects while all the elements are entered in the
simulations considering multicomponent effects. The calculations with the Fe0.10C-16.80Cr composition were made by forcing the Prisma and DICTRA
software to only consider metastable equilibrium between austenite and M23C6,
excluding the possibility of the ferrite phase. Therefore, the calculations only show
the effect of the absence of Ni from austenite on precipitate nucleation and Cr
diffusion.
Table 10. Nucleation times in alloy 1.4310 calculated using TC-Prisma with and without
considering multicomponent effects.
Nucleation time (s)
Heat treatment temperatures (°C)

with multi. comp. effects

without multi. comp. effects

Fe-0.10C-16.8Cr-6.36Ni-0.95Si

Fe-0.10C-16.80Cr

600

4690

9160

700

152

311

820

10

27
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Fig. 42. Chromium concentration profiles calculated using TC-Prisma + DICTRA for the
composition 0.10C-16.80Cr, i.e. without multicomponent effects, and the 1.4310
composition 0.10C-16.8Cr-6.36Ni-0.95Si, i.e. including multicomponent effects. (a)
600 °C, (b) 700 °C and (c) 820 °C.

The nucleation times are longer when multicomponent effects are ignored and the
difference in nucleation times is appreciable at 600 °C. The growth is simulated
after the nucleation times using DICTRA and the calculated chromium
concentration profiles are given in Fig. 42. The concentration profiles that were
calculated considering multicomponent effects are shown as ‘multi.’ in the legend
of the Fig. 42. It is evident that at longer heat treatment times, the difference in Wcrit
is very significant. Along with Wcrit, the interfacial chromium concentration Crint
varies quite considerably at 820 °C. These calculations clearly show the importance
of considering the multicomponent effects in modelling the M23C6 carbide
precipitation and growth, as it significantly affects the chromium depletion
characteristics that control the final NDOS prediction.
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5.4

Importance of interfacial energies

The predicted nucleation times for the precipitation of grain boundary M23C6
strongly depend on the assumed interfacial energies between the carbide and
austenite matrix. Deviations between assumed and actual interfacial energies will
thus have a strong effect on the calculated nucleation times and thereby the growth
simulations and the NDOS predictions. Although the calculated interfacial energies
(using Becker’s model) are in the range reported in the literature, the determination
of these energies for the tested alloy would result in better NDOS predictions. The
calculated interfacial energies with temperatures for the alloys 1.4310 and 1.4301
can be seen in Fig. 43. For instance, the nucleation times according to TC-Prisma
when the interfacial energies are halved is shown in Table 11.

Fig. 43. Variation of interfacial energies at the grain boundary M23C6 - austenite matrix
with temperature for the alloy grades 1.4310 and 1.4301 calculated using Becker’s
model in TC-Prisma.
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Table 11. Calculated nucleation times in seconds from the start of holding for the
formation of grain boundary M23C6 in the alloys studied when interfacial energies are
considered to be half that of those calculated using Becker’s model.
Alloy

% C (wt.)

550 °C

600 °C

700 °C

1.4310

0.10

18381

2178

70

820 °C
4

1.4301

0.04

18422

2324

90

10

1.4303

0.04

14793

1880

74

8

1.4307

0.02

28259

3978

240

0

1.4318

0.02

41174

6177

538

0

These times are considerably different than the nucleation times shown in Table 9.
The effect is significant, specially at lower temperatures, here, 550 °C. When
interfacial energy from Becker’s model is used, carbides are predicted not to form
at 550 °C in the alloys 1.4310, 1.4301 and 1.4303, while they are formed when the
assumed interfacial energy is halved, after 20 days of heat treatment. This shows
the sensitivity of calculated nucleation times to variation in interfacial energy and
thereby the final NDOS predictions.
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6

Summary and conclusions

The following grades of austenitic stainless steels: 1.4310, 1.4301, 1.4303, 1.4307
and 1.4318, have been tested for sensitization using the DL-EPR test and oxalic
acid etching. Both sensitized and self-healed microstructures were identified and
characterized using oxalic acid etching and STEM. The aim of the study was to
predict experimentally measured DOS values with the help of models for
precipitation and diffusion and thereby create a basis for avoiding heat treatments
that cause sensitization.
In order to model the sensitization, CALPHAD techniques were used to calculate
the chromium concentration profiles in the vicinity of grain boundary carbides. The
main results and conclusions from this work can be summarized as follows.
–

–
–

–

–

Sensitization kinetics are fastest at temperatures that that provide a balance of
driving force for chromium carbide precipitation and mobility of chromium.
The NDOS initially increased with an increase in heat treatment time and later
decreased after reaching a peak NDOS that can be attributed to the start of selfhealing. Of all the alloying elements, on a weight percentage basis, carbon has
the greatest effect on the measured NDOS values: increasing carbon content
leads to higher measured NDOS values.
Oxalic acid etching and STEM analyses indicated the presence of M23C6
chromium carbides in both the sensitized and in self-healed samples.
STEM measurements of chromium concentration profiles across the grain
boundary M23C6 carbide - austenite matrix interface revealed chromium
depletion, which was characterized by chromium concentrations in the vicinity
of the precipitates falling below the critical concentration of 12% by wt. in
sensitized specimens. The chromium concentration did not fall below this
critical level in the samples that were not sensitized or that were self-healed.
The precipitation module in Thermo-Calc, TC-Prisma was employed to
calculate the nucleation times and TTP diagrams for M23C6 precipitation using
interfacial energy values from Becker’s model
A one-dimensional model was used for the growth of grain boundary M23C6,
assuming growth is diffusion controlled and that the grain boundaries operate
as collector plates for the substitutional atoms diffusing through the austenite
matrix to and from the precipitates.
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–

–
–

–
–

–
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DICTRA together with the databases TCFE7 and MOBFE2 was employed to
predict the chromium concentration profiles across the interface between
M23C6 and the austenite matrix.
A depletion parameter (DP) was defined based on the predicted chromium
depletion profiles as given in Eq. (23).
It has been shown that for a variety of grain sizes, compositions and thermal
histories NDOS can be predicted from calculated values of DP using the
formula given in Eq. (26).
It was re-established that one sixth of average grain size can be considered as
the cell size for the diffusion simulations using a 1D-model.
According to the proposed model, an increase in grain size leads to an increase
in the NDOS and the time to reach peak NDOS, i.e. the time to the start of selfhealing.
Increases in both carbon and nickel contents lead to increased sensitization
kinetics. This can be attributed to the increased driving force for M23C6
precipitation and the rise in the carbon activity at the carbide matrix - interface.
Chromium above 16 wt.% resulted in increased chromium activity at the
carbide - austenite interface and increased mobility of chromium in the
austenite matrix, and thereby to slower sensitization kinetics.

7

Novel features

To the best knowledge of the author, the following findings are original to this work:
–

–

–

–

–

The extensive experimental investigation of sensitization in austenitic stainless
steels with varied composition, grain size and thermal history followed with
comprehensive microstructural investigations identifying the sensitized and
self-healed conditions based on the chromium depletion regions in the vicinity
of grain boundary carbides.
Extensive use of the thermodynamic and kinetic databases and the associated
CALPHAD based Thermo-Calc software for the prediction of equilibrium
phase fractions and the solution of the moving phase boundary problem
considering multicomponent effects and without the need of assuming a
uniform activity of carbon. Also, the consideration of nucleation times in
modelling the growth of M23C6 carbides.
The successful prediction of chromium depleted regions and their
characterization using a novel depletion parameter that was able to explain the
experimentally observed sensitization behaviour.
The development of a one-dimensional model for sensitization and self-healing
behaviour in austenitic stainless steels, by combining the diffusion model in
Thermo-Calc and with experimentally measured DOS values.
The study of the effect of individual elemental concentrations, thermal history
and grain size on the sensitization development and self-healing in austenitic
stainless steels by extending the proposed one-dimensional model.
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8

Recommendations for further research

On the basis of DL-EPR experiments together with Thermo-Calc, TC-Prisma and
DICTRA simulations, this thesis identifies methods to characterize the grain
boundary chromium depletion in austenitic stainless steels responsible for
sensitization. In this work, rather a limited range of chemical compositions has been
used and in order to more extensively validate the proposed model, a wider range
of chemistries should be explored. Literature data alone is insufficient as the
amount of data based on the use of the DL-EPR test method is rather limited. Also,
the proposed model also needs to be validated for varying grain sizes by keeping
all the other variables constant for different ranges of compositions.
The simple 1-D diffusion model does not consider the intragranular
precipitation of M23C6 that can occur after long heat treatment times but its
inclusion could be important in estimating chromium concentration profiles at the
grain boundaries. The intragranular carbides decrease the amount of chromium
available for grain boundary M23C6 carbides and thereby affect the chromium
depletion, especially at long heat treatment times.
Both thermodynamic and kinetic databases available in Thermo-Calc are
highly useful in interpreting the material properties and making full use of them is
possible with the help of TC-Python software development kit. The numerical
packages NumPy and SciPy can be used and thus making it a tool for integrated
computational materials engineering. Using the above-mentioned kit, one can
custom build or write a code to solve the diffusion equations that include the
intragranular carbide precipitation, by decreasing the available elemental
concentration for grain boundary precipitation at each time step. This would also
help in exclusively calculating the NDOS for any sample composition and thermal
history.
The studies concerning non-isothermal heat treatments presented in Paper I
need to be extended. However, the challenges in choosing the interfacial energies
at M23C6 - austenite matrix for estimating nucleation during non-isothermal heat
treatments need to be addressed.
The influence of grain boundary misorientation on the nucleation of chromium
carbides could be done using EBSD thereby providing a better understanding of
the effect of grain boundary misorientation on sensitization. A larger set of data
from more extensive EDS measurements regarding the chromium concentration at
the carbide - austenite interface would help in acquiring statistically significant data
to compare with the simulations.
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The above-mentioned work, if performed, provides more comprehensive view
and estimation of sensitization in unstabilized austenitic stainless steels that can be
further extended to stabilised austenitic and ferritic grades.
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