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Abstract
In this manuscript, the latest developments pertaining to sensitization are discussed. Sensitization leads to intergranular 
corrosion and intergranular stress corrosion cracking. The advantages and disadvantages of conventional methods to com-
bat sensitization are elaborated. Emerging/newer techniques such as grain boundary engineering, creation of orientation 
gradients, and high density of twinning to improve resistance to sensitization are also covered. Detection and monitoring of 
deleterious phase precipitation such as carbides, nitrides, and other intermetallic phases during operation necessitate mak-
ing use of nondestructive testing (NDT) methods. Possible information that we get from NDT is for material characteriza-
tion includes the size, shape, and location of a defect. Herein, the significant developments for monitoring and detection of 
phases concerning sensitization by NDT are discussed. These range from magnetic methods to ultrasonic techniques. The 
multi-physics approach is essential to fully utilize NDT to ensure/predict the lifetime of the components used in the industry. 
Further, proper selection of suitable NDT for defect detection can avert accidents, catastrophic failures, and economic losses 
due to corrosion degradation. For this, the corrosion engineer/corrosionist properly apply the suitable techniques (prevention, 
monitoring, and assessment) to address the issues of sensitization among the wide choice available.

Keywords  Stainless steels · Sensitization · Grain boundary engineering (GBE) · Near-boundary gradient zone (NBGZ) · 
Electron backscatter diffraction (EBSD) · Magnetic methods · Nondestructive testing (NDT)

Introduction

Corrosion is defined as destruction of material due to 
chemical reaction between material and its environment. 
The corrosion is classified into the following: chemical/
electrochemical, high and low temperatures, wet corrosion, 
and dry corrosion. The understanding of exact corrosion 
mechanism is needed to combat corrosion-related issues. 
The diverse corrosion mechanism can result in various 
forms (types) of corrosion. Each form (types) of corrosion 
tends to have arrangement of anode and cathode at specific 
locations depending upon the type. These are general or 
uniform corrosion, intergranular corrosion (IGC), galvanic 
corrosion, and crevice corrosion, pitting corrosion, ero-
sion corrosion, stress corrosion cracking (SCC), biological 

corrosion, filiform corrosion, corrosion fatigue, exfoliation 
and selective leaching. The simplest form of corrosion is 
general or uniform corrosion. It implies that degradation 
starts gradually over the entire surface of the alloy. During 
uniform corrosion, the materials become thinner until failure 
occurs. The uniform corrosion rate of austenitic stainless 
steels can be minimized when passive film (chemically sta-
ble, thin, adherent layer having 5 nm thickness that is rich 
in chromium content) is formed.

A different class of stainless steel exists to meet the 
demands of various (chemical, petrochemical, household, 
and building) industries. Hence, the choice of using this 
alloy requires a complete understanding of metallurgical 
parameters that dictates formability, mechanical and cor-
rosion properties. These materials, based on their micro-
structures, are divided into austenitic, ferritic, duplex, mar-
tensitic, and precipitation hardening steels. Figure 1 shows 
that the typical microstructure of austenitic stainless steels 
consists of three annealing twins. In general, the annealing 
twins appear in deformed and annealed face-centered cubic 
(FCC) metallic materials due to growth accidents during the 
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recrystallization of deformed materials. The metallic mate-
rial that exhibits low stacking fault energy (SFE) tends to 
form an annealing twin to (1) reduce interfacial energy and 
(2) to reorient grain boundary (GB) and (3) GB mobility 
during recrystallization.

Austenitic stainless steels and similar chromium- and 
nickel-rich alloys exhibit good corrosion resistance, as these 
are the iron-based alloys with a minimum 10.5 wt% of chro-
mium, which generally do not rust in the unpolluted atmos-
phere; therefore, it is called as ‘stainless.’ These steels are 
commonly used for steam generators and structural members 
due to its inherent high strength and corrosion resistance, 
against uniform corrosion. The chromium content above 12 
wt% is expected to provide a protective passive oxide layer. 
Passivity is defined as the state of the surface, which exhibits 
low corrosion rates in the oxidizing environment. However, 
these materials suffer from localized corrosion due to the 
breakdown of surface oxide passive film. The intense attack 
at a discrete site is a typical characteristic of localized corro-
sion due to breakdown in passivity (Fig. 2a). In general, the 

breakdown of passivity refers to the destruction of passive 
films by mechanical, chemical, or electrical actions.

Sensitization is a process of nucleation, precipitation, and 
depletion of chromium carbides at/along grain boundaries. 
Thus, the formation of chromium carbides causes chromium 
depletion at/along grain boundaries, which leads to pitting 
corrosion, IGC, and intergranular stress corrosion crack-
ing (IGSCC) of the austenitic stainless steels. IGC is local-
ized corrosion that attacks grain boundary, whilst almost 
no attack or little attack at the interior of grain. The GB is 
chemically active and acts as an anode, and the grain acts as 
a cathode; hence, the IGC-attack happens at/along the GB 
under corrosive conditions. This is the basis of sensitization 
(Fig. 3) and leads to premature failure of the engineering 
components, particularly the boiling water reactors (BWR) 
in nuclear power plants that usually experience severe 

Fig. 1   Electron backscattered diffraction (EBSD) and image quality 
(IQ) map of as-received specimens of AISI304L austenitic stainless 
steels

Fig. 2   (a) High-resolution, 
captured images revealing 
morphology of pits. (b) Optical 
microscopic image exhibiting a 
“dual type of microstructure.”

Fig. 3   Schematic diagram of typical sensitized GB having chromium-
depleted zone and precipitation of chromium carbides along the grain 
boundary. Chromium-depleted zones near to adjacent to grain bound-
aries are termed as sensitized. This leads to IGC [4].
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IGSCC of stainless steel in pipeline and core components 
[1–3].

The factors such as segregation [5], enrichment of pre-
cipitates and its depletion of certain alloying element at the 
GB also increase the severity of IGC. The factors that lead 
to IGC are uneven thermal exposure and improper heat treat-
ment of metallic materials. Thus, IGC-attack depends on 
severity of degree of sensitization (DoS) and aggressiveness 
of the environment.

While classical sensitization is due to the result of thermal 
exposure around 600–700 °C and the improper welding [6] 
and heat treatment, on the other hand, the low-temperature 
sensitization (LTS) usually happens at temperature 300 °C 
to 500 °C. The present nuclear reactors in India experience 
this temperature range. During LTS, the preexisting carbides 
have a chance to grow, and the formation of new carbide pre-
cipitation does not occur. The effect of cold rolling on LTS 
behavior has also been detailed by different researchers [1, 
7]. The incidence of IGSCC failures of pipelines in boiling 
water reactor (BWR) has been reported due to LTS as well 
as classical sensitization [1, 8].

The DoS explains the extent of chromium depletion at/
along grain boundaries due to the nucleation of chromium 
carbide. The sensitized steels, if allowed to operate, develop 
crack easily and lead to failures prematurely. Chromium 
depletion zone is usually characterized by coverage, width, 
and depth as discussed in this reference [9]. The chromium 
depletion zone consists of coverage, depth, and width. The 
depth can be characterized by electrochemical and interfero-
metric profiler techniques. The typical double-loop electro-
chemical potentiokinetic reactivation (DL-EPR) curves of 
as-received specimens after sensitization treatment exhibited 
higher DoS (Fig. 3a).

The fabrication scheme of austenitic stainless steels 
involves a range of manufacturing activities such as cold/
warm working, machining, and a series of surface finishing 
operations. These activities influence resistance to sensiti-
zation due to the generation of plastic strain and residual 
stress. Generally, cold working of stainless steels generates 
defects such as dislocations and phase transformation and 
brings other changes in microstructural features. Further, the 
cold working of stainless steel changes its grain shape, grain 
misorientation and GB diffusion rates. The deformation in 
stainless steel brings the following changes: (1) increase in 
surface roughness, (2) generation of tensile surface residual 
stresses, (3) generation of defect density and (4) formation 
of strain-induced martensite (SIM). These changes acceler-
ate the corrosion-related degradation. The typical DL-EPR 
curves after small pre-strain (5% and 10% cold-rolled) and 
sensitized exhibited an improvement in DoS value (Fig. 4b). 
Hence, cold working influences the DoS (Fig.4c). Figure 4c 
shows that slight pre-straining (5% and 10% cold rolling) 

increased the resistance to DoS due to diffusion shortcuts as 
reported in the author’s previous studies [10].

Sensitization: the Understandings 
and Current Developments

Many researchers have contributed toward the understand-
ing of sensitization of stainless steels that led to IGC and 
IGSCC-related corrosion issues. Furthermore, many stud-
ies have also devoted to studying different factors such as 
deformation [7, 11–16], grain size [17, 18], grain misorien-
tation [10, 19], GB character [20–22], which affect sensitiza-
tion kinetics. It is understood that invariably cold working 
cannot be avoided, and a certain amount of plastic strain is 
always present in the steels due to manufacturing activities. 
It is demonstrated by the researchers that the cold and warm 
working of stainless steels increases the susceptibility to sen-
sitization, and this may lead to IGC and IGSCC. Further, it 
has been reported that the state of deformation is also shown 
to affect sensitization [23]. Despite extensive research stud-
ies, exactly on the role of deformation and strain-induced 
martensite (SIM), the researchers have reported conflicting 
results [24]. The commonly agreed results were till a cer-
tain amount of cold-rolling sensitization resistance decrease; 
beyond certain cold-rolling percentage, desensitization was 
evident (Fig. 3c).

Further, it has been reported that SIM sensitizes at a 
temperature of 500 °C [1]. When a specimen of austenitic 
stainless (austenite phase and non-magnetic) is deformed, 
it transforms into a martensite phase (magnetic). The DL-
EPR test can detect this change of phases by its hump from 
its curve. The AISI 304 steel specimens that contain a sig-
nificant amount of martensite exhibited hump in reactiva-
tion peak. In general, the martensite is a hard phase, the 
hardness value of steels increases with increasing amount 
of martensite.

The detection and quantification of SIM are difficult by 
X-ray diffraction (XRD); however, it is viable if vibrating 
sample magnetometer (VSM) and electron backscattered 
diffraction (EBSD) techniques have been employed [10, 25].

When deformation is increased (medium-higher cold roll-
ing), carbide precipitation occurs at grain matrix than grain 
boundary. It has been reported that the larger plastic defor-
mation (~ 80–90 % cold rolling reduction) altered micro-
structure and enhanced resistance to sensitization [26]. In 
another study, it has been reported that the smaller pre-strain 
annealing also enhanced resistance to sensitization [10, 27, 
28]. Further, it is known that sensitization increases the sus-
ceptibility to grain boundary corrosion and hydrogen embrit-
tlement (HE) or hydrogen-induced cracking. The research-
ers reported that loss of notched tensile strength (NTS) of 
AISI 304L steels. This loss in NTS has been correlated to 
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hydrogen embrittlement [29]. The sensitized steels gener-
ally have higher susceptibility to HE than its as-received/
non-sensitized counterpart. The combined effect of tensile 
pre-strain and sensitization on susceptibility to HE was also 
explored in another study [30]. In this work, it is reported 
that preexisting SIM particles can increase the chances for 
HE susceptibility of sensitized 304. The effect of grain size 
on sensitization has also been studied by the researchers 
since long time. The contradiction does exist on the effect 
of grain size on sensitization [17, 23, 31–33]. The 304L 
steels with grain sizes below 10 μm increased DoS [17]. On 
the contrary, it has been reported that higher average grain 
size (> 89 μm) developed few chromium carbide precipi-
tations. This has increased resistance to sensitization [32]. 
The DoS decreases with increasing grain size [32, 33]. It 
has been reported that, in larger grain size, the chances of 
carbide precipitation are delayed [32]. However, it is sug-
gested that arriving at optimum grain size without compro-
mising the mechanical properties can be the best strategy for 
increasing the resistance against IGC-attack. Thus, the role 
of grain size on sensitization is controversial and remains 
challenging till now [34]. Further, it has been reported that 
EBSD-based image quality (IQ) value has also been used to 
detect DoS [35]. The IQ (diffraction contrast) value relates 

to the crystallinity. The lower value of IQ has shown to be 
decreased resistance to sensitization. This observation was 
confirmed with DL-EPR curves. The difference in value of 
IQ at phases has attributed to precipitation of carbides.

The new approach has been emerged to control sensitiza-
tion, though crystallographically has also been discussed 
[22, 36]. On the one hand, Fuji et al. [22] have shown that 
the absence of IGC attack at low-angle GBs (misorientation 
between 5° and 10°) and IGC attack observed low-angle 
GBs of misorientation between 10° and 15° [22]. On the 
other hand, manipulating a microstructure with regions of 
heavily twinned microstructure improved the resistance to 
sensitization [36].

In addition, by populating (area fraction of 3 recrystal-
lization twin) high density of twinned microstructure in 304 
steels, increased resistance to IGC has been shown [37]. In 
another study of sensitization of Al–Mg alloy series, it was 
reported that the low-angle boundaries (8.7°) arrested the 
development of IGC. This immunity was attributed to the 
presence of discrete β phase [38]. Excessive plastic defor-
mation (abusive or rough machining) of austenitic stain-
less steels leads to generation of SIM, decrease in ductility, 
misfit between parent and product phase [39]. The vertical 
milling practice of stainless steels distorted the grains as 

Fig. 4   A typical representation 
of DL-EPR curves exhibiting 
(a) lower DoS and (b) higher 
DoS. (c) the effect of cold work-
ing on the DoS of AISI304L 
stainless steels [10].
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observed by EBSD measurements (Fig. 4) of stainless steel 
specimens. It has been shown that the effect of machining-
induced subsurface was detailed in this study [40]. Further, 
its machining (milling) generates subsurface (Fig. 4), ther-
mal energy, and residual stresses also that affect the kinetics 
of sensitization [41]. The exhaustive review about the role of 
machining/working on SCC has been detailed in this refer-
ence [31, 42–44].

Normal practice is that the typical corrosionist looks at 
the development of the SCC-related issues and the machinist 
looks only at generation of residual stresses. The influence 
of machining (varying degrees of machining) on classical 
sensitization and LTS has been less explored; however, the 
effect of machining-related corrosion issues leads to the 
development of surface cracking, IGSCC has been exten-
sively explored by the researchers [40, 43, 45], and particu-
larly different surface working/finishing operations such as 
grinding, milling, turning and buffing have also been shown 
to affect the performance of stainless steels due to SCC 
(Fig. 5).

Mitigation Strategies Adopted

The mitigation approach to control sensitization has been 
investigated by researchers since 1920. These include tradi-
tional approach (alloy chemistry [46, 47], carbide formers, 
solution annealing, solute atoms) to emerging techniques. 
These are detailed below.

Chemistry

Limiting carbon content to concentrations below 0.03% 
(extra low concentrations) usually reduces the chance for 
the formation of chromium precipitation and its depletion. 
Further, increasing nitrogen, manganese, chromium, and 
molybdenum enhances the resistance to sensitization. Usu-
ally, carbon and chromium are the dominant compositional 
variables that increase susceptibility to sensitization. The 
role of copper in austenitic stainless steel is to stabilize 
austenite and increase uniform corrosion resistance. This 
addition of copper entails cost-saving as it is added as an 
alternative to nickel, as nickel is expensive [48].

Fig. 5   The milled (machining) region of AISI304L stainless steels as observed (a) EBSD inverse pole figure (IPF), (b) IQ map
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Carbide Former

To mitigate sensitization of stainless steels, their chemi-
cal composition is altered with austenite stabilizers such as 
titanium (Ti), niobium (Nb), columbium, and mixtures of 
columbium–titanium mixtures. These chemical elements are 
regarded as austenite stabilizers. Hence, Nb and Ti elements 
are added to stainless steels to impart resistance against sen-
sitization. Farahat et al. have shown that AISI 316 steel with 
0.412% Nb and 1.1% Ti has exhibited no sensitization after 
675℃ for 1-h heat treatment [49]. This resistance has been 
attributed due to the absence of carbides agglomerate at/
near GB.

Solution Annealing

Solution annealing (SA) is a heat treatment process that is 
usually performed before its actual use in industries. SA is 
an important step in sensitization control [50]. This tech-
nique may increase in grain size and introduce large thermal 
stresses due to rapid quenching. This technique is almost 
impracticable for large, complex, and bulk components used 
in nuclear and chemical industries. Further, this treatment 
increases grain size [49, 51–53]. IGC in stabilized grades of 
austenitic stainless steels has been reported to be chromium 
segregation near/at grain boundary [52]. The precipitation of 
M23C6 is possible at the temperature range of 400 °C to 950 
°C. The SA temperature for the conventional stainless steels 
such as AISI 201, 202, 302, 302, 303, 304, 305, and 308 is 
generally in the temperature range of 1020°C to 1120°C. 
The objective of SA is to dissolve preexisting deleterious 
phases present in the stainless steels. It is also reported that 
these deleterious phases have also been formed during ther-
momechanical processing (TMP). The final stage in TMP 
always involves SA. Although this method can be considered 
as an effective mitigation strategy, often it has the risk of 
grain growth. The criticality of using this strategy is limited 
to choosing the optimum SA temperature. Before deciding, 
besides, the geometry of stainless steel components should 
be considered. It needs to be considered that laser surface 
technology is emerging as a technological step for mitigating 
sensitization [50, 54]. These emerging techniques are dis-
cussed separately in this manuscript. These are: (1) addition 
of oversize solute atoms [55], (2) altering grain boundary 
nature and connectivity [20, 21, 34], (3) populating high-
density twinning [36, 37], and (4) through providing a near-
boundary gradient zone (NBGZ) [10, 28].

Solute Atoms

It has been shown that the addition of cerium (Ce) to steels 
improved the resistance against sensitization [55, 56].

Grain Boundary Engineering

Grain boundary engineering (GBE) is a well-established, 
effective, and inexpensive method of improving the proper-
ties of polycrystalline materials that use thermomechani-
cal processing (TMP) [57, 58]. TMP enhances the property 
(strength, creep resistance, SCC, hot corrosion, and oxida-
tion, particularly pronounced more in austenitic stainless 
steels and Ni-base alloys) by altering grain boundary nature 
and connectivity to increase the resistance against corrosion-
related issues [59]. This has been well documented since 
the 1980s by the researchers through several independent 
studies for austenitic stainless steels and other alloys. There 
are two approaches for the implementation of TMP, and they 
have been widely explored by the researchers [60–62]. These 
are (Fig. 6) (i) strain annealing and (ii) strain recrystalliza-
tion. Strain annealing is a single-step process that imparts a 
small amount of pre-strain on the specimen with prolonged 
heat treatment. The strain recrystallization is an iterative, 
multi-pass rolling and heat treatment process for effective 
grain boundary control. In this approach, a moderate degree 
of plastic strain is imparted on the specimen followed by 
short heat treatment. With this approach, the microstruc-
ture is manipulated with a high fraction of special boundary 
(special boundaries) and connectivity of random boundary 
network.

The grain boundary-engineered materials exhibit higher 
population of coincident site lattice (CSL). The CSL model 
describes grain boundary character distribution (GBCD) by 
classifying low CSL, high CSL, and random grain bounda-
ries. Thus, the main objective of GBE is to manipulate 
microstructure that discourages the initiation and propaga-
tion of intergranular degradation by disconnecting random 
grain boundary network and then introducing low-sigma 
CSL boundaries. In precise, the introduction of small pre-
strain and high-temperature annealing is a way to increase 
special boundary concentrations, and this has been con-
sidered as an effective way to enhance resistance to sen-
sitization [27]. In contrast, another approach of extremely 
randomizing grain boundary network improved the resist-
ance to sensitization [26]. They have shown that introduc-
tion of large plastic deformation (approximately 85% of 

Fig. 6   The two approaches of thermomechanical processing
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cold rolling) has produced extremely randomized grain 
boundary [26]. The thermomechanical processing typically 
imposes small pre-strain [27, 63], and single-step annealing 
is generally employed to obtain desired corrosion proper-
ties. This processing modifies microstructural features (grain 
size, residual strain, GBCD, and GB topology). It is further 
reported that the grain boundary-engineered microstructure 
[34, 59] and GB network topology [20] of type 304L stain-
less steels exhibited resistance against sensitization.

In recent times, grain boundary junction engineering 
(GBJE) or triple junction engineering [64] is getting atten-
tion among researchers for enhancing the structure–prop-
erty relationship for low SFE FCC materials. It is a branch 
of grain boundary engineering (GBE) that deals with triple 
junction (TJ) (Fig. 6) and its connectivity [65]. TJ consists 
of CSL and random boundaries (Fig.7). The formation of 
TJ happens when grains (three) meet respecting crystal-
lographic rules, which are characterized according to For-
tier et al. [27] and classified into 4 types, namely (1) three 
special boundaries (S–S–S or 3-CSL or ), (2) two special 
boundaries and one random boundary (S–S–R or 2-CSL), 
(3) one special and two random boundaries (S–R–R or 
1-CSL), and (4) three random grain boundaries (R–R–R). 
To understand continuous percolative paths and to deter-
mine triple junctions that offer resistant GBE microstruc-
ture, based on types of triple junction originally proposed 
by Fortier et al. [27], Kumar et al. [28] suggested a resistant 
triple-junction parameter, i.e., f2csl/(1-f3csl), where f2csl 
is the frequency of two CSL and one random boundary, and 
f3csl is the frequency of three CSL boundaries. The analysis 
of grain boundary connectivity using orientation imaging 
microscopy (OIM) reveals information about clusters of 
random boundaries [66] and its length for the entire grain 
boundary network. In general, the improved resistance to 
sensitization (or localized interfacial degradation or grain 

boundary-sensitive material properties) is observed when 
there is connectivity of special boundaries (CSL boundaries) 
and disconnectivity of random grain boundaries.

Orientation Gradients

In general, plastic deformation of metallic materials devel-
ops grain-specific misorientation, called as near-boundary 
gradient zone (NBGZ) that signifies the presence of disloca-
tion. The dislocation theory and crystal plasticity are also 
used to characterize NBGZ. The grain interior and its inter-
action between near neighbors are shown to affect material 
properties such as mechanical and corrosion properties. It 
has been shown that previously by the present author that 
the larger the region of NBGZ, the better the immunity 
toward corrosion properties [10, 28]. The graph (normalized 
distance vs misorientation) illustrates calculation of such 
orientation gradients (NBGZ) for a typical grain (Fig. 8a). 
The grain center is identified, and line vector is drawn. The 
misorientation spread and distance are calculated. More 
information is available in this reference [10, 67, 68]. The 
deformed microstructure with regions of NBGZ (10% cold-
rolled specimen) (Fig. 8b) provided resistance to sensitiza-
tion [10, 68].

Other Techniques (SMAT, LSM)

The coherent and high-energy beams (lasers, electron 
beams) have been used for surface property enhancement 
for a long time. These sources are used to melt phase trans-
formation [69] of surface regions. In laser surface melting 
(LSM), a thin layer is melted by laser sources (Nd:YAG, 
CO2 and Ruby). During melting, carbides and impurity are 
reduced. The other emerging techniques make use of modi-
fying surface microstructure without changing bulk prop-
erties. Surface engineering is a method to alter the micro-
structure and composition of the near-surface region for 
enhancing certain properties of materials such as corrosion 
and wear resistance. In precise, surface engineering deals 
both microstructural and compositional modifications. LSM 
and surface mechanical attrition treatment (SMAT) deal with 
microstructural/surface modifications. Surface engineering 
deals with changing the properties of near surface to enhance 
the performance of engineering components over time [70]. 
It is also reported that LSM addresses the issues of cavita-
tion erosion [71], IGC [72, 73], and pitting corrosion [74]. 
The influencing process parameters are reported to be pulse 
width, linear speed, gas pressure, and pulse repetition rate 
[72]. Further, to avoid the breakdown of components, fail-
ure of equipment, the nucleation and growth of pits, and 
arrest of cracks, the sensitized microstructure can be treated 
with the LSM technique. SMAT is a method to the synthesis 
of surface nanolayer by employing shots (milling balls) to 

Fig. 7   Triple junction (TJ) (J0, J1, J2, J3) types with a combination of 
boundary types (random grain boundary and CSL boundary). The J0 
represents a junction having three grains connected with random (R, 
R, R) boundaries.
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enhance mechanical and corrosion properties. It has been 
reported that SMAT enhanced the resistance against sen-
sitization for AISI 316 steels. However, this method is also 
without its drawbacks. The major disadvantage is the issue 
of surface roughness and generation of surface cracks due to 
continuous impacts. Compared with other surfacing meth-
ods, LSM is considered feasible for mitigating sensitization 
and arrest sealing cracks. The LSM process is a rapid solidi-
fication process. In another study, it has been reported that 
LSM improved pitting resistance [75]. Besides, it is reported 
that LSM increases the stability of the austenite phase and 
yield strength [76]. Mudali’s group has been the pioneer in 
this field addressing sensitization through LSM technology. 
In this work, the IGC susceptibility of 304 stainless steel 
was evaluated, and a higher population of twin boundaries 
arrested the IGC attack [37]. The twin boundary is a low 
energy boundary that arrests the carbide precipitation at the 
grain boundary.

LSM is also without the disadvantages. LSM is likely 
to result in duplex microstructure in austenitic stainless 
steels and ensures the phase balance for duplex stainless 
steels. This method is in situ to selectively remove the sen-
sitized microstructure at critical locations. The change in 
microstructural features is usually studied by typical metal-
lographic technique, hardness, and mechanical test. These 
mentioned techniques are destructive, and specimens may 
not be used again for any use. Although it is very effective to 
detect sensitization, it is difficult to detect the components or 
structures which are already in use (production or service). 
Hence, the need for testing the components or structures 

demands the methods which are of a nondestructive type 
and in situ [77].

Evaluation of Sensitization: Emerging 
Methods

Over the years, the sensitization of austenitic stainless steels 
has been investigated by different techniques/methods. 
These are Huey and Strauss tests, single-loop [78, 79] and 
double-loop EPR [80, 81], local electrochemical impedance 

Fig. 8   (a) Quantification and (b) microstructure with regions of NBGZ.

Fig. 9   The schematic of working principle eddy current testing device
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spectroscopy (LEIS), electrochemical noise technique [82], 
eddy current testing (EDT) (Fig. 9).

In order to assess the components of stainless steels for 
sensitization after a fabrication process or during in-service, 
the different techniques/methods have been used. These are 
varied between typical etch test and electrochemical test to 
sophisticated techniques such as NDT- and magnetic-based 
methods [83]. The traditional methods include oxalic acid 
etch test and electrochemical technique such as electropoten-
tiokinetic reactivation (EPR) tests. These methods have been 
used widely for laboratory-based assessment. For inspection 
of stainless steel components, during in-service, the NDT-
based acoustic [84], ultrasonic measurements thermoelec-
tric power (TEP) [85], and magnetic-based measurements 
such as eddy current techniques, magnetic force microscope 
(MSM) [86], and atomic force microscopies [87] have been 
used.

Strauss, Huey, and Streicher tests require a lot of speci-
mens and cannot be performed in situ, and sensitivity for 
detecting lower DoS is an issue. There is a need for quan-
tifying the effect of fine precipitation and depletion; EPR 
tests have been developed in 2.5M H2SO4 test solutions 
(cihal 1969); further, Clarke et al. proposed single-loop EPR 
in test solutions of 0.5M H2SO4 + 0.01M KSCN. These 
EPR techniques need a very fine surface finish; hence, this 
requires time for the preparation of specimens. Akashi et al. 
developed DL-EPR test methods. This method overcomes 
inclusion content and quality of surface finish. To overcome 
limitations of chemical tests, an electrochemical technique 
called electrochemical potentiokinetic reactivation (EPR) 
method has been developed [78, 88–91]. The early detection 
of sensitization and other IGC-related corrosion degrada-
tion is considered very important for the safe and efficient 
operation of plants.

The NDT methods have been gaining acceptance, for 
maintaining the structural integrity and health monitoring of 
engineering components and making situation-based main-
tenance judgments (decisions) in any power plants/factory. 
Further, monitoring and assessing the impact of corrosion 
degradation help to achieve early detection of defects in 
specimens from the fabrication stage to the operation/service 
stage. Furthermore, the NDT is also emerging as an alterna-
tive method to find out the root cause of any failures and to 
take appropriate preventive actions in any plants/industry, 
particularly for pressurized water reactor (PWR) and boil-
ing water reactor (BWR). In this direction, the conventional 
acoustic emission (AE) [84, 92], linear ultrasound (LU) 
[93], nonlinear ultrasound (NLU) [94, 95], and magnetic-
based techniques such as EDT [96, 97] (Fig. 8), induction 
infrared thermography [98, 99], and magnetic Barkhausen 
noise (MBN) have been used to study the development of 
sensitization-lead IGC issues [84, 100–103]. The AE is a 
wave that travels at the speed of sound, and the LU is an 

acoustic wave with higher frequency (humans can’t hear); 
on the other hand, humans can hear infrasonic wave and 
subsonic wave, as both infrasonic and subsonic waves travel 
less than the speed of sound. The AE is based on the release 
of transient elastic wave (energy) within the material. When 
pits propagate, the recorded AE signals become apparent 
[100]. The detected signal of AE consists of event number, 
amplitude, rise time, count number, duration, and nonlin-
earity parameters (β). These parameters can be related to 
the presence of precipitates, chromium depletion zone, and 
dislocations [95]. The higher value of measured β indicates 
an absence of sensitization. The ultrasound is generally non-
destructive and non-ionizing acoustic waves, that propagate 
through elastic media. Longitudinal waves are the most com-
mon form of ultrasound propagation. As there is no radiation 
exposure for using ultrasonics, this increases the safety of 
a technician/operator. The ultrasound is a sound wave with 
frequencies above 20KHz.

The nonlinear ultrasound (NLU) has also been used to 
characterize the materials’ damage using the information 
from attenuation, the amplitude of peaks, wave velocity, 
attenuation, and spectral peak. To overcome the problems 
associated with LU in assessing the IGC, the NLU (harmon-
ics generation) has been used by the researchers. The linear 
ultrasonic-based NDT methods have been used since 1970s 
in the use for the medical industry. Of late, this technique is 
well suited to detect the location of defects, flaws, and voids. 
The NDT methods such as ultrasonic and eddy current test-
ing have limitations or have inaccurate in detecting the initial 
stage of IGC and IGSCC; the author has used the laser scat-
tering studies [104]. The conventional ultrasonic parameters 
are usually sensitive to bulk properties; hence, any changes 
in bulk are detected. Hence, it is not suitable for detecting 
the initiation of localized corrosion. The alternative to this 
is the use of nonlinear ultrasonics by generating harmonics 
[105] and laser-based scattering techniques [104] and wave 
mixing techniques [105]. In another study, NLU Rayleigh 
waves have been used to assess sensitization [92]. Rayleigh 
waves (Fig. 10) are nonlinear surface acoustic undulating 
waves that propagate along the surface of solids. Since the 
IGC attack is usually at the micro-level generally, the low 
depth penetration of LU for detection of macro-level cracks 
may not bring out the actual state; hence, different operating 
parameters as mentioned previously help to provide better 
information about IGC-attack. For detecting IGC for aircraft 

Fig. 10   The Rayleigh waves
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aluminum alloys, X-ray tomography was used [106]. How-
ever, the detected nonlinearity parameter β is from mate-
rial damage or due to configurations of equipment such as 
transducers and amplifiers. To overcome this, the alternative 
method is to use the wave mixing technique (both co-linear 
and non-co-linear). Mudali et al. [104] came up with a laser 
scattering technique, and Jingpin et al. [105] came up with a 
wave mixing technique. The researchers have established the 
correlation of laser scattering parameters with IGC attack.

Rayleigh waves are generally used to characterize 
mechanical and structural properties. Rayleigh waves are 
surface acoustic waves that propagate the surface of solids. 
In this method, the nonlinearity parameter β has been used 
to confirm the presence of M23C6 carbides. The predictions 
of structural changes in materials at the early stages by the 
nondestructive way (ultrasonic wave propagation) are rel-
evant. It is used to characterize the initiation and growth of 
cracks due to IGSCC as its harmonic waves contain informa-
tion about the change in microstructural features (precipi-
tates, dislocations, voids, radiation damage, fatigue damage, 
and residual stresses). The acoustic nonlinearity parameter 
β is particularly useful for field applications. The theoreti-
cal background and approach to this technique are detailed 
in these references [92, 107]. The experimental technique 
and arrangement of air-coupled devices, transducers, and 
amplifiers are placed as shown in figure. The researchers 
demonstrated that acoustic nonlinearity parameter β has 
been sensitive to microstructural changes due to various 
processing/operating conditions such as sensitization-lead 
IGC and IGSCC. Further, the parameter β was well corre-
lated with EPR measurements. The precipitation of sigma 
phase is due to thermal aging in duplex stainless steels [107] 
and chromium carbide due to sensitization in austenitic 
stainless steels [92]. The increase in β indicates generally 
an absence of deleterious precipitates such as sigma phase 
and chromium carbides. The usage of transducers based on 
their frequency can yield information about a low degree of 
sensitization; hence, it is usually recommended that proper 
selection and usage are important. The increase in ultrasonic 
attenuation information can provide a good picture of sensi-
tization developments. Theoretical understanding of precipi-
tation that leads to sensitization is possible. The research-
ers have reported that by generating harmonics (nonlinear 
ultrasonics) the early deterioration of IGC has been studied 
extensively. However, this also the without limitations, to 
overcome wave mixing technique is proposed. The electro-
magnetic acoustic transducer is a non-contact type (does not 
require contact or couplant); an ultrasonic NDT instrument  
measures ultrasonic velocity and attenuation. It is reported 
that ultrasonic velocity information did not reveal about 
DoS and shear velocity, and attenuation revealed DoS in 
AA5XXX aluminum alloy [108]. The same was observed 
for 304 stainless steel [109]. Thus, the early detection leads 

to a longer lifetime of components and structural failures as 
reported. In practice, during in-service of components the 
failure due to sensitization is usually several times higher 
than the carbide saturation limit. Thereby to address the 
advanced sensitization stage, NDT-related techniques such 
as EMAT, UT are useful and justified from a purely practi-
cal point of view [109]. Conventional NDT techniques can 
overcome the problems associated with EPR methods. ECT 
is considered as a suitable alternative to be able to monitor 
in-service sensitization as it can detect changes in electri-
cal conductivity and permeability [96]. In ECT, when an 
alternating current is passed to the specimen, the magnetic 
field is developed proportionately to the applied current. If 
other conducting specimens are into this magnetic field, then 
current will be induced to these specimens. The appreciable 
amplitude change in eddy current signal indicates M23C6 
types of carbide depletion.

If any structural variations present in the specimen affect/
decrease the eddy current, the ECT can be used for the thick-
ness of materials and coatings, detection of cracks, and con-
ductivity measurements to identify materials. Furthermore, 
the applicability of ECT has extensive [96, 110]. In another 
study, ECT has been used to find the martensite phase pre-
sent in stainless steel [110]. These authors also indicated that 
with the help of reference specimens, it is possible to sub-
stantiate the result of ECT measurements. ECT works well 
only on the IGC-attacked areas; hence, it is very important 
to select suitable techniques based on the specimens testing 
requirement [105]. Thus to explore other avenues for meas-
urement of sensitization, the researchers explored the feasi-
bility of magnetic methods. The superconducting quantum 
interference device (SQUID) magnetometer-based VSM has 
been used for the measurement of sensitization by generat-
ing magnetic hysteresis curve (also known as M-H curve). 
The SQUID consists of two superconductors separated by an 
insulating layer, forming a Josephson junction. When a very 
thin insulating layer is placed between two superconductors, 
then a continuous super-electric current is generated with-
out the application of voltage. This is known as Josephson 
effect. It is based on tunneling superconducting electrons. 
The SQUID measures the magnetic fields, whereas VSM 
measures the magnetization of a specimens. The saturation 
magnetization and coercivity measurement from hyster-
esis loop give information about the volume fraction of α 
phase. The magnetic properties are sensitive to the struc-
ture of metallic materials, as it measures subtle magnetic 
fields. The NDT-based magnetic measurement techniques 
have been gaining attention for the detection of defects such 
as initiation and presence of subsurface cracks. The chro-
mium depletion at grain boundary has also been measured 
by magnetic force microscopy [34]. In VSM, the specimen 
is usually placed in a uniform magnetic field H, and mag-
netization M is induced in a sample. In this, specimen is 
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placed between two electromagnetic pieces and it is made 
to oscillate by vibrational unit. In an another study, mag-
netic hysteresis loops of stainless steels have been assessed 
by VSM [35]. The saturation magnetization (Ms) and coer-
civity (Hc) measurements have been used to evaluate the 
magnetic properties. Ms is defined as maximum magnetism 
state the materials can experience when magnetic field (H) is 
applied. At larger values of H, the magnetization M becomes 
constant at its saturation value Ms. Paramagnetic signal is 
from matrix, and ferromagnetic signal is from localized Cr-
depleted regions. The authors concluded that increased fer-
romagnetic signal could be from local Cr-depleted regions. 
However, the authors concluded that sophisticated portable 
magnetic characterization techniques will replace before this 
can serve as an alternative to assess sensitization in stainless 
steels. Further, to use as a standalone techniques in indus-
tries, it needs to be checked and calibrated every time before 
using with the reference specimens of known sensitization 
values. The magnetization curves usually have been meas-
ured by a VSM. The chromium depletion at grain boundary 
has also been measured by MFM [83]. In VSM, the speci-
men is usually placed in a uniform magnetic field H, and 
magnetization M is induced in a sample. In this, a specimen 
is placed between two electromagnetic pieces, and it is made 
to oscillate by the vibrational unit. This is helpful for both 
new and aged nuclear power plants.

Closing Remarks

In this manuscript, it is clearly shown that significant devel-
opments have taken place in the area of sensitization. Fur-
thermore, this chapter has provided up-to-date information 
about sensitization; this includes newer mitigation strate-
gies and assessment schemes adopted by the academicians 
and researchers. The creation of NBGZ and the high density 
of twinned structures have shown to improved resistance 
to sensitization. For instance, during the manufacturing 
of austenitic stainless steels, selection of proper fabrica-
tion schedule and/or thermomechanical processing creates 
NBGZ; then, the problem of sensitization can be minimized. 
Further, the SA of final components also mitigates the issue 
of sensitization.

The alternate methods, mainly conventional and mag-
netic-based NDT methods, were presented in this chapter 
for quick assessment of sensitization, and these techniques 
have more application advantages, particularly inspecting 
in-service equipment. This has been considered to be an 
effective tool for quality control and fabrication of prod-
ucts. This can serve as a piece of additional information 
that guides the corrosion engineer/corrosionist to make an 
appropriate decision, along with the traditional techniques. 
Because the output of NDT (results) can be subjective. A 

suitable interpretation by the field specialist to arrive at the 
possible solution is needed.

For instance, the NDT-based nonlinear ultrasonic Ray-
leigh techniques are well suited for on-site application to 
assess the damage. Most of the time, as it requires testing 
the specimen on one side during the operation in the plants/
industries. Hence, the proper selection of techniques/tools 
for assessing the damage needs vast knowledge about the 
latest technology that is available in the market. Further-
more, the magnetic-based NDT methods such as ECT and 
magnetic Barkhausen noise (MBN) can detect the changes 
in microstructural features. The output of ECT is imped-
ance and harmonics. The changes in these parameters can 
be related to changes in microstructural features. Hence, the 
proper selection of method for the assessment of sensitiza-
tion is at the discretion of corrosionist, in-service plant field 
operators. All these methods can be applied independently, 
and for validation of results, usage of either reference speci-
mens or conventional methods is apparent.

The stringent guidelines demand the use of new, 
advanced, and innovative technologies for quick assessment 
of locating defects and for online monitoring of structural 
damages and initiation of cracks. Thus, the effective cor-
rosion monitoring strategies if implemented are in-place; 
then, the unexpected and sudden closure of plants can be 
avoided. The regulation authorities of engineering industries 
in general and particularly the nuclear industry ensure safety 
in all respects. In the nuclear energy field, minor defect in 
components leads to violation of safety codes/procedure and 
standards. This violation is usually looked at seriously. Usu-
ally, the plants and any typical engineering industry particu-
larly require constant inspection and regular maintenance 
for ensuring safety and improving efficiency. To address 
this, ISI techniques/methods are employed to ensure struc-
tural integrity and safety periodically during maintenance 
outages.

In this direction, the regulatory authorities of all nuclear 
power-producing countries across the globe constitute an 
in-service inspection (ISI) program that guarantees early 
detection and evaluation of defects that lead to failure of 
components. The ISI is a periodic nondestructive examina-
tion of the nuclear power plant to provide the current state 
of the plants. The scope of ISI includes active maintenance, 
surveillance, as this ensures the adequate safety of all com-
ponents and parts of the plants within the operational limits 
and conditions. Further, the ISI program ensures preventive 
failure analysis, maximizes safety, prevent production losses, 
and enhances the performance of nuclear power plants. The 
ISI utilizes the NDT as a key tool for its successful imple-
mentation; for this, the proper understanding of available 
NDT/other methods, educated guess, calculated risk, and 
scientific approach is needed. When the corrosionist antici-
pates failure of components, for taking appropriate action 
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and removing the hazard, the time frame is usually adequate. 
Furthermore, the early, proactive detection of corrosion 
cracks and their related issues result in savings and record 
in increased revenue. During ISI, typically three different 
NDT methods are applied. These are visual, surface, and 
volumetric examinations. The issue of IGSCC in stainless 
steels has been encountered in BWR recirculation pipelines. 
The same has been experienced in dissimilar metal welds 
in PWR and BWR plants. Furthermore, NDT has been 
used to detect IGC and IGSCC in a dry cask storage sys-
tem (DCSS). The dry cask is a metallic (steel) cylindrical 
container to store hazardous and radioactive nuclear waste 
materials such as spent nuclear fuel. The DCSS provides 
leak-tight proof containers that provide radiation shielding 
and preventing further nuclear fission. Several NDT methods 
have been used for monitoring and surveillance of DCSS for 
the detection of cracks and estimating its size. Hence, the 
application of NDT methods is promising and encouraging; 
however, the accuracy and reliability depend on the expertise 
of the NDT operator. The abundant experience and suitable 
interpretation of NDT result in save components to make 
informed decisions
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