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Abstract: In a quest to vet UNS S32205 as a potential structural material to serve moderate-to-high
temperature operations of NPP auxiliary components, the DL-EPR test was exploited. A bifronted
scheme comprised of 650 and 850 ◦C discrete treatments intended to explore progressive eutectoid
decomposition and degree-of-sensitization (DoS) scenarios was adopted. The nuance witnessed with
yet another dual approach—the Cihal- and image processing (IP)-normalized signal landscape—was
rationalized through its attribution to culprit microstructures. This was sought, inter alia, in the
vicinity of grain boundaries and σ-phase inclusions by virtue of postmortem FESEM, STEM-EDX,
HRTEM SAED and XRD ascertainment. Discernable reactivation-kinetics resurgence was believed to
mark the onset of deleterious σ-phase dissolution. This only came into fruition with longer ageing
times (8–17 h) at 650 ◦C and succumbed to prematurely (1 h), and at DC biases more cathodic
than −0.25 VAg/AgCl with the 850 ◦C counterpart. Opportune corroboration was offered in ir/ia
breakaway for the respective conditions, which was unveiled to be particularly pre-emptive (5 h)
with IP- vs. Cihal-normalized peers (8 h) related to the 650 ◦C condition. Meanwhile, the 850 ◦C
condition endured a similar surge after as little as 1 h of ageing across the board, which hints at
concomitant sigma-phase culpability.

Keywords: degree of sensitization; double-loop electrochemical potentiokinetic reactivation;
normalization; Cihal method; image processing

1. Introduction

The realm of degree-of-sensitization (DoS) electrochemical assessment has witnessed
a plethora of emerging techniques, yet each riddled with an overambitious set of claims
towards conferring an accurate quantitative address upon the issue. Though crucial
precursors to current, more-meticulous techniques in the chronological hierarchy, poten-
tiodynamic anodic polarization [1], potentiostatic etching [2–5], and abstract single- and
double-loop EPR [6–8] have failed to deliver on electrochemical signal-normalization ef-
forts. This is because such traditional undertakings were seldom guided by deliberate
schemes that account for the inevitable inconsistencies inherent to grain-boundary physical
dimensions across materials. This not to mention the ineptitude of sensitively gauging the
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DoS once frontiers of severe detriment are infringed upon [9], or at least remain faithful
to the non-destructive merits underpinning the sought-after endeavors [2]. For example,
while the honor of historical precedence in quantitatively addressing the DoS from an
electrochemical perspective might be bestowed upon potentiodynamic anodic polariza-
tion, the latter remains an underdeveloped technique at present. This is because it stands
somewhat afflicted by reports of controversial gauging potency pertaining to the very
phenomenon it was inherently set to critique [10]. Moreover, conflicting testaments might
be stumbled upon in the literature attesting to an intimate association between the rise in
the DoS and dwindling critical and passivation current densities at times [11] while in other
instances refuting any discernable interdependency to that effect [12]. Meanwhile, efforts
that had formerly sought refuge in setting the mere emergence of a prominent second peak
as a criterion had been proven to be notoriously ill-equipped to convincingly gauge the
milder extremity of sensitization spectrum [13]. Alternatively, the potentiostatic-etching
technique risks casting an overly trivialized methodology upon forecasting extents of
chromium depletion across broadly disseminated grain-boundary locales (with charac-
teristic Cr-denuding contrast) through mere correlation with passivation potential [2–5].
Thus, the aforementioned preliminary approaches might easily fall victim to looming
irreproducibility that immediately arises in conjunction with the meagre departure from
handling a single batch of materials, let alone contrasting alloy compositions. This is by
virtue of the reliance on absolute cumulative-charge monitoring to subsequently corre-
late with the DoS [13,14], as opposed to the relativistic attribution of charge measured to
vulnerable microstructural locales, as embraced by EPR-based techniques. Admittedly,
signs of well-placed discretion whilst quoting reactivation charge-density peaks conjunct
with grain-boundary area began to gain recognition in the wake of being advocated by
Clarke et al. [15,16], amid the establishment of the single-loop variant in EPR testing. A
breakthrough that later morphed into a double-loop version of the approach in concern
was documented by Akashi et al. [17,18]. However, the SL-EPR technique remains troubled
by an undesirable association with the extent of maturity pertaining to the metallographic
surface finish. Furthermore, early attempts aimed at the normalization of electrochemical
measurements had inadvertently subscribed to a grave unwarranted assumption. The
postulate in concern argued for the adequacy of considering electrical charge to emanate
from sensitized grain boundaries that are consistent in the breadth of their Cr-depletion
profiles whilst percolating unscathed along the entirety of such boundary networks—that
is, during the latter’s span across extremities of a given specimen. This is not to mention
depicting grain geometries as perfect spheres throughout. A precedent that incentivized
the reliance on the standardized Cihal scheme for grain-size determination documented in
ASTM E112-13 [19] and BS EN ISO 643:2012 [20] in normalization endeavors pertaining to
the dual-faceted EPR technique [6,21]. The case need not be made for the thwarting effect
brought about by such a vast oversimplification in depriving the technique at hand from
attending to stepped (unsensitized) stainless-steel microstructures. This is in addition to
dual-stepped and non-continuously ditched (intermediately sensitized) stainless steels,
unveiling the extent of sensitization as per ASTM A262 practice A [2]. The vacuum brought
about by the inept normalization approach described thus far calls upon a subjective
boundary-by-boundary dimensional critique of intergranular vicinity detriment. Image
processing might offer potent provision as it relates to such settings. This is as indiscrimina-
tory perception of the odds for sensitization pertaining to populations of grain boundaries
innately varying in extents of lattice-site coincidence and compactness had been proven
unwise in peer investigatory endeavors [22–30]. Hence, to steer clear of enduring such a pit-
fall, it was incumbent upon particular studies to opt for a bypass of the problematic fixtures
on grain-boundary width, whether at 2 × (5 × 10−5) cm for SL-EPR [15,16] or 10−4 cm for
DL-EPR [9,17] contemporaneously. It is owing to such an adjustment that normalizations
predicated upon the grain-boundary area (GBA) were suspended in favor of their network
length (GBL)-based peers [31]. That is with the all-encompassing drive behind such a mea-
sure being the abundantly verified discrepancies between widths of Cr-depletion profiles
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traversing grain boundaries and the often-broader spread for observed ditching at those
very locales. Amongst the structural materials subjected, albeit somewhat sparingly, in the
literature to the broad spectrum of DoS assessment endeavors, is duplex stainless steel. The
most rudimentary of these is the UNS S32205 heat of DSS [32–36], which enjoys the perks
of a bi-fronted ferrite/austenite makeup, rendering the alloy in display with enhanced
resistance against localized corrosion whilst remaining mechanically robust. The latter,
however, runs the risk of weathering operating conditions of detriment that potentially
pave the way for long-term thermal ageing—that is, if we are to indulge in contemporary
enthusiasm towards deploying DSS in serving auxiliary, yet critical, components of the
nuclear industry [37]. This entails the incorporation of UNS S32205 in fabricating the likes
of primary loop coolant pipes [38], reactor vessel internals [39,40], and interim wet storage
pond walls [41] that stand complementary to NPP processes. As far as microstructural
features of particular interest in UNS S32205 are concerned, intergranular chromium car-
bide and intragranular sigma-phase precipitate vicinities are infamous for Cr-depletion
and often act as precursors to corrosion detriment [38,42]. With the scene set as such, it
is unambiguous that the temperature-induced inclinations by ferrite islands within the
duplex matrix towards undergoing variable extents of eutectoid decomposition would
assume prime attention [32,33]. That is, in as far as contrasting proportions of regenerated
austenite—highly accommodating of carbon atoms as interstices—to sigma phase that
might come into fruition. It is in the spirit of establishing the means to facilitate normalized
depictions of the DoS through which the inherent variability in sizes/span of electrochemi-
cal dissolution locales are subjectively accounted for that this work was embarked upon. To
that end, the incautiously simplistic customary practice of DoS normalization was rendered
a utility that lends itself to the opportune corroboration of a superiorly IGA-subjective take
on the very normalization endeavor sought.

2. Materials and Methods

Grade UNS S32205 duplex stainless steel of composition, as outlined in Table 1, was
made to endure a homogenizing preliminary solution annealing treatment at 1050 ◦C for
30 min.

Table 1. Chemical composition (wt%) of UNS S32205 grade of duplex stainless steel.

C Si Mn P S Cr Ni Mo N Cu Ti Ce Fe

0.016 0.39 1.43 0.022 0.001 22.39 5.7 3.19 0.178 0.2 0.001 0.002 66.48

The material was then subjected to two distinct sensitization temperatures, namely
650 and 850 ◦C, aimed at exploring the microstructural features emanating from benign
and mature degrees of thermal sensitization, respectively, in conjunction with the extent of
ferrite decomposition. To that end, a wide spectrum of ageing times was deployed, span-
ning 1, 3, 5, 8 and 17 h. The preliminary solution annealing precursing the two subsequent
sensitization treatments, namely at 650 and 850 ◦C, will be referred to as ‘heat treatments
1 and 2′, respectively, throughout this manuscript. The material as supplied was 1.5 cm
diameter rigid rods that extended 1 m in length. In attending to electrochemical testing
needs, the as-received geometry was eventually reduced down to cubes that were 5 mm per
side. Fabrication processes were optimized to minimize adverse thermo-mechanical effects
by restricting the cutting-tool feed rate and maintaining ample cooling throughout the
operation of a Buehler Isomet low-speed saw. In rendering samples electrically conductive,
paving the way for subsequent electrochemical testing, Nichrome wires were spot-welded
onto samples, where the joint was then electrically insulated via plastic sheathing. Elec-
trochemical samples proceeded to be cold-mounted into epoxy resin to ultimately expose
a typical 0.277 ± 0.044 cm2 of the alloy. All samples were then taken down to a 4000-grit
finish before being ultimately polished using 0.25-micron diamond paste.
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A typical three-electrode electrochemical setup was adopted with DSS, Ag/AgCl
half-cell and a platinum wire/foil assuming the role of the working, reference and counter
electrodes, respectively. Conventional double-loop electrochemical potentiokinetic reactiva-
tion testing (DL-EPRT) was deployed to offer a quantitative, albeit inaccurate, preliminary
rendition of the degree of sensitization (DoS). The test was administered in an electrolyte
comprising 0.5 M H2SO4 and 0.01 M KSCN at ambient temperature. A potentiodynamic
sweep was commenced from realms slightly cathodic to an OCP that lies in the vicinity
of −0.34 VAg/AgCl. The potential was then made to encroach upon increasingly anodic
territories until it soared as high as 0.25 VAg/AgCl, before traversing back to where the
scan was originally initiated. A scan rate of 1.67 mV/s was maintained throughout.

A critique of morphologies and deteriorative microstructural features on samples
postmortem related to DL-EPR testing was sought in an effort to verify the sources of
the electrochemical signals amassed. This was realized with the aid of a TESCAN Lyra
3 (TESCAN, Brno, Czech Republic) field emission (FE-) and a ZEISS EVO LS10 (LaB6-,
ZEISS, Oberkochen, Germany) scanning electron microscope (SEM). Chemical composition
scrutiny was administered through area and line scans across features of interest using
a Thermo Fisher Scientific Quattro FESEM (in STEM mode, Thermo Fisher Scientific,
Waltham, MA, USA) equipped with means for energy dispersive X-ray Spectroscopy (EDS)
utilizing an Oxford Instruments (X-MaxN, Abingdon, UK) silicon drift detector. Both
topographical and microchemical critique were conducted using an accelerating voltage
of 20 kV [43,44]. Meanwhile, thin TEM lamellae were extracted from samples pertaining
to key conditions of interest with the aid of FEI HELIOS G3 Dual-Beam FIB-SEM (FEI
Company, Hillsboro, OR, USA).

Unveiling a reciprocal lattice for localized microstructures of interest was facilitated
by way of selected area electron diffraction (SAED) with the aid of a JEOL JEM-2100F
200 kV (JEOL Ltd., Tokyo, Japan) transmission electron microscope (TEM). The indexing of
diffraction patterns and generation of 3D renditions of complex structures were rendered
into existence with the aid of an automated crystallographic deciphering toolbox (CrysTbox)
courtesy of Klinger et al. [45–48]. The preliminary ascertainment of crystallographic features
distinctive of the phases anticipated was facilitated by way of X-ray diffractometry (XRD)
utilizing a Rigaku MiniFlex X-ray diffractometer (Tokyo, Japan). The latter was deployed
in conjunction with Cu Kα1 radiation (γ = 0.15416 nm), a tube current of 10 mA and an
accelerating voltage of 30 kV [49–51].

It is by virtue of the abstract approach to DL-EPR testing being solely predicated upon
the total exposed working electrode area, and as such, effectively dismissive of inevitable
discrepancies in grain-boundary dimensions, that endeavors aimed at normalization of
ir/ia responses were sought in this work. A bifrontal attempt was made to account for
grain-boundary area (GBA) and length (GBL) in discrete incidences whilst addressing ir/ia
firstly through ISO 12732 (based on the Cihal method) [21]. The latter is centered around
standard grain-size measurement techniques, the outcome of which contributes towards
the rendering into fruition a DoS that is subjective of a given unique, yet averaged, extent
of attack at vulnerable microstructural features. ISO 12732 formulates the normalization
approach as follows:

Cihal method-based DoS normalization (predicated upon GBA):

(
Ir

Ia

)
GBA

=

Ir
SGBA

Ia
AS

=

Ir
SA∗AS

Ia
AS

=
Ir

SA ∗ Ia
=

Ir

Ia ∗ 10−3 ∗
√

2G+5
(1)

Cihal method-based DoS normalization (predicated upon GBL):

(
Ir

Ia

)
GBL

=

Ir
LGBL

Ia
AS

=

Ir
10∗LA∗AS

Ia
AS

=
Ir

10 ∗ LA ∗ Ia
=

Ir

Ia ∗ 10 ∗
√

2G+5
(cm) (2)
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where ‘Ir‘ is the peak current for the reactivation/reverse scan and ‘Ia’ is the peak current of
the activation/forward scan, and both ‘Ir’ and ‘Ia’ are expressed in units of (µA/cm2). ‘SA’ is
the grain-boundary area per unit of specimen area determined using the following formula:

SA = 4 × 10−3 ∗
√

2G+1 (3)

‘As‘ is the specimen area and ‘SGBA’ is the grain-boundary area, where both ‘As’ and
‘SGBA’ are given in units of cm2. ‘SGBA’ might be computed as follows:

SGBA = SA ∗ AS (4)

‘LA’ is the length of grain-boundary network per unit of specimen area addressed in
mm−1 and determined in accordance with the following formula:

LA =
√

2G+5 (5)

‘LGBL’ is the grain-boundary network length in cm, which might be mathematically
represented as follows:

LGBL = 10 ∗ LA ∗ AS (6)

‘G’ is the grain-size number in accordance with ISO 643 [20] that is determined using
the Jeffries Planimetric method [19,52,53] with the aid of (ImageJ v1.52p) image processing
software. This was realized by identifying a minimum of three circles, typically 60 microns
in diameter, arbitrarily situated across widely dispersed positions on ‘As‘ such that they
hold within their confinement grain populations deemed characteristic of the structure and
treatment at hand. At least two samples extracted from discrete batches of the material per
condition were examined as described, and a threshold for statistical credibility was set as
a minimum of 50 grains within circle constrictions for a given measurement. Jeffries factor
‘f ’ was calculated as follows:

f =
m2

AC
(7)

where ‘m’ is the magnification and ‘AC‘ is the area of a drawn circle for grain-size determination.
Secondly, an effectively more accurate rendition of the DoS reputably prone to un-

veiling archetypical electrochemical responses that reckon with innate discrepancies in
extents of grain-boundary attack is that predicated upon normalization by way of AI (or
computational) image processing. An identical statistical approach to that which advised
the handling of measurements in the case of ISO 12732 normalizations was maintained in
subjecting the very same range of samples to AI-based normalizations this time around.
These were carried over to a Matlab 2019b routine, which, in turn, utilizes the image
segmentation gray-thresholding trait of the software to recognize, sequester, and compute
effective areas of grain-boundary attack from the remainder of bulk material.

3. Results and Discussion

This investigative endeavor commences by probing for DoS manifestations in wake of
the scheme adopted for thermal ageing durations across the two sensitization temperatures
adopted in this study. The indirect substantiation of corrosion detriment, namely that
attained through tracking current density, is then corroborated by way of postmortem
scanning electron microscopy—that is, with an eye on plausible coincidence with grain-
boundary locales and the contemporaneous intragranular second-phase inclusion attack.

3.1. Crude Handling of DL-EPR Test Output

Inasmuch as laying the grounds for an incipient full-fledged argument in favor of a
normalized approach is in order, a DoS critique will initially be perceived whilst deprived
of any exogenous intervention (i.e., on a meagre ir/ia basis). This is an unrefined effort,
the incentive behind which is for the latter to be refuted through evolution into the more
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precise approach of Cihal method-based normalization. This would ultimately be allowed
to morph into normalizations that are predicated upon stringent accounts of discrepancy
in IGA dimensions in the quest to depict the DoS whilst enhanced by the fine touch of
artificial intelligence that is image processing.

3.1.1. Heat Treatment 1

Figure 1 presents an outline of DL-EPR test findings representative of unstrained
samples in the wake of incurring heat treatment 1. A persistent reverse peak ‘ir’ is docu-
mented in coincidence with a DC bias that reproducibly resides in the vicinity of −0.15
V Ag/AgCl for profiles pertaining to all ageing times, Figure 1a–f. An auxiliary peak
in current density is also embarked upon in profiles relating to 3 h ageing time, which
proceeds to gradually encroach upon growingly cathodic realms before settling in the
vicinity of −0.25 VAg/AgCl, Figure 1c–f. The profile for 3 h ageing treatment seems to
simultaneously set a precedent that carries through to longer ageing times, hinting at an
onset of modified cathodic reaction kinetics. This might be exemplified in the cathodic loop
witnessed whilst traversing the reverse scan (c–f).

3.1.2. Heat Treatment 2

A thorough examination of the collective set of data emanating from sensitization
at 850 ◦C showcased in Figure 2 yields more of a pronounced reverse peak resurgence at
exceedingly cathodic realms in the vicinity of −0.25 V Ag/AgCl relative to the 650 ◦C treat-
ment. Such a resurgence seems to be persistently in attendance alongside the conventional
pinnacle at an overpotential of −0.15 V Ag/AgCl, which happens to be also offset towards
more cathodic territories as opposed to their 650 ◦C counterparts. The phenomenon in
concern, although considered a carryover from treatments at 650 ◦C, does nonetheless
emerge in coincidence with ageing times as early as 1 hr. Yet a peculiar widening of re-
verse peaks for the reference condition well into the cathodic realms in concern (−0.25 V
Ag/AgCl, that is) might hint upon precursors to the auxiliary event alluded to here. The
described twin-spike incident, however, does grow in intensity with increased ageing time,
only to be adjoined by an exacerbated cathodic loop relative to that reported for the 650 ◦C
treatment, albeit at a delayed stage. This is because when it comes to the newfound com-
plementary effect, it is the 5 h condition this time around that marks the onset of alterations
to cathodic reaction kinetics. Contrast is being made here with the milder occurrence of
the sort commencing somewhat prematurely in the vicinity of 3 h characteristic of the
650 ◦C treatment. Nonetheless, the two corrosion potentials ‘Ecorr’ remain consistently
encountered in the vicinity of 0.0 and −0.05 V Ag/AgCl as far as the 850 ◦C samples are
concerned. A key discrepancy from observations made concerning the 650 ◦C samples is
the premature bordering of the reactivation peaks onto their active/forward counterparts
by 1 h this time around.

3.2. Postmortem Microstructural Critique

This endeavor aims to link electrochemical measurements with the identity and locale
of effective microstructural detriment on specimens in the wake of weathering the spectrum
of treatments adopted in this study. Vulnerable microstructures documented at this stage
would serve to pave the way for subsequent normalization undertakings.

3.2.1. Heat Treatment 1

The reference and 1 h aged conditions appear to barely show any indications of
sensitization and rather seem to surrender to stepped granular faceting indicative of a
non-sensitized microstructure [2]. At such a stage, it would be somewhat premature to
allude to legitimate second-phase formations, which might be evident should micrographs
representative of the condition at hand be critiqued—see Figure 3a,b. This observation
is also backed by an absence of the resurgence of reverse-current density peaking at
cathodic DC bias realms of −0.25 V Ag/AgCl—see Figure 1a,b. The latter remains true
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as ageing times progress up to 3 h, which is coincidentally also where discrete incidents
of grain-boundary ditching are initially documented, as depicted in Figure 4a,b. Despite
encroaching upon cathodic territories that border on −0.20 V Ag/AgCl, it is discernable
that reactivation kinetics appear to shy away from presenting a pronounced/distinct second
peak in coincidence with such cathodic overpotential—see Figure 1c. The inconsistent
and arbitrarily disseminated intergranular attack observed with 3 h treatments does, in
time, give in to unambiguous widening and grain circumference encompassment with
progression towards 5 h, showcased in Figure 4c,d.

Figure 1. An outline of typical DL-EPR test profiles emanating from the unstrained DSS material in
the wake of incurring the spectrum of sensitization treatments adopted in this investigative endeavor.
These are namely, solution annealing at 1050 ◦C for half an hour followed by ageing at 650 ◦C for
0.0 h (a), 1 h (b), 3 h (c), 5 h (d), 8 h (e) and 17 h (f).
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Figure 2. An outline of typical DL-EPR test profiles emanating from the unstrained DSS material in
the wake of incurring the spectrum of sensitization treatments adopted in this investigative endeavor.
These are namely, solution annealing at 1050 ◦C for half an hour followed by ageing at 850 ◦C for
0.0 h (a), 1 h (b), 3 h (c), 5 h (d), 8 h (e) and 17 h (f).
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Figure 3. Scanning electron micrographs acquired in the wake of DL-EPR testing of unstrained
samples, namely the solution annealed condition at 1050 ◦C for half an hour (a) and that entailing an
additional sensitization treatment at 650 ◦C for 1 h (b). Micrographs of both conditions depict a mere
stepped theme of microstructural detriment characteristic of non-sensitized materials.

Nonetheless, 650 ◦C remains relatively too low a temperature that only prolonged
ageing times would warrant the triggering of an appreciable eutectoid decomposition
of delta ferrite into regenerated austenite while depositing surplus chromium into the
sigma phase and out of solid solution. Having said that, mild ageing times commencing
at around 3 h, maybe more evidently at 5 h, would not evoke sufficient Cr-depletion
adjacent to their periphery with surrounding bulk lattice to allow for the documentation
of an appreciable attack, let alone pave the way for inclusion fallout, as argued for in the
aforementioned—see Figure 4a,d. As a matter of fact, such inclusions are so far and few
between and are relatively miniscule compared to the case of the superior 850 ◦C that they
do not readily transpire in the midst of SAED scrutiny, which holds true for the entire
spectrum of ageing times adopted for the 650 ◦C treatment—see Figure 5. It would not
be until advanced ageing times are deployed, such as the likes of 17 h, and to a lesser
extent 8 h, that a moderately blemished topographical appearance might be witnessed in
the wake of a seemingly benign second-phase inclusion population fallout. All the while,
this is present in synergy with a matured breadth of intergranular ditching, as indicated in
Figure 4e,h. This is warranted by the fact that a discernible distinction/contrast between the
two members of the twin-peak configuration in reactivation profiles at −0.15 and −0.25 V
Ag/AgCl is solely succumbed to for 8 and 17 h of ageing—see Figure 1e,f.
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Figure 4. Scanning electron micrographs acquired in the wake of DL-EPR testing the unstrained
material after having weathered solution annealing at 1050 ◦C for half an hour succeeded by 650 ◦C
sensitization treatments spanning over 3 h (a,b), 5 h (c,d), 8 h (e,f) and 17 h (g,h). Micrographs on the
rightmost column provide higher magnification insight on locales of interest indicated in counterpart
images occupying the left column.
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Figure 5. Transmission electron microscopy (TEM) (a) and selected area electron diffraction (SAED)
(b) scrutiny of ferrite (α-Fe) locales found consistently deprived of discernable σ-phase presence
across the breadth of 650 ◦C treated samples taken along a

[
013

]
zone axis. The pattern was vetted

against a model for the phase in concern as proposed by Wyckoff [54] down to a d-spacing standard
deviation of 2 × 10−4.

3.2.2. Heat Treatment 2

It is by virtue of an anticipated near-entire takeover by austenitic isles against a dwin-
dling remanence of legacy δ-ferrite presence as 850 ◦C is deployed [32,33] that unique oc-
currences tend to unfold earlier than would be foreseen with the likes of 650 ◦C treatments,
namely those marking the dawn of microstructural features coinciding with precursor
events to pronounced auxiliary peaks in DL-EPR profiles—see Figure 2b. The latter comes
into fruition in association with what might otherwise be dubbed mild heat treatments.
An immediate manifestation lies in the 1 h ageing treatment seeing an emergence of intra-
granular intermetallic second-phase precipitation known for bearing the excess chromium
that surpasses the lattice capacity of the now-regenerated austenite—that is, in the wake of
δ-ferrite eutectoid decomposition. The very existence of such inclusions was corroborated
through a selected area electron diffraction (SAED) critique of their locales, as depicted in
Figure 6 and Table 2, though the X-ray diffraction (XRD) probing also adopted had fallen
short of mustering adequate resolve to pick up on the particles in concern—see Figure 7.
The latter feature of XRD spectra stands reminiscent of probing attempts of the inferior
650 ◦C treatments, yet anticipatedly so. Worth noting is that scrutiny of SAED patterns un-
dertaken was pursued against a model for (Cr11Fe13Ni3)Mo3, proposed by Hjerten et al. [55]
along a low-index zone axis that is [100]. This endeavor had ultimately unveiled the culprit
structure to assume lattice parameters a, b, c, α, β and γ of 8.8915 Å, 4.6088 Å, 8.8618 Å,
90◦, 90.15◦ and 90◦, respectively. This all the while entertaining Hermann–Mauguin and
Hall space groups of P 121 and P 2y, correspondingly. Discernable Cr-depletion below the
16 wt% threshold concomitants to these sigma-phase inclusions was also documented (see
Figure 8) in tandem with a near absence of similar depletions in the immediate adjacency
to grain boundaries at such immature settings. Note that continuous intergranular ditching
is not yet succumbed to at such an early stage where a stepped and granularly faceted
topography seems to reign prevalent. This might be indicative of a dominant thermody-
namic tendency towards dissolution exhibited by the highly energetic grain misalignment
interfaces as opposed to chromium depleted locales, see Figure 9a. A broadening disper-
sion/dissemination of second-phase inclusions does constitute a common encounter with
longer ageing times. Yet, it presides in conjunction with an onset of growingly pronounced
ditching at the grain-boundary vicinity. The latter ultimately develops into a mature and
consistent attack that encompasses entire grain peripheries, indicating complete sensitiza-
tion stature, as evident in Figure 9b. This is because prolonged ageing beyond 1 h would
bring about an enhanced thermodynamic inclination towards grain boundaries this time
around as preferential microstructural features warranting attack at their locale. This occurs
while overshadowing second-phase inclusions and to a larger extent grain misorientation
interfaces. Such crystallographic features in coincidence with ageing times as late as 3 h
are rendered relatively inferior in lattice strain energy at this stage. This turn of events
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finds attestation from thereon out in the dual presence of a broadened intergranular attack
perforating virtually unscathed throughout, while there is a less pronounced assault at
second-phase inclusions and a vague stepping lurk in the background. Worth noting in
this context is the agency of interfacial decohesion, albeit between σ-phase inclusions and
adjacent matrices, δ-/δ-Fe or regenerated-γ/δ-Fe borders underpinned by residual stresses
in conjunction with defect-induced stress concentration [56].

This, however, should by no means be misconstrued as suggesting a decelerated
second-phase nucleation with increased ageing times. In fact, the gist of findings put
forth in this investigative endeavor backed by a wealth of research argue [32,33,35] the
opposite. It is rather the competing lattice strain energies amongst vulnerable features in
coexistence at such extended ageing times that often designate Cr-depletion adjacent to
grain boundaries as a subject worthy of selective dissolution out of all contending features.

A seemingly enhanced vulnerability towards grain fallout embarked upon by 5 h of
ageing time leads to a defiled/disrupted passive film uniformity across sample surfaces,
as presented in Figure 9c. This interestingly coincides with a delayed emergence of a
cathodic loop being reported for the unstrained 5 h ageing time in Figure 2d, which
might be attributed to 850 ◦C (as opposed to 650 ◦C) entertaining mature decomposition
into the regenerated austenite. Austenite stands minutely riddled with invasive grain-
boundary precipitates in the described circumstances, thereby ridding potential protective
film cohesion from the infamous protrusion of such inclusions. This is as opposed to peer
adjustments to cathodic reaction kinetics, recorded as early as 3 h, pertaining to the 650 ◦C
sensitization treatment. As ageing times cross into the realm spanning between 8 and
17 h, it would seem that the severity of grain-boundary vicinity Cr-depletion had been
exacerbated to such an extent that it outweighs other vulnerable crystallographic features,
thereby swaying contending kinetics in its favor. Ample attestation might be found in
STEM-EDX line scans conducted across three locales along a grain boundary typical of a
850 ◦C 17 h sensitized specimen, in which the latter exhibited Cr-depletions that encroach
upon the threshold marking the onset of vulnerability towards IGC and worthiness of
being dubbed active, namely 16 wt% Cr [7,8,57–59]—see Figure 10. Figure 9d,e documents
dwindling relics of intragranular second-phase presence whilst being dwarfed by rigorous
grain-boundary ditching. Furthermore, the sole successful attempt at probing the vicinity
of the already-scarce sigma-phase presence had fallen short of documenting any significant
Cr-depletions in immediate adjacency to the latter below bulk concentrations, as is depicted
in Figure 11. All in all, the collective gist of findings amassed might also find corroboration
if one would recall that reverse peaks were leveraged predominantly by corrosion currents
stemming from metal dissolution at grain-boundary locales whilst completely diminishing
auxiliary peaks attributed to second-phase contribution that formerly resided at −0.25 V
Ag/AgCl—see Figure 2e,f [33].
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Figure 6. Ascertained presence of sigma phase dispersed amongst a matrix of ferrite (α-Fe) by way of
transmission electron micrographic (TEM) attestation (a), vetting of selected area electron diffraction
(SAED) against a model for (Cr11Fe13Ni3)Mo3 as proposed by Hjerten et al. [55] discernable along a
low-index zone axis of [100] yielding a d-spacing standard deviation that amounts to 9 × 10−4 (inset
figure showcases the 3D rendition of pertinence to the model in concern with planes normal to zone
axis indicated) (b). The relative orientations of candidate planes—as per the model—and that normal
to the zone axis are depicted as 52.13◦ for (320) (c), 21.1◦ for (510) (d), 43.97◦ for

(
210

)
(e) and 99.8◦

for
(
130

)
. Bravais indices discernable on top-right corners of figures (c–f) correspond to real-time

zone axes of each 3D perspective discretely.
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Table 2. Description of phases indexed amid SAED and XRD pattern scrutiny.

Ferrite (α-Fe) Austenite (γ-Fe) σ Phase

Chemical Formula Cr Fe C Fe Cr11Fe13Ni3Mo3

Crystal Structure BCC FCC Monoclinic

Lattice Parameters:

a 2.8665 Å 3.5950 Å 8.8915 Å

b 2.8665 Å 3.5950 Å 4.6088 Å

c 2.8665 Å 3.5950 Å 8.8618 Å

α 90◦ 90◦ 90◦

β 90◦ 90◦ 90.15◦

γ 90◦ 90◦ 90◦

Cell Volume 23.554 Å3 46.462 Å3 363.148 Å3

Space Group Designation:

Hermann–Mauguin I m 3 m F m 3 m P 1 2 1

Hall I 4 2 3 F 4 2 3 P 2y

Zone Axis [100]
[
130

]
[100]

Planes Identified

Miller Indices d-spacing
(1/nm) Miller Indices d-spacing

(1/nm) Miller Indices d-spacing
(1/nm)

(022) 4.479 (311) 9.6448 (023) 4.4788

(013) 4.952 (313) 12.6928 (015) 4.9518(
011

)
2.614 (002) 5.8703

(
012

)
2.6144(

031
)

5.410
(
311

)
9.688

(
031

)
5.4102

d-spacing Std Dev 0.0097 0.0002 0.0009

Source Model
Wyckoff [54], Andersen et al.

[60], Badjuk et al. [61],
Dorofeev et al. [62]

Nishihara et al. [63], Oila et al.
[64], Goldschmidt [65]

Hjerten et al. [55], Yakel [66],
Bergman et al. [67]
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Figure 7. X-ray Diffraction (XRD) pattern scrutiny of the very condition, namely 850 ◦C for 3 h,
probed via Selective Area Electron Diffraction (SAED) in Figure 6 faring triumphant in detecting
the duo of ferrite (grey) and austenite (black) phases [65,68] yet falling short of mustering adequate
resolve to pick up on sigma phase.

Figure 8. A STEM-EDX line scan (in white) administered across a sigma-phase inclusion depicting
(wt%) profiles for Fe, Cr, Ni and Mo characteristic of the shorter ageing times at 850 ◦C (namely, the
1-h variant) that exhibit pronounced Cr-depletion in the immediate vicinity to such inclusions.
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Figure 9. Scanning electron micrographs acquired in the wake of DL-EPR testing the unstrained con-
dition after having endured solution annealing at 1050 ◦C for half an hour followed by sensitization
at 850 ◦C for 1 h (a), 3 h (b), 5 h (c), 8 h (d) and 17 h (e).
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Figure 10. Three (a–c) STEM-EDX line scans (in white) conducted across discrete locales along a grain
boundary typical of the 850 ◦C 17 h condition depicting Fe, Cr, Ni and Mo microconstituent profiles
in wt%.

Figure 11. A STEM-EDX line scan (in white) administered across a remnant sigma-phase inclusion
depicting (wt%) profiles for Fe, Cr, Ni and Mo characteristic of the 850 ◦C 17 h condition that are
deprived of significant deviation from matrix concentrations along the periphery of such inclusions.

3.3. Normalized Perspective on DL-EPR Data

A more meticulous grain-size-advised take on handling the raw ir/ia data initially
presented in Section 3.1 is being put forth here. This is realized through the normalization of
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crude data in accordance with the Cihal method [6,19–21] before ultimately complementing
the mere averaged perspective offered by the latter, with precise renditions predicated
upon an actual boundary-by-boundary subjective dimensional critique. This is facilitated
by deploying the image segmentation feature in Matlab. The scheme for the so-called
normalization endeavors undertaken here was bifrontal in nature, as it was sought whilst
accounting for length and effective surface area of grain-boundary networks each discretely.

3.3.1. Heat Treatment 1

The thorough probing of Figure 12a,b yields a mutual inference pertaining to the
breakaway in plain ir/ia that resides in the vicinity of 8 h ageing time—a trend that is
intimately mimicked by profiles of the Cihal-normalized DoS, which manifests in the
departure from a plateau that shies from the 0.05 ir/ia mark as the threshold of 8 h ageing
time is breached, where the 0.05 ir/ia datum line confines the realm of mild sensitization
lying underneath. This trend, anticipatedly, holds true for GBL and GBA predicated
profiles of normalized DoSs alike. Yet, inevitably, the Cihal-normalization profile does
eventually trace a path that winds up nearly double that of plain ir/ia since the onset of
their divergence. This transpires in the amplification of values that used to reside typically
at 0.024 ± 0.0183 and 0.246 ± 0.0398 for the 8 and 17 h conditions, respectively, and of plain
ir/ia into 0.053 ± 0.0084 and 0.590 ± 0.1409 for the 8 and 17 h conditions, respectively, once
Cihal normalization was deployed.

Image processing, however, unveils a point that marks premature DoS breakaway in
adjacency to 5 h ageing time—an observation that stands indifferent to whether GBL or
GBA predicated normalizations are at stake. It is nonetheless discernible that the GBA-
based normalization indulges typical ir/ia values that flirt with the threshold marking
considerable sensitization hovering around 0.05—that is, prior to giving in to an inclination
to ascend towards values of 0.076 ± 0.0273, and 0.196 ± 0.0194 for 5 and 8 h, respectively,
and ultimately soaring as high as 1.234 ± 0.2449 by 17 h ageing time. In doing so, the
image processing-normalized DoS would have risen nearly an additional twofold over
its Cihal-normalized counterpart by 17 h. Though, it might be granted that the restricted
number of measurements of grain-boundary width somewhat depreciates the accuracy
of the GBL predicated approach in offering a statistically sound inference on DoS. Where
the latter might otherwise stand to rise to the level of GBA normalized counterparts. GBL
normalization, nonetheless, does put forth a depiction of DoS which is not that far removed
from its more precise peer.

The breadth of attempts exhibited across the board, irrespective of their approach on
normalization, had attested to the notorious insensitivity of DL-EPR towards overwhelming
DoS brought about by protracted ageing times, the likes of 17 h. This might be found
demonstrated in the broadening of experimental scatter signaling a marked inconsistency
in ir/ia measurements within the realm of ageing time in concern.

3.3.2. Heat Treatment 2

A telling display of transition amongst the successive milestones documented in
microstructural evolution that had to be weathered by the material with growing ageing
time at 850 ◦C might be seen faithfully corroborated in Figure 13. This is especially
pronounced in tracking the profile for the DoS intricate divulgation approach predicated
upon image processing that is particularly GBA-based. An isolated critique of the latter
documents an abrupt breakaway in ir/ia readily materializing in coincidence with 1 h
ageing time where DoS somewhat plateaus at a value marking severe detriment of near
unity leading up to 3 h of ageing time. Note that such a breakaway proves reminiscent of the
reactivation kinetics resurgence documented at such an early stage (namely, 1 h) for 850 ◦C,
see Figure 2a,c, attributed at the time to pronounced sigma-phase fallout documented in
Figure 9a,b, see Sections 3.1.2 and 3.2.2.
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Figure 12. Cross-comparison of DoS with emphasis on breakaway thresholds characteristic of
conventional and normalized DL-EPR predicated upon grain-boundary physical dimensions. DoS
presented are for the spectrum of ageing times adopted in this study pertaining to the 650 ◦C
sensitized material. Depictions showcased are of GBA- (a) and GBL- (b) normalized renditions vs.
conventional ir/ia, where error bars represent standard deviation span of nine discrete measurements.
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The ir/ia profile soon departs from its former state of stagnation (or dwelling) on the
approach to 5 h of ageing time. Where this pivotal point in microstructural evolution stands
reminiscent of evidenced depreciation of passive film coherence (Figure 9c) in coincidence
with the dawn of cathodic loops in the midst of DL-EPR testing, see Figure 2d,e. The
profile eventually succumbs to an inferiorly steep ascend with the onset of 8 through to
17 h of ageing time. This is as the kinetics of reverse-current detriment are overtaken by
a newfound thermodynamic tendency towards dissolving a mature chromium depleted
microchemistry generated at grain-boundary adjacency that eclipses any remnants of
competition imposed by sigma-phase locales. A phenomenon that is documented in the
waning of twin reverse-scan peaking or ‘ir’ resurgence in coincidence with 8 and 17 h
(Figure 2e,f). Which translates undeniably in an absence of any signs of sigma-phase fallout
on postmortem sample surfaces. This all the while being reported in conjunction with
prominent intergranular attack propagation and broadening, see Figure 9e.

Key takeaways drawn from Figure 13 might be found accentuated in Table 3, which
attests to an all-encompassing theme, whether GBA or GBL normalizations are in con-
cern. This manifests in the reported tendency towards the surpassing of the threshold
that confines benign DoS (conventionally set at 0.05) in embarking upon ageing times as
miniscule as 1 h. Yet the image processing-normalized variant seems to exceed both the
plain and Cihal-normalized counterparts by a near 2.2- and 1.4-times, for the GBA- and
GBL-based normalizations, respectively. This is because the latter two reside virtually
within experimental scatter of each other.

Table 3. Analysis of key findings depicted in Figure 13 highlighting the superiority of image
processing predicated upon the GBA normalization in accurate and consistent prediction of DoS as
opposed to other variants.

Average GBA-Normalized ‘ir/ia’ Average GBL-Normalized ‘ir/ia’ % Error Relative to
‘Exact’ GBA-Based

Approach(
IPGBA−IPGBL

IPGBA

)
× 100

Heat
Treatment

Cihal
Method

(CM)

Image
Processing

(IP)

IP/CM
Advantage

Cihal
Method

(CM)

Image
Processing

(IP)

IP/CM
Advantage

Ref 0.0195
±0.0003

0.0436
±0.0009 ~2.24 times 0.0195

±0.0003
0.0129
±0.0003 ~0.66 times 70.41

1 h 0.4611
±0.0527

1.0182
±0.1227 ~2.21 times 0.4611

±0.0527
0.6547
±0.0789 ~1.42 times 35.70

3 h 0.6195
±0.1371

1.1809
±0.261 ~1.91 times 0.6195

±0.1371
0.9435
±0.2085 ~1.52 times 20.10

5 h 0.8111
±0.0815

1.8322
±0.1933 ~2.26 times 0.8111

±0.0815
1.7515
±0.1848 ~2.16 times 4.40

ir/ia Breakaway

8 h 1.4363
±0.0231

2.75
±0.076 ~1.91 times 1.4363

±0.0231
2.7528
±0.076 ~1.92 times −0.10

17 h 1.6985
±0.2836

4.4744
±0.3642 ~2.63 times 1.6985

±0.2836
6.1747
±0.5026 ~3.64 times −38.0
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Figure 13. Cross-comparison of DoS with emphasis on breakaway thresholds characteristic of
conventional and normalized DL-EPR predicated upon grain-boundary physical dimensions. DoS
presented are for the spectrum of ageing times adopted in this study pertaining to the 850 ◦C
sensitized material. Depictions showcased are of GBA- (a) and GBL- (b) normalized renditions vs.
conventional ir/ia, where error bars represent standard deviation span of nine discrete measurements.
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As profiles of the two normalization variants are shown to part ways, the honor of
most significant divergence rests in the court of the image processing-affiliated approach.
This is owing to the fact that the Cihal normalization only offsets the plain ir/ia profile
by an average of 1.7 times from thereon out. Meanwhile, the image processing approach
(irrespective of whether GBA- or GBL-based) appears to have towered over its Cihal-
normalized counterpart by approximately 2.2 and 1.9 times for 5 and 8 h, respectively.
This is before the two methods diverge yet again, as attempts predicated upon GBA
normalization yield a near 2.6-fold advantage, while their GBL-based peers surpass that
around 3.6 times. The rationale for the latter discrepancy and emergence of broadened
experimental scatter in coincidence with the 17 h ageing time, particularly in the context of
GBL normalization, was elaborated on in earlier sections.

All in all, the overriding gist of findings exhibited here serves in further corroborating
the superiority of image processing-aided normalizations as opposed to their Cihal method-
based counterparts. This ascendancy was perceived as being further strengthened when
normalizations predicated upon GBA are pursued rather than their GBL-based peers—that
is, in as far as an accurate and consistent prediction of DoS is concerned.

4. Conclusions

• The 650 ◦C treatment appeared to promote an incomplete ferrite eutectoid decompo-
sition compared to the 850 ◦C treatment. At 650 ◦C, sigma-phase precipitation was
delayed, occurring after 3 h of aging, as observed through reactivation kinetics and
SEM analysis. However, significant dissolution and a limited fallout of features oc-
curred only after 8 h of aging, contrasting with the rapid sigma-phase fallout observed
at 850 ◦C after just 1 h of aging. Additionally, an early onset of reverse-current twin
peaking was observed at 850 ◦C.

• The aforementioned was attributed to the rendering into existence of Cr-depletions
that descend below a threshold of 16 wt% in close vicinity to sigma-phase inclusions
solely characteristic of miniscule ageing times adopted for the 850 ◦C treatment.
This is in addition to the grain-boundary adjacency that is riddled with an identical
fate in the wake of protracted ageing times being adopted for both the 650 ◦C and
850 ◦C treatments.

• Anticipatedly, an abrupt breakaway in ir/ia had only come into fruition after a weath-
ering 8 h of ageing at 650 ◦C—an event that was reeled in towards a premature stature
of 1 h with the 850 ◦C treatment.

• Efforts invested in formulating a fair depiction of the DoS through normalization
attempts predicated upon grain-boundary physical dimensions (vis-à-vis GBA and
GBL) exhibited a near-consistent leaning towards doubling ir/ia values progressively
in the following sequence: plain ir/ia, Cihal- and then IP-normalized by 17 h of ageing
time. There was a distinct premature breakaway in ir/ia at 5 h for IP-normalized as
opposed to 8 h of ageing time typical of Cihal-normalized and plain 850 ◦C renditions
of the 650 ◦C treatment.

• That is, all the while, the 850 ◦C condition weathers an abrupt surge of sorts, yet this is
as early as 1 hr of ageing time regardless of whether absolute or normalized signals
are concerned. This upsurge might be linked to the onset of sigma-phase fallout in
coincidence with such a treatment.

• These observations hold true across the board for GBA- and GBL-based normalizations,
yet the GBL approach remains gravely prone to experimental inaccuracies, particularly
once the realm of protracted ageing times is encroached upon, where DL-EPRT is
notoriously rendered insensitive to an exacerbated DoS.

• Of the constituents comprising the bifrontal scheme adopted to normalize the DoS
response emerges the IP-predicated approach (particular, whilst being GBA-oriented)
as a superior alternative over the Cihal method-based variant in as far as fulfilling the
sought-after merits of accuracy and reproducibility.
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• Ultimately, a bi-pronged approach towards DL-EPR output normalization (namely the
Cihal method and image processing) was deployed with an eye on the dimensional
nuance (referring to GBA and GBL) assumed by realms of attack in grain-boundary
and σ-phase adjacency. Though this scheme was constructed with the intention of
catering to thermal sensitization afflicting stainless steels, it might easily be expanded
into addressing processes leading to similar microstructures of detriment; in Ni-Fe-Cr
alloys, such as Incoloys.
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