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Abstract

This paper deals with the applicability of eddy current testing (ECT) technique to assess
and quantify sensitisation and intergranular corrosion (IGC) in thermally aged AISI type 316
stainless steel. Chemical and electrochemical tests speciWed by ASTM A262 Practices A and E
(Strauss test) and G108, and ECT, were used to quantify degree of sensitisation (DOS). The
DOS was categorised based on severity of the crack after bend test in increasing order as
unaVected, Wssured, cracked, and broken. The eddy current (EC) amplitude increased with
increasing DOS in both the as-aged and Strauss tested conditions. The EC amplitude in as-
aged condition was smaller than in Strauss tested condition. Empirical relationships were
established between ECT amplitude and other DOS parameters.
©  2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The periodic inspections of structural materials and components in plants are very
important to detect and evaluate their degradation. The stringent inspection regula-
tions necessitate the use of more advanced and reliable non-destructive testing
(NDT) methods for assessing structural integrity of parts, speciWcally to detect the
damage at its initiation stage, in other words, much before the defects detected by
conventional NDT techniques. The structural integrity of the components is aVected
by various types of material degradation processes including intergranular corrosion
(IGC), pitting corrosion, thinning, creep and fatigue damage. Among various struc-
tural materials, austenitic stainless steels are most commonly used in a wide variety
of industries including power, chemical, petrochemical, process and nuclear. These
steels exhibit excellent resistance to general corrosion, adequate mechanical proper-
ties and good fabricability. However, these steels suVer from attack by localised cor-
rosion, such as pitting corrosion, crevice corrosion, intergranular corrosion (IGC)
and environment-induced cracking. A number of failures of stainless steel compo-
nents have been attributed to these localised corrosion processes, particularly to
IGC/intergranular stress corrosion cracking (IGSCC), in nuclear and petrochemical
industries [1]. Most of these failures have been attributed to sensitisation of austenitic
stainless steels [2].

Sensitisation of austenitic stainless steel occurs when heated or cooled slowly, as in
welding, or during isothermal exposure during service, in the temperature range of
723–1123 K. During this high temperature exposure, depletion of Cr to less than 12%
occurs in the region adjacent to the grain boundary due to the precipitation of a con-
tinuous network of chromium-rich M23C6 carbides. In molybdenum containing
austenitic stainless steel, these chromium-rich M23C6 carbides also contain molybde-
num, thus causing a depletion of Cr + Mo in the grain boundary region during sensi-
tisation [3]. When sensitised austenitic stainless steel is exposed to a corrosive
environment, the chromium depleted regions dissolve, leading to IGC. The probabil-
ity of the heat-aVected zone (HAZ) being sensitised during welding would depend on
the time it spends in the sensitisation temperature range. The residence time spent by
the HAZ in this temperature range depends on the welding heat input, which, in turn,
governs the heating and cooling rates. Lower heat input processes are beneWcial from
sensitisation point of view due to the faster cooling rates through the sensitisation
temperature regime.

The kinetics of M23C6 precipitation, and, hence, the resultant DOS could be pre-
dicted from a time–temperature-sensitisation (TTS) diagram [4]. However, these
curves represent sensitisation during isothermal heat treatments. Sensitisation during
continuous cooling, as in welding, can be predicted by means of a continuous cooling
sensitisation (CCS) diagram [5]. The susceptibility of a stainless steel to sensitisation
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is very strongly inXuenced by its chemical composition. Decreasing carbon content,
and increasing nitrogen, manganese, chromium and molybdenum contents, improve
the resistance to sensitisation [6–9]. Composition based correlations have been
derived to predict time required for sensitisation [10]. EVective chromium contents,
CreV, calculated based on compositions, suggested that, for types 304/304L stainless
steels, a CreV of 14.0 and above ensured resistance to IGC in nitric acid applications,
and a CreV of 13.5 and above ensured IGC resistance in accelerated Strauss test [11].
Metallurgical factors also signiWcantly inXuence the kinetics and DOS in austenitic
stainless steels. Increasing grain size and cold work reduce the resistance to sensitisat-
ion [8,9,12,13].

ASTM standardised tests are used to evaluate IGC caused by sensitisation in
austenitic stainless steels. These tests are either chemical or electrochemical in nature.
ASTM Standard A 262 Practice A to F detail the standards for chemical and metal-
lographic tests to determine IGC in austenitic stainless steels [14]. They are com-
monly used as qualiWcation/acceptance criteria during purchase/fabrication stage.
However, non-inclusion of acceptance limits in these standards leaves the interpreta-
tion of results open to users. Besides not quantifying the DOS, these chemical tests
are also destructive and slow—a situation that is not welcome at plant site. The most
often used chemical technique is the ASTM A262 Practice E test, popularly known as
the Strauss test, that is used as qualiWcation check. The test recommends a bend test
after exposure to Cu–CuSO4–H2SO4 test medium to qualify the material. However,
the bend test does not give any quantitative value for the DOS. Electrical resistivity
and tensile properties are changed considerably by the intergranular attack in the
Strauss test medium [14]. Hence the changes in these properties can be used to quan-
tify the DOS after exposure to the Strauss test solution [15]. To overcome these limi-
tations of chemical tests, an electrochemical technique, known as electrochemical
potentiokinetic reactivation (EPR) technique, was developed by Cihal [16], Novak
et al. [17] and Clarke et al. [18]. This technique is a quantitative, non-destructive and
rapid method, which is essentially suitable for Weld use. This technique was standar-
dised by ASTM to quantify the DOS in AISI types 304 and 304L stainless steels [19].
The EPR technique has been successfully used to quantify the DOS in other stainless
steels, alloy 800 and Ni base alloys [20–22]. Two versions of the EPR technique are
practiced today, viz. the single loop technique and the double loop technique [15].
Double loop technique has advantage over single loop technique in that it automati-
cally compensates for changes in alloy composition, and in that the surface Wnish is
not very critical, which makes it an automatic choice for on-Weld applications. Reac-
tivation charge, ratio of reactivation to activation charge, peak reactivation current
density, ratio of peak current densities on reactivation to activation are some of the
parameters used to quantify the DOS.

Though the EPR technique provides a criterion for identifying the complete
absence of sensitisation and, thus, is useful in quality control of fabricated compo-
nents, it does not readily provide an acceptance criteria if a certain DOS is present in
the material. Many studies in literature have attempted comparison of DOS mea-
sured using EPR technique with that determined by more established practices [16–
18,21], but very few of these are quantitative [16,18]. Despite all these eVorts, EPR
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technique has not shown much promise as a tool for quantifying DOS. This is
because of its high sensitivity to the changes in chemical compositional of the stain-
less steels e.g., two alloys with diVerent chemical composition but with the same DOS
need not give the same reactivation ratio. Secondly, inconsistencies exist in the corre-
lation between ASTM A262E and EPR DOS results due to eVects of temperature,
which does not permit a threshold DOS to be deWned. These drawbacks in the EPR
technique calls for applying some other conventional NDT technique to unambigu-
ously quantify DOS.

The doubt over the application of EPR technique to quantify threshold DOS for
IGC in austenitic stainless steels calls for development of some other NDT tech-
niques for assessing the DOS. In addition, this could develop into a powerful tool to
monitor the component for the eVects of high temperature service, including in-ser-
vice sensitisation, during shutdowns. ECT presents a viable alternative as it can sense
the changes in electrical conductivity/permeability associated with chromium deple-
tion and M23C6 precipitation and also microcracking. ECT is a versatile NDT tech-
nique for detection of defects, microstructural variations and corrosion in electrically
conducting materials, such as stainless steel. This method uses the principles of elec-
tromagnetic induction to inspect electrically conducting components. In ECT, an
alternating current is made to Xow in a coil (called probe), which, in turn, produces
an alternating magnetic Weld around it. This coil, when brought close to the electri-
cally conducting material surface being inspected, induces EC into the material.
These EC, in turn, generate an alternating magnetic Weld which may be detected
either as a voltage across a second coil or by the perturbation of the impedance of the
original coil. The EC are generally parallel to the direction of coil winding. The depth
of penetration of EC is controlled by skin eVect, which depends on electrical conduc-
tivity, magnetic permeability and frequency of excitation. The presence of defects
such as cracks, thickness loss or any other discontinuities in the material, disrupt the
EC Xow. Apart from these defects, a number of variables such as changes in material
conductivity and permeability (through microstructural/substructural changes), wall
thickness and surface roughness inXuence the EC distribution in materials [23]. Sha-
ikh et al. studied the applicability of ECT to detect sensitisation in weldments of AISI
type 316L stainless steels [24]. In this study, characterisation by ECT of the base
metal indicated that in the as-aged condition, no variation in EC amplitude with
increasing aging time was observed. This suggested that ECT could not detect sensiti-
sation. However, after exposure to Cu–CuSO4–H2SO4 solution, EC amplitudes of
aged base metals dramatically increased, thus implying that ECT could be used to
detect and quantify IGC. The results of ECT technique correlated well with the Wnd-
ings of the EPR and bend tests. In the case of weld metal, the EC amplitude
decreased signiWcantly with increasing aging time in as-aged condition, thus indicat-
ing the applicability of ECT to detect transformation of �-ferrite to � phase. How-
ever, unlike in the base metal, the EC amplitudes after exposure of the weld metal to
Cu–CuSO4–H2SO4 solution did not vary much, thus conWrming that the extent of
Cr-depletion was not signiWcant enough to cause IGC in the weld metal.

In the present laboratory-based study, an attempt has been made to quantify DOS
and IGC in AISI type 316 stainless steel by the eddy current testing technique. Based
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on the response to ASTM A262 Practice E and the EPR tests, the IGC failure was
categorised into four types and the ECT response for each type was demarcated.
Such a demarcation of the EC signal would be very useful to gauge the extent of sen-
sitisation during post-fabrication (hot forming, welding, stress relieving, etc.) inspec-
tion of components such as dished end or during in-service inspection of the
component. Emperical relations were established correlating the EC signal ampli-
tude, EPR ratio of charge and depth of attack.

2. Experimental procedures

AISI type 316 stainless steel (chemical composition in Table 1) plates of 3 mm
thickness were heat treated at 873, 973 and 1073 K for diVerent time durations in the
range of 15 min to 25 h. Rectangular specimens of dimensions 100£ 10£ 3 mm were
then machined from the as-received and aged material.

Optical microscopic examination of the as-received and aged base metals was car-
ried out after etching (i) electrolytically in 10% (by weight) ammonium persulphate
solution at a current density of 1 A/cm2 for 1.5 min to detect intergranular carbide
precipitation, and (ii) in modiWed Murakami reagent (20 g potassium hydroxide and
20 g potassium ferricyanide in 100 ml water) at 368 K to detect � phase precipitation.

The as-received and aged specimens were tested for IGC resistance by the ASTM
A262 Practice E test (modiWed Strauss test) by embedding the rectangular specimens
in copper chips and then exposing them to a boiling 16% H2SO4 solution containing
100 g/L of CuSO4 · 6H2O for 24 h. The rectangular strips were removed and bent
through 180°. The bent surfaces were then examined for cracks in a stereomicroscope
at a magniWcation of 5£. EPR tests were carried out on the as-received and aged
specimens in a solution containing 0.5 M H2SO4 + 0.01 M NH4SCN at room tempera-
ture, using the double loop technique. The polarisation scan was carried out at the
rate of 6 V/h in both the forward and reverse directions. The forward scan was car-
ried out after holding the specimen at ¡300 mV vs saturated calomel electrode (SCE)
for 2 min. The reverse scan was carried out after holding the specimen at +200 mV
(SCE) for 2 min. The charges and peak current densities for passivation during for-
ward (activation) scan and reverse (reactivation) scan were compared to quantify the
DOS.

The DOS in the as-received and aged specimens was also measured using the ECT
technique. The measurements were made on as-aged specimens and after exposure to
Strauss test solution. An eddy current instrument (Model ECT 3300 supplied by M/s.
Eddy Current Technology Inc., USA) with a surface absolute eddy current probe
(diameter 5 mm) was used for this investigation. The test parameters such as fre-

Table 1
Chemical composition of AISI type 316 stainless steel

Element C Cr Ni Mo Mn Si P S

Concentration (wt.%) 0.055 18.0 11.8 2.3 1.7 0.45 0.067 0.027
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quency, phase and gain were optimised using a reference specimen that was not sub-
jected to ageing treatment. The lift-oV (distance between specimen and ECT probe)
signal for the reference specimen was rotated such that it became parallel to the real
component of impedance. The test frequency was chosen such that maximum imped-
ance change occurred for small changes in material conductivity/permeability that
was attributed to sensitisation as well as to IGC. To achieve this, the set of frequen-
cies with diVerent depth of investigation (skin eVect) in the range of 0.5–2.1 mm in the
specimens were chosen and the optimum frequency was arrived at. The EC response
at diVerent test frequencies and depth of penetration for an as-aged specimen (973 K/
0.5 h) is shown in Fig. 1. The frequency response reached a maximum at 160 kHz and
the depth of penetration of EC at this frequency was about 1.0 mm. In view of this,
160 kHz was chosen as the optimum testing frequency. The other optimised EC
instrument parameters followed in the investigations were phase angle of 49° and a
gain of 36 dB. The typical experimental setup is shown in Fig. 2. In order to assess the
DOS and IGC, the EC response from every specimen was measured at a number of

Fig. 1. Optimisation of test frequency. At 160 kHz (�D 1 mm), the EC response shows a distinct peak.
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Fig. 2. Experimental setup used for corrosion studies in stainless steels.



1468 H. Shaikh et al. / Corrosion Science 48 (2006) 1462–1482
locations and the averaged data was taken for each measurement. The analogue out-
put from the probe was converted into a digital signal using analog to digital con-
verter and then stored on computer for analysis.

3. Results and discussion

Monitoring of a component for any degradation by IGC is of paramount impor-
tance during high temperature service since increasing susceptibility to IGC indicates
increasing propensity of the stainless steel to pitting corrosion and IGSCC. The de-
gradation of corrosion properties of austenitic stainless steels could be extremely
severe if Cr and Mo get depleted in localised regions rather than uniformly [6,7]. A
sensitised HAZ is detrimental to the integrity of the weld joint in service since it is the
weakest link in a weld joint from SCC point of view [25]. Muraleedharan et al.
reported that for a given EPR charge value, the IGSCC susceptibility decreased with
increasing ageing temperature [26]. The following discussions deal at great length the
possibility of using eddy current testing technique. Emperical relations have been
developed linking the ECT, EPR and optical results.

3.1. Assessment of degree of sensitisation (DOS) by ASTM A262 Practice E

The results of ASTM A262 Practice A and Practice E (bend tests) on aged type
316 stainless steel are detailed in Table 2. Bend test was used as a criterion to catego-
rise the DOS, which was then correlated to values of EPR parameters and EC ampli-
tude. Practice E exposure of aged stainless steel led to dissolution of the Cr-depleted
regions. The dissolution of Cr-depleted regions occurred only when there is a total
loss of local passivity in these regions. This was possible when the Cr content in those
local regions fell to below that required for stainlessness in austenitic stainless steels
i.e., <12% Cr. This dissolution led to the formation of microscopic grooves, which
acted as stress concentration sites during bend or tensile tests, both of which can be
used as per ASTM A262 Practice E. A narrow and deep groove acted as a more
eYcient stress raiser vis-à-vis a wider and shallow groove. The stress concentration
ahead of the microscopic grain boundary groove resulting from dissolution of Cr-
depleted regions caused the cracking on the outside of the bend.

In the present study, low magniWcation optical microscopic examination of the
bent region was used to classify the Practice E exposed aged specimens into four cat-
egories viz. unaVected base metal (Fig. 3(a)), base metal containing Wssures
(Fig. 3(b)), base metal containing cracks (Fig. 3(c)) and broken base metal (Fig. 3(d)).
Based on this classiWcation the results of the EPR and EC tests were analysed.

3.2. Microstructural examination

The results of microstructural examination of specimens with various DOS are
depicted in Fig. 4(a)–(e). For specimens that were broken or contained cracks after
Strauss test, a completely ditched structure due to continuous grain boundary M23C6
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precipitation was observed (Fig. 4(c) and (d)). Fig. 4(b) shows that in specimens con-
taining Wssures, a dual structure due to discontinuous grain boundary M23C6 precipi-
tation was observed. Unaged and aged specimens that were unaVected by Strauss test
showed two possible types of structures viz. a step structure as in unaged base metal
(Fig. 4(a)) and a fully ditched structure (Fig. 4(e)). In the latter case, a fully ditched
structure is visible, since the carbides are dissolved in electrolytic etching in ammo-
nium persulphate solution. However, the steel remains unaVected in bend test since
the grain boundary Cr-depletion, subsequent to M23C6 precipitation, is self-healed by
diVusion of Cr to the grain boundary area from the bulk of the austenite grains.

Examination of the cross-section of the 1�m Wnished surfaces (by diamond paste
polishing), after exposure to the Strauss test showed grain boundary attack to a cer-
tain depth, as shown in Fig. 5. Table 2 shows that the depth of attack by the Strauss
test solution increased with increasing DOS.

Etching with modiWed Murakami reagent reveals the various precipitates in an
austenitic stainless steel under an optical microscope by colouring the various precip-
itates diVerently, for example, � phase appears as brick red precipitate, carbides as
gray particles, etc. [27]. Optical microscopic examination of specimens after etching
with modiWed Murakami reagent did not show the presence of � phase. The propen-
sity of austenitic stainless steel to � phase precipitation has been formulated by Hull

Table 2
Eddy current responses from various aged specimens

No. EPR results
Ir/Ia (%)

EPR results 
Qr/Qa (%)

Depth of 
attack 
(�m)

EC response (V) Category of the 
specimen 
(after bend test)

As-aged 
specimen

Strauss tested 
specimen

1 0.02 0.16 – 0.0 0.0 Not aVected
2 0.27 0.18 – 0.012 0.12 Not aVected
3 0.25 0.17 – 0.012 0.13 Not aVected
4 0.24 0.18 – 0.012 0.12 Not aVected
5 0.011 0.17 – 0.012 0.13 Not aVected
6 0.011 0.15 – 0.012 0.12 Not aVected
7 0.009 0.22 – 0.012 0.12 Not aVected
8 0.29 0.04 – 0.015 0.27 Not aVected
9 0.89 3.95 – 0.17 0.62 Fissures
10 0.92 1.98 – 0.15 0.8 Fissures
11 1.38 0.96 – 0.17 0.82 Fissures
12 0.77 0.45 – 0.15 0.75 Fissures
13 0.52 0.38 – 0.15 0.72 Fissures
14 5.6 5.86 75.0 0.21 2.43 Cracks
15 12.15 17.86 147 0.30 6.22 Cracks
16 5.62 6.18 79.8 0.35 3.18 Cracks
17 18.15 20.01 154 0.40 6.5 Cracks
18 14.2 26.7 104 0.35 6.4 Cracks
19 5.56 12.23 92.1 0.30 4.2 Cracks
20 20.87 36.11 103 0.49 6.7 Cracks
21 56.8 67.2 308 0.65 7.85 Broken
22 37.6 59.1 190 0.62 7.5 Broken
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[28]. As per this formulation, an equivalent chromium content (ECC) of above
17.8 wt.% made the steel susceptible to � phase precipitation. In the present study, the
steel had an ECC of 20.14, thus suggesting that it was susceptible to � embrittlement.
But no � particles were observed on examination under an optical microscope. This
could be because the ECC does not account for the eVect of a potent � phase stiXer
like carbon. Gill et al. [27] proposed a normalised equivalent chromium content
(NECC), which is the ratio of ECC to the carbon content of the alloy. The NECC of
the steel was 366 as against 540 required for � phase precipitation, suggesting a low
propensity for the steel to undergo � embrittlement.

3.3. Assessment of degree of sensitisation (DOS) by EPR tests

The EPR tests for quantifying DOS were carried out by the double loop technique
because this method automatically compensates for changes in alloy composition

Fig. 3. ClassiWcation of the DOS after exposure to Strauss test solution, based on appearance after bend
test: (a) unaVected, (b) Wssures, (c) cracks, and (d) broken.
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and also for diVerences in surface Wnish. The ratios of peak current densities during
reactivation (Ir) to activation (Ia) and reactivation charge (Qr) to activation charge
(Qa) were used as assessment parameters to evaluate DOS. The comparison between
the EPR test and the bend test results is shown in Table 2. It is seen that the suscepti-
bility to IGC in Strauss test increases with increasing ratio of Qr/Qa and Ir/Ia. At
values of Qr/Qa greater than 59% and Ir/Ia greater than 37%, the samples broke

Fig. 3 (continued)
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during bend test. The range of values of Qr/Qa and Ir/Ia in which (i) cracks were
observed in the bend tests were 5.86–36.1% and 5.6–20.8%, respectively, (ii) Wssures
were observed in the bend test were 0.38–.95% and 0.5–1.4%, respectively. The as-
received and unaVected aged specimens after bend test had values of Ir/Ia less than
0.3% and Qr/Qa less than 0.2%. As per the standards prepared by International Stan-
dards Organisation (ISO) for evaluation of IGC susceptibility by means of double
loop EPR test [29], values of Ir/Ia ¤ 100 > 5 show medium to strong susceptibility to
IGC. Based on this, it can be inferred that the aged specimens that showed Wssures or
remained unaVected after bend tests were not sensitised.

Fig. 6(a)–(d) represent the EPR results for specimens susceptible to diVerent levels
of IGC attack. Fig. 6(c) and (d) show that on activation of aged specimens that
showed cracks or got broken on bending after Practice E tests, a shoulder anodic to

Fig. 4. Microstructures of aged type 316 stainless steel for (a) as-annealed, (b) those which Wssured in bend
test, (c) those which cracked in bend test, (d) those which broke in bend test, and (e) those which remained
unaVected in bend test.
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the main activation peak occurred. However, such a shoulder anodic to the main
activation peak was not visible in the material that showed Wssures (Fig. 6(b)) or
remained unaVected (Fig. 6(a)) on bending after Strauss test. On potentiodynamic
scan after activating the specimens at ¡300 mV, the matrix, Cr + Mo depleted regions
at grain boundary and all such artifacts dissolve, giving rise to the activation charge.
On holding the potential for 2 min at +200 mV before reactivation, all the artefacts in
the grain including the Cr + Mo depleted regions get passivated. On reactivation,
only the weaker passive Wlm on the Cr + Mo depleted regions give way leading to dis-
solution there. Hall and Briant [30] reported an average Mo level of 1.6 wt.% in the
depleted region as against the matrix Mo content of 2.5 wt.% in type 316LN stainless
steel. The current density of the shoulder nearly corresponded to the peak current
density of the reactivation peak, indicating that the shoulder occurred due to dissolu-
tion of regions of Cr + Mo depletion. At values of the main peak current density, the
whole matrix would passivate. However, regions of Cr + Mo depletion would not
undergo complete passivation. At the current density corresponding to the shoulder,
the Cr + Mo depleted regions start to passivate. Thus, the occurrence of the shoulder

Fig. 5. Micrographs showing depth of attack caused by the Srauss test solution in (a) specimens showing
cracks, and (b) in broken specimens.
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in activation peak could be related to the diYculty in repassivation of the regions
depleted in Cr + Mo, which would necessitate higher potentials for its passivation vis-
à-vis the rest of the matrix. Also, the peak current density of the shoulder was higher
in the case of broken specimens than cracked specimens. Increasing depletion of
Cr + Mo from grain boundary regions caused increased peak current density of the
shoulder region in the activation loop. Thus it is seen that the activation scan can also

Fig. 6. Double loop EPR curves for type 316 stainless steel that (a) showed no cracking (unaVected),
(b) showed Wssures, (c) showed cracks, and (d) was broken, in bend tests.
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give a measure of the DOS in a stainless steel from the value of the peak current den-
sity of the shoulder in the activation loop.

The potential at which the peak current density was observed shifted in the noble
direction from ¡178 mV (SCE) in case of samples that showed Wssures in bend test to
¡148 mV (SCE) in case of samples that showed cracking or got broken in the bend
test. This observed shift in the peak potentials in the reactivation curves can be attrib-
uted to the decrease in the minimum chromium content in the depleted zone [21].

Fig. 6 (continued)
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This is in agreement with the reported shift in the anodic peak potential of synthetic
FeCrNi alloys with decreasing chromium content [31].

3.4. Assessment of degree of sensitisation (DOS) by eddy current testing

The EC signal amplitudes from various specimens in the as-aged condition (prior
to Strauss test) are shown in Fig. 7 and Table 2. It can be seen that the overall change
in the amplitude among all the specimens was small i.e., about 0.75 V with a maxi-
mum scatter of §0.008 V. This was attributed to a small change in conductivity/per-
meability due to depletion of chromium adjacent to grain boundaries which could
cause local increase in the nickel content that could result in increased magnetic per-
meability of the material. A Cr-depleted zone becomes ferromagnetic and its sponta-
neous magnetisation can be detected [32]. The EC response from the aged specimens
after Strauss test is shown in Fig. 8 and Table 2. This Wgure shows that the overall
change in the amplitude among all the specimens was of the order of 8.0 V, much
higher than that observed for as-aged specimens. This was attributed to the changes
that take place during the Strauss test i.e., dissolution of Cr-depleted regions and the
consequent grain boundary grooving. Grain boundary grooving causes enhanced
perturbation of EC Xow which, in turn, leads to increased impedance change i.e., sig-
nal amplitude. As the region of EC probe interrogation is large (nearly 10 mm diame-
ter), the signal amplitude is a superimposed eVect of all small localised variations
within that region associated with grooving at microscopic level. Fig. 8 clearly shows

Fig. 7. EC responses from the as-aged condition specimens are in good agreement with the four categories
of specimens classiWed after bend test.
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that in the case of aged specimen exposed to Strauss test, the EC amplitude of the
unaVected specimens was less than 0.5 V; for specimen with Wssures the EC ampli-
tudes ranged from 0.6 to 0.8 V. The specimens with cracks had EC amplitudes in the
range of 2.4–6.7 V while for broken specimens the EC amplitudes ranged from 7.5 to
7.9 V. Repeated measurements at various locations on these specimen found that the
scatter was within the range of §0.005 V. The fact that unaVected specimens also
included those with continuous grain boundary carbide precipitation but self-healed
indicated that carbide precipitation per se had little or no role in aVecting the con-
ductivity/permeability of the steel. This indicated that the changes in the conductiv-
ity/permeability of the as-aged specimens and those exposed to Strauss tests were a
consequence of factors related to depletion of alloying elements in the grain bound-
ary region and grain boundary grooving.

From Table 2 it is clearly seen that the EC amplitude values are relatively lower
for as-aged specimens in comparison to the corresponding values for Strauss tested
specimens, particularly those which experienced Wssuring, cracking and breakage. In
the case of specimens that have not shown any propensity for IGC, the EC ampli-
tudes are marginally higher in Strauss tested condition in comparison with as-aged
condition. Similar studies carried out earlier on AISI type 316L stainless steel speci-
mens (Table 3) revealed that ECT method has accurately predicted the propensity
for IGC, as conWrmed by Strauss test. However, this propensity for IGC could not
be detected eVectively by ECT in the as-aged condition (prior to Strauss test). This
was attributed to lesser amount of carbide formation and the consequent lesser

Fig. 8. Comparison of EC responses from the Strauss tested specimens with severity of the cracks devel-
oped after bent test.
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depletion of chromium in type 316L stainless steel vis-à-vis type 316 stainless steel
with high carbon content used in the present study. The high carbon content in the
present steel caused considerable depletion of chromium and molybdenum thus
producing detectable change in the conductivity/permeability, leading to reliable
detection and assessment of DOS and the propensity for IGC, even in the as-aged
condition.

A very important application arising from the present study is that by knowing
the EC signal amplitude for diVerent category specimens, the propensity to and
extent of IGC could be assessed without subjecting the specimens to bend test. The
impact of this would be felt during monitoring of the stainless steel components in
service by providing vital information on the initiation and progress of IGC/IGSCC
in service. Also, eddy current testing could be used as a very reliable tool to ensure
quality of fabrication against sensitisation. This would help fabricators and the users
to guard against sensitisation, particularly in applications where fabrication costs are
linked to DOS.

The values of DOS obtained by EPR technique, depth of attack measurements
and eddy current amplitude were correlated with each other, as shown in Figs. 9–11.
A polynomial behaviour is observed between EC amplitude and other DOS assess-
ment parameters. The following were the correlations:

(1) For eddy current amplitude (ECA (V)) vs ratio of peak current densities (Ir/Ia (%))
from EPR tests (Fig. 9).
Ir/Ia (%)D151.06 (ECA (V))2¡23.127 (ECA (V))+0.534; R2D0.9548—in as-aged
condition.
Ir/Ia (%)D1.444 (ECA (V))2¡ 6.1969 (ECA (V)) + 2.441; R2D0.8863—after
Strauss test.

(2) For ECA (V) vs ratio of charges (Qr/Qa (%)) from EPR tests (Fig. 10).
Qr/Qa (%)D191.97 (ECA (V))2¡23.102 (ECA (V))+ 0.421; R2D0.9699—as-aged
condition.
Qr/Qa (%)D 1.6196 (ECA (V))2¡ 5.9619 (ECA (V)) + 2.818; R2D0.8706—after
Strauss test.

(3) For ECA (V) vs depth of attack (DOA (�m)) obtained from metallography.
DOA (�m)D1197.7 (ECA (V))2¡672.87 (ECA (V))+190.54; R2D0.7298—as-aged
specimens.

Table 3
The range of EC response obtained from the specimens in four category

Range of EC amplitude among various specimen (V)

Category AISI type 316 stainless steel AISI type 316L stainless steel [23]

As-aged Strauss tested As-aged Strauss tested

Not aVected 0.00–0.015 0.00–0.27 0.00–0.1 0.0–0.3
Fissured 0.15–0.17 0.62–0.82 0.15–0.2 1.0–1.5
Cracked 0.21–0.49 2.43–6.7 0.17–0.2 1.7–2.0
Broken 0.6–0.65 7.5–7.85 0.2–0.27 2.3–3.0
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DOA (�m)D13.87 (ECA (V))2¡113.06 (ECA (V))+ 288.92; R2D0.7806—after
Strauss test.

The correlation of values of eddy current amplitudes with the various EPR assess-
ment parameters has a higher R2 value as compared to the correlation with the depth
of attack. In the correlation of values of eddy current amplitudes with the various
EPR assessment parameters, the correlation involving eddy current amplitude values
of as-aged specimen gave better R2 values. The signiWcance of these empirical rela-
tionships is that knowledge of the eddy current amplitudes would help predict with
some degree of conWdence the DOS and the depth of attack that would have
occurred during service of the component, thus helping in assessing the integrity of
the component. However, for this to be feasible, proper optimisation of EC test
parameters, precise calibrations and systematic and reliable measurements are
important pre-requisites.

Fig. 9. Relationship between eddy current amplitude and ratio of peak current density: (a) as-aged condi-
tion and (b) Strauss tested condition.
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4. Conclusions

AISI Type 316 stainless steel was subjected to various heat treatments between
873 and 1073 K for various durations of time. The aged specimens were then sub-
jected to ASTM A262 Practice E test (accelerated Strauss test) in a boiling 16%
H2SO4 solution containing 100 g/L of CuSO4 · 6H2O for 24 h and followed by a
bend test. Based on the appearance at the bend portion, the specimens were classi-
Wed into four categories viz. unaVected, Wssured, cracked and broken. Electrochemical
potentiokinetic reactivation technique was used to determine the DOS for the
various categories of specimens. Eddy current tests were carried out to determine
the eddy current amplitudes for the various categories of specimens in both the as-
aged and Strauss-test exposed condition. It was possible to predict DOS in the
as-aged conditions. However, the values of the EC amplitudes were much higher in
the case of specimens after exposure to Strauss test. The reliable response of the
eddy current amplitude to various changes in chromium depletion suggested it to
be a good parameter to monitor the DOS and hence, the propensity for IGC
attacks. Depth of attack by the Strauss test solution was measured on as-polished
cross-sections of all categories of specimens. Only specimens that showed cracking

Fig. 10. Dependence of ratio of charge during reactivation to activation on eddy current amplitude: (a) as-
aged condition and (b) after Strauss test.
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or were broken showed distinct attack by the Strauss test solution. Empirical rela-
tionships between eddy current amplitude and EPR parameters or depth of attack
were established.
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Glossary of acronyms

CCS: continuous cooling sensitisation
CreV: eVective Cr contents
DOS: degree of sensitisation
EC: eddy current
ECC: equivalent chromium content
ECT: eddy current testing
EPR: electrochemical potentiokinetic reactivation
HAZ: heat-aVected zone
Ia: peak current density during activation
Ir: peak current density during reactivation
IGC: intergranular corrosion
IGSCC: intergranular stress corrosion cracking
ISO: International Standards Organisation
NECC: normalised equivalent chromium content
Qa: activation charge
Qr: reactivation charge
SCE: saturated calomel electrode
TTS: time–temperature-sensitisation
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