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Quantitative Evaluation of Aged AISI 316L Stainless Steel
Sensitization to Intergranular Corrosion: Comparison Between
Microstructural Electrochemical and Analytical Methods

H. SIDHOM, T. AMADOU, H. SAHLAOUI, and C. BRAHAM

The evaluation of the degree of sensitization (DOS) to intergranular corrosion (IGC) of a
commercial AISI 316L austenitic stainless steel aged at temperatures ranging from 550 �C to 800
�C during 100 to 80,000 hours was carried out using three different assessment methods.(1) The
microstructural method coupled with the Strauss standard test (ASTM A262). This method
establishes the kinetics of the precipitation phenomenon under different aging conditions, by
transmission electronic microscope (TEM) examination of thin foils and electron diffraction.
The subsequent chromium-depleted zones are characterized by X-ray microanalysis using
scanning transmission electronic microscope (STEM). The superimposition of microstructural
time-temperature-precipitation (TTP) and ASTM A262 time-temperature-sensitization (TTS)
diagrams provides the relationship between aged microstructure and IGC. Moreover, by con-
sidering the chromium-depleted zone characteristics, sensitization and desensitization criteria
could be established. (2) The electrochemical method involving the double loop–electrochemical
potentiokinetic reactivation (DL-EPR) test. The operating conditions of this test were initially
optimized using the experimental design method on the bases of the reliability, the selectivity,
and the reproducibility of test responses for both annealed and sensitized steels. The TTS
diagram of the AISI 316L stainless steel was established using this method. This diagram offers
a quantitative assessment of the DOS and a possibility to appreciate the time-temperature
equivalence of the IGC sensitization and desensitization. (3) The analytical method based on the
chromium diffusion models. Using the IGC sensitization and desensitization criteria established
by the microstructural method, numerical solving of the chromium diffusion equations leads to
a calculated AISI 316L TTS diagram. Comparison of these three methods gives a clear
advantage to the nondestructive DL-EPR test when it is used with its optimized operating
conditions. This quantitative method is simple to perform; it is fast, reliable, economical, and
presents the best ability to detect the lowest DOS to IGC. For these reasons, this method can be
considered as a serious candidate for IGC checking of stainless steel components of industrial
plants.

DOI: 10.1007/s11661-007-9114-9
� The Minerals, Metals & Materials Society and ASM International 2007

I. INTRODUCTION

SAFEGUARDING of stainless steel industrial plant
components, working under aggressive conditions and
environments, requires an accurate evaluation of their
degree of sensitization (DOS) to intergranular corrosion
(IGC). Therefore, development of improved in situ
methods for IGC evaluation are more and more
required to check the sensitization degree of these
components. These techniques have to be as follows:

(1) No or slightly destructive to preserve the compo-
nent integrities;

(2) Easy to perform in situ, and
(3) At least as accurate as the standard tests and in

agreement with the aged material microstructure.

Among these methods, the electrochemical test,
known as the electrochemical potentiokinetic reactiva-
tion EPR test, was developed many years ago[1,2] to
ensure the checking of stainless steel cast products
(ASTM G108). Many studies[2–25] have contributed to
the development of this technique that exists today
under various options. The double loop electrochemical
potentiokinetic reactivation (DL-EPR) is the much
more used option because of its lower dependency on
the surface microgeometry.[2,4,12] This option is cur-
rently applied in situ by means of a portable EPR cell[2]

for parts or boilers reception checking.[12] However, this
IGC evaluation method could not be recognized as a
standard test because of its high dependency on the
electrolyte composition and the test operating condi-
tions. The standard tests, typically used for the charac-
terization of IGC sensitization are ASTM G28, ASTM
A262-86, SEP 1877, AFNOR A05-159, and AFNOR
A05-160, currently known as Strauss, Huey, and Strei-
cher tests, respectively.[26–29] Nevertheless, these stan-
dard tests provide only qualitative evaluation of the
DOS. Indeed, the high degree of accuracy to detect the
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Procédés, 1008 Tunis, Tunisia. Contact e-mail: habibsidhom@yahoo.
com C. BRAHAM, Senior Lecturer, Laboratoire d’Ingénierie des
Matériaux, F75013 Paris, France.
Manuscript submitted July 24, 2006.
Article published online June 23, 2007.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 38A, JUNE 2007—1269



effect of fine precipitation and its consequence on the
formation of chromium-depleted zones requires the
development of quantitative methods. The selection of
the DL-EPR test as a quantitative method for DOS
evaluation is hampered by the identification, for each
alloy, of the appropriate electrolyte composition, the
operating temperature, the potential limits, and the
potential scanning rates.[2,5,7,12] In fact, the DL-EPR
responses are widely dependent on these operating
conditions.

Results of technical literature related to the DL-EPR
operating conditions selected for the austenitic stainless
steels IGC evaluation are summarized in Table I. This
table indicates that the electrolyte base is the sulfuric
acid (H2SO4) solution with addition of KSCN[3–9,

12–14,16–18] or NH4 SCN[11] as the activator. However,
the activator is HCl in the case of the EPR modified
method.[2,19] It is also indicated that the potential
scanning rate ranges between 0.5 and 5 mV/s[2–14,18]

and that the selected electrolyte temperature is 25 �C[2,11]

or 30 �C.[3–9,12,13,16,18]
In spite of numerous studies[2–24] involving the EPR

technique, the optimum operating conditions remain
unidentified for many commercial alloys likely to be
sensitized to IGC. This is due to the lack of systematic

explorations that combine the effects of these operating
conditions on the selectivity and reproducibility of the
test response. Furthermore, the DL-EPR limits to detect
the IGC sensitization comparatively with other standard
methods are not yet elucidated. For these reasons, an
experimental exploration was conducted, in the present
work, to identify the DL-EPR optimum operating
conditions required to quantify the IGC sensitization
of aged austenitic stainless steels. The experimental
design method was used to assess the effect of the
significant factors on the DL-EPR test responses. Tests
were performed using AISI 316L samples having three
sensitization levels:

(1) Non sensitized (annealed) samples;
(2) Slightly sensitized (short aging duration) samples,

and
(3) Strongly sensitized (long aging duration) samples.

The identification of the optimum DL-EPR operating
conditions for the IGC AISI 316L SS evaluation is made
on the bases of some discussed criteria. The perfor-
mances of the electrochemical method (DL-EPR) con-
ducted under its optimum operating conditions are
compared with those of microstructural and analytical
methods.

Table I. DL-EPR Operating Conditions and ICG Sensitization Criteria of Austenitic Stainless Steels

Stainless
Steel

DL-EPR Operating Conditions

IGC Sensitization
Criteria Ref.

Testing
Temperature (�C)

Electrolyte
Composition

Potential
Limits

(mV/ECS)

Potential
Scanning

Rate (mV/s)

904L 25 33 pct H2SO4 + 0.3 pct HCl –30 M +560 0.5 Ir/Ia > 1 pct 2
316 30 H2SO4 0.5 M + KSCN 0.01 M –400 M +300 1.67 Ir/Ia > 2 pct 4
304 Ir/Ia > 1 pct 3

Ir/Ia > 0.005 +
metallographic

5

–400 M +200 Pa >> 0 6
Ecorr M +200 + metallographic 7
Ecorr M +300 Ir/Ia > 10 pct 8

304L –400 M +300 Ir/Ia > 1 pct 3
–500 M +300 Ir/Ia > 1 pct 9
Ecorr M +200 Pa >> 0 + metallographic 7

25 H2SO4 0.5 M + Activator 10–3 M Ecorr M +300 — 10
304LN 25 H2SO4 0.5 M + NH4SCN 0.01 M Ecorr M +200 Ir >> 0 and Qr >> 0 +

metallographic
11

308L 25 H2SO4 0.5 M + Activator 10–3 M Ecorr M +300 — 10
316 30 H2SO4 0.5 M + KSCN 0.01 M Ir/Ia > 10 pct 8
316L H2SO4 6 N + KSCN 0.005 M –600 M +200 Ir/Ia >> 0 12
316LN 25 H2SO4 0.5 M + NH4SCN 0.01 M Ecorr M +200 Ir >> 0 and Qr >> 0 +

metallographic
11

316L(N) 30 H2SO4 0.5 M + KSCN 0.01 M Ecorr M +300 — 13
347 Ir/Ia > 10 pct 8
304 26 H2SO4 0.5 M KSCN 0.01 M –450 M +300 — Ir/Ia > 1 pct +

metallographic
14

316L
316L 30 H2SO4 0.1 M + KSCN 0.01 M — — — 16
316 25 H2SO4 0.5 M + KSCN 0.01 M — — — 17
315 30 H2SO4 1 N + KSCN 0.01 M — 1.67 — 18

The term Ia is the current density during potential scanning activation. Ir and Qr are the current density and electric quantity of charge during
potential scanning reactivation, respectively; Pa is the parameter used for sensitization normalizing (C/cm2). Pa = (Qr/GBA); GBA = As

[5.09544 · 10–3 exp(0.34696 · X)]; GBA = grain boundary area; As = specimen area (cm2); X = grain size ASTM (100 times); and metallo-
graphic: optical microscope observation.
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II. MATERIAL AND TESTS

A. Material and Aging Treatments

In this study, commercial AISI 316L austenitic
stainless steel was investigated in annealed (1100 �C
for 1 hour, followed by air cooling) and in aged
(temperature ranging from 550 �C to 800 �C and
durations varying from 20 to 80,000 hours) states. The
chemical composition of this steel is given by Table II.

B. Tests and Methods

1. Microstructural investigations
The microstructures of the annealed and aged steels

were investigated by optical microscope examinations
and transmission electron microscope (TEM) thin foils
observations. The precipitates were identified by TEM
electron diffraction. The chemical compositions of grain
boundary regions were determined by scanning trans-
mission electron microscope (STEM) X-ray microprobe
analysis of thin foils. The same technique was per-
formed, using extractive replica, to assess the precipitate
chemical composition.

2. Corrosion tests

a. IGC standard test. Intergranular corrosion tests were
carried out according to the standard ASTM A262[26–30]

on AISI 316L SS specimens (70 · 10 · 3 mm) in the
Strauss medium (boiling sulfo-cupric solution with
copper addition). The specimens were immersed during
72 hours in this medium and then subjected to the 90
deg bending test followed by macrographic and micro-
graphic cross-sectional observations to evaluate quali-
tatively the intergranular etching depth.

b. DL-EPR tests. This IGC electrochemical test con-
sists of a potentiokinetic scanning cycle from an active
to passive domain followed by a return of the initial
potential (–400 mV/ECS M +300 mV/ECS).[19] The
ratio of reactivation and anodic current densities (Ir/Ia
pct) and the ratio of reactivation and anodic current
charges (Qr/Qa pct) are used to evaluate the DOS
(Figure 1). According to previous works,[2,3,5,8,9,12] the
ratio Ir/Ia > 1 pct indicates the sensitized state and,
consequently, the DOS is proportional to the Ir/Ia
ratio. However, because this ratio is strongly depen-
dent on the nature of the electrolyte and the test
operating conditions, it is imperative to determine at
first the optimum operating conditions for the AISI
316L SS. Therefore, an experimental design involving
the variation of the main factors governing the
DL-EPR test responses such as the sulfuric acid
[H2SO4] and activator [NH4SCN] electrolyte concen-
trations, the scanning rate of the potential (dE/dt),
and the electrolyte temperature (T) was built up.
The considered experimental design envisages carrying
out 16 tests under the conditions reported in Table III
for each steel treatment condition (columns 1
through 5).

III. RESULTS

A. Microstructural Evaluation of IGC Sensitization

1. Precipitation of M23C6 carbides and intermetallic
phases
Optical and TEM micrographs show a perfectly

homogenized austenitic structure of the annealed steel
without intergranular precipitation (Figure 2). While a
weak discontinuous intergranular M23C6 carbide was

Table II. Chemical Composition of AISI 316L (Weight Percent)

Elements C S P Si Mn Ni Cr Mo Ti Nb Cu N

AISI 316L 0.022 0.015 0.02 0.35 1.74 13.4 17.3 2.13 <0.005 <0.005 0.04 0.035
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Fig. 1—DL-EPR test responses and IGC sensitization-desensitization criteria: (a) IGC desensitization criterion (Ir/Ia < 1 pct) and (b) IGC sensi-
tization criterion (Ir/Ia ‡ 1 pct).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 38A, JUNE 2007—1271



observed after aging during 1000 hours at 600 �C
(Figure 3(a)), an abundant and continuous M23C6

precipitate was observed for the aged state during
80,000 hours at 550 �C (Figure 3(b)). The M23C6

carbide chemical compositions show a high chromium
content (68.7 wt pct) and other elements such as iron
(14.1 wt pct), molybdenum (11.8 wt pct), and nickel
(3.3 wt pct).

For higher aging temperature or duration intermetal-
lic phases, types g (Fe2Mo) and r (Fe-Cr-Mo) appear in
the boundary and inside the austenitic grains. These
phases are relatively less rich in chromium than the
M23C6 carbides.

2. Chromium-depleted zone
Intergranular carbide precipitation weakens the chro-

mium and molybdenum contents of near grain bound-
ary zones. This contributes to the formation of the
depleted zones evaluated quantitatively by chromium
profiles (Figure 4).

The main characteristics of these profiles are the
width and the minimum chromium concentration,
which are dependent on the aging conditions (i.e.,
aging temperature and duration). However, weakening
the chromium concentration in the depleted zones is
balanced by a local increase of other element contents
and particularly of Fe and Ni. These profiles show
that the chromium concentration near the grain
boundaries decreases up to 11 pct atomic and that
the width of the depleted zone is close to 80 nm for
the AISI 316L aged at 600 �C during 1000 hours
(Figure 4). On the other hand, this chromium grain
boundary concentration decreases up to 9 pct atomic,
for aging at 550 �C during 80,000 hours. The width of
the depleted zone measured in this case is around
400 nm (Figure 4).

3. IGC sensitization-desensitization criteria
The grain boundary chromium content evolution

during aging can be illustrated by the ‘‘isochromium’’
curves (dotted lines, Figure 5) superimposed to the time-
temperature-precipitation (TTP) diagram (in full lines).
This diagram shows that the kinetics of chromium
depletion is controlled only by the kinetics of M23C6

carbide precipitation. The r phase that appears at higher
temperatures or longer aging durations has almost no
effect on the kinetics of chromium depletion (Figure 5).
By superimposing the time-temperature-sensitization

(TTS) IGC diagram (ASTM A262) to the preceding
indicated diagrams, it was possible to establish IGC
sensitization criteria. These criteria suggest that the
sensitization to IGC occurs when the chromium content
at the grain boundaries reaches critical values close to
12 wt pct or 13 at. pct. Moreover, for this critical value,
the chromium profile width (Wd/2) should be higher or
equal to 25 nm so that the IGC sensitization can be
qualitatively detected by the standard test. However, the
IGC desensitization (self-healing) is only controlled by
the chromium content grain boundary. Indeed, the
desensitization occurs when the intragranular chromium
diffusion restitutes, at least, the chromium content
critical value (Cr ‡ 12 to 13 at. pct). Therefore, the
DOS can be quantitatively appreciated by the width
(Wd) of the depleted zone corresponding to the chro-
mium critical value (Cr £ 12 to 13 at. pct). This value of
Wd is proportional to the IGC sensitized material
volume (Figure 4). For instance, the aged steel during
80,000 hours at 550 �C appears more sensitized with a
value of Wd � 286 nm than the aged steel during
1000 hours at 600 �C with a value of Wd � 40 nm.

Thus, the sensitization ratio
Wdð1000 h at 600�CÞ
Wdð80;000 h at 550�CÞ

� �
of these

two aging conditions is 13 pct.

Table III. Experimental Design and DL-EPR Test Responses

Annealed
Steel

Aging Conditions

DL-EPR Test Operating Conditions 1000 h at 600 �C 80,000 h at 550 �C

1 2 3 4 5 6 7 8 9 10 11 12

Test Number
dE/dt
(mV/s)

[H2So4]
(mol/L)

[NH4SCN]
(mol/L)

T
(�C)

Ir/Ia
(pct)

Ia
(mA/cm2)

Ir
(mA/cm2)

Ir/Ia
(Pct)

Ia
(mA/cm2)

Ir
(mA/cm2)

Ir/Ia
(Pct)

1 0.5 0.1 0.01 25 0 6.4 0.4 6.3 7 2 28.6
2 5 0.1 0.01 25 0 1.5 0.4 26.7 3.2 0.9 28.1
3 0.5 4 0.01 25 3.7 18 2.3 12.8 30.1 23.1 76.7
4 5 4 0.01 25 0 20.2 1.1 5.4 17.4 1.9 10.9
5 0.5 0.1 0.1 25 0 19.6 0.3 1.5 21.4 2.3 10.7
6 5 0.1 0.1 25 0 17.5 0.2 1.1 15.6 1 6.4
7 0.5 4 0.1 25 4.2 41.5 13.4 32.3 77.7 24.3 31.3
8 5 4 0.1 25 0.3 40 0.9 2.3 46.8 5.7 12.2
9 0.5 0.1 0.01 40 0 2 0.6 30 12.9 3.7 28.7
10 5 0.1 0.01 40 0 0.9 0.4 44.4 4.4 3.1 70.5
11 0.5 4 0.01 40 4.1 36.7 21.7 59.1 72.7 69.1 95
12 5 4 0.01 40 0.5 30.4 1.3 4.3 28 6.1 21.8
13 0.5 0.1 0.1 40 0 30 1.1 3.7 30.3 3.1 10.2
14 5 0.1 0.1 40 0 23.3 0.3 1.3 25 2.3 9.2
15 0.5 4 0.1 40 2.3 85.1 0.6 0.7 84 28.2 36.3
16 5 4 0.1 40 0.4 86 0.3 0.3 86.2 14 16.2
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B. Electrochemical Evaluation of the IGC Sensitization

1. Optimization of DL-EPR test operating conditions
The quantitative evaluation of the IGC sensitization

using the DL-EPR test requires optimizing the operating
test conditions on the bases of five criteria:

(1) Test response reproducibility;
(2) Etching selectivity (exclusively intergranular);
(3) High sensitivity to detect the weak dechromized

zone (slightly sensitized);
(4) Agreement with IGC microstructure criteria, and
(5) Agreement with standard IGC test responses.

The ratios of the current intensities (Ir/Ia pct) given in
columns 6, 9, and 12 of Table III show that almost all

Fig. 2—Microstructure of annealed AISI 316L SS (1100 �C during 1 hour and air quenched): (a) optical micrograph and (b) TEM micrograph.

Fig. 3—Microstructure of aged AISI 316L SS: nucleation and growth of intergranular M23C6 carbides. (a) TEM micrograph showing discontin-
uous intergranular carbides precipitation of aged AISI 316L SS (600 �C during 1000 h). (b) TEM micrograph showing continuous intergranular
carbides precipitation of aged AISI 316L SS (550 �C during 80,000 h). (c) 1�10

� �
c diffraction pattern. (d) 001½ �c diffraction pattern.
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Fig. 4—Chromium-depleted zone and IGC microstructural evalua-
tion criterion.
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operating conditions selected for the experimental de-
sign satisfy the first and second optimization criteria.
Indeed, concerning the second criteria, the ratio Ir/Ia for
the annealed steel (absence of chromium depletion) is
close to 0 pct and slightly higher than 1 pct for the aged
steel during 1000 hours at 600 �C (weak chromium
depletion) and much higher for the aged steel during
80,000 hours at 550 �C (high chromium depletion).

However, as the ratio Ir/Ia for each microstructure
(same chromium-depleted zone characteristics) depends
widely on the operating conditions such as the solution
concentration in sulfuric acid [H2SO4], the concentra-
tion of the activator [NH4SCN], the scanning rate (dE/
dt), and the electrolyte temperature (T), the third and
forth optimization criteria are not satisfied.

Further examinations of the experimental design
results using the analysis of the variance (ANOVA)
method show that the most significant factors governing
the DL-EPR test response are mainly the activator
concentration [NH4SCN] followed by the scanning rate
(dE/dt). Thus, an accurate selection of the operating
DL-EPR test conditions, satisfying simultaneously all
the optimization criteria, requires conducting some
extra sets of experiments. These extra sets use at least
four levels for the activator concentration [NH4SCN]
and the scanning rate (dE/dt).

Concerning the factors with no significant effects on
the DL-EPR test response Ir/Ia (pct), i.e., [H2SO4]
electrolyte concentration and temperature, their levels
were fixed on the basis of the intergranular etching
selectivity (second criterion).

a. Electrolyte concentration in sulfuric acid. The etching
selectivity of the DL-EPR test depends on the H2SO4

electrolyte concentration. Indeed, intergranular etching
of IGC-sensitized steels is preserved only when the
H2SO4 molarity is lower or equal to 0.5 M. However,
for higher molarities, intragranular pitting corrosion is
also observed by optical microscopy examination of the
DL-EPR tested specimens (Figure 6). This corrosion
morphology is usually called ‘‘generalized corrosion’’ in
the case of stainless steels. For this reason, a molarity of
0.5 M is selected for the aged AISI 316L IGC evaluation
by the DL-EPR tests.

b. Electrolyte temperature. Table III shows that the
electrolyte temperature has no significant effect on the
current ratio Ir/Ia (pct) of the annealed steel (absence of
chromium depletion). However, this ratio increases
rapidly with the electrolyte temperature when the aged
steels (existence of chromium depletion) are tested. This
increase is mainly related to the contribution of the
corrosion pitting on the rise of the reactivity current Ir.
The loss of etching selectivity is confirmed by micro-
scopic observations that reveal intragranular pitting for
DL-EPR specimens tested using an electrolyte temper-
ature of 30 �C. At lower temperatures (lower or equal to
25 �C), test etching selectivity is conserved (Figure 7).
Therefore, this value of the electrolyte temperature
(25 �C) is selected for the DL-EPR test optimum
operating conditions.

c. Activator concentration. Table III shows that the
current ratios Ir/Ia (pct) increase with the activator
(NH4SCN) concentration for both annealed and aged
steels (Figure 8). Moreover, it can be seen that the
current ratio variation results mainly from the increase
of the reactivation current density (Ir) associated with a
gradual loss of test selectivity. This selectivity is pre-
served only for weak activator concentrations (£0.01 M
NH4SCN) (Figure 9(a)). For NH4SCN concentrations
higher than 0.01 M, the test gradually loses its selectivity
with the appearance of pits inside the grains
(Figure 9(b)). Moreover, the intergranular grooves
become wider than the chromium-depleted zone. Con-
sequently, an NH4SCN activator concentration of
0.01 M is retained for the DL-EPR test optimum
operating conditions.

d. Potential scanning rate. The ratios Ir/Ia (pct) corre-
sponding to annealed and aged steels tested in electro-
lyte consisting of 0.5 M H2SO4 + 0.01 M NH4SCN, at
a temperature of 25 �C, increase when the scanning rate
of the potential (dE/dt) decreases from 5 to 0.5 mV/s
(Figure 10). Data reported in Table III show that this
increase results from the rise of the reactivation current
density (Ir), indicating therefore a loss of DL-EPR
etching selectivity.
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The SEM metallographic investigations show that the
test selectivity is maintained only in the scanning rate
range 1 £ dE/dt £ 2.5 mV/s (Figure 11(a)). For very
slow scanning rates (<1 mV/s), many pits appear inside
the grains (Figure 11(b)). For these reasons, a scanning
rate of 1 mV/s is retained for the DL-EPR test optimum
conditions.

e. Optimum conditions for the DL-EPR test. The opti-
mum operating conditions of the DL-EPR test candidate
to the quantitative evaluation of austenitic stainless steel
to IGC established in this study are reported in Table IV.
Ratios of the current intensities Ir/Ia (pct) measured
under these conditions are equal to 0.2, 5.3, and 25.4 pct
for the annealed, the slightly sensitized (1000 hours at
600 �C), and the strongly sensitized (80,000 hours at 550
�C) steels, respectively. These optimum operating con-
ditions verify the previously fixed optimization criteria.
Indeed, the DL-EPR test selectivity and reproducibility
are definitely established under these optimum operating
conditions. Moreover, it was shown that the DOS ratios

of the two aged steels, expressed by Ir/Ia (1000 h at 600 �C)/
Ir/Ia (80,000 h at 550 �C), are equal to 20 pct. This value is in
the same order as the DOS ratio (Wd(1000 h at 600 �C)/
Wd(80,000 h at 550 �C) = 13 pct) obtained by microstruc-
tural evaluation.

2. Electrochemical TTS diagram
The optimum DL-EPR operating conditions re-

ported in Table IV are used to assess the DOS of
aged AISI 316L SS. The Ir/Ia ratios (pct) for the
different aging conditions, listed in Table V, are used
to plot the electrochemical TTS diagram. This diagram
provides a quantitative appreciation of the DOS by
the ‘‘isosensitization’’ curves (Figure 12). Therefore, it
is possible to compare the DOS of different aged steels
to the prediction of IGC sensitization on the basis of
the equivalent time-temperature relation, given by the
1/T (K), log t(h) plots (Figure 12). It is important to
notice that the standard method (ASTM A262) is not
able to achieve this quantitative evaluation perfor-
mance.

Fig. 6—Effect of H2SO4 electrolyte concentration on the DL-EPR
test selectivity of the aged AISI 316L SS (at 600 �C during 1000 h).
(a) SEM micrograph showing an intergranular selective dissolution
subsequent to the DL-EPR test conducted under the following
conditions: 0.5 M H2SO4 + 0.01 M NH4SCN at T = 25 �C and
dE/dt = 1 mV/s. (b) SEM micrographs showing pitting inside the
austenitic grains and IGC subsequent to the DL-EPR test conducted
under the following conditions: 4 M H2SO4 + 0.01 M NH4SCN at
T = 25 �C and dE/dt = 1 mV/s.

Fig. 7—Effect of electrolyte temperature on the DL-EPR test selec-
tivity of the aged AISI 316L SS (at 600 �C during 1000 h). (a) SEM
micrograph showing an intergranular selective dissolution sub-
sequent to the DL-EPR test conducted under the following
conditions: 0.5 M H2SO4 + 0.01 M NH4SCN at T = 25 �C and
dE/dt = 1 mV/s. (b) SEM micrographs showing pitting inside the
austenitic grains and IGC subsequent to the DL-EPR test conducted
under the following conditions: 0.5 M H2SO4 + 0.01 M NH4SCN
at T = 40 �C and dE/dt = 1 mV/s.
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C. Analytical Evaluation of IGC Sensitization

1. Calculated chromium profiles
As established previously, the sensitivity to IGC of AISI

316LSS is closely related to the formationof the chromium-
depleted zones (Figures 4 and 5). These zones result from
nucleation and growth of chromium carbides during the
agingof theAISI316LSS (Figure 3). Itwasalsoestablished
that microstructural evaluation of the IGC sensitization

can be realized through the analysis of chromium profiles.
These profiles, [Cr] = f (x,t), were numerically calculated
by authors in previous works.[31,32,33] In these works,
chromium diffusion models were successfully used to
predict the evolutionof the chromiumconcentrationduring
aging. Some calculated profiles using this model and
corresponding to different aging durations, at 550 �C and
at 600 �C, are given in Figure 13.
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Fig. 8—Effect of the activator NH4SCN electrolyte concentration on the response Ir/Ia (pct) of the DL-EPR test conducted under the following
operating conditions: 0.5 M H2SO4 + x M NH4SCN at T = 25 �C and dE/dt = 1 mV/s. (a) Annealed steel and (b) aged steel.

Fig. 9—Effect of the activator NH4SCN concentration on the DL-EPR test selectivity of the aged AISI 316L SS (at 600 �C during 1000 h). (a)
SEM micrograph showing intergranular selective dissolution subsequent to the DL-EPR test conducted under operating conditions: 0.5 M
H2SO4 + 0.01 M NH4SCN at T = 25 �C and dE/dt = 1 mV/s. (b) SEM micrographs showing pitting inside the austenitic grains and IGC
subsequent to the DL-EPR test conducted under the following operating conditions: 0.5 M H2SO4 + 0.1 M NH4SCN at T = 25 �C and
dE/dt = 1 mV/s.
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2. Analytical TTS diagram
On the bases of IGC sensitization (xCr � xcritCr ¼

13at. pct and Wd
2 � Lcrit ¼ 25 nm) and desensitization

(xCr � xcritCr ¼ 13at. pct) criteria, both sensitization (ts)
and desensitization (td) starting durations for different
aging temperatures were calculated. Details of the
computation procedure are given in Reference 33
Computed values of ts and td provide a calculated TTS
diagram for the AISI 316L SS (Figure 14).

IV. SYNTHESIS AND DISCUSSION

In this study, three different methods were investi-
gated to assess IGC sensitization of aged AISI 316L SS
for short (100 hours) and long durations (80,000 hours)
at temperature ranging between 500 �C and 800 �C.
These methods are as follows:

(1) Microstructural method using TEM observations
and STEM microprobe analysis to investigate

Fig. 11—Effect of the potential scanning rate on the DL-EPR test selectivity of the aged AISI 316L SS (at 600 �C during 1000 h). (a) SEM
micrograph showing intergranular selective dissolution subsequent to the DL-EPR test conducted under the following operating
conditions: 0.5 M H2SO4 + 0.01 M NH4SCN at 25 �C and dE/dt = 1 mV/s. (b) SEM micrograph showing the intergranular selective dissolu-
tion subsequent to the DL-EPR test conducted under the following operating conditions: 0.5 M H2SO4 + 0.01 M NH4SCN at 25 �C and
dE/dt = 0.5 mV/s.

Table IV. Optimal DL-EPR Operating Conditions for IGC Evaluation of the AISI 316L SS

Annealed Steel
Aged Steel

Operating Conditions
1100 �C–1 h 600 �C–1000 h 550 �C–80,000 h

Electrolyte composition T (�C) dE/dt (mV/s) Ir/Ia (Pct) Ir/Ia (Pct) Ir/Ia (Pct)

H2SO4 0.5 M + NH4SCN 0.01 M 25 1 0.2 5.3 25.4

Table V. DL-EPR DOS Evaluation of Aged AISI 316L SS

Aging Conditions DOS IGC
Metallographic
EvaluationTemperature (�C) Duration (h) Ia (mA/cm2) Ir (mA/cm2) Ir/Ia (Pct) Qa (mC/cm2) Qr (mC/cm2) Qr/Qa (Pct)

1100 1 44 0.1 0.2 6352.6 4.6 0.1 ns
550 100 41.9 0.04 0.1 3617.8 1.8 0.04 ns

1000 41.6 0.03 0.1 3822.3 1.9 0.05 ns
30,000 46 4.9 10.7 3947.4 268.9 6.8 s
80,000 50.5 12.8 25.4 5116.6 1154.7 22.6 s

600 100 50.2 0.1 0.2 4486.6 0.4 0.0 ns
208 43.2 0.8 1.9 4416.4 78.5 1.8 s
1000 41.9 2.2 5.3 5739.2 296.0 5.2 s
4000 48.7 10.5 21.6 5822.7 1261.9 21.7 s
80,000 87.1 0.6 0.7 15,840.0 117.2 0.7 ns

650 20 53 0.4 0.8 4547.8 32.6 0.7 ns
36 47.6 1.1 2.3 7331.0 48.4 0.7 s
100 5 0.6 12.0 598.7 59.8 10.0 s
1000 47 6.4 13.6 5210.1 732.5 14.1 s
80,000 132.8 1.1 0.8 25,795.0 245.1 0.9 ns

700 20 46.5 1.1 2.4 6584.7 170.9 2.6 s
750 20 47.2 1.1 2.3 4946.7 136.1 2.8 s

100 38.8 0.4 1 5991.4 1.7 0.02 s
800 21 43.4 0.2 0.5 6694.1 15.5 0.2 ns

ns: nonsensitized, and s: sensitized.
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metallurgical and local chemical (near grain
boundary) changes subsequent to material aging.
The chromium profile determination constitutes
the quantitative data base for IGC assessment.
This method is slightly destructive compared with
the standard tests. It can be considered as quanti-

tative because it offers the possibility of DOS
assessment on the bases of chromium-depleted
zone width measurements (Wd).[34] Unfortunately,
tests conducted using this method involve expen-
sive specific equipments (microprobe analyzer in
STEM), long time, and particular attention for
specimen preparation (thin foils);

(2) Electrochemical method using the DL-EPR test
conducted under optimized operating conditions.
This method was found to be quantitative, low
cost, fast, and effectively nondestructive. These
advantages favor its application in situ to check
the DOS of industrial plant components subjected
to IGC damages in service;

(3) Analytical method using the chromium diffusion
model and microstructural IGC sensitization and
desensitization criteria. This predictive method re-
quires the establishment of an accurate TTP dia-
gram to determine the carbide nucleation time,
depending on the aging temperature. This requires,
first, a microstructural study of aged material and,
second, model performance validation.

Results reached in this study reveal the advantages of
the electrochemical DL-EPR method, conducted under
its optimum operating conditions to evaluate the IGC
sensitization of the aged austenitic stainless steel. It was
shown that this method is selective, reproducible, and
provides IGC assessment in good agreement with the
microstructural method and standard tests. This is
confirmed by superimposition of the TTP, the electro-
chemical TTS, and the standard TTS diagrams (Fig-
ure 14). Moreover, the electrochemical method was
found to be more accurate and much more effective to
detect the weak chromium depletion effect than the
Strauss IGC standard tests. This superiority is well
illustrated by the IGC assessment of the aged steel at 600
�C during 1000 hours (Figure 4). On the other hand, it
is important to notice that this quantitative method
offers the possibility to compare the DOS of two
different aged steels, which cannot be realized by the
qualitative standard tests.
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In this study, it was shown that the current ratio Ir/Ia
(pct) is a significant indicator of the DOS evaluation. It
was also shown that when the DL-EPR test is conducted
under optimum operating conditions, the response
Ir/Ia = 1 pct corresponds, effectively, to the sensitiza-
tion starting and finishing of the AISI 316L SS. This
result is in good agreement with the chromium profile
evolution during aging established by microstructural or
analytical methods. The DL-EPR test optimum condi-
tions for the austenitic stainless steel correspond to the
following: electrolyte composed of 0.5 M H2SO4 and
0.01 MNH4SCN, electrolyte temperature close to 25 �C,
and a potential scanning rate of 1 mV/s. To emphasize
the importance of the DL-EPR operating conditions
regarding the test response, other conditions reported by
previous investigators[2–9,11,13,14,17] were also tested to
evaluate the DOS of annealed and aged AISI 316L SS.
The corresponding DOS values, reported in Table VI,
reveal clear advantages of the optimum operating
conditions established in this study. This advantage is
highlighted on the bases of the reproducibility, the
selectivity, and mainly the agreement with microstruc-

tural IGC evaluation (DL-EPRDOS ratio = 17 pct and
microstructural DOS ratio = 20 pct). However, it
should be noted that condition 2 (Table VI), chosen by
other authors,[3–9,13,14,17] also gives satisfactory results
(DL-EPR DOS ratio = 17 pct and microstructural
DOS ratio = 13 pct). For this condition, the used
KSCN activator seems to have an equivalent effect to
the NH4SCN used in the present work. The concentra-
tions of both activators are weak, i.e., close to 0.01 M,
which is supposed to favor high Ir/Ia (pct) ratios for the
sensitized austenitic stainless steels. These results are well
supported by Majidi et al.,[5] who have evaluated the
AISI 304 stainless steel IGC. On the other hand, because
the used potential scanning rates (1.6 mV/s for condi-
tions 2, Table VI, and 1 mV/s, conditions of this study)
are in the same range, the obtained DOS ratios are
almost similar. This range is usually selected for the DL-
EPR tests because slower rates lead to test selectivity
loss. In fact, it was shown in this study that slow
potential scanning rates accelerate the nucleation of
pitting corrosion. The same phenomena were observed
by Majidi et al.[5] and Reichert et al.[15]

Table VI. Effect of DL-EPR Operating Conditions on the DOS Evaluation of the AISI 316 L SS

DL-EPR Responses

Electrochemical
DOS
Ratio

ðIr=IaÞð1000 h�600�CÞ
ðIr=IaÞð80;000 h�550�CÞ

Microstructural
DOS
Ratio

Vdð1000 h�600�CÞ
Vdð80;000 h�550�CÞ Ref.

Annealed
Steel

Aged Steel

Operating Conditions 1000 h–
600 �C

80,000 h–
550 �C

Test
Number Electrolyte Composition

T
(�C)

dE/dt
(mV/s)

Ir/Ia
(Pct)

Ir/Ia
(Pct)

Ir/Ia
(Pct)

1 H2SO4 0.5 M + NH4SCN
0.01 M

30 1.6 0 4.72 12.7 37 13 11

2 H2SO4 0.5 M + KSCN
0.01 M

25 1.6 0 3.35 19.45 17 3–9, 13,
14, 17

3 33 pct H2SO4 + 0.3 pct
HCl

25 0.5 85 93.8 120.48 77 2

4 H2SO4 0.5 M + NH4SCN
0.01 M

25 1 0.2 5.3 25.4 20.9 this study
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V. CONCLUSIONS

In this investigation, an experimental design was
conducted to establish the optimum DL-EPR test
operating conditions for IGC evaluation of austenitic
stainless steels. The optimum conditions were deter-
mined on the bases of five criteria related to test
response reproducibility, etching selectivity, sensitivity
to detect weak-depleted zone, and agreement with both
microstructural and standard test IGC evaluation. The
optimum operating conditions correspond to the fol-
lowing: 0.5 M H2SO4 + 0.01 M NH4SCN, scanning
rate of 1 mV/s, and temperature of 25 �C. It is shown
that this operating condition is more efficient and more
selective than the other existing conditions. The DL-
EPR test performed under these optimum conditions
ensures an accurate quantitative evaluation of the DOS
to IGC of aged austenitic stainless steels. It offers a
higher sensitivity to detect the effect of weak chromium
depletion responsible for IGC sensitization than the
standardized tests. This method can be effectively used,
in situ under this condition as a nondestructive tech-
nique, to check the DOS of industrial plant components
made on austenitic stainless steel and subjected, in
service, to IGC damages. The TTS diagram obtained by
this technique is in agreement with the results of
microstructural and analytical evaluations of IGC
sensitization. This diagram provides a quantitative
appreciation of the DOS by the ‘‘isosensitization’’
curves and offers the possibility to compare the DOS
of different aged steels and to predict IGC sensitization
on the basis of the equivalence time-temperature rela-
tionship.
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