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Investigation on the intergranular corrosion resistance
of the AISI 316L(N) stainless steel after long time creep
testing at 600 °C
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The effect of precipitation on the corrosion resistance of AISI 316L(N) stainless steel
previously exposed to creep tests at 600 °C for periods of up to 10 years, has been studied.
The corrosion resistance was investigated in 2 M H2SO4+0.5 M NaCl+0.01 M KSCN solution
at 30 °C by electrochemical methods. The results showed that the susceptibility to
intergranular corrosion was highly affected by aging at 600 °C and creep testing time. The
intergranular corrosion resistance decreased by more than twenty times when the creep
testing time increased from 7500 h to 85,000 h. The tendency to passivation decreased and
less protective films were formed on the creep tested samples. All tested samples also
showed susceptibility to pitting. Grain boundary M23C6 carbides were not found after long-
term exposure at 600 °C and the corrosion behavior of the creep tested samples was
attributed to intermetallic phases (mainly sigma phase) precipitation.
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1. Introduction

Intergranular corrosion in austenitic stainless steels has been
known and investigated for nearly 100 years [1]. A literature
search on stainless steels using the key words intergranular
corrosion or sensitization reveals that there are thousands of
published works on this subject. Nearly 99% of these publica-
tions deal with intergranular corrosion due to chromium
depletion at the grain boundaries caused by chromium carbide
(M23C6) precipitation [2–8]. On the other hand, when austenitic
stainless steels are exposed for long periods in the range from
500 °C to 900 °C, the precipitation of a large number of phases,
besides M23C6, might occur, such as M6C and the sigma, chi
and Laves intermetallic phases [9–12]. Among the intermetal-
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lic phases that might precipitate in stainless steels, the sigma
phase is the best known and studied. The sigma phase is
richer in chromium and molybdenum than the austenite
phase; therefore its precipitation at the grain boundaries
causes the impoverishment of these elements in the adjacent
matrix. Despite this, the effect of this precipitation on the
stainless steel intergranular corrosion resistance has not been
widely investigated [13–16].

The susceptibility to intergranular corrosion is decreased in
stainless steels by reducing their carbon content to less than
0.03 wt.%; the main types of this stainless steel class are AISI
304L and 316L. Nevertheless, the decrease in carbon content
reduces still further the low yield strength of the austenite in
these steels in the annealed condition. Nitrogen might be
.br (A.F. Padilha).
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Table 1 – Chemical composition of the AISI 316L(N) austenitic stainless steel (wt.%)

C Si Mn P S Cr Ni Mo Cu N Al B Fe

0.02 0.32 1.80 0.02 0.006 17.34 12.50 2.40 0.12 0.08 0.018 0.0014 Balance
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added in order to counteract this effect, as is the case with AISI
316L(N). Nitrogen in solid solution in the austenite phase
increases the strength, stabilizes the austenite and increases
the pitting resistance [17–20].

The effect of very long periods of aging on the corrosion
resistance of stainless steels has not been widely studied
owing mainly to the difficulties and costs associated with
long-duration aging treatments.

In this study, the effects of precipitation, mainly of sigma
phase, on the corrosion resistance of AISI 316L(N) stainless
steel previously exposed in creep tests at 600 °C [20,21] for
periods of up to 10 years, have been investigated.
Table 2 – Conditions of creep tests at 600 °C of AISI 316L(N)
specimens [21]

Sample Stress
(MPa)

Time
(h)

Initial
strain
(%)

Specimens dimension;
diameter×length (mm)

H 170 7500 5.0 8×200
G 70 85,000 0.005 8×200
2. Experimental Procedure

The material used in this study was a AISI 316L(N) stainless
steel (SS) whose chemical composition is shown in Table 1.
AISI 316L(N) SS samples were solution-annealed at 1100 °C for
30 min and then water-quenched, resulting in samples with
average grain size of 120 μm. Residual δ-ferrite stringers were
detected after solution annealing and before creep testing [20].
The specimens for creep tests were taken from the center of
the solution-annealed plate, in the transverse-to-rolling
direction. During the creep test, the temperature was main-
tained at 600 °C and it was continuously measured with a
thermocouple. Table 2 shows the conditions used for the creep
test (stress, time). Two distinct specimens, identified as H and
G, were tested for periods of 7500 h and 85,000 h, respectively.

For corrosion resistance evaluation, the surface of the AISI
316L(N) SS was prepared by grinding with SiC paper #600. The
specimenswere then immersed in a test solution composed of
2 MH2SO4+0.5 MNaCl+0.01 M KSCN at 30 °C, and then, anodic
potentiodynamic polarization and double loop electrochemi-
cal potentiokinetic reactivation (DL-EPR) tests were carried
out. Electrochemical impedance spectroscopy (EIS) tests were
also carried out in the electrolyte described above. A three-
electrode set-up cell was used, with a saturated calomel
electrode (SCE) as the reference electrode, a platinum wire as
the counter electrode and the specimen as the working
electrode. All potentials in this work are referred to the SCE
electrode. EIS measurements were accomplished using a 1255
Solartron frequency response analyser coupled to an EG&G
273A potentiostat. All EIS measurements were obtained in the
potentiostatic mode at the open-circuit potential (OCP). The
amplitude of the perturbation signal was 10 mV and the
frequency range investigated was 100 kHz to 10 mHz with an
acquisition rate of 6 points per decade. Potentiodynamic
polarization measurements were obtained from the OCP up
to 2 V at a scan rate of 1 mV/s. In the DL-EPR tests, the
specimens were anodically polarized from the corrosion
potential up to 1.5 V (SCE) at a scan rate of 1.67 mV/s. At
1.5 V, the polarization direction was reversed and the test was
finished at the initially measured OCP. The surfaces exposed
to the electrolytes were observed by scanning electron
microscopy (SEM) after the polarization tests using a Philips
XL30 microscope.
3. Results and Discussion

Fig. 1 shows the EIS results for AISI 316L(N) SS in 2 M H2SO4+
0.5 M NaCl+0.01 M KSCN solution, as Bode phase angle (a) and
Nyquist (b) diagrams. Solution-annealed samples and samples
solution-annealed and aged during creep testing (600 °C/7500
h and 600 °C/85,000 h) were evaluated.

The Bode phase angle diagrams show only a phase angle
peak at frequencies around 102 Hz suggesting only a single
time constant, likely due to charge transfer processes at the
stainless steel-solution interface. The similarity of the dia-
grams obtained for the three tested conditions also suggests
that the corrosion mechanism is analogous for all the
samples. The highest phase angle peaks were associated
with solution-annealed samples. The phase angle peak
decreased and moved to higher frequencies with aging time
indicating that the charge transfer process kinetics was
favored in the aged samples. The Nyquist diagrams (Fig. 1B)
show a well defined capacitative loop with low frequency
impedance limit that decreases from the solution-annealed
samples to the samples creep tested for 85,000 h. The
significant impedance decrease with creep testing time
(around one order of magnitude) indicates increasingly faster
charge transfer processes at the surface of the creep tested
samples.

The EIS results were supported by the potentiodynamic
polarization curves, as Fig. 2 shows. All samples showed an
active–passive transition; however the current densities in the
passive range were much lower for the solution-annealed
samples (order of 10−6 A cm−2), indicating the formation of a
more protective film on the solution-annealed samples than
on those that were creep tested. In fact, the current densities
at the corrosion potential associated with these last types of
samples were on the order of 10−4 A cm−2, suggesting that the
surface film formed on these samples is not very protective
and partial dissolution of metallic material occurs through
this film. The large amounts of precipitates in the creep tested



Fig. 1 –EIS results as (A) Bode phase angle and (B) Nyquist diagrams obtained in 2 M H2SO4+0.5 M NaCl+0.01 M KSCN solution
for AISI 316L(N) SS solution-annealed (A) and solution-annealed and creep tested at 600 °C for 7500 h (H) and 85,000 h (G).
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samples impair the formation of a continuous and protective
oxide film on their surfaces.

Despite the slightly lower tendency to passivation observed
for the creep tested samples during 85,000 h compared to
7500 h, as indicated by the lower imax previous to passivation,
the polarization curves did not allow a clear distinction
between the electrochemical behavior of the samples creep
tested for these different times. This could be due to the highly
Fig. 2 –Potentiodynamic polarization curves for solution-anneale
samples tested for 7500 h and 85,000 h at 600 °C, in 2 M H2SO4+
aggressive nature of the test solution used, which is usually
adopted for intergranular corrosion susceptibility evaluation.
The results also show that the solution-annealed samples did
not show a large potential range of passive stability. In fact,
the current density starts increasing after it has reached a
minimum at potentials around 0.4 V. This could be related to
the initiation of localized corrosion processes on the solution-
annealed samples.
d and solution-annealed and creep tested AISI 316 L(N)
0.5 M NaCl+0.01 M KSCN solution.



Fig. 3 –SEM micrographs after potentiodynamic polarization tests for the AISI 316 L(N) solution-annealed and
solution-annealed and creep tested for 7500 h and 85,000 h at 600 °C.
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Micrographs of the samples after the polarization tests are
shown in Fig. 3. These micrographs indicate a slight attack at
the grain boundaries and at the twin boundaries of the
solution-annealed sample, but for the samples creep tested
during 7500 h the grain boundary regions are intensely
attacked. At higher magnifications, there is also evidence of
intense corrosion inside the grains of these specimens. Severe
attack of the samples creep tested for 85,000 h, either inside
the grains or at the grain boundaries, resulted in largematerial
Fig. 4 –DL-EPR results for AISI 316 L(N) solution-annealed and so
600 °C.
loss from these areas. Consequently, the attack at the grain
boundaries for these samples was apparently shallower than
for those creep tested during 7500 h, as it is clearly seen at
lower magnifications (Fig. 3). A potential contributor to the
apparentlymore aggressive grain boundary attack in the 7500 h
creep sample was the much higher chromium gradient for
this specimen compared to that used for the 85,000 h speci-
men. It is proposed that the corrosive attack inside the grains
nucleated at microgalvanic cells, between the matrix and
lution-annealed and creep tested for 7500 h and 85,000 h at
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small precipitates, easily seen in Fig. 3 at lower magnifica-
tions, leading to localized corrosion, as pits. The large number
of these pits inside the grains resulted in a surface morphology
typical of generalized attack, as can be seen at higher
magnifications. After the polarization tests, pits were more
easily identified on the solution-annealed samples, most
likely due to the passive regions surrounding them [14,22].

These results might be explained by the microstructure of
the SS samples [2,7,16,19,22]. Copious sigma phase precipita-
tion occurred in the creep tested samples, mainly at the grain
boundaries and at triple points, leading to preferential attack
at these areas. Intragranular precipitation in samples creep
tested for long periods might have been the cause of the
corrosive attack at these areas. Amirthalingam et al. [16]
confirm that after 1000 h of aging it is possible to find a large
amount of intragranular sigma phase in this type of sample.

The precipitation behavior of this heat of AISI 316L(N) was
studied previously during long-term creep tests at 550 and
600 °C [20]. Three phases were detected: M23C6, sigma, and
Laves phases. The volume fraction of the precipitated sigma
phase was significantly higher than those of the carbides and
the Laves phase. Precipitation during creep testing com-
menced with the rapid formation of M23C6 at grain boundaries
of the initially solution-annealed specimens. Carbide precip-
itation was followed by sigma phase formation in the delta
ferrite islands via the eutectoid reaction δ→σ+γ. The sigma
phase precipitated at grain boundaries after longer times. The
Laves phase precipitated concurrently with the sigma phase in
delta ferrite and at grain boundaries. After longer exposure
times, it also precipitated intragranularly. After long-term
exposures, grain boundary carbides were not found [20].
Intermetallic phase precipitation results in a depletion of
chromium and molybdenum in the adjacent matrix. It is
known that the carbon solubility in austenite increases
significantly with decreasing molybdenum and chromium
content, resulting in the resolution of precipitated M23C6

carbides [9].
In order to quantitatively evaluate the intergranular

corrosion resistance of the 316 L(N) at the various conditions
tested, the double loop electrochemical potentiokinetic reac-
tivation technique (DL-EPR)was used. Thismethod is based on
passivation followed by reactivation of the stainless steel
surface from the passive state. Fig. 4 shows representative
polarization curves obtained by the DL-EPR method for the
three types of samples tested. The maximum anodic current
(ia) is obtained from the polarization curve corresponding to
the scan in the anodic direction. At 1.5 V, the polarization
direction was reversed, and when reactivation of the surface
occurs themaximumcurrent obtained during the reverse scan
corresponds to the reactivation current (ir). For sensitized
steels, reactivation occurs preferentially at the grain bound-
Table 3 – Values of (ir/ia) obtained from the DL-EPR for AISI
316 L(N)

Heat treatment ir/ia

A — solution-annealed 0.00024
H — solution-annealed+7500 h at 600 °C 0.00045
G — solution-annealed+85,000 h at 600 °C 0.0110
aries and the ratio (ir/ia) indicates the susceptibility to
intergranular corrosion.

Table 3 presents a summary of the ir/ia values obtained
from the DL-EPRmethod for the various conditions tested. The
results show that the aging treatment at 600 °C for 7500 h
reduced the intergranular corrosion resistance of the steel by a
factor of approximately two, whereas for samples aged for
85,000 h, the intergranular corrosion resistance decreased by
more than a factor of 45.

The DL-EPR tests confirmed the other electrochemical
results showing that the susceptibility to intergranular
corrosion increases with creep testing time [3,20].
4. Conclusions

The susceptibility to intergranular corrosion of the AISI 316 L
(N) was highly affected by aging at 600 °C and creep testing
time. The tendency to passivation decreased and less protec-
tive films were formed on the samples exposed for long
periods at 600 °C. The susceptibility to intergranular corrosion
increased by more than a factor of twenty when the creep
testing time increased from 7500 h to 85,000 h. All samples
tested also showed susceptibility to pitting, but in the samples
exposed for 85,000 h the very large number of pit nucleation
sites observed suggested a generalized attack on their
surfaces. Grain boundary M23C6 carbides were not found
after long-term exposure at 600 °C; the corrosion behavior of
the creep tested samples may be attributed to the precipita-
tion of intermetallic phases (mainly sigma phase).
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