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In this paper, the effect of brief aging within the 650-850 °C temperature range on the resistance of lean du-
plex stainless steel (LDSS) 2101 to stress corrosion cracking (SCC) was discussed. The thermal aging induced a
decrease in Vickers microhardness and an increase in alloy ductility. This behaviour was connected to depletion
of interstitial nitrogen in austenite. LDSS 2101 was found to suffer SCC in NACE TM-0177 solution, particularly

under specific thermal aging and in the presence of thiosulphate ions (S,0527) at 10~* and 10~3 M. Crack nu-
cleation and propagation were linked to microstructural variations connected to thermal aging.

1. Introduction

In the last 20 years, the development of austenitic-ferritic stainless
steels, more commonly known as duplex stainless steels (DSS), has fol-
lowed two different paths: the improvement of corrosion performances
by increasing chromium, molybdenum and nitrogen content (superdu-
plex and hyperduplex grades) and the developing of the so called “lean”
duplex family [1]. The lean duplex stainless steels (LDSSs) were con-
ceived to lower the molybdenum content, which can cause dangerous
secondary phase formation during welding operations, and to reduce
the nickel content in order to limit raw material costs in duplex pro-
duction. In 2002, LDX 2101® (a low nickel grade) was commercially in-
troduced with the aim of advantageously replacing austenitic stainless
steels (AISI 304 and 316), in applications where high mechanical and
localized corrosion resistance are required [2-5], but also, to some ex-
tent, to substitute carbon steels, where maintenance costs are significant
[1].

The mechanical properties and the corrosion resistance of ordinary
DSS can be adversely affected by aging within the 650-950 °C range
[6], mainly due to ¢ phase formation [7-15]. However, in LDSS the
growth of this compound is very slow, because of the low molybdenum
content [4,16], and may affect the performances of these alloys only af-
ter long aging time (on the order of 100 h [4,17]).

LDSS 2101 contains high amounts of manganese (5 mass%) and ni-
trogen (0.22 mass%) [18] added with the aim to stabilize the austenite
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phase. The influence of N content is quite complex. In fact, it im-
proves the pitting corrosion resistance and stimulates cracks repassi-
vation [19,20]. It also enhances the mechanical strength, even at low
concentrations (i.e. 0.1-0.2%) [21,22]. In DSS, it increases the micro-
hardness of both ferrite («) and austenite (y) phase, with a more pro-
nounced effect on y [22], because this phase can dissolve higher nitro-
gen amounts. For this reason, in DSS the y phase becomes the strongest
one at N concentrations higher than 0.12 wt.% [23,24]. On the other
side, it is reported to reduce the stacking fault energy (SFE) of austen-
ite phase, so promoting planar slip and easier passive film breakdown,
when slip/dissolution mechanism is involved in SCC [25,26].

Other problems connected to high nitrogen levels occur after ther-
mal aging because precipitation of nitrides (e.g. Cr,N) at the grain
boundaries occurs already after few minutes of aging in the 650-850 °C
interval [27-30]. During a previous research carried out in our lab-
oratory on LDSS 2101 [30], these microstructural modifications are
found to determine a worsening of pitting and intergranular corrosion
(IGC) resistance. In particular, a very low resistance to pitting corrosion
and high values of the degree of sensitization (DOS) to IGC were ob-
tained, particularly after 30 and 60 min of aging at 650 °C and 10 and
30 min at 750 °C. On the contrary, aging at 850 °C for up to 30 min
essentially did not modify the resistance to ICG and only slightly de-
creased that to pitting corrosion, likely due to chromium replenish-
ment around nitride precipitates. Liu et al. [17] documented the struc-
tural evolution of LDSS 2101 for thermal aging at 600-850 °C and
looked for a connection between variations in mechanical properties
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and pitting resistance. In agreement with Berner et al. [27], they found
a significant reduction of both critical pitting temperature (CPT) and
impact toughness after few minutes of aging at 750 °C, which resulted
the temperature leading to the most severe degradation of the alloy per-
formances. All quoted studies evidenced that these short-time thermal
aging provoked formation of Cr-rich precipitates (mainly Cr,N but also
M,;Ce-type carbides) at the phase grain boundaries and Cr-depletion in
the adjacent zones, determining an easier localization of corrosion at-
tack.

Oil and gas equipment often operate in contact with chloride- and
sulphide-rich media. Therefore, the employed materials have to resist
to pitting corrosion and stress corrosion cracking (SCC) in these en-
vironments. LDSS 2101 has a resistance to pitting and crevice corro-
sion, which is higher than that of austenitic 304 L and is comparable to
that of 316 L [2,5]. Even SCC resistance is superior to that of standard
austenitic grades. This makes LDSS 2101 a suitable candidate for oil and
gas industry applications, in mild well conditions and topside compo-
nents [18,31] and the study of its corrosion performances in simulated
oil and gas conditions is reputed quite important.

Several works in literature concern the SCC resistance of ordinary
DSS 2205 [32-36] or superduplex stainless steels [37-39] in environ-
ments containing hydrogen sulphide (H,S). Few data are reported about
the SCC behaviour of lean duplex 2304 and LDSS 2101 in the presence
of H,S [18,40]. In our laboratory, the slow strain rate technique was ap-
plied to LDSS 2101 during exposures to 20% NacCl solution at 80 °C and
to standard NACE TM-0177 solution at 25 °C, in the presence of thiosul-
phate ions (S,042~) at various pH and temperatures [40]. In fact, as pro-
posed by Tsujikawa et al. [41,42], it is possible to substitute H,S with
S,042~ ions in laboratory studies aiming to estimate the sulphide SCC
susceptibility of alloys in sour environments. The use of S,042~ ions in
replacement of H,S gas can minimize the health hazards in laboratory
tests and therefore can reduce the costs to ensure safe working condi-
tions [43]. Our research [40] showed that LDSS 2101 was susceptible
to SCC even in the presence of small amounts of S,042~. However, in
dependence of S,052~ concentration, pH and temperature of the solu-
tion, also a diffuse selective attack of ferrite phase occurred during slow
strain rate tests (SSRT). Actually, selective dissolution of ferrite in LDSS
2101 was detected also in the presence of chlorides and H,S [18] and
this behaviour must be taken into account when these alloys are used in
oil and gas field.

In the present paper, the influence of brief aging performed between
650 and 850 °C on SCC susceptibility of LDSS 2101 was studied in stan-
dard NACE TM-0177 solution at pH 2.7 and 25 °C, in the absence and
presence of S,052~ at 10”4 and 1073 M.

2. Experimental

Tests were performed on LDX 2101° stainless steel (supplied by Out-
okumpu Company under annealed conditions) with nominal chemical
composition (mass%) reported in Table 1.

Tensile samples with an overall length of 23 cm and a gauge portion
of 20 x 5 x 1.5 mm were machined from a 1.5 mm thick steel sheet.
The samples were aged at 650 °C for 30 and 60 min and at 750 and
850 °C for 5, 10 and 30 min and then air cooled. The resulting mi-
crostructures were observed by Zeiss EVO MA15 scanning electron mi-
croscope (SEM) in back-scattered electron (BSE), in order to reveal the
presence of secondary phases.

Table 1
Nominal chemical composition (mass%) of LDSS 2101.

Corrosion Science xxx (2017) xxx-xxx

Before and after thermal aging, Vickers microhardness (HV) mea-
surements were carried out to evaluate the alloy hardness, while
nanoindentation tests were performed to determine the hardness of the
single ferrite and austenite phases. Both tests were carried out on sam-
ples ground to 2500 grit emery papers, polished with diamond pastes
(from 6 to 1 pm), rinsed with deionized water and finally degreased
with acetone. HV values were the average of 5 measurements obtained
with an applied load of 10 N. In order to measure the dispersion of each
set of HV data, standard deviations were calculated.

Load-controlled nanoindentation tests were performed by employ-
ing a commercial nanoindenter (Nanoindenter XP MTS, Oak Ridge, TN,
USA) using a Berkovich diamond tip. The peak load was 5 mN. The in-
denter was continuously loaded up to the peak load and immediately
unloaded with no holding time. From each load-displacement curve
the maximum contact depth (h,,,,) and the maximum indentation load
(P.,ax) Parameters were derived, together with the estimated area of con-
tact (A). The latter was determined by Oliver and Pharr method [44],
directly from the geometry of the Berkovich indenter and h,,,, (nanoin-
denter software TestWorks TM ver. 4.06A). The nanoindentation hard-
ness was finally computed as the ratio between the measured P, and
the corresponding calculated A. The area function of the indenter tip
was calibrated on a standard silica sample for a contact depth range cor-
responding to those measured on the LDSS samples. A 10 x 4 grid of
indentations, horizontally spaced 5 pm and vertically spaced 4 pm, was
performed on each sample. After nanoindentation tests, samples were
observed with SEM in BSE modality, in order to classify each indenta-
tion as located in either ferrite or austenite grains or discharged, due to
proximity to an interface boundary. The accepted ferrite and austenite
hardness data (expressed in GPa) were separately averaged to obtain the
mean hardness values of each phase and data dispersion was quantified
by calculating standard deviation.

The susceptibility to SCC was evaluated by SSRT, with a strain rate
of 1 x 1076 s~ [45]. After thermal aging, the samples were ground par-
allel to the stress direction down to 800 grit emery papers and screened
by a two-component epoxy varnish, so leaving only the gauge portion
exposed to the solution. SSRT were performed by inserting the sample in
an electrochemical cell, which was filled by deaerated 5% NaCl + 0.5%
CH;COOH solution (the basic standard solution NACE TM-0177 [46],
without saturated H,S gas) in the absence and presence of 10~* or
1073 M Na,S,05, at 25 °C and pH 2.7. During each test, the stress —
strain curve was recorded. Stress (in MPa) is the ratio of the applied
load to cross section area of the gauge portion (5 mm x 1.5 mm) in ten-
sile samples, while strain is the ratio of the elongation of the sample to
its original length, as evaluated from the relative movement of the ten-
sile machine crosshead. The obtained strain values are unitless, but they
were expressed in percentage, as they were multiplied by 100. In paral-
lel to stress-strain curve recording, corrosion potential (E,, versus Sat-
urated Calomel Electrode (SCE)) values were measured. Reference SSRT
in air at 25 °C were also carried out. Each test was performed in tripli-
cate.

The SCC susceptibility was evaluated by the ratio, R, between the
percentage fracture elongation (e%) of samples exposed to the test so-
lution and the corresponding €% in air. At the end of the tests, side sur-
faces of the samples (sections parallel to load direction in SSRT) were
polished and examined by optical stereomicroscope, and by SEM, with
the purpose to analyze crack initiation and morphology.

Elements C Mn Cr

Ni Mo N Fe

% 0.03 5.0 21.5

1.5 0.3 0.22 balance
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3. Results
3.1. Microstructure

The microstructural evolution due to thermal aging of the studied
LDSS was discussed in a previous work [30]. As an example, Fig. 1 com-
pares the microstructures of the cross section (load in SSRT was ap-
plied in the direction perpendicular to the shown section) of the as-re-
ceived sample (a) and those of samples aged for 30 min at 650 °C (b)
and for 5 (¢) and 30 min (d) at 850 °C. In general, brief aging within the
650-850 °C range produced no evidence of y and ¢ secondary phases.
However, very fine chromium carbides and especially nitrides (as those
indicated by blue arrows in Fig. 1) precipitated at the a/a and y/y grain
boundaries or at o/y interfaces. The precipitation level was augmented
by rising the aging temperature and by extending the aging time from 5
to 30 min.

3.2. Slow strain rate tests performed in air

The stress — strain curves obtained with SSRT performed in air at
25 °C on LDSS 2101, both as-received and thermally aged, showed that
aging of 30 or 60 min at 650 °C did not significantly influenced the me-
chanical behaviour of the material (not reported). On the contrary, ag-
ing at 750 °C (Fig. 2) and at 850 °C (not reported) led to an increase
in alloy ductility with the increase in aging time. All the samples af-
ter SSRT in air showed a ductile type fracture. Table 2 reports the re-
sults of SSRT (in terms of & %) carried out in air at 25 °C, together with
HV data acquired on the cross sections. & % values of the samples aged
at 650 °C for 30 and 60 min were only slightly higher than that of the
as-received one. Similarly, a 5 min aging at 750 °C did not modify sam-
ple ductility, while all other aging conditions at 750 and 850 °C led to a
significant increase in & %, more important at increasing aging temper-
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ature or time. HV values were substantially correlated with ¢; % data. In
fact, increasing ¢; % corresponded to decreasing hardness values.

Table 3 reports the average values of nanoindentation hardness of
both the austenite and ferrite phase, before and after the longest ag-
ing times, together with the corresponding average values of maximum
contact depth (hy,,,), maximum indentation load (P,,,) and estimated
area of contact (A). In agreement with previous researchers, who car-
ried out nanoindentation tests on ferrite and austenite in high nitrogen
duplex stainless steels [22,23], the results evidence that in general the
austenite phase is harder than the ferrite, due to the high nitrogen solu-
bility and the significant strengthening effect of N interstitial atoms on
the former phase. The results in Table 3 also show that, within the con-
ditions investigated, there is a very small tendency of the ferrite hard-
ness to increase with aging time, at the three investigated temperatures.
Conversely, in comparison to as-received samples, a more significant de-
crease in austenite hardness is observed after 30 min at 750 and 850 °C,
which appears responsible of the observed overall decrease in HV of the
alloy, after these aging conditions (Table 2). The decrease in austenite
hardness is likely connected to a progressive N-depletion and reduced
solid solution strengthening inside the austenite grains [47], after signif-
icant precipitation of chromium nitrides at the grain boundaries [30].
The concomitant negligible increase in ferrite hardness is difficult to ra-
tionalize. In analogy with the influence of interstitial hydrogen on the
ferrite and austenite hardness in duplex stainless steel [48], also nitro-
gen interstitial depletion, due to nitride precipitation, could induce in-
tensification of residual stresses (typical of ferrite and austenite phases
in duplex stainless steel [49-51]) and, finally, increase the ferrite hard-
ness. The aging for 30 and 60 min at 650 °C do not significantly influ-
ence the alloy HV (Table 2) and the austenite hardness values (Table 3).

3.3. Slow strain rate tests performed in NACE TM-0177 solution

Fig. 3 reports the stress — strain curves obtained with SSRT per-
formed in standard NACE TM-0177 solution, on both as-received and

Fig. 1. BSE-SEM micrographs of cross sections of LDSS 2101 as-received (a) or aged 30 min at 650 °C (b) and 5 (c) or 30 min (d) at 850 °C. These sections are perpendicular to the load

direction in SSRT.
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Fig. 2. Stress — strain curves obtained with SSRT performed in air at 25 °C on LDSS 2101
as-received and aged at 750 °C for 5, 10 and 30 min.

750 °C aged samples, together with the corresponding macrographs. In
Table 4 the resultant & % are collected. The as-received sample (Fig. 3a)
evidenced a ductile type fracture with g % quite similar to that obtained
in air (Table 2). The samples aged for 5 and 10 min at 750 °C showed
a moderate necking (Fig. 3b and c), which was accompanied by a small
g % reduction. A similar mechanical behaviour was noted for the sam-
ples aged at 650 and 850 °C, after exposure to the NACE solution. In-
stead, a definitely brittle-type fracture (without necking) was detected
for LDSS 2101 aged at 750 °C for 30 min (Fig. 3d). In this case, the sam-
ple showed a significant reduction of € % in comparison to air and the
presence of many secondary cracks. Fig. 4 shows the BSE-SEM micro-
graphs of the sections (parallel to load direction in SSRT) of LDSS 2101
aged for 30 min at 650, 750 and 850 °C and clearly evidence pits devel-
oped from the exposed sample surface. At 650 and 850 °C, very small
cracks propagated from some of these pits, while in the sample aged
30 min at 750 °C very large cracks were documented (Fig. 4b), charac-
terized by a mixed intergranular/transgranular propagation.

The dependence of E,, vs. strain for as-received and 750 °C aged
samples, collected during SSRT in NACE solution in the absence of
S,042~ is presented in Fig. 5. For the as-received sample, the E,, val-

Table 2
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ues, starting from about —0.42 Vg gradually shifted towards more
positive values and then showed fluctuations around —0.2 Vgee. The
sample aged at 750 °C for 10 min exhibited an initial trend similar
to that of the as-received alloy, then E, set at slightly lower values
(around —0.32 Vgcp). A significant E_, shift towards more negative val-
ues (around —0.45 Vo) was measured for the sample aged at 750 °C
for 30 min, the only thermal aging which produced a clearly brittle frac-
ture during SSRT in the NACE solution. This E_,, value is sufficiently
negative to make hydrogen ion reduction thermodynamically possible.
In this environment, all other thermal aging produced E_,, trends char-
acterized by nobler values, similar to those recorded for the sample aged
at 750 °C for 10 min. As it will be discussed more in detail in the next
paragraph, when 10~* M S,0,2~ was added, E,, shifted in the negative
direction of about 100 mV with respect to that measured in standard
NACE solution and remained around —0.56 Vgcg.

3.4. SSRT performed in NACE TM-0177 solution in the presence of S,05%~
The presence of S,042~ in the test solution significantly reduced
the ductility of both as-received and thermally aged LDSS 2101 (Table
4). The solution with a high S,05%~ concentration (1073 M) caused
a very high ductility drop for all the tested samples, with no signifi-
cant differences between g % values. Conversely, at low S,052~ con-
centration (104 M), it was possible to detect substantial differences in
the & % values, depending on thermal aging conditions. The macro-
graphs of Fig. 6, acquired after SSRT performed in the standard NACE
TM-0177 solution in the presence of S,052~ at concentrations of 10~ *
and 1073 M, show a brittle-type fracture with many secondary cracks.
Fig. 7a and b reports SEM images of the longitudinal section (parallel
to load direction in SSRT) of the gauge length of samples as-received
and aged 30 min at 650 °C, respectively, after SSRT in NACE TM-0177
solution, in the presence of 1074 M S,04%~. The micrographs clearly
show that the external surface of the samples is more severely corroded
than those in Fig. 4 and the corrosive attack is mostly localized on the
ferrite phase. Some cracks have developed with a mainly transgranular
propagation, in the as-received LDSS 2101, and essentially intergranu-
lar in nature, in the sample aged 30 min at 650 °C. The longitudinal
section of the samples aged 30 min at 750 (Fig. 8a) and 850 °C (Fig.

Average values and standard deviations of &; % from SSRT in air at 25 °C. Average values and standard deviations of HV obtained on sample cross section.

Parameter As received 650 °C 750 °C 850 °C
30 min 60 min 5 min 10 min 30 min 5 min 10 min 30 min
e % 57 £2 61+3 60 +1 57 £2 70 £3 80 +2 78 £2 79+2 83+2
air at 25 °C
HV 267 +7 265 + 10 265+ 6 264 + 6 255+7 244 + 4 244 + 4 244 + 3 250 +5
Table 3

Nanoindentation tests results (average values and standard deviations): measured parameters from the load-displacement curves (h,,,, and P,,,,), estimated area of contact calculated by

Oliver and Pharr method and hardness values.

Thermal aging phase Maximum contact depth Maximum indentation load Area of contatc Hardness values
hppax (nmM) P oy (mN) A (nm?*10*%) (GPa)
as-received ferrite 200.6 + 2.4 5.091 + 0.017 10.77 £ 0.24 4.73 + 0.09
austenite 172.24 +1.26 5.090 + 0.015 8.14 +0.11 6.26 + 0.10
30 min 650 °C ferrite 197.59 +2.12 5.108 + 0.016 10.47 +0.21 4.88 +0.10
austenite 170.80 + 1.81 5.104 + 0.023 8.01 +0.15 6.37 +0.12
60 min 650 °C ferrite 195.46 + 1.41 5.120 + 0.006 10.26 + 0.14 4.99 + 0.06
austenite 172.43 + 1.60 5.111 + 0.015 8.15+0.14 6.27 + 0.01
30 min 750 °C ferrite 196.63 + 1.26 5.101 + 0.021 10.38 + 0.12 4.92 + 0.04
austenite 177.58 + 2.09 5.101 + 0.024 8.49 + 0.30 5.94 +0.12
30 min 850 °C ferrite 197.58 + 0.45 5.111 + 0.007 10.470 + 0.044 4.88 + 0.03
austenite 178.21 + 1.77 5.104 + 0.014 8.66 + 0.16 5.89 +0.12
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Fig. 3. Stress — strain curves obtained with SSRT performed in NACE TM-0177 solution on LDSS 2101 as-received and aged at 750 °C for 5, 10 and 30 min; below macrographs after

SSRT.

Table 4

Average values and standard deviations of &; % from SSRT in NACE TM-0177 in the absence and presence of S,0,2~ at10~* and 103 M.

SSRT solution as- received 650 °C 750 °C 850 °C

30 min 60 min 5 min 10 min 30 min 5 min 10 min 30 min
NACE 56 +1 571 57 +1 53+2 63 +2 41 +2 73+2 74+2 77 £ 2
TM-0177
NACE + S,0.27 1074M 45 +1 32+2 33+2 29 28.0+2 19+2 28 +2 19+3 20+ 2
NACE + S,027 1073 M 22 + 20 + 18+2 15+2

8b) evidences the presence of an intense surface corrosion attack mainly
localized in pits and cracks, developed from the exposed surfaces. Fig.
9a and b shows that cracks of Fig. 8 have grown accompanied by a pref-
erential attack of the ferrite phase.

Fig. 10 shows the E_,, vs. strain percentage trends recorded during
SSRT of LDSS 2101 samples aged for 30 min at 650 and 850 °C in NACE
TM-0177, in the absence and presence of 10~* M S,05%". In agree-
ment with the trends of Fig. 5, in the presence of S,0427, significantly
more negative E_. values were obtained with respect to that measured
in standard NACE solution. These negative values indicate that during
these tests not only hydrogen ion reduction, but also S,042~ conversion
into the more stable H,S compound can occur [43].

3.5. SCC susceptibility in the NACE TM-0177 solution in the absence and
presence of S,04°~ ions

Table 5 collects the values of R, an index used for the evaluation
of SCC susceptibility. In the NACE solution, the as-received LDSS 2101
showed an R index of 0.97 with no evidence of secondary cracks. For
almost all aging conditions, R values between 0.9 and 0.95 were ob-
tained. The presence of very small secondary cracks (Fig. 4a and c), de-
veloped from pits, indicated a quite limited susceptibility to chloride-in-
duced SCC. Instead, the sample aged at 750 °C for 30 min showed a

R index significantly lower than 1, together with several secondary
cracks on the gauge length (Fig. 3d), like that observable in SEM image
of Fig. 4b. This behaviour evidences a high susceptibility to chloride-in-
duced SCC. Moreover, the low E_, values achieved during SSRT (Fig. 5)
suggest that the contribution of hydrogen embrittlement in chloride-in-
duced SCC cannot be excluded [52]. The addition of 10~* M S,04%~ al-
ways induced R values significantly lower than 1, suggesting an impor-
tant enhancement of SCC susceptibility. The effect of S,052~was already
observed for the as-received sample (R = 0.78 and secondary cracks,
as reported in [40]) and the thermal aging caused a further significant
decrease in R values (and in SCC resistance) as the aging temperature
and generally the aging time increased. LDSS 2101 displayed the high-
est SCC susceptibility after 30 min at 750 °C (R = 0.23) and after 10
and 30 min at 850 °C (R = 0.24).

4. Discussion

Nanoindentation tests indicate that in as-received LDSS 2101 austen-
ite grains are markedly harder than ferrite ones, due to solid solution
strengthening by significant concentration of interstitial N atoms in the
former phase.

The microstructural modifications produced in LDSS 2101 with brief
aging between 650 and 850 °C are mainly connected to intergran-
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Fig. 4. BSE-SEM images of gauge length section (parallel to load direction in SSRT) of
LDSS 2101 samples aged for 30 min at 650 °C (a), 750 °C (b) and 850 °C (c), after SSRT
in NACE TM-0177 solution in the absence of S,042.

0.0
0.1
0.2
=
=
.03 R o b, T
z Ay Pt o DA nd NSV e PR !._“‘.'
1
M o4 :
1 ————— T I} i
] Cam as-received
0.5 - === 10min - 750 *C
: — 30 min - 750 °C
6 - —&- 30 min - 750 °C - $,0,% 1074 M
0 T R e ARRaas e

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Strain /%

Fig. 5. E., vs. strain trends of LDSS 2101 as-received and after thermal aging (10 and
30 min at 750 °C) during SSRT in NACE TM-0177 in the absence and presence of 10~4 M
$,042".

ular precipitation of chromium nitrides, which is progressively more im-
portant at rising aging temperature from 650 °C to 850 °C (e.g. Fig. 1)
and increasing aging time from 5 to 30 min [30]. These conditions in-
duce a progressive nitrogen depletion in solid solution, as suggested by
the decrease in HV values and by the ductility increase in air (Table
2). Nanoindentation tests (Table 3) reveal that thermal aging deter-
mines a decrease in austenite hardness, connected to depletion in in-
terstitial nitrogen and likely responsible of the decrease in overall alloy

Corrosion Science xxx (2017) xxx-xxx

hardness. In ferrite, nitrogen solubility is lower and depletion of this
interstitial element, reasonably less significant in this phase, is not de-
tected by nanoindentation tests. These tests reveal instead a slight in-
crease in ferrite hardness, perhaps due to residual stress concentration
[48]. Reduced nitrogen amounts in solid solution can progressively im-
pair passive conditions [22,53]. Tables 2 and 3 permit to deduce that
particularly low nitrogen levels are achieved after aging at 750 °C for
30 min and at 850 °C.

In NACE solution not containing S2032-, the performed thermal ag-
ing determine a higher tendency to pitting corrosion (Fig. 4), because
the decreased nitrogen content in solid solution produces less stable pas-
sive conditions [54], particularly after aging at 750 and 850 °C. Ther-
mal aging also induces local chromium depletion, particularly at tem-
peratures lower than 850 °C, which contributes to stimulate localized
attack near grain boundaries [30]. However, in general, aged LDSS 2101
shows a good resistance to chloride-induced SCC, with the exception of
the samples exposed for 30 min at 750 °C (Table 5). In fact, at low tem-
perature (650 °C) or after brief permanence at 750 °C, relatively high
N levels are maintained in the alloy, capable to hinder cracks nucle-
ation and favouring cracks repassivation [55,56]. After aging at 850 °C,
only small secondary cracks are observed, since cracks repassivation is
likely favoured by chromium replenishment around nitride precipitates
[57]. Only after 30 min of aging at 750 °C, a high susceptibility to chlo-
ride-induced SSC is found, which could be connected to intermediate
microstructural conditions characterized by both dechromized regions
and rather low residual nitrogen content. After this thermal aging, a
contribution to SCC from hydrogen embrittlement is also possible, as
suggested by the low E_,, values detected during SSRT.

The SSRT carried out in NACE solution containing S,05%~ show that
both as-received and thermally aged samples are sensitive to SCC. The
E., values recorded during SSRT in this environment (Figs. 5 and 10
and [40]) justify the conversion of S,052~ into reduced S-containing
species, such as sulphur and H,S [38]. This supports the hypothesis
that crack propagation is connected to hydrogen embrittlement, due to
surface poisoning by sulphides, which promote hydrogen penetration
within the metal, ahead the crack tip [41,58]. S,052~ reduction is catal-
ysed by active metal surfaces and occurs preferably at pits and cracks,
where also sulphur adsorption is reported to cause inhibition of the
repassivation processes [43,52].

The effects of hydrogen penetration are different in austenite and
ferrite. In fact, according to the literature, hydrogen diffusivity in fer-
rite is higher compared to that in austenite [59], even if hydrogen
solubility is lower. Moreover, ferritic SS are reported to suffer from
hydrogen embrittlement at lower dissolved hydrogen concentrations
(i.e. 107%+107* hydrogen atoms per metal atom), in comparison to
austenitic SS [60,61], suggesting that H-penetration tends to produce
embrittlement preferentially in the ferrite phase. Finally, ferrite partic-
ularly if H-charged is reported to be intrinsically less corrosion resistant
than austenite [60].

The results obtained indicate that, in Cl~/S,042~ environment, SCC
susceptibility (Table 5) mainly increases with the aging time and tem-
perature, suggesting that this phenomenon occurs more easily at de-
creasing interstitial dissolved nitrogen content in the alloy. Ferrite al-
ways remains the preferentially attacked phase, even if the decrease
in nitrogen content impairs more significantly austenite passivity. In
as-received sample and samples aged at 650 °C or at 750 °C for short
times, relatively high nitrogen levels are present. Under these condi-
tions, during SSRT the alloy undergoes a generalized corrosion attack
on the ferrite phase (Fig. 7a and b), which seems to hinder cracks nu-
cleation and growth and is likely catalysed by adsorbed sulphur [52]
and stimulated by galvanic coupling with austenite. The good stability
of austenite passive film could contribute to slow down SCC attack [62].
Aging at 750 °C for 30 min or at 850 °C induce a more significant ni-
trogen depletion in the alloy, especially in the austenite phase. These
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Fig. 6. Macrographs of LDSS 2101 aged 30 min at 750 °C after SSRT in NACE TM-0177 in the presence of $,05>~ at 10~* (a) and 1073 M (b).

—

Fig. 7. BSE-SEM images of the section (parallel to load direction in SSRT) of LDSS 2101,
both as-received (a) and 30 min aged at 650 °C (b), after SSRT in NACE TM-0177 solution
in the presence of $,05% at 104 M.

conditions favour a widespread formation of cracks and pits (Fig. 8),
which exhibit preferential propagation along the ferrite paths (Fig. 9).
In this case, N-depleted austenite grains can no more hinder crack nu-
cleation and propagation, so favouring SCC susceptibility.

5. Conclusions
1. The microstructural modifications produced in LDSS 2101 with brief

aging between 650 and 850 °C are mainly connected to intergranular
precipitation of chromium nitrides.

Fl:actu re

Fracture
surface

1L

Fig. 8. BSE-SEM images of gauge length section (parallel to load direction in SSRT) of
LDSS 2101 aged for 30 min at 750 °C (a) and at 850 °C (b), after SSRT in NACE TM-0177
solution in the presence of S,042 at 104 M.

2. The microstructural modifications obtained at 750 and 850 °C in-
duce a decrease in the overall HV hardness, due to a decrease in the
hardness of the austenite phase and an increase in the alloy ductility.

3. In NACE solution not containing S,04%~, only the LDSS 2101 aged at
750 °C for 30 min shows SCC susceptibility.

4. In the presence of S,042 in NACE solution, both as-received and
thermally aged LDSS 2101 are susceptible to SCC. The resistance to
the SCC gets worse at increasing aging temperature and aging time.
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Fig. 9. BSE-SEM images of section (parallel to load direction in SSRT) of LDSS 2101 aged for 30 min at 750 °C (a) and 850 °C (b), after SSRT in NACE TM-0177 solution in the presence
of $,05%~ at 1074 M.
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Fig. 10. E, vs. strain trends of LDSS 2101 aged for 30 min at 650 and 850 °C during
SSRT in NACE TM-0177 in the absence and presence of S,05%~ at 10™* M.

Table 5
SCC susceptibility index R of LDSS 2101, both as-received and thermally aged, obtained by SSRT in NACE TM-0177 in the absence and presence of S,042~ at 10~4 M.

SSRT solution as- received 650 °C 750 °C 850 °C

30 min 60 min 5 min 10 min 30 min 5 min 10 min 30 min
NACE TM-0177 0.97 0.94 0.95 0.92 0.90 0.51 0.94 0.93 0.93
NACE + $,052~ 107*M 0.78 0.52 0.56 0.51 0.40 0.23 0.36 0.24 0.24
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