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Influence of Microstructure on the Corrosion Resistance of AISI 317L (UNS S31703)

Sérgio Souto Maior Tavaresa*, Gabriel Fracalossi Feijóa, Humberto Nogueira Farnezeb, 

Maria José Ramos Sandimc, Isnaldi Rodrigues de Souza Filhoc

Received: December 20, 2016; Revised: April 08, 2017; Accepted: April 21, 2017

The AISI 317L stainless steel is an austenitic grade with at least 3%Mo. Recently, this steel has 
replaced AISI 316L in many applications in chemical and petrochemical industries, due to its higher 
pitting corrosion resistance. The microstructure of the hot rolled and annealed material studied in this 
work consists of austenitic grains and 4.0% of delta ferrite (δ) with elongated islands morphology. 
This microstructure was modified by three processes: cold rolling with 87% of reduction, aging at 
450oC for 400 h, and welding by gas tungsten arc welding (GTAW) process. The corrosion resistance 
was evaluated by anodic polarization tests (ASTM G-61) and critical pitting temperature tests (ASTM 
G-150). Cold rolling produced a microstructure consisting of elongated grains of austenite and martensite 
α’, high dislocation density and the elongated islands of delta ferrite present in the annealed material. 
Welding produced a dendritic microstructure with 7.0% of delta ferrite and some σ precipitated in the 
ferrite. Finally, the aging at 450oC for 400 h provoked the decomposition of ferrite. The results show 
that these microstructural changes affected the pitting corrosion resistance, as detected by ASTM 
G-61 and ASTM G-150 tests.
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1. Introduction

Corrosion resistant alloys are frequently ranked by 
using the PREN (Pitting resistant equivalent number), as 
regard to the localized corrosion resistance, mainly pitting 
and crevice. The most accepted equations for PREN include 
the elements Cr, Mo and N1-2.

Since Mo is a ferritizing element, the AISI 317L steel has a 
higher tendency to present delta ferrite (δ) in the microstructure. 
It appears as elongated islands in wrought products and as 
interdendritic phase in fusion welds. Furthermore, the high 
Mo content also increases the tendency to form intermetallic 
phases, such as sigma (σ) and chi (χ). 

Ferritic stainless steels and the ferrite phase of duplex and 
austenitic stainless steels are also susceptible to decomposition 
into a low Cr and a high Cr phases during aging in the 
range of 350oC to 550oC. The Cr-rich phase (α1) forms by a 
mechanism of spinodal decomposition, which also produces 
nanometric regions depleted in Cr (α2)

5-7. The reaction can 
described as follows:
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According to some authors, the multiplication 
factor of nitrogen in formulae (1) is 30 for austenitic 
steels1,3. The PREN has been used for austenitic, ferritic, 
supermartensitic and austenitic-ferritic stainless steels, 
and nickel alloys. Table 1 shows a comparison of chemical 
compositions (Cr, Mo, W, N) and PREN for austenitic 
304L, 316L, 317L, lean duplex UNS S32304 and duplex 
UNS S31803 alloys.

The AISI 317L (UNS S31703) has a microstructure 
predominantly austenitic, with Mo contents in the range 
of 3 to 4%. According to the PREN, the pitting corrosion 
resistance of AISI 317L is superior to AISI 316L (austenitic) 
and UNS S32304 (austenitic-ferritic), but inferior to UNS 
S31803 and UNS S32205 (austenitic-ferritic).

( )21 2"d a a+

Fine α1 precipitates can cause embrittlement and hardening 
of ferrite in long term aging6-9. The higher kinetics of reaction 
(2) occurs at 475oC and, for this reason, the expressions 
“475oC embrittlement” and “475oC hardening” have been 
used for ferritic and duplex steels exposed or treated around 
this temperature. Another consequence of long-term aging is 
the corrosion resistance decay due to the Cr-depleted regions 
in the matrix α2

 10-12.
Cold deformation of austenitic stainless steels may 

transform austenite into martensite, depending on several 
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metallurgical factors13. Among these factors, one can cite 
staking fault energy (SFE), which is influenced by temperature 
and the chemical composition of the material14. In this context, 
two types of martensite may be formed upon deformation, 
following the reactions:

welding with gas tungsten arc welding (GTAW) process and 
cold deformation were investigated. Since the maximum 
temperature that facilities and accessories of AISI 317L are 
submitted is around 450oC, this temperature was chosen for 
thermal aging.

2. Experimental

The as-received (AR) AISI 317L steel was a 3-mm thick 
hot-rolled plate. For the GTAW welding, the AR material 
was used as the base metal. Table 2 shows the chemical 
composition of the base material and filler metal used in 
the GTAW process. The chemical composition of the filler 
metal is similar to the base material, except for the higher 
Ni content. PREN values calculated from equation (1) are 
also reported in Table 2. The weld was performed toward 
the perpendicular direction to the rolling direction following 
the parameters depicted in Table 3. A specimen of the weld 
metal, named WM, was cut for corrosion tests.

The as-received material was cold-rolled up to 87% of 
thickness reduction (or to a true deformation in thickness 
of 2.04) in several passes. In this work, the 87% cold-rolled 
steel was named as 87%-CR.

Another specimen, named A-450, was heat treated at 
450oC for 400 h from the as received condition.

Microstructural characterization was performed by light 
optical microscopy (LOM), scanning electron microscopy 
(SEM), ferritoscope, and magnetic measurements in a 
vibrating sample magnetometer (VSM). Specimens with 
intermediary degrees of deformation till that of sample 
CR were produced and analyzed in the VSM, to evaluate 
the formation of magnetic martensite (α’). The maximum 
magnetic field applied (H) in the VSM was 16000 Oe, and 
the saturation magnetization (MS) was obtained with the 
extrapolation of the curve M x 1/H for 1/H=0, were M is 
the magnetization (emu/g).

Specimens WM, 87%-CR, A-450 and AR (as received) 
were used to prepare the working electrodes for electrochemical 
corrosion tests. Two corrosion tests were applied. Cyclic 
polarization tests in 3.5% NaCl solution were used to evaluate 
the pitting corrosion resistance, as detailed described in the 
ASTM G-61 standard25. A three electrodes cell, with working 
electrode of the material analyzed, reference and counter-
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where ε is the hexagonal closed packed (hcp) martensite 
formed in the stacking faults produced by cold working, 
and α’ is the body centered cubic (bcc) martensite.. It has 
been observed that ε-martensite is formed at low strains 
in some low-SFE metastable steels, such as AISI 304 and 
31615-16. Generally, reaction (4) takes place for metastable 
austenitic steels with SFE < 20 mJ/m2 17. The amount of ε 
that can be formed in conventional austenitic stainless steels 
is also small, although it was believed that the only way to 
form α’-martensite was through ε phase, as described by 
equations (3)16. However, lately it was proven that the direct 
transformation γ → α’ is also possible by means of dislocation 
reactions18. By using Reed and Schramm empirical formula, 
a SFE of ~ 63 mJ/m2 is found for the AISI 317L19 steel. 
Therefore, α’-martensite formation in this steel is expected 
to be ruled by reaction (5).

Many authors studied the deformation induced martensites 
in austenitic15-22, duplex and lean duplex stainless steels23-24. 
Both ε- and α’- martensites can be observed by transmission 
electron microcopy (TEM) and quantified by X-ray diffraction 
(XRD). Additionally, α’-martensite is ferromagnetic and, 
thus, can also be quantified by magnetic measurements20-24.

It is worth noting that the Cr-rich precipitate produced 
by spinodal decomposition and the magnetic martensite 
produced by cold working are usually cited with the same 
symbol (α’)5-24, but these are phases completely distinct. For 
this reason, in this paper, the Cr-rich precipitate produced 
by spinodal decomposition was called α1.

The purpose of this work was to investigate the influence 
of some common fabrication operations and high temperature 
exposure on the microstructure and corrosion resistance 
of an AISI 317L stainless steel. As fabrication operations, 

Table 1: Cr, N, W and Mo contents specified and minimum PRE values for grades UNS S30403, S31603, S31703, S32304, S31803, 
and S32205 (%wt.).4

UNS grade (AISI) Cr Mo W N PREN (mín.)

S30403 (304L) 18.0 – 20.0 -- - -- 19.0

S31603 (316L) 16.0 –18.0 2.0 – 3.0 - - 22.6

S31703 (317L) 18.0 – 20.0 3.0 – 4.0 - - 27.9

S32304 21.0 – 23.0 0.05 – 0.60 - 0.05 – 0.20 22.0

S31803 21.0 – 23.0 2.5 – 3.5 - 0.08 – 0.20 30.5

S32205 22.0 – 23.0 3.0 – 3.5 - 0.14 – 0.20 34.1
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Table 2: Chemical compositions of weld metal and filler metal (Fe=bal.)

Sample C Mn Si S P Cr Ni Mo PREN

Base metal 0.024 1.34 0.47 0,003 0.031 18.13 11.41 3.02 28.1

Filler metal 0.008 1.63 0.61 0,003 0.028 18.26 13.63 3.08 28.4

Table 3: Welding parameters and average welding energy.

ɸ(mm) Polarity Current (A) Voltage (V) ES  (kJ/mm) Nº Passes

1.6 CC- 112-150 9-10 1.0 6

electrode were used. Working electrodes were prepared 
with the specimen to be analyzed embedded in epoxy resin 
among with a cooper wire for electric contact. Saturated 
calomel electrode was used as reference and a Pt wire was 
used as counter-electrode. The tests were conducted with the 
solution at 22 °C. After the stabilization of the open circuit 
potential (EOCP) the anodic polarization with sweep rate 1 
mV/s initiated. The sweeping was reverted to the cathodic 
direction when the current density achieved 1mA/cm2. 

The second corrosion test performed was the potentiostatic 
method to determine the cyclic polarization test, described 
in ASTM G-15026. The electrolyte was 1M NaCl solution. 
The working electrode is cathodically polarized with +700 
mV. The heating rate of the solution was 1oC/minute. The 
CPT is defined in the ASTM G-15026 as the temperature at 
which the current density achieves 100 µA/cm2 and remain 
above this value at least 60 s.

Each corrosion test was repeated three times per specimen.

3. Results and discussion

Figures 1(a-d) show important features of the microstructures 
of specimens AR, 87%-CR, WM and A-450. From Figure 1 
(a), it is clear that the as-received specimen (AR) has a hot-
rolled microsctructure with recrystallized austenitic grains 
and elongated delta ferrite (δ) islands parallel to the RD. The 
amount of delta ferrite (δ) measured with ferritoscope was 
4.0%.  The 87%-CR specimen, in turn, has a typical cold 
rolled aspect. In Figure 1 (b), it is possible to see that austenitic 
grains were elongated and found among very fine δ islands. 
The microstructure of specimen GTAW consists of austenite 
dendrites and interdendritic δ, as shown in Figure 1 (c). For 
this specimen, the δ content measured with ferritoscope was 
7%, and is coherent with the prediction of WRC-92 diagram27. 
However, in some interdendritic regions it was observed 
intermetallic precipitates with high Cr and Mo contents, 
as shown in Figure 1(c). The microstructure of specimen 
A-450 shows the initial stage of ferrite decomposition into 
α1 and α2 (Figure1(d)).

The MS versus true deformation (ε) behavior is shown 
in Figure 2. The MS increases for ε > 1.0, and reaches 6.10 
emu/g in the specimen with ε = 2.04 (r=87%). Considering 
that the MS increased from 2.75 emu/g in the AR sample to 
of 6.10 emu/g in the 87%-CR sample, the difference (3.35 

emu/g) can be attributed to the α’ martensite formation. The 
quantification of α’ is possible if the magnetization saturation 
intrinsic of martensite (MS(I)) is known. This value is strongly 
dependent on the chemical composition of the steel. In the 
case of AISI 317L steel a rough estimative is to consider 
a value intermediary between those of AISI 304L (160.4 
emu/g13) and duplex UNS S31803 (133.0 emu/g18). Thus, 
adopting MS(I) = 146.8 emu/g, the amount of α’ formed by 
cold deformation should be around 2.3%. 

Table 4 shows the pitting (EPIT) and repassivation (ERP) 
potentials measured in the cyclic polarization tests. Figure 3 
shows the cyclic polarization curves representative of each 
condition. Some doubts arise when the measured breakdown 
or pitting potential is around 1.00 VSCE, because the abrupt 
increase of current density may be associated to oxygen 
evolution due to the hydrolysis of water, and, in this case, 
the value measured is not the pitting potential. This doubt 
can be clarified by the inspection of the surfaces after the 
tests. If pits are observed, the current density increase can 
be attributed to the pitting potential.

Specimen AR has a high pitting potential (EPIT) and 
the curve does not show hysteresis, which means that its 
repassivation potential ERP is closer to the EPIT (Figure3(a)). 
This behavior indicates a high pitting resistance in the test 
solution. In contrast, the curve of specimen 87%CR (Figure 
3(b)) shows indications of metastable pits before the EPIT, 
and the cyclic polarization curve presents a large hysteresis, 
with the ERP value very low and closer to the open circuit 
potential (EOCP). This behavior indicates lower pitting 
resistance than the un-deformed steel, despite of the high 
EPIT value. Cold deformation produces a microstructure of 
crystalline defects and 2.3% of martensite, which may be 
the cause of the lower corrosion resistance when compared 
to the annealed material. The curve of specimen A-450 
(Figure 3(c)) is similar to the 87%-CR, also presenting 
a large hysteresis, but without indications of metastable 
pits. Specimen WM is probably the less resistant to pitting 
corrosion, since its pitting potential (EPIT) is significantly 
lower than in other specimens, and a large hysteresis is 
observed (Figure 3(d)).

After the cyclic polarization tests, the specimens were 
observed in the microscope. No detectable pits were observed 
in the specimen AR, which means that the value of 1.04 
VSCE is more likely due to the oxygen evolution. In the other 
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Figure 1. Microstructures of the AISI 317L specimens studied: (a) AR (as-received); (b) 
87%-CR (r = 87%); (c) WM (weld metal); (d) A-450 (aged at 450oC for 400 h).

Figure 2. Saturation magnetization as function of true deformation.

Table 4: Pitting potentials (EPIT) and repassivation potentials (ERP).

Specimen EPIT (VSCE) ERP (VSCE)

AR (as received) 1.04 (a) 0.96

87%-CR (cold rolled 87%) 1.16 - 0.110

A-450 (aged 450oC/400h) 1.10 (b)

WM (weld metal GTAW) 0.64 (b)
Notes: (a) This value may be due to oxygen evolution, since no 
pits were observed after test. (b) Specimens A-450 and WM did 
not show repassivation, i.e. the value measured was below the 
open circuit potential.

specimens, however, some pits were observed in the surface 
after the polarization tests, as shown in Figures. 4(a-c). 

Figure 4(a) shows the pit in the cold rolled material, but 
it is not possible to determine if there is a preferential site 
for pit nucleation in the microstructure of this specimen. In 
specimen WM the pits nucleate in some ferrite islands where 
intermetallic phases have been formed, as shown in Figure 4(b). 
The ferrite islands are also preferential sites for pit initiation 
in specimen A-450 (Figure 4(c)), which is coherent with the 
formation of Cr-depleted α2 zones due to ferrite decomposition. 
Since the polarization curves did not show metastable pits 
(Figure 3(c)), it is likely that the pits observed in the A-450 
specimen had nucleated under the oxygen bubbles generated 
in the hydrolysis of water (crevice effect).

Table 5 shows the CPT values measured by the potentiostatic 
method of ASTM G-15026. The difference between 87%-CR 
and AR specimens is not significant, considering the standard 
deviation. However, WM has a CPT significantly lower 
than AR specimen, as shown in Figure 5, which confirms 
the results of cyclic polarization.

Cleland3 proposed two equations to relate the CPT to 
the PREN:

. . ( )CPT C PREN5 0 104 1 6c = -Q QV V

. . ( )CPT C PREN3 7 80 7 7c = -Q QV V
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Figure 3. Cyclic polarization curves in 3.5%NaCl (room temperature): (a) AR; (b) 87%-
CR; (c) A-450; (d) WM.

Figure 4. Surfaces observed after cyclic polarization tests: (a) 87%-CR; (b) WM; (c) A-450.

Table 5: Average CPT values.

Specimen CPT (oC)

AR (as received) 29.0 ± 3.0

87%-CR (cold rolled 87%) 27.5 ± 4.0

A-450 (aged 450oC/400h) see Fig. 7 and explanation

WM (weld metal GTAW) 17.5 ± 5.0

According to equations (6) and (7) the base metal has CPT 
values 36.4oC and 23.7oC, respectively. The value measured 
(29.0 ± 3.0 oC) is placed between these two estimations. 
In the case of WM, equations (6) and (7) give 38.6oC and 
24.6oC, respectively, but the value measured (17.5 ± 5.0 
oC) was lower than both predictions. This reinforces the 
comments of Cleland3, i.e. the CPT cannot be estimated by 
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Figure 5. Curves for CPT determination in specimens WM and AR.

the PREN because many variables are not taken into account 
to calculate the PREN. One of these variables is, of course, 
the microstructure. In the WM, the precipitation of small 
particles of sigma phase, as shown in Figure 1(c), implies 
in the formation of surrounding Cr and Mo depleted areas, 
which is the cause of the lower CPT measured.

Figure 6 shows that when a welded joint with heat 
affected zone and weld metal is tested by cyclic polarization 
in 3.5%NaCl solution, the pitting attack was concentrated in 
the weld metal. Considering that PREN of HAZ and WM are 
very similar (see Table 2), the lower pitting resistance of the 
WM must be attributed to its microstructure, in accordance 
to the previous microstructural analysis.

Figure 7 shows the curve of current density versus 
temperature of specimen A-450. The behavior was different 
from the other specimens. Apparently, the CPT was around 
34oC, which is the temperature where the current density 
increases abruptly. However, the current density starts 
above 100µA/cm2 and remains above this value during 
all test. So, according to criteria of the ASTM G-15026 the 
CPT of specimen A-450 is lower than 9oC which was the 
start temperature of the test. The ferrite decomposition into 
Cr-depleted α1 and α2, even in the beginning, promotes the 
corrosion decay, manifested by the hysteresis in the cyclic 
polarization curve and the decrease of CPT.

Figure 6. Preferential pitting corrosion in the weld metal after 
cyclic polarization test.

Figure 7. Curve for CPT determination in specimen A-450.

4. Conclusions

The investigation of the effect of microstructure on the 
pitting corrosion resistance of an AISI 317L stainless steel 
has provided the following conclusions:

-	 The as received solution treated material has high 
pitting resistance at room temperature in 3.5%NaCl 
solution. In fact, pits were not observed in the surface 
of the specimen after the cyclic polarization test, 
which means that the current density increase was 
due to oxygen evolution, and the pitting potential 
was high but could not be precisely determined. 
Besides that, the critical pitting temperature (CPT) 
at this heat treatment condition was 29.0 ± 3oC. 

-	 The welding by GTAW produces a dendritic 
microstructure of austenite and 7% of delta ferrite. 
Particles of σ phase were observed within the ferrite 
islands. As a consequence the pitting potential 
in 3.5%NaCl solution at room temperature was 
decreased and the CPT value was 17.5 ± 5oC. In 
a sample including weld metal and heat affected 
zone there was a preferential pitting corrosion in 
the weld metal.

-	 Cold rolling with 87% of reduction creates a 
work hardened structure with about 2.3% of α’ 
martensite. As a consequence a decrease in the 
pitting resistance was detected by the hysteresis 
loop in the cyclic polarization curve. According 
to the criteria of ASTM G-15026

, the CPT of this 
specimen was lower than 9oC.

-	 Aging at 450oC for 400 h promotes the decomposition 
of delta ferrite islands. For this reason the pitting 
corrosion resistance decreased, as concluded by 
the hysteresis loop in cyclic polarization tests and 
the decrease of CPT.
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