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Abstract. The aim of this work was to study the effect ffeidint solution heat treatments on the intergranul
corrosion resistance of AISI 304 stainless stetdradold rolling. Solution treatments were carriedt at 1000 °C,
1050 °C and 1100 °C during 1 h. Then, treated spexs were cold rolled producing strips with a tihieks
reduction of 10% and 40%. After deformation, thecsmens were isothermally heated at 675 °C forur kminduce
sensitization. The intergranular corrosion resistanof the sensitized specimens was evaluated byleddaop
electrochemical potentiokinetic reactivation (DLHEPtest and by the oxalic acid test based on ASPBRAThe
microstructure of the specimens before and afterdbrrosion tests was observed through SEM micqggaThe
results suggest that the best resistance to intengiar attack was for the solution treatment tenapare of 1050 °C.
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1. INTRODUCTION

AISI 304 stainless steel is widely used in strughtuapplications at chemical and nuclear facilitthee to the
combination of mechanical and corrosion resistatca reasonable cost (Aydogdu and Aydinol, 200@&itéaow and
Darowicki, 2008). However, it is well documentedattithis material is prone to sensitization duringlding or
thermomechanical processing due to the precipitatfochromium carbides in the intergranular regidtemperatures
between 450 and 750 °C. This phenomenon manifestsrasult of chromium depletion adjacent to gkmnndaries
and is known as intergranular corrosion (Kina et2008). Austenitic stainless steels frequentigargo a solution heat
treatment before their final use to remove eventoialostructural alterations from previous procegsiThe degree of
sensitization (DOS) may be controlled through shehting treatment procedures (Parvathavarthini. e2@09; Pardo
et al., 2007). This is related to the dissolutidrcarbides, especially chromium carbides, which rhaypresent and
make the material more susceptible to intergranctarosion and to the control of the nature of gh@n boundaries
(Jain et al., 2010). Different solution conditiomsy be used to achieve this goal (Stella et al920@vares et al.,
2010). A suitable annealing treatment can be usel@s$ensitize austenitic stainless steels and dvecadized corrosion
attack (Pal and Raman, 2010). Moreover, it has beparted that plastic deformation strongly affeitts degree of
sensitization of austenitic stainless steels (Mairal., 1990). Singh et al. (2008) investigated ¢ffect of different
conditions of cold rolling on the intergranular kmsion resistance of AIS 304 stainless steel. Tioemd that DOS
increased with deformation. According to the aushonultiplication of crystalline defects such aslattations after
cold work hampered the formation of the chromiunfirpassive film on the surface of the stainlessl specimens.
Furthermore, chromium carbide precipitation becgmneponderant at grain boundaries with increasirigktiess
reduction making the material prone to sensitizatiain et al. (2004) have also studied the eftéatold work on the
sensitization of austenitic stainless steels. Toletgined thickness reductions of 15% and 20% by colling. The
degree of sensitization increased with plastidrstrg. This behavior was ascribed to the formatibmartensite during
cold rolling. Deformation induced martensite hasmbéound to facilitate the precipitation of chromiuich carbides
(Briant, 1982). Garcia et al. (2001) investigatbe effects of plastic deformation on the intergtanicorrosion
resistance of AISI 304 stainless steel. Deformatiprio 10% caused severe sensitization of the sjged. According
to Trillo and Murr (1999) the decrease of the igtanular corrosion resistance of austenitic stamlisteels with
increasing plastic deformation is closely relatedhe nature of the grain boundaries. The susdbytibf stainless
steels to intergranular attack may be evaluatealbgtrochemical techniques such as single loop dndle loop
electrochemical potentiokinectic reactivation (SBHEand DL-EPR). These tests are based on the assartimat only
sensitized grain boundaries become active, whitgngbodies are unsensitized (Aydogdu and AydindD&). In the
double loop test, specimen is first polarized acaltlf through the active region. Next, the readitva scan in the
reverse direction is carried out. When it is paed anodically at a given rate from the corrosioteptial to a potential
in the passive area, this polarization leads tofthmation of a passive layer on the whole surfaten scanning
direction is reversed and the potential is dectasehe same rate to the corrosion potentiagaiti$ to the breakdown
of the passive film on chromium depleted areas. Toops are generated from this procedure, an dtivédoop and a
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reactivation loop. The ratio of the maximum cursefiom each loop is the DOS of the material (Lopeal., 1997).
The aim of this work was to study the effect off@liént solution annealing treatments on the intarglar corrosion
resistance of AISI 304 stainless steel after collihg through DL-EPR test.

2. MATERIALS AND METHODS

2.1 Material

The nominal chemical composition of the commeréit®l 304 stainless steel plate used in this ingadibn is
reported in Table 1. The dimensions of the specamwegre 125 mm x 100 mm x 4 mm.

Table 1. Nominal chemical composition (wt%) of %S| 304 stainless steel used in this investigation

C (max) Si (max) S (max) P (max) Mn Cr Ni Fe
0.08 0.75 0.03 0.04 01/02/00 18.0-20.0 8.0-11.0 Bal.

2.2 Solution annealing

The specimens were solution annealed at 1000 %0, 40 and 1100 °C for 1 h under argon atmosphdiceved by
water quenching.

2.3 Cold rolling

After solution annealing, the specimens were coltkd at room temperature through a single stamdrston mill.
The percentages of thickness reduction were 10%8%@ obtained by successive steps of plastic deftiom through
the mill.

2.4 Sensitization treatment

Cold worked specimens were then sensitized bytheatiment at 675 °C for 1 h under argon atmosplaemrding
to recommendations of the ASTM A-262 standard.

2.5 Microstructural characterization

After the sensitization treatment the grain sizetlod specimens was determined using the interceggthod
described in the ASTM E-112 standard. The micrastme of the AISI 304 stainless steel specimens olEerved
through scanning electron microscopy (SEM) andcaptinicroscopy.

2.6 Intergranular corrosion experiments
2.6.1 Oxalic acid test (ASTM A-262 Practice A)

The oxalic acid etch test consisted of an eleceotbal etching of the sensitized specimens in avti®% oxalic
acid solution at a current of 1 A.¢nfor 1.5 min, according to ASTM A-262 Practice A€életch structure as classified
as step, dual or ditch, depending on the degresengitization of the material. This procedure wdspéed here to
compare the results with those obtained from DL-EESR

2.6.2 DL-EPR tests

DL-EPR tests were performed according to the recenttations of Majidi and Streicher (1986). The etdygte
was a solution 0.5 M 50, + 0.01 M KSCN at room temperature. The electrodbahtell consisted of a conventional
three-electrode cell. A saturated calomel electr(l#l€E) was used as reference and a platinum wireoaster-
electrode. Testing specimens were used as workéngredes. Before the test, specimens were cathlbgideaned for
120 s at a potential of —900mV. Scanning was itgtlaat -0.5 V versus open circuit potential (OCRJ eeversed from
potential of +0.2 V (SCE) at a scan rate of 0.16V.sh. The % DOS was evaluated by measuring the ratio of
(i/i)x100, where,iis the peak reactivation current density anid the peak activation current density. The tesise
conducted using a potentiostat/galvanostat AutBIaisSTAT 100.
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3. RESULTS AND DISCUSSION
3.1 Oxalic acid test

There are three classifications for the microstmes of sensitized austenitic stainless steels #fte oxalic acid
test: ditch structure, step structure and dualcsire. Ditch structure is typical of materials withw resistance to
intergranular corrosion. Ditches are formed betwegesins due to the precipitation of highly cathodirromium
carbides during the sensitization of the specin&rp structure is typical of high intergranularrosion resistance
materials. No ditches are observed between grBinal structure is an intermediate morphology whssme ditches
are formed during sensitization but the grainsrarecompletely surrounded by a ditch. This struetisr typical of a
partially sensitized material.

The intergranular corrosion resistance of the smluainnealed AISI 304 stainless steel specimers &% and
40% of thickness reduction was assessed througbxléc acid test. Optical and SEM micrographshef specimens
annealed at 1050°C for 1h are shown in Fig. 1.speeimens were evaluated based on the presendetelafter the
oxalic acid test as recommended by the ASTM A 26Rdard. No signs of intergranular attack were olegkin the
specimens independently of the the thickness rextuetiter cold rolling. This result indicates theglh resistance to
sensitization of the AlISI 304 stainless steel specds. Even at a thickness reduction of 40% no eietere formed as
seen for the specimens annealed at 1050 °C (Fjg.Thle main difference between the morphology ef shecimens
with a cold reduction of 40% and those with a a@lduction of 10% was that the austenite grainwasg higher for the
more severely deformed specimens. This is cleadyn by comparing Fig. 1b that was obtained frond@%-4educed
specimen with Fig. la (10%-reduced specimen). Jdme findings were observed for the specimens &thed
1000°C and 1100°C. In order to respect the resimictstablished for the maximum size of the filbmsiited to the
conference we do not present the micrographs o$pleeimens annealed at 1000°C and 1100°C. Thialvrgdication
was confirmed by evaluating the ASTM grain sizeh&f specimens using the intercept method desciibdee ASTM
E-112 standard. The results are showed in Tab &.pFavious solution treatment had little effecttba grain size.
Plastic deformation, in turn, seems to be the rdaiving force for the grain growth of the specimeNgvertheless, the
grain growth observed for the 40%-cold-rolled speais did not influence the microstructure of thasgeed
specimens after the oxalic acid test. The stegtsiret was observed for all the specimens.

Figure 1. Optical micrographs of AISI 304 stainlegg®cimens: (a) Solution annealed at 1050 °C foafidr 10%
thickness reduction; (b) Solution annealed at 1050% 1h after 40% thickness reduction. SEM micamirs of AISI
304 stainless steel specimens: (¢) Solution-andeatlel 050°C for 1 h after 10% thickness reducti@h); Solution-
annealed at 1050°C after a 40% thickness reduction
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Figure 1. Continued.
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Figure 1. Continued.

Table 2. ASTM grain size (G) of the solutionizedSAIB04 specimens after cold rolling (10% and 40%kiess
reduction) and sensitization (675°C for 1 h).

Solution treatment
ASTM grain 1000°C 1050°C 1100°C
size Reduction Reduction Reduction
10% 40% 10% 40% 10% 40%
G 341 2.17 3.63 2.13 3.74 1.94

Despite the absence of ditches between the twiamstenite grains, it is likely that dislocation digy would be
higher in the more severely deformed specimensithtire specimens with a cold reduction of 10%. €&guently, the
degree of sensitization of the stainless steelismats would be influenced by the different stragnoondition of the
austenite grains as documented by Murr et al. (1996wever, the oxalic acid test does not point disfinct visual
aspect between the specimens. This result maydeptad as an indication of the intergranular cdorosesistance of
the AISI 304 specimens. A further investigationlly-EPR electrochemical technique may give a deéysight on the
influence of solution annealing condition and coddiuction on the degree of sensitization of thel A®4 stainless
steel specimens. This issue is addressed in thesaetion.

3.2 DL-EPR test

DL-EPR curves obtained for AISI 304 stainless stgedcimens after different solution annealing cto$é and
cold reductions are shown Fig. 2. Values of degreaensitization (DOS) were calculated from theseves by
determining the values of {activation current density peak) andréactivation current density peak). An example is
shown in Fig. 2a. The results are presented inFig
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Figure 2. DL-EPR curves of AISI 304 stainless sgaicimens: (a) 1000°C 10%; (b) 1050°C 10%; (cPa@a0%; (d)
1000°C 40%; (e) 1050°C 40%; (f) 1100°C 40%.

The specimen solution annealed at 1050°C with @ remluction of 10% did not show an increase of anodrrent
density in the backward curve with respect to thsspre current density (Fig. 2b). Therefore, it dt undergo
intergranular attack and was not sensitized. Whefordhation increased to 40% the reactivation peak present in
the DL-EPR curve of the specimen solution anneateiD50°C. Thus, as the cold reduction increaseticsthe degree
of sensitization of the material. As discussed byBthavarthini et al. (1989) a large increaseisfodation density in
the grain boundary region is observed when austestdinless steels are subjected to cold works Wil facilitate the
precipitation and growth of carbides at grain bares when the cold worked material is heated & ¢htical
sensitization range. Cold work leads to the préaiipn of finer carbides within smaller inter catés spacing.
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Consequently, the number of carbides at grain baesl increases with cold work leading to a largeniper of
chromium depleted zones after sensitization. Fumbee, it is possible that stress-induced martensés formed
during cold-rolling of the austenitic matrix. Thig,turn, would increase the degree of sensitipatibthe most severely
deformed specimens. Although the formation of nresite was not measured in this work, this effest been reported
in the literature (Kain et al., 2004) and is likétyreduce the resistance of the 304 specimemgdrgranular corrosion.
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Figure 3. Degree of sensitization (DOS) determifnech DL-EPR curves shown in Fig. 2.

Solution annealing at 1000°C produced material wite highest DOS, suggesting that at this temperat
chromium carbide precipitates were not efficientligsolved during heat treatment. Solution anneabhd 050°C
produced the best intergranular corrosion resistaitie DL-EPR test exposed the susceptibility o§IAB04 to
sensitization allowing for the classification oétHifferent annealing conditions employed in th@kwvhile the oxalic
acid test did not evidence any significant differerbetween the morphologies of the different spensn The
reactivation method detects both continuous andl lderomium depleted regions while the standard MSN262 test
exposes only continuous depletion zones. Discreparmetween the results obtained from each testamag from
such different effects that each of them has onrtiveostructure of the sensitized material.

4. CONCLUSIONS

It's been shown that solution annealing at 105@s°€ffective at increasing the intergranular caoogesistance of
AISI 304 stainless steel. Deformation may be hatrtdusensitization behavior of this material, degieg on the
solution annealing conducted before cold work. Géeeful evaluation of DOS after each step of cotdknis necessary
to guarantee that the material will not become nstiseeptible to intergranular attack.
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