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Thesis Title Effect of Post Weld Heat Treatment on Intergranular Corrosion of TIG

Dissimilar Welds between Stainless Steels Type 304 and 430

Thesis Credits 15

Candidate Miss Piyanun Punburi

Thesis Advisor Dr. Napachat Tareelap

Program Master of Engineering

Field of Study Materials Technology

Department Materials Technology

Faculty School of Energy, Environment and Materials
B.E. 2555

Abstract

Due to different heat treatment procedures being required to reduce intergranular corrosion (IGC) of
austenitic stainless steel AISI 304 (ASS304) and ferritic stainless steel AISI430 (FSS430), this work
is aimed to achieve post weld heat treatment procedure for the dissimilar weld between these
metals. Heat treatment at a temperature of 900°C for 24 and 48 hours followed by water quenching
was an appropriate post weld heat treatment in this study which indicated the reduction in Degree of
Sensitization (DOS) throughout the weld. The extensive decrease in DOS was found at heat-
affected zone. It could be explained that ageing at 900°C helped promote chromium diffusion to
replenish the chromium-depleted zone at grain boundaries and around carbide precipitates.
Furthermore, rapid cooling by water quenching could avoid the formation of chromium carbides as

the cause of intergranular corrosion.

Keywords: Degree of Sensitization/Dissimilar Metal Weld/Intergranular Corrosion/Post Weld Heat

Treatment/Stainless Steel
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POST WELD HEAT TREATMENT TO REDUCE INTERGRANULAR CORROSION
SUSCEPTIBILITY OF DISSIMILAR WELDS BETWEEN AUSTENITIC 304 AND
FERRITIC 430 STAINLESS STEELS

Piyanun Punburi and Napachat Tareelap*®

Division of Materials Technology. School of Energy, Environment and Materials,
King Mongkut’s University of Technology Thonburi,

126 Pracha Uthit Road. Bang Mod. Tung khru, Bangkok 10140, Thailand
*e-mail: napachat.tar@kmutt.ac.th

Abstract

Dissimilar weld between ASS304 and FSS430 is susceptible to intergranular corrosion
especially at heat-affected zone. Proper heat treatment is being required to mitigate this
deterioration. Heat treatment conditions to reduce intergranular corrosion of these alloys are,
however, different. Therefore, this work aims at achieving heat treatment condition for the
ASS304-FSS430 dissimilar weld. The results suggested that post weld heat treatment
(PWHT) at temperature of 900°C followed by water quenching was an applicable procedure
to reduce intergranular corrosion susceptibility of weld as it can reduce corrosion throughout
the welds via the replenishment of metal-depleted zone.

Keywords: intergranular corrosion (IGC), degree of sensitization (DOS), post weld heat
treatment (PWHT), stainless steel

Introduction

Dissimilar weld between ASS304 and FSS430 is used in specific applications such as
superheater and reheater pipes in power plant. During welding metals are subjected to a
specific temperature causing metal sensitized or susceptible to intergranular corrosion (IGC).
The specific temperature is well-known as sensitized temperature. Sensitization caused from
the formation of chromium carbide (CrCs) particles at grain boundaries resulted in the
depletion of chromium at the adjacent area where corrosion preferentially attacks. Heat
treatment after welding or post weld heat treatment (PWHT) is usually used to reduce IGC
susceptibility. However. PWHT to reduce IGC of ASS304 and FSS430 is different—
temperature to reduce IGC of ASS304 is a sensitization temperature of FSS430 and vice
versa. Thus, this work is aimed to achieve PWHT condition to reduce IGC of dissimilar weld
between ASS304 and FSS430.
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Methodology
Chemical compositions of ASS304 and FSS430 used 1n this study are presented in Table 1.

Table 1 Chemical composition (wt.%) of stainless steels used in this study

Matenals C Cr Ni Si Mo Mn Fe
ASS304 0.07 18.36 7.92 0.42 0.11 0.93 Bal.
FS5430 0.05 16.79 0.25 0.30 0.02 0.33 Bal.

The ASS304 and FSS430 sheets size of 25 mm x 300 mm x 3 mm were joined by tungsten
mert gas welding (TIG) process without filler. Welding current and arc voltage used were
98 A and 10 V correspondingly. Welding speed was constant at 2 m/s. After joining, it was
cut into small pieces with a dimension of 50 mm x 10 mm x 3 mm. To study the effect of
post weld heat treatment (PWHT) on intergranular corrosion susceptibility, the as-welded
samples were aged at 800°C. 900°C and 1100°C for 10. 24 and 48 hours followed by different
cooling procedure: air cooling (AC) and water quenching (WQ). Afterwards, they were
ground and polished down to 1 pm followed by chemical etching to reveal their
microstructures. Micro-hardness measurements were also achieved on cross-section of as-
welded and aged samples to define weld zone (WZ), heat-affected zone (HAZ) and base
metal (BM) along the welds. Intergranular corrosion susceptibility expressed in term of
Degree of Sensitization (DOS) was determined by Double Loop Electrochemical
Potentiokinetic Reactivation (DLEPR) method according to ASTM G 108. The
measurements were performed in a mixture solution of 0.5M H>SO4 and 0.001M KSCN at a
scan rate of 2.5 mV/s using micro-electrochemical cell with a testing area of 1.1 square-
millimeters as shown in Figure 1. The reference and counter electrodes used were Ag/AgCl
electrode and Pt wire respectively. During performing DLEPR., the specimen was anodically
polarized from open circuit potential (OCP) to +300 mV to form passive film afterwards 1t
was reversely scanned to damage the corrosion susceptible area. Degree of Sensitization is a
percentage of I/I,, where the maximum current density of reverse scan and anodic scan are
defined as I and I; correspondingly. If DOS value is not more than 1%, it is defined as non-
sensitized condition. DLEPR was performed at least 3 measurements at each zone along the
welds. The damaged or attacked area after performing DLEPR was examined by SEM.

Figure 1 Micro-electrochemical cell used in this study
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Results and Discussion
Micro-hardness across the welds.

Micro-hardness measurements along the welds were performed to define weld zone (WZ),
heat-affected zone (HAZ) and base metal (BM). Plots of average micro-hardness values
versus distance from weld center line are displayed in Figure 2. Hardness profiles of as-
welded and PWHT welds were a reverse U-shape at which welded zone has a higher micro-
hardness value than that of base metal and heat-affected zone. From welded zone hardness
value decreased to reach a minimum value that defines heat-affected zone. Beyond this point.
the hardness value slightly increased until reach constant value of base metal (=180-250 H,
for ASS304 and 150-180 H, for FSS430). This behavior was found in both of as-welded and
PWHT-welds.

Hardness (H )
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Figure 2 Typical micro-hardness profiles of PWHT-welds compared with as-welded
specimen

Intergranular corrosion susceptibility of dissimilar weld (as-welded).

Figure 3 (a) shows DLEPR curves of each zone on as-welded specimen Thermal from
welding did not affect BM of ASS304 that denoted by DOS value of 0.31% and evidence in
Figure 3 (b). On the other hand HAZ of ASS304 in Figure 3 (c) underwent IGC manifestly
and corresponded to DOS value of 1.78% which was classified as sensitized condition. At
WZ where ASS304 and FSS430 were melted and recrystallization happened, its
microstructure consisted of austenite (y-phase), ferrite (6-phase) and martensite (o’-phase)
(Lippold and Kotecki 2005; Kou 2003). DOS of this zone was 0.67% corresponding to the
gentle damage illustrated in Figure 3 (d). For FSS430 side. at HAZ. martensite phase at grain
boundaries was observed similar to that found in the previous reports (Davis 2006; Kou
2003). The damages observed are around martensite phase and at grain interiors in the form
of pitting corrosion (Figure 3 (e)). The results agreed with previous researches (McGuire
2008; Sidhom et al. 2010) that the attacks had been found around martensite phase as this
area is chrommum-depleted zones (McGuire 2008, Sidhom et al. 2010). Because of the
corrosion current could generate from attacks around martensite phase at grain boundaries
and pitting corrosion within grain; therefore, high DOS value (28.87%) at this zone resulted
from both of IGC and pitting corrosion. In contrast to BM of FSS430 (Figure 3 (f)). only
pitting corrosion was significantly observed.

1% Mae Fah Luang University International Conference 2012
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Sensitization of HAZ in ASS304 resulted from experiencing to sensitization temperature of
425°C-815°C durning welding. Once the formation of Cry;C;s at grain boundaries happens, the
adjacent area depleted in chromium and corrosion damage is favorable. In case of FSS430,
there are high amount of metal carbide. mostly chromium carbide (Lippold and Kotecki
2005; George and Shaikh 2002), precipitates within grain Around these precipitates there are
metal-depleted zone where corrosion aftack is preferable. The damage observed appeared
around these precipitates that looked like pitting corrosion.

04

o
~

Potential (V ve Ag/AgCl)
o

107 40 g0t 40*  40°  0.01

». Corrosion -t
attack

HAZ 430 DOS 2N

Figure 3 (a) DLEPR curves of each zone along the weld, attack morphologies after
performing DLEPR at (b) base metal ASS 304, (c) HAZ ASS 304. (d) welded zone. (¢) HAZ
FSS 430 and (f) base metal FSS 430 of dissimilar weld

Intergranular corrosion susceptibility of welds after heat treatment at 800°C.

DOS of welds after heat treatment at 800°C followed by air cooling and water quenching are
shown in Table 2. BM and HAZ in ASS304 side (both of cooled by air and water) were
sensitized (DOS = 6.38% — 25.32%) after PWHT at 800°C as shown in Figure 4 (a) and (b).
It can be explained that during PWHT. BM was directly exposed to sensitization temperature
of 800°C; therefore, IGC was susceptible. At HAZ where IGC was aggressive in as-welded
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condition, PWHT at temperature of 800°C was not only unable to dissolve Cry;Cs at grain
boundaries (Lippold and Kotecki 2005) but also promoted the formation of new Cry;Cs at
grain boundaries (Jones 1997; McGuire 2008). Hence, IGC was extensively aggressive at this
area. Attacks were also found in WZ (Figure 4 (c)) along grain boundaries (arrow) including
at martensite phase but not as aggressive as at BM and HAZ.

Martensite phase at grain boundanies was also found at HAZ of FSS430 (Figure 4 (d)).
However, only slight damages around martensite phase and small amounts of pitting
corrosion at grain interiors were observed. This phenomenon causes from further soluble of
carbon in ferrite phase (Stansbury 2000) and the fulfilment of metal-depleted zone was
promoted (Stansbury 2000; Jones 1997). Because of the reason mentioned. its DOS was less
than that of as-welded condition At BM of 800°C-PWHT-FSS430, DOS value reduced from
as-welded condition and only small amounts of pitting corrosion was observed (Figure 4 (g)).
It is due to heat treatment improved metal diffusivity and metal-depleted zone was fulfilled.
Comparison of PWHT followed by air cooling and water quenching; DOS values of air-
cooled samples were higher than that of water-quenched especially in ASS304 side. Cooled
in air, chromium and carbon had sufficient time for diffusion to grain boundaries and form
Cry;Cs whereas the formation of Cry;Cs was limited in case of water rapid cooling.

Table 2 Average DOS of PWHT-welds compared with as-welded specimen

Average DOS (%)

Temp. (°C) f,:; Cooling BM HAZ Wz HAZ BM
ASS 304 ASS 304 FSS 430 FSS 430

As-welded 0.31 1.78 0.67 28.87 20.84

10 2387 2532 5.68 6.60 10.43

24 AC 1598 18.7 3.89 7.03 9.87

55 48 7.53 2231 458 10.58 14.59

10 1833 17.90 4T 8.14 10.58

24 wQ 6.73 14.20 3.43 8.76 8.57

48 638 17.56 3.08 6.34 7.05

2 o 0.19 0.76 0.32 1593 14.58

" 48 027 0.13 0.87 1443 13.23

24 . 0.08 0.06 0.97 12.54 13.03

48 021 034 0.79 13.78 12.98

2 . 0.02 0.07 0.04 3420 3831

48 0.05 0.07 0.08 2959 36.56

1100 24 - 0.04 0.04 0.03 2376 20.08
48 0.03 0.04 0.09 NA N/A

Remarks

N/A : not perform the test due to high temperature oxidation occurred
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Figure 4 Morphologies after performing DLEPR at (a) base metal ASS 304 (b) HAZ ASS
304 (c) weld zone (d) HAZ FSS 430 and (e) base metal FSS 430 of the weld heat-treated at
800°C for 10 hrs followed by air cooling

Intergranular corrosion susceptibility of welds after heat treatment at 1100°C.

Temperature of 1100°C is a sensitization temperature of FSS430 and a heat treatment
temperature to reduce IGC of ASS304. From Table 2 DOS of ASS304 both at BM and HAZ
were less than 1% (0.02% — 0.07%) that agreed with their gentle attack morphologies in
Figure 5 (a) and (b). Since this temperature is not a sensitization temperature of ASS304, IGC
did not take place at BM. At HAZ where IGC was susceptible in as-welded condition. after
PWHT at 1100°C Cr2:Cs at grain boundaries dissolved (Stansbury et. al 2000; Jones 1997)
then IGC was not susceptible anymore. At WZ after PWHT at high temperature of 1100°C
recrystallization and the formation of new phase possibly occurred as illustrated in Figure 5
(c). This phenomenon probably induced chemical compositions homogenization and
reduction in corrosion that supported by DOS value of 0.03%. For HAZ of FSS430 (Figure 5
(d)). martensite phase around grain boundaries that found in as-welded and 800°C-PWHT
welds disappeared. It 1s possible that PWHT at this temperature could dissolve martensite
phase and promote the diffusivity of metal from metal carbide particles to replenish metal-
depleted zone simultaneously. In case of BM. IGC was more predominant than pitting
corrosion because this temperature is a sensitization temperature of FSS430. However, pitting
comrosion within grains reduced that caused from the fulfilment of metal-depleted zone
around carbide precipitates similar to that happened at HAZ.
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BM 304 DOS 0 04%,

BM 430 DOS 29.4%

Figure 5 Morphologies after performing DLEPR at (a) base metal ASS 304 (b) HAZ ASS
304 (c) weld zone (d) HAZ FSS 430 (e) base metal FSS 430 of the weld heat-treated at
1100°C for 24 hrs followed by water quenching

Intergranular corrosion susceptibility of welds after heat treatment at 900°C.

Temperature of 900°C is neither a sensitization temperature of ASS304 nor FSS430.
Morphology of BM ASS304 in Figure 6 (a) presented that IGC was not found that
corresponded to low DOS value. At HAZ in Figure 6 (b). PWHT at temperature of 900°C
could successfully reduce IGC (DOS = 0.06%) because chromium diffusion was allowed to
replenish chromium-depleted zone at grain boundaries. PWHT followed by water quenching
could reduce IGC effectively since rapid cooling capably suppressed the formation of new
chrommum carbide. The heat treatment period did not likely affect IGC susceptibility that
noted by similar DOS values. Microstructure at WZ in Figure 6 (c) was similar to that of
800°C-PWHT welds. However, the attack at WZ after 900°C-24hrs- PWHT was rarely found
as the diffusivity of metal was promoted. At HAZ of FSS430 in Figure 6 (d). martensite
phase disappeared similar to PWHT at 1100°C. It is implied that martensite phase dissolved
since this temperature. However. pitting corrosion within grains was still observed but in
smaller amount than that of as-welded condition. This occumrence probably resulted from
partially replenishment of metal-depleted zone around metal carbide particles. Furthermore
heat treatment at 900°C did not allow the formation of new Cry;Cs; thus, IGC was not
susceptible. By the reason mentioned, DOS of this area caused from pitting corrosion rather
than IGC. At BM in Figure 6 (e), pitting corrosion after PWHT at 900°C was less than that of
as-welded condition because of replenishment of metal-depleted zone by heat treatment.
However, cooling procedure and heat treatment period did not significantly affect IGC
susceptibility.

1* Mae Fah Luang University Intemnational Conference 2012

120



121

Among heat treatment temperatures, PWHT at 900°C is an applicable heat treatment for
dissimilar weld between ASS304 and FSS430 as it can reduce intergranular corrosion
susceptibility throughout the weld. Moreover, PWHT followed by water quenching could
suppress the formation of carbide precipitates giving intergranular corrosion reduced.

BM 304 DOS 0.0

HAZ 430 DOS

Figure 6 Morphologies after performing DLEPR at (a) base metal ASS 304 (b) HAZ ASS
304 (c) weld zone (d) HAZ FSS 430 (e) base metal FSS 430 of the weld heat-treated at 900°C
for 24 hrs followed by water quenching

Conclusion

PWHT at temperature of 900°C followed by water quenching is an applicable PWHT
procedure to reduce intergranular corrosion susceptibility of dissimilar weld between ASS304
and FSS430. This procedure does not only inhibit the formation of chromium carbide at grain
boundaries but also promote the replenishment of metal-depleted zone.
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Abstract. Due to different heat treatment procedures being required to reduce intergranular
corrosion (IGC) of austenitic AISI 304(ASS304) and ferritic AISI 430(FSS430) stainless steels. this
work is aimed at achieving proper heat treatient for these metals simultaneously. Heat treatment at
a temperature of 900°C for 36 hours followed by water quenching was an applicable heat treatment
procedure for this study. This treatment not only prevented the formation of chromium carbides but
also promoted the diffusion of chromium back to replenish chromium-depleted zones.

Introduction

Intergranular corrosion (IGC) occurs where grain boundaries are more susceptible to corrosion than
grain interiors. It can arise in stainless steel which has been subjected to a specific temperature that
resulted in sensitization due to the formation of chromium carbides at grain boundaries.
Consequently. the adjacent zones are depleted in chromium and are susceptible to deterioration [1,
2]. In some applications. austenitic stainless steel AISI 304 (ASS304) and ferritic stainless steel
AISI 430 (FSS430) need to be joined together. Due to exposure to particular temperature ranges
both these steels can become sensitized to IGC. Problems arise because the heat treatments required
to mitigate IGC sensitivity are different such that the heat treatment temperature to reduce IGC in
ASS304 causes sensitization in FSS430 and vice versa. Therefore, this research attempts to develop
a heat treatment procedure to reduce IGC susceptibility of ASS304 and FSS430 simultaneously.

Experimental

Cold-rolled ASS304 and FSS430 sheets thickness of 3 mun were cut along rolling direction into size

of 20 mm x 20 mm to be used in this study. Their chemical compositions analyzed by Optical
Emission Spectrometer are reported in Table 1.

Table 1. Chemical composition (wt.%) of stainless steels used in this study

Materials C Cr Ni Si Mo Mn Fe
ASS304 0.07 18.36 | 7.92 0.42 0.11 0.93 | Bal.
FSS430 0.05 16.79 | 0.25 0.30 0.02 .33 | Bal

Longtitudinal or rolling face of as-received steels were ground and polished down to 1 pm then
etched in a mixture solution of HC1 and H,O, following Struers Application Notes [3]. To study
IGC susceptibility. they were heat-treated at temperatures of 800°C. 900°C and 1050°C for 1. 6 and
10 hours followed by different cooling procedures: air cooling and water quenching. Afterwards the
specimens were ground and polished down to 3 pm to evaluate IGC susceptibility by Double Loop
Electrochemical Potentiokinetic Reactivation (DLEPR) method. Using a test exposure area of 1
e, each specimen was subjected to DLEPR in a mixture solution of 0.5M H,SO,4 + 0.01M KSCN
at 30°C with a scan rate of 6 V/hr. The reference and counter electrodes used were Ag/AgCl and Pt

All rights reserved. No part of contents of this Bafer may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www_ttp.net. (ID: 110.168.252.241-22/01/13,10:14:04)
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rod respectively. The specimen was anodically polarized from open circuit potential (OCP) to +300
mV to form a passive film then it was scanned reversely. Reverse scanning allows any regions of
the specimen that are sensitive to IGC to be more easily attacked. IGC susceptibility was expressed
in term of degree of sensitization (DOS) which is a percentage of L/L,. where I is the maximum
current density measured during the reverse scan and I, is the maximum cwrent density measured
during the anodic scan. A specimen was considered to be non-sensitized if its measured DOS value
was not more than 1%. For each specimen the exposed area subjected to DLEPR was examined by
SEM to study the nature of any corrosion damage.

Results and discussion
1. Intergranular corrosion susceptibility of as-received ASS304 and FSS430

Typical microstructure of ASS304 and FSS430 are shown in Fig. 1(a) and (b) respectively. ASS304
consisted of fully austenite (y) phase containing a few of ferrite phase [1] while FSS430 consisted
of ferrite () phase only. In FSS430 (Fig. 1(b)) the observed carbide precipitates are believed to be
chromium carbide as stated in the previous literatures [4, 5]. The formation of carbide precipitates
resulted from low solubility of carbon in ferrite phase [1. 2]. The DLEPR cwves of as-received
ASS304 and FSS430 are shown in Fig. 1(c). DOS of ASS304 is 0.32% whereas that of FSS430 is
50%. Large differences in DOS resulted from their condition as indicated by the attacked areas
show in Fig. 1(d)-(e). In ASS304 the carbon is completely soluble in the austenite [1, 2] and there is
no evidence that any carbide precipitates are present. In FSS430 during the DLEPR test preferential
attack has occurred around the precipitates which are thought to be chromium carbides that have
caused chromium depletion in the matrix. Thus, corrosion observed in FSS430 appeared to be
pitting corrosion rather than IGC.
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Fig.1 Optical micrographs of (a) ASS304 and (b) FSS430, (c) DLEPR curves of ASS304 and
FSS430, the attacked area of (d) ASS304 and (e) FSS430 after performing DLEPR.

2. Intergranular corrosion susceptibility of ASS304 and FSS430 heat-treated at 800°C

Fig. 2(a) shows DOS values of ASS304 and FSS430 heat-treated at temperature of 800°C. The DOS
of ASS304 is about 25-60% which is significantly higher than for the as-received condition. The
DOS of FSS430 reduced from 50% in as-received condition to be 25-45% after heat treatment at
800°C. The morphologies of attacked area (Fig. 2(b). (c¢)) indicated that IGC of ASS304 is more
severe than in FSS430 and that a temperature of 800°C causes sensitization in ASS304 [1, 2. 6].



125

Key Engineering Materials Vol. 545 145

= = (cyASS308-WQ
(a) 800”c . ASS 304 /
* FSS 430 C

IDOS 50 A
{d)F$5430-AC

10

1 6 10
Alr cooling Water quenching

1 6

DOS28% < e
Fig.2 (a) DOS plot of ASS304 and FSS430 heat-treated at 800°C compared with as-received
samples. the attacked area micrographs of ASS304 heat-treated for 1 hour followed by (b) air-

cooling and (c) water quenching, the attacked area micrographs of FSS430 heat-treated for 1 hour
followed by (d) air-cooling and (e) water quenching

Moreover, IGC susceptibility of air-cooled samples was more pronounced than that of water-
quenched samples. It can be explained that during slow cooling (air-cooled) chromium had
sufficient time to diffuse and react with carbon to form chromium carbide at grain boundaries:
consequently. IGC was more severe[7]. In FSS430. due to its metallurgical characteristics. the
attack around precipitates or pitting corrosion was more predominant than IGC. The DOS of heat-
treated samples reduced from that of as-received condition since this temperature has allowed the
diffusion of chromium from the chromium carbides to diffuse back into the matrix to replenish
chromium depleted zones [1, 2. 6]. The cubic morphology of the etch pits seen in Fig. 2(d)-(e)
probably resulted from crystallographic corrosion damage.

3. Intergranular susceptibility of ASS304 and FSS430 heat-treated at 1050°C

(b)hASSSM-AC F (@) 1050°C

Fig.3 (a) DOS plot of ASS304 and FSS430 heat-treated at 1050°C compared with as-received
samples. the attacked area micrographs of ASS304 heat-treated for 1 hour followed by (b) air-
cooling and (c) water quenching. the attacked area micrographs of FSS430 heat-treated for 1 hour
followed by (d) air-cooling and (e) water quenching

DOS values of ASS304 and FSS430 heat-treated at 1050°C followed by air cooling and water
quenching are shown in Fig. 3(a). At this temperature ASS304 was not sensitized as indicated by
the DOS value of less than 1%. And confirmed by the SEM micrographs in Fig. 3(b) and (c)
showing that only mild attack occurred. For FSS430, the attack at grain boundaries (Fig. 3(d). (e))



126

146 Materials Science and Technology VII

was more predominant than pitting corrosion within grains. This is because this temperature is a
sensitization temperature of FSS430 [1. 2]. Although the DOS values of this condition and that in
the as-received condition are similar (40-60%) the corrosion current in each case is generated from
different mechanisms. In this condition the mechanism is IGC while in the as-received condition it
was Ppitting corrosion.

4. Intergranular susceptibility of ASS304 and FSS430 heat-treated at 900°C

DOS values of ASS304 and FSS430 heat-treated at 900°C is shown in Fig. 4(a). Although holding
at this temperature does not cause sensitization in either ASS304 or FSS430, slow cooling from this
temperature did cause sensitization in the ASS304 resulting in the grain boundaries attack seen in
Fig. 4(b). However this attack was not as severe as that observed in the ASS304 sensitized at 800°C
as shown by Fig. 2(b). ASS304 specimens were not sensitized except the 1-hour heat-treated
sample. For FSS430, in Fig. 4(d) and (e), pitting corrosion occurred rather than IGC. However, the
DOS of FSS430 tended to reduce as the heating period extended. It is possible that at longer heating
periods, chromium able to diffuse from chromium carbides [1. 2] to replenish chromium-depleted
zones around them: therefore, DOS is reduced.

DOSS5% . feyed sy

Fig.4 (a) DOS plot of ASS304 and FSS430 heat-treated at 900°C compared with as-received
samples. the attacked area micrographs of ASS304 heat-treated for 1 hour followed by (b)air-
cooling and (c) water quenching, the attacked area micrographs of FSS430 heat-treated for 1 hour
followed by (d) air-cooling and (e) water quenching

To confirm the result, heat treatment at temperature of 900°C for prolonged periods (more than 10
hours) followed by water-quenching and air-cooling was additionally studied. Because all of the air-
cooled ASS304 were sensitized (results not shown). this research was focused on heat treatment at
900°C followed by rapid water quenching only. The DOS values for water-quenched ASS304 and
FSS430 are presented in Fig. 5. At heating periods of 24, 36 and 48 hours ASS304 samples were
not sensitized as indicated by the relatively mild attack at grain boundaries shown in Fig. 5(b)-(e).
DOS of FSS430 at heating period of 24 howrs was similar to that of 10 hours (= 60%). For a
prolonged heating period of 36 hours, the DOS was reduced to 26% then increased again at the
heating period of 48 hours.
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[a) SPCANC

Fig.5 (a) DOS plot of ASS304 and FSS430 heat-treated at 900°C followed by water quenching. the
attack morphologies of ASS304 heat-treated for (b) 10 hours (c) 24 hours (d) 36 hours and (e) 48
hours, the attack morphologies of FSS430 heat-treated for (f) 10 hours (g) 24 hours (h) 36 hours and
(1) 48 hours, followed by water quenching

The corrosion damage shown in Fig. 5(f)-(i) suggested that for short heat treatment periods (1-24
hours) chromium could not diffuse from carbide precipitates to fully replenish chromium-depleted
zones resulting in some pitting corrosion. For the longer period of 36 hours more chromium
diffusion could take place give greater replenishment and hence reduced pitting corrosion. In the
case of the long-term heating period of 48 hours. IGC was more evident as there was sufficient time
for chromium carbides to form at the grain boundaries [2].

Conclusions

Heat treatinent at a temperature of 900°C for 36 hours followed by water quenching is an applicable
heat treatment procedure for mitigation of IGC susceptibility of ASS304 and FSS430
simultaneously as this temperature is not a sensitization temperature for either alloy. Furthermore,
in FSS430 heat treatment for a period of 36 hours was long enough to allow chromium diffuse back
to replenish chromium-depleted zone around carbide particles but not a sufficient time for the
formation of chromium carbide at grain boundaries.
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