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Ti-stabilized 11 wt% Cr ferritic stainless steels (FSSs) for automotive exhaust systems have been experienced
intergranular corrosion (IC) in some heat-affected zone (HAZ). The effects of sensitizing heat-treatment
and silicon on IC were studied. Time-Temperature-Sensitization (TTS) curves showed that sensitization to
IC was observed at the steels heat-treated at the temperature lower than 6500C and that silicon improved
IC resistance. The sensitization was explained by chromium depletion theory, where chromium is depleted
by precipitation of chromium carbide during sensitizing heat-treatment. It was confirmed with the results
from the analysis of precipitates as well as the thermodynamical prediction of stable phases. In addition,
the role of silicon on IC was explained with the stabilization of grain boundary. In other words, silicon
promoted the formation of the grain boundaries with low energy where precipitation was suppressed and
consequently, the formation of Cr-depleted zone was retarded. The effect of silicon on the formation of
grain boundaries with low energy was proved by the analysis of coincidence site lattice (CSL) grain boundary,
which is a typical grain boundary with low energy.
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EFFECT OF SILICON ON INTERGRANULAR CORROSION RESISTANCE OF TI-STABILIZED 11 WI% CR FERRITIC STAINLESS STEELS

Table 1. Chemical compositions of titanium and niobium in type
409 ste.els specified in ASTM A 240M-13

Table 3. The rating of intergranular corrosion (IC) in the modified
struass test”

UNS Chemical compositions (wt%) Rating of IC Valuation Criteria

number Ti Nb 1 | Maximum pit depth (dmax) < 5 mm

S40910 61(C+N) < Ti < 0.5 0.17 h‘_gh 2 dnax > 5

S40920 8I(C+N) < Ti < 0.5 0.10 IC resistance 3 Visible ditch with unaided eye

S40930 008+8i(C+N) < Ti+Nb < 0.75 | 4 dmax > thickness of Specimen

ow
S40945 0.05 < Ti <02 0.18< Nb < 0.40, 5 disintegration
S40975 6I(C+N) < Ti < 0.75 -
30, 300 hours® A5} ), oﬂﬂg};} Al B2l AlE wl
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Table 2. Chemical compositions and stabilization ratios in type 409L steels
: : » Ti/ Ti/
Chemical Compositions (w/o
No |Thickness P (wio) {0.08+8(C+N)} | (3.42N+12C)
/mm C Si Mn P Cr Ti Others [19] [24]
1 1.0 0.0053 | 0569 | 0.186 | 0.0201 | 11.13 0.209 1.13 2.30
2 0.3 0.0046 | 0.541 0.305 | 0.0209 | 11.09 0.224 0.11 Ni 1.31 2.85
0.069 Cu
3 0.3 0.0042 | 0413 0291 | 0.0231 | 1098 | 0.195 0001 S 1.30 2.96
4 0.3 0.0049 | 0.421 0.168 | 0.0189 | 10.99 | 0.197 1.13 2.40
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Fig. 1. Effect of heat treatment on the intergranular corrosion resistance of various titanium-stabilized type 409L steels: (a) alloy

1, (b) alloy no 2, (c) alloy no 3, and (d) alloy no 4.
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EFFECT OF SILICON ON INTERGRANULAR CORROSION RESISTANCE OF TI-STABILIZED 11 WI% CR FERRITIC STAINLESS STEELS
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Fig. 2. Calculated mole fractions of the stable phases in alloy
no 1 according to phase equilibrium.
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Table 4. Concentrations of aluminum, silicon, and chromium in precipitates formed during sensitization heat treatment

Allov no Heat treatment conditions Rating of IC Chemical concentrations (wt%)
y temperature (C)/time (hours) (From Fig. 1.) Al Si Cr
2 550 / 30 3 ND 0.071 0.0057
4 550 / 30 5 ND 0.0071 0.0057
2 600 / 0.1 3 ND 0.0032 0.0056
4 600 / 0.1 5 ND 0.0035 0.0073
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Fig. 4. Calculated mole fractions of constitutions of (Ti,Cr)(C,N)
in alloy no 1 according to phase equilibrium.
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(b)
Element Atomic %
C 72.3
Ti 2.3
Cr 10.8
Fe 9.9
(©)

Fig. 5. TEM - EDS of alloy no 1 heat-treated at 5000C for
30 hours showing (a) precipitates along the grain boundary, (b)
higher magnification of marked ‘A’ in (a), and (c) the result
on EDS analysis of precipitates in (b).
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Element Atomic %
C 74.1
Cr 15.1
Fe 10.8

©

Fig. 6. TEM - EDS of alloy no 1 heat-treated at 6000C for
0.1 hour showing (a) precipitates along the grain boundary, (b)
higher magnification of marked ‘A’ in (a), and (c) the result
on EDS analysis of precipitates in (b).

A2 A G of] F-ighS HolEL) o) Aw - AE
o] ool o3l op7]E AF uAZT O T A3 YA A
O] ZFAEARE FAE Awihe e Q1o R A2 A
Aol J&e mH-S omFit), B} Aate] APl 24
A 2 APA s o]&-sto] thekst P st A 34
o] g3t Ake ¢Hd3} HlE Table 50l YERASITE g3
1= Yehd 7]E2] 2] FolA C.S. Brossiadl 2J&f A4

it mlo oot oo ox min

270

11 T T T T T T T T T T T T T T T T

—m— Alloy no 2 aged at 600°C for 0.1hr

@ —+ Alloy no 2 aged at 550°C for 30hrs.

9 10 (K —@— Alloy no 4 aged at 600°C for 0.1hr |
o Xk O Alloy no 4 aged at 550°C for 30hrs. &
o

§ 015 -
E

2 010} g
S

=)

(@] —()—

© 005+ i
5 -9
§ Sl
& 000 -

1
sumall 29 27 252321 1917151311 9 7
> values of CLS and non - CSL

[
53

Fig. 7. Effect of silicon n cumulative length of CSL boundaries
with S £ 29 of alloy no 2 and no 4 heat-treated at 6000C for
0.1 hour and at 5500C for 30 hours.

Agto] ol A@ AT} AA ST o2 AR vE
2 274 Eepre A7Ee 4D} 2ok

wt%Ti > 3x (12xwt%C +3.42xwt%N) (1)

MNEE B4 Age 4Ey A Ao a3 duisie}
¢Hy 3} v) gl WHA) © ZHE Ti—stabilized type 409L
7ol JAFAE AF 'stEe] AEe ot a7 14T
o] Aol ot Al vk A AFATY AFo] £3
H AEE & A7 14TE oAI7]= Flo] oY
=

3.3 CSLe} UAFA! Aty

Fig. 7% Sgko] 29¢]3kl CSL A4 97 &S EBSDE
AREst] S5 ARE vebd 7o YA AT
o] % alloy no 13} 204 Atz oz vhe- A YA oy
A& Ad CSL A A ] E&0] =34tk o]+ Mgt
ARGA NN =& AFAAIA S A8 1d5S =23
hs ©3HE2 &S A0 otk CSL AFHA
oA AAIF-2A el JA|E EIsFLAF modified Strauss
test A5 alloy no 4°] A2 A=E Fig. 8o UeERAgd
th CSL A AleNA] F-212 @ AsHA] ¢kal 352 oUA|&
A d A3 (random boundary) o4 F-2o] 2Hg ¥ ¢l
A9 2 E random boundaryell4 F-2lo] 2% 712 o]y
t}. o] random AR AEL] | A] zfo] o] lef| 7H7}e]
AAAAE Ad3sti= A4A A (triple point) oA U A] 2F
o|7} o] Hell AAH FW ARHA A7 naFo] P

CORROSION SCIENCE AND TECHNOLOGY Vol.12, No.6, 2013



YOUNGMIN HYUN AND HEESAN KIM

Table 5. Effect of titanum concentration on sensitization of various Ti-stabilized type 409L steels

3 41 0
No— Chemw;l °°mposg‘+"§5/ wi%o = SDO* SD1* SD2* SD3** P/F Source
1| 0034 0.013 0.047 0.4 2.0 1.1 0.88 0.88 F Ref. [7]
2| 0033 0.007 0.04 0.49 25 15 1.23 1.17 F Ref. [7]
3| 0033 0.006 0.039 0.53 2.7 17 1.35 127 F Ref. [7]
4| 0009 0.002 0.011 0.15 2.8 17 0.89 131 F Ref. [7]
51 0015 0.013 0.028 0.47 52 2.1 1.55 2.09 F Ref. [7]
6| 00053 | 0013 | 00183 | 0246 7.7 1.7 1.09 228 F Ref. [8]
7| 00053 | 00079 | 00132 | 0209 6.6 2.0 1.13 231 F Table 2
8| 0012 0.013 0.025 0.45 6.3 23 1.61 239 F Ref. [7]
9| 00049 | 00068 | 00117 | 0.197 6.7 2.1 1.13 2.40 F Table 2
10| o012 0.01 0.022 0.46 6.4 2.6 1.80 2.58 F Ref. [7]
11| 0012 0.014 0.026 0.5 6.9 2.4 1.74 2.61 F Ref. [7]
12| 0012 0.014 0.026 0.52 72 2.5 1.81 271 F Ref. [7]
13| 0012 0.012 0.024 0.51 7.1 2.7 1.88 2.76 F Ref. [7]
14| 00046 | 0.0068 | 00114 | 0224 8.1 2.5 1.31 2.86 F Table 2
15| o011 0.013 0.024 0.51 7.7 2.7 1.88 2.89 F Ref. [7]
16 0.0042 | 0.0045 | 0.0087 | 0.195 7.7 2.8 130 2.96 F Table 2
17| 0.006 0.018 0.024 0.4 11.1 2.1 1.47 2.99 F Ref. [7]
18] 0.004 0.007 0.011 0.23 9.6 2.6 1.37 3.20 P Ref. [7]
19| 0015 0.038 0.053 1.04 11.6 2.5 2.06 3.36 P Ref. [7]
20| 0.003 0.028 0.031 0.45 25.0 1.8 1.37 3.42 P Ref. [7]
21| 0.004 0.007 0.011 0.31 12.9 35 1.85 431 P Ref. [7]
22| 0.001 0.022 0.023 0.42 70.0 23 1.59 4.81 P Ref. [7]
23| 0015 0.01 0.025 1.08 12.0 5.4 3.86 5.04 P Ref. [7]
24| 0.002 0.011 0.013 0.42 35.0 4.0 2.8 6.82 P Ref. [7]

SDO*(= wi%Ti/(6Iwt%C)); SD1*(= wt%Ti/[8( wt% C+ wt% N)]); SD2*(= wt% Ti/[0.08+8(wt% C+ wt% N)]) from Table I;

SD3**= wt%Ti/(3.42fwt% N+12iwt% C) from ref. [24]
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EFFECT OF SILICON ON INTERGRANULAR CORROSION RESISTANCE OF TI-STABILIZED 11 WI% CR FERRITIC STAINLESS STEELS

SE: Micr, image 1000 pm
A

Before immersion

Before immersion

="

KIST

WD15 .0mm, 20-0kV %60

After immersion

Fig. 8. SEM micrographs of alloy no 4 heat-treated at 6000C for 0.1 hour before and after immersion test with marked ‘S’,

meaning a CSL boundary.
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