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The Compound Dependent Intergranular Corrosion Mechanism in Stainless Steels

Seizaburo Ase, Michio Kanexo, Hajime Komatsu and Fumio Kurosawa

Synopsis : Following the first paper on the study of the composition dependent intergranular corrosion (IGC) mechanism of
stainless steels (SS), the compound dependent IGC mechanism has been studied in this paper. In this mechanism, IGC
is induced by the dissolution of grain boundary (GB) precipitates of themselves.

It was confirmed that the IGC mechanism played an important role mainly in the transpassive state corrosion potential
region above about 1.2V(SHE), where neither the Cr depleted zone nor the segregation of P at GB induced IGC. The
film-ike and amorphous Ni-P compound, [Ni (Fe, Cr)];P, was found to precipitate at GB in Type 304 SS and to cause
very thin but very deep IGC. Also, intermetallic compounds of Laves and x phases were identified to precipitate at GB
and to induce severe IGC due to the dissolution of themselves in Type 316 SS.

Key word : stainless steel; intergranular corrosion ; Cr-depleted zone ; grain boundary precipitate ; transpassive state corrosion ; Ni-
P compound ; intermetallic compound ; compound dependent IGC ; Cr®* ion ; nitric acid.
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Table 1. Chemical composition of test specimens (mass%).

Alloys C Si Mn P S Ni Cr Mo Cu Others
Commercial Grade 0.049 0.74 0.94 0.026 0.005 9.25 18.36 0.08 0.07 —
Type 304
Commercial Grade 0.054 0.67 1.38 0.030 0.005 11.16 17.21 2.21 0.33 —
Type 316
Commercial Grade 0.067 0.36 0.26 0.012 0.001 75.20 15.48 0.01 — Al;0.235, Ti;
Alloy 600 0.25, Fe;8.00
Laboratory Melt 0.003 =<0.10 0.85 0.003~ 0.003 14.20 18.80 — — —
Fe-18Cr-14Ni-P Alloy 0.30
Laboratory Melt 0.003 0.10 0.30 0.003~ 0.003 75.00 15.50 — — Fe:8.0
Fe-15Cr-75Ni-P Alloy 0.30
Laboratory Melt 0.003 0.01~ 0.85 0.003 0.004 14.20 18.80 — — —
Fe-18Cr-14Ni-Si Alloy 1.50
Laboratory Melt 0.003 0.02 0.87 0.003 0.003 14.20 18.80 2.2 — —
Fe-18Cr-14Ni-2.2Mo Alloy
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Fig. 1. Dependence of general corrosion rate of Fe-
11.5mass% Ni-Cr alloy on Cr content in
boiling 8kmol/m?® HNQO, solution with
0.0038 and 0.0076kmol/m? Cré+ ion.
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Fig. 2. Dependence of E,+ of Type 304 SS on the
concentration of Cr®* ion in boiling 8kmol/
m® HNOQO; solution.
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Fig. 3. Surface morphologies of mill annealed com-
mercial grade Type 304 subjected to corro-
sion test in boiling 5kmol/m? HNO; solution
with 0.15kmol/m?® Cr®* ion for 3h.
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Fig. 4. Dependence of general corrosion rate of Fe-
Cr and Fe-11.5mass%Ni-Cr alloys on Cr
content in boiling 8kmol/m3® HNO; solution
with 0.15kmol/m? Cr®* ion.
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Fig. 5. Dependence of grain boundary corrosion
depth of Fe-18mass%Cr-14mass%Ni alloy
on P content and heat treatment in boiling 5
kmol/m?® HNO; solution with 0.15kmol/m?
Cr®* ion.
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Fig. 6. Dependence of grain boundary corrosion
depth of Fe-18mass%Cr-14mass%Ni alloy
on sensitizing temperature and P content in
boiling 5kmol/m® HNO; solution with 0.15
kmol/m?® Cr®* ion.
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Fig. 7. Dependence of grain boundary corrosion
depth of Alloy 600 on P content and heat
treatment in boiling 5kmol/m® HNO, solu-
tion with 0.15kmol/m? Cr®* ion.



50Em o

Fig. 8. Typical cross sectional view of IGC in Type 304.

(a) Heat treated at 900°C for 8h after SHT and corrosion tested in boilin;
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SdEm

3.06kmol/m?® H,SO, solution for 3min (b) Heat treated at

600°C for 24h after SHT and subjected to corrosion test in boiling 5kmol/m®* HNO; solution with 0.15kmol/m?® Cr®* ion for 3h
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Fig. 9. Ni-P compound precipitated at GB of Fe-18mass%Cr-14mass% Ni-0.057mass%P alloy heat treated at

600°C for 24h after SHT.

(a) Film-like compound at a triple point of GB after SPEED etching observed by SEM (b) Film-like compound observed by TEM (c)

Analytical result of film-like compound by TEM-EDX

929



I 718

$% & #R Vol. 79(1993) No. 6

-
=)

W
0N
T

Crystallized
{Cr(Fe,Ni)}P
Amorphous

(Ni (Cr,Fe)}; P, \ _ b —t
/’/’
- Crystallized
-~
- ’\DA 057 mass%P

w
=)
T

(Cr(Fe.Ni));P
< (Cr(Fe.Ni)),P

[
o
T

0.303mass %P

Crystallized
(Cr(Fe,Ni)J;P

g
hd

G B Corrosion Depth ( #m )
n
o

Amorphous
[Ni(Cr.Fe)),P,
Crystallized

(Cr (Fe. Ni )}, P

-
o
T

i
0701 1 10 10° 10
Heating Time at 6007C (h)

After SHT ( 1050CX1hWQ)

Fig. 10. Dependence of grain boundary corrosion
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for 1000h. ,

D= MY v 22 PRBRICIEL, WDRIIEFED

[Ni(Cr, Fe)l;P, & L TRIEAT T % 5%, 600°C T DBLE

BRI OHIMIZON T2 NI BELCLPIZEB T L L b IS
= MY o2 2R TRMINERADR CIERED S IER
B D [Ni(Cr, Fe)] ;P M T 572D RFEHIEFEZ- 1o
WeLET 0L ELON05, s, Figl0THHTPREH0.
057mass% D54, 0.30mass%PHi L IZR7 Y, 600C 123
U ABYCHERER & L b CRRBRIES X, FOEELET
T 52 LR L 5. BT LAY IL IE M E O Ni-Pitih
L AERE D [Cr(Fe, Ni)lsP% [Cr(Fe, Ni)],Piz:&#%$
52 EVBEINL, ZO5A, BULEREH 2400k BT
WBIEREDNI-PIEIZIE L A FBEINZ T b6
THELONMAREXRET 2, TN 6 DEERFet NIiED
BHOAERED [Cr(Fe, Ni)l;P% [Cr(Fe, Ni)],PiZH%E
CIEBEERELTCAILERETALDEEL LN,
CDEIBBEPLPEFRDOEVEIZ IV TIdFePNiE
HREDOE A S EDCLP~DEB» R EIT T2 0L
ErLohb,

()R ABEME - RITTMoD &

Mo#2.0~3.0mass%&H ¥ 5SUS 3168i- 3 TizdAh

CELPRL Z Zh#FN0.0lmass% ¥ &£ £0.003mass%B LT
AR L T 4 SHTH#500~750C TELB 2 i3 & B 5
kmol/m® HNO;+0.15kmol/m?® Cré* 4 * Y iF#H L & b

j (b)

Fig. 11. Globular Cr, P precipitated at GB of Fe-18mass%Cr-14mass%Ni-0.303mass%P alloy heat treated at
600°C for 1000h and subjucted to corrosion test in boiling 5kmol/m?® HNO, solution with 0.15kmol/m?3

Cr®* ion for 2h.

(a) As etched by SPEED method (b) Corrosion tested in boiling 5kmol/m?® HNO; solution with 0.15kmol/m? Cr®* ion for 2h



0 "ZOOE m
Fig. 13. Cross sectional view of IGC in Fe-18mass?%
Cr-14mass% Ni-2.2mass% Mo alloy with
very low C, P and Si, heat treated at 600
for 24h and subjected to corrosion test in
boiling 5kmol/m® HNO, solution with 0.15
kmol/m?® Cr®* ion for 3h.
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Fig. 14. Dependence of grain boundary corrosion
depth of Fe-18mass%Cr-14mass%Ni-0.015
mass%P alloys on C content and heat treat-
ment in boiling 5kmol/m3 HNQ; solution
with 0.15kmol/m?® Cr®* ion.

CXARRABROREDARELIZNSCEFELLNS,

CIRZRBDERFE R RE L R RAMEEENIR I
WTI, FigldioRT T {, 0.015mass% D PIZHER
T AR REEML, 600C T24hDELE X T LAHPCE L
LT 3 RRERRBRERY 6 TRIS N2 PILOD
BRTHEE IR TR ECRE L, CriRfEO 2 d bk
wEELZOND, LIZHTo T, 600°C T24hD B IZFR L
TEANZPAL DRI AT L, 2 DCrR L d kL AT H
L TCriRA At hSismiED B Pt AR L I Eid - T
Pt R T s R ERE 2B L T 0D LHFE LG
nb,

4. B

27 v ZAMORRBRBER IO T, KA BILED
ZRASOBELRERCL > TRET ABYRE L, 1LE
PR AF BRI S B % R T 5 LT OB R #1372,

(1) EREEALE D 6 RAMEREEAIR~ DER EALIX
#11.2V (SHE) TH Y, Ecorr?#1.2V (SHE) LI ED K
FERBEMIECIICrRERB CERT ARARABREI S HEE
¥, CriR/tWA G OEMRCERT sRFEERED LA
BEAERBINZ G,

(2) RAEREREMBTIIA—RTFA PRAT VR
3 L NiZEEAEOHM P PR T 5 BL5 7 & H%5H
RSN RREREOMED 1 umbLT L RD THRCER
BEHELTC 5,

(3) ZRAFREEAIEK TIIPIERT 2 A A L8 b il
FIRAET 5 BULEIREIX600~T700C TH b, HIEEEN
Wiz 5 2 L TH200CHK -,

7mnm



720 $%&$8 Vol 79(1993)No. 6

(4)FEICPCHEET 2R E RS KRB ENIR T
FRRRBELPRET 2 b ORHEEHRBEMRCIIBRIER
PIREAEREST, HCEEBEMRTHELRNRER
PRAETLHLORITRABEBEMETIIE LA LRNRER
PRELLZ G,

(5)iEMHRBEMBETIISHTH O 2HEREIIPEL L )
CERT 805, DRI TS 2 PR & KT
P, B A RREITCL ARROPEED FRIIKAEA
DFEZRIZIE L 6 v,

(6) “RABREENMBTHE LHMAERY RET 5 Fe-
18mass%Cr-14mass2% Ni-0.057, 0.30mass%P#iiz 3> T
SPEEDE & 3w F 2 2t 7 4 v 20K DIE S E DRLEAT
INi-P{LA® ([Ni(Fe, Cr)l,P,) »[EEShiz,

(7)ERED 7 4 v 2 KkNi-PILAW ([Ni(Fe, Cr)];P,)
L RE I A B DHLRCr-PALA Y (Cr.P) (BB T 5,

(8)MoBAMTIZ600~700°C {235 4F 5 Bz b b 72w
Lavesfl, xfH 5 ©iZo#i s & O EBRALAMHRIT AT

102

ML, LavestB L x tHI 2 BB IEMET 2 2 L2 bRIR
BEREEPRET 5,

(9)Crir At DR FHTHIZ PN R T 2 R E &1
PHIHT 2 EHEYE T 5,

ABFFE I 12RO Alloy 6008 2 #2441 L TH# - 7271
BB IS T3¢ (BR) BANFFFCAT, PAAIEMEE A 3 Btk
LEWZ9,

X [N

1) BIERIE=ER, & FiEEB, 7KIBRA : 8k L4, 79 (1993), p.706

2) K.Osozawa and H.]J.Engell : Corr.Sci., 6 (1966), p.389

3) A7 v AHEES 4 MBS IEEEK), (1975), p.203

4) 27 v AR ERERESFS BB, 29 (1980), p.410

5) J.S.Armijo: Corrosion, 24 (1968), p.24

6) K.T.Aust, J.S.Armijo., E.F.Koch and J.H.Westbrook:Trans.
ASM, 61 (1968), p.270

7) K.Nakata and .Masaoka : Jour. of Nucl.Mater., 150 (1987),
p.186

8) V.Cihal, J.Hubackova, K.Mazanec and V.Vodarek:Mat.
Chem.and Phys., 23 (1989), p.287

9) REIFR: BRI, 37 (1988), p.301



