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A Review of Sensitization of Stainless Steel
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This paper has reviewed characteristics of chemical and electrochemical
intergranular corrosion test methods used to evaluate degree of sensitization of
austenitic stainless steel and thermodynamic and kinetic models proposed to calcu-
late Cr concentration profile across grain boundary.
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Table 1. Summary of chemical tests used for the determination of susceptibility to integranular corrosion of

iron-nickel-chromium alloys.?®’

Usual

. . Test procedure
solution composition

Test name

Quantitative measure

Potential range, V
(standard
hydrogen scale)

Species
selectively attacked

Five 48-hr exposures

to boiling
tion ; solution
freshed each period

1. Nitric acid test *65wt% HNO,

solu- . .
per unit area of five

Average weight loose

testing periods

+0.99 to +1.20

1. Chromium-de-
pleted areas

2. Sigma phase
3. Chromium
bide

Cal-

1. Chromium-de-

2. Acid ferric sulfate *50wt% H,S0,+ i ]
est 25g/liter ferric sul 12'0.—hr exposure Weight loss per unit 107 to 40.9 pletgd areas '
. boiling solution area 2. Sigma phase in
(Streicher test) fate
some alloys
1. Appearance of sam-
*16wt% HS0,+ ple upon bending
3. Acid copper sulfate 100g/liter CuSO,  72-hr exposure to boil- 2. Electrical resistivity Chromium depleted
) ) . +0.30 to0 0.58
test ( +metallic co- ing solution change area
pper) 3. Change in tensile
properties
. Oxale aid et + 100g H,C,0, - AmﬁkdbeM@datll'Gﬁmiwtﬁ:u“i~+Lmto+2%orv , b
. Oxalic acid etc 2H,0+900ml H,O A /em for 1.5 min on polis hes surface a greated arious carbides

250 or 500

Comparison of ratio of
weight loss of labora-

1. Chromium-de-
pleted areas

. Nitric- i *10% HNO;+3% 4- % . igr:
5 .Nlll‘lC hydrofluoric % 3+3% 4 hr.exposure to 70TC tory annealed and as +0.14 to +0.54 2.Not for sigra
acid test HF solution . phase
received samples of
, 3.Used only for
same material .
Mo-bearing steels
L. .
leAppzefltr:.rnce Ein?i?: (a) Redox poten- 1. Alloy depletad
24 hr in boiling solu- € tial=+0.32 area

6. Hydrochloric acid test » 10% HCl .
tion

around mandre!
2. Weight loss per unit
area

(b) Corrosion  po-
tential=-0.210.1

2. Not for sigra
phase

« 5NH,S0,+

L
7. Nitric acid-Cr®" test 05NK Cr0;

for up to 100 hr

Boiling with solution
renewed every 2-4 hr

1. Weight loss per unit
area

2. Electrical resistivity
3. Metallgoraphic  ex-
amination

(a) Redox

tial=+1.37
(b) Corrosion po-
tential of 304=+
1.21

poten-

Solute segregation
to grain boundaries
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2.1.1 H|E HNOsAI & (Huey AlE)
Huey®7} o]2o]x 1930de] =% Wos

2ujAdage] FAALE Fel FFuE3 HNO,
o abz} Sglukg (4 ) ol AR

3H* +NO,~ +2e == HNO,+H,0 1)

10)
L

Streicher

2 2o EA

l"?—/."_] }ﬁ.ﬂ 7} 1-00~120VSHE°“

ek RaEkg
o Al zIziel FohRtol wat £47 97}

2H e =79

s

a8, 1 37 AEE qUsd H8Y £% o
agz Sy 2PN 27 gAe A=
A Cr(mole Agz g5 4e Crol Or
(VDoleoz 4sEy] gEoic JARAAY
% Cr(WDol&o] A% gd%d 525 g9
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Fig. 1. Schematic presentation of the range of
corrosion potential expected from various chemicai
tests for sensitization as compared with the con-
ceptualized anodic dissolution kinetics of the ma-
trix and grain boundary of sensitized stainless
steel in a hot reducing acid.?®’

o] ¥gde o ARG F L£9F9 Cr(V)o)

= 59 F24¢ = Nernst
Ao A transpassived & o
2 g F7HN U o(Fig. 1). o]
¥ Ao A3 HElwtstd A Crmzoel
e ABAA 22 YAV FAED YA =
oz verizx sk R FAI7E A 5o
Cruzdge] B4 A &0l
v ABAAME Hio] QA AEEIAES &
HAA JAE FHALD = Ao 2PA >
el 2w of AlE gdAe ® 7 20ml/em’E
o 3A et o, £9F Cr(N)Y &
218t7] 98 AlPYEHE F7]3 (484 2wl o
2 n@gc. Mo #RF 316 2HddH =%
(stainless steel, SS)3} Ni7] 2 (Hastelloy)+
PAF 2 Crazo] =HA gote YA A 4

Z7F 3ad, olAE Mog T ool £33

7] W Eoith WA Mod |HF ¥ 4w
31 HNO; £9dM Hrliste AL FFaix
@2tk 7t LAHYolEA ¥FH F2 o AH
Yol EA §Fe dvbgl AARY LA =
ZZ} 0.46~0.61lmm/y$} 0.76mm/yolt}. Hl%
HNOATE2 AR & o$ sHA7s A%
Wo)7] W €AY Y, a4 AHEE
dA FAtel AMSHE B9 AR o9
g ZA3ed #el Algddh

212 H|E H;804+Fey(S04)3 Al# (Streicher
test)

Streicher'®7} A g A gwdo|c}t, o Lo
oA AlHe] RAAAE F&9 %I L3 9%
H Logo] Y A (2)d o8 AAHC.

Fett == TFet** ¢ (2)

%27l £9F9 Feol2 BE Fe(ll)o] &0
2 EAstA, Rl AYsWA Fe(ll)o) e
2 Fe(I)o]2oz U= 4 (2)o HEI
EE@ch Rde] A3y @Y AYE 0.80~0.
85Vgypolth A3l AMBE o] £YgA F7
Hekol ulg mA, o)A Crngd YA &3
BdEr ZHAYol fAFoz Haso v

Solch HF gl wE o YA
gzt Are BAY £ £xe A Fy)
A5 w1},

Alg % £ Fe(l)o]l2o] 83 e A
$ AH HYAE 0.80~0.85VgypyS &4 ¢t}
Iaid, YAIFAFe AYIHAA Fe(M)ol 2o}
Fe(M)el 222 oia} A A RAAN7 da
31, 2 RAAYE active 994 YA £=
Atk BAALT} activedHo] A HW Aw
RA&STsL FAEA FoeA =W 2098
T9g £ rh ferric sulfategdol A A%
A AlgA|ztel Frigd mE BAAYE 24
3l actived 9o 2 7IA F2lo] §AsA
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il 42 HNOsE A A AFEATL F 7t
wel BA ALY E718le] transpassive® JhE
PAatge wlEls FHolth ferric sulfate§ oo
M Crazddgat 321SS9} 347SS9] gio]l &
= o 316589} 317889 o4t LA ¥
t}. %% Inconelidt Hastelloye] Cruztdy #
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Nas i F
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2.1.3 H|E HS04+CuS0O4+Cu Al # (Strauss

test)

StraussE! o] Ag g oz H,80,+CuSO,
S99 Cuvl god 2EdaAZel 2449
= o 0.58Vgupol L Pte] Redox® 9= < 0.77
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H&3A =W Cugl g of& Cutol F7id
g FAHY A fE 2HA#H 2ol
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2.1.4 Oxalic acid A8

o] Al¥dE L 10% oxalic aciddlAl 1A/cm?
o] ARE 158 &Feld & A E9& 3%
ooz zASE FIFAA HHohY o
Uy e v RAHAd APdHez N&EEA o7
3l 7154 & Hutste BEelth o AEHYE e
Crazgdgg L3047 Rel otz A
U ABEIELE SHATIE WRYo=E, Y4A
d e AgwsEe] LI =HA YA 2RI
A &F o gled o AMEE dulsiE]
AL 7t5Aol Utk & YA ZEFEIHE]
RAoe™ Criz A7 A& 7tsdel dde A
of ZAg AY whiolvh. wepA o] Al gl A
A7 EAZIFRE TE AH WP E o
R EA =R Flshof ot Rr HA G
2 AHE g0 =2d ZAHA ot Y&



e 2ol duigte g nF 57

Step Structure

= \\N=\\7/S

Ditch Structure

Fig. 2. Cross-sectional view of the morphology

causing a “step” and “ditch” structure.?’

=7 Aol7h Yol AVTERE HAFT EH
2R F2 ADFze] olF TXE HoW
diwszt t® Roz Wrigch Fig. 29 A
Tz 2R7) F2E Y

22 FI|shetE LA RA AlgY (EPRYY)

ol A AFF JAFA APELHEL oxalic
acid AlEHE A YsA Al Hol BFHols
YA FA NZEErE A 2B Aol
STHE dHe Ak 7AY AFLAYAE
Ze A8 BEFJIHE 74 24 E Ze A
g5 EFFHddE zolvt A& Aelds BF
A, sty AEe] EIFIH AU AH
o] BFFHE vt 7z A= F3s3
He AEr AP AU F s
g Az $5d AFIE((u)Y F2 253
UAARFEE (o) B E ATZEA @ A5
@3 vmily R =E  Frisdrh
Osozawa®®e] =224 (Fig. 3)& 29 ovzg
F2 i, 278E A& B9 50, Clarkes®)
& active-passive® o] ¥4 ¢] anodic nose?] U3
& AT AR R P stedE A
F&dch ClerboisF2¢ B3 ZMe] 23 peakd
ojwlstel BAAIAT oY =8 Fo) Cihals'?
o] A<¢tgk EPR¥H & Novak®,'® Clarke %%V
AkashiZ®o] AQ8le] YARAL Agaa v

T Y T T Y

+1.30 |

“NO SENSITIZATION

+
o
©
<]

Potential vs. SHE in Volts
o
3

+0.10

-0.10

16 10 W 1 16 100 1
Current Density (uAlcm2 )
Fig. 3. Anodic polarization curves of type 304

stainless steel in a 2N H,SO, solution at 30°C after

sensitization at 650°C for various times.3®’

BHHez gy AFHoz FHEHE Aol
7bs kA g0

o] W2 307Ce 0.5M H,S50,+0.01MKSCN
qM AHE FFHEFNA activeddoz F
BI3A71A oHistE s A A B (reactiva
tion)E| A2t oRIgE A 42 HJrE A H#
43l =HA et AMEE ol&4F Fojth
KSCN2 A A84d 24 9¥g 3,
KSCN di4lel CHiCSNH,2& AM&3lE #Heol Al
=531 o3 EPR¥WHd & single loop EPR
v double loop EPR¥H 3} reactivation ratio
EPR¥Y Fol fUrh

2.2.1 Single loop EPRH

of WHLE lum7tA Avlg AHE 289
A4 o 30min§ AT F 200mVegel 4 28 T
ol BEaAzich. o e 1.67mV/sece] -+
&5 2 200mVgedl Al B A H7AR JEF42
th.(Fig. 4(a)) d&Fc] 2 wet Crazk YA
7} reactivation®l @A AF7L F7hdd. o] A
$8 HEslo 4 (3)ez HIF& FI
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+200 mV f( 2m9 Non- sensitised
4 ]
w - ; Passive
8 = !
¢ > P
> g N
B €
€ £
Z @
Econ
(~-400 mV, 2 min)
(a}
-300 mv Log Current
w
8 Anocdic Scan
@
= 230 mv
2
$ Reverse Scan
& E,

(~-400 mV)| Scan Rate = 6 V/h

(b) Log Current  /r A
+200 mVv
4
(2 min)
w
Q
7]
4 -230 mV|
8 2(2min)
=
2
& e 5
Ecorr
!
( ~ 400 mV. 2 min) Log Current v

(©
Fig. 4. Schematics of reactivation polarization

curves (a) Single loop EPR test method, (b) dou-

ble loop EPR test method and (c¢) reactivation
ratio EPR test method.

Q= fidt (3)

o] HIFQE AHe dAEH 4§ 4=
Ui e 4938 A 4 (sensitization parame-
ter), Pa® AL&$ci( (5)).

A = Asx5.1x10 %xp(0.35G) 4)

Pa(C/cm?) = Q/A (5)

A YAIEH R, As AJH EFHOH, GE
ASTM A =7|olt}. Pazl 018 FHow 4

QEeal ge Ao, Pavl 0.4HT 3W o7
d Aoz FHch of WP 7 g U
i-1

g Mg NASA AAFY AsA vlste
HaoHe ddde] ¥Z 32 ¥t

2.2.2 Double loop EPR A|#

o] Al¥WH L 100W grit2 Hulg AJHL
A Aol A 300mVgep7tA 1.67mV/sec %=
ESAD F F4] 300mVgpell Al F2A A9 7=
4 E5EE2 dEIFADY. ¥F BFA
o o] AA HF(critical current), l[agto s
= AAE do AYYH HF(reactivation
current), Irgt& Yy #dr/la)g w3 x4
2 Argg(Fig. 4(b)).

5

2.2.3 Reactivation ratio EPRg}H

o] ¥4 & double loop EPR¥IH oA Ia gFlo
ARzl A= FAV gvhe Ald g o] &% 3
ojth. A]HE 100¥ grit2 dnjd F 2aAe
(oF 400mVgeg)ol A <F 28 /A F -230mVgey
oA 28 AT/ -230mVgepll A 28 /A 8
H 1m7tx] dAut gaAol glA Hd 2 %
200mVgepell A 28 23l He] F B9
A 1.67mV/esc2 o EFA0ck(Fig. 4(c)). Ir
#g AE BH¥oz UF AL d¥E AFE
A} &gttt

3. Cra1Z profilexj A
31 I RESE Mol i gy =246

2HIAHA2T dA N ZEEIEC] ME ol
oal ZFEHEL dHIE L2HUJER(r
Ao Ao FEAH FYEAYd Adve Aoz
713E 5 Av AAZ g@3Edes 2E o9
9 te IS5 Jdod a8 F5 AF
2 g 27E 2dolth 2PN SIEL ZFES
B2 AE & Atk YAdA agesEs-
g 2L g (6)d] o3 HAH
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Cr,+C,=Cr,C, (6)

dhg (6)o] W& Gibbs Afrollxl Waes 4
(M2 Foldr

AG=AGo+RT In L2Cocr] 7)

[aCr][ac]

G714 4G°e ZEEHE HA AFAA
i, ac® ae ZFVIER Y 22H ol
el Ad@aAM 2E(Cn)H #2(C)9 BF=
olth. e AH U EA XHA#H2ZANN ZFE
FEL dud oz CryCort FAHA, 4 (6)9
ZEEHE AR duAE e 4 (B)F
Zol x| o&u.®

4G° = —208,560—19.5T(cal) (8)

i FAFE ZEFA GUAFA dE
F orderAE 27 WEY ©ie BEZ(a)E
AU} dAld HAH FUFE RezE B F
Atk ZERFZ(CrLHe o8 EFJR TF
&9, acaey=1°th 282 Re 73 s, T
A exolth, AEEINET 2 2H U EAGO]
AR =53 HyPdde Avkz HAIHL
o2, 4G=00lt}. 2E&3EY FYPE ol Fc=
AR CrsEe & (98 FAE ol&3tdq 4
(10)e 2 Fojzlch

a, =7 x (9

A7NN 7 AR i BEEATIL, xE 4
2 ie] gulolch

_ 1 _46°
Xee = [ dDdixd e"p( RT) (10)

PARA L duri oz JAd Us Crnzd
dol el Crex 2 Crnzdddel Zd &%

oh mEd 4 (e YAFLLE dZ3E 8
g wgolt. ZFVHRE/yY AWAA Crg C
9 FE(Ce, CC) ¥ #EE AF(ree v 2
ESsEe ¥4 AHAuAl g, 4Gg ¢d¥
A (10)2 7 a2 FGAE2/r4 AN 4
J AW Crs=E ¢ & Ao

3.1.1 Bl ZETAT ()

2o Wagner®’e] excess partial

Tedmon %
molar free energyE Taylor expansion® <2

(Il ot &4 §F=AFE 7R

dlnye dlnyc alny(;]

Inyc=In °+[x +x +x
Yc rc C 37c Ni 3 %, cr 3%,

2 2
+[L 20°Inyc al“?’c:‘ (11)

25T g%k XN ¢

A (1A F HA Zact e gL xx7t
Hold ZAsE 283 dlny./d Inxi 2
LA d95xa®e ojg¥h 4 (11)9 #
L xp.=1% F2dA HA7 A &3 ¥
=71 A9 0 R F§ Ao vEF 7o
th. 299 500~800CAlel ol 498 A7t ¢
o], th& 2] (12)¢ regular solutiong& 7}7&l
A 12l ge 500~800CE MM y B F
3o

H
In 7C=R—,'I"\ (12)

ddtdom Ho& EF d¥dz 2x9 wz
8tz ¢t} Fullman®’ Bruemmer?®e} Hali%-?%
& Natesan'Vo] AgAH oz §EF 4 (13)&
o] 43l AH|AF LGN A Ghel BEE AF
g Fayo.
5100 300,

In y. = —1.845+-7—+(0.5256— T

T %C

724 404

—(0.021 - T ) %Ni+(0.28 — T %Cr)
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'(O.OIOZ—QLTZZ)%CI‘Z (13)
o714 d e wt.%olth
Was%?92 Kohler*®2] excess free energy(GE)
o e 294 BdE(H (14)& 44E8Ad A
&3t y & T3
X

b P
GE= (% +x,) e 2 A0 ZAL (14
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