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Preface

Hiroyuki Inoue

School of Engineering, Osaka Prefecture University

This report covers the products of 3 years of a research project titled “Elucidation of Corrosion
Mechanisms and the Development of Corrosion Evaluation Techniques in Salt-Production Environments”,
which was conducted on a grant from the Salt Science Research Foundation (SSRF), from 2007 to 2009.
The project was carried out by a group of 6-energetic corrosion scientists; they analyzed the corrosion
mechanisms in salt-manufacturing environments and developed the evaluation techniques for
salt-manufacturing plants. However, most of the scientists who joined the project had been solely studying
on the corrosion in chemical plants or power plants, of which environments are regarded as substantially
different from that of the salt-manufacturing plants. For covering up this weakness, twice of technical visits
to the salt-manufacturing plants were made in order to deepen the understanding on the processes, the
environments and the structural components of the salt-manufacturing. A questionnaire on the location of
problem and the structural component, and a meeting for exchanging opinions with salt-manufacturing
engineers were carried out, too. [ appreciate a cheerful cooperation of domestic salt-manufacturing
companies, on behalf of the scientists who involved in this project. I also grateful to kind advices from the
member of the SSRF Research Operation Committee: Prof. Emer. Tsuge, Prof. Nakao, Mr. Ochi and Prof.
Emer. Toyokura; it was helpful to lead this independent project to the right direction.

The equipments and the piping for salt-manufacturing are regarded as rather sensitive to the kind of
localized corrosion such as pitting, stress corrosion cracking and crevice corrosion, because the
salt-manufacturing process handles a highly-concentrated chloride solution. The flow assisted corrosion
with slurry is also frequently experienced in the process. The initiation and the propagation of these kinds
of corrosion are controlled by the degrees of the chloride concentration, pH and the DO concentration of the
process fluid (salt-manufacturing environment). The objectives of this project were to search for the ways
to prevent or mitigate corrosion in salt-manufacturing plants as well as to establish the method to predict the
remaining life of the structural components. To achieve these objectives we conducted the following
research topics: (1) the clarification of the propagation mechanism of the localized corrosion as well as the
flow-assisted corrosion in salt-manufacturing environment, (2) the establishment of the in-situ measurement
techniques for evaluating the environmental factors controlling the corrosion, (3) the development of the
monitoring techniques that enable to detect the occurrence of corrosion damages on salt-manufacturing

equipments during the very early stage of their propagation.
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Fig. 2. PRE and critical SCC generation MgCl, density

Table 1. Tested materials compositions

B4 wts] | Fe | Cr Ni | Mo S P Mn | Si C N Cu | Co Y w
SUS316L 66.4 1753 | 12.19 2.07 0.005 | 0.031 1.05 071 0.015 - - - - -
YUS270 53.22 | 19.97 | 18.86 6.14 0.001 0.023 0.48 0.48 0.012 | 0.194 0.62 - - -
NAS254N 46.18 | 23.46 | 24.53 5.28 - 0.022 0.21 0.1 0.013 0.21 - - -
NAS354N 3414 | 23.15 | 34.73 1.45 - 0.017 0.13 0.17 0.008 0.21 - - - -

C-22 41 215 57.41 133 <0.01 0.01 0.22 0.02 0.003 - - 05 0.04 29
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Table 4. Salt production process and solutions
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Table 5. Mock salt production solutions

Wi T8, wt% NaCl CaCl, MgCl, KClI Total Total CI
RV 16 0.37 0.78 0.62 17.77 10.82
B A IK 24 0.57 1.2 0.93 26.7 16.26
FHR 14 3 8 5 30 18.74
\ZH30 5 5 15 9 34 21.68
8 —f—b\/v k
0..\\ g
‘*\‘_‘\
75 — B 57
T~
7 o . "
— ~hHiL
~— — (2
Ian B = —
B . —
~
55 —m
a
10 20 a0 an a0 a0 in 2’0 1 11] 100
&ia

Fig. 8. pH of salt production solutions
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JIT.L., SSRT skl (O A58 1.33 x10° (/sec)) (2L
720 VEIRNICEREL 7 R A B R E L Ui LIS a7 7
T B LTZ$0.5 mm O Ti VA —ZfAL, B —
Ti DAY —MOEN %, T /HRNVIA—2—E N TE
=H—L1, RREY 2— L O T LI X% Fig. 12 12
A, BB HE R, FUM v rnAa—T TRER A

dummy cathode electrode

. 9l coverglass
resin ring

/ /

. electrode
sealing coat -

specimen

Fig. 12. Test module of visualization SCC tests with

electrochemical monitoring
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3. ABRERLER
3.1 EVF & SCC HERIER
3. 1.1 BRIREDEVLT # SCC HEHER

HARRIEDE O T #H SCC BRDOfER, SUS316L &
YUS270 121 SCC #AEU72H DA H Y, NAS254N
NAS354N T8 C-22 1213 SCC ZEL b DI -1z,
Fio, —HORER A IIAR NN RO AT —EDREARER TR
M 2 £ L Tz, #il% Fig. 13 1R T,

FRERAE AL (°C) LA A A PR (Wi%) THED
7ot D% SCC M~y 7 el BICHESREI LITRT,
- BUAEDRTEAE 0%, 4778 40% DFERTH D,
i, SCCEALTHLD%E X SCCEALT H£E20 um LAk
DIBEHEAECTLDOEN | 7 — Al I RS 224
Uzt 0% O, R BRI & GET# ) 2407
L% L, BIEEZT o -b0EODRRETELTH
%o SCC A MEDEES (SCC FARERKMT A ) ITIT I+
FER IR, TEIEA ITIXSZAR AL AL, SCC &AL
TSRS A5 T LT, ALERAEDIEAETHS N 20pm

Fig. 13. Crevice corrosion at bolt hole

YL EEWD A RVE, S BAMEE CHIHE IR CE DR
RCbD, MERERZIAATRE RN HLEAIX AN
%, VT RMOFERD L5 A FEIIE ST TR
PFtLiz,
3. 1.1.1 SUS316L M SCC =ity

SUS316L @ SCC &5~ > 7% Fig. 14 1277,
SUS316L (24U 7= SCC D% Fig. 15 (277, SCC &4
C7=3Bk o Pz ilfric BE-~7=b Db o7, JEIE 0%
Mo SCC FARFHR T AT REICBEDL T RRE TN
DOBEEFINIE LT, [EAE 40% #4 0 SCC FA GRS+
FTA T, BHETIE 80°CE 95CORIZHY, IRV T
60°CL 80 COMIZdH T, HEIEM TIXEEIE T O L
FEMME F951FE, SCC HA R SIF T EIRMANZ 7R
L7z,
3.1.1.1.1 SHEZEDEE
40% (REIERTZ0T 28, RHELL T OPREET SCC 24U
720 0% JESEA TREELL T O T SCC AU 7b D1
72 o7, SUS316L 1T M EAEIZ LY SCC ISP EA E E

ST, WIREIED SCC IS MR % 5.2 HH &L

Fig. 15. SCC on SUS316L
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) O I aAD(2) || @ x (%)
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h o
Sleo O \ AC) || E)so | AL x (%)
al|70 " ) g. 70 | - L
g 60 | EE0% O 160 [E3E40% O
(= [
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CI- ion density, wt%

CI- ion density, wt%

Fig. 14. SCC test results of SUS316L bubbled O, and (N,)
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THEZLNHOIE, T TH D, WEEE ST TN
THEE LI | 25 TROMEHZ R ED O #% b
2T BERE RS2 T 1A B D J7 D30 D)8 11E R
&%, TORER, SCC WHAE iR T 21554
LG holzb Db,
3.1.1.1. 2 REBRFOEE

ZERWGALFRRVGATIE, ERVIAD R SCCEAEL
T r— AR 1D %oz, ZhUE 6 S, 3 1 &M
IZBITHENTHY, ARG THoT LT T WEE,
(ZHITEIR H DR - ZEHRWGADE NI LD SCC &S

DI RO -T2 2D, IRTFERZE N LY

SCC IZRAL TH- 2 288 T, R A BN & 12T 57200
THOHZENHERSNTND "B, LosL, AERBRL=
8OCLL EDIZIVIEIR D L7 E - = M AL IR FE TR R
HCIE, BEROEMEIIRL 2D, LTzi3> T, BRI A
EWGATe, FILEL B R AL IAT ORI LD
BR R BN ZEDN NS o T2 728D SCC Rk FL TR L
SIS T-bDEE ZHND,
3.1.1.1. 3 SCCHERK

SCC (ZLVIEWHZE > 7=5kBk 7 (CW40+127230-95C -
FiR SEWGA ) il 1 O A& A B - B 8% (SEM) 5 E.% Fig.

16 (Z5F, SCC BRI IS ARIN TH-7= (TGSCC) .

HAbY) SCC DMERMIEIL, Sl LA Z T HE0. b
HDRBIHZRE A EFROT TGSCC THHIENHD
NTWg 1 DT, BERFERTHHENZ D,
3.1.1. 1.4 SCCEAELLHI-AE

SCCIE AL 10~%% 100 um FRE D FLAZ IR EL TR
FEL Tz, FLEDS SCC E il 2B HIZI, FLEDYIY
RELIRVIGIERPEZDZ L, FLAENE LY 4

L DOREMEEKFEDIAEIZLD pH OIK FVAEL BRI
BN BRI T/ 5 2L D20 E NG 7,

SCC EilrpoT- A0 ORI EEEIC Lo THA

D, B/OLOIXARE 10 um, FRAKOHDOIL A 300 pm
R ThoTo, S ARERRKAEDONRIEHID SEM 5
B% Fig. 1712777, SCC DEE R ERSTfLED MR
HACBREE - SR E NS AR LA IR L - ARIR BRI 2L
KEDoTz, BRZ O£ 100 um LA FOALEEFESETD
SCC 1E, 95CLL EDIZHVEFIR TOFHFLHAL, 10 pm L
TOFAEILEETD SCCIE 1OCTDIZHNIEKE DI T
Ao, FIEOFHEIZL> THLEVAXICERITIADL
N7,
3.1.1.1. 5 BIBIREOBEDRRED LI LG

RIE~DERAME

RS " 1 3BUE T NI BT SUS316L SUREVE
D3 PN DUNTHRREL | A T 7 AR RS S T~
DI D2 T i B 1 AR CIE SCCHEAEDY A
INDHHELTND, BT Z L MO AR IL, Table 4 12
IRLTZEDNT, DA KEEGED TOLNET TG T
L ALRE 2D IO A 72 S THY | fidn i
DI A KD RHEICAT Y 5, Fig. 14 OfE
LTI ELEA CIER M S ORE Ba R 3508, 40% JE
SEM CILR M D238 A 2 4 LU T8 PHICH U AT D3 ] 55,
FHELL T O FE OV CrIm i EAE DO A A SCC D
HEEL—F LT, 58N 125201 7= SUS316L [ 3R L RS
A Y CHE AT EE ISR TR BN &N
IS oT0, EHEIZH1T2 SUS3I6L @ SCC E 54
o OGBS B Z W TR Y Fig. 14 OfE RLE R
72b D% Fig. 18 (-7, 7235, LI ILSCRkOAS A7)

Fig. 16. Fracture of SUS316L (CW40, bittern, 95°C, O, bubbled)
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Tensile stress

Tensile stress

SCC initiated by ®300u m pit

SCC initiated by @10« m pit
(CW40,bittern,80°C,N,, bubbled)

(CW40,bittern,110°C,N,, bubbled)

Fig. 17. SEM images of SCC initiated by pits on SUS316L
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Fig. 18. Plant experiences and test results of SCC on SUS316L

5. Fig. 18 ORI IRIAE & (Wt%) (272> TD, [XH,
1 IIBEVE OFE R TH D, Fig. 18 11, akBRifs B & R
BRIZESKHRL CDEN 2D, 7272 ARBVE I3 T &
EEARTREOEASREPBLNZEICEET2LEDRD

%, FHfF " L Fig. 14 OFERDHEHELL Lo T
@ SUS316L @ SCC RAEVAZIZABINTHD, 12721, 1)
AT LS TUE SCC 2L =724 ™ bbb, — 77,
25 wt% - 60°CLL T OFEIK Tl SCC 24U 7 KR
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Fig. 19. SCC test results of YUS270 bubbled O, and (N,)
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TEEFDRBD,

LY, SUS316L ZHUGEBRITIC VDY E, I
(R L AR - ECIR B sk (R ) (2 BRE LG 4
NRETZLNZD,
3.1.1.2 YUS270 ® SCC REZ4E<vr

YUS270 @ SCC &= ME~> 7% Fig. 19 [T 7,
YUS270 (24U 72 SCC DA% Fig. 20 (27§, SCCEAL
TR T S 7o b D72 o 72, JERE 0% A 1E
WTNOSRMETFIZBWTYH SCC 24U o7z, Ik
40% #40 SCC FEABFI RN T A NI RAR LTS DEEF
WALEL ., 95°CLLETD A SCC A Rbi7,

3.1.1. 2.1 AHEEDEE

W IER TO I TV T SCC 4 LT,
YUS270 %, SUS316L E[RIULAFIELEIZ LY SCC R
NEEST,
3.1.1.2. 2 BEBRROELE

ERVOALFRRVIATIT, RRVIAD 3 SCCEAEL
T r— AR 1D oz, ZhU 6 S, T 1 54
IZBITHENTHIEENRHALH Tholo LT 5 W E,
3.1.1.2. 3 SCCHEANH

YUS270 {24 U 72 SCC EFLAITDOUNT, SUS316L Tl
RopipoT R LT AL 2 TR A O
Fig. 21 [ZRWR CRUIZIHNZBRES LTV V2, Fig. 20 %
DOHND1>TH%, Fig. 21 IZFHRTRLIZEOFTH
SCC ZZFT=DIX T DR T, ZNLISDERSy TIX
LEOAREAL, FLAEO ORI 50~100 um FEEDL
DIREH 7=,

HFHC A U7 SCC T A THLR A I L TRAL T
V=, Fig. 21 lZEHR CRUTZIRIOFE 73 YUS270 DO FL £

Fig. 20. SCC on YUS270

Striped area
pit only

Striped area
SCC or pit

Not striped area was no corrosion (except crevice corrosion at bolt hole)

Fig. 21. Attacked area on YUS270

J Y SCC sz A o TDHEB 2 BTz, Fig. 21 128
BRI EZ AV RAR—=ANTRELIZLEZA,
JEDHFRRAFITNZ, —RIAH pm FEEE T, S i E CE
R T e ST/ D 7R T2, ZORAfEkAE SEM (+EDX) %
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RTS8 L7=, SEM G- E% Fig. 22 (2, EDX 4347
i R Fig. 23 (R 77, AHARIE £ T Mo K U Cr Dk,
Fe X O'Ni DA 3 S5, Mo LT Cr DIR{bEEWVOFF
o RHIE o M2 EE DS, YUS270 13 Mo T
HHZEND o L DERELEMDER LT, B
BN T U735 BRI LB S LB L& TG 2,
P 252 1 AR ICBVLER XL TU ez | BlERS
Nz o FIEBLERH R ST b o2 L ibivs, YUS270 %
MAWDEITEEIREZATRE L | LB THIIIE L Z
THZETARDMEMENFHEEINDTEAS,

3.1.1. 2. 4 SIBRE~OEAM

o FZ A CTZENL D MR 252 1T T2 28735 Fig.

19 Ti YUS270 AR EMEZ T CETUVRhoTzd
Bbihd, RO EMEE MR T H7-0, YUS270 [E4E
40% RO o FANTHIEZY —T N Th/ =L, 1TH

B 29EE>a0

0 +80°C - FAFWGA ClRAIER DRI A AT o722 A, SCC X
BT RO T2, YUS270 (3ASKD A% J8
TELOTHIUL, Dl Eb BT TELbD L
Bbnas,
3. 1. 1. 3 NAS254N 0 SCC BEZtt<vr
NAS254N @ SCC &=zt~ > 7% Fig. 24 (T=~7,
NAS254N |2 SCC U7tk i3 fiE) 7, 72720, 12
POEETIFALEBLZECTZRBR A o7, JLEZAELT
RN, YUS270 D556 L [RERIC Fig. 21 IZRHR TR
L7-mlc RS, AR 20~30 um FRE7E 572,
NAS254N TIXJEIER « 110°C - (Z0SAEDIGA IR
fOM B CEIZES Iz SCC ER LIRS fEIZ R 725
FRR D BB RS DTz, ZORIRO RS & o5
SAPEMEE 5B K% O SEM B-EL% Fig. 25 1O,

Fig. 22. Micro structure on YUS270 that indicated Fig. 21

OIS 5BeC2 A0

~—+—SiK —#—MolL CrK < MnK % FeK —#—NiK

Fig. 23. EDX result of micro structure on YUS270
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Fig. 24. SCC test results of NAS254N with [Clad]

Fig. 25. Local corrosion on NAS254N CW40

NAS254N + SS400 77w R #F13 SCC &3 A 7RS 7270
o7z, [AZMD NAS254N YUy R SCC ISR /RS
TRINST=DT, 77y Rk &V REFC SCC IS MEIC 22T
OOV ST, 12720 BRBRANZ Y Ty R LT R
FHUU DO — VP RFERTHST=D T, RFZIAHIE £
ZZAT TN, REMPIERINTEETITYRMD
NAS254N (23R B A 52T 7= rIREPED D,

NAS254N (5P HEEMT SCC ZEEUD>T2h D
D ACHVEREE CIIRHE B2 A U, (LR I 3
DI MR LN D DENZ D, RHEEREE IR R
EAEUIRoTD T K E TS AL IS AT

BE7- b,
3. 1. 1. 4 NAS354N 0 SCC EZt<vS

NAS354N @ SCC &3z~ ~7"% Fig. 26 \ZR~7,
NAS354N [F 2 THOEMTSCCHILEL b/ o7z,

NAS354N [ ZHUE 7T hodb B HEREE Tl F nlREL
HWr ST,
3.1.1.5 C-22M SCC FEZH<IvT

C-22 O SCC &=z~ ~7"% Fig. 271~ ¥, C-22 134
TOLEMT SCC HILED Abh/ehoTz,

C-22 13U T Z > bDBH LD HERBE Tl FH Al HE
e,

I
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Fig. 26. SCC test results of NAS354N
120 Remax [ R E] 1z0] mmeax | E EGT
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Fig. 27. SCC test results of C-22 bubbled O, and (N,)

3. 1. 1. 6 BUEIRIEICHITHAHRIRIES

Fig. 28 |[ZRUEIRENIZ T DM EhEIR RS A7~ 40
~60°COMAKEREE (FffiETTE) 121 SUS316L (PRE25) %
FWDZENRFRETH D, T LG @R - miE O a8k
Gitidn 1, ALRRIE) 121X PRE40 LA EOMEKA—/S—2
T UL AROE ARSI NS, BEEEEA ST T
LR 248 4 5121%, PRESO BL_EDMHEAK A— 3— 2
T UL AEH Ni FEE4a O Ao HeEE STz,
3. 1. 2 EEMFIEMDEVT # SCC HEBRHERLEE

EBALEIE O E O A SCC % SUS3I6L &
YUS270 {2 2WTHEEL 7=, HRRIEEN FI2BTD
SCC B R4 21T, SUS316L % SCC F& LW 4t
572572 80°CRHIE CRABR L 7=, YUS270 [ IA kit &4
ZEHNT 5720, o AT ZE HL2n Lol —rL
7o o, BUEBREE CReb LY 110°CI23 TR LT,
I TRPHRUTFE B VGA - TR L 72,

BRI A Fig. 29 (3, B A O SR DIRAE T

D BRI AN IE 5 RS O CREA LTz, i EL il
AT #iHTIL SCC AU X R b7en -
7=

Table 6 |Z H ZXRIEENLHIE R LA 7”79, SUS316L -
BT B RIRIE RN E S T CTHREZ AL TLEI D,
ARDOEWTO BIRRIBENII AR o7, AEE
DOENLEFLER LT, YUS270 AT RERE AR5
HSNZIE BN A E C& T, ZOBAITRAR &@E%fot
REEDDIR 2 (2 IT72Y -60 mV CTLRELTZN, BALIZ
FAZELIFIE D ) A XIS EE LT,

SUS316L 1% -290 mV vs Ag/AgCl (LA R, BALIZ 4 Tvs
Ag/AgClTERT) BB CHEZAUIFRERNH T2,
290 mV KV &7 240 mV E BN CTIIILEE LT
722, 2290 mV CAUZZABITREEOL O TlE

< HEEICEADLOTIHRAWEEZ NS,

Fig. 30 (Z/NE5® OFERRLTZ 80°C MeCl, ¥4 H1-245
MPa ERFEICIITD SUS316 D SCC B MBI~
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T (KR OBALITEAF A 2 AV EMR: SCE ),
BB T DI A BN, FLAHLIX SCC K
T, A A BN A TS, ZOMED
5. Fig. 29 1ZFL&H LLIE SCC &S MBI MEET 5
L7256, SUS316L I -200~-230 mV, YUS270 /% -150
~-230 mV OFPHIAFIET HE T TED, THRINLDHIL

£H LT SCC = BN IR Fig. 29 ITEZIAAT,
SUS316L I3 FARD B NEALDENL -200 mV & U~
REERTIZBIT LB LI SCC IS A -200~
230 mV BNFFE L7z, VT ARRIEDEOT
ARERFE RO RHE 80°CTHEEZAELT-ZEERGLT

SCC
[AZeN

Eprocess: condensation| crystallization | chemical
' solution{ brine conc brine | Yeus' | bittern ||
120
110 Super stainless steel
L 100 of 40 in PRE
2 90
35
T 80
a
£ 70
— 60 | ]
50 || SUS316L(PRE25)
40
30
15 20 25 30 35

Solute mass ,wth

Fig. 28. Material selection guideline in salt production plant

Potential [mV vs Ag/AgCl]

0 ) cWo |
80°C SUS316L (Gyao)
-50 w ol (m)!
[110°C YUS270 CW40 sealed] (0]
S0 P s Ege (o]
A :pit only (O]
-150 [—| x:SCC
O:No Corr 0
-200 - BAESE [:]:I
| —EgEEEL O [O] (O]
-250 [O]
-300 SCCREZMELH [O]
O[0]
pak) ]

-350
10

15

T I 1Y E—
20 2

Cl” ion density [Cl wt%]

5

Fig. 29. Results of potentiostatic SCC tests
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Table 6. Corrosion potentials of tested materials

ME- R AEEEL mV vs Ag/AgCl

e = YUS270CW40
Bk RE SUS316L | SUS316LCW40 Fig. 208 S —JL
[Zh%Y 110 -500
Bi& 80 -200 -190
HFE-REERL mV vs Ag/AgCl
e =] YUS270CW40
B& p SUS316L | SUS316LCW40 Fig. 20 @S — L
=A%) 110 -60
Bk 80 -300 -290
AEEDOKEE
g3 | YUS270CW40
¥ BE SUS316L SUS316LCW Fig. 208 > —JL
fab) 1) 110 BRLZL
Bi& 80 ie e
ry I strain, ¢
& }-" Ureven Gerergl Corrosion 0.00 0.01 0.02 0.03 0.04 0.05 0.06
'ZJ . 400 " 1 " 1 " 1 " 1 " 1 " 1
a Pitting | - 300
b -
u: o 300 Constant displacement | 250
% A = ] > \ P -
~-300 Aa—&8—.m E 200+ / -200
o o - % s L
g xs\<§’\x5cc § 1004 | 150
é lo] x S ] |
Q Q 04 100
=350 No Localized Comosion o 50
, | , =100
10 20 0 L0 : : : : : : 0
MgCl: Concentration  (wiL) 0.00 0.01 0.02 0.03 0.04 0.05 0.06
gA--—-UnEw-n General Corrosion time, s
s PRE LN
X - SCE :

QO =-Nop Localized Corrosion
Fig. 30. SCC susceptibility map of SUS316 as functions of
MgCl, cocentration and potential in 80°C MgCl, aerated

solution

3.2 ERAAURBRIGENALI: SCC-REERE
BH~REHOEERBRGER
7t 4 [B1> SSRT #BRZ1T 72, A FHK 90 [ElDFE o
LG 50 FEFNCRO DI, FONTZEBN /A A
FOUE I DO—H% Fig. 31 (2~ BLIFROEN /A
AWNT )—RHFEGETHD, LZAHT, HES 2IIHERER

Fig. 31. Potential and stress during SSRT

R EOAERKICIVRER T ETREY /—RER 1 25
Uleex | BlHlS D BB IREI B E DBLRIL T
TRAOAPUSNDZLERL TNV,

1,(t)=1,{-exp(-2.303AE(¢)/b, )} - C,(dE(t)/ dt)

727210,
L, RENRECRFFEER
AE ; EHIRRED G R FBNL (E) 13t T 2B OBk
5 (AE =Ey- Ey) . BAL/AX
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ERicESNT, BAL/ A XS —H LT )—RE
TR AN U, SO T —2 & EN B4
5L, FBEaHELRE EN ORAERZNE 5266
LC\ e, £DO—1f5l% Fig. 32 31 U Fig. 33 [T/~ 7, i
&G EN AR Z ORISR T — 2 IR/ 22 b3 s8sd b
72D EN FEAERFESHIG LIz B 7 — 2 23R
DROERDHERSNIZ, TNENOR—TN T )—F
BRI B R LIZH D% Fig. 34 31 OV Fig. 35 12~
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JECEIRMENE — L%, HeIC (30 BREE) ¥
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Fig. 36. Correlation between crack length and anodic
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Fig. 37. SEM image and EDX of colored point in grain boundary
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Fig. 38. Si concentration at colored point
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Susceptibility Mapping and Mechanistic Understanding of Stress Corrosion
Cracking for Austenitic Alloys

Yutaka Watanabe

Graduate School of Engineering, Tohoku University

Summary

To manage stress corrosion cracking (SCC) of structual materials in salt production plants, avoiding initiation
of SCC by selections of suitable alloys and optimized operating conditions are important, since propagation rate of
SCC is very high, once the cracking started. Hence, this study aims to construct “SCC susceptibility maps”,
which indicates the critical conditions of SCC for austenitic alloys to occur in the environments of salt production
plants.

Constant strain SCC tests has been done for five kinds of austenitic alloys, SUS316L, YUS270, NAS254N,
NAS354N, and C-22. The testing conditions were in conc brine, mother liquor, bittern and the temperatures were

60 - 110°C. SCC susceptibility maps of the alloys in the salt production environments have been constructed
based on the tests. Material selection guideline has

been determined based on both the test results and

. . 1process { condensation| crystallization | chemical
reported SCC experiences in actual plants.  process | s Mother|

e . ' solution| brine conc brine| liquor | Dittern []
Applicabilities of the alloys in the salt — }---------

production environments are following;

110 Super stainless steel
100 of 40 over in PRE

- It is reasonable to apply SUS316L to condensation

process.

It is necessary to apply at least super stainless

Temperature ,°C
©
3

70
steels of 40 over in PRE to crystallization process 60 [
50 | SUS316L(PRE25)
and later. 10
-If it is necessary to avoid all local corrosion in 30 ‘ ‘
chemical process, super stainless steels of 50 over 15 20 25 %0 %

Solute mass ,wt%h

in PRE or Ni-base alloys should be applied.

(Pitting Resistance Equivalent: PRE = Cr + 3.3Mo Material selection guideline in salt production plant
+20N)
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Fig. 1. Set-up of a jet-in-slit corrosion testing apparatus
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Fig. 4. Cross-sectional profile and surface appearance of specimen (C4641) after a 24 h corrosion test at various salt

concentrations of test solution
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Fig. 5. Damage depth of specimen (C4641) after a 24 h

corrosion test in NaCl solution from 1 to 10 wt%
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Fig. 6. SEM micrograph at the portion of 2 mm (left) and 5 mm (right) of specimen (C4641) after a 24 h corrosion test in 10
wt% NaCl solution
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Fig. 8. Damage depth of specimen (C4641) after a 24 h test in NaCl solution at various temperatures
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Fig. 9. Cross-sectional profile and photo of specimen (C2801) after a 24 h corrosion test at various salt concentrations of test

solution
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Fig. 10. Cross-sectional profile and photo of specimen (C7060) after a 24 h corrosion test at various salt concentrations of

test solution
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Fig. 11. Cross-sectional profile and photo of specimen (C7150) after a 24 h corrosion test at various salt concentrations of

test solution
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Flow-Induced Corrosion of Copper Alloys in a High Salt Concentration

Environment

Akihiro Yabuki

Graduate School of Engineering, Hiroshima University

Summary

Salt production plants have severe corrosive conditions with solutions of high salt concentration flow
causing intense corrosive damage to equipment and pipes. To avoid the corrosion damage, stainless steels
and copper alloys, which generally have anti-corrosion properties, have been used for the component
materials of the plants. However, it has been reported that corrosion damage occurs in the heat transfer
tubes of heat exchangers. When considering the durability of copper alloys in a high salt concentration
environment, it is important to know how the corrosion products film formed on their surface will be affected
by temperature and dissolved oxygen in solution. The corrosion in plants largely depends on hydrodynamic
conditions in fluid, and is accelerated by the fluid’s shear force and turbulence. The corrosion products film
would be broken away due to impact of salt particles in a higher salt concentration environment.

In the present study, flow-induced corrosion tests for copper alloys, brass (C2801), free-cutting brass
(C3604), naval brass (C4641) and cupronickel (C7060, C7150), were carried out in a high salt concentration
environment. A jet-in-slit corrosion testing apparatus was used. The effects of salt concentration and
temperature in a test solution were investigated. Flow-induced corrosion tests were conducted in a NaCl
solution from 1 to 10 wt% at a temperature of 40 to 100 °C. The surface conditions of the specimens after
corrosion test were observed using SEM. A slurry testing apparatus was developed in order to investigate
damage behavior of copper alloys in salt slurry solution. The slurry tests of cupronickel (C7060, C7150)
were carried out in slurry solution from 10 to 60 wt% at a temperature of 20 to 80 °C.

The following results were obtained. Brass and naval brass were damaged during intense flow in
flow-induced corrosion test. When the temperature of the solution increased, the corrosion damage
increased. The corrosion damage of cupronickel was quite low compared with damages of brass and naval
brass, although the color change of surface was observed. The order of anti-corrosion properties of these
copper alloys is C7150 > C7060 > C2801 > C4641. The operating condition of slurry testing apparatus was
determined and salt particles were impacted at narrow angle in the apparatus. The damage of cupronickel
in salt slurry increased, when the temperature, salt concentration or velocity of the solution increased.
Damages of two types of cupronickel (C7060, C7150) in salt slurry was almost the same. It was suggested

that the properties of the film formed on the material surface were related to the corrosion damage.
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Fig. 1. Schematic of the oxygen analysis system
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Table 1. Chemical composition of the test solution (mass %)

NaCl CaCl, MgCl, KCl
Synthetic brine 16 0.37 0.78 0.62
Synthetic concentrated brine 24 0.57 1.2 0.93
Synthetic mother liquid 14 3.0 8.0 5.0
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Fig. 2. Schematic of a batch cell for voltammetry using a

rotating electrode
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Fig. 4. Effect of potential sweep range on the reproducibility of oxygen reduction current density on a rotating Pt electrode in

the concentrated brine solution at 40°C (2,000 rpm)
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Fig. 5. Effect of rotating speed on the oxygen reduction current on a rotating Pt electrode in a synthetic brine solution at 40°C
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Fig. 8. Effect of rotating speed on the oxygen reduction current on a rotating Pt electrode in a synthetic concentrated brine
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Fig. 9. Effect of Cu®" on the cyclic polarization behavior of rotating (2,000 rpm) Pt electrode in the (a) deaerated and (b)
aerated synthetic brine at 40 °C
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Fig. 10. Effect of Fe** on the cyclic polarization behavior of rotating (2,000 rpm) Pt electrode in the (a) deaerated and (b)

aerated synthetic brine at 40 °C
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Fig. 12. Effect of Ni*" on the cyclic polarization behavior of rotating (2,000 rpm) Pt electrode in the (a) deaerated and (b)

aerated synthetic brine at 40 °C
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No. 07A3-09A3

Development of Dissolved Oxygen Monitoring System for Corrosion Control of

Salt Producing Plants

Hitoshi Yashiro, Eiichi Suzuki and Seung-Taek Myung

Department of Chemical Engineering, Faculty of Engineering, Iwate University

Summary

For the better control of corrosion problems in salt producing plants, it is demanded to develop a monitoring
system of dissolved oxygen in the plant solutions. The subject of this study is to propose a suitable manner of
analysis in terms of sampling method, analysis principle and calibration method.

The dissolved oxygen concentration can be determined conveniently after sampling from plant lines using a
newly designed outflow type of cell based on the linear relationship between the dissolved oxygen concentration
and limiting current density for the reduction of oxygen on the rotating Pt electrode. The current density is then
calibrated referring to both deoxygenated and aerated sample solutions. Pt electrode can be activated
elctrochemically by the anodic polarization to 0.7 V (Ag/AgCl) prior to cathodic polarization. The existence of
Cu”" in the brine above 1 ppm interfered with the oxygen analysis because Cu deposited on Pt during the cathodic
polarization. Meanwhile, anodic current peak for the stripping of the deposited Cu is useful for sensitive
detection of Cu”" in the solution, as was demonstrated for practical solutions. During the cathodic reduction of
oxygen in the brine containing Fe*" above 1 ppm, Fe(OH), deposited on the Pt electrode due to the surface
alkalization, causing a serious interference with the oxygen reduction reaction. Ni*" ion up to 5 ppm showed
scare effect on the electroreduction of oxygen on the rotating Pt electrode. These detrimental effects can be
eliminated using a cation exchange method. The fluorescent oxygen meter can be set in the analysis line to make
up the weakness against metallic contaminations, although the response is rather slow.

The analysis of oxygen concentration in the reference aerated sample solution by the Winkler method allows
determination of absolute values of oxygen concentration in sample solutions. The calibration could be
facilitated by placing an oxygen evolution electrode within a sampling tube based on the principle of standard

addition method, which should be achieved in the immediate future.
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Fig. 5. Biaixal strain gages stuck on the outer and the inner surfaces of a SUS 304 short-pipe specimen
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Fig. 7. Time changes in corrosion potential at 50 and 60°C
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casted residual stress (RS), the blue-line indicates the result

for the specimen that was not casted the RS)
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Fig. 11. Typical surface morphology of the RS casted

specimen after finishing the measurement shown in Fig. 7 to
10

(2L EBISRBRAREZ IO L AT N H O H e Z B
RUILZA ZROEREFIRDHEES I, RERAE
O A F% Fig. 11 (2R T,

5 %

(1) BT T NE A~ DR T LT, IS B REN
(SCO) BAMHBHDOBXALF /A XA —2REL
7

(2) AP —Iix, ENEIZBERRIS &7z
SUS304 HFTE GRER) LT & R (S H) 2205
%,

(3) B A BRAE [ 2 IV CL 2 /s DFEED 10% NaCl
KRR CHRAERBR A B 72>, SCC DIAELE
AL TET,

i

i JE B INENE N2 FRBRIR D /S A 7 N ~D IR R
HOMEIL, AR 2 P =T Vo T RR B O A
B FIFBERFLEHROTRBILDL DO THD, i
L UEHOBEERT,

5| SRR
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2) H. Inoue, M. Kinoshita and Y. Maeda, Proceedings of
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52(9), pp-483-487 (2003)
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(2)304 RTVLABDIEHEREINRZEADHES
BAA DEE

1. %
Fa—7 =y /b (Cu-Ni) L#H (Cu-Zn) 72 & OFI A
BIEHT ., BURERHE I L /KSR T C it £
BNDZEND, BB O IBG T 2 — 712 ST
W5, BUEERETIE IR 110°CLL T O 2 M b
KB TdD, ZOBRETIZEWT, &84T, 187
7% (DO) ZELA L L TR R ESND, FEEE, R
DOFEETHD A FIZIE, ppm (1 mg kg') A—F—D
FRO= L BENDAF N EENTEY D, F0R4
JRELT, SAAEROIEBEM IR HES LTS Y,

A EEOBEME CROEE RO D — DI,
SUS316 X SUS304 72 EDIHDA —AT F A AT 1
A8 (L SS) THRUYES NI B IRCELE . 7L 7 HHDIS
NI EEIN (SCC) EF 2D, T4, BUFIHE O 2SR
I, TERD SUS316L 725, KV EPED RV, A—r3—R
T UV AR = NS T AR EHRIS LT
72 Y, Lo, BRI OBE o/ SV RIREL T
SUS316L &2A\ NEXHG T DY 35 AT L AR 2
RS Cn5, Fieo, Bolf OEWANS O Elis a1y 5z, A
REZRBRY ., LA SS #M oo FHEPAZ AT 7 E DL
2

HPE DAL KSR ER T COPLH SS @ SCC 1,
F1Z DO ZERLAIE L THEITT 2, 20720 IR E A
T HE B LS T2 SUS304 1359 100°C, [RIUL SUS316
TIHH 120°CE T SCCIFATZN P, LA T, DO A3
FENTFRETE QIR IFEA L ORI EE T b
LSS THERR TEDZ LT D, LnL., #4413, DO

i

ERICL, IRITEN O @V EERBRLAI TH D, £i-, 6

A%, DO EHARY | BUEO T T a2 TH DL

B LD ARICBR E DS IR TEAR W, 272 INEME

Fa—TDOIEILTE Cu A4 203, Z8584F, HDHWELD

THED TR D SS D SCC Iz M2 A (NS

TWDRREVED DD, 1272, A 72 i /K BR 5 Tl
MR Cu* 12XV 304SS D SCC AMEHESNHZED RS

WD YA B O LRI T T, AR BIRN

LD TREFTLIZFIEZR 0,

ABFIECIE, #AR7R BIEBRBE CHHIRMED A K E A
BELUIZRBRIEE O EOHA A RINC LS, LA
SS & SCC J&sMEDZEAv A | ARIEEE O 22380k (SSRT)
ECHIE LT, 3B A EHTIE SUS304 % v iz, £7-.
A OFINENT, (TR HHER) Lo IHTRE
FERV 10 mg/L & LTz, Fiz, S A4 LRI T 5.,
=NV IR B NN A A DIIFH ROV THL A D
B THEILIZ,

2. ERAE

R O BRI, W SN JEE 2 mm D
SUS304 Dl FHV Tz, ML FAA % Table 1127
T, FbEE, £ 20 mm, B 2 x 4 mm OSEATEH AR
O G RABR AN L% | 7R3 O & fr< BUL B
TRI7poTlc, WATERO R EZ | #2000 £ TTAUMCTHE
FEM: BIFLCn SEATEOH DK 10 mm (FEfE 80
mm?) ZFEL . oI Var o — M T LT,
AERIKIL, Table 2 DB A KA FEARGIREL |
CuCl, 2H,0 725 NZ CuCl, NiCl, 6H,0, ZnClL %, 542 &
AF U OPRFEN 10 mg/L E7RDIDNFTEET D, Hilldh
DTSSR TIRINL, R RO — &

Table 1. Chemical composition of the SUS304 stainless sheet used for the material for the specimens

c Si Mn P S

Ni Cr Mo Cu

0.066 0.58 0.82 0.029 0.002 8.75

wit%

18.29 0.14 0.14

Table 2. Chemical composition of the base solution, simulated concentrated-brine

(Density: 1.14 kg / dm®)

NaCl NaBr H,O

5.66 25.11 9.27

240.39 1.15 718.42 g/kg
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Table 3. Summary of the test solution and the exposing gases

No Test solution (100°C) Exposing gas

1 Base solution (BS) Pure-Ar

2 BS 10 vol% O,-Ar

3 BS Pure-O,

4 BS + 10 mg/L Cu" Pure-Ar

5 BS + 10 mg/L Cu™ Pure-Ar

6 BS + 10 mg/L Zn*" Pure-Ar

7 BS + 10 mg/L Cu”" +10 mg/L Zn*" Pure-Ar

8 BS + 10 mg/L Ni** Pure-Ar

9 BS + 10 mg/L Cu’" + 10 mg/L Ni** Pure-Ar

10 Dry air (100°C) —
Table 3 (277, 7236, BRIREE (100°C) TOIRALRHK D
o . . Gas condenser  Thermo
BT 114 kg/L Tholo, L3> TCL RS- 4-4 trap | Gas ~couple
BAZ L OREEIL, B RERET/RTE 8.8 ppm, KEVEEE
LU B R VI TIE 0.18 mmolkg £72%, A7t u N =
BV, R DT20 . KEUE F TR RIS & 7% i ot
eI, BB A 2y UV ITEA LT, SRERIRD = =i
VRAFH A% 35728, Table 3 |IRUIZMAAHHE T, ‘
PR GRBRIR &'V 3B LD ZERIER) (ST V285 ! =
WEHMIERSE . 10% Op-Ar IRA T A% | BRI BEAZD) ‘
SRR T ETHAEL CHALY, HA, /L LR Airtight cell
DR T — BTN RS Y 7 &L TSR Test soln
(CHEH LTz, BB OIREEIT, MR T £ T, BaRE—¥ Heator dy:m;rztfain Specimen
LR FEFAEIRR T 100+ 0.5CITHIBIL 7=, 75 10 DRE, (type-304)

AIEMEBREE CORB T OO~ EihRE 525 H
BT, 100 CORLIERZE S HFI Tl T o7,

SSRT &, #BRIEDIEANZLD A ADE A B A6 |
B A 2 B, AT CREBRIE P IC B RIRIEL OB
BRAA LT, HIEROMEEX% Fig. 1 (277, H EROK
B O 2B Z WV ikl E T BRI 2.0
x10°%/s DETOT BTN, BRI, 3Bk OO
ERFE, RN RENE 60s MR CHIEL -, BALO
BEIZIL, fFn KCl ZNEEIRET 5, R AR
(Ag/AgCl) M AV =, Ag/AgCl BRI, LD
BRI TSI BRI L 72, SSRT O O —faf EHh AR
FITE S C ORI O Z i A Blo 7=, Table 3 DFE
17735 9 DRIFETD 6 % dsce. FLlEZER P TR IRST23E

Fig. 1. Schematic representation of SSRT

510 D 6 % Sppmune & L KA RS TORBR
D SCC JEZMHREL Iscc R HE LT, [FIUHER F#EFCIE,
ﬁ%ﬁ%@ SCC ﬁjJ‘E’fﬁEiﬂ%b \&/SE& ]SCC Gi/J\§<7L£§>o

Isce= Jsce /Oimmune (1

3. HEREER
3. 1 EHRAELVICHEDREE

RBR DS AEZUT, Table 3 DFE S 17059 DWLTH
DBREESAETO SSRT 12 W T, ZDOIEAEAELT
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HEL = (Fig. 2), 7o, iIEREIL, HH5 159D
WO BB SRAT OB A b | KN EIL Td - 72 (Fig.
3).
3. 2 HAERIRIETO SCC BEAZ M
Fig. 412 Table 3 DF 1 72HTNT 2, 3, 10 DA BEES:
EF @ SSRT CHIESNIIE ] — O T Bz~ g, £
72 Fig. S IZ[FAULKEFEF 1 726N S5, 8, 9 TORERAZ/RT,
Table 4 |2, SSRT CHIESIIZIE ST — OF R BIFR D
KO OO 6, 725N (1) 1ZL7223> T
K7z SCC IS MEFRE Iscc D— % 7”7, SSRT DEREE
(21, Table 3 D%Fs %3 75 DO BRI IK DALAZRH TN
AN AZ W, FT2. e [ZOWTE, HER S I
TD70 | FEMEOW7 T 7 AR LT,
3.2. 1 AGEBMFRDEE

00 15.0kV 12.1mm x30 SE(M)

Fig. 2. Typical fracture surface (A fracture surface of the

specimen after finishing the measurement in the No. 9

solution in Table 3)

Base sol'n

Stress / kg frm2

20t
with 100%0:
101 with 10%02
Dry air (100°C)
ot ‘ ‘ ‘

0 2 4 6 8 10 2 % B 1B
Elongation / mm

Fig. 4. Stress-elongation curves of SSRT under the No. 1, 2,

3, 10 conditions shown in Table 3

Table 4 (Z7RL72E8Y. Table 3 DFE S 1 26TNT 2. 3
DL FTD SSRT D § 1, BRI ~DEAT ADEEFH
IYIEDS T T2 ONT 10% O,-Ar, g SHE N3
DITPEVMR T L7z, & DR D ONTIRE O YRR OB
AR 1T, BRI ADBEFE RIS THIINL T,
3. 2. 2 SAAAULELUIZZFDIAA L DEE

Cu’ 2BTNT Cu?" ZHIMTIRINLI-E 5 4 & 5 D Isee
1. BB AA IS TR W EREATR GE A 1) 4D
HINEhoTe, DED, S A OEINL, ZOAhE B
OHT | BHENA KT TOL—AT FARART L AFHD
SCC [z A NSH 72,

" BHHWIE NI ZHMCIRINL7=%E 5 6 725N 8
DEED Iscc V., B 1 OFEAREIRLOEKE N, %D,
Zn* o Ni* OFINL, 3Bk D SCC S AR 5.

54800 15.0kV 19.1mm x1.00k SE(M)

Fig. 3. Typical fracture surface (A magnified view of the

fracture surface shown in Fig. 2)

sof : ‘ : : ‘ ‘ : ‘ —
401 1
ol
£
£ 30t 1
2
= o — Basesol'n )
g — +10ppm Cu™
o of — + 10ppm Ni** |
— +10ppm Cu*™
I + 10ppm Ni**
0 . . |

o 2 4 5] 8 1 12 14 1B 18
Elongation / mm
Fig. 5. Stress-elongation curves of SSRT under the No. 1, 5,

8, 9 conditions shown in Table 3

-61 -



Table 4. Summary of fracture elongation, J  and SCC susceptibility factor, I5cc

No Feature §/mm g
1 Base soln 14.13 0.836
2 10% O, 13.11 | 0.775 |
3 100% O, | 10.94 | 0647 |
4 Cu* 1280 | o757 = ]
5 Cu2* 1226 | 0725 |
6 Zn2* 15.27 | 0.903 |
7 | cu?* +zn?* | 13.10 | 0.775 |
8 Niz* 15.19 | 0.898 \
9 | Cuz +Ni#* | 11.29 | 0.668
10 Dry air 16.91 0.6 0.7 0.8 0.9
'ISCC
LnLeiis, Cu*t ZFRBICHINT5E (FS 7, 9). 2h 250
AT OB BRI RE<EB LD, $ic, Cu® & ) No.3( + Pure O») No.8 ( + NiZh
~ AN 2 NI U)
Ni*" Z[RIRFEINIL 2% 9 D Isec 1, Cu™ A HARCH < No.6 ( + Zn2H)
(@)}
ML= 5 J0E/INEL FlifR R T AL RSB -85 3 § 300 ]
(EIELABAYR Sy Z
3.3 BAEK E
Fig. 6 |75 3 725TNC 5, 6, 8, 9 0 SSRT O 27 g 350 1
c
NDOEALETRT, Isce BRIV, F 6 72508 DIFIRD 2 No.5( + Cu2h
S, Tsce DV/IEV 5 %09 LHAEL, A TH 20 mV - ~ Nog (+ Ccu?™NiZh)
'4000 30 60 90 110

EHIE o7, LIl TDO—T5 it Isce DV NEWE S 3
OFRBENIL. DT TIEHDH, 59 Lo, HMHlE7
DAAEA D BTz,

4. &% &
4.1 ZFRGLVICHEEORE

FRER R O X BEERE OB T AISA Y T2, R
DR LEIE—RICIEBBITEM DB E R &, 2
DIz ENLDNEEEE R ELTHLENBAEL, 2D
JET L0 SR R LT L HERI S D,
4. 2 FHERIRIETO SCC B2 IR
4. 2.1 BEBROFE

Table 4 DFE 1 7eHNT 2, 3 D 5 1%, BERE~DEA
T ADEREAFEN, #7172 5N 10% Oy-Ar, Hifilie
FLHINTAIHEME T LTS, HARARZRS ONZIRSE
DR ORTFIE TR, BERN ADBEFE 7 E I
CCHINNT 2, 5 1505 3 DFEFL, IEfEAKFCTA
— AT FTANAT L ABDOFNFURSE S Bl b~

Time/ hours

Fig. 6. Change in corrosion potential during SSRT under
the No. 3, 5, 6, 8 and 9 conditions in Table 3

T I DIKIRIEOB A P LRI, IR IS L~ T
BITHEINT A LA RLTVNB,
4.2 2 AL DFE

Cu' 725N Cu*" ZHUMTIRINLIZE 5 4 &5 D Isee
. BBAA L DRINIEN TR W EEARIRTR (B2 1) X0
HANSV, DFED | A A DU, EOMEIZBE S
P BHE A KT COA—ATFARAT UL A D SCC
JEZ VA PEINES WD, FEARTRIR SFRL O R & R D154
IRHMED A K DUSAF IR TR S % . Winkler VEAZHWT, K
BIHHT LR RS ESN TS Y, FfERICLDE,
90°CORKBAM T COEAFIEFEITAY 1 ppm &725, AT
BROWKIRIT 100°CTHLH05, KEBAM T CORAFIE R
FEDS, 90°CLFIUL 1 ppm THAOLEETHE, FH2 L3
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Table 5. Relationship between the Susceptibility factor, Iscc and molality of electrochemical equivalent, mEEQ

No. 3 No. 4 No. 5 No. 2
pure-O, 10 mg/L Cu** 10 mg/L Cu” 10% O,
Isce 0.647 0.725 0.757 0.775
m/m mol kg™ 0.2 0.18 0.18 0.02
m EEQ/m mol kg 0.8 0.36 0.18 0.08

OFRBE OWEFILILE L, ZE4 0.5 & 5 ppm (EH &EE/L
JEFET 0.02 225 TNT 0.2 mmol/kg) & RAELS41L%, Table
510, BIFEA DR ITTINE 4 B OSEL, ZNHE &
BVREICRHE T2 EAL TS & (BEQ) Z/”d, #IT
1%, B 4 &5 TOHAA D EEQ 725 TN A St Tl
TESNTZ Isce (Table 3) boRU7z, IATFRETE . S04 DAl
B 5T, EEQ DHMELHIT Isee B L TN,
ZOFERIND | JRIEIIEA L KIBER OB E | PR EOHHA
FUINZED SCC DBIEZIAIT, RIU EEQ DR FIE
FEEMEHELRS D,
4.2. 3 ZYTIAFY -BIAADFE

Zn*" HHWE NI ZEIRCIRINLZE 5 6 25T 8
DD Isce VX T 1 DIEAREFR IO KEN, DFED,
Zn* 0N ORINE, 38 O SCC &M A KT 5,
LsLZeiin, Cu*’ ZFRBFCHINT5E (&S 7, 9), 2h
SAF L OMBI B FIIKEBRDND, Fio, Cu* &
Ni*" ZFERHCHINL 7285 9 D Igee 13, Cu*™ 2 B THR
IUT=% 5 5 K0b/NEL, MlEHE AT A AR ST %5 3
IZIZIES LV, BB OFEMICOWTIE AR TH D3,
Ni** OYEFICLVFRER T OIS B I S A7k 8, 18R
BRFELL, fERELT, SCC Rz LN L 7= rlaerE
DHERIE LD,
4.3 BREM

Isce REV, FH 672508 DIAIRD SSRT HOJE &
TBNLIE, Isoe DVINEW 509 LEEERL , e KT 20 mV &
ME72oT=, L, FD—T5, b Isce DV/NSNES 3 D
JEEEALL, DT TIEHDR, 5 X9 b, &fflE7D

a2 o7, P EED | ARFEBROBREESRAT O #iPH N
T, B O R EMOKUEN, SCC R PRI BHE
T HIEFRNEEBZBND,

5. % i

1) IERED A IKITHR Y 35 R D YR IE ALK TR IR
BT, 10 mg/L LV ETHH-TH, Cu* 225 TNT Cu’
AZ L DEFANCLED, SUS304 D SCC Jisz M1 T IRl 24
MLz,

2) REEMERIINT R+ 22003, RICERLFEED
AR R LB E RS ND,

3) Ni¥" 72BN Zn* O, BEREINIE SCC 32 MEA K
TEE, LavL, Cu* & Nt 2[RI 5L, Cu®f
ZHIMOL A J0b RS I E< 2o,

4) KRIEBROBRELSATFOFPANTIX, SCC &= ME~D
JE BB DB IZRO IRz,

X K

1) 58, B, TR, B8, H AR F2GE, 60, 203
(2006)

2) W, BE, &, fEn, HABAFZZE, 61, 141
(2007)

3) /NEE, THE, #ELHT, 62, 390(1976), TREELS, 247
FC, BRFD 54 4R, HURTKRE

4) D.D. Macdonald, A.K. Eghan, Z.S. Smialowska,
Corrosion, 41 474 (1985)

5) KSR, HAEKF 2558, 54, 111 (2000)
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No. 07A4-09A4

Development of Prediction Techniques for Localized Corrosion Initiation

in Concentrated Chloride Solutions Using Potential Noise Method

Hiroyuki Inoue ', Akio Nakamura *

! Osaka Prefecture University, * Res. Inst. of Salt and Sea Water Sci.

Summary
(1) Development of a prediction technique for the initiation of stress corrosion cracking by potential noise
method

The electrochemical noise analysis has been gained attention as a promising method for monitoring the
severity of stress corrosion cracking (SCC) to the materials in chemical apparatus. In this study, we have
developed the specimen for monitoring SCC, which could be safely and readily installed in actual salt
manufacturing plants.

A short pipe with a pair of flanges that was fabricated from a SUS304 stainless-steel was used for the
specimen. A residual stress as high as 200 MPa was casted on the inside of the short pipe by a
high-frequency heating treatment. A potential difference between the short-pipe specimen and a short-pipe
of pure-titanium (reference electrode) was continuously measured every 0.5 s.  An aerated NaCl solution of
10 mass% was used for the test solution. The flow velocity of the test solution was controlled at 2 m/s.
The test results showed some corrosion-potential noises that would be associated with the initiation of SCC
generated at a solution-temperature of 60°C. The traces of initial stress-corrosion cracks were confirmed on
the inner-surface of the short-pipe specimen that had been used the test.

(2) Effects of the trace amount of metal ions on the stress corrosion cracking susceptibility of type 304
stainless steel

The copper alloys such as Monel Metal, cupronickel and brass are frequently used to the material of
heating tubes and evaporator of a salt production plant. In the salt production environment, these copper
alloys are gradually corroded while stainless steels and nickel-base alloys are passivated. In this study, it
was investigated that the effect of the small amount of Cu*" and Cu’as well as Ni*" and Zn®' to the
susceptibility of stainless steel to SCC in a concentrated chloride solution by using the slow strain rate
technique. The obtained result showed that the existence of Cu’" greatly accelerated the susceptibility, even
in whose amount was as small as 10 mg/L. When the Ni*" was coexistence with the Cu®’, the susceptibility

was promoted further.
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BRk&E S 07A5-09A5

Y77 A8 AE AT M A F - BUE SRR JEBET=XI T 2K

& FHit

ERlIES T NE St R St

B EORUERE I IRERKZ D ZEDDEEEM BHI Lo TID TRELWEREEICH D, FFIZ, BLE RS D
T XM TRE L BRIR LR 72D RS £ (&S ) 1T AL, L L2nis, T COB R OFAIL
HIRAE CET, 2070 R IZHINEAL, (5T 5120 KRERETHD, T CIFMIEREILEDO—DTHD AE
B2 W IEB T & RIS B DO A D T IOV TR AT BE MR ST U T2, F2BR 1T /KBREE T T BALH

(Z R DNNHERER O S B L — 7 (IR 70°C, B EUEERIR) N T SUS304 7 Z L PRk i Co I [ME D F 4
Z PZT MBI UOET 74 AE & W TRIE A T 272, EORERIZEL T OIIICERIIND,

@ BB —FND SUS304 75 /FRYY VT 0 B 27y Mtk s Tl AE 13ERIR DSV EB IR 58451
—RERE M 7D BB O BEE TRALUIZL D, Z D% 20~30 fiil/hour DIFPERAZRE T, UMK FL T2, £7-, AE O
X, 12 OFA G N CIERER] & A & JER AN B L Tz,

© SUS304 W75 =T 27U T T DREAEERTIE, AE 138 BA M PBIESNIAD LR S, ZDOALE
BRSNS R A RO EE B8 LTz, 72, AE OREKITE LR O GNEE NS RIZEGTSIZL
7o TRERANTER L CTRY ., AR B BEE B O BTN HLE B,

@ wNFF X FNVAET 748 AE FHAIZEE A AW JIE Tl TAI=U A58 0T 27UV Bl [ &R 7 7
AN ERNWDZET 1 KOT7A8 BIZ3DDvHEZVERL, FIFFIZ3 DD 7720 AE FHllZ AIREIC LT,
it AE 23S B BHE RS A Tl B8 AE BAREE AREIZITHBENHY | HiEH72 AE FHIllCL> T
I R OHE R LB VA E BRI S CED FTREMEN DD LN o7z,

@ NIARHIE S22 & TR /A RBREE 123\ T AE FHIIATREZR S AT DAMEEEL | N T/ A XEREE FIZHB W T AE
FHHAATRE CHLMRFIL T2 E A, I /A X% 30 dB LA HEIT 22 &M T SR EL AR —7 XU L Vil JEHT)
AR T 22N ATRETHY , R TR E D FEIINE A KB T T AE FHAIO AIREMEZ R L=,

Iz B RRE CIE 7 e A0 8 NR AL . B S AT Yy
THRREML DT END ., BB RS S COE I AL T

1. IEDEREEM
R R Tl IR 2D ZEP DL EAEHT

S TUID TRLWBRERICH D, B RAfl T 57280

kIR A — AT T A I\%Z?‘/sz%%ﬂ/’?%:yﬁﬂ/
AT UV ARTF— Ve E D @i Bl i T g, L
DL, B MRS o0 3 X IR B 7R BRBE L 72 57280 Rk
IRAPEE T TH RPTHI7RIE & (T EME &) DR A% 7R
SFTZEIFEEL VY, SHI, T ERIEB TS TWD 2D
JE R OI/EE HIRRAE TERW2) | FifEErDLOIR A
WGBS TUELD THRDIFIEIZR IIENZ N, D

i 2=V 7T HEMMNE TN TND, — )5, HAK
BEMELED O ThHHTa—AT (v TIvia (AE)
B EEY OV T NZ A L TOARERE AR D AT REME 2 £F
STV IR NFIEOOEDTHS, AE I ITHIEMNIC
T HEROFA R DB O T B L D
R Lo T END, —F | B RIZB W TITIRMmE
BTHLERETOLDO T FRIZESTRAELE
BAERD (Wb DHEE) OREICE> Tirtiahs U %
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O & X G SR EN ) 18 AL BN O 8 B B O IRFERZ RSO
A7 (BRI COM TIPS /) Tho, AE 1EEZ W
T BFHIE L i@ E I a0 bRITS I TO DBl
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BRI A O TR BR B P2 W TR B IO
FEWHIRIO AE FHIZ1T752L T, AL AE ORRZ G
FTHEEGIC, FTRAELID /AR (RENCIEENC LD /A
R) Dt E B8 oT,

F72, AE FHICBWTIERIT B L CEER 7%
FANTWE2S, BAMEE I L CEHIIZITO 84, B
ARALPROBLRIR E R AL F REFIANL N, Fo, BINT
XL DERE /A RXPIFEL THRY, EXE L ThoHE
CATEREY /AR LS TERE DO E AR FHAZEEL W,
ZIZ T ARAEORYETIIAY T T —~D HIETHL T
FANB LD T T UK O R O 2R A
77

2. ERAEBLUHER
2.1 BKRETCORREBERD AE &8

Fig. 1 [ZFEBREE LRI, TIINVMG Ry N AT
L ABE ZYREE LT 5K 15A AT UL AT TP DRICHE
&AL (M10) IZE->ThLYZ 15 Nm CThifs L7z, 5%
NaCl KV 2z SA 7 PTfiT= L, kiR - 22 FREE A Fig. 1
(R TINCHEBZ L CRLE L, ZhUE Y — RS
(Lo TN DI AT HHAICLED AE ZFRETH0
Thd, Br¥Z LTI P O8EHE 90° B X ICHLEL .,
AE FHUZEAT o7, BT B RREENICEEL -0
BN Z T YR FAI T TEANZS 7S, 2DLEDT
J—REREFRILT, 7o, ZEMIZ Ag/AgCl, XK
(2 B4 EmE O,

Fig. 2 |CEARBMEE COE & OBERE KA~ T, Bl
BRI D 180 FEICHE-TRAELTHEY, BiT
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ey | e | NIERGAG
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Fig. 1. HoKEREE T COENHEL 723 ] el
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Fig. 2. ERZEOT7 T Vi COT EHE RH O FEIRE
MEEEE

JE B ORI B D MR TEIA FalliZ
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Monitoring and Diagnosis of Local Corrosion at Salt Product Plants
by an Optical Fiber AE System

Hideo CHO

Aoyama Gakuin University

Summary

In plants for salt production, crevice corrosion frequently occurred at flange connection even where
high Ni-contained stainless steel is used due to use of high concentrated sea water in the plants. Crevice
corrosion in the plants leads to not only leakage of process liquid but also generation of corrosion product or
rust as contamination for products. However, crevice corrosion cannot be directly observed by a visual
inspection without dissembling a pipe work. Therefore, this study aims to detect and monitor the initiation
and progression of crevice corrosion occurred at an flange connection with an acoustic emission technique
under continuous flowing condition and study correlation between acoustic emission parameter such as hit
rate and frequency component of AE and corrosion progression. This study is composed of four sections.
At first section, crevice corrosion under corrosion potential control was monitored by PZT type AE sensor to
investigate possibility of AE monitoring for crevice corrosion. Many burst type AE waves were detected
during testing. Most of AE source location agreed fairly with corrosion area. AE generation rate
increased with increase of anode current. At second section, AE monitoring for crevice corrosion at a
flange connection under continuous flowing condition was performed with artificial concentrated sea water
which consist of 20 wt% of NaCl, 0.62 wt% of KCl, 2.5% MgCl, and 0.57% CaCl,. AE was monitored
with four PZT type AE sensors on distal surface of a flange. AE generation and turning artificial sea water
red due to generation of rust were observed close to the same time. AE generation rate during testing
equaled to 10 to 30 events / hour. Peak frequency of detected AE was shifted to higher up to 300 kHz with
progression of corrosion. At third section, AE from crevice corrosion was monitored with a developed
optical fiber AE monitoring system. This developed system can monitor AE for three flanges using by one
optical fiber individually in which sensors with difference frequency responses was fabricated by winding an
optical fiber on cylinders with different diameter. These sensors can detect AE from crevice corrosion at
individual flange under continuous flowing test. AE generation rate correlated with degree of corrosion
progression. As a result, it is found that AE method is a potential tool for monitoring crevice corrosion at a

flange connection in salt product plant.
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D.O. Sensor

Ag/AgCI RE.

u
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E.C. cell
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Hole; 1.5mm ¢
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NAS354N . N08354 [23Cr-35Ni-7.5Mo-0.2N 52

- 88 -




KERIARPFAEL THEICFREL 52 5720 ThD,
312N DS R L OB OREE M2~ T, R
{LF B MTEROT 7V 3k Ll O FLOBHNT
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No. 07A6-09A6

Corrosion Monitoring of Metals Used in Salt Production Line Using

Multiple Electrodes System

Kazuhisa Azumi

Labo. Advanced materials Science

Graduate school of Engineering, Hokkaido University

Summary

Saltery plant has been running under severely corrosive condition of aqueous solution saturated with
sodium chloride and magnesium chloride at high temperature higher than 100°C. Crevice corrosion is one
of serious problem found frequently between flanges in pipeline of the plant. The object of this study is
therefore development of monitoring method for crevice corrosion under operation condition of the plant.
For this purpose, we developed the multichannel electrode system and applied it to the artificial crevice
corrosion of SUS316L, NAS64, NAS185N and NAS254N stainless steels immersed in 5 mol dm™ NaCl
solution at temperature up to 100°C. The specimen was constructed from five sheets of stainless steels to
be wired, insulated, piled and embedded in epoxy resin. Small holes were made through five sheets to
reproduce the crevice condition. These stainless sheets were connected to electronic circuit which enables
measurement of galvanic coupling current on individual electrode under the coupling condition. Using this
system, following results were obtained. (1) Distribution of coupling current as a function of crevice depth
was evaluated for each stainless steels. (2) Coupling current distribution depends on kinds of stainless steel.
For example, anodic or cathodic contribution in SUS316L crevice changed with immersion time, temperature,
and concentration of dissolved oxygen. Transition of coupling current distribution was explained by the
precipitation of corrosion product on the surface which suppresses charge transfer for, for example, reduction
reaction of dissolved oxygen. On the other hand, for NAS64, NAS185N and NAS254N, the surface outside
of the crevice always contributes as cathode and the surface in the crevice as anode. (3) For NAS64,
NAS185N and NAS254N, the coupling current was large at the initial stage of immersion and then decreased
down to in the order of nA for the case of NAS185N and NAS254N. However, this small coupling current
may increase after development of corrosive condition in the crevice. Longer measurement for more severe
crevice condition is thus desirable. (4) Dissolved oxygen affected the corrosion rate and coupling
distribution for the case of SUS316L. For NAS64, NAS185N and NAS254N, however, DO value did not
affect corrosion rate or coupling current distribution in the steady state condition. (5) For better simulation
of practical saltery plant, severe crevice condition should be used as an artificial crevice. (6) Effect of
NgCl, should be also evaluated. (7) Crevice corrosion monitoring system using the multichannel electrode
system for practical saltery plant is proposed although some adaptation is necessary for, for example,

complicated current path and large electric noise in the plant.
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Conclusion

Hiroyuki Inoue

School of Engineering, Osaka Prefecture University

The principal products achieved on this project are as follows:

(1) Dr. Watanabe gave the map of SCC susceptibility on the conventional and the super stainless steels
as well as the Ni-base alloy in concentrated chloride solutions containing dissolved oxygen (DO). It was
confirmed the materials with high Pitting Resistance Equivalent (PRE) also performed a good resistance to
SCC, despite the index primarily indicates the resistance to pitting. It was also shown the degree of plastic
working greatly affected the SCC susceptibility of the material.

(2) Dr. Yabuki clarified the effects of flow intensity, dissolved oxygen and chloride concentration to the
flow-assisted corrosion of copper alloys. He showed the acceleration of flow-assisted corrosion with salt
slurry was brought by active dissolution through the less protective films, not by mechanical erosion. The
erosion rate of C7060 and C7150 alloy was identical in spite of the difference in Ni content.

(3) Dr. Yashiro came to a conclusion that the most suitable method for measuring the concentration of
DO under the salt-manufacturing environments was a cyclic-voltammetry with rotating Pt electrode. He
devised a flow-type cell that enable to conduct the test solution from the line of the plants to the surface of
the rotating disk directly, and showed the limiting diffusion-current density could be measured properly by
this cell, as same as by a batch-type cell.

(4) Dr. Inoue showed the existence of copper iron highly increased the SCC susceptibility of stainless
steel even though its amount was reasonably small. He also developed a SCC monitoring sensor based on
electrochemical noise method; the residual stress was applied to the sensor by induction heat treatment. The
developed sensor was considered to be suitable for measurement on the sites.

(5) Dr. Cho succeeded to detect the initiation of crevice corrosion with AE. A multi-channel type
sensor using optical fiber and a sensor with a noise-reduction mechanism were developed. The sensor he
developed could be looking for being applied to the monitoring sensor for the salt-manufacturing plants
because of its easiness to extend the number of measuring points.

(6) Dr. Azumi confirmed that the materials of high PRE showed a good resistance to crevice corrosion as
well as for SCC. He also showed the impressive results that an electrochemical morphology inside the
corroding crevice is substantially different in the corrosion resistance of the material forming the crevice.

As summarized above, each member achieved impressive products respectively. 1 would like to greatly
appreciate to them to be accumulated the new knowledge about the corrosion in salt-manufacturing
environment. It is expected that the lively discussion exchanged among the members during the project will

add beneficial effect to the advancement of this field.
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