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Reduction of Chromium Vaporisation from the Surface of Stainless Steel
Used as an Interconnector in a Solid Oxide Fuel Cell by Surface Coating

WSO TUNTOUNS

YT 2ANTaNS A

lasupuaivayuanddsondusigldnue Usedithulszina 2555

RAH AMZIRINITHMANS
0 anfumalulagnszeoundudigummsaiansziis
2+ '
.5
W Ll o HE0AI0.....
mm.,ﬁuu...l...(iﬁl...Q.ﬁ.ﬂ. Fhaftanles LIRS

"i"x‘l,zﬁtaufﬂ..2...]....'lﬂ.flk.z:-lf"’1



M5y
%4
i
wndedeswilne f
UM NNy Y
oy s
QLR RG] EE1 1 . R f
4 L1 q
A VT E 9
VTN P!
d’ -]
UM L UMY 1
1.1 mmi‘lumtmzﬂ';mﬁﬁmmmﬂtym ____________________________________________________________________________________ 1
Y] o oo
L2 USRI A 2
1.3 vgllinveimiPpa— B/ N MPP~~L1 ™ §\\ 2
14 T seo X 77 [\ MNP ¥ ~\\ 2
P [ Qs
1.5 plez omindigetair N Y KH o/ Vil P 2 3y 3
d’ = o\ QS :i d' v
UNN 2 NOBQUASNUIRVUNBIUDY 4
A A 9
2.1 nouneades VR o 0 o o NN | 4
s a d‘ d‘ v
2 NIV I I O 14
w3 Bddiumse_ 20
4
3 YU INARB 20
¥
32 WUAVOFUNUNANOY 21
v |
3.3 Fuam AIs1441 abiléhmsedevtlesds o 21
9
a [~ =Y ° Y .
3.4 Fuaumannd 13ailunsa AISI 441 smsiadevilestudie Mn-Co spinel 22
9 acy .
#7873 Electroplating
Qy [~ 9/ ¥ - o & @ 9
3.5 Fusumanndr i3aiiunga AISI 441 vnmsiadoudlosfudieLsm 93
= L ¥ ax
MATINIUAIYIT Sol-gel
UM 4 wamSIe 27
g A9 M Yo A
4.1 yuaw ais1 441 #ldéhosedon 27
Qy o =} 9 . Yac .
4.2 ¥UQU AISI 441 MIMIANBUAIY Mn-Co spinel a8 1975 Electroplating 32

4 T ] b4
4.3 FUNU AISI 441 Amsiniieud e LSM NinSouiud 33 Sol-gel 41



L% \J
M5URY (AD)
3/
T
d' a e k4
UNN 5 i@dmmi'mmmzmamummz _______________________________________________________________________________________________ 46
S UMM 46
S AOUONE 46
ONEYSONBN g
MANUIN 51

U &

sz iqTn3de .63




MUY
o v
AN ‘ 1
o ¥ a
21 waummvewsad@omds 4
[ daﬂy a o ¢ o
22 vanmaveusanemaiaeenlyiude 6
(dy a = d o 1
23 woawemdssiiaoon lsduduwvte,_______ 7
¢d a a ¢ o
24 waniwemdsyinoonlodulowvsewn 8
ot o { { @ 1
25 wavesquingiidenidveslasdonissmeluommetedifnnududosvos 10
aondouilu 213x10° Pa
YR S o ~t da 4 A da
2.6 wmmﬂmmuﬂaﬂﬂummﬁaﬁﬂwmmmcﬂﬂsmaumﬂﬂwiummﬁwwu ________________________________ 11
ANNAUDsYRIanTIuily 213x10° pa
@ 1 :’ t a Ay =1 =
2.7 WOIDIANNAUEDEYBEBMISINAT LTS Insileuyu —analasdle___ 12

9 v
& =) LaCrO, Uag (—-—) Lag,Sr, Cr0, lummeduiiianusudesuag

RNFIOUVIIN 213x10° Pa Migaingil 1223 K

2.8 unumMNIIAROLAWTE Blectroplating . 13
2.9 das1msszmoves Insdleninlasdlomnalueimmiy s P(H,0)=0.1bar____ . 16
QUug 1223 K
2.10 HaYRIDATING [HaveIBIMAReSnT 1M semoves Tasdontn Ducrolloy. .. 17
Tuomeafiinandy 1.88% figangd s00°c
2.11 é”m51mim'§"auﬁsumTﬂnﬁsumﬂﬁaadwﬁ“lﬁmﬁauuazmﬁauﬁqmﬁgﬁ 1073K ... 19
Tuomasuis P(H,0) = 1.0%10" Pa U1 24 1
R aULUEL UL WK 2SR -\ \ Y A 20
32 mawsevensasawddnnstled o 22
33 MSASONOALSM. o 24
34 MawAouSEa 1 (ﬂ1§mm'lﬂmf'”lum) _______________________________________________________________________________________ 25
3.5 AMTIARBUTUCIL AISI 441 B2t LsMsolgel o638 25
3.6 MIARBUTUIIY AISI 441 fre LSMsol-gel 38713 26
4.1 Wa‘ll’élﬂﬁlﬁi’lﬂﬁ"lﬁﬁ‘U’E]ch{'l"’lﬂ)ﬂﬂ&imguﬁﬁﬁ'ﬂé'ﬁﬂmﬁzmﬂ‘umTﬂilﬁﬂnmmﬁﬁﬂﬂi‘sﬁ ______________ 28
1deriiu AISI 441 (18% chromium and 0.01% carbon) 118 AISI 430 (16.30% chromium
and 0.04% carbon [2]) lufwreendinudu 5u% figmngd 800°C fura 24 b
42 wavesqumglriomsszmovesTnaillonatn AISI 441 uag AISI 430 [37) Tuvssennme___ 29

H
=

E4
YBIDBNFIIUHY 5% il "mﬂms‘lwammﬁ'mmﬂu 1.5 cm/s Lflunm 24 h



v w o 3 Y]
43 avwduiusvessisflvavessasmssemevedlasidlon_

44 anudugesvosmsdsznou Tasdlenluaansfafigungisen TaoSeudiouna
mnmimamfrﬁ'um'if‘imatumqmaﬁu“lﬂmﬁﬂff

4.5 AWA18 SEM Linz EDS Y84 a) AISI 441 AioUoanFatu b) AISI 441 videoendiady
luussemaveseondiouiu 5% figamadl s00°c ifuiamn 24

4.6 MNENY SEM Laz EDS %04 a) AISI 430 42 b) AISI 441 nasoondiady luusserns

=

3 1 H
YBI0BNFIUYY 5% NaTN1s InaFaduwiiy 1.5 cnvs Ngangd 800’ funat 24 h

U

- 4.7 Surface burnt

9 v ) [] v v
4.8 Fuau AISI 441 frchumsinfeudiominvuiad e Tua anna1ildnseuuay

iwasudnyazvesn Uz

4.9 ANYUTMINTZIAIVBITTYTIA

=q 3 al A
4.10 LLNuﬂ'I‘Wﬂ'lﬁ'Vlﬂﬁ@\iﬂi‘]ﬂuﬂ'ﬁmﬁaﬂ‘nuqqu ____________________________________________________________________

F T
4.11 ) MW SEM 910U AISI 441 ivhnainfeua 1o Mo-Co spinel A2033

Electroplating lav1dnssua i 1.5 A fluina1 5 min uazuanlmidedn 2 b 31/ v)
Y

=Y s 4 a 1 4 4 1
aze) HaAINan1sANT1ZH 81N EDS vostui ludufduiudmidy tagiusidu

=)

‘5’ r—% L] ] o/
WUTUL (AM8au) audey
9 9
4.12 788 SEM Y0IRURITUY AISI 441 a) 131 1dransa b) fadaensalalasnassn
it 25%vol 15ua1 3 wdii
a e'ay A A 9 E 3 o Qy
4.13 WaMTWAIICHTUU AISI 441 AATOUAIY Mn-Co spinel idniruan luwlueina
Nigavgil 8000C hiian 2 h §98 XRD
a (Qy A & Y . Y o Q"
4.14 WAMIUATIZHFUNY AISI 441 MAGOUAIY Mn-Co spinel td1I1Fuau T luoims
Ngaungd 8000C {iiia1 4 h A2 XRD
9 v
4.15 a) 1482 b) NN SEM LagNavod EDS mudIall voIFuey AISI 441 Afimssansa
ADUINABUAY Mn-Co spinel

, L o = g \ o
4.16 Wﬁ‘ll'f]si'ﬂﬁﬁ'lﬂ'l'ihl'ﬁﬂl‘lf\‘ufsf‘u‘llENf?l“lf’O’e]ﬂ“]ﬂ‘ﬂU%Hﬂf)ﬂﬂﬂﬂﬁizmﬂﬂlﬂﬂiﬂi!ﬁﬂﬂmﬂ

AISI 441 ARADURIG Mn-Co spinel 1ag AISI 441 71 lindeou luussemeuos

¥ v [}
penFoutu 5% Niidnns naududu 1.5 cnvs Ngaingil s00oC Huan 24 b

€

4.17 MWE1Y SEM Y89FU91U AIST 441 1¥M351ARoUA8 Mn-Co spinel HEIN1500NTIATY
s/ 9 K] £ 4
2). MWIIWVBITFUIU b). WUNNTNITHYATOULDY Cracked VoIFUIARDY

g A =t 1 o’;’ =
o). Hunn lifimsvgasouvestunion

___________ 29

___________ 34



Ed ]
= =

4.18 a). MWEY SEM U0z EDS Y09HUMY AISI 441 An1siadend e Mo-Co spinel . 40
o a o A dda ' S A A ddy 1a '
MaINIeRNHAYU b). AiuNNinsngaseuvessunio o). Nufif lulimsngaseu
Y
VIR
' a . . A o A da v
4.19 Mauwsveslans 90nFauLAL Cation vacancies Ilpsnndundoufitanumuuaiud . 41
4.20 Mmauwsvesmsinden Tavewazoondion_____ 41
o o’ay 4 $ 4 a,
4.21 NOEMIAATIENTUNIY AISI 441 Mindoudo LSM MiaSoaiud 1635 Sol-gel §20 XRD,____. 42
] 9 ]
4.22 AISI 441 NATBUAIW LSM A20M13 a). LYTUITH AISI 441 neluiea GE7 1) 43
' v ' v

b). QUFUIU AIST 441 asluea (357 2) o). QuFuau AISI 441 aelumandaniluwn

9 v

Tudu 359 3)

E v
4.23 ST IMIszmoved InsllonnnTuau A1 441 Nindoudas LsM wSeudonsy 43
3 [ v v
FunuAISI 441 71 hildinflou ungduey AIS1441 finfeudau Ma-Co spinel
3 v
4.24 W00 SEM UnzHaved EDS v04%UY AISI 441 finfioudae LSM ndenineendadi_ 44
=Y d’l‘ &d Qr a 3 d' o
Tuussuinirveseendiouay 5% nloasims madaududiv 2 cos Ngamgil 8000C
Wunar24
[ . v

4.25 msiin Insdivmnasgninnssuumsindey TaofuouAmiewnsShmanaasde . 45

LSM uaz Insilsmnamudiny
4.26 msifamalnivesmsniouns Insilonsznenssuumsinasy Taefiunudmses 45

¥

fhmnunzyaiiues uansd LsM Tnsilleainauasmlavesassinlminudigy



Folnsants me11ne) msaﬂmss“masumTﬂnuﬂuuuwummmmaﬂﬂm”liﬁuw‘lemi‘lu'm

‘VI'ILLNuﬂ‘HL“]fﬁﬁ111!“1{!’:1ﬁL"If’E]LWﬁQ‘]f‘uﬂ’f]’e]ﬂ'1°Ifﬂll‘llﬂﬂ'wiﬁﬂ']ilﬂﬁﬂﬂw"l

UNAaee

'ﬂmmmﬂﬁuaEm'ﬁua“lums‘hnm]ﬂmﬂmﬂaﬂﬂm'lsﬁum‘ﬂuuwuﬂuwaa (Interconnect)
°lmcmmquwawuﬂﬂan‘lmmm (Solid oxide fuel cell) fio MIszmevoslnsiovesnain
wumeumuwuﬂumaamﬂan“luﬁm'J“ﬂgmmssuaqLmamﬂmmawuﬂﬂaﬂ"lmmm N3TLINY
voslasdioniiy uaﬂmﬂi}zmﬂwmuﬂizﬂauauq ﬂlmmamﬁmwﬁmﬁﬂﬂmﬁanﬁmwuﬁ"g &4

=

[ 9y S a ;g 74 a o 9 au o Y o =
iliszingnmunzergmslfauvesmadfomasiasingie Tusnssed T&vimsainmn

]
=

msszimgveslasdionnnmannd:¥aiunse AlSI 441 Afmsmdeudlestunsszmedae
msindoudn 2 wila fie MsinfeuteafudIs Manganese cobalt spinel (MnCo,0,) #2035M13
ndouAIR 10 (Blectroplating method) HaznIsindoudeudas Lanthanum  strontium
manganite (La,St,,MnO,) finSoniugae3tTvana (Sol-gel method) 91NNITIVBNUI S5
m3szneveslasdionnmmdnndr 3atiunse AIst 441 718 msindouiiacy gnina
Aevaunamansueqllfise, lugadnsduFuduvesiaeendiouduf lnarmuduay
Wil 0.8 89 3.0 wiaseieTundt Taviindastunszdumiiy 24.7 ﬂTafﬂamTua dunIszive
vesTnsdlowsonamnuauiidumsindeuday Manganese cobalt spinel 111 AFUWUTIENIIN
w"lu'lmwaﬂmiivmwaﬂﬂsmauum ﬂﬁ'ﬂﬁflwmss“mwaﬂmmwuammawuﬂm
%mmw“lu"lﬂmumimaau uazdMSuFUII A3 Ao URAY Lanthanum strontium

manganite 111 Al ldewansnsinssemeves Tnsilowmausiy

°_o_ Qs ] :,‘ L4 §
AINALY : UNUNULYRD; (Faa l%mWﬂ\i‘HUﬂﬂﬂﬂllmﬂLﬁN ﬂ'lii“‘mﬂ“llﬁ]ﬁiﬂiluﬂu ’Jﬁﬂ'lilﬂﬁi]‘ljwﬁﬂﬁﬂ‘l‘wﬁ’]

‘iﬁmama; Manganese cobalt spinel; Lanthanum strontium manganite



Research Title: Reduction of Chromium Vaporisation from the Surface of Stainless Steel Used

as an Interconnector in a Solid Oxide Fuel Cell by Surface Coating

ABSTRACT

One of important problems in using stainless steels as an interconnect in solid oxide fuel cell
(SOFC) is chromium vaporisation from the surface of the interconnect under operating conditions
of the SOFC. Chromium vaporisation not only leads to the deterioration of other parts of the SOFC
but also causes the efficiency and lifetime of the SOFC to be lower. In this research, chromium
vaporisation of AISI 441 coated with two different coating materials i.e. manganese cobalt spinel
(MnCo,0,) coating by electroplating method and lanthanum strontium manganite (La, ¢Sr,,MnO,)
coating prepared by sol-gel method were studied. The results showed that chromium vaporisation
rate of uncoated AISI 441 was limited by kinetics of the reactions over the linear velocity range of
oxygen flowing through the specimen of 0.8 to 3.0 m/s. The activation energy corresponding to the
chromium vaporisation rate was 24.7 kJ/mol. For AISI 441 coated with manganese cobalt spinel, it
was found that coating was not only unable to reduce the chromium vaporisation rate but promote
chromium vaporisation rate to be higher than that of uncoated AISI 441. In case of AISI 441
coated with lanthanum strontium manganite, coating was also unable to reduce chromium

vaporsation rate.

Keywords : Interconnect; Solid oxide fuel cell; Chromium vaporisation; Electroplating method; Sol-gel

method; Manganese cobalt spinel; Lanthanum strontium manganite
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a LY =1 ¢ o Y a =1 =
sondinduvee Insdoueen leai Idinamsssveveslasfien uagmsseveves lnsdiouss
a a ~ dy = dy m 1 a, o =3 o Ay
fAalusendioy uazazfaunniulusondauiiy ua hinalus1snounSee1snousy
. o o a "4
Hilpert uazaay [18] las1avadoyanaunes lulauiindae1usunsu Chemsage
P =4 [4 P} aa -3 . v a
uazmailFdveshalasdonnnaiuluratsaaniie nanisnaasataasfanini 2.5-2.7 lu
) ' a g o w 4
unfl 2 Fanuesifiela  Cro, uag  Cro,(0H), TueimaudaazFuaudrdy My
a M a .&' A o LY a Al o a zg o’d’ Y]
guunginseilsuaanusuzdaiivd lasdeuynallydinauniu yona Nt uddny
a £ = A .
M558V IATINoNUUNURIUD9 AT HloaIna Lanthanum  chromite 48% Lanthanum
. . é 1 = { 4 =%
strontium chromite FINUIIMITLIMovee Insflovazifaunigauuiuiivesasdisding
] mmmﬁa Lanthanum chromite 1i6% Lanthanum strontium chromite AN
o 4 a a a o a
Tedmon [32] las1a04aumsiioasuiensinnoendiatuves lasdiouiazivan-
7] é 1] oy ~y -4 Q 1 L L] oy 4 v
Tasflousansy FINUNNSNAOBNTIATUYDIFIDE1IAINA1IVLNATY 2 NTSUIUMST AR
v < ) H a a
(1) Msuns luan1zuod (Solid state diffusion) ¥4 lovouludnyaeiluma Tudn ifia
P=1 d A = o o Idl 1 é a
Wulanfeueenladnielasdioaina lasarunuiszgniinaeghna1nia 2) M19iAa
a @ 4 & * u .
pandinduveelasifleveonlaanaiedudaiies $udly Linear kinetics ANUNUIvDLIA
bl Weanaauisals mnm"l(v’{mn Parabolic rate constant Lif% Surface-reaction rate constant
Y a a s o
Yamauchi sazame [7] AnyinsszmevesIasdienninlasifiswesn laasadialu
9 v
Ty Taswu-eandou-1i Tulasouai taz lulasnu-eendisy sasinisanadvesuialy
v ¥
TuTasiou-oenginu-1h sxgenirluluTaswu-i uee Tulasou-eendoulszata 1 Order
s £ a 1 ° H d =
of magnitude Fee11509311¢ 1A NMsThatedulasdioveen lyamnaznaluusseime
¥
VDIUDINAUTENINUINVBONFRU AINTNMT 2.5
. = =Y L'( ay
Gindorf uazame [6] naaveszve Iasdieuninns Insilisneen loa lusinaiu

AU 10%719n51AT Inadien Agaungll 1223 K #an1snAneutaaiqenIng 2.9
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0.00:

o 200 400 600 800 1000 4200
vi(mlimin)
l 9 ]
MR 2.9 sanmsssiveves lasdisueinTasdledinalusnaduy Al PE,0)=0.1 bar

gl 1223 K [6]

9
N TNaTRsATIMT IMavesemadudesasimsseveuss Iasevazutiadiu
1 9 1 1 d'w a LY o [+ ] Py
2 929 18un (1) Frendasinsszmeveslanfenulsfuaudasinis lvavesiy (2) ¥e0
[ [ v Y 3 Yy [
8n31ms InavesMagandt 400 mmin vzlidasinmsszmelasdennsn uonnnilinfuaue
o o = 4 * é 1 aaa
nssuamnames lu'laulind@as IVTANTHERMO i8¢ Ebbinghaus 54w 781013
b
SLMIUNLAATUAIANNIT 2.3-2.5
& = = [ ° [] Ala ? v oaoa Ag
delSvudisunanisnaaostunsaiuaswunaldaraninadu luussenna
¥ 9 9
# lifianuduiaslinaudufe Cro,(g) uag Cro(OH),(g) mlouriu
i1
Asteman UaAME [24, 25] Anywaves lesiuazgungiinemsszmevedlasiivy

L]

1INNAN 304L wu:hmiizmwaﬂﬂszﬁﬂunz%’i’uag:ﬁuqmﬂgﬁuazﬂ?mmmm% Taudl
QUNQNYY Sasims Inanazauduszansam e A Breakaway oxidation 14410
uaﬂmm"j’miqmsﬁaiﬂﬂﬁﬂmﬂamﬂmiizmﬂﬂ'ﬂfi'e)“lﬁ'tﬁﬂﬂ15Wa§u¢‘1’wmmﬁﬂﬂaﬂ"lmﬁc§a
i1l Non-protective

Opila uazame [29] WUhATsuderTesiuazesndILTinaden I TEMEvRS
Tasidion  Feroandosfuaunisi 25 Taemwdudesvesialasifivufiszmesenies
ﬁuag'ﬁ'u P(E,0)" tiaz P(O,)" 1410 n=0.96 Ling m= 0.77

Stanislowski tasauy [31] AnuimIsziveves lasdlonen Ducrolloy Nickel-based
alloys Cobalt-based alloy {li¢ Iron-based alloys '18uA Austenitic 148 Ferritic stainless steels 114

"llulliﬂﬁl']ﬁﬂiel'lﬂﬁli'lﬂ'ﬁizmﬂﬂlﬂﬁiﬂi!&lﬂumﬂ Ducrolloy luonenlianudu 1.88% %

auvigil 800°C WANIINAABULAAIAINTWA 2.10
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E 1. non-equilibrium vapori.zsﬁon I 11l vaporization limit
8.0x107%+ :
- \. equilibrium 1) wputont flow |
e vaporization : \ 4
k= 10 / : :
g B0 1 ) a) laminar flow :
o : :
& ; 1 :
S 4.0010™4 | !
5 s ;
g /- |
T 2.0x10 / :
5 a s
1.0x10™"" L : ——i :
0 300 1000 1500 2000 2500

standard flow rate /mi min’
MW 2.10:  HAYRIBATINT InavedsonadesasmssmevesTasiouan Ducrolloy 11

=

[ 3 v
91MANNANYY 1.88% Naaingil 800°C [31]

u

VN M 2.10 wuhmsszmeveslasdiouutivesaiiu 3 ¥29 32950 Zone 1) 12
H v E4
Wugreidasims Inavee1medingt 130 mimin Frflizdiuiaugaseniumsifala
sllvmnauazmsszmoveslandion lugasdi 2 (Zone ) Sas1ms Inaszeylugag 130-1500
. ] 4:? 1 P ] = Y v [1J =~ ]
mlmin Tugasiioziingei lauga wisuielinmaunsvesiaTasfonluemealigs
o o vy v 4 a A o a dy = @
nnwefivgdnmangalild sessuimsasaudiveslasdiemnavufufivesdancs uas
Tug4#1 3 @one 1) 1Pugr90i8A31013 Inaveso1nAgInd1 1500 mi/min M3szmove
=) o w 9y d . n &£ ; <3| T o o
Inslowrzgniriadissaunamany (Kimetics) F9929Jazilugrefisnsimsszimoves
Insdlendinigaga
& v = < a A & 1 (a P
Nl ldnaaesszme lasifiounmmansiadudamulSnaveswwenila
Ao aa Qs Y 4 [ ) ° a 3 '3
iy ezqihin F8neuuazieaaulusanesi livihfussi liidaduoon ladauay
o g A v 1 i :}’
FUANY FevzmIranon1TTEMovedlasilivy TasfimIszinevesTnsdonsndu (CrMn),0,

o) V2 A~ o A a ~
ﬁ'lu']iﬂaﬂfniizlﬁﬂﬂ]@QIﬂiluﬂﬂJ]‘Iﬂﬂq 61-75% LN@LW&UﬂUﬂ155$LHﬂ%1ﬂqu’JIﬂiluﬂﬁ!ﬂaﬂ

k4 1 ¥
813U Ducrolloy dwiuitifiamsszmoveslasdiouiosgafiofiufivesaina AlLO, uag

1 =] Y A
Co,0, 8814 50w Sanseiiiozg

U

funiluesdisznou (Alumina-forming alloys) 101511
T luvazfisinasaacufis Tauoadiduesidszneunan (Co-based alloy) 1iA1A1531
Tnlvhas wennmiudmuimsszmovesTasifenan Co,0, BN msszmentnTnsdon
nalszanm 90% daiuntsindeTanzdae Co,0, Suflumadeniithaulalunisudilym

mssereved Ingiloy

131069
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A [ Y 1 A o A Y 9
nnfinamdrnmssameveslasdendlulygmvdniiilfergnsldauves
] :/I 4 [} a y a g 4
whus e danas Tasmnizedadslunssonmsveseiniadunsseendousu allFda
' . . 4 y v
sumeoeninuInfiqafiensalasion (Chromium acid; H,Cro,) Farzindoud luwioutums
a a1 q’: w J ] v ad o 9 " W a
sonduandriudun Ina lildssoadesenitaun Inadudian Tns lad udrezuvenusendiau
4 o aaa a o o 3 v &
e gisen I ualifadyTasidlen (1) vAensesss 5031 “Chromium-poisoning” 9
1 =y ] o é o
wneldifanisimeTaguesuaInaninduiluiagiszian Perovskite A1ty Spinel

1 & Jd o ' o v a 3
Jamidngranilsfomsnesudiveseenlaamaamldmanudmmuldiiiuiudndae

[ 3 v aw A& A d' o 9J T a = [y d'd
&ty Tn3seanergrumiaIsinaounin 19 ldiman1sseiveves lasileyvindansshil
P=% o = 3 J W 9 ] °
Tasifioufluesmlsznoy Imsnageuieaimsueiedinisnnudou amnsthwmd anw
Frumu i sas1msifasendiadusan1Ufs Morphologies tov1wilavssmsinfiounas
ad & dl
BEmsndsuNIIzay
Stanislowski et al. [30] #IMINAABINITISMBV0e1A183910 Crofer 22 APU M1
. r ' Y &
AM3IAABLAI Ceramic perovskites 1Al LSM iy LSC ufSvuifleufumsindoudas lane 4
[} 4 Y o
1&un Tausad neaas uaziinina lagld35nmaaiauuuy Sputtered coating HAN1INAADY
9 ]
HEARIIINITILIV B DITUITU NN ADUAY Ceramic  perovskites A IN1INAANTILINVUDY
v [
Tassonigunans wdununaouae Tanzssauisoanmsssmeuss Insiion 1ad 3
orders of magnitude (aaasUlszatal 99%) ienlSuuifivufudieehs Crofer 22 APU i 14
9 v 14
waoy TuussenmaAveoINesy 1.88% Ngaingd 800°C U1 1000 h saruaninagllan
da a { Q ' LY 1 3 o
Tauoad Trfanazneund muzieihuundsuiedesiumasemovesudufuead lang
A " =4 Yt s
iiesnnauisatlesiumsszmeves Insdey laduazlisiaign
° -~ ) (] - =Y
Kurokawa et al, [27] fimsnanssnisszmeves lagdiounindetrumannd 1§t
Ay o1 oA & Y & a 3 ad . .
nsa 430 NlunAsutaznisualsaInafieuna1eq¥iaA8A5N13 Spraying  Uae Dipped
9 v v []
coating Iuussemeavesomaduitinnusudesyeniuilu PE,0) = 1.0x10° Pa figungi
g/ Y] A & 9y < v a '
1073 K 174 24 h 1¢waninaaesdanind 2.11 Fwaasddiiuiinmsszmeveslasiionnn

14 k4
Fuauadoveziiatesniiuau liiniouds 1 order of magnitude
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unin 3

asl o o o\ e
ISAUUUNTIVE

3.1 yaginsainismaaes

{ = 1 ] 's &
AW 3.1 UTAIUNUATNNITNADDY BONFIOUE 1AM ED 3 19 (3-ways valve) ¥4
] 1 14
wanfiunTesindaimsina (Flow meter) uazinfosndnlewt (Humidifier) 2
o ‘é d' a :l [ a Ay (44 a Yt ﬁy
Aud 1Ay FuaiesndalomiszdfvilSuuanusulunszuafaeeendionliianuiu
[ nsl’ 4 - 4 1 v o L a 3 1
Uszina 5% nasnniumaoendinuiuee lnadhgaeduintend dedadsegnielumum
ad 9 v @ ¢ o a A £ &
uagiiFuaunagevszgnuviu 13 lunedniniond AMaeendioutuce Inarmuduau uazd
v ¢ ' 4 1 & ° '
n190anYoInedN Aaee Ivad1unTesnluudY (Condenser)  H992¥i1n15A20UUY
a A ¥ ¥ 4 T o
msisgnevveslasdisuniogluanzMaldnmediumsazats srnmsesnruuiu Maez
QU 1 é :’ 1 g k ) J
Inaludsvingasny (Edenmeyer  flask) ~ dsdirussgegnisludnade ieldunlad
: v o q’/’ ] g g’
msiszneulnsdiowitszmeoemndumaisnuagnasumiunatoidiuasazas ileduge
v o o a . . @
M5NARBY ABTNUAIOAGITgNAIAIensa lalasnanTn (Hydrochloric acid) 0.1 M nasain-
o :’ 1y [V 4 4

4
o 4 v
HUITHIUIAWNADANUAIDAY miazawmﬂﬂaumumasua:m‘sazmamnm’mgﬂﬂmwﬂﬁ

AnseinnlSuna Tnsdloudeinies ICP (inductively coupled plasma)

2 3
1. Oxygen tank 5. Quartz column 9. Computer
2. Pressure guage 6. Furnace 10. Condenser
3. Flow meter 7. Controller 11. Sample.
4. Humidifier 8. Datalogger

o
HINN 3.1 : HHUNTNNITNADNDY
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3.2 $HAVBITUNUNATBY
dy T ] 9/ J
Tumsnanssiiszutiveandu 2 du 1dus
ay o a IR
1) msAnumMsssmovedInsdieunnsunumannd 1faiunsa Arsi 441 1114
A o/
indevtioaru
ﬁ o Y o Y Ny o o
2) msfinymsseimevedInsdiounnFuaumanndy aiumnsa AISI 441 s
A v Y
indoutlosiudie
2.1) manganese-cobalt spinel (Mn-Co spinel; MnCo,0,)
2.2) strontium-doped lanthanum manganite (LSM; La, ;Sr,,MnO,)
k4 ] kS k4
Tasagtluda suauilflumsmeaesiis 3 uuw 18us Fuanuminod 15wy A1st
1 T o Qy <] =) {
441 #14'18%n5Aey Fuswmimannd §ailn AISI 441 fndsuAI8 Mn-Co spinel UnY
ny ] =) { Qy LY
Funumannd1failn AlsT 441 Mndoudis LsM TasFusmezogndaldlvuia
3 o o ay Ay oA o 9 o
15X25X 1 mm® dazdmsuFuaui limdouszgadadienszaumaieives 240 600 uag
k4

1200 AeuiilnAned LA ABUMINANDIILABIANTUNIUAILAITALAIWONIUDA (Ethanol)

4 Ultrasonic bath tiutar 15 w1

3.3 Fuau AISI 441 Ahildvimandeutlesiu
3.3.1 NaYBLOAI NS Inademsszmoed lasdioy
gasms naduduszgnufunlfenlugie 0.8-3.0 cms Ngungldlianisasiin
[y o o w a 9
800°C ndIN1TNAAssITIIMIAnlendaeduidlenialelainnein 0l Mudanh
v 1 o 9 :’ 9 -4 o [ a . I's =
msazaedediei ldnnidniead sewauweiuaysaaglyuy ldlns el
Tasiloudoiniog ICP
3.3.2 WavesgangilfiiAnsdensszmeves Insilion
a 1a wva a a ' 0 v @ A &
gangilfiamsesgnuiuedenlugas 650-900°C Tugadasimslvansdfidmil
A [aaa o w ¥ d . . — o A ' A o
filgAsegnirfndrsrnunameand Kineties limit) iuneiiugeisanmsisimeves
¥

12 da

a 4 @ o 9 o v ¢
IﬂilﬁEllllhlﬂluﬂﬂﬁi‘]ﬂ'ﬁ‘lﬂﬂﬂ]ﬂqg'lcﬁﬂﬂﬂ"]ﬂ%u%u NAINTITNATDIDZNINTANAIDAYADANY
v a Y o w 1 Auw o w ¢ ¢
ﬂjﬂﬂiﬂqﬂiﬂiﬂﬁﬂﬁﬂ 0.1 M Ha')u’]ﬁ'ﬁﬂza']EJG]'JGU'N'VI“lﬂ%']ﬂu']ﬁ'Nﬂ'Jaﬂ‘ﬁ ABDUIAULHEDILLAS

gragilyan limseindSua Insdlendaenies ICP
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3.4 Sunumdnndr1atiunsa AISI 441 amsndeutleaiudan Mn-Co spinel 2633
Electroplating
3.4.1 MawsouasazawdianInglad (Electrolyte solution) [33]

asazarwdianIng ladezwSonnn 0.1 M cobalt sulfate, 0.5 M manganese
sulfate, 0.7 M sodium gluconate, 1.0 M boric acid {ta¢ 1.0 M ammonium sulfate

massumsazarwsidnInslad 1 L 925090 siin Boric acid 61.830 g 1oz
Sodium gluconate 152.705 g aeluniindu udmnInIumIaza16a6 Magnetic stirer
A50zeIUNNA LA UAY Cobalt sulfate 28.110 g alUnIoununumIsazaivaodn 30 uIn
Ltﬁiéﬂﬁﬁﬁzmﬂ‘ﬁﬂ%ﬁﬂ 24 h wﬁamm‘fu%’uﬁu Manganese sulfate 84.505 g Ll Ammonium
sulfate 13.213 g adlUwdeufuniusumsazatonua 1a13eiimssy pH vesmsazane 1l
AUMAY 3.0 A28 Ammonium sulfate 1138 20 %vol sulfuric acid [34] LKUNTNATIATEN

ad J [ =
?f'liaxaTU'ﬂlaﬂiﬂﬁqﬁﬂltﬁﬂﬂﬂQﬂ'\WW 3.2

Horic acid \ / Sodium gluconate / Cobalt sulfate

\ /

Stirred until

completely dissolved

Stirred for 30 min and

kept standing for 24 h

20%vol sulfuric acid/ Ammonium sulfate
\ Manganese sulfate \ /
Ammonium hydroxide

..
ﬁ

a = ad o
NN 3.2: ﬂ']ilﬂiﬂuﬁ'ﬁ'ﬁ%ﬁ"ﬂ@mﬂi“ﬂi‘lﬁﬂ

v
3.4.2 MIAABUFUIIY AISI 441 A2075 Electroplating

4 B : ] i g
“luﬂluﬂauusﬂ%zﬁ’mmmﬁ“Hmmazﬁmmzam@mimﬁa‘umﬂﬁqm aaluns

1 v
naaos 1dinsUsunlasudunlsaegdaae i
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1) MamseuFuanudeunsinieu: NNNHINITTARBNTEATHNI Y
1.1) thiuanldadasmsagmeenuealy Ultrasonic bath 11/14t391 15 min
udnilndousiud
1.2) WIMIRATUIIURY 25%vol hydrochloric acid #dRai 13U U 9820
a13aza10eNUealy Ultrasonic bath 1111781 15 min ud 30 llindeu
2) WAt aeTun (Anode)
2.1) VAR A TRA: 15X 25X 1 mm’
2.2) ‘lJu’lﬂGlﬁﬂjﬂ'h‘[‘?’JuﬂIﬂﬂ: 30X 40X 1 mm’
3) ANYULVINBULVIITY
3.1) nihdmiluaenay
3.2) wihdaiiludmasuegSa
4) VunlReunszualnithiideouldszuulusae 0215 4

5) i ldlunisindeveglugag 1-120 min.

E4
= ISy

& 4 o, 2a &
6) L'vafla’f"lummﬂa‘hﬁ (Calcined) Lﬂu 2U8% 4 h 91 800C cm”luwmzumi
b4
WosufIuee Oxide spinel I

t 4 [l
uwumwmsmﬁau%mmumﬁamwﬁ 2.8

3.5 Fununannm Iadaunsa AISI 441 fmsinaeuileafud e LSM finsustudae

3% Sol-gel

3.5.1 MSMIoNIA LSM

LSM 921#561910 Lanthanum nitrate hexadydrate Strontium nitrate Manganesé
nitrate tetrahydrate Citric acid (CA) 482 Ethylene glycol (EG) aaedniimsaiulae luaves
asdsgnouTans : CA:EG i 1:1.2:7.2 [35, 36].

“luﬁi'?’uui N9¢11 Lanthanum nitrate hexadydrate 7.457 g Strontium nitrate 0.905 g
Manganese nitrate tetrahydrate 5.409 g (183 CA 4.990 g mazmﬂmfma&u ﬁﬁ'ammfmztﬁu
EG 11750 ml aq'luwdendurhmsauaisasaeuazldnnudoud so’c ludw wunseis
asazmonlfeuiudimies SwsBoniiva wueadldoondy 2 daw  dauusnthly

a s 1 o ay LY {
'JLﬂi'lS‘Hﬁ'JEJ XRD uazﬁﬂmum"lﬂmﬁauuuﬁlmmu LLN'Nﬂ'IWﬂ'IiWI?ﬂﬁl%ﬂllﬁﬂﬁﬂ\?ﬂ']'ﬂﬁ 33
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Ciitenell [T SEWINI RIS

\ | / manganese nitrate | Ethylene glycol

J]

Strontium nitrate ~

Stirred until

completely dissolved

LSM sol-gel Stirred and
heated @ 80°C

MNA 3.3: MIAseNa LSM

- o v 4 ° a 4
3.5.2 mﬂmuumamuﬁam"hhmﬂw XRD

dealdszmediazmenmaseenlumeuiigungl 120°c Wunm 12 h
° d 4 a 0 o w [ ~ - ° a '
wdni lunalmidefigungi 800°C wiu 4 h shwedeh 1 lusaz@eaud i lfainsey

XRD 114924 2theta (1111 20°-80° 1A scanning rate (11111 2°/min.

v
3.5.3 NMIAADVFUINY

[

mngﬂﬂﬂﬂmﬁeuﬁ'wwmv?‘%mﬂy

"Tﬁﬁ 1: wﬁ‘?yumu AISI 441 aaluma (AISI 441 was put into the gel)
%yuam%Qﬂwﬁm"lﬂ”lumauﬁ'aﬁwmsszmuﬁqmﬂqﬁ 120°C Wuan 1 h
udaunalaninefisoo’c w2 h 517%14ﬁwm%uamgﬂﬂnﬂquﬁ'wmawm aesthFuand

NAAOUNMIILINBVDI 1ATIHY
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3N 3.4: Mo s 1 Ghuaulusluma)

%4 2: q‘u%ymm AISI 441 2311190 (AISI 441 was dipped in the gel)
nésmngusunuaciyuead sihduenlloud 120¢ dham s
min 1u€umauf:ﬂzﬁm?ymmuqﬂ%ﬂqwﬂirﬁuﬁwm?;mmvfwum:qnﬂﬂﬂquﬁwm A9
1 lduna'landii 800°C wm 2 h ﬁ'ﬁ:‘uﬁwﬂﬁ;‘umuqnﬂﬂﬂquﬁwmaﬂm ey

v

v v
NATOUMITLNVDY IASHOY AMINA 3.5 llﬁﬂQﬂuﬂﬂl‘Iﬂ'ﬁlﬂaﬂU@’hU']ﬁﬁ

AISI 441 was dipped into gel

Dried gel at 120°C for 5 min

Calcined at 800°C 2 h

H v H
M 3.5: MSIATOUTUIIY AISI 441 328 LSM sol-gel #28357 2

v
' a

[ v
AN 3: quIna AISI 441 asluwaudnih lwndudu (AISI 441 was dipped

and prefired)

4 v v
T Hznd10AUTTN 2 1A luTI Repeating step 9$TNFUNY AISI 441

)

' v '
Tgulwea i lfeud 120°C Wlunan 5wl udniluindudy (Prefired) i 600°C WU 10
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) 4 H & o :’ di, a < ¥ A
wit Flusudeghdn lduvaeqsovsuiuiveaningnilnaquilsmsinfeusuvua
o Rl { ¥ a ! Qw
udRuildunalmnided soo°c iWlunm 2 n drituihwessunugninagudloinanua e

o o A a d' e A Y aad
u’l"]m\ﬂuu"l‘lh’lﬂi’f’e)‘ljﬂ']iizmﬂ‘llﬂﬂﬂimtlll NN 3.6 LAAIVUNDUNITIAADUAIUITU

\ 4

AISI 441 was dipped into gel
¢ -

Dried gel at 120°C for 5 min
Ny

Prefiréd at 600°C for 10 imin

’ AllbyWas covered
ith coating

| yes

Calcined at 800°C’2 h

1 9 1]
N 3.6: MIAABLFUNY AISI 441 328 LSM sol-gel 4287357 3
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UN 4

Han15I8

4.1 Fua1u AISI 441 #hildvihmsnaeu
Y
o [ a v
4.1.1 Waveeas M5 IMavesfvoonBurunamssemevsd Inslioy
9 '
HAUBISATINS IMave IR BN TN UTUNTABONI NS TLIVEVDS 1IN LAA

o { (=1 1w o a ¥ " 1
Fanmit 4.1 sxiui SasnissemevesInsflounnmannd 3aily Arst 441 fies hivuog

9
v o

FY
o @ 74 a [} o a v W
ﬂ‘ijﬂﬂi'lﬂ']ill‘ﬂﬁ‘ll'ﬂ\iﬂ'l“']i'ﬂﬂﬂ“lﬂ%uﬁlfu ‘1'14‘B'Jsiﬂﬂi'lﬂ'lﬁul‘ﬁﬁl"lf\ufsf’uLﬂ'lﬂ‘U 0.8-3.0 cm/s ANUU

¥
J Y o

musand g hinisszmevesTanflonlugedanms lnafadudendiiugniadae
d aaa & 1 v ' t W
sauwarmnansuesl§isen Femmnennudh sasimsszmeveslnsdfivuiidifesniidasing
' 24 " o . .
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Abstract Chromium vaporisation from chromia-forming alloys when exposed to
high temperatures can deterorate the protective property of oxide scale. This
problem affects the lifetime of solid oxide fuel cells and solid oxide electrolysers
using chromia-forming alloys as interconnectors. In this work, AISI 441, a com-
mercial grade stainless steel which chromium vaporisation investigation has not
been reported so far, was chosen for study. Chromium vaporisation rates of bare
AISI 441 and AIST 430 and AIST 441 and AISI 430 coated with Mn—Co spinel by
electroplating method were measured in an atmosphere of 5 % H,0 in O, over the
temperature range of 650-900 °C with the linear velocity of the humidified oxygen
stream varied in the range of 0.8-3.0 cm s™'. For uncoated samples, AISI 441
showed a lower chromium vaporisation rate in comparison with that of AIST 430.
Mn-Co spinel coating could reduce the chromium vaporisation rate from AISI 430
surface. However, on the contrary, the Mn-Co spinel coating could not only fail to
suppress the chromium vaporisation, but it also promoted the chromium vaporisa-
tion from AISI 441 surface by 2 times.
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etc. are promising protective coatings that could significantly reduce chromium
vaporisation from the alloy surface and still maintained high electrical conductivity,
thermal expansion compatibility with other cell parts and stability in operating
conditions [9-13].

The aim of this work is to investigate chromium vaporisation on the surface of
AISI 441 stainless steel, the other one of potential commercial-grade ferritic
stainless steels used as interconnector [14] comparing with that of AISI 430
stainless steel. Here, the effects of oxygen flow rate and temperature on chromium
vaporisation rate were observed. Chromium vaporisation rates were compared with
those of AISI 430 and other alloys reported in literature. Furthermore, AISI 441 and
AISI 430 were coated with manganese cobalt (Mn—Co) spinel using electroplating
method. The chromium vaporisation of coated samples was tested.

Experimental Procedures
Chromium Vaporisation Measurement

The studied materials were AISI 430 and AIST 441 stainless steels. Their chemnical
compositions of AISI 430 and AISI 441 in wt% are listed in Table 1. To measure
chromium vaporisation rate, samples were cut into dimensions of 25, 15, 1 mm? for
AISI 441 and dimensions of 30, 20, 1.4 mm? for AISI 430. For uncoated samples, the
cut samples were polished with sand papers up to 1200 grit and cleaned with ethanol.

Chromium vaporisation rates werc measured via the experimental apparatus
adapted from transpiration method [5] where O, humidified with 5 % water vapour
was passed through a quartz tube where a sample was placed inside. The
temperature inside the tube was controlled by a vertical furnace. The experimental
setup is shown in Fig. 1.

During the experiment, the condensate obtained from the condensation of water
from the humidified oxygen stream after passed through the quartz tube was
collected at a condenser connected to the bottom of the quartz tube. After finishing
each experiment, to collect the sample, the quartz tube and the condenser were
washed by 0.1 M of hydrochloric acid. This washing solution and the condensate
were put together and the volume of the sample was adjusted by deionised water
into a certain volume. The amount of chromium in the sample was measured using
an inductively coupled plasma mass spectrometer (ICP-MS). In this work, each

Table 1 The chemical compositions of ATST 430 and AYSI 441

Element Cr Cc Mn Si Al Ti Nb Mo Fe

AIST 430% 16.5 0.03 0.4 0.35 N/A N/A N/A N/A Balance
AISI 441 17.83 0.01 0.24 0.60 0.006 0.13 0.55 0.01 Balance

* Data from ArcelorMittal

_ @ Springer
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2 3
1. Oxygen tank 5. Quartz column 9. Computer
2, Pressure guage 6. Furnace 10, Condenser
3. Flow meter 7. Contreller 11. Sample
4. Humidifier 8. Datalogger

Fig. 1 Experimental setup

experiment was carried out for 24 h with the linear velocity of humidified O, varied
from 0.8 to 3.0 cm s~ " and the temperature varied from 700 to 900 °C.

Mn—Co Spinel Coating
Electrolyte Solution Preparation [15]

The electrolyte was prepared from 0.1 M cobalt sulphate, 0.5 M manganese
sulphate, 0.7 M sodium gluconate, 1.0 M boric acid and 1.0 M ammonium sulphate.
All chemicals were supplied by Ajax Finechem Pty Ltd. The preparation of
electrolyte solution was started from adding boric acid and sodium gluconate into
distilled water. Mixed solution was stirred by a magnetic stirrer until completely
dissolved. Then, cobalt sulphate was added, stirred for 30 min and kept standing for
24 h. After that, manganese sulphate and ammonium su Iphate were added together
with agitation. The pH of solution was measured and adjusted to 3.0 using
ammonium sulphate or 20 vol% sulphuric acid.

Sample Coating by Electroplating Method

The alloy samples were cut into the required sizes. Before coating, the samples were
pickled in 25 % hydrochloric acid for 3 min and cleaned with ethanol in an
ultrasonic bath. The pickled alloy samples were electroplated by applying the
electrical current of 30 mA cm™2 for around 10 min. The coated samples were
calcined at 800 °C for 4 h. The surfaces of coated samples were analysed by a
scanning electron microscope (SEM) and X-ray diffractometer (XRD).
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Results and Discussion
Uncoated AIST 430 and AISI 441

Figure 2 shows the effect of wet oxygen flow rate on chromium vaporisation from
uncoated AIST 441 and AISI 430. It can be seen that chromium vaporisation rate of
AISI 441 samples was lower than that of AISI 430 at linear velocity higher than
1.0 em s™'. Furthermore, it seems that within this range of oxygen flow rate the
chromium vaporisation rate from AISI 441 surface did not depend on oxygen flow
rate which means that chromium vaporisation was limited by surface reaction
kinetics, Meanwhile for AISI 430, the chromium vaporisation increased with
increasing the oxygen flow rate, This should be because over this range of oxygen
flow rate, mass transfer rate of chromium volatile species was lower than the rate
that reactions occurred, thus in this velocity range the reactions were limited by
mass transfer of gaseous chromium species.

Based on the assumption that Reaction (2) is predominant at 800 °C, mass

transfer coefficients (k,,) of chromium volatile species were calculated by Eq. (4)
[16].

o = 0.664(D4, /)5 (v /1) /2 (4)

where D, is the binary gas (0,~CrO,(OH),) diffusion coefficient calculated from
Chapman-Enskog kinetic theory [17], v is the kinematic viscosity, v is the linear
velocity of gas and 1 is the sample length. The calculated results of mass transfer
coefficients are shown in Table 2.

5.0E-11
& AIST 441

. u
%, 40E-111 o arsI43o
=
by
& 30811
P 3. 1 O
=
g .
% 2.0E-11+ (= BIPR .
= L 4
[=]
=
53 ¢
O o114

0.0E+00 } } t

0.0 1.0 2.0 3.0 4.0

Linear velocity (cm'sh)

Fig. 2 Effect of gas flow rate on chromium vaporisation content tested in 5 % H,0 in O, at 800 °C for
24 h
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I:«:’l'llcmzenz[?:fgct}rmgj(fé;{)z fom M 57 Mass lmrls‘fcr coefficient,
AIST 430 surface ky, (cm )
0.3 0.80
1.0 1.38
1.5 1.95

Based on the gas transport theory [16], the molar flux (J) of gas species was
calculated using Eq. (3). '

> 1’;_T (pm = p(on) (5)

where p® and p'® are the partial pressures of gas species at the solid surface and in
the bulk gas, respectively.

From the calculated mass transfer coefficients and the partial pressures of
chromium volatile species (CrOz(OH)y) at the alloy surface (p(a) calculated using
equilibrium constant (K),) of Opilaetal. [4] and Stanislowski et al. [8], the mass fluxes
of chromium volatile species at the observed linear velocities of bulk gas were
calculated. For this calculation, the partial pressures of CrO»(OH), in the bulk gas
(p©) were assumed to be very low in comparison with those at the alloy surface. The
calculated mass fluxes and the mass fluxes measured in this work are plotted in Fig. 3.
From Fig. 3, it can be seen that the measured mass fluxes of CrO,(OH), are lower than
the calculated ones by around one order of magnitude This should be because the mass
fluxes calculated from K, of both Opila et al. and Stanislowski et al. were the mass
fluxes of CrO,(OH), transferring from the oxide surface to the bulk gas while the mass
flux in this work was the one measured from the bulk gas in the form of chromium
dissolved in the condensate and washing solution as described in the “Experimental
Procedures” section. Therefore, it is consistent with the assumption of mass transfer-
limited vaporisation that if the reaction is limited by mass transfer the mass flux
passing through oxide-gas interface must be higher than that in the bulk gas.

Chromium release rate from AISI 430 and AISI 441 samples measured in this
work and from other alloys reported from literature [8] are shown in Fig. 4.

Chromium vaporisation from AISI 441 and AISI430were testedin 5 % H;0in Oy
at 800 °C for 24 h. Other alloys were tested in 1.88 % water/oxygen at the same
temperature and period of time. From the figure, it can be seen that AISI 441 released
chromium less than Ducrolloy, AISI 430 and Conicro 5010 W did, but seems to
release chromium more than Crofer 22 APU. However, the chromium vaporisation
rate of Crofer 22 APU was the value measured in 1.88 % HyO in O, which was less
than the percentage of H>O in this work. Therefore, it cannot be concluded in this
stage that chromium vaporisation rate of Crofer 22 APU was less than that of AISI
441. Even though the chromium vaporisation rate of Crofer 22 APU is found to be
lower than that of AISI 441, Crofer 22 APU is a special alloy developed forusing as an
interconnector. In the economic point of view, Crofer 22 APU is much more
expensive than AISI 441. Therefore, the advantage and disadvantage of using Crofer
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Fig. 3 Mass fluxes of chromium volatile species from uncoated AISI 430 as a function of linear velocity
of 5 % H,0 in O, measured from this work, and calculated from equilibrium constant data of Opila et al.

and Stanislowski et al. at 800 °C
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Fig. 4 Chromium release rates of uncoated AISI 441 and AISI 430 measured in 5 % H,0 in O, at
800 °C for 24 h (from this work) and other alloys tested in 1.88 % H,O in O, at 800 °C for 24 h [8]

22 APU as an interconnector still need to be compromised. For this reason, if the
effective coating being able to significantly inhibit chromium vaporisation from AISI
441 can be developed, this commercial grade chromia-forming alloy should be a good
candidate to use as an interconnector material.
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Fig. 6 Measured and calculated partial pressures of chromium volatile species in humidified oxygenasa
function of temperature

Effect of operating temperature on chromium vaporisation from uncoated AISI
441 was investigated at the linear velocity of 1.5 cm s™. The results are shown in
the form of Arrhenius plot as in Fig. 5.
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Fig. 7 SEM images of the coated surfaces of a, b AISI 430 and ¢, d AISI 441

As illustrated in Fig. 5, the chromium vaporisation rate increased with increasing
temperature. From the Arrhenius plot, the observed activation energy was calculated as
about 25 kJ mol~". Since at this linear velocity of gas, the chromium vaporisation rate
was limited by the kinetics of chemical reactions, low observed activation energy of
overall reactions implies that at this temperature range, the dominant reaction should not
be sensitive to temperature. This result coincides with thermodynamic data indicating the
less sensitivity of partial pressure of the volatile specie of Reaction (2) to temperature [4].

Partial pressures of CrO,(OH), represented chromium volatile species were
calculated using the thermodynamic data reported by Opila et al. [4] and
Stanislowski et al. [8] at various temperatures and compared with the experimental
results from this work. The plots between partial pressures of chromium volatile
species and temperature are shown in Fig. 6.

It can be seen that the partial pressure of chromium volatile species measured in
this work is about two orders of magnitude lower than those calculated using the
thermodynamic data of Opila et al. and Stanislowski et al.
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Fig. 8 Chromium vaporisation rates of bare and Mn—Co spinel coated (MCO) AIST 430 and AISI 441 in
5 % H,0 in O, at 800 °C

Coated AISI 430 and AISI 441

In the attempt to find a coating material capable to inhibit the chromium
vaporisation, Mn—Co spinel was chosen to experiment in this work. The
electroplating method was applied to coat this Mn—Co spinel on AISI 430 and
AISI 441 surfaces. The morphology of the sample surfaces was analysed by SEM.
Figure 7 shows SEM images of the coated samples.

As observed from Fig. 7, the surfaces of both AIST 430 and AISI 441 were well
covered with the coating. Some cracks can be observed on both samples but the
coated AISI 441 surface seems to have more cracks. When observing the SEM
images with higher magnification (Fig. 7b, d), it can be seen that inside the crack
channels was still covered with the coating which means the AIS1430 and AISI 441
surfaces did not directly expose to the atmosphere. XRD analysis was also
performed and the results showed that the Mn—Co spinel was found on the coated
sample surfaces.

The chromium vaporisation from the surfaces of AISI 430 and AISI 441 coated
with Mn—Co spinel by electroplating method was observed. Figure 8 shows the
comparison of chromium vaporisation rates of bare and coated AISI 430 and AISI
441 samples.

As discussed before, it is clear that chromium vaporisation rate from bare AISI
441 surface was lower than that of AISI 430. Consider the results of AISI 430,
coated with Mn—Co spinel could reduce chromium vaporisation rate by around
40 %. This result is in agreement with the result from literature [9]. However, in
case of AISI 441, the result was contrary. Having Mn—Co spinel coating on top did
not only help reduce chromium vaporisation but also promote chromium
vaporisation to increase by 2 times. This result seems against the conventional
understanding that even if the coating cannot prevent the alloy surface from the
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chromium vaporisation, it should not make the chromium vaporisation rate
increased. There are two possible explanations that can explain this phenomenon.
The first one is that it is known that, in alkaline batteries, Mn—Co spinel is one of
good electrocatalysts for oxygen reduction (Reaction (6)) [18, 19]. If chromium
vaporisation reaction is non-elementary reaction comprising of Reaction (6) as a
rate-determining step, the catalytic effect of Mn—Co spinel may help catalyse this
reaction resulting in promoting chromium vaporisation. The example of non-
elementary reaction of Reaction (2) is proposed as follows.

1/205aas) + HaOg) + 267 — 20H™ (6)
1ACr204(s) -+ /40n(g) — CrO3¥ + 26~ (7)

For the other possible explanation, thermal oxide scale of uncoated stainless
steels including AISI 441 was typically Cr,0s covered with Cr—Mn spinel [20-23].
It was reported that the latter oxide helped reduce chromium vaporisation of the
chromia scale [8). However, for the studied coated AISI 441, the chromia and/or
chromium containing scales formed at high temperatures might not be covered by
the layer protective for chromium vaporisation as Cr—Mn spinel did on the oxidised
uncoated AISI 441, The oxidised coated AISI 441 then had higher rate of chromium
vaporisation than the oxidised uncoated one. However, both explanations need to be
further proven.

Conclusions

1. Uncoated AISI 441 provided lower chromium vaporisation rate than that of
uncoated AIST 430.

2. Over the observed linear velocity range of 0.8-3.0cm s~! chromium
vaporisation from uncoated AISI 430 surface was limited by mass transfer
while chromium vaporisation from uncoated AISI 441 was limited by surface
reaction kinetics.

3. For AISI 430, Mn—Co spinel coating could slow down the chromium
vaporisation rate from the alloy surface. However, Mn-Co spinel coating by
electroplating method not only could not reduce chromium vaporisation but
promote higher chromium vaporisation rate from AISI 441 surface.
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