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Abstract—The pack cementation process of metal(Al, Cr) halide vapor on a porous pure Ni-anode substrate for molten
carbonate fuel cell was studied to improve creep resistance of the anode substrate. The pack consists of metal powder(Al,
Cr or Al-Cr mixture), activator(NaCl or NH,Cl) and inert filler(ALO;). The pack cementations on the nickel-anode substrate
were carried out at 550-900 °C for 0.5-5.0 hours. It was found that various intermetallic compounds for Al(Ni,Al, NiAl, or
Ni,Al;) and some of solid solution between Ni and Cr were formed on the porous Ni-anode substrate and the deposition
weight of metals depending on time was parabolic. The porosity of the alloy anodes(intermetallic or solid solution) decreases
linearly with deposition content of metallic additives. The Ni-anodes deposited as Ni-Al intermetallic form and codeposited with Al
and Cr showed good performance against creep and its pore structure did not change after pack cementation. The Ni-anode
substrate, which Al and Cr were codeposited on, showed about 1% creep strain under 650 °C and 100 psi after 100 hour.
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MCFC4- anode A}A 24 t}gA] Ni HFo] F2 AM-E=d], Ni
< 48 AFE Follol vlste] 7}Ao] vl A3 Mol Al
2 AMEE Aol 9 A 9 B0l e] Spdle] AT
2 5% Aot zehd 3, shasl A8 elA] A7 2hE
s ojo} oz AT FAYRE] 47 (sintering)e |} 2 A ¢ A A
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Zo) WA3}A| HBZ Nig anode 22 AFSEE & creep EA|<)
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CreepS WA8171 #1351 AA7kx] o] whyol] Alek=lglem Ni
¥4 Cr, Al 520 F4-8 wigk F7lsled AJyse ol F2 4}
452 g} FAle Cr& 10% 7-8(solid solution)A] 7] anode &
F2 AHE gl 712 G719 E B Crg 784 anode:
8-10% S| 4-2-8-& 2o]u(650 °C, 100psi, 100 hour FA o 4]) &
7}= Cre] Ni-anode®] £74-& Al Eu1# S AlTsh=
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v Cr 30] 7|4es F38)7] df el £% Aos EgEHE AR
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Fig. 1. Schematic diagram of apparatus for pack cementation.
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£ A¥olA AR oA Ni A3 713 $77} 0.9 mmo) 3 7
F-E(porosity} 2F 70-75 % W $)o]™ Ni £2(Inco 255, 7274 3
um)g- tape casting3}e] green sheetE 511 o] 2 850 °CollA] 303
Z¢ 27 sted A Z3FF A Bo)c}. Pack cementation 271 W7 3cm,
¥o] 3em®] AR E7ME AMSlH T FA4-E Po] st wb
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Ni 7|98 oMl EL 2 AAF 5 AxA1A RYeA FAS 2330
Hhgo] it Flol tiA] AH3tT ARAZ F FAS =45l ke
A - F) A Aol 2 FARS AESIGTH Z2A Nig] ApA) =
ol 23t A EAlo] Q1R delry) Yste] ¢Fehg Bwke
2 A7l whg 4706 Ni AF0e 9 700 CollA 10417 &
b FRAA £ Al A A Ni A3 74 b= ¢igich o
Al ubg A - Fe] 7 Aol g Rt Fago 2 siglo)

24 Ni-anode 7|9l Cr& F34)7]+ H$ol F2 NHOA
€ AR FE AHE3le] 2549 650-850 ‘CollA] AY-E $3Y
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g O 225 3 £33l F 345 949 BEx Ao|g 1
28 90-95wt%2] Cri} 5-10wt%2] Ale. @ FAJS wraoe] Fgiw
{13] AAIZE F&E NaClg AHSslge). O3] 2 258 AlE 2
2 djol] Bl3le] ¥ Wi}l 750-800 CQH o] Ale] H]#| Cr
9] F71%ke] Ao B R o]-F w33t Hlo|r}. Table 14)) o]z gk A Y
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2-2. Creep AI#

S5t ARAgR Y AA 24 A9 FU 278}0)4] anode
2] creep strain-g Z33}7] $13}e] Fig. 29} & A& ul&dsige).
80 %H,/CO,°| 1 & 7}~7} 70°CE X35l 22958 Exlale] 4

Table 1. Composition of pack and operating temperature

Pack composition Temp.(C)
Ni-Al 26 wt%Al, 4wt%NaCl, AL,O, 550-780
Ni-Cr 14 wt%Cr, 14 wt%NH,Cl, Al,0, 650-850
Ni-Al-Cr 47 wt%Cr, 3wt%Al, 5wt%NaCl, ALO, 750-800
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Fig. 2. Schematic diagram of creep test apparatus.

F712 X3P AeellA 650 CE 715 AP o FF€rt. o]
Zkxe A9 flollel A% g GF0IY B Boele AT
Al M3} A& 5 QA S Alge] FA 3] e A8l
Al & AAA AHEEI e anode?] AA| A2} 2A HF

P

R R S A

(a) Pure Ni-anode(Xx 3,000)

(¢©) 12.1wt%Cr/Ni anode(x 1,000)
Fig. 3. SEM images of alloy anodes prepared by pack cementation.

7] $13t AFE Abo]oll= A8 (62 mol%Li,COs+38 mol%K.CO;)
+ AF 71 #99 % 25% A= A AT Al A
o] s WASEE 317] 943t A Azt 2gA0]
FL CO, E91718}e]| 650 CellA] 24X)7E Fk 217 H AlRE 3

F3p7] ARl a4 E T)E o148l 100psiR FAIR
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(a)

Fig. 4. Typical microscopic structure of 2-phase alloy system.
(a) aggregated structure, (b) dispersed structure

SEME- ©]-4-3}d pack cementation 32} A9} 7] % T3 E #ql
3 A#-E Fig 3ol Uehidch. (aye €53 o84 Ni-anode®] A}
Aol (b), ()= 247t Al Cro| pack cementationol] ]3] Z24} 3
9] ARRlely (dy= Al# Crg FAloll 3417 anoded 7)FT3E
vehdle Abalelct. Fig. 3(b)9] Ale] 3H9l & NH,ClE ¥4
A2 AMg-8le 750 Coll A 247 whe-A1A A g oF 16% 53
A7l Re 2, kg Fo AAoA 717 71 o] 2L g)aLE<] Ni 7]
ol 3-350] 9l g B 5 9lon o]Ao) Ni-AlA 347} 3
e AR Ao Z gal=g]c)

kA o2 FERLg J|X S A Melld-E Ag A2
2] §]zt=27) ol we} Fig. 40 B 5 F59] =lA73, 3 3ixA
(aggregated structure)st -4k %] (dispersed structure)e] B§4€ 5~ 9l
c}H14]. Fig. 4] gz L A2 7|12 F49] J2k=7]7} vl4
3 A5l F2 YAE D ap=z7]9) 2o)rt E Aol A24k o
A7t 71242 A6 A3 R Qe 9 o) 24
ze] F2 YA =T A=A v v|2d & F3anE JxA 2
t}. olaigt Fy oz B uf Ni Zwlol 357 313HEo] YA 24
< AgzAelely] Brle BAzA | s ol& Ale] ko2
AR Ao] ol 31ehEA(CVD) &8 7oz Fakslglr]
o) 7Ledt A2 B 4 qltt

& AHE-3te] o] 52] A(phase)g #Uste] & A} Fig. 5o 1
o Ziz} o] Al7} Nig] 247k 313ME-5o] YAI=Y] 9J2-& &+ 9l
Act. vhgahe 257} deilel ael 24t 33 A2 e A
(phase}g A3l =d] 2271 Fola=F NiAloA HALZ NiAl,
Ni,AL 53} zro] Ale] 2Ae] & 357 331 E-50] JAgL ¢
e o= %7t ol wel whisiws) wala FaEE

/ ::x.U o} . X»L/WC

/ 700°C
20L 40 60 80
2 theta(deg.)
Fig. 5. Identification of Ni-Al intermetallic compound in aluminized
Ni-anode.
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Table 2. ICP-AES data of alloy anodes fabricated by pack cementa-

tion
Component Composition(wt%) of Ni-base anode
in the pack after pack cementation
Cr Cr Ni
9.8 89.5
Al-Cr Al Cr Ni
4.2 25 91.5

1700

Temperature (C)
8
1

N Atomic Percent  Cr Cr
Fig. 6. Phase diagram Ni-Cr binary system(y': NiCr, phase).

Al2] xAe] Z7138)7] wj-Folr}.

Fig.3(ch= &% 750 °Coll4] Cr& Ni Fwldl] 371 39] 24
AH ARE ZHA & w9} o] 7]F 7|9 Cr YRbEo] ¥-2=e]
e ZH5S B S 90920 Table 2¢] ICP-AES A 84 Aalas
B Cro] ¢ 10wt. % = S350 9l ¥ 4 gl%ich

XRDZ ¥4 A3} Cra} Nig] 2474 31318-9) A2 waw=) ¢
st o] Fig. 60l 23] Nis} Crel A9 3 = (phase diagram)oijA]
o 4 9lRe] 2% 750 CollMe Cr 248 A gl 2471 8
3}-Z (intermetallic compound)®] A}o] EAJs}x] koo 10wi% A
(@A)l A= Nio] FAE<l 3283 (solid solution)e] Heh 2 EA)3}
7] WEe]ch

3} pack cementation FA S o] 881 Alx} Crg& A 234
7] 2| AR [Fig. 3(d)Fe A R & NislAl 9o 2he QlakEo)
Zrzt de) o] gl A e & S QLT ICP-AESE o] 43}
ZRAE E8o] Al Cro] 22} 42, 25wi% FAo] Z3slo]
18- #l3lgch(Table 2). Kim[13] 5-& pack cementation 342
o]-83tq Als} Cr& chgAdo] obd Hg & o] FAol F4A]
713, ol Al3} Cre] EE 30| 2 Q3 Z4zte] $U-g E3slo
Ae A FEo] ol ALCrAl 3F E1e AHEskekt 7bsEt
ki Bagk v} glch e} B A Al s Al Cre] 2]
St Xje] g o]8-3le] packe] FAF Lx9t G UL Al
Cro} &5 Egol 23 x FA) 3] 7158e & 5 gt

Alev} Cre] FApo] k& 7]2x2] w3l E Yolr ) $3le] 7
FE& £A3AIAE Fig. 7ol viehiiglt}. <43 24 Ni-anode9] 7]
FTE7} F 70% o144l Al vl Al = Cr& Hrisie] 24573 2
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Fig. 7. Porosity of Ni-Al and Ni-Cr anode.
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Fig. 9. Pore size distributions of Ni-Cr anode vs. Cr content.
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Fig. 8. Pore size distributions of Ni-Al anode vs. Al content.
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ZA¥%e By F AS BF 55% o)) 71F=E {15kt 7]
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S vl A7 FE wF AAAHLZ 7| FEE AT e UE 2
< 5 A2 FEF F7lell viEo] Wk AR F7h2 A3l Ni g
A7k 27e] AP 7Fert Fadhe At v E e A
Zrglch. 12jut porosimeter§ ARS-3le] FAtE= <o) ofoll upE
7 71¥-=17) (mean pore size)?] W3} ol Z 3} Fig. 85} 9ofjA{ <}
o] £ oA Ni-anode®] 3 7132719 & Alol& $idct

3.2, ST

Pack cementationol] 9J3)] Als} Cr& S o] vkg-A]7tol] o}&
FA ] J¥-& Fig. 100 el glel. 2)delA Sk Nig] &
4 A A= i A B2 Jehiigled Al Cre] 7
7% 25 Z3ske] Algo] Azl vlElEe 2284 YHE o2
AL o 5 olok. gk A7k o Sk fAANS A (D 32
o} 714819 1 Fig. 102] 7|27 25¢€] k32 F-5}e] Table 34l v}e}

10x10®
— ®  Cr(750°C, NH4Cl)
<t - a
g 8510 | 2 AI(550°C, NH4Cl) o
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] v Al(800°C, NaCl) iy
G
~
g
- e}
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E (¢)
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Fig. 10. Deposited metal content in Ni-Al and Ni-Cr alloy anode vs.
time.

Table 3. CVD constant of pack cementation

Material Activator Temp.(C)  Rate constant(g’/cm’ hr)
Al NH,Cl 550 1.03x107?
NaCl 750 3.90x107°
NaCl 800 1.16x1072
Cr NH,CI 750 2.60x1073
Wit
W=kt o

2 AellA SxAe kE WXl (frequency factor, k,) 08 F§
3P 53 ze] #3€ 4= 9)c).

W=k, eE/RD . ¢ @)
el 21& 3shd okt o] By

InW? = Ink, + Int — E/RT 3
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@ AYNaCl, 2h)
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SO 2,.O.Hc§;(.NH4g|;v5hr)...

8

(Deposited weight)2 (mgzlcm4)
=
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104/7T
Fig. 11. Arrhenius plots for Ni-Al and Ni-Cr anode.

Table 4. Activation energies of Al and Cr deposition on Ni-anode

Activator  Temperature range('C) Activation energy(kcal/mol)

Al NHC 500-650 19.8
NaCl 750-800 90.1
Cr NH(CI 750-900 26.8
NaCl 750-900 102.0

Fig. 119] mWE 1/Tell s 218t vepuisls 4] 3)e2HE
APH o7 A3} o] (activation energy)E 3l Table 4¢]] 1}
elgic). SRdAlE NH,CLe AHested &% 500, 550, 600, 650 °C
oA 74zt 1A17E 5t Alg S2A17] F 843 WA 3 A=
19.8 kcal/mol(A} 3 3A| A34=0.99)8] 7& Bc}. w3 700, 750,
80004 NaCl& A 2 ARg-3te] 2417F Wh-g-A 7] F Ale] 5-314]
B33} oLl AlE ] A3} 90.1 keal/mol( A Al3%=0.99)¢]

£ ddch ol= NHCIE B4A 2 A8 oo v A3 2
o2 NHCE AR AH-ehs 2] =8 o 4 ok
18] 3 NaCle] #8433} oflu)=] 42 Levine 5-¢] 7]3o] §le Ni ¢
o] 980-1,100 °'C2] 3 o)A & 88 kcal/mols} 7] 2] HAMSHE ¥ Q)
o}11].

xg X 750-900 C dHolA] NHCIE AR AMgsle Cr
£ &Y A9 23t WAE 7 A 26.8 keal/mol(F A
Al AEr=091)9] 3t& A2 NaClg AHgslale ¢ 843
ol 2] Zkl 102kcal/mol B} 2h- Zh-& B2 2M Crd $3s]
€ 7Sl = A 24 NaClRrh= NHCIE AH83ke Zlo) o] &
glalvhe S & 4 sl

3-3. Creep |M

%<&} Ni-anode$} Alo] 7.0wt% 35 Ni-anode2] A]7}ol| wp&
creep stmaing: Fig. 129 VFERARI}. S Ni Fe] A4 271o] creep
o] F53HAl dojvielrl HALR Zh4bd creep strain ratert YA
#E B AAAAAE FAE VS 2 A H3E HF3aA2e
AHgsb ot #oPsE A4S ¢ 4 Sleh T2 Al] 257 wi%)
A& A 27l 2Fe] Wishe Bolut oF 2-3%2] UAA¥E creep
strainghg %o} 7 Ao o} $438 ¢ 4 e Fig 13 NiAl
anode®} Ni-Cr, Z12] 32 Ni-Al-Cr anode-E- 650 °C, 100 psioll#] 1004]
7t EF creep test T F F3 == F42] Aol WE creep strain-d

35 H36AH A6 199814 128
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Fig. 12. Creep strain of pure Ni-anode and Ni-Al anode vs. time.
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Fig. 13. Creep strain of alloy anodes(650 °C, 100 psi, 100 hr).

Table 5. Creep strain of Ni-Al and Ni-Al-Cr anode under the 650 °C,

200 psi, 100 hr
Alloy anode Creep strain(%)
Ni-Al(Al : 6 wt%) 245
Ni-Al-Cr(Al-Cr : 6 wt%) 75

Ao 222 veligict. Ni-Al, Ni-Al-Cr anode®] 7#-$- Z3}eko
a2} Z7)o) = creepe] FH3] Aot 5-6 % o) AtellAE o] o)A
°] W3y} gglon HEA O S Ni-Al anode= 2%, Ni-ALCr anode
= 1% B E7A] creep straingt-& A &A1 & U AlF} Cre 5
Al 3417 o] o] f2lge ¢ 5 214} Ni-Cr anode?] %
£ Cr AH7}gkol] ti¥} creep strain®] 7}4~-8-o] c}& anodes)] H]3}ed
e £4 Holu} HFAo2E 5% o]5le] g L 4 ek
22y Ni-Cr anode®] 73-$- 8¢ WAL A} dopd oA
L2 W o3 Cr Hrlsledel gk Bdo] Qi) FH oz
E% o $19] 3717] anode FolA Al, Cr& FA0] H71F AFo|
71 Aol $4-¢ 22 sz}l Ni-Al anode$} Ni-Al-Cr



Pack Cementation®] 2.2 =3 MCFC{ 3 Anodes] E4] 845

anode®] creep 5A1-% S ADsA FAs7] Y3t ok 20L&
ZsHA stz vt 5 vl 2200 psi) 3] F A& creep test T
F A7E v)aslel=d Table 59 vheld 23} 3Ho) Ni-Al-Cr anode
9] creepel] gt A3FAJo] AE5EE & 4 AUsich. o] 25€] Ale] 1
5202 $49 A9uchs Cro] 7 54 5348 Aol flTFAe]
ARk A28 48 = 9led ol Aln ¥4 53" Cro] &
A4 AFDAA creep QA= E3HE 7R Ao A7) 1
2t} Cre 24-A2H EA5leg A g A A7 o
Zl g =|ojzjo} & Alstolc)

4.d £

4-gEkie] o F4%] 4 Ni-anode: 650 °C2] w23} -5}l
2= 7] ool T840 Lot 1Al A Soll 2J& creepo]
HHAEA| a2 Wl FA 9] Boke] 87 RItt NaCl == NHCIE &
A A 2 A48 pack cementation S o]-8-3}e] 4-gEHAIE d8A
A4 Ni 22} anodeol} Al Cr 5% 9 F33A FA] Fihsle]
P anode(EFSAEYE 2 T 8ANE Azxsly YA APL 5
3 Ax} o} 2L A E2E Aok

(1) £ Ni AT 23] 7130) 258 AL NiAlL NiAl, NiAl
5-9] 3471 33}HE-(intermetallic compound)2 3 A1slg o] 257]
o FE Al TAo] & I 513Ee] YA, 1y
239 Cr& Nish 247 SHHES 057 93 -84 (solid solution)
£ YA ol & FSEP hekgeh

@ ALl Cro] 9l 2240 AT A 27 249 34 ool
ue} 7| g5rt AdH ez Fhaslg] ot rlgarle EXxede A
doe 74 Astel.

(3) 23" 349 2 A7 AlFTell vigshe Y bl
9.om NHCIE JUAZ AH5}] Alo} Crg 238 34, ne}
o B4 3 olidA] ZHe Hod NaCle &AAZE A3 o ¥} &
g slgrl.

(4) £5°% Ni-anodeol] Alo] 5% o] F3=]o] F<471 33HEo]
A5 creep straine] 2% H X2 WA AAFHA LA Crg 52
&k anode=. 5% ©]3}2] creep strain ZHS B¢l 13y Cr $39)
739 dske WS 97] e Aid e gl ok O 5%
o] 275191}

(5) Als} 3] Cro] ¥-A] Z3% Ni-anode A+ ¢F 1%92] creep
sraingt& el WFAo] 71 S0 22 hehatel.

g Al

& A7) U IFAGAG SYQT A A S 94-0502-

09-01-3]8] A7 MFo2 FH= 7)ol F Adell A=}

: temperature [K]

ALE1%
E  :activation energy [cal/mol]
k : CVD constant
k, :frequency factor
t : time [sec]
T
w

: Al weight gain per unit area [mg/cm’}
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