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High Temperature Corrosion Resistance of Some Metallic Materials
in Low-BTU Coal Gasification Pilot-plant

Takehiko ITAGAKI, Toshiharu KOBAYASHI, Jung Wei SHIH,
Takashi ARAI and Michio Y AMAZAKI

Synopsis :

Exposure experiments of some metallic materials were carried out in the fluidized bed low-BTU coal
gasification pilot-plant of Coal Mining Research Center. The test materials contains a carbon steel, chro-
mium-molybdenum steels, stainless steels and superalloys along with the aluminum- or chromium-coated
materials. These materials were attacked mainly with oxidation and sulfidation and the major factor of
_corrosion was sulfidation. It was found that the corrosion behavior of alloys was strongly dependent on the
chromium content in the alloys. It was also found that alloys with lower chromium contents such as
2.25Cr-1Mo steel and SUS410 are hardly applicable for the coal gas atmosphere. SUS347 gave com-
paratively good results rather than the other austenitic stainless steels containing 18% chromium.

In superalloys the scaling losses of Hastelloy X, 50Ni-50Cr and S-816 were extremely low. Then it can
be concluded that the chromiun content in the alloys should be increased more than 20% in order to give a
good corrosion performance in the coal gas environment. It was also revealed that the chromium-coated
material resulted in a high corrosion resistance, whilst the aluminum-coated alloys did not show sufficient
resistance to high temperature corrosion. Aluminum as an alloying element also had little effect for the in-

" creased corrosion resistance.
Key words : coal gasification ; high temperature corrosion ; sulfidation ; low alloy steel ; austenitic stainless
steel ; superalloy ; aluminum coating ; chromium coating.
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Table 1 IZ/RT. MEAEEICi1Z Fe 2, Nid, LU
Co D G&AS, REHEEIMFHI LILBIREE & BRE

BECIL AIEEMNRBIOEHEEEICEL Cr#

BMERE T A, REF 134ME 30 mm, HE 15 mm,
EE 8mm OMBRIRTH B LA SEZE 21 mm O
F*E X 5Smm £ TYKRLTHY, WEDOIRIZMER

C 2Tl (M) RBAREERT

=6.3s (AL BT, ZIED, BiRgotk, F—oRB\ESRMEC
WMLT2METo%E LA WP LR
Ahb—8E9kL, NEIROES 8mm DEHD AT
HIFIE A 245 & 5 1T LCHV7: (Fig 3 £8).
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Fig. 1. Schematic drawing of the low-BTU coal
gasification pilot-plant. - The location for exposure
are (a) gasifier, (b) first cyclone and (c) second cy-

EnOTwA. REFIERMIICL ) EEMS R, clone.
Table 1. Chemicakcomposition of the alloys (mass %). -

Alloy C Mn Si  Fe “Ni Co Cr Others Heat treatment
S38C 0.39 0.74 0.24 Bal. 0.01 0.11 0.02S ‘ . 850°C/1h—AC
1Cr- 3 Mo 0.14 0.50 0.67 Bal. 0.04 — 1.18 0.5Mo 0.01Al 0.015S 930°C/2h—FC
2 1 Cr-1Mo 0.15 0.47 0.15 Bal. 0.10 — 2.21 0.96Mo 0.02A1 950°C/1h—AC
SUS410 0.13 0.47 0.38 Bal. 0.50 — 11.86 - 0.05Mo 0.009S As roll
SUS304 0.05 0.82 0.13 Bal. - 8.11 — 18.18 ' 1100°C/1h—WQ
SuUSs321* 0.05 — — Bal. 8.00 — 18.00 0.4Ti 1050°C/1h—WQ
SUS347 0.04 1.59 0.40 Bal. 11.34 — 18.06 0.78Mo 0.4Nb 1050°C/1h—WQ
SUS3108 0.016 1.13 0.43 Bal. 19.37 -— 24.38 0.09Mo 0.0015B 1100°C/1h—WQ
HK40 0.44 — — Bal. 21.20 — 25.10 0.3Mo 0.45N As cast
Incoloy800 0.07 1.06 0.03 Bal. 31.86 0.32 20.30 0.04Mo 0.49Ti 0.52Al 1140°C/1h—WQ
Nimonic80A 0.05 0.28 0.22 0.50 Bal. - 19.40 2.6Ti 1.4Al 0.005B 1065°C/1h—WQ
HastelloyX 0.07 0.34 0.23 19.05 Bal. 1.46 21.79 8.4Mo 0.49W 0.003B 1177°C/1th—WQ
50Ni-50Cr 0.03 0.24 0.30 — Bal. - 51.10 0.25Ti 1.39V As cast
S-816 0.40 1.27 0.30 3.77 19.93 lBal. 19.70 4.11(Nb+Ta) 1180°C/1h—+AC

Nimonic80A(Al)-P (Pack cementation aluminized, 200 um in thickness)
SUS310S(Al)-P  (Pack cementation aluminized, 175 um in thickness)
SUS310S(Al)-D  (Dip aluminized, 100 um in thickness)
SUS310S(Cr)-P  (Pack cementation chromized, 70 um in thickness)

* . e
Nominal composition

Table 2. Parameters for exposure of alloys in the low-BTU coal gasification pilot-plant.

Coal gas composition (vol%)

H, CO CH,4 CO; N, H,0 H,S Na+K(mass%)
1114 8~14 0.9~3.5 9~13 47~55 11~19 0.03~0.07 0.0011~0.0012
Test conditions ;
Condition 1| I m | W v _ W
5t/day plant .
5t/day plant gasifier 830°C, 1 051h
48h 600h +

Gasifier 830°C

2nd Cy 650°C | 2nd Cy 650°C | Gasifier 830°C

. Annealed 820°C, .4,000h in air
40t/day plant 1st Cy 700°C, 3 064h - s

Cy : Cyclone Pressure : 8 atm
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PEXERDLOT, L ARICERB L UOKERE
ER S, COBLUH, KELHTR2BHLDTHS.
BERBRF 3 F 2 PR EBLUOEL, F2H 120
DEEDLEADFN Y —FHOTHY T, Fyo
HAMEB X OREBEDLEME Table 2 1R L7-EBY
ThbH. RERFELNORELFT 7 2LIFAREO O
BLUB2H 4 70y HOTHo 7%, REFEHIZDH
1ol OEBTTS Yy POKIELREEN DD, &
VTiZidUoHo# 1000h 255t/ 75 > o H 2LIF
O, %00 3000h 740t/HT7 > b DFELHA
surylii0eEz>2Cnsd. ZBIOFA M7 2 bTit
FEHZ0MOEM 22 EREOBREIEVESRT
By, EBREHIBICBVWTL TS o), EIESSEK
BldHor FLEEFBEVOREHERIET, KEAWP
820°C, 4000 h OIBAEERDLITo 7= (L VI).
2:3 WERERMOFME
HEEEEM L2 — VL& (Scaling loss) & &K
HEEEIE E (Penetration) I X2 CTEML . A7 —
MEBRBEIC X ZBAE, 34b6LRBH®%OAED
ERBTOEENEN 1/2 ThDH. TBEOHREH
b LEHBICO VTR AT — VLB D D ICKE A
4 — WIE & (Scale thickness) W/, 24— VLE
BEMBEMBEORBEGEOBHEICLY, £/, 24—
ODESEARRAEDFESITERL » PRI E - B
DX HEliE L 7.
BEOBREN LT H% 18-8 25 » L A, Fe £,
Ni %, CoZDOWMHAEER T Al T2 Cr#EL -
SUS310S iZ2oW Tk A r— IVE & L AEBERIES DI
PREMEEEN LML MA A O ICHMITREEITo
2. MEOELE RAHIZIIFIRRBRICLLOMBETH
555, SBIORERF 5 RABR KT H L ) iTido <
bhTwiv, ZZITREROABRR CELOMT %K
L, BTREBRICLAHMEFMHE B 207 CORERT
BEHEICFIED E— FOEAZMAAL I ENTE, 20
FrE-EAM MM IE Fig. 3ICRT X904 5%. o ERIC
LoTHonIEEMOMET - 20 F T HET 5
TEETELRVY, A—oFIK, Tt boOREKR (M
) BoksL S HociE: BEbns.
3. £ B & £

3-1 X7 —tR, X4 —VESBLUNBEERES
ERBRF O r—bE (BEOBRES LT 2 L3k
WA LTRATy—VEEL) BXUONEE AR S % Table

3IWIET. £ I~IVCCRAr—VEkEOKTH D7
S38C, 1Cr-+ Mo, 2%+ Cr-1Mo i EMH-VTHRE

. Table 3. Scale thickness and penetration of the
alloys in the low-BTU coal gasification pilot-plant.

Condition 1 I m v \ Vi

S38C* 40/11 103/ 0 1320/28 2130/76 —
51/10 110/ 0 1550/31 3160/53 —
1Cr-4 Mo* 92/ 0 220/15 920/29 1920/74 —
95/11 103/14 910/25 1730/82 —

2} Cr-1Mo* 129/ 0 125/33 1070/ 0 1500/75 —
! 106/ 0 127/25 1030/ 0 1300/ 0 —
SuUs410* : — — — — 950/ 76 2.5/ 0
— — — — 1050/ 52 -

SUS304 0.5/0 1/0 2/ 0 3/7 72/ 73 2.5/ 0
0.5/0 1/0 2/ 0 3/7 46/ 69 —

(dummy) 1/ 0 1/ 0 2/ 0 3/ 6 — —
(dummy) /0 1/0 5/ 0 3/ 8 — —
SUS321 /0 2/0 21/0 3/15 63/ 98 4/ 6
000 2/0 24/0 3/16  55/103 —

- SUS347 /70 1/0 3/ 0 3/0 25/25 10/ 6
/0 1/0 2/ 0 2/ 0 25/ 21 —

SUS310S8 /70 1/2 2/ 4 2/ 4 3/ 24 4/ 3
/70 1/2 2/ 3 3/ 4 3/ 26 —

(dummy) — — - — 3/ 33 —
(dummy) — — — — 3/ 27 —
HK40 /70 1/0 2/ 3 3/5 3/5 4/ 0
/70 1/0 2/ 0 2/ 5 3/ 48 —

Incoloy 800 /3 2/8 3/15 5/25 6/ 69 6/ 30
/2 2/12 3/17 6/33 6/ 87 —

Nimonic 80A /3 1/7 2/13 3/13 4/ 53 9/ 40
/2 1/7 2/13 3/13 4/ 49 —

Hastelloy X /70 1/0 2/ 0 2/ 0 4 0 3/ 0
/0 1/0 2/ 0 2/ 0 4/ 0 —

50Ni-50Cr /0 3/0 4/ 6 5/ 7 6/ 0 12/ 3
2/ 0 2/0 4/ 6 5/ 8 6/ 0 —

S-816 0.5/0 1/0 0.7/0 2/ 0 3/ 0 5 0
0.5/0 1/0 07/0 2/ 0 3/ 0 —

Nimonic80A — — — — 417/ 53 =/ 5
AD-P* — — — — 403/ 51 —
SUS3108 — — — — 0/268 —/500
(AD)-P — — — — 0/273 —
SUS3108 0/64  0/36 0/45 7/35 0/ 4 —/ 60
(A)-D 0/47  0/53 0/43 0/37 0/ —
SUS310S — — 3/ 0 5/ 0 4 0 5 0
(Cr)-P - — 3/ 0 5/ 0 4/ 0 -

Scale thickness/Penetration (um)
* Refers to scaling loss/ penetration (um)
For condition | ~condition VI see Table 2

EriToTwiwv. b DIZEMHEV T SUS4I0 B X
IR EFE LA Al BBEMEENME TV,
SUS304 (& V Tk SUS3I0S) 22 W Tk &
W —DOWEO Y I R I XA BIEBLMZ S &,
BEATAROTFT— 7B ORTHE, ThSsDOfEDS
RERR L DD LBIC X BHEEMEDIES D & 2451/
BV EHFEREEND., WTHAOMBHIIBWTH A —
MEE (272327 —VOES) FRES X ORBH O
mcéda>TMTA. T/, HEEAEBEEEOK
INTRELSIBICIDIFAIENTESL. BREBOKE L
#MFiE S38C, 1Cr-+ Mo #, 2% Cr-1Mo DK Cr
&, BEEO/E 2K SUS304 5 S-816 I2F
A5 Cr 88 THAH. SUS410 B X ¥ Nimonic 80A(Al)
P RWmEOFMIC, FRUNORERBEAEHIHE S
SEEND. "

S IV CHETREb» ) 240, & Cr A&
LB Cr BEHORA T — WALEIZIZ 3HTD DBEVHHAD
M5, BE CrédgBHclAr—V{tER2KDA
ENRTELLDO/ZOTHrbONIZKERAr — VDR S %R
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SUS410
SUS304

Suss21
SUS347
SUS3108
HK40

1 nooloy80ﬁ
Nimoriic80A
Hastelloy X
50N1-50Cr
5816

Niminic80A(AL) P ' 0 410°
3108(AD)-P ‘
aiosan-o 270 :

3108(Cr) -P

e . . Ly—
100 5 0 0 A0

Penetration (m) Scale Thickness (u«m)

* Scaling loss
Fig. 2. Scale thickness and penetration of corro-
sion of the alloys exposed in condition V.
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FMEVORTr—VES ERNFBRREES & Fig. 2 12t
BLTORYT. R7r—V/ERFH%HEICL Y, FEA
r—VoES (SUSAI0 &Ry —VLE) 24HEED
Hik&otEr 5 7C, REBRRES 2ERNEDNy F%
LYy 7 TR, ST %4 RRATF L AR
SUS410 ® A7 — WAL&EAT 1000 um TH B DI L T
SHD 18-8 257 » L AFD A — VE & i3 ¥+ um,
ZRPDHNOE Cr BEDAr— VIES 3 pm 123 Xk
V. BB, HUICIR S 2wk, & VIL(KEH 820°C,
4000 h NEL) I2BITAH SUSAI0 DRy —VESXDbT
2 2.5um TH27. WAEREFRS I ST
ITHY, ~RLThdrs L) @R 2D
72. Cr % 12% L& % %\ SUS410 (2t~ 18% @
Cr &t SUS304, 5 XU SUS321 DA K & & NE
BE%ERYT. T/, Cr & 20% @ Hastelloy X, S-816
;b%%@cr%abﬂmm%;Hm0®W%Fﬁ#
KEWV, ,
18-8 257 Y LV A§l 3 B4 D 7 5 Tid SUS347 D 2
—VEEHRELRW, TASOGEORBREORH %
Photo. 1 IZ/RT. T P I X FDOEFBETHH LIZ A W
A, WFRL ATr — VOEEBRDBhE, SUS321 @
2y —NV/EBREIZIIEALEOWRGTTFHETH), %
DY TIRNEBED X bD TRV, BEMIICEY
BENHED HNS. Photo. 1b 3 FiFER & FHMEETD
BREHTH S, FHHICIIELH 50 pm OB Cr B

a:SUS304 b:SUS321 c: SUSS47 )
Cross sections of three austenitic stain-
less steels exposed in condition V.

Photo. 1.

HHEETSH. EPMAICX AP TRB Cr BOTICS
DiEFE LB OSRD SN FERERRRICED TE
CHEFFT B, C, S, 0 DRAZRESNRRES
erEoTtsy), ERBHEANTOS L L ORMEEED S
N7 po 7z, SUS3AT ORMEICIH  BELBILW A
AT 5. MARELLTPICROSNL AW Cr B2

LAEBOOLNT, SEATF— VBBV TOARDL
iz, ThooMEO&&ERER SUS304 4% 150 um,
SUS321 #% 100 ym, SUS347 %% 20 pm & %2 T\ 5.
itz 2 2R 120um, 20 pm, 20pum T&H 1,
SUS321 IZ& SR oMK L2 5 s, SUS321 o4
HEVIIZBIARBTIH IO LD RN OBEIRED
Shizwv. $7:, TOBAEPLIRDLAIDIT WD,
SUS304 & SUS321 05 EHRL T 12 1 Ml % ALY DA
WAZBEICEDORAE, EUE&E&THBH SUS321 &
SUS347 OB CREAIRIIC K & =SB BEIZES
PTHROPRERBELE ZALPDOBEBREEHLLDEEZ
bhb.

3D Fe it #4464 SUS310S, HK40, Incoloy800
D 7% T i Incoloy800 M PWIRBZEAK X v». SUS310S
& HK40 B CEZHICT NITHBMICIRIZEAEED
LLWEETHAD. MEELEDEMEI»OEMHIV T
TOVTRORBRIIBVTOLBEOBREILTHLTHS
A, &MV CREEBAEIBEAL, &by HK0
PIERE R ATK & . »

HK40 D&k o8 K 2 i b Aski Fc 8 B IR
WKHHLTWAZ L THED, ZONRRIEWH>T
HEEEOET LTV LONRD LN,

LALLM S, 188 27 » LA & Fe Hiit#
EELTRAF=INVOEENFRL D, 18-8 A7V A
DA — Vit FesOy # EFXDELERICHED Cr
% &t Fe OB tMD» &4 ADI2xf L, Fe Ei#ia &
DENEEE LT Cr OBt D S0 Tz,
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erigiml Surface of Base Metal:

a: Nimonic80A(Al)-P b : SUS310S(Al)-P
¢ : SUS310S(Al)-D d: SUS310S(Cr)-P

Photo. 2. Cross - sections of
aluminized and chromized alloys
exposed in condition V. ;

Ni 344 ® 7% % TiX Nimonic80A » AERIR A ATK &
ol KED R — ik Cr,05, AEEERBOKH
WiEL LT Al ORRIEH (B S i ALO;) TH D,
SRS — N OIMIIAEE L 72 F % — LIS & i
EhZeho7. Nimonic80A &, ARA R & KA (&4
VELEM V) OMEHICBITHEBHGKE Ar — L ig
&2 1ZIXRE L T o7/, Hastelloy X, 50 Ni-50 Cr,
S-816 MR T H BB LBRILERE (825 < Cry03)
WEbLhTHED, W%&ﬁ,ﬁﬁ mtbﬁtk& )
Shehroi.

4&®%Eﬂﬂﬁﬂ®%ﬁ%PMm2_T¢ N}
HCHRLBEASEE) 2/RT D13 Nimonic80A(Al)-P T
HBH. COMBORT— VLR IERLED Nimonic80A
LD 2HrbREV. BELERELZATY— ol Al #
BROBADVPEELTVWLOEEDLRLZ L2 6, £
HREAHER L LHEOM CRECET LD LE
Zbhsn. SUS3I0S 12 Al B L - 2 o bE Tig,
O HERMREEIRD Shkhorz. TR
LRAKBER L+ EHBTH2EHKOEEIEDONDE N,
SUS310S(Al)-P o NEHERRE I THOLEHE T T, I
swww&m)Dfdé%kd&<§@ﬁ%@k#%@
DREETTHB. - - g

SUS310S(Al)=D 2w T® EPMA ﬁﬁf%m&?ﬁ
@ & ILBUE O R ICIE S 25 um DR Cr B 23380
hthG%CrEKMDHﬁ%ﬁLTBW,%Cr%
DEETHTHMIZ CriBEFELSLE2TWwDE b 0DEEL
D4 BB bRV, —F7, Al BB

1 0mm

= &
T -

800rsussal

B
{mm)

;
Deformation
Fig. 3. - Room temperature bending load-deforma-
tion curves of as-received and coal-gas-exposed
specimens. Change in strength is definded as
100(¢’— @)/ a and change in ductility is as 100(8" —
b)/ b.

LT CrBBMBOMBREEREIBELZ> TS,
Photo. 2 A 5 x4 D 12 < W75 SUS310S(Cr)-P 0%
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-80 60 -40 20 0 20 40 60

sussz1 — Strength

A Ductility

Incoloy800
Nimonic80A
Hastelloy X
50Ni-50Cr
S-816
3108(A1) P
310S(A1)-D
3108(Cr)-P

A,

A

i

L 1 1 1 H
80 60 40 20 0 20 40 60
Change in Mechanical Properties (%)

Fig. 4. Change in strength and ductility of the
alloys by the condition V exposure. For definition
of change in strength and ductility see Fig. 3.
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vy SUS410 & Nimonic80A(Al)-P 122w T id i 17305k
irbhhor. MHEELORE A ERBDONE VI
i& SUS304, Incoloy800, 50Ni-50Cr T& 5. #k{LNfE
M % 5% L7-did SUS321 & SUS347 o & TH 1,
S-816 ¥ R < D TN TOMAB CHALOMEE AFRD 5
iz, ZL OMBTEEDVET 2RO HNS %5 T Co
EAED S-816 DADTH LA HEMOBEMER L 72,

4, % =

4-1 FHARICOVT
%ﬁﬂﬁmﬁkbﬁ%%%m?@@ﬂbivﬁmm$
#BIFR % Fig. 5 12”3, Mo OS5 EHRD
IS T 5. SO F AU, KEO@E s v ) —
BRA 2T 7 ¥ PRUZh % HEE L T % B ARBRAE
#e 7 AR (R @ENBIE) ST R T v ¥ v b,
SEFyIryLuFERLE:. Hrbbbh sk IlF

i B AR IRRE (I & TEALT % A3 2 LB BRI B

TNEDbLSLWV. Co & Ni ZMLbHILd ik unas
Fe i L4ERICH B, Al & Cr 3EL & HALOBE R
PO+ N T LERICHADOT, CHSDOTLHE

0 {45]
TT03K . S 77 7
] 1 s ___ A
= i
o ¢ / [
] ors N ifot NIiO
B0 r ]
Cr,0,
= Crl~r2"% co :cco
AlySg Fe FeO
2F ) A" 203 . |i

IOg Ps2

log Ps,

Fig. 5. Phase stability diagrams for Fe, Ni, Co,
Cr and Al. O corresponds to mean gas composi-
tion of the low-BTU coal gasification pilot-plant.

@ corresponds to some U.S. high-BTU coal gas

composition‘”.

WX HRENEBILEESTER & 0, <AL
TIEIRA, LPLAF—LVOTREBERT v
NOENEBFIZSBBAT A LI o THRERENTH
ERHEESNRLIELEZONA. & B Table 2 II7R
L=k 512, FEASICIE CHy, CO, CO, REDETI
TWVBDTRALO TR BB 2 55, BRBEROR
ﬂuﬁﬁ,Mﬁwfnwﬂwb%ban&#otmfl
ITREBEL W,
4-2 Fe &, Ni &, CoEAﬁU)
WwT
WEMNEEGEDOEMBS THAH Fe, Ni, Co D3 IT
FRTRLHEED D LBALEE 2T L 2. Fe
12 Ni BLU Co it TEALDAILD LR F V. Niid
B O EVWERAE £ 2 <. (NigS, ORI 806°C, -
Ni-NizS, ® 35 iR 637°C) REFICHMEAEL T
AL IS DR EN 2 ET 5 O LB EEFER P T
LIFLIZRIEEZE Y. CoEBER NI EEFLEN L)
eﬁmﬁmﬁm%%ﬁaaw@f¢<nfmﬁm%ﬁﬁ
=R,
CAEOREBRICB VW THIHREDIZ L ALRD LN )

i BEDENICD
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> 723 Ni 2244 ® Hastelloy X, 50Ni-50Cr, Co
&40 S-816 1 iz Cr #HEME » SUS310S(Cr)
THot. 25% O Cr k&t SUS3L0S & X U HK40
ODHTBEIINSDEELINE D7, Fe XEED
HEMESE DL EHIZOWTIE Fig. 5 22845 HEL
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ZOTIZCr Vv FOREILY (B5 < Cr03) S
NTw5h, Fes0, 3EILECRE®E L L2 V-DS
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FRF T v VKL 2 B 72 Cr BIEY 0% E AR
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Fig. 6. Effect of Cr content on corrosion be-
haviour of the alloys.
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