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Effect of Aluminum Coating on Corrosion Resistance and Creep Rupture
Properties of Heat Resisting Alloys in Fuel Oil Ash Corrosion Environment

Ohmi MIYAGAWA, Masayuki Y OSHIBA,

Toshio KoJMA, and Dai FUJisHIRO

Synopsis:
The protective effect on fuel oil ash corrosion of hot dipped aluminum coating was compared with

that of calorizing for typical austenitic stainless steels by means of a furnace test method authorized
by the Committec on Heat Resisting Metals and Alloys of JSPS in which specimens pre-coated with
synthetic ash composed of 85%V,0;5 plus 159;,Na,SO, were heated in air. The resistance to fuel oil

ash corrosion for many kinds of typical heat resisting alloys before and after hot dipping was evaluated
by the same test method. It was revealed that owing to higher aluminum concentration of surface
layer hot dipping had very excellent protective effect on corrosion of these alloys.

When the synthetic ash was pre-coated to specimens, remarkable decrease in creep rupture strength
of SUS 316 steels resulting from an increase in minimum creep rate due to corrosion was observed.
Hot dipping, however, raised the creep rupture strength of specimens pre-coated with ash to the same
level as that of specimens without hot dipping and pre-coating of ash as a result of a decreasz of creep
rate due to prevention of corrosion. The effect of calorizing was less than that of hot dipping and
the strength of steels was reduced in some degree in calorizing process followed by furnace cooling.
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D Al BRIV, BERNEORASFO Y LTE
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fk# Table | iiRy. WPEEL L pud4 o0
ALMNE 1100°C X Lhr JKISDIBEHRILAEREZFTCV,
19¢ X3 mm DFEEH ICHNT Licts, £E%E 8500 £ T
TAY—THEEL, T brT X BEIEE T D/,
ERLZEE Al MR Al B LT 75 » 2 2% 385
Wb LT kY, RIELACHBREE 750°C o Al
BRI Imin @i LAHBES L. ¥ hod400
TRy BT X D, FeAly 509 + Al 509 i3k
ARERE LCAHEo NHCl 2z o dhFdie, 3
HALAEE LT DT Wit VWERBRE 2 0%, Ar H2A%E
L7eA35 1100°C X Shr fn#igtids Liz. o4 oo
T TRBRIEERCESTEAES VWEE Al IBE 2
HTERVDT, Al WHBDIE X% HMX¥ 57 Bic
LD & 5 enis b EiR CERMOmMEE 1T 0. £
DEER, BENZHTETIE 10p OFE XD Fe-Al &4
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Table 1. Chemical composition of materials for furnace test and creep rupture test.
Chemical composition (wt%)
Test Materials
G Si Mn P S Ni Cr Mo Others
Furn test SUS 304 | 0.08 0.41 1.80 0.038 | 0.014 | 8.52 ] 18.41 { 0.34 —
ace SUS 316 { 0.08 | 0.41 | 1.18 | 0.033| 0.022|12.57 , 17.96 | 2.07 -
Creep rupture test | SUS 316 | 0.07 0.64 1.52 0.030 | 0.030 [f 10.58 ! 16.41 | 2.16 | Cu0.12
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Table 2. Chemical composition and heat treatment condition of materials for furnace test.

Materials

Chemical composition (wt%)

Heat treatment

c |si |Mn| P S Ni | cr | co | Mo Others condition
$50C 0.51 | 0.26 0.73| 0.013| 0.021] 0.01] 0.10 Cu0.20 850°C % 30 min0Q.
600°C x 1hrAC.
SCM 4 0.41 | 0.27/ 0.78| 0.021} 0.015 0.03] 1.10 0.20|Cu0.03 850°C x 30 minOQ.
600°C x 1hrAC.
S CM21 0.16 | 0.30 0.76{ 0.014{ 0.013| 0.06/ 1.03 0.20 850°C x 30 minOQ .
200°C x 1hrAC.
SUH 1 0.48 | 3.16| 0.46/ 0.018| 0.007| 0.38] 8.39 1 050°C % 30 minOQ..
750°C % 1hrAC.
SUH 3 0.40 | 2.05| 0.41| 0.020| 0.009 0.22] 10.14 0.75|Cu0.04 1 050°C % 30 minOQ..
750°C x LhrAC.
SUH 4 0.75 | 2.01} 0.34| 0.020| 0.010] 1.56] 20.30 1 050°C x 30 minOQ.
750°C % 1hrAC.
S UH3I 0.39 | 2.17| 0.36| 0.019| 0.003| 13.40| 14.03 W2.52 1 050°C x 30 minOQ.
750°C x 1hrAC.
SUEL-T 0.49 | 1.76] 0.40| 0.021| 0.003 8.25 750°C x 1hrAC.
21-4N 0.60 | 0.25 9.54/ 0.019 0.003| 3.46| 20.87 NO.38 1 150°C % 20 minOQ.
750°C x 2hrAC.
1 050°C x 20 minOQ .
750°C x 1hrAC.
21-12N 0.20 | 0.85| 1.27| 0.024| 0.003| 10.87| 21.07 N0.20 1 150°C x 20 minOQ..
750°C % 2hrAC.
700°C % 1hrAC.
S U S 403 0.12 | 0.42 0.39 0.019/ 0.010{ 0.15] 12.03 0.06/Cu0.06 Al0.04 1 000°C % 30 minOQ .
750°C % 30 minWQ.
STUS430 | 0.06 | 0.54/ 0.52 0.026 0.008 16.70 Solution-treated
S U S 304 0.06 | 0.62] 1.62| 0.030| 0.010| 8.84| 18.41 Solution-treated
S U S 321 0.05 | 0.72| 1.44] 0.027| 0.004| 9.90| 17.66 Ti0. 54 Solution-treated
SUS316 | 0.04 | 0.42| 1.26| 0.030/ 0.008| 11.60, 17.33 2.42 Solutiontreated
SUS316L | 0.023 0.68| 1.38 0.026| 0.008| 13.34| 17.26 2.46 Solution-treated
SU S 347 0.05 | 0.79| 1.56| 0.028| 0.009| 11.36| 18.63 Nb-+Ta0.55 Solution-treated
SUS309S | 0.06 | 0.77| 1.47| 0.021| 0.013| 14.24| 22.23 Solution-treated
SUS310S | 0.05| 1.04] 1.76| 0.036/ 0.007| 20.31| 25.12 Solution-treated
N155 0.14 | 0.42 1.31| 0.008| 0.013| 20.04| 20.25| 21.09 2.54/{W1.92 Nbl.38 1 150°C x 1hrWQ.
Cu0.06 NO.13 750°C x 16hrAC.
S 590 0.43 | 0.47] 1.51/ 0.019| 0.023| 19.79 19.98] 20.09] 3.92|W3.98 Nb4.10 1 180°C x 1hrWQ.
Cu0.06 760°C % 16hrAC.
Incoloy800 | 0.07 | 0.62| 1.10| 0.016] 0.010| 32.16| 21.14| 0.36| 6.09|Cu0.49 Al0.43 1150°C x 1hrWQ.
Ti0.35
Tocoloy90l | 0.05 | 0.32] 0.31| 0.005| 0.006 39.20/ 12.70 6.60|A10.30 Ti2.90 1 150°C x 1hrWQ.
B0.010 750°C % 24hrAC.
Inconel600 | 0.04 | 0.18 0.24| 0.003| 0.007, Bal.| 15.25 Fe6.81 1 150°C x 1hrAC.
Inconel X | 0.05| 0.10 0.15/ 0.003| 0.002] Bal.| 15.20 Nb +Ta0.86 1 140°C x 2hrAC
Al0.89 Ti2.60 845°C x 24hrAC.
Zr0.01 B0.0066 705°C x 20hrAC..
Cu0.02 Fe5.92
Nimonic 80A| 0.06 | 0.211 0.02 0.002] 0.005| Bal.| 19.53 0.08 All.28 Ti2.26 1 100°C x 8hrAC.
700°C x 16hrAC.
Nimonic90 | 0.05 | 0.47/ 0.49/ 0.002| 0.012| Bal.| 19.96/ 18.75 All.71 Ti2.45 1 180°C x 8hrAC.
| 700°C X 16hrAC.
Nimonic95 | 0.10 | 0.50| 0.60; 0.001] 0.011| Bal.| 19.81} 19.49 All.41 Ti2.73 1 150°C x 4hrAC.
1 100°C x 7hrAC.
700°C x 16hrAC.
HastelloyB | 0.03 | 0.37| 0.60/ 0.010| 0.002] Bal.| 0.16] 0.2328.48/W0.26 V0.23 1 150°C x lhrAC.
Fe4.61 750°C x 24hrAC.
S 816 0.37 | 1.06! 1.40' 0.009: 0.016| 20.31| 20.30| 41.99} 4.28/W3.78 Nb4.32 1 150°C x 1hrWQ.
750°C x 16hrAC.
UMGCo050 0.05 | 0.51] 0.63 0.012| 0.043] 0.07| 28.86| 49.47 V0.07 1 150°C x 1hrAC.
; , 750°C % 16hrAC.
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Al FHABEORNF O I AT 2 o 2R HERITI LS.
Zh o ORI DILFMR B X CBUnr L& 4% Table 2
IARY. 7274 FRODIECE L TITRARBER &
AR L OB LT LL BIFTHR W 2558
HFEEINTWE5, Al EHOHEMELS L 5D S
HOREKRWL 7 = 74 PREESALHRM iz 7. 24
I FTNTEHERTWLELETTE 27 ik 21-
4N & 21-12N iz Dy~ Tid Table 2 @ * EI-CRT L
HOLINZ T, BRI X B BT R
FHiz X Xx4mm DM THHH, SUE 1-T, 21
-4N £ LT 21-12N g V3 EM OG> Sl &[S
JEDKMIE > 8.60 X36mm DM TH 5. iEE
i1 Al #36 X UCRAHRERO FERRRD SUS 304 35
LU SUS 316 i Lk THB. A LZDEE,
HERIRE 35 X ORERSVE 900°C X3hrdZ & L, N Y ~F
72 200% x 5001 X 200" mm o> #8Y FEKYE D8 & B —Bhic
Table 2 TR LAc—BOMEMD R B RBA & —EiC it
VEBCAE ST L7 ZOXS5CESED L L EED
B 5B —EiFEdhiciEA+T5 2 2134 R5Es
HHEBELNDS, FioRAiTtBc BT 5 %Rk TR
—BITPPAEAT AHBA I W T L K E L
TWav. LRRBRIIF—EHDOAE LI >v T Table 2
@ NI155 DTFiedEd Licvwbd 5884 2 @, #
N DT 3 [BIfT7c 2 C X DEW DG R % sk
7z.
2.2 ABRBELSUER

2:2-1 A—2FF4 FREAEDO Al WHEIicX 5

b5 zh 4t

SUS 304 & SUS 316 o etk & Al ki o
T DB RER DS % Table 3 omd. fewd
A DI R V3 RS & omBh S GREE-IER) w X >Toe

Table 3. Effect of Al coating on weight loss of

304 and 316 steels in furnace test.

| Weight loss (mg/cm?)

. | Heating

Al coating ! o
condition | SUS 304 | SUS 316
. 700°C % 100hr]  58.5 120.5
“°t§f 800°C X 20hr| 141 .4 415.9
coaling  1900°C x 3Shr| 119.9 339.0

1200°C % 100he] 37.5(35.9%) 46.4(616%)

Calorizing 800°C x 20hr{125.0(11.6) [279.8(32.7)
1900°C x  3hr| 37.9(68.3) |121.8(64.0)
I

Hot 1700°C x 100hr| 25.9(55.8) { 27.0(77.6)

dinoing  800°C x 20hr| 20.5(85.6) | 30.2(92.6)

'PPINE i900°C x  3hr| 22.4(81.2) | 29.2(91.5)

* Rate of decrease in weight loss due to Al coating (95).

RORLEOTHY, F—mEhEETlz SUS 316 o F M
SUS 304 X 935 »ICBRINENS <, 3 ~R—gIEc
DT HNE 800°C X 20hr, 900°C x3hr, 700°C x
100 DIEIZ K D2TWB . B w54 20 25 iET L IEaE
HITEEBM IR TEh A D DL R L,
LOBEEMANF I LT L » 2O SUS 316
HBELTKEW. L LEREEZD L DEFE UinEl
ZHDPE, iz SUS 316 mHH SUS 304 ot~
TREMPZELLEDTVS. BRNIEEOBE%2 5 &
BREERSOLICFE LA FLTS. FLUHEDEE L
BAEMPh e 74 0L SHchbhnd XS ik
IHWRIBRBOERITTLAERL, MBI oG
REFEDOERLDEHREL L. LEABOTIDES
BHEEBEMOBRBEDS VT E Al #EIC X 5t/
DYLTE VDR EEIIARELLDL. ZDXHSRIE
AR OBRBENE LIS L, LrLhinsagke<
HHOEVC I 2EEEHE D Z TV ol, RIETHR
~% EPMA OfiER» LGOI X 51T, HRbiE
BATHED 054 o0 FIcHERTERO Al BESIE
HTEL, FREEEThA~D Al & Fe LSRN+
UYLTE  VWCEEELBIFETLELORSESL
TTHEOEIE L Liv720, Al oELEs b X T, K4
Bhad /3 o A BRI O WERVERIC ) L X 1 25 Ao 45
BLMESIER SR B kb i EILNS.

ek Al M TRIERA Y — VD7D 7 v h Y B
WX DTEREmD Al 7 v s ) BakEh ~ER T 285
DR bz, Table 3 ICRTBRBHICIIZOX 5k
B Al oS EENTER D, Licd DTl ig &
#iE Table 3 OfEX Y X LTSV, 7ok Y Bif
CEDET D Al SO E L Em LT 0 Luvas,
SUS 316 DiERhEM 2 Flic &hud, KETHEN 5 X
DIEHVEEITIE 20mg/em? BUE LifEE SRS, L
LIRA o — iz 3 R C OB i R ol 54
JEDYERD BTV 5.

2:2-2 BEBMEAESEOMNFOI LT E . oL

it Al B X B E5hE

(1) ZFEBOEHWRELOMA~FUoL7s o 2
Table 2 (TR L7 30 BHIC I X STH 0GR EW
BHZ DWW TITS » 7o AR ER 17 X B 5 frisi it (EIY(H) %
Table 4 1R F. BREECHT IAETEOBHIA
EFROBFAL BUOE L F o BIRT 45 L Tlif v
D BELTHA—RF 4 ROz TR L LME
MEBR<DERDE STk D.

O S50C, SCM 4 35 X T8 SCM 21 13RS &iR
AWy 100mg/ cm? $E T SUS 316 35 X Ut SUS
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Table 4. Weight loss of various materials before
and afte: hot dip Al coating in furnace
test at 900°C for 3hr.

Weight loss (mg/cm?)

Materials
No Al coating Hot dipping

S50C 115.0 ; 45.8
SCM4 124.0 ’ 33.8
S CM21 88.5 : 47.3
SUHI 67.3 21.6
SUHS3 75.9 30.1
SUH4 61.5 32.6
S UH3l1 142.8 36.3
SUEI-T 64.7 31.7
21-4 N "17.3 22.9
21-4 N* 18.5 28.1
21-12N 50.1 39.0
21-12N* 45.9 31.1
S U S403 103.4 24.3
S U S430 85.4 23.9
S U S 304 110.9 35.9
SU S 321 i12.6 36.9
SUS316 268.3 48.3
SUS3I6L 220.3 43.9
S U S 347 108.7 48.6
SUS309S8 126.1 48.1
SUS3I0S 85.6 34.9
N155 52.6 26.5
S 590 47.1 25.4
Incoloy 800 217.7 42.3
Incoloy 901 249.6 30.7
Inconel 600 23.4 38.0
Inconel X 18.9 35.1
Nimonic 80A 20.3 29.9
Nimonic 90 23.7 28.7
Nimonic 95 23.5 25.1
Hastelloy B 192.9 57.2
S 816 74 .4 48.0
UMCo 50 61.4 22.4

316L %< A7 v L2 EMREOEAERE 7LD T
\%. GREENERT?}X ingot iron IZ V,05 709% + NaSOy4
30% DOEMRKEZNE S cEBmREFEL DT 871°C X 3hr
mEL TBRIREEBIE LT 525 < O R ingot
iron (¥ 310 (25Cr-20Ni) X h HBRER I W EHE
LTH D, FPIEIKESWTEERARAOERBEE BN
INENWZEE—FLTWD.

N T AR ETMBMES LR T o L A TESUS
316 £ SUS 316L OEEBESE LI ATV, Zh
VIR SRR S OBR LR IZR L3 Mo IiRIino s
MIZ LB EEZ2LN5. Mo OFIMC X ERKE DM
KILIEA1Z Incoloy 901 £ Hastelloy B 72 Fic 24 5
n5.

DEW T MR 21-4N X 21-12N & peEd
5E, Cr gl3EEHE LYWL r2»H5T 21-4N OfF
fiEEE 21-12N D5 FTh 5. GREENERT [T
RO EERDEL R, 15Cr-14.5 Mn <> 149% ¢ Mn %

Sl y F7 4 —oU FETIE 14% @ Mn OiRHpAst
BHICIWEEEEZDLEELTWVD. LB 2T,
21-4N DN F oD AT & v ZMED 21-12N i~ T
BIFoir, & LTHETE NI o—#% Mnit@E@E
ax - éHEILRS. EHiC 21-4N L 21-12N T
BRIV A ZE 2 o5 R A B D &, WG BABDE VT
FBEHTIFLALERDRL TV V.

Table 2 » N135 PAFIZR LA-VWhD B4V
THEAERED & < ITKE VOl Incoloy 800, Inceloy 901
£ LC Hastelloy B TH B, ZD 55 Incoloy 901 55
X % Hastelloy B it /N3 &% &7 % » 2 ¥R B DX
BB X 51 Mo OB KE WEBb NS, —H,
Incoloy 800 Tix & <iTii ;oD a7 » o HER
Wb 2 5bEEICERTEETNTVILWE SIILAH X ED,
LOBETNF Y LT sy SEFE DI HIC30%
fEO NifZorwi#ibhd. Tiabb, Fe-Ni-Cr
F 7k Ni-Cr Rz s T Cr A8 20% BT bl
Ni G720 nRis s E54%RAT, BRFAECKHT S NI
HoEREFRY L Fig. 1 X S, Ni Sipitgn
THE LA O CTHRARAERMAL, 19 30% 0Ll
TR R R MR A TR T, X 51 Ni &40 X 5ic Ni
BMEL B LEmAREE» X >THI LTV, FI-
TZER 51097, Fe {& Ni {RIMLTNF T LTH v
TS NiDOFEEZMRELTWD28, ThickbdE N
At 40% PR CHERERMALZRL, S5 Ni &
ME LD EFCRATH E VD7 Fig. | EEFROE

250
Incoloy 800
200 /\\ (21Cr)
= / \
< 150 A
£
-~ SUS 3098
b4 ° (22Cr)
2 100 SUS304
= i8Cr)
K=
QL
=
SUH4 (20Cr)
S0 — o pi-izN (2iCr)
\?Inconel
Nimonic 80A 600
o |(20¢r) | (15Cr)
0} 20 40 60 80 100
Ni (%)
Fig. 1. Influence of Ni content on weight loss

of various alloys containing about 209,
Cr in furnace test at 900°C for 3 hr.
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ExBTW5.

DEL Co DEHIzI>wWTHEL2BE, FL1LTCog
DHBEED S8I6 & S§590 Tix Co D%\~ S8I6
DEMRPILY RELFRBEZT LTS, 7z Co
&40 S816 2 UMCo 50 + Ni # o Inconel &,
Nimonic REL4u E2 LT 5 & Co EEGLEDEH Cr
HEBRLLEWIT L rbLTEBRIEENIIE NI KREL
BDOTWS. ZN6DZEHL Colifif Fomvar4
vy PR IVESERE K WEEZLRS. E Ni
EBI R CoHDELTIE, bTrENLEREROHE
[ASERY L.

(2) HEOEMMEEGEOBERNIE Al B X 5
Fh R %h5F

AR X 51z SUS 304 & SUS3I6 izt L e >S4
U EERZIRERIC X Y Al BRIV, TOBER)
RaeFASIER, BREREOIXENLBREDE LT
FTZEBBALM LD, £ THOEI RO Table 2
TR Lo & BB RHC BRhiZE Al 2 Lo h
REBRZfTRv, ZTOBEYIREZAN. Soniciiiz
HEMTHI OBE & ek LT Table 4 wiRt. Myt
WWHANT Al #EEZTGHIEFEAETNTCOELETHE
RSP L, LrdFOMEITEE 30mg/cm? &T
MROBRC X 5 2RIKREL L, Al HHOHEL
RPPFCHEDLNL TV, SEEMTHEEREN T
K&V SUS 3165% x> Hastelloy B /g & ClIiamliz nett
DEREBEDIIPCHERTRRREWEA H 5D, Z
NREGRDO X SICRHMDOMNF oo A7 % v ZHEITE
RE RS 2 5WIMTENHELBR OEEB P L EET
LT LI VEEEBOMNRFSI LT L2 v I ERDRE
TIaidrErbhd.

xFova7s o o@D BIFE 21-4N, Inconel &
x;wrmmmc%éﬁg@vmmmﬁﬂwmﬁﬁﬁﬁ
FHLLAEL, BRREVMOBRBEDES M X DTK
FLEDTVWDBA, TREAGRD X S 7 b Y ki
X% Al OBRORELELZLNE. Lo CERT
5 Al ORI BRI EERLZEM OB R R EW B X
DHIHLRNELEDTEBFHEREINS.

3. MERBRERETOI Y-S
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Fig. 2. Creep rupture curves of 316 steel speci-
mens pre-coated with synthetic ash.
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Fig. 3. Relation between stress and minimum
creep rate of 316 steel specimens pre-
coated with synthetic ash,
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Fig. 4. Relation between weight loss and rupture
time of 316 steel specimens with and
without synthetic ash pre-coating,.
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Sign Al coating Synthetic ash Stress (kg/mm?2) . Rupture time (hr)
a No Al coating Not coated 10 694
b No Al coating Coated 10 193
c Hot dipping Coated 10 1075
d Calorizing Coated 12 120

Photo. 1. Micrographs of 316 steel specimens afier creep rupture test at 700°C

Stress axis is horizontal.
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Fig. 5. Intensity of Al-, Fe-, Cr-, Ni-Ka lines
at cross-sectional surface zone of hot
dipped 316 steel specimen.
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Fig. 6. Intensity of Al-, Fe-, Cr-, Ni-Ka lines
at cross-sectional surface zone of hot
dipped and ash pre-coated 316 steel
specimen after creep rupture test at 700°C
(stress 12 kg/mm?, rupture time 181 hr).
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Photo. 2. Characteristic X-ray images at cross-sectional surface zone of hot dipped 316 steel

specimen.
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Fig. 7. Intensity of Al-, Fe-, Cr-, Ni-Ka lines
at cross—sectional surface zone of calorized
316 steel specimen.
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Fig. 8. Intensity of Al-, Fe-, Cr-, Ni-Ka lines
at cross-sectional surface zone of calorized
and ash pre-coated 316 steel specimen
after creep rupture test at 700°C (stress
12 kg/mm?2, rupture time 120 hr).

Table 5. Hardness of base alloy of 316 steel specimens before and after creep rupture

test at 700°C (stress : 15 kg/ mm?2).

Hardness before test Hardness after test with synthetic ash
Al coating Heat treatment -
Hv (20 kg) Hv (20 kg) Rupture time (hr)
No Al coating 1100°C X 1hrwQ 142 157 (160%) 47.9 (90.6%**)
Hot dipping LS X v 142 159 65.4
Calorizing 1100°C x5hrF C 135 137 30.8

* Hardness after test without synthetic ash.
** Rupture time in test without synthetic ash.
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Condition After déscaling

Photo. 3. Appearances of 316 steel specimens pre-coated with synthetic ash after creep rupture,

test at 700 °C.
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