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Internal Oxidation and Nitridation Behavior of an Fe-5 mass%Al Alloy at 1073 K
Shigenari Hayashi' and Toshio Narita

Research Group of Interface Control Engineering, Graduate School of Engineering, Hokkaido University,
Sapporo 060-8628

The internal oxidation and nitridation behavior of an Fe-5 mass% Al alloy was investigated at 1073 K in
oxygen, nitrogen-20 vol9% oxygen (mix), and air atmospheres for up to 57.6 ks using thermo-gravimetry, scanning
electron microscope, electron probe micro analyzer, and X-ray diffraction analysis. The time dependence of the
amount of oxidation showed very high oxidation rate at the initial stage, a transient stage with a rapid rate
decrease, and then steady state oxidation. The critical times between the transient and steady states were 900 s
in air, and 2 ks in both the mix and in O,. In the “steady state’ condition, the oxidation rate in O, was very slow,
while it was relatively faster in the mix and in air. In O,, both a thin duplex (Fe;03 and Al;O3) and a thick triplex
(Fey03, Fes04, and FeAl;O,) scales formed and the film-like internal oxides grew beneath the thick triplex scale.
In the mix and in air a thick scale formed with a triplex structure of Fe;O3, Fe304, and FeAl,O4 accompanied by
an internal oxidation of duplex FeAl;O,4 and Al,O; zones, which grew perpendicularly to an alloy/scale interface,
and spike-like AIN precipitates formed beneath the internal oxidation zone. Further, film-like AlOs formed locally
at the top of internal AIN precipitates. A precipitate free zone (PFZ) formed between the internal oxidation and
nitridation zone, and a formation mechanism for the PFZ was proposed.

(Received June 11, 1999; In Final form August 30, 1999)

Keywords: iron-aluminum alloy, internal oxidation, internal nitridation, precipitate free zome,
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—75, PIEREAL
ORI~ DBBIE USEABE THS 5 massHAl

ZAEE OB EEICET A HED-O DL LEEER
FRBEROBMATHER T CfThh, KPR THEL LT
% Fe-Al 58 0B 2R BN D\ T b MR R Tt 6)-®
AN Dn . —JF, Young 5O, S,C, 0 2 &4s8E
& ABREE, 1273 K C## 44 (SUS304, 316, 3 X U Fe-
Ni-Cr-Mn-Si &) OWNBEEREH ¥ &R L, BEHThT
hORNTERIBDHENCTE S 2, T OREEREIEMEHIH
B BT B BEIhAEE B s L
T 5.

BRI s\ T, EBEDIIMBEFEIIC BT 5 Fe-Al
HaD 073K BT 5 HILEE %A L, Fe-7mass¥%Al
HETRET NI FHEEKETHERRA Y — VDAL,
Fe-3mass%Al 4 Cit Fe & Al DB {LYn b 7s 5RE A
7=k ESICATBRILARE S, T OREBEDEES

T AbEEE A KF b4 (Graduate Student, Hokkaido University)

T, BLBENIEMETY L, NTBRETL7 4 v 2
RITER 2B DOV TH 5.

Kolarik & W3 kG CFe-Al & DB L EFH > HE L
Tw50%, BT 28R0FE >0 TALATH
. KEHDO L5 nERECHEBT IRMELEROM %
EUFHR I, FeAl 58+ 0 Al3AERILY & s
HOEENATFEENDLD, ChbEERTRAEZEEIC O
T AE L EZE % . KPFF T, Fe-b mass¥Al 54D
1073 K, BAE, BE-EHEES Y AR IR P TOLEN
ﬁ%ﬁfwﬁméﬁkﬁﬁb iz, NEBc s JIETE

DB DT LY.

I. £ B & %

Fe-5 mass% Al &4 (LLEE, 5A1é\$é:”%2/§i)0i’, HIR S
(99.98 mass%) s HEM 7 L+ 3 =¥ £ (99.998 mass¥%) % H
RBEEEL, Ar 7 — 7 BBIFCHRBE(R40g 1 v =5 b)
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L, R TAr #¥ AFHRKAF, 1473K, 86.4ks DELHET T
WEBE 1T - .

BRI, BARRERD ¢ 1.5 mm O A BN LI £
DEAT I, MIAKBIERKIC X b #1500 % T, kv CREM
Z3um DFA4 T EY F_— R+ TERCE LT, 257 —
Ao Rve v (1 DESFR CHEERRS Y TVCEBEERT
FLi. RPoFIHEIIH2m?, EX0.2mm THS.

AR, No(AFHIIEE.998%) —20 vol% O, (A TR
F99.9%) (LA mix) 3 X " KA (U kair) EFH %, BE
1073 K, &A57.6ks £ Tlrote. Fie, oDl
= (AFHHE.9%) A L.

AERCTHWLEREBINHRWERALTHY, 22T
REOMEELBNS. A PR THEE 7 » 7B £+
G, RISENYEME Ar 7 2 (A% 6 N #E) cHE» A&
BB U, Ar ¥ ARTE LMD, £, EKF% 017
K/s TRR I CERBEECIES, RB1KIGEOHEET
L AL BREFEYET X8, kT, BABERIS -
BB ORESFRIBECE LIRS CRIGHE 7 A2 b
Bz te. BLERFTOREENO 7 AFEIL5X1076 md/s
Th5H. BILEHRRERMN (BEEFAT TGA-40) % H\
CEEE L. FTERMRRE, KIESD AnE Ar 7 A
CERL, HEBEBERIF x5 & B¢, 83 Ar ¥ 25
THHI L.

B oR@mA 7 — 4 L ETEEEOBIZ R L OTTES T
% SEM-EDX & EPMA, BEAEWE XRD 2 AV CHE
Lfz. EPMA omEEBEFIL 156kV, BINERIIL 3X1078A,
XRDiCusxz -4 » b, 30kV,300mA, Ni 7 4 v+ & —%
R L.

M. # R
. BEoFhZ

Fig. 113 5A1 &4%, O, mix ¥ X O air FEZ S, 1073
K CEL L O BB OFHEFE LR T. WIhoRHE
Kk T, BEENSBHEINT 5 PR, BB
e e kB LA T HRBEC KA IS, ThoB
b <d, BT KELBILEYRL, 0% 0
TIEd - < b EETTH DR LT, mix & air B CILEE L
B BN L TwBZ 25, 144ks BOBILE
2 HEST S &, Oy mix, % LT air DIEICHEA LI,

Fig. 2z Fig. 1 &Rk LcBMb B ORI Lo S B EE
R, BALBREIER LTS ey P LD THS. Tk
n, WTFhoFHIRERTh, BILHH(~100s) Tk
10-5(kg-m=2-s~ D) — F —~OR{LEETH v, BLFFH
0.1~#2ks ¥ COBRBRIMCIL 10 7(kgm 2-s ok — &
—CAECETTS. LaLikss, ERMoBIIcL,
Oy H TG EELET LT 5 O LT, mix Tk
I OERLIIETL, air PCBIEEECE FIZE LA YR
Bivisus.
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Fig. 1 Change in mass gain with time for an Fe-5 mass% Al
alloy, when oxidized at 1073 K in O,, mix, and air atmospheres.
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Fig. 2 Change in oxidation rates with time for an Fe-b
mass % Al alloy, when oxidized at 1073 K in an O,, mix, and air
atmospheres.

2. FEiEE

Fig. 3(a) & (b) 13 Oy T 14.4 ks B L L ic it o W A1
HarmdT. chib, EEAY —AOBEXIFRE—THD,
(QEFRT L 5B B A 7 — it Fe,0; & AlLOs D
BEEEBT 50K LT, HENEGEREA & — AT
L7 #5(b) Tk, FeO03 £ FesOu DB &+ F iz
FeAl,0,, XHICEHLATICIL ALOy & Tk & 5Bt
Fy b7 ZREMEL T 5.
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Fig. 3 Cross-sectional microstructures of an Fe-5 mass% Al
alloy oxidized at 1073 K for 14.4 ks in an O, atmosphere.

(a) for a thin surface scale without an internal oxidation and
(b) for a thick iron oxides scale with an internal oxidation.
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Fig. 4(a) & (b) i air & mix TEh Fh 4 4ks B L7
KB OWEHERE EPMA K L 2 £ TEOHEH SR EL R
T CThOFHEKTL, REA 7 — 1% Fey0s, FesO,,
FeAlL,O, D 3EBHBETH v, HEPMICIARMELBI R
LTWw5b. ChbNMEBBE, FEMI»EHRD
FeALOy, ALOs B8 L OV A1 7k AIN2B T2 b, Fig. 5
EFRT L5, Zhb AN & AlLO; #4180 XL
WL =D TS ERE LUis 8 (Precipitate Free Zone,
PEFD)D\b D = Edbohns. E1z, 20 AINHBIZEEN
WET X v K - T, 3hic, AMELBOEmT
7 4 A AR ALOs NER LTS HRD L, —F
BEEAr — L IZBR->TE Y, TOWG Tk AIN ORBE
EHIEI X T A, ToB, air TR LI AMERESE mix ©
FhEEPLTWAD, WEFEILBERD 7 4 &~ 40K ALO;
OB mix & HEILTL h4A7e <, A AIN BiX mix ©
Fnr o ELIERTAEA RO

Fig. 6~8 2 &£ FH K CHERERHE (B300s 3k L 3.6
ks) B AL LBl o EEgky =T, W ThoFRER TS,
300 s ML B OEB,r BHEI N, REA 7 — i3l —
75 Fes05 TH D, BN BECEBE IR Lcgtik
FeAlLO, %#4&¥s% 5 um BE OB & F DB I 7 4
A AR ALOs R BB, ¥ FeALO, v 1 Xk, &

PFZ
DI

Fig. 4 Cross-sections and mappings of an Fe-5 mass% Al Alloy oxidized in (a) air and (b) mix at 1073 K for 14.4 ks.
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Fig. 5 Cross-section showing the precipitate free zone formed
on an Fe-5 mass% Al Alloy oxidized in mix at 1073 K for 14.4
ks.

Fe, 0,4

Fig. 6 Cross-sectional microstructures of an Fe-5 mass% Al
alloy oxidized at 1073 K in O,.
(a) for 300 s and (b) for 3.6 ks.

SEEATHEL, FERATCT o2 CTEL MU
Ele->Twh. I, mix TR AN IED SR V-DIT
* LT, air TiXfi7e AIN(0.5 pm) DERAFED LR D.
—7F, 3.6ksBE L35 &, O, Tit, FeAL,O B DL
ALO; PR L, Ficar TR LT ELEIL 3 um &
BEOoRIKEREL TS, 25, mxck T AIND
AT RNy (B

3. AEZRLREx OEHIEKFYE

Fig. 9 i mix & air THEIhAMBE DB OE S &
BABIEECH LTy P LEdDTHS. ftlfs, =2
T, RIFHEADOR I CELYBOEE R L TR L
Bchs. chibh, NEELBOEIR, BRIV
ThoFEKTLEERUELET52, BEORE: LD
IR L, 57.6ks D% T 5 & air T3 mix DIRIE 2
iz ->Twb. Ihic, B LEBEY T 5 & air ¢

£ 7(1999)

# 63 &

Fe, O,

FeAl,O, + Fe

ALO,

Fe,0,

FeAl,O, + Fe

AL,O,

Fig. 7 Cross-sectional microstructures of an Fe-5 mass% Al
alloy oxidized at 1073 K in mix.
(a) for 300 s and (b) for 3.6 ks.

Fe, 04

FeAl,O, + Fe

Fig. 8 Cross-sectional microstructures of an Fe-5 mass% Al
alloy oxidized at 1073 K in air.
(a) for 300 s and (b) for 3.6 ks.

17, mix KHE LT, FEOBHEEL L FLIHELRALT
BT EomD.

V. & =

Fe-5 mass %Al &4 % 1073 K, Op, mix ¥ X O* air FHE K
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Fig. 9 Growth of an internal AIN zone as a function of oxi-
dation time.

(a) thickness of the internal AIN zone and (b) normalized
length of the AIN layer.

TEAL UiciS R, Wi K& e EE (105 kg-m—2-s71)
R, 2O, Bks ¥ COBBHREITIZ, WThoEH
BT HRERBICETT 5.

ks UM BRI O BB TX, O, CHBIEE R
10-7(kgm 2 s DA —F—FTEF L. 144 ks B LU
AEhCi, RS R, TR ~ER LTV S E L
LI B F » bV — 2 ROEEEHFTHD, O
TIRMAOFEAZ L » bBLREN L EETER 5008
Exbhb.

air & mix T3, BILEEOETEIESHTH D, Th
13, B air THEETH . Tl OB L T BRI
i3, Fig. 7-8 iz7R LIcPIREL o TE R LG o 5 BRI IS
LTkb, YoMt -> CTBILEEOE TR E L
Teotodb DEHFEINS.

BMELFRI L DCESFCEE L THBCEEEAL,
COBEBEBRO) B IOCEEN)ILEEHETAI ERIGL

KR » TLEWHERT 5.
2A1+30=A1,0; (1)
Al+N=AIN (2)

()3 28l 3 v ¥ —2(AGA)) 1k, Feb
mass%Al &&F D Al OFE(@y=3.23%x10"4)12 L, FeO
EFe REFDD LT3 ERE L TRDBEDIER (@o=
3.46x10-19) 25, AG(1)=—1145(k]/mol) & 70 % . —7F,
(2w + s8R v ¥ —BhAGCR) 1, EFEo
EEAYFHR(81.06 kPa) L DF L FEELTELILRAKA

Fe-5 mass% Al 540 1073 K st 2 kit - 258 1315

B (ay=0.894) # T 5 & A4G(2) =—538(kJ/mol) TH -
7o, ThBEDENDL, AT, Al THMELEED
ERIGL, BERENMETT2E5ENTCBIDETBRT S
T ERbn .

B ORI CiL, Fig. 6~8 KR X 51, WBE/LYD
ERITEEASRBOR. 2, iz Fe & Al D
R LI L bk X RBILEE (Tiebb, G&ERmO%KE
EE)AAL, Eiricd 2B L CLESHICEBRL I h
hichEBbhs., Lrl, BHOBEASE & SEREMA 7 —
AirFe@gbip b AlBbo B s L, 2oL
BrgsE L TBECHBEEME T T5 &, AR YL
TiE, BRI A RIS LUTHEEINS D, B EER
BEALIRLT, BHRERTr0EEZLNS.

EREEFHZ TR L NETELE & NEBmLE B
i3, Fig. siemLlicXsic, NBBE®DHELE Lisw PFZ
DEETH. ZOBOHBBESEITEENCRD X 5 Kl
h5. BEOkb, NERILEEROBEL ALEEYE
HFIap=0,ay=0 & L, X5 AN AR L0
EBEEOERE L AIEEY FhFhan=0, an=af, ¥
7o, AT B ALO,, AIN OIEBIL 1 L{RET 5.

Fig. 0@ rRT X o5, BERIVUEZRIHESEHIK
BEATS. cobx, BFRIA LRI TR TR
T57eD, ATBILYEEE TR AlOEENETTS. &
O AEEMET LSS T, EE14EELTLELDY
WRT 5z 2Rk, Lnl, SLEEERTCLS &
EEFEBIET T AIFEEVEAT L0, EHER
DI DEBERE an]llan]=1/Ky, T RS E Y%
K5 o ENEETH S (Fig. 10b)BR). #£-T, =D
AlFEEOET LMY NPRZ Lic b bEx b b, B
PR T B &, Fig. 100 wmR3 X 5, ALiWEMELY
BEwm T AIN OBROI- DI EE I, S{WEESR Tl
AMFBENMETT 5. #£-C, AEBIHD ALO; BEET
Lizdiit, Fig. 1@ BB rT X ok, BEBHE
(0) & AIN DG X - THFE S % Al EDRIBIC L - T
Thhsd. Tihbb, AIN OSBRI L5 ALLEENCEE
CHEBL T AL DRI, X b, RFFAR
Lie N3&E&RHciii LT, R(2)f->T, BU AN
BT 5.

EEEFEEARICIS WV TAER L ALO; 128HR TEE I
BEAHELYETS. FAEOHER, Ahmed 5 © 25 Fe-1.5
~5at%Al » 1173 K, #MiBEF, i, EEL 92 Fe3
mass% Al &0, 1073K, #MBRERFCHELTCED, §
D Al DR HEEE O F I HE U THR B Ao &
FAETsEELLRS. FiRO X 51, ALO; R T 5
fodd Aliz AIN 0GB THIEI N D 1o, §&FHOLTHh
L HE LT Al DR E DI, NEBLY ORREBILER
i oledb D EHEIRS.

Fig. 9o ® Lic X 510, mix Tk AIN B OB E I X
A, BELERE T ar X 9 8. Zhit, Fig. 11(h)mrd
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a,=a,~0
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Fig. 10 Models for formation of PFZ. (a) initial stage, (b) AIN forming stage and (¢) AIN growing stage.

Al+0=ALO;

Fig. 11 Models for growth of the ‘internal oxidation and
nitridation zones of an Fe-5 mass% Al alloy at 1073 K.
(a) no Al,Os film and (b) growth of Al,O3 film.

X 5, mix Tit, WA TILD 55, FeALO, ¥iix
ALOs; 2%, AINBOESIC 7 4 VARICERE Lclod s E L
bha. b0 AlOEEHT 5 CHBEBEICINLS
RO ALOs AR T 510, EELIZ, KEKEEEH
KW 3T % Fe-b massWAl 54 0B EF2HREF L, £0
B I8 ALOs i, FEHMIESHETHAZ &RV
L, ZhIZKEKRIE L ) EEF~OBROHE 1IN 5 -
DTHDHERNIW, FBEEAHFR BT air T7 4
2R ALOs BRI v, ar REER T 5K
ER(H0) Db G &P ~OBREE I RO LR, ALOs I
7 4 M NROBEHEA~ORE izl b3, XD AP
NERETHRDTHSHEELBND.
HEAH~DOEERE L EROBENCOVCIE, G&FMPO
TE L &b, RSB Bty - EMFAmEE RS i
BOrEERFRERYE LWL EAHEEIND.

V. #& B

Fe-5 mass% Al 54D 1073 K, Oy, N,-20 vol% Oy (mix),
RKZ (@D FERKFTF TORREH KRN L. BohHER

BT X5 cBEBHEINS.

1) BE -  €EFHES T, WPRBL - REsEtrgiss
, PEER AR (FeAl,Oy ALO:) 1L, FBERMEICER it
WEELXE L, LW AINIEA S 7RTH T

2) BREEAKITEF v b7 — 2 RONTEY (ALO,)
WL Bh, BE  FBRFEICIEREREL b D,
BFE - EFEFHEKTCOBMEBRF I v LEET L.

(6) WEEARC, XHVEECB(YraeREMCE
H U ERBE ER TS0, L DaeRilTig
It a el 5.

(4) B & 2RO o FIE Lis\ PFZ
PHEETA. Zhidk, WEBEWAER L v ALEENMET
TERDTHS.
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