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iR BRLHE BRI A, TR
SE0SR ALY, 7E 450 C R 16 30 min ] & T
AA3003 4544 M SUS304 MM E AR, 4T AR
ISR, A BRI LT 45 A 9 A IS 2 40 N/mm?s
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1.1 SEIGMHt

1% 3161 B AR AN EEE Ak fd,  ROSTHk%
9100 mmx50 mmx4.5 mm, %4 SRS W1 4t
96 (2 >99.9%)1E iR EM AL, RFHEE 9 100

mmx50 mmx0.5 mm.

R 316L BERMATNI A Loy
Table 1 Nominal composition of 316L austenitic stainless

steel (mass fraction, %)

C Mn Cr Ni Mo Fe
<0.03 <2.00 16-18 10-14 2-3 Bal.

1.2 REMRIEIHE

Fe-AVALO, 1 J2 (1 il £ 25 B 3= 2 i1 35 1 i &b
HLOBEL B KA R A AL K. B SE,
316LANHEATFT S . PIIG Be S5 AL 38, 488§ AL
RIS, CABREMRRI A0 5364
Tl ARG, % AU316LAN/ALI “ =HHVR” 45kt
TR . 5%, HERZ 450 CHAE M 15 min 5,
IH B T A RGRFLVL A AT — 18 L], L4l
FIRE R 255 5 4 980 kN A1 50%. #RJE, K4k
PIEERAE D0 T oA 50 mm>20 mm=2.75 mm f) & &
B, PR A B T A U e L AT IR K b HE
6 h, HIB KR 518 550 CL 650 'C. 750 C,
AV LI D AR Ak 3 F 38 m B SR I i 45 &
WE. R, BEARGERmEEE, BT8R
AU, AR R BUCETR B UM (95%N,
5%0,, Wi N 45 mLss), PREFK ISR EH BT
ALRE B AL, WFEZ 000 CIRAAM 1 WG,
#1157 Fe-AVALO, B ZM KL

1.3 =ERSWNK

KA T B AR T 4 e R T AR
W miR A AT A, R I T A S T2
ZRPVRIE AL R UK, IR, 5 A SR A
F316L #4473 HITE 900 C RSP H A T2 h, &
6 hidb AT AR e, LABRA7 AR A 0T S 3 I AL b
FALIT TR AR AR ) B A B 1 £, FF DAL
TR A S S 3 IR~ 7 R AL bR SR [R] At



H3REH3IN
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AABR L PR ADL B 2 ) S A B K 2, BFTT
BT . BT ARER, HekbrA
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R, DR 2 A SRR B i 45 SR AT e R ik
HH IR A M T HREMAT .

1.4 RAGEMFRAESEEED
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RO, AR RS I S 25 i AR S R
F X $HEATHH(XRD, D/Max2500VB %4 X 5 2k 177 5
B0 7 M FETE IR ORI 5 A ek FLr
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IINTIZARPE S E AR AR, 75 MR MR 28 il
EM S E LR EE, XIB KA 3ET IR 2 B
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K Bh s B A It 2 1 GB/T 8642—2002, Ml
RAELE MEMNE AR GERe. BUrFITE
AR T 5 BCE R 15 mm (IR AR, i
FM1000 BB iR S8R B R omhlhid, R Je Bk
R 3 [ 22 )5 RON T4 120 °C AR 10 h 5 HUH
5 77 %5 AL(MTS Landmark %) 3547 25 & 9 i
WA, In#EGEZE H 0.4 mm/min, HBUFZH 3 ANEE S AE
NEATEFE, RN, HHEAELE SR
SEA TR, BUH-FIME N U .

R,=F_IS (1)
e Ry ZTIRL S & 9 EN/mm?®); F, & i KB AT
(N); S 2 SERR W 24T AT A (mm?)
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YIFELE R
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Fig. 1
steel composite sheet after annealing under different
temperatures for 6 h: (a) Unannealed; (b) 550 C ; (c)
650 'C; (d) 750°C

Cross-sectional XRD patterns of interface of Al/
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Steel protrudes

316L

316L

20 pm

2 FRANEAWREAEAFNREIR K 6 h )5 ) SEM 44

Fig. 2 SEM images of Al/steel composite sheet after annealing at different temperatures for 6 h: (a) Unannealed; (b) 550 C;

(c) 650 C; (d) 750 C

PRk, R 3R T A2 238 45 2 i n i e . 7
KT, 2) ESZIBEARE KA, WE
52 BN S B 2 S8 R IE = AR SR T, B S AN
ERGSHREREWHELSS; 3) WEREZHRE
RTINS, BT RELNE R — BRI
[EEE, Fev AURAET —ERRENEY H, Wbl
TORKBELSS .

K 26 8 R AR T ERAN AL E AR I 5
M4 EomEE, K3 i AW S K SEM 44 F1 EDS
. B 3(a) R Wi fEE— g &R, &
TSR] BT 4RI, EDS AT 45 B R 1. 24011
O BN ALGER. A, MEI3()RTELE H, W
HMFERFertzm, AMDERAIGRATE,
OLE(E T RPMFLL R R RAE T DA

F2  E2(a)~(d)h % M EDS figil
Table 2 EDS results of each point in Figs. 2 (a)-(d)

Point x/%

No. Fe Al Phase
1 13.55 86.45 -
2 20.51 79.49 FeAl,
3 22.45 77.55 FeAl,
4 28.40 71.60 Fe,Al;
5 51.59 48.41 FeAl
6 55.63 46.37 FeAl
7 44.41 55.59 FeAl
8 28.28 71.72 Fe,Al;

e, XU 3 B AR R R BINE A
FrunAt, i HAER A A IR, BRI R
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MRS, 4. 316L KM Fe-AIVALO, IRJZ il & S H w47 827

x/%
Fe Al

0.13 99.87
99.89 0.11

B3 HR/AWE A BRAHLf T 230 & EDS M4t 45 R

Fig. 3 Fracture morphologies and EDS surface scan results of Al/steel composite plate after bonded tensile testing: (a), (b),

(c) Fracture morphologies; (d) EDS surface scan results in Fig. 3(a)

AT, WO IR R E SR R4S &
SRAE . % F B EH MRS, B & 3(c)nT
DUE H, IX IR 2 SR, 5 BRI RoRE
i, MO SR PRI AR . BB 3(b) AT W, I
XA AE R W) o8 S5 a5, R A W VR R 1 Ry
fiE. X UL RS BRI AEL S AR T4 & A
H—E MR,

3 F N IEL G IR/ B AR 1 T 25 & ik
FEMRALE R . R 3 i, FH/ANE AW
By g Y 54.47 N/mm?, 8 7 5202 300 C {3
30 min 5, —IERAFLAEE] 7K Q2354441 5083
BME AR, HAmMESAHEL21.3 N/mm®s X Af
AE e T DR it Jek S LIS 2 (A AR AN FE AL 5 ) 7
T 456 R FEAR AR . AR R IE 1 25 SR B, Bl

=3 AR SR S 4 1 5
Table 3 Interfacial bond strength of Al/steel hot rolled

composite sheet

Specimen No. Bond strength/(N-mm™>)

1 54.70
2 55.20
3 53.50
Average value 54.47

ORI B T, FAEL S BN G R AT
A RE SRR R, HI ORI IR AR T4
HEAZ T8] (R PR AR T .

ME20) AT LA H, FBANE AR E 550 CIR K
J&, ST S EME Y BUE. A, R
[R5 IPEE, 1B E4 G REEINR. AT



828 T A e E SR

2022 £ 3 H

FW T LT RaE I Fe-ALM, AR T8RN &
R AR 2R K 6 h 5 (1) EDS 2434,  Ho 45 R
Kl4pTR. W& SEEMESREN, AlTRESE
B>, T Fe R & B IZWE N, Mk “oF
67 FHIER W S H I T RS € 1) Fe-ALMH . 553 4t
Fe. AlBE/RIGHEEIT 1:3, s 44 Fe. ALBE/RELEELD
2:5, &4 B 1(b) I\ = F 73 7 N FeAly Ml Fe,Al,
H T X PR E A I T 3R & B A E AR, MUAE
SEMAZ H 4t FE BN EEI . FHE 2(c)mT L, &R
KIRFEHR A 650 C, Fe,Al 2522 a1
21431 yum 432, 554 Feo ALBE/RELZ N 1:1,
45 4 &l 1(c) i XRD 43 #7 45 2R 4] 5E 1% A 22 FeAl.
650 “CIE K AT HIAH 415 SPRINGER 25254} i
M RMEYE. HE2)ER, FBANE SRS
750 ‘CiRKJE, ¥ HU=EESRIEm, ALZ)LF5%
WY BUZ SR, AE B G kAL B A D> B AR
e, HAn RWAHR R A 7AW . —J7 T, Z5/4N

Distance/um

0 5 10 15 20
Distance/um
El4 /AR SIREAFRE TR K6 h)aA [ EDS £ 45 3R
Fig. 4 EDS line scan results of Al/steel composite sheet after annealing at different temperatures for 6 h: (a) Unannealed;
(b) 550°C; (c) 650°C; (d) 750C
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BALZY B BRSUR E & T AUR T 7 [E 25 Fe
BBy B R, HAEAFIR RN, Fe J5 ¥
AVZT BRI — PR, e U2 R 2N
FeAl, Fll Fe, AL, i P & 424, 1M Fe AL o5 b U BE 2
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Wb o B 2(d) R OB A7 BT B SR 1 A A
WM, REXIEAT4Fed B E, ZMN
FeAl, TR 1) Fe & B, %M N Fe,Al.
X FEPET 750 CIB KBS, [HZS Fe 7 A Al
J2 AT B IR s B AR O R R R ) Fe-AL 42 &
AL AW, A A AR T Bk 4508, b 2 S 3 Fe
TCR AT ALY, B2 LR R AR A 1)
(LRI

2.2 Fe-AVALO, & EHIER G D4

YT Fe-AVALO, iR JZ 218 1T Fe-Al & J& [ 4L &
YRR AL AR B, MUERE 750 CL 6 hiB
KA AR AT R A A . B 5 B RIS
900 CJRALEAM 1 h 5 RIS TR Ao o
B )G, REEIL T — & &R E YRR D>

(a)

x/%
Fe Al (0]
8.24 46.60 45.16

Point

|50 um

PRI, X ARHANALI S5 . EDS IR
N1 O AlL FelJJu&R /A, ri14bFe. Al. OJE
IR 1:5.6:5.5, R EAL )= B 7T BN ALO,
MR FeO,. 1B 6 frs AidEZ 900 C I AL Mk
1 h/ERMA XRD . Bl 6 H1 HIL TR ALO, AT
S, KRB R FeO M7 IS I FA 75, 3X Ui B
MAERM E B RA T AVRGERR A, ER T
—ERJZI ALO, = .

FEL 900 “C AL AL 1 h i B AR TH 72 35 45 4
mE 7 Fos. B aasg it AL E, HEE
LLi i, 298 1.05 pm, X2HFEALSRET,
B R T ALO, J2 AT AR B, 3 oA 6 8303 1 41
WIE IR E A FEIEAT, (A3 A I R bRk
MECLR A, 19 H B R — B, X 5 T
YIN 535 E () Fe-AVALO, 3% 2 B FEHIFF &

(b)I6)

5 RXFEZ 900 CIRALAAL 1 h 5 1T SEM 14 J% EDS TH 1 4H 45 51
Fig. 5 SEM images and EDS face scan results of in-situ oxidation specimen at 900 ‘C for 1 h: (a) Surface morphology and

spectrum of point 1; (b) O; (c) Al; (d) Fe
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v — FeAl
* * — FeAl,
v
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6 900 CJEA4AL 1 h AL R Y XRD 1
Fig. 6 Surface XRD pattern of in-situ oxidation specimen
at 900°C for 1 h
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FEJEH Fe. AR T3 HOE A [ S 80 5 1A
IRIG A . R4 BT & SR EDS BEIE
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FeAl,, ZAMHM=A T RO E A fE v, RE
EEHH FeAl Fl Fe, Al [ Al IR F 2L e84k, K25 Al
JE T J5 43 [F FUER A FeAL B FeAl 4% 52 545 1.
MBI ER S EEON R, N R 2 R &
BN FeAl, b /D& [ FeAl, X PR 20 50 AH (1R & 18
JizEE ENHE R B 53X BT FeAl,
HAHET 750 'CiR-k, JEE RGN, X 5Fe. Al
JRFAE MR NIRRT HCE G R4 ALTTR G &
BAK, N9.90%, k& ERAEY, Rk
T a-Fe(A) [E a4 . R, 3RXFEZ 900 C R AL
A1 h s AT 5 44 1 3R AR TN ALO, FeAl,.
FeAl. o-Fe(Al)H1Fe.

2.3 Fe-AVALO,AEBMEREWITASH

B 8 BT 7~ 9 316L AR A I A7 48 Ak ik A 2 ) 4
900 CHM 72 hEIRITES . —HXF WA LLE
tH o 316L 4N I8 73 DX ek i T~ B 1 KT AR R 4]
WIETF R I 5, A 15 3R TR A7 /R K 2= 1 [ oA
FLIR, HETE RS . R AR A
TR R, FIEDERLL, AU ERIBUE EAH

- T ——— -

: - e i 50 pm

B7 WFEZA 900 CIEALE 1L 1 h )5 I # T SEM 1% Al
EDS it
Fig. 7

spectra of in-situ oxidation specimen at 900 C for 1 h

Cross-sectional SEM image and EDS energy

*4  E 755 EDS TGS
Table 4 EDS spectra results of each point in Fig. 7

Point x/%
Phase
No. Fe Al
1 31.82 67.90 FeAl,
2 38.10 60.82 FeAl,, FeAl
3 49.14 50.01 FeAl
4 89.94 9.90 o-Fe(Al)

BTRGANENER S, HoXEREHE T
Bk o

316L AW SR A7 A 1R 733 22 900 “CAAL 72 h
JE SR WK 9 o~ . I 9) T L, 316L 4K
RMER T —EEENENE, SRR, 17
TEREAIL LG, AReA A0 H] 3161 P41 i —
HEA . B 10 Fos N 3161 AR AN R A7 AL RE 23 )
2900 CHA 72 h 51 XRD # . Wil 10(a) Fiow
316L R I %A AL 2 3= % HH Fe,0, Ml Fe,O, K49 i, 1R
% Ellingham-Richardson 8 35 ™, 442 [ 5 Je =4
AN FeO, Bl G FeO & #45 H Fe,0,, BE H AL
HFERIHEAT, Fe,0,43 11 Fe,0, 56401, b4k, ik
Jo 5RO ARG M, SR B AR A 7
AT KBRS, 1RG4
K R, A AN RGBS, Bk
W RETEAEAWITR, dEm . XERHZ 900 C
FAT2h )5, 316L N2 B AR M ™ E .
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MK, % 316L 4N Fe-AVALO, ¥RJZ M & Mt miR AUl 831

8 AR 900 CELT2 h i SEM AR

Fig. 8 SEM cross-sectional morphologies of different specimens oxidized at 900 ‘C for 72 h: (a) 316 steel; (b) In-situ

oxidation specimen

— i — —

50 pm

B9 ANEZIRAFE 900 ‘CEAL 72 h i) SEM & TH JESH

Fig. 9 SEM surface morphologies of different specimens oxidized at 900 ‘C for 72 h: (a) 316 steel; (b) In-situ oxidation

specimen

P 9(b) Hh 114 5 A7 A8 A R ) R TR AL R 2
ALO, fl FeAl 41, ALO,JZ HIESME 5 8% i
> FeAlZAA7E/bEFLIF. fEE LR, JRIRT
ALO, ERefE— B E LIS O M N HiEE, i
73 AR OF 2 Je 1 B 44 FeAl H i) AL
T, AW A BGH ) ALO, JZ,  [FIRf FeAl, %k 25 1
AT IF M FeALEAR . Ak, HAE B ALO, ik B
BEEMEM, fef g R P E L ERe.

B 11 FT s A 3161 49 A A S8 A0 B 40 il &
900 CH Mt 72 h 5tk 8h 1 2= h 4. 316L &

900 CHA 72 h BT &= N2 21.32 mg/em?®, P34
BN 2 2 0.296 mg/(cm®-h), A AL Jy 2 i 4
SRR BT R EEAIAREZ 900 CHAL T2 h
JH I IN2) 2.05 mg/em?®, A 316L AN 1/11, ~F
5 5 B 0 2R £ 0.028 mg/(em*-h), {EAALHTHI
AT = INAE X BN B R, B LI R
17, ek EAE, BERETKP.

DABE 11 H S A T S 3 N 7 5 A Ak bR, DA
AR R R AR bR, 133 T 3161 40 A 5 A7 S Ak ik
FEZ2 900 CHML 72 h AL R H R K 2R, i
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Fig. 10 Surface XRD patterns of different specimens oxidized at 900 ‘C for 72 h: (a) 316L steel; (b) In-situ oxidation

specimen

20+ —®—316L steel
—e—In-situ oxidation

16
£12
3
= 8
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B 1 JFEA AR LE 900 CHAL 72 h A Bh 1%
ith 42
Fig. 11  Oxidation kinetic curves of in-situ oxidation

specimens at 900 ‘C for 72 h
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Fig. 12
specimens oxidized at 900 ‘C for 72 h
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Preparation and its high-temperature oxidation behavior of
Fe-Al/AlL O, coating on 316L steel

XIAO Lai-rong" 2, SU Heng', ZHAO Xiao-jun"? CAI Zhen-yang"? CHEN Wei', YU Hua-li'

(1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. Key Laboratory of Nonferrous Metal Materials Science and Engineering, Ministry of Education,
Central South University, Changsha 410083, China)

Abstract: Fe-Al/Al O, high-temperature anti-oxidant coating was prepared on the surface of 316L steel by hot-
rolling composite, annealing heat treatment and in-situ oxidation. The specimens were characterized by using
SEM, EDS and XRD, respectively. Meanwhile, the high-temperature oxidation behavior of the in-situ oxidized
specimens containing Fe-Al/Al,O, coating and 316L steel was investigated comparatively. The results show that
the hot-rolled composite plate obtained by holding 316L steel and pure aluminum is well bonded, and the average
bond strength of composite plate is obtained as 54.47 N/mm?® Then, the composite plate is held at different
temperatures for 6 h for annealing heat treatment. The specimens preferably annealed at 750 ‘C for 6 h with
optimum thickness were selected to be oxidized in-situ for 1 h. The Fe-Al/Al O, coating is obtained, and its cross-
sectional structures in order from the surface to the inside are Al,O,, FeAl,, FeAl, a-Fe(Al) and Fe. When the in-
situ oxidized specimen and 316L steel were oxidized at 900 ‘C for 72 h, the oxidation process of them conforms to
the parabolic law together. While the oxidation mass gain of the in-situ oxidized specimen is only 1/11 of that of
316L steel, which has excellent high temperature oxidation resistance.

Key words: Fe-Al/Al,O, coating; hot rolled composite; annealing heat treatment; in-situ oxidation; high

temperature oxidation behavior
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