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FeAl/Al,Oq FH AR 2 BLAT & B AT R . 68 dol f i o2 8 5508 R MR AR, J2 ITER M I BHATIR 2. Fe-Al &
LB )X AL O3 BE)Z I IE BT A B E A2 . AR SCR A T AICL,-EMIC B WA L 8% 7L #F CLAM 9 2 T 8%
B SRJE R FHAAKE B AL 5 3LARH B HUH 45 Fe-Al & &8 )2 . R XS AT S 4 7 o B A B
ORI ASCIE 5 1 A Ak B A (1) R0 X 38 2 2 2 S5 4 B S . 25 SRR - B R L A I A Ak L R R ] ) 4
T HE I, R 2R T 2 7 & A ) B AR AR B AL FE R TR AL B A R AR B 2 S CLAM NS IRZE & %
%, TCALI S5 b . AR B E] — 5 B, FAKE BRR X8 2R KR S AF & Arrhenius 36 R, SUATHELH
CLAM {1935 81 Arrhenius {5 fLHE  78.48 kJ/mol. 7& 640 C H1 760 C I}, B =+ &8 B & W09 £ K2 5
PV HGE R 5 kY 8Os R S R S . FELE A A B R R | R Fe-Al A &0 . #A4b R AR 19 155 1l
T, AL T 24 700 °C/10 h.

(R Fe-Al S4B, SUbi, mbEE, CLAM #

PACS: 68.35.Fx, 68.35.Rh, 68.55.Nq, 68.37.-d
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BB HIRRIEEZE LG, 1E 650 °C i, BIRERA
SEHE HAFER Z AL, e 700 °C K ] 345 B0%
5C# A Fe-Al 13 )Z. Parushothman 25 12 fff 58 T #4
R TP RS NI SiOCR & i KRR E XS
JERYFE, K Fe-Al 54215 )2 (1 B R Bl SR v
Si JCR & E IR M, W Si &80 1%, 6%
1 11% SEEE I ARAS R TR 2 rh P X b 2 B 0 )
K 21%, 11% F1 3%. Chen %13 1,53 775 CLAM
PR R IR RS AR D, SN2 AL TR 1R R
BRI A ] AR AR BT, N2 Fe-AL &
G ) VB B 5 96 ik 5 R (1) ) B T Wk G KL W]
W, EFREY HORE (RBE I | SRR SR
BAF) B LIBUR N Fe-Al G438 21 CHE.

B TR R SR R R T | e

T AR AT % 250N, EARAEH % FeAl/
ALO;s BT 2 [ 4552 G 110116 rh 5] T A2 YY)
PEWFFERE Zhang 55 1916 SR “ B TR LB A0 + A
Ab B3 B A AL BRI LR St KRG T 24k
FFFEAE B CC AR A 2% T o] 28 BEL O B R 47 11 FeAl/
ALO IRJE, 600—727 CIRERIRBBREMIKT
2—3 M. Krauss 55 W 73511k A DL 11
P L i B R 5 VAR PR R L B AR R TE Eurofer Y
FMPER, BRI FIRARIR R N AT MR IR 2 Sk
AN /N R NG . AL BE RO RE S TR RS
Pb-15.7Li (550 °C, 0.1 m/s) H1 5% 12000 h {/}fg
PRAP AR A AZ 1ol A28 ] S s %A 10—20 pm/a.
AR SCR B T WA L B 7 CLAM AN bl &
FREEZ, P AL I B T Y Fe T 542
W AL A BB N, SRS SO Y Fe-
Al G482, BT T A A PR BE R A
XF Fe-Al 54 JZTE S FZH S5 R0 () 2.
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2.1 $REEHIE

HLBEE R R S FER NI T, ALk
MR RS S 99.999% M40 22, B E il 1 L 9%
T, L8R . JOK BB B TR AT
LHIN. BB CLAM 43k, Nk 620 x
1 mm. CLAM #1427 s n & 1 firs1]. CLAM
BRFE LA ARAT IS, IR | TCoK S v e T
1, BATFERNERHL RAE/RIA AlCL;: EMIC=
2: IR G AE .

#* 1 CLAM #WMb#msr (wt%)
Table 1. Chemical composition of CLAM steel
(wt%).

Cr w A% Ta Mn C Si Fe

9.00 150 020 0.07 045 0.10 0.01 Bal

75 HL B X CLAM 4 il RE 47 1 Ak 22 i b
B HER AL, B2 5 R B e
fi, DR B R GF A B R DA AU AL BE R R W
15 mA /em?, Bf[E] 15 min. FESECUTT : HRE
JE° 10 mA /em?, B[] 96 min, MSHCT 095 9%
JEBEIREE N 20 pm. THBRAERE 2= AL, LT
Rl AR BEPE v TR

2.2 #HALIE

BEEA A ) CLAM AR AL = P AR A =X
T INTE S A GUT T HAE B, 48 Fe-Al &4
B2, BRPRE I SHI) T 2 H. 3L 30 min
THE 2 TR FEAR IR AR N 8], 5 B v 0.

£ MAbERAM

Table 2.  Annealing condition.

1 2 3 4 5 6 7 8

Temperature/°C 640 640 640 700 700 760 760 760
Annealing time/h 4 20 50 4 10 4 10 20

PALFESEEE | SE A A R (SEM) R
FERAFE R AR IS, R RE R B (EDS)
R Fe-Al & B RITEWRE S MEE. X
SHEATHHEAL (XRD) 43 A iR 2 T A 0 A 2544
3 XF e EDS Ml XRD #9345 5, 45 & Fe-Al
G4 ZICAHE AT AT A AHZE .

3 LREREITE
3.1 S$REEHIFR

TERRPEJZ BB R B4 0 20 pm AOTE AL,
9 FEL U4 435 A 10 mA Jem? A 15 mA Jem? 3R
P BE R 2R i R E S an &l 1 s [ 1(b)
FHALIE L T F B4 502 T SEM i & 48 T
TR RGN IS AT BRI R R I 2
B R 2R 2 AR 25 R RT3 3L
SEM Z5 550t , AN [R] 9% L 3 25 2 T B9 alRE 34 g
TRHE PG, RN AL 2 AR A K. B Image J
B RS A [] FR B8 P, O 2 BE R RO B JZ A TOR 500 1%
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K1 AFEEESHETHREZRERE (a), (c) LI (b), (d) BH

10 mA /cm?, 96 min

=

oo s 122120 pm

(a), (b) HLYL%JE K 15 mA /cm?, 68 min; (c), (d) F %N

Fig. 1. Surface (a), (c) and cross-sectional (b), (d) SEM micrographs of aluminum coatings under different electroplating paramet-
ers: (a), (b) Current density is 15 mA/cm?, 68 min; (c), (d) current density is 10 mA/cm?, 96 min.

() SEM EMG it AT T HET 400, 24 v 8 v i o
2915 mA /em? B, 53852 BRI R TR 6.4 pm,
A /N T B B B N 10 mA Jem? S50 AR BE
2 B 2 0k R S (12.8 pm). 3% 52 i TE— &
P P %8 R VO L P, R RO AR I
ARG L, R RO B, e A TRl
R L A 5 T O ok B R, B R AR AT
3B AR TR, A AR K R B, PR A A
NI}

HLAL2E AR BRI , — 7 T B T iR e 1wl e
L2, MR 53R B, RS2 M4 &
Frar. 5y —Jr i, N2 EEIES A, BB
Je W SRR 1w SR ROIR, ARG S SR fl
RO, A A TR LA & 00 7. g e e %
JE8 10 mA /em? T 8% 2 55 5K 5 1 (8] TG Bk
ShATH R,

&l 2 fr s ) XRD 43 A 25 SR 3R W, 7E kR
TE BT Aisa iR 2, Hrd (200) 18077 50 (260 =
44.801) s B2 W3 U] T RPESI AR, IRIRIZ R
H (200) FEEOLA K A REME . TREEDILAE 08 35 X FL 4%
PRSI RIESEAT T RGNS, INNEEZ
[ (200) TA B PR Y AL Cly , EMITE 4 H
2% AT o AR BRI BT e 0, A= W BEARAE 5
FOZ AR S, B TR B, R A
S (200) THAECHU A

Al (200)
n
h=
a
=
4
—
<
~
2
£ Al (111)
= A
g
A PDF#85-1327
T T Ts
T T T T T T T
10 20 30 40 50 60 70 80 90
20/(°)

B2 EBEHEFH 10 mA/cm? BHEHEE K XRD %
Fig. 2. XRD patterns of Al coating at 10 mA /cm?

3.2 FAIEBEXEEHREHRIZ N

PEFEAE 640 °C, 700 °C F1 760 C =AET
A3 ADHAREEAT 4 h R ERSCES . 640 °C FIRAEE
RIETE WA 3(a) Fron, FR1H Ak I BURLIR B A
Yy, SR B . % 350 Tl 3(b) R4
() EDS BET /T4 5, ol LAE H ke 2R 1 ik Y
RRPI B Al J AL Os, #1175 4b #5543 0 Fe-
Al 54, XU TR S MR C AP . it
HEET AL (AVE SN 660 C), HA5FL A
PP BT 2218, LA R AR S 5T
B AL T 760 °C T ERPER I A, iR
o2 I BH S I AR, Al 3(c) B,
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O Spotsd

Magn Det WD
Y, 10 pm

AccV Spot
00KV 50 2000

o

Pl 3 AN RAL I 4 h R IRHERTTES (a) 640 °C; (b) F (a) THELE T HELL LA (c) 760 C
Fig. 3. SEM micrographs (surface) of samples after annealing for 4 h at different temperatures: (a) 640 °C; (b) magnification of the

red box area in (a); (c) 760 C.

#3640 °C/20 h MilFEERIE EDS fEig AT (at%)

Table 3. EDS elemental analysis of sample surface
at 640 °C for 4 h (at%).

Spot AIK FeK CrK OK Possible
1 95.74 — — 4.26 Al Al,O4
2 89.82 — — 10.18 Al, Al,O4
3 58.81 16.72 1.56 22.92 —

4 57.38  16.69 — 25.93 —

B 4 KRR 20 pm 5882 MIRFETE 640 °C,
700 °C M1 760 °C JREE T 20t 4 h $Ab B 5 i
SEM JESL. 7T LA 2138 2 5 B ] oL 5% H] B
AR, Z5A 4 AR I EDS L i4h
R, RBNERE ZSAE L, BED AR T &
BEFAR WA, 11 Fe B3 2 K.

10 pm

[RIEE R T 8 e 8 2R AR AL, X RE iR AT
T XRD i, 255 anE 5 s, N EDS £ 494545
ROTLIEH, 640 C FTBEREAHR 7 pm, AlJR
FEHEAE 65% 247, I XRD i A& HH & m
B TER AL Fe,Aly M, X Wpt—HEIUE T
KR EAERRES S5 AL 700 C K, T
TR O TAS A 5, el RE 3 A B )2 N TR
A. Fe 78 BRGS0 15 7 B 0.02%, T A6 A
AL A AR BE IR 44%, LTS T Y B0 T 1S
TR L G ARAR B B R 290 12.5 pm, KH
JEHL T Fe,Aly Fl FeAl, {RAH. Mi7E 760 °C Fik
FEBU I I B AN Z 251, NS Z 5
THZAFERERE 10 pm Ab. RS2 BIRE S 24 pm
Zedr. ALUL, IR, Fe, ALJETP o, B2

?iiﬁ/

T

b 10 ym

Atomic percentage
Atomic percentage

80

60 [

40 1

20 -

Atomic percentage

0 ol tndpsi kol ol

0 5 10 15 20 0 5

Distance/pm

15 20 25 30 0 5 10 15 20 25 30

Distance/pm

Distance/pm

Bl 4 ASEEE T AL B 4 h 5 EURE SEM BT 4 2 EDS JeE 4 Hr 45 4L, Horh SEM B B b 2 O AR A0S, s Sk ds
78 T AR EDS i £E B B B (a), (d) HE N 640 °C; (b), (e) #RE A 700 °C; (c), (f) HE R 760 C

Fig. 4. Cross-sectional SEM micrographs and EDS element analysis of samples after annealing for 4 h at different temperature. The

red lines in the cross-sectional SEM micrographs are scanning lines, and the white arrows indicate the position of the dotted line in
the corresponding EDS graphs. (a), (d) The temperature is 640 °C; (b), (e) the temperature is 700 °C; (c), () the temperature is 760 C.
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JEREH K, R ISR Fe-Al &4 AT,
FEZ T R B ) B AR

B ZERE LIRS 1/ T# TG, 45
WK 6 iR, PRI R, £ HE
BEERKHE RN AT S Arrhenius SC&R, Al L]
AR 2023

L=Aexp <—RE%>, (1)
b LOoABIRERE, M0 Rpm; A T,
£ Rpm; E, FIGALRE, BA608 J/mol; R AEE/RS
w8, BN T/ (mol-K); T h 26 %I B8, B
9 KL% (1) 2P OB

Ey
lnL——RT—HnA. (2)

AL, Arrhenius tZE M RPREZ-E,/R. HIE 6 AT
WL, PE ELRRN-9.44, W AT HEBFE, =
78.48 kJ /mol. TMHE% 21-6-9 NEEHTE 650—750 C
HIB R B, 4 116.9 kJ /mol®, T AH [l i 2 i

& & FeyAl;  * FeAly

. Al
60 °C " R
| W .y
&
700 °C k
. 3
* f * 2
k

3

Intensity /arb. units

640 °C

.P»

Bl 5 b 4 bR R R XRD 1
Fig. 5. XRD patterns of samples after annealing for 4 h.

3.5
»  Experiment
—— Fitting line
Equation y=a+tbr
3.0 Adj. R-square| 0.08782
Value |Standard
n Tntercept 12.30890] 0.76484
o Slope —9.44409] 0.73919
=
~
= 25
2.0
0.95 1.00 1.05 1.10
T-1/(10-3 K1)
Kl 6 Fe-Al {45 255 5k FUR Y ¢ R &

Fig. 6. Relationship between Fe-Al alloy’s thickness and an-

nealing temperature.

WA CLAM i Fe-Al &4 B 206 LE, UM T
CLAM 0 Fe-Al 9 Bl o i R 5K

3.3  FAPEBREIHAFEAR SR

Fe-Al & BZME I B & B 2 4+ P
o2z OB PR, SR AN | SR R A
B RRAIEAE A K AR FE IR R I Y Fe-Al
G4, IWBEZIE T IRER FeAl; Fl1 Fe,Als.
Wi Fe, AlJRFHY BT, 24 Fe,Al; fivkidl
WK SRS, AL B T B 22 5 0 0y ) SR 44
HUOYTHE, 2R EE B IT IR, VLT, Al
DR 2 T RAAIR 23,

h T AT AL BRI OB R BN R, BERE
TE 640 °C F1 760 °C PHANIRBE N EAT90 50 iXFE7E
640 °C F/ZrHIkb3 4 h, 20 h F1 50 h )& A9 #% i 7
i EDS Lk S R an & 7 fros. Hob B/ 7(c)
TR ANE AT A8 5 D O AE A Bt R rp
HaER WA R EAS, BEAIR, 290 7 um.
BIETNANH)Z, N2 AR i 2, A
J2 A I 5 ZAL Fe Al AL R T4 FUARSE . T
25 TC B 5w (B A gk, 256 %
.4 h, 20 h M 50 h PBIZSIEESMNZHN T pm,
14 pm A1 16 pm. Al UL, 7 640 C T, BfAE Hkb
A A B — e R B S, 18 )2 SRR 1 KR I AN
. XRD Mg A& 8 s, Zead 4 h, 20 h Al
50 h b5, KFEREHHFAERS SV 7R
Al Fl Fe Al AH. LI, 3R15 1) Fe-Al 48 21
LbAEd, i H G B AREBCE R A2 2, AR TR
(] A ARG .

760 °C N X FE 4 #E4T 4 h, 10 h 1 20 h
PIFAAE B . 45 251 T IAEIE 5 & EDS 24545
WK 9 iR, 760 °C/4 h PULBAMAT BilEEB )2
SRR 24 um A 47. 760 C/10 h T, 454 Fe-
Al &4 ZJeHE, M Fe A1 AL BEFTE T B 09 )7 1
LA AR AN, 32 )2 MR TH ZEFEAAT] 434 Fe,Aly
JZ . FeAly |2 FAR G HIE R 2, BIREL N
35 um. 760 °C/20 h iR 2 BIEELN 45 pm,
i TR F ] A5 K, Fe 5 AL 2Z )3 B v B
hnge sy, AR E & E S FeyAly 3 FeAl,
] FeAl AHFEAE. & 10 Fin i XRD 4Bl SRt
B T 3X— 5. 760 °C/4 h kb BR A 1F T Al i 22 5]
Fe,Al; Fl FeAl, {4 HH. 760 °C/10 h i} Fe,Al; A
F AT TR R T, FeAl, AHER MG ST I8 T 44
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640 °C AL IR R B ) J5 iRE SEM KT B 5 J2 EDS ST - Hrab R, Horh SEM 18 B P AL &N &0, @ k4
(a), (d) ZbFERFIA] A 4 h; (b), () ALFRIFE Ky 20 by (c), (f) LW AN 50 h

Fig. 7. Cross-sectional SEM micrographs and EDS element analysis of samples after annealing at 640 °C for different time. The red

lines in the cross-sectional SEM micrographs are scanning lines, and the white arrows indicate the position of the dotted line in the
corresponding EDS graphs: (a), (d) Heating time is 4 h; (b), (e) heating time is 20 h; (c), (f) heating time is 50 h.

& FeyAls
¢ Al

»
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» *
s R

L4
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Intensity/arb. units

&
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M '
10 20 3IO 4I0 |
20/(°)
F 8 640 °C P abHE A4 U XRD %

Fig. 8. XRD patterns of samples after annealing at 640 °C.
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FAEEE. H Fe-Al ZJ0AH EIHEN Hh RAAL 1 A8 rh i
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Fe,Als #H, PIL7E XRD 35 & EARKN H FeAls #H
AIFEAE. ] DL, Bl AL BRI A3, Fe 5 AL R
TR TY 1L, BRRME D RS A 2R
AR, Bl FeAl; — Fe,Al; — FeAl, — FeAl

TE 640 °C T HAL IR 5 PR R S U gL 5|
BIZT A AR 5. 760 °C/4 h AW
LR/ DVE A AL, (HEIRAE 760 °C/10 b F1 760 °C/
20 h Yl FE HhoU AR B L R 4. AR BUE 7(b) H Y
3AMLEHEFT EDS $94, 45 a5k 4 gl M EDS

PR E, HAEZH Fe, Al, Cr TTEALN,
Horp Cr JiF&80 4.33%, mEMHTBEs Cr R
FEHREN 1.26%. AT W HSH Cr BHEM Fe-Al &
4. IREELSE 24 7E X HR-2 A5 04 5 RE i AT
700 °C/2 h PUbHE, ZFL 5 um KHNZEBE T
RECE A S BRI L, EIFRXZ IR AR — 2
i RE . ZE P VT5E POLAFSY FegAl & 45 Q235 Al
Cr18-Ni8 i Z [a] 4 B B A B, 769 B S in
TEVE X PSSR T H AR5 A1, FesAl/ Q235 1B
B HE L C, Cr & s B S, 1 FezAl/ Cris-
Ni8 FREEM I & Cr, Ni S, T4 m
JR IR A Al B S 7R b B AR, SRR Cr, S,
Mn 0 R R BRPA S & E T, 51k
Cr w3, 7E S5 EMEY sud s, hF Cr
1E Al IR REEIR/N, Fe R 540810 B 3t
B Cr R, SECEESATR Cr kg4
P, TR T JCR 430 () s AL BEE P EL

#4640 °C/20 h MiAFE I EDS figigk s (at%)

Table 4.
section at 640 °C for 20 h (at%).

EDS elemental analysis of sample cross

Spot AlK Fe K Cr K OK
1 (M) 62.81 32.87 4.33 —
2 (F4k) — 79.68 8.32 2.35
3 (B2 67.53 24.26 1.26 6.95
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Fig. 9. Cross-sectional SEM micrographs and EDS element analysis of samples after annealing at 760 °C for different time. The red

lines in the cross-sectional SEM micrographs are scanning lines, and the white arrows indicate the position of the dotted line in the
corresponding EDS graphs. (a), (d) Heating time is 4 h; (b), (e) heating time is 10 h; (c), (f) heating time is 20 h.
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Fig. 10. XRD patterns of samples after annealing at 760 °C.
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Fig. 11. Curves of Fe-Al alloy’s thickness vs. the annealing

time.
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Fig. 13. XRD patterns of samples after annealing at 700 °C
for 10 h.
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Preparation of Fe-Al alloy layer on CLAM steel”
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Abstract

Reduced activation ferritic/martensitic steel is one of the candidate materials for tritium breeding module
in the fusion reactor. In order to control the permeability of tritium in an acceptable range, coating with low
hydrogen isotope permeability, known as tritium permeation barrier, is usually prepared on the surface of such
structural materials. The FeAl/Al,O; is the first choice of tritium permeation barrier for many countries,
because of its fine performance of high permeation reduction factor, corrosion resistance and high-temperature
resistance. The surface morphology and microstructure of Fe-Al infiltrated layer have important influence on
the quality of Aly,O; coating. In this study, Al coating on the surface of CLAM steel is prepared by
electroplating of aluminum from AlCl;-EMIC. Then the Fe-Al infiltrated layer is obtained by diffusion between
Al and substrate by annealing. The effects of annealing time and temperature on the microstructure of Fe-Al
infiltrated layer are studied by X-ray diffraction, scanning electron microscope and energy dispersive
spectrometer. The results show that 20-pm-thick aluminum coating is obtained on the CLAM steel surface by
electroplating. The Al coating is uniform and compact, and the size of its surface columnar grain decreases with
electroplating current density increasing. Annealing results show that neither hole nor gap is observed between
the Fe-Al infiltrated layer and the substrate. In addition, the infiltrated layer is found to be tightly bound to
the substrate with a thickness ranging from 7 pm to 45 um, depending on the annealing parameters. At the
initial stage of annealing, Cr enriched Fe-Al alloy is formed evidently. However, such a Cr enrichment
disappears at higher annealing temperature or longer annealing time due to diffusion. The surface of infiltrated
layer changes from aluminum-rich phase to aluminum-poor phase, and its thickness increases with annealing
time or temperature rising. The temperature dependence of the growth rate of Fe-Al infiltrated layer can be
described by Arrhenius equation. At this time, the Arrhenius activation energy of aluminization on CLAM steel
is calculated to be 78.48 kJ/mol. At 640 °C and 760 °C, the growth of Fe-Al infiltrated layer is controlled by the
grain boundary as well as the volume diffusion. When the reasonable thickness and microstructure of Fe-Al
alloy layer are used and annealing time or temperature keeps as low as possible, the optimal annealing

temperature and time are 700 °C/10 h, respectively.

Keywords: Fe-Al infiltrated layer, annealing, aluminum electrodeposition, CLAM steel
PACS: 68.35.Fx, 68.35.Rh, 68.55.Nq, 68.37.—d DOI: 10.7498/aps.70.20200762
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