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ABSTRACT Nuclear power generation provides a reliable and economic supply of electricity, due to
low carbon emissions and relatively few waste. However, the reaction between zirconium and steam at
high temperature is accompanied by the release of large amounts of hydrogen gas, which will bring seri-
ous consequences. After the Fukushima nuclear accident, the concept of accident-tolerant fuels (ATF)
has been proposed and widely investigated. In terms of nuclear claddings, one key requirement is re-
duced oxidation kinetics with high-temperature steam and hence significantly reduced heat and hydrogen
generation. An economical and simple method could be the preparation of protective coatings on the sur-
face of zirconium alloys to improve the oxidation resistance. The MAX phase has been considered to be
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one of the most promising coating materials for nuclear cladding coatings. In this work, Ti-Al-C coatings
with different Ti/Al ratios have been deposited on Zirlo alloy using a hybrid arc/magnetron sputtering meth-
od, and the Ti,AlIC coatings were obtained by post-annealing. The effects of Ti/Al ratios and annealing
temperatures on the phase and microstructure of Ti-Al-C coatings after annealing were studied by SEM,
EDS, XRD, Raman spectrometer and TEM. It is found that Ti-Al-C coatings with different Ti/Al ratios de-
posited by the hybrid cathode arc/magnetron sputtering are a multi-layer structure of an alternative Al-rich
layer and TiC, layer. The as-deposited coatings are compact with a small amount of large particles. The
Ti/Al ratio has an important influence on the phase structure of the annealed coating. When the Ti/Al ratio
is 2.04, the highest purity and crystallinity of Ti,AlIC are obtained. TiC and Ti,AlC impurities will form within
the coating at a higher Ti/Al ratio (3.06), while the purity and crystallinity of Ti,AIC will decrease at a lower
Ti/Al ratio (0.54). In addition, the annealing temperature affects the formation of Ti,AIC to a great extent.
When the Ti/Al ratio is 2.38, the optimum temperature for Ti-Al-C coatings to Ti,AlC coatings is at 750 C.
The atom cannot diffuse fully at a lower annealing temperature (600 C ), which is difficult to form the
Ti,AIC phase, while a higher annealing temperature (900 °C) will enable the formation of Ti,AIC coatings

with more TiC, TiAl, and other impurities.
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Fig.1 Schematic of the hybrid cathodic arc/magnetron
sputter (No.1~No.5 samples were suspended from
top to bottom on a rotating sample holder in the
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Table 1 Deposition parameters of Ti-Al-C coatings
Procedure Ar flow CH, flow Presure Bias voltage Current / A
mL - min™ mL - min™ Pa v lon gun Arc  Spuiter
Etching 40 - - -300 0.2 - -

TiC layer 200 50 3.99 -100 - 70 -

Ti-Al-C layer 200 15 3.99 —-200 - 60 8.0
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Table 2 Ti/Al ratios of No.1~No.5 coatings in as-deposited and
annealed samples

Sample No.1 No.2 No.3 No.4  No.5

As-deposited  2.38 2.04 1.64 0.66 0.42
As-annealed 3.06 1.75 1.09 0.99 0.54
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Fig.2 Surface SEM images of No.1 (a), No.2 (b), No.3 (c), No.4 (d) and No.5 (e) coatings in as-deposited samples
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Fig.3 Surface SEM images of No.1 (a), No.2 (b), No.3 (c), No.4 (d) and No.5 (e) coatings annealed at 800 ‘C for 1 h
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Fig.4 Cross-sectional SEM images of No.1 (a), No.2 (b), No.3 (¢), No.4 (d) and No.5 (e) coatings annealed at 800 C for I h
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Fig.5 EDS line-scanning and element mapping results of No.2 (a) and No.4 (b) samples annealed at 800 ‘C for 1 h

B2 B BRI TiI/ALEL , 238 kG AlLiE— 452k,
TEFXS 3T ALIITE DL T T2 A TLALC 1 [RIISF AR B T 2%
JRAH . No.2 # 5 AT 0 Bk 7 & > &= 1) TiC Al
TiAL 4k, B 48 A ER A8 4 Ti, AIC AT 5 0 , LLI AT
S UG ) 5 P55 0K B B KL, TE B R JZ P THLALC AR 4t
JEE RN G i B R 3 B de vy » Fovp TiC A7 S 08 () A7 AE
57 TiC I JE 2 IR . 454 EDS 45 3 7] %0, No.2
FE S AE UUARZS I Ti/AL LG (2.04) B 2 4238 Ti,AIC AH I
fh2tit &, 43R kS Ti/AL L AR ZE 1.75, Rl 7
B ar R E A RS AR TR TL,AIC A . 1]
W, IR K T2 —E MM T IR KEIREH 2 &R
AR T B i 24 v 45 i B TLALC A 1) B2 A

No.3 F i 1) XRD #4598 LA Ti, A1C AH (1) 7 5
N H 5 No.2 £ i AH LE , AT 565 04 5 B A BT BEAIG
MFE2 B EDS 45 SR 7] LUF i, No.3 F s TR A Y T/
AlLL(1.64) EZAK T TLAIC 7 Ti Al 1L 251 &2 L,
23 iB K ALFR S, Ti/ALEE(1.03)HE— 5 PRI, 422301 1,
BEI A R T 48 (40 &9 TiAL 2B J™, IR ok B it A
B 1) TIAL A7 S0 B . R B, i1 No.4 Al No.5
FE PR A7AE L 22 0 AL DK XRD 1% A H B 7 502 1)
TiAL fT 506 , 13980 39° 4k Ti, AIC FHEFIEAT S I £ 22
T 2%, LR 2 o TLALC A& B

gi b, RIS A iy LA & 10 TLAIC TR 2
No.2 ¥ e S FE Rk, BU7E Ti/ALR 7 Hhfzir 201
o AR ZRG 75 R 2 3R T K J0R AN 45 48 8505 B2
No.1 ¥ B A BEMRIILREMERE. A1, T AR 2 2%
JEAH A7 TE 5 5 A8 Ak 0 H g5 B 42 W S ) A%
Ti, AIC 12 52 M ik 2 L3 B 2% , AH 1) 45 44 v A2 ik
FEIE T IR I A

7 VTR TR KA No. 1R i 1) Raman )t
W, AT LUE H, TL,ALC i )2 B Raman $% 80 307G A5 =4
E ME, ] A, 5 BT 275 e 1364 em ™ I E
Z45 R 5 SO RGBT AW £, & 1T 4R I Raman
F A BT % (1 TLAIC AR B B A IR AP I 45

« TLAIC & TiC
* TiAl,

¢ TiAIC
= Substrate

. N Nos5 $o AT,

AN

10 20 30 40 50 60 70 80 90
20/ ()

Intensity / a.u
A
( .
]
w
- hd > A r—— L W—
*’

&6 No.1~No.5 F£ i 22 800 ‘CIE K 1 h J5 (1) XRD it
Fig.6 XRD spectra of the No.1~No.5 samples annealed
at 800 C for I h
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Fig.7 Raman spectra of the as-deposited No.1 sample
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Fig.8 HRTEM images of as-deposited (a~c) and annealed (d, e) No.1 coatings, and fast Fourier transform image of area A in
Fig.8e (f) (Illustration in Fig.8a shows selected-area electron diffraction pattern of as-deposited coating, and inset in
Fig.8b shows line scan pattern of the coating surface under TEM, corresponding to the line)

I F TiC #7(200)~ - Ti [ (101) AT TiC [ (111) 3 4™ &
T, PV SR B 2l TiC a-Ti A R #Uo) A
FICHM. B8 BaRUABIRECE H I B4
i > € 8d Jy3B K J5 [ HRTEM 4 . 1B G FE b 5 7
SRS UG, X B EIREMHE R IREZIH
FHXTIRI 5T S5 8 o TLAIC 2 H— 2 AR P2 Z Ti
JEF-HE[0001] 77 71 28 B HEFI (1 2 A P63/mme =% [ B
PIANTT458 . K 8e W LLE Y, 1B K G iR 2 H ¥
BT KT AR [0001] 77 ) A2 K 14 TLAIC AH . & 8F2h
P 8e 1 A XI5 Fourier A2 e P, ] LATE iy 28 &
#5(0001) 5 T AE K 19 TLALC HH ) 9K 2R S5 4,
i T A) BE 4 0.68 nm, 5 FLSH il — 2.
2.2 RAGRE I RERIFZ T

K19 %5t T No. 1 FE S TR ES S AN [ & 38 -k
1 h G ERTHSK SEM 4. SUH&ERZEH
b, 75750 °C BA R IR K, B 5 3R TR 3 A A2 B
AR AH 208 KR BE T A 850 CHY, ik =
KRR, RIETESAE A F ARG, iR E T
2900 CHF, 2Rt — P KK BHINN, &
TS RAE 5 kKK, 4R Hall-Petch 23 0P, ki K
KRAFIF R 725 R, & 08 R AT e 2 F%
IR Z B 157 1 RE

K110 9 No. 1 # TS AR IR IR K 1 hG
() A T TR 30 S H X R R A5 R . W LUE
No. 1 ¥ 5 &8 5 AN [FJL R 1 AR K AR B LS5 , A1 SR R H¢
TUHRERERASES. &8 R ER, 4

750 C LA NIR KIS, IR JE T AL SR IAL R A TR
£, T 7E 800 °C LA_FIR KB, ALy B AR IR 2 P LL e
3 THU RN FTH] A ey, 36 5 B AL [ 1 T RN 5 T Ak g W
)4 /A R0, T B IR B ) 3 BoRYE T ALK
FERRIE . BT ALZE TLAIC AH R 30 & 36 , T 7E
B G B SO S TS AR X HE T AL
WA HIEE ST iR AT 750 CHY, Al ) 3%
PHL, T4 B AE 750 C LA_RR, R)E R ALK&
PR, T R JE R TH 5 N B R B, R AL
PP ) R T AT

1B R FE 25 5 i 2 R R I BT R,
SR J2 A AR B 45 i B o BT 11 9 Nod 1R it
MAMEANFEEER KL hERIXRDE. 454K 8
ATLLE Y, VTSR E 2 TiC . a-Ti  TIAL AR L
SATTFIHREF R CHNK . MK 11T LA H, 600~
900 ‘CiB-KIt, 7 1341 39° /= 45 Ti,AIC FH 45 1 06 )
o S NI ) B IO 3 S R B A L 3X 1B TiL,ALC
FHE BN 5 B3 e KGN . ST IREM
L, 600 “CiR K 5 XRD #E 5 YRS AH L H A KK
A4k, ¥ 2 T TG B SR T, ALC A AT SRR, BNk
JE 45 5 PURRAS IR 2 5 R AH LU A R 2R B B 1 AR 1L
YLHILE 600 'C FIB K 1 h 5 iR JE o & IR 1k A GEH
J& Ti,ALC A TE IR 2% A o 75 2 B s 1R IR IR FE A A5
JEF 1 28 KR = 3 650 “CHY, o-Ti (AT
WA /N, £E £ 13°.34° 81 39° 4 B T Ti,AIC (002)-
(100) A1 (103) ff ThT [ A7 45 06 , [F] B XRD 15 o H 3 T



654 & B ¥ 55 %

9 No. 1 FES TS KA IR EEIR K 1 h 5 R T K3 ) SEM AR
Fig.9 Surface SEM images of No.1 sample as-deposited (a) and annealed at 600 ‘C (b), 650 C (c), 700 C (d), 750 C (e),
800 C (f), 850 ‘C (g) and 900 C (h) for 1 h
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Fig.10 Cross-section SEM images and EDS line-scanning results of No.1 sample as-deposited (a) and annealed at 600 ‘C
(b), 650 C (c), 700 C (d), 750 C (e), 800 C (f), 850 C (g) and 900 C (h) for 1 h
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Fig.11 XRD spectra of the No.l sample annealed at
600~900 C for 1 h
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Fig.12 Raman spectra of the No.1 samples annealed at
600~900 C for 1 h
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with different annealing temperatures for No. 1
sample
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