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ABSTRACT: The research status of coating technology for zirconium alloys applied to nuclear reactors was summarized.

Non-metallic coatings, metal coatings and MAX coatings were discussed. Among them, the MAX phase combined the
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advantages of metal properties and ceramic properties. The corrosion behavior of the cladding materials in normal service

environment was analyzed, including the superheated water corrosion under normal conditions and the corrosion behavior in

aqueous solution containing lithium ions. Moreover, the ion irradiation behavior and the high temperature steam corrosion

behavior under accident conditions were also considered. The researches on existing coating materials generally have

limitations, which mainly focuses on high-temperature steam corrosion. Some new materials have emerged, such as MAX phase

and silicon coatings that can form dense oxide film in the oxidation process. However, the application under normal conditions

is unknown. Metal coatings have better advantages in corrosion resistance, but their anti-irradiation behavior and neutron

economy need to be studied. At present, single layer coatings can not meet the corrosion resistance and high stability under

normal conditions and high temperature steam on the basis of satisfying the radiation resistance and neutron economy. The

composite coatings or multilayer coating technologies gradually begin to gain attention. The kinetic behavior of element

migration in multi-component coatings during oxidation process and the micro alloying of the interface between coating and

substrate have far-reaching significance. At present, the research in this area remains to be broken through.

KEY WORDS: cladding materials; zirconium alloy; coating; oxidative corrosion; irradiation resistance; element migration
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Tab.1 Key performance indicators of pure elements used in nuclear reactors

Thermal neutron absorption

Thermal expansion Thermal conductivity

Elements cross-section(Barns) Density Melting point/'C (RT)/(XIO’(’ K’l) (RT)/(W'm’1~K’1)
C 0.003 2.26 3650 0.6~4.3 129
N 1.88 — — — —
o 0.0001 — — — —
Al 0.22 2.70 660 23.2 237
Si 0.13 2.33 1410 2.6 148
Ti 5.6 4.51 1670 7.1 22
Cr 2.9 7.14 1850 6.7 94
Fe 2.4 7.87 1539 11.5 80
Ni 4.5 8.91 1455 13.3 91
Y 1.28 4.47 1526 10.6 17
Zr 0.18 6.51 1845 5.8 23
Nb 1.1 8.57 2415 7.2 54
Sn 0.63 7.31 232 22 67
Mo 2.48 10.28 2617 6.0 138
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Tab.2 Reaction potentials of main elements relative to hydrogen electrodes

Metal-metal-ion equilibrium Potential (25 'C)

Metal-metal-ion equilibrium Potential (25 C)

(vs. SHE)/V (vs. SHE)/V

Li*+e = Li(s) 3.0401 Zn*"+2e = Zn(s) -0.7618
K+ e = K(s) 2.931 Cr'+3e = Cr(s) —0.74
Ca**+2e = Ca(s) 2.868 Fe?"+2e = Fe(s) -0.44
Na'+ e = Na(s) 2.71 Cri'te= Cr* —0.42
La**+3e = La(s) 2.379 NiZ*+2e = Ni(s) -0.25
Mg2++26 — Mg(s) 2.372 Pb*+2e = Pb(s) -0.13
Al +3e = Al(s) 1.66 CO,(g)+2H+2e = CO(g)+H,0 -0.11
Ti**+2e = Ti(s) 1.63 SnO(s)+2 H'+2e = Sn(s)+H,0 -0.10
ZrOy(s)+4 H +4e = Zr(s)+2 H,0 ~1.553 SnO,(s)+2H +2e = SnO(s)+H,0 -0.09
Zr* +4e = Zr(s) ~1.45 WO;(aq)+6 H +6e = W(s)+3 H,0 -0.09
Mn**+2e = Mn(s) ~1.185 Fe**+3e = Fe(s) -0.04
Nb**+3e = Nb(s) -1.099 2H™+2e = Hy(g) 0.0000
Si0,(s)+4 H'+4e = Si(s)+2H,0 -0.91
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Fig. 1 SEM cross-sectional images of the Cr cold spray coated cladding tubes exposed to air
at 1300 ‘C for 20 min: a) lower magnification; b) higher magnification

A nASSER

[Resin
Cr-
' / oxide

Cr
coating

b CrREEfbEm

B2 B CrifBERASEAE7E 400 'C/10.3 MPa 4 fk 72 h )5 (9 SEM # 5t
Fig.2 SEM cross-sectional images of the Cr cold spray coated cladding tubes exposed to air at 400 ‘C/10.3 MPa
for 72 h: a) oxidized surface of Zr-alloy; b) oxidized surface of Cr coating
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Fig.4 Cross-sectional morphology of Zirlo alloy and Ti,AIC coating oxidized at 1100 ‘C for 10 min:
a) morphology of Ti,AIC coating; b) elemental distribution of Ti,AlC coating; c) cross section morphology
of oxide film on Zirlo alloy; d) distribution of oxygen
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Fig.5 TEM images of cross-section and elemental analysis of CrN coating after oxidation at 960 C:
a), b) TEM images of cross-section; ¢) EDS image; d) line-scan results of O element in areas labeled in b)
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Fig.6 Oxide film stratification and the evolution of the
Zr-Al diffusion interface layer: a) Ti,AIC coating;
b) Ti,AlC/TiC coating
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7 FiRBO BeAh, WA L S R R R A A
W ZrO, i), 1000 C. 3800 s WAL,
ZrO,/FeCrAl R Z ALY & B R EHOEH A L&MW
5%. BEEFAACETRIGIG N, 20 Fe Al Cr TRY”
BE ZrO, 1L I )2 (R A 1] Zr-4 JERIE—F 91
X R ZrO, 28 P )2 1T LA b Bi 1 FeCrAl Fl Zr-4
B Z A L8, MR R B A A 1 TR R A
PEREPT ., (HJEIRSTAY ZrO, 76 J5 WM B & A 1 IR AR AR
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T PR AE A1 P 30 B8 Y0 L PN T AR AR i

a Bl R FeCrAlRE (A7 B W B X 35%)

: FeCrAl
.

Mo

Zr-alloy

= Zr-oxide

b FIAMoEEZ L B HY BIX )

K7 FeCrAl IRBIMALFEHETE 1200 C T AL
20 min J5 ) SEM # i
Fig.7 SEM cross-section of FeCrAl coated cladding tubes
after oxidation at 1200 ‘C for 20 min: a) only FeCrAl
coating (with distinct interdiffusion regions); b) introduction
of Mo transition layer (no obvious interdiffusion region)
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