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Effects of Nitrogen Ion Implantation on the Corrosion Resistance of Zircaloy-4
in High Temperature Water
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The influences of nitrogen implantation on the corrosion resistance of Zircaloy-4
were examined by immersion tests in high temperature water at 350, and the
results were discussed with structural and compositional variations of implanted
layer that were determined by X-ray diffraction(XRD) and Auger electron spec-
troscopy(AES). Corrosion resistance of nitrogen implanted Zircaloy-4 was very sen-
sitive to the substrate temperature and the ion dose during the implantation. The
alloy implanted at 400°C has the highest corrosion resistance until 45 days of expo-
sure. On the other hand, the corrosion resistance of the alloy implanted at 200°C
and 500C was not improved but degraded. At the substrate temperatures of 400TC,
the corrosion resistance of alloy enhanced with increasing the nitrogen dose from 2
x 10'"ions/cm?® to § % 10'7ions/cm?, but did not improve for the ion dose of 1x 10'®
ions/cm?. The improvement of the corrosion resistance of Zircaloy-4 caused by ni-
trogen ion implantation is not attributed to ZrN but ZrO,. ZrN was not stable in
high temperature water of 350C and reacted with the environment as confirmed by
an extreme decrease in a nitrogen content and an increase in oxygen content in the
implanted layer. AES and XRD data indicate that the nitrogen in the ZrN layer is
replaced by oxygen and nitrogen is released into water during the corrosion tests.
The thickest oxide was formed by the implantation at the substrate temperature of
400°C and the oxide worked as a barrier of oxygen diffusion to hinder oxidation.
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Table 1. Chemical compositions(wt% ) of Zircaloy-
4 used

Sn Fe Cr 0 Si Zr
1.24 0.21 0.11 0.13 0.008 bal.

Table 2. lon implantation conditions

Substrate Current Density

temperature('C)  (u#A/cm?) Remark
200 37
400 32.4~37 using a ceramic
500 74 insulator




236 SRR A28A A3TA 1999. 6

2.2 Autoclaveoll A 2] AlX| Al

AL o] FYo] 12 BoM9 Zircaloy-42
4 Ao e & TAE) f3lo A
A ol FY§ A|Ho) Wi static autoclaveol A
AR ANEE FRPEE AX AE Fo AHEH9
FA 718 £3%d B AP E Frisido.
FA A¥E 350 CY €5 BAXN FYPsHn
B %9 £F dars ¥E2 AHA stk of
o] autoclave ¢teo] ¥ & 350 CollM e Wx ghof
Pt 2o BEE Yol A AP Fo ®3 #
7192l 165MPa] fAHEE Qv RE A
e A2Ey $EY MY dge 7R
ASTM G2-88¢] wa} +3An A|Y AFe] A
Ag 23L& FHRSE AH3tn AR £ 7
Ag A3

23 EH 24

dolo] ME o] &FQ39 24 WE Ar jlo
2 A& A2H9EY sAA AES(Auger Electron
Spectroscopy, Perkin Elmer SAM 4300)2 &4 3}%
th A9 714 AYgL 5kVelx MF&= 300nA
ojldtt. 2HEFHd AL Ar o 7l& AfS
3kVolx AF UEE 380 uA/cm? A H9) tilting
angled 30°ojflth o] &FIFe] FEWIE Cu
elA¢ A8 XRD(X-Ray Diffractometer)& o]
43 40kV, 120mAel =AM ZAF3AZ,
X-d9 A& A8 FHY ddo 2°2 13
A7l 2°/ming] &5 2 FASIHEA AL ©
vk = AA AY Fo B HoAFo=
Alge BHE B3

24 AL =T BY

¥4 AY 3 ole FYEY davt dez
AFHEA EE FUS %oz BHLAE 2
As7 A%l $4 AY A% AW AN A
& T & #4439 RECOAIe] Model DC 136
& olgddn, N¥E FA Erhid Wi 4§
EA710A AR $AAX stag W gEse
d29) WS YAUEE Aolg 2Hd A2 ¥

=& F33%

3. ¥ Zot 9 1@
3.1 0|2 FYo| B4 A ol ojXs Y

Fig. 1& 350 °Ce &F% EdA Zircaloy-49]
54 Agd "XE ol FYRFe & A
th o] & FdA 7IH Sx8 400 C2 {A AT
I 2x10'7~1x10' jions/cm?¢] AA ol & 9
Bt 2 HEL Y e, FHL: 2 HY @
o] ZAL A& Yehid ditd ez Nzay §F
o] L& E/F7|d =FEHW Heo] A dddA:=
W=kyrt,0 &= AL wa} £lo] dojyn],
ol JolA AW FAZ7Hmg/dm?), ke §A&
T A%, ne AFLE KB~%9 g e & d
TFAME AWM FA F7i7t AR Az o) 8o
ZEMNY(n=1)7} W £= YA=K)& H=
3 en, 2AL HoA & 2zt AHe A F ng
g B &% A4 k,E Table 39 HA 3.
A &2 4F ks A3 e 43 dyA
Qe AFHAo 2 v ddto 2 (k,,=kexp(-Q,/
RT))'®, £4d g & 8438 v Q,7t 3713
d 5 &= A kol #FaEm, 24 £57)
FAZ X34

45

Unimpl. : aW=150 t"°
2x10" N: aW=120 t' ]
5x10'" N: aW=10 t"*
0 1x10" N: aW=1517 |

40

e 0O n

35}

30} /
| Substrate temperature: 400 'C’,/o
25} / J
20

1§

Weight gain(mg/dm?)

10

0 10 2.0 :;o 40 50
Exposure time (days)

Fig. 1. Corrosion kinetics of nitrogen implanted

Zircaloy-4 with various doses in water at 350 C.

The implantation temperature is 400 C.
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Table 3. Effects of N dose on the corrosion be-

havior of unimplanted and N implanted Zircaloy-4
in 350 'C water
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Fig. 2. AES depth profiles of nitrogen implanted
Zircaloy-4 with various doses at 400 C.
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Fig. 3. XRD patterns of Zircaloy-4 implanted
with 5X10'7 and 1x10'® N ions/cm? at 400 .
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Fig. 4. AES depth profiles of Zircaloy-4 implanted

with 1X10'® N ions/cm? at 200 ‘C and 400 .
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Fig. 5. AES depth profiles of nitrogen implanted

Zircaloy-4 before and after exposure to water at

350 'C. The substrate temperature is 400 'C and
the ion dose is 5 10!7 jons/cm>.
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Table 4. Amounts of nitrogen in Zircaloy-4 im-
planted with the dose of 5x 107 N ions/cm? be-
fore and after exposure to water at 350 C

Amount of nitrogen

Specimens
bee (ppm)
As-N implanted 37
N-implanted & exposed to 27
water at 350 T for 45 days
Unimplanted 23
400°C, 1x10'"* N ions/cm’
100
exposed to water Zr
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Fig. 8. AES depth profiles of nitrogen implanted
Zircaloy-4 exposed to water in 350 C for 3 days.
Substrate temperature is 400 C and ion dose is 1
X 108 jons/ecm?.
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Fig. 7. XRD patterns of nitrogen Zircaloy-4 im-

planted with a dose of 1X10'% ions/cm? at 400 'C
after exposure to water at 350 C for 30 days.
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Fig. 8. AES depth profiles of nitrogen implanted

Zircaloy-4 with a dose of 5x10!7 ions/cm? at

400 'C (a) after exposure to water at 350 ‘C for

1 day (b) after exposure to vacuum of about 1 X
105 Torr at 350 C.
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Fig. 8. Optical micrographs showing the surface
of nitrogen implanted Zircaloy-4 exposed to
water at 350 C for 3 days. (a) 400 T, 5X10'" N
ions/cm? and (b) 400 C, 1 x10'8 N ions/cm?.
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Fig. 10. Corrosion kinetics of unimplanted and ni-
trogen implanted Zircaloy-4 with various implanta-
tion temperatures in water at 350 ‘C. The nitrogen
dose implanted was 5x10!7 ions/cm? for each
specimen.
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Fig. 11. AES depth profiles of nitrogen implanted
Zircaloy-4 at various implantation temperatures.
Nitrogen dose is 5 X 10!7 ions/cm?.

ZE AL ol FUA ¥AHE AL U%E F
o goleta Alg €}

4@ 2

1. 350 €9 ¢4 BdA Zircaloy-49] 4 A
FAE AAh ol FYAY 7B x4 o] F
APl Wk 7@ =7 400 T AT
B3 Wagel A=A T 200, 500 TAME W
Aol A=t 71¥ 2271 400CY W FA
ZFqlgko] 2x10'7 jons/cm?) A 5x10'7 ions/em*e.
2 Frigel we 84 $x7 228N, F9¥
o] 1x10'® N ions/cm?c.2 Z7}13d o] F¢3)
A ¥e AlbRG 7Y &2t Fr1sgch



g BollM Zircaloy-49] #4 AP A& Ak o2 FUo 4% 243

2.350 C EAA, & FUF Zircaloy-49]
4 Agdol ¥Ad AL ZIN By Zr0, W&
oy, o] Foz UF EU YAHE A%E
Fo] 2k oo HA Yoz 4§ Aot}

3. A4 FRJoz YAE ZINE 350TY B
Al Eotg it AESS XRD £4 Ax, A o
2 FQE AlHe] 350 Co BAA 1~3Y 25
9, o] FU$9 F4 FE7) 10at.% o3z 7
4283, X-4 33 patternd] A ZrN peako] @&
52 gsgtch F Alg Foll A4 FYH A9
AN dA =7 o] FYIXA f& AlEF
=% goz ZAdd, AP Fd ZrNo F47)
B &9 44 o] A# Wi, Zr07 A7)
2 ALE ol FYSF gog WEE ALz 4}
g9

4. 718 &=71 400 CY W Zircaloy-42] 14
Aol YAHE AL o] £ENN F FAS
BHE Fo] FAHHY dAEe 28lm A4 F4Y
o] 2x107d A 5x10'7 ions/cm?® ZE7}Ete] u}
gt ¥4 &7t Z28 AL, 3 o) FAE 4
g Fo] YASHUA7] otk @} 1x10'8 N
ions/ocm?& Y A|He AL, 5x107 N ions/
em’& YT ANER ABE 9 FA7) vz
A 2 B2 A4V} ol FUF Ho 2 u &y
B2 o] FU3 o @2 HYo Az Ax
9] #ido] foldfA F AgHe] #AF Aoz
Alg €t

7

g d7E ¥FYAYATL A7H Ao 9
A4 S48 Roz od A=Y

References.

1. J. C. Clayton and R. L. Fisher, Proc. ANS Topical
Meet. Light Water Reactor Fuel Performance, p. 3.1,
FL., Orlando (1985).

2. A. J. Machiels, Metals Handbook 9th ed. Vol. 13, p.
945, ASM, Metals Park (1980).

10.
11.
12,
13.
14.
15.

16.

17.

18.

19.

20.

21.

. E. H. Novendstern, Meetings on Fuel Performance,
KEPCO/KINS/Westinghouse (1994).

. P. L. Bonora et al., Nucl. Instr. Meth.., 182/183, 100
(1981).

. P. Mazzoldi, S. Lo Russo and P. L. Boona, Radiat.
Eff., 63,17 (1982).

. Sh. Song, W. Song and Zh. Fang, Corros. Sci., 31,
395 (1990).

. M. Braun, S. Hultberg, A. Braown, B. M. Svensson
and S. Hogmark, Nucl. Instr. Meth, B19/20, 259
(1987).

. S. Venkatraman, M. R. Nair, D. C. Kothari and K.

B. Lal, Nucl. Instr. Meth., B19/20, 241 (1987).
. Y. Massianni, P. Crusier, L. Fedrizzi, S. Gialanella
and P. L. Bonora, Mater. Sci. Eng., A116, 53 (1989).
M. E. Chabica, D. L. Williamson, R. Wei and P. J.
Wilbur, Surf. Coat. Technol., 51, 24 (1992).
L. van Leaven, Surf. Coat. Technol., 53, 25 (1992).
A. J. Anthony, US Patent 4724016 (1988).
G. N. Kogyo, Japan patent J04028868 (1992).
G. N. Kogyo, Japan patent J04028869 (1992).
S. J. Lee, H. S. Kwon, W. Kim, and B. H. Choi,
Mater. Sci. Eng., A263, 23 (1999).
F. Garzarolli, R. Manzel, S. Reschke, and E.
Tenckhoff, Proc. 4th Int. Symp on Zirconium in the
Nuclear Industry, ASTM-STP 681, p. 91, ASTM
(1979).
F. Garzarolli and R. Holzer, Nuclear Energy, 31, 65
(1992).
A. J.. G. Maroto, R. Bordoni, M. Villegas, A. M.
Olmedo, M. A. Blesa, A. Iglesias, and P. Koenig, J.
Nucl. Mater., 229, 79 (1996).
Guoyi Tang, B. H. Choi, W. Kim, K. S. Jung, H. S.
Kwon, S. J. Lee, J. H. Lee, T. Y. Song, D. H. Shon,
J. G. Han, Surf. Coat. Technol., 89, 252 (1997).
0. Kubaschewski,
Properties of Its Compounds and Alloys, ed. by O.

Zirconium: Physico-Chemical

Kubaschewski, p. 263, International Atomic Energy
Agency, Vienna (1976).

C. B. Alcock, K.T. Jacob and S. Zador, Zirconium:
Physico-Chemical Properties of Its Compunds and
Alloys, ed. By O. Kubaschewski, p.20, International



244 SIRAHAHX A28H A3EA]  1999. 6

Atomic Energy Agency, Vienna, (1976). 24. R. Brown, M.N. Alias and R. Fontana, Surf. Coat.
22. 1. Milo ev, H.-H. Strehblow and B. Navindek, Thin Technol., 62, 467 (1993).

Solid Films, 303, 246(1997). 25. H. Stehle, W. Kaden and R. Manzel, Nucl. Eng. Des.,
23. H. Wiame, M.-A. Centeno, S. Picard, P. Bastians 33, 155 (1975).

and P. Grange, J. Eur. Ceram. Soc., 18, 1293(1998).



