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A Study on the Micro-Focus X-Ray Inspection for Confirming the Soundness
of End Closure Weld of DUPIC Fuel Elements

*Woong Ki Kim, *Soo Sung Kim, *Jung Won Lee and *Myung Seung Yang

* Korea Atomic Energy Research Institute

Abstract

DUPIC (Direct use of spent PWR fuel in CANDU reactors) nuclear fuel is a CANDU fuel fabricated
remotely from spent PWR fuel materials in a hot cell. The soundness of the end closure welds of
nuclear fuel elements is an important factor for the safety and performance of nuclear fuel. To evaluate
the soundness of the end closure welds of DUPIC fuel element, a precise X-ray inspection system is
developed using a micro-focus X-ray generator with an image intensifier and a real time camera

system.

The fuel elements made of Zircaloy-4 and stainless steel by an Nd:YAG laser welding and a TIG
welding are inspected by the developed inspection system. The soundness of the welds of the fuel
elements was confirmed by the X-ray inspection process, and the irradiation test of DUPIC fuel
elements has been successfully completed at the HANARO research reactor.

(Received October 23, 2000)
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Fig. 1 Block diagram of the X-ray inspection system

Fig. 2 X-ray inspection system (a)Shield cabinet
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{d)Motion controller {e)X-ray generator controller
{fYHigh voltage generator (g)Vacuum system
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Fig. 3 Stainless steel mini-element for irradiation
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Fig. 4 Stainless steel mini-element for irradiation
test of the simulated DUPIC pellets
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Table 1 The optimum laser welding condition for

Zircaloy-4 mini-element for irradiation test
of DUPIC pellets

Pulsed Nd:YAG laser welder
Welding machine Model No. 510PW
Full average power b00W
Charging voltage 400V
Pulse width 7 ms
Pulse frequency 7 Hz
Average power 380 W
Nozzle shielding gas He (99.999 %)
Shielding gas flow rate 40 LPM
Nozzle cooling gas He
Welding chuck speed 6 rpm
Rotation angle 390°

5 Zircaloy-4 CANDU fuel element end closure
welded by NA:YAG laser

Fig.

6 Zircaloy-4 mini~element end closure welded
by Nd:YAG laser

Fig.
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Table 2 The optimum TIG welding condition for
stainless steel mini-element for irradiation

test of the simulated DUPIC pellets Fig. 9 The precise X-ray inspection of a fuel element

end closure weld

Welding machine | AMI 207A TIG welder
Ar gas flow rate [k o /X,TH ] Input power(W) Focal spot size
~ Arccurrent ] ) oA - B ‘11
He gas pressure ) psi (()9 39 %
n
32 2RO 2T x4 ZAl
wr B
X-A B3 54 = Zircaloyil Ange FF 46 I
mm, Z~Helg] x4t 735?' Y4 7mm, 281 B
Zircaloy-4 29 g5%e] A% ¢ 5 mmel Jr Az 7t w ’
T Ao Ave T3 %’fﬂol °f 1% Aelng,
X-A HAR FEvbed 439 27le 47 60um, o L
ATum, 45um BEolth, Agel 215 selap) 9l T
27 62, 5um o EAlg £3 HFHo) Halks &, Molybdenum target

K- AALE Sla) AARS Avjol] Aold dnge Fig. 10 Spot size of the X-ray generator

KEERHEE L 10T B10E, 20014 203 91



3.2. ol
Bk 835 X 93e Fig. 113 2o Fig.
11(a)el A B & gle uis) o] el XA gk
Aol A A&7t
verage® histogram
8 MAE A dE &
g-o]3HA 7&5% AUt
& 3 7}z
T8t 3*&213171 o2 o] 7Y
AoE Mgt glov dEe
A avte] ofsf 37W F1ME A"y,
Wdicol 2ol F AV|E Ha
7} A5 viRelet Al Alzte] @
e ‘%}@01 Ak, mhepa Alxdo] g A
3 WP wo) 27t ARA R &
< Ut B A7 M
2 AAstn 10709 03’3} o g B I
At Fig. 11(c)+ average °§%‘ﬂ‘3}71
S5 94E HoFr} Histogram equalizatio
] BEE guyor ﬂEH*V‘OE’H

OF“mH

ovf ol%

Er
oo i S T &0

§:?‘~
tlo
r}u Moo o L o jo px ok

rulo
2 e

i
5

o
1o 4
W
oL
J
of

i
Im
B
>
\m
Q
)
r&
1
3£
3
:
_2
z:
ol
Hl
_\,L
>

UodukEQl g Wk 0}‘43} ~°] X "* FdE
2} 7] Gl diolg st 53
4 21}, Histogram equahzatlonﬁ
Je g Z1o)) wh
Be JF L F2aAA AAHA
1

318k |9 glojE & A gr] of o

irh‘f}i.f
o
SN
o ™
e

A
~N
-

7] Oig—a— §Lx})\] }_L

N oy

—

L o
=

i)
o
ofN
k)
>

ML S 30 m L L0 of d

N,
ol
[ A}

> rlo

o
i
rE fo
og Mg g

5o}

Q.

62 5um copper wire62.5um diameter
(b) (a)

i 62.5um

(c) td)

Fig. 11 X-ray image processing (a) Original image
(b) Histogram equalized image (¢} Averaged
image {d) Averaged and histogram equalized
image

92

287 - 054 - olFY - FEe

Fig. 11(b)+= histogram equalization 71l €]
3 2EHAEV MY 94 BoEt). Averagest
histogram equalization 7S d&zog 248
o024 Aozt FAdtm HYPEr}t Sk G
S Fig. 11(d) ¢} #Zo] 48 4 3},

3.2.2 Zircaloy-4 | &E X-4 HA}
4ol fAH2 7L W) FES
7] §l5ked &ﬁﬂ AHFE 242 140kV, 50A

245194 [

o &

7}%] 0:11\ 1.0

O
o =2

ke
)=
T

3 SR
obd *JEWWE 7153 Ede ol TSt

Agol ¥

lack of fusion

}L

A5 A skt

62.5um
Fig. 12 X-ray inspection of Zircaloy-4 fuel element
weld area welded by the Nd:YAG laser

3.2.3 2HIRIE 2% 2d 559 X AA
U FAR= 247 140kV, 50AR ZHEHAL
H 45 FA 9L Fig. 1304 Fig. 159 2t}
ol &HE zEle s ARy &M e
3 AT AEHAeH olE 4
A FA=ATH AF LAY
A Eaty %uL}M]AH i} -
FEgo 2 FAMHT
dRE 8HE 9
& AHEEFAT %%j del e E&F 4 &
Boll]e] & & TIG ﬁd AN —‘?‘— &
7 Afo] HEEUCH 2HANHE H SA=H A
XMMEHP #FE 248t
zﬂ.¢ﬂ1ﬂ4ﬂﬁt Aol 2
steh, mhebd A EE 2o
DUPIC 8A8E EET 2RI AY Ad8E
°Z TIG &x}j ‘45x4 d

flo

ol

ap -

i oo

2o

o ol
_‘L

>
n"*’

l

el peoee |
P>
of "3

o
o ZH L

e
(2
g
K3
1o oy
e
oL
N

w HE

bigdl Z:Eﬂ‘dﬂl

o=y
L
2
o oo
o
uo ¥

rﬁi

J%

Journal of KWS, Vol. 19, No. 1, February, 2001



DUPIC g &g et &% U #elg sjd vigegd X i &

ﬁl‘?is{ % ’{31.551 3 o]

H a2
2o AFAo g 2arEQr)

-

G2 Aum

Lask of fusion

i 62 Bum 62 5um

Fig. 13 X-ray inspection of stainless steel mini-
clement welded by the Nd:YAG laser (a)
Cracks (b} Porosity (¢) Lack of fusion

lack of fusion

tad ih)

62 Dam B2 Sun

Fig. 14 X-ray inspection of stainless steel mini-
element welded by TIG welding (a) Lack
of fusion (h) No defect

A

Y .
s 852 Sum

52 Hum 3

Fig. 15 X-vay inspection of stainless steel mini-
element #1 involving DUPIC SIMFUEL
for irradiation tests at HANARO (a) The
left weld area (h) The right weld area

3.2.4 Zircaloy-4 295 % X-A b
A4 4g 971 gstel Bag BURE 47

KRR EEE 0% 18, 2001 % 24

g 4 A 93

2o ZAxglen] g # EA]

150kV, d0A 55 5
Fig. 163 21} Zircaloy-4 A2 @88 graoja )
5

¥ DUPIC 958 945 2AAEe7) ¢
of AbgE™ StAlo A B o o HpH
Nd:YAG el Al olal 14 oz g5},
Zircaloy-4 Hdof thaf 33 L’f [4&d 24&
/Llolou% 114 AAQV\ u},é., 0.z ,g/\lsél_g_ z[\_g
"0'}‘7 LA Al ok 22, A =

7]74]“4 A% gy
A g7 HEde] X-d FAd S Pk A g
@ii’? Aol A&EEA ¢ UM Zircaloy-4 &9
ol e Hol ey THE s o g9g
T4 @ DUPIC LRAAE Fag
Zircaloy-4 21588 A2t vf$ Walsol
S YAEE X dide e deEe g%
HEuk X-4 “i%“*lfé & FYgr. 2AEE 3
he) 2Q 88 XA 1AL A3 Table 3¢ Helg
upe} o] Zgto %}%{Hﬂ ko o] Adaye
AHEZHARE ArbFele] Guldd HER Azd
é? ZHEA g
ZATE AT

&l ol g

A

L
DUPIC #du s *WE‘»}L ﬁ~
A1 27043 A

Do

J2H0

62 Hum
Fig. 16 XN-ray inspection of Zircaloy-4 mini—element #1
Table 83 X-rvay inspection of Zircaloy-4 mini-

elements containing DUPIC pellets for
irradiation tests

FXE-160.23K
Balto(Belgium),

N-ray generator © Feinfocus{Germany)
X-ray image intensifier & detector :
Raltoscope BIX220
Results 7 Existence of defects

i T Defec T
Voltage, |Current, | S P N
kV 1 uA '

93



94

44 £
DUPIC #9528 25 §3%e A84S vo
Oiﬁﬂ&ﬂﬂ&ﬂX%ﬂiﬂﬂﬁ%%%@%ﬂﬁ

Dl*ﬂ @?}" 7&%6}71 H?Sﬂ 10pum 23 =719 vtol=2
272 XA A28 E AdEta Nd:YAG 8o
Aol o3 &3HE Zircaloy-4 AH e CANDU AR
T, ZAAEE 29 DUPIC 988 #3sln o]
A TIG ez 72t &34 ~HRle 2% 298
5. 228l 2AAEE DUPIC d988 Faetn
Nd:YAG #leo] A 28] &4E Zircaloy-4 &UF%
= AAtetGtt. g2 nE Fged o9 2

- AHEE AE R gig X-d T3 FAE 4.5~6
mmeln X-H A 2E7hse Al Ha A7e
45~60um % =]t}

- oﬂgi Q,ZJH X_/H EJ—L} o:l/\Loﬂ ;Hgﬂ /;‘__]/\Iﬂoi
Axe = lom, e o xlQl vl o @ oAkl A
2|9l A average$} histogram equalization 712 4
FHon HEPOoRHM WEwolz} ety WYE
57N e B9 AUE AANE £ S A

- FAHo X-A B 944 E A7) sl Bt
HAFE 242t 140~150KV, 50A YA 2AH
10um °]3}7}

Ao X-d BAFA 2y Ave
2] ]
-

- Zircaloy-4 CANDU 9852 go]x &£4% 3}
Uz Azt AR PdE 2ol DUPIC ddA8E
;d—xl—?s} /\Eﬂ a}\ﬂ /\oﬂgy.,] TIG %z}j,\f_
DUPIC ¥A8E A3 Zircaloy-4 29859 #
o] &H A= Aito] DAL R e},

X-A EHRAIE S B8 1A FadH me
DUPIC #ARE 42 2 AY A9gE 2

94

AEFARE
DUPIC #dRE
£2 2959 sz

A7Vt oA 3
A2t Zircaloy-4
PAEAA 2703 2]

2 259t Asdoz aldA NdYAG 9]
F

Aol ol &4 H Zircaloy-4 MEe] AAdaRa 24
28 ddaye] A4S ABY XA TG 2
Moz 1 o o)},

5 7|

= A7E AAe R FA7] dAEAFNEAY

o Ao FYPHAFYT

#7023
1. M. S. Yang ete. © A study on manufacturing and quality

.M. S. Yang etc.

.S, 8. Kim ete.

. C. Y. Lee etc.

. Rafael C. Gonzalez and Richard E. Woods :

. Rafael C. Gonzalez and Richard E.

control technology of DUPIC fuel, KAERI/RR-1744/96,
Korea Atomic Energy Research Institute. (1997). pp.601-610
o Development of DUPIC fuel
fabrication and inspection equipment KAERI/TR-
1319/99, Atomic
Institute, (1999), pp.72-75

Korea Energy Research
A study on the optimum conditions of
Nd:YAG LBW for Zircaloy-4 end cap closure by optical
fiber transmission, Journal of KWS, Vol. 15, No. 6,
(1997), pp.571-581

© A study on TIG welding of STS 316L
mini-element for irradiation test,Proceedings of KWS,

Vol. 33.(1999), pp.193-195

. M. S. Yang etc. : Quality control instruction of CANDU
fuel, (1988)
. F. L. Yapuncich : Remote real time X-ray examination

of fuel elements in a hot cellenvironment. Proceedings of
the ANS Fifth Topical Meeting on Robotics and Remote
Systems, (1993), pp.843-848

Digital
image processing, Addison Wesley,(1992). pp.187-189
Woods, Digital image

processing, Addison Wesley, (1992), pp.173-178

Journal of KWS, Vol. 19, No. 1, February, 2001



