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A State of the Art Report on the Characterization
of the spent PWR Cladding Hull
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SUMMARY

Solid wastes including cladding materials and fuel hardware were
generated from the nuclear fuel cycle facility after the spent nuclear fuel
rods of pressurized water reactors (PWRs) were decladded. Zircaloy-4
cladding waste, called hull, resulting from the decladding of PWR spent
fuels represent one of the major sources of alpha-bearing solid waste
generated during the nuclear fuel cycle. Due to the cladding waste are
contaminated with actinides, fission products and activation products, their
characteristics are of great importance not only for the safety of final
disposal but also for other managements.

In this study, a variety of characterizations of PWR cladding hulls, such
as a-/fi-/v-activities, radionuclide concentrations, activity distribution
and mechanical properties, etc., have been reviewed and compared with
earlier 1investigations. This report also discusses decontamination,
conditioning and disposal options of the cladding hull under consideration.

The suitable managements of PWR cladding hull wastes from the
nuclear fuel cycle need to be considered in accordance with the domestic
surroundings in order to dispose finally. Therefore, the characterization of
the cladding waste originated in DUPIC process should be carried out by

various analysis methods.
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Table 3-1. Hull and cap characteristics

characteristics hulls caps

components hull pieces top and bottom caps
structural pieces structural remains
(spacers, springs) (shards)

materials Zircaloy, Inconel, various Inconel and

bulk density*

dimensions

various stainless steels,
5wt% water

920 to 1100 kg/m’

outside diameter =

9 to 15 mm
wall thickness =

0.5 to 0.9 mm

stainless steels

approx. 1000 kg/m’

cross section

214 x 214 mm’
massive part length
140 mm for top caps

125 mm for bottom caps

shards length approx
100 mm (upper caps)

* All calculations assume a mean bulk density value (1000 kg/mg) for
both hulls and caps.
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Table 3-2. Properties of Zircaloy, stainless steel and Inconel alloys used

in fuel elements

Zircaloy-2 Zircaloy—-4 304 stainless Inconel 718 Inconel 600
steel
Chemical Sn: 1.2-1.7 Sn: 1.2-1.7 Cr: 18-20 Ni: 50-55 Ni: 72 min.
[%] Fe: 0.07-0.20 Fe: 0.18-0.24 Ni: 8-10 Cr: 17-21 Cr: 14-17
Cr: 0.05-0.15 Crt 0.07-0.13 Mn: 2 Mo: 2.8-3.3 Fe: 6-10
Ni: 0.03-0.08 Ni: 0.007 max. Si: 1 Nb+Ta: 4.7-55 Mn: 1 max.
Zr: balance Zr: balance Fe: balance Co: 1 max. Sit 0.5 max.
Ti: 0.65-1.15  Cu 0.5 max.
Al: 0.2-0.8 S:0.015 max.
Sit 0.35 C: 0.15 max.
Mn: 0.35
Cu: 0.3
Fe: balance
Density
5 6.55 6.55 8.0 8.21 8.43
[g/cm’]
Melting range
1800-1850 1800-1850 1400-1450  1260-1335 1354-1413

[C]
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Table 3-3. Cladding and hardware materials of Korean PWR fuel element
(KOFA 17x17)

Chemical composition (g/kg)

Zircaloy—4 Stainless steel-32 Stainless steel-14 Inconel-71
Zr: 979.11 Fe: 656.25 Fe: 708.85 Fe: 179.766
Sn: 16.0 Cr: 290.0 Cr: 180.0 Cr: 189.753
Fe: 2.25 Ni: 115.0 Ni: 775 Ni: 519.625
Cr: 1.25 Mn: 20.0 Mn: 10.0 Al 5.992
Ni: 0.02 C: 1.0 C: 0.9 C: 0.4
Al 0.024 p: 0.45 P: 0.45 Co:  4.694
B: 0.00033 S: 0.3 st 0.3 Cu: 0.999
Cd:  0.00025 Sii 10.0 Sit 10.0 Mn:  1.997
C: 0.120 Ti: 5.0 Ti: 120 Mo:  29.961
Co:  0.10 Co: 20 N: 1.3
Cu:r 002 Nb: 55458
Hf:  0.078 S 0.07
H: 0.013 Si: 1.997
Mn:  0.020 Ti: 7.99
N: 0.080

O: 0.950

S 0.035

Ti: 0.020

W: 0.020

A% 0.020

U: 0.0002
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Table 3-4. Inventories of uranium and a-emitters

Uranium isotope Actinide isotope
U-234 Np-237
U-235 Pu-238
U-236 Pu-239
U-238 Pu-240
Pu-241
Pu-242
Am-241
Am-243
Cm-242
Cm-244

Table 3-5. Inventories of [i-/¥—emitters

Fission products Activation products
H-3 Mn-54

Kr-85 Fe-55

Sr-90 Co—-97

Ru-106 Co-60

Cs-134 Ni-63

Cs-137 Sn-113

Ce-144 Sn-119

Pm-147 Sh-125

Eu-154
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|. Isotope dilution analysis of U and Pu

1. Preparation

- spiked solution: U-233 and Pu-242

v

2. Evaporation of spiked and unspiked aliquots

- heating with IR lamp
- packed column connected to three gas washing bottles
- reduction of Pu(VI) to Pu(lll), Pu(lV)

P
v
3. Pu-valence conversion
- adding HNO; + NaNO,
- absorption in 8M HNO,
- Pu(lll) and Pu(VI) — Pu(lV)
v
4. Separation on an anion-exchange column
- elution of the U(VI) with HNO; (1:5)
- elution of the Pu-nitrate complexs using HNO; (1:30)
v
5. Cleaning of uranium
- anion-exchange column (50-60°C)
- elution with HCI (1:24)
- evaporation and preparation for MS
v
6. Cleaning of plutonium
- anion-exchange
- elution Pu with HCI (1:24)
- evaporation with HNO,
v
7. Preparing filaments for MS
a) Uranium: - dissolution in H,0
- evaporation at 1.9 A current
- short (2 to 3 sec) ignition 4.5 A
b) Plutonium: - dissolution with HNO,
P

v

8. Mass spectrometry

- measuring the isotope ratios Pu-242/Pu-239 or U-233/U-238

Fig. 3-1. Procedure for isotope dilution analysis of U
and Pu.
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Il. oi-spectrometry activity measurements of Zircaloy
fission products solutions containing actinides

1. Manufacturing o-preparates for o-spectrometry
- carrier material: stainless steel platelet (¢ 26 mm)
- adding TEG (tetraethyleneglycol)

v

2. Measure of total alpha activity
- dilution with 2M HNO,
- a-spectrometry

v

3. Americium and Curium analysis

- extraction of tetravalent plutonium:
10 vol% trioctylamine (TOA) in Xylene extracted with 4M HNO,
or 0.5 M thenoyltrifluoroacetone (TTA) in Xylene

- evaporation of Am(lll) and Cm(lIl)

- absorption with HNO,

L=

Fig. 3-2. Procedure for a-spectrometry of Zircaloy
hulls.
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[1l. Neptunium analysis

1. Preparing an oxidation cocktail

- adding NH,F and K,Cr,0O,

- dissolution with AI(NO3);-9H,0 and NH,NO;
v

2. Extraction of U, Pu and Np

- adding MIK (methylisobutylketone) and extraction

- Am(lll), Cm(lll), Zr and FPs
v

3. Washing out the extraction solution

- using NH,NO, in Al(NO;); solution
- FPs, Am and Cm

v
4. Backextraction
- extraction with HNO,

v
5. Evaporation

v

6. Reduction of Np(VI) to Np(IV)

- addition of 0.2M (NH,),Fe(SO,), + 2.5M NH,OH-HCI
v

7. Extraction of Np(IV)

- adding 0.5M TTA in Xylene
- removal of U and Pu
- washing with HNO, + (NH,),Fe(SO,), + NH,OH-HCI

v

8. Backwashing of neptunium

- stripping with 8M HNO,

v

9. Evaporation

- evaporation at 60—80°C (NO, evolution)

v

10. Evaporation in quartz glass ampoules

v

11. Neutron irradiation

- irradiation using thermal neutrons of 2.5 x 103 n/cm?-s

Fig. 3-3. Procedure for neptunium neutron activation analysis.
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Etching solution (5 ml)
<4— Conc. HNO4; 5 ml + conc. HCI 1 ml
Drying up (decomposition of oxalic acid)
<4— Conc. HNO; 5 ml + conc. HCI 1 ml
Drying up (decomposition of oxalic acid)
<4— Conc. HNO; 5 ml + conc. HCI 1 ml
Drying up (decomposition of oxalic acid)
<4— Conc. HBF, 1 ml
Drying up (dissolution of Zirconium compound)
<4— Conc. HCI 5 ml
Drying up
<4“— 6 MHCI5ml
<4— 0.05 M NH,OH-HCI + 0.1 M HCI 15 ml
standing for > 1 h (reduction of Np, Pu)
drying up
<+——— 9MHCI + 0.1 M HNO; 15 ml (oxidation of Np, Pu)
<4— 9MHCI+ 0.1 M HNO, 5 ml rinsing twice
9 MHCI + 0.1 MHNO4 15 ml
9 M HCI + 0.1 M HNO; + 0.01 M HF 15 ml
Conc. HCI 5 ml three times rinsing

9MHCI+ 0.1 MHI30 ml
standing for > 3 h

9 MHCI + 0.1 M HI 30 ml

4 M HCI
standing for over night

0.1 M HCI

Anion exchange column 8 mm¢ X 130 mm
(Diaion SA-100 : 100-200 mesh)

Zr U
Np |— Purification of U twice
Pu |— Purification of U twice
Fp |— Alpha-ray counting of Pu

|— Separation of Am and Cm

Fig. 3-4. Procedure for the mutual separation of actinides

using an anion exchanger.
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A 3 A PWR Hullg E4

Mt TR AFESFAAR Y A T4 Ag¥ hulls} DUPIC &
QoA AeH hulle] S4S M- BA w1379l 712 ATAE
of oaf Big hule] AY B FAH7] A AEFIAR FE9 olHS
Table 3-6° YEFNATE Chun S[1]o] 93 AF+E ALstais B5F 52
A sAHCZFH AAE hulls Yebdt AFEFIdAdE 555 PWR=
HE &9 Aol AAL BT Zrcaloy-4E otk Hulle] EALS A&
il 79 A& (burnup), YAV, TAFFV], AR89 94, U-2359]
7] 5%, 494 424 ol wat gebd 5 Aok weAd, dAldew
30,000 MWd/tUS] dAaEe} 5 de] W7t77hs 7k fARSE AH8-$3ld s T

gL

Zircaloy ¥&5#2 3 ES 98 22 2Zo® AHAER O BFL 2
o] #EolA "oyt AAA L FHEAAZ PFdS 2=} Restani (7100 9
sk hulle] SAEA oA 5d%F WZHA Rl Zircaloy 15% %7+ gamma A
FEZ 05 m Eox AglelA 10~40 mR/h(H+ 25 mR/h)E YEFWE. HE

M Stainless steel® Inconel %5 TZFA(structural component)d] A HEES

Zircaloy hull®th 30W) A% =9kar, 1 gk =3 o =LA |t

2. beta/gamma ¥As

Gamma spectrometry =749 2|3 beta/gamma WA s<S Table 3-79] 4
EF AT Table 3-7ol A K= ute} o] 0 WAMY dFoz IAFgd A4
E S+ Ru-1067% Cs-137, AN EZ+E Co-602 Sh-125 F9]
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beta/gamma WAbsol Aod FIFES A= AR YHEWT olF
gamma-emitter$] 'PSbE ¥'Sn¢] FA A T WS (ny reaction) OE A4
Hoh, F4L Zircaloy-4 &3 Fol A Zirconium= A&t 7pE wWol E
A FgadazA Yone AddE e FA U 56%9] sEE E3H

3 AEAR AEA G Ao 1.3 barn AEolth ¥Sne] FAA LIS

ot

fass

o2 A9 Sn(9.65d)7F beta H¥E o= PSh(2.73y)7t A AT
[10,11]. o9 A= IA&5# H7|EdA FrEe T8 WA a5 %
A3l A ®E Table 3-8 YER AT 121,

3. Actinide 54

Zircaloy-4 hull®] WAlglsrz] B Fo)A 53] 523 actinided WAS
I AFAY FRREALS YA A A a-spectrometryE o] &5
of ZA ¥t} Table 3-60 ZAI® A= AMEFIAAR I HH9] a-F94
B 9o EFH AT Table 3-9
ol 4 Hizule} o] F V|9 dFEL Pu-238, Pu-239, Pu-240, Am-241,
Cm-244 5o FA4%0o vt ofF A2 49 Am-2433 Cm-2420] &
He=d, o] A ES Am-2417 Cm-2449] WALS sxd £33 glth. DOE
Ordere]l w=w TRU #H7]&L wkzbz]7h 206 o 4belar whAbgol 3.7x10°
Ba/kg (100 nCi/g waste) °]d% 2ty 945 Xgss Aoz JJ&5#H

e}
¥ 7] & TRU #H7| &2 EF90}H13,14].

=

¥ a-activity®} gross a-activity®S Table 3-

Restani S[7]2 o-s¢94ad WAlsS SASA=H, AA| a-activity
Z 50% AEZE Pu-2389] AAsFATE Gue S[89]2 a-spectrumel] 23 &
Aol Zt FAYAEE Pu-238 43%, Pu-239 + Pu-240 15%, Cm-244
23%, Am-241 18%, Am-243 + Cm-242 1%9] a-activityS YeEtdtte 1w
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a3 Chun S[1]2 a-spectrumol] <8 EAoA A a
—acticityell ™3 EX7F (Pu-238 + Am-241) > Cm-244 > (Pu-239

+Pu-240) ¢o & veptta H skt 3, Gross a-activity:= Chun
o AT 93k gro] thE PWR Zircaloy-4 hullel] ®]38f 48] AE =gkt

E, 947z 8 2ASA Sl whEk B2 2ol

2 gross a-activity #t= YEI = Ao E AlmHt)

Table 3-102 mass spectrometry(MS)el] 23t H994 s FEAH o= A}
g3 g vEHo ZFEE actinide 32 I F9Ux2Y 2AS e
At Restani “s[7]o] o3t ofefwi o] whRAd3l oA Ud Pud sxe= 2
A Wgoy U Pudl E9€a 242 LA = FaeA dAdsta
LZREIRS 7!

=

4. YAts X

Zircaloy hull ZWel AAA<  Z92h5(transuranic) WAs EFEE
SSNTD(solid state nuclear track detectors)E A}-83}+ a-autoradiography
2 H71e 4 JQu27]. 99714 a-dAE A e 2 A Ry E
AbEste] hull FWel ¢FET a-dAe] WES Z5 E4(cellulose
nitrate)ol] =& A AL SurA]F| I o] &) 2
2 HoZth PWR Zircaloy-hull®] autoradiographs Fig. 3-5°] YEATH
[2].
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Table 3-6. Origin and appearance in various PWR

Restani et al. Gue et al. Gue et al. Hirabayashi Chun et al.
(1992) (1987) (1987) et al. (1990) (1994)
Reactor type PWR, Germany PWR, Germany PWR, Germany PWR, Japan PWR, Korea
Obrigheim Obrigheim Stade JAERI Kori Unit 1
Fuel rod mat. Zircaloy—4 Zircaloy -4 Zircaloy -4 Zircaloy—4 Zircaloy-4
Hull - outer 25y 10.72 mm
dia.
Hull thickness 0.72 mm 0.62 mm
Discharge June 30, 1979  June, 1979 April, 1980 Oct. 24, 1986

Enrichment 321 wt% *°U
Burn-up 30,000 MWd/tU 30,136 MWd/tU 33,1563 MWd/tU 29,400 MWd/tU

Cooling time 5 years 5 years 5 years 5 years

35 wt% **U
20-40 GWd/tU

7 years
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Table 3-7. Mean fission and activation product activities in Zircaloy-4 hulls

fi-/¥-activities [mCi/kg Zry—4]

B-/v- Restani et al. Gue et al. Gue et al. Hirabayashi  Chun et al.
Nuclides Obrigheim Obrigheim Stade et al. Kori Unit 1
H-3 820 750 361.3

Mn-54 3.4 4 5 3.807

Co-60 64 130 210 35.1 45.648
Kr-85 40 33

Sr-90 370 420 480

Ru-106 458 470 470 256.77 39.590
Sh-125 760 830 1000 928.8 412.943
Cs-134 162 160 190 176.31 87.107
Cs-137 542 570 630 626.4 676.387
Ce-144 70 150 170 67.5 7.190
Eu-154 21 20 20 23.274 25.812
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Table 3-8. Activation nuclides in cladding waste

Target [Natural Reaction [Produced Half-life |Type of Type of radiation Stable
nuclides |abundance |type radionuclide decay and mean energy daughter
(%abundance) |(MeV) nuclide
Fe-54 5.8 n, ¥ Fe-55 27y E.C.(100) . 0.13 Mn-55
Fe-56 91.7 n, 2n Mn X-rays
Ni-58 67.8 n, p Co-58 708 d |E.C.(85) . 0.81; Fe X-rays |Fe-58
Co-59 100 n, 2n [ (15) [i": 0.474 max.
Co-59 100 n, v Co-60 527y |& (100) [: 0.32 max. Ni-60
Ni-60 26.4 n,p v 1.25
Ni-62 3.7 n, ¥ Ni-63 100 y [ (100) [ 0.063 Cu-63
Fe-54 5.8 n, p Mn-54 312 d E.C.(100) v 0.835; Cr X-rays |Cr-54
Mn-55 100 n, 2p
Ta-181 [~100 n, ¥ Ta-182 115 d [ (100) [ 0.525 max. W-182
v 0.700
Sn-124 5.8 n, w Sn-125/ 94 d/ [ (100) [ 0.61 max. Te-125
Sh-125 277 y . 0.480
Zr-94 175 n, ¥ Zr-95/ 64 d/ [ (100) [ 0.4 max. Mo-95
Nb-95 35 d . 0.750
Ni-59 67.7 n, ¥ Ni-59 7.5x10%*E.C.(100) Co X-rays Co-59
Yy

E.C.: orbital electron capture.

_36_




Table 3-9. Alpha activities in Zircaloy—4 hulls

n-activities [mCi/kg Zry-4]

Restani et al.|Gue et al} 4.6%|Gue et al. Hirabayashi|Chun et al.
a-Nuclides Obrigheim Obrigheim Stade et al. Kori Unit 1
Pu-238 3.12%
Pu-239 + Pu-240 1.24
Am-241 0.92%
Cm-244 1.26%
Total 6.7% 717 (23~12.1) 9.7 (1.4~26) 29.246"

(1) Mass spectrometry
(2) a-spectrometry
* Pu-238 43%, Pu-239 + Pu-240 15%, Cm-244 23%, Am-241 18%, Am-243 + Cm-242
196 by alpha
spectrum
¥ (Pu-238 + Am-241) > Cm-244 > (Pu-239 +Pu-240) by alpha spectrum
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Table 3-10. Actinide concentrations and isotope compositions in Zircaloy—4

hull
4.6(2)
Concentration [mg/kg Zry—4]
Restani et al. Gue et al. Gue et al. Hirabayashi Chun et al.
Actinide Obrigheim Obrigheim Stade et al. Kori Unit 1

Urani 1132+446" 1140 (430~2390) 1100 (570~2410)
ranium +

U-234 0.025%

U-235 1.19%

U-236 0.38%

U-238 98.41%

Plutonium 13.645.0' 14.2 (46~235 13.1 (64~276)

Pu-233 1.33%

Pu-239 61.01%

Pu-240 23.1%

Pu-241 10.1%

Pu-242 4.46%

Neptunium 0.35+0.14" 021 036
(0.11~0.54) (0.17~0.99)

+*  Standard deviation
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QUTER HULL
SURFACE

INNER HULL
SURFACE

Fig. 3-5. Autoradiographs of PWR Zircaloy—hull.
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Zircaloy %2 A %9 uranium¥ thoriumo] E&EZ EASIa o] &
EE59 ZAbel] 93) Zircaloy el -2y 947t #dshA EEeA At

(Fig. 3-6(b)). w&tA] Zircaloy hulldlAl TRU #H 7| &S &3] Adst= A

& B71538 e Griges[18]E 94 %7F 33 MWD/kgolal 1 ppm& uranium
EES 2= Zircaloy 3 &3S ORIGEN codeE o]&35le] AFH oz o
oA a2 AEA Y o] BEFEZ5EH 10 nCi/g o139 z=%2+w 947t

253
AAE S 3eldt gt =3 Griggs and Bryan[16]2 U¥ ThS E&E2 ¥

oL

!

St3li= PWR Zircaloy-hull =4 %9 %$2H 94 TEE ORIGEN
code® dZ¥ ¥ HZF 2A5E vuste] FA 5 cH(Table 3-11). 71 A%}
U3 The ofF v F9(less than 0.2 ppm)=E EAslE 22 ZALE A
w42 10 nCi/g o< TRU #H7|E2 eddtta 3%

vk ukeke]]l 3l alpha/beta/gamma WA s X i+= Fig. 3-79 49} 7o)

2RH oA £AE o &8 WA Agox EAY 5 gl
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o

[3]. Hirabayashi 5[3]= 6,900-38,700 MWd/t%] A4AEE ZtE PWR AFE$
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(inductively coupled plasma atomic emission spectrometry)® =7 % i1, 2
2 e gold zrol daww) ¥uE AHe] wWAonyE @b,
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Fig. 3-102 A4%7F 29400 MWd/te]ar ¥ zh7]3ke] 59l ALgF3ld s
3579 gross a-activitye] ¥HEWE FxE e =U[3], Fig. 3-69 a
—activity =X fAFeE 235 YE 2 9k Fig. 3-10914 2& vpel 2
o] a-emitters< F= ¢+ FWI HpPRER FWo| EAstal A2 Fol
& Wil FdstA EExsta vt dEH |5 TtEEd BEAbS
< WFS(87 m)H gFF(>617 im)S ALt d= 50 nCi/lg 4%
2 Griggs[18]7F ORIGEN code® <=3+ A¥}o} F-ASAth
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Hull cross-section

Outer corrosion product(ZrO,)
and crud (deposited corrosion
products from reactor) layer

Base metal

Inner corrosion product(ZrO,)
layer

Adherent fuel particles and
other leachable activity

a b c d
% total alpha Low* <0.2 40~50 50~60
% Pu activity (Ci) 0.07 46.1 53.8

Fig. 3-6. Distribution of total alpha and plutonium activity in a piece of
PWR UO: fuel cladding (Saxton Reactor, USA).
*The alpha activity in the outer corrosion product layer was
not determined separately from the inner corrosion product
layer and was assumed to be low.
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Table 3-11. Calculated (ORIGEN code) and analyzed significant TRU

elements in base metal of two PWR fuel hulls

PWR-1" PWR-2'
predicted found predicted found
(nCi/g) (nCi/g) (nCi/g) (nCi/g)

Pu-238 25 2.7 0.46 0.63
Pu-239 0.35 0.49 2.6 2.8
Pu-240 0.44 0.69 0.94 1.4
Pu-241 167 250 104 200
Pu-242 577 65" 45" 71
Am-241 0.60 1.0 2.6 3.0
Am-243 0.16 6.4 2.17°
Cm-242 16 9.4 1.3 197
Cm-244 49 10 587 797

* PWR-1: Westinghouse Electric Co.
55,000 MWD/MTHM
enrichment of 5.8 w/o U-235
discharged October 1973
analysis in June 1975

t PWR-2: Saxton reactor
19,700 MWD/MTHM
6.6 w/o mixed oxide fuel
discharged October 1968

analysis in November 1974
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Fig. 3-7. Procedure for coating the specimens used in
examining the distribution of radionuclides
by stepwise etching from the inner surface.
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Fig. 3-8. Distribution of the main radionuclides in
the cladding of 6,900 MWd/t burnup [3].
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Fig. 3-9. Distribution of the main radionuclides in
the cladding of 29,400 MWd/t burnup [3].
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Fig. 3-10. Distribution of the gross alpha activity in
the cladding of 29,400 MWd/t burnup [3].
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o]
AF3}E A zirconium AF3F9(zirconia layer)o] A TE o] Ak3pueo] F7
= WH-EHelA = 1-10 um Bxoly #FFHIAME WHEHEY o F
7 100 um =9 ZrO; Fo] FAdEo AL o] o= (Fe, Ni, Cr)Ox
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SoEFYH AAHIL JFFEHAANE T Waree AFo=mqY A
w161,

Restani &[7]1¢] A <4, 30,000 MWd/tUS dAEE Zt= PWR

‘
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Zircaloy hull®] A3t F7= WEIZHNA 1-2 umolal H-FEH A=
6.5-11 um= e THFig. 3-11). 88 ZAHE &< dAdget 9%
B Afolo A Atsiute] FAHWA ExSEtE Y4AEY dAEE AHEES
recoil YAZ UlF Atsluto =z HEF
W HVES =2 WAte s 2 Ha
7] Wl hulls AlFst717F ol A |vbl
SIMS(secondary ion mass spectrometer)+ ¥ &3 ¥W <39 5% Zlo]
TEXE AFHoR FAHst=d &9 Fig. 3-12¢F 3-139] YEFH SIMS
Zlo] ¥-¥ & Zircaloy WA O, o9 FAWAo R 213 Aulo]r}7].

=

JH A HEnkel o] SIMS 412 uranium®| 2 Zircaloy ¥Wol| H

ZHEa (e 2 um)ok 9% Astee] =7 548 "oliE HolF

PWR(33 GWd/tHM)® BWR(27.5 GWd/tHM)¢ hull®} hardwareo] tjj3at
kg eko]l Al 7bo] wrE W3S Fig. 3-15[6]9] YeElWdth o714 #H7]&E
o+ AMAF o 0.1%7} ZF3= A 7o 2 4okt Fig. 3-1590A4 ®Hd

Ae 50 ¢k HA d TAEC] F439] A the 1000d Fek2 z

o
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Fig. 3-11. SEM images of the Zircaloy inner surface.
a. Zircaloy-4, b: Zirconium oxide.
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Fig. 3-12. SIMS depth profile on the inside of a Zircaloy hull.
Intensities normalized to mass 106 (ZrO").
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Fig. 3-13. SIMS depth profile on the inside of a Zircaloy hull.
Fission product intensities vs. surface depth.
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6. A2E9 ¥

Hulle] S4& AbSd ddse dak
A, U-2359] 27] 5%, 94 =24z, 489 295 34 ol w2
= 3l 53] ik SUhs vEHe 29 &

Chun [19]5& 7714 ¥} ks Dy o R iy wjgd v53ds 7
A2 %=8(19550 MWD/MTU, 30,960 MWD/MTU, 39,080 MWD/MTU)® &
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Table 3-12. Concentration of radionuclides in the spent fuel cladding

Concentration of radionuclides (Bg/g of cladding)

Burnup

(MWd/t) S 5\ 0C4 106K, 125G 130 1970 W0 151E,
6,900 341x10°  592x10"  352x10° 1.74x10°  1.04x10"  3.04x10°  3.06x10° 9.79x10°  3.26x10"
8,300 - 6.64x10"  4.15x10° 2.11x10°  1.17x10"  4.40x10° 4.58x10°  9.98x10° 4.58x10"
14,600 1.12x10"  1.11x10°  7.48x10° 6.60x10° 2.14x10"  1.74x10°  9.74x10° 1.34x10°  2.22x10°
15,300 1.67x10"  1.16x10° 7.62x10° 521x10° 2.23x10"  1.73x10° 9.85x10° 1.85x10° 2.12x10°
21,200 2.24x10"  1.14x10° 9.10x10° 6.19x10° 243x10"  3.05x10° 1.37x10"  2.19x10°  4.01x10°
29,400 3.19x10"  1.41x10° 1.30x10° 951x10° 3.44x10"  653x10°  2.32x10 - 8.62x10°
32,100 340x10"  1.48x10° 1.45x10° 1.10x10° 3.73x10" 7.96x10° 259x10" 2.83x10° 1.04x10°
33,600 359x10"  1.33x10°  1.42x10° 1.01x10° 351x10" 813x10° 2.71x10" 3.48x10° 1.03x10°
34,000 381x10"  1.53x10° 151x10° 1.17x10° 2.78x10°  9.19x10°  2.95x10 - 1.21x10°
38,100 3.77x10" - 886x10° 1.46x10° 4.37x10"  1.03x10"  3.11x10’ - 1.36x10°
38,700 350x10"  8.69x10" 8.08x10° 1.43x10"  4.30x10"  1.06x10"  3.08x10 - 1.42x10°
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Table 3-13. Thermal power of the hulls and caps
(at conditioning time 3 years after discharge from reactor)

Thermal power (W/tHM)

Radionuclides Hulls Caps
Fission products 552
Dissolution fines 2.27
Actinides 9x10™
Activation products 31.7 54

39.6 5.4
Total

45

Table 3-14. Thermal power evolution versus time

Heat power (kW)

time” (a) Hulls Caps Total
0 24 3.2 21.2
1 22 2.7 24.7
2 19 2.5 215
3 16 2.3 18.3
4 14 2.1 16.1
5 12 19 13.9
10 6.6 0.92 7
15 4.0 0.47 45
20 2.7 0.25 3.0
25 1.8 0.13 19
30 15 0.072 1.6
50 0.78 0.012 0.79
100 0.29 0.0051 0.30

*(: time of conditioning (3 years after discharge from reactor)

* based upon annual arisings from 600 tHM reprocessed
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Table 3-15. Effects of reactor irradiation on properties of Zircaloy

Property

Effects of irradiation in reactor

Young's modulus

Tensile and yield strength

Impact and fraction toughness

Ductility

Surface hardness

Embrittlement

Corrosion

Increases exponentially. At 300C and a
10 ncm ™ flux, the increment is 30%.

Experimental increase with exposure:
30% increase for 10°! ncm 2 at 250-300C.

Stress fracture strength increase with
exposure: 10% increase for 3x10%° ncm 2

at 250-300C.

Decreases with exposure: 129 decrease
for 5x10”° necm ® and 15% decrease for 2
x10* ncm ™ at 280°C.

Increases with exposure: 20% increase
for 5x10" nem? and 30% increase for
10! ncm ? at 50C.

Increases as a vresult of the other
physical property changes. The increase
1s further enhanced by oxide film
formation and hydrogen adsorption.

Increases with exposure: weight increase
of 300 mg - dm ® for 10 ncm® and 1200
mg - dm* for 5x10% nem* at 280C.
Involves oxide and hydroxide formation.
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Table 3-16. Methods for monitoring hulls

Method

Advantages

Disadvantages

Detection limits

Comments

Passive neutron
measurement of
neutrons from
spontaneous
fission or from
(3, n) reactions

Can be used for
long cooled fuel

Assumes fuel
remaining on the hulls
has the same
composition as
original fuel;
calibration difficult

Not used in industrial
plants

Active neutron

Gives direct
measure of
fissile content

Neutron generator
required; difficult to
apply to industrial
scale plants

0.05% of fissile
material in hulls

Used at Dounreay,
UK, and in the ATI
prototype
post-reprocessing
facility, La Hague,
France

¥-emission High energy Limited to fuels cooled|Pr-144/U ratio, Used at Windscale,
based on the 2.18 [¥-ray easy to < 5 years (Nal 0.1% of original UK, the WAK plants,
MeV Pr-144 detect detector); calibration |fuel in dissolver; |FRG, La Hague (for
energy needed either by Pr-144/Co-60 or |thermal hulls) and in
reference to a Pr-144 /Mn-54 the ATI facility for
standard irradiated ratio, about 0.2% |post-reactor hulls
fuel element or by of fuel charge to
analysis of dissolver |dissolver
solution
¥ —emission Can be used for [Relatively low energy; Not generally useful

based on Ce-144
/ Pr-144 0.133
MeV

longer cooled
fuel (up to 8
years)

v-emission from
induced activities can
interfere

unless structural
materials are
segregated

¥ —emission
based on Cs-137
and Ru-106

Relatively low energy
emissions; Ru-106 has
a short half-life (1
vear), therefore not
viable for long cooled
fuel

Used at Tokai Mura,
Japan
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of hardware for
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Hulls, hardware
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Fig. 4-1. Conditioning process options for hulls and hardware
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0.4M ammonium oxalate
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0.3M hydrogen peroxide
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Zr +4HF = ZrF ,+ 2H, (1)
ZrO, + 2HF = ZrOF ,+ H,0 (2)
7ZrO, + 4HF = ZrF ,+ 2H,0 (3)
Zr +2H,0=7Zr0,+ 2H, (4)
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Fig. 4-2. Schematic diagram of ultrasonic system.
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Table 4-1. Possible

surface treatments for stainless steel and Zircaloy

Reagent Comments
HNO3 Rapid dissolution of UOQy/PuQs. Very little corrosion of stainless steel
dissolver vessel.
HNO3; + H20» Good for rapid dissolution of UOs.
HNO; + HF Fluoride improves dissolution of PuO,. May need A" to complex F~

and reduce dissolver corrosions.

H2C204 and HzCzOq
+ H0,

Dissolvers UO: rapidly. Carbon steel rapidly attacked - 600 mg/cmz/h
at 60C but only 0.2 mg/cm®”h at 90C at pH 5-6. HyO. tends to
passivate stainless steel but it oxidises H2C;O4. Very good DF'’s from
fission products especially Nb/Zr - due to oxalate complexing.

HoCoOy + F o+ Hy0q

eg. 04 M HCoO4 + 0.1 M NaF + 0.1 M HO.. Corrosion of stainless
steel < 0.06 mg/cmo/h. Too corrosive for Zircaloy.
DF: ®Zr/"Nb 25-45; "Ce/"*Pr 20; "“Ru/'"Rh 17. Higher DF’s can be
obtained at low (0.01-0.02 M) H202 concentrations.

H>C204 and citrate
+ H0»

eg. 04 M HyCO4 + 0.16 M Citrate + 0.34 M H»O,. Stainless steel
corrosion rate 0.4 mg/cmy/h. Suitable for Zircaloy.

DF: *7r/®Nb 100-200: "Ce/"*'Pr 200-300; '"Ru/“Rh 70; "“Ba/*’La
70.

(NH4)2C204 +
Gluconic acid

0.25 M NaxCOs; + 0.025 M H2C,0O4 + 05 M HyO, + 0.013 M Gluconic
acid + 0.045 M Na Gluconate at pH 4.5. Used to dissolve UQy/PuQO,
fuel-rupture debris. Not corrosive to Zircaloy, stainless steel, Al or
Zircaloy.

H2SO4 and HzSO4
+ Hy0,

Used to dissolve UO; and PuO:. Dissolver likely to be corroded
rapidly (stainless steel).

Sulphuric blend

04 M CrSO4 7THO + 05 M H»SO4 at 85C. Has been used to remove
high temperature scale from BWR systems.

HsPO, and
inhibited HsPO4

15 M H3POs + 0.7 M NaxCr:O; + 0.2 M CH3COOH. Used for
decontaminating primary systems of low temperature water—cooled
reactors. Relatively slow removal of scale at 100-120°C from stainless
steel that had been immersed in uranyl sulphate at 250-300C
(Homogeneous Aqueous Reactor). Corrosion of stainless steel
dissolver high.

Alkaline
permanganate (A.P)

NaOH + KMnO, at 105-120C or NaOH + KMnO, + ammonium
citrate. Procedure: (1) Heat with 10% NaOH + 3% KMnO, for several
hours at 102-110TC, then (2) rinse and heat with 10% ammonium
citrate at 90C. DF’s up to 1000 possible. EDTA can also be added
but its value has not been proved.

HCI

Can be used to dissolve UO; and PuO: but corrosion of dissolver
would be a problem.
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