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resistance of metallic materials for use in nuclear fuel reprocessing. 
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1 . INTRODUCTION A-O*^ i.%. \g\\oA*MlX»£i A t-i- fft«- fciCAtVtftU ZtcCum**^, 

Corrosion resistance properties required for materials to be used in the various 
developments of the Purex process are crucial in the field of nuclear fuel repro
cessing, since equipments inspection, decontamination, repair or premature repla
cement would result in procedures much more complicated than in conventional 
chemical industries (1). 

This paper Afrl re view J the various stages of reprocessing common to PWR, BWR, 
Magnox, breeder elements, where corrosion may be a problem, the principal mate
rials compatible with the various nitric solutions used in full implementation 
of the Purex process, their limitations in corrosion resistance, and possible 
ways to mitigate or avoid them. 

2. PROCESS DESCRIPTION : IDENTIFICATION OF CORROSION SENSITIVE COMPONENTS 

As shown schematically on fig. 1, irradiated fuel elements containing uranium, 
plutonium and fission products are dissolved in hot or boiling nitric acid, 
leaving behind chopped hulls and insoluble dissolution fines : Pu and U are 
further separated in the course of one or several extraction processes at low 
temperature < 50*C between organic solvants containing tributylphosphates (TBP) 
and nitric acid aqueous solutions of low or moderate acidity. 

The corrosion sensitive operations with regard to stainless steels are to be 
found almost exclusively in equipments heating and containing hot or boiling 
concentrated nitric solutions or alternatively nitric solutions where highly 
oxidizing species such as Fe , Pu p V ) and possibly Cr (VI) are present at 
a critical concentration. JE 

This concerns the following equipments (represented in dashed lines on fig. 1 
in contact with the typical media given in brackets : 

. acid dissolver (U + Pu, 3 - 13 N HNOÎ) 

. acid recovery evaporators (8 - 13 N HNOÎ) 

. intercycle U + Pu evaporator 12 - 3 N HNO3, U, Pu (VI)] 

. final plutonium nitrate concentrator [5 N HNOÎ + Pu •» Pu (VI)J 

. oxalic mother liquor evaporator (HNO3 up to 14 N) 

. vitrification off gaz treatment (6 N HNOÎ + Fe (III) + Cr) 

By reference to Magnox fuels, the reprocessing of PWR, BWR and in particular 
fast breeder fuels with much higher burn-ups, yields large amounts of dissolu
tion fines made up of platinoids such as platinum, ruthenium and rhodium ; these 
elements may enhance stainless steel corrosion possibly in the transptssive 
state by local galvanic coupling in concentrated nitric acid on hot spot areas. 

Furthermore, fast breeder fuel dissolution produces higher plutonium contents 
and by partial corrosion of the stainless steel hulls, release of corrosion 
products such as Fe , Cr : these ions may enhance the corrosivity of the 
dissolution liquors particularly in the final stages of a batch process. 

3. RELEVANT MATERIALS : EVALUATION OF THEIR CORROSION ASSISTANCE 

Adequate corrosion resistance in the large range of subazeotropic nitric acid 
solutions of variable redox properties is one prerequisite not solely for a 
material but also for a finished component. Industrial availability and know 
how are also essential to ensure reliably all stages from elaboration to the 
various transformations, shaping, assembly, welding. 

These conditions are met for the more widely used material class, unstabilized 
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low carbon stainless sceels, and are just, being developed for titanium and zir
conium in the field of chemical industry. Typical compositions of those materials 
and of some at the development stage are given in Table I. 

Table I 
Materials and typical composition in weight % 

MTERIM.S Cr 111 Ho H» C s« • S R K> 

304 I > : 2 CK18-10 » U n* I.Î306 n 17.5/19 9/12 «0.2 0.5/2 «0.025 0.2/1 «0.0*5 «0.03 

Un' 1.4J06 j {réf. 10) 19 12.5 0.02 1.7 0.015 0.02 0.02 0.007 

M n* 1.4306 s (CSU) (réf. 10) 19 12.5 1.6 0.007 0.02 0.02 0.007 

MG 18-10 l (réf. 3) 17.S/19 9/11 <0.2 1/2 <0.0Z5 0.2/0.8 «0.02 «0.015 

Uranus 16 (ASV) (réf. 6) 
U 2 01 IB-10) 

18 10 <0.015 <0.I5 «0.015 «0.005 

Ur»nu$ SS {«V) (réf. 7) 
(Z 10125-20,' 

2«/26 19/22 <0.5 <2 «0.015 «0.20 «0.02 «O.OOS «ddttlon 

Ur»nus SI» (ASV) (réf. 7) 
(21 CMS 17-IS) 

16.5/18-5 13.5/15 0.5 <2 <0.01S 3.8/4.5 «0.02 «0.005 «C.035 addition 

Zirconium grade 702 

Zr * Hf 
atn. 

Hf Fe-« Cr 5n » 
a u . 

c 
MX. 

H 
a*». 

N 
• a i . 

0 
a u . 

Zirconium grade 702 99.2 5 0.2 0.01 o.os 0.005 0.01 0.18 

Titanium gride 2 (réf. 19) 

Ti-5 X T» (réf. 19) 

ti T« Fe H • 0 

Titanium gride 2 (réf. 19) 

Ti-5 X T» (réf. 19) 

ba.. 

bal. 4.75 

0.05 

0.05 

0.0025 

O.0025 

0.003 

0.005 

0.09 

0.09 

Illustration of the comparative corrosion resistance of some alloys in four 
nitric acid solutions of differing oxidizing power is given in Table II which 
reports short duration CEA test results. 

3.1. Low carbon austenitic steels 

Since corrosion resistance is essentially determined by the chromium content, 
nickel base and molybdenum additions being of little interest in nitric acid, 
the most widely used are unstabilized low carbon steels of the type AISI 304 L 
(AFNOR Z2CN18-10) or AFNOR Z 2 CN 25-20 akin to an extra low carbon (ELC) type 
AISI 310 (2-15). 

The use of stabilized type AISI 347 (with niobium) and AISI 321 (with titanium) 
has been reconsidered by BNFL in favour of a special nitric acid grade (NAG) 
of the type AISI 304 L, since knife line attack has been found on welded struc
tures (3). 

Even very low carbon unstabilized stainless steels may undergo an intergranular 
attack (IGA) in two différents type of conditions « 
. When sensitized by a thermal treatment or welding if carbon is locally enriched 
as a result of a uneven distribution or surface contamination in the trans
formation stages. 

. When the medium become» oxidizing enough so as to bring the material in the 
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transition between the passive and transpassive state or ultimately right 
in the transpassive range, whereby accelerated general corrosion is also 
occurring. 

In concentrated boiling nitric acid, IGA occurring even on fully annealed mate
rial is all the more deleterious that the corrosion products such as Fe and 
Cr susceptible to be reoxidized into Cr (VI) can build up and exert a self 
accelerating effect on the attack. 

In fuel reprocessing, IGA is all the more susceptible to occur as acid concentra
tion, process temperature, wall temperature (increased by heat flux) are higher 
and/or^ when oxidizing ions such as Cr (VI), Pu (VI) and higher concentrations 
of Fe are produced. 

Advent_of_ low imEurity_grades 

New grades have been developed for nitric acid applications to reduce the content 
in minor elements such as C, Si, P, S, which by preferential segregation in 
the grain boundaries decrease the corrosion resistance with respect to IGA (5, 
6, 10, 11, 15). 

Implementation of the necessary refining treatment by argon vacuum remelting 
(ASV) (4, 5, 7) or electroslag remelting (ESU) (10, 11) also improves inclusion 
cleanliness, which ensures minimal hazards with respect to end grain attack. 

Work in progress on improved materials such as Uranus 16 or Herkstoff n" 1.4306 S 
(ESU) concerning the industrial feasibility and reliability and laboratory quali
fications should be extended to demonstrate that the achieved concentrations 
of residuals and of Silicium in particular, are sufficiently low to minimize 
if not suppress the occurrence of IGA. 

Hi2h_siHcon_stainless_steels : Cr Ni Si 17-15-4 

When immunity to intergranular attack and therefore corrosion resistance predic
tability in strongly oxidizing media is required and a somewhat relatively higher 
general corrosion rate can be tolerated provided by the relevant corrosion allo
wance, the use of high purity grades containing at least 4 % silicon such as 
Uranus SIN (Z 1 CNS 17-15) offers a safer choice (4, 7, 11, 16, 17) as shown by 
corrosion data in Table II. 

3.2. Titanium and zirconium base alloys 

Titanium finds its best corrosion resistance properly when the nitric acid media 
become too corrosive for the improved stainless steel grades susceptible to 
transpassive corrosion, or when silicon rich steels would display prohibitive 
general corrosion rate (11, 18, 20), i.e. in the strongly oxidizing and acid 
media as shown in Table II. 

However titanium displays a moderate general corrosion resistance in less oxidi-
dizing boiling acids, in renewed liquid phases and when submitted to high 
trickling rates of condensate ; a maximum corrosion rate around 8C mdd 
(0.640 urn.year' ) is observed for boiling 11 N HNOj. 

Alloying with tantalum as with Ti 5 * Ta has been proposed to improve in a rela
tive manner the weak general corrosion resistance in renewed media (19). 

Zirconium allo;£s_! grades 702 and 704 

Even improved resistance of Ti-5% Ta cannot compete with the extremely low 
corrosion rates usually * 1 mdd throughout the whole range of subazeotropic 
concentrations, redox and temperatures prevailing in fuel reprocessing (11/ 
19, 20, 22, 23). 

The occurence of stress corrosion cracking appearing in 90 % HNOj on severely 
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strained C-rings or U-bends (H, 21, 22) is not observed by this stressing proce
dure in the subazeotropic compositions relevant to fuel reprocessing (20, 22, 
23). 

Both zirconium and titanium alloys are more sensitive to the presence of un-
complexed fluoride than would be stainless steel ; this element only causes 
a general corrosion enhancement of zirconium at concentrations exceeding 1 PP»-

Table II 

Comparison of typical mean general corrosion rates 
in 4 boiling nitric acid solutions of_ increasing oxidizing power ; 

weight loss in mg.âm .day (mad) 
[(IGA) when observed = intergranular attack] 

MTESiAtS 

PERIOOtCAUY «CHEWED BOILING « D U : S « 48 HOURS 

MTESiAtS S » HNOj 14.4 1 HSOj 
5 n rtc 3 

• 1 HI* 1 »v 

S n HWj 

• 1 J- l" ' Cr 
MTESiAtS 

odd .1 
im.ynr 

ndd l*-y»ir" 1 •dd ,»-*««•'l 
•dd -I 

(••year 
QuenCi-»nnei*e2 îtj inïeîs steeiJ 

2 

1 

20 

10 

S 

90 

30 

20 

130 

135 

90 

590 

180 
(96 h.) 

«10 
(16») 

780 
(80 h.) 

1 100 • 
(80 l>.) 

30 

3 510 
(ISA) 

4 950 
(1W) 

135 

Z 2 CM 18-10 (AIS; 30* L) 

2 2CNN6 25-20 (is Uranus 65; 
«kin to 310 ELC 

UOtS 17-15 ( « Uranus SIN) 

2 

1 

20 

10 

S 

90 

30 

20 

130 

135 

90 

590 

180 
(96 h.) 

«10 
(16») 

780 
(80 h.) 

1 100 • 
(80 l>.) 

30 

3 510 
(ISA) 

4 950 
(1W) 

135 

Tiuntua 

Zirconium grjde 702 

30 

<0.5 

240 

<3 

20 

«0.5 

160 

<3 

<2 

<2 

<16 

<10 

<2 

<0.S 

<16 

<3 

• K t m l l y 8 » HHOj • 1 9-1" 1 Cr (VI) 

4. HAYS TO MITIGATE OR AVOID CORROSION PROBLEMS 

Corrosion problems can be mitigated or avoided through different approaches 
among the following measures : 

- a diversified material selection specific to each sensitive component as 
examplified in France by COGEMA and SGN which case by case implement Z 2 CM 18-10, 
Z2CN017-13 (8), ZIOJNb 25-20 (as Uranus 65), Z 1 CNS 17-15 (as Uranus SIN) 
stainless steels and new zirconium essentially for the most highly oxidizing 
high temperature concentrated acid solutions (4, 7, 8, 20) ; 

- a modification of process variables to minimize the corrosivity such as s 

. operation of acid recovery under reduced pressure 

. limitation of heat flux to reduce wall temperature 

. operation of the intercycle concentration after plutonium removal 

. cooling and stirring, to avoid hot spot corrosion under deposits (8) 

. discharge of concentrates as a function of oxidizing ions build up. 

- design improvements to avoid crevice effects, unrenewed volumes, unfavorable 
condensate effects and location of sensitive junctions (for exemple zirconium/ 
stainless steels) in high temperature processes > 

- improved fabrication and assembly procedures so as, for example, to minimize 
tunnel corrosion and avoid defective welding procedures. 



5/ 

5 . CONCLUSION 

The lessons gained from laboratory and industrial experience, the implementation 
of improved corrosion resistant materials, together with more stringent accep
tance tes t s make i t now possible to r e s t r i c t if not eliminate the recurrence 
of some prematUi^ corrosion damages observed in some f i r s t generation plants. 

Seme scope of improvement s t i l l remain with respect to the industrial elaboration 
and transformation of very low impurity austenit ic s ta in les s s t e e l s , to an 
extended implementation of more noble materials and to development of new accep
tance tes ts more closely related to service applicat ions. 
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Fig. 1 - Schematic diagramme of a Purex based fuel reprocessing featuring some 
corrosion sensitive parts of the process and of fluid recovery. 
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