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Abstract

The reliability of structural materials is considered as one of the most important technological
issues on the commercial reprocessing of high burnup fuels. The durability prediction study of
equipment materials used in commercial purex process has been conducted in the JAERI. From the
experimental results obtained by scaled mock-up tests and laboratory tests, the stress corrosion
cracking (SCC) for a dissolvor made of zirconium and the trans-passive corrosion of heat transfer
tubes for evaporators made of austenitic stainless steels have been clarified as critical issues on the
reliability. The susceptibility to these failures increases with THE amount of TRU and FP elements
included in spent fuels, because Np, Pu, Ru, Pd act as strong oxidizers. As counter-measures against
these problems, the development of the modified alloys is going on in the JAERI. It has been found
that the intergranular corrosion resistance of stainless steels is possible to be completely improved by
purifying the electron beam melting process and by modifying the metallographic structure. The other
counter measure is to inhibit the trans-passive corrosion by addition of oxide film former elements
such as W and Si. It has also been found that the susceptibility to SCC of Zr can be improved by
addition of titanium. However, the addition of titanium decreases the corrosion resistance of Zr. We
selected niobium alloys as alternative materials to zirconium. By addition of tungsten to the niobium,
the corrosion resistance and the mechanical strength have been improved. This niobium alloy can be
used in heavily corrosive nitric acid contaminated with fluorine. It is considered that the difference
between corrosion resistance of Zr and Nb-alloys is attributed to the chemical stability of the oxide
films (MO2 on Zr and M2O5 on Nb).

1. GENERAL SITUATION OF PUREX TYPE REPROCESSING FOR HIGH BURNUP
FUELS

From economical reason and practical experiences, the present commercial reprocessing
plant using the purex process would be able to apply for reprocessing high burn-up and MOX
fuels more than 45GWd/t used in advanced water cooling reactors. The development of life
prediction techniques and corrosion resistant alloys is considered to be required for improving
the safety and performance of equipment materials used in highly corrosive nitric acid
solutions(1"5). Its corrosiveness is enhanced by enriching TRU and FP elements derived from
high burnup spent oxide fuels'^. From the fundamental life prediction study'-4"5'1 and failure
analyses of mock-up testing data of Tokai and Rokkasho reprocessing devices'-5-1, the corrosion
mechanism and controlling factors on the performance of equipment materials have been
elucidated(3). The corrosion problems have been observed in component materials used in
heavily oxidizing conditions like heat conducting tubes( \ This mechanism is considered to be
formed by the high oxidizing atmosphere due to NOx gas by the thermal decomposition of
nitric acid itself at boiling surfaces. It is enhanced with dependent on the vaporization rate and
formation rate of oxidizer ions from dissolved species of TRU and FP. Ultra-low carbon
austenitic stainless steels such as types 304ULC and 310Nb designed for the present
reprocessing process like evaporators would be suffered from grain boundary attack with
increasing oxidizer ions formed at heat conducting surfaces, even if evaporators operated at
low boiling points'-7" .
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On the other hand, zirconium and titanium alloys have been used in dissolver and
evaporators operated at ambient pressure(10) , instead of stainless steels with the inherent
property of trans-passive corrosion. However, these materials have a high susceptibility to
local attacks and environmental cracking due to the low chemical stability and low
repassivation rate of oxide film (11~16). Zirconium of 702 grade has a high susceptibility to
trans-granular type stress corrosion cracking which propagate along (0001) planes, even if it is
nitric acid solutions with low concentration less than 65% as described later. Although the
resistance to SCC of zirconium is able to improve by alloying like Ti, it is difficult to improve
without decreasing the corrosion resistance. This limitation is due to the spinodal
decomposition in relation to the cph type crystal structure composed of ABAB stacking. On
the other hand, Ti-5Ta alloy with relatively high solubility in nitric acid has the low corrosion
resistance at liquid-vapor interface exposed to the condensed nitric acid and shows mass-
transfer of volatile corrosion products.

We have been developed two kinds of advanced technologies concerning the purex
reprocessing materials aiming at high burnup spent fuels. One is to develop quantitative
techniques for life prediction of major equipment materials. It is composed of three major
programs, namely, the mock-up tests by using the small-scaled devices simulated to the
practical design, laboratory tests for examining corrosion controlling factors by using small
specimens and the establishment of data base system for evaluating reliability. The other one
is to develop advanced materials with high corrosion resistance against highly oxidizing nitric
acid solutions.

For minimizing the trans-passive corrosion of stainless steels, two kinds of advanced
alloys have been developed. One is to modify these steels into immunity against grain
boundary attacks by minimizing grain boundary segregation of harmful elements. It was
achieved by means of modifying the steel making process, so-called the EB-SAR treatment,
that is composed of the following processes:

• adjusting the chemical composition,

• refining by electron beam melting,

• stabilizing minor impurities through the thermo-mechanical treatment so-called SAR
process (strained, aged and recrystallized)l' .

The other is a new Cr-W-Si Ni base alloy so-called RW alloy. This alloy composition
was designed for inhibiting the trans-passive corrosion by enriching oxide former elements
such as Cr, W and Si with different electrode potential for forming the protective film. On the
other hand, niobium alloys were selected for the most promising alternative materials instead
of Zr and Ti alloys which have a high susceptibility to local attacks and environmental
cracking as stated above.

2. LIFE PREDICTION STUDY FOR REPROCESSING EQUIPMENT MATERIALS

Table 1 shows the outline of life prediction study concerning the RRP equipment
materials as reported in elsewhere(16:). The evaporator for nitric acid recovery made of type
304ULC austenitic steel and the dissolver made of type 702 metallic zirconium were selected
for testing the reliability. This study is composed of three major programs, namely, the mock-
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up tests by using the small-scaled devices simulated to the practical design, laboratory tests for
examining corrosion controlling factors using small specimens and the establishment of data
base system for life prediction. Important parameters on this study were extracted by
analyzing the past data obtained from the life prediction study on the Tokai reprocessing
equipment materials. The mock-ups were designed by considering the most important parts on
objective devices with respect to the quantitaive life prediction, namely, heat conducting tubes
in an acid recovery evaporator and the thermal jacket in a dissolver. The mock-up of thermo-
siphon type acid recovery evaporator consists of seven heat conducting tubes with the
practical scale and it has been operated in the maximum corrosive condition expected in the
steady state operation. From pre-examination tests for clarifying the effect of metallic ion
species on nitric acid solution chemistry, the corrosion mechanism was elucidated with based
on thermodynamic analysis and thermal-fluid dynamics. Mock-up testing conditions and
corrosion monitoring methods were selected based on the plant operation planning and pre-
examination data. This mock-up was constructed as shown in Fig. 1. After the PSI (pre-
service inspection test), the operation started from April 1997 by simulating the steady state
operating conditions. The mock-up of a dissolver is designed for simulating a thermal jacket
made of metallic zirconium by focusing on the heat conducting surfaces (Fig. 2). Laboratory
testing methods were programmed to obtain reference data of the important corrosion
parameters expected in stainless steels and metallic zirconium used in the practical equipment,
by considering the effect of radio-active elements like FP and TRU. The computer simulation
is planned to develop the evaluation codes that are required for the life prediction based on
experimental data. Compared with the practical equipment, the simulation rate of mock-ups is
evaluated with computer simulation like thermal-fluid dynamics. Major parameters that
control the corrosion rate of heat transfer tubes in a nitric acid evaporator were evaluated as
shown in Fig.3. The corrosion mechanism at heat transfer surfaces is schematically shown in
Fig. 3-A. The corrosion parameters found in Fig. 3-A is evaluated by thermal-fluid dynamics
as Fig. 3-B. The accelerated effect of corrosion on heat transfer surfaces was experimentally
clarified by results of 1st ISI as shown in Fig. 3-A schematically. Even if the corrosion is at
low boiling temperature, the rate is mainly controlled with the heat flux. It shows the
remarkable difference in the corrosion mechanism between immersion and heat transfer
conditions as shown in Fig. 3-A.

3. DEVELOPMENT OF CORROSION RESISTANT MATERIALS FOR REPROCESSING

The outline of development study of corrosion resistant materials applied for oxidizing
nitric acid environments is shown in Table 2 as the historical sequence of commercial material
development. The corrosion problems have been gradually elucidated with dependent on the
specific burnup of spent fuels. It means that the corrosiveness of reprocessing nitric acid
increases with TRU and FP contents in spent fuels as stated above.

3.1. Advanced Materials for Devices Operated at Low Boiling Point

1) The development process of EB-SAR treated type 304ULC steel is shown in Fig. 4,
compared with the corrosion data of commercial one. To attain complete immunity to
intergranular attack, the combined method of both refining and modifying the
metallographic structure is required. This steel has the annealed fine grain structure with
clean grain-boundaries recrystallized. The small amount of Ti acts as scavenger elements
for stabilizing harmful trace impurities. The mechanical strength of the purified steel is
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able to maintain by the Hall-Petch effect and dispersion hardening of fine precipitates. As
shown in Fig. 5, alloying of several metallic elements which act as the stable oxide former
would be required to attain the sufficient corrosion resistance over a wide range of the
corrosion potential expected in reprocessing nitric acid environments. According to this
principle, high Cr-W-Si Ni base RW alloy which contains Cr, W and Si as oxide former
alloying elements have been developed in our study. Electron beam melting is the most
effectively practical means for enhancing the maximum solubility limit of these elements
by improving the workability;

2) The corrosion resistance of EB-SAR treated type 304ULC and Cr-W-Si Ni base RW alloy
with the chemical composition of Table 3 was compared with that of commercial grade
304ULC by corrosion tests simulated to heat conducting surfaces in nitric acid solutions
controlled at low boiling points. Markedly difference in the corrosion rate among above
alloys was observed in Cr66 bearing nitric acid solutions as seen in Fig. 6. The corrosion
rate of commercial type 304ULC increased markedly with testing time up to equilibrate
with the consumption rate of Cr66b. Compared with results of EB-SAR treated type
304ULC steels, it is clear that it is able to minimize the corrosion rate by inhibiting grain
boundary attacks. Moreover, the corrosion rate of RW alloy is promptly astringent in the
low corrosion rate. The modification method of these modified alloys is considered to be
an effective means to inhibit the heat conducting surface corrosion.

This modified EB-SAR treated type 304ULC steel would be limited to a practical use
with respect to cost and the mechanical strength due to refining. To minimize these problems,
the appropriate cladding technique of this steel on type 304L steel which is faced to the steam
heating side, was investigated. Several means of cladding technologies like the HIP,
continuous EB melting and the diffusion bonding were examined. The diffusion bonding is
selected as the most promising technique. Diffusion bonding behavior by hot rolling was
minutely examined at several temperatures higher than 825se which corresponds to the grain
growth temperature, by changing the reduction ratio within 60%. An appropriate diffusion
bonding region without defects is selected by examining metallographically after bending tests
of cladding specimens as shown in Fig. 7. An appropriate cladding temperature region by
diffusion bonding of high Cr-W-Si Ni base RW alloy on type 304L steel is limited by
austenite phase stability of RW alloy, because of the formation of eutectics at high
temperature and the precipitation of silicides at low temperatures. The workability of RW
alloy was examined from the ductility loss by tensile tests as a function of heating
temperatures. From these results, an appropriate temperature region with stable austenite
phase was selected as near HOOen as shown in fig. 7. A suitable bonding at 1100 a was
obtained by the reduction ratio of 50% by hot rolling .

3.2. Advanced Materials for Devices Operated in Ambient Pressure

As alternative materials of type 300 series austenitic stainless steels with characteristics
of trans-passive corrosion, metallic zirconium has been used for devices operated in ambient
pressure. However, it has the susceptibility to SCC as stated already. The SCC is strongly
dependent on the texture of cph crystal structure as shown in Fig. 8. The propagation of SCC
along L direction is easier than it is along T direction, because of preferential allay of (0001)
planes. Therefore, the texture of reprocessing grade zirconium is controlled to minimize the
susceptibility to SCC. However, TIG weld joints are difficult to control the crystal texture. As
shown in the right picture of Fig. 9, the susceptibility increases with increasing nitric acid
concentration. This tendency of T specimens is more clearly than that of L specimens. On the
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other hand, the susceptibility of TIG weld joints depends on the crystal texture of each
position, namely, HAZ(heat affected zone) > Base metal > DEPO(deposit metal). From the
crack propagation rate evaluated by fatigue tests in boiling 3N HNO3, the difference is not
observed (Fig. 10). It means the difference of acceleration mechanism between the crack
initiation and the crack propagation. The rearrangement of crystal texture due to local plastic
deformations is considered to be easy at the front of fatigue cracking with high stress field.
From electrochemical measurements and mechanical tests, it is clear that the susceptibility to
SCC of zirconium is controlled by the low repassivation rate and deformation behavior
accompanied with low temperature creep1-12"15'1. It is considered to be enhanced at heat transfer
surfaces with the high oxidizing potential

The corrosion resistance in nitric acid solutions with high oxidizing potential near 1.8V
like heat transfer surfaces under ambient pressure is considered to be dependent on the
chemical stability of oxide films with the most high valence. The corrosion rate of refractory
metals depends on the solubility of this oxide film in nitric acid solutions and that was
clarified. The saturation solubility of above oxide powder with extra-pure grade in boiling
nitric acid in the concentration range of 3N to 14.4N was examined as the corrosion index of
major refractory metals. Nb and Ta showed the lowest value as shown in Fig. 11. Nb as same
as Ta is easy to form high valence oxide films like M2O5 that shows the minimum solubility in
nitric acid solutions, even if it is in fluorine doped nitric acid, compared with MO2 oxide
formers like Ti, Zr and MO3 oxide formers like Mo,W as shown in Fig. 12. From pre-
examination results, the applicability as structural materials including workability and alloying
was examined and niobium was selected as a base metal for this purpose. To modify the
mechanical strength of niobium with bcc type crystal structure by alloying is easier than that
of Ti or Zr with hep type crystal structure. Several niobium base binary alloys were made by
electron beam melting for examining the appropriate alloying composition. The mechanical
strength of this metal was improved by alloying refractory metals with a large metallic ion
size like W and Hf. The corrosion resistance of this metal was improved by adding Ta and W
with the low solubility in nitric acid solutions. Accordingly, alloying of 5-10 atomic %W is
considered to be the most effective means for modifying both properties of Nb as shown in
Fig. 13.

4. Conclusions

Technological problems and counter-measures on equipment materials for reprocessing
using purex process aiming at high burnup fuels were discussed based on the present JAERI
research project. The development of experimental techniques is necessary for the quantitative
life prediction of equipment materials used in heavily corrosive nitric acid. The performance
of evaporators made of ULC grade stainless steels operated at low boiling point is controlled
by trans-passive corrosion at heat transfer surfaces. The performance of dissolver and
evaporators made of Zr is controlled with the resistance against stress corrosion cracking. The
arrangement of sufficient database for modeling aging degradation and the development of ISI
techniques are required for the life prediction of these equipment materials with respect to
high burnup fuels reprocessing. New corrosion resistant alloys and cladding materials have
been developed and evaluated by considering the application to the advanced purex
reprocessing equipments as follows:

1) Compared with commercial grade type 304ULC steels, EB-SAR treated type 304ULC steel
and high Cr-W-Si Ni base RW alloy showed excellent corrosion resistance in oxidizer
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doped nitric acid solutions under heat flux control. To inhibit grain boundary attacks and to
form stable passive films countermeasures to modify the corrosion resistance of
components materials exposed to oxidizing nitric acid under heat flux are considered to be
effective. The applicability to the practical use of these alloys is possible to expand by
cladding with type 300 series austenitic stainless steels as a heater side material. The
appropriate diffusion bonding condition of each developed alloy was selected by hot rolling
tests.

2) Niobium with bcc type crystal structure was selected as one of the most promising
refractory metals applied to heavily corrosive nitric acid, because it forms M2O5 stable
oxide film. Both the corrosion resistance and the mechanical strength of metallic niobium
was improved by alloying wolfram .
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