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a b s t r a c t

Corrosion resistances of nickel-base alloys in HNO3–HF mixtures were investigated to apply them to
FLUOREX process, which is advanced hybrid process of fluoride volatility and solvent extraction for next-
generation spent nuclear oxide fuel reprocessing. Many types of Ni–Cr and Ni–Cr–X (X = Mo, W, Nb,
Ti, Si, Cu) ingots were experimentally manufactured and the desirable chromium and third element
eywords:
i–Cr alloys
NO3–HF mixtures
orrosion
r content

contents in nickel-base alloys were discussed in narrow range to improve the corrosion resistance in
hot HNO3–HF mixtures. From the results of corrosion tests, Ni–45Cr–0.25Mo alloy exhibited the best
corrosion resistance in this study. The corrosion rate was 0.17 mm/y in 8 M HNO3–0.1 M HF solutions
at 373 K and it provided good performance as corrosion resistant materials. In conclusion, the controls
of higher chromium content and a small amount of molybdenum in nickel-base alloys are significant to

sistan
o content
LUOREX

improve the corrosion re

. Introduction

FLUOREX (Hybrid Process of Fluoride Volatility and Solvent
xtraction) process has been proposed as one of the next-
eneration advanced reprocessing methods to adapt to transition
eriod from light water reactors cycle to fast breeder reactors
ycle [1–3]. The process is constructed from uranium removal
rom spent nuclear fuel by fluoride volatility method and aque-
us reprocessing of residual fuels by solvent extraction method.
he application of fluoride volatility method on spent nuclear fuel
eprocessing has great advantage for the transition period because
he uranium removal ratio in the fluoride volatility method can
e controlled by fluorine flow ratio [3], therefore, the latter sol-
ent extraction method in the FLUOREX process can consistently
ccept residual fuels of similar U/Pu ratio owing to the control of
ranium removal. In this way, as useful option for next-generation
eprocessing method, the FLUOREX process has flexibility to accept
arious burn-up types of spent nuclear fuel generated in the tran-
ition period.

However, there are still some technical subjects in the FLUO-

EX process [1]. One of the subjects includes an interface issue
etween the fluoride volatility and the solvent extraction meth-
ds. Fig. 1 shows the flow of FLUOREX process. The procedure of
he FLUOREX process is described as follows. The supplied spent
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ce in HNO3–HF mixtures condition for the FLUOREX process.
© 2010 Elsevier B.V. All rights reserved.

nuclear oxide fuels are sheared and pulverized by dry decladding
method. The pulverized fuels are supplied into flame tower reac-
tor and fluorinated by purified fluorine gas under high temperature
condition. About 90 wt% of the uranium is removed from the spent
fuel as volatile uranium hexafluoride (UF6) by the fluorination. The
volatile UF6 is purified by passing through some absorbents such
as sodium and magnesium fluorides, so the decontamination fac-
tor (DF) of the recovery uranium can be improved to about 107 by
the purification system. About 10 wt% residue including plutonium,
residual uranium, and fission products are converted to oxides and
then dissolved into nitric acid solution for solvent extraction pro-
cess. However, it is technically difficult to convert the all of fluorides
in the residue to oxide, so the FLUOREX process must accept the
contamination of some fluorides in the nitric acid solution. The
contamination gives a strong impact on a corrosion of equipment
materials in solvent extraction method.

Generally, the choices of engineering alloys to handle HNO3–HF
mixtures are very limited owing to the strong corrosive solution.
Several types of austenitic stainless steels are widely used as equip-
ment materials in worldwide industrial PUREX plants [4–7]. They
exhibit good corrosion resistance in hot nitric acid solutions owing
to their passivity, which results from the formation of oxide films
[8–10]. However, in the presence of fluoride ions in nitric acid solu-

tions, the corrosion rates of stainless steels are greatly increased
[11–13]. It is actually known the HNO3–HF mixtures are typically
employed in pickling of stainless steels. In this study, the nickel-
base alloys were focused to find the corrosion resistant materials
for aqueous reprocessing in the FLUOREX process.
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Table 1
Chemical composition of commercial alloys.

Materials Chemical composition (wt%)

C Si P s Cr Mn Fe Ni Mo Cu Co W V

SUS304L 0.025 0.62 0.024 0.008 18.25 1.22 Bal. 9.11 – – – – –
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Inconel 690 0.02 0.12 0.004 0.001 29.68
Monel 400 0.1 0.1 – <0.002 –
Hastelloy C-276 0.004 0.07 <0.001 <0.001 16.4
MC-alloy 0.004 0.07 <0.001 <0.001 44.4

This corrosion study is consisted of the following four steps. The
rst step is a corrosion survey of commercial alloys including four
ypes of nickel-base alloys and a stainless steel. In the second step,
he desirable chromium content in nickel-base alloys was discussed
o improve the corrosion resistance in HNO3–HF mixtures. Fur-
hermore, the effects of third element addition and molybdenum
ontent in Ni–Cr alloys on corrosion resistance were discussed in
hird and final steps, respectively. This paper describes the results of
esirable composition control based on nickel alloys for corrosion
esistant materials in hot HNO3–HF mixtures.

. Experimental

.1. Steps of corrosion study

Five types of commercial alloys with various chemical compositions, SUS304L,
nconel 690, Monel 400, Hastelloy C-276, MC alloy, were selected in the first step.
he MC alloy, a corrosion resistant wrought alloy with improved corrosion resistance
o HNO3–HF mixtures, was regarded as a standard of corrosion resistant materials
n this study. In this step, the relationship between the chemical compositions in
he alloys and the corrosion rates was discussed to find the beneficial elements on
mproving the corrosion resistance in HNO3–HF mixtures. The chemical composi-
ions of the commercial alloys are given in Table 1. Next, the desirable chromium
ontent in nickel-base alloys was discussed in the second step. The chromium effect
n nickel-base alloys for the improvement of corrosion resistance in HNO3–HF mix-
ures was pointed out in previous corrosion studies [14–19]. We investigated the
orrosion behavior of Ni–Cr alloys around 46 wt%Cr in HNO3–HF mixtures refer-
ing to the previous corrosion data. Horn et al. investigated the effect of chromium
ontent on corrosion resistance of nickel-base alloys in hot HNO3–HF mixtures
14]. In their study, the wide range from 20 wt%Cr in nickel-base alloys to pure
hromium was covered to evaluate the effect of chromium content on corrosion
ate in HNO3–HF mixtures. The results showed the corrosion resistance was greatly
mproved with the increase of chromium content in the range of less than 46 wt%,
n the other hand, the chromium effect was not significant in the range of more
han 46 wt%. Accordingly, we studied that the effect of chromium content in nar-

ow range around 46Cr wt% on the corrosion resistance was evaluated to find the
ost desirable chromium content in nickel-base alloys. In the third step, the effect of

hird element addition with a small amount was discussed to improve the corrosion
esistance of the selected Ni–Cr alloy from the second step. We selected molybde-
um, tungsten, niobium, titanium, silicon and copper as the candidates of the third
lement. The molybdenum and tungsten are commonly pointed out as the ben-

Fig. 1. Process flow
0.26 10.1 Bal. – – – – –
1.1 – Bal. – 32 – – –
0.5 5.7 Bal. 15.7 – 1.7 3.6 0.01
0.19 0.14 Bal. 0.96 – – – –

eficial elements to improve the corrosion resistance in non-oxidizing acids such
as hydrofluoric acid [15–17]. As for the niobium and titanium, we expected the
improvement of corrosion resistance owing to oxide films as well as the behav-
ior in pure nitric acid solution. The copper and silicon were selected because they
improve the resistance of nickel to non-oxidizing acids [20–21]. Ni–Cu alloys such
as Monel 400 are commonly used in pure HF solution from the viewpoint of corro-
sion resistance [22]. The additive ratio of the third element in the Ni–Cr alloys was
consistently adjusted to 0.5 wt% not to disturb the chromium effect. In the final step,
the effect of molybdenum content in Ni–Cr alloys was discussed because it improves
corrosion resistance to non-oxidizing acid such as hydrofluoric acid. The desirable
composition for corrosion resistant nickel-base alloys in HNO3–HF mixtures was
discussed through such four steps.

2.2. Alloy preparation

Many types of the experimental Ni–Cr alloys such as Ni–˛Cr (˛ = 43, 45, 46,
47, 49 wt%), Ni–Cr–0.5 wt%X (X = Mo, W, Nb, Ti, Si and Cu) and Ni–Cr–ˇMo (ˇ = 0.1,
0.25 wt%) were prepared for the corrosion tests in this study. The alloy preparation
procedure is given in Fig. 2. First of all, the elemental powders of pure metals (more
than 99.9%, respectively) were melted by argon arc method to get about 200 g of but-
ton ingots. Fig. 3 shows the appearance of the Ni–˛Cr button ingots. Subsequently,
the ingots were homogenized at 1503 K for 10 h under vacuum condition to remove
heterogeneous structure in the ingot. The sheets in thickness of 2 mm were prepared
by hot roll process at 1503 K for 10 h to decompose the solidification structures such
as crystallization and dendrite. They were finally annealed at 1453 K for 30 min to
make a better solid solution. Fig. 4 shows appearance of Ni–˛Cr alloys after the hot
rolling and the annealing. Some big cracks were observed on the surface of Ni–49Cr
alloy and a lot of tiny cracks were observed at edge of Ni–47Cr alloy sheet. Thus,
the fabricability of alloy sheets more than 47 wt%Cr became worse. The alloy sheets
with no cracks were given in case of less than 45 wt%Cr. In relation to the effect of the
chromium content in Ni–Cr alloys on the mechanical properties, Sugahara pointed
out Cr-alpha phase ratio increases in case of chromium content beyond 45 wt% and
it results from the extreme drop of elongation [17].

2.3. Test conditions

All of the samples for the corrosion tests including some commercial alloys were

finally cut into sizes of 10 mm × 10 mm in thickness of 2 mm. The samples were pol-
ished by SiC paper to 400 grit and cleaned ultrasonically in acetone. Fig. 5 shows
schematic of corrosion test apparatus. The corrosion tests were performed in some
Teflon pots to prevent the attack from fluoride ions and a pot was connected with
water-cooled condenser through a tube. The condenser and tube were also made
of Teflon. All of the samples were immersed in 8 M HNO3–0.1 M HF solutions at

of FLUOREX.



196 M. Takeuchi et al. / Journal of Alloys and
Fig. 2. Procedure of alloy preparation.

Fig. 3. Schematic of corro

Fig. 4. Button ingots
Compounds 506 (2010) 194–200

373 K. The different kinds of samples were not simultaneously immersed in a pot.
The composition of the test solution was decided based on provisional concentra-
tions of nitric acid after spent fuel dissolution and fluoride ion carried from oxide
conversion stage in the FLUOREX process. The test solution was controlled in oil
bath at 373 K. Half a liter of the test solutions was prepared for every batch. The
ratio of solution volume to surface area of sample was approximately 60 ml/cm2.
Two samples of the same kind of alloys were put on the exclusive rack in a pot
and immersed in the test solution for 100 h without renewing the test solution.
After the corrosion test was finished, the samples were picked up from the pot and
washed by distilled water and acetone. The samples were completely dried and the
weight loss was measured to calculate the corrosion rate according to the follow-
ing equation. In addition, the microstructures on material surfaces were observed
by scanning electron microscope (SEM) or optical microscope (OM) to acquire the
information of corrosion state. In the first step, the chemical compositions on surface
of the corroded commercial alloys were analyzed by Electron Probe Micro Analyzer
(EPMA).

Corrosion rate (mm/y) = (�M × 103 × 365.25 × 24)
(S × t × d)

(1)
�M, weight loss (g); S, surface area (mm2); t, immersion time (h); and d, density of
sample (g/cm3).

sion test apparatus.

of Ni–Cr alloys.
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Fig. 5. Appearance of Ni–Cr alloys after hot rolling.

. Results and discussion

.1. Corrosion behavior of several commercial alloys in HNO3–HF
ixtures

Fig. 6 shows the corrosion rates of several commercial alloys
n 8 M HNO3–0.1 M HF solutions at 373 K. Only Monel 400 sam-
les were completely dissolved during the corrosion test, so the
inimum corrosion rate of Monel 400 was shown in the figure by

upposing all of the initial sample weight as weight loss for 100 h. In
he selected commercial alloys, the MC alloy exhibits the best cor-
osion resistance in the hot HNO –HF mixtures. Fig. 7 shows the
3
ffect of chromium content in the commercial alloys on the corro-
ion rate. The corrosion resistance is improved with the increase of
hromium content in the alloys and the chromium is a beneficial
lement to improve the corrosion resistance in HNO3–HF mixtures.

Fig. 6. Corrosion rates of commercial alloys.
Fig. 7. SEM morphologies of commercial alloys.

So, in the next step, the desirable chromium content in Ni–Cr alloy
was discussed. There was no likely relationship between other ele-
ments and the corrosion rate. Fig. 8 shows SEM morphologies of
SUS304L, Hastelloy C-276, Inconel 690 and MC alloy. The surfaces
of Hastelloy C-276 and Inconel 690 included a lot of pitting, on
the other hand, there were no corrosion tracks on the MC alloy
surface. The SUS304L showed the resistance to pitting in this con-
dition however the corrosion rate was relatively high. Fig. 9 shows
EPMA analysis results for the alloy surfaces. The surface composi-
tions on the corroded samples of SUS304L and Inconel 690 were no
change in comparison with that of fresh samples. In the MC alloy
and Hastelloy C-276, however, only molybdenum was slightly con-
centrated on the surface by the corrosion phenomena. It must be
related to beneficial element in HNO3–HF mixtures.

3.2. Effect of chromium content in Ni–Cr alloys

As the second step, the effect of chromium content in nickel-
base alloy on corrosion resistance in HNO3–HF mixtures was
discussed in the narrow range of 43–47 wt%Cr referring to Horn’s
study [14]. In the corrosion study, several kinds of Ni–Cr alloys
including minor element such as iron and molybdenum were pre-
pared to discuss the chromium content effect, but we used pure
Ni–Cr alloys to prevent the corrosion effect from minor elements.
Fig. 10 shows the effect of chromium content in Ni–Cr alloys on
corrosion rate in 8 M HNO3–0.1 M HF solutions at 373 K. From the
results, the adding of chromium content more than 45 wt% did not
affect the improvement the corrosion resistance. Additionally, as
shown in Fig. 4, the fabricability of Ni–Cr alloy got worse owing
to the excess of chromium content. It is a fact that no commercial
nickel-base alloys exceed 45 wt%Cr are available. Thus, the most
desirable chromium content for corrosion resistant Ni–Cr alloys in
HNO3–HF mixtures was decided as 45 wt% in this study, hence the
Ni–45Cr alloys were consistently used for the third and final steps.

3.3. Effect of third element addition in Ni–45Cr alloys

In the third step, the effect of third element addition was dis-
cussed to improve the corrosion resistance of the pure Ni–45Cr
alloy in HNO3–HF mixtures. Samples of Ni–45Cr–0.5X (X = Mo, W,

Nb, Ti, Si, Cu) alloys were prepared for corrosion test. The fabricabil-
ity of these alloys included no problems as the cases of Ni–47Cr and
Ni–49Cr alloys. Fig. 11 shows the corrosion rates of Ni–45Cr–0.5X
alloys in 8 M HNO3–0.1 M HF solutions at 373 K. The Ni–45Cr–0.5W
alloy exhibited the best corrosion resistance in the selected alloys
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Fig. 8. EPMA results of commercial alloys.

Fig. 9. Effect of chromium content on corrosion rate.
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Fig. 10. Effect of chromium content in alloys on corrosion rate.

a
t
r
t
t

Fig. 11. Effect of third element addition on corrosion rate.
nd the adding of the third element except molybdenum and
itanium in Ni–45Cr alloy gave slight improvement of corrosion
esistance. The error of corrosion rate between the same kinds of
wo samples was within ±4%, hence it is possible to compare with
he corrosion rates between Ni–45Cr–0.5X alloys with reliability.

Fig. 12. Microstructure of Ni–45Cr–0
Fig. 13. Effect of molybdenum content in Ni–Cr alloys on corrosion resistance.

On the other hand, the adding of titanium in Ni–45Cr alloy gave
the decrease of corrosion resistance. It is considered that the poor
corrosion resistance of titanium in hydrofluoric acid influenced the
corrosion rate of Ni–45Cr–0.5Ti alloy in HNO3–HF mixtures. Fig. 12
shows the surface microstructures of Ni–45Cr–0.5X alloys after the
corrosion test. There were no corrosion tracks on the all surfaces
of Ni–45Cr–0.5X alloys. All of the corrosion rates of Ni–45Cr–0.5X
alloys were less than 0.3 mm/y in 8 M HNO3–0.1 M HF solutions at
373 K, and they were better than that of the MC alloy.

3.4. Effect of molybdenum content in Ni–45Cr alloys

The Ni–Cr–Mo alloy is known as one of the desirable corro-
sion resistant alloys in mixtures of oxidizing and reducing acids,
in addition, a small amount addition of molybdenum contributes
to accelerate the passive film formation on material surface [17].
From the results of the third step, the Ni–45Cr–0.5W alloy exhib-
ited the best corrosion resistance. The molybdenum and tungsten

are the same series elements, but the atomic mass of tungsten is
nearly double of molybdenum. Accordingly, it can be supposed
that the adding of 0.5 wt%W gives the same effect on the corro-
sion behavior as that of 0.25 wt%Mo. In the final step, the desirable
molybdenum content in Ni–45Cr alloys for the improvement of cor-

.5X alloys after corrosion test.
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