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ABSTRACT

The decontamination of stainless-steel surfaces in Light Water Reactors components, that may suffer from nuclear activation and contamination, is still a topic that
deserves research and development studies. In this paper, the HP-CORD-UV chemical method for the removal of thin surface layers from AISI 304 stainless steel
samples is addressed, considering multiple cycles of oxidation and cleaning. A procedure for the optimization of the oxidation phase considering in particular the pH
of the solution, the ([KMnO4]/[H*] ratio), and the immersion time (oxidation time), was developed and is here presented. The experimental results show that 10
oxidation cycles at pH 3, [MnO3] = [H'], for 2 h, followed by 30 min of cleaning in oxalic acid, allowed to reach a thickness of dissolved metal of about 3—4 pm.
Despite the intrinsic localised morphology of the corrosion attack on AISI 304 sample surface, scanning electron microscopy showed good reproducibility of the

process.

1. Introduction

As part of the decommissioning of nuclear reactors, one of the major
problems is the nuclear activation and contamination of many compo-
nents of the reactor (Pretzsch et al., 2012) (pipes, tanks, equipment,
etc.). At the end of the plant lifetime such components become low- or
medium-activity waste, and they must be properly disposed. As a matter
of fact, in the primary circuits of a LWRs the surface layer of the
stainless-steel typically dissolves in water, gets close to the core, gets
irradiated, becomes activated, and then re-deposits in the primary cir-
cuit. In particular, Iron has impurities of Co-59 which become Co-60
(gamma emitter) after neutron irradiation. Moreover, if some micro
leaks of the fuel take place (as it can occur during 40 years of operation),
some fission products and actinides diffuse out in the water and deposit
on the superficial layer of the primary circuit.

The high-level safety requirements and the amount of such wastes
make the decommissioning procedures time and money-consuming
(MacKerron, 1989). Since most of the contaminated surfaces of a nu-
clear power plant are localized in the primary circuits (Juodis et al.,
2019), in the latest decades technological research has addressed
metallic surface decontamination (Zhong et al., 2021), focusing mainly
on inox and carbon steel (Pujol Pozo et al., 2019). Recent studies (NEA
Task Group on Decontamination, 1998) suggest that chemical
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decontamination methods for non-activated metallic inner components
of the Light Water Reactors (LWRs), with activity below 1 Bq/g, are the
most efficient and promising procedures to recycle the decontaminated
material in conventional metallurgical plants, reducing the amount of
low- and medium-activity waste. Chemical methods owe their success to
the possibility to work remotely and to regenerate the used chemicals.
One of the performance indicators of the decontamination process is the
Decontamination Factor (DF), defined as the ratio between the
contamination level of the material before decontamination and the
contamination level after decontamination (Sun et al., 2019).

It is nowadays well established (Yang et al., 1996; Pick and Segal,
1983) that the composition of the contaminated inner layer of the pri-
mary circuit highly depends on the history of the nuclear reactor (ma-
terial composition, operation and decommissioning time, possible fuel
rods breaks, water chemistry of the primary circuits, operation tem-
perature and pressure). In LWRs, both pressurized (PWRs) and boiling
water (BWRs) reactors, the surface contamination is confined in a micro-
meter layer constituted mainly by iron, chromium, and nickel oxides in
which radioactive impurities deposit. Analysing chemical decontami-
nation processes, the study in (Speranzini et al., 1987) addressed the
effect of the oxalic acid concentration on the base metal corrosion rate,
focusing on AISI 304 and AISI 410 stainless steels. Note that ideally the
AISI 304 should not be corroded, but after 40 years in a high
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temperature and pressure environment, a corrosion layer might form. In
this case, iron and nickel oxide can be removed by oxalic acid. The
chromium oxide, instead, turns out to be too stable and cannot be
removed by oxalic acid. Moreover, drawbacks were investigated, such as
the corrosion effects induced unintentionally on the base metal when
strong chemical decontamination methods are adopted (Kass et al.,
1984).

Different chemical decontamination processes have been tested
based on low- or high-chemicals, i.e. using solutions with a concentra-
tion below or above 0.2%, respectively (Zhong et al., 2021; NEA Task
Group on Decontamination, 1998). Low-chemicals methods exhibit the
advantage of producing a reduced volume of chemical waste and of
consuming a limited amount of Ion EXchange resins (IEXs) for the final
water radiological cleaning. However, they have significantly lower
performance (DF < 5) compared to high-chemicals methods (DF up to
100). On the other side, in the recent past high-chemicals methods have
acquired greater reliability thanks to the improvements in regenerative
chemical techniques, which make them economically and ecologically
more sustainable. Actually, modern techniques are based on the use of a
concentrated solution of a reducing agent (such as oxalic and citric acid)
capable of dissolving the contaminated layer. After this step, all the
radioactive ions are properly removed by the IEXs. The ion solubility in
the water is ensured, enhanced, and controlled by pH regulation and by
adding complexing agents such as EDTA (Ethilene Diamine Tetraacetic
Acid), NTA (Nitrilo Triacetic Acid) and HEDTA (Hydroxy Ethylethylen
Diamine Triacetic Acid), which complex iron, nickel, chromium ions
increasing their solubility (Keny et al., 2005). It is worth noting that the
environment for surface decontamination is typically harsh; a study by
Keny et al. (Keny et al., 2005) addressed the efficiency of the complexing
agents under gamma radiation exposure.

When the decontamination is to be performed on stainless steel
surfaces, the reducing agent loses its efficiency due to the presence of a
stable superficial layer of chromium oxides which covers the underlying
layers of the contaminated surface (Ohmi et al., 1996). In this case, a
single-step treatment turns out to be ineffective and, before the reduc-
tion step, an oxidizing solution must be used first, to oxidize the Cr*> of
the oxide layer in a more soluble Cr*® and to dissolve it (Ohmi et al.,
1996). Many two-step methods exist depending on the oxidizing agent,
the reducing agent, and on the complexing agent such as APAC (Alkaline
Permanganate followed by Ammonium Citrate), APACE (APAC with
additional EDTA as complexing agent), APOX (Alkaline Permanganate
followed by OXalic acid), AP-CITOX (Alkaline Permanganate followed
by CITric and OXalic acid) (Chen et al., 1997). The efficiency in terms of
DF for each of these products depends on the type of stainless steel (thus
on its chemical composition), on the concentration of reagents, on the
time and temperature of the process. In case of efficiency below the
target value, several decontamination cycles should be performed in
series, until satisfying results are achieved. Many processes use the
permanganate anion (MnOy3) as oxidising agent because of its excellent
efficacy. The oxidation effectiveness of MnOy} is affected by solution pH
and it is higher in acid environment, as demonstrated in (Tian et al.,
2019).

The HP-CORD-UV is a two-step chemical decontamination process
designed for the treatment of inox and carbon steel (Ketusky, 2017). In
the first step (the oxidizing phase) the acid solution of permanganate
attacks the metallic surface dissolving part of the superficial oxide layer.
Note that the oxidation phase is essential in the process to oxidize the
cr3 to Cr*%: if chromium was not treated, the stable Cr oxide layer
would make the cleaning phase ineffective. In the second step (cleaning
phase) a concentrated solution of oxalic acid with some percentage of
EDTA dissolves the oxide layer and reduces the remaining permanga-
nate. Generally, from two to three cycles are carried out before reaching
a satisfying DF value (i.e. DF > 100). All the radioactive ions are then
captured by IEXs. At the end of the oxidizing-cleaning cycles, as most of
the ions dissolved in the solution come from the contaminated layer, all
other ions are properly neutralized to avoid an extensive and
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unnecessary use of IEXs. Finally, the excess of oxalic acid is chemically
decomposed to H,0 and O3 by oxidation from a concentrated solution of
Hy0, under ultra-violet light. As explained, the HP-CORD process
minimizes the use of IEXs for radioactive capture and in theory does not
produce chemical waste. This makes it one of the most promising pro-
cesses for the decontamination of LWRs.

As a matter of fact, the effectiveness of two-step chemical decon-
tamination processes depends on the total DF that they reach, on the
ability to attack uniformly the surface of interest, on the amount of the
chemical and radioactive waste produced (Chen et al., 1997). All the
chemical reactions taking place in the dissolution of iron oxide in acid
solution are described extensively in (Panias et al., 1996). Since the
chemistry involved in these reactions is well-known, the research is now
focusing on the optimization of the process. In this work, addressing
specifically the HP-CORD-UV (Tian et al., 2019) process, a procedure to
optimize the main parameter of the whole process is identified. More
specifically, in this work the number of oxidizing-reducing cycles is
experimentally investigated on pristine (i.e., non-activated) samples of
AISI 304 stainless steel, to find the optimal value, optimizing the mini-
mal operation time, the reagents concentration, and the uniformity of
the acid attack. The choice of the type of stainless steel is driven by the
target application, i.e. the decommissioning of the Enrico Fermi elec-
trical Nuclear Power plant in Italy, the primary circuit of which is mainly
made in AISI 304 rather than the most commonly used AISI 316/L. The
oxidation phase in the tests is performed using a solution of nitric acid
(HNOs3) and potassium permanganate (KMnO4), while the reducing
phase is performed by means of a highly concentrated solution of oxalic
acid. Suspension of the radioactive ions in the water matrix and their
capture in the IEXs are instead beyond the scope of this paper.

2. Methodology

In this section, the experimental set-up (including the employed
materials and instrumentation) is illustrated, together with the sampling
techniques adopted for the analysis of the specimens.

2.1. Sample preparation

The investigation was carried out on pristine (i.e. non-activated) AISI
304 stainless steel samples, characterised by the chemical composition
reported in Table 1. Each specimen had the dimensions of 30 mm x 30
mm X 5 mm. No surface treatment was performed on the samples prior
to use.

To carry out the immersion tests mimicking the decontamination
process, different solutions were prepared. The oxidation step was per-
formed using different solutions of potassium permanganate (KMnOy,
purchased from “Fine Chemicals”) in distilled water. The pH of the so-
lutions was adjusted using nitric acid (HNOs, purchased from “Pan-
reac”). The cleaning step was performed using a solution of oxalic acid
(C2H504, purchased from “Materia Madre”) in distilled water. The
concentration of the oxalic acid solution was kept constant in all ex-
periments and was equal to 8 wt% (Wiersma et al., 2007), and the pH
was not modified.

The immersion tests were carried out placing the stainless-steel
samples in beakers containing a fixed volume of solution equal to 250
ml (one specimen per beaker). All immersion tests were performed at the
temperature of 80 °C, both during the oxidation step in potassium per-
manganate and during the cleaning step in oxalic acid. The volume of
solution was kept constant in all tests to avoid possible variability in the

Table 1
Composition of the AISI304 samples.

Composition (wt%)
C Cr Ni Fe

<0.07% 17.5%-19.5% 8.0%-10% balance
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results due to the ratio between the volume of solution and the surface
area of the sample. When longer immersion times were performed (i.e.,
in tests lasting more than two hours) in the oxidation phase, the solution
was replaced by a new one every two hours of immersion, to eliminate
the possible effect related to the presence of a limiting reagent (in this
case permanganate), which would slow down the reaction after a certain
immersion time.

After the immersion tests, the cross-section of some samples was
analysed by electron microscopy. To perform this characterisation, the
samples were encapsulated in cold embedding resin (Technovit 4071)
and then sectioned by a metallographic cutting machine. The cross-
sections were polished using abrasive papers with increasingly finer
grains from 800 to 2500 grit and then cloths. Final polishing was carried
out using diamond paste up to 1-pm size. Before analyzing the samples
with the electron microscope, they were coated by a 10-nm layer of
platinum, to make their surface conductive. The deposition of the plat-
inum layer was performed by direct current sputtering, using the
QT150S Quorum Sputter Coater instrument with the following deposi-
tion conditions: pressure of 5 x 10" mbar, current of 60 pA, and dura-
tion of 20 s.

Field Emission Scanning Electron Microscope (FESEM Zeiss Supra40)
with an acceleration voltage of 5 kV and a numerical aperture of 30 pm
was used to perform the SEM analyses.

2.2. Optimization procedure for the oxidation solution

The optimization procedure adopted in this work is summarized in
Fig. 1. As reported in previous studies (Pujol Pozo et al., 2019), four
parameters have a major influence on the process:

o pH of the solution,

e the ratio between the molar concentration of potassium permanga-
nate and H' ions ([KMnO41/[H™]),

e the immersion time in the solution during the oxidation phase
(oxidation time),

o the temperature of the solution.

As the temperature affects the reactions kinetics, to simplify the
problem it was not changed in the different tests, and it was set to 80 °C.
The process can be considered optimized when the user reaches a bal-
ance between the oxide layer homogeneity and its thickness. Actually,
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localised morphology, and a more aggressive environment leads to
lower homogeneity in the final result.

In the first step of the optimization procedure, the pH and oxidation
time were varied to obtain a homogeneous oxide layer grown on the
sample. In this step, the molar concentration of potassium permanganate
[KMnO4] was set equal to the concentration of H' (related to the solu-
tion pH). The effectiveness of the oxidation step was investigated by
visual inspection only.

In the second step of the optimization procedure, the [KMnO4]/[H"]
ratio should be adjusted to maximize the oxide thickness after immer-
sion. Results were first investigated by visual inspection and then by
SEM analysis to measure the thickness of the oxide layer.

Using this optimization procedure, it was possible to screen rapidly
many operative conditions for the oxidation step, checking the results
only by a simple visual inspection. Actually, a non-homogeneous result
should be discarded regardless of the obtained oxide layer thickness, and
this can be easily assessed without specific instrumentation. In the sec-
ond step, the thickness of the oxide layer was measured only for the
promising test conditions, as the analysis by SEM is more expensive and
time-consuming.

3. Experimental results
3.1. Effect of pH and oxidation time on corrosion attack

A set of AISI304 samples were immersed in solutions of different
aggressiveness, to evaluate the effect of pH, and for different oxidation
times to also evaluate the effect of the process duration. The tested pH
values were equal to 3, 4, and 5. All tests have been carried out at a
temperature of about 80 °C, for a total duration of 2 h, 4 h, or 6 h. The
test matrix is summarized in Fig. 2. In all cases, the concentration of
permanganate ions [MnOj] is equal to those of hydrogen ions [H'] (pH
related). As discussed previously, the effect of permanganate ions was
evaluated in the subsequent set of samples.

The first step of the procedure aimed at evaluating the attack
morphology and its homogeneity, so the extension and depth of the
corrosive attack on the surface were qualitatively estimated by visual
inspection, to estimate the effect of pH and oxidation time on the
oxidation kinetics. Fig. 2 shows that the corrosive attack on stainless
steel coupons occurs preferentially on some areas of the sample surface.
The location of the corrosive attack differs from sample to sample,

when working with stainless steels, the corrosive attack has always a depending on the material microscopic surface defects and
— Surface oxidation at fixed:
* pH —_—
+ [KMnO4)/[H+] ‘
*  Oxidation time L Change of:
+  Oxidation temperature i = pH, S
* Oxidation time
l Y = 1° step
Check of oxide layer
homogenity by visual no
2° step Change of: inspection. o

+ [KMnO4]/[H+]

Is it satsifying ?

yes

no

Check of oxide layer
thickness by SEM analysis.

Is it satsifying 7

yes

END

Fig. 1. Flowchart of the optimization procedure adopted in this research.
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Oxidation 2h
time:

pH=3

pH=4

pH=5

2h + 2h

2h +2h +2h

Fig. 2. Picture of the sample surfaces as they result from the first set of immersion tests, [MnO3] = [H] for all tests.

heterogeneity. In fact, in this class of steels, the corrosive attack always
proceeds in a preferential way starting from defects or discontinuities
present on the surface of the material (at the macroscopic or even just
microscopic scale). Moreover, results show that at low pH (pH = 3) the
corrosive attack is more localized, and the oxide layer appears to be
thicker by visual inspection. At higher pH (pH = 5), the thickness of the
oxide layer is thinner but more uniform.

It is also verified that in the most aggressive solution (i.e. at low pH),
with longer immersion time the thickness of the oxide layer increases,

but unfortunately the attack morphology is more inhomogeneous. In
fact, as expected for this material, oxidation continues preferentially
over time in areas already previously attacked and not in those still
intact. This is a clear limit for the application of this process, as it does
not allow removing a uniform layer of material from the specimen. To
obtain a more uniform attack morphology, a less aggressive solution and
longer operating times are needed.

;_ - . 'T - Xi . | ———
Time line I I .
30min 60min 90min 120min 150min
: oxidation cleaning

Fig. 3. Photographs of samples at increasing values of immersion time in potassium permanganate solution (30 min, 60 min, 90 min, 120 min) and after 30 min of

oxalic acid immersion. Each sample is 30 x 30 x 5 mm?>.
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3.2. Oxidation and cleaning time optimization

To optimize the overall duration of the process, the morphology of
the attack was visually assessed after 30-minute intervals. A perman-
ganate solution with pH = 3 and [H"]/[MnO4] = 1 was used in the
oxidation phase while a 8 wt% oxalic acid solution was used in the
cleaning phase. The effect of the oxidizing solution after 30 min, 60 min,
90 min, and 120 min and the effect of cleaning after 30 min are shown in
Fig. 3.

The sample oxidation clearly continues throughout the 120-minute
immersion process. Actually, small but visible differences are present
between the sample immersed for 90 and for 120 min in the potassium
permanganate solution. On the contrary, oxalic acid cleans effectively
already after only 30 min. According to these results, oxidation and
cleaning times were set to 2 h and 30 min respectively, to reduce the
overall process time.

3.3. Effect of permanganate concentration on corrosion attack

After evaluating the effect of pH and oxidation time, the solutions
with pH = 4 and 5 were taken into consideration to analyze the effects of
a higher permanganate concentration. The aim was to obtain a faster
kinetics of oxidation of the metal using a more aggressive solution, still
keeping the attack as uniform as possible. Fig. 4 shows the test condi-
tions investigated and the results in this second set of experiments. The
samples were immersed for 4 h.

The obtained results show, at first visual inspection, different be-
haviours for the samples immersed in solution with pH = 4 and pH = 5.
In fact, in the first case (Fig. 4(a) and (b)) the attack took place prefer-
entially in a specific area of the sample (closer to the edges), leaving
almost unchanged the central part. On the contrary, in the sample
immersed in solution at pH equal to 5 (Fig. 4(c)), the morphology of the
attack was more uniform, although the oxide thickness, by a preliminary
visual inspection, appeared lower. It is possible to observe that the
higher concentration of permanganate allowed to accelerate the kinetics
of oxidation, without over-emphasising the localized character of the
attack.

Before immersion in the oxidising solution, untreated steel samples
have an oxide thickness of a few nanometers. This is the oxide layer that
spontaneously grows on stainless steels surface in contact with air.
Considering its thickness, it cannot be observed by electron microscopy,
but more sophisticated analyses should be carried out, such as XPS (X-
Ray Photoelectron Spectroscopy) (Detriche et al., 2020).

After immersion in the permanganate solution, the thickness of the
oxide layer increases and thus it can be detected by SEM observation.
Analysing the cross-section of the samples by backscattered electrons
detector, the oxide layer can be identified as the interface region be-
tween the metal and the embedding resin. Indeed, the oxide layer
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appears as a light-grey region, because this area has a different chemical
composition; actually, using the backscattered electrons detector, the
material appears lighter when its atomic weight is higher.

To assess quantitatively the thickness of the oxide layer, two samples
were then prepared for SEM observation:

e a sample immersed for 4 h in a solution with pH = 5 and perman-
ganate ion concentration of 10”°> mol/1,

e a sample immersed for 4 h in a solution with pH = 5 and perman-
ganate ion concentration equal to 6 x 10 mol/1.

The results for the two samples are reported in Fig. 5 and Fig. 6,
respectively. In the former, the oxide thickness is ranging from 0.3 pm
and 1 pm. These values agree with the visual inspection of the sample, in
which the oxide layer appears rather thin (see Fig. 2).

For the second sample, the increase in the oxide thickness was much
more evident and values between 1 pm and 1.7 pm have been measured,
as reported in Fig. 6.

3.4. Oxalic acid effectiveness in the cleaning phase

As a final set of experiments, the behaviour of the material in
different complete oxidation-cleaning cycles was evaluated. Each cycle
consists of two hours of immersion in a solution of potassium perman-
ganate solution (oxidation phase) followed by a 30 mins immersion in an
oxalic acid solution (cleaning phase, concentration of 8 wt%).

Two were the oxidizing solutions assessed in this phase: the one at
pH =5 and [MnO3] = 6 x [H'] and the one at pH = 3 and [MnOz] =
[H']. They were chosen to be representative of two different conditions:
the former for a uniform attack (the permanganate concentration was
increased to accelerate the kinetics) and the second for a more severe but
inhomogeneous oxidation.

Actually, the effectiveness of the oxalic acid solution in the cleaning
phase influences also the choice of the most appropriate solution in the
oxidation phase. If cleaning is found to be not very effective, the
oxidizing solution must be as weak as possible, in order to avoid a
localized attack that would be accentuated in subsequent cycles. On the
contrary, a very effective cleaning would allow using a more aggressive
solution in the oxidation phase, because the effects of the localized
attack would be largely eliminated during the cleaning phase and
therefore the subsequent oxidation would always proceed in a localized
way, but in different areas. Therefore, the optimal aggressiveness of the
oxidizing solution depends on the cleaning effectiveness of the oxalic
acid. In the present study, for this set of experiments it was decided to
polish the surface of the samples using coarse-grained sanding papers
(400 grit), to reduce the variability of the results due to the different
initial surface finish in the various samples (presence of defects, surface
inhomogeneities etc.). After polishing, the surface conditions are similar

(b)

Fig. 4. Results of the second set of immersion tests: sample immersed for 4 h in the solution with concentration [MnO3] = 3 x [H*] and with pH = 4 (a) or pH = 5
(b), and in the solution with concentration [MnO3] = 6 x [H'] and with pH = 5 (c).
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Fig. 5. Two SEM images (a & b) of the sample immersed for four hours in a pH 5 solution with ion concentration permanganate equal to 10" mol/1. Both images

were acquired using the Backscattered Electrons detector.

- ¥ Onide

thickness
3 um

/'

Oxide
thickness

|
3 pm

Fig. 6. Two SEM images of the left (a) and right (b) borders of the sample immersed for four hours in a pH 5 solution with a permanganate ion concentration of 6-107°
mol/l. On micrograph, the oxide layer is highlighted. Both images were acquired using the Backscattered Electrons detector.

for all samples and thus results are expected to be more reproducible.
Results are shown in Fig. 7 and Fig. 8, and they clearly show the great
effectiveness of the cleaning step, which is able to completely remove
the oxide layer grown during the immersion in the permanganate
solution.

Fig. 9 and Fig. 10 show the appearance of the samples surface after
each immersion in the two solution. It is possible to observe that the
corrosive attack takes place in different areas of the sample at each
cycle. In the cleaning phase, the oxalic acid is able to dissolve the oxide
previously formed and it eliminates the major macroscopic defects of the
surface. Therefore, the subsequent oxidation takes place in different
areas. This proves the excellent cleaning effect of the oxalic acid and
explains the reason why the successive oxidations appear in different
areas in each cycle. In addition, experiments (Fig. 10) have shown that
after the oxidation phase, the oxide growth seems to reduce in the cycles
following the first one.

Since the pH 5 solution was found to be very weak (Fig. 9), it was
decided to use the more effective solution with pH = 3 in the last part of
this study. Although the attack at pH = 3 is strongly localized (Fig. 10),
the excellent cleaning made by the oxalic acid guarantees the sample

surface to return to a finish similar to the initial one. For this reason, the
subsequent oxidation during the following cycles (all done with the
same duration of the oxidation and cleaning phases) could proceed
randomly in a localized manner, but (statistically) in other areas of the
sample. Oxide layer will progressively grow on all areas of the sample
after an appropriate number of cycles.

3.5. Assessment of the removed steel thickness after 10 cycles (oxidation
+ cleaning)

After selecting the most effective solutions for the oxidation-cleaning
treatment and optimizing the immersion times, the last test evaluated
the thickness of material removed during the oxidation and cleaning
process. Part of the sample was embedded in resin to protect it from the
oxidation and cleaning treatments, as sketched in Fig. 11. Two samples
have been tested: first they were subjected to 10 cycles (oxidation and
cleaning) and then they were analyzed by SEM.

The measurements showed that a thickness of about 3 to 4 pm was
removed during the process (Fig. 12). It is worth to notice that the result
is not perfectly uniform for all samples and some parts of the cross-

Fig. 7. A) initial sample. b) sample after oxidation in ph 3 solution ([MnO4-] = [H"]). c) sample after one oxidation-cleaning cycle (permanganate oxidation + oxalic

acid cleaning).
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Fig. 8. A) initial sample. b) sample after oxidation in ph 5 solution ([MnO4-] = 6[H']). c) sample after one oxidation-cleaning cycle (permanganate oxidation +
oxalic acid cleaning).

oxidation | cleaning

< >l ’... < »le :... f—b & ’. ‘: > | < :..

h 19 cycle e 2° cycle i 3° cycle == 4° cycle g
Time line

: >

Fig. 9. Sample at initial condition (a) and after each of the four immersion cycles in permanganate solution at pH 5 (b, c, d, €). Sample dimension is 30 x 30 x
5 mm®.

& -

3° cycle

l Time line

[
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Fig. 10. Sample at initial condition (a) and after each of the four immersion cycles in permanganate solution at pH 3 (b, ¢, d, e). Sample dimension is 30 x 30 x
5 mm®.

section exhibit higher depth of attack respect to others. 4. Conclusion and future perspectives

Thus, this analysis confirms the effectiveness of the multiple cycles of
oxidation and cleaning, but at the same time it underlines the impor- The chemical dissolution of a superficial layer of AISI304 by means
tance of performing a sufficient number of cycles in order to remove of HP Cord process has been experimentally reproduced and demon-
enough material from the steel surface. strated. Considering the excellent results obtained in the cleaning phase
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Sample preparation

Partial incorporation of the sample in resin

¥

10 oxidation-cleaning cycles

v

Incorporation of the whole sample in resin

v

Metallographic cutting machine

Sample polishing

¥

SEM analysis
(b)

Fig. 11. (a) Representation of the sample produced to measure the thickness of material removed after 10 cycles of oxidation and cleaning. (b) Procedure for the

sample preparation.

(b)

Fig. 12. SEM images of two specimens (a)&(b) showing the thickness of the metal layer removed by 10 oxidation-cleaning cycles. Images acquired using the

Secondary Electrons detector.

in oxalic acid, it was found that the best oxidizing solution for the
oxidation phase is the most aggressive one among those studied (pH = 3
and potassium permanganate concentration equal to 10° M). This
choice accelerates the dissolution of the metal reducing the number of
cycles required. The optimal immersion time in the permanganate so-
lution (oxidation step) has been found to be 2 h, with a duration of the
cleaning step of 30 min. Note that the duration of the cleaning step may
be further optimized and reduced below 30 min.

The oxidation kinetics of the metal in the permanganate solution
were evaluated by visual observations and electron microscopy. The
results showed a clear dependence of the dissolution process on the pH
and the immersion time. Since the solution with pH = 3 has a very
marked oxidizing effect on the surface of the sample, an immersion time
of two hours has been retained. For the solutions with a higher pH,
better results were obtained by increasing the permanganate concen-
tration or immersion time.

Considering the results obtained in the tests, the best-performing
oxidizing solution was found to be the one with pH = 3 and [MnOj]

= [H']. As a final analysis, the thickness of dissolved metal after 10
cycles (oxidation and cleaning) was measured using electron micro-
scopy. Despite the intrinsic localised corrosion attack of stainless steel,
the process succeeded in removing a homogeneous layer of about 3-4
pm from the AISI304 sample surface.

In this study, a 8 %wt. oxalic acid solution was used in the cleaning
cycle, but a solution containing a lower concentration of oxalic acid will
be evaluated in the future to reduce the reagents amount in the process.
Moreover, to prevent the chemicals from acting as limiting reagents
during the oxidation and cleaning process, the needed volume of the
solutions in the present study was probably over-estimated. An optimi-
sation of the solution volume, according to the area of material to be
decontaminated, might contribute to decrease the amount of chemicals
and final chemical waste volume.
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