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In a steam generator (SG) of a Pressurized Water Reactor (PWR), the hideout process can occur in
flow-restricted areas. Non-volatile polluting species tend to accumulate in these regions due to boiling.
Their concentrations can reach up to several orders of magnitude [1] above those encountered in the
chemical conditioning yielding extreme pH values. Such pollutants include various metallic elements like
iron, nickel, sodium, aluminum or copper, and other ions like sulfates, chlorides or phosphates. Some
authors have already discussed the behavior of solid copper species in presence of phosphate under
secondary circuit thermochemical conditions. Turner et al. [2] showed how sodium phosphate lead to a
consolidation of a magnetite-copper sludge already formed with few information on which phases were
observed, and Ziemniak et al. [3] and Palmer [4] had a major focus on the dissolved species rather than
the solids. This study is a step towards a more complete description of the flow-restricted areas, includ-
ing the interaction of copper and copper oxides with other species present in the secondary circuit. The
objective was to identify the stable solid copper-containing species under the thermochemical conditions
encountered in SG flow-restricted areas.

Keywords: copper oxides, phosphate, sodium, magnetite, reducing media, oxidizing media, PWR

1. Introduction

In power plants equipped with copper-containing condensers, metallic copper is often found inside
steam generator (SG) deposits. It can account for up to 50 % by weight (W%) of the deposits [5], but is
generally found around 5 w% [5], [6], the rest of it being mostly magnetite, FesO4 (> 85 w%). Those
deposits are usually resulting from flow-restricted areas where a hideout phenomenon has concentrated
non-volatile polluting species such as metal cations, sulfates, chlorides, or phosphates. The latter were
originally used as the main chemical conditioning during the 1970s, but were abandoned in the late
1970s/early 1980s because of the difficulty to maintain the right chemical conditions in the steam
generator [7]. Indeed, sodium and phosphate would locally behave differently than in the bulk, which
would displace the Na/POs ratio and locally shift the pH to values out of the optimal range, leading to
catastrophic stress corrosion cracking or wastage of the tubing [7]. This phenomenon has been
observed for many years, but the precipitates have barely been studied and the precise reasons why
the chemistry is so hard to maintain with a phosphate environment are still to be determined. Interactions
of copper with such environment have already been discussed extensively in the literature [2]-[6], [8]—
[14], but no emphasis has been made on the redox conditions and their influence on the speciation of
copper and phosphate precipitates in the steam generator thermochemical conditions. Indeed, the redox
potential of the secondary circuit is usually reducing to minimize the oxidation of the metallic parts that
are exposed to the fluid. Different approaches to this matter have been studied, such as the use of
hydrazine as a reducing agent at high temperatures. Voluntary oxygen inlets have been implemented
in several German power plants [15]-[17], because the resulting hematite deposit on the preheaters is
more resistant to flow-accelerated-corrosion (FAC) than the standard magnetite deposit. Leaks from the
tertiary circuit into the secondary circuit are a rare phenomenon, but they should be taken into account,
especially in older power plants equipped with condensers in copper containing alloys, which can leak
because of poor welding/design combined with corrosion (especially in seawater environments). How-
ever, to our knowledge, there are no studies about the behavior of copper in case a short oxygen inlet
happens in SG conditions.

The goal of this study is to identify the thermodynamically stable phases under nominal and aerated
conditions with a concentrated sodium phosphate environment. Precipitates containing metal-phos-
phate phases are under scrutiny, as well as the solid copper species oxidation number.
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Thus, in this work, three experiments were conducted, two with reducing conditions, and one with
aerated conditions. Three different simple solid copper species were used for the tests, metallic copper
Cugs), cuprous oxide Cuz20¢) and cupric oxide CuOg). Magnetite FezOss) was added to one of the
reducing conditions tests because of its overall presence inside SG deposits in order to see if a reaction
with copper and/or sodium phosphates would occur. In the magnetite-containing test, the Fe/Cu molar
ratio was [Fe : Cu] = [2.3 : 0.7], which corresponds to one of the possible ratios in order to obtain the
CuxFesx04 (0 <x = 1) cuprospinel [18]. The appearance of a cuprospinel phase was considered because
Hermansson’s [13] work with solubilities and theoretical Pourbaix diagrams in the Fe-Cu-O-H system
lead to the conclusion that this phase would likely appear in the SG physico-chemical conditions.

2. Materials and methods

The tests were performed with a pressurized equipment in stainless steel able to withstand temperature
and pressure conditions up to 350 °C and 150 bar. The pressurized equipment, with a 1 L maximum
capacity, was thoroughly washed with deionized water and a [acetone : ethanol] = [1 : 1] mix.

In all experiments, powders of the three simple solid copper species, Cug), Cu20¢) and CuOgs) were
contained separately inside metallic copper tubes within the reactor. For the two experiments without
Fes04, an equivalent volume of each powder was introduced in the copper tubes. For the last experi-
ment, a total mass of 10 g of powder per tube is weighed, with the molar ratio [Fe : Cu] = [2.3 : 0.7].
Each tube had a 50 mL capacity and was left open so that its content could interact with the environment.
Oxide traces on the tubes were previously removed by mechanical polishing and chemical rinsing with
a 0.1 w% HNOsz aqueous solution. A concentrated phosphate solution was prepared ([PO43] =
0.5 mol kgt = 49.49 g kg') with a Na*/PO4% ratio [3] of 2.4 using sodium phosphate monobasic
NaH2PO4, sodium phosphate dibasic Na:HPOs and sodium phosphate tribasic dodecahydrate
NasPO4-12H20. The pH of the solution was measured at pHzs.c = 11. This solution was introduced in
the reactor and in the tubes up to half of the total volume. The equipment was hermetically closed, and
the chosen gas was injected. Pure dihydrogen gas was used to simulate reducing conditions with con-
centrations respectively of [Hz] = 35 cm? kg (Px2 = 2.1 bar) for the experiment with copper powders
only and [Hz2] = 79 cm? kg (PH2 = 4.5 bar) for the one with copper powders and magnetite. Synthetic air
with a 20.9 £ 1 % by volume (vol%) of Oz was used for the aerated conditions to reach a concentration
of [O2] =17 mg kg (Ptota = 2.2 bar, Poz = 0.46 bar).

A temperature of 250 °C was imposed using a furnace, with a temperature ramp of 100 °C h-l. Because
of the two-phase environment applied, the total pressure adjusts itself to the water vapor pressure, equal
to 40 bar for this specific temperature. The pressure and temperature were regularly monitored, and
both parameters were measured respectively at 248 + 3 °C and 38 + 2 bar over the duration of the
experiments. The temperature was maintained during 312 h for the reducing conditions with the copper
powders only, 720 h for the reducing conditions with FesO4 and 408 h for the aerated conditions. Upon
opening the reactor the powders were collected and dried overnight in an oven at 85 °C, then placed in
a desiccant cabinet.

The powders used in these experiments were high-purity solids from GoodFellow for the metallic copper
(99 % stated purity), Merck for the cuprous oxide (> 96 % stated purity), Aldrich for the cupric oxide
(> 99.99 % stated purity), Alfa Aesar for the magnetite powder (97 % stated purity) and VWR for the
sodium phosphate monobasic, dibasic and tribasic (respectively 100 %, > 99 % and 100 % stated
purity). Inductively coupled plasma mass spectrometry (ICP-MS) of the initial copper powders dissolved
into an acidic solution revealed no detectable elemental impurities besides nickel and lead, both under
their quantification limits (400 ng kg and 10 ng kg respectively). The main impurity found in the mag-
netite powder was silicon (0.24 w%) using a UV-Vis method. ICP-MS analysis on the magnetite powder
also revealed several trace impurities, like aluminum, chromium, manganese, cobalt, nickel, gallium and
barium. All chemicals were used without further purification. Solutions were prepared using highly pure
distilled water which was vacuum degassed for 4 h. In this work, when referring to Cu, Cu20, CuO or
FesO4 powders, the term is referring to the composition of the powder prior to its introduction in the
reactor. The Cu powder had a distinctive metallic copper color, the Cu20 powder was purple-red, and
the CuO and Fe304 powders were a deep black (see Figure 1).
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Figure 1: Initial powders respectively from left to right Cu, Cuz20, CuO and Fe3Oa4

The initial powders and the ones collected after each experiment were observed using a scanning
electron microscope (SEM) through backscattered electrons (BSE) imaging, and analyzed through
energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). For the latter, phase
identification was carried out with a PANALYTICAL X'Pert3 Powder diffractometer equipped with a
copper anode tube of Kq radiation (A = 1.54 A) and operating at a voltage of 45 kV and a current of
40 mA. The detection limit for the XRD under this set of parameters was estimated at 1 vol%. The
reference datasheets for peak indexation were taken from the International Centre for
Diffraction Data (ICDD) database, and are given for each species. The threshold limits indicated for
each reference datasheet are the intensity limits under which peaks are not displayed on the
diffractograms for legibility purposes.

3. Results and discussion

3.1 Behavior of copper species under reducing conditions
3.1.1 Behavior of Cu, Cu20 and CuO in a Na-PO4 environment

In the experiment with copper powders only, it appeared from a macroscopic scale that the powders
recovered and dried after the experiment did not change from the original powders. SEM observations
in Figure 2 confirmed that no significant changes in microscopic morphology were observed on metallic
copper powder and Cu20 powder. The Cu dendrites agglomerated but no unordinary growths were
noted, and for the Cuz20 the crystal edges sharpened. However, observations of the CuO powder
showed the formation of large crystals with sharp edges and a size of a few micrometers, similar to
those found in the Cu20 powder. EDS analysis of the crystals in the CuO powder confirmed that they
had a stoichiometric elemental composition close to Cu20 (1.4 to 1.9).

The XRD diagrams of the powders recovered after the experiments are shown in Figure 3. Their com-
parison with those of the initial powders showed that the Cu powder after the experiment had no crys-
talline impurities. However, it was also observable in Figure 3 b) and c) that both Cu20 and CuO powders
contained new phases. The Cu20 powder had traces (< 1 % for the largest peak intensity) of metallic
copper, and the CuO powder had 100 % intensity peaks for both CuO and Cu:0.

In the Cu20 powder XRD diagram, the majority of the observable peaks corresponds to Cuz0. Since
metallic Cu peaks can be picked out, at least 1 vol% of Cu20 has been reduced into Cu. This is a very
small amount, which means there was a limitation of the reaction. This limitation can be due to the slow
diffusion of Hz through Cu:0, to the slow reduction kinetics of Cu20 into Cu [19] or to the Hz running out
since the initial amount introduced was not renewed during the experiment.
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Figure 2 : Morphology of the powders observed with a SEM through BSE imaging before (a, c, €)
and after (b, d, f) exposure at 250 °C with [Hz] = 35 cm3 kg-L. a) and b) are images from the Cu
powder, c) and d) from the Cu20 powder, e) and f) from the CuO powder

CuO XRD analysis did not show the formation of metallic copper. This is coherent with thermodynamic
stability, because Cu® and Cu' species cannot coexist in a stable state : Ellingham [20] and Pourbaix
[21], [22] diagrams for copper systematically have a band of one or more Cu' species separating Cu°®
and Cu" species. This result is confirmed by Kim et al. [19], which show that CuO is totally reduced into
Cu20 (equilibrium (a) between CuO and Cu20 maintains the partial pressure of Hz at a certain value)
before Cu20 is reduced into metallic copper (equilibrium (b) maintains the partial pressure of Hz at an-
other value).

2 CU,O(S) + HZ(g) d CuZO(S) + HZO(l) (a)
CuZO(S) + HZ(g) -2 Cu(s) + H20(l) (b)
In the tested conditions, it was observed that CuO reduces into Cu20, Cu20 reduces into Cu, and Cu is
stable. It confirms that the (a) and (b) equilibria are correct. From a thermodynamic standpoint, it implies

that metallic copper is the stable phase under these conditions. This conclusion is coherent with the
reducing environment applied at the start of this experiment.
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Figure 3 : XRD diagrams in Log scale for the powders after exposure at 250 °C with [Hz] = 35 cm® kg,
a) for Cu powder, b) for Cu20 powder, c) for CuO powder. e Cu reference peaks (00-004-0836, 1 %
threshold), m Cu20 reference peaks (01-071-3645, 1 % threshold), A CuO reference peaks (00-048-1548,
1 % threshold), *+ NasPOas reference peaks (00-031-1323, 10 % threshold)

3.1.2 Behavior of Cu, Cu20 and CuO in presence of FezO4 in a Na-PO4 environment

In the proportions introduced for this test (molar ratio [Fe : Cu] = [2.3 : 0.7]), magnetite was in much
larger quantity than the copper species. This means that the mixed powders introduced in the reactor
prior to the experiment were all black, which also was the appearance of the powders recovered after
the experiment, and no changes on the macroscopic scale were noted.

SEM observations are presented in Figure 4. Similar morphology was observed on all samples. Bright,
rounded structures of about ten micrometers in length were observed, which EDS analysis
revealed were mostly composed of copper. Small, noticeably darker octahedron crystals were visible
with a size of a micrometer or less, and EDS analysis showed that they were primarily composed of iron
and oxygen with a stoichiometry close to the one of FesO4 (molar ratio [Fe : O] = [2.8 : 4]) or Fez203
(molar ratio [Fe : O] =[1.7 : 3]). The long dark crystals observed contained the elements Na, Fe, P and
O, and corresponded to a phase of iron, phosphate and sodium.

Imaging and EDS analysis seemed to show that the copper oxides Cu20 and CuO had been reduced
because the measured Cu/O atomic ratios were overall greater than 2. The lowest was measured at
2.57, but most were between 3 and 5. Thus, complementary XRD analysis were conducted to identify
the phases present in the samples.
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Figure 4 : Morphology of the powders observed with a SEM through BSE imaging before (a) and af-
ter (b, c, d) exposure at 250 °C with [H2] = 79 cm® kg in presence of magnetite. a) is an image from
the FesO4 powder, b) from the Cu/Fez04 powder, c) from the Cu20/Fe304 powder, and d) from the
CuO/Fes04 powder

Spinel phases, which have a common face-centered cubic-type (FCC) crystal structure, have similar
XRD diffractograms. Only a slight shift towards high 26 and a few additional peaks with an intensity
lesser than one percent (for a normalized intensity) allow for a distinction. In the case of the cuprospinel
CuxFesx04 (0 < x < 1) and magnetite FesQOas, the only difference is the substitution of Fe' cations by Cu'"
cations. This substitution causes weak distortions of the FCC crystal lattice (radius difference of about
5 pm), but more importantly it modifies the structure factor.

Thus, the peaks of the diffractograms of CuxFes-xO4 and FesO4 should be shifted by a few tenths of a
degree at most, which makes the exact phase more difficult to characterize. Thus, a method using an
internal Ni standard calibration was applied. This process consists in adding an inert and known phase,
used as a reference, to the powders analyzed. It is then possible to compare the most intense and
distinct peaks from this reference’s datasheet with the corresponding peaks obtained in the XRD dia-
grams. This calibration allows a higher precision by shifting the diagrams to match the reference per-
fectly.
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The XRD diagrams in Log scale are shown Figure 5, and the first identifiable phase common to each of
the powders was metallic copper, which is consistent with the applied reducing environment and the
EDS and XRD results obtained in the test without FesOa.
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Figure 5: XRD diagrams in Log scale for the powders with addition of Ni after exposure at 250 °C with
[H2] = 79 cm3 kgt in presence of magnetite, a) for Cu/FesOs powder, b) for Cu20/Fe304 powder, c) for
CuO/Fes304 powder. e Cu reference peaks (00-004-0836, 1 % threshold), m Ni reference peaks (00-004-0850,
1 % threshold), A spinel (FesOa) reference peaks (01-079-0418, 1 % threshold), ¢ NaasssFe(POa4)2Ho.450 ref-
erence peaks (00-052-1393, 5 % threshold), % Fe2O3 hematite reference peaks (01-089-0596, 10 %
threshold)

A mixed Na-Fe-PO4 phase was also observed in all the powders, sodium iron hydroxyphosphate (SIHP).
This phase was given with the formula Nas.ssFe(PO4)2Ho.450 in the XRD reference database used in this
work. It was obtained under very similar experimental conditions by Bridson et al. [23], with stoichio-
metric coefficients for sodium and hydrogen defined such that the phase is written NasFe(PO4)2-Naz -
»H2x0, with x = 0.226 + 0.025. The XRD peaks reference dataset provided by the author is obtained by
calculation on a phase of SIHP with x = 0.225. However, its stoichiometry is not completely established.
Indeed, Broadbent et al. [24], Ziemniak and Opalka [25], Quinlan et al. [26] and Tremaine and Xiao [27]
found the stoichiometry of SIHP to be NasFe(POa4)2-NassH230. The formation of this compound from
magnetite and sodium phosphate is given by the following reaction:

2 Fe30,5) + 26 Najyq) + 12 HPOZ () + 2 HOq) = 6 NagFe(P0,), - Nay sHy /305 + 4 Hy 0y + Hygy (C)

The presence of hematite Fe203 was noted in the two powders which initially contained Cu20/Fe30a4
and CuO/Fez04, but not Cu/Fesz04. The disappearance of copper oxides and the presence of hematite
indicate that a reaction between magnetite and copper oxides has taken place to form metallic copper
and hematite.
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Reactions (d) and (e) for cuprous oxide and cupric oxide show the reduction of copper oxides into me-
tallic copper and the oxidation of magnetite into hematite.

CUO(S) + 2 F6304—(S) d CU,(S) +3 F6203(5) (d)

Cu’ZO(S) + 2 F€304(S) - 2 Cu(s) + 3 F6203(S) (e)

Depending on the quantity of H: left after the complete reduction of copper oxides into metallic copper
through reactions (d) and (e) but also (a) and (b), hematite has also possibly been partially reduced
because all copper oxides have been reduced already. Since there was no measurement on the con-
centration of Hz in the reactor at the end of the experiment, it is not possible to conclude about the
hydrogen consumption by a possible reduction of the hematite formed.

Interactions between copper oxides and magnetite/hematite have been discussed by McGarvey and
Owen [28], and they arrived at the same conclusion as this work. However, their experiments differed
from this one by a few factors. They did not conduct their experiments with sodium phosphate chemistry,
and the maximum temperature they reached was 225 °C, which is close to the fluid temperature at the
entrance of the steam generator from PWR, but lower than what is found in operating SG.

A spinel phase was distinguished in the XRD diffractograms. The determination of this phase was
carried out by enlarging the diffractograms on intense characteristic peaks after calibration using the
internal standard, metallic Ni. The peaks observed in each powder corresponded to the crystalline
planes 311 and 220 of the spinel. Four different spinel phases were tested : Cuo.s7Fe23304,
Cuo.7sFe2.2504, CuFe204 and FesO4. The exact Cuo.7Fe2.304 stoichiometry (i.e. Fe/Cu ratio introduced in
the experiment) was not referenced in the browsed ICDD database for the analysis. Nevertheless, the
available stoichiometries Cuo.s7Fe2.3304 and Cuo.7sFe2.2504 were very close. The enlarged diffractograms
for 20 between 29.6 ° and 30.4 °, and 26 between 35.0 ° and 35.8 ° are given in Figure 6. The starting
spinel phase, Fe304, as well as the cuprospinels Cuos7Fe23304 and Cuo.7sFe22504 seemed to
correspond. Indeed, the reference peaks for these phases are separated by only 0.02 °, which is within
the device's margin of error and barely above the measuring step which was 0.01671 °. Based on those
observations, it was therefore possible that the spinel in the powders was only magnetite, only a
cuprospinel, or a mix of both.
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s s .,
%‘200— 1 2200
5 @ 000 0~ g "
E 100 E 100 PR

(1) .‘\\*& i (1) \'\

26 '

29.8 30.0 30.2 304 350 352 354 356 358
26(°) — (Kalcy,Ka2e,) 20(°) — (Kalcy,Ka2ey)

Figure 6 : XRD diagrams in linear scale for the powders with addition of Ni after exposure at 250 °C with
[H2] = 79 cm® kg in presence of magnetite. Focus was made on a) the second to most intense peak of the
spinel phase (20 between 29.6 ° and 30.4 °), and b) the most intense peak of the spinel phase (20 between

35.0 ° and 35.8 °). (1) Cu/Fe304 powder, (2) Cu20/Fes04 powder, (3) CuO/Fe304 powder. ® FesOa4 reference

peaks (01-79-0418, 1 % threshold), m Cuos7Fe2.3304 reference peaks (01-073-2317, 1 % threshold),
Cuo.7sFe2.2504 reference peaks (01-073-2316, 1 % threshold), * CuFe204 reference peaks (01-074-8585,
1 % threshold)
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Further EDS characterizations and cartographies over larger portions of the samples following the XRD
analysis confirmed that the spinel was largely composed of Fe and O. These results associated with the
XRD results definitely ruled out the possibility that a cuprospinel had formed as Hermansson [13]
claimed. While it is possible that the reaction kinetics to form this phase is so slow that a month under
those conditions was not enough to obtain detectable amounts of the cuprospinel, Shishin [29] indicates
that CuFe204 is a metastable phase under 544 °C. The results obtained in this study tend to corroborate
the latter theory.

To conclude on the behavior of copper in presence of magnetite, the total reduction of copper oxides to
metallic copper and the stability of metallic copper show that the latter is the only solid copper species
thermodynamically stable under the conditions applied in this test. No cuprospinel phases were formed,
but copper oxides and magnetite reacted to form metallic copper and hematite. It confirmed that copper
can provide an oxidizing environment for iron species. Hematite in itself is not harmful, but the structure
change from magnetite to hematite can destabilize the magnetite passivation layer [30], which reac-
tivates the corrosion by exposing non oxidized materials.

3.2 Behavior of Cu, Cu20 and CuO in a Na-PO4 environment under oxidizing initial conditions

In appearance, after the test the powders looked like a mix of the original copper powders and white
crystals, which were assumed to be sodium phosphate precipitates. Figure 7 shows the microscopic
morphologies of each of the powders after conditioning under an oxidizing atmosphere. No significant
changes in morphology were observed in the Cu20 powder. In Cu and CuO powders, small cubic crys-
tals similar in shape to those found in the Cu20 powder appeared. Dark crystals observed through BSE
imaging had an elemental composition of Na, P and O according to EDS analysis. More EDS analysis
showed that the Cu20 and CuO powders retained their initial elemental composition, but that the Cu
powder locally had different compositions. Indeed, some small crystals had a Cu/O atomic ratio of 2.
The appearance of the crystals observed in the Cu powder and their composition were compatible with
a Cuz20 phase.

Sl i
Poudre Cu Apr Tour 2 SEARS-LISL-BSE 3000x BSE SE/ £
MAG: 3000x HV: 15kV WD: 7.9 mm Px: 19.7 nm MAG: 3000x HV: 15 k¥ WD: 8.3

o
BSE 2000x  SEARS-LISL-BSE
MEB MAG: 2000x HV: 15KV Px: 30 nm

Figure 7 : Morphology of the powders observed with a SEM through BSE imaging after exposure at
250 °C with [02] =17 mg kg™. a) is an image from the Cu powder, b) from the Cu20 powder, c) from
the CuO powder
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After exposure at 250 °C with [O2] = 17 mg kg, the copper powders analyzed with XRD showed the
presence of multiple Na-H-PO4 species (Figure 8). The Cu powder XRD diffractogram presented in
Figure 8 a) weakly displayed the most intense peaks of Cu20. They were largely dominated by the Cu
peaks. However, the major phase expected out of this experiment was an oxide because the test was
conducted under oxidizing conditions. Thus, a phenomenon must have limited the reaction of oxidation
from metallic copper to oxidized copper, either a slow diffusion of the species into the solid or the total
consumption of the oxygen initially introduced. In the XRD diffractogram for the Cu20 powder presented
in Figure 8 b), the majority of the observed peaks corresponded to Cu20. Therefore Cu20 did not react
under these conditions. However, according to the security datasheet given by the provider, Cu20 tends
to oxidize quickly in air to CuO. The consumption of the Oz introduced at the start of the test is very likely
since the quantity of oxygen introduced (about 1072 mol), was much lower than that of metallic copper
(around 13.3 mol with the tubes containing the powders). Thus, the depletion of oxygen significantly
lowered the overall potential and tipped it into the Cu20 stability zone. In addition, as mentioned in the
previous sections, the Ellingham diagram for copper [20] indicates that the simultaneous existence of
interacting Cu and CuO in a stable state is impossible. The first reaction that took place would therefore
be the oxidation of Cu to Cu20 before the oxidation of Cu20 to CuO. This explanation was corroborated
by the appearance of reddish crystals characteristic of Cu20 on the copper tubes at the end of the test,
but no black crystals characteristic of CuO.
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Figure 8 : XRD diagrams in Log scale for the powders after exposure at 250 °C with [O2] =17 mg kg, a)
for Cu powder, b) for Cu20 powder, c) for CuO powder. e Cu reference peaks (00-004-0836, 1 %
threshold), m Cu20 reference peaks (01-071-3645, 1 % threshold), A CuO reference peaks (00-048-1548,
1 % threshold). Unreferenced peaks correspond to various Na-H-PO4 phases that were not displayed for
legibility

To conclude on the behavior of copper under oxidizing conditions, a state of thermodynamic stability of
Cu20 was reached when copper was exposed to a limited oxygen inlet in the thermochemical conditions
of a steam generator flow-restricted area. As stated in the previous section, copper oxides can lead to
the formation of hematite, which is a phenomenon that can be harmful to the SG.
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4. Conclusion

The stable species of copper under the thermochemical conditions encountered in steam generator flow
restricted areas of a PWR were determined.

First, this work confirms that metallic copper is the stable copper-containing solid phase under aqueous
nominal reducing conditions, despite the high phosphate concentration and the presence or not of mag-
netite, which is in agreement with field results from PWR [31], [32]. It was also observed that an oxidized
copper species would rather react with magnetite and oxidize it into hematite than being directly reduced
in the nominal operating conditions. This observation confirms that the presence of copper oxides inside
the steam generator can lead to an oxidizing environment for magnetite [28], creating clusters of hem-
atite.

Second, it was shown that a punctual oxygen inlet would have an influence on the composition of solid
copper species, the stable species determined to be cuprous oxide. This result, combined with the pre-
vious results, would indicate that if an oxygen inlet reached a flow-restricted area, the magnetite deposits
in the vicinity of copper deposits would react into hematite. Thus, it is essential to eliminate copper
oxides and their source, and to avoid any introduction of these species close to less noble elements like
iron.

Phosphates were shown to precipitate into sodium phosphate phases with a stoichiometry similar to the
one introduced in our experiment. No copper-phosphate solid phases were observed, which means that
copper does not trap the sodium phosphate chemical conditioning. However, another metal-phosphate-
containing phase did precipitate. Indeed, the detection of a sodium iron hydroxyphosphate (SIHP) phase
confirms that sodium and phosphate are being trapped under normal operating conditions. In that case,
copper might be an indirectly aggravating factor since, under the conditions applied, its oxides Fe' into
Fe', the latter of which is the oxidation level present in SIHP.

The perspectives of this work are to gather the thermodynamic data of the species involved in the Cu-
Fe-Na-P-O-H system and use them to lead to a better description of the behavior of polluting species
inside the flow-restricted areas in the steam generator.
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