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ABSTRACT
The present paper aims at determining and understanding the curative effect and action mode of polyacrylic acid
(PAA) dispersant on magnetite &) deposits on Inconel tubes in the conditions found in steam generators (SGs).
Magnetite deposits produced by electrodeposition on Inconel 600TT and 690TT have been used as model layers and
exposed to various concentrations of PAA in a high pressure and temperature dedicated experimental loop.
Measurements of iron concentration and post-test deposit characterizations have been performed. They show the
solubilization of iron by the dispersant and clarify its effect on the chemical, morphological and structural properties

of the layers.
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1. Introduction

The deposition of corrosion products (CPs) in stegmerators (SG) promotes the fouling of SG tubes the

blockage of the broached tube support plates of ubits. These CPs, composed primarily of magnette,

generated by the corrosion of the secondary ciauitponents of nuclear Pressurized Water ReadBW&RS) and
are transferred by the water flow. The fouling #imel blockage of SGs decrease their thermal effigiemd increase
the maintenance costs.

In order to limit these phenomena, two strategiesdaveloped dealing with the current chemical dardng of the

secondary side and studies are in progress foth€)use of chemical cleaning techniques [1], [2d &ii) the

injection of a chemical additive as dispersant |3-5

The effects of dispersant injection at the nucf@awrer plant scale has been already investigatdabby short term
trials (STT) and long term trials (LTT) [6—8]. Thested dispersant was a polyacrylic acid (PAA) ighimolecular
weight, dissolved in a solution neutralized withatolamine (OptiSperse PWR6600, General ElecfFigg. results
obtained for STT and LTT indicated an increasehimdverage SG blowdown iron removal efficiency magdrom

1-2 % to 20-60 % for STT and from 5 % to 45-50 % G T [6-8]. After these promising results, a fitsl of

dispersant injection was conducted by ElectrickéFdance (EDF) company at the Golfech 2 nuclearepgant
from 2012 to 2014 using a PAA solutioreutralized with morpholine (OptiSperse PWR6610n&3al Electric).
However, prior to implement the online additiontbis dispersant to all power plant units, furtherdges must be
performed to better evaluate and understand theticareffect of PAA on the blockage and the foulafghe SGs.
PAA was chosen because of the good feedback, gatlveorldwide, after its injection in SG . Moreovédrseems
that this dispersant is efficient but does not haweegative impact on the physical-chemical pararaefbllowed

(pH and cationic conductivity) in the secondarguit of nuclear power plants.

The observation and characterization of the oxadeerds formed by static means on the SG tube mikstérighe
presence and in the absence of PAA are necessdstammine the complexing and/or dispersing effe€EtBAA on
the fouling deposits present on oxidized SG tubiée. objectives of this work were to determine ifAdissolves

magnetite deposits under physico-chemical conditicinse to those encountered in SGs and to cldréyaction



mode and the efficiency of PAA on the fouling addchkage deposits in SGs. The potential curativect$f of PAA
on magnetite deposits formed on the nickel basgysllinconel 600TT and 690TT have been investigalbase
materials have been chosen because historicallyntenel 600TT was one of the grade used to elabdhe SG
tubes but nowadays it was replaced in a large ekiethe Inconel 690TT. The study was more detdidedhe last
grade since it is the most used alloys for SG tit&WVR.

The effectiveness of PAA was evaluated by the ddtetion of the following parameters by diversehtd@ques of
analysis: (i) the evolution of iron concentrationsolution, (ii) the interaction of PAA with the ioe and, (iii) the
modification of the morphology of the oxide lay&toreover, the study has been performed on preiegishodel
magnetite deposits formed by cathodic electrodéipasirom an alkaline Fe(lll)-triethanolamine (TEA)ectrolytic
solution on Inconel substrates [9]. In this stuthg electrodeposited magnetite layers (EDMLs) aoelets for the
investigation of the effect of PAA on the magnetagers formed in the SG of nuclear pressurizeceweactors.
Indeed, our published works [1], [9] have shownttti®e deposits formed in SG conditions are closeht®
electrodeposited ones. EDMLs have been used dirgehtave the advantage of being easier and fasfarotuce

compared to the former layers.

Experimental conditions are first described wite #amples used and the operation of the experiineofa Four
tests were performed with identical flow and phgsatiemical conditions, but with different PAA contmtions.
The results obtained from these tests carried wuhé loop are then detailed and discussed. Tardete the
effectiveness of PAA on the magnetite deposits) nedease in the solution was quantified by sanggliperformed
at the loop inlet and exit. Moreover, the effedt®8A at various concentrations on oxide layersengnaracterized

and compared.

The novelty of this work is mostly in the methodpjo First, the interaction between PAA and mageétitthermal-
chemical conditions of the secondary circuit of PViflRa broad range of PAA concentration was nodlistli yet.
Secondly, the impact of PAA on the chemistry of seeondary conditioning combined to the study ®fritpact on
the morphology and structure of the oxide layer @mplementary. Moreover, the presence of PAA endkide
surface after the tests is studied. The combinaifathose results gave some leads on the interaatiechanism of

PAA with magnetite layers close to those in SG.



2. Experimental

2.1. Substrate materials

The substrate materials used were Inconel alloysotti 600TT and 690TT grades, in the forms of tsbgments
and plates. The plates were of dimensions 20x10m2amd the tube segments had a height of 20 mm xedhal
diameters of 22.20 mm and 19.05 mm for 600TT ar@lg9 respectively. The tubes and plates had ex#utysame

chemical composition for each Inconel grade. Threysammarized in Table 1.

Alloy Ni Cr Fe C Mn P S Si Cu Co Al Ti
140 60 001

Ae oy 720 - - - 10 0025 0015 05 05 01 05 05
170 100 0.5
280 7.0 001

noa ios 580 - - — 05 0025 0015 05 05 01 05 05
31.0 110 0.04

Table 1: Chemical compositions (in weight %) ofdnel 600TT and 690TT alloys.
The associated specifications are in italic [8].

2.2. Magnetite film preparation

Electrodeposition has been shown a powerful teckenip prepare iron oxides in a controlled mannspeeially
magnetite (Fg,) [9-17]. Magnetite layers were deposited both plates and tube segments by cathodic
electrodeposition following the process developgdQoujon et al. [9]. The substrates were first mechanically
polished using SiC papers with P320, P600 and Pii28feasing grain sizes, carefully cleaned witlpsoa rinsed
with deionized water prior to be sonicated 5 miragetone and 5 min in ethanol. The electrochendepbsitions
were carried out in a three-electrode glass celratapplied potential of -1.05 V versus the sa&aratalomel
electrode (SCE) for 2000 s [18] to achieve a thédenof about 12-1dm [9]. The reference electrode was a SCE
(with potential at +0.25 V versus the normal hydnogelectrode (NHE)) placed in a separate compattmen
maintained at room temperature. The counter-eldetf@E) was a platinum wire for the plate sampled a
platinum cylinder for the Inconel tube segments[T® ensure a deposition as homogeneous as pestibl plates
were fixed in front of, and the tube segments andhnter of the CE. A magnetic barrel was usedratading speed

of 170 rpm to homogenize the solution. The depmsithedium was prepared with MilliQ quality wateB(2 MQ
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cm). 1.3 g of Fe(lll) sulfate hydrate was dissolwed’.5 ml of 1 M TEA. This solution was diluted thi25 ml of

water. It was then added to a second solution@§i@f sodium hydroxide (NaOH) in 42.5 ml of wa#i80 °C. The
resulting solution pH was 12.5 at 25 °C. After dapon, the deposit was rinsed with deionized wated then dried
in air. XRD characterizations confirmed the depogibf a pure magnetite film on nickel base allgsdescribed in

the literature [9].

2.3. PAA effect study

Four different PAA concentrations (0, 0.1, 1 andm@.kg") were investigated on EDMLs deposited on the two
kinds of Inconel alloys. The duration of each tests one month (Table 2). The molecular weight & BAA

product used (Maa) Was determined to range between 123 000 Da a2@®A@ Da [20].

21
[PAA-] [PAA] Duration Treactor Preactor QL treﬁidence
Theoretical - Tested (h) ©C)  (Pa)  (gh? (min)
(mg.kg") (mg.kg")

0 0 745 275 8x10 54.6+0.1  [20-56]
0.1 0.10 + 0.02 745 275 8x10 54.8+0.1  [20-56]
1 1.01+0.01 737 275 8x310 55.4+05  [20-56]
10 10.02 + 0.01 746 275 8x10 54.7+0.3  [20-56]

Table 2: Matrix describing the PAA concentrations, duratéond physico-chemical conditions for tests.

To evaluate the effect of PAA on the pre-existinggmetite deposits, studies were performed in pbysiemical
conditions representative of the SGs. Experimergsewperformed by inserting the magnetite depossteuiples
within the GROZIE once-through type loop [21]. Thi®p was designed to reproduce the operating tiongdiin
the secondary circuit (except the thermohydrautieditions), while maintaining only liquid phase.sdhematic of
the GROZIE experimental loop is shown in Figurdtie entirety of this system did not contain ironl avas made

of titanium alloy in order to be inert with respéctthe studied chemical medium.

The samples were exposed to deaerated water (pat 2% °C; adjusted by addition of ammonia /@, 25 vol%)

containing chemical conditioning used in the SGrpholine (5.5 mg.kd) and ammonia (between 1.5 mgand



2.6 mg.kg"). To obtain an oxygen free medium and a reducedpx conditions, the solutions were maintained
under pressure (0.2 MPa) of a mixture of argondihgdrogen gas (Ar-5 vol% )l The pressure of the loop was 8
MPa and its temperature was 275 °C. At the outhet,solution was measured to follow the iron cotweion, pH
and the total conductivity of the solution. The wligtry was controlled by solution sampling doneheg entrance
and exit of the loop. The solution samples takethatloop exit were analyzed after a filtrationothgh a 0.45um

pore sized filter.

Gas
Pressure  Temperature

sensor  sensor
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o
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Figure 1. Schematic of the experimental GROZIE loop dedicatetthe study of the curative effect of PAA [21]
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The autoclave dimensions were 180 ml in volume 26@ mm in length. The samples were fixed to antiseample
holder made of titanium alloy (TA6V) as shown irgie 2. It allowed a combination of plates and tskgments to
be placed for each test in the autoclave. The ftate, and thus the residence time of the solutidhinvthe
autoclave, is a function of the autoclave cell waduand of the volumetric mass of water at 275 °€ &MPa. The
solution residence time was fixed to be 20 minh& &utoclave entrance, but evolved along the lepftthe
autoclave with the first plates having a 25 mindesce time and the top tube 55 min. This parametgiven by the

following equation:

_ PwV freen : _
tresidence,n - tresidence,n—l + Wlth tresidence,o =0 (1)

L

wheret,esigence S the residence time at sectiofimin), tresigence n-1S the residence time in the sectiod (min), o, is



the density of water (kg.f), Vieen is the free volumé.e. the volume of water at the sectio(m®) andQ, is the

liquid mass flow (kg.mif).

This was done to ensure that samples were expddedsh 20 min to PAA which is in the same ordemafgnitude
with the residence time of solution in SGs andvedildo enhance the interaction with PAA. After coetjsig each
test, the samples were placed in a desiccator aa ate pollution of the layers by nitrogen andbear prior to

analysis.

solution solution

Flux

v

entrance exit

Figure 2: GROZIE loop sample holder with samples mounted. Sdraple holder is placed vertically inside the

autoclave and the solution enters in the autodi@m the bottom.

Iron concentration measurements were performedgusiomic absorption spectroscopy (AAS). The speutter
used for these analyses was a VARIAN SpectrAA-8QQipped with graphite tube atomizers. Solution dasp
were collected for analysis in flasks containindrap of ultra-pure nitric acid in order to avoicepipitation of iron
when exposed to air and/or absorption on the wé@lBS measurements were performed on solution sample
collected at the entrance and at the exit of thé@IE loop to evaluate the total iron quantity ahért to assess
whether PAA at various concentrations has a cwatifect on pre-existing magnetite deposits. Betw@gand 17

samples were collected periodically during eactheffour experiments.

2.4 Oxide layer characterizations

Sample morphologies were examined with a high wiem Sigma Zeiss scanning electron microscopeh t
secondary electron mode (SEM-SE) at an acceleratittage of 5 kV. X-ray diffraction (XRD) analysis each
sample, before and after experiments, was perforosdg a X'Pert PANalytical diffractometer with G
radiation { =1.5406 A). Extreme surface chemical analyses wezasured by X-ray photoelectron spectroscopy

(XPS) using Thermofisher Escalab 250 xi spectromeg@ipped with a monochromatized Abkhv = 1486.6 eV)



X-ray source. High Angle Annular Dark-Field Scarmiiiransmission Electron Microscopy (HAADF-STEM)
observations and electronic micro-diffraction asaly were performed using a Tecnai Osiris microsaipan

acceleration voltage of 200 kV.

3. Reaultsand discussion
3.1 Effect of PAA on iron concentration in solution

The results of AAS measurements performed at theee and at the exit of the loop to quantify tbil iron

concentrations are gathered in Table 3.

0mg.kg™ PAA 0.1 mg.kg™* PAA 1 mg.kg™* PAA 10 mg.kg® PAA
[Fe] [Fe] [Fe] [Fe] [Fe] [Fe] [Fe] [Fe]
In Out In Out In Out In Out

[min, max] | < 0.54 * < 0.54| [<0.54, 1.8] [< 0.54, 3.9] [< 0.54, 1.5][< 0.54, 13.9]| [< 0.54, 2.0][4.1, 143.2]

Average

0K | <054 <054 11 15 <054 7.0 <054 83.6
Standard ] ] 13 13 <0.54 4.4 <0.54 24.4
Deviation

*Each value indicated is the average of 8 to 17mes) dependent on the test.
** The limit of detection of iron is 0.54x1y.kg" in AAS

Table 3: Measurements of iron concentration values at titlarce and exit of the GROZIE loop, for the foests
at various PAA concentrations.

They showed that without PAA addition, iron conecatibns were measured below the limit of detectidrthe
instrument ie. 0.54x10° g.kg?). The test with 0.1 mg.KgPAA showed no clear increase in iron concentrasibn
the exit, considering the uncertainty of the meamsent (+ 0.5x18g.kg"). However, tests using 1 mg:kgnd 10
mg.kg" of PAA demonstrated a clear increase in the ironcentration at 7xI0g.kg' and 83x18 g.kg?,
respectively. These values were then used to ipdoevolution of the concentration of iron measuaidr interacting
with PAA as a function of the PAA concentrationroduced for the performed tests (Figure 3). A lnea
augmentation is observed from the three tests diffierent concentrations of PAA between 0.1 andnigkg®.
However in order to confirm this linear dependemser a broad range PAA concentration, a fifth tests
performed with 500 mg.kbof PAA in the same thermal-chemical conditions. Eus last test, the average iron
concentration measured was 4650%0kg". This result was added to the other tests reguligure 3. Then a

8



linear dependence is clearly observed over 4 aflaragnitude of PAA concentration. The express®indicated

below:

[Fe](107%g.kg™1) = 0.95log,o[PAA] (1076 g.kg™1) — 1.8

From these analyses, we are able to concludeltbed tvas no clear effect of PAA on the oxide laféer the test at
0.1 mg.kg' PAA whereas a clear curative effect of PAA aftes tests at 1, 10 and 500 mg*kKgAA is found. The

iron concentration, measured at the exit of GROXiEreased linearly with increasing the PAA concatitn.

4.5
4.0
3.5
3.0
2.5
lOglO[Fe] 2.0
(10°g.kg?) ™
1.5
1.0
0.5
0.0

20 25 30 35 40 45 50 55 6.0
log;o[PAA] (10-°g.kg™)

Figure 3: Evolution of the average concentration of iron nueed at the exit of GROZIE after interaction with
PAA, for the performed tests with a concentratib®AA ranging between 0.1 and 500 mg'k@he points are the

mean values and the lines are the error bars gamegng to the standard deviation.

3.2 Effect of PAA on oxide deposits

Iron concentration measurements have shown that R#A\a significant curative effect at concentratiabove 1
mg.kg". It is assigned to the complexation of iron ionsthe carboxylate groups of the PAA polymer [22-26]

remains to be determined the action mechanismshighvthe PAA interacts with the magnetite deposits.

The surface of the oxide layers was observed by @Ed&t each test at different concentrations of RAAetermine
the morphological changes in the oxide surfaceufieigl). These observations were also comparedotetbf a

reference sample, not placed in the loop (Figur@)4,The comparison of the surface oxide for ther fiested



samples with the reference sample shows that titee gresent on the reference sample, made of ditestavith
smooth {111} planes and well-defined octahedral pghachanged in appearance. For the test without,PAA
roughness of the {111} planes has increased. Clesemination of the individual octahedra for ttéstt(Figure 4,

b) shows the removal of layers of the {111} octala¢dacets. These results indicate an effect of dieuit
(temperature, conditioning and flow rate) on thatgd and provide evidence that the magnetite odtaldissolved

in the solution.

0.1 mg.kg"' PAAL — AA 0 mg.kg"! PAA
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Figure 4: SEM-SE pictures of the surface of magnetite lagegsosited on Inconel 690TT (a) and Inconel 600T)T (b

plates for reference, test without PAA, 0.1 mg.RAA, 1 mg.kg' PAA and 10 mg.kg PAA.

The addition of PAA was found to produce similacrigases in roughness as the test without PAA bat rimuch

higher degree. There is also a localized diminutiérthe octahedral peak corners, which is not apmaat the
octahedron bases. This can be observed for botlowd0.1 mg.kg) and high (10 mg.k§ PAA concentration
tests. This may be a result of the accessibilitthefpolymer and thus of the interaction of the Piélecules with
the oxide surface. It is possible that a gradienthe PAA concentration occurs with the peaks be&iogstantly
renewed by the conditioned solution while the bat¢he octahedra have a reduced renewal of solu#isna

consequence, the peaks are reduced faster thashs. The molecular weight of the polymer wousth @leed to be
taken into account, as the specific chain lengthldvoequire that it be bent or partially degradeider to approach

and interact with the base of the octahedral clitsta Closer examination of the octahedra afésis at 0.1 and 10

11



mg.kg" (Figure 4, (a) and (b)) proves this interpretatiBrom these observations, it seems that thergisfarential
adsorption, in particular at the octahedral peatnhexs. Joshit al. [27] observed the possibility of preferential
adsorption on certain oxide planes in their studyhe effect of PAA addition on the oxides formedaarbon steel
surfaces. The carbon steel samples were oxidizbijattemperature (200 - 250 °C) and high pres§ude- 4 MPa)
for 20 days in a titanium lined stainless steebalatve containing deaerated water conditioned ®ithadditives in
the presence and absence of PAA. Observations oradamples in the presence of varying concentmibdriPAA
(0 - 700x1¢ g.kg"; 10° g.mol* molecular weight) indicated a magnetite oxide layih changes in the magnetite
octahedral crystallization, which led Jogial. [27] to hypothesize that the PAA molecule adsorbs tdepred

planes of the oxide lattice and hinders the gravfttertain planes of oxide.

In this study, in addition to having a localizednitiution of the octahedral peaks, both tests atglkgt and 10
mg.kg" led to the formation of surface layers onto the nedie octahedra after testing with PAA. For theecaf 10
mg.kg" this was most notable on Inconel 690TT plates (f€idi), possibly because of their position in theealave,
since they were the first samples that interactéft WAA of the largest molecular size. The surféager was
present predominantly on the octahedral peaks @slswarse between neighboring octahedral peakse ialleys
(Figure 5). Their initial qualitative examinatioby EDS indicated the presence of iron, oxygen @aditm. The
titanium was determined to be a contamination ftbenGROZIE autoclave and sample holder, also coetho$

titanium alloy.

Figure5: SEM observation of oxide surface after exposurkdtang.kg' PAA for Inconel 690TT plates.

Continuing with the characterization of the layernied on the magnetite, the samples were analyzied XRD.
Since magnetite samples were prepared using the sgproducible electrochemical method, the XRDepagt were

compared to each other after testing. Figure 6 shibe XRD patterns for Inconel 690TT coated subssrafter the

12



four tests and are compared to a reference samplplaced in the loop. These XRD patterns show retiignpeak
intensity changes after the tests with and witho&R. However, these changes are difficult to analgecause they

occur either in the presence or in the absencé\éf P

Upon completion of the experiment at 10 mg.KAA, the samples were observed to have formed anatkide
phase identified as hematite-Fe,Os) and indicated by the orange indices in Figur&@ltis change, however, was
not apparent for tests at 0, 0.1 and 1 mg.kgomparisons were made, between Inconel 690T Tiromhel 600TT,
regarding the effect of the sample position on fimenation of hematite. It was observed that thstfsamples
interacting with the PAA, Inconel 690TT, had mopparent peaks of hematite present than Inconel 8@@mples.

Two hypotheses are considered to explain the foomatf hematite:

1. The first hypothesis links the formation of henatid an interaction of PAA with the iron(ll) [28h ithe
water (Eqg. 1). Iron(ll) was complexed by PAA shiffithe equilibrium towards the right and thus ittj(

in solution precipitated as hematite which couldéhbeen deposited on the surface.
Fe'Fd'O, +H,0+PAA «. PAATFE" +a -Fe,0, + 20H (1)

2. The second possibility is that the thermal degtiadadbf PAA produces localized oxidizing conditions,
which in turn oxidize the magnetite into hematReevious tests in the same physico-chemical canmdti
were performed to identify and quantify the decosition products of PAA but with a higher conceritrat
of PAA [29]. It has been found that the main thdrdegradation products of PAA are carboxylatestatee

and to a lesser extent formate and propionate.dBssisome carbon dioxide and carbon monoxide are

produced. The formation of these last species conddte localized oxidizing conditions.

13
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Figure 6: XRD diffraction patternsi(=1.5406 A) for coated Inconel 690TT (a) and Ind&@® (b) plates reference
and tests performed in the absence and presem&fat different concentrations, the indices inmma italic and
black bold indicate hematite and magnetite plarespectively. The * labels indicate peaks corredpanto the

Inconel substrate.

From the SEM observations and XRD analyses it vedisrohined that PAA has an effect on the surfacephalogy
of the magnetite. This was observed by the locdlidieninution of the octahedral peaks corners. HawexRD
analyses of samples from the test at 10 mb.kglicated the presence of hematite. XPS surfacéysem were
conducted to determine whether thin hematite layehsch cannot be detected by XRD, are actuallyg@né or not

at the lowest concentrations of PAA. Initial XPSablses were done to determine if a change in the axide
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spectra occurred. XPS analyses were performedrplea from tests with 0, 0.1 and 10 mg*k®AA. The analyses
were done at the earliest convenience to avoidnaogification of the extreme surface of the samplése narrow
scan spectra for Fegg, peaks for all tests and a reference sample noegladthin the loop are shown in Figure 7
for Inconel 690TT. From these curves a change seted in the shape of the Fgs2 envelope after testing the

magnetite sample in the GROZIE loop with and withBAA.

10 mg.kg' PAA

0.1 mg.kg' PAA

~

Intensity (arbitrary unit)

k
:

0 mg.kg' PAA

Reference

720 718 716 714 712 710 708 706 704
Binding energy (eV)
Figure 7 : Narrow scan XPS spectra of FHe Zoomed into the Fepg,, envelope for the reference sample and

samples Inconel 690TT tested in the presence af.@gh PAA, 0.1 mg.kg PAA and 10 mg.kd.

To understand the difference in the iron strucforeall the tests, the narrow scan for the refeees@mple and the
test without PAA were fitted to show the iron(IRdiron(lll) multipeaks. Figure 8 shows the F&,2peak after (a)
and before (b) exposure to secondary chemistry. Bawkground of the spectrum was subtracted usiSfidey

background for the Fepg, envelope. The Fepg, envelope was fit using peaks corresponding to @epta and
Sen’ multiplets [30], [31], surface structures amdike up related satellites. The correspondingipealk parameters

used for the envelope fit can be found in the kertity Grosvenoet al. [32] who investigated the multiplet splitting
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of Fe 2 XPS spectra and bonding in iron compounds. Bedaperimentation, the reference sample was composed
of both Fe(lll) and Fe(ll) multiplets that are cheteristic of magnetite deposits [32]. The Fe(R&(ll) ratio was
found to be approximately 3:1, which is larger thila@ expected theoretical ratio of 2:1 and expemialeratio 1.7:1
obtained by Grosvenat al.[32]. Now considering that the XPS analyses arddidnto the first 10 nm, with the first

2 to 3 nm being most sensitive, the presence dfljef( the surface of the plates is probably du¢hie oxidation of

the extreme outer layer of the deposit of magnatiid oxygen enrichment after the electrochemicpbdiéion. After

the test without PAA, (Figure 8 (a)), the Fe(ll) ltiplet peaks are no longer present in the Bg,2nvelope and
there is the appearance of a Fe(lll) satellite p@&le loss of the Fe(ll) multiplet peaks is ass@yte the complete

oxidation of the extreme surface of magnetite tmaite or to Fe(ll) loss after exposure to the [toshemical

conditions of the loop.

XPS Fe-2p;,
(a) Fe,0, deposit /\/[\ \
After experiment in y A |

secondary solution // { |

|
\
Fe* multiplet /4 |
peaks / \ |
/ 1}

J |

\

Fe** satellite

(b) Fe;04
Before experiment in
secondary solution

Intensity (arbitrary unit)

Fe®* multiplet

peaks Fe2*

multiplet
peaks

T T T T

T T
720 718 716 714 712 710 708 706
Binding energy (eV)

Figure 8: Fe 23, spectra of the magnetite oxide deposit after ifd)lmefore (b) exposure to secondary solution
without PAA with labelled F& and F& multiplet peaks with Fe[,, envelope fitted using Gupta and Sen

parameters [31].
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XPS analyses have shown that all samples have gmaera degree of oxidation while in the GROZIE loap
indicated by the Pé satellite peaks and the loss of the Fe(ll) pe&igute 7). The resulting outer layer in the first
10 nm of the sample surface is hypothesized todeakite for all samples. However as this technidoes not
surpass the 10 nm of surface depth, the thicknietse @muter layer could differ between the sampleemains to be
determined what contribution the presence of PA#& thathe formation of hematite oxide lay&@EM analyses were
performed on the cross-section of deposit/Incor8dTd samples to establish if PAA favors the formatiof
hematite on the magnetite layer at 0.1 mg.RAA and 10 mg.kg PAA. The reference sample without PAA was
compared. The results from the imaging done athedml peak corners for the tests at 0 mg.R@A, 0.1 mg.kgd
PAA and 10 mg.kg PAA are shown in Figure 9 (a), Figure 9 (b) ancuFég (c) respectively.

Electronic

carbon
deposit

lonic Electronic
tungsten carbon
deposit 4 deposit

lonic
lonic tungsten

platinum deposit ¢

,«\

deposit Magnetite

Surface
layer

Surface
layer

I

Magnetite

Magnetlte

(b)
Figure 9: HAADF-STEM images of magnetite octahedra surfadh wiirface layer,

after tests on the Inconel 690TT at 0 mg.IRAA (a), 0.1 mg.kg PAA (b) and 10 mg.k§PAA (c)

Electronic micro-diffraction patterns were diffetefor the outer surface layer and for the magnaties layer,
meaning a difference in phase or crystallographientation. However, the phase observed for théaserlayer in
the absence and presence of 0.1 mYyRAGA remains to be determined. Two sites were telsteelectronic micro-
diffraction analyses as shown in Figure 10, onghensurface layer (labeled 1) and the other onthgnetite bulk
grain (labeled 2). The indexation of these diffiattpatterns gave two different matrix of iron phafs expected
the point labeled 1 was found to be hematite=603), indexed at [110] (Figure 11), while at pointtBe oxide
phase was magnetite ¢&n), indexed in the case of the sample after 0.1 gTgiKAA to be [022] (Figure 12). The
indexation of diffraction patterns for all testdtes and different concentrations of PAA are gattién Table tand

show the same result for 0 mgkBAA and 10 mg.kgd PAA. The simulations created using the softwarem
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Diffraction, are presented in Figure 11 (b) anduég12 (b) with their corresponding experimentdfraction
patterns. The crystallographic parameters usedhiridentification of the phases were taken from works by

Villars [33].

- TR P AL y
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Figure 10: HAADF-STEM image of magnetite octahedra surfacésitrface layer, showing the selected

diffractionlocations (after test on the Inconel 690TT at Odlkg® PAA sample)
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Figure 11: (a) Micro-diffraction of the matrix (position 1 Figure 10). This diffraction was indexed as [1-idl]
hematite. (b) Electron diffraction simulation. Tire&l marks are theoretically off, but are experiraiypresent due

to dynamic effects (possible double diffractionhzt
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Figure 12: (a) Micro-diffraction of the matrix (position 2 figure 10). This diffraction was indexed as [0-8#]

magnetite. (b) Electron diffraction simulation.

Hematite  Magnetite

(site 1) (ste?2)

0 [210] [101]

0.1  [110] [022]
10  [110] [101]

Table 4: Indexation of diffraction patterns for sampledeesn the absence

and presence of PAA at concentrations 0.1 and 1Rg¥ly

Thanks to the HAADF-STEM images performed on thasas tested in the absence and in the preserté ahd
10 mg.kg' PAA, the surface layer thickness was evaluated aerage of measurements was done on two TEM
images 20 times for each sample. The results asepted inErreur ! Source du renvoi introuvable.. It was
observed that the surface layer thickness forméer afxposure to 0.1 mg.RgPAA and 10 mg.kg PAA was
respectively variable between 40 nm and 80 nm ataiden 58 nm and 171 nm. However, the thicknessirwad
after the test performed in the absence of PAA @drigetween 7 nm to 40 nm. In conclusion, a hemkyter was

formed on all samples. An increase in the hemdéijer thickness was measured with an increase o& PA
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concentration. Moreover, the hematite layers whiekér and more distorted on the octahedra peahkecsrelative
to the octahedra base. From comparison of the ssnafter the three PAA concentrations tested,stggested that
the hematite layer formed on the samples (Figurand Figure 5) increases in thickness with incregsin

concentration of PAA.

M easur ed thickness (nm)

PAA
concentration Minimum Maximum  Average*
(mg.kg")
0 7 40 18
0.1 40 80 59
10 58 171 109

*Average based on 40 measurements from 2 images
Table5: Average of measured thicknesses of the thin dgiger formed on magnetite after tests in the alsand

in the presence of 0.1 and 10 mg-RAA

The TEM results demonstrate that the interactiorPARA with the magnetite layer results in the attadkthe
octahedral peaks and in the increase of formatfdmematite on the surface of the oxide layer. h ba suggested
that there is an epitaxigtowth of hematite onto the magnetite crystallitesn the determined indexes, for hematite
[1-10] and magnetite [0-22]. The aforementione@etfoccurs from the minimum tested concentratioh,rig.kg"
PAA and the layer increase in thickness with insieg PAA concentration. This was seen in the TEMeobations

(Figure 9) but also with XRD analyses of samplgsosed to 10 mg.KgPAA (Figure 6).

Until now, the results have shown the curative affef PAA on pre-existing magnetite layer, with eeferential
attack of the octahedral peak corners and an isergathe formation of a hematite layer on theamef The next

step is to determine if PAA remains on the oxiddaze after interaction.

XPS analyses were performed on the electrochem@@sits after the exposure tests to 0, 0.1 anidlRg" PAA.
Narrow scans were performed to analyze carbon aydem, two atoms present in the PAA molecule. As a
reference, a synthetic PAA sample was preparedpity-coating 120x18 | PAA solution (molecular weight:
100,000 g.met, 35 weight % in water) onto a glass substraten(apteleration: 2000 rprit.sspin speed: 6000 rpm

and duration: 15 s), to determine the shape aedsity of the PAA carbon spectrum. The spectrumfitiesl by the
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three peaks observed by Louetteal. [34]: two C-C bond peaks (labeled 1 and 2 in Figli#® and the carboxyl
group (-COOH) bond (labeled 3 in Figure 13). Theboayl group was of great interest in these scansasboxylate

is responsible for the complexation of PAA withriroxides, as was shown in references [22—26].

30000

Synthetic

25000 polyacrylic
acid

20000

15000

Intensity (CPS)

10000

5000

295 290 285 280 275
Corrected binding energy (eV)

Figure 13: Carbon 1s spectrum of PAA (MW = 100,000 g.Hol

Analyses of the C 1s peaks for all tested sampliegi(e 14) showed the presence of a high intei@iy bond peak
(labeled 1 in Figure 13) as well as a weak sigridghe COOH peak (labeled 3 in Figure 13). Thesekperere
hypothesized to be caused by either the presenB&Af (peaks 1 and 3, Figure 13) on the surfacehefsample
and/or by carbon pollution. However comparing abks to a reference electrochemically depositecpleamot
placed in the GROZIE loop shows clearly that thealpis likely due to a carbon pollution. This istfer indicated

by XPS analyses on the synthetic PAA shown in FEdL8.
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Figure 14: Carbon 1s spectra for the reference sample andlsstgsted in the presence

of 0 mg.kg' PAA, 0.1 mg.kd PAA and 10 mg.kg PAA for Inconel 690TT samples.

To quantify if there was an increase in the carlioxgarbon peaks (Figure 14) after exposure to P, ratio of
the quantified atomic percent of C 1s peak belapgio carboxylic carbon (-COOH) to a Fes2 peak
(corresponding to oxidized iron) was calculated.shswn previously, the Fepz, peak did not change with each
test and thus would not influence the ratio. Thekigeound of the Fe®,, envelop was subtracted using the Shirley
approximation. The carbon (-COOH) peak was fittstha the reference data from Louedéteal. [34]. Erreur !
Source du renvoi introuvable. shows the average intensities of each test anctdtmilated ratios for Inconel
690TT. In both cases, the —-COOH peak intensity adtgting with and without PAA was smaller thanttbhtained
for the reference, not placed in the loop. Thus, €0O0OH peak intensity cannot be attributed topttessence of
PAA on the extreme surface and could be due toocapllution on the reference sample. However réti® of the

Fe 2o;, intensity to the COOH intensity decreased sigaiiity with increasing values of PAA concentration.

Reference 0mg.kg™ PAA 0.1 mg.kg™* PAA 10 mg.kg® PAA
Fe 5, COOH| FepPs, COOH| Fepy, COOH| Feps;, COOH

(Fe 2p) (C 1s) (Fe 2p) (C19) (Fe 2p) (C 1s) (Pe 2p (C 1s)
Average 79.3 20.8 94.1 5.9‘ 93.7 6.# 90.1 9.9
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0.9 0.9
14.9

5.0 5.0
9.1

Standard Deviation - - 3.7 3.7
Ratio of Average 3.8 15.9

Table 6: Evolution of Fe 2g/»: COOH intensity ratio with PAA concentration farcbnel 690TT (in atomic %)

The results suggest that no significant PAA molesukmained on the surface after interaction vighrhagnetite
deposit, considering the ratio of the F®,2to the Cls — carboxylic acid peak. It can be hiypsized that the PAA
does not remain on the magnetite surface aftemtpstecause it has been thermally degraded. AIGROZIE
testing temperature, 275 °C, it was determinedipuosly [29], that PAA is 50 % thermally degradetea0 min of
residence time. This is further indicated by theulis by Johanssost al. [35] who studied the interaction
(adsorption) of carboxylic acid on oxidized methis XPS at room temperature. Several differencest dédgtween
the current study and that by Johanssbal.[35], such as the residence time, temperaturesahdion pH, however
they observed a clear increase in the C 1s pealkaatatrease in the Fe 2p and O 1s peaks aftedtwepdion in

0.5x10° M solution of carboxylic acid containing molecufes 3 hours on hematite{Fe,0s) oxide layer.

4. Conclusion

In conclusion, we have shown the partial curatiffeot of PAA on pre-formed magnetite layers in phgschemical
conditions close to those encountered in SGs of PWR has been shown bin-situ iron concentration
measurements that PAA has a curative effect omtgnetite layer. This conclusion was most appdmrthe test
at the highest PAA concentration (10 mg-kgAA). A linear evolution of the iron concentratiavith the PAA
content between 0.1 mgkgand 10 mg.kd was found. Moreover, the interaction mechanismP@&fA with

magnetite has been determined. Initial results B Showed a localized diminution of the magnetittabedral
crystallite peak corners and an attack of the dfiacets for samples tested with PAA in the GROWI&p. This was
only apparent when the samples were exposed to FAaRher SEM analyses of samples from tests atdll&n

mg.kg' PAA provided evidence for the formation of an oussfer, localized mostly on the octahedral peakers.

Analyses of the surface oxide layer using XRD iathd the possibility of a change in the oxide phireen
magnetite to hematite after exposure to the higbestentration of PAA (10 mg.KgPAA). XRD analyses at 0.1
and 1 mg.kg PAA did not show this phase change, but this was tduthe detection limit of this method. XPS
analyses of the samples have indicated that allpksmunderwent an oxidation after exposure to tineuit

chemistry, however the contribution of PAA was ronclusive. The phase of the surface layer presenthe
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magnetite octahedra was undoubtedly determinedEd @nd electron micro-diffraction analyses of sasspested
at 0, 0.1 and 10 mg.KgPAA. The surface layer was determined to have #axal relationship with the underlying
magnetite surface. It was observed to be thickethatoctahedral peak corners. These analyses cmufithe
presence of hematite on all tested samples. Morethe hematite layer appeared to increase in mieis& with
increasing concentrations of PAA. Two possible naeidms for hematite layer formation have been cemed,
namely direct oxidation of magnetite or iron (Ipraplexation by PAA [36]. Finally, XPS analyses segigd that
the PAA molecules do not remain on the extremeaserfof the oxide layer after experimentation. Iltswa

hypothesized that it is due to its thermal degriadat the tested temperature.
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