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Abstract

In the present study alloy 600 was tested in sitedlgressurised water reactor (PWR)
primary water, at 360 °C, under an hydrogen paptiassure of 30 kPa. These testing
conditions correspond to the maximum sensitivitalidy 600 to crack initiation. The
resulting oxidised structures (corrosion scale amdirlying metal) were characterised. A
chromium rich oxide layer was revealed, the undeglynetal being chromium depleted. In
addition, analysis of the chemical compositionhaf inetal close to the oxide scale had
allowed to detect oxygen under the oxide scalepamticularly in a triple grain boundary.
Implication of such a finding on the crack init@iiof alloy 600 is discussed. Significant
diminution of the crack initiation time was obseihvfer sample oxidised before stress
corrosion tests. In view of these results, a meiehafor stress corrosion crack initiation of

alloy 600 in PWR primary water was proposed.
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1. Introduction

The intergranular stress corrosion cracking (IGS@G)lloy 600 steam generator tubing is a
problem of great importance in pressurised watectogs (PWRS). In spite of numerous
studies which have been worked out, the mechartisatsontrol IGSCC in this nickel based
alloy are still under controversy. Besides, moghefmechanisms proposed, including
corrosion enhanced plasticity model [EPM), oxidation-vacancies interactions §2id
creep_[3] hardly account for crack initiation. Despite thiferences which can exist between
the mechanisms previously quoted, the properti¢seobxides film (nature, protective aspect,
brittleness ...) always play an important role fdrpmbposed mechanisms. It is also well
known [4] that the shorter cracking time for alloy 600 amel tnaximum crack propagation
rate are obtained under electro-chemical conditidose to the Ni/NiO equilibrium potential.
Considering all these facts, the aim of the pres@nk was to perform a fine characterisation
of the oxide scale developed in these particulpegrmental conditions, to investigate the
consequences on the underlying metal and to teshtluence of such a surface layers on

primary water stress corrosion cracking (PWSCQjation of alloy 600.

2. Experimental details

Coupons of alloy 600, used for surface layers eratiun, have been extracted from a vessel
head penetrator. The heat under concern denotedofviis known to exhibit quite a large
sensitivity to crack initiation. Material used fetress corrosion tests is a steam generator tube
labelled B also very sensitive to crack initiati@hemical compositions of these two heats, as

provided by the supplier, are given_in Table 1
Table 1.

Chemical composition of the materials used in stusly (wt%)

Element | Ni Cr Fe C Mn | Si S P Co Al Ti



Element | Ni Cr Fe C Mn | Si S P Co Al Ti
A 73.8| 16.05 8.8 | 0.058| 0.81  0.45| <0.001| 0.007| 0.04 | 0.24| 0.29

B 73.8| 16.07 | 8.39| 0.034| 0.83 | 0.26 | 0.001 | 0.011 0.018| 0.23 | 0.25

Exposures were performed in simulated primary wgt200 ppm B, 2 ppm Li, deaerated) at
360 °C, 193 bar in a static autoclave. The hydrquaatial pressure was fixed at 30 kPa using
a Pd—-Ag membrane. A duration of 300 h was seldcietthe coupon exposures, this time
corresponds approximately, for the heat A, to teamcracking time of alloy 600 Reverse U-
Bend (RUB) specimens tested under similar experiai@onditions. These first specimens
were discs (diameter: 25 mm, thickness: 1 mm) me&chHy polished down to tm diamond
paste, washed, rinsed with deionized water andam@IS free solvent and finally dried.
Stress corrosion tests and crack initiation timasneements were conducted using tube
ovalized (TO) specimens [5flue to the smaller stress and strain appliedagpared to RUB
specimens. The specimens were grinded on themaidtsurface by removing 2Q0n thick
using a grind in alumina. Half of them were pre-@sgd to primary water prior to the shaping
of the TO (ovalization of the tube). A durationGff0 h was selected for the pre-oxidation,
this time corresponds approximately, for the heabBs/4 of the mean cracking time of TO
specimens tested under similar experimental canditiCrack initiation and growth was
followed by a reverse DC potential drop technigumeciv is commonly used in high

temperature environments [6]

Morphology and microstructure of the oxide filmsrevénvestigated using a field emission
gun scanning electron microscope (FEG-SEM) LEO 1dj#$rating at voltages from 100 V to
30 kV. Chemical analysis were performed in the Skih an energy dispersive X-ray
spectroscopy (EDX) system (Oxford Inca Energy).iDyithe analysis accelerating voltage
was set at 20 kV and the specimen current at 400’ pasmission electron microscope
(TEM) characterisation and EDX analysis were pankd on cross-section specimens
obtained using the usual route as previously desdri7] A Jeol JEM 2010 from the
TEMSCAN service of the Paul Sabatier Universityulbouse and a Philips ‘Tecnai 20 F’ in
the electronic microscopy laboratory of EDF reskarentre ‘Les Renardieres’ were used,
both operating at 200 kV. In addition, chemicallgsia located in the first microns just
beneath the oxide scale were performed in the SEMEM cross-section specimens in order

to take advantage of the small thickness of the Hpktimens and of the electron beam



characteristics of the FEG-SEM in order to reabletter spatial resolution in terms of EDX

analysis.

Local determination of chemical composition wadq@ened using secondary ions mass
spectrometry (SIMS) from CAMECA IMS4F/6F. Depth filwmode was selected on the
SIMS with an analysed zone diameter ofuB0 whereas the total area of the abrasion zone
was 150 x 15(ilm2. The abrasion rate was measured to be 3.3 Aue to an abrasion current
of 10 nA. CS ions were used in order to reduce the matrix effeeemical composition of
metallic species were calculated by normalisingdifferent signals assuming that the last
points of the profiles correspond to the bulk alkkaynposition [8] which allows to plot mass
composition versus abrasion time or depth (noteithinis procedure oxygen was not
normalised and arbitrary units are used). Howewesrusual technique does not allow a
precise determination of the thickness of the daifié layers, this is due mainly to the
roughness of the oxide scale and of the interfadeis. roughness is often accentuated by the
different rate of abrasion of oxide and metal widoles not allow preventing the mixing of
ions coming from remaining oxide islands and iomsimg from the underlying alloy.
Consequently a new procedure was designed in todkrtect much more precisely the
transition between different layers and the loeai@ of species beneath the oxide scale. This
procedure which can be called ‘reversed profileisists in starting the abrasion from the
metal towards the oxide scale. This necessitagepréparation of a specific thin specimen by
mechanical polishing. Since abrasion starts froenpiblished surface, which eliminates the
roughness problem, this procedure reveals verypbBhtre composition changes when
crossing a interface. It also allows a much moreiete measurement of scale thickness, and
in the case of oxidised samples it uniquely allthesdetection of oxygen atoms in the metal
underneath the oxide. The dedicated specimensprepared using the following way: the
oxidised face of the coupon was glued on a cyleadniod (diameter: 30 mm, height: 20 mm)
made of copper. The coupon was then mechanicalishgal on the alloy side down to a
thickness of less than 1@n. A final polishing was done using a colloidalcsl suspension
(OP-S Suspension™ Struers). Finally the ensembdecwito fit SIMS specimen size:

3 x 7 x 1 mm. For this experiment the abrasion rate was expaially measured to be

7 A s due to the use of an ionic abrasion current afi0

3. Results

3.1. Structure of the oxide layer



On Fig. 1 plane SEM micrograph of the oxide film developedalloy 600 in PWR simulated
primary water is shown. The external oxide sca&rsenot to be compact but instead to be
constituted of separated crystallites which defime families according to their size. The first
family is made of small crystallites with an avezaize close to 50 nm and covers the major
part of the specimen surface, while the secondonmeade of larger crystallites (size equal or
greater than 200 nm) that spread rather homogelyemushe specimen surface. The non-
compact character of the external oxide layerds atvealed by TEM observation of cross-
section specimens as shown in FigTBe average thickness is about 70 nm, while the
thickness of the layer appears to be heterogershifo different crystallite sizes which
range from 50 to 200 nm (which corroborates the Sibiskervations). Crystallographic nature
of large oxide crystallites was also investigatgdibing electron diffraction (Fig.)2vhich
allowed with TEM—EDX analysis to identify the crgflites as spinel oxides of the type
NiFe;O,. Below the outer oxide layer, a very thin ‘fuzigyer is observed as indicated by
white arrow on Fig. 2The thickness of this layer ranges around 10 atrs&ems to be quite
constant and moreover the layer looks compact antintious. The external oxide crystallites

seems to be embedded in this layer.



Fig. 1. SEM plane view of the oxide film after espoe 300 h at 360 °C in PWR simulated

primary water, showing two families of oxide cryBtas forming a non-continuous layer.




Fig. 2. TEM cross-section of the oxide film. Théfidiction pattern inserted was taken from

the large grain on the left and is indexed accardinthe spinel structure.

3.2. Composition variations

The variations of elemental composition have bestabdished on the oxide scales and the
underlying metal for the metallic species and Far penetration of oxygen in the metal.
Chemical composition (wt%) in nickel, chromium a@rwh as measured by EDX in the FEG-
TEM are plotted versus the distance from the cguefiace. The oxide layer is enriched in iron
on the outer part of the oxide film and mainly ca®s@d of chromium in the inner part. It is
worth noting that the measured chromium content{®®) must be considered as a lower
limit, due to the precision of the technique arel plossible tilt of the scale versus the electron
beam. Actually a quasi pure chromium oxide coulddeatified in what was described above
as a very thin ‘fuzzy’ layer. Chemical analysis maal the underlying metal revealed a
chromium depletion. Unfortunately, the analysedig@hown in_Fig. 3had to be stopped
before the end of the Cr depleted zone becaudeithiibickness increased too rapidly leading
to erroneous measurements of nickel and chromiurteats due to fluorescence effects.
Several composition profiles obtained by TEM—EDXigate that the minimum chromium
concentration can reach values as low as 5% andigbtd of the depleted zone was measured

to be approximately two times the average thickioésse oxide scale, i.e. 140 nm.



Fig. 3. Composition profile in Ni, Cr and Fe asuadtion of the distance as measured by EDX

analysis in a FEG-TEM. The horizontal lines shoe tleminal composition of the alloy.
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These EDX measurements are confirmed by SIMS péik shown in Fig, 4hat is: a
strong enrichment in iron at the oxide outer swefacchromium rich inner layer and a
chromium depleted zone. The oxygen signal seenmslicate some penetration of oxygen
under the oxide layers. However, as presenteddtid®e2, the abrasion from the surface in
the SIMS, associated with the large area whicm&ysed results in smoothing the
composition profiles. Thus, ‘reversed profiles’ Bdween carried out, starting the abrasion
from the underlying alloy (a flat surface) towattle oxide surface, in order to measure more
precisely oxygen and oxide distribution at theniityi of the oxide-metal interface. Fig. 5
shows the results corresponding to such analysidittons for the following selected ions
O, NiO", CrO and FeO. Black arrows have been added to the curves t poi different
interfaces revealed by the sudden increase ofitfezaht signals. When dealing with oxide
piling sequence, these profiles confirm what waskpewn in terms of thickness and

chemical compositions. However, surprisingly, tinstfionic signal to increase is identified as



oxygen alone without any correlation with othemsily. The extent of this zone where

oxygen penetrates beneath the oxide reaches 100 nm.

Fig. 4. Composition profile measured in the SIM@rting the abrasion from the outer surface

to the metal (arbitrary units are used for oxyggna).
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Fig. 5. ‘Reversed profile’ obtained in the SIMS enthe oxide scale (the abrasion started
from the metal to the surface, see Sectipriiz arrows indicate the rising of signal, magkin

the edge of the different layers.
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The backscattered electrons SEM micrograph predémteig. 6 taken on TEM cross-
section, shows a rather surprising image conteasttéd in a triple grain boundary of alloy
600. The associated chemical analysis of this &#esed on EDX line scans, reveals a local
enrichment in chromium together with oxygen. Cartsonot detected in this area so that this
contrast cannot be associated with chromium carfidis defect is located at a distance from

the oxide-alloy interface which is close tQu3.



Fig. 6. Backscaterring electron FEG-SEM microgréghshowing a contrast associated to a
triple grain boundary @m down the surface. The profile of EDX analysisoasrthat triple
grain boundary shown in (b) indicate that this casttmay arise from a chromium oxide and

not from a carbide.
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3.3. Stress corrosion cracking test

Stress corrosion tests have been carried outhéoaltoy B, on TO specimens at 360 °C in
simulated primary PWR water, the results of thespne study have been compared to the
large number of experiments previously performethenlaboratory for the same heat. In such
conditions, initiation of cracks occurs repeateafter 700-1000 h of exposure. The exposure
is then maintained in order to let the cracks ogahgrow. Fig. presents an example of
SEM micrograph of a crack observed on a TO speciafien 1800 h of exposure. This kind

of cracks was observed systematically on TO spawme&posed to such conditions. Two
grinded tubes were submitted to a pre-exposurétezd consisting of 600 h in simulated
PWR water at 360 °C under 0.3 bar of hydrogen.tlibes were then tested with the usual
route, that is shaped to TO specimens and expaged. AVhen such a pre-exposure was
done, the crack initiation time is strongly reducgbpping to 350 and 450 h for the two
specimens tested. This experiment clearly showatdptte-exposure period, even if out of

stress, reduces significantly the crack initiatiome.



Fig. 7. SEM micrograph of a SCC crack after 18@Xxposure.

4. Discussion

The first finding of the present study concernsdtmacture of the oxide layer which develops
over Alloy 600 during the corrosion in high tempera water. The outer oxide scale which is
observed is made of two families of grains, in agrent with what was reported in previous
studies [9] The first family is composed of discrete larggstallites, which were found to be
spinel oxides of the type NiE®4. The second one which apparently covers the esuiface,
and whose crystallites are at least two times @mallas found to be made of grains of a
mixed oxide of nickel, chromium and iron. The nampact character of the oxide scale
made of mixed oxides is evidenced so that itstglidi play a significant role in terms of alloy
protection is questionable. This observation cdmidg some credits to a mechanism of
growth involving dissolution and precipitation irder to explain the observed
microstructure. Moreover, a very compact inner tayfeabout 5 nm thick is also evidenced
by TEM (the ‘fuzzy’ layer). This thin layer, madéahromium oxide, is located at the
interface between the oxide grains and the altag,thus the first continuous layer which is
really able to play the role of barrier layer. Thast information is very important, and
changes the usual description of the corrosiorescal agreement with more recent
observations in a similar alloy [10Jp to now the oxide formed on stainless steglsno
nickel-chromium alloys, in hot water, was considegis a duplex layer, formed only by
spinel oxides [9hnd_[11] By contrast, according to the present observatiba oxide scale

should be described as a triple layer as summainsag sketch presented on Fig. 8



Fig. 8. Sketch of the oxide film and consequencethe underlying metal. The barrier layer

is composed of chromium oxide.
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One also must take attention to the consequendée @orrosion on the underlying metal,
that is the presence of a chromium depleted |ayer.thickness of this layer (140 nm) is
close to twice the oxide film thickness and theoahium concentration can drop down to

5 wt%. In the literature, it is well known, at lé&sr high temperature experiments, that
nickel-chromium alloys are sensitive to internaldation and intergranular oxidation when
the concentration in chromium becomes lower th& 1TP]. So chromium content in the
affected zone is probably a crucial parameter whiayht account for the sensitivity to
IGSCC in 360 °C primary water, of alloy 600. Thenfiation of the chromium depleted zone
must be related to the presence of the chromiuwhedsiyer. Chromium containing alloys
may form such a continuous chromium oxide layewjaed their chromium content is higher
than about 15%. The layer can form either by seleaxidation of other compounds of the
alloy (Fe, Ni) or by the diffusion and selectivedation of chromium [13]The former case

is not though to happen since it would not leadrtp change in chemical composition of the
alloy beneath the oxide. Since a chromium depleti@bserved, we believe that chromium
rich layer is formed by the later mechanism, tedhe diffusion and selective oxidation of
chromium atoms. Simonen et al. [Itlidied such oxidation mechanism and showedthat i

implies the injection of vacancies in the mateuiatler the oxide layer.



Another feature concerns the presence of oxygéimeimetal under the oxide scale. Oxygen
has been observed in two instances. First, thersed profiles’ performed by SIMS show an
increase of oxygen signal well before reachingokide (Fig. §. This oxygen enrichment is
not related to the formation of any oxide of thetafepresent in the matrix (CrO nor NiO)
and thus may correspond to oxygen atoms dissolvétei metal matrix. The width of the
oxygen enriched layer corresponds roughly to tlierailum depleted zone observed by EDS.
Secondly oxygen was observed on a triple grain 8agnby EDS analysis. In this case,
oxygen is correlated to a strong increase of chmomgontent, that is the feature observed in
Fig. 6certainly corresponds to a chromium oxide preatpitlt is worth noticing that such an
oxide was never observed on sample before corr@ipasure, so that it is believed that this
oxide formed during the stay in primary water. Téwéde which grew three micrometers
under the metal surface indicates that oxygen eamamsported over such large distances.
Such intergranular penetrations were already reddf5] but it remains difficult to
understand how oxygen was able to diffuse so festis material, in these electro-chemical
conditions at this temperature. Indeed, by extrapuy at 300 °C the results of Bricknell and
Woodford [16]and lacocca and Woodford [1dn the intergranular diffusion of oxygen in
nickel at high temperature, a penetration of oxygebh5 nm would take about ten years.
Scott [18]emitted the assumption that under certain circantgs, related to the mechanical
loading or to the porous structure of the cradiks,diffusion of oxygen can be widely
accelerated as compared to the normal bulk diffusaefficients. However these
assumptions and simply any modelling of PWSCC lolya00 based on a mechanism of

internal oxidation, is completely rejected by Staednd Fang [19]

Finally we realised a decoupling between corrogigorimary water and applied stress. This
decoupling aimed at being discriminating toward€ha@isms proposed to explain PWSCC
of nickel base alloys [2]20] and_[21] The tests realised on the casting B of alloy 600

stress in primary water. As a consequence, thesétseontradict the theories asserting that a
coupling between the applied stress and the defectaher species, injected during growth

of the oxides layers, is necessary to damage theriala On the contrary, it seems that the
growth of the oxides layers developing in primaigter can create by itself defects in the
material. The weakening effect of a pre-exposuraiokel alloys is well known at high
temperature. In these conditions, the embrittlenseattributed either to the injection of

vacancies due to the cationic growth of the oxldgers [22] or to the diffusion of oxygen in



the grain boundaries [23]n the first model, the vacancies that migratéhtograin

boundaries participate to the growth of intergranchvities and allow, when mechanical
tests are realized at lower temperature, to aceler ductile intergranular damage of the
material. This model does not seem to be applicabddioy 600 exposed in primary water
since in these cases, intergranular cavities wetrelserved [24]Furthermore, the rupture of
this alloy in primary water is brittle intergranuldn the second model proposed, the diffusion
of the oxygen allows the formation of oxides in grain boundaries and so contributes to
their embrittlement. This second mechanism seeragtain better the decrease of the crack
initiation time observed for pre-exposed specimams is supported by the evidence of

oxygen penetration under the oxide scale.

The ensemble of the previous findings can be easitgiliated by considering some binding
effect between vacancies and oxygen atoms. Sudmigithave been evidenced recently in a
study of the oxidation of pure nickel at high temgtere [25]and_[26] As was pointed above,
in the present study the selective oxidation obafium produces vacancies close to the
metal-oxide interface. Driven by concentration geatithese vacancies will diffuse towards
the bulk of the material, essentially by the giaaundaries. The first effect of this migration
of vacancies is an acceleration of the diffusiostobmium in the opposite direction
accelerating the chromium depletion. Let us no#e e chromium content profile predicted
by this model (see Fig. 14 in [)4jompares very well with the profiles obtaineaur study.
The second effect of this migration of vacanciethad a transport of the interstitial species
such as oxygen is expected by a binding effect &etvihe vacancies and these atoms of
small sizes. This effect is marked all the moréhastemperature is low and the mobility of
these couple is almost equal to that of the vaearaione, which is much higher than the
mobility of oxygen alone [27]if we consider the concentration profiles of vadas
calculated in [14]we can then explain the observed penetratioosyafen over very large
distances. Such an oxygen penetration and the gudastepossible intergranular oxidation,
can also occur during any corrosion treatment evigmout any load applied. This
phenomenon is likely to be responsible for the elese of the time of initiation of test
specimens in mill-annealed pre-exposed alloy 608$a consequence, all the results
obtained in this study plead for a mechanism fitiaition based on an embrittlement of the

grain boundaries by internal oxidation [188] and_[29] The proposed mechanism is

summarised in the sketch of the Figtlee selective oxidation of chromium produces

vacancies, these vacancies are bound with the axgfpens which they transport towards the



metal along grain boundaries, thus weakening thedaries. The positive effect of the
presence of carbides at the grain boundary isildistrated in Fig. 9indeed these carbides

may act as oxygen traps along the diffusion patls timpeding the penetration of oxygen.

Fig. 9. Sketch summarising the growth of the chrombxide layer accompanied by the
injection of vacancies that transport oxygen. Téedfic role of intergranular carbides reside

in their role of trapping the oxygen as illustratathematically.
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The proposed mechanism is in good agreement waviqursly established experimental

facts, in particular:

(i) The maximum sensitivity of alloy 600 to SCCtiation is observed near the Ni/NiO
equilibrium. In these conditions, the oxide scaléestabilised and the damaging mechanism

is maximised.

(ii) The time to fracturer of alloy 600 specimens was found to depend omfpdied stress
[30] according to the relatiot: = ko™*. The value -4 for the stress power can be readily
rationalised noting that the fracture toughnessu®CC conditionsKscc) is a material
characteristic and can be considered to be condasic x @ Viex = constant) and that if

damage lies on a diffusional mechanism, the dambeyedhx can be writtery = By,



Furthermore, by considering this type of mechanidm sensitivity or the resistance to stress
corrosion of other nickel base alloys can be gpaid. In particular, the good resistance of
alloy 690 can be explained by its strong conceiomaih chromium which allows it to form
quickly a protective chromium oxide layer. Only yesmall intergranular defects are then
produced. To propagate the very small defects fdriyethe internal oxidation, very high
stress would be needed. But as this material hgsa@ak mechanical properties such high
stress will not be retained by the material anddifects are not able to propagate. This
mechanism may also apply for primary water stresgosion cracking of alloy 718. Indeed,
this alloy has an intermediate chromium conterdaaspared to alloys 600 and 690.
Considering the good resistance to crack initiatibpolished samples of this alloy, its
chromium content is high enough to allow the fasirfation of a continuous chromium oxide
layer. On the other hand when an intergranularadé$eoresent at surface, its high
mechanical properties allow to sustain sufficidréss to open the very weak part of grain
boundary damaged in front of the defect, which aixplvhy this alloy is sensitive to SCC

propagation.

5. Conclusions

The corrosion products on alloy 600 specimens eeghts simulated PWR primary water
(0.3 bar and 360 °C) have been characterised byre@temicroscopy (SEM and TEM) and
chemical analysis (EDX and SIMS). It was shown thatoxide scale must be considered as a

triple layer and that only a thin chromium oxidgdais continuous and may act as a barrier.

The analysis were also performed in the underlymegal and it was shown that there exists a
chromium depleted zone in the metal and that oxymgetrates over large distances the
metal. Oxygen was observed in solution within ttepleted zone and associated with
chromium in a triple grain boundary as far gg8from the oxidised surface. It is proposed
that the selective oxidation of chromium producasancies that transport oxygen atoms in
the metal leading to some intergranular oxidatiuch mechanism explains also why a pre-
exposure without stress is able to decrease thei@a&ion time for approximately half of

its value as we observed.
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