
DIRECTION DES ÉTUDES ET
RECHERCHES

SERVICE REACTEURS NUCLEAIRES ET ECHANGEURS
DÉPARTEMENT ETUDE DES MATÉRIAUX

Electricité
de France

FR9710007

1996

NOELD.

LECOESTER F.

BRASS A.M.

CHENE J.

DIFFUSION ET DISTRIBUTION DE
L'HYDROGENE DANS L'ALLIAGE 600, EFFET
SUR LA PLASTICITE

HYDROGEN DIFFUSION AND DISTRIBUTION IN
ALLOY 600 AND RELATED EFFECTS ON
PLASTICITY

Pages : 21 97NB00063

Diffusion : J.-M. Lecœuvre
EDF-DER
Service IPN. Département PROVAL
1, avenue du Général-de-Gaulle
92141 Clamart Cedex

©EDF1997

ISSN 1161-0611



SYNTHESE

L'hydrogène peut jouer un rôle dans plusieurs mécanismes envisagés pour
expliquer la corrosion sous contrainte de l'alliage 600 à base de nickel utilisé dans les
tubes des générateurs de vapeur des réacteurs nucléaires à eau pressurisée. Cette étude
présente des données sur la diffusion et le piégeage de l'hydrogène dans l'Alliage 600
ainsi que la fragilisation qui en résulte.

Les données de diffusion ont été obtenues par analyse à la sonde ionique du
profil en deuterium, sur des éprouvettes chargées cathodiquement en eau lourde. Les
données sur la fragilisation par l'hydrogène ont été obtenues par des essais à vitesse de
déformation imposées, sur éprouvettes avec ou sans préchargement cathodique.
Différentes microstructures ont été étudiées.

Les résultats montrent que la fragilisation de l'Alliage 600 est fortement
dépendante de la structure, et augmente avec le degré de précipitation intergranulaire.
Un effet d'hydrogène sur la plasticité de l'alliage a été observé.
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HYDROGEN DIFFUSION AND DISTRIBUTION IN ALLOY 600
AND RELATED EFFECTS ON THE PLASTICITY.

F. LECOESTER, A.M. BRASS, J. CHENE and D. NOEL*.
Laboratoire de métallurgie structurale, URA CNRS n°1107,
Bât 413, Université Paris-Sud, 91405 Orsay, France.
* Electricité de France, DER, EMA, centre de recherche des Renardières,
77250 Moret sur Loing, France.

Introduction
Some of the mechanisms proposed to explain the stress corrosion cracking of the alloy 600
used for steam generator tubing in primary water involve a more or less important effect of
hydrogen on the mechanical properties. Depending on the proposed mechanism, the role of
hydrogen may be essential or may just favor one or several steps involved in the process. In the
case of the classical hydrogen model1'3, hydrogen enrichment occurs into regions of high
triaxial stress and the crack propagation proceeds for a critical hydrogen concentration as a
consequence of hydrogen induced decohesion or enhanced plasticity. A recent model4 based on
grain boundary sliding occuring at 320°C, takes into account a possible hydrogen diffusion to
the boundary triple points where stress concentrations are raised by grain boundary sliding
leading to a local decohesion assisted by a hydrogen overconcentration. The role of hydrogen in
the mechanism of Corrosion Deformation Interactions (C.D.I.) is always considered to be
indirect5"6. However, the presence of hydrogen in the material may favor the C.D.I,
mechanism either by lowering the stress intensity factor or by increasing the dislocation
mobility. In most cases, hydrogen is supposed to enhance dislocation mobility and/or assist the
decohesion.



The present study is focused on the influence of cathodic charging on the plasticity of alloy
600. Effect of hydrogen is examined in term of elongation loss and hydrogen enhanced
plasticity. A first part of the study aims at characterising the influence of room temperature
aging and trapping effect on hydrogen diffusion in alloy 600.

I Experimental procedures

1.1 Material and heat treatments

b
The material used in this study is taken from a hea^of alloy 600 which is not directly
representative of the tubing material. The composition of this alloy is given in table 1.
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Table 1. Composition of the alloy 600 (wt %).

Five microstructures have been studied.
Microstructure 1 corresponds to the as received alloy 600. The small grain (10 pm - 50 fim)

microstructure (fig.la,2a) exhibits intergranular and intragranular carbides with a pattern that

follows previous grain boundaries (fig.la).
Microstructure 2 has been obtained after recrystallisation (1 hour 1150°C) and a rapid cooling
(liquid nitrogen quenched). Large grains (200 Jim - 400 um) without intergranular carbides (fig

lb,2b) are observed.
With the same recrystallisation temperature and with a smaller cooling rate obtained by water
quenching, a fine intergranular precipitation can be observed in microstructure 3 (fig. 3a).
Microstructure 4 was obtained with air cooling after recrystallisation (1 hour 1150°C). This
slower cooling rate favors intra and intergranular precipitation. A dense precipitation of small



intergranular carbides is observed although some grain boundaries are free of precipitates
(fig. 3b).
Microstructure 5 corresponds to the recrystallised alloy (1 hour 1150°C) with an additional
annealing (16 hours 700°C) leading to a dense intergranular and intragranular precipitation. All
the grain boundaries are covered by fine carbides precipitates (fig. 3c).

1.2 Techniques.
Hydrogen, deuterium or tritium cathodic charging is performed by potentiostatic charging in
0,1 N NaOH at 20°C (V= -1650 mV/S.CE.) or in molten salts (NaHSO4-KHSO4) at 150°C
(V= -1000 mV/Ag-Ag+). Mechanical properties are measured by means of tensile tests
performed at 20°C (de/dt=4.104s"1) on small flat (1x2x8 mm3) préchargea (150°C, 5h) tensile
specimens.

The study of deuterium diffusion was performed by secondary ion mass spectrometry
(S.I.M.S.). Liquid scintillation counting and tritium autoradiography were also used for
qualitative and quantitative studies of the hydrogen diffusivity and its location in the
microstructure7-8. Autoradiographic images were obtained by keeping a film or a nuclear
emulsion in contact with the tritiated specimen for a given time at -20°C9. Interpretations of
silver grains maping have to take into account both tritium trapping or eventually desorption
during exposure, depending on the experimental conditions.

II Results

n . l Hydrogen diffusion and distribution in alloy 600

Diffusion at 20°C

Deuterium diffusion profiles were recorded by S.I.M.S. after S mn cathodic charging at 20°C in
0.1 NaOD. With such charging conditions, the profile analysis is easy as deuterium is localised
in the near surface. However, to get reproducible data, care must be taken to avoid any
significant deuterium desorption during the analysis. The results lead to the following
conclusions:
A good agreement exists between experimental diffusion profiles and calculated profiles based
on a simple Fick's diffusion law and on the hypothesis of a constant surface concentration of
deuterium during charging.
The diffusion depth is larger in the case of the large grain recrystallised structure when
compared with the as received alloy 600 (fig. 4a, 4b). After aging 18 days at -20°C, the amount
of desorbed deuterium is much smaller in the as received alloy 600 (fig. 4a, 4b). This
difference is attributed to trapping phenomena which tend to slow down the overall deuterium



diffusivity by reducing the part of diffusible atoms. However, these observations obtained at

20°C cannot be extrapolated to higher temperature.

Diffusion at 15Q°C

Diffusion measurements were also performed after 0.5, 1 or 5 hours cathodic charging at

150°C. Considering the large diffusion depth at this temperature, S.I.M.S. profiling of

deuterium is performed by scanning the surface of the precharged specimen after repolishing on

the bias. The deuterium penetration distance is then computed as a function of the bias angle

and the scanning distance. An example of the experimental curves is shown on figure 4.

The results obtained at 20°C and 150°C show a good agreement between the experimental and

theoretical deuterium profiles. The hydrogen diffusion coefficient at the considered temperature

can be computed by fitting these two concentration curves. Mean values of the experimental

diffusion coefficients at 20°C and 150°C are respectively l,8.10"10 cm 2 ^" 1 and 2,3.10"8

cm^-s'l- These values allow to define, at a given temperature, the charging time and/or the

samples thickness to make sure that a roughly uniform hydrogen distribution is obtained in

tensile specimens.

Concentration profiles obtained in the as received microstructure after cathodic charging at 20°C

or 150°C are not modified after additional aging of 14 to 18 days at -20°C (fig. 4a and 5). This

means that hydrogen can be considered as almost immobile at this temperature under these

conditions and that the autoradiographic images are mainly representative of tritium trapped at

-20°C in the analysed superficial layer of metal.

P counting with the liquid scintillation technique was used to measure the kinetics of tritium

desorption from tritiated samples at 20°C. The results confirm those obtained with S.I.M.S.

profiling of deuterium. The tritium desorption flow is larger in microstructure 2 than in

microstructure 1 (fig.6) presumably as a consequence of a lower density of defects acting as

traps in the recrystallised microstructure.

Hydrogen distribution in the microstructure

Autoradiographic observations were performed on microstructure 1, 2 and 5 with several

successive exposure times for each sample at -20°C. The last exposure was performed after a

long aging of the sample (40 days) at 20°C. The following conclusions can be drawn from the

analysis of the autoradiographs:

Grain boundaries and former grain boundaries decorated by chromium carbides are not

preferential trapping sites (fig.7a). Furthermore, the oxide inclusions do not trap hydrogen

(fig.7b). Hydrogen trapping was systematically observed on small particules containing Si, S

and Zr and some chromium carbides (fig.7b). However the presence of a significant amount of

tritium which is not associated with a particular type of defects may indicate some trapping on

dislocations.



This first set of results provides some data on hydrogen diffusion and localisation of hydrogen
in alloy 600 at 20°C and 150°C. Hydrogen appears to be homogeneously distributed at a
microscopic scale, in unstrained samples. However the stress and strain induced redistribution
of H in the alloy needs to be investigated.

TL2 Influence of hydrogen on the plasticity of alloy 600
Tensile tests were performed on microstructure 1 to 5 with hydrogen free and hydrogen
precharged samples for comparison purpose. Small tensile specimens were hydrogenated in
molten salts at 150°C for 5 hours. The deuterium profiles indicate that these charging conditions
lead to a relatively homogeneous distribution of hydrogen in the 0,5 mm thick samples
whatever the microstructure. The tensile tests were performed in air at 20°C immediately after
cathodic charging to avoid any significant hydrogen desorption from the samples. The tensile
rate is 4.KHS-1.

Hydrogen induced elongation loss of alloy 600
The mechanical properties measured on microstructure 1 and 2 (yield stress, maximal stress and
strain) are given in table 2. The embrittlement sensitivity of each microstructure was
characterised by the hydrogen induced elongation loss. It appears that this embrittlement index
(I) is larger for the alloy 600 in the as received condition. The fracture surfaces of tensile
specimens exhibit a fully brittle intergranular character in microstructure 1 (fig.2a). In the case
of microstructure 2, the extent of the intergranular brittle intergranular zone of the fracture is
very small (fig.2b and 3d). The different behaviour of microstructure 1 and 2 may result from
the large difference in the strength level for each microstructure (table 2).

Microstructures

Charging

conditions

RpO,2 (MPa)

Rm(Mpa)

A(%)

I=(A-AH)/A

Microstructure 1.
Grain size: 10-50 Jim.

LG. and T.G. carbides.

without
hydrogen

330

929

A=34

-

with
hydrogen

313

588

AH=8,6

34%

Microstructure 2.
Grain size: 200-400 \un.

No carbides.

without
hydrogen

182

770

A=60
-

with

hydrogen

165

670

AH=56

6%

Table 2. Comparison of the mechanical properties of two different microstructures of the alloy
600 with and without hydrogen (cathodic charging 150°, 5h).

Role of carbide precipitation



A comparison between microstructures 2 to 5 highlights the influence of the cooling rate and the

resulting precipitation of chromium carbides on the H. E. sensitivity of recrystallised structures

(fig.8). The H.E. sensitivity increases with the density of precipitates at the grain boundaries

which appears as a key parameter in the study of the hydrogen embrittlement of alloy 600.

Enhanced plasticity of alloy 600 in presence of hydrogen

The strain hardening exponents representative of the uniaxial deformation of hydrogen free and

hydrogenated tensile specimens have been measured from the shapes of the curve loga=f (loge)

in three different stages of the homogeneous deformation.

The results obtained with microstructures 1,3 and 5 are recorded in table 3.

true

strain

range

0%-3%

3%-10%

10%-50%

Microstructure 1.

As received.

without

hydrogen

0,12

0,22

-

with

hydrogen

0,12

0,21

-

Microstructure 3.

Recrystallised.

without

hydrogen

0,09

0,26

0,62

with

hydrogen

0,07

0,22

0,56

Microstructure 5.

Recrystallised and

annealed 16h 700°C.

without

hydrogen

0,12

0,76

-

with

hydrogen

0,12

0,71

-

Table 3. Role of hydrogen on the strain hardening of different microstructures of alloy 600.

The hydrogen ingress in alloy 600 does not modify the hardening mechanism in the 0%-3%

deformation range. However a detectable hydrogen induced decrease in strain hardening

exponents is observed in the 3%-10% deformation range and in the 10%-50% range for

microstructure 3.

Conclusions

The hydrogen diffusion in alloy 600 was characterised at 20°C and 150°C by means of

complementary techniques (S.I.M.S. and p* counting). The computed values of the hydrogen

diffusion coefficients at 20°C and 150°C lie respectively in the range of 1.8.10"10 and 2.3.10"8

c m V 1 . Larger hydrogen diffusion depth and desorption flow are measured at 20°C in the

recrystallised microstructure when compared with the as received one. This is a sign of a

significant hydrogen trapping on defects (dislocations, precipitates) in the as received alloy

which decreases the hydrogen mobility and/or shorts circuits effect in the recrystallised
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microstructure. Autoradiographic observations of the tritium distribution in different
microstructures of the same alloy show that without additional stress and strain hydrogen
trapping may occur on some inter and intragranular precipitates without a significant trapping
on the grain boundaries. Tensile tests performed on precharged samples demonstrate a
significant hydrogen embrittlement, the extent of which depends on the microstructure. The
intergranular precipitation of chromium carbides in a recrystallised microstructure increases the
hydrogen embrittlement susceptibility of the alloy. Both strain loss and intergranular fracture
illustrate the hydrogen induced decohesion. The lowering of the strain hardening exponents
measured on hydrogenated tensile specimen tends to support a possible hydrogen enhanced
plasticity effect in alloy 600.
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Fig.l- optical micrographs.
a) As received alloy 600.
b) Recrystallised lh at 1150°C + quenched in liquid nitrogen.

a

Fig.2- Fracture surfaces of tensile specimen after cathodic charging 5h 150°C.
a) As received alloy 600.
b) Recrystallised 1 h at 1150°C + quenched in liquid nitrogen.

12
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a

Fig.3- Fracture surfaces of hydiogenated (5h at 150°C) tensile specimens with different heat
treatment or cooling rates after recrystallisation.
a) Recrystallised lh at 1150°C + water quenched alloy 600.
b) Recrystallised lh at 1150°C + air quenched alloy 600.
c) Recrystallised lh at 1150°C + annealed 16h 700°C alloy 600.
d) Recrystallised lh at 1150°C + liquid nitrogen quenched alloy 600.
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DEPTH PROFILE
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Fig.4- Deuterium diffusion profiles, cathodic charging conditions: 5 min 20°C in NaOD 0.1N,
-1650mV/E.C.S.
a) As received alloy 600.
b) RecrystalUsed alloy 600 (1 hour at 1150°C).
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Fig.6- Tritium desorption at 20°C from as received alloy 600 and recrystallised lh at 1150°C
alloy 600. Cathodic charging conditions: 2 hours, V=-1000 mV/Ag-Ag+.
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Fig.7- Autoradiographic images.
a) As received alloy 600. No preferential trapping on grain or fonner grain boundaries.
b) Recrystallised alloy 600 1 hour at 1150°C and annealed 16 hours at 700°C. Trapping on
small particles containing Si,S and Zx.

16



O Wf 675 recrystallised + treated 16h 700*0.
a Wf 675 recrystallised + treated 16 h 700*0 hydrogenated.
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Fig.8- Stress-strain curves of hydrogen free and hydrogen precharged tensile samples: effect of
the cooling rate on the hydrogen embrittlement sensitivity of the recrystallised alloy 600.
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