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Résumé. Les ruptures effectuées par l'hydrogene pour divers aciers inoxydables sensibilisés sont comparées avec les 
défauts rencontrés sur les réacteurs nucléaires PWR ou BWR. L'hydrogenation est réalisée a 300°C par électrolyse de 
l'eau injectée dans un bain de sels fondus. Des essais de résilience ont été effectués a - 180°C. On constate que 
l'hydrogene affecte principalement la cohésion des joints de grains de l'austénite. D'autres modes de rupture ont été 
également détectés : modes de revenu, interfaces phase 8 et inclusions avec la matrice. 

Abstract. Hydrogen embrittlement of verious sensitizated stainless steels was compared with actual defects found in 
components of PWR or BWR type nuclear plants. Hydrogen charging was performed at 300°C by electrolysis in a bath 
of molten salts. Impact toughness instrumented tests were carried out at -180°C. It was found that hydrogen affects 
mainly cohesion of the austenite grain boundaries. In order of importance other paths of fracture were detected : 
boundaries of annealing twins, 8 phase and inclusions - matrix interfaces. 

l. INTRODUCTION 

One of unclarified problems about the stress corrosion 
cracking (SCC) of austentic stainless steels in water at 
high temperatures and pressures is the role which 
hydrogen plays in this process [1]. Hydrogen, released 
by the anodic dissolution of metal at the crack tip, can 
in particular weaken all the phase boundaries and 
interfaces. These include grain boundaries, boundaries 
of annealing twins, interfaces between austenite and 
ferrite. Other intemal surfaces arise during deformation 
processes, as interfaces between austenite and 
deforrnation - induce martensite or' as the boundaries of 
slip bands or deforrnation twinning. In aH of these 
types of boundaries, we may assume that hydrogen 
embrittlement (HE) and SCC processes involve 
particularly the high angle boundaries, which may have 
been previously weakened by precipitation of carbides 
or segregation of impurity elements such as 
phosphorous [2]. If the precipates are chromium-rich 
M23C6 carbides, one might under certain time and 

temperature conditions expect the formation of Cr -
depleted zones ; undercooling or deformation of these 
zones might even induce local martensitic 
transformation [3, 4]. 

The work reported in this paper exploited a previously 
evolved technique of electrolytic hydrogen in a bath of 
molten salts [5] to investigate the HE susceptibility of 
type 304 L, 321,347 and A-286 steels. The initiation 
and propagation energies were measured in the case of 
34 7 steel at dífferent sensitization temperatures in the 
absence or in the presence of hydrogen. The findings 
thus obtained about the nature of the damage were then 
compared with actual found in components of type 
PWR or BWR nuclear power plants (NPP). 

2. MATERIALS AND TECHNIQUES 

The chemical compositions of the examíned steels are 
listed in table l. 
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Table 1 
Steel 304L 1 321 1 347 1 A-286 
Heat A 1 B 1 D 1 E 1 F 1 G 
e 0.026 0.015 0.080 0.026 0.038 0.007 

Mn 1.790 1.310 1.400 1.620 1.270 0.010 
Si 0.340 0.550 0.470 0.310 0.710 0.008 
p 0.023 0.038 0.012 0.031 0.018 0.003 
S 0.011 0.013 0.007 0.007 0.003 0.003 
Ni 10.300 11.330 9.670 9.280 26.200 26.100 
Cr 18.520 17.600 17.480 18.470 15.200 15.200 
Ti - - 0.540 0.520 2.100 2.100 

All the investigated materials were processed into 
plates of various ticknesses, which were then annealed 
at 1050°C for the 304 L and 347 grades, 1020°C for 
the 321 and 980°C for the A-286 steels. Notch 
toughness specimens taken from these plates were in 
the laboratory subjected to sensitízing anneals at 500 to 
1 100°C, which lasted up to 100 hours. The Charpy 
V - notch specimens were hydrogenated at 300°C in a 
molten salts mixture of NaHS04, KHS04 and 
Na2S04 with continuous injection of water, at a 
potential of -2V/{Ag) during 20 hours (5]. After 
cooling down to -196°C, impact toughness 
instrumented tests were performed at -180°C. 

3. RESUL TS AND DISCUSSION 

Grade 304L : HE reached a maximum effect after 
sensitizing anneals at 700°C (figure 1). The resultant 
fractures were up to 95% intergranular. Greater 
magnifications revealed, however, that the failure 
micro-mechanism had been either intergranular quasi
cleavage of the kind typical for fractures in martensite 
[5]. The sensitization process was observed to be 
strongly dependent on the carbon contents (heats A and 
B). 
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Figure 1 : Impact enrgy versus Ts for 304L, 321 and 
347 steels. (H) = with hydrogen. 

Grade 321 : In this steel the susceptibility to HE was 
practically related to the temperature of the previous 
sensitizíng anneal (figure 1). The failure mode was 
intergranular after annealing at 650 to 800°C, when the 
austenite grain boundaries already showed signs of the 
presence of M23C6 carbides. 
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Figure 2: Effect of sensítization annealing (100 hrs) 
on the toughness energy of 347 stainless steel with and 
without H. 

Grade 34 7 : The degree of HE of this steel remains 
roughly constant as in the 321 grade. However, grade 
347 steel is sensitive to the annealing temperature, 
especially after longer annealing times, even in the 
absence of hydrogen. Consequently its notch toughness 
displays a fairly marked mínimum at 750°C. The 
fracture surfaces found in hydrogen charged specimens 
were mainly transgranular ductile and, to small extent, 
intergranular brittle. An important finding is the great 
difference between notch toughness levels in the 
transversal (T) and the longitudinal (L) directions 
(figure 2). The ratio between the two levels 
corresponding to T and L directions depends also on the 
annealing temperature and has a mínimum value at 
750°C. Quantitatíve analysis of the presence of both o 
ferrite and cr phases reveal that the mínimum 
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toughness leve! corresponds to the maximum of cr 
phase percentage. It is shown in figure 2 that hydrogen 
embrittles this steel in the L direction while it is not 
the case in the T direction except for anneal at 800°C. 
This fact is confirmed by comparison of "load 
displacement" curves, obtained in the presence and 
absence of hydrogen (figure 3). 
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Figure 3 : Impact energy for 304L annealed at 800°C 
with and without hydrogen. 

Grade A-286 : This steel with deformation-stable 
austenite displayed a definite dependence of its impact 
toughness on the previous annealing temperature, but 
also marked differences of carbon and impurity 
elements (see table 1 and figure 4). Subsequent 
hydrogen charging at 300°C produced no further 
significant embrittlement (6]. The diminished 
toughness can again, as in grade 347, be attributed to 
precipitation strengthening of the matrix, which apart 
from the Ti(C, N) particles is also to large extent due 
to coherent precipitation of a y' phase. The fracture 
surfaces bore evidence of intergranular failure regardless 
of whether hydrogen was present or not. A point to 
note particulary in this grade is that the annealing 
temperatures that produced the lowest notch toughness 
coincide with the temperatures recommended for 
optimum strenght levels. 
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Figure 4 : Effect of sensitization annealing on impact 
tougness energy of two heats of A-286 steel. 

4. DISCUSSION. 

The greatest number of cases when grade 304L steel 
suffered SCC in high temperature water and pressure 
was recorded in the piping systems of BWR NPP's. If 
these records are compared with the findings of the HE 
tests, we find a símilarity of failure modes, with 
predominantly intergranular fracture and the need for 
prior sensitization of the microstructure by the 
precipitation 6 particles along the grain 
boundaries and or the presence of deformation induced 
martensite [7]. 
The assumption that hydrogen participates in the SCC 
process is further supported by the fact that the 
remedia! measures to prevent SCC are identical with 
the countermeasures HE. In both cases, carbon 
content must be down to more than 0.015%, all risk of 
sensitization must be and cold deformation 
has the to be avoided In any attempt to assess the 
role of cold working, we must not neglect its effect on 
the kínetics of phosphorus segregation in these 
austenitic and hence on the líkelihood of 
phosphorus enrichment of the grain boundaries during 
long exposition at the service temperature [2]. 
In titanium-stabilized austenitic SCC has so far 
been detected in the horizontal stearn generators of 
VVER 440 NPP's, specifically in the heat exchanger 
tubes and tube collectors [8, 9]. The dominant failure 
mechanism in these cases was transgranular cracking ; 
only the or branches of the main 
craclcs were of an intergranular nature. In the tube 
collectors, numerous microcracks of mixed 
transgranular and nature were observed in 
~e re~ion where the main crack which destroyed the 
mtegnty of the component, had originated [8]. 
However, the examined defects on actual components 
afforded no evidence of crack propagation 
along the boundaries of annealing twins, as it had been 
observed during the experiments with 
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hydrogen charged specimens. Yet in these cases too, 
the countenneasures that supress SCC prevent HE. 
In niobium-stabilized steel, the liability to SCC could 
be accertained on the outennost !ayer of the stainless 
cladding that is exposed to the primary circuit water of 
the NPP, but no SCC was recorded in these layers. 
Grade A-286 steel is used for the manufacture of 
bolting for nuclear power equipment Stress 
corrosion cracking has been recordcd in such bolting 
both when it was madc of A-286 steel and when it 
consisted of a similar material, type 
05Crl5Ni35W3Til.55 stecl as utilized in VVER 440, 
or of inconel X-750 or inconel 718 nickel alloys [10]. 
AH the bolting failures examíned to be cases of 
intergranular and sorne investigators, e.g. in. 
[10], did not rule out that the embriHling effect of 
hydrogen played a role in the process. The results of 
the work reported in this paper suggest that in a stable 
austenitic stainless steel, the embriltling effect of 
hydrogen is suppressed. Nevertheless, even in the 
absence of hydrogen, the failure mechanism after a 
prior sensitizing anneal, which corresponded to the 
routine manufacturing was partly 
intergranular. 
In conclusion, we state that of al! the examined 
kinds of phase or interfaces, those which 
affect the outcome most strongly are austenite grain 
boundaries ; they are followed in order of importance 
by the boundaries of annealing twins, O' phase, and 
inclusion-matrix interfaces. Other investigators have 
confirmed that slip bands, or their interfaces with the 
austenite matrix, participate in the intergranular 
propagation of stress corrosion cracks [11]. In type 
304L steels, it has been coroborated that the remedia! 
measures intented to prevent SCC in NPP's also reduce 
the susceptibilíty to HE. This finding supports the 
assumption that hydrogen is ínvolved in the processes 
of SCC and corrosion fatigue of austenitic stainless 
steels in water at high temperature and pressure. 
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