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Abstract

The influence of hydrogen on the mechanical behaviour of different reactor pressure vessel (RPV) steels was investigated
by tensile tests in correlation to the chemical composition, the neutron fluence, the hydrogen charging condition, the strain
rate, and the temperature. Small-angle neutron scattering (SANS) experiments, hydrogen analyses and thermal desorption
investigations were performed to prove the evidence of hydrogen trapping at irradiation defects. An increasing suscepti-
bility to hydrogen embrittlement indicated by reduction of area was observed at room temperature with in situ
hydrogen-charged specimens when loaded by low strain rates or with specimens which had been irradiated at low temper-
ature. Generally, the susceptibility increases with increasing strength of the steels. At 250 °C hydrogen embrittlement was
not evident. The results do neither prove that irradiation defects are favoured traps for hydrogen nor give evidence that
hydrogen affects the RPV integrity under normal operating conditions.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The embrittlement of RPV steels is caused by
nanodispersed structural defects formed during the
operation of a nuclear pressure vessel by neutron
irradiation. It depends on the operational condi-
tions as well as the type and the chemical composi-
tion of the RPV steel. On the other hand, hydrogen
also influences the deformation behaviour of steel
and it is not excluded that synergistic effects between
neutron and hydrogen embrittlement are effective
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[1-3]. For example, the uptake of hydrogen and
an enhanced susceptibility for embrittlement were
proved for irradiated steels with austenitic claddings
under RPV conditions [4]. Splichal et al. [4,5],
Brinkman and Beston [6] and Takaku et al. [7,8]
specified critical hydrogen concentrations of
>2.5-4 wt ppm for degradation of the mechanical
properties both in the unirradiated and the irradi-
ated condition. Kimura et al. [9] proved that the
critical hydrogen charging current density of
neutron-irradiated martensitic steel was smaller
than that of unirradiated one. From increased crack
growth rates measured under service conditions
after hydrogen pre-charging of unirradiated RPV
steel, Lee et al. [10] showed that hydrogen is also
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trapped at structural defects at operating tempera-
tures. These defects can act as internal hydrogen
sources and thus, cause increased embrittlement.
Wu and Katada [11-13] investigated the low-cycle
fatigue behaviour, fatigue crack initiation and
growth behaviour of unirradiated low-alloy pres-
sure vessel steel A533B in a simulated BWR (boiling
water reactor) environment. They could prove a
close strain rate dependence of the cyclic cracking
morphologies in high-temperature water, due to a
change in the dominant environmentally assisted
cracking. Investigations of Krasikov and Amajev
[14] on irradiated steels after alternating hydrogen
charging and annealing led to an evident degrada-
tion of the plasticity of the material. However, crack
growth investigations performed in the nuclear
research centre of Rez [15] under the simultaneous
influence of simulated BWR coolant and irradiation
did not show an increased environmentally assisted
crack growth compared to unirradiated specimens.
Seifert et al. [16] assumed that a hydrogen-induced
damage mechanism at LWR operation temperature
hardly exists because of the high diffusion rate of
hydrogen and the small trap efficiency.

Small-angle neutron scattering (SANS) has
proved to be an effective method to investigate
microstructural defects induced by neutron irradia-
tion [17-20]. The enrichment of hydrogen within
the nuclear structural defects can be indicated by
SANS because hydrogen increases the nuclear scat-

tering contrast whereas the magnetic component
remains unaffected [21]. SANS measurements on
irradiated RPV steels with subsequent hydrogen
charging were already published in [22].

The paper reports about investigations of the
influence of hydrogen on the mechanical behaviour
of irradiated RPV steels by tensile tests in correla-
tion to the chemical composition, the neutron
fluence, the hydrogen charging condition, the strain
rate, and the temperature. SANS experiments,
hydrogen analyses and thermal desorption investi-
gations were performed to prove the evidence of
hydrogen trapping at irradiation defects [23,24].

2. Experimental methods
2.1. Material and irradiation conditions

The materials and irradiation conditions are
given in Tables 1 and 2. The steels with the codes
JPA and JRQ are materials from the IAEA-CRP
programme, phase 3. They are nickel containing
RPV steels according to ASTM standard. KAB is
a nickel poor and vanadium alloyed Russian RPV
steel that was used for the first VVER-440 genera-
tion. Skoda designated a VVER-440 RPV steel from
Czech production. All materials are base metals. The
irradiation experiments were executed in the VVER-
2 prototype reactor in Rheinsberg (Germany).
The operation temperature was 255 °C. Only the

Table 1

Chemical composition of materials (mass%, Fe balance)

Type Code C Si Mn Cr Ni Mo A\ S P Cu

A533B Cl.1 JRQ 0.19 0.29 141 0.12 0.84 0.50 - 0.004 0.019 0.14

A508 Cl.3 JFL 0.17 0.25 1.44 0.20 0.75 0.51 0.004 0.002 0.004 0.01

15Kh2MFA KAB 0.14 0.24 0.55 2.60 0.24 0.62 0.270 0.013 0.011 0.22

15Kh2MFA Skoda 0.17 0.38 0.54 2.98 0.10 0.73 0.370 0.016 0.019 0.09

Table 2

Irradiation conditions of materials

Material code Reactor Temp. (°C) Irradiation Fluence (E > 0.5 MeV) Ac* (vol.%)
experiment (10" cm™2

JRQ VVER-2 Rheinsberg 255 RH-6 10.8 0.206
RH-7 125 0.502

JFL VVER-2 Rheinsberg 255 RH-6 9 0.003
RH-7 81 0.020
RH-7 139 0.086

KAB VVER-2 Rheinsberg 255 RH-7 139 0.268

KAB-(8) RFR Rossendorf >60 RFR 20 0.07

Skoda VVER-2 Rheinsberg 255 RH-8 4.6 -

% Volume fraction of radiation defects.
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material KAB-(8) (layer 8 of the KAB material) was
irradiated in the Rossendorf Research Reactor RFR
at an operational temperature of about 60 °C. More
details about materials, irradiation and microstruc-
ture are given in [25].

2.2. Test methods

The specimens were cathodically charged in sim-
ulated RPV water containing 0.1 M boric acid/
0.01 M KOH with current densities of —5 mA/cm?
up to saturation at room temperature (RT). The
aim of the charging was not to achieve a very high
hydrogen concentration but to realize conditions
like in a pressure water reactor. Whereas one part
of the specimens, unirradiated as well as irradiated,
was only hydrogen pre-charged immediately before
tensile testing, the other part was additionally
charged in situ during the tensile tests.

The uniaxial tensile tests were performed in a hot
cell with a servo-hydraulic test system MTS 810/
50 kN at RT and 250 °C and at strain rates de/
dr=10"*s"" and de/dr = 10"°s~'. Sub-size tensile
specimens were used for the tests, depicted in
Fig. 1. The hydrogen in situ charging was realized
by a specially constructed device, which enabled
simultaneous hydrogen charging and mechanical
testing. The in situ tests were only performed at RT.

The fracture surfaces of the tensile specimens
were investigated by SEM, DMS 962 Zeiss. For
irradiated specimens a special replica technique
was developed [26]. This technique does not con-
serve every small detail of the fracture surface but
it permits to clearly distinguish the type of fracture.

The hydrogen content was immediately deter-
mined after hydrogen charging by hot-extraction
with the hydrogen analyzer HORIBA EMGA
621B. Slices of 0.8 mm thickness and 8 x 4 mm size

R =0.2mm
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< 19 >
< = >

Fig. 1. Small tensile specimen.

were used. The materials were tested in the unirradi-
ated and in the irradiated condition and in the non-
charged state as well as after hydrogen charging.
The temperature dependent effusion behaviour was
measured by thermal desorption, performed 24 h
after hydrogen charging. At this time the diffusible
hydrogen was effused from the material and only
the trapped hydrogen could be detected. In ultra-
high vacuum the specimens were heated at a heating
rate of 14.7 K/min and the effused hydrogen was
detected by mass spectrometry (Transpector/
Leybold).

The SANS experiments were executed with the
spectrometer V4 of HMI Berlin [27]. The experi-
mental details and results are published in [22].

3. Results and discussion
3.1. Tensile tests and fractography

Tensile strength R,, and yield strength R, are
not influenced by hydrogen pre-charging or in situ
charging. However, significant differences are
observed at the toughness parameters like elonga-
tion after fracture and in particular at the reduction
of area for all steels in the unirradiated and irradi-
ated conditions when the specimens are hydrogen-
charged during the tensile tests. This is shown in
Fig. 2 for the steels in the unirradiated condition.
Whereas pre-charging hardly changes the reduction
of area, the parameter is clearly reduced by in situ
charging. This is especially evident for the lower
strain rate of 107 ®s~'. Wu and Kim [28] obtained
similar tensile test results at RT for unirradiated

Onon-charged, de/di=10"s" [ H pre-charged, de/dt=10"s"
H H pre-charged, de/dt=10%s" #Hin-sity, de/dt=10""s"

@ H in-situ, de/di=10%"
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Fig. 2. Reduction of area of unirradiated specimens for different
hydrogen charging and test conditions at RT.
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SAS508 Cl.3, but they observed the strong strain-rate
dependence of ductility already after hydrogen pre-
charging. It is assumed that electroplating with
copper after cathodic hydrogen charging suppresses
hydrogen desorption and so the hydrogen content
during the tensile test may be comparable to that
of our in situ charged specimens. In accordance with
our results they observed only a small influence of
hydrogen on the tensile strength but a decrease of
ductility with the decrease in strain rate. The effect
of irradiation and hydrogen charging is shown in
Figs. 3 and 4. As known, irradiation decreases the
reduction of area, but not dramatically. In connec-
tion with the in situ hydrogen charging the decre-
ment is substantial and increases with increasing
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Fig. 3. Reduction of area of hydrogen in situ charged specimens
(JRQ, JFL, de/dt = 107651, RT) for different fluences (numbers
in the boxes), compared to non-charged unirradiated and
irradiated specimens.
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Fig. 4. Reduction of area of hydrogen in situ charged specimens
(KAB, Skoda, de/dt = 1076571, RT) for different fluences (num-
bers in the boxes), compared to non-charged unirradiated and
irradiated specimens.

neutron fluence. In the case of the material JRQ a
total embrittlement with a value of the reduction
of area of only about 5% is reached after neutron
exposition of 125 x 10'® cm 2. For the other materi-
als, the reduction of area remains at about 20% for
similar neutron exposure. Note, the material JRQ is
considered to be especially susceptible to neutron
embrittlement.

The SEM micrographs support this result. Some
examples are given in Figs. 5-7. Fig. 5 shows the
fracture surface of an unirradiated tensile specimen,
hydrogen pre-charged and tested at slow strain rate
de/dr=10"%s"! and RT. The microstructure is
characterized by a ductile dimple fracture. However,
in the fracture surface of an irradiated pre-charged

Fig. 5. SEM, fracture surface of an unirradiated JRQ tensile
specimen, hydrogen-pre-charged, strain rate de/dr = 107657,

Fig. 6. SEM, fracture surface of an irradiated JRQ tensile
specimen, hydrogen-pre-charged, strain rate de/dsr =107 s~
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Fig. 7. SEM, fracture surface of an irradiated JRQ tensile
specimen, hydrogen in situ charged, strain rate de/dr = 1075~

specimen, deformed at the same strain rate and tem-
perature, a mixed fracture can be seen, consisting of
dimple and cleavage fracture, see negative replica in
Fig. 6. The fracture surface of an irradiated in situ
charged specimen, negative replica in Fig. 7, is char-
acterized by transcrystalline cleavage fracture with
parts of intergranular brittle fracture. All fracture
surfaces of the other materials show mixed fracture
after hydrogen in situ charging.

The reduction of area versus the tensile strength
is shown in Fig. 8 for all materials. One can see
an approximately linear decrease of the reduction
of area with increasing tensile strength independent
of the type of material or the irradiation state.
Strain rate had no effect on this relation in non-
charged and pre-charged specimens, but in in situ
charged specimens. The reason may be that hydro-
gen charged before testing is able to effuse from
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Fig. 8. Reduction of area in correlation to the tensile strength of
unirradiated, irradiated, non-charged, hydrogen-pre-charged and
in situ charged specimens for different strain rates and at RT.

the steel at RT and so hydrogen is not effective
during the tensile test. Thus, the deformation behav-
iour of pre-charged specimens does not reflect the
real behaviour under the condition of spontaneous
hydrogen supply like in situ charging. For in situ
charging the slope of the line for the reduction of
area versus tensile strength is similar for both tested
strain rates, but the line of the lower strain rate is
clearly shifted to lower values of the area reduction.
The strong decrease of toughness, especially at the
low strain rate, is observed both for unirradiated
and irradiated specimens with in situ hydrogen
charging. This result suggests that the enhanced
area reduction of irradiated steels, i.e., the higher
susceptibility against hydrogen embrittlement is
only caused by hardening due to radiation defects.
There are no hints that irradiation-induced defects
are favoured traps for hydrogen.

It has to be pointed out, that the results of the
material KAB-(8) are not included in Fig. 8. This
test series is different to all the others because of
the different irradiation temperature of about
60 °C. The tensile strength and the yield stress are
approximately equal after irradiation. In contrast
to the mentioned results, the toughness decreases
already after hydrogen pre-charging as seen in
Fig. 9. Obviously, there are hydrogen traps of
higher efficiency, which fix the hydrogen atoms at
RT. According to references [25,29] the microstruc-
tural defects after low temperature irradiation
consist of very small vacancy clusters. A strong
interaction between hydrogen and such vacancy
clusters can be assumed and was proved by Lee
et al. for micro-voids [30].

The tensile tests in irradiated steels at 250 °C
were exclusively performed after hydrogen pre-
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Fig. 9. Reduction of area of unirradiated, irradiated, non-
charged and hydrogen-pre-charged specimens (KAB-(8)) for
different strain rates and at RT.
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charging. Strength and toughness parameters of
unirradiated and irradiated steels decrease at
250 °C in comparison to RT, with no apparent effect
of hydrogen pre-charging. All fracture surfaces are
characterized by dimple fracture [24]. Unirradiated
steels were also tested at 250 °C under in situ charg-
ing conditions. The results do not show changes of
strength or toughness properties in comparison to
the tests in the non-charged or hydrogen pre-
charged conditions [23]. Lee and Kim [31] also
showed only a small effect of hydrogen on ultimate
tensile strength and ductility loss for unirradiated,
hydrogen pre-charged SA508 Cl.3 at a comparable
strain rate at 250 °C, but in contrast to Lee and
Kim, we observed the effect of dynamic strain aging
already at 250 °C and at lower strain rates. Lee and
Kim [31] as well as Wu and Kim [28] proved that
observable hydrogen effects appeared at higher
strain rates (de/dz=10">s""') at higher tempera-
tures (288 °C).

In the case of the material KAB-(8), irradiated at
low temperature, the strength parameters also
decrease at 250 °C in comparison to RT, but the
toughness parameters of irradiated, pre-charged
steels increase at 250 °C [24]. This could be the
result of an annealing effect already at low temper-
atures on the vacancy-rich defects.

3.2. Hydrogen analysis and thermal desorption
investigations

The results of the hydrogen content measure-
ments of specimens in the as-received condition
and after charging are shown in Table 3. Compared
with unirradiated JRQ the hydrogen content after
charging is by 1.7 wt ppm higher in the irradiated
condition. There is no difference of hydrogen con-
tent between the unirradiated and irradiated condi-
tion for the material Skoda, the hydrogen content
amounts to about 3 wt ppm. The determination of
differently bonded hydrogen by means of thermal
desorption measurements is shown in Figs. 10 and
11. Small amounts of hydrogen are strongly bonded
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Fig. 10. Thermal desorption investigation of JRQ in the un-
irradiated and irradiated conditions, non-charged and hydrogen-
pre-charged.
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Fig. 11. Thermal desorption investigation of Skoda in the
unirradiated and irradiated conditions, non-charged and hydro-
gen-pre-charged.

already in the non-charged steels (unirradiated and
irradiated). Small effusion peaks are not observed
until 300 °C. A second peak appears with a maxi-
mum at 200 °C after hydrogen charging, but the
effusion starts always below 100 °C. This means that
additional hydrogen is only weakly bonded at
microstructural defects, which already exist in the

Table 3

Hydrogen content of the unirradited and irradiated materials JRQ and Skoda, charging conditions: i = —5 mA/cm?, RT

Mat. code Electrolyte Unirradiated Unirradiated Irradiated Irradiated
(irradiation non-charged pre-charged non-charged pre-charged
exp.) (wt ppm) (wt ppm) (Wt ppm) (Wt ppm)
JRQ (RH-6) Boric acid/KOH 0.39 2.02 - 3.72

Skoda (RH-8) NaOH+As,03 0.50...(2.0) 3.10 0.95 2.87
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unirradiated steel. The slightly higher peak of the
irradiated and charged JRQ steel correlates to the
results of the hydrogen content measurements,
given in Table 3. This result and the splitted effusion
peak of the irradiated and charged Skoda material
could be a hint, that hydrogen is bonded at different
kinds of defects which could be formed during
irradiation.

3.3. SANS investigations

The SANS measurements show that hydrogen
trapping at small microstructural heterogeneities
can even be identified if the bulk concentration of
hydrogen is not higher than 1-2wtppm [22].
Hydrogen charging enhances the nuclear compo-
nent of the small-angle scattering. The hydrogen
trapping effect depends on the type of material.
Preferential hydrogen traps are microstructural het-
erogeneities of sizes between 8 and 20 nm but also
smaller ones. This result points to small carbides
with coherent or semi-coherent interfaces [25,32].
However, the characteristic radiation defects in the
size range of about 1 nm seem to be not effective
as hydrogen traps [22]. The SANS results corre-
spond to the results of the tensile tests.

4. Conclusion

Hydrogen uptake during simultaneous tensile
loading results in a reduction of the toughness
proved by reduction of the area to fracture of
RPV steels whereas the strength parameters hardly
changed. The toughness reduction is especially
significant for low strain rates, e.g. de/dr = 10"¢s™".
The effect is not critical for the steels in the unirra-
diated condition, at least as long as the hydrogen
uptake is not higher than a few wt ppm. However,
hydrogen induced embrittlement adds up to the
neutron irradiation-induced reduction of the tough-
ness (neutron embrittlement). In the case of high
neutron fluence and material with high susceptibil-
ity to neutron embrittlement, a nearly total loss of
toughness can occur. It is characterized by complete
cleavage fracture and values of an area reduction of
only few percents. The result is not a consequence of
an interaction between irradiation-produced micro-
structural defects and the hydrogen atoms as proved
by SANS. It is rather the consequence of the well-
known fact that the susceptibility to hydrogen
embrittlement increases with increasing strength of
the steel.

Irradiation at lower temperatures can produce
special types of microstructural defects like vacancy
clusters that have a higher trend to bind hydrogen.
In such cases a synergistic effect cannot be excluded.

Eventually, the experiments do not give an
unambiguous prediction on the behaviour under
operational conditions of a reactor. Tensile tests
on irradiated specimens at temperatures comparable
with reactor operation temperatures are only per-
formed with hydrogen pre-charging. In this case,
hydrogen is probably completely removed before
testing.
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