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Abstract

Hydrogen uptake can enhance the neutron embrittlement of reactor pressure vessel (RPV) steels. This suggests

that irradiation defects act as hydrogen traps. The evidence of hydrogen trapping was investigated using the

small-angle neutron scattering (SANS) method on four RPV steels. The samples were examined in the unirradiated

and irradiated states and both in the as-received condition and after hydrogen charging. Despite the low bulk content

of hydrogen achieved after charging with low current densities, an enrichment of hydrogen in small microstructural

defects could be identified. Preferential traps were microstructural defects in the size range of � > 10nm in the unir-

radiated and irradiated samples. However, the results do not show any evidence for hydrogen trapping in irradiation

defects.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The low alloy Cr–Mo and Cr–Ni steels used for

nuclear pressure vessel (RPV) are considered to be

susceptible to hydrogen embrittlement. Hydrogen

embrittlement susceptibility can be especially observed

for the high-strength steels and is affected by microstruc-

tural heterogeneities or particles that act as hydrogen

traps [1]. In RPV steels additional microstructural het-

erogeneities are produced during the reactor operation

due to neutron exposition and yield an increase of

strength and a shift of the ductile brittle transition tem-

perature known as irradiation embrittlement. Thus, it is
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not inept to assume that both phenomena interact, per-

haps even in a synergistic manner. This would have a

paramount impact on the RPV integrity assessment,

particularly as, on the one hand, the conventional

embrittlement surveillance programme does not cover

the hydrogen effects and, on the other hand, radiolysis

and corrosion may result in the hydrogen uptake during

the service.

The risk was investigated early and assessed to be

uncritical. According to Brinkman and Beeston [2] there

is only a total loss of the tensile ductility for irradiated

steels if the strength is larger than 1200MPa and the

concentration of hydrogen is higher than 1ppm. For

steels of lower strength, hydrogen concentrations of

P2.5–4ppm yield a degradation of the mechanical prop-

erties both in the unirradiated and in the irradiated con-

ditions [2–9]. Irradiation enhances the effect, especially if

the irradiation temperature is low.
ed.
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Such high hydrogen concentrations are not expected

under typical LWR conditions. This is borne by the re-

sults of in situ experiments of Splichal et al. [10] and An-

ders et al. [11].

Nevertheless, in the last years more effort has again

been devoted the influence of hydrogen on the mechan-

ical behaviour under irradiation. Although the recent

work mainly relates to martensitic low activation Cr

steels [12,13] which are proposed as structural steels

for fusion reactor components or to austenitic stainless

steels, which are potentially endangered by irradiation

assisted stress corrosion cracking [14,15], there are

remarkable activities to investigate low-alloyed ferritic

RPV steels under this aspect as well [16–19].

A very new point of view was presented by Pachur

[20]. He analyzed the results of a comprehensive German

irradiation programme and additionally investigated

irradiated and subsequently cathodically hydrogen-

charged specimens from different RPV steels. On this

base, he postulated that the radiation defects are traps

for hydrogen and, furthermore, that the interaction

hydrogen–irradiation is responsible for the mechanism

III of the neutron-induced effects on the mechanical

properties. The mechanism III was described by Pachur

in a former paper [21] and was considered to act within

the characteristic range of the service temperature of

LWRs.

A decoration or enrichment of the radiation defects

with hydrogen atoms should be indicated by the small-

angle neutron scattering (SANS) effects. SANS has

proved to be an effective method to investigate nano-

scale microstructural heterogeneities induced by neutron

irradiation. Hydrogen has a negative nuclear scattering

length which is clearly different from the average nuclear

scattering length of the steel matrix [22]. Thus, hydrogen

in the radiation defects should be evident by an increase

of the nuclear scattering contrast. The usefulness of the

SANS method to investigate the interaction of hydrogen

and microstructure has already been shown for other

materials, e.g. the hydrogen–dislocation interaction in

palladium [23–25] or the characterization of hydrogen

defects in aluminium [26,27].

The paper reports on the results of SANS measure-

ments on irradiated and hydrogen-charged samples

made from RPV steels of different types. For compari-

son unirradiated reference samples of the same material

were also tested. Probably, these are the first experi-

ments in order to reveal the interrelation between radia-

tion defects and hydrogen using the SANS method.
2. Evidence of hydrogen in SANS experiments

The differential macroscopic SANS cross-section

dR(Q)/dX, which is calculated from the measured SANS
intensity by correction of the influence of the experimen-

tal conditions, is given by [28]

dR
dX

~Q
� �

¼ 1

V S

Z
V S

Dgð~rÞe�i~Q~r d3~r
� �2

: ð1Þ

The quantity Dgð~rÞ means the difference of the coher-

ent scattering length (=product of the number density of

atoms n and the scattering length b) on the place~r relat-
ing to the average value of the matrix. ~Q is the scattering

vector and VS is the sample volume.

For a two-phase model, the SANS cross-section and,

thus, the scattering intensity increases with increasing

scattering contrast (Dg)2,

ðDgÞ2 ¼ ðnp � bp � nM � bMÞ2: ð2Þ

The quantities np Æ bp and nM Æ bM are the above-men-

tioned parameters for the scattering particles (=radia-

tion defects) and matrix, respectively.

The SANS cross-section consists of a nuclear and a

magnetic component. The nuclear component is caused

by the neutron scattering with the nuclei. The character-

istic parameter is the neutron scattering length. It does

not show a regular course with the atomic number, it

is isotope-specific and can even take on negative values.

The last one is valid for hydrogen with bHnuc = �0.374 ·
10�12 cm [22].

In irradiated RPV steels, the scattering length densi-

ties of the matrix and the scattering defects are positive

and the scattering length density of the radiation defects

is lower than that of the matrix. Thus, the enrichment of

hydrogen in radiation defects due to trapping will lead

to an increase of the nuclear component of the SANS

cross-section. In contrast to that, the magnetic compo-

nent will not change because the hydrogen atom has

no magnetic moment that is sufficiently large in order

to be effective. Both SANS components can be sepa-

rated, if SANS is measured in a saturated magnetic field

dR
dX

ðaÞ ¼ dR
dX

� �
nuc

þ DR
DX

� �
mag

; ð3Þ

with
dR
dX

� �
nuc

¼ dR
dX

ða ¼ 0Þ and

dR
dX

� �
mag

¼ dR
dX

a ¼ p
2

� �
� dR
dX

ða ¼ 0Þ:

The quantity a is the angle between the magnetic field

and the incident neutron beam.

The hydrogen trapping on the radiation defects does

not only increase the nuclear SANS cross-section but

also reduces the ratio between the nuclear and the total

SANS cross-section (A-ratio).

The lower detection limit for hydrogen trapped in the

radiation effects can be roughly estimated as follows:

assuming that a 5% difference in the SANS intensity
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due to the hydrogen trapping is sufficiently evident, then

the detection limit, is given by

nH
nM

¼
ffiffiffiffiffiffiffiffiffi
1:05

p
� 1

� � ðbMÞnuc � ðbpÞnuc
�� ��

ðbHÞnuc
�� �� : ð4Þ

The quantity nH is the number density of hydrogen

atoms in the scattering particles relating to the number

density nM of the atoms in the matrix. (bM)nuc, (bp)nuc
and (bH)nuc are the nuclear scattering lengths of matrix,

particles and hydrogen, respectively. The scattering

length of the radiation defects is unknown but a realistic

estimation should be (bp)nuc = j0.5 (bM)nucj. This leads to
a detection limit of < 3at.% hydrogen per radiation de-

fects. Thus, a hydrogen content of 1ppm (56 at-ppm)

can be detected, if the hydrogen atoms are mainly

trapped in the radiation defects and the volume fraction

of the radiation defects is 0.2%.
3. Experimental details

The materials and the irradiation conditions are

listed in Tables 1 and 2. The materials comprise both

base metals (JRQ, JPA, KAB) and weld metal (R19).

JRQ and JPA are materials from the IAEA-CRP pro-

gramme, phase 3, the KAB material is a Russian RPV

steel, which is characteristic for the first VVER 440

generation, and R19 represents a VVER 1000-type weld

metal. KAB-7 and -8 are cut from adjacent thickness

positions of a forging (140mm thick) in �1/4 thickness

position.

The irradiation was executed in the VVER 2-proto-

type reactor in Rheinsberg (Germany). KAB-8 was irra-
Table 1

Chemical composition of materials (mass.%, Fe balance)

Material code Type C Mn Si C

JRQ ASTM 533 B cl. 1 0.19 1.41 0.25 0

JPA ASTM 533 B cl. 1 mod. 0.18 1.47 0.27 0

KAB-7 KAB-8 15Xh2MFA 0.14 0.55 0.24 2

R19 10KhGMFAA 0.09 1.14 0.38 1

Table 2

Irradiation conditions

Material code Reactor Fluence (E >

JRQ VVER-2, Rheinsberg 133

JPA VVER-2, Rheinsberg 80

KAB-7 VVER-2, Rheinsberg 139

KAB-8 RFR Rossendorf 27

R19 VVER-2, Rheinsberg 65

a Volume fraction of radiation defects.
diated in the Rossendorf Research Reactor RFR. Apart

from this material the other materials showed high-

SANS effects after irradiation. The volume fractions of

the irradiation defects calculated from the magnetic

cross-section are also given in Table 2. For this calcula-

tion the volume fraction distribution function was deter-

mined using the indirect transformation method

according to Glatter [29] and the irradiation defects were

assumed to be non-ferromagnetic.

For more details on material, irradiation and micro-

structure in the as-irradiated state the reader is referred

to [30]. Slices of 0.8mm thickness cut from broken Char-

py impact specimens were used for the SANS experi-

ments. Each material was investigated in the

unirradiated and irradiated conditions and without

and after hydrogen charging. For JRQ the samples in

the hydrogen-uncharged and charged states were identi-

cal, for JPA, KAB-7 and KAB-8 the samples were di-

rectly adjacent slices cut from the same specimens, and

for R19 slices from different Charpy impact specimens

were used.

The slices were cathodically charged in simulatedRPV

water 0.1Mboric acid/0.01MKOHwith current densities

of 5mA/cm2 up to saturation at room temperature. The

hydrogen content was determined by hot extraction with

the hydrogen analyzer LECO-RH 402. The charging con-

dition was moderate and adapted to the conditions ex-

pected in the power water reactor. The aim of the

treatment was not to achieve a very high, hypercritical

hydrogen concentration, but to establish realistic condi-

tions. Therefore, the hydrogen contents after charging

were low and amounted to 1.8–2.5ppm depending on

the type of steel. In the as-received condition the hydrogen
r Ni Mo V S P Cu Al

.13 0.84 0.50 0.008 0.004 0.019 0.14 0.02

.15 0.82 0.54 0.01 0.002 0.018 0.33

.60 0.24 0.62 0.27 0.013 0.011 0.22 0.015

.66 1.71 0.63 0.01 0.010 0.012 0.04 0.010

0.5MeV) 1018n/cm2 Temp., �C Dca vol.%

255 0.50

255 0.75

255 0.26

> 60 0.07

255 0.25
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Fig. 1. SANS cross-section (a) magnetic and (b) nuclear for

material JRQ in different conditions; (c) difference of the

nuclear SANS cross-sections of irradiated and unirradiated

conditions.
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concentrations were between 0.4 to 0.8ppm. It was

assumed, that only hydrogen in the solid solution effuses,

whereas the stronger bonded hydrogen remains in the

sample. Nevertheless, it was taken care to have a short

time between hydrogen charging and the SANS experi-

ments. During this time the samples were stored at low

temperatures (dry ice, �78 �C).
The SANS experiments were executed on the spec-

trometer V4 of HMI Berlin [31]. The samples were

placed in a saturating magnetic field of 1.3T perpendic-

ular to the neutron beam direction (wavelength =

0.6nm, beam diameter = 7.5mm). Two distances be-

tween sample and the two-dimensional 64-by-64-cm

position-sensitive detector were used, covering a range

of the scattering vector of 0.1–3.0nm�1. All data were

corrected for background, transmission, and detector

efficiency, and calibrated with a water standard using

the HMI software routines [32].

The measured SANS cross-section curves always in-

cluded a constant, Q-invariable scattering contribution.

This incoherent contribution is caused by the different

isotopes of the elements and the monotonous Laue scat-

tering. It mainly contributes to the nuclear SANS com-

ponent, it is larger than the pure isotope effect, and it is

enhanced by irradiation. For further analysis the inco-

herent contribution was determined using the Porod

approximation as described in [33]. After subtraction

of the incoherent contribution the coherent SANS

cross-section was obtained. The following figures show

the corrected SANS cross-section.
4. Results and discussion

Fig. 1 shows the magnetic and nuclear SANS cross-

section for the JRQ material. For Q > 0.5nm�1, the

SANS cross-section of the irradiated state is clearly high-

er than for the unirradiated state. This proves the irradi-

ation-induced production of nano-scaled microstructural

defects. Hydrogen charging does not result in any notice-

able changes of the magnetic SANS cross-section. How-

ever, the nuclear components are enhanced by hydrogen

charging. This is, above all, evident for the unirradiated

state, whereas the irradiated sample shows only a weak

increase. The remarkable increase of the cross-section

has a Q�2-dependence as Fig. 1(b) shows. It could indi-

cate an interfacial interaction between hydrogen and pre-

cipitates but exclude a hydrogen–dislocation interaction.

In the last case a slope of �1 would be expected due to

small-angle scattering of line-type defects.

The slight increase of the SANS cross-section after

hydrogen charging disappears in the irradiated condi-

tion if the nuclear SANS cross-section of the unirradi-

ated state is subtracted as depicted in Fig. 1(c). This

permits the conclusion, that fine particles or microstruc-

tural heterogeneities which already exist in the unirradi-
ated state, and not the radiation defects act as effective

traps for hydrogen.

Similar results were obtained on the other materials.

The SANS cross-section for the irradiated samples of

JPA and KAB 7 are depicted in Figs. 2 and 3. Here,

in contrast to JRQ, it was not the same sample measured

in the uncharged and charged conditions. Nevertheless,

the magnetic SANS cross-section curves for both condi-

tions are almost identical. Whereas the nuclear SANS

cross-section of the KAB-7-material is not changed by

hydrogen charging as well, JPA shows a marked in-

crease of the nuclear SANS cross-section compared with

the uncharged sample for Q < 0.5nm�1. This can be

interpreted as a result of hydrogen trapping on precipi-

tates having a radius >2nm, e.g. carbides.

For samples of the KAB-8 material, the irradiation

effect is lower but the hydrogen charging effect is again

only evident in the unirradiated condition. This is shown

in Fig. 4. The subtraction curves (Fig. 4(c)) are not com-

pletely identical for this material. It can be caused by

material inhomogeneities. Obviously, the larger micro-

structural heterogeneities, which scatter into the lower

Q value range, are especially effective as hydrogen traps.

Such heterogeneities could be the small vanadium car-

bides with sizes of 8–20nm which are typical for the

vanadium alloyed 15Kh2MFA steel KAB-8 [30]. As
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Fig. 2. SANS cross-section (a) magnetic, (b) nuclear for

material JPA irradiated.
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Fig. 3. SANS cross-section (a) magnetic, (b) nuclear for

material KAB-7 irradiated.
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Fig. 4. SANS cross-section (a) magnetic and (b) nuclear for

material KAB-8 in different conditions; (c) difference of the

nuclear SANS cross-sections of irradiated and unirradiated

conditions.
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known, small carbides with coherent or semi-coherent

interfaces have been identified as especially effective

hydrogen traps [34].

All materials considered so far have a high-copper

content and, thus, the irradiation defects should be cop-

per-rich precipitates or copper-enriched clusters accord-

ing to the most dominant interpretation in the literature

[35] and in correspondence with the A-ratio measured

[30]. The binding energy between copper and hydrogen

is low and, in a very simple approach, one can assume

that the trap effectivity of such copper-enriched clusters

is low as well.

In contrast to that, the weld metal R19 has a very low

Cu content. This result is shown in Fig. 5. Unfortu-
nately, the testing samples for the H-charged and un-

charged states were not cut from the same Charpy

specimen. So, there are larger differences in the micro-

structure, which even leads to differences in the magnetic

SANS cross-section. Nevertheless, a higher nuclear scat-

tering of H-charged specimens is only observed in the

case of the unirradiated material but not for the irradi-

ated material.

Obviously, hydrogen charging enhances the nuclear

component of the small-angle scattering. Type, chemical

composition and metallurgical treatment influence both

the intensity and Q-dependence of the effect. However,

an enrichment of hydrogen at the irradiation-induced

microstructural defects cannot be proven for the steel

types and the fluence range investigated. Therefore,

under the chosen conditions, the results do not confirm

the hypothesis of a direct interaction between radiation

effect and hydrogen as suggested in [20] or [36]. On the

other hand, the results do not exclude synergistic inter-

actions between hydrogen and irradiation embrittlement

mechanisms. Trapping of hydrogen at radiation defects

is only a first simple approach of the potential interac-

tion mechanisms. In addition hydrogen could affect the

kinetics of the radiation defect evolution. Such processes

can only be revealed by experiments with simultaneous

irradiation and hydrogen charging.
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Fig. 5. SANS cross-section (a) magnetic, (b) nuclear for

material R19 in different conditions, (c) difference of the

nuclear SANS cross-sections of irradiated and unirradiated

conditions.
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5. Conclusion

A SANS study on samples from different unirradi-

ated and irradiated RPV steels demonstrates that SANS

has the capability to identify hydrogen trapping at small

microstructural heterogeneities even if the bulk concen-

tration of hydrogen is not higher than 1–2ppm.

The hydrogen trapping effect depends on the type of

materials. Preferentially, microstructural heterogeneities

of the size of 8–20nm are effective traps but also clearly

smaller defects. However, the characteristic radiation

defects in the size range of approx. 1nm seem to be

not effective as hydrogen traps.
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