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Abstract The purpose of the present study is to show the

feasibility of examining hydrogen desorption in technical

iron samples using neutron radiography at the ANTARES

facility of the FRM II research reactor, Technische Univer-

sität München. It has been shown that this method is

appropriate for in situ determination of hydrogen desorption

for concentrations as low as 20 ppmH. Experiments were

carried out in the temperature range from room temperature

up to 260 �C. Measurement was based on direct comparison

between electrochemically hydrogen-loaded iron samples

and hydrogen-free reference samples at the same tempera-

ture. This enables the determination of hydrogen concen-

tration as a function of time and temperature. Ex situ carrier

gas hot extraction experiments using the same temperature–

time profiles as the neutron radiography experiments have

been used to calibrate the greyscale values of the radiographs

to defined hydrogen concentrations. It can be stated that

hydrogen desorption correlates with sample temperature.

Introduction

The study of metal–hydrogen systems has been a topic of

considerable scientific research for many years. Hydrogen

can limit the durability of iron and iron-based alloys due to

degradation of mechanical properties and hydrogen-assisted

cracking. The hydrogen transport processes in steels have

been widely discussed in several reviews [1–5]. In general,

hydrogen uptake can occur during welding, causing

hydrogen-assisted cold cracking, as well as during service,

causing hydrogen-assisted stress corrosion cracking. Vari-

ous models have been postulated to describe the complex

mechanisms leading to hydrogen-assisted cracking [6–10].

The two most widely accepted mechanisms are ‘hydrogen-

enhanced localised plasticity’ and ‘hydrogen-enhanced

decohesion’ [11–13]. However, various questions remain

concerning hydrogen mass transport in iron and iron-based

alloys, particularly with regard to the diffusion mechanism

and the accuracy of diffusion coefficients available in the

literature. To track the evolution of the hydrogen distribu-

tion and to determine the hydrogen diffusion mechanism,

it is necessary to measure the concentration of hydrogen

locally. This facilitates investigation of hydrogen mass flow

in complex microstructures and improves understanding of

the role of microstructural features, e.g. grain boundaries,

phase boundaries and precipitates, in hydrogen diffusion.

Technical iron was chosen as a material of interest for

studying the feasibility of neutron radiography as a method

for in situ determination of hydrogen concentrations and

diffusion coefficients, because it has the advantage of

lacking microstructural effects such as precipitations, solid

solutions, second phases or phase transformations in the

investigated temperature range (phase transformation a-Fe

to d-Fe at 900 �C). Hydrogen has higher mobility in ferritic

steels than in austenitic stainless steels due to the body-

centred cubic structure of the lattice, which results in

hydrogen embrittlement and blistering. This high mobility

is reflected by a lower diffusion activation energy

EA = 0.16–0.18 eV [14] in ferritic steels than in Cr–Ni

steels with EA = 0.52–0.57 eV [15]. The high hydrogen

mobility explains the low resistance of iron to hydrogen-

assisted cracking.
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In general, in situ determination of small amounts of

hydrogen in steels is difficult without destroying the sam-

ple. Typical methods, e.g. carrier gas hot extraction

(CGHE) [16], transmission electron microscopy (TEM)

and atomic force microscopy (AFM) [17–20], detect

hydrogen indirectly or ex situ, or require complex sample

preparation. A suitable method to avoid these disadvan-

tages is neutron radiography (NR). NR has relatively high

temporal resolution (*28 s per frame, including camera

readout time) compared with the kinetics of hydrogen

diffusion and suitable spatial resolution (*100 lm) com-

pared with the characteristic diffusion length, and delivers

visual information of the hydrogen concentration distribu-

tion. Another method is X-ray diffraction, which allows

indirect observation of hydrogen by measuring lattice

parameter expansion [21]. Neutron radiography is a non-

destructive imaging method with a wide field of application

in materials science, physics, biology and archaeology

[22–26]. Neutrons interact directly with atomic nuclei,

leading to both absorption and scattering of the neutrons. A

neutron-sensitive detector records the transmitted neutrons,

producing a two-dimensional (2D) attenuation distribution

image. In general, the attenuation behaviour of matter is

described by the Lambert–Beer law (Eq. 1)

I ¼ I0exp �ldð Þ; ð1Þ

with measured intensity I, initial intensity I0, linear atten-

uation coefficient l, and total thickness of the sample d.

Experimental section

Materials and sample preparation

Technical iron samples with average grain size of 80 lm

were used. The chemical composition is given in Table 1.

The samples were produced by cutting a rolled plate,

with subsequent grinding and polishing of the surface to

final surface roughness of 1 lm. The sample dimensions

were 40 mm 9 5 mm 9 2 mm. Before loading with

hydrogen, all samples were cleaned for 5 min with ethanol

in an ultrasonic bath to remove mechanical and chemical

residues.

Electrochemical hydrogen loading was carried out in a

galvanostatically connected charging cell. As electrolyte, a

solution consisting of 0.05 M H2SO4 and 0.1 M NaAsO2

(ratio 1:500) was used. Sodium arsenide serves as a

promoter to inhibit hydrogen recombination at the sample

surface. A current density of 100 lA/mm2 was applied for

48 h to fully saturate the cathodically connected sample

with hydrogen. All samples were stored in liquid nitrogen

to avoid hydrogen desorption after loading.

Sample characterisation

CGHE was applied to measure the amount of hydrogen

loaded into the sample. In this method, hydrogen is acti-

vated by a heat treatment to diffuse to the surface, where

it recombines and desorbs as H2 into a constant flow of

nitrogen. A calibrated sensor measures the change in the

thermal conductivity of the N2/H2 gas mixture, which is a

function of gas composition. Figure 1 shows a typical

result of such an experiment. The extraction of hydrogen

was performed under isothermal conditions at three dif-

ferent temperatures: 400 �C, 650 �C and 900 �C.

As seen in Fig. 1, hydrogen is only released at the

extraction temperature of approximately 400 �C. This

means that hydrogen is only located at interstitial sites in

the lattice. Because technical iron is almost free of pre-

cipitations, carbides and inclusions, no hydrogen is bonded

at so-called trapping sites. At 650 �C and 900 �C, hydro-

gen would be released from these different kinds of traps,

but no such peaks are visible. Integration of the signal in

Fig. 1 over time yields the total amount of hydrogen dis-

solved in the sample. A suitable calibration of the signal

allows for calculation of the corresponding hydrogen

concentration.

In situ analysis of hydrogen concentration

Experiments were performed at the ANTARES neutron

imaging facility at the FRM II research reactor, Technische

Universität München. The employed experimental setup is

shown schematically in Fig. 2.

Table 1 Measured chemical composition of austenitic stainless steel

1.4301 (wt%)

Fe C Ni N Mn Cr Mo S

[99.7 0.002 0.013 0.0022 0.05 0.013 0.002 0.0033 Fig. 1 Carrier gas hot extraction signal of hydrogenated technical

iron as a function of time and temperature
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Radiography was performed with a neutron-sensitive

scintillation screen, consisting of Cu- and Ag-doped 6LiF-

ZnS, and a Peltier-cooled charge-coupled device (CCD)

detector (Typ Andor DW436 N-BV) that viewed the screen

via a mirror. With neutron flux of 1.0 9 108 n/cm2 for

L/D = 400 (where L is the pinhole–sample distance and

D is the pinhole size) and average effective pixel size of

70 lm, the exposure time for an image was 28 s, including

camera readout time, and images were recorded every

5 min. An infrared heat source allowed desorption experi-

ments to be performed at higher temperatures. In each

experiment, six hydrogenous samples, which were aligned

to form a stack, were analysed. The stack had a thickness of

d = 12 mm, showing maximum contrast between the

hydrogen-loaded samples in the middle and the hydrogen-

free sample at both sides (Fig. 3).

All samples were fixed in a sample holder covering the

lower 10 mm. Three type K thermocouples with diameter

of 0.5 mm were installed at 10 mm intervals, starting at the

top of the sample, to measure the temperature during the

course of the experiments. Figure 4 shows a neutron radi-

ography image.

Using ImageJ software, the raw image was processed by

subtracting the dark image and then dividing by the open

beam image, from which the dark image was also sub-

tracted, in order to minimise background noise and correct

for image artefacts. The intensity was determined for a

total surface area of 30 mm 9 4.5 mm for each sample

stack. The total area needed to be reduced due to the

coverage of the lower 10 mm by the sample holder and a

minimal shift of some samples in the stack. For the stacks

of hydrogen-free samples, the mean value was calculated.

Results and discussion

Hydrogen concentration as a function of temperature and

time was examined ex post in parallel experiments using

carrier gas hot extraction. The temperature–time profile

was the same as that used in the neutron radiography

experiments and is shown in Fig. 5. The samples were first

heated at a heating rate of 10 K/min, and after 20 min the

heating rate was reduced to 4 K/min to slow down

hydrogen desorption. The initial hydrogen concentration at

Fig. 2 Schematic of the neutron radiography experimental setup

Fig. 3 Schematic of the sample arrangement in the direction of the

neutron source

Fig. 4 Neutron radiography image of hydrogenous and hydrogen-

free samples; the rectangle denotes a typical sample area used for

measuring the average intensity of the transmitted beam

Fig. 5 Hydrogen concentration as a function of time and temperature
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room temperature was 60 ppmH. In combination with the

results obtained from the neutron radiography experiment,

the desorption behaviour as a function of time and tem-

perature was determined and is also shown in Fig. 5.

Besides, a specific hydrogen concentration was assigned

to every mean intensity value of the NR transmission

images. With increasing temperature up to 200 �C, the

hydrogen concentration decreased. With reduced heating

for t [ 1,500 s, the decrease of the hydrogen concentration

in the samples slows down. The standard deviation is

8 ppmH on average. So, hydrogen quantification for con-

centrations lower than 30 ppmH is possible, although to

minimise the error, reliable calibration standards need to be

developed. Hydrogen concentrations lower than 20 ppmH

are currently not detectable, because in this range hydrogen

cannot be distinguished from background noise.

In the future, titanium hydride powder (TiH2) will be

used as a reference standard for determining hydrogen

concentrations. A SiC/TiH2 powder mixture can store

hydrogen till temperatures of approximately 300 �C. Var-

ious powder mixtures will be measured to obtain a cali-

bration function that will enable specific hydrogen

concentrations that can be assigned to their corresponding

intensity.

Analysis of the obtained neutron radiography images

allows the determination of the intensity of the samples as a

function of time and temperature (Fig. 6). To compare the

hydrogenous samples with the hydrogen-free samples, the

average was calculated for the stacks of hydrogen-free

specimen.

The results of the hydrogenous and hydrogen-free

samples were compared to establish the desorption

behaviour. As shown in Fig. 6, the initial intensity for the

hydrogenous samples was 11,100, in comparison with an

initial intensity of 11,500 for the hydrogen-free samples.

So, a hydrogen concentration of HD = 60 ppmH corre-

sponds to an intensity difference of 400. As the temperature

increases, the desorption process starts and the intensity

also increases, due to the lower amount of hydrogen in the

samples to attenuate the neutrons. After heating for 1,500 s

and an increase of temperature up to 200 �C, the intensity

for the hydrogenous samples increased to 12,500 whereas

that for the hydrogen-free samples increased to 12,850.

So, a hydrogen concentration of HD = 25 ppmH corre-

sponds to an intensity difference of 350. This means that, in

comparison with the results from the carrier gas hot

extraction, 60% of the diffusible hydrogen has now been

released, due to the low activation energy of the diffusible

hydrogen. If heating continues again for 35 min and the

temperature reaches a maximum of 260 �C at the top of the

samples, most of the hydrogen is desorbed, because the

final intensities are nearly at the same level. The difference

between the hydrogen-free reference samples and the

hydrogenous samples is 50, which corresponds to a

hydrogen concentration of HD = 20 ppmH.

In Fig. 7, transmission is shown as a function of tem-

perature and time. The transmission is the ratio between the

intensity of the hydrogenous samples and the intensity of

the hydrogen-free samples. This enables evaluation of the

desorption behaviour as well as the possible lattice dis-

tortion effect of hydrogen.

As seen in Fig. 7, it can be stated that, with increasing

temperature, hydrogen desorbs, leading to an increase of

the transmission ratio. In fact, at room temperature the

transmission ratio is 0.965. With the increase of tempera-

ture up to 200 �C, the transmission ratio increases to 0.977,

then the transmission ratio increases strongly to 0.993,

which correlates directly with faster desorption of hydro-

gen from the sample. Finally, the transmission nearly

reaches a steady state at a transmission ratio of 0.995. If the

transmission ratio were to reach unity, the hydrogen in the

hydrogenous samples would have been fully desorbed.

Fig. 6 Intensity of the hydrogenous and the hydrogen-free samples as

a function of time and temperature

Fig. 7 Calculated transmission ratio between the intensity of the

hydrogenous samples and that of the hydrogen-free samples as a

function of temperature and time
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It can be stated that the hydrogen desorption behaviour

is strongly dependent on the temperature and that different

amounts of desorbed hydrogen can be detected using

neutron radiography. In comparison with Lehmann [23] or

Sakaguchi [24, 25] it was possible to detect hydrogen

amounts lower than 100 ppmH, because the final detected

hydrogen concentration was 20 ppmH. In general, this

would correspond to a reduction of the detection limit by

80%, although a direct comparison is not possible due to

the use of a different facility, beam and detector

arrangement.

Conclusions and outlook

Neutron radiography is a suitable technique to study the

hydrogen desorption behaviour of technical iron. Separate

carrier gas hot extraction experiments using the same

temperature–time profile as for the neutron radiography

experiment were used to calibrate the grey values of the

neutron radiography images into hydrogen concentrations.

The current detection limit for hydrogen in steel is

20 ppmH and may be reduced by modifying the measure-

ment method through the introduction of reference stan-

dards of known concentrations. It can be stated that

hydrogen desorption correlates with specimen temperature.

A future aim of such neutron radiography experiments is

in situ determination of concentration-dependent diffusion

coefficients. In desorption experiments at constant tem-

perature, the diffusion coefficient D can be determined by

evaluating the change of the hydrogen concentration C as a

function of time t using an appropriate solution of Fick’s

second diffusion equation [27]. Furthermore, lattice dis-

tortion due to hydrogen uptake will be investigated using

Bragg-edge neutron radiography.
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