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Investigations of the hydrogen diffusion
and distribution in Zirconium by means
of Neutron Imaging

Absorbed hydrogen degrades the mechanical properties of zir-

conium alloys used for nuclear fuel claddings. Not only the to-

tal amount of hydrogen absorbed in the cladding tube but also

the zirconium hydride orientation and its distribution influence

the toughness of the material. For instance, the so-called de-

layed hydride cracking is caused by the diffusive re-distribution

of hydrogen into the dilative elastic strain field ahead of crack

tips. The paper presents in-situ and ex-situ neutron imaging in-

vestigations of hydrogen uptake, diffusion and distribution in

zirconium alloys used for claddings. An overview about results

of in-situ experiments studying the hydrogen uptake in strained

Zircaloy-4, as well as ex-situ investigations of the diffusion of

hydrogen in cold rolled Zircaloy-2 and Zr-2.5% Nb alloy de-

pending on temperature, rolling direction and thermal treat-

ment and of the hydrogen re-distribution in the b-phase of

Zircaloy-4 during a Three-Point-Bending-Test at 600 8C are

presented.

Neutronenradiographie- und -tomographieuntersuchungen
der Wasserstoffdiffusion und -verteilung in Zirkonium. Als

Material für Brennstabhüllrohre in Leichtwassereaktoren wer-

den Zirkonium-Legierungen verwendet. Wenn diese Wasser-

stoff aufnehmen, verschlechtern sich ihre mechanischen Eigen-

schaften. Dabei wird die Zähigkeit der Materialien nicht nur

durch die Menge des absorbierten Wasserstoffs, sondern auch

von der Orientierung und Verteilung der Hydride beeinflusst.

Zum Beispiel ist der sogenannte verzögerte Wasserstoffbruch

von der diffusionsgesteuerten Umverteilung des Wasserstoffs

zum Gebiet vor einer Rissspitze verursacht, welches elastisch

gedehnt ist. Dieser Artikel präsentiert Ergebnisse von in-situ

Neutronenradiographie-Studien der Wasserstoffaufnahme in

gedehnten Zircaloy-4-Proben, und ex-situ Untersuchungen

zur Wasserstoffdiffusion in kaltgewalzten Zircaloy-2 und Zr-

2.5%Nb-Legierungen in Abhängigkeit von Temperatur, Walz-

richtung und Wärmebehandlung sowie zur Umverteilung des

Wasserstoffs in der b-Phase von Zircaloy-4 während eines

Drei-Punkt-Biege-Test bei 600 8C.

1 Introduction

Delayed hydride cracking (DHC) occurs at constant subcriti-
cal mechanical load after a holding time depending on tem-
perature, load and hydrogen concentration. The phenomenol-
ogy is intensively studied [1–8]. Hydrogen diffuses to the
stress field ahead of a crack tip because the hydrogen chem-

ical potential decreases in tensile strained zirconium. Accord-
ing to Varias [2] the chemical potential of hydrogen in solid
solution lH is given:

lH ¼ lH;0 þ @w

@NH
�WH ð1Þ

lH,0 is the free hydrogen potential in unstressed zirconium de-
pending on the hydrogen concentration. w is the elastic en-
ergy of the zirconium, NH the number of hydrogen atoms
and WH is the elastic work performed by the applied stresses.

The hydrogen enrichment ahead of a crack tip results in a
reduction of toughness of this location with the consequences
of progressing crack growth into this region. By the crack pro-
pagation, the residual stress of this region is released. The hy-
drogen chemical potential of this now unstrained position in-
creases. The hydrogen chemical activity is now too high
whereas at the newly formed strain region ahead of the new
crack tip it is too low. Hydrogen has to diffuse from the for-
mer crack tip position to locations ahead of the new crack
tip. The process starts again until failure of the cladding tube.

Less progress was achieved to model the mechanism of
DHC. For this topic, the diffusion of hydrogen and the depen-
dence of hydrogen chemical potential in zirconium alloys on
the lattice strain have to be quantified.

Neutron imaging experiments can contribute improving the
mechanistic understanding of the processes occurring during
DHC in zirconium-based alloys. Because hydrogen has a very
high and zirconium a very low total microscopic neutron
cross-section rtotal, even low hydrogen concentrations can be
detected in zirconium based materials. Therefore, the method
becomes established and used to study hydrogen in zirconium
alloys by various groups [9–21]. The relative fast and non-de-
structive neutron radiography investigations and the large pe-
netration lengths of neutrons allow in-situ investigations at
temperatures above room temperature using sample environ-
ments like furnaces or reaction chambers [19, 20, 22].

The authors performed several experiments to obtain infor-
mation about parameters influencing the hydrogen solubility
and diffusion as well as the correlation between stress and
strain on one hand and hydrogen concentration and with it
on hydrogen chemical potential on the other hand. The paper
gives an introduction into neutron imaging and presents re-
sults of in-situ neutron radiography investigations on the in-
homogeneous hydrogen uptake at a pre-cracked and strained
sample of in- and ex-situ investigations of the hydrogen solu-
bility and diffusion in the temperature range between 250
and 350 8C as well as ex-situ neutron radiography and tomo-
graphy measurements at hydrogen pre-loaded three-point-
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bending (3PB) bended at 870 and 600 8C under different con-
ditions.

2 Determination of spatially resolved hydrogen
concentration in zirconium alloys

In neutron imaging experiments usual variations in the at-
tenuations of the neutron beam measured at detector differ-
ent positions x,y result in the neutron image contrasts. The re-
ciprocal of the attenuation, the transmission is described by
the well-known Lambert-Beer law:

I x; yð Þ ¼ I0 x; yð Þe�Rtotal x;yð Þs x;yð Þ ð2Þ

I(x,y) and I0(x,y) are the intensities behind and before the
sample (measured at detector pixel x,y with and without of
the sample), Rtotal the total macroscopic neutron cross section
at position x,y and s the path length of the neutrons through
the sample at position x,y. Rtotal is the sum of the products of
number density Ni and total microscopic neutron cross section
ri of all isotopes i along the path of the neutron through the
sample:

Rtotal x; yð Þ ¼
X

i

Ni x; yð Þri ð3Þ

The total neutron cross section of a hydrided zirconium alloys
sample can be described as sum of total macroscopic neutron
cross section of the alloy plus the total macroscopic neutron
cross section of hydrogen.

Rtotal x; yð Þ ¼ R
Zry
totalðx; yÞ þNH x; yð ÞrH ð3aÞ

On basis of Eq. (3a) the dependence of the total macroscopic
cross section on the number density ratio of hydrogen to zir-
conium was determined experimentally using cladding seg-
ments with known hydrogen concentration. These calibration
specimens were produced by annealing of the fresh cladding
tube segments in Ar/H2 atmosphere at various temperatures
and hydrogen partial pressures [9]. Figure 1 compares the ca-
libration measurements for the three neutron imaging facil-
ities CoNRad (BENSC, Berlin, Germany), ANTARES (TU
Munich, Garching, Germany) and ICON (Paul Scherrer Insti-

tut, Villigen, Switzerland) (an atomic ratio of NH/NZr = 1
equals a mass concentration of 10930 wt.ppm). The differ-
ences are low because all three facilities use comparable cold
neutron spectra.

3 In-situ measurements of the hydrogen uptake
and redistribution in stressed samples at 350 8C

Processes related to DHC like hydrogen uptake and redistri-
bution in mechanically pre-stressed specimens were tried to
investigate in two measurement campaigns [23]. At first, pre-
stressed specimens were annealed at 350 8C in Ar/H2 atmo-
sphere. The Zircaloy-4 tensile samples with a thickness of
0.6 mm were strained using a steel/ceramics frame to apply
the stress inside the INRRO furnace [22]. A neutron image
sequence of this experiment is shown in Fig. 2. The hydrogen
uptake was delayed by about 8 h. Obviously, the initial sub-
micrometer thick oxide layer formed at room temperature
during manufacturing, preparation and material storage had
to be dissolved by diffusion of the oxygen into the bulk of
the sample to enable hydrogen uptake. After this time, the
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Fig. 2. Neutron radiograph sequence taken during the destruction of a mechanical stressed specimen in Ar/H2 atmosphere at 350 8C (mechanical load
in horizontal direction)

Fig. 1. Calibration of the dependence of the total macroscopic neutron
cross section on the hydrogen to zirconium number density ratio for the
CoNRad, ANTARES and ICON neutron imaging facilities
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hydrogen absorption starts at notch position. After about 10 h
the hydrogen is concentrated in the specimen region with the
highest tensile stress (visible as slightly darker regions e.g. in
the frames taken at 37080 and 39700 s). Spallation of small
hydrides from the sample starts at the same time (dark ob-
jects below the specimen). Later, hot spots of the hydrogen
uptake are formed. These dark hot spots characterized by
very high hydrogen concentrations grow and result in addi-
tional breakaway of small hydrides from the sample until
complete specimen destruction after about 15 h.

In a second beam-time the experiment was varied. The
samples with a thickness of 6 mm were pre-oxidized. At both
sides of the notch the oxide layer were removed to define
the position of the hydrogen uptake. The samples were an-
nealed again in Ar/H2 atmosphere at 350 8C. The hydrogen
uptake starts after about 4.5 h. This time was shorter than in
the experiments before because the oxide at positions close
to the notch was removed only about 40 min before the sam-
ple were put into the furnace with inert and reducing atmo-
sphere. A fast hydrogen uptake follows. In order to prevent
the complete destruction of the sample, the hydrogen supply
was switched off after reaching a certain gray value in the
radiograph at 17000 s. In Fig. 3 examples of the radiograph
sequence are given. The images are focused on the notch
and pre-crack sample region after stopping the hydrogen sup-
ply the hydrogen distribution in the sample is changed very
slowly as Fig. 4 shows for various vertical distances to the
crack tip. The more or less stable hydrogen distribution de-

monstrates that nearly no diffusion occurred. This may hap-
pen if

a. the diffusion rate is very low or
b. the gradient in the chemical activity as the driving force for

diffusion is low.

As will be shown later, hydrogen can diffuse quickly at this
temperature. Therefore, the second reason is more probable.
Ex-situ neutron tomography investigations of this sample
were performed at the CoNRad facility. Figure 5 shows pro-
jections of the 3D reconstruction of the strongly hydrided
areas. The hydrogen distribution along the notch is very het-
erogeneous as can be seen in the projections of the tomogra-
phy reconstructions. High hydrogen concentrations were
found at the sample surfaces where the notch ends. The flanks
of the notch are not covered homogeneously by the hydrogen.
On this basis it is hardly possible to extract data about the
correlation between stress field ahead of the crack tip and hy-
drogen concentration. Measurement of hydrogen solubility
and diffusion at temperatures of 250 to 350 8C

4 Measurement of hydrogen solubility and diffusion
at temperatures of 250 to 350 8C

The spatially resolved hydrogen concentrations were mea-
sured with high precission in Zircaloy-2 (Zry-2) and Zr-
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Fig. 4. Time dependence of the averaged hy-
drogen concentrations at various distances
from the crack tip

Fig. 3. Neutron radiograph sequence taken during hydrogen loading in Ar/H2 atmosphere until 18000 s and inert annealing of a mechanical stressed
specimen until 57000 s at 350 8C
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2.5%Nb specimens coated with a Zr hydride layer after an-
nealing between 250 and 350 8C for various thermo-mechani-
cal treatments [21]. The temperature dependence of hy-
drogen solubility and diffusion were extracted by these
investigations.

Figure 6 compares the hydrogen distributions after annealing
at temperatures of 250, 300 and 350 8C for rolling and normal
direction of a rolled Zr-2.5%Nb plate, heat treated at 860 8C
for 3 h prior to formation of the hydride layer, as an example.

At position 0 – the interface to the Zr hydride layer the hydro-
gen solubility is measured. It does not differ between the two
rolling plate directions for this material. The hydrogen solubi-
lity of Zry-2 seems to be slightly higher in normal direction
than in rolling direction or in Zr-2.5%Nb. However, the differ-
ences are very small. A stress release pre-annealing does not
change the solubility noticeably.

The distributions were fitted by the diffusion law of Eq. (4)
derived from Fick’s law for constant hydrogen activity at the
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Fig. 6. Comparison of the hydrogen distribution after annealing at 250, 300 and 350 8C for rolling and normal direction of the rolled Zr-2.5%Nb
plate

Fig. 5. Projection of the 3D reconstructed hy-
drogen distribution along the notch over the
whole sample width obtained from the neu-
tron tomography measurements (the width of
the sample is 6 mm)
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opposite side of the interface. This presumption is valid, as long
the hydride layer at the sample is not completely consumed.

c x; tð Þ ¼ c0 1� erf
x

2
ffiffiffiffiffiffi

Dt
p

� �� �

ð4Þ

x is the distance to the interface, t the time, c0 the concentra-
tion at the interface and D the diffusion coefficient. Figure 7
compares the temperature dependences of the diffusion coef-
ficient determined by fitting the hydrogen distribution for the
two alloys and two thermo-mechanical pre-treatments. The
temperature is given in equal distant 1/T steps according to
the Arrhenius law. The hydrogen diffusion is faster in the Zr-
2.5%Nb alloy than in Zry-2. The reason for it seems to be
the remaining b-Zr phase at grain boundaries in the nio-
bium-containing alloy in hydrogen diffusion occurs much fas-
ter than in the tin containing alloy. The diffusion is faster in
rolling direction than in normal direction for Zry-2 but oppo-
site for the heat-treated Zr-2.5%Nb. For the Zry-2 the elon-
gated grains in rolling direction resulting in enhanced grain
boundary diffusion can explain the effect. In the Zr-2.5%Nb
the continuous b-Zr network can be broken by the plastic de-
formation occurring mostly in rolling direction. In this case
the preferred diffusion path would be also interrupted.

The tests also comprised in-situ neutron radiography mea-
surements of the hydrogen diffusion. However, they were
not successful. The neutron radiographs have to refer to the
sample at test temperature at the very beginning of the an-
nealing to suppress the effect of sample holder or tempera-
ture caused changes of the position of furnace structure ele-
ments. Even very small position changes less than a pixel
size (about 20 lm) hint a successful referencing. Because of
the heating rate of 10 K/min a certain hydrogen re-distribu-
tion occurs already during heatup to 280 8C. Figure 8 plots
the neutron transmission vs time of isothermal annealing at
280 8C. The transmission was measured at a position opposite
to the hydride layer in a distance of about 3.5 mm from the
hydride/Zry-2 interface. The plot shows that after about
50 min annealing time (plus the 25 min heat up time) equilib-
rium is established. No further changes in the neutron trans-
mission caused by hydrogen diffusion occur because the hy-
drogen concentration was homogenized over the whole
sample. It demonstrates how fast is hydrogen diffusion even
at the relative low temperature of 280 8C.

5 Measurement of the hydrogen distribution
at a 3PB specimen after bending at 600 8C

The aim of this feasibility study was the measurement of the
hydrogen concentration in dependence on stress/strain in Zir-
caloy-4 samples. Four of the five specimens with dimensions
of 35 mm · 4 mm · 3 mm were preloaded with hydrogen to
concentrations of about 1000 to 1100 wt · ppm. Specimen
HRD0 was kept as reference. The samples were oxidized in
steam to catch the hydrogen in the sample by forming an
oxide layer. Three-point-bending (3PB) tests were performed
at temperatures of 860 8C (HRD-1 and -2) and 600 8C
(HRD-3 and -4). The load was increased until a derivation
from the linear elastic behavior occurred. Then the load was
kept constant for various times. Finally, the samples were
cooled down in the furnace keeping the mechanical load con-
stant. Figure 9 shows a neutron radiograph of these samples.
The darker regions at both sides come from the glue band fix-
ing the samples.

The specimen HRD4 shows a clear gradient in the neutron
transmission and with it in the hydrogen concentration in the
direction of the mechanical load (vertical z axis) as can be
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Fig. 9. Neutron radiograph of the HRD specimens

Fig. 7. Temperature dependence of the hydrogen diffusion coefficient
for the different materials and thermos-mechanical treatments

Fig. 8. Development of the neutron transmission at a distance to the hy-
dride layer of*3.25 mm during isothermal annealing at 280 8C
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seen in Fig. 10. Assuming pure elastic deformation the z de-
pendence of the strain can be estimated. Figure 11 plots the
ratio between the number densities of hydrogen and zirco-
nium vs. the elastic strain estimated. The curve contradicts
the expectations based on the well-known effect that hydro-
gen solubility increases with increasing elastic tensile strain.
The values of the hydrogen concentration at this axial posi-
tion of the mechanical load are below the mean value deter-
mined at positions far away from this position. Obviously, hy-
drogen release occurs at the highest loaded position through
the surface exposed to the highest tensile stress and strain.

It must be concluded that the experiments were not suc-
cessful. New experiments have to be designed to measure
the correlation between stress/strain and hydrogen concentra-
tion and with it the stress dependence of the chemical poten-
tial of hydrogen in zirconium alloys.

6 Conclusion and outlook

The investigations already performed demonstrate that neu-
tron imaging is a powerful tool to study hydrogen uptake, dif-

fusion and distribution in zirconium alloys. In particular, the
measurements of maximal hydrogen solubility and diffusion
were very successful. The determination of the correlation be-
tween stress/strain and hydrogen concentration and with it
the stress/strain dependence of the chemical potential of hy-
drogen in zirconium alloys was not yet achieved. New experi-
ments have to be designed and performed to reach this goal.
May be that new methodical developments like neutron mi-
croscopy providing spatial resolutions down to several micro-
meter will provide better possibilities to measure the un-
known correlations and to investigate DHC directly.
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