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Abstract Spent nuclear fuel, in Sweden, is planned to be
put in 50-mm thick copper canisters and placed in 500-m
depth in the bedrock. Depending on the conditions in the
repository, an uptake of hydrogen in the copper may occur.
It is therefore necessary to establish how a hydrogen uptake
affects the microstructure in both the surface and the bulk.
Phosphorus-doped, oxygen-free copper has been cathodi-
cally charged with hydrogen for up to 3 weeks. The
amount of hydrogen as a function of the distance from the
surface was measured by two methods: glow discharge
optical emission spectrometry and melt extraction. The
penetration of the increased hydrogen content was about
50 um. Extensive bubble formation took place during the
charging. A model has been formulated for the diffusion of
hydrogen into the copper, the bubble formation and
growth. The model can describe the total amount of
hydrogen, the number of bubbles and their sizes as a
function of the distance from the surface. Bubbles close to
the surface caused the surface to bulge due to the high
hydrogen pressure. From the shape of the deformed sur-
face, the maximum hydrogen pressure could be estimated
with the help of stress analysis. The maximum pressure
was found to be about 400 MPa, which is almost an order
of magnitude larger than previously recorded values for
electroless deposited copper.
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Introduction

In Sweden, spent nuclear fuel is planned to be disposed off
by encapsulation in waste packages consisting of a cast
iron insert surrounded by a copper canister. During storage
in the repository, it cannot be ruled out that hydrogen
absorption can occur in the copper canister due to corrosion
of iron in the presence of water, which might affect the
mechanical properties and integrity of the copper canister.

Absorption of hydrogen in copper and the influence of
hydrogen on the mechanical properties and the role of the
microstructure have been studied for over 50 years. Several
studies have focused on charging methods for copper and
optimisation of electrochemical charging parameters.
Nakahara and Okinaka [1] listed three different charging
methods: thermal charging, electrochemical charging and
hydrogen entrapment during electroless copper deposition,
and described the advantages and drawbacks. Panagopou-
los and Zacharopoulos [2] and Al-Marahleh and El-Amo-
ush [3] studied the influence of current density and
charging time on the mechanical properties of pure copper.
In a later publication, Nakahara and Okinaka [4] discussed
how addition of arsenic to the electrolyte used in electro-
chemical charging ameliorates the absorption of hydrogen,
which has now become the standard procedure.

Hydrogen absorption has been proven to have a sig-
nificant effect on the mechanical properties in thin foils
or sheets of copper and copper alloys. Kim and Byrne
[5] showed that the hardness is raised by hydrogen
charging. Nieh and Nix [6] found that an increased
hydrogen and oxygen content in foils shortens the creep
life by 10-100 times and reduces the creep strain by a
factor 2-3. Nakahara [7] and Okinaka and Straschil [8]
showed that trapped hydrogen in copper deposits reduces
the ductility.
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The absorption and the diffusion of hydrogen in copper
are affected by the microstructure. Wampler et al. [9]
suggest that impurities (unspecified) can act as hydrogen
trapping sites, increasing the hydrogen content in the
material. It has also been shown that hydrogen charging of
pure copper can nucleate and grow bubbles of hydrogen or,
in the presence of oxygen, of water [4, 6, 7, 9-11]. The
literature review of Condon and Schober [11] describes
various mechanisms causing bubbles to grow, which
eventually can create microcracks.

Studies on the subject of hydrogen charging known to
the authors are based on hydrogen-charged foils or thin
sheets. No studies include the hydrogen depth profile of
copper samples thicker than ~2 mm. The thickness of the
copper canister intended for nuclear fuel waste is 50 mm.
Hence, it is necessary to understand how the introduced
hydrogen affects the bulk. In the present paper, the
hydrogen depth profile after cathodic charging of oxygen-
free, phosphorus-doped copper (Cu-OFP) was determined.
Compared to the long storage time in the repository, the
alleged corrosion process would be significantly more
rapid. The hydrogen charging is accelerated to give man-
ageable charging times. Statistical data of the distribution
of hydrogen bubbles created during charging was collected
in a metallographic examination. A model for growth of
hydrogen bubbles was developed.

Experimental

Tested material is as-forged Cu-OFP provided by the
Swedish nuclear fuel and waste management company
(SKB). The material is taken from a canister lid with the
designation TX104. The chemical composition is found in
Table 1. Hydrogen charging was performed on three forms
of copper as-received, annealed and 20 % cold-worked
bars and plates. The plates, which were analysed with glow
discharge optical emission spectrometry (GDOES), had a
size 40 x 40 x 10 mm and the bars, which were analysed
with melt extraction, had a diameter of 5 or 7 mm. The
annealing was performed in a 600 °C salt bath for 5 min,
followed by a rapid quench in water. The cold-work in the
plates was obtained by reducing the height 15 % by cold
rolling, which corresponds to 20 % uniaxial deformation.
The bars were strained to 20 % elongation in a tensile
testing machine to obtain the same amount of cold-work as
the plates. All specimens were electropolished in 50 %
orthophosphoric acid for a few minutes to remove oxides

Table 1 Chemical analysis in wt. ppm of the tested material

Ag As Fe Ni O P S Sb Cu+P

13 <l 2 2 1-2 45-60 5 1 >99.99 %

and the surfaces were cleaned before cathodic hydrogen
charging.

Cathodic charging was used for the introduction of
hydrogen. A general description of the method is given in
[1]. A constant current was applied over the specimen and
a platinum counter electrode. All specimens were charged
in 10 % H,SO, electrolyte. An amount of 30 mg/l As,O3
was added to the electrolyte as a hydrogen recombination
inhibitor. The specimens were charged for 8§ or 504 h
(3 weeks) at 10 mA/cm?. All bars and plates were charged
separately.

The hydrogen content and depth profile were measured
by two different analysis methods. The hydrogen profile in
the plates was characterised with GDOES by means of a
depth profiling analysis. The advantage of this method is
that the depth profile is continuous. A drawback is that the
method is not fully quantitative for hydrogen due to the
relatively high background equivalent concentration (BEC)
of hydrogen in copper, but the method permits comparison
between different samples [12].

The bars were analysed by melt extraction using a Leco
Rhen602 hydrogen determinator. After charging, each bar
was divided into 2 or 3 sections: one section was used as
reference and for the others a layer of varying thickness
was removed from the surface by turning, see Fig. 1. Each
section was divided into two equally long parts before
hydrogen analysis. The hydrogen contents in the removed
layers were then calculated by comparing the hydrogen
content in the analysed bulk samples within the same bar.
All specimens were analysed immediately after the
charging was completed or stored in liquid nitrogen until
the analysis was performed. The two-step profile mea-
surements, consisting of one reference section and one
section that was turned, were performed on @ 5-mm bars.
The three-step profile measurements, consisting of one
reference section and two sections turned to different
thicknesses, were performed on @ 7-mm bars. Four to six
bars were tested at each set of parameters of charging and
layer thickness to obtain statistically significant results.
This is a coarse method concerning depth variation, but it
gives quantitative values of the hydrogen content in the
analysed material.

A microscopic examination of the as-received, hydro-
gen-charged plates was performed using a JEOL 7001

N

Fig. 1 Schematic drawing of a three-step profile bar after hydrogen
charging and turning. After hydrogen charging, the bar is turned in
sections. The left section is left intact while on the two sections to the
right a thin layer is removed by turning. Each section is then divided
into two pieces before the hydrogen content is determined
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FEG-SEM equipped with INCA Feature. The software
INCA Feature provides methods of automated detection
and classifications of particles or voids by means of mor-
phology, chemistry and position, which makes it possible
to collect statistical data from a large area. A cross section
of the specimens was ground and polished with diamond
paste before collecting statistical data of the bubbles with
Inca Feature. The same specimens were then etched before
the SEM images were captured.

Results
Hydrogen depth profile

The hydrogen content of the copper before hydrogen
charging was measured by melt extraction in at least four
samples for each material condition, see Table 2. The first
hydrogen depth profile in as-received and annealed bars
was measured after 8-h electrochemical charging. For these
specimens, one layer was removed from the surface of each
bar, giving a hydrogen depth profile in two steps. One of
the annealed bars was turned in three steps. The results are
shown in Fig. 2a, b, where the horizontal length of the lines
correspond to the width and the position of the layers, and
the vertical position indicate the average hydrogen content
in each layer. Despite the varying thickness of the layers,
the average content in the bar after turning is approxi-
mately the same, which would imply that the penetration
depth of the hydrogen after 8 h is smaller than 100 pum.

The hydrogen depth profiles of as-received, annealed
and 20 % cold-worked Cu-OFP bars were also measured
after 3 weeks of hydrogen charging. Two layers of differ-
ent thickness were removed from each bar, resulting in a
three-step hydrogen depth profile. These profiles are pre-
sented in Fig. 2c, e together with GDOES curves for
Cu-OFP with the same material condition. Thinner layers
were removed from the hydrogen-charged bars in the three-
step profile compared to those in the two-step profile.
Despite the reduced layer thickness, the hydrogen content
in both the second and third steps resulted in a value close
to the hydrogen content before charging in most bars.

A depth profile after hydrogen charging on two speci-
mens from each material condition was analysed by means
of GDOES. Every third analysis was performed on a cal-
ibration sample containing no hydrogen, denoted H zero in

Table 2 Hydrogen content in the material prior to hydrogen charging

Material condition Hydrogen content (wt. ppm)

As-received 0.58 + 0.03
Annealed 0.34 £ 0.10
Cold-worked 0.58 + 0.07
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Fig. 2. The hydrogen depth profile was also measured on
two as-received copper specimens before charging, deno-
ted ref 1 and 2.

The GDOES measurements on hydrogen-charged
Cu-OFP give a somewhat steeper profile than the values from
the machined bars. This gives an indication of the uncer-
tainties in the measured GDOES and machined bar results.
The machined bars should in principle give more accurate
results, but the scatter in the data is quite significant.

Microstructure

The metallographic examination of hydrogen-charged
specimens performed in a FEG-SEM showed that bubbles
up to a few pum in size were formed close to the surface of
the specimens. Figure 3 shows a typical cross section after
charging. Most of the bubble formation has occurred no
further away from the surface than ~50 pm. The bubbles
were preferably formed at grain boundaries, twins and
triple joints, see Fig. 4. Bubbles close to the surface are
generally larger than those located further away from the
surface and it is not rare that the bubbles are close or even
overlapping along the grain boundaries like a string of
pearls, see Fig. 5. Smaller bubbles, <100 nm, were located
both at grain boundaries and within the grains. Larger
intragranular bubbles were typically found at very small
distances from grain boundaries or twins, Fig. 6. Growth of
hydrogen bubbles gives rise to plastic deformation. This is
evident by the deformed surface close to bubbles, Fig. 7.

Modelling of hydrogen diffusion taking bubble
formation into account

Model

If the diffusion of hydrogen into the material is controlled
just by conventional diffusion of hydrogen atoms, it would
satisfy the diffusion equation

dCH - dZCH
dr 7 dy?

(1)

where cy is the hydrogen concentration in solid solution, ¢
is the time, D is the diffusion constant for hydrogen and y is
the distance from the surface. Measurements of the
diffusion coefficient also close to room temperature are
available, see Fig. 8. The values of Ishikawa and McLellan
[13] have been used in the present study. With Einstein’s
expression, the penetration depth yy can be estimated

yu = V2Dt (2)

at room temperature D = 2.2 x 10-14 m/s* and with
t = 3 weeks, we find that the penetration depth is 280 um,
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Fig. 2 Hydrogen profile in two steps after 8-h charging of a 6 bars of
as-received Cu-OFP and b 5 bars of annealed Cu-OFP, and in three
steps after 3-weeks charging of ¢ 4 bars of as-received Cu-OFP, d 4

considerably larger than the observed value of about
50 pm.

The hydrogen flux to bubbles must also be considered.
Hydrogen atoms diffuse to bubbles where they form
hydrogen molecules. The diffusion from bubbles back to
the matrix is neglected due to low concentration of atomic
hydrogen in the bubbles. Transfer of hydrogen to bubbles
was analysed by Wampler et al. [9]. They proposed the
following relation for the hydrogen flux Jy to a bubble
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bars of annealed Cu-OFP, and e 4 bars of 20 % cold-worked Cu-OFP
together with hydrogen profile from 2 plates in each material
condition after 3 weeks of charging measured by GDOES

Ju = DVey = DCTH (3)

where r is the bubble radius. This inflow gives rise to

growth of the bubbles.

dr Dcy

e )
Pu 1

pH is the density of hydrogen in the bubbles [kg/m’].

Experimentally, it is known that quite a high hydrogen
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Fig. 3 A typical cross section of one of the as-received hydrogen- Fig. 6 Two smaller hydrogen bubbles close to grain boundary (black
charged specimen for 3 weeks. Most bubbles formed during charging arrows) and twins (white arrows). The image is located about 40 pm
are situated within 50 pm from the surface. The surface is the bright from the surface

horizontal line located at the bottom of the image

Fig. 7 Surface deformation due to hydrogen bubble close to the

surface
Fig. 4 Another part of the cross section at higher magnification. The
bubbles are preferably formed close to the surface, located at the
bottom of the image and at grain boundaries Temperature, C
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Fig. 5 Larger bubbles at grain boundaries and smaller intragranular
bubbles marked with arrows. The surface of the specimen is located Fig. 8 Diffusion coefficient for hydrogen in copper versus inverse
horizontally about 10 um below the bottom border of the image absolute temperature. Experimental data from [10, 13, 19-21]
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pressure is needed to make the bubbles grow [11]. The
magnitude of the hydrogen pressure will be analysed
below.

Concerning the number of bubbles per unit volume ny,
one bubble containing H? in each grain boundary corner is
assumed. With the help of conventional stereology, ny can
be related to the number of bubbles per unit area n4.

na = 2rny (5)
The change of H? concentration ¢y due to the flux into
the bubbles is, cf. Eq. (3)

dCH
dt

= —4nr2nvp(,,D CTH (6)

Adding this contribution to (1) and using (5) gives the
modified diffusion equation
d2CH
dy?

d;—tH = — 2nnaDcy (7)

Equations (4) and (7) constitute a system for bubble
radii and hydrogen content that can be solved numerically.
The first boundary condition concerns the charging rate of
hydrogen through the surface that is assumed to be
1 x 107" kg/m?/s. Since this parameter cannot be
predicted, it has to be verified by checking that the total
computed hydrogen content agrees with the experimental
values. For the model values presented below, this is
satisfied. Equation (7) is solved over a distance of 200 pm.
The second boundary condition is that the derivative of the
hydrogen concentration at this depth is zero.

In the past, attempts have been made to estimate the
internal pressure of hydrogen bubbles by dislocation loop
punching mechanisms. However, pressures in the GPa
range have been obtained that are not consistent with
observations [11, 14]. Instead the pressure must be found
from the geometry of observed bubbles. For this purpose,
the shape of bubbles has been analysed. A finite element
model (FEM) of a bubble close to the surface has been set
up. An axisymmetric bubble geometry is assumed, Fig. 9.
After the pressure is applied, the bubble expands. This is
marked with the white area in Fig. 9. This geometry sim-
ulates several observed bubbles close to the surface. One
example is given in Fig. 7. From the geometry of the
bubble, it can be seen that it has collapsed, i.e. it has
expanded due to internal hydrogen pressure and finally
collapsed by leakage. This can be concluded from the FEM
analysis since a bubble cannot deform much more than in
Fig. 9, before it becomes unstable and grows until it fails.

Accurate stress—strain relations for Cu-OFP are avail-
able. The following relation has been used in the stress
analysis [15]

0 =0y +k(1—e ) (8)

x10° von Mises stress, MPa
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Fig. 9 Stress analysis of a bubble close to collapse due to hydrogen
pressure of 400 MPa. Von Mises stress. Axisymmetric geometry

where o, = 71 MPa is the yield strength, ¢ is the strain and
k = 188 MPa and Q = 7.33 are constants. At the pressure
400 MPa, the bubble size has increased due to plastic
deformation. In Fig. 9, the original bubble radius is 1 um.
After the pressure has been applied, the bubble expands to
a radius of 1.3 um. The expansion is slightly larger at the
upper side due to the proximity of the surface. At the
surface above the bubble, a change in shape is also
observed. Higher pressures than 400 MPa are not possible
to apply without the bubble becoming unstable.

As pointed out above, the bubble in Fig. 7 has collapsed.
For another bubble with almost identical geometry and
distance from the surface (not shown), the surface outside
the bubble has only bulged marginally indicating that it has
not collapsed. For this reason, the limit pressure is close to
400 MPa. An upper limit for the hydrogen pressure is the
collapse load for the expanded bubble that corresponds to a
pressure of 480 MPa. Similar results have been obtained
for several bubbles. In the analysis, 400 MPa has been
assumed since the maximum hydrogen pressure must be
close to the maximum value that is stable in the FEM
modelling. An analytical estimate of the maximum pres-
sure can be obtained from the collapse pressure pj;, of a
thick sphere with inner radius R; and outer radius R,

piim = 2(oy + k) ln% 9)
oy + k is approximately the true tensile strength. Equation
(9) is evaluated for the same geometry as in Fig. 9. The
inner radius is taken as the bubble radius R; = 1.31 pm
(expanded geometry) and the outer radius as the distance to
the surface Ry, =3 um. This gives a limit pressure
Piim = 429 MPa (expanded bubble) and 569 MPa (original
bubble size). Since the real bubble is backed by more

@ Springer
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Fig. 10 Hydrogen in solid solution as a function of distance from the
surface after 3 weeks of charging

material than a sphere of the specified dimension, the FEM
results give a slightly higher pressure limit. Since the
dimensions of the critical bubble appear in a logarithmic
factor in Eq. (9), the limit pressure is not dramatically
dependent on the bubble geometry.

Application of the model

Equation (7) gives the following distribution of hydrogen
in solid solution (see Fig. 10). The amount decreases quite
rapidly with distance from surface. It is interesting to
compare the results with values for solid solution in ther-
mal equilibrium. No experimental values exist at room
temperature. However, McLellan [16] measured values in
the temperature interval 600-1,050 °C. The Arrhenius
expression in Eq. (10) gives quite an accurate fit to these
data

H,, = Be 7 (10)

where B = 181 wt. ppm and Q = 54850 J/mol. R and
T have their conventional meaning. If Eq. (10) is extrap-
olated down to room temperature, it gives a solubility of
only 4 x 107® wt. ppm. This is, however, likely to
underestimate the real value since the activation energy
0 can be expected to decrease at lower temperatures. Due
to the low solubility of hydrogen there is no surprise that
there is ample bubble formation.

The model values for the bubble diameters are shown
in Fig. 11. The observations for bubbles have been
placed in classes according to the distance from the
surface. The class width is 2 pm. The values in Fig. 11
are average bubble sizes in each class. The computed
bubble diameters are in reasonable agreement with the
observations.
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Fig. 11 Bubble diameter (equivalent circle diameter, ECD) as a
function of distance from the surface after 3 weeks of charging
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Fig. 12 Number of bubbles per unit area as a function of distance
from the surface after 3 weeks of charging

The number of bubbles per unit area is compared to
experimental results in Fig. 12. Again, an acceptable
comparison is found. The corresponding graph for the
bubble area fraction is shown in Fig. 13. A favourable
agreement is obtained. In Fig. 14, the total hydrogen con-
tent is given as a function of distance from the surface.
Model values are obtained by multiplying the bubble area
fraction with the hydrogen density in the bubbles. In the
same way, the metallographic values are the measured area
fraction in each size class multiplied by the hydrogen
density. GDOES data are shown for as-received and
annealed material. The main difference between the model
and experiments is the high model values close to the
surface. Some bubbles might vanish at the surface due to
outflow of hydrogen, which is not taken into account in the
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Fig. 13 Bubble area fraction as a function of distance from the
surface after 3 weeks of charging
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Fig. 14 Total hydrogen content versus distance from the surface after
3 weeks of charging. Model values are compared to the metallo-
graphic observations and GDOES measurements

model. It is interesting to note that the metallographic and
the GDOES measurements are in close agreement.

Discussion

The objective of this study was to understand how hydro-
gen absorption in Cu-OFP bulk material influences the
microstructure and how the absorbed hydrogen is distrib-
uted in the material. The results from the two-step hydro-
gen profile showed that the penetration depth of the
absorbed hydrogen was <100 um. The three-step profile
was improved by reducing the layer thicknesses to a

minimum allowed by the turning equipment, and prolon-
gation of the charging time from 8 h to 3 weeks to reduce
the variation between the bars. Some variations between
bars still exist, but in general it can be concluded from the
melt extraction analysis that the hydrogen absorption is
higher in as-received and annealed copper than in the cold-
worked copper. This was not expected since hydrogen
transport along dislocations was anticipated. During
3 weeks of charging, the average hydrogen content in the
topmost 50 pm increased from 0.6 to almost 100 wt. ppm
in as-received copper. The hydrogen content in the bulk is
constant. The annealing before charging reduces the
hydrogen content to half the original value, but the
annealing does not seem to affect the final hydrogen con-
tent after charging. The hydrogen content in the outer
50 pm in cold-worked material after hydrogen charging is
only about 40 wt. ppm, which is considerably lower.

The GDOES analyses show that hydrogen penetration
depth is only a few tens of micrometres. The hydrogen
content is the highest at the surface and diminishes expo-
nentially with distance from surface. In contrast to the
results from the three-step profile, the GDOES results show
that the hydrogen absorption is the highest in the
as-received copper and the absorption in the cold-worked
copper is slightly higher than in the annealed copper.
Taking the accuracy of the measurements of both depth
profile methods into consideration, the GDOES depth
profiles fit the results from the 3-step method rather well,
but additional analyses are required to determine the
influence of the pre-charging material condition on the
hydrogen absorption.

The measured hydrogen content in the charged copper
highly exceeds the solubility limit of hydrogen in copper at
room temperature [16]. Hence, only a small fraction of the
absorbed hydrogen is in solid solution. The remaining
hydrogen must be trapped in the material in another form.
Owing to the absence of oxygen, it is probable that the
hydrogen accumulates in the form of H, gas in the bubbles
observed in the microscopic examination [9]. The absence
of bubbles in the as-received copper before charging con-
firmed that the bubbles are due to the increased hydrogen
content. The distribution of the bubbles is consistent with
the penetration depth determined by both the analysis
methods. Recombination of hydrogen atoms in the surface
layer of the specimen would significantly affect the mea-
sured diffusion rate of hydrogen atoms in the material [11].
The accumulation of hydrogen molecules in bubbles would
thus explain why the bulk content of hydrogen remained
constant. One could argue that the high hydrogen content
in the bubbles turns out to be a diffusion obstacle, pre-
venting the hydrogen atoms to diffuse further into the
material. Of all examined bubbles, only one was found to
contain a particle, see Fig. 7. Furthermore, no impurities
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have been found in or between grains. Hence, our con-
clusion is that there are no impurities or inclusions acting
as hydrogen entrapment sites.

Several bubbles were observed close to the surface,
where plastic deformation has taken place and the bubbles
must be near collapse. Some of these bubbles have been
simulated with FEM applying different pressures. The
bubbles were found to be stable up to a pressure of about
400 MPa. The collapse pressure assessed with FEM gave a
value of around of 480 MPa. From these results, it was
concluded that hydrogen pressures up to 400 MPa are
present in the charged copper. This is an order of magni-
tude higher than in previous investigations for electroless
deposited copper. Nakahara and Okinaka [17] found a
pressure of 25-40 MPa, and Graebner and Okinaka [18]
about 68 MPa. The maximum pressure is lower in these
cases is because specimens were in the form of thin films
and that electroless-deposited copper is a non-dense
material in general.

A model has been formulated for diffusion of hydrogen
into the copper. In the model, it is assumed that hydrogen
atoms diffuse into the copper. Most of the hydrogen atoms
end up in bubbles where they combine to hydrogen mol-
ecules. The hydrogen in the bubbles reaches a high pres-
sure that gives rise to plastic deformation and expansion of
the bubbles. This explains the observed bubble formation
and growth. In the model, the diffusion of hydrogen from
the bubbles to the matrix is neglected. There are two rea-
sons for this. First, the concentration of dissociated
hydrogen atoms is low. Second, the estimated amount of
hydrogen in solid solution is quite low, far below 1 wt.
ppm. However, the amount is still much higher than the
equilibrium value in solid solution that is obtained by
extrapolation from high temperature measurements. The
model can describe the observed bubble diameter, the
number of bubbles and the bubble area fraction as a
function of distance from the surface. These quantities
decrease approximately exponentially with increasing dis-
tance from the surface. This is natural since both, the total
amount of hydrogen and the amount in solid solution,
decrease exponentially from the surface. The variation of
the total hydrogen content as a function of distance from
the surface is consistent both with the GDOES measure-
ments and the metallographic observations assuming the
measured maximum hydrogen pressure in the bubbles.

Conclusions
It has been shown that electrochemical charging of
Cu-OFP bulk samples strongly increases the hydrogen

content in the surface layer. The penetration depth is about
50 pum and the hydrogen content in the bulk is unaffected.
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Annealing of the copper reduces the initial hydrogen con-
tent, but does not seem to affect the absorption of hydrogen
during charging much. Supersaturation of hydrogen in
Cu-OFP results in the formation and growth of hydrogen
gas bubbles mainly at grain boundaries.

From the shape of bubbles that have bulged close to the
surface, the maximum hydrogen pressure in the bubbles
has been found to be about 400 MPa by means of elasto-
plastic stress analysis. With a simple expression for the
limit pressure of a thick-walled sphere, the maximum
pressure can also be estimated.

A model has been formulated for hydrogen diffusion
taking bubble formation into account. The model can
describe the distribution of the bubble sizes and their
numbers, their radii and hydrogen content.
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