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Blistering of the selected materials irradiated by intense 200 keV proton beam
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Formation of blisters on the surfaces of metal targets made of the selected materials was studied. The tar-
gets were irradiated by 100–200 keV, 1–2 mA proton beam up to the doses above 1024 m�2. Real-time
monitoring of the target surface was performed with a set of in situ optical surface diagnostics that allows
detection of the moment of blisters appearance.

The overview of experimental setup and the results of testing of different materials are presented. The
number and the size of blisters gradually increase during the irradiation. Critical fluence of blistering
strongly depends on the target temperature, proton energy and surface machining method. The features
of blistering under the proton beam irradiation and the effects of hydrogen diffusion and interaction with
the target lattice are discussed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the known effects of radiation damage of materials is
blistering, which results in modification of physical properties of
the irradiated surface and in the increased erosion rate. Extensive
studies of blistering were carried out with helium beams (see,
e.g. review [1,2] and the references therein), this is the simplest
case for the discussed phenomenon due to a chemical inertness
of helium. The model that quantitatively describes blistering and
the related processes exists [3]. The comprehensive review of
experiments and theoretical models of blistering on different tar-
gets for helium and hydrogen beams was presented in [2]. At the
same time most of the data concern with irradiation of the targets
by helium or low-energy (about 5 keV/amu) hydrogen beams.
Experimental database on blistering phenomena for high-energy
beams of hydrogen isotopes is scarcer. On the other hand, several
important applications depend on the surface stability (i.e. absence
of blistering) under high-fluence, high-power, high-energy beams,
for which the existing knowledge base is not sufficient. Grids of ion
optics and beam dumps of high-power neutral beam injectors for
large fusion facilities are some of the examples. Another applica-
tion, which is of interest for our group, is the long-lifetime neu-
tron-generating target for boron-neutron cancer therapy (BNCT)
ll rights reserved.
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facility (see, e.g., [4,5]). Such target should be composed of
�1 lm lithium layer on the metal substrate. The target is irradiated
by an intense 2 MeV proton beam and should survive the fluence of
up to 1024 m�2. Radiation damage of the lithium-substrate bound-
ary will degrade the heat removal from front lithium surface that
will result in overheating of the lithium layer. Therefore special
experiments were performed to select blistering-resistant materi-
als for the target substrate and to estimate the target lifetime.

The threshold of blistering formation under proton beam irradi-
ation is closely related to the ability of metals to dissolve hydrogen.
Large fluence of hydrogen atoms can be absorbed by a few of the
metals with negative energy of hydrogen dissolution. These are
transition metals of III-B and V-B groups of the periodic table of
the elements – La, V, Nb, Ta. Practically all other metals cannot accu-
mulate more than a few percents of hydrogen and therefore other
metals were not considered as candidate substrate material. The
exceptions are palladium and pure iron, which possess a very high
diffusivity of hydrogen that might lead to the drainage of hydrogen
from the surface into the bulk of a target. Thus, the presented exper-
iments were restricted only by irradiation of the targets made of Ta,
V, Pd and Fe. Also the experiments with Cu and W were performed
to study general properties of blistering effect and comparison of
the received data with the results of other authors.

2. Stand for experimental study of blistering at 100 � 200 keV

A special stand was developed and assembled to perform the
investigation of the blistering effects caused by proton beam at
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Fig. 1. Layout of the test stand.
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the surfaces of metals. The layout of the stand is shown in Fig. 1. It
comprises the primary ECR discharge ion source with a 35 keV pri-
mary beam energy, a mass separating magnet, a sectioned post-
acceleration tube, and a high-voltage-biased end station with tar-
get arrangements and diagnostics.

The stand is supposed to provide generation of a proton beam
with energy up to 200 keV and current up to 2 mA in the continu-
ous mode. The current density at the target was up to 15 A/m2. In
the discussed experiments, the maximum fluence was 7 �
1024 protons/m2.

The targets were cooled from the back side. In this paper, we will
refer the temperature of the coolant as the target temperature. This
means that the actual front surface temperature is higher. No recal-
culation for the temperature of the front surface has been performed
because this quantity depends on the already accumulated radia-
tion damage. As is known, caps of blisters and flakes lose thermal
contact with the target body and, therefore, become overheated un-
der intensive beams. An additional consequence of this overheating
is the degradation of mechanical strength of non-heat-resistant
materials that can lead to a lower threshold of blistering as com-
pared with the irradiation by low-power beams. In the discussed
experiments, the target temperature can be varied in the range from
room temperature to 100 �C by control of the coolant temperature.

A set of real-time optical diagnostics was used to monitor the
changes in optical properties of the front target surface during irra-
diation. The targets were generally prepared for the experiments
with the optical-quality mirror surface processed by diamond cut-
ting or fine polishing. Growth of blisters on a flat surface can be
considered as the increase of surface roughness that causes the de-
crease of mirror reflectivity and increase of the scattered (diffu-
sively reflected) light intensity.

During the experiments, the targets were illuminated at 30�
glancing angle of incidence of a light beam. The appearance of blis-
ters was monitored by intensities of the light reflected from the tar-
get surface and scattered at low (7�) and high (90�) angles. In
practice, the intensities of mirror reflection and of diffusively re-
flected light gradually changed during the irradiation due to modifi-
cation of optical properties of the target surface while the blistering
caused fast changes in light intensities. Tungsten incandescent lamp
and He-Ne laser were used as the sources of illumination.
Fluence, 10 22 m-2

Fig. 2. Dynamics of scattered light intensity during the copper target irradiation in
two similar experiments. Circles mark final fluence for each target. Parameters:
beam energy 100 keV, temperature 296 K. Arrow indicates the fluence which was
referred to as the threshold of blistering in this paper.
3. Experimental study of blistering

Several candidate target materials were studied in the experi-
ments. First targets were made from copper and tungsten – the
metals with the best known behavior under a high-fluence particle
irradiation. These targets were used as a benchmark of our mea-
surement techniques against the known reference data [6–8].
Other materials were candidates for a substrate of a long-lifetime
target.

3.1. Copper targets

Several experiments with copper targets were carried out at
temperatures of 296 and 370 K. The targets were made of the an-
nealed oxygen-free copper of M0 grade (>99.97% Cu). The front tar-
get surface was processed by diamond cutting to a mirror quality.
Scattered light intensity was used as a monitor of blister appearing.
After irradiation the targets were studied by scanning electron
microscopy (SEM) with a 100 nm spatial resolution.

The dynamics of the scattered light intensity for two experi-
ments is shown in Fig. 2. Reproducibility of the experimental data
with the targets of the same production batch was good. The diffu-
sively reflected light starts changing gradually with some delay
after the beginning of irradiation. There is a large fluence interval
between the beginning of diffusively reflected light growth (which
is associated with the appearance of the first blisters) and the max-
imum of scattered light (which corresponds to the developed blis-
tering). Further increase of the irradiation fluence leads to some
decrease of intensity of the diffusively reflected light that is caused
by sluggish changes in the surface damage by blistering and/or by
gradual changes of optical properties of the surface due to other
processes.

A significant conclusion made from these experiments is the
lack of sharp threshold for blistering. Rare small blisters were
found on the surface of the target irradiated to 0.25 � 1022 m�2 (la-
bel 1 in Figs. 2 and 3a). The surface irradiated to 2.6 � 1022 m�2 be-
comes completely covered by blisters (label 2 in Figs. 2 and 3b).
Between these two cases, gradual increase of the sizes and the sur-
face density of blisters occur. Therefore, the term ‘‘threshold of
blistering” for the discussed conditions is a matter of convention.
From the practical point of view, the surface of Fig. 3a is almost
undamaged and the surface of Fig. 3b is heavily modified. There-
fore, practical threshold of blistering could be defined as the flu-
ence, for which the blistering rate is maximal. This fluence
practically coincides with that of the half-maximum increment of
diffusive reflectance in respect to the reflection from a non-modi-
fied surface. Further in this paper, we will use the term ‘‘blistering
threshold” as the fluence, which corresponds to the middle be-
tween the maximal and minimal intensities of the scattered light
(this point is shown by the arrow in Fig. 2).

The experimental results for copper targets are shown in Fig. 4.
Threshold fluence depends on the beam energy and the target



Fig. 3. SEM images of the irradiated copper targets; part (a) is for E = 100 keV, T = 296 K, fluence 0.25 � 1022 m�2 (label 1 in Fig. 2), start of blistering; part (b) is for
E = 100 keV, T = 296 K, fluence 2.6 � 1022 m�2 (point 2 in Fig. 2), developed blistering.
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Fig. 4. Threshold of blistering on copper targets for different proton energies and
target temperatures; circles are for T = 296 K, squares are for T = 360 K.

V.T. Astrelin et al. / Journal of Nuclear Materials 396 (2010) 43–48 45
temperature. Almost all the data are for 10.5 � 13 A/m2 current
density except for 200 keV data, which were measured at 1 A/m2.
For 100 keV ions, the measured blistering threshold at room tem-
perature is 0.4 � 1022 m�2, that is less than the value given in [7]
for deuterium ions, which is 1.4 � 1022 m�2. For D/H ions, the iso-
tope effect of blistering is known to be about the factor of 2. The
other possible reasons of this difference are the particular features
of material properties, the processing and the irradiation regime.

Initial formation of blisters occurs at defects of the material. In
some experiments with low-dose irradiation of hot targets we ob-
served well-ordered arrangement of blisters (Fig. 5a) that follows
the tracks of diamond cutter during the processing. Note that such
defects were not seen in SEM images of the surface before irradia-
tion. Similar patterns were found on the periphery of the exposed
zone of the copper targets irradiated by a beam halo in high-flu-
ence experiments.

Flaking was observed in some other experiments with the cop-
per targets exposed to the fluence above 2 � 1022 m�2 and on the
Fig. 5. SEM images of the irradiated copper targets; part (a) is for E = 190 keV, T = 36
E = 96 keV, T = 296 K, fluence 2.4 � 1022 m�2, flaking at the periphery of the irradiated a
periphery of the beam-irradiated area mainly (Fig. 5b). Estimate
of the thickness of the flakes from these images gives �0.4 lm.
3.2. Tungsten targets

Behavior of tungsten targets under proton beam irradiation is
similar to the copper ones. We use industrial-grade material as
supplied, i.e. the surfaces of tungsten targets were not machined
before the experiment. Therefore, the use of optical diagnostics
was less informative in this case. The intensities of scattered and
reflected light change during irradiation because of blackening of
the surface, so the effect of blistering was not as clear as with
the copper target. Meanwhile, in two experiments with the beam
energy of 100 keV, the target temperatures of 300 and 370 K and
accumulated fluence of 1023 m�2, we estimate the blistering
threshold for tungsten in the range of (2 � 4) � 1022 m�2.
3.3. Tantalum and vanadium targets

Tantalum and vanadium were considered as blistering-resistant
materials. Tantalum targets were studied in several experiments
with the beam energies of 100 or 200 keV, the target temperatures
of 300 or 370 K and the beam current density of up to 14 A/m2.
Maximal fluence of 2.3 � 1024 m�2 was accumulated in the regime
with the beam energy of 100 keV and 300 K temperature; this is
the worst case according to our experience with the copper target.
Blistering threshold was not achieved in any experiment. Compar-
ison of the dynamics of scattered light during the irradiation for
the tantalum and copper targets is shown in Fig. 6. Fig. 7a presents
SEM images of the target after accumulation of fluence of
2.3 � 1024 m�2. Left-top part of the image was placed in the sha-
dow of the target holder and was not irradiated. Right-bottom dar-
ker part of the image is the irradiated surface. The only difference
of these parts of the images is some darkening of the irradiated
surface. A possible reason of such changes in optical properties is
6 K, fluence 11.4 � 1022 m�2, blisters at the tracks of diamond cut; part (b) is for
rea.
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Fig. 6. Dynamics of the scattered light intensities for copper (a) and tantalum (b)
irradiated in identical regimes.
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the radiation damage effect (DPA value achieves �1000 at fluence
of 2.3 � 1024 m�2).

The mentioned fluence corresponds to 40 h of target operation
under proton beam with 2.5 A/m2 current density, this meets the
requirements for a target lifetime for the BNCT project [9].

Vanadium was tested in one experiment in the ‘‘worst case” re-
gime mentioned above. There was no blistering observed on the
target after irradiation up to fluence of 1.2 � 1024 m�2. Thus vana-
dium (likewise tantalum) is a blistering-resistant material suitable
for use in proton-beam-irradiated targets.
3.4. Palladium and iron targets

Two other elements initially considered as a candidate target
materials were palladium and iron. Palladium is widely used for
treatment with hydrogen. A well-known property of palladium is
the so-called ‘‘super permeability” that means possibility of palla-
dium membranes to transmit high amounts of hydrogen (see, e.g.,
Fig. 7. SEM images of the irradiated surfaces: (a) is tantalum exposed to fluence 2.3 � 10
the irradiated area; (b) is palladium target after fluence 6.7 � 1023 m�2.

Fig. 8. SEM images of the irradiated surfaces: (a) several generations of broken
[10]). Pure iron (a-ferrum) has similar properties. Moreover, it is
characterized by extremely low activation energy of hydrogen dif-
fusion (0.045 eV).

In the only experiment, palladium target was irradiated by
100 keV protons up to fluence of 6.7 � 1023 m�2. Some blisters
were found on the surface of the irradiated target (Fig. 7b). Esti-
mate of blistering threshold by optical diagnostic gives the value
in the range of (0.8 � 1.5) � 1023 m�2.

In the experiments with iron targets, blistering appears at the
fluence of (2 � 3) � 1024 m�2. Fig. 8a shows the surface of the iron
target irradiated up to 7 � 1024 m�2 with several generations of
broken blisters clearly visible.

Slow sweeping of the beam along the iron target done in one
experiment caused flaking of the surface (Fig. 8b). The accumulated
fluence was 8 � 1024 m�2 for this experiment. The thickness of
flakes measured from the SEM photos is about 200 nm, this is suf-
ficiently less than 200 keV proton penetration depth in iron which
is 850 nm.
4. Discussion

According to the theory of blistering [1], the main parameters,
which determine the threshold of blistering are: energy of ions,
mechanical properties of the irradiated metal and concentration
of hydrogen atoms implanted into the target. Secondary effects,
which also influence the blistering threshold are accumulation of
radiation damages and change of mechanical and structural prop-
erties of the target under irradiation. Note that the hydrogen con-
centration sufficiently depends on current density in contrast to
the radiation damages, which are determined by irradiation flu-
ence only.

Physical parameters of the studied materials (taken from [11])
and experimentally measured blistering thresholds are compiled
in the Table 1.
24 m�2, left-top is area shadowed by a target holder (not irradiated), right-bottom is

blisters on the iron surface and (b) flaking of iron target at beam sweeping.



Table 1
Blistering threshold and physical properties of selected materials.

Element Yield point (107 Pa) Diffusion activation energy, ED (eV) Dissolution energy ES (eV) Blistering threshold (1022 m�2)

Cu 20–50 0.4 0.37 0.4–0.1
W 50–90 0.39 1.03 2–4
Fe 12–15 0.05 0.27 80–150
Pd 20 0.23 �0.11 200–300
V 31 0.045 �0.34 Not observed up to 120
Ta 57 0.14 �0.35 Not observed up to 230
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The most important parameter that correlates with the blister-
ing threshold is the dissolution energy ES. Materials with negative
dissolution energy (vanadium, tantalum, palladium) are suffi-
ciently more resistant against blistering as compared to other
metals.

Copper and tungsten are non-reactive materials, which endo-
thermally dissolve hydrogen. Such materials are characterized by
low hydrogen solubility that increases with temperature and by
slow diffusion of hydrogen.

Several processes determine spatial distribution of hydrogen in
metal during the irradiation. One of them is the diffusion which is
different for high-current–density experiments and for the experi-
ments performed at lower beam parameters. Calculated spatial
profile of hydrogen concentration in a copper target irradiated by
200 keV, 1 A/m2 proton beam up to 1.4 � 1022 m�2 fluence is
shown in Fig. 9. This fluence corresponds to experimentally mea-
sure blistering threshold for the beam with the same parameters.
Hydrogen diffusivity in copper was taken from [12].

The hydrogen concentration peak is �40 lm wide that is suffi-
ciently larger than the beam struggling (�0.13 lm) and even than
the range of 200 keV protons in copper (�1 lm). This means that
Bragg peak is fully smeared by diffusion. Curve (a) in Fig. 9 corre-
sponds to the case of absence of recombination flux from the vac-
uum surface (full accumulation of the implanted hydrogen). Curve
(b) is calculated in the assumption of unlimited flux from the vac-
uum surface. It should be noted that since the dissolution energy is
positive for copper, classical theory of hydrogen desorption [13]
predicts very high recombination rates on the surface. In the exper-
iments performed, no special attempt to clean the target surface
was made and, therefore, the surface was contaminated. The pres-
ence of contamination film sufficiently decreases the desorption
flux so it is more probable that in a real target the hydrogen con-
centration is closer to the upper curve of Fig. 9, i.e. hydrogen accu-
mulates in the target.

According to [3], the tension in a crystal lattice caused by the
dissolved hydrogen atoms can be estimated as r ¼ nHEs, where Es

is dissolution energy of hydrogen in metal and nH is concentration
of hydrogen. If this tension exceeds the yield point of the target
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Fig. 9. Calculated spatial distribution of hydrogen atoms in copper target for
current density of 1 mA/m2 and fluence of 1.4 � 1022 m�2: (a) is for closed border
and (b) is for open border.
material rT ¼ 70 MPa, a destruction of sub-surface layer occurs.
Hence it is possible to estimate relative concentration of hydrogen,
which gives rise of blistering:
nH

nCu
¼ rT

nCu � Es
¼ 0:014:

The value of hydrogen concentration at blistering threshold
estimated from the diffusion calculations is 0.008. The difference
between the prediction and the experiment can be explained by
degradation of mechanical properties of the surface layer under
irradiation.

Tantalum has negative hydrogen dissolution energy, therefore,
it can accumulate large amount of hydrogen. Hydrogen diffusion
rate in tantalum is very high, therefore, hydrogen redistributes
over the target deeper. The maximal concentration of hydrogen
in this case is determined by the equilibrium between the incom-
ing flux of the beam and the outcoming recombination flux from
the surface. For a 1-mm-thick tantalum target irradiated by
11.6 A/m2 proton beam, the equilibrium hydrogen concentration
is �15%. Surface contamination strongly decreases hydrogen
desorption, thus, the maximal hydrogen concentration can achieve
larger values. Moreover, in a real neutron-generating target [9] the
surface will be covered by lithium layer that suppresses surface
recombination.

The calculated dynamics of hydrogen concentration in tantalum
target is shown in Fig. 10. Maximal fluence accumulated in the
experiment is 2.3 � 1024 m�2; this corresponds to the hydrogen
concentration of �4%. The increase of the accumulated dose above
1025 m�2 requires an additional study of stability of hydrogen-con-
tained target. The closest critical point for tantalum is at the hydro-
gen concentration of 17%. Accumulation of such amount of
hydrogen in tantalum at room temperature leads to the phase
transition from the solid solution of hydrogen in tantalum (a-
phase) to the ordered tantalum hydride Ta2H (b-phase) accompa-
nied with re-arrangement of crystal lattice with possible loss of
mechanical strength. The dissolved hydrogen also causes expan-
sion of the crystal lattice [12]:
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Fig. 10. The hydrogen concentration vs. the fluence for tantalum target of a 1-mm
thickness irradiated by proton beam of 100 keV, 11.6 A/m2 at 300 K; calculations
are for (1) full accumulation of hydrogen and (2) for hydrogen desorption from
vacuum surface; dot indicates the dose accumulated in our experiment.
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DL=L ¼ 0:15 � nH=nTa

and can result in mechanical instability not only of the surface layer
but of the whole target.

Generally, it is well known that despite of extensive investiga-
tion concerned with the problem of hydrogen energetics, no mate-
rials were found able to retain up to 100 � 200% of hydrogen.
Therefore, the problem of creation of long-living targets requires
extraction of hydrogen through the vacuum or cooling border of
the target.

5. Summary

The processes of blistering on several materials irradiated by a
high-current–density proton beam were studied. Blisters gradually
arise on the surface after some fluence accumulation without sharp
threshold of blistering. Regular structure of the blistering forma-
tion is observed on Cu and W surfaces. Appearance of blisters de-
pends on the surface condition and the method of its machining.

Tantalum and vanadium are found as the materials most resis-
tant against blistering. Fluence up to 2.3 � 1024 m�2 does not cause
blistering for these materials. Extension for acceptable fluence
above 1025 m�2 requires additional studies of target durability.
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