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a b s t r a c t

Commercially pure tungsten and copper wires acting as Langmuir probes to estimate edge parameters of
ISTTOK plasma have been investigated for long term hydrogen migration. The microstructure of both
materials revealed recrystallization and strong grain growth at the most severely exposed regions. A
low number of large bubbles was observed at the most severely exposed regions, whereas a high density
of small intergranular bubbles was found at more moderately exposed regions. Bubble distribution, lat-
tice parameter, grain size, Younǵs modulus and microhardness were assessed across longitudinal sections
of the probes. The results indicate that bubble formation in tungsten and copper first wall components
can be expected to occur and strategies for minimization of this retention phenomenon need to be
implemented.

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

The high melting point, high threshold for sputtering and low
tritium inventory of tungsten render this material potentially suit-
able for high flux components and high-power density structural
applications in fusion reactors [1]. Cu alloys are considered appro-
priate heat-sink materials for first wall panels due to their favor-
able thermal conductivity, mechanical strength and radiation
resistance [2].

Energetic hydrogen ions are able to penetrate the surface bar-
rier of metals and this ion driven permeation can exceed gas driven
permeation by several orders of magnitude. The solubility of
hydrogen isotopes in tungsten and copper is low and hydrogen
atoms are likely to come out of solution at traps such as vacancies,
voids, and grain boundaries, where they achieve a lower potential
energy than that attained at crystalline sites [3]. The traps eventu-
ally become saturated and, even for the low neutral gas pressure in
the fusion chamber, untrapped hydrogen atoms diffuse out of the
implant zone deeper into the material. At the saturated traps,
molecular recombination tends to occur resulting in bubbles and
blisters with increasing internal pressure. At enhanced diffusivity
ll rights reserved.

de Engenharia de Materiais,
Lisboa, Portugal.
conditions the system can reduce the interfacial free energy by
bubble and blister coarsening.

Analysis of tungsten performance as a plasma-facing material
and its damage by hydrogen plasmas is currently underway [1,3].
Crucial for a deeper comprehension of these characteristics is the
settling of basic hydrogen migration parameters and the establish-
ment of a complete description of trapping/retention mechanisms.
In fact, trapping mechanisms and retention have been evaluated
only in tungsten foils [4–9] or thin films [10], which hinders a com-
plete description of retention in bulk materials, where bubbles and
blisters can be expected to play a crucial role. Hydrogen perme-
ation through the plasma-facing materials is expected to condition
the performance of non-plasma-facing materials at the first wall.
Hence, further studies on the microstructural evolution of first wall
materials seem necessary [11].

In the present work, the microstructure of tungsten and copper
wires exposed to low energy proton irradiation at low pressure
have been investigated for long term hydrogen migration
characteristics.
2. Experimental procedure

Commercially pure W (99.95%, 0.75 mm diameter) and Cu
(>99.99%, 2 mm diameter) wires have been exposed at the ISTTOK
tokamak edge plasma for �200 discharges of 30 ms with time
intervals of 10 min in 10�4 torr H2 atmospheres. The W wire was
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Fig. 1. (a) Microstructure of the W probe, (b and c) large bubbles and (d) intergranular bubbles.
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oriented radially with an exposure length of 3 mm while the Cu
wire was oriented vertically with an exposure length of 20 mm
(all the Cu wire was exposed). The wires position was varied from
discharge to discharge across the ISTTOK edge plasma (up to 2 cm
inside the limiter position). The plasma parameters were: electron
and ion temperature, Te � Ti = 15–50 eV, density, n = 0.5–
2.1018 m�3, hydrogen flux, CH+ = 1–7 � 1022 m�2s�1, and fluence
lower than 4.1023 particles/m2.

Longitudinal sections of the W and Cu wires were investigated
up to, respectively, 12.5 mm and 8 mm from the probe edge.
Microstructural observations were carried out by optical and scan-
ning electron microscopy after standard metallographic prepara-
tion. The grain size (

ffiffiffi
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p

) was determined from the average grain
area (A) using the Jeffries planimetric method. X-ray diffraction
experiments were performed using a Rigaku DMAX-III C microdif-
fractometer under Bragg–Brentano geometry with Ka1 radiation
and a 0.6 mm probe diameter. Lattice parameters were determined
by the least squares method using the cos2h/sinh extrapolation
function with the respective (211)W, (220)W, (310)W, (321)W

and (220)Cu, (311)Cu, (222)Cu reflections collected at each point.
Hardness and Young’s modulus variations were assessed through
force–displacement plots obtained with a Shimadzu DUH-W201S
Fig. 2. (a) Microstructure of the Cu probe, (b and c
ultramicrohardness tester, using a Berkovich indenter, a load of
1 N and a hold time at peak load of 20 s.

3. Results and discussion

After irradiation the probes shape exhibited changes that point
to strong softening, incipient melting and/or evaporation (Figs. 1(a)
and 2(a)). The microstructures of both materials evidence recrys-
tallization and abnormal grain growth (Figs. 1(a) and 2(a)). Recrys-
tallization was more pronounced for Cu. However W underwent a
less uniform grain variation across the longitudinal section. A large
number of recrystallization twins were present in the Cu grains.

In spite of the moderate H+ fluence and irradiation energy of the
ions, these have migrated inwards and severe bubble nucleation
occurred at internal grain boundaries. This suggests that these de-
fects act initially as traps and subsequently as hydrogen recombi-
nation sinks [12]. Nevertheless, the highly coherent mirror planes
separating twinned regions in the Cu probe do not constitute
nucleation sites for bubbles (Fig. 2(d)). A higher density of small
intergranular bubbles was found at moderately exposed regions
(Figs. 1(d) and 2(d)), while a lower number of large intergranular
bubbles was present at the most severely exposed regions (as large
) large bubbles, and (d) intergranular bubbles.



Fig. 3. (a) Young’s modulus, (b) hardness, (c), maximum bubble size variation, (d) lattice parameter, (e) grain size, and (f) relation between hardness and grain size for W. (See
above-mentioned references for further information).
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as 50 lm in W, Fig. 1(b and c), and 300 lm in Cu, Fig. 2 (b and c)).
This bubble distribution indicates that large bubbles result from a
coarsening process which is particularly evident within the Cu
probe: at least exposed regions small bubbles are homogeneously
distributed at the grain boundaries across the probe thickness,
whereas at the probe edge only large central bubbles could be
found. This suggests that at initial exposure stages, smaller and
scattered bubbles have been formed at the probe edge, which over
time coarsened through an Ostwald ripening mechanism [13] into
the large bubbles observed in the center (the apparent bubble
migration span is then as high as 1 mm). Nucleation of high pres-
sure bubbles at grain boundaries and their coalescence seem clo-
sely associated with the recrystallization process and indicate
Fig. 4. (a) Young’s modulus, (b) hardness, (c), maximum bubble size variation, (d) lattice p
above-mentioned references for further information).
that retention studies should consider the grain size distribution
and its evolution over time.

Figs. 3 and 4 present the Young’s modulus (a), hardness (b),
maximum bubble size variations (c), lattice parameter (d) and
grain size (e) across longitudinal sections of the W and Cu probes,
as well as the relation between hardness and grain size (f). The
most severely exposed regions exhibit a significant decrease both
in Young’s modulus and hardness when compared to unexposed
materials (Figs. 3(a and b) and 4(a and b)). This can be essentially
justified by the higher porosity level [14] and larger grain size
[15,16], respectively.

The lattice parameter variation for W points to higher hydrogen
saturation at the intermediate regions and lower saturation at the
arameter, (e) grain size, and (f) relation between hardness and grain size for Cu. (See
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probe edge. The Young’s modulus variation for W shows a correla-
tion with the lattice parameter (Fig. 3(a and d)) and is also ex-
pected to depend on the porosity level [14]. The grain size
variation of this probe (Fig. 3 (e)) reflects the irregular growth
behavior observed in the microstructure (Fig. 1(a)). Hardness fol-
lows a linear Hall–Petch dependence on grain size (Fig. 3(f)). This
indicates that under the present irradiation conditions, hardness
measurements provide a suitable diagnostic of grain growth.

The large bubble size in the Cu probe hindered adequate evalu-
ation of the Young’s modulus and hardness variations (Fig. 4(a and
b)), since at the coarser regions the microindentations had to be
performed on individual (or few) grains around large bubbles. No
trend could be inferred from the Cu lattice parameter variation
(Fig. 4(d)). However, the severe porosity is expected to have con-
tributed for an increased error in the lattice parameter determina-
tion by inducing irregular sample height in X-ray experiments. The
hardness vs. grain size relation for Cu follows a linear relation
(Fig. 4(f)); the discrepancy with the reported Hall–Petch parame-
ters [20] can be mitigated if twins are considered in the grain size
definition [21].

4. Conclusions

Severe bubble formation occurred at the grain boundaries of Cu
and W probes exposed to edge plasma at ISTTOK at low H+ fluence
and low irradiation energies. Bubble coarsening results in a signif-
icant (apparent) bubble migration.

Microstructural investigations involving trapping mechanisms,
grain size distribution and recrystallization behavior are required
for hydrogen retention studies.
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