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1. Introduction

Tungsten is foreseen as divertor material in future magnetic 
fusion devices such as ITER [1]. These divertor tiles are predicted to 
handle high particle fluxes (1024 m�2 s�1) and heat fluxes (10 MW 
m�2) [2]. In addition, both tritium inventory and surface 
modifications are important criteria for the specific material choice. 
The tritium inventory in ITER should be kept low (<700 g [3]) for 
safety and efficiency reasons. Surface modifications might be 
problematic, because they can lead to degradation of heat con-
ductivity. These modifications may further enhance erosion, which
could be problematic because tungsten cannot be tolerated in the 
core plasma. Furthermore, redeposition of thin films of tungsten 
may occur during operation of ITER. The retention properties of 
thin films are largely unknown and are therefore important to 
study, for ITER as well as for present-day tokamaks like JET that 
make use of thin tungsten films.

In this paper, experiments are described in which thin tungsten 
layers with different morphology and structure are tested in high-
flux plasmas. Pulsed laser deposition (PLD) is exploited for W film 
production, since PLD makes it possible to grow films with very 
different morphology and structure [4]. The PLD layers were 
exposed, at low surface temperature (<520 K), to high-flux deute-
rium plasmas to investigate surface modifications and deuterium 
retention. It is shown that targets with thin films exhibit a consid-
erably larger fraction of deuterium retained in the material than 
bulk polycrystalline tungsten, even after pre-damaging the latter 
with MeV tungsten ions.
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3.2. Nanostructure formation
2. Experiment

Polycrystalline tungsten targets (PLANSEE, 99.96% purity, £ 20
mm, 1 mm thick) containing micrometer-sized grains were
mechanically polished until mirror finish and coated with thin films
by PLD. Different helium background pressures were chosen during
deposition in order to create W coatings with three different struc-
tures. Details about experimental procedure, morphology charac-
terization, crystal structure and related discussion are reported
elsewhere [4]. The most dense one is the ‘columnar’ structure with a
density, measured using a quartz crystal microbalance, that is only
7% less than bulk tungsten: � 18 �  103 kg m�3 and consisting of
columns 100–150 nm wide, made of crystallites with typical sizes of
15 nm (calculated using the Scherrer formula). The next dense
tungsten coating, with a density of �15 � 103 kg m�3, an  irregular
columnar growth and a crystallite size of around 12 nm is referred to
as ‘nanocrystalline’ structure. At the highest He pres-sure the
‘amorphous-like’ structure, with a featureless morphology and
crystalline domains of only �2 nm is obtained. Its density is only
60% of the polycrystalline bulk tungsten: �12 �  103 kg m�3. Before
the amorphous-like layer was deposited on tungsten, first a 150 nm
thick layer of the columnar structure was deposited in order to
improve coating adhesion.

The targets were exposed to high-flux deuterium plasmas in the
linear plasma generator Pilot-PSI at FOM-DIFFER [5] at a low sur-
face temperature (Tmax = 520 K). The electron density and temper-
ature of the plasma were measured with Thomson scattering [6]
The targets were subject to 4 plasma shots of 80 s, which leads to an
average plasma fluence of typically 2.5 � 1026 m�2. During exposure
the targets were kept at a bias of �40 V.
 

. 
3. Results

3.1. Blister formation

Optical microscope images of the centre of the targets, where the
flux is typically � 1.4 �  1024 m�2 s�1, are shown in Fig. 1. Poly-
crystalline bulk tungsten shows only a few small blisters (Fig. 1a)
These blisters are similar to the ones described in Ref. [7], and
Fig. 1. Blister formation on the samples. (a) Polycrystalline bulk tungsten, (b) 1 lm co
tungsten.
probably originate from plastic deformation. On columnar coatings 
many more and larger blisters are observed (Fig. 1b). These blisters 
are uniformly distributed over the sample and have a typical size of 
20–30 lm. The nanocrystalline coating shows similar blister for-
mation (Fig. 1c), although the amount of blisters and their size 
seems to be smaller and concentrated at the periphery of the sam-
ple. Amorphous-like tungsten exhibits large numbers of blisters 
(average size 20–60 lm), which are concentrated at the periphery 
of the film (Fig. 1d). The black circles indicate blisters that were 
burst and delaminated, meaning that they lost their caps. The del-
aminated blisters are larger than the regular ones as if the latter are 
still developing until a critical size is reached. The critical size of the 
delaminated blisters is strongly dependent on the radial posi-tion. 
On the other PLD coatings, no delaminated blisters were found.
SEM analysis revealed the formation of structures on the 
nanometer scale after high-flux plasma exposure (Fig. 2). On the 
polycrystalline tungsten substrate, separate grains with dif-ferent 
nanostructures are clearly distinguishable (Fig. 2a). The grain in the 
top of the image shows a lamellae structure, while the grain in the 
lower part, a triangular-like morphology. These nanostructures 
resemble the formations discussed in Ref. [7]. Xu et al. 
characterized such structures and found that their appearance is 
dependent on the grain orientation [8]. The nano-structures formed 
on the columnar tungsten (Fig. 2b) clearly reflect the underlying 
grain structure of the substrate as well. It therefore seems that 
growth of the columnar structure preserves the orientation of the 
substrate. This results in a sharp interface between the triangular-
like and the lamellae structures. On the nanocrystalline tungsten 
(Fig. 2c), different nanoscale structures are still distinguishable: in 
the top left part of the image lamellae are observed, in the bottom 
left triangular-like nanostructures. There is however no sharp 
interface anymore between the nano-structures. The amorphous-
like layer, finally, exhibits a mixture of randomly orientated 
lamellae (Fig. 2d) indicating that the ori-entation of the substrate is 
completely lost in growth of the layer.
lumnar tungsten, (c) 1 lm nanocrystalline tungsten and (d) 1 lm amorphous-like



Fig. 2. Nanostructure formation in the centre of the thin tungsten layers, where the plasma flux was typically �1.4 � 1024 m�2 s�1. (a) Polycrystalline bulk tungsten, (b) 1 lm
columnar tungsten, (c) 1 lm nanocrystalline tungsten and (d) 1 lm amorphous-like tungsten.
3.3. Deuterium retention

The deuterium retention of the samples was studied by thermal 
desorption spectroscopy (TDS) (Fig. 3a). Polycrystalline tungsten 
retains only a very small amount of deuterium (�0.9 �  1020 m�2). 
The target with the columnar PLD structure, the layer with the 
highest density of the thin films, retained significantly more deute-
rium and revealed two desorption peaks, one at 550 K and one at 
700 K. Decrease of the layer density increases the total retention 
(nanocrystalline and amorphous-like samples). For the amor-
phous-like tungsten, the 700 K desorption peak has completely dis-
appeared. The fraction of deuterium retained in the polycrystalline 
sample is very low compared to the retention in the layers, which 
means that the polycrystalline bulk tungsten underneath the films 
will hardly contribute to the total retention.

As a comparison, a polycrystalline sample that was pre-irradi-
ated with W4+ ions to a damage level of 0.45 dpa was exposed to 
similar plasma conditions in the same measurement series. In 
Ref. [7] it has been discussed that the created damage consists of 
mono-vacancies and small vacancy clusters and extends to a depth 
of 1.5 lm, which is comparable to the thickness of the PLD layers. It
Fig. 3. (a) Thermal desorption spectra of the samples with PLD layers. The heating rate w
averaged over the plasma exposed area. The fit through the measurement data is show
is clear that the retained fraction in the pre-damaged sample is sig-
nificantly smaller than in the nanostructured layers. The low tem-
perature desorption peak is found at a similar temperature of 500–
550 K. The high temperature desorption peak is at a significantly 
different position at 900 K.

In a second series of experiments, 3 targets with columnar films 
with different thicknesses were exposed to plasma at low surface 
temperature (Tmax = 520 K). The thicknesses of the films were 0.15, 
0.5 and 1.0 lm. The thermal desorption spectra are shown in Fig. 
3a. The shape of the spectra hardly changes with thickness, only the 
absolute level. The small shift of the low tem-perature peak may be 
the result of the difference in depth where the deuterium is 
retained. In Fig. 3b, the integrated retention is plotted as function of 
thickness. A fit through the data shows a linear dependence of the 
deuterium retention Dtot as function of thickness d: Dtot(d) =  2  � 
1020 + 7.4 �  1026 d. The linear depen-dence indicates that all 3 
columnar films are homogeneously filled with deuterium. The 
constant value of 2 �  1020 m�2 corre-sponds to the surface 
coverage. The term 7.4 �  1026 m�3 indicates the volumetric 
retention of the columnar structure and corre-sponds to 1.2 at.%.
as 1 K/s. (b) Total deuterium retained in the columnar layers as function of thickness
n.



Table 1
The main experimental findings for the four different phases studied, as listed at the top row. Four properties of the phases are listed as indicated in the first column.

Polycrystalline Columnar Nanocrystalline Amorphous-like

Density (kg m�3) 19.3 � 103 �18 � 103 �15 � 103 �12 � 103

Crystallite size �lm 15 nm 12 nm 2 nm
Layer thickness – 1 lm 1 lm 1 lm
Blisters Few Uniform Periphery Periphery

None burst None burst None burst Often burst
Nanostructure Grain dependent Grain dependent Partly mixed Mixture
D retention 8.6 � 1019 m�2 9.6 � 1020 m�2 1.3 � 1021 m�2 2.1 � 1021 m�2
SEM analysis of the columnar 0.15 and 0.5 lm layers revealed 
similar nanostructure formations as on the 1 lm thick layer 
(Fig. 2b). The blister formation, on the other hand, strongly 
depends on the layer thickness. The typical size of the blisters 
found on the 0.5 lm columnar layer was typically smaller than 
on the 1.0 lm columnar layer. The 0.15 nm columnar layer did 
not show any blisters at all.

4. Discussion

An overview of the structure of the layers, blister and nano-
structure formation, and deuterium retention is shown in Table 1. 
The PLD layers withstand the plasma interaction maintaining their 
overall integrity. Nevertheless, abundant blister formation was 
observed on the PLD layers. The amount, distribution and shape 
depend on the W structure and layer thickness. For the high-den-
sity films, the growth seems to have preserved the grain structure 
as indicated by the observation of areas with clearly distinct nano-
structures. The interfaces between these areas become fainter with 
decreasing film crystallinity and are completely gone for the amor-
phous-like films. The deuterium retention has strongly increased 
for the PLD layers with respect to polycrystalline tungsten. 
Decrease of the layer density and crystalline order results in an 
increase in deuterium retention.

The volumetric deuterium retention in columnar tungsten was 
found to be 7.4 �  1026 m�3 which corresponds to 1.25 at.% This is 
comparable to saturated values of deuterium retention in pre-
damaged polycrystalline tungsten (at 0.45 dpa; 1.4 at.% �  8.8 � 
1026 m�3 [9]). The total retention in the pre-damaged sample was 
found to be 5.4 � 1020 m�2, the deuterium penetrated only 0.6 lm 
into the material. Thus, the penetration of deuterium into columnar 
tungsten is significantly quicker than penetration into pre-
damaged tungsten. The TDS spectrum of the amorphous-like 
tungsten film shows a large retention peak at around 500 K and the 
total retention is much higher than in the other films. This low 
temperature desorption peak is usually assigned to grain 
boundaries and dislocations [10]. This makes sense since the crys-
tallite size is typically � 2 nm and the amorphous-like sample 
therefore contains many grain boundaries that presumably trap 
deuterium. Comparison of the volumetric retention of the amor-
phous-like layer with its density (only 60% of polycrystalline tung-
sten) amounts to 5.4 at.%.

5. Conclusion

An experimental study has been presented in which the proper-
ties of nanostructured tungsten films, deposited by PLD, are ana-
lysed after high-flux deuterium plasma exposure (Tmax = 520 K).
All coatings withstand the high-flux plasma interaction. Neverthe-
less, the thin films show abundant formation of micrometer sized
blisters. The nanostructures are more disordered with decreasing
film crystallinity.

The retained fraction of deuterium in all thin films was found to
be higher than in polycrystalline tungsten, even after pre-damag-
ing with W4+ ions to 0.45 dpa. Thermal desorption measurements
showed that the retention properties are highly affected by the
film density and crystalline order. The low film density of the
amorphous-like film led to very high deuterium retention with
low trapping energies. Variation in layer thickness of the columnar
film allowed us to estimate the deuterium retention in the layer to
be 7.4 � 1026 m�3.

Acknowledgements

This work, supported by the European Communities under the
contracts of Association between EURATOM/FOM and EURATOM/
ENEA-CNR, was carried out within the framework of the European
Fusion Program with financial support from NWO. The views and
opinions expressed herein do not necessarily reflect those of the
European Commission.

The authors would like to thank R.S. Al for the technical assis-
tance at the Pilot-PSI measurements. M. Mayer, J. Dorner and M.
Fubeder (IPP-Garching) are greatly thanked for providing the pre-
irradiation damaged sample.

References

[1] 13th ITER Council, 20–21 November 2013.
[2] ITER Physics Basis Editors, Experts Group, Joint Central Team and Physics 

Integration Unit, Nucl. Fusion 39 (1999) 2137.
[3] J. Roth, E. Tsitrone, A. Loarte, Th. Loarer, G. Counsell, R. Neu, V. Philipps, S. 

Brezinsek, M. Lehnen, P. Coad, Ch. Grisolia, K. Schmid, K. Krieger, A. Kallenbach,
B. Lipschultz, R. Doerner, R.A. Causey, V. Alimov, W.M. Shu, O.V. Ogorodnikova, 
A. Kirschner, G. Federici, A. Kukushkin, J. Nucl. Mater. 390–391 (2009) 1–9.

[4] D. Dellasega, G. Merlo, C. Conti, C.E. Bottani, M. Passoni, J. Appl. Phys. 112 
(2012) 084328.

[5] G.J. van Rooij, V.P. Veremiyenko, W.J. Goedheer, B. de Groot, A.W. Kleyn, P.H.M. 
Smeets, T.W. Versloot, D.G. Whyte, R. Engeln, D.C. Schram, N.J. Lopes Cardozo, 
Appl. Phys. Lett. 90 (2007) 121501.

[6] H.J. van der Meiden, R.S. Al, C.J. Barth, A.J.H. Donne, R. Engeln, W.J. Goedheer, B. 
de Groot, A.W. Kleyn, W.R. Koppers, N.J. Lopes Cardozo, M.J. van de Pol, P.R. 
Prins, D.C. Schram, A.E. Shumack, P.H.M. Smeets, W.A.J. Vijvers, J. Westerhout,
G.M. Wright, G.J. van Rooij, Rev. Sci. Instrum. (2008) 013505.

[7] M.H.J. ‘t Hoen, M. Mayer, A.W. Kleyn, H. Schut, P.A. Zeijlmans van Emmichoven, 
Nucl. Fusion 53 (2013) 043003.

[8] H.Y. Xu, Y.B. Zhang, Y. Yuan, B.Q. Fu, A. Godfrey, G.C. De Temmerman, W. Liu, X. 
Huang, J. Nucl. Mater. 443 (2013) 452–457.

[9] M.H.J. ‘t Hoen, B. Tyburska-Püschel, K. Ertl, M. Mayer, J. Rapp, A.W. Kleyn, P.A. 
Zeijlmans van Emmichoven, Nucl. Fusion 52 (2012) 023008.

[10] O.V. Ogorodnikova, J. Roth, M. Mayer, J. Appl. Phys. 103 (2008) 034902. 

http://refhub.elsevier.com/S0022-3115(14)00816-2/h0010
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0010
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0015
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0015
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0015
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0015
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0020
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0020
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0025
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0025
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0025
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0030
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0030
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0030
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0030
http://refhub.elsevier.com/S0022-3115(14)00816-2/h9005
http://refhub.elsevier.com/S0022-3115(14)00816-2/h9005
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0040
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0040
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0050
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0050
http://refhub.elsevier.com/S0022-3115(14)00816-2/h0055

	Deuterium retention and surface modifications of nanocrystalline tungsten films exposed to high-flux plasma
	1 Introduction
	2 Experiment
	3 Results
	3.1 Blister formation
	3.2 Nanostructure formation
	3.3 Deuterium retention

	4 Discussion
	5 Conclusion
	Acknowledgements
	References


