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a b s t r a c t 

Materials for the plasma facing components of future fusion reactors will be subjected to complex load- 

ing and various forms of interaction with low Z species (hydrogen isotopes and helium). The divertor 

components will be among the most intensely loaded, as they will have to transfer heat loads up to 10–

20 MW/m 

2 . Besides the plasma facing surface being irradiated by highly energetic deuterium, tritium and 

helium particles from the burning plasma, the opposite surface will be exposed to a cooling medium at 

elevated temperature. Helium- and water-based cooling systems are currently being considered. While 

tungsten is the prime candidate material for the plasma facing components, in the helium-cooled di- 

vertor designs, it is also foreseen as a structural material, together with ferritic–martensitic steels. The 

behavior of these materials in He atmosphere at elevated temperatures has been little studied thus far, 

and therefore is the subject of the current work. 

A number of W-based materials (pure tungsten and some of its alloys) prepared by powder metal- 

lurgy techniques was exposed to He atmosphere at 720 ºC and 500 kPa for 500 h. Morphological surface 

changes were observed by SEM, chemical and phase composition was analyzed by EDS and XRD, respec- 

tively. The internal microstructure was observed by a combination of SEM, FIB and TEM techniques. Me- 

chanical properties were determined by instrumented indentation. Some alloys developed a thin oxide 

layer, in some cases new morphological features were observed, while some samples remained mostly 

intact. The observed changes are correlated with specific compositions and microstructures. 

© 2016 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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ntroduction 

Materials for the plasma facing components of future fusion

eactors will experience complex loading – thermal, mechanical,

hemical etc. – and interaction with low Z species such as hy-

rogen isotopes and helium. For example, for the DEMO divertor

omponents, heat loads up to ∼20 MW/m 

2 are foreseen [1] . The

lasma facing surface will be irradiated by various particles with

nergies ranging from eV up to MeV (He, neutrons). As efficient

ctive cooling will be necessary to remove the abovementioned

eat loads, the opposite surface will be exposed to a cooling
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edium at elevated temperatures. Helium- and water-based cool-

ng systems are currently being considered [2] . The temperature

f the He coolant is expected to be in the 50 0–80 0 ºC range

2–4] . While tungsten is the prime candidate material for the

lasma facing components, in the helium-cooled divertor designs,

t is also foreseen as a structural material, together with oxide

ispersion strengthened (ODS) ferritic–martensitic steels [3–5] .

he interaction of these materials with helium has been studied

rimarily in irradiation experiments. The effects include defect

roduction (e.g., vacancy clusters) [6] , helium embrittlement

hrough grain boundary weakening [7] , and surface changes such

s the formation of pinholes [8] or He fuzz [9] . While these effects

ay be quite severe, they are usually limited to a thin surface

ayer. However, as the plasma facing components will operate at

levated temperatures, diffusion of helium from the plasma facing
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

http://dx.doi.org/10.1016/j.nme.2016.03.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/nme
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nme.2016.03.009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:matejicek@ipp.cas.cz
http://dx.doi.org/10.1016/j.nme.2016.03.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1 

Overview of the samples. The last three columns present the sample weight before and after the exposure and their difference. 

Number Name Origin Weight before (mg) Weight after (mg) Difference (mg) 

1 W ITER qualified FZJ 11,659 .77 11,659 .45 −0 .32 

2 W SPS 0,7 μm, 1600 °C IPP 8551 .46 8514 .34 −37 .12 

3 W SPS 0,7 μm, 1800 °C IPP 6302 .15 6302 .08 −0 .07 

4 W SPS 0,7 μm 20 0 0 °C IPP 4369 .88 4369 .72 −0 .16 

5 W SPS 2 μm 1800 °C IPP 7019 .04 7018 .99 −0 .05 

6 W SPS 2 μm, 20 0 0 °C IPP 4470 .17 4470 .06 −0 .11 

7 WCr10Ti2 CEIT 1409 .16 1409 .2 0 .04 

8 W 2%Ti UC3M 985 .55 985 .66 0 .11 

9 W 2%V UC3M 2191 .25 2191 .17 −0 .08 

Fig. 1. Surface morphology of ITER-qualified W after exposure: (a) overview, (b) detail of a larger cluster. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C  

p  

t  

o  

8  

C  

w  

J  

L  

l  

(  

a  

t  

f  

Q  

e  

m  

i

R

P

 

s  

t  

o  

t  

F  

d  

F  

t  

h  

t  
surface as well as from the coolant side may induce changes in the

bulk of the material. Moreover, helium may be produced within

the materials as a result of tritium decay [10] . 

The aim of the current work is to study the behavior of bulk

W-based materials in a He atmosphere at temperatures relevant

for He-cooled concepts for the plasma facing components. 

Experimental 

Several different types of tungsten and its alloys were used in

this study; their overview is provided in Table 1 . Sample 1 was

double-forged tungsten (99.97% purity) that meets ITER specifica-

tions [11] , produced by Plansee and provided by Forschungszen-

trum Jülich (FZJ). Samples 2–6 were produced at the Institute of

Plasma Physics, Prague (IPP) by spark plasma sintering [12] us-

ing tungsten powders (Global Tungsten & Powders, Bruntál, Czech

Republic); the powder sizes and sintering temperatures are speci-

fied in Table 1 . Sample 7, a self-passivating W-alloy, was produced

by mechanical alloying and consolidated by hot isostatic pressing

(HIP) [13] and provided by Centro de estudios e investigaciones

técnicas, San Sebastián (CEIT). Such materials are intended primar-

ily for the first wall. Samples 8 and 9 (various W-alloys) were like-

wise produced by mechanical alloying and HIPping [14,15] and pro-

vided by Universidad Carlos III de Madrid (UC3M). 

Before the exposure, all specimens were polished the same way

to 1 μm and active oxide polishing was applied as the final step.

The samples were exposed to flowing helium gas (99.996% purity)

at a temperature of 720 ºC, pressure of 500 kPa and flow rate of 5–

10 ml/min for 500 h. This is in a temperature range expected for

He cooled divertors in future fusion reactors [2] . Pieces of Ti foam

were also inserted in the furnace to act as a getter for oxygen im-

purities in the He gas. 

Surface morphology changes were observed by scanning elec-

tron microscopy (SEM; Carl Zeiss SMT, Oberkochen, Germany).
hanges in elemental composition were determined by energy dis-

ersive spectroscopy (EDS) either in scanning or transmission elec-

ron microscope (TEM). Qualitative phase analysis was performed

n selected samples by x-ray diffraction (XRD), using a Discover

 (Bruker AXS, Karlsruhe, Germany) diffractometer, equipped with

u tube, polycapillary and 2 mm collimator. Structural observations

ere performed by TEM on a JEM-2100F instrument (Jeol, Tokyo,

apan) with X-Max80 EDS (Oxford Instruments, Abingdon, UK) and

IBRA200FE (Carl Zeiss SMT, Oberkochen, Germany). Thin lamel-

ae for TEM observations were prepared by a focused ion beam

FIB; Lyra 3 XMH + Canion FIB, Tescan, Brno, Czech Republic) and

 precision ion polishing system (PIPS; Model 691, Gatan, Pleasan-

on, USA) with Ar ions accelerated at 2 kV. Sub-surface structures

or SEM observations were revealed by a FIB with Ga + source (FEI

uanta 3D FEG; FEI, Brno, Czech Republic). Basic mechanical prop-

rties (hardness and Young’s modulus) were determined by instru-

ented indentation using a CSM NHT2 (Anton Paar, Graz, Austria)

nstrument with a Berkovich indenter and 500 mN load. 

esults and discussion 

ure tungsten materials 

Surface morphology of the ITER-qualified W after He expo-

ure is shown in Fig. 1 . While the unexposed surface was prac-

ically featureless, small scattered ‘clusters’ or ‘nodules’ appeared

n the surface after the exposure. Their size ranged from ∼200 nm

o ∼2 μm; the majority was below 1 μm. Fig. 2 shows TEM and

IB/SEM sections through such clusters. No pores, cracks or other

istinct features were observed beneath these clusters. However,

ig. 2 (b) shows a clear grain boundary between the cluster and

he underlying grains. While only representative images are shown

ere, the FIB sectioning was performed on a number of these clus-

ers, including consecutive sections on one object; the appearance
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Fig. 2. (a) TEM section and (b) FIB section through representative clusters on the exposed ITER-qualified W sample. 

Fig. 3. Surface morphology of the exposed SPS-W (sample no. 2). (a) overview of typical small clusters, (b) detail of a small cluster, (c), (d) overview and detail of a larger 

cluster. 
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as similar in all instances. EDS on the TEM section indicated that

he cluster is composed only of tungsten. While surface EDS de-

ected some oxygen, the intensity of its signal and the size of these

eatures were too small to unambiguously distinguish it from ad-

orbed oxygen on the whole surface. The mechanism of formation

f these objects on tungsten surface is not clear. Perhaps some

tomic-scale material transport remotely similar to He fuzz growth
16] may be responsible for this, however, the conditions are rather

ifferent. 

Fig. 3 shows the surface morphology of SPS tungsten sintered

t 1600 ºC from 0.7 μm powder. It shows similar features as the

TER-qualified tungsten. The typical size of the clusters was around

 μm. One exceptionally large cluster (around 10 μm) is shown in

ig. 3 (c); its detail in Fig. 3 (d) shows an angular, crystallite struc-
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Fig. 4. Surface of the WCr10Ti2 mechanical alloy (a) before and (b) after He exposure. 

Fig. 5. (a) cross section of the surface oxide layer and subsurface structure of the exposed WCr10Ti2 sample, (b) detail of the oxide nodule, (c-f) elemental maps correspond- 

ing to the region shown in (a): (c) W, (d) Cr, (e) Ti and (f) O. 
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ture. On the other SPS-W samples, the clusters had a similar ap-

pearance, but their size was smaller – typically around 0.5 μm or

below. The lowest typical size was observed on sample sintered

from 2 μm powder at 20 0 0 ºC. Also, their occurrence was less fre-

quent. This suggests that materials sintered at higher temperatures

have higher resistance against the growth of these features. Com-

pared to the ITER-qualified W, where the clusters were observed

practically everywhere on the surface, on the SPS samples they

were distributed rather randomly and sporadically. 

Tungsten alloys 

In the tungsten alloys, the surface morphology changes were

more significant. Fig. 4 shows the surface of the WCr10Ti2 alloy

before and after exposure. As can be seen in Fig. 4 a (unexposed
tate), despite being termed ‘alloy’, the material still consists of a

eterogeneous mixture of individual grains with varying compo-

ition (W-rich, Cr-rich, Ti-rich; see also elemental maps in Fig. 5 ),

lbeit with a very fine structure. Rietveld analysis of the XRD spec-

ra showed about 11 wt% of the Cr-rich phase. Nevertheless, some

lloying took place, as also indicated by XRD; the peaks of the ma-

or phase were shifted towards higher angles, i.e., smaller lattice

onstants compared to pure tungsten. Using Vegard’s law, the Cr

ontent in the W-rich phase was estimated to be 16 at%. This cor-

esponds to 5 wt%, i.e. about half of the Cr in the initial mixture

as dissolved in W and half remained in Cr-rich grains. Similarly,

 content in the Cr-rich phase was estimated to be 17 at%. Due to

ts small amount and different crystal structure, Ti was excluded

rom these calculations. These results were qualitatively confirmed

y EDS. Although Ti getter was used during the He exposure, some
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Fig. 6. Surface of the W-2Ti alloy (a) before and (b) after He exposure. 

Fig. 7. Surface of the W-2 V alloy (a) before and (b) after He exposure; (c–e) W, V and O elemental maps corresponding to (b). 
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xidation of this alloy took place. The morphology of the oxide

ayer is shown in Fig. 4 (b), where a contiguous oxide layer with

eterogeneous thickness can be seen. XRD showed Cr 2 O 3 (esko-

aite) to be its dominant phase. In accordance with the preferential

r oxidation, a slight Cr depletion in the subsurface layer, probed

y x-rays, was observed. Fig. 5 (a) shows a TEM section of the ox-

de and the subsurface region; Fig. 5 (c-f) shows the corresponding

lemental maps from the EDS. As can be seen, the oxide layer con-

ists primarily of Cr and O, with some presence of Ti. The purpose

f adding these elements to tungsten is to form a stable passiva-

ion layer that would prevent tungsten oxidation in the event of

 loss-of-coolant accident [13] . The chromia layer grows preferen-

ially from the Cr-rich grains, forming microscopic ‘nodules’, shown

lready in Fig. 4 (b), with a detail shown in Fig. 5 (b). Beneath this

odule is a ‘channel’ of Cr-rich oxide, penetrating deep into the

ulk (left side of the image; see also Fig. 5 (a) and ( d)), which pro-

ides effective ‘pegging’ of the oxide layer in the surface. On the
ther hand, if the oxidation of such channels proceeds with vol-

me increase, this may induce cracking of the W-rich matrix. Also

een in Fig. 5 (b) is the radial columnar structure of this nodule, re-

ulting from its growth starting on the outlet of the oxide channel

n the surface. 

Fig. 6 (a) shows the structure of the W-2Ti alloy before expo-

ure; the fine darker spots correspond to Ti-rich regions. After ex-

osure ( Fig. 6 (b), numerous Ti-rich oxide nodules appeared on the

urface. Their size was about 1 μm or below, i.e., slightly smaller

han in the case of WCr10Ti2. In contrast to the WCr10Ti2 alloy,

aving formed a contiguous oxide layer as a result of higher frac-

ion of the oxide forming elements, the oxidation of the W-2Ti al-

oy was limited to scattered isolated oxide nodules. The amount

f the oxide was below the resolution limit of the XRD technique.

he structure of the unexposed W-2 V alloy also featured a disper-

ion of fine V-rich particles ( Fig. 7 (a). After exposure, small oxide

odules were observed on the surface, similarly to the W-2Ti alloy.
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Table 2 

Indentation hardness (H IT ) results. 

H IT unexposed [MPa] H IT exposed [MPa] 

W ITER qualified 6360 ± 160 6310 ± 150 

W SPS 0.7 μm 1600 ºC 5430 ± 350 5520 ± 330 

WCr10Ti2 13,250 ± 310 13,400 ± 270 
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In a few isolated cases, larger features with rather complex mor-

phology were observed ( Fig. 7 (b). EDS mapping ( Fig 7 (c) confirmed

preferential oxidation of the V-rich regions. 

As shown in Table 1 , the Ti-containing alloys were the only

ones that experienced weight gain, corresponding to the oxide

growth. All the other samples underwent slight weight loss, which

could be induced by degassing, e.g., from residual porosity. In par-

ticular, sample 2, which underwent the SPS treatment at the low-

est temperature, showed the highest weight loss, which might sug-

gest a higher sensitivity to heat treatment. Further investigations

will be necessary to confirm, for example, whether the clusters ap-

pear at localized features of the grain boundaries, serving as diffu-

sion paths for gases trapped in the material. 

Mechanical properties 

The results of hardness determination on selected samples are

summarized in Table 2 . The hardness values were largely un-

changed. In the W SPS 0.7 μm 1600 ºC and WCr10Ti2 samples, a

slight increase was observed, however, the difference was compa-

rable to the experimental scatter. One can note that the hardness

of the WCr10Ti2 alloy is much higher than the other two materials.

Young’s moduli were also determined by instrumented indentation

and an increase in average values was found for all three materi-

als; however, comparable local variations were observed in some

cases, therefore, no conclusions are drawn concerning the He ex-

posure effect. 

Conclusions 

Several W-based materials were exposed to He gas at condi-

tions similar to those foreseen in He-cooling divertor concepts. In

pure W materials, formation of sub-micron ‘clusters’ on the sur-

face was observed; these contained only tungsten. The exact for-

mation mechanism is unknown; some small-scale material ejec-

tion due to gas pressure from inside may be speculated. Indenta-

tion did not indicate significant changes in mechanical properties

due to He exposure. Therefore, one can expect only minor effects

of the He exposure on the performance and survivability of W-

based components. However, the pressure in this experiment was

lower than that foreseen in some of the He-cooled divertor con-

cepts (e.g. 10 MPa in [3] ). A long-term exposure at higher pressures

may intensify the observed effects and if the clusters detach from

the base material, they may contribute to component erosion. 
Materials containing the alloying elements underwent a differ-

nt degree of oxidation. WCr10Ti2 formed an oxide scale covering

he entire surface, with Cr 2 O 3 as the dominant phase. The scale

ad an irregular structure with nodules and blister-like features;

xide channels also penetrated into the bulk. The W-2Ti and W-2 V

lloys formed only isolated oxide nodules on the surface. 

In summary, pure W materials underwent minor morphological

hanges, with a negligible effect on mechanical properties, while

r-, Ti- and V-containing materials experienced oxidation, prefer-

ntially of these elements. This may be expected in cooling sys-

ems with technically pure He and may be more severe during

ong-term operation. The oxidation may be suppressed by using

igh purity helium. 
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