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Abstract 

Tungsten carbide coating, W6oC4o and W85C ~5 prepared by chemical vapor deposition and consisting of different carbide 
phases, are implanted with 0.8, 1.5 and 3 keV deuterium ions at room temperature and elevated temperatures. The trapping 
and release of deuterium are investigated by means of re-emission and thermal desorption spectroscopy. The results have 
been compared with previous data from graphite and from tungsten prepared by various methods. It is found that a few 
percent of carbon impurities strongly increases the deuterium inventory in tungsten. The thermal desorption of deuterium 
from tungsten carbide occurs at temperatures much lower than for graphite and the spectral form shows much more 
complicated features. The peak temperatures, in this case, mainly depends on the carbon concentration in different phases of 
the samples. Chemical erosion is only detected for sample W6oC4o. In this case all carbon atoms are eroded as volatile 
hydrocarbons while the physical sputtering of tungsten atoms limits the total erosion. Both fluence and temperature 
dependence of the chemical erosion are very similar to the results from the interaction of TiC with keV hydrogen ions. 

Keywords: Wall particle retention; High Z wall material 

1. Introduction 

The high Z material tungsten has been proposed as a 
plasma-facing material for the future fusion experiment 
ITER. In order to get the data base for ITER, tungsten- 
coated graphite tiles have been installed as divertor target 
in the tokamak ASDEX Upgrade for the campaign starting 
at the end of 1995. Based on previous calculation and 
experiments, a tungsten carbide layer could be formed 
during the bombardment of tungsten by carbon impurity 
ions [1]. Besides erosion of tungsten, the analysis of 
tungsten tiles from ASDEX Upgrade also shows a pro- 
nounced deposition of carbon, originating from the vessel 
walls, on the tungsten probe. Deposited layers with thick- 
ness of a few hundred nm to over 20 Ixm have been found 
in a wide range of carbon atomic ratio between 5% to 40% 
at the different locations of the tungsten probe [2]. In view 
of the above mentioned fact, not only pure materials, such 

as carbon and tungsten, should be studied, but also the 
tungsten carbide and carbon-containing tungsten. 

Hydrogen trapping in and thermal release from wall 
materials during plasma-surface interaction are important 
factors determining tritium inventory in the first wall and 
divertor in the future fusion machine. Over the last decade, 
the re-emission and thermal desorption of hydrogen from 
carbon and some carbon based materials have been thor- 
oughly investigated. However, there is only little work 
done on the interaction with tungsten [3-6] and no data on 
tungsten carbide is reported. In this work the re-emission 
of deuterium in different molecular forms of D 2, HD and 
CD 4 from tungsten carbide during deuterium bombardment 
is studied as well as the deuterium retention and thermal 
desorption. The behaviour that is different from graphite 
and tungsten is discussed. 

2. Experimental 

* Corresponding author. Fax: +49-89 3299 1149. 
Tungsten carbide layers were chemically deposited on 

the substrates of copper or tungsten from a vapor mixture 
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of tungsten fluorides, carbon-containing gases and hydro- 
gen at the temperature of 750-900 K. The grain size of the 
coating is about 1 /zm and the surface roughness is 1-2 
/zm. The details of the target preparation are described in 
Refs. [7,8]. Two tungsten carbide targets, which were 
prepared in Moscow, were investigated in this work. The 
first is a tungsten carbide layer with an atomic ratio of 
W:C =6:4 .  This CVD coating is about 11 /zm on the 
substrate of tungsten, consisting of WzC and WjzC carbide 
phases together with 10-20 at% carbon atoms. The second 
is a tungsten carbide layer with an atomic ratio of W:C = 
85:15. The coating, consisting of W2C and WI2C phases 
with some free tungsten atoms, is deposited on the sub- 
strate of copper with a thickness of 10-15 /zm [7,8]. The 
atomic ratios of both targets were determined by XPS 
(X-ray photoelectron spectroscopy) after the surface was 
sputter-cleaned by 3 keV Ar + with a fluence of about 
4.2 × 1016/cm 2 to remove impurities on the surfaces. The 
impurity consisted essentially in a superficial layer con- 
taining less than 10 at% oxygen and nitrogen with a 
thickness of about two monolayers as inferred from the 
sputter cleaning time. On the W60C4o coating, a carbon 
rich layer of about 20 nm had to be removed before 
reaching the constant bulk concentration. The grain size 
and layer thickness of the tungsten carbide coatings were 
confirmed by scanning electron spectroscopy. 

The re-emission and TDS (thermal desorption spec- 
troscopy) were performed in the implantation chamber 
BOMBARDINO that has been described elsewhere [9,10]. 
The targets were mounted on a movable holder in a closed 
box to which a quadrupole mass spectrometer (QMS) is 
connected. The targets can be heated up to 1200 K by a 
resistive-heater fixed to the target holder. The temperature 
of the target surface is measured by a thermocouple at- 
tached directly to the target surface. Liquid nitrogen flows 
through a cold trap during the experiment in order to 
reduce the residual partial pressure of H20  to a negligible 
value. The samples, which were pre-heated at 1200 K for a 
few minutes to release adsorbed gas from the target sur- 
face, were bombarded by normal incidence of D + with 3 

energies of 2.4, 4.5 and 9 keV at temperatures from 300 to 
1020 K. The ion beam is swept both horizontally and 
vertically over a diaphragm of 1.5 mm diameter in front of 
the target in order to establish a homogeneous current 
distribution. The flux densities are kept at 1.5 × 10 j4, 
6.4 × l014 and 1.7 × 1015 D + / ( c m  2 s)for  the D + implan- 
tation energy of 0.8, 1.5 and 3 keV, respectively. The 
partial currents of re-emitted deuterium in the molecular 
forms of D e (mass 4), HD (mass 3) and CD 4 (mass 20) are 
recorded by the QMS. The QMS starts recording the 
residual partial pressure signals at 30-50 s before switch- 
ing on the ion beam to get the background information. 
The signals were calibrated against the incident ion current 
when steady state re-emission (i.e. 100% re-emission) 
conditions were reached. For calibration of the CD 4 pure 
graphite was bombarded under conditions with well known 

CD4 re-emission yield i.e. with 1.5 keV D + at 850 K for 
comparison [11]. Taking account of the number of D atoms 
per molecule, the re-emission rate of deuterium, n D'eem, can 
be expressed by the following [12]: 

,, em = k[, l.D + 2/31D  + 4 1cD.] (1) 

IHD, ID2 and led 4 are the partial currents of QMS for 
mass 3 (HD), mass 4 (D 2) and mass 20 (CD4). a ,  [3 and. 
y are the normalizing factors for HD, D z and CD 4. 
Scaling the factor to unity for D 2 i.e. /3 = 1, we take 
a = 0.69 from a normalization including the ionization 
probability, the cracking pattern in the ionizer and the 
transmission of the molecules through the quadrupole to 
the detector [11]. The QMS signal of CD 4 is calibrated by 
the experiments of re-emission of D from a graphite target 
bombarded with 1.5 keV D + at the temperature of 850 K 
in the same chamber of BOMBARDINO. Taking the value 
Y= 0.065 CD4/D + for graphite [I 1] (the CD 4 yield of 
graphite bombarded under the same conditions, which was 
carefully investigated in a high current ion source at 
Garching), we get the factor y = 0.54. Putting these factors 
into Eq. (1), we can quantitatively calculate the re-emis- 
sion rate of deuterium. The factor k is determined from 
experiments at a high implantation fluence when the par- 
tial currents keep stationary values and re-emission is 

reem equals the 100%. In this case the re-emission rate, nD , 
implantation flux. 

TDS was carried out after implantation at 300 K. The 
targets were heated up to 1200 K at a heating rate of 
4.5 +_ 0.7 K/s .  The partial currents of the desorbed parti- 
cles, D~, HD and CD 4, were detected by QMS. Using the 
factor k determined from the re-emission measurements, 
we can quantitatively calculate the thermal desorbed deu- 
terium. 

3. Results and discussion 

3.1. Deuterium re-emission 

Fig. 1 shows the deuterium re-emission in different 
molecular forms (HD, Dz and CD 4) from the target W6oC4o 
bombarded with 1.5 keV D + at room temperature. The D 2 
and HD signals are observed immediately after switching 
on the D + beam. The HD release reaches a steady value of 
12% already at fluence of I × 1017 D + / c m  2, while the D 2 

signal increases steeply up to 18%, corresponding to a 
steep increase up to 30% for total deuterium re-emission. 
This fluence dependence can be attributed to the initial 
reflection of D atoms recombing at the inner walls of the 
closed box with adsorbed hydrogen and deuterium atoms. 
Then the D 2 signal increases gradually to 80% at a fluence 
of 3.2 × 10 TM D + / c m  2. In contrast, the release of CD 4 
appears only after an initial deuterium accumulation in the 
implanted surface. The contribution of CD 4 increases 
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quickly and reaches a maximum of 18% at a fluence of 
about 3.5 × 1017 D + / c m  2. Then it decreases steadily to a 
value of 0.08, equivalent to a methane formation yield of 
0.02 CD4/D +, at the fluence of 3.2 X 1018 D + / c m  2. 
Because of the current limit in the device of BOM- 
BARDINO, the partial releases of D 2 and CD 4 do not 
reach their stable values after a bombardment for 1.5 h. An 
additional experiment was performed until 1.1 × 1019 
D + / c m  2 at a high current ion source. The release of CD 4 
decreases to 0.0l C D 4 / D -  finally. At elevated tempera- 
tures the 100% re-emission levels are achieved at low 
fluences between (0.4-5) × 1017 D- - / cm 2. No initial high 
methane release is observed and the steady value of 
methane release shows a weak temperature dependence 
that will be discussed later in Fig. 2. 

The surprising result is the high initial methane emis- 
sion at room temperature. The maximum is a factor of 4.5 
higher than the steady value, 0.01 CD4/D ÷. A very simi- 
lar fluence dependence was previously found in the inter- 
action of TiC with energetic hydrogen ions by Yamada et 
al. [13]. Their results suggested that the level of initial high 
methane release is dominated by the pre-bombardment 
history of the target. However, this can not explain our 
results. In the present case, if the target was annealed at 
high temperature between two implantation runs, the high 
initial methane release is always observed on a previously 
bombarded spot of the target (no matter how many times it 
was bombarded) and is very similar to the methane release 
from a new point at the target. The high initial methane 
release and a subsequent long decrease with fluence may 
be interpreted as surface segregation of carbon induced by 
ion bombardment, leading to a depletion throughout the 
ion range. This assumption has been checked by a prelimi- 
nary Auger experiment during a bombardment with 1.5 
keV D ÷ at room temperature [14]. The AES measurement 
shows a pronounced high surface concentration of carbon 
and a sequential strong decrease until even a pure tungsten 
surface layer remains. The high initial release of methane 
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Fig. l. Fractions of deuterium re-emission in the forms of D 2, HD 
and CD 4 from W60C40 during D + bombardment with a flux of 
6.4 × 1014 D +/ (cm 2 s) at room temperature. 
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Fig. 2. Temperature dependence ofCD 4 release from W60C4( ) and 
graphite under 1.5 keV D + bombardment. The data of graphite 
are taken from Ref. [11] for comparison. 

from W 6 0 C 4 0  followed by a long decrease is also observed 
under bombardment with 3 and 0.8 keV D ÷ at room 
temperature. The maximum value decreases with increas- 
ing incident energy. The threshold fluence, at which the 
CD 4 signal becomes visible, increases with the incident 
energy from 0.25 × 1017 D + / c m  2 for 0.8 keV to 2 × 1017 
D + / c m  2 for 3 keV. These phenomena lead to the assump- 
tion that the methane molecules are formed and released 
from throughout the implantation range after diffusing to 
the surface. In contrast to graphite, where methane diffu- 
sion is too slow at room temperature to reach the surface 
[15], in W60C4o already at room temperature methane can 
diffuse within the ion range sufficiently fast. 

Methane formation upon interaction of graphite with 
hydrogen ions has been investigated during the past two 
decades [11,16]. The maximum yield of methane was 
found during keV hydrogen implantation at 800-1000 K 
[17]. At room temperature the release of methane, about 
0.035 CD4/D +, was observed only at very low ion ener- 
gies below 100 eV [11,18]. After the implantation at room 
temperature in the keV range, the maximum of thermally 
desorbed methane was found at the temperature of 800- 
1000 K [19]. In this work significant release of methane 
from W6oC4o is found, however, under keV D + bombard- 
ment at room temperature and the temperature dependence 
(Fig. 2) shows only a weak maximum round 850 K. In 
comparison with the total yield of WC for 1.5 keV D + of 
0.01 measured by weight loss [18] the general level of the 
CD 4 yield of 0.005 shown in Fig. 2 suggests that all 
carbon atoms are eroded as methane molecules. Besides 
the methane release from W60C40, Fig. 2 also shows the 
temperature dependence of methane yields from pure 
graphite under 1.5 keV D + bombardment [11] for compar- 
ison. The maximum of methane release from W6oC4o, is 
0.016 near 850 K corresponding to the temperature where 
the methane release from pure graphite also reaches a 
maximum, 0.065 C D J D  +. A similar suppression of 
chemical erosion with a weak temperature dependence was 
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also found in the interaction of TiC with keV hydrogen 
ions [13]. The dependence on ion energy at elevated 
temperature was found very similar to the physical sputter- 
ing of Ti indicating that the sputtering of the metal compo- 
nent was limiting the chemical erosion of carbon. The 
weak temperature dependence is expected, as the limiting 
process i.e. the physical sputtering of the metal compo- 
nent, does not depend on temperature. However, the peak 
in methane formation around 850 K indicates that at these 
temperatures carbon may diffuse from the bulk into the 
depleted layer leading to a temperature dependence similar 
to pure graphite. The increase towards room temperature 
was attributed in the case of TiC to adsorption of hydrocar- 
bons from the residual gas and subsequent erosion as 
methane [13]. In the present case this can not be the origin 
of the slight increase, as for hot-rolled W sheet containing 
3 at% carbon, IPS-W containing 10 at% carbon [6] or even 
WssC ~5 under deuterium bombardment both, at room tem- 
perature and elevated temperatures, the methane signal 
remains below the detection limit. It can not be ruled out, 
that the higher methane signal at room temperature for 
W60C40 may not represent a steady state erosion yield and 
may decrease to values as observed between 400 K and 
600 K. 

3.2. Deuterium retention and thermal desorption 

The amount of deuterium retained in the target after 
implantation is calculated by integrating the difference 
between implanted and re-emitted deuterium fluxes over 
the implantation time until saturation. After 1.5 keV D + 
bombardment at room temperature we found that the 
amounts of trapped deuterium are 3.3 × 1017 a t / c m  2 for 
W6oC40 and 3.1 × 1017 a t / c m  2 for Ws5CI5. Both values 
are similar to the inventory of deuterium in graphite under 
the same bombardment condition [20]. For 3 keV D + 
bombardment at room temperature, the amount of retained 
deuterium in W60C4o is 4.5 × 1017 a t / c m  2 which is about 
a factor of 1.4 higher than the value taken under 1.5 keV 
D ÷ bombardment due to a larger implantation range and is 
also closed to the deuterium inventory in graphite [21]. The 
deuterium trapping in tungsten has been investigated under 
1.5 keV D + bombardment by Alimov et al. [6]. He found 
that after the bombardment at room temperature the 
amounts of deuterium trapped in IPS-W (inert gas plasma 
sprayed tungsten coating) and hot-rolled-W (powder- 
metallurgy tungsten sheet) are much higher than that 
trapped in tungsten crystal, CVD-W (chemical vapor de- 
posited tungsten coating) and VPS-W (vacuum plasma 
sprayed tungsten coating), He suggested that the deuterium 
inventory in tungsten is dominated by the material struc- 
ture. Garcfa-Rosales proposed that the amount of trapped 
deuterium strongly depends on the porosity of tungsten 
samples [22]. This mechanism can explain their experimen- 
tal results that the amount of deuterium trapped in IPS-W 
(with a porosity of 15-20%) is much higher than that in 
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bide (solid square) after 1.5 keV D + implantation at room 
temperature. The data of tungsten are taken from Ref. [6]. 

VPS-W (with a porosity of 8-9%). However,  it can not 
explain the high deuterium inventory in hot-rolled tungsten 
sample with a low porosity of < 1% and the low amount 
of trapped deuterium in VPS-W target with a high porosity 
of 8-9%. On the basis of the present results on tungsten 
carbide we suggest therefore that the carbon impurity is 
the key reason for the difference of D inventory in various 
tungsten materials. After the surface layer of about 100 nm 
was sputtered by 3 keV Ar ions, the XPS measurement 
reveals that the samples of W-crystal, CVD-W and VPS-W 
(all are produced in vacuum) are carbon-free materials and 
that the samples of IPS-W and hot-rolled W sheet respec- 
tively contain 10 at% and 3 at% of carbon impurity 
coming from their production process. Fig. 3 shows that 
the retained deuterium in tungsten carbide (W60C4o, and 
W85Cjs) and in carbon-containing tungsten (IPS-W and 
hot-rolled-W) is more than double the value in carbon-free 
tungsten (W-crystal, CVD-W and VPS-W). Only a few 
percent of carbon impurities dramatically increases the 
deuterium inventory in tungsten. This phenomenon implies 
that a large amount of trapped deuterium are bound with 
carbon atoms located in an extended range up to /zm in 
bulk. The trapped deuterium diffuses into bulk far beyond 
the ion range in tungsten probably due to the enhanced 
diffusion through pores or grain boundaries [6,22]. Based 
on the present result on tungsten carbide the much stronger 
binding with impurities, specially with carbon, should be 
considered. 

The saturated amounts of deuterium due to the implan- 
tation at elevated temperatures are one order of magnitude 
lower than the value at room temperature and very closed 
to the deuterium inventory in pure tungsten at elevated 
temperatures. Fig. 4 shows the temperature effect on the 
deuterium trapping in tungsten carbide under 1.5 keV D + 
implantation up to saturation. For comparison, the trapping 
amount in graphite [20] and in tungsten [6] under the same 
bombardment condition are also shown in Fig. 4. For the 
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implantation at room temperature the retained deuterium in 
tungsten carbide and in carbon-containing tungsten are as 
high as the value in graphite and are more than double the 
value in carbon-free tungsten as indicated in Fig. 3. The 
dependence of the decrease on target temperature is quite 
different. For graphite the decrease is very slow until a 
steady value at high temperature. In contrast, we find that 
the trapped deuterium in tungsten carbide and in carbon- 
containing tungsten is sharply decreased at the tempera- 
tures between 300 and 550 K and then reaches the amount 
in carbon-free tungsten at higher temperatures. This result 
implies that the thermal desorption of deuterium from 
tungsten carbide will occur at temperatures much lower 
than that from graphite, just as the behaviour of tungsten 
reported in Refs. [6,22]. Fig. 5 confirms this point. The 
TDS spectrum from We~jC40 shows three peaks during a 
heating period subsequent to an implantation with 1.5 keV 
D ions at room temperature. The first and second peaks are 
located at 410 K and 510 K, where the retained deuterium 
sharply decreases as shown in Fig. 4. The third peak is at 
the high temperature about 850 K just as the peak tempera- 
ture for the thermal desorption from graphite. A broad 
TDS peak is found at the low temperature range for 
Ws5CI5. Various spectral forms of thermal desorption 
from tungsten have been found with different peak temper- 
atures [6,22], but the mechanism is not clear. The experi- 
mental results from Ref. [22] suggested that the peak 
temperature is dominated by the sample porosity. How- 
ever, in the present experiment two CVD samples have 
similar mechanical properties such as porosity, grain size 
and surface roughness. The experimental conditions, in- 
cluding implantation energy, current, fluence and heating 
rate, were adjusted to be similar. The main difference is 
carbon concentrations of the material. As described above, 
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the tungsten carbide coating consists of two carbide phases 
(W~2C and W2C) with 10-20 at% of free carbon atoms for 

W60C4o and with some free tungsten atoms for W85CI5. 
The two TDS peaks located at low temperature range of 
410 and 510 K may be corresponding to the thermal 
desorption of deuterium trapped in W12C and W2C carbide 
with low binding energies and the peak at high tempera- 
ture of 850 K corresponds to the desorption of deuterium 
strongly bound to carbon atoms. The broad TDS spectrum 
of W85C 15 can be considered as an overlap of three peaks 
at temperatures of 350, 410 and 510 K. The first peak at 
350 K is contributed by the desorbed deuterium bound to 
free tungsten atoms weakly. The thermal desorption spec- 
trum, taken from W60C40 subsequent to an implantation 
with 3 keV D + at room temperature, is similar to the 
spectrum taken from the same target after 1.5 keV D + 
implantation as shown by open circles in Fig. 5, but the 
total amount of the trapped deuterium is higher by a factor 
of 20%. However, the thermal desorption spectra from 
tungsten made by different processes show a wide variety 
of forms in Ref. [6], Both assumptions, from Ref. [22] and 
the present study, can only explain some of the results, but 
not all. Many factors, such as impurities, defects, struc- 
tures and phases produced during target preparation or ion 
bombardment, lead to the complicated binding of deu- 
terium with host, which results in the various TDS forms. 
A further study with identical target material is necessary 
for getting a good understanding. 

The amount of trapped deuterium calculated by inte- 
grating TDS spectra over the heating time accounts for the 
results taken from re-emission measurements within 10- 
30%. This fact suggests that some of deuterium atoms 
bound to impurity with a higher binding energy or diffused 
to deep bulk are not desorbed from targets even at 1200 K, 
just as described by Alimov [6]. 
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4. Conclusions 

The amount of retained deuterium in tungsten carbide 

(W6oC4o and W85C15) is similar to the value in pure 
graphite for the keV D + implantation at room temperature, 
which is more than double the value in pure tungsten. A 
few percent of carbon impurities in tungsten strongly 
increases the deuterium inventory up to the level as in 
tungsten carbide and in pure graphite. The deuterium 
inventory in tungsten carbide and in carbon-containing 
tungsten steeply decreases at the target temperatures be- 
tween 300 to 550 K for the same implantation parameters 
as used at room temperature and reaches the value in pure 
tungsten at higher temperatures. 

The thermal desorption of deuterium from tungsten and 
tungsten carbide occurs at temperatures much lower than 
for graphite and shows much more complicated spectral 
forms depending on many factors. In our case the different 
peak temperatures, 350, 410, 510 and 850 K are tentatively 
assigned to the release of deuterium from free tungsten, 
tungsten carbide (WI2C and W2C) and free carbon in the 
complex multi-phase samples. 

The initial high methane release and the subsequent 
decrease with implantation fluence for tungsten carbide 
could be interpreted as the surface segregation of carbon 
induced by ion bombardment, which leads to a depletion 
layer throughout the ion range. 

The low chemical erosion with a weak temperature 
dependence under keV D + bombardment for tungsten 
carbide suggests that the removal of the metal component 
by physical sputtering limits the chemical erosion of car- 
bon. The weak maximum at a temperature around 850 K 
similar to pure graphite may be due to carbon diffusion 
from the bulk into the depleted layer. 
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