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Abstract

The thermal re-emission of hydrogen isotopes from WC layers on graphite, implanted with 5 keV H�2 and D�2 ion

beams up to saturation at room temperature, has been studied by means of the elastic recoil detection (ERD) technique.

It is found on isochronal annealing for 10 min that the re-emission takes place in three stages: the ®rst stage occurs for

retained fraction of 1.0±0.6, the second stage for retained fractions of 0.6±0.2 and the third stage below the retained

fraction of 0.2, which is ascribed to re-emission from carbon segregated in the grain boundaries of the WC layers. It is

also found on isothermal annealing that the concentration of retained hydrogen decreases rapidly in the beginning and

hereafter very gradually with increasing the annealing time. The isothermal re-emission curves have been analyzed by

taking into account the two trapping sites and the mass balance equations with two kinds of thermal detrapping

(Rd1
;Rd2

), retrapping (Rt) and local molecular recombination (K1) between free hydrogen atoms. The isotope di�erence

of the rate constants for elementary processes determined by best ®tting of the solution to the experimental re-emission

pro®les is discussed with relevance to the nature of two trapping sites. Ó 1999 Elsevier Science B.V. All rights reserved.

Keywords: Carbon composition; Hydrogen; Ion beam analysis; Local molecular recombination; Re-emission;

Tungsten; Thermal detrapping

1. Introduction

In future fusion devices, high Z refractory metal and

carbon are planned to be used simultaneously as the

divertor plate and the ®rst wall armor, respectively. The

mutual redeposition of sputtered substances modi®es the

surface layers of the materials into metal carbides under

plasma irradiation at high temperatures for long term

discharge.

Refractory metal carbides have the desired property

of low sputtering yield [1]. There is a concern that the

sputtering of high Z metal induces radiative cooling of

the hot core plasma, but TiC and WC layers coated on

graphite have shown that the sputtering of metals is

suppressed at high temperatures due to self-sustaining

coverage of the surface with segregated carbon layers

from graphite substrate even under high heat ¯ux plas-

ma irradiation [2±5]. Nevertheless, data on hydrogen in

high Z metal carbides are hardly available [6]. Therefore,

it is quite important to investigate hydrogen behavior in

refractory metal-carbon composite materials.

In a previous paper [7], we have reported the experi-

mental results on retention and thermal re-emission of

deuterium implanted into WC layers deposited on

graphite plates. It has been shown that the steady state

concentration of deuterium retained at room temperature

is 1.7 ´ 1022 cmÿ3 which decreases to 1.4 ´ 1022 cmÿ3

due to the spontaneous re-emission within 5 h of ter-

minating the implantation. It has been also found that

the re-emission of retained D due to thermal annealing

takes place in two stages: A large amount of D is re-

emitted from the WC layers at lower temperatures and a

small amount of the remainder is re-emitted from car-

bons in grain boundaries at high temperatures. The
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isothermal re-emission pro®les at di�erent temperatures

have been analyzed using the mass balance equations

with a single trap in the WC layers.

In this paper, we report the experimental results on

the thermal re-emission of protium implanted into the

WC layers which are compared with those of deuterium.

New results show that the re-emission of retained hy-

drogen isotopes due to thermal annealing takes place in

three stages: large amounts of hydrogen are re-emitted

from the two di�erent traps in the WC layers at lower

temperatures and a small amount is re-emitted from

carbons in grain boundaries at higher temperatures

which corresponds to the previous result [7].

2. Experimental

Isotropic graphite plates (IG-110U) of 0.5 ´ 5 ´
35 mm3 in size were used as a substrate of the specimen.

The surface of the graphite plate was polished with ®ne

diamond paste on which a W-®lm of 400 nm in thickness

was deposited by electron beam heating. The WC layers

were prepared by direct current heating of the graphite

substrate at 1400°C for 30 min. The specimen was

characterized by means of the Rutherford backscatter-

ing spectroscopy (RBS) and the X-Ray di�raction

(XRD) techniques. It was found that the average atomic

composition of WC layers by RBS was C/W

� 0.96�0.04 and the lattice constants for hexagonal

lattice were also a0� 2.93�0.01 �A and c0� 2.85�0.02 �A.

Since the WC layers were polycrystalline and the XRD

analysis showed graphite peaks, a small fraction of

carbon was expected to exist in grain boundaries.

In order to remove residual hydrogen, the specimen

was heated at 1000°C for 10 min before protium im-

plantations. The implantation into the WC layers was

done with 5 keV H�2 ion beam up to saturation at room

temperature and at a ¯ux of 2.4 ´ 1013 cmÿ2 sÿ1. The

concentration of protium in the WC was measured by

means of the elastic recoil detection technique [8], in

which 1.7 MeV He� ion beam impinges on the WC at an

angle of 85° to the surface normal and recoiled protons

were also detected at a forward angle of 82° to the

surface normal. An irradiation ¯uence of the probing

He� ions for the ERD measurement was monitored by

means of the RBS technique.

3. Experimental results

First of all, protium retention in the WC layers de-

posited on graphite irradiated with 5 keV H�2 ions was

measured as a function of irradiation time. It was found,

similarly to deuterium retention in the previous work [7],

that the retained number of H increases rapidly at an

early stage of irradiation and then saturates at a level

which decreases by a factor of about 15% in several

hours of terminating the irradiation due to spontaneous

re-emission.

The retained number of H in the WC layers after

isochronal annealings for 10 min is shown as a function

of temperature in Fig. 1, where the retained number of

D measured previously is shown for comparison and the

vertical axis represents the retained number of H and D

normalized by the initial saturation number, respec-

tively. From Fig. 1, the re-emission of both H and D is

seen to take place in three stages, which is for the ®rst

time recognised by comparison between the re-emission

curves of H and D. The plot indicates that the ®rst stage

takes place at retained fractions of 1.0±0.6, the second

stage at retained fractions of 0.6±0.2 and the last stage at

retained fractions below 0.2, which is attributed to re-

emission from the carbons in grain boundaries at higher

temperatures.

Isothermal re-emission curves of H measured at dif-

ferent temperatures are shown as a function of annealing

time in Fig. 2, where the vertical axis represents the re-

tained number normalized by the initial saturation

number. For comparison, isothermal re-emission curves

of D measured in the previous work are shown in Fig. 3.

It is clearly seen from Figs. 2 and 3 that the hydrogen

concentrations decrease rapidly in the beginning of an-

nealing and hereafter decrease very gradually with time

and that there exists a clear isotope e�ect in the thermal

re-emission. The analysis of the re-emission kinetics is

described in Section 4.

4. Discussion

4.1. Analysis of thermal re-emission curves

The decay curves of the hydrogen concentration due

to the isochronal annealing in Fig. 1 indicate that the

Fig. 1. Retention of protium (n) and deuterium (s) in a WC

layer, implanted up to saturation at room temperature, after

isochronal annealings for 10 min.
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re-emission takes place at three stages: the two stages at

lower temperatures are ascribed to the re-emission of

hydrogen atoms trapped in WC crystallites and the

third stage at higher temperature is attributed to the re-

emission of hydrogen atoms trapped in carbon segre-

gated in the grain boundaries of the WC layers.

Therefore, two di�erent trapping sites should be taken

into account for the analysis of the isothermal re-

emission curves of hydrogen retained in WC crystal-

lites.

The decay curves of the hydrogen concentration due

to isothermal re-emission in Figs. 2 and 3 indicate that

the concentration decreases rapidly in the beginning of

the annealing and hereafter gradually with time. The

initial rapid decay is ascribed to no retrapping of ther-

mally detrapped hydrogen due to no existence of avail-

able trapping sites because of saturation implantation.

The late slow decay is attributed to strong retrapping of

thermally detrapped hydrogen into vacant trapping sites

produced by the initial decay. Almost no decays of both

protium at 220°C in Fig. 2 and deuterium at 350°C in

Fig. 3 for prolonged annealing indicate that the re-

maining protium and deuterium are trapped in the

deeper trap. This fact corresponds well to the isochronal

re-emission curves in Fig. 1. Therefore, the decay of the

hydrogen concentration in WC crystallites should be

analyzed by solving the mass balance equations gov-

erning the time evolution of the concentrations of hy-

drogen migrating freely and trapped in two kinds of

trapping sites which take into account the following el-

ementary processes: thermal detrapping, retrapping and

local molecular recombination between free species

leading to the re-emission. The mass balance equations

are described in the following forms:

dn�t�
dt
�Rd1

nT1
�t� � Rd2

nT2
�t�

ÿ RTn�t��Co ÿ nT1
�t� ÿ nT2

�t�� ÿ 2K1n2�t�; �1�

dnT1
�t�

dt
� ÿRd1

nT1
�t� � RTn�t��C1 ÿ nT1

�t��; �2�

dnT2
�t�

dt
� ÿRd2

nT2
�t� � RTn�t��C2 ÿ nT2

�t��; �3�

where n(t), nT1
�t� and nT2

�t� are the average concentra-

tions of hydrogen migrating freely and trapped in the

trapping sites T1 and T2, respectively. Rd1
and Rd2

are the

thermal detrapping rate constants for the trapping sites

T1 and T2, respectively, RT is the trapping rate constant,

K1 is the local molecular recombination rate constant,

C0 (� C1+ C2) is the total trap density, here C1 and C2

are the densities of the trapping sites T1 and T2. The

assumption of local molecular recombination is based

on the fact that the decay of retained hydrogen takes

place uniformly over the whole depth of the WC layers.

When the concentration of free hydrogen is assumed to

attain to a quasi-equilibrium, namely, dn�t�=dt � 0; the

following equation is derived from Eqs. (1)±(3):

d�nT1
�t� � nT2

�t��
dt

� ÿ 2K1 Rd1
nT1
�t� � Rd2

nT2
�t�� �2

R2
T�Co ÿ nT1

�t� ÿ nT2
�t��2 : �4�

(a) Stage 1 (low temperature): When the thermal

detrapping takes place mainly from the shallower trap-

ping sites �Rd1
� Rd2

� at low temperature, the concen-

tration of hydrogen trapped in the deeper trapping site is

hardly reduced, thus nT2
�t� being assumed to be con-

stant. In such a case the decay kinetics of hydrogen at

the low temperature is expressed by the following

equation as a solution of Eq. (4).

Fig. 3. Deuterium retention in a WC layer, implanted up to

saturation at room temperature, during isothermal annealing at

temperatures of 70°C, 100°C, 150°C, 200°C, 250°C and 350°C.

The solid lines represent the best ®tting curves calculated based

on the two-trap model.

Fig. 2. Protium retention in a WC layer, implanted up to sat-

uration at room temperature, during isothermal annealing at

temperatures of 40°C, 60°C, 90°C, 140°C, 160°C and 220°C.

The solid lines represent the best ®tting curves calculated on the

two-trap model.
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�1ÿ �1ÿ a�NT2
�t��2

1

1ÿ �1ÿ a�NT0
2

"
ÿ 1

NT�t� ÿ �1ÿ a�NT2
�t�

#

ÿ 2�1ÿ �1ÿ a�NT2
�t�� ln

NT�t� ÿ �1ÿ a� NT2
�t�

1ÿ �1ÿ a� NT0
2

" #
� NT�t� ÿ 1� �1ÿ a��NT2

�t� ÿ NT0
2
�

n o
� ÿ2

K1

C0

Rd1

RT

� �2

t; �5�

where a � Rd1
=Rd2

and NT�t� � NT1
�t� � NT2

�t� �
�nT1
�t� � nT2

�t�� / n0. It is seen from Eq. (5) that the

value of �K1=C0��Rd=RT�2 is determined by the best ®t

of Eq. (5) to the experimental isothermal re-emission

curve for the ®tting parameter a when NT2
�t� is given.

The value of NT2
�t� can be extrapolated from the ex-

perimental data at the high temperatures described

below.

(b) Stage 2 (high temperature): When the thermal

detrapping takes place from the deeper trapping sites,

only the retrapping into the deeper trapping sites plays

an important role in the re-emission curve. Except at the

beginning of the annealing, it may be assumed that

NT1
�t� � 0. In this case, the decay kinetics of hydrogen at

the high temperature is also expressed by the following

equation as a solution of Eq. (4).

C0

n0

1

N 0
T2

ÿ 1

NT2

�t�
" #

ÿ 2 ln
NT2
�t�

N 0
T2

" #

� n0

C0

�NT2
�t� ÿ N 0

T2
� � ÿ2

K1

C0

Rd2

RT

� �2

t; �6�

where n0 � n0
T1
� n0

T2
. It is seen from Eq. (6) that the

value of �K1=C0��Rd2
=RT�2 is determined by the best ®t

of Eq. (6) to the experimental re-emission curve with

®tting parameter N 0
T2

.

4.2. Rate constants of elementary processes

In order to obtain the rate constants Rd1
and Rd2

, and

�K1=C0��Rd1
=RT�2 and �K1=C0��Rd2

=RT�2, Eqs. (5) and

(6) were ®tted to the experimental data in Figs. 2 and 3.

First of all, the thermal detrapping rate constant Rd1
for

the shallower trapping site was determined from the

initial decay of the curves at low temperatures (40°C,

60°C, 90°C and 130°C in Fig. 2 and 70°C, 100°C, 150°C

in Fig. 3), which are produced by the thermal detrap-

ping-limited process because of no available trapping

sites. The values obtained are shown as function of 1000/

T (K) in Fig. 4.

Secondly, the values of �K1=C0��Rd2
=RT�2 were de-

termined by assuming as ®tting parameter N0
c , the frac-

tion of hydrogen atoms which are retained in carbon

segregated in grain boundaries of WC crystallites. The

best ®t was achieved so that the values on the left-hand

side of Eq. (6) calculated by substitution into NT2
�t� of

the experimental data at high temperatures (130°C,

160°C and 220°C in Fig. 2 and 200°C, 250°C and 350°C

in Fig. 3) subtracted by N0
c (roughly 0.2 from Fig. 1) and

with the ®tting parameter N 0
T2

were proportional to an-

nealing time. For ®tting, it was assumed that n0/c0� 1,

since the initial hydrogen concentration was at the sat-

uration level. It is seen from Figs. 2 and 3 that the best

®tting curves reproduce the experimental re-emission

data well. It follows from the ®tting that 20% of the total

retained deuterium and 22% of the total retained pro-

tium, namely about 3 ´ 1021 cmÿ3, were trapped in

carbon segregated in the grain boundaries. This fact

indicates that the e�ective volume of carbon in the grain

boundaries is several % of the WC layers, which might

include carbon-interstitial clusters produced by the hy-

drogen ion implantation. It was also found that N0
T2 was

about 0.4±0.5. This fact indicates that the fraction of the

deeper trapping site is one half.

Finally, the values of �K1=C0��Rd1
=RT�2 were deter-

mined by ®tting Eq. (5) to the experimental data at low

temperature with use of NT2
�t� calculated from Eq. (6)

and the values of �K1=C0��Rd2
=RT�2 obtained above for

the parameter a. Under the best ®tting condition, it was

found that a � 0. This fact indicates that Rd2
cannot be

determined in this procedure. The values of �K1=C0��
�Rd1

=RT�2 are shown as a function of 1000/T (K) with

those of �K1=C0��Rd2
=RT�2 in Figs. 5 and 6, where for

comparison the values of (K1/C0)(Rd/RT)2, based on the

single-trap model, are shown by dotted lines.

It is seen from Figs. 5 and 6 that the values of

�K1=C0��Rd=RT�2 obtained on the single-trap model

approach the values of �K1=C0��Rd1
=RT�2 for the shal-

Fig. 4. Arrhenius plot of the experimental values of RH
d1

(h) and

RD
d1

(s) vs. 1000/T.
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lower trap at low temperatures and are close to the

values of �K1=C0��Rd2
=RT�2 at high temperatures. The

®t of the theoretical to the experimental re-emission

curves achieved by the two-trap model were found to

be much better than those on the single-trap model.

Therefore, from these facts, the decay analysis of the

two-trap model is considered to be reasonable. It is also

seen from Figs. 5 and 6 that the value of the activation

energy of the e�ective recombination rate constants

�K1=C0��RH
d1
=RT�2 for protium in the shallower trapping

site is the same as that, �K1=C0��RD
d1
=RT�2, for deuteri-

um and the ratio of their absolute values is 5.4. On the

other hand, it is seen from Fig. 4 that the value of the

activation energy EH
d1

of the thermal detrapping rate

constants for protium is the same as that, ED
d1

for

deuterium and the ratio of the absolute values is about

2. Therefore, the isotope di�erence in the e�ective re-

combination rate constants is mainly ascribed to the

isotope di�erence in the thermal detrapping rate con-

stants.

It is also seen from Fig. 4 that the activation energy

of the thermal detrapping rate constants RH
d1

and RD
d1

for

the shallower trapping site is 0.18 eV. Although the

thermal detrapping rate constants RH
d2

and RD
d2

for deeper

trapping site could not be determined directly by the

®tting, the activation energy can be estimated to be

0.24 eV from Figs. 5 and 6 using the EH
d1
� ED

d1
� 0:18

eV. These activation energies are considerably small

compared with those (0.60 eV) in graphite [8]. Therefore,

in the ®tting, it is very reasonable to assume that the

hydrogen atoms are not re-emitted from carbon segre-

gated in the grain boundaries of the WC layer.

The trapping sites with such small trapping energies

obtained above are not considered to be vacancies nor

carbon interstitial clusters produced by hydrogen ion

implantation, but to be intrinsic interstitial sites in the

WC lattice. There exist two di�erent hexahedral inter-

stitial sites in a WC unit cell, which are formed by two

di�erent atomic clusters: one type cluster is composed

of three carbon atoms and two tungsten atoms and the

other type of three tungsten atoms and two carbon

atoms. Since the two clusters are adjoined with each

other, there must exist six vacant interstitial sites

around one ®lling interstitial site in order for hydrogen

to be stably trapped in an interstitial site. In the ®tting,

each fraction of shallower and deeper trapping sites was

found to be a half, as described above. The fraction of

retained hydrogen to WC molecule was also found to

be 0.24 in the previous work [7]. This value indicates

that about 8.4 vacant interstitial sites exist around one

hydrogen ®lling interstitial site. Thus the observations

seem to indicate that the above consideration is e�ec-

Fig. 5. Arrhenius plot of the e�ective recombination rate con-

stants for deuterium �K1=Co��RD
d1

R=T �2 for shallower trapping

site and �K1=Co��RD
d2
=RT�2 for deeper trapping site. The dashed

line is the e�ective recombination rate constant calculated by

the single-trap model.

Fig. 6. Arrhenius plot of the e�ective recombination rate con-

stants for deuterium �K1=Co��RD
d1

R=T �2 for shallower trapping

site and �K1=Co��RD
d2
=RT�2 for deeper trapping site. The dashed

line is the e�ective recombination rate constant calculated by

the single-trap model.
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tive. It is not clear which type cluster is shallower or

deeper energetically.
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