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Abstract

Depth profiles of deuterium up to a depth of 10 lm have been measured using the D(3He,p)4He nuclear reaction in a
resonance-like technique after exposure of sintered boron carbide, B4C, at elevated temperatures to a low energy (�200 eV/
D) and high ion flux (�1021 m�2 s�1) D plasma. The proton yield was measured as a function of incident 3He energy and
the D depth profile was obtained by deconvolution of the measured proton yields using the program SIMNRA. D atoms
diffuse into the bulk at temperatures above 553 K, and accumulate up to a maximum concentration of about 0.2 at.%. At
high fluences (P1024 D/m2), the accumulation in the bulk plays a major role in the D retention. With increasing exposure
temperature, the amount of D retained in B4C increases and exceeds a value of 2 · 1021 D/m2 at 923 K. The deuterium
diffusivity in the sintered boron carbide is estimated to be D = 2.6 · 10�6exp{�(107 ± 10) kJ mol�1/RT} m2 s�1.
� 2005 Published by Elsevier B.V.
1. Introduction

Boron carbide is considered as a potential plasma
facing material for fusion reactors due to its low
atomic number, plasma compatibility, high melting
point, and low chemical erosion yield [1]. A number
of data on boron carbide for fusion applications
have been reported concerning chemical erosion
[2–9], physical sputtering [10–14], and retention of
hydrogen isotopes [15–23]. Data on the transport
properties of hydrogen isotopes in boron carbide
structures were compiled by Grossman et al. [24].
0022-3115/$ - see front matter � 2005 Published by Elsevier B.V.
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The only solubility data for deuterium in boron
carbide found in the literature are the TDS measure-
ments of Shirasu et al. [25]. Those data closely
obeyed Sievert’s solubility law, indicating that
hydrogen is in atomic form in the boron car-
bide. The enthalpy of solution was found to be
�29.7 kJ mol�1, and the negative sign indicates that
hydrogen dissolves exothermally in boron carbide
(i.e., the hydrogen solubility decreases with increas-
ing temperature).

The saturation concentration of trapped deute-
rium is 0.4–0.6 D/(B + C) at room temperature
[20,22]. There is some evidence that D atoms diffuse
beyond the ion range both at room temperature,
and at an elevated temperature of 403 K [22,18].
There are only very few data available about the
temperature dependence of D retention in B4C:
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These data were obtained by TDS measurements
after irradiation with 1 keV D ions to a fluence of
2.3 · 1022 D/m2 [18].

This work deals with deuterium retention in sin-
tered B4C exposed to a low energy (�200 eV/D) and
high ion flux (�1021 m�2 s�1) D plasma at elevated
temperatures. Deuterium depth profiles were deter-
mined from the measurement of the proton yield
as a function of incident 3He energy and subsequent
deconvolution of the obtained proton yield
function.

2. Experimental

The samples with dimensions of �6 · 6 mm2 and
1 mm thickness were made of sintered boron car-
bide B4C (Tetrabor) with a density of 2.51 g/cm3

supplied by Wacker-Chemie GmbH, Kempten,
Germany. According to the specifications of the
manufacturer, the bulk carbon concentration was
19–21 at.%.

The samples were exposed to a deuterium plasma
at exposure temperatures Texp between 553 K and
923 K. The plasma was generated in a planar dc
magnetron, operated with D2 gas at a pressure of
about 1 Pa. The sample was attached to the magne-
tron cathode and covered with a copper mask. The
D plasma exposure was done through an aperture
of 5 mm in diameter.

The sample placed on the cathode surface was
bombarded with plasma ions accelerated in the
cathode sheath of the magnetron discharge with a
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Fig. 1. Laboratory energy of protons from (3He,p) nuclear reactions wit
function of 3He energy. Q is the energy released in the nuclear reaction
discharge voltage of 450 V. For assessment of the
ion energy, the spatial distribution of the plasma
potential was measured using Langmuir probes
[26]. The measurements showed that the cathode-
drop voltage was about 0.85 of the discharge
voltage. Reasoning that Dþ

2 ions dominate in the
plasma, the mean energy of D ions was estimated
to be approximately 200 eV. The ion flux density
was determined from ion current measurements
and was around 1 · 1021 D/(m2 s). All samples were
exposed to the D plasma for 30 min, resulting in an
ion fluence of about 2 · 1024 D/m2. The sample
temperature was controlled by a chromel–alumel
thermocouple attached to the front surface of the
sample outside the irradiation area during plasma
exposure.

Deuterium depth profiles in the B4C samples
were determined by the 3He + D!p + a nuclear
reaction [27]. A 3He beam was produced by the
3 MV tandem accelerator at IPP Garching. The D
concentration within the near-surface layer (at
depths up to 0.5 lm) was measured by means of
the D(3He,a)H reaction at a 3He energy of
0.69 MeV. The a particles were energy-analyzed
with a small-angle surface barrier detector at the
laboratory scattering angle of 102�. The a spectrum
was transformed into a D depth profile using the
program SIMNRA [28].

To determine the D concentration at larger
depths, an analyzing beam of 3He ions with energies
varied from 0.69 to 3.2 MeV was used. Protons emit-
ted from the D(3He,p)4He nuclear reaction with
2.2 2.6 3.0 3.4

he nuclear reaction (MeV)

 D(3He,p)4He, Q = 18.352 MeV
10B(3He,p)12C, Q = 19.693 MeV
11B(3He,p)13C, Q = 13.185 MeV
12C(3He,p)14N, Q = 4.779 MeV
13C(3He,p)15N, Q = 10.66 MeV

h D, 10B, 11B, 12C and 13C atoms at a laboratory angle of 135o as a
[29,30].
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energies in the range 12.2–13.3 MeV (depending on
3He energy, Fig. 1) were detected using a wide-angle
surface barrier detector with a solid angle of 0.14 sr
and a depletion depth of 700 lm, located at a labora-
tory angle h = 135�. A Ni absorber foil with a thick-
ness of 20 lm and a 150 lm stainless steel foil were
positioned in front of the detector. These foils absorb
elastically scattered 3He ions, a particles from the
D(3He,a)H nuclear reaction, and protons from
the 12C(3He,p0,1,2)

14N reactions. High energetic
protons from the D(3He,p)4He, 10B(3He,p0,1)

12C,
11B(3He,p0,1,2,3)

13C and 13C(3He,p0,1,2)
15N reactions

(Fig. 1) can reach the detector. After loosing energy
in the foils, these protons are fully stopped in the
detector (except the 18–19 MeV protons from the
10B(3He, p0)

12C reaction, which loose only a fraction
of their energy in the detector). The proton energies
for the 3He + 11B and 3He + 13C nuclear reactions
partially overlap with protons from the 3He + D
nuclear reaction (Fig. 1). The proton yield from the
3He + (10B/11B/13C) nuclear reactions was deter-
mined in separate measurements using original B4C
samples without implanted D atoms. The yields
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Fig. 2. Proton spectra obtained by 2.4 MeV 3He bombardment of the B
deuterium plasma to a fluence of about 2 · 1024 D/m2 at 923 K.
obtained from these reactions were then subtracted
from the measured total proton yield for the plasma
exposed B4C (Fig. 2).

In order to determine the D concentration profile
in deeper layers, the computer program SIMNRA
[28] was used for the deconvolution of the proton
yields measured at different 3He ion energies. A deu-
terium depth distribution was assumed, taking into
account the near-surface depth profile obtained
from the a particles spectrum, and the proton yield
was calculated as a function of incident 3He energy.
The form of the D depth profile was then varied
using an iterative technique until the calculated
curve matched the measured proton yields [27].

To understand in which state deuterium was
retained in the sintered B4C, sputtering secondary
ion mass spectrometry (SIMS) and residual gas
analysis (RGA) were utilized for analysis of the
plasma-exposed samples. We attribute the appear-
ance of the SIMS D� signal to the existence of
separate D atoms within the matrix [31]. A reason
for appearance of the RGA D2 signal is the recom-
bination of D atoms, as well as the direct release of
11B(3He,p
0
)13C

B
4
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D2 molecules from the sputtered layers. The proce-
dure, how to separate the recombined and molecu-
lar fractions has been described in Ref. [31]. The
D� SIMS signal was calibrated by using sintered
B4C implanted with 3 keV D ions at 300 K to
fluences below 1 · 1021 D/m2 (when 100% trapping
takes place) by comparing the integrated SIMS sig-
nal (throughout the implantation depth) with the
total amount of deuterium in this sample. The error
of the calibration was estimated to be about 30%.

3. Results and discussion

Both, after 3 keV D ion irradiation at 300 K and
after D plasma exposure at temperatures in the
range from 553 to 923 K, D2 molecules were not
detected in the RGA measurements. It is therefore
concluded that deuterium is accumulated in the
sintered B4C solely as D atoms.

Measured proton yields as a function of the ana-
lyzing 3He energy for the boron carbide exposed to
the low energy (�200 eV/D) and high ion flux
(�1021 m�2 s�1) D plasma to a fluence of about
2 · 1024 D/m2 at different temperatures Texp are
shown in Fig. 3. The corresponding D depth profiles
are presented in Fig. 4, where the upper part shows
the depth profiles in the near-surface layer (at
depths up to 0.5 lm) and the lower part shows the
profiles in the bulk (up to 10 lm).
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Fig. 3. Measured (points) and calculated (lines) proton yields for assum
for B4C exposed to a low-energy (�200 eV/D) deuterium plasma to a
As the exposure temperature Texp increases, the
D concentration in the near surface layers decreases
(Fig. 4a), whereas the concentration in the bulk
increases (Fig. 4b). At Texp = 923 K, the D profile
has a long tail extending beyond 10 lm with a D
concentration of about 0.2 at.%.

SEM micrographs of the B4C samples before and
after plasma exposure are shown in Fig. 5. After
plasma exposure, ‘pin holes’ extending at least up
to a depth of 1 lm are observed on the surface. It
is possible that the development of these holes is
connected with the formation and emission of
CD4 molecules in the course of the D plasma expo-
sure [5–7,18].

Fig. 6 compares the deuterium retention in the
boron carbide samples exposed to the D plasma to
a fluence of about 2 · 1024 D/m2 (high fluence expo-
sure), with previous results on 1 keV D ion irradia-
tion to fluences of (2.3–2.7) · 1022 D/m2 (low
fluence irradiation) [18,22] as a function of the expo-
sure/irradiation temperature. Note that the D
content in the B4C irradiated with 1 keV D ions to
the low fluences was measured by thermal desorp-
tion spectroscopy, whereas the D content after
plasma exposure to the high fluence was determined
by depth profiling up to a depth of 10 lm.

At low fluence irradiation the D retention is gov-
erned by the accumulation of D in the ion implanted
zone and the fraction of D atoms which diffused
3.22.82.42.0
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fluence of about 2 · 1024 D/m2 at different temperatures.
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Fig. 4. Depth profiles of deuterium trapped in the near-surface layer (a) and in the bulk (b) of B4C exposed to a low-energy (�200 eV/D)
deuterium plasma to a fluence of about 2 · 1024 D/m2 at different temperatures. The D concentration up to 0.5 lm (a) was determined
from the energy spectra of a particles emitted from the D(3He,a)H reaction. Note that the depth and concentration scales in parts (a) and
(b) are different.
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into the bulk is small compared to high fluence
exposure. As the irradiation/exposure temperature
increases, the D concentration in the ion implanted
zone decreases resulting in a decrease of the total D
content with increasing temperature (Fig. 6, data for
the 1 keV D ion irradiation). At high fluences, how-
ever, the amount of deuterium accumulated in the
bulk increases with irradiation temperature as the
implanted D atoms begin to diffuse into the bulk,
where they are retained at trapping sites, probably
at carbon precipitates. Because the amount of
deuterium accumulated in the bulk is higher than
in the implanted zone, an increase of the total D
content with exposure temperature is observed
(Fig. 6, data for the plasma exposure).

The analysis of the D profiles in the B4C samples
allows the conclusion that there are two channels
for deuterium diffusion. A ‘fast’ diffusion channel
enables the penetration of D atoms deep into the
bulk (up to 10 lm) even at Texp = 553 K, and the
formation of flat D profile with concentrations of
about 4 · 10�3 at.% at 553 K and about 4 · 10�2

at.% at 693 K (Fig. 4b). A ‘slow’ diffusion channel
is responsible for the gradient of the deuterium pro-
files from a maximum concentration of 0.1–0.2 at.%
to the bulk values.



Fig. 5. SEM micrographs of the sintered boron carbide B4C before (a) and after D plasma exposure to a fluence of about 2 · 1024 D/m2 at
exposure temperatures of 553 K (b), 693 K (c) and 803 K (d).
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Based on the measured depth profiles, it is possi-
ble to estimate the D diffusivity in the ‘slow’ chan-
nel, assuming that the deuterium profile is
governed by diffused D atoms. If a constant deute-
rium concentration C0 is maintained at the surface
(or in a thin near-surface layer), the D concentration
C(x) at a depth x is described by

CðxÞ ¼ C0 1� erf
x

2
ffiffiffiffiffi
Dt

p
� �� �

; ð1Þ

where erf x
2
ffiffiffiffi
Dt

p
� �

is the error function, D is the deute-

rium diffusivity and t is the exposure time [32]. The
concentration C0 and the deuterium diffusivity are
varied until the calculated profile matches the mea-
sured D profile (Fig. 7 and Table 1). According to
our estimation, the diffusivity of deuterium in the
sintered boron carbide through the ‘slow channel’
is D = 2.6 · 10�6exp{�EA/RT} m

2 s�1 with an acti-
vation energy EA = (107 ± 10) kJ mol�1.
Fig. 8 shows a comparison of the estimated deu-
terium diffusivity with other available results on tri-
tium diffusivity [33–38], derived from the thermal
release data treating the grain structure as ‘diffusion
out of a sphere’. Elemann et al. [33–35] used boron
carbide samples that were doped with tritium in a
surface layer of about 20 lm thickness. The tritons
were produced via the reaction 6Li(n,a)T induced
by thermal neutrons. The neutron dose was
2 · 1018 n/m2, such that the determined activation
energy of (70 ± 7) kJ mol�1 is characteristic for
tritium mobility in a low-dose irradiated material.
The same is true for the results obtained by Schnarr
and Münzel [37]. They used samples which were
uniformly doped with high energy (<90 MeV) tri-
tons produced in the reaction Cu(a,T), induced by
104 MeV a-particles. The effective diffusion coeffi-
cients with an activation energy of (95 ± 10) kJ
mol�1 are about one order of magnitude higher
than the values obtained by Elleman et al. [33–35].
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This deviation might be due to the value of the grain
radii used in the calculation.

Note that under neutron irradiation tritium
is formed in boron carbide via the reaction
10B(n,2a)T. Using boron carbide samples irradiated
with low and high doses of neutrons, Schnarr and
Münzel [36] found that the effective diffusion coeffi-
cient decreases by three orders of magnitude with
increasing neutron dose, and attributed this
decrease in tritium mobility to the radiation defects
formed in the boron carbide. For the low dose of
about 1020 n/m2 of 22 MeV neutrons an activation



Table 1
Diffusion coefficient of deuterium in sintered boron carbide
derived by fitting calculated diffusion profiles (Eq. (1)) to the
measured deuterium depth profiles (Fig. 7)

Exposure
temperature (K)

C0 (at.%) Diffusion
coefficient (m2/s)

553 0.32 1.09 · 10�16

613 0.165 3.67 · 10�15

693 0.157 1.32 · 10�14

803 0.14 3.09 · 10�13
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energy of (87 ± 10) kJ mol�1 was found. At a high
neutron dose of 3.5 · 1022 n/m2 from a heavy water
reactor, they found an activation energy of
(210 ± 30) kJ mol�1 in the irradiated material,
which was much higher than in the low-dose irradi-
ated material. Suhaimi et al. [38] used the boron car-
bide samples exposed to neutrons with an average
energy of 6.5 MeV and a dose of 1018 n/m2, which
is a low radiation dose. The reported activation
energy is (196 ± 30) kJ mol�1, which is high and
more typical of radiation damaged material. The
present data with an activation energy of
(107 ± 10) kJ mol�1 are indicative for diffusion in
an undamaged matrix. This may be the reason
why the diffusion coefficients derived from the deu-
terium depth profiles are about one order of magni-
tude higher than the diffusion coefficients of tritium
in B4C samples irradiated with low doses of neu-
trons (Fig. 8).
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Fig. 8. Comparison of the Arrhenius relations for diffusivities of deuteri
taken from Elleman et al. [33–35], Schnarr and Münzel ((a) [36], (b) [3
The ‘fast’ deuterium diffusivity is assumed to be
related to the movement of deuterium atoms along
grain boundaries, whereas the ‘slow’ diffusion chan-
nel may be explained by intra-grain diffusion. The
boron carbide structure may be implied to consist
of single large continuous grains riddled with grain
boundaries. The density of deuterium trap sites
(most likely, carbon impurities) within the grains is
thought to be significantly higher than that along
the grain boundaries, such that the maximum deute-
rium concentration reached through the ‘slow’ diffu-
sion channel (0.1–0.2 at.%, depending on the
exposure temperature) is much higher than that for
the ‘fast’ diffusion channel (about 4 · 10�3 at.% at
553–613 K and about 4 · 10�2 at.% at 693 K).
4. Conclusions

The retention of deuterium was studied in sin-
tered boron carbide samples exposed to a low
energy (�200 eV/D) and high ion flux (�1021 m�2

s�1) D plasma at elevated temperatures. Trapping
of deuterium molecules is not observed, and deute-
rium is accumulated as D atoms only.

At temperatures above 553 K, D atoms diffuse
into the bulk and accumulate up to a maximum
concentration of about 0.2 at.%. At high fluences
(P1024 D/m2), the accumulation in the bulk plays
the major role for the D retention. With increasing
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um and tritium in boron carbides. The tritium diffusivity data were
7], (c) [36]), and Suhaimi et al. [38].



290 V.Kh. Alimov et al. / Journal of Nuclear Materials 349 (2006) 282–290
exposure temperature, the amount of D retained in
B4C increases and exceeds a value of 2 · 1021 D/m2

at 923 K.
There are two channels for deuterium diffusion.

A ‘fast’ diffusion channel allowing the penetration
of D atoms deep into the bulk (at least up to a depth
of 10 lm) even at Texp = 553 K, and resulting in the
formation of the flat-shaped D profile with concen-
trations of about 4 · 10�3 at.% at 553–613 K and
about 4 · 10�2 at.% at 693 K. A ‘slow’ diffusion
channel provides the gradient of the deuterium pro-
files from a maximum concentration of 0.1–0.2 at.%
into the bulk. In the ‘slow’ channel the deuterium
diffusivity is estimated to be D = 2.6 · 10�6

exp{�(107 ± 10 kJ mol�1)/RT} m2 s�1.
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