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Abstract

The accumulation and distribution of implanted deuterium were studied through simultaneous analysis using the
nuclear reaction D(d,p)T for some austenitic, austenitic-martensitic steels, Fe-16% Cr, V-4% Ti-4% Cr, V-10% Ti-5%
Cr alloys, and vanadium. The implantation was carried out by 700-keV deuteron irradiation at room temperature with
a total implantation dose of about 2 x 10'® cm~2. It is shown that the deuterium segregation induced by ion irradiation
in vanadium and the Fe-16% Cr alloy remained unchanged during room temperature holding after implantation. On
the other hand, in the two-phase steel and the V-Ti(-Cr) alloys the holding led to a partial elimination of the con-
centration inhomogeneity of the implant in the irradiated portion, while in the austenitic steel deuterium segregation
increased probably due to the migration of deuterium from the unirradiated volume to the irradiation zone. Possible
reasons for different behavior of the implanted deuterium in different materials will be briefly discussed. © 1999

Elsevier Science B.V. All rights reserved.

1. Introduction

It is known that implantation of hydrogen in steels
and alloys at low temperatures is accompanied by ac-
cumulation of the implant in the irradiated areas. That
concentration inhomogeneity is not eliminated com-
pletely even when the mobility of hydrogen is high. For
example, the concentration of the implanted hydrogen in
radiation-damaged areas of the samples of the 316
stainless steel remains to be high even at temperatures of
500-600 K [1]. In pure vanadium, titanium and their
alloys this phenomenon was detected at room tempera-
ture [2,3]. An inhomogeneous distribution of hydrogen,
which was found in hydrogen-containing metal targets
irradiated with light (helium) and heavy (metal) ions, is
caused by a redistribution of hydrogen from the volume
of the target to the region having a high concentration of
radiation-induced defects (RIDs) [4-8]. All these exper-
imental results reflect a single phenomenon called as
‘lon-irradiation-induced segregation of hydrogen’ [2].
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Up to now certain concepts have been proposed with
respect to the ion-irradiation-induced segregation of
hydrogen in metals. These concepts are as follows. The
concentration distribution inhomogeneity of the im-
planted hydrogen at temperatures where the diffusion
mobility of hydrogen is high is due to trapping of some
hydrogen atoms by RID’s. The remaining hydrogen is in
the ‘free’ state and is distributed uniformly in the whole
volume of the target sample. This feature was observed
when vanadium was bombarded with deuterium ions at
room temperature [3].

The stability of the defect structure, which is formed
during implantation at room temperature, and the hy-
drogen segregation induced by ion irradiation was in-
vestigated in this study.

2. Materials and methods

The materials studied were steels and alloys, which
are structural candidates for fusion reactors:
1. V4% Ti—4% Cr and V-10% Ti-5% Cr alloys; com-
mercially pure vanadium.
2. Austenitic stainless steel type Crl16Nil5Mo3Til.
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3. Two-phase austenitic-martensitic steel type Cr16Ni8-

Mo3.

4. Fe-16 at.% Cr alloy was taken to simulate the BCC
component of the two-phase steel.

Diffusion coefficients of hydrogen in materials whose
compositions are similar to those of the targets studied
are as follows: 2.3 x 1073 in vanadium [9]; 5.3 x 10~% in
V5Ti [9]; 2.3 x 107 in V10Ti [9]; 2.7 X 107 in Fe(15-
18.5)Cr [10]; 1.6 x 107! in the 304L austenitic stainless
steel [11], (0.23-1.3) x 10~!'! in the martensitic stainless
steel [12,13].

Other researchers used deuterons having an energy of
tens of keV as the implants to simulate the processes that
take place in fusion reactors. This choice of energies
makes it difficult to interpret the obtained results from
the viewpoint of the interaction between hydrogen at-
oms and RID’s. The reason of this difficulty is that the
implant is accumulated near the surface and the distri-
bution of the implant may be affected both by contam-
ination of the irradiated volume with interstitial
impurities from the sample’s surface, and by the fact
that the surface represents an effective sink of defects. In
type 316 stainless steel the projective path of deuterons
equals 3.21 um at the deuteron energy of 700 keV (which
is used in this study) and is within 0.07-0.135 pm at the
deuteron energy of 10-20 keV.

The D(®He,p)*He reaction was used in previous work
[14] dealing with the study of the distribution of im-
planted hydrogen in metal targets by the nuclear reac-
tion method. In spite of unquestionable merits (a high
sensitivity and resolution), the helium reaction has
considerable drawbacks: an additional component
(helium) and an additional (apart from the implanta-
tion-induced) radiation damage outside the deuterium
implantation zone are introduced in the sample. These
drawbacks may be eliminated if the processes of
implantation and measurement coincide in time and
space. The D(d,p)T reaction was, hence, used in this
study to determine the deuterium concentration.

The main feature of the implantation and measure-
ment procedures was as follows. A van de Graaf accel-
erator served as the source of accelerated deuterons for
implantation and D(d,p)T analysis. The implanted
deuterons had an energy of 700 keV. The incident beam
was perpendicular to the test target. The proton detec-
tion angle was 120°. Measurements were made at im-
plantation doses of (1-200) x 10'® cm—2.

A TiD, 73 reference sample was used to determine the
concentration and distribution of deuterium. The TRIM
95 program was employed to calculate the analyzable
depth of the implanted deuterium and the distribution of
vacancies in the analyzable zone.

An integral parameter — an average concentration of
the implanted deuterium, Cp, measured in the analyzable
zone — was introduced for the interpretation of the mea-
sured results. Average concentrations of the implanted

deuterium, Cpclc.), and the fraction of deuterium retained
in the analyzable zone, « = Cp/Cp(caic) X 100%, were cal-
culated under the assumption that all the deuterium is
preserved in this zone.

3. Results and discussion

The distribution of the implant from the surface to
the bulk of the samples and the accumulation of the
implanted deuterium in the test targets have revealed
some features in common:

1. The maximum deuterium concentration appears near

the maximum distribution of vacancies (Fig. 1).

2. The amount of the implanted deuterium increased

along the whole depth of the analyzable zone when

the implantation dose was raised up to saturation,

if it took place.

Besides these common features, the test targets were
characterized by considerable differences in the time
stability of the deuterium segregation formed under the
ion irradiation and in the accumulation kinetics of the
implanted deuterium.

Among the targets studied, it was observed only in
vanadium and the Fe-16% Cr alloy that the deuterium
distribution, which was formed during implantation,
remained unchanged after the ion bombardment was
stopped. Despite obvious distinctions such as chemical
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Fig. 1. The distribution of the implanted deuterium in the
samples of the austenitic steel (1), the Fe-16% Cr alloy (2) and
the two-phase steel (3) after bombardment with deuterons at a
dose of (52-54) x 10'® cm—2. (The arrow indicates the location
of the maximum distribution of vacancies calculated by the
TRIM program.)
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composition, these materials had some features in
common: a monotonic descending dose dependence of
the implanted deuterium retainment o(F) (Fig. 2), satu-
ration of Cp(F), a bece lattice, and a relatively high
mobility of deuterium. Moreover, they were character-
ized by saturation of the dose dependence of the im-
planted deuterium accumulation in the irradiated
volume.

Let us consider the experimental findings and the
representation of the model advanced in this study.

Pure vanadium: We have proposed a model of inter-
action between the implanted atoms and radiation-in-
duced defects in pure vanadium elsewhere [3]. According
to this model, the deuterium traps are vacancy-type
defects. These defects and the implanted atoms form
rather stable complexes and the concentration inhomo-
geneity of the implant is stable at room temperature.
The saturation of Cp(F) is explained by self-annealing of
the defects and establishment of a constant concentra-
tion of traps. The monotonic dependence o(F) may be
related in terms of the proposed model to a decrease in
the fraction of the retained deuterium. This decrease is
due to a partial self-annealing of the defects-traps before
Cp(F) comes to saturation.

The Fe—16% Cr alloy: Since the dependence Cp(F)
and o(F) exhibited similar behavior in this alloy and
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Fig. 2. The effect of the implantation dose on the retainment of
the implanted deuterium in the analyzable zone in the samples
of the Fe-16% Cr alloy (1), the austenitic steel (2), the vana-
dium (3) and the two-phase steel (4).

vanadium, the obtained results may be explained along
the same lines of reasoning as those for vanadium.

When irradiation of all the targets, except vanadium
and the Fe-16% Cr alloy, was stopped, the concentra-
tion of the implanted deuterium in the radiation-dam-
aged volume was altered.

V-Ti(~Cr) alloys: We have shown [3] that accumu-
lation of the implanted deuterium in irradiated areas of
the targets depends on both the implantation dose and
the titanium content of these areas.

Additional experiments on the V-Ti(—Cr) alloys re-
vealed the following. A pause in the implantation pro-
cess was accompanied by a decrease in Cp and a, i.e. led
to a partial clean-out of the initial distribution of the
implant. The variation in the accumulated concentration
and the fraction of the retained deuterium was most
intensive at the initial stages after the irradiation ter-
mination and then slowed down. The redistribution of
the implanted deuterium continued until a certain con-
centration of deuterium was reached in the irradiated
volume. The instability of the implant distribution
formed under the ion bombardment may be due to the
fact that the diffusion drain of the implant from the ir-
radiation zone is hampered. The mobility of the im-
planted deuterium in the V-Ti alloys decreases
monotonically with increasing titanium concentration
[9] and is lower in the vanadium alloys than in pure
vanadium.

If the ion bombardment is resumed, o gradually
reaches a certain quasi-equilibrium level. Subsequently
the dependence a(F) obtained before the irradiation was
interrupted continues.

Steels: The implanted deuterium accumulated faster
in the two-phase steel than in the austenitic steel over the
whole range of the implantation doses studied.

The two-phase steel: As the continuous implantation
dose was increased, the concentration of the implanted
deuterium in the irradiated volumes, Cp, rose and the
fraction of the implant retained in these volumes, o,
increased in the samples. The dependence o(F) tends to
saturation (Fig. 2).

When the implantation process was stopped at the
stage of the a(F) saturation, Cp and o decreased. The
accumulated concentration left by the end of the pause
decreased exponentially with increasing time of the
pause. After the ion bombardment was resumed, the
fraction of the retained deuterium, o, remained almost
unchanged, but it was proved to be smaller than that
before the pause.

The sum of the obtained results permits stating the
following. In the two-phase steel part of the implanted
deuterium not bound to traps at the time of implanta-
tion does not redistribute between the implantation zone
and the irradiated volume of the target because of a low
diffusion mobility of deuterium. After the ion irradiation
is stopped, the implant is redistributed. Therefore Cp
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and o decrease. During a continuous irradiation the
dependence a(F) came to saturation. This means that a
sort of a metastable equilibrium is established between
the in-flow of the implant and its drain to the volume of
the target. Obviously, the achievement of this ‘equilib-
rium’ depends not only on the concentration of deute-
rium in the irradiated volume but also on a set of other
factors (density of the ion current, the steel structure,
etc.).

The austenitic steel: The dose dependence of the ac-
cumulated concentration of the implanted deuterium in
irradiated volumes of the austenitic steel, Cp(F), had a
monotonic trend. When the implantation dose F was
increased, the accumulated concentration Cp grew over
the whole range of the doses studied. The concentration
Cp was much lower in the austenitic steel than in the
two-phase steel.

The fraction of the retained deuterium, o, also was
proved to be much lower than in the two-phase steel and
lower than in the Fe-16% Cr alloy (Fig. 2). The de-
pendence o(F) was non-monotonic: up to the implanta-
tion dose of ~40 x 10'® cm™? o was lowered with
increasing implantation dose and then increased but
remained smaller than in all the other targets studied.

The room temperature holding of the implanted
samples of the austenitic steel led, unlike in the two-
phase steel, to an increase in the accumulated concen-
tration and retainment of deuterium in the analyzable
zone. The profile analysis showed that when an inter-
mediate holding was inserted during the implantation
process, the deuterium concentration rose along the
whole depth of the analyzable zone (especially in the
region of the implantation maximum). The increase in
the deuterium concentration in the analyzable zone ex-
hibited a complicated dependence on the preliminary
implantation dose and the irradiation pause duration:
the increase was the larger, the higher the concentration
of the implanted deuterium in the austenitic steel sample
by the moment irradiation was stopped. Holding for 43
h after implantation at a dose of 12.6 x 10'® cm~? turned
out to be equivalent to a continuous implantation at a
dose of 80 x 10" cm~—2,

Certain contradictions may be found in the results
obtained on the austenitic steel. For example, while the
activation energy of hydrogen diffusion in austenitic
steels is relatively high, the accumulated concentration
of the implant proved to be the lowest among all the
targets studied. This fact indicates a high draining of
deuterium from the volume of the target to the radia-
tion-damaged area.

This contradiction may be resolved if one assumes a
radiation-accelerated diffusion of the implant in the steel
and a low capacity of the deuterium traps formed during
implantation. In this case the ‘radiation defect-deuteri-
um atom’ complexes could serve as the carriers of deu-
terium atoms. The formation of these mobile complexes

has been suggested to account for the radiation-accel-
erated diffusion of deuterium in titanium [2]. A small
sum capacity of the traps may be due either to a low
concentration of the traps or to a small binding energy
of deuterium in the traps.

The instability of the concentration distribution in-
homogeneity in the cross section of the target in spite of
a high mobility of the implanted deuterium under irra-
diation is one more apparent contradiction. This con-
tradiction may be accounted for by a possible evolution
of the defect structure of the radiation-damaged area.
The evolution may take place both during and after
implantation. It may be reduced to the following. Single
vacancies, which are formed during deuterium implan-
tation, are not effective traps. However, vacancy com-
plexes, which efficiently capture the implant atoms, are
prone to be formed in the austenitic steel. The number of
vacancy complexes, which appear during implantation
and subsequent holding, is less than the number of va-
cancies. Obviously, the probability that a vacancy
complex is formed increases both with the implantation
dose and the holding time after implantation. As a result
of this evolution, the sum capacity of the traps may
increase, as was observed in experiment. Moreover, ra-
diation-induced phase transformations may possibly
occur in this steel. This may also change the concen-
tration and efficiency of the traps.

The descending section of o(F) at the initial stages of
implantation in the austenitic steel may be explained, as
in the case of vanadium, by a decrease in the sum ca-
pacity of the traps caused by their self-annealing.

Considering all the results obtained in this study on
the ion-irradiation-induced segregation of deuterium in
the steels and the alloys, it is possible to suggest the
following scheme of the behavior of the implanted
deuterium in the targets:

(1) The implant is transported from the irradiation
zone through both thermal diffusion and radiation-ac-
celerated diffusion by ‘radiation defect-deuterium atom’
complexes. When the diffusion coefficient in a defect-free
matrix is high, the contribution of the former compo-
nent is negligibly small. If the mobility of the implant
atoms in a defect-free matrix is low, the former com-
ponent makes the decisive contribution. Obviously, the
ratio of these components also depends on both the
mobility of the hydrogen-containing ‘radiation defect-
deuterium atom’ complexes and the number of these
complexes.

(2) The accumulated concentration of the implant in
the irradiated volumes of the targets depends not only
and not so much on the flux of the implant out of the
irradiated zone, as on the sum capacity of the traps
formed during the ion bombardment. Large-capacity
traps possessing a high binding energy are capable of
retaining up to 50% implanted deuterium in the irradi-
ated zone.
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(3) The defect structure formed during the ion im-
plantation may change during room temperature hold-
ing after implantation. As a consequence, the sum
capacity of the hydrogen traps is changed in the absence
of irradiation. It is not improbable that the clean-out of
the nonequilibrium distribution of the implant and the
evolution of the defect structure proceed simultaneously.
However, the net result is determined by the contribu-
tion of each process to the final picture. Thus, the clearly
pronounced evolution of the defect structure, which is
observed in the austenitic steel, is probably due to a high
mobility of vacancies, a low vacancy-deuterium binding
energy, and a fast drain of the implant from the irradi-
ated volume through the radiation-accelerated diffusion.
In this case even an insignificant change in the trap ca-
pacity can be registered experimentally.

4. Conclusions

The study of the stability of the deuterium segrega-
tion induced by irradiation with 700 keV deuterons at
room temperature in some steels, vanadium, and vana-
dium alloys has led to the following conclusions:

1. The concentration of the implanted deuterium in the
irradiated areas of the targets rose with increasing
dose of the continuous implantation. In vanadium,
vanadium alloys, and Fe-16% Cr the dose depen-
dence of the accumulated concentration of the im-
planted deuterium came to saturation.

2. All the targets under study have been divided into 2
groups in accordance with the behavior of the im-
planted deuterium after implantation. The first group
includes vanadium and the Fe-16% Cr alloy where
the deuterium distribution formed during implanta-
tion did not change after a many-hour holding with-
out irradiation. A post-implantation holding on the
other materials led to a redistribution of the implant
between the irradiated areas and the unirradiated
bulk. A partial drain of the implant to the volume
was observed with time in the vanadium alloys and
the two-phase steel, whereas an in-flow of deuterium
from the volume to the irradiated areas of the targets
occurred in the austenitic steel.

3. The behavior of the implanted deuterium in metal
materials cannot be adequately described in terms
of a model which allows only for the interaction be-
tween the implant atoms and invariable radiation-in-
duced defects. One should consider a possible
evolution of the defect structure in the irradiation
zone and also possible radiation-induced structural
and phase transformations.
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