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The pure Ni and Ni�S ageing systems, thermally aged and also irradiated by 5 MeV electrons at 270 K with
subsequent annealing, are studied by means of positron annihilation spectroscopy. The formation of ultra�ne S-rich
precipitates (clusters) is observed in Ni�S during thermal ageing at about 650 K. It is assumed that these clusters do
not contain vacancy-type defects and they are coherent to the Ni matrix. The positrons localize in sulphur clusters
that is due to a�nity-induced con�nement. In irradiated Ni�S system, the mobile vacancy-S atom complexes are
formed at post-irradiation annealing above 350 K (stage III). These complexes form the three-dimensional vacancy
clusters (nanovoids) decorated with S atoms. The radiation induced nucleation of S-rich clusters occurs when
nanovoids dissociate.
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1. Introduction
Positron is a sensitive probe for vacancy-type defects.

In addition, coincidence Doppler broadening (CDB) and
angular correlation of annihilation radiation (ACAR) en-
able us to identify the chemical element whose electrons
annihilate with the positron by measuring the electron
momentum distribution in the high-momentum region,
given by the positron annihilation with the inner orbital
electrons. Thanks to that, we can identify the chemi-
cal environment of the annihilation site, because the in-
ner orbital electrons are tightly bound to the nuclei and
are almost una�ected by the chemical bonding and crys-
tal structure. Thus, the CDB and ACAR methods can
prove the formation of the vacancy�solute complexes [1].
Moreover, the positron is also sensitive to ultra�ne pre-
cipitates embedded in materials, even if they have no de-
fect, that is due to a�nity-induced positron con�nement
[1, 2]. Owing to elemental selectivity, CDB and ACAR
make it possible to detect precipitates.
The nickel is a model material of the practical

austenitic stainless steels and Ni-base alloys used in nu-
clear engineering. Sulphur (S) is a widespread 3sp-
-impurity in nickel-base alloys. It is known that sulphur
has a low solubility in nickel [3]. As a result, the decom-
position of the Ni�S solid solution and the formation of
(sub)-nanoscale S-rich clusters (SRCs) may occur during
ageing heat treatment.
Ageing processes in materials are commonly studied

using residual electrical resistivity measurements, small-
-angle X-ray scattering, electron microscopy and other
techniques. Unfortunately, the direct methods, such as
transmission electron microscopy, are not e�cient in this
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case because of the extremely small sizes of precipitates
formed in Ni�S at earlier stages of ageing. It has been
found earlier [4] that the positron is sensitive to (sub)-
-nanoscale S-rich clusters embedded in the Ni�S system.
It is assumed that the positron is trapped by SRCs due
to a�nity-induced con�nement. It is caused by enhanced
local electron density in clusters with comparison to it in
Ni bulk that is connected with drawing of electrons from
the Ni�Ni metal bond to sulphur [5].
In this paper, we present the results of investigation of

the evolution of SRCs during isothermal annealing and
also during isochronal annealing after low temperature
irradiation by means of the ACAR. The part of exper-
imental results of our research was also published ear-
lier [6].

2. Materials and methods

High-purity Ni single crystals were prepared by the
�oating zone re�ning method in high-purity hydrogen
gas. To remove possible defects introduced by preparing,
the specimens (from zone re�ning Ni) were annealed at
1270 K in a vacuum of 10−5 Pa for 4 h and cooled slowly.
One sample set (Ni) was utilized in sulphur-free experi-
ments, whereas second set (Ni�S) was doped with sulphur
by means of di�usional alloying. The sulphur concentra-
tion was about 50�350 ppm [3]. In this investigation,
samples of the Ni-50 ppm S, Ni-60 ppm S, Ni-240 ppm S,
and Ni-340 ppm S alloys were used. The all Ni�S samples
were solution annealed in a puri�ed helium atmosphere
at 873 K (Ni-50 ppm S, Ni-60 ppm S, and Ni-240 ppm
S system) or 1173 K (Ni-340 ppm S system) for 1 h and
then cooled quickly in water.
Pure Ni and part of the samples of Ni�S were irradi-

ated at 270 K with 5 MeV electrons in a linear accelerator.
The maximum electron �uence was 5× 1022 m−2. After
irradiation, the samples were isochronal (stepwise) an-
nealed (25�50 K per step with a holding time 25�50 min)
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over the temperature range from 270 to 900 K. Another
part of the samples of the Ni�S were aged at 653 K up
to 3 h. All thermal treatments were made in a puri�ed
helium atmosphere with subsequent rapid cooling with
cold helium.
The ACAR measurements were performed at room

temperature (RT). The detailed description of experi-
mental technique is given in [2]. Changes in the shape
of the ACAR spectra were characterized by the standard
S- and W -parameters which were de�ned as the ratio

of the low- (pz ≤ 3.5 × 10−3m0c) and high-momentum
(10×10−3m0c ≤ pz ≤ 20×10−3m0c) areas in the ACAR-
-spectrum to the total area, respectively.

3. Results and discussion

3.1. Isothermal annealing

Figure 1 shows the dependence of values of
S-parameter on the aging time at 653 K (Fig. 1a) and S-
and W -parameter correlation (S�W plot) (Fig. 1b) for
Ni-50 ppm S, Ni-240 ppm S, and Ni-340 ppm S.

Fig. 1. Variation of the S-parameter in Ni�S systems aged at 650 K as a function of the ageing time (a) and ageing
time dependence of S- and W -parameter correlation (S�W plot) (b).

As it can be seen from Fig. 1a, the initial value of
S-parameter for Ni-50 ppm S coincides with Sf value for
well-annealed pure Ni. During ageing, the rapid growth
of S-parameter for Ni-50 ppm S is observed at �rst stage
(up to 15 min) which connects to the positron trapping
by SRCs [4]. At further ageing, the value of S-parameter
increases slowly.

The initial values of S-parameter for Ni-240 ppm S
and Ni-340 ppm S are su�ciently higher than Sf , i.e. the
samples are partially aged either at homogenization tem-
perature or during cooling after solution annealing. The
values of S-parameter increase with increasing time, but
after 1�1.5 h of ageing the S-parameters become constant
(see Fig. 1a). The number density of SRCs should in-
crease at ageing. It seems that the saturation of positron
trapping occurs after ageing when all positrons are con-
�ned into SRCs and the sensitivity of positrons to the
cluster density is lost.

Aging evolution is more clearly shown by S- and
W -parameter correlation (S�W plot) in Fig. 1b. The
S�W curves are useful in determining the kind of annihi-
lation sites. The (S,W ) points for electron-irradiated at
RT pure Ni is shown in Fig. 1b for comparison. As it is
well known [7], the vacancies in Ni are immobile at RT.
As can be seen from the �gure, the (S,W ) points for Ni
are distributed along straight line (marked as �Vacancy�)
which corresponds to the positron trapping at monova-
cancies. The (S,W ) points for aged Ni-50 ppm S are dis-

tributed along straight line, too (marked as �SRC1�), with
the exception to point corresponding to annealing during
5 min. It seems that incomplete trapping of positrons by
SRCs occurs after annealing at this time because the ra-
dius of the S-rich cluster is still smaller than the critical
radius rc and part of positrons annihilate in Ni matrix [8].
After 15 min ageing, the local morphology of the traps,
probed by positrons, does not change during ageing and
their density increases only.

It should be noted that the slope of characteristic line
increases with the increase of vacancy-type defect size
and decreases with the decrease of defect size [9]. The
slope of �SRC1� line is lower than that for �Vacancy�
line. It should be concluded that the annihilation sites
presented in the aged samples have less local free vol-
ume than monovacancies. It should be noted that the
SRCs can contain only a few sulphur atoms, because the
di�usion length for sulphur is very low at 653 K [10].
Therefore, the (sub-)nanosized SRCs are formed in Ni�S
systems during aging which are coherent to the matrix.
Thus, sulphur clusters presented in aged Ni�S are �defect-
-free�. It is follows from this that an a�nity-induced con-
�nement of positrons realizes in SRCs. In this case, the
shape of (S,W )-plot is de�ned by the chemical composi-
tion and structure of precipitates [11].

The (S,W ) points for Ni-240 ppm S and Ni-340 ppm S
in initial state are also located at �SRC1� line. It is mean
that the SRCs presented in these samples are identical to
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that presented in Ni-50 ppm S. With increase of anneal-
ing time, the points for Ni-240 ppm S and Ni-340 ppm S
shift to line marked as �SRC2�, which has a higher slope
in comparison to that for �SRC1� line. It is follows from
this that either the growth of SRCs takes place or the
other type of precipitates form in samples during anneal-
ing.

3.2. Electron irradiation

As it was shown in previous section, Ni�S system
decomposes during thermal treatment at temperatures
above 650 K. The decomposition may also take place
at lower temperatures under irradiation that is due
to defect�solute atom interaction. To clarify it, the
Ni-60 ppm S and Ni-240 ppm S samples were irradiated
at 270 K and then isochronally annealed. Figure 2 shows
the dependence of values of S-parameter on the tem-
perature of isochronal annealing (Fig. 2a) and S- and
W -parameter correlation (S�W plot) (Fig. 2b) for elec-
tron irradiated pure Ni and Ni�S. The curves for non-
-irradiated Ni-60 ppm S are given here for comparison.

The dashed line in Fig. 2a indicates the levels of Sf corre-
sponding to the S-parameter value characteristic of the
positron annihilation from the bulk states in Ni.

As it in pure Ni, the annihilation sites in irradiated
Ni-60 ppm S are monovacancies because vacancies are im-
mobile at 270 K. It is clari�ed by that the (S,W ) points
for both samples after irradiation are located on the cor-
responding line (see Fig. 2b). In Ni-240 ppm S system,
(S,W ) point after irradiation locates on position between
a �Vacancy� and �SRC� lines. It means that positrons
are �trapped� by SRCs in addition to vacancy-type de-
fects. It should be noted that the values of S-parameter
in Ni�S samples are su�ciently higher than that in pure
Ni, i.e., the concentrations of accumulated vacancies in
Ni�S are higher. This is due to the strong interaction
between self-interstitial atoms (SIA) and sulphur atoms
and the formation of stable non mobile SIA�S complexes
during irradiation. As a result of that, the mutual recom-
bination of point defects is suppressed and the vacancy
accumulation is, respectively, enhanced.

Fig. 2. Recovery of the S-parameter in electron-irradiated pure Ni and Ni�S systems (a) and corresponding S- and
W -parameter correlation (S�W plot) (b).

3.3. Isochronal annealing after irradiation

For pure Ni, the value of S-parameter increases at
temperatures 350�400 K that is due to migration of
monovacancies and formation of three-dimensional va-
cancy clusters (3D-VCs) [12]. The corresponding (S,W )-
-points are shifted to the right from �Vacancy� line (see
Fig. 2b) that indicates the increase of a vacancy defect
size. At temperatures 400�450 K, the 3D-VCs trans-
form in vacancy loops (V-loops) that leads to decrease
of S-parameter [12]. Above 500 K, the V-loops are an-
nealed out and S-parameter reaches Sf value at 700 K. It
should be noted that the (S,W )-points corresponded to
annealing above 450 K are distributed along one straight
line, which corresponds to positron trapping by V-loops.
For Ni-60 ppm S and Ni-240 ppm S, the values of

S-parameter increase also at temperatures 350�450 K. It
indicates that monovacancies migrate in Ni�S at these
temperatures and form 3D-VCs as it takes place in

pure Ni. However, the (S,W )-points for Ni�S alloys are
located below �Vacancy� line after annealing at 450 K
(see Fig. 2b). It could be supposed that vacancies inter-
act with sulphur atoms in Ni�S and form mobile (V�S)
complexes, which aggregate into 3D-VCs (nanovoids)
covered with S atoms. According to [13], the strong inter-
action between sulphur atoms and vacancies and forma-
tion of vacancy�S atom complexes occur in Ni�S alloys.
At the positrons annihilate in nanovoids covered with
S atoms, the contribution of core electrons in ACAR
spectrum reduces owing to lower probability of annihi-
lation of positrons with sulphur 3sp electrons in com-
parison with 3d-electrons of Ni that leads to strong de-
crease of W -parameter as compared with that for pure
nickel [11]. It should be noted that solid solution decom-
position takes place in this system during post-irradiation
annealing [6]. This indicates the withdrawal of sulphur
atoms from solid solution to the nanovoids.
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At temperatures 450�600 K, the values of S-parameter
for Ni�S samples reduce. This connects with dissocia-
tion of 3D-VCs. After annealing at 600 K, positrons are
trapped by V-loops and annihilate in them as it takes
place in pure Ni. This is indicated by that corresponding
(S,W )-point is situated at the �V-loop� line. The anneal-
ing of V-loops in Ni occurs at 550�700 K. In Ni�S, how-
ever, at these temperatures, the annihilation parameters
do not reach the values corresponding to the annihilation
of positrons from bulk. In Ni-60 ppm S, the (S,W )-point
after annealing above 600 K is located at �SRC2� line.
This means that S-rich clusters are the dominating traps
for positrons in this sample. Thus, the formation of SRCs
takes place in Ni-60 ppm S alloy during post-irradiation
annealing.
The thermal formation of SRCs occurs in unirradiated

Ni-60 ppm S at temperatures 550�700 K that is indicated
by growth of S-parameter values (see Fig. 2a). The value
of S-parameter after annealing at 700 K for irradiated
Ni-60 ppm S is slightly higher than that for unirradiated
alloy. Thus, the density of SRCs formed during post-
-irradiation annealing is more than that in the case of
thermal annealing that is a result of radiation induced S
aggregation.
In contrast to pure Ni and Ni-60 ppm S, the (S,W )-

-points for Ni-240 ppm S locate near the �V-loop� line up
to 700 K. It could be concluded that either SRCs sup-
press the annealing of V-loops or the structure of SRCs
presented in sample initially changes during annealing
as a result of radiation induced S aggregation. Particu-
larly, the SRCs can become incoherent to the Ni matrix.
To clarify it, the additional experiments, for example,
positron lifetime measurements are necessary.
At temperatures 700�870 K, the values of S-parameter

for all samples decrease (see Fig. 2a). This connects with
dilution of SRCs that is determined by the curve of S
solubility in nickel [14].

4. Conclusion

The pure Ni and Ni�S ageing systems, thermally aged
and also irradiated by 5 MeV electrons at 270 K, are
studied by means of positron annihilation spectroscopy.
The main results are summarized as follows.

1. The formation of ultra�ne S-rich precipitates (clus-
ters) is observed in Ni-50 ppm S during thermal
ageing at about 650 K. These clusters do not con-
tain vacancy-type defects and they are coherent to
the Ni matrix.

2. The formation of ultra�ne S-rich precipitates (clus-
ters) takes place in Ni-240 ppm S and Ni-340 ppm
S during thermal ageing as well as that in
Ni-50 ppm S, but their structure is di�erent.

3. In irradiated Ni�S system, the mobile vacancy�S
atom complexes are formed at post-irradiation
annealing above 350 K (stage III). These com-
plexes form the three-dimensional vacancy clusters
(nanovoids) decorated with S atoms.

4. The radiation induced SRC nucleation occurs also
in irradiated Ni-60 ppm S during annealing. In
Ni-240 ppm S, the structure changes of SRCs pre-
sented in sample initially may occur during post-
-irradiation annealing.
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