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Abstract—Using the positron annihilation spectroscopy method, the accumulation of vacancy-type defects
in steels Kh16N15М3 and Kh16N15М3T1 alloyed with phosphorus has been studied at early stages of irra-
diation at a temperature of 573 К. The obtained data have showed that vacancies in the steels interact with
phosphorus atoms at this temperature with the formation of immobile and low-mobile vacancy—impurity
complexes, which results in the accumulation of vacancy-type defects. In the steel Kh16N15М3Т1 under
irradiation, the formation of nanosized particles of intermetallic Ni3Ti precipitates occurs, which intensify
recombination of point defects and reduce their accumulation as compared to the steel Kh16Н15М3. As this
occurs, the presence of phosphorus in the steel Х16Н15М3Т1 likewise leads to the intensification of the accu-
mulation of vacancy defects.
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INTRODUCTION

Structural materials used in nuclear reactors oper-
ate under severe conditions combining high tempera-
ture, corrosion action of heat carriers, mechanical
stresses, vibrations, and intense neutron irradiation.
Materials under these conditions degrade intensively,
which markedly limits their employment and can
sometimes lead to emergency situations. Modern
problems facing the nuclear energetics (increase in the
degree of burn-up of fuel, minimization of radioactive
wastes, etc.) and the development of new types of
reactors place further heavy demands on the useful life
of structural materials. Therefore, there is a pressing
need for the development of materials with improved
characteristics including mechanical strength, ade-
quate plasticity, good radiation stability, and corrosion
resistance [1, 2].

Austenitic stainless steels and alloys are among the
materials that are most promising considering the
above indicated requirements. These alloys were stud-
ied from the technological viewpoint, possess good
service characteristics, are comparatively inexpensive,
and their radiation damageability was investigated well
enough. However, austenitic steels and alloys are sub-
jected to radiation-induced swelling (increase in the
linear dimensions upon irradiation), which is the main
factor limiting their use. Void swelling is caused by the

accumulation of vacancy-type defects in steels [1–4],
which, in turn, relates to different effectiveness of
interaction of point defects with microstructural fea-
tures, in particular, with sinks such as dislocations,
grain boundaries, etc.

One of the main methods of reducing void swelling
in steels is their alloying with a small amount of impu-
rities. Interacting with point defects, atoms of alloying
elements form, together with them, vacancy—impu-
rity and interstitial atom-impurity complexes and thus
affect the behavior of point defects [5]. Titanium and
phosphorus are currently considered promising alloy-
ing elements that enable the swelling of steels to be
reduced [6–8]. Thus, when titanium interacts with
vacancies, it affects their mobility and, hence, the
swelling of steels. In addition, in steels alloyed with
titanium at a level of 1 at % the decomposition of the
solid solution takes place with the formation of sec-
ond-phase precipitates (intermetallic precipitates,
titanium carbides) that are sinks or centers of intensi-
fied recombination for point defects [5, 8–12].

The addition of phosphorus into austenitic stain-
less steels likewise retards void swelling under irradia-
tion [6, 7]. However, mechanisms of retarding the
evolution of porosity in steels upon addition of phos-
phorus have not been studied sufficiently. Three main
mechanisms of the phosphorus effect were considered
in the literature. Phosphorus in austenitic alloys is
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Table 1. Phosphorus content in the studied samples

Sample Phosphorus concentration, wt %

SS-005P 0.005
SS-06P 0.06
SS-1P 0.1
SSTi-005P 0.005
SSTi-06P 0.06
SSTi-1P 0.1
subdimensional impurity and, hence, at lowered tem-
peratures can interact with interstitial atoms [6]. In
this case the density of interstitial loops and their ther-
mal stability increase noticeably. These loops, in turn,
are sinks for migrating vacancies, reducing thereby
vacancy supersaturation. The authors of [13] also
showed that phosphorus in austenitic alloys is a rapidly
diffusing impurity. In steels, as this takes place, the
interaction of phosphorus atoms with vacancies is pos-
sible, which leads to an enhancement in the effective
coefficient of their diffusion, increasing the probabil-
ity of annealing of vacancies at sinks, and, as a result,
decreases vacancy supersaturation. In addition, in
steels alloyed with phosphorus, needle-shaped phos-
phides of Fe2P and Fe3P types may be formed in the
process of irradiation at elevated temperatures [6].
These phosphides are incoherent to the matrix of
steels. The matrix—precipitate interfaces of these
phosphides contain misfit dislocations that are effec-
tive sinks for point defects.

Thus, the phosphorus effect on the retardation of
swelling may be due to several causes, and this effect
will depend on the irradiation temperature and phos-
phorus content. In addition, the presence of other
coadditions likewise can exert an influence on it.
Among other factors, there is an opinion that the sta-
bility and effectiveness of phosphides can be enhanced
through the addition of titanium [7, 15–17]. Structure
and phase transformations that take place  upon the
thermal action on austenitic steels alloyed with phos-
phorus and titanium are known. However, the pro-
cesses of arising complex phosphides and their stabil-
ity have not been studied until now. In addition, no
radiation-induced structure and phase transforma-
tions in these steels were investigated.

Investigations of the behavior of point defects at
early stages of irradiation (to 1 dpa (displacements per
atom)) allow us to determine features of interaction of
radiation defects with alloying elements and micro-
structural properties of steels. At these stages small
defect accumulations arise in the form of nuclei of
loops or three-dimensional clusters which, as the size
grows, transform correspondingly into dislocation
loops or voids. Thus, the structure of defect accumu-
lations formed at early stages determines properties
and defect structure arising in the material upon irra-
diation to high doses (1 dpa and more). In this case,
the initial microstructure of the material formed
before irradiation remains unaltered at low doses,
which simplifies the understanding of the occurring
processes.

One of the most effective methods for investigating
the behavior of defects at early stages of irradiation is
positron annihilation spectroscopy (PAS). Positrons
are well-known probes for vacancy-type defects [13].
In addition, the PAS possesses a high sensitivity to
defects both in their sizes (from 0.1 to 3 nm) and in the
concentration (10–3–10–6 per atom). Owing to the
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high sensitivity and selectivity to vacancy-type defects,
the PAS allows us to study the behavior of radiation
defects at the initial stage of the radiation damageabil-
ity (to 10–3 dpa).

The most effective method of creating defects for
studying their interaction with microstructural ele-
ments of steels and alloys is electron irradiation. The
electron irradiation, as distinct from neutron or ion
irradiation, generates freely migrating point defects
(vacancies and interstitial atoms). This allows us to
study the interaction of different-type defects with
impurities and imperfections of the crystal lattice of
steels.

The purpose of this work is to investigate the influ-
ence of phosphorus and titanium on the accumulation
of vacancy defects in austenitic stainless steels at early
stages of irradiation at a temperature of 573 К.

EXPERIMENTAL
We investigated austenitic steels of types

Fe16Cr15Ni3Mo (SS) and Fe16Cr15Ni3Mo1Ti
(SSTi) alloyed with phosphorus in different concen-
trations and melted in a vacuum induction furnace. The
phosphorus content in the steels is listed in Table 1. The
concentrations were chosen so as to span the widest
concentration range, yet below the solubility limit of
phosphorus in steels. Steel ribbons were rolled to a
thickness of 150–200 μm and were cut into plates of
10 × 10 mm2 in size. The resultant samples after elec-
trolytic polishing were annealed at a temperature of
1323 K in an atmosphere of purified f lowing helium
for 0.5 h and then were rapidly water-quenched at a
rate of ≈500 К/s

The steel samples were irradiated with 5-MeV-
energy electrons on a linear accelerator at a tempera-
ture of 573 К. To provide homogeneous irradiation,
scanning of an electron beam was performed over the
sample surface. The temperature during irradiation
was maintained with an accuracy of ≈5 K. The maxi-
mum fluence was 5 × 1022 electrons/m2, which corre-
sponds, according to calculations within the modified
Khinchin—Pease model [18], to the damaging dose
~5 × 10–4 dpa.

Vacancy defects formed under irradiation were
diagnosed using the method of angular correlation of
20  No. 3  2019
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Fig. 1. Dependences of the parameter S on the electron
fluence for samples of SS-series steels with different phos-
phorus content: (j) 0.005, (s) 0.06, and (m) 0.1 wt %. The
Sf value corresponds to positron annihilation from the free
(Bloch) state.
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annihilation radiation (ACAR) which is one of the PAS
procedures [13, 19]. The ACAR method was performed
on a spectrometer with a resolution of 1 mrad ×
160 mrad. Radionuclide 68Ge with activity ~400 MBq
was used as a source of positrons. Each ACAR spec-
trum contained about 5 × 105 counts of coincidences.
All measurements were conducted at room tempera-
ture. ACAR spectra represent dependences of the
coincidence-reading rate on the angle θ, where θ is the
deviation of the spreading angle of annihilation
γ quanta from 180°. The angle θ = pz/m0c, where pz is
the transverse component of the electron—positron
pair momentum, m0 is the rest mass of electron, and c
is the light velocity in vacuum. Since a positron in sam-
ples is thermalized, the magnitude of θ is determined by
the momentum of annihilating electron. Thus, the
ACAR spectrum describes the pulse distribution of
annihilating electrons. The procedure of processing
ACAR spectra was presented in detail in [19].

When positrons are trapped by vacancy defects or
dislocations, changes in the shape of ACAR spectra
occur, since the electron structure of defects differs
from that of steels. These changes are characterized
by the standard parameter S, whose magnitude is
defined as a ratio of the area under a low-momentum
(pz ≤ 3 × 10–3m0c) part of the spectrum to the total area
under the spectrum. The low-momentum region of
the spectrum corresponds to annihilation of positrons
with valence electrons. The changes in this region of
the ACAR spectrum and, correspondingly, in the
parameter S are determined by the concentration of
trapping centers for positrons as follows:

(1)+=
+

f f d 0 d

f d d

λ μ ,
λ μ
S C SS

S
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where λf is the rate of positron annihilation in the free
(Bloch) state, μd is the rate of positron trapping by
vacancy-type defects, С0 is the concentration of
vacancy defects, and Sf and Sd are the S values charac-
terizing positron annihilation from the free state and
the state trapped by defects, respectively.

The structure of irradiated samples was investi-
gated with the help of transmission electron micros-
copy (TEM). The samples in the form of 5 × 5 mm
plates 0.2 mm thick were thinned in a mixture of
orthophosphoric acid and chromium anhydride and
were studied on a JEM 200CX electron microscope at
an accelerating voltage of 160 kV.

RESULTS AND DISCUSSION

Figure 1 displays dependences of the parameter S
on the electron fluence for samples of SS-series steels
with different phosphorus content. This figure also
indicates the value Sf = 0.526 corresponding to posi-
tron annihilation from the free (Bloch) state. As can be
seen from the figure, the initial (before irradiation) S
value for a steel sample with the minimum phosphorus
content coincides with the Sf value. This points to the
fact that there is a lack of defects (vacancies, vacancy
clusters, dislocations, etc.) capable of positron trap-
ping. In the other two steel samples, the initial S values
exceed the Sf value, which indicates the presence of
some amount of defects capable of positron trapping.
Vacancy defects in this steel at a temperature of 1323 К
are effectively annealed [18]. At the same time, posi-
trons can be trapped by dislocations. In all the sam-
ples, according to the TEM data, dislocations are
present: these supposedly were formed during rolling
and retained after annealing and quenching. The den-
sity of dislocations present in samples is shown in
Table 2. As we can see from the tabular data and Fig. 1,
S values in the initial (before irradiation) state correlate
with the density of dislocations present in samples.

In all the samples, with growth of f luence to Φ =
2 × 1022 m–2 a sharp increase in the parameter S was
observed, which is due to the formation of vacancy-
type defects therein. The results of our investigations of
these steels and model alloys showed [18, 19] that in
steels upon irradiation at a given temperature two-
dimensional vacancy accumulations (nuclei of vacancy
loops) are formed. Positron trapping by vacancy loops
results in the growth of the parameter S. When the f lu-
ence increases further, growth of the parameter S
decreases markedly. At these f luences the concentra-
tion of vacancy accumulations reaches the value at
which they effectively absorb migrating interstitial
atoms. As this occurs, there is a quasistationary state in
which the rate of formation of defects and the rate of
their disappearance are close to each other. As a result,
the rate of accumulation of vacancy defects and, cor-
respondingly, the rate of growth of the parameter S
depending on the fluence decreases substantially. It
LS AND METALLOGRAPHY  Vol. 120  No. 3  2019
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Fig. 2. Dependences of the parameter S on the electron
fluence for samples of SSTi-series steels with different
phosphorus content: (j) 0.005, (s) 0.06, and (m) 0.1 wt %.
The Sf value corresponds to positron annihilation from the
free (Bloch) state.
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Fig. 3. Dependences of the parameter S on the electron
fluence for samples of steels of SS (d) and SSTi (s) series
with a phosphorus content of 0.06 wt %.
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Table 2. Dislocation density in the studied samples

Sample ρ, 1013 m–2

SS-005P 1.56
SS-06P 3.69
SS-1P 5.64
SSTi-005P 5.1
SSTi-06P 3.3
SSTi-1P 2.4
should be noted that when the fluence Φ ≥ 2 × 1022 m–2,
growth of the parameter S for samples directly
depends on the phosphorus content. Thus, the great-
est growth is observed for a steel sample containing
0.1 wt % Р. For a sample with the minimum phospho-
rus content, with growth of the f luence even a small
decrease in the parameter S occurs.

Figure 2 shows dependences of the parameter S on
the electron f luence for samples of SSTi-series steels
with different phosphorus content. In the initial
(before irradiation) state, S values for steel samples
containing 0.005 wt % Р and 0.06 wt % Р exceed the Sf
value, which is caused by the presence therein of a
considerable amount of dislocations (see Table 2).

With growth of the f luence, the S value for the
sample containing 0.005 wt % phosphorus remains
almost unaltered. Dislocations present in the sample
seem to effectively absorb vacancies. For the sample
containing 0.06 wt % Р, the parameter S increases up
to Φ = 2 × 1022 m–2 and then decreases. For the sam-
ple with high (0.1 wt %) phosphorus content, the
parameter S at Φ ≥ 2 × 1022 m–2 continues to grow.

Thus, the results of irradiation show that phospho-
rus intensifies the accumulation of vacancy defects in
both steels at the given irradiation temperature.
Vacancies in steels possess a high mobility at this tem-
perature [18]. Intensification of accumulation of the
vacancy-type defects appears to be caused by the
interaction of phosphorus atoms with vacancies and by
the formation of immobile or low-mobile vacancy—
impurity atom complexes. The decrease in the mobil-
ity of vacancies reduces the probability of their recom-
bination with interstitial atoms and annealing at sinks.
In addition, these complexes trap migrating vacancies
being thus centers for the formation of clusters. Two
more possible processes presented in the introduction
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
should be noted: these are the formation of the inter-
stitial atom—phosphorus atom complexes and forma-
tion of phosphides. However, interstitial loops and
incoherent precipitates arising in these cases are sinks
for vacancies, and their presence should lead to a
reduced accumulation of vacancy defects.

Influence of Titanium on the Accumulation
of Vacancy Defects

Figure 3 displays dependences of the parameter S
on the electron fluence for the samples of steels of SS-
and SSTi-series with a content of 0.06 wt % Р. As we
can see from the figure, the growth of the parameter S
in a steel SSTi sample is appreciably suppressed as
compared to the steel SS sample. From this it follows
that the presence of titanium in steels leads to a sub-
stantial decrease in the accumulation of vacancy
defects upon irradiation.

Dependences of the parameter S on the electron
fluence for the samples of steels of SS- and SSTi-series
with a content of 0.1 wt % Р are presented in Fig. 4. In
the steel SSTi sample, as in the samples containing
0.06 wt % Р, the growth of the parameter S and, hence,
accumulation of vacancy defects upon irradiation are
suppressed as compared to the steel SS sample.
20  No. 3  2019
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Fig. 4. Dependences of the parameter S on the electron
fluence for samples of steels of SS (m) and SSTi (n) series
with a phosphorus content of 0.1 wt %.
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From the obtained data it can be assumed that in
the SSTi steel upon irradiation, additional sinks or
centers for recombination of point defects are formed.
Our investigations of model Fe–Ni alloys showed
[20, 21] that upon irradiation at a given temperature in
alloys alloyed with titanium the radiation-induced for-
mation of nanosized particles of Ni3Ti-type interme-
tallic precipitates occurs. These precipitates intensify
recombination of point defects and, in so doing,
markedly reduce the accumulation of vacancy defects
in alloys [21]. The analogous effect can be seen in
steels. The titanium content in the SSTi steel is 1 wt %
(about 1.2 at %), which significantly exceeds the solu-
bility limit of titanium in the steel [9]. Thus, in this
case, upon irradiation, the occurrence of processes of
decomposition of solid solution and formation of
intermetallic precipitates are possible. These precipi-
tates intensify recombination of point defects and
reduce their accumulation as compared to the SS steel.

CONCLUSIONS

Using the PAS method, the accumulation of
vacancy-type defects in steels Kh16N15M3 and
Kh16N15М3Т1 alloyed with phosphorus was studied
at the early stages of irradiation at a temperature of
573 К. The obtained data showed that at this tempera-
ture, vacancies in steels interact with phosphorus
atoms with the formation of immobile or low-mobile
vacancy—impurity complexes, which leads to an
intensification of accumulation of the vacancy-type
defects. In the steel alloyed with titanium, nanosized
particles of intermetallic Ni3Ti precipitates are formed
upon irradiation, and these intensify recombination of
point defects and reduce their accumulation as com-
pared to the steel not containing titanium. As this
occurs, the presence of phosphorus in the steel alloyed
with titanium likewise results in the accumulation of
vacancy defects.
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