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The evolution of vacancy-type defects in Fe–Cr alloys (13–16 at.% Cr) undoped and doped with C, N, Au, or
Sb and in conventional ferritic–martensitic steel (�13% Cr) has been investigated using positron annihi-
lation spectroscopy under electron irradiation at room temperature and subsequent stepwise annealing.
Small vacancy clusters are formed in the undoped Fe–16Cr alloy, which anneal out between 320 and
550 K. It is shown that oversized substitutional solute atoms (Sb, Au) in the Fe–Cr alloy interact with
vacancies and form complexes, which are stable up to 600 and 420 K, respectively. It is found that the
accumulation of vacancy defects considerably increases in the alloys and the steel with an enhanced con-
tent of interstitial impurities. It is shown that this effect is related to the formation of vacancy-carbon
complexes. It is known that chromium in iron decreases the diffusion mobility of carbon. Therefore,
the structure of vacancy-carbon complexes and the kinetics of their annealing in Fe–Cr alloys differ from
those in the Fe–C system.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Void swelling and radiation creep of nuclear materials, which
are used for fuel cladding in breeder reactors, are controlled by
migration of irradiation-induced defects. Low-activation ferritic/
martensitic steels with 7–17 at.% Cr and smaller quantities of W,
V, and Ta have been viewed recently as potentially superior alter-
natives to austenitic steels because of their higher swelling resis-
tance and better thermal properties [1–3]. However, the physical
basis of the swelling resistance in these materials has not been
understood yet [4]. To solve this problem, the properties of irradi-
ation-induced point defects need to be known first.

The recent studies [5] on resistivity recovery have pictured the
evolution of radiation-induced defects in Fe–Cr model alloys upon
annealing after low-temperature electron irradiation as follows. At
temperatures of stage I (below 130 K), self-interstitial atoms (SIAs)
in the form of mixed dumbbells are captured in configuration
traps; that is, configurations consist of two chromium atoms, and
the long-range migration of SIAs is suppressed up to 220 K. Stage
III occurs near 205–210 K, and its position at the same concentra-
tion of vacancies almost coincides with that in pure iron [6]. Thus,
the vacancy migration energies in Fe–Cr and pure iron are very
close, while mobilities of SIAs are considerably different.

Unlike in the model alloys, the radiation damage of commercial
steels is also affected by the interaction between radiation-induced
ll rights reserved.

: +7 343 374 52 44.
kov).
defects and atoms of solute additives. Foreign interstitial atoms
(FIAs) of carbon and nitrogen are the most frequent among the
additives in commercial steels. Above their solubility limit, they
are responsible for the formation of carbides and nitrides, which
are very useful in improving the strength and hardness of steels
[7]. Below their solubility limit, the presence of even a very little
amount of these impurities (a few hundreds of appm) can have a
drastic effect on the alloy properties, as they build strong interac-
tions with point defects present in the irradiated steel [8]. The
interaction of FIAs with vacancies in bcc Fe–Cr-based alloys is of
special interest since in Fe vacancies and carbon form complexes
stable up to 500 K [6].

These complexes in Fe are formed in two steps [9]. At the first
step, vacancy-carbon atom (V-C) pairs are formed below 350 K.
At the second step, near 350 K these pairs are decorated with
solute carbon atoms, which become mobile before the V-C pairs
dissociate. It is thought that just this decoration adds to the ther-
mal stability of V-C complexes [9]. It is known that a chromium
addition markedly retards the carbon and nitrogen migration in
iron-based alloys [10]. Therefore, it is interesting to clarify whether
FIAs have similar or different effects on behavior of the vacancy-
type defects in Fe–Cr and iron.

This paper reports data on accumulation and subsequent
annealing of radiation-induced defects in electron-irradiated
Fe–Cr-based alloys (13–16% Cr) at room temperature (RT). Alloys
of two types have been investigated. The first type is a model alloy
of a sufficiently high purity, and the second type is alloys of tech-
nical purity (technical alloys) containing considerable amounts of
FIAs and a conventional 13Cr–1Mo ferritic–martensitic steel
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(EP-450 in Russian notation). Some data for the technical alloys
have been published previously [11].

Defects were diagnosed using the positron annihilation spectros-
copy (PAS), whose physical principles are described comprehen-
sively in [12]. It is well known that positrons are a sensitive probe
of vacancy-type defects, with sensitivity starting from the atomic
size to large vacancy clusters and nanovoids [13], whereas they
are insensitive to interstitial atoms and their small agglomerates.

However, the annealing kinetics of the vacancy-type defects
may be affected not only by the interaction of vacancies with
solute atoms, but also by rearrangements of the interstitial-type
clusters formed simultaneously. One of the possible ways of
detecting such rearrangements is to immobilize vacancies in a spe-
cial alloy up to as high temperature as possible and to monitor the
positron annihilation parameters in the temperature range, in
which vacancies are immobile. Any changes in the parameters
would indicate rearrangements of the interstitial-type clusters,
which can affect annealing of the vacancy-type defects.

It is known that atoms of substitutional impurities such as Au
and Sb form complexes with vacancies stable up to 450 K and
620 K, respectively, in iron [14]. Therefore, doping with these
impurities can be considered as a way to provide monitoring the
stability of the interstitial-type defects if the interaction between
the impurity atoms and vacancies is similar to that in iron. In this
connection, we have investigated additionally two model alloys
doped with Au and Sb.
2. Characterization of the materials and methods

The preparation of the model Fe–16% Cr alloys is described in
Ref. [15]. The technical alloys and the EP-450 (13Cr1MoNbV) con-
ventional ferritic–martensitic steel were produced at Bardin Insti-
tute of Metallurgy (Moscow) from raw materials similar to those
used for the model alloys.

After rolling, cutting and electrical polishing, the samples about
10 � 10 mm2 in size (�0.2 mm thick) were annealed under a
10�5 Pa vacuum according to the following regimes: (1) all alloys,
at 1070 K (in ferritic area) for 4 h followed by air cooling; (2) steel,
normalization treatment for 0.5 h at 1320 K and tempering for 1 h
at 1020 K (N&T condition).

The chemical compositions of the alloys and the EP-450 steel are
listed in Table 1, which also presents a brief designation of the used
alloys. The concentrations of Au and Sb were controlled by weighing
and were confirmed by the methods of Rutherford backscattering
and X-ray microanalysis. The concentrations of FIAs were deter-
mined in our laboratory by means of nuclear reaction microanalysis.
However, the concentration of FIAs is determined integrally – that
is, in the solid solution and precipitates – by this method. It is known
that the solubility of FIAs in Fe is low; for example, it is just 0.02% for
N at 473 K [16]. To reduce the amount of dissolved nitrogen about
0.1 at.% Al was introduced into technical alloys (see Table 1). Simi-
larly to chromium, aluminium has a strong affinity for nitrogen
and forms AlN precipitates in the ferrite matrix [17]. In addition,
raw carbonyl iron contains a large amount of adsorbed oxygen
[15]; therefore, aluminium, which has not reacted with N, is
Table 1
Amounts of alloying elements and impurities of the used alloys and steel (in at.%).

Alloy designation Cr Sb Au Ni Al C

FeCr 16.0 – – 0.01 – –
Fe–Cr–Sb 16.0 0.3 – 0.01 – –
Fe–Cr–Au 16.0 – 0.13 0.01 – –
Fe–Cr–CI 15.7 – – 0.01 0.1 0.013
Fe–Cr–CII 13.4 – – 0.01 0.1 0.05
EP-450 13.9 – – 0.38 – 0.7
oxidized. Thus, aluminium is not present in the solid solution. It
may be expected that the larger fraction, at least, of nitrogen in
the technical alloys precipitates as nitrides during the thermal treat-
ment and subsequent cooling. As regards carbon, it looks rather
probable that in the Fe–Cr–CI alloy all carbon is dissolved. Nothing
can be said, a prior, on the state of carbon in Fe–Cr–CII alloy, whether
all carbon is dissolved or some fraction has precipitated. A conven-
tional TEM examination failed to reveal any nitrides or carbides in
the alloys because of their small size and low density. Fortunately,
the accumulation of vacancy defects under irradiation turned out
a good indicator of the concentration of dissolved carbon in the steel
and alloys (see Section 4.2). As follows from the results presented in
the subsection, the concentration of the dissolved carbon in Fe–Cr–
CII significantly exceeds that in Fe–Cr–CI.

The microstructure of the EP-450 steel is typical of tempered
martensite [2]. Tempered lath martensite containing dislocations
and M23C6 carbides is the primary structural feature. The average
dislocation density is of �1014 m�2. The population of chromium-
rich M23C6 carbides �0.2 lm in size precipitate mostly along prior
austenite grain boundaries and martensite lath boundaries.

The irradiation procedure at RT has been described elsewhere
[18]. The maximum electron fluence was 2 � 1023 m�2. According
to the resistivity increments of the Fe–16Cr alloy after low-temper-
ature irradiation [15] and the specific resistivity of the Frenkel
pairs equal to 75 lX � cm/at.% [5], a fluence of 1 � 1022 m�2 corre-
sponds to a damaging dose of �1.5 � 10�4 dpa.

The irradiated samples were stepwise annealed (25–50 K per
step with a holding time of 0.5–1 h, respectively) over the temper-
ature range from 300 to 800 K (in a vacuum of 10�5 Pa above
�500 K).

Positron states in vacancy-type defects were diagnosed at RT by
angular correlation of annihilation radiation (ACAR), which is one of
the positron annihilation techniques [12]. The ACAR method was
realized in a one-dimensional ACAR spectrometer providing a reso-
lution of 1 mrad � 160 mrad. A 22Na positron source of activity of
400 MBq was used. At least 6 � 105 coincidence counts were col-
lected in each ACAR spectrum; the peak-to-background ratio was
�103. The ACAR spectra represented the dependence of the coinci-
dence count rate on the angle h (h being the deviation of annihilation
c-quanta from anticollinearity). The angle h = pz/m0c, where pz is the
transverse component of the momentum of an electron–positron
pair, m0 is the rest mass of an electron, and c is the light velocity.

Changes in the shape of the ACAR spectra were characterized by
the standard S-parameter [18]. The S-parameter is defined as the
ratio of the low-momentum (pz 6 3 � 10�3 m0c) region to the total
region, respectively. If positrons are trapped in vacancy-type de-
fects, the S-parameter increases [12].
3. Results

3.1. Accumulation of vacancy defects

Fig. 1 presents dependences of the S-parameter on the electron
fluence for the Fe–Cr, Fe–Cr–CI, and Fe–Cr–CII alloys and the
EP-450 steel. The values of the S-parameter in the initial (before
N Mo Nb V B S P
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Fig. 1. Variation of the S-parameter as a function of the electron fluence for the Fe–Cr, Fe–Cr–CI, Fe–Cr–CII alloys and EP-450 steel irradiated at RT. The dashed lines indicate
the levels of SFe, Sst corresponding to the S-parameter values characteristic of positron annihilations from the bulk Fe and EP-450 steel (in N&T condition), respectively.

196 A.P. Druzhkov, A.L. Nikolaev / Journal of Nuclear Materials 408 (2011) 194–200
irradiation) state are the same for all the alloys and coincide with
SFe = 0.476 ± 0.001 for annealed pure Fe. Isolated atoms of the
alloying elements and impurities in the solid solution and the pos-
sible presence of nitride and carbide precipitates in the matrix of
the technical alloys do not influence the annihilation parameters.
The positrons are not sensitive to the nitride (carbide) because
its positron affinity is lower than that of the Fe matrix [19].

It should be noted that the initial (after N&T) value of the
S-parameter for the steel, Sst = 0.490 ± 0.001; is much larger than
SFe. This is due to trapping of positrons at dislocations with density
�1014 m�2, which is much higher than the PAS sensitivity limit. An
analogous microstructure with an enhanced dislocation density is
also formed in other ferritic/martensitic steels after N&T [2].

Let us consider first the behavior of the S-parameter in the Fe–Cr
model alloy. The dependence S(U) exhibits the following trend: (a)
the S-parameter increases considerably as the fluence rises to
3.0 � 1022 m�2; (b) the S-parameter increases insignificantly at
higher fluence values. Upon irradiation at RT, the migrating vacan-
cies will both recombine with interstitial atoms and form small
three-dimensional clusters. The increment of the S-parameter is
due to trapping of positrons at small three-dimensional vacancy
clusters (VCs).

The behavior of the dependence S(U) in the alloys doped with
FIAs is similar to the behavior of the S-parameter in the model al-
loy. However, plateaus reached by the S-parameter are much high-
er, and this effect depends on the content of FIAs. The curve S(U)
for the steel occupies an intermediate position between the curves
for the Fe–CrI(II) alloys. Thus, the presence of a few hundreds of
appm FIAs in the solid solution of the Fe–Cr–CI(II) alloys and the
steel profoundly changes the accumulation of vacancy defects un-
der irradiation.

The dependences S(U) for all the alloys and the steel are shaped
as saturated curves; that is, the concentration of VCs and/or com-
plexes is stabilized as the fluence increases. This is an indication
that the clusters and the complexes are dominant sinks for SIAs
and vacancies, which are mobile at RT [5,20].

3.2. Annealing of vacancy defects

3.2.1. Fe–Cr, Fe–Cr–Sb, and Fe–Cr–Au alloys
Fig. 2 depicts the variation of the S-parameter on annealing of

the Fe–Cr alloy irradiated to a fluence 5 � 1021 m�2 and 6 � 1022
m�2. The kinetics of recovery of the S-parameter depends on the
fluence. Recovery in the low-fluence sample starts above 325 K
and ends at 400 K. In the high-fluence sample, the main stage of
recovery is observed at 400–550 K (see Fig. 2).

Fig. 3 presents dependences S(Tann) for gold- and antimony-
doped Fe–Cr alloys exposed to a fluence of 5 � 1021 m�2. The data
on the Fe–Cr model alloy are given for comparison. As can be seen
from Fig. 3, the dependences S(Tann) for the model and the doped
alloys are profoundly different. The increments of the S-parameter
in the gold- and antimony-doped alloys upon irradiation are con-
siderably larger if compared to those in Fe–Cr. The recovery of
the S-parameter to its initial (before irradiation) value is shifted
by 250 K or 400 K towards high temperatures in the cases of Au
and Sb, respectively.

3.2.2. Fe–Cr–CI and Fe–Cr–CII alloys and EP-450 steel
Fig. 4 shows the recovery of the S-parameter on annealing of

Fe–Cr–CI, Fe–Cr–CII, and the steel irradiated to a fluence
2 � 1022 m�2. The increments of the S-parameter in the Fe–Cr–
CII alloy and the steel are much larger than those in the Fe–Cr–
CI alloy after irradiation. The stage of the S-parameter recovery
is observed in the two alloys at temperatures of 325–400 K, with
the recovery amplitude being higher in the Fe–Cr–CII alloy. The
S-parameter is recovered continuously in the steel above 325 K,
up to Sst at �600 K. When the Fe–Cr–CII alloy is annealed above
400 K, the S-parameter decreases continuously to its initial values
at 600–620 K. In the Fe–Cr–CI alloy the S-parameter has two
recovery stages at 400–450 K and 470–620 K in this temperature
range.

Fig. 5 presents the dependences S(Tann) for the Fe–Cr–CI(CII)
alloys and the steel irradiated to fluencies 6 � 1022–2 � 1023 m�2.
The dependence S(Tann) for the Fe–Cr model alloy is given for com-
parison. It should be noted that the low-temperature stage
(around 350 K) of the recovery is almost completely suppressed
in the Fe–Cr–CI alloy. The main stage of recovery of the S-param-
eter is observed in the temperature range of (400–600 K), as in the
model alloy. In the alloy with a high concentration of FIAs (Fe–Cr–
CII) the values of the S-parameter are recovered continuously from
350 K to 600 K in one stage, similarly to their recovery after
irradiation to a fluence 2 � 1022 m�2 (see Fig. 4). In the steel, the
S-parameter also decreases continuously above 350 K and reaches
Sst at �600 K.



Fig. 3. Recovery of the S-parameter in electron-irradiated Fe–Cr, Fe–Cr–Au and Fe–Cr–Sb alloys at RT and 5 � 1021 m�2 fluence. The dashed line indicates the level of SFe

corresponding to the S-parameter value characteristic of positron annihilation from the bulk Fe.

Fig. 2. Evolution of the S-parameter as a function of the annealing temperature in RT electron-irradiated Fe–Cr alloy with the lower and higher fluencies.
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4. Discussion

The results described in Section 3 show that interstitial and sub-
stitutional solute atoms may have a considerable effect on the
accumulation and annealing of vacancy defects in the ferritic al-
loys. Let us discuss the specific features of the interaction between
substitutional (Au and Sb) or interstitial (C and N) impurities and
vacancies in Fe–Cr alloys as compared to those in Fe. Besides the
mentioned impurities, our alloys contain also Al (Fe–Cr–CI(II))
and Ni (all alloys). It has been mentioned above that Al is precipi-
tated as AlN. As concerning Ni, we demonstrate below (Section
4.2.1) that it has no marked effect on accumulation of defects.

4.1. Effects of substitutional alloying elements

It is known [14] that oversized impurity atoms of Au and Sb
strongly interact with vacancies in iron. The complexes formed
are stable up to 450 K and 600 K, respectively.
An analogous situation is observed in the doped Fe–Cr alloys.
The increment of the S-parameter is larger in the Fe–Cr–Sb alloy
as compared to that of Fe–Cr after irradiation to 5 � 1021 m�2. It
may be thought that doping with antimony has a result that most
of the mobile vacancies, which are generated during irradiation at
RT, form stable complexes with immobile Sb atoms. The values of
the S-parameter are constant up to 600 K in the Fe–Cr–Sb alloy.
That is, at temperatures below 600 K the complexes of vacancies
and antimony atoms are stable. A rearrangement of the interstitial
clusters, which can influence the kinetics of annealing of vacancy-
type defects, is not observed either. The complexes dissociate
above 600 K, and annealing of vacancy defects ends at 770 K.

The increment of S-parameter is smaller in the Fe–Cr–Au alloy
than that in Fe–Cr–Sb after irradiation (see Fig. 3). This fact can
be explained by a lower concentration of gold as compared to that
of antimony. However, the dependence S(Tann) in the Fe–Cr–Au al-
loy exhibits a similar behavior. The values of the S-parameter stay
nearly unvaried up to 430 K. A decrease in the S-parameter, which



Fig. 4. Evolution of the S-parameter as a function of the stepwise annealing temperature in electron-irradiated Fe–Cr–CI(II) alloys and steel at RT and 2 � 1022 m�2 fluence.
The dashed lines indicate the levels of SFe, Sst corresponding to the S-parameter values characteristic of positron annihilations from the bulk Fe and EP-450 steel (in N&T
condition), respectively.

Fig. 5. Evolution of the S-parameter as a function of the stepwise annealing temperature in electron-irradiated Fe–Cr, Fe–Cr–CI(II) alloys and steel at RT with different
fluencies. The dashed lines indicate the levels of SFe, Sst corresponding to the S-parameter values characteristic of positron annihilations from the bulk Fe and EP-450 steel (in
N&T condition), respectively.
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is caused by dissociation of the complexes, begins at annealing
temperatures above 430 K, i.e., approximately at the same temper-
atures as in the Fe–Au system [14]. Annealing of the vacancy-type
defects ends at 620 K.

It can be inferred that the energy characteristics of the interac-
tion between substitutional alloying elements (Au and Sb) and
vacancies in the Fe–Cr alloy are similar to those in pure Fe. On
the other hand, as in iron, the structure of the interstitial-type de-
fects does not exhibit changes leading to their recombination with
vacancies, at least to 600 K.

4.2. Effects of interstitial impurities

4.2.1. The role of nitrogen
Experimental data on the interaction of vacancies with nitrogen

atoms are not available in Fe and Fe–Cr. Ab initio calculations of
the interaction between FIAs and vacancies in iron obtain large val-
ues of the binding energy for ‘‘vacancy-nitrogen atom’’ (V-N) pairs,
0.71 eV [8] and 0.86 eV [21]. The carbon-free Fe–Cr model alloy
contains �70 at. ppm N (see Table 1). At a binding energy of
0.71–0.86 eV a V-N pair should be thermally stable near RT, and,
therefore, vacancies in the Fe–Cr alloy should accumulate predom-
inantly in the form of such pairs. In this case, the recovery curve of
the S-parameter should be similar to the recovery curves for the
Au- and Sb-doped alloys, in which the onset of the S-parameter
drop corresponds to the beginning of dissociation of the vacancy-
impurity pairs (see Fig. 3). According to [21], the energy of dissoci-
ation of V-N pairs in Fe is �1.40 eV; that is, nitrogen should
drastically decrease the mobility of vacancies (up to �500 K). It is
seen from Fig. 2 however that the recovery of the S-parameter in
Fe–Cr irradiated to 5 � 1021 m�2 begins already at 320 K.
This observation may be easily understood as an indication of
instability of V-N pairs near RT. If V-N pairs are actually unstable,
vacancies are expected to accumulate as VCs. An increased damage
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should lead to a larger multiplicity and higher thermal stability of
VCs and, correspondingly, to a shift of the S-parameter recovery to-
wards higher temperatures. Namely, this feature is observed in the
high-fluence Fe–Cr sample (Fig. 2).

Thus, the data on the recovery of the S-parameter in the Fe–Cr
alloy evidence on a weak thermal stability of V-N pairs. This
reasoning is in agreement with the recent data on the residual
resistivity recovery of the Fe–4Cr alloy contained the close concen-
tration of nitrogen [22]. According to [22], dissociation of V-N pairs
takes place at 240–290 K. Thus, the calculations indicating a strong
V-N interaction in Fe [8,21] are not consistent with the experimen-
tal data observed in the ferritic alloys. A weak V-N interaction also
manifests itself in the kinetics of accumulation of vacancy defects
at RT. The increment of S-parameter in the model Fe–Cr is the low-
est as compared to the increments of technical Fe–Cr–CI(II) alloys
contained carbon.

The same reasoning if applied in relation to the residual Ni gives
evidence on a weak attraction between atoms of Ni and vacancies.
This finding looks similar to that in the case of Fe, where V-Ni com-
plexes disappear above 240 K [23].

4.2.2. The role of carbon
The interaction of carbon atoms with vacancies in Fe–C solid

solutions has been studied well by both experimental [6] and cal-
culation [9] methods. It was shown that at annealing temperatures
above stage III (the stage, at which monovacancies become mobile,
�220 K for Fe [6]) migrating vacancies and carbon atoms form
immobile V-C complexes. The binding energy of these complexes
is 0.4–0.5 eV (see [9] and references therein).

The properties of V-C complexes in Fe have been successfully
studied by PAS, specifically positron lifetime measurements [6,24].
A remarkable fact is strong positron trapping into the V-C pairs,
which are formed in electron-irradiated Fe–C at annealing above
the III stage temperature. As a result of the strong positron trapping
into pairs, it argue [25] that the carbon atom is located off the center
of the vacancy, e.g., the pairs do not recombine into a substitutional
carbon atom, as there would then be no positron trapping. Such a
structure of the pair is consistent with the calculations of Tapasa
et al. [9], who reported that the distance between a vacancy center
and a C atom, 0.36, is in units of the lattice parameter.

It may be expected reasonably that, by analogy with the Fe–C
system, the Fe–Cr–CI(CII) alloys and the steel can also accumulate
vacancy defects in the form of highly asymmetric V-C pairs, which
are efficient traps of positrons. This is attested to by the data on the
accumulation of vacancy defects (see Section 3.1 and Fig. 1). Large
increments of the S-parameter in the carbon-containing alloys and
steel suggest that a mutual recombination of vacancies with self-
interstitial atoms under irradiation is suppressed because the
mobility of vacancies decreases due to their capture by C atoms.
As the carbon concentration increases, the accumulation of V-C
pairs grows.

Let us discuss now the results of annealing of vacancy defects in
carbon-containing alloys after irradiation to a low fluence (see
Fig. 4) when the formation of V-C pairs dominates because the
carbon concentration is much higher than the concentration of
vacancies. In the temperature range of 320–400 K a stage of the
S-parameter recovery is observed in the alloys, and this stage is
pronounced most in the Fe–Cr–CII alloy with a high carbon concen-
tration. This stage is also observed in electron- [6] and neutron-
irradiated [26] Fe–C. It is known [6] that carbon atoms are mobile
in Fe already at �350 K. As a result, V-C pairs are decorated with
1–2 carbon atoms, and complexes of the V-2C type, which are
stable up to 500 K [9], are formed at this stage. The efficiency of
positron trapping by these complexes is reduced [25], and, there-
fore, the annihilation parameters decrease sharply to their initial
values upon annealing in the range of 350–400 K [6].
In the Fe–Cr–CI(II) alloys this recovery stage can be related only
to dissociation of V-C pairs and not to their decoration because
mobility of carbon in Fe–Cr is suppressed. Chromium atoms have
greater affinity for carbon than iron [10]. As a result, the energy
state of carbon atoms in different octahedral sites is nonequivalent.
It depends on whether the C atom is surrounded by Fe atoms only,
or one or two Cr atoms are present in its nearest neighbourhood.
Thus, the C atom in Fe–Cr is bound stronger, and it should sur-
mount a large energy barrier for migration. As a result, its diffusion
mobility is significantly decreased. For example, in the Fe–16% Cr
alloy carbon is mobile at temperature �540 K [10], which is much
higher than in Fe (�350 K). For this reason, the decoration of V-C
pairs or VCs with carbon atoms is highly improbable in our alloys.

The stage at �350 K, which is associated with dissociation of V-
C pairs, was also revealed by the recovery of the resistivity in an
electron-irradiated Fe–4% Cr alloy [22]. The binding energy of V-
C pairs is evaluated as Eb � 0.4 eV if the vacancy migration energy
in Fe–Cr alloys is taken of 0.55 eV [20].

As the fluence increases, the stage around 350 K is practically
suppressed in the alloy with a low C concentration (Fe–Cr–CI),
whereas this stage is retained in the Fe–Cr–CII alloy (see Fig. 5).
We assume that the formation of vacancy clusters dominates in
the Fe–Cr–CI alloy, as the fluence grows. Using the positron life-
time measurements, we indeed detected [11] small VCs (�3 vacan-
cies in a cluster) with a number density Ncl = 1.2 � 1023 m�3 in the
Fe–Cr–CI alloy irradiated to a fluence of 6 � 1022 m�2. The vacancy
clusters dissociated above 400 K. The behavior of the dependence
S(Tann) for the Fe–Cr–CI alloy correlates well with the data on the
lifetime [11] and S(Tann) for the Fe–Cr model alloy (see Fig. 5). Sim-
ilarly to the model alloy, the stage of annealing is observed above
400 K, which is connected with dissociation of VCs. Thus, it can be
concluded that in the Fe–Cr–CI alloy with a low carbon concentra-
tion (�130 at. ppm) vacancy defects accumulate under irradiation
in the form of V-C pairs and vacancy clusters. The formation of
VCs prevails as the fluence increases.

In contrast to the Fe–Cr–CI alloy, the formation of V-C pairs
dominates irrespectively of the fluence in the Fe–Cr–CII alloy with
a high carbon concentration (�500 at. ppm). The recovery stage
around 350 K is connected with dissociation of V-C pairs, which
is observed in this alloy after irradiation to both low (Fig. 4) and
high (Fig. 5) fluencies. Released upon dissociation of V-C pairs
vacancies form clusters. The superposition of different processes,
which are related to a rearrangement of VCs above 400 K (coarsen-
ing, dissociation), leads to a monotonic decrease in the S-parame-
ter values during annealing of the Fe–Cr–CII alloy.

The following point is remarkable. If annihilation of positrons
from the free state is neglected, the S-parameter in the irradiated
Fe–Cr–CII alloy will be a weighted average value of the parameter
for V-C pairs (Sp) and VCs (Scl):

S ¼ FpSp þ ð1� FpÞScl ð1Þ

where Fp is the fraction of positrons annihilating in the pairs. Since
Sp < Scl [12], a large increment of the S-parameter in the Fe–Cr–CII
alloy can be ensured if the concentration of the pairs is at least
one order of magnitude higher than the number density of VCs; that
is, Fp � 1 (see Ref. [6]).

Vacancy defects accumulate less in the EP-450 steel than in the
Fe–Cr–CII alloy (see Fig. 1). The stage around 350 K, which is re-
lated to the decomposition of V-C pairs, is observed in the steel,
too (see Fig 4). If it is assumed that the increment of the S-param-
eter under irradiation is also due to accumulation of V-C pairs, one
can conclude that the concentration of carbon in the solid solution
of the EP-450 steel is lower than it is in the Fe–Cr–CII alloy. The
evaluation with the ‘‘THERMOCALC’’ software [27] indeed showed
that the equilibrium concentration of carbon in the solid solution
of ferritic–martensitic steels after the N&T treatment is
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50–130 at. ppm depending on the concentration of alloying car-
bide-forming (V, Nb) elements and N&T regimes. On the other
hand, vacancy defects accumulate more in the steel than in the
Fe–Cr–CI alloy (see Fig. 1). That is, if it is assumed that all carbon
in the Fe–Cr–CI alloy is in the solid solution, then the carbon
concentration of the solid solution steel should be higher than
130 at. ppm. It should be remembered however that complexes
of vacancies with other alloying or impurity atoms can add to
the accumulation in the steel.

5. Conclusions

PAS was employed to study vacancy defect evolution in Fe–Cr-
based alloys. Model (Fe–Cr, Fe–Cr–Sb, Fe–Cr–Au) and technical Fe–
Cr–CI(II) alloys and the EP-450 steel were electron-irradiated at RT
and subsequently stepwise annealed. The main results are summa-
rized as follows.

1. In the Fe–Cr alloy oversized substitutional alloying elements
(Sb, Au) interact with vacancies and form V-Sb and V-Au com-
plexes, which are stable up to 600 and 420 K, respectively.
The behavior of these alloying elements in the ferritic alloy is
analogous to their behavior in Fe.

2. The mobile vacancies, which are generated during irradiation at
RT, form stable V-C pairs with immobile carbon atoms in the
Fe–Cr–CI(II) alloys and the steel. As a result, the accumulation
of vacancy defects under irradiation increases. This effect is
enhanced with growing content of carbon in the solid solution.

3. Around 350 K the recovery stage is observed in the Fe–Cr–CI(II)
alloys like in Fe–C system. However, in iron this stage is related
to decoration of V-C pairs with mobile carbon atoms and forma-
tion of vacancy-multi-C atom complexes, which are stable up to
500 K [9]. In Fe–Cr alloys the mobility of carbon atoms is con-
siderably suppressed as compared to that in Fe, and, therefore,
this stage is associated with dissociation of V-C pairs. Released
upon dissociation of the pairs vacancies form vacancy clusters,
which are annealed out between 550 and 650 K. These results
are important for understanding the fundamental vacancy-
solute interaction and the mechanism of the radiation damage
in ferritic–martensitic steels.
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