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Abstract Heat induced surface changes on A533B stainless steel were followed by XRD
and CXMS techniques. Whereas the XRD patterns of the studied A533B samples were
characteristic of α-Fe phase only, the surface Mössbauer spectrum showed a broad sextet,
being fitted with two magnetic patterns whose hyperfine magnetic fields were 33 and 31 T
associated with a pure and perturbed α-Fe phase, respectively and a broad singlet with an
isomer shift δA533B = −0.115(4) mms−1/α-Fe, characteristic of the γ -Fe phase. This sin-
glet, probably, arising from the samples’ surface only was further analyzed by using a singlet
and a quadrupole doublet. From hyperfine distribution and discrete value calculations of
their corresponding hyperfine parameters, the quadrupole interaction was the most affected
by thermal treatments ranging from 300◦ to 700 ◦C showing a slight decrease at 600 ◦C.
The average values of the hyperfine parameters were δ1 = −0.110(6) mms−1/α-Fe for the
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singlet, and δ2 = −0.081 (6) mms−1/α-Fe and �2 = 0.143(7) mm/s) for the quadrupole
doublet, respectively. In spite of the temperature dependence of the quadrupole splitting on
the doublet, which was higher than that of the isomer shifts of both patterns, only a single
defect type was suggested, being associated with monovacancias near the 57Fe sites.

Keywords Mössbauer spectroscopy · Stainless steels · Metallic defects · Hyperfine
distributions

1 Introduction

Stainless steels used in the nuclear industry are generally subject to high doses of radia-
tion in such a way that their useful lifetime in a nuclear reactor is shortened, mainly due
to a large amount of micro structural defects generated by radiation effects [1]. Microstruc-
ture changes in the bulk and surface of these steels are produced by the interaction between
neutrons and atoms. Neutrons interact with atoms in a material only when they collide
with a nucleus; γ -rays also interact with atoms by photoelectric and Compton interactions.
Since neutrons are not attracted or deviated by ions, as occurs to α or β particles, they can
travel through the material over relatively large distances before one of them collides with
a nucleus which may be displaced from its equilibrium position, thus generating vacancies
and interstitials. Many collisions can occur, however, before the energy of the neutrons is
slowed down and finally captured by a nucleus. Such a nucleus becomes radioactive and
a nuclear decay process starts that may generate new point defects in the material. Vacan-
cies, interstitials or point defect clustering can occur by additional thermal differences in
these stainless steels, modifying finally the original mechanical properties of these nuclear
materials. Thermal treatments alone can also modify the mechanical properties paralleling
those produced by radiation damages [2]. Thus by these thermal treatments it is possible to
analyze a variety of physical properties of these nuclear steels.

In this context the aim of this paper was to analyze the surface changes produced by
thermal effects on A533B stainless steel by using surface Mössbauer spectroscopy (CXMS)
and X-ray diffraction (XRD).

2 Experimental

Several A533B stainless steel samples with 1.0 × 0.5 × 0.2 cm dimensions were used in
this study. The elemental composition of this steel was C(0.19), Si (0.25), Mn (1.14), Cr
(0.12) Ni (0.84), Mo (0.5), V (0.003), S (0.004), P(0.017), Cu (0.14). The samples were
initially put inside quartz tubes under high vacuum (10−06 torr), followed next by (a) a
heat treatment at 1000 ◦C in an electric furnace for 30 min and subsequently quenched
in water at room temperature; then (b) these samples were reheated by pairs at 300 ◦C,
400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C in the electric furnace for 30 min under atmospheric
conditions and slowly air cooled at room temperature [2]. The surface analysis was carried
out by using Conversion X-rays Mössbauer spectroscopy (CXMS) and X-ray diffraction
(XRD). A Mössbauer system operating in the constant acceleration mode with a 57Co/Rh
source was used to record the Mössbauer spectra at room temperature. The low gas flux
proportional detector, consisting of a gas mixture of Ar + 10 %V CH4 [3] was used to
register the conversion X-rays; the reported isomer shifts are referred to that of α-Fe. The
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Fig. 1 a Characteristic XRD patterns of the A533B and the austenitic AISI 316 stainless steel samples, and
b characteristic CXMS spectrum of the untreated and treated A533B stainless steel samples

XRD patterns were recorded by using the D5000 diffractometer coupled to a CuKα X-ray
source from Siemens.

3 Results

3.1 XRD data

The XRD pattern of the untreated and heat treated A533B samples, recorded from 35◦ to
90◦ (2θ), showed the presence of the α-Fe phase only, as shown in Fig. 1a. For a proper
discussion of the Mössbauer results, the XRD pattern of AISI-316 stainless steel used as a
reference material in Mössbauer spectroscopy and recorded from 35◦ to 65◦ (2θ) only is
also shown in Fig. 1a. The XRD pattern of this reference material is characteristic of the
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γ -Fe phase and was not observed in the XRD pattern of any of the A533B stainless steel
samples. Each pattern in Fig. 1a is identified according to the metal phase.

3.2 Mössbauer data

3.2.1 Surface Mössbauer spectra of the A533B stainless steel

The CXMS spectrum of any A533B sample (untreated or heat treated) showed superim-
posed broad Mössbauer spectra, composed of a sextet and a singlet, as shown in Fig. 1b. The
hyperfine parameters of these patterns are: δm = 0.003(1) mms−1/α-Fe, �m = 0.009(2),
Bm = 32.87(9) T for the sextet and δs = −0.115(1) mms−1/α-Fe for the singlet. The line
widths are Wm = 0.41 mm/s and Ws = 0.36 mm/s, respectively. The Mössbauer parameters
of the broad sextet (δm, �m, Bm, Wm) with a relative intensity of 25 % can be grossly asso-
ciated with the α-Fe phase in agreement with the characteristic XRD patterns of the A533B
samples. The Mössbauer parameters of the broad singlet with relative intensity of 75 % can
be associated with the γ -Fe phase, as will be discussed next.

3.2.2 Mössbauer spectrum of the AISI-316 stainless steel

The transmission Mössbauer spectrum of AISI-316 stainless steel consists of a broad sin-
glet whose hyperfine parameters are: δAISI−316 = −0.098(2) mms−1/α-Fe and a line width
WAISI−316 = 0.48 mm/s, its isomer shift being characteristic for the γ -Fe phase in agree-
ment with the XRD pattern, Fig. 1a. As observed, the values of δs and δAISI−316 are very
close to each other, suggesting the same iron phase in both stainless steels, i.e., the γ -Fe
phase. The minor differences between these isomer shifts should be associated with the
effect of the different alloying elements between these stainless steels and statistical errors.

On the other hand, the absence of the XRD pattern of the γ -Fe phase in the A533B
stainless steel samples would suggest that the presence of the broad CXMS singlet, already
assumed to be due to γ -Fe phase, arises from a thin film of the A533B steel samples. XRD
runs longer than the present ones should be carried out in order to see whether the γ -Fe
phase appears or not. This matter will be settled in the near future.

3.2.3 Numerical handling of the Mössbauer data

A careful analysis of the CXMS spectra of the A533B samples, composed of the magnetic
(δm, �m, Bm, Wm) and singlet (δs , Ws) patterns, Fig. 1b, indicated, however, that either
the broad sextet or the broad singlet can be decomposed in more than one pattern each.
Whereas the sextet could be fitted with two sextets with hyperfine magnetic fields and
relative intensities of 33 (18.8 %) and 30.5T (9.6 %), the singlet could be fitted with a singlet
(δ1 = −0.110(2) mms−1/α-Fe, I1 = 15.7 %) and a quadrupole doublet (δ2 = −0.109(2)
mms−1/α-Fe, �2 = 0.18 mm/s, I2 = 55.9 %). While the sextet with B = 33 T can be
attributed to iron atoms in the unperturbed iron matrix, i.e., the pure or unperturbed α-Fe
phase, the sextet with B = 30.5 T can be attributed to iron atoms surrounded in their first or
second neighbor shells by alloying elements (the ’perturbed’ component) [4–7].

Because of the high relative intensity of the broad singlet in the CXMS spectra (>70 %),
it was decided to analyze the changes in it while applying heat treatments to the A533B
samples as described in the experimental section. Thus the CXMS spectra, recorded with
a velocity close to 2 mm/s, will be analyzed using discrete value calculations (DVC’s) and
hyperfine distribution calculations (HDC’s) of the hyperfine parameters, involving a singlet
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Fig. 2 a Characteristic CXMS spectrum of the A533B stainless steel obtained with a reduced velocity and
fitted by using a singlet (W1, δ1) and two doublets (Wm, δm, �m and W2, δ2, �2), where W’s stand for
the line width; b Characteristic hyperfine distributions of the hyperfine Mössbauer parameters of the singlet
with δ1 and quadrupole doublet with δ2, �2 are depicted in this figure. The maxima values for δ1 and δ2 are
referred to the isomer shift of metallic iron (δα−Fe = −0.114 mm/s). c Temperature dependence on the line
width of the singlet (W1). The line widths of the doublet (W2) remained practically constant if calculated
separately. d Temperature dependence of the hyperfine parameters of the singlet (δ1) and quadrupole doublet
(δ2, �2) obtained from the maxima of the Gaussian distribution functions

and two doublets. Figure 2a shows a typical result using DVC’s, as explained next. How-
ever, let us first consult Table 1 which shows the typical least squares fitting result while
calculating the hyperfine parameters and the relative intensities of the broad singlet and
the resulting internal magnetic doublet associated with the broad sextet while using DVC’s.
Under these low velocity conditions (∼2 mm/s), the singlet pattern is practically alone and
only a small contribution (∼4.38 %), associated with the inner magnetic doublet of the
perturbed and unperturbed α-Fe phase is present. The hyperfine parameters describing this
inner magnetic doublet (δm, �m) were calculated as average values of its center, defined as
δm (mm/s) = (line 1 position + line 2 position)/2 and its line separation by �m.(mm/s) =
line 2 position – line 1 position; the line widths were assumed to be equal and the calculated
value was Wm ≈ 0.35 mm/s.

Thus, Fig. 2a shows a typical DVC’s result when the broad singlet is decomposed into
a singlet and a quadrupole doublet. Unique solutions for the relative intensities of the sin-
glet (δ1, W1) and quadrupole doublet, (δ2, �2, W2), could not, however, be obtained when
using DVC’s. That is, by changing the starting intensity values of these patterns a little,
the relative intensity of the singlet may be higher than that of the doublet, and vice versa.
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Table 1 Mössbauer parameters of the singlet and inner magnetic doublet of the heat treated A533B samples
using DVC’s

T(C) δ1 (mm/s)1 I1(%) δm (mm/s)3 �m (mm/s)4 Im(%)

25 −0.111 96.76 −0.006 1.779 3.24

300 −0.111 94.46 −0.005 1.726 5.54

400 −0.118 96.54 −0.019 1.773 3.46

500 −0.125 96.28 −0.015 1.796 3.72

600 −0.117 93.44 −0.017 1.733 6.56

700 −0.113 94.74 −0.015 1.753 5.26

1000 −0.111 94.01 0.005 1.765 2.90

Av. Va. −0.115 95.182 −0.011 1.761 4.385

1(±0.001); 2(±0.54); 3(±0.001); 4(±0.023); 5(±0.51)

Because of this, these parameters were estimated by using multiple hyperfine distribution
calculations (HDC’s) instead. Thus, the distribution functions for the isomer shift of the sin-
glet (δ1) and those of the isomer shift and quadrupole splitting of the quadrupole doublet
(δ2, �2) were obtained by using a home-made computing program based on a Levenberg-
Marquard routine. The inner magnetic doublet was simultaneously calculated using DVC’s.
Figure 2b shows the resulting Gaussian shaped distributions of the hyperfine parameters
for the untreated sample. The same Lorentzian line width for the singlet (δ1, W1) and dou-
blet (δ2, �2, W1) was used; the results are shown in Fig. 2c. The obtained maxima of the
three Gaussian distributions (δ1, δ2, �2) as a function of temperature are shown in Fig. 2d.
The line width W1 showed slight temperature dependence as shown in Fig. 2c. While using
HDC’s a unique solution was obtained in relation to the relative intensities of the distri-
butions involved. That is, Fig. 2b shows a typical result where the areas of the associated
distributions for δ2 and �2 are always greater than the one associated with δ1.

Thus results described in Fig. 2b, c and d were obtained by considering the presence
of the inner magnetic doublet (with parameters δm, �m, Wm), as shown in Table 1, using
HDC’s. A similar numerical analysis was carried out without considering this magnetic
doublet and the results were essentially the same as those shown in Fig. 2b, c and d. This
similarity did not occur, however, when the DVC’s were carried out. For example, when
the inner magnetic doublet is ignored, the isomer shifts of the singlet (δ1) and quadrupole
doublet (δ2) are practically the same, suggesting similar electron densities at the 57Fe nuclei,
which may not be real. In addition to this, a minimum for I1 and a maximum for I2 appear
at 500 ◦C, and I1 > I2, as shown in Fig. 3a. Marked minima for the isomer shifts (δ1, δ2)

and quadrupole splitting (�2) occur at 500 ◦C (not shown), which may also be unrealistic.
If the inner magnetic doublet is included in the DVC analysis, the minimum and maximum
for I1 and I2, (Fig. 3a), practically disappear and now I2 > I1, see Fig. 3b, in agreement
with the HDC’s as shown in Fig. 2b. That is, when using DVC’s on these spectra, a multi
solution for the hyperfine parameters and relative intensities is obtained and more than one
defect is suggested from the variations of the quadrupole splitting. This does not occur while
analyzing the same spectra using HDC’s, even when the magnetic doublet of low relative
intensity (Im ≈ 4.38 %) is or is not included in the analysis, Fig. 2d. Thus the obtained
relative intensities from the DVC’s, Fig. 3b may represent the actual situation which is in
agreement with the HDC’s (Fig. 2b).
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Fig. 3 Temperature dependences of the relative areas of the singlet and quadrupole double a without
considering the magnetic doublet with parameters: Wm, δm, �m, and b considering this magnetic doublet

4 Discussions

4.1 The thin film origin

According to the present XRD analysis, the A533B stainless steel crystallizes in the α-Fe
phase only. From the CXMS spectra of these stainless steel samples two iron phases appear,
however. A broad magnetic sextet characteristic of unperturbed and perturbed α-Fe phases
is clearly suggested. A broad singlet arising from the surface of the A533B samples may be
associated with the γ -Fe phase or an unknown iron compound. This singlet was unexpected



E. Morelos-López et al.

in the CXMS spectrum of the A533B samples. Longer XRD runs on the A533B samples
are, however, required to asses this thin film idea properly; low temperature Mössbauer
measurements are also required. The presence of such a thin film was already present in the
untreated samples. Its origin was not thoroughly investigated although it probably arose as
an effect of the machining process of the samples during their preparation. The presence
of a similar and unexpected thin film was also observed in an S3A soft magnetic alloy,
after being exposed to nitrogen plasma under temperatures not higher than 300 ◦C [8].
Particularly, the γ -Fe phase is a high temperature phase [9] and in both cases, i.e., the
untreated A533B and S3A samples were not subject to any high temperature treatment to
explain the presence of such a phase. In this sense the presence of the broad singlet in the
CXMS spectra of these materials remains unclear.

4.2 The singlet (δ1, W1)

The CXMS singlet, Fig. 2a, with parameters W1 and δ1, described in Fig. 2c and d, can
unambiguously be assigned to an approximate cubic symmetry around the iron sites. The
resulting average isomer shift (δ1 = −0.110(6) mms−1/α-Fe), derived form HDC’s, Fig. 2d,
is practically the same as that obtained with DVC’s, i.e., δA533B = −0.115(4) mms−1/α-
Fe. The latter value was obtained by ignoring the presence of the superimposed quadrupole
doublet with parameters δ2, �2. The latter values of (δ1and δA533B approach those reported
by different authors [8, 9]. For instance, the corresponding isomer shift of the broad CXMS
singlet for 4140 stainless steel, which crystallizes in both the α-Fe and γ -Fe phases, is
δ4140 = −0.110(2) mms−1/α-Fe [8]. On the other hand, the isomer shift of the characteris-
tic broad CXMS singlet of the AISI-316 stainless steel, which crystallizes in the γ -Fe phase
only, Fig. 1a, is δAISI−316 = −0.098(2) mms−1/α-Fe. Under these considerations, the sin-
glet arising from the surface of the A533B steel may also arise from the γ -Fe phase. More
research is, however, required to define the nature of this CXMS singlet of the A533B steel.
In addition to these data, a broad singlet also appears in the CXMS spectrum of the S3A
soft magnetic alloy, exposed to a nitrogen plasma, with δS3A = −0.110(4) mms−1/α-Fe;
this also is associated with the γ -Fe phase [8]. HDC’s are required on the CXMS singlets
of these AISI-316 and 4140 S3A metals to characterize them properly. Macedo and Keune
[9] also studied broad CXMS singlets arising from 10 and 17 mono-layers (10-ML, 17-ML)
samples of γ -Fe(100) films, pseudo-morphically grown on Cu(100) surfaces under UHV
conditions [9]. These broad singlets were analyzed in terms of a singlet and a quadrupole
doublet as well [9], as in the present paper. The corresponding isomer shifts of these sin-
glets for these samples are δ10−ML = −0.077(5) and δ17−ML = −0.085(3) mms−1/α-Fe,
respectively [9]. In Macedo and Keune’s study the quadrupole doublet appears with a rela-
tive intensity lower than that of the singlet; the parameters of this doublet are δ17−ML = +
0.02(2) mms−1/α-Fe and �17−ML = 0.57(5) mm/s and is attributed to asymmetric sites
around the Fe atoms which are surrounded by a certain number of neighboring Cu atoms,
all of which are located at the Fe-Cu interface [9]. One may note that the hyperfine param-
eters of this quadrupole doublet differ from those here obtained, i.e., the isomer shift
(δ17−ML = + 0.02(2) mms−1) and the quadrupole splitting (�17−ML = 0.57(5) mm/s) are
higher than those for A533B: δ2 = −0.081(6) mms−1and �2 = 0.143(7). Such a difference
clearly arises from the nature of the samples and the formation process between these thin
films.
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4.3 The superimposed quadrupole doublet (δ2, �2, W2)

On the other hand, this quadrupole doublet of relative intensity higher than that of the sin-
glet with average hyperfine parameters δ2 = −0.081(6) /α-Fe and �2 = 0.143(7) mms−1

may be attributed to slightly asymmetric sites around the iron atoms. Several possibilities
may be considered to explain this doublet. Interstitials may produce this asymmetry; ran-
dom iron substitutions by different atoms are other possibilities; the presence of mono-
or multi-vacancies close to the iron sites is a third possibility. In order to choose among
these possibilities, let us first assume that the Mössbauer fraction for these iron sites is the
same. Since the relative intensity of the quadrupole doublet is higher than that of the sin-
glet, this fact would then suggest that this thin film is highly defected. On the other hand,
the relative content of the constituting atoms different from iron accounts for 3.204 % only,
as can be checked from the elemental composition data given in the experimental sec-
tion. This may suggest that atomic substitution and/or the presence of interstitials may not
produce such a large intensity of the quadrupole doublet. This atomic elimination would
suggest as the main motive that could explain the presence of the quadrupole doublet the
mono- or multi-vacancies. The small magnitude of the quadrupole splitting of the doublet,
�2 = 0.143(7) mm/s, Fig. 2d) suggests the presence of a small lattice distortion around
the iron sites. This small distortion would be produced by mono-vacancies rather than
multi-vacancies, the latter producing a quadrupole splitting which would be higher than the
measured one. In this context the presence of mono-vacancies are suggested to explain this
quadrupole doublet with average hyperfine parameters δ2 = −0.081(6) mms−1/α-Fe and
�2 = 0.143(7) mms−1/α-Fe, and is adopted here; this may be supported by other papers
[10–12].

4.4 The line widths W1and W2

The line widths of the singlet (with parameter δ1) and of the doublet (with parameters δ2,
�2) were assumed to be equal and their variations with temperature is as shown in Fig. 2c.
When these line widths were calculated independently of each other, the line width of the
doublet remained constant and the variation of W1 vs T is also shown in Fig. 2c. Generally,
there is a small variation of these line widths with temperature. In both cases, however, W1

and W2 are higher than the natural line width (WN = 0.194 mm/s), Fig. 2c. Such a broaden-
ing can be associated with: (a) a heterogeneous atomic surrounding around the 57Fe sites due
to the multi-elemental composition of the A533B stainless steel, as already mentioned and
also suggested by the variations of the hyperfine parameters δ1, δ2 in Fig. 2d; (b) tiny lattice
distortions at the 57Fe sites due to the presence of different atomic substitutions at lattice
points of atoms other than Fe, as represented by the variation of �2 in Fig. 2d [8]. Accord-
ing to the DVC’s and including the magnetic doublet, the relative amount of the singlet with
I1 ranged from 32 to 43 %, depending on the heat treatment, Fig. 3b. The quadrupole dou-
blet with I2, as shown in Fig. 3b, contributes with a relative intensity higher than that of the
singlet ranging from 57 to 68 % depending on the heat treatment. That is I2 is always higher
than I1. If the magnetic doublet is ignored in the DVC analysis, these relative intensities are
reversed, Fig. 3a, i.e., I1 > I2. The former case has therefore been taken as the representative
one.

According to the above discussion, the best fit analysis was obtained when using HDC’s,
whether or not the inner magnetic doublet arising from the α-Fe phase is included. This
analysis also suggested that there was no a marked temperature dependence on the hyperfine
parameters. Particularly, the quadrupole splitting parameter was the most affected and from
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this, one might infer the presence of at least two defects. The standard deviation of these
measurements indicated to us, however, that such variations with temperature were within
the statistical error, and because of this only a single defect is suggested, consisting of the
presence of monovacancias, as already discussed. The number of these defects practically
remained constant, within experimental error, after the thermal treatments as indicated in
Fig. 3b.

5 Conclusions

The surface of heat treated A533B stainless steel samples was studied using XRD and
CXMS techniques. The XRD patterns of the untreated and treated A533B samples showed
a single phase, the α-Fe phase. On the other hand, the conversion X-ray Mössbauer spec-
trum of the stainless steel samples consisted of a broad singlet which may be characteristic
of the γ -Fe phase or an unknown iron compound, arising from a thin film of the stainless
steel samples as a result of the machining process during their preparation, and a broad sex-
tet characteristic of the unperturbed and perturbed α-Fe phase. The broad CXMS singlet of
the A533B samples was further decomposed into a singlet and a quadrupole doublet. While
the former might be associated with a defect free γ -Fe phase having a slightly distorted
fcc atomic structure due to iron substitutions and interstitials from the alloying elements,
the quadrupole doublet was associated with point defects in this γ -Fe phase, where mono-
vacancies may be involved, whose amount remained constant throughout the present heat
treatments.
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