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Abstract
The phase and structural changes of steel powders CL20ES and CL50WS used in additive manufacturing were studied by 
Mössbauer spectroscopy and X-ray diffraction. Investigated powders were annealed in the temperature range 500 °C–1100 °C 
in oxidizing and inert atmosphere. Annealing in an oxidizing atmosphere resulted in the formation of different iron oxides 
in both steel powders depending on the annealing temperature. In addition, a phase change of ferrite to austenite was iden-
tified when annealing CL50WS steel powder in an oxidizing atmosphere. This phase change was confirmed by annealing 
given CL50WS steel powder in an inert nitrogen atmosphere. The transformation of austenite to ferrite phase was observed 
only, when annealing CL20ES steel powder in an inert atmosphere at 1100 °C. Morphological changes on the surface of the 
spherical powders were observed by scanning electron microscopy.

Keywords Stainless 1.4404 · Maraging 1.2709 · Selective laser melting · Ferrite · Austenite · Iron oxide · Mössbauer 
spectroscopy · Scanning electron microscopy · X-ray diffraction

Introduction

Powders of the stainless steel 1.4404 (CL20ES) and marag-
ing steel 1.2709 (CL50WS) are used in additive manufac-
turing by selective laser melting (SLM). Metal powders of 
these classes are among the most common metal powders for 
SLM (Lu et al. 2015). One of the main properties of stain-
less steels is their high corrosion resistance, which ensures 
their use in many areas of industry (petroleum, nuclear, 
chemical, etc.) (Guan et al. 2013; Yang et al. 2019). The 
combination of high strength and thermal properties makes 
maraging steels a promising material (Gerov et al. 2022; 
Kang et al. 2018). In previous studies (Mashlan et al. 2019; 
Linderhof et al. 2021), changes in the phase composition of 
parts made of CL50WS steel powder were identified. The 
phase transformation "austenite to martensite" was observed 

as a consequence of the SLM process itself. The inverse 
transformation was observed during the subsequent anneal-
ing of parts made by SLM. Oxidation of the surface of parts 
made of both steel powders (CL50WS and CL20ES) during 
their annealing in an air atmosphere was observed also in 
(Linderhof et al. (2021); Sedláčková et al. 2022; Ivanova 
et al. 2022). Phase changes and oxidation during anneal-
ing of various types of stainless and structural steels have 
been identified by other authors (Bautista et al. 2003; Sal-
man et al. 2019; Saeidi et al. 2015; Zhou et al. 2020). The 
effect of annealing on the microstructure (metallographic 
analysis) and mechanical behaviors of parts made of 316L 
steel by the SLM was investigated (Zeng et al. 2021; Chao 
et al. 2021; Lei et al. 2021). Structural and phase transforma-
tions of Cr-Ni stainless steel powder for SLM were studied 
in Barabaszová et al. (2022).

In order to trace how the annealing temperature and 
atmosphere affect the samples under study, stainless 
steel metal powder (CL20ES) and maraging (CL50WS) 
metal powder were annealed in the temperature range of 
500–1100 °C in oxidizing and inert atmospheres. Phase 
and structural changes of annealed samples were studied 
by transmission Mössbauer spectroscopy (TMS) and X-ray 
powder diffraction (XRD). Morphological changes on the 
surface of the spherical powders were observed by scanning 
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electron microscopy (SEM). The distribution of elements on 
the surface of spherical powders was monitored by energy-
dispersive X-ray spectroscopy (EDS).

Materials and methods

CL50WS and CL20ES steel powders and sample 
preparation

CL20ES and CL50WS steel powders with their chemi-
cal composition presented in Table 1 were annealed in the 
temperature range of 500–1100 °C with a step of 100 °C 
in air and a nitrogen atmosphere for one hour. The origi-
nal particles of CL20ES and CL50WS steel powders have 
spherical form, Figs. 2 and 3 in Linderhof et al. (2021). Air 
annealing was performed in a laboratory furnace (LE05/11, 
LAC, Zidlochovice, Czech Republic). The initial steel pow-
der was always placed in a furnace heated to the required 
temperature. The sample was removed from the oven after 
one hour. The samples cooled spontaneously outside the fur-
nace. Annealing in a nitrogen atmosphere was performed in 
a laboratory furnace with rotary reactor HTR 11/75 1100 °C. 
The initial powder was placed in a cooling oven, where the 
required temperature was subsequently reached at a rate of 
40 °C/min. At this temperature, the sample was annealed 
for one hour and then spontaneously cooled in an oven until 
room temperature was reached.

Mössbauer spectroscopy

The transmission 57Fe Mössbauer spectra were accumulated 
by a Mössbauer spectrometer operating in constant accelera-
tion mode and equipped with a 57Co(Rh) source and MS96 
Mössbauer spectrometer software (Pechousek and Mashlan 
2005) at room temperature. Spectra were recorded on 512 
channels. The YAP:CE scintillation detector (Fyodorov 
et al. 1994) registering 14.4 keV γ-rays was used for the 
spectra accumulation. The least squares fit of the lines using 
the MossWinn 4.0 software program (Klencsar et al. 1996, 
1998) performed the calculation and evaluation of the Möss-
bauer spectra. The isomer shift values were referred to the 
centroid of the spectrum recorded from an α-Fe foil (thick-
ness 30 µm) at room temperature.

X‑ray diffraction

All XRD measurements were taken on an X-ray diffrac-
tometer Bruker Advance D8 (Bruker, Billerica, MA, USA) 
equipped with a Co  Kα X-ray source and LYNXEYE 
position-sensitive detector. The diffractometer works with 
Bragg–Brentano parafocusing geometry. Current and volt-
age values for the X-ray tube were 40 mA and 35 kV, respec-
tively. Measurements were taken in the 2θ range of 20°–130° 
with step 0.02° and time per step 3.00 s. The diffractometer 
was equipped with a 0.6-mm divergence slit and 2.5° axial 
Soller slits for the primary beam path and 20-µm Fe  Kβ filter 
and 2.5° axial Soller slits for the secondary beam path.

Scanning electron microscopy

The VEGA3 LMU (TESCAN, Brno, Czech Republic) scan-
ning electron microscope was chosen to study the surface 
morphology and elemental composition using energy-
dispersive X-ray spectroscopy. The electron source in this 
microscope is the  LaB6 cathode. The microscope includes 
two detectors: a secondary electron detector of the Ever-
hart–Thornley type (TESCAN, Brno, Czech Republic) and 
an XFlash silicon drift detector 410-M (Bruker Nano GmbH, 
Berlin, Germany).

Results and discussion

Annealing of CL20ES powder in an oxidizing 
atmosphere

The transmission Mössbauer spectra of the CL20ES 
annealed powder are shown in Fig. 1. A single peak of 
CL20ES metal powder, which is present in all (annealed 
and unannealed) samples, is characteristic of γ-austenite 
phase (FCC structure). In fact, the single peak is char-
acteristic for the pure γ-Fe (FCC structure) Mössbauer 
spectrum, but substitutional and interstitial atoms (domi-
nantly Cr and Ni) cause a broadening of the spectrum; 
therefore, the Mössbauer spectrum is fitted with a doublet 
with small-quadrupole splitting (Cook 1987) (Table 2). In 
samples annealed at a temperature of 700 °C and higher, 
a typical sextet α-Fe2O3 (hematite) (Zboril et al. 2002) 

Table 1  Chemical composition of the metal powders (material data Concept Laser GmbH)

Steel powder Element concentration, wt %

Fe C Si Mn P S Cr Mo Ni Ti Co

CL20ES Balance  ≤ 0.03 0–1.0 0–2.0  ≤ 0.045  ≤ 0.03 16.5–18.5 2.0–2.5 10.0–13.0 – –
CL50WS Balance  ≤ 0.03  ≤ 0.1  ≤ 0.15  ≤ 0.01  ≤ 0.01  ≤ 0.025 4.5–5.2 17.0–19.0 0.80–1.20 8.50–10.0
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Fig. 1  Mössbauer spectra of annealed CL20ES powder in the oxidizing atmosphere

Table 2  Mössbauer parameters 
of annealed CL20ES powder in 
the oxidizing atmosphere (IS—
isomer shift, QS/ε—quadrupole 
splitting/shift, FWHM—full 
width at half maximum, B—
hyperfine magnetic field, A—
spectrum area)

*fixed parameter, #magnetic field distribution

Temperature Phase IS (mm/s) QS/ε (mm/s) FWHM (mm/s) B (T) A (%)

Unannealed FCC austenite  − 0.06 ± 0.01 0.16 ± 0.02 0.34 ± 0.02 – 100
500 °C FCC austenite  − 0.09 ± 0.01 0.20 ± 0.01 0.36 ± 0.01 – 100
600 °C FCC austenite  − 0.10 ± 0.01 0.20 ± 0.01 0.35 ± 0.01 – 100
700 °C FCC austenite  − 0.10 ± 0.01 0.18 ± 0.01 0.32 ± 0.01 – 96 ± 2

α-Fe2O3 0.36 ± 0.03  − 0.08 ± 0.05 0.32 ± 0.07 51.4 ± 0.5 4 ± 2
800 °C FCC austenite  − 0.10 ± 0.01 0.19 ± 0.01 0.35 ± 0.01 – 83 ± 2

α-Fe2O3 0.38 ± 0.01  − 0.17 ± 0.02 0.37 ± 0.03 51.3 ± 0.5 17 ± 2
900 °C FCC austenite  − 0.09 ± 0.01 0.19 ± 0.01 0.36 ± 0.01 – 98 ± 2

α-Fe2O3 0.35 ± 0.05  − 0.31 ± 0.10 0.35* 50.9 ± 0.5 2 ± 2
1000 °C FCC austenite  − 0.08 ± 0.01 0.15 ± 0.01 0.37 ± 0.01 – 48 ± 2

BCC ferrite 0.00 ± 0.02 – 0.28 ± 0.02 29.8# 36 ± 2
α-Fe2O3 0.37 ± 0.05  − 0.22 ± 0.02 0.42 ± 0.05 50.7 ± 0.5 16 ± 2

1100 °C FCC austenite  − 0.06 ± 0.02 0.24 ± 0.02 0.43 ± 0.02 – 8 ± 2
BCC ferrite 0.02 ± 0.01 – 0.21 ± 0.02 30.4# 26 ± 2
α-Fe2O3 0.38 ± 0.01  − 0.22 ± 0.01 0.39 ± 0.02 50.6 ± 0.5 19 ± 2
T-Fe3O4 0.28 ± 0.01 – 0.59 ± 0.03 48.1 ± 0.5 22 ± 2
O-Fe3O4 0.49 ± 0.03 – 1.05 ± 0.14 43.2 ± 0.5 8 ± 2
wüstite 0.90 ± 0.01 0.63 ± 0.02 0.55 ± 0.01 – 12 ± 2
Fe2+ doublet 1.08 ± 0.02 1.18 ± 0.03 0.50 ± 0.03 – 5 ± 2
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Fig. 2  X-ray powder diffraction patterns of annealed CL20ES powder in the oxidizing atmosphere

Fig. 3  Scanning electron 
microscopy images of annealed 
CL20ES powder in the oxidiz-
ing atmosphere
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appears and its contribution gradually increases with tem-
perature. The exception is the decrease in α-Fe2O3 content 
at the annealing temperature of 900 °C; this decrease may 
be related to the beginning of the transformation of the 
austenitic phase into the ferritic one. The onset of this 
transformation was fully manifested only in the sample 
annealed at a temperature of 1000 °C. The austenitic phase 
transformation to the ferritic phase continues more inten-
sively even at a temperature of 1100 °C. At the same time, 
the oxidation process continues, but this takes place pre-
dominantly with the formation of  Fe3O4 (magnetite) and 
even FeO (wüstite) (Zboril et al. 2002). The transforma-
tion of the austenitic phase into the ferritic phase as well 
as the formation of all oxidation products was confirmed 
by XRD (Fig. 2). The dominance of oxidation to magnetite 
and wüstite at a temperature of 1100 °C may be related 
to impaired access to oxygen. The surface of the parti-
cles is primarily covered with a layer of hematite, which 
prevents the access of oxygen and the oxidation of iron is 
not complete. The emergence of a certain surface layer 
is demonstrated by images from an electron microscope 
(Fig. 3), where we see that the particles before the defini-
tive disintegration are covered by a certain layer.

Annealing of CL50WS powder in oxidizing 
atmosphere

In the case of annealing the CL50WS metal powder, TMS 
indicates gradual oxidation of the powder (Fig. 4). The degree 
of oxidation increases with temperature, and different types of 
iron oxides have been identified. The α-Fe2O3, which appears 
already from annealing at 500 °C, and  Fe3O4, which appears at 
600 °C, were gradually identified. At temperatures higher than 
900 °C, FeO (wüstite) was identified. At the same time, Möss-
bauer spectra show that at temperatures of 600 and 700 °C, the 
transformation of the ferritic phase into the austenitic phase 
occurs. Both the oxidation processes and the transformation of 
the ferritic phase to austenitic are confirmed by XRD (Fig. 5). 
The fitting results and all hyperfine parameters for CL50WS 
samples annealed at the oxidized atmosphere are presented in 
Table 3. In the Mössbauer spectrum of a sample annealed at 
a temperature of 1100 °C the presence of  Fe2+ doublet can be 
seen. Based on the principles of Mössbauer spectroscopy, it 
can be assumed that the registered phase is an iron-containing 
oxide. The majority amount of alloying elements in the origi-
nal maraging steel powder accounted for nickel and cobalt 
(Table 1). In the oxidizing atmosphere, the maraging steel 
metal powder is prone to the formation of spinel  CoFe2O4 

Fig. 4  Mössbauer spectra of annealed CL50WS powder in the oxidizing atmosphere
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and  NiFe2O4 (Florez et al. 2021). Both of these ferrites were 
studied by Mössbauer spectroscopy, which, together with 
magnetic measurements, points to their magnetic arrangement 
at room temperature, par-example (Chinnasamy et al. 2001; 
Kurikka et al. 1998; Ahlawat et al. 2011). Their Mössbauer 
spectra represent sextets. A  Fe2+ doublet was identified by 
us in the Mössbauer spectrum, indicating a paramagnetic or 
diamagnetic arrangement. Spinels  TiFe2O4 and  MoFe2O4 are 
described in the literature (Roy et al. 2000; Wang et al. 2000; 
Cristobal et al. 2008; Mudarra Navarro et al. 2019), whose 
Mössbauer spectra consist of doublets with parameters cor-
responding to  Fe2+. Mo and Ti are other alloying elements 
of CL50WS steel powder whose content is greater than 1%. 
Based on literature research, from the point of view of Möss-
bauer spectroscopy, the  Fe2+ doublet identified in the sample 
annealed at 1100 °C in an oxidizing atmosphere (Fig. 4, black 
doublet) can be attributed to mixed (Mo–Ti)Fe2O4 spinel. 
Three diffraction peaks observed in the XRD pattern (Fig. 5, 
1100 °C) can be attributed to  MeFe2O4 spinels (Me = Ni, Co, 
Mo, Ti) or their solid solution.  MeFe2O4 spinels have similar 
crystallographic parameters, and it is rather difficult to separate 
these two phases by XRD. The  Mo1-xTixFe2O4 compound was 
studied by both XRD and Mössbauer spectroscopy (Roy et al. 

2000), and the results showed that the XRD patterns are almost 
identical for 0 ≤ x ≤ 1. However, differences were visible in the 
Mössbauer spectra, mainly in the asymmetry of the doublet. 
The doublet in our Mössbauer spectrum (Fig. 4, black doublet) 
is symmetric, and by comparing it with the results (Roy et al. 
2000), we can assign it to  TiFe2O4 spinel. Due to XRD, the 
 Co3Ti compound was identified in the samples annealed at 
a temperature of 700 °C and higher. This fact is apparently 
related to the separation of these elements from the steel dur-
ing annealing (Mashlan et al. 2019).

The morphology of the particle surface of maraging steel 
powder is shown in Fig. 6. As you can see, the oxidation of 
powder particles begins at a temperature of 500 °C. At tem-
peratures of 800 °C and 1100 °C, due to the sintering of the 
samples, the metal powder particles lose their globe-form 
shape and begin to fall apart.

Annealing of CL20ES powder in an inert nitrogen 
atmosphere

Transmission Mössbauer spectra for the CL20ES stain-
less steel metal powder annealed at the inert nitrogen 
atmosphere are present in Fig. 7. A single peak on the 

Fig. 5  X-ray diffraction patterns of annealed CL50WS powder in the oxidizing atmosphere
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Mössbauer spectra is a characteristic of γ-phase (austen-
ite). At an annealing temperature from 500 to 1000 °C, 
only a doublet corresponding to the austenitic phase is 
observed on the spectrum. When annealing 1100 °C, in 
addition to the traditional austenitic phase of iron, the 
presence of a sextet corresponding to the ferritic phase 
(α-phase) (Fig. 7, red spectrum) can be seen on the spec-
trum. It can be concluded that the phase transformation 
of austenite into ferrite begins in an inert nitrogen atmos-
phere at a temperature of 1100 °C. The hyperfine param-
eters obtained using the MossWinn 4.0 software program 
are presented in Table 4.

The results of XRD measurements (Fig. 8) confirm 
the conclusions obtained using TMS. The XRD pat-
tern obtained from a sample annealed at a temperature 
of 1100 °C shows the presence of an austenitic phase of 
iron, as well as a small peak corresponding to the ferritic 
phase (Fig. 8). At an annealing temperature of ≥ 900 °C, 
the appearance of the chromium nitride  (Cr2N) phase can 
be seen on the X-ray patterns. Chromium nitride  (Cr2N) 
has a phase prototype in the form of iron nitride  (Fe2N). 
Based on the principles of Mössbauer spectroscopy, only 
phases containing iron nuclei can be recorded. Chromium 
is the first alloying element in the chemical composition of 

Table 3  Mössbauer parameters 
of annealed CL50WS powder in 
the oxidizing atmosphere (IS—
isomer shift, QS/ε—quadrupole 
splitting/shift, FWHM—full 
width at half maximum, B—
hyperfine magnetic field, A—
spectrum area)

# magnetic field distribution

Temperature Phase IS [mm/s] QS/ε [mm/s] FWHM [mm/s] B [T] A [%]

Unannealed FCC austenite  − 0.07 ± 0.01 0.16 ± 0.02 0.22 ± 0.03 – 5 ± 2
BCC ferrite 0.03 ± 0.01 – 0.25 ± 0.01 30.9# 95 ± 2

500 °C FCC austenite  − 0.07 ± 0.01 0.18 ± 0.01 0.24 ± 0.02 – 7 ± 2
BCC ferrite 0.04 ± 0.01 – 0.24 ± 0.01 32.4# 83 ± 2
�-Fe2O3 0.33 ± 0.01  − 0.14 ± 0.02 0.40 ± 0.03 51.2 ± 0.5 10 ± 2

600 °C FCC austenite  − 0.05 ± 0.01 0.15 ± 0.02 0.38 ± 0.03 – 10 ± 2
BCC ferrite 0.04 ± 0.01 – 0.27 ± 0.02 28.9# 45 ± 2
�-Fe2O3 0.36 ± 0.01  − 0.21 ± 0.01 0.27 ± 0.01 51.4 ± 0.5 26 ± 2
T-Fe3O4 0.27 ± 0.01 – 0.43 ± 0.03 48.8 ± 0.5 8 ± 2
O-Fe3O4 0.64 ± 0.02 – 0.65 ± 0.05 45.7 ± 0.5 11 ± 2

700 °C FCC austenite  − 0.05 ± 0.01 0.17 ± 0.02 0.36 ± 0.02 – 7 ± 2
BCC ferrite 0.03 ± 0.01 – 0.25 ± 0.03 31.1# 26 ± 2
�-Fe2O3 0.37 ± 0.01  − 0.21 ± 0.01 0.29 ± 0.01 51.5 ± 0.5 31 ± 2
T-Fe3O4 0.27 ± 0.01 – 0.33 ± 0.03 48.8 ± 0.5 8 ± 2
O-Fe3O4 0.64 ± 0.01 – 0.76 ± 0.05 45.9 ± 0.5 18 ± 2

800 °C FCC austenite  − 0.09 ± 0.05 0.17 ± 0.07 0.50 ± 0.15 – 1 ± 2
BCC ferrite 0.03 ± 0.03 – 0.99 ± 0.08 32.7 ± 0.5 9 ± 2
�-Fe2O3 0.37 ± 0.01  − 0.18 ± 0.01 0.29 ± 0.01 51.6 ± 0.5 24 ± 2
T-Fe3O4 0.29 ± 0.01 – 0.45 ± 0.02 49.1 ± 0.5 33 ± 2
O-Fe3O4 0.58 ± 0.01 – 0.99 ± 0.04 45.9 ± 0.5 33 ± 2

900 °C BCC ferrite 0.03 ± 0.01 – 1.83 ± 0.31 31.8 ± 0.5 10 ± 2
�-Fe2O3 0.36 ± 0.01  − 0.17 ± 0.01 0.28 ± 0.01 51.5 ± 0.5 15 ± 2
T-Fe3O4 0.28 ± 0.01 – 0.40 ± 0.02 49.0 ± 0.5 32 ± 2
O-Fe3O4 0.66 ± 0.01 – 1.01 ± 0.05 45.8 ± 0.5 41 ± 2
FeO 0.93 ± 0.02 0.96 ± 0.05 0.62 ± 0.02 – 2 ± 2

1000 °C BCC ferrite 0.03 ± 0.01 – 0.88 ± 0.04 31.8 ± 0.5 23 ± 2
�-Fe2O3 0.37 ± 0.01  − 0.19 ± 0.02 0.31 ± 0.03 51.6 ± 0.5 9 ± 2
T-Fe3O4 0.28 ± 0.01 – 0.38 ± 0.02 49.1 ± 0.5 19 ± 2
O-Fe3O4 0.60 ± 0.01 – 1.01 ± 0.05 45.5 ± 0.5 30 ± 2
FeO 0.91 ± 0.02 0.72 ± 0.01 0.62 ± 0.02 – 19 ± 2

1100 °C BCC ferrite 0.04 ± 0.01 – 0.93 ± 0.03 31.0 ± 0.5 22 ± 2
�-Fe2O3 0.37 ± 0.01  − 0.20 ± 0.01 0.28 ± 0.01 51.4 ± 0.5 15 ± 2
T-Fe3O4 0.24 ± 0.01 – 0.44 ± 0.02 48.8 ± 0.5 17 ± 2
O-Fe3O4 0.60 ± 0.02 – 1.25 ± 0.07 44.9 ± 0.5 21 ± 2
FeO 0.92 ± 0.02 0.77 ± 0.01 0.65 ± 0.02 – 20 ± 2
Fe2+ doublet 1.16 ± 0.01 2.86 ± 0.01 0.34 ± 0.02 – 5 ± 2
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stainless steel (Table 1). Among all alloying elements of 
the initial powder material, chromium is most predisposed 
to diffusion under the influence of temperature than other 
elements (Pechousek and Mashlan 2005).

Studies of the surface morphology of the CL20ES parti-
cles using SEM are given in Fig. 9, which shows the results 
of measurements during annealing of 800 and 1100 °C. As 
can be seen, annealing in an inert nitrogen atmosphere does 

Fig. 6  Scanning electron 
microscopy images of annealed 
CL50WS powder in the oxidiz-
ing atmosphere

Fig. 7  Mössbauer spectra of annealed CL20ES powder in the inert nitrogen atmosphere
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not lead to the sintering of metal powder. All particles of 
annealed metal powder have the shape of a sphere. With 
a more detailed magnification, it can be seen that the sur-
faces of the particles are more rough with an increase in the 
annealing temperature. In order to investigate the compo-
sition of the particle «crust», an analysis of the basic dis-
tribution of elements for the same sample was carried out 
(Fig. 10). Based on the results obtained, it can be concluded 
that the surfaces of stainless steel metal powder particles 
are covered with chromium pieces (Fig. 10). The chro-
mium amount on the surface increases with the annealing 

temperature. Thus, the distribution of chromium in the test 
sample with an increase in temperature leads to the appear-
ance of chromium nitride  (Cr2N), which was obtained on 
XRD patterns (Fig. 8).

Annealing of CL50WS powder in the inert nitrogen 
atmosphere

Figure  11 shows transmission Mössbauer spectra for 
CL50WS metallic powder annealed at the inert nitrogen 
atmosphere. As can be seen in the figure, at annealing 

Table 4  Mössbauer parameters 
of annealed CL20ES powder in 
inert nitrogen atmosphere (IS—
isomer shift, QS/ε—quadrupole 
splitting/shift, FWHM—full 
width at half maximum, B—
hyperfine magnetic field, A—
spectrum area)

Temperature Phase IS (mm/s) QS/ε (mm/s) FWHM (mm/s) B (T) A (%)

Unannealed FCC austenite  − 0.06 ± 0.01 0.16 ± 0.02 0.34 ± 0.02 – 100
800 °C FCC austenite  − 0.09 ± 0.01 0.21 ± 0.01 0.36 ± 0.01 – 100
900 °C FCC austenite  − 0.08 ± 0.01 0.20 ± 0.01 0.35 ± 0.01 – 100
1000 °C FCC austenite  − 0.07 ± 0.01 0.17 ± 0.01 0.36 ± 0.01 – 100
1100 °C FCC austenite  − 0.08 ± 0.01 0.19 ± 0.01 0.35 ± 0.01 – 95 ± 2

BCC ferrite  − 0.02 ± 0.03 – 0.96 ± 0.07 29.4 ± 0.5 5 ± 2

Fig. 8  X-ray powder diffraction patterns of annealed CL20ES powder in the inert nitrogen atmosphere
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temperatures from 500 to 800 °C, in addition to the aus-
tenitic phase of iron, there is also a ferritic phase. At an 
annealing temperature of 700 °C, the majority intensity on 
the spectrum falls on the austenitic phase, while the minority 
is related to the ferritic phase. The spectrum changes com-
pletely at the annealing temperature of 800 °C when the fer-
ritic phase becomes the majority. At annealing in 900, 1000 

and 1100 °C, the austenitic phase completely transforms 
into the ferritic. All hyperfine parameters are presented in 
Table 5. The ferritic phase is characterized by the distribu-
tion of hyperfine magnetic fields. The distribution of hyper-
fine magnetic fields narrows after annealing at temperatures 
of 500, 600 and 700 °C (Fig. 12). After annealing at higher 
temperatures, the distribution of hyperfine magnetic fields 
broadens, indicating a lower magnetic order of the system. 
All the results obtained with TMS are confirmed by XRD 
studies (Fig. 13).

The results of SEM for samples annealed at temperatures 
500, 800 and 1100 °C are presented in Fig. 14. As can be 
seen, temperature annealing in an inert atmosphere does 
not lead to the sintering of the material and particles keep 
their original spherical shape. It can also be concluded that 
annealing of managing metal powders in the inert nitrogen 
atmosphere does not lead to the appearance of any nitrites 
on the surface of the particles.

Conclusions

The effect of annealing temperature and atmosphere on 
stainless (CL20ES) and maraging (CL50WS) steel powders 
was studied. Powders were annealed in the oxygen and inert 
nitrogen atmospheres in the temperature range from 500 to 
1100 °C.

Stainless steel powder during annealing in the oxidiz-
ing atmosphere showed a tendency to the formation of iron 
oxides and the transformation of the austenitic phase of iron 
into the ferritic phase. Oxidation started at an annealing tem-
perature of 700 °C and its intensity increased with increasing 
temperature. The product of oxidation at temperatures up to 
900 °C was only α-Fe2O3. At a temperature of 1000 °C, the 
formation of  Fe3O4 also began. At a temperature of 1100 °C, 
more FeO was added. The transformation of the austenitic 
to ferritic phase was observed at temperatures of 1000 and 
1100 °C. Oxidation apparently took place on the surface 
of the spherical particles at temperatures up to 800 °C. 
Furthermore, as the temperature rises, the particles are 
destroyed. During the annealing of stainless steel powder in 
the inert nitrogen atmosphere up to annealing temperatures 
of 1000 °C, the austenitic phase remains. At a temperature 
of 1100 °C, a weak transformation of the austenitic to ferritic 
phase was observed. Annealing of stainless steel powder in 
a nitrogen atmosphere at temperatures of 900 °C and higher 
led to the diffusion of chromium to the surface of spherical 
particles to form  Cr2N. These particles with a size of approx. 
1 μm occur separately on the surface of a spherical particle 
of stainless steel powder. Annealing the CL20ES powder 
did not lead to the destruction of the spherical particles or 
their sintering.

Fig. 9  Scanning electron microscopy images of annealed CL20ES 
powder in the inert nitrogen atmosphere

Fig. 10  Scanning electron microscopy images of the sphere surface 
of annealed CL20ES powder in the inert nitrogen atmosphere with 
the basic element mapping
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During the annealing of maraging steel (CL50WS) pow-
der, the austenitic phase transformed to ferritic at tempera-
tures greater than 800 °C. At lower annealing temperatures, 
the amount of austenitic phase was constant. Already at a 
temperature of 600 °C, the oxidation of the ferritic phase 

began, the intensity of which reached a maximum (almost 
complete oxidation) at a temperature of 900 °C. The oxida-
tion products were α-Fe2O3 and  Fe3O4. At temperatures of 
1000 and 1100 °C, the oxidation was faster and an oxide 
shell was formed on the surface of the spherical particles, 

Fig. 11  Mössbauer spectra of annealed CL50WS powder in the inert nitrogen atmosphere

Table 5  Mössbauer parameters 
of annealed CL50WS powder in 
inert nitrogen atmosphere (IS—
isomer shift, QS/ε—quadrupole 
splitting/shift, FWHM—full 
width at half maximum, B—
hyperfine magnetic field, A—
spectrum area)

Temperature Phase IS [mm/s] QS [mm/s] FWHM [mm/s] B [T] A [%]

Unannealed FCC austenite  − 0.06 ± 0.01 0.16 ± 0.02 0.34 ± 0.02 – 8 ± 1
BCC ferrite 0.02 ± 0.01 – 0.27 ±  0.01 31.7* 92 ± 1

500 °C FCC austenite  − 0.05 ± 0.01 0.08 ± 0.02 0.37 ± 0.02 – 9 ± 1
BCC ferrite 0.03 ± 0.01 – 0.25 ± 0.01 33.8* 91 ± 1

600 °C FCC austenite  − 0.07 ± 0.01 0.12 ± 0.5 0.44 ± 0.04 – 14 ± 1
BCC ferrite 0.04 ± 0.01 – 0.25 ± 0.01 34.3* 86 ± 1

700 °C FCC austenite  − 0.05 ± 0.01 0.17 ± 0.02 0.36 ± 0.02 – 50 ± 1
BCC ferrite 0.03 ± 0.01 – 0.24 ± 0.01 33.8* 50 ± 1

800 °C FCC austenite  − 0.06 ± 0.01 0.16 ± 0.02 0.28 ± 0.02 – 10 ± 1
BCC ferrite 0.04 ± 0.01 – 0.24 ± 0.01 32.5* 90 ± 1

900 °C BCC ferrite 0.04 ± 0.01 – 0.25 ± 0.02 32.6* 100

1000 °C BCC ferrite 0.04 ± 0.01 – 0.25 ± 0.02 32.5* 100

1100 °C BCC ferrite 0.05 ± 0.01 – 0.26 ± 0.02 32.7* 100



 Chemical Papers

1 3

preventing the penetration of oxygen in depth. As a result of 
this oxidation, it was not complete and FeO and even a fer-
ritic phase were observed in the samples. A spinel structure, 
probably close to  TiFe2O4, was identified when maraging 

steel (CL50WS) powder was annealed. The oxidation pro-
cess is accompanied by the destruction of spherical parti-
cles. During the annealing of CL50WS powder in a nitrogen 
atmosphere, an intensive transformation of the ferritic phase 

Fig. 12  The distribution of the 
hyperfine magnetic field

Fig. 13  X-ray diffraction patterns of annealed CL50WS powder in the inert nitrogen atmosphere
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to austenitic occurred at a temperature of around 700 °C. 
At annealing temperatures greater than 900 °C, the auste-
nitic phase was fully transformed into ferritic. Annealing 
CL50WS powder did not lead to the destruction of spherical 
particles or their sintering.
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