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Abstract: The aim of the research discussed in the manuscript was to check the availability of control
of nitrogen decomposition processes on nitrided AISI 52100 and AISI 1010 steels during annealing
at 520 °C in N and at 600 °C in Hy. The tests have shown that when annealing AISI 1010 steel at a
temperature of 520 °C in N; under a pressure of 200 Pa for 2 h, an ¢ — " + N1 phase transformation
occurs. Over the next 3 h, the € phase disappears and the v’ phase gradually transforms into Fex(N).
When annealing AISI 52100 steel, the denitrification process is faster; after 2 h there is a complete
transformation of ¢ = y” + N1, and in the next 3 h, there is a complete transformation of y’-Fex(N).
During annealing in H; at a temperature of 600 °C, the denitrification processes are most intense; the
complete transformation of ' — Fea(N) + N occurs after 45 min of the process. When annealing
nitrided AISI 1010 steel in nitrogen at atmospheric pressure, phase transformation (¢ — v’ + N 1) and
weight loss of the sample are observed only in the first 20 min of the process, then the sample weight
increases. This was the result of the formation of iron oxide, which also inhibited the denitrification
process of the iron nitride layer.

Keywords: phase transformation; annealing; iron nitride; nitrided layer

1. Introduction

Iron nitrides play an important role in metallurgy, especially in the nitriding of iron
and its alloys; these processes can significantly improve the tribological properties, fatigue
limits, and corrosion resistance of nitrided elements [1,2]. In the process of gaseous nitriding,
the nitrogen potential of the nitriding atmosphere can be regulated by changing the gaseous
atmosphere composition, i.e., the proportions of ammonia and hydrogen or dissociated
ammonia. Iron nitride layers with varied phase compositions are found in the vast majority
of nitrided steels, and the phase transformations of iron nitrides are an important element
of the gas nitriding process [3-5].

An important issue related to the phases of iron nitrides is their durability at elevated
temperatures in inert or reactive gases. During annealing of previously nitrided iron and its
alloys, the processes of phase transformation or decomposition of the iron nitrides forming
the surface layer may take place. The thermal stability of the phase composition of iron
nitrides depends on their form and size (thin layers, films, micro-powders, nano-powders,
etc.) [6] and external conditions, the gas atmosphere composition during annealing, and
the total and partial pressure of the gas atmosphere components in terms of their activity.
Among others, oxygen makes it difficult to denitrify iron nitrides [7]. The results of
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theoretical and experimental works most often concern the phase transformations of iron
nitrides with their magnetic properties [8-10].

The durability of iron nitrides and phase transformations in ammonia and hydrogen
atmospheres has been systematically studied for many years. The first such research
was conducted by Lehrer, who nitrated iron powder in a stream of a flowing mixture of
ammonia and hydrogen [11]. Moszyriska et al. and Arabczyk et al. demonstrated that
during nitriding, phase transformations in the iron nitride layer can be induced by changing
the value of the nitrogen potential [12,13].

Under normal conditions, iron nitrides are unstable and should decompose, releasing
gaseous nitrogen [14], and the loss of nitrogen to the atmosphere is irreversible. According
to Du et al. [15], the equilibrium pressure of gaseous nitrogen for Fe4N nitride is approxi-
mately 1500 atmospheres. However, it should be emphasized that the nitrogen removal
rate from the crystal lattice depends on the diffusion of nitrogen atoms to the surface, the
formation of gaseous nitrogen, and the subsequent desorption of gas molecules from the
surface. The high activation energy of the N + N — N, reaction hinders denitrification;
therefore, iron nitrides are stable up to approximately 420 °C. The metastability of the
nitride phases of the Fe-N system is analogous to the metastability of cementite (Fe3C) in
relation to iron and graphite in the iron—carbon (Fe-C) equilibrium system [1].

Iron nitrides belong to an important group of magnetic materials. The iron nitride
v'-Fe4N meets the requirements for soft magnetic materials very well and, at the same time,
is resistant to corrosion. The magnetization saturation of y'-Fe4N is slightly lower (about
4%) than that of «-Fe, and its coercion is negligibly small [16,17].

Among the iron nitrides, the largest range of homogeneity in the Fe-N system is
shown by the e phase with a variable ratio of Fe:N Fe; 3N [18]. Depending on the nitrogen
concentration, ¢ nitride may have ferromagnetic e-FexN (2 < x < 3) or paramagnetic (Fe;N)
properties [19]. Compared to «’'-Fe 4Ny nitride, e-Fe3N nitride has much better thermal
stability coercion and slightly worse magnetic properties [20].

Obtaining iron nitride layers of the assumed composition in the nitriding process
requires constant control of the nitrogen potential. It is much more convenient to create
a layer of iron nitrides with a dominant share of the ¢ phase and then shape its required
phase composition of the layer in the process of controlled annealing.

Controlled decomposition of the ¢ phase can be used to produce a monophase y’ layer,
which has more plastic than the ¢ phase. Obtaining a monophase Y’ layer in a standard
nitriding process requires maintaining the value of the nitrogen potential within the stability
of the v’ phase, and the process time is almost twice as long as the method discussed in
the article. As mentioned, the v’ phase meets the requirements for soft magnetic materials
well.

After the decomposition process of the ¢ phase, a Y’ phase is formed with significant
porosity. This layer, after impregnation with corrosion inhibitors, perfectly protects the
steel substrate against corrosion. These layers can replace impregnated, brittle layers with
a dominant share of the ¢ phase.

The registration of changes in the sample mass during annealing enables continuous
control of the degree of denitrification of the iron nitrides forming the layer. For this reason,
the use of a thermobalance in these processes is justified in the long run.

There are no reports in the available literature regarding studies of phase transforma-
tions in nitrided layers nor the use of a thermobalance in these studies.

The research conducted was aimed at examining the possibility of controlling iron
nitride decomposition processes on AISI 52100 and AISI 1010 steels during annealing at
520 and 600 °C in nitrogen and hydrogen.
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2. Materials and Methods
2.1. Nitriding and Annealing Materials and Procedures

The tests were conducted on previously nitrided AISI 1010 steel and AISI 52100 steel
formed into the shape of a sphere. The chemical composition of the steel and the sample
dimensions are compiled in Table 1.

Table 1. The chemical composition of steel used in the tests.

D! Element Content in wt.%
Steel Grade Sample No. -
(mm) C Si Mn S P Cr Fe
AISI 52100 2A,7,17 3.9 1.0 0.3 0.45 0.014 0.02 1.5 rest
AISI 1010 1A, 8,16, 37N, 33A, 35H 25,39 0.1 0.30 0.80 0.045 0.04 - rest

1 Ball diameter.

Before annealing, the samples were nitrided in a single-stage process at 570 °C or in a
two-stage process at 580 °C in the first stage and 600 °C in the second stage. Some of the
samples were subjected to metallographic research after nitriding, and the remaining part
was annealed. In the first series of tests, the nitrided samples were annealed at a temperature
of 520 °C for 2 and 5 h in a nitrogen atmosphere at 200 Pa. The samples were weighed
before and after the annealing process. In the second series, the iron nitride annealing
processes were conducted in a differential tubular reactor. The reactor was equipped with
a measuring system that recorded the sample weight changes and temperatures [12]. The
parameters of the nitriding and annealing processes are given in Table 2.

Table 2. Parameters of nitriding and annealing processes.

Nitriding Parameters Annealing Parameters
Sample No. Stage [ Stage I1 Inlet (OTC) ( mti 1) Inlet
T L Mressare
2A, 1A 570 5 2.5 - - - - - - -
7,6 570 5 2.5 - - - - 520 120 N, /200 Pa
17,16 570 5 2.5 - - - - 520 300 N2 /200 Pa
37N 570 5 2.5 - - - - 520 90 N;/1033 Pa
33A 580 5 3.5 600 11 0.5 2 NHj;/NH3,q - - -
35H 580 5 3.5 600 11 0.5 NH3/NHs,q 600 45 H;/1033 Pa

! Nitriding potential. 2 Mixing ammonia and dissociated ammonia (N + Hp).

2.2. Metallographic Research

The metallographic cross-sections were made by grinding the spheres to their diameter,
which made it possible to measure the actual thickness of the iron nitride layer.

Figure 1 shows the metallographic cross-section of a sphere sample in its diameter
and microstructure of AISI 52100 steel with a layer of iron nitrides.
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Figure 1. Metallographic cross-section of a sphere sample in its diameter (a) and microstructure of
AISI 52100 steel with a layer of iron nitrides (b).

The ball diameter and thicknesses of the nitride layer and porous zone observed after
nitriding and annealing are given in Table 3.

Table 3. Geometry of samples after nitriding and annealing.

Steel Grade Sample No. D (mm) ! gmp (um) 2 gpor (um)
AISI 52100 2A 39 29-30 14-15
AISI 52100 7 39 29-30 14-15
AISI 52100 17 39 - -

AISI 1010 1A 39 33-34 14-15
AISI 1010 6 39 33-34 14-15
AISI 1010 16 39 33-34 14-15
AISI 1010 37N 39 32-33 14-15
AISI 1010 33A 2.5 78-80 50-60
AISI 1010 35H 2.5 - -

! Thickness of the iron nitride layer. 2 Thickness of the porous zone in the iron nitride layer.

2.3. X-ray Phase Analysis and Chemical Composition Research

The phase composition of the iron nitride layer on the spheres was determined by
X-ray diffraction using the Seifert 3003TT X-ray diffractometer, applying KaCo radiation
and symmetrical measurement geometry.

Studies of the nitride morphology and distribution in the cross-section of materials
were conducted using a scanning electron microscope by Hitachi S-3400N. The acceleration
voltage during performed tests was 15 keV. The depth of penetration of electrons depends
ia. from their energy. Beam penetration depth into the materials at 15 KV is about 1 pm.
The chemical composition was tested using a scanning electron microscope equipped with
an EDS X-ray analyzer by AMETEK GmbH. Qualitative and quantitative analyses were
performed using the EDS Element X-ray energy spectrometer and analyzed by APEX™
software using the eZAF correction method. The EDS detector used to test the chemical
composition enables the detection of minimum elements from beryllium (Be) and has a
minimum resolution of 129 eV for the Mn (K«) line. The EDS detector window is made
of silicon nitride—Si3Ny, with a thickness of less than 100 nm—thanks to which it is
characterized by increased sensitivity for detecting light elements.

3. Results
3.1. Annealing in a Nitrogen Atmosphere at 200 Pa

The surface appearance of nitrided AISI 52100 steel is illustrated in Figure 1, nitrided
(Figure 2a) and annealed at 520 °C for 2 h (Figure 2b) and 5 h (Figure 2c). The photographs
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show the average nitrogen concentration on the surface of the iron nitride layer. The
concentration of nitrogen on the surface of the iron nitride layer (Figure 2a) indicates that
the dominant phase is the ¢ phase, while after annealing for 2 h, it is the v’ phase. No
nitrogen was found on the surface of the nitrided steel after annealing for 5 h, which
indicates its complete denitrification of the iron nitride layer. It should also be noted that
the surface porosity increased as a result of denitrification.

™ v
% S

S3400 15.0kV x5.00k SE

$3400 15.0kV x5.00k SE

Figure 2. Image of the surface of AISI 52100 steel, nitrided (a) then annealed at 520 °C for 2 h (b) and
5h (c). The photos show the concentration of nitrogen on the surface of the iron nitride layer.

Figure 3 shows the diffractograms of the nitrided surface of AISI 52100 steel (Figure 3—
“2A”), nitrided and annealed at a temperature of 520 °C for 2 h (Figure 3—"7”) and 5 h
(Figure 3—"17"). The iron nitride layer obtained by nitriding is a mixture of the ¢ and
v’ phases, with the predominant phase being the ¢ phase, as evidenced by the high peak
intensity ¢ (111) and the low peak intensity from y’ (111).
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Figure 3. Diffractograms of the AISI 52100 steel surface, nitrided (2A) then annealed at 520 °C, for
2h (7)and 5 h (17).

The results of the X-ray structural examination including the phase composition of the
nitriding layer (WL) are shown in Table 4.

Table 4. Phase composition (PC) of the iron nitride layer (WL) on AISI 52100 steel after nitriding (2A)
and annealing 2 h (7) and 5 h (17).

PC WL (%)
Steel Grade Sample No. 1pC WL /
Y €
FeyN-y/;
2A F62_3N-£ 2242 78+2
AISI 52100 7 FogN/ oo v
17 - Below 5 Below 5

! Phase composition of the iron nitride layer.

During the 2 h of annealing, the phase ¢ gradually passes into phase v/; this transfor-
mation is accompanied by nitrogen emission into the atmosphere (¢ — v’ + N,1), resulting
in a loss of sample mass of 0.9 g/m?. On the diffractogram, a reflection from the Fea{110}
substrate was observed, which indicates that after a complete reduction of the ¢ phase to
v/, the reduction of v’ to iron with emissions of nitrogen to the atmosphere begins. After
5 h of annealing, a loss of mass of 1.6 g/ m? was observed. After this time, the Y phase was
completely decomposed; as a result, the nitrided layer was deprived of the near-surface
layer of iron nitrides.

Figure 4 illustrates the microstructure of the nitrided layer (Figure 4a), after the
nitriding subjected to annealing at a temperature of 520 °C for 2 h (Figure 4b) and 5 h
(Figure 4c). Prior to annealing, the predominant phase in the iron nitride layer was the
¢ phase. Considering the concentration of nitrogen in the iron nitride layer, it can be
concluded that this layer can be a mixture of ¢ and y’ phases.

After 2 h of annealing, due to nitrogen emission into the atmosphere, the ¢ phase
was transformed into the v/ phase € + v/ + N7, and as a consequence, the ¢ + vy’ layer
transformed into a monophasic v’ layer. The nitrogen concentration under the nitride layer
underwent a slight change compared to the concentration in the sample after nitriding.

After 5 h of annealing, the iron nitrides forming the near-surface layer were thermally
reduced to iron. There is visible porosity in the microstructure of steel in the iron nitride
layer area and the border between the nitride layers. Additionally, the substrate was
not visible. The area under the iron nitride layer was also denitrified (Figure 3c). After
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annealing for 5 h, oxygen was present in the porous area of the sample from 10% wt. at the
surface to 2% wt. at the substrate.

Figure 4. The microstructure of nitrided layer on AISI 52100 steel (a) and annealed at a temperature
of 520 °C, for 2 h (b) and 5 h (c). The photos (a,b) show the concentration of nitrogen in the iron
nitride layer; picture (c) shows the concentration of oxygen.

Figure 5 shows the surface appearance of AISI 1010 steel nitrided (Figure 5a) and then
annealed at a temperature of 520 °C for 2 h (Figure 5b) and 5 h (Figure 5c). The images show
the average nitrogen concentration on the surface of the iron nitride layer. The nitrogen
content on the surface of the nitrided layer (Figure 5a) indicates that the dominant phase is
¢, while after annealing for 2 h and 5 h, the dominant phase is y’. After 2 h of annealing,
the iron nitride mass loss was 2.2 g/m?, and after 5 h, it was 3.5 g/m?. Despite the nitrogen
emission from the iron nitride layer into the atmosphere during annealing, there is no
significant difference observed in the appearance of the steel surface after nitriding and
after annealing.
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53400 15.0kV x2.00k SE 20.0um

Figure 5. Image of the surface of AISI 1010, nitrided (a) and later annealed at a temperature of 520 °C,
for 2h (b) and 5 h (c). The photos show the concentration of nitrogen on the surface of the iron nitride
layer.

Figure 6 presents compiled diffractograms from the nitrided surface of AISI 1010 steel
(Figure 6—"1A"), nitrided and annealed at a temperature of 520 °C, for 2 h (Figure 6—“6")
and 5 h (Figure 6—"16"). The iron nitride layer obtained by nitriding is a mixture of the &
and v’ phases, with the predominant phase being the ¢ phase, as evidenced by the high
peak intensity ¢(111) and the low peak intensity of v/(111). After 2 h of annealing, the ¢
phase underwent reduction to the v’ phase (Figure 6—“6"), and after 5 h of reduction to
iron, the ¥/ phase is formed.

The results of the X-ray structural examination, including the phase composition of
the nitriding layer (WL), are shown in Table 5.

Figure 7 illustrates the microstructure of the nitrided layer of AISI 1010 steel (Figure 7a),
nitrided and annealed at 520 °C, for a duration of 2 h (Figure 7b) and 5 h (Figure 7c). In the
iron nitride layer before annealing, the dominant phase was the ¢ phase, and its content
decreased from the surface to the substrate. Taking into account the concentration of
nitrogen in the zone near the surface of the iron nitride layer, the layer has the structure
of ¢ + (¢ + 7). The nitrogen concentration in the area of the middle layer of iron nitrides
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indicates that the predominant phase is ¢ and that the layer in these areas can be a mixture
of phases ¢ and y’. In the zone next to the substrate, the dominant phase is the y’ phase.

3400 1 __ ., y{111}
= £{002)

{200

2800 4 —16 TR

2200 -

Intensity, a.u.

1600

1000

400 LIS B L L A L
40 42 44 46 48 50 52 54 56 58

20, deg

Figure 6. Diffractograms of the surface of AISI 1010 steel, nitrided then annealed at a temperature of
520 °C, for2 h and 5 h.

Table 5. Phase composition (PC) of the iron nitride layer (WL) on AISI 1010 steel after nitriding (1A)
and annealing 2 h (6) and 5 h (16).

PC (%)
Steel Grade Sample No. PC WL -
Y €
Fe4N— /,‘
1A Fone 542 9 + 2
AISI 1010

6 FesN-y/ 35+2 65+ 2
16 Fey,N-y/ 98 +£2 Below 5

Figure 7. Cont.
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10.1 wt. %

Figure 7. The microstructure of the nitrided layer of AISI 1010 steel (a), nitrided and annealed at a
temperature of 520 °C for 2 h (b) and 5 h (c). The photos show the nitrogen concentration values in of

the iron nitride layer.

3.2. Annealing in Nitrogen and Hydrogen at Atmospheric Pressure with Recording of Sample Mass
Change

Figure 8 illustrates a change in the mass of nitrided AISI 1010 steel samples annealed
at a temperature of 520 °C in a nitrogen atmosphere at atmospheric pressure conditions
(Figure 8a—"m_exp.”) and a diffractogram from the steel surface after nitriding (Figure 7b—
“2A”) and annealing (Figure 8b—"“37N"). Figure 8a also shows the course of temperature
changes during the annealing process.

338 580 3000 7 (111} T 450
i gt A — = —1A
33.0 ] 500 2500 T —37N
@ 1350 .
325 t‘ 450 5 2000 3
2 s 002} 5
£ ! / m_exp. e | B 1 o 1 Z
£ 32.0 \" . H—t 400 S .E 1500 LhEDS 1200} 250 %
315 L\ 350 £ 1000 7 £
£ 1 150
310 1/ 1300 500 |
1N
306 T e b e 260 040 4:2 4 4:6 4:8 5:0 5:2 5:4 5:6 5850
0 1500 3000 4500 6000 7500 9000 b
(a) ts (b) trs]

Figure 8. Change in the mass of nitrided AISI 1010 steel samples annealed at a temperature of 520 °C
in a nitrogen atmosphere at atmospheric pressure ((a)—m_exp.), diffractogram of the steel surface
after nitriding ((b)—1A) and after annealing ((b)—37N).

The results of the X-ray structural examination, including the phase composition of
the nitriding layer (WL), are shown in Table 6.
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Table 6. Phase composition (PC) of the iron nitride layer (WL) on AISI 1010 steel after nitriding (1A)
and annealing (37N).

PC (%)
Steel Grade Sample No. PCWL p
2% €
-
1A FeyN-v7; Below 5 98 42
AISI 1010 Fep3N-¢
- /'
37N E:‘*NN K Above 5 96 + 2
2-31N~

During the annealing of AISI 1010 steel samples in nitrogen, at up to 20 min into
the process, a loss in sample mass of 2.6 g/m? was recorded. After 20 min of annealing,
an increase in mass to 4.8 g/m? was recorded. On the diffractogram of sample surfaces
annealed in nitrogen, the characteristic lines from the v’ phase {200} and the characteristic
line from the iron oxide Fe,O3 were identified (Table 4). The occurrence of the characteristic
line from the v’ phase proves that in the initial stage of annealing, until the formation of a
layer of iron oxides, part of the ¢ phase was decomposed. This process was accompanied by
nitrogen emissions—hence the loss of mass. At a further stage of the process, the formation
of iron oxides inhibited the decomposition of the ¢ phase and, as a result of oxidation
during annealing, an increase in the sample mass was recorded.

Figure 9 shows the appearance of the surface of AISI 1010 steel after nitriding
(Figure 9a) and after nitriding and annealing at a temperature of 520 °C in a nitrogen
atmosphere (Figure 9b).

53400 15.0kV 11.1mm x5.00k SE

Figure 9. Image of the surface of AISI 1010 steel after nitriding (a) and after nitriding and annealing
at a temperature of 520 °C in a nitrogen atmosphere (b). The photos show the nitrogen concentration
(a) and oxygen concentration (b) on the surface of the samples.

Figure 10 shows the microstructure of the nitrided layer (Figure 10a), nitrided and
annealed at a temperature of 520 °C, for 2 h (Figure 10b). In the layer of iron nitrides
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prior to annealing, the ¢ phase was the dominant one. The concentration of nitrogen in
the layer of iron nitrides was confirmed by the results of X-ray tests, which indicated
that the layer of iron nitrides may be a mixture of phases ¢ and y’. After annealing in a
nitrogen atmosphere and in atmospheric pressure conditions, no significant change in the
concentration of nitrogen occurred in the layer of iron nitrides. The result is confirmed by
literature reports; iron oxide on the surface of iron nitrides inhibits the reduction of iron
nitrides during annealing [2].

Figure 10. The microstructure of the nitrided layer (a), nitrided and annealed at a temperature of
520 °C, for 2 h (b). The photos show the nitrogen concentration values of the iron nitride layer.

Figure 11 presents the change in the mass of the nitrided AISI 1010 steel samples
annealed at a temperature of 600 °C in a hydrogen atmosphere in atmospheric pressure
conditions (Figure 11a—"m_exp.”), the mass change rate (Figure 11a—"dm/dt”) (a), and a
diffractogram of the steel surface after nitriding (Figure 11b—"33A”) and after annealing
in hydrogen (Figure 11b—"35H").

a-Fe{110}
650 r 45 2300 7 _ 400
600 b 153 2000 | —35H
T . 1 ® a-Fe
5% > —T {3 3107 ay {111
€ 500 —m 137 @ £1400 1 Ae {200}
= E 7
450 +35 g g 1100 -
~ i g
“\\\ =+ 33 £ 300 -
400 Ay T i
T 500 -
350 29 ]
0 500 1000 1500 2000 2500 3000 3500 200 ke ek @ e
(a) t[s] 40 42 44 46 48 50 52 54 56 58
(b) 20, deg

Figure 11. Change in mass of nitrided AISI 1010 steel samples annealed at a temperature of 600 °C in
a hydrogen atmosphere and under atmospheric pressure conditions (m), temperature change of the
annealing process (a), diffractogram of steel surface after nitriding (33A) and annealing in hydrogen
(35H) (b).

After 45 min of annealing, the monophasic iron nitride layer underwent reduction
to iron (Figure 10b—"35H"), and the reduction process was accompanied by nitrogen
emissions (y' — Feoa + Np1). The loss of mass due to the nitrogen emissions amounted to
21.8 g/m? (Figure 10a—"m_exp.”).

Figure 12 shows the appearance of the surface of AISI 1010 steel after nitriding
(Figure 12a) and after nitriding and annealing at a temperature of 520 °C in a hydro-
gen atmosphere for 45 min (Figure 12b). The photographs show the average concentration
of nitrogen on the surface of the iron nitride layer. No nitrogen was found on the surface of
the nitrided steel after annealing for 45 min, which proves complete denitrification of the
iron nitride layer. The surface porosity also increased as a result of denitrification.
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10.0um

Figure 12. Image of the surface of AISI 1010 steel after nitriding (a) and after nitriding and annealing
at a temperature of 520 °C in a hydrogen atmosphere (b). The photos show the concentration of
nitrogen on the surface of the iron nitride layer.

Figure 13 presents the microstructure of nitrided AISI 1010 steel with a monophasic
layer of iron nitrides (Figure 13a), nitrided and annealed at a temperature of 600 °C for
45 min in a hydrogen atmosphere (Figure 13b). As a result of the reaction of Fe,;N +
1.5H,; — 4Fex + NH3?, during the annealing of previously nitrided samples in hydrogen,
due to the nitrogen emissions to the atmosphere, there was a significant decrease in the
concentration of nitrogen in the layer, which indicates a chemical reduction of iron nitrides
in the annealing temperature.

0.9 wt%

1.0 wt%

50.0um

Figure 13. The structure of the nitrided layer (a), nitrided and annealed at a temperature of 520 °C,
for 2 h in a hydrogen atmosphere (b). The photos show the nitrogen concentration values of the iron
nitride layer.

4. Discussion of Results

Our studies have shown that iron nitride layers in a nitrogen atmosphere at a pressure
of 200 Pa dissociate at a temperature of 520 °C. The process of the dissociation of nitrides
proceeds gradually; the ¢ phase dissociates first and then the v’ phase. The dissociation
process during the annealing of nitrided AISI 52100 steel can be written as ¢ — v + N1
and then vy’ — aFe + N, 1. After the complete dissociation of v/, a porous «Fe zone remains
in the place where the layer of iron nitrides used to be (Figure 3—"17”, Figure 4c). The
porosity of the iron nitride layer increases as the dissociation of the iron nitrides progresses
(Figure 4). Unlike AISI 52100 steel, the iron nitride layer on AISI 1010 steel did not disso-
ciate completely. Since only the ¢ phase dissociated completely, the monophasic y’ layer
remained after the annealing process (Figure 5—"“16"). The porosity of the annealed layer
increased compared to the initial state, but to a much lesser extent than in the case of AISI
52100. The kinetics of denitrification of the nitride layers on the above-mentioned steels was
different because the layers differed in thickness and phase composition. Nitrogen, before it
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reaches the atmosphere, moves in the nitride layer as a result of diffusion. The thicknesses
of the iron nitrides on AISI 52100 and AISI 1010 steels were 30 and 34 um, respectively, and
the percentages of the ¢ phase were 78% and 97%. The parameters characterizing the iron
nitrides layers explain the differences in the kinetics of their denitrification.

During the annealing of samples in nitrogen at atmospheric pressure, a loss of sample
weight was recorded in the first 20 min, while an increase in sample weight was recorded
from 20 to 80 min of annealing. A characteristic line from the v’ {200} phase and a character-
istic line from Fe, O3 iron oxide were identified on the diffractogram. The characteristic line
from the y’ phase indicates that in the initial stage of annealing, until the formation of the
iron oxide layer, a part of the e phase underwent decomposition. The iron oxides inhibited
further decomposition and, consequently, an increase in the sample mass was recorded.

During the annealing of nitrided AISI 1010 steel in hydrogen at 600 °C at atmospheric
pressure, the largest weight loss of the sample was recorded. After 45 min of annealing, the
mass loss due to nitrogen emissions to the atmosphere was 21.8 g/m?. During annealing in
a nitrogen atmosphere, denitrification of the iron nitride layer occurs as a result of thermal
dissociation of the iron nitrides. However, during annealing in a hydrogen atmosphere,
denitrification of the iron nitride layer occurs as a result of the reduction of iron nitrides
with hydrogen, FesN + 1.5H; — 4Fex + NH37.

Our research meets the needs of the machinery industry in the field of anti-corrosion
nitriding and the electronics industry in terms of shaping the magnetic properties of iron
nitride.

5. Conclusions

Our research has shown that the process of annealing in reduced pressure (200 Pa),
nitrogen, and hydrogen can be used for controlled decomposition of iron nitrides. During
the annealing of nitrided steel at a temperature of 520 °C, the percentage of the € phase in
the € + ' iron nitride layer changes and, consequently, its magnetic properties change.

In the future, further studies of iron nitride decomposition processes are planned in
order to investigate the difference between thermal reduction during annealing in a nitrogen
atmosphere and in a vacuum and chemical reduction during annealing in hydrogen.

Based on the research carried out, the following conclusions were drawn:

1. During annealing in nitrogen, iron nitrides undergo thermal reduction.

2. During annealing of nitrided steel with a layer of nitrides with the structure of
¢ +7/, in the first instance, ¢ undergoes reduction according to the reactione — vy’ + Np7;
then after the complete transformation of the ¢ phase, the Y’ phase undergoes reduction
according to the reactiony’ — Fex + N 1.

3. During annealing in hydrogen, iron nitrides are reduced due to the chemical reaction:
FesN + 1.5H; — 3Fex + NH31, FeyN + 1.5H; — 4Fex + NH3 1

4. Reduction of the ¢ phase to vy’ and reduction of the v’ phase to iron is accompanied
by nitrogen emission into the atmosphere and, consequently, a loss of mass of the
annealed samples.
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