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Behavior of a Fe-Cr-V Alloy Doped with Nitrogen
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by High-Temperature Gas-Phase Nitriding
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The microstructure, phase composition, and room-temperature mechanical properties of the
corrosion-resistant Fe-20pctCr-5pctV alloy doped with nitrogen by high-temperature gas-phase
nitriding under different conditions have been investigated. The nitriding of the Fe-20pctCr-5pctV
alloy at 7' = 1223 K to 1373 K (950 °C to 1100 °C) and subsequent annealing at 7 = 973 K
(700 °C) lead to the precipitation of large vanadium nitride and disperse chromium nitride
particles in the ferrite matrix. Such a treatment increases the strength of the Fe-20pctCr-5pctV
alloy at room temperature by 1.6 times, while maintaining the adequate relative elongation. The
alloy in the initial state and after nitriding is highly resistant to corrosion.
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I. INTRODUCTION

VOLUME high-temperature nitriding method at
T = 1173 K to 1473 K (900 °C to 1200 °C) is promis-
ing for improving the complex properties of the entire
volume of the material in the case of thin-walled articles
due to saturation of the material with nitrogen." ! In
contrast to the traditional surface nitriding, during
high-temperature nitriding, the formation of a contin-
uous layer of nitride on the surface is suppressed.t'* !
In this case, stable nitrides of alloying elements arise in
the form of disperse particles distributed in the matrix,
which stabilize the structure at high temperatures and
ensure the efficient hardening of material.” *! It is also
known that high mechanical properties stable for a long
time at high temperatures and stresses can be obtained
in steels by combining solid solution hardening with
hardening by particles of second phase,''" which is
achieved at high-temperature nitriding.

The high-temperature nitriding method is used for
hardening of refractor?/ metals and alloys and chrome-
nickel austenitic steels.!'>!*! Possibility uniform harden-
ing of flat samples of stainless steels with high chromium
such as AISI 430; 0.08pctC-17.0pctCr-0.8pctTi, and
0.15pctC-25.0pctCr-0.8pctTi by  high-temperature
nitriding, and the basic laws of structure formation in
these steels when nitriding considered in Reference
2,14,15. In Reference 2, the homogeneous microstruc-
ture, which consists of chromium nitrides distributed in
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a ferrite matrix, was obtained throughout the section of
0.08pctC-17.0pctCr-0.8pctTi steel sample 0.5 mm thick.
This treatment has resulted in the significant increase in
strength and heat resistance characteristics while main-
taining the high plasticity margin. When this volume
fraction and morphology nitride precipitates can be
controlled by the duration of the nitriding process and
subsequent heat treatment regime.

At present, a new group of powder metallurgy tooling
alloys on the basis of high-chromium ferritic steels with
a high mass fraction of nitrogen, which were developed
for applications that demand for a unique combination
of corrosion and wear resistance, is of interest for
investigators.'®!”! In particular, in Reference 17, the
correlation between the corrosion resistance and struc-
ture of the Fe-20pctCr-9pctV-4pctN alloy prepared by
powder metallurgy was investigated. This alloy exhibits
the improved corrosive behavior as compared to that of
commercial high-carbon steel Elmax. However, the
powder technology is complex and expensive. Thus, in
the case of sheet products, high-temperature gas-phase
“internal” nitriding can be an alternative method for
production of Fe-Cr-V-N alloys.

The aim of this work was to study the microstructure,
phase composition, and mechanical properties of cor-
rosion-resistant Fe-Cr-V alloy doped with nitrogen by
gas-phase high-temperature nitriding.

II. MATERIALS AND METHODS

Samples for high-temperature nitriding were cut from
a Fe-Cr-V alloy sheet 0.5 mm thick in the recrystallized
state. The chemical composition of the alloy is shown in
Table I. The surface samples were degreased with
acetone before nitriding. The process of nitriding was
performed in a quartz ampoule in pure nitrogen
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env1ronment at an excess pressure of 0.1 to 0.2 atm
(Figure 1).) The subsequent annealing was performed
in a vacuum. After nitriding, the samples were weighed
on precision scales GR-200. The nitrogen content
(wt pct) in selected samples before and after nitriding
was determined using the reduction melting method and
a TC-600 (LECO) analyzer; melting is carried out in a
graphite crucible in carrying gas (helium) flowing
atmosphere using a resistance furnace. It was established
that the weight gain of the samples after nitriding

corresponding mass fraction of nitrogen dissolved in the
steel. Conditions of thermo-chemical treatment used in
this work and the nitrogen content in the samples are
given in Table II.

Metallographic analysis was performed with x500
magnifications using an “Axio Scope” optical micro-
scope and sections etched in the 50 pct solution of HCI.

Maps of chemical elements distributions were
obtained with x50 to x1500 magnifications using
secondary electron mode and a JSM-6610LV (JEOL)

Table I. Chemical Composition of the Fe-Cr-V Alloy Before Nitriding
Element Fe C Cr v P S
Mass fraction (pct) base <0.005 <0.01 19.8 4.8 0.007 0.02
(a) 6

Fig. 1—Scheme (a) and quartz ampoule (b) for performed the process of thermal and chemical-thermal treatments. 1-—quartz ampoules with a
outlet fitting; 2—fixed flange; 3—rubber gasket of vacuum seals; 4—steel part of seals and fittings; 5—platen steel plate; 6—outlet fitting.

Table II.

Conditions of Thermo-chemical Treatment of the Material

Nitriding Temperature

Annealing Temperature Mass Fraction of

State [K (°C)] [K (°C)] Nitrogen (pct)
1 (initial) — — 0.01
2 1223 (950) 973 (700) 0.48
3 1373 (1100) — 1.40
4 1373 (1100) 973 (700) 1.40
5 1373 (1100) 973 (700) 1.66
6 1373 (1100) 973 (700) 2.40

Fig. 2—The microstructure of the alloy in various states: (@) initial state, optical microscopy; (b) after nitriding at 7 =

ning electron microscopy (SEM).
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scanning electron microscope (SEM) equipped with a
microprobe analyzer. This microscope is also used to
analyze the fracture surfaces with x50 to x10,000
magnifications.

The microstructure of the material was also studied
using a JEM-200CX (JEOL) transmission electron
microscope and an accelerating voltage of 200 kV.

The depth and homogeneity of nitriding were evalu-
ated by measuring the microhardness over the cross
section of sample using a Micromet 5101 tester and
the 100-g load; the exposure time is 10 seconds.
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Fig. 3—X-ray diffraction patterns of the sample (a) subjected to
nitriding at 7' = 1373 K (1100 °C) and (b) subjected to nitriding at
T = 1373 K (1100 °C) and annealing at 7" = 973 K (700 °C).

Table III. Results of X-ray Diffraction Phase Analysis

D

structure of the alloy
(1100 °C).

AT 2
e

Fig. 4—The maps of nitrogen and vanadium distribution in the
subjected to nitriding at 7 = 1373 K

Conditions of Thermo-chemical Treatment Phase Volume Fraction (pct) Lattice Parameter (nm)
Nitriding at 7 = 1373 K (1100 °C) o-Fe 66.1 + 0.5 0.2874
VN 10.1 £ 0.5 0.4126
y-Fe 57405 0.3604
o-Fe 18.1 £ 0.5 0.2899
Nitriding at 7 = 1373 K (1100 °C) and a-Fe 90.0 £ 0.5 0.2873
annealing at T = 973 K (700 °C) VN 10.0 £ 0.5 0.4115
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Measurements were performed at a step of 80 um; the
hardness magnitudes were averaged for three
indentations.

The phase composition of the samples was determined
using a Rigaku X-ray diffractometer and monochrom-
atized Co Ku radiation.

Tensile tests were performed at room temperature at a
rate of 1 mm/min using an Instron 5966 universal
machine and flat samples with a gage part of
20 x 3.5 mm. At least three specimens were used to
calculate the average value.

To evaluate the thermodynamic stability of the alloy
before and after saturation with nitrogen at high-tem-
perature nitriding, the electrochemical potential is
established in the standard solution for corrosion-resis-
tant steels with high-chromium content (1 mol/L NaCl
solution + 0.5 mol/L H,SO, solution) was measured.

To evaluate the effect of nitriding of the alloy on the
corrosion resistance, the dissolution rate of the alloy
samples in the initial state and after nitriding in 30 pct
HCI solution was determined.

III. RESULTS AND DISCUSSION

The material in the initial state (before nitriding) is
characterized by single-phase recrystallized structure
with a ferrite grain size of 21 + 8 um (Figure 2).

X-ray diffraction analysis of the alloy subjected to
nitriding at 7 = 1373 K (1100 °C) and subsequent air
cooling (Table 11, state 3; Figure 3(a)) showed the
presence of four phases; these are the ferrite, nitrous
martensite, austenite, and VN vanadium nitrides
(Table III). This is caused by the fact that the high

Fig. 6—The microstructure of sample subjected to nitriding at
T = 1373 K (1100°C) (Cn = 1.40 pct) and annealing at
T = 973 K (700 °C) (TEM).

Fig. 5—TEM micrographs of the sample subjected to nitriding at 7 = 1373 K (1100 °C) (Cn = 1.40 pct) and air cooling: (a¢) and
(b) bright-field and dark-field images of nitrogen martensite plates, respectively; (¢) and (d) dark-field images taken in the Cr,N reflection and

electron diffraction pattern.
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nitrogen content stabilizes the austenite; in the case of
lower nitrogen contents, the critical quenching rate
decreases substantially. The observed phases exist
simultaneously in the material owing to different local
nitrogen concentrations over the cross section of
nitrided samples. Large VN vanadium nitride inclusions
4 + 2 mm long are visible in the micrographs that were
taken using the SEM and back-scattered electron mode
(Figure 2). The formed particles observed in the com-
positional maps are characterized by the high vanadium
and nitrogen contents (Figure 4). Uneven distribution of
chromium in area has been identified.

As the mass fraction of nitrogen increases, the
vanadium nitrides begin to form primarily since vana-
dium has the high affinity for nitrogen. In order to bond
entire vanadium present in the alloy (4.8 wt pct) with
the formation of the VN nitride, the mass fraction of
nitrogen should be equal to 1.3 pct. Excess nitrogen is
present in the form of solid solution and, after cooling,
forms less stable Cr,N chromium nitrides; the precipi-
tates are 80 to 300 nm long and 10 to 30 nm wide and
located at the boundaries between martensite plates
(Figure 5). Since the volume fraction of the precipitates
is low (<50 pct), no distinct peaks are observed in the
X-ray diffraction patterns.

The annealing at 973 K (700 °C) performed after
nitriding leads to the decomposition of martensite and
austenite (Table III; Figure 3(b)); then, nitrogen from
the solid solution forms disperse chromium nitride
particles (200 to 750 nm long and 20 to 150 nm wide),
which are now located mainly within ferrite grains
(Figure 6).

Thus, after high-temperature nitriding and annealing
at 973 K (700 °C), the material consists essentially of
nitrogen-rich o-Fe and VN vanadium nitride. Also, a
small amount of Cr,N nitride is present in the structure.

Results of measurements of microhardness over the
cross section of samples demonstrate the high homo-
geneity of the material subjected to various
thermo-chemical treatments under all used conditions.
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The microhardness of sample in the initial state is
179 4+ 5 HV; as the mass fraction of nitrogen increases
to 240 pct, the microhardness increases to
346 + 17 HV. Such an increase in microhardness was
associated primarily with solid solution strengthening
due to saturation of the material with nitrogen and
preciPitation of disperse chromium nitride parti-
cles.'®" The presence of large particles of vanadium
nitride in the structure does not affect the hardening of
the material.

During tensile testing of flat samples, the curves
of “‘stress - strain” were obtained. The values of
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Fig. 8—The stress—strain curves of the alloy under study: 1—the ini-
tial state; 2—nitriding at 7 = 1223 K (950 °C) and annealing at
T = 973 K (700 °C) (Cn = 0.48 pct), 3—mnitriding at 7 = 1373 K
(1100 °C) and annealing at 7= 973 K (700 °C) (Cn = 1.66 pct),
4—mnitriding at 7 = 1373 K (1100 °C) and annealing at 7 = 973 K
(700 °C) (Cn = 2.40 pct).
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Fig. 7—Dependences of the (a) yield and tensile strength and (b) relative elongation determined by uniaxial tension test on the nitrogen content

in the samples.
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mechanical properties of the alloy (tensile strength, yield
strength, elongation) before and after nitriding were also
calculated. The saturation of the alloy with nitrogen
ensures the significant improvement of the mechanical
properties. Figure 7 shows the correlation between the
yield strength oy, and tensile strength o determined by
uniaxial tension tests and the nitrogen content in the
samples.

As the nitrogen concentration increases to 1.40 pct,
the yield strength and tensile strength almost linearly
increase by factor of 1.2 and 1.3, respectively, as
compared to those for the nitrogen-free state. The
further increase in the nitrogen mass fraction results in
the more active increase in the mechanical characteris-
tics. If the nitrogen mass fraction is higher than that
required to bond all vanadium with the formation of
nitrides (Cyn = 1.3 pct), subsequent annealing leads to
the precipitation of Cr,N chromium nitrides from the
solid solution. They are highly disperse and made the
high contribution to the strengthening of the material.
When the nitrogen concentration reaches 2.4 pct, the

yield strength and tensile strength are 552 4+ 10 and
923 + 13 MPa, i.e., they increase by the factors 1.8 and
1.9 as compared to those for the initial state, respec-
tively. The presence of coarse vanadium nitrides leads to
a significant decrease in the ductility; the relative
elongation (J) decreases from 30 to 8 pct at the nitrogen
concentration Cyn = 1.4 pct (Figure 7(b)), while the
increase in the volume fraction of chromium nitrides
will not cause such a significant decrease in the ductility
(the elongation (d) decreases from 8 to 5 pct).

When samples with the nitrogen concentration
Cn 2 1.4 pct were tested at a temperature of 20 °C,
the stage of localized strain in the stress—strain curves is
almost absent (Figure 8); and the cleavage failure of
samples occurs without necking.

The material with the nitrogen content
Cn = 0.48 pct, similarly to the alloy in the initial state,
fails by ductile mechanism; the fraction of brittle failure
in the fracture is negligible (Figures 9(a) and (b)). As the
nitrogen concentration increases to the Cy = 1.40 pct,
the brittle component in the fracture becomes dominant,

Fig. 9—The fracture of the nitrided samples: (@) the initial state; (b) nitriding at 7 = 1223 K (950 °C) and annealing at 7' = 973 K (700 °C)
(Cn = 0.48 pet); (¢) and (d) nitriding at 7 = 1373 K (1100 °C) and annealing at 7" = 973 K (700 °C) (Cn = 1.40 pct); (e) and (f) nitriding at
T = 1373 K (1100 °C) and annealing at 7 = 973 K (700 °C) (Cn = 1.66 pct).
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but areas of ductile fracture remain (Figures 9(c)
and (d)). The facets cross coarse vanadium nitrides. The
further increase in the nitrogen mass fraction results in
large secondary cracks in the fracture (Figures 9(e) and (f)).

The measured steady electrochemical potential of the
alloy samples in the initial state and after the nitriding
annealing at 973 K (700 °C) (nitrogen concentration
Cn = 1.40 pct) was —521 and —507 mV, respectively.
The shift of the electrochemical potential toward more
electropositive indicating that saturation of the alloy
with nitrogen increases the thermodynamic stability of
the material.

High-chromium steels have a lower resistance to
hydrochloric acid than, for example, sulfuric or nitric
acid. Therefore, as a corrosive medium has been selected
30 pct solution of hydrochloric acid. The dependence of
mass loss of samples from the holding time in the solution
was determined. At long exposures (more than 200 min-
utes), the dependence becomes close to linear and the
dissolution rate constant can be determined. The intro-
duction of 1.40 pct nitrogen to alloy reduces the dissolu-
tion rate to 1.90 x 107 to 0.70 x 1072 g/(cm® x hour)
compared with the initial state. Thus, high-temperature
nitriding of alloy to 1.40 pct nitrogen content and
annealing at 973 K (700 °C) leads to increased corrosion
resistance in immersion test with hydrochloric acid.

IV. CONCLUSIONS

1. Conditions of high-temperature nitriding of sheet
samples (0.5 mm thick) of the Fe-20pctCr-5pctV
alloy, which ensure the optimal combination of
mechanical properties of the material, have been
determined.

2. The nitriding of the Fe-20pctCr-5pctV alloy at
T = 1223 K to 1373 K (900 °C to 1100 °C) and
subsequent annealing at 77 = 973 K (700 °C) (1.5
to 5 hours) lead to the precipitation of coarse
vanadium nitride and disperse chromium nitride
particles in the ferrite matrix.

3. The increase in the nitrogen concentration in the
alloy to 0.5 to 1.7 pct leads to the increase in the
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14.

15.

16.

17.

yield strength and tensile strength at room temper-
ature by 1.3 to 1.6 and 1.1 to 1.6 times, respectively;
in this case, the relative elongation is not less than
7 pct. The nitrogen concentration of more than
1.7 pct results in the substantial decrease in the
ductility of material.

High-temperature nitriding of alloy to 1.40 pct
nitrogen content and annealing at 973 K (700 °C)
leads to increased corrosion resistance in immersion
test with hydrochloric acid.
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