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Abstract—The solubility of nitrogen is estimated in Fe–13% Cr model steels of various compositions with
additional alloying (by a small amount from several hundredths of a percent to 1.5%) with elements (Mn, Mo,
V, Nb), which increase the solubility of nitrogen in iron-based solid solutions. 60 versions of compositions
have been studied. Based on our earlier experimental data obtained for nitrogen-bearing steels with 16% Cr–
5% Ni–Nb, we estimate the compositional stability coefficient of nitrogen Ks, which is used in the calcula-
tions of the nitrogen solubility, for martensitic steel. The calculated value of Ks is lower than that of austenitic
steels. For steels of all composition versions with the calculated nitrogen content and various contents of addi-
tional alloying elements (Mn, Mo, V, Nb), their phase compositions are estimated using a modified Schaef-
fler–Delong diagram and a nonequilibrium Potak–Sagalevich diagram for steels heat treated to form a solid
solution. All Fe–13% Cr–Mn, Mo, V, Nb compositions with a low carbon content (0.03–0.05%) at the max-
imum nitrogen concentration in a metal are shown to be in a martensite–ferrite region. The temperature of
the onset of the martensitic transformation Ms is calculated using the empirical Finkler–Schirra formula, and
a correlation between Ms and the ratio Nieqiv/Creqiv (chromium and nickel equivalents calculated by the for-
mulas used for the modified Schaeffler–Delong diagram) is revealed.

Keywords: steel, martensite, austenite, ferrite, nitrogen, carbon, phase transformations, Schaeffler–Delong
diagram, Potak–Sagalevich diagram
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INTRODUCTION

An analysis of the mechanical and corrosion prop-
erties of industrially produced and laboratory steels
based on Fe–13% Cr after various types of heat treat-
ment (HT) demonstrates that HT conditions are
always a compromise between attempts to ensure
strength, ductility, and corrosion resistance.1 When
the austenitizing temperature increases before
quenching, the hardness of martensite-quenched steel
increases as a result of the intensification of carbide
dissolution of carbides: the higher the carbon content
in steel, the higher the hardness [1–4]. Although
quenched layers with 13% Cr have high corrosion
resistance [5, 6], their use is limited because of the
absence of plasticity. After quenching and low temper-
ing at 200–300°C, these steels have a high strength,
low plasticity [1, 2, 7–10], and rather good corrosion
resistance [11–13], since a small amount of carbides
precipitates at low tempering. The transition to a plas-

tic state, in which these steels have an acceptable
impact toughness, is caused by the martensite–ferrite
phase transformation during medium and high tem-
pering at 500–750°C, when a significant amount of a
carbide phase precipitates and its coagulation occurs
[8–10]. However, the strength characteristics are rela-
tively low in this case [8–10], and the corrosion resis-
tance is worse than that after low tempering [11–13].
To improve the properties of these steels, HT condi-
tions with double quenching and double tempering
and HT with cooling to cryogenic temperatures
[10, 14, 15] were tested; however, no properties funda-
mentally different from those after standard treatment
were achieved. Therefore, investigations for searching
for alternative treatment conditions are continuing.
The first of them is a change in the phase composition
and structure as a result of the so-called Q&P treat-
ment (quenching and partitioning treatment)
[16‒19], which consists in quenching of steel to a tem-
perature within the martensitic transformation range
followed by its HT for carbon redistribution between
formed martensite and untransformed austenite. The1 From here on, the element contents are given in wt %.
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Fig. 1. Effect of the content of AE (see at the curves) on the
equilibrium solubility of nitrogen in steels [27].
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second version is the action of additional alloying on
the properties of Fe–13% Cr steels [4, 20–22]. These
methods are also combined to affect the structure and
properties of Fe–13% Cr steels [23–26].

It is interesting to study the influence of nitrogen,
as an interstitial element that substitutes for carbon or
supplement it, on the properties of Fe–13% Cr steel.
During HT, nitrogen introduced into chromium-con-
taining steels instead of carbon forms CrN and Cr2N
chromium nitrides, which do not remove chromium
from a solid solution in such large quantities removed
by Cr23C6 carbides and do not form (upon alloying at
equilibrium concentration) continuous nitride chains
along grain boundaries (unlike these carbides). Nitro-
gen promotes noticeable solid-solution hardening and
stabilizes austenite. The steels based on Fe–13% Cr
and alloyed with nitrogen are poorly investigated
[3, 16, 21, 26], the nitrogen content in these steels is
usually low (0.02% [16], 0.08% [3]), and the contribu-
tion of nitrogen the properties of the steels is unclear.
Only the authors of [26] present experimental data on
Q&P treatment of steel with 13% Cr–0.258% C–
0.166% N, which did not result in practically useful
results. An alloy and steel with 13% Cr containing 0
and 0.14% C, respectively, with an overequilibrium
nitrogen concentration of 0.24% (both manifested
themselves as nonplastic materials) were investigated
in [21].

The purpose of this work is to estimate the nitrogen
solubility in Fe–13% Cr steels with various carbon
contents and additionally alloyed with elements (Mn,
Mo, V, Nb), which increase the solubility of nitrogen
in iron-based solid solutions, and to calculate the
phase composition (equilibrium and nonequilibrium)
and the temperatures of the phase transformations
involving austenite, ferrite, and martensite for steel
compositions with the calculated nitrogen content.

EXPERIMENTAL
Material

The material to be studied is represented by model
steels of various compositions based on Fe–13% Cr.
Additional alloying elements (AE = Mn, Mo, V, Nb)
were chosen with allowance for the well-known laws of
their influence on the solubility of nitrogen (Fig. 1).
Since silicon decreases the solubility of nitrogen (see
Fig. 1), its content in the steels intended for nitrogen
alloying should not be too high. Interstitial element
carbon is known to decrease the solubility of nitrogen
in steels, since its atoms occupy the same positions in
the crystal lattice of austenite as nitrogen atoms do. We
considered the following two approaches to choosing
the carbon content: (1) the concept of maximum sub-
stitution of nitrogen for carbon (carbon is an impu-
rity), which has been widely tested since the 1980s;
(2) the physical concept of joint alloying of steels with
carbon and nitrogen [28], which was proposed in the
RUSSIAN METALLURGY (METALLY)  Vol. 2023  No.
2000s on the basis of studying an electronic structure,
atomic distribution, and thermodynamic stability. The
metallic character of interatomic bonds reinforced by
joint (C + N) alloying can be used to design high-
strength corrosion-resistant steels with higher fracture
energy; the ratio %C/%N ≈ 1 is considered effective.

Taking into account the solubility of nitrogen in
Fe–13% Cr steels, we varied the contents of intro-
duced AEs as follows: 0 and 1.5% Mn, 0 and 0.2% V, 0
and 0.07% Nb, and 0 and 0.5% Mo. The silicon con-
tent was selected at a level of 0.3%. The calculations
were performed for the following 12 composition
combinations: 1, Fe–13% Cr–N; 2, Fe–13% Cr–
Mn–N; 3, Fe–13% Cr–Mn–Mo–N; 4, Fe–13%
Cr–V–N; 5, Fe–13% Cr–Nb–N; 6, Fe– 13% Cr–V–
Nb–N; 7, Fe–13% Cr–Mn–V–N; 8, Fe–13% Cr–
Mn–Nb–N; 9, Fe–13% Cr–Mn–V–Nb–N; 10, Fe–
13% Cr–Mo–V–N; 11, Fe–13% Cr–Mo–Nb–N;
and 12–Fe–13% Cr–Mo–Nb–N. Each composition
had five levels of carbon content: 0.03 (as an impu-
rity), 0.15, 0.20, 0.25, and 0.30%. Composition 1 was
used as a base for comparison. In total, 60 composi-
tions were used in the calculations.

Calculation Methods

The formula for calculating the solubility of nitro-
gen was substantiated in detail in our work [29]. Here,
we present the following formula for calculating the
 3
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Table 1. Comparison of the actual (Nact) and calculated ([N])1* nitrogen contents and the calculated values of Ks coeffi-
cients for steels with 0.05% C–(14–16%) Cr–5% Ni–N, Nb2* according to our and literary [3, 25] data

1* Calculation by Eq. (1).
2* Steels with ~14% Cr also contained 1.8–2.2% Mo and 0.3–0.5% Cu.
3* According to [25].
4* According to [3].

No.
Nfact [N]

Ks = Nfact/[N]
Content in steel, %

% C Cr Ni Mn Si Nb

1 0.13 0.195 0.635 0.040 16.25 5.36 0.40 0.54 0.07
2 0.10 0.192 0.52 0.054 15.5 4.62 0.06 0.1 –
3 0.15 0.194 0.785 0.058 15.3 4.63 0.07 0.1 –
4 0.18 0.212 0.928 0.088 15.5 4.65 0.07 0.1 –
5 0.15 0.205 0.71 0.068 15.8 2.38 0.06 0.1 –
6 0.17 0.204 0.83 0.028 15.75 4.25 0.43 0.27 0.06
7 0.14 0.206 0.68 0.027 15.72 4.15 0.39 0.29 0.075
8 0.16 0.176 0.68 0.033 16.1 4.7 0.48 0.48 0.075
9 0.15–0.18 0.195 0.94 (av.) 0.08–0.12 14.0–14.7 4.2–4.7 0.8–1.2 0.2—0.4 0.03–0.08

10 0.1663* 0.157 1.05 0.258 12.8 – 0.29 0.30 –
11 0.0854* 0.180 0.47 0.14 13.78 – 0.59 0.38 –
limiting nitrogen solubility [N] in a multicomponent
melt:

(1)

Formula (1) allows us to take into account the
influence of temperature, pressure, and deviation
from the Sieverts law and ensures the best agreement
between the calculated and experimental results.

In the metallurgical practice of producing nitro-
gen-bearing steels, the concepts of compositionally
stable nitrogen content (maximum possible content of
this element in a solid defect-free metal) and compo-
sitional stability coefficient Ks are used. The latter
characterizes the ratio of the nitrogen solubility limit
in a metal under standard conditions to composition-
ally stable nitrogen content [N]cs. Compositional sta-
bility coefficient Ks depends on the partial pressure of
nitrogen above a melt, the chemical composition of
the metal, and its phase composition in the solidus–
liquidus temperature range (TS–TL). The composi-
tionally stable nitrogen content is determined from the
condition

(2)
For austenitic chromium–nickel–manganese

steels, researchers use an empirically determined com-

−
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positional stability coefficient Ks = 0.78; for these
steels, it is confirmed by the agreement between the
calculated compositionally stable nitrogen content
and the composition obtained for wrought and cast
steels with 0.05% C–21% Cr–8% Ni–15% Mn—Mo,
V, N studied in [30–32]. For these steels, the solubility
of nitrogen was found to be 0.5% N. For duplex steels,
we have Ks = 0.45–0.5; for iron, it is 0.28.

What is the level of Ks for Fe–13% Cr–based steels?
We preliminarily estimated this coefficient using the
few literature data available for Fe–13% Cr–based
steels and the results of our earlier studies of steels with
0.05% C–(14–16%)Cr–(4–5%)Ni–N, Nb. The
chromium content that promotes nitrogen dissolution
is higher in the latter steels; however, in contrast to the
former steels, they contain 4–5% Ni, which decreases
the nitrogen solubility. These data are given in Table 1.
Among the eleven values of Ks given in Table 1, two are
very high (Ks ≈ 1) and two are too low (Ks ≈ 0.5). The
average value of Ks according to our data is 0.75.

Literature sources showed the maximum [25] and
minimum [3] values of Ks, and a nitrogen content that
is higher than the calculated value at 100% assimila-
tion was obtained in [25]. For the cases when the
actual nitrogen contents in Table 1 correspond to the
minimum value of Ks, we assume that the problem of
reaching the maximum nitrogen content was not
posed in steelmaking. On average, taking into account
all the data, the value of Ks is at a level of 0.75. If all too
high and too low values are not taken into account, its
value is 0.72, which is lower than that for austenitic
steels but higher than that for duplex steels. To esti-
mate [N]cs by Eq. (2), we took Ks = 0.72.
SSIAN METALLURGY (METALLY)  Vol. 2023  No. 3
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Fig. 2. Comparison of the experimental and calculated Ms
temperatures for 38 steels based on 8–14% Cr with ~1 at %
C, Mn, Ni, Mo, W, V [37].
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Based on the calculated values of %N = [N]cs, we
estimated the influence of austenite- (Mn, C, N) and
ferrite-forming (Mo, V, Nb) elements on the phase
composition of the chosen compositions using a mod-
ified Schaeffler–Delong phase diagram. The phase
composition was calculated using the modified
Schaeffler–Delong diagram [33], in which the equiv-
alents of austenite and ferrite formation are described
by the following formulas:

(3)

(4)

In Eqs. (3) and (4) and other calculation formulas,
symbols AE = N, C, Si, Mn, Ni, Cr, Mo, V, Nb, W,
Cu, Co, Ti, and Ta mean their content in steel, %.

In addition, the semi-quantitative structural dia-
gram [34], which was developed for low-carbon corro-
sion-resistant steels and takes into account the influ-
ence of nitrogen and all the listed AEs on the austen-
ite, martensite and ferrite contents in a structure, was
used to estimate the phase composition of the steel.
The mathematical approach to the phase composition
calculation using this diagram is described in [35],
where this diagram is presented with experimental
results and our calculated data.

According to the Potak–Sagalevich diagram, the
chromium equivalents of martensite (α) and ferrite
(δ ferrite) formation are estimated using the AE con-
tent (%) by the formulas

(5)

(6)

where Kα and Kβ are the coefficients of influence of
each AE on the martensite and ferrite formation,
respectively.

In the Potak–Sagalevich diagram, the calculated
values of  are laid off along the abscissa axis, and
the values of the resulting influence of AE on the chro-
mium equivalent of martensite formation  (i.e.,
on the ratio of austenite γ to martensite α(M), which is
determined by the γ → α transformation temperature)
are laid off along the ordinate axis. The phase compo-
sition of steel is determined as the point of intersection
of coordinates in the diagram.

As in the case of the Schaeffler diagram, the influ-
ence of each AE on both equivalents is normalized by
a fixed coefficient with respect to chromium, but the
values of coefficients Kα and Kβ before the sum (C +
N) in Eqs. (5) and (6) are variable and depend on the

= + −
+ + + +

2
equivNi Ni 0.1Mn 0.01Mn
18N 30C 0.5Cu 0.5Co,

= + + +
+ + + +

equivCr Cr 1.5Mo 0.48Si 2.3V
1.75Nb 1.5Ti 0.75W 1.75Ta.

α

α

= − + + +
+ + + + +
equivCr 20 [Cr 1.5Ni 0.7Si 0.75Mn

(C N) 0.6Mo 1.5V 0.2Cu],K

δ

δ

= − + −
− + + + + −

equivCr Cr 1.5Ni 2Si 0.75Mn
(C N) Mo 1.5V 0.9Nb 0.5Cu,K

δ
equivCr

α
equivCr
RUSSIAN METALLURGY (METALLY)  Vol. 2023  No.
total content of these elements in steel (see the inset to
the Potak–Sagalevich diagram): Kα = 30–35 and Kδ =

28–31 at % C + %N = 0.17–≤0.30. If  < 6, fer-

rite is absent on the structure of steel; at  ≥ 6, fer-

rite forms in steel; and at  ≤ –4, austenite begins
to form.

The temperature of the onset of the martensitic
transformation Ms was estimated using well-known
empirical formulas. Handbook [36] with a database
was used to calculate the critical temperatures of steel.
After analyzing the conditions limiting the possibilities
of applying certain calculations, we chose the Finkler
and Schirra formula [37]

(7)

Formula (7) results from studying 38 steels with a
chromium content of 8–14% (Fig. 2) and the subse-
quent comparison of the experimental values of Ms
temperatures with the calculated ones. The average
deviation of the calculated and experimental tempera-
tures of the onset of the martensitic transformation
from the trend line described by Eq. (7) was found to
be 25°C.

CALCULATION RESULTS
Summary Tables 2–6 present the results of calcu-

lating the compositionally stable nitrogen content cal-
culated from the condition %N = [N]cs = 0.72[N]calc
and characterizing the solubility of nitrogen in the

δ
equivCr

δ
equivCr

α
equivCr

= − + − +
− + − + +

+ + +

s 635 474{C 0.86[N 0.15(Nb Zr)]
0.066(Ta Hf )} (33Mn 17Cr 17Ni

21Mo 39V 11W).

M

 3
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Table 2. Estimation of the influence of Mn and Mo on [N]cs and the results of calculating the phase composition (accord-
ing to the modified Schaeff ler–Delong (Sh.–D.) diagram and the Potak–Sagalevich (P.–S.) diagram)* and the tempera-
ture of the onset of martensite formation upon cooling

* In Tables 2–6, Sh.–D. stands for the Schaeffler–Delong diagram and P.–S., for the Potak–Sagalevich diagram.

Composition
(see Figs. 3, 4)

%С %Mn %Mo %N = [N]cs Niequiv Crequiv
Sh.–D. 
phases

P.–S. phases
Ms,
°C

Fe–13% Cr–N 0.03 – – 0.121 3.1 13.1 М + F 9.3 2.0 84% M + 16% F 351

(1—  ) 0.15 – – 0.117 6.6 13.1 М 6.1 –1.7 98% М + 2% F/М 295
0.20 – – 0.116 8.1 13.1 М 4.7 –3.2 М 272
0.25 – – 0.114 9.6 13.1 М/М + А 3.3 –4.7 92% М + 8% А 249
0.30 – – 0.113 11.1 13.1 М + А 2.0 –6.3 89% М + 11% А 226

Fe–13% Cr–Mn–N 0.03 1.5 – 0.130 3.4 13.1 М + F/М 8.0 0.6 92% М + 8% F 297

(2— ) 0.15 1.5 – 0.126 6.9 13.1 М 4.7 –3.0 М 242
0.20 1.5 – 0.124 8.4 13.1 М 3.4 –4.6 93% М + 7% А 219
0.25 1.5 – 0.123 9.9 13.1 М + А 2.0 –6.1 88% М + 12% А 196
0.30 1.5 – 0.121 11.3 13.1 М + А 0.7 –7.6 86% М + 14% А 173

Fe–13% Cr–Mn–Mo–N 0.03 1.5 0.5 0.131 3.4 13.8 М + F 8.5 0.3 88% М + 12% F 286

(3— ) 0.15 1.5 0.5 0.128 6.9 13.8 М 5.2 –3.4 М 231
0.20 1.5 0.5 0.126 8.4 13.8 М/М + А 3.8 –4.9 93% М + 7% А 208
0.25 1.5 0.5 0.125 9.9 13.8 М + А 2.5 –6.4 92% М + 8% А 185
0.30 1.5 0.5 0.123 11.4 13.8 М + А 1.1 –8.0 84% М + 16% А 162

δ
equivCr α

equivCr
metal of 15 model compositions with five levels of car-
bon content (%C) and the results of calculating the
phase composition and the phase transformation tem-
peratures.

The results of calculating Niequiv and Crequiv and the
corresponding phase composition of each composi-
tion are plotted on the enlarged area of the Schaef-
fler–Delong diagram (Fig. 3).
RU

Fig. 3. Modified Schaeffler–Delong diagram: (a) general appea
region of the diagram with compositions 1–15 from Tables 2–6 ((
( —10); ( —11); ( —12); ( —13); ( —14); ( —15)).
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From the data in that part of Table 2 that reflects
the effect of the AEs entering the solid solution (Cr,
Mn, Mo) on the solubility of nitrogen, it follows that
the calculated limit solubility of nitrogen in steel with
13% Cr and the minimum carbon content is 0.121%. It
decreases when the carbon content increases. The
introduction of 1.5% Mn leads to an increase in [N]cs
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Table 3. Estimation of the influence of V and Nb on [N]cs and the results of calculating the phase composition and the tem-
perature of the onset of martensite formation upon cooling

Composition
(see Figs. 3, 4)

%С %V %Nb %N = [N]cs Niequiv Crequiv Sh.–D. phases P.–S. phases
Ms,
°C

Fe–13% Cr–V–N 0.03 0.20 – 0.126 3.19 13.56 М + F 9.6 1.7 81% М + 19% F 341

(4— ) 0.15 0.20 – 0.122 6.72 13.56 М 6.5 –1.9 97% М + 3% F 285
0.20 0.20 – 0.121 8.20 13.56 М/М + А 5.2 –3.3 М 262
0.25 0.20 – 0.119 9.67 13.56 М + А 3.9 –4.8 93% М + 7% А 239
0.30 0.20 – 0.118 11.14 13.56 М + А 2.6 –6.3 88% М + 12% А 216

Fe–13% Cr–Nb–N 0.03 – 0.07 0.122 3.12 13.22 М + F 9.5 2.1 83% М + 17% F 355

(5— ) 0.15 – 0.07 0.118 6.65 13.22 М 6.4 –1.4 98% М + 2% F 299
0.20 – 0.07 0.117 8.13 13.22 М 5.1 –2.9 М 276
0.25 – 0.07 0.115 9.60 13.22 М/М + А 3.7 –4.4 94% М + 6% А 253
0.30 – 0.07 0.114 11.07 13.22 М 2.4 –5.9 90% М + 10% А 230

Fe–13% Cr–V–Nb–
N

0.03 0.20 0.07 0.127 3.21 13.68 М + F 9.7 1.7 81% М + 19% F 345

(6— ) 0.15 0.20 0.07 0.123 6.74 13.68 М 6.5 –1.9 97% М + 3% F 289
0.20 0.20 0.07 0.122 8.21 13.68 М/М + А 5.2 –3.4 М 276
0.25 0.20 0.07 0.120 9.69 13.68 М + А 3.9 –4.8 93% М + 7% А 243
0.30 0.20 0.07 0.119 11.16 13.68 М + А 2.6 –6.3 88% М + 12% А 220

δ
equivCr α

equivCr

Table 4. Estimation of the influence of Mn, V, and Nb on [N]cs and the results of calculating the phase composition and
the temperature of the onset of martensite formation upon cooling

Composition
(see Figs. 3, 4)

%С %Mn %V %Nb %N = [N]cs Niequiv Crequiv Sh.–D. phases P.–S. phases
Ms,
°C

Fe–13% Cr–Mn–V–N 0.03 1.5 0.20 – 0.135 3.48 13.56 М + F/М 8.4 0.4 90% М + 10% F 287

(7— ) 0.15 1.5 0.20 – 0.131 7.01 13.56 М 5.3 –3.1 М 232
0.20 1.5 0.20 – 0.130 8.48 13.56 М/М + А 4.0 –4.5 94% М + 6% А 219
0.25 1.5 0.20 – 0.128 9.95 13.56 М + А 2.8 –6.0 89% М + 11% А 186
0.30 1.5 0.20 – 0.126 11.42 13.56 М + А 1.5 –7.4 86% М + 14% А 163

Fe–13% Cr–Mn–Nb–N 0.03 1.5 – 0.07 0.131 3.40 13.22 М + F/М 8.3 0.8 89% М + 11% F 301

(8— ) 0.15 1.5 – 0.07 0.127 6.93 13.22 М 5.2 –2.6 М 246
0.20 1.5 – 0.07 0.125 8.40 13.22 М 3.9 –4.1 94% М/М + 6% А 223
0.25 1.5 – 0.07 0.124 9.88 13.22 М + А 2.6 –5.5 91% М + 9% А 200
0.30 15 – 0.07 0.122 11.35 13.22 М + А 1.3 –7.0 87% М + 13% А 177

Fe–13% Cr–Mn–V–Nb–N 0.03 1.5 0.20 0.07 0.136 3.50 13.68 М + F 8.4 0.4 88% М + 12% F 291

(9— ) 0.15 1.5 0.20 0.07 0.132 7.03 13.68 М 5.4 –3.1 М 236
0.20 1.5 0.20 0.07 0.130 8.50 13.68 М/М + А 4.1 –4.5 94% М + 6% А 213
0.25 1.5 0.20 0.07 0.129 9.97 13.68 М + А 2.8 –6.0 90% М + 10% А 190
0.30 1.5 0.20 0.07 0.127 11.44 13.68 М + А 1.5 –7.5 86% М + 14% А 167

δ
equivCr α

equivCr
alloyed steel increases the nitrogen content slightly.
According to Table 3, it is possible to judge the effect
of carbide- and nitride-forming elements (V, Nb) on
the solubility of nitrogen. Vanadium is more effective,
and the addition of niobium in an amount of 0.07%
exerts a weak effect (it is this amount of niobium that
is introduced into the nitrogen-bearing 05Kh16N5AB
steels under study). As can be seen from Table 4, the
combined introduction of manganese and vanadium
makes it possible to achieve a nitrogen content of
0.135% in low-carbon steel. The calculated data of
Table 5 demonstrate that simultaneous alloying with
molybdenum, vanadium, and niobium gives the same
RUSSIAN METALLURGY (METALLY)  Vol. 2023  No.
nitrogen solubility effect as the introduction of 1.5%
Mn without the addition of other AEs (see Table 2).
According to Table 6, the maximum solubility of
nitrogen in low-carbon steel with the combined intro-
duction of manganese, molybdenum, vanadium, and
niobium reaches 0.138%.

Commenting on the data of Fig. 3 and Tables 2–6
in terms of calculating the phase composition of
model compositions 1–15, we note the following divi-
sion into groups of steels:

(i) All low-carbon compositions with 0.03% C fall
into the ferrite region or at the boundary of an M +
F/M phase mixture (compositions 7, 8).
 3
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Table 5. Estimation of the influence of Mo, V, and Nb on [N]cs and the results of calculating the phase composition and
the temperature of the onset of martensite formation upon cooling

Composition
(see Figs. 3, 4)

%С %Mo %V %Nb %N = [N]cs Niequiv Crequiv
Sh.–D. 
phases

P.–S. phases
Ms,
°C

Fe–13% Cr–Mo–V–N 0.03 0.5 0.20 – 0.127 3.22 14.31 М + F 10.3 1.4 75% М + 25% F 276

(10— ) 0.15 0.5 0.20 – 0.124 6.75 14.31 М 7.2 –2.1 95% М + 5% F 221
0.20 0.5 0.20 – 0.122 8.23 14.31 М/М + А 6.0 –3.5 99% М + 1% F/М 198
0.25 0.5 0.20 – 0.121 9.70 14.31 М + А 4.7 –5.0 93% М + 7% А 175
0.30 0.5 0.20 – 0.119 11.17 14.31 М + А 3.4 –6.4 88% М + 12% А 152

Fe–13% Cr–Mo–Nb–N 0.03 0.5 – 0.07 0.123 3.15 13.97 М + F 10.1 1.8 78% М + 22% F 290

(11— ) 0.15 0.5 – 0.07 0.120 6.68 13.97 М 7.1 –1.7 96% М + 4% F 235
0.20 0.5 – 0.07 0.118 8.15 13.97 М/М + А 5.8 –3.1 М 212
0.25 0.5 – 0.07 0.117 9.63 13.97 М + А 4.6 –4.6 93% М + 7% А 189
0.30 0.5 – 0.07 0.115 11.10 13.97 М + А 3.3 –6.0 90% М + 10% А 166

Fe–13% Cr–Mn–Mo–V–Nb–N 0.03 0.5 0.20 0.07 0.128 3.24 14.43 М + F 10.3 1.4 75% М + 25% F 334

(12— ) 0.15 0.5 0.20 0.07 0.125 6.77 14.43 М 7.3 –2.1 94% М + 6% F 278
0.20 0.5 0.20 0.07 0.123 8.24 14.43 М/М + А 6.0 –3.6 99% М + 1% F/М 255
0.25 0.5 0.20 0.07 0.122 9.72 14.43 М + А 4.7 –5.0 93% М + 7% А 232
0.30 0.5 0.20 0.07 0.120 11.19 14.43 М + А 3.5 –6.5 88% М + 12% А 209

δ
equivCr α

equivCr

Table 6. Estimation of the influence of Mn, Mo, V, and Nb on [N]cs and the results of calculating the phase composition
and the temperature of the onset of martensite formation upon cooling

Composition
(see Figs. 3, 4)

%С %Mn %Mo %V %Nb %N = [N]cs Niequiv Crequiv
Sh.–D. 
phases

P.–S. phases
Ms,
°C

Fe–13% Cr–Mn–Mo–V–N 0.03 1.5 0.5 0.20 — 0.137 3.51 14.31 М + F 8.9 0.1 86% М + 14% F 276

(13— ) 0.15 1.5 0.5 0.20 — 0.133 7.04 14.31 М 5.9 –3.4 М 221
0.20 1.5 0.5 0.20 — 0.131 8.51 14.31 М/М + F 4.7 –4.9 93% М + 7% А 198
0.25 1.5 0.5 0.20 — 0.130 9.98 14.31 М + А 3.4 –6.3 88% М + 12% А 175
0.30 1.5 0.5 0.20 — 0.128 11.45 14.31 М + А 2.1 –7.8 84% М + 16% А 152

Fe–13% Cr–Mn–Mo–Nb–N 0.03 1.5 0.5 — 0.07 0.132 3.43 13.97 М + F 8.8 0.5 87% М + 13% F 290

(14— ) 0.15 1.5 0.5 — 0.07 0.129 6.96 13.97 М 5.8 –3.0 М 235
0.20 1.5 0.5 — 0.07 0.127 8.43 13.97 М/М + А 4.5 –4.4 93% М + 7% А 212
0.25 1.5 0.5 — 0.07 0.125 9.91 13.97 М + А 3.3 –5.9 90% М + 10% А 189
0.30 1.5 0.5 — 0.07 0.124 11.38 13.97 М + А 2.0 –7.4 86% М + 14% А 166

Fe–13% Cr–Mn–Mo–V–Nb–N 0.03 1.5 0.5 0.20 0.07 0.138 3.53 14.43 М + F 9.0 0.0 86% М + 14% F 287

(15— ) 0.15 1.5 0.5 0.20 0.07 0.134 7.06 14.43 М 6.0 –3.5 99% М + 1% F/М 232
0.20 1.5 0.5 0.20 0.07 0.132 8.53 14.43 М + А 4.7 –4.9 92% М + 8% А 208
0.25 1.5 0.5 0.20 0.07 0.131 10.00 14.43 М + А 3.4 –6.4 88% М + 12% А 179
0.30 1.5 0.5 0.20 0.07 0.129 11.47 14.43 М + А 2.2 –7.8 84% М + 16% А 156

δ
equivCr α

equivCr
(ii) All compositions with 0.15% C fall in the mar-
tensite region.

(iii) Depending on the ratio Niequiv/Crequiv, compo-
sitions with 0.20% C are either in the martensitic
region near the M/M + A phase boundary or at this
boundary. In practice, this means that retained aus-
tenite can exist in such steels under certain HT condi-
tions. According to the calculation, only one of the
15 considered versions with 0.20% C has a martensi-
tic–austenitic structure (near phase region boundary):
this is steel with the maximum AE content increasing
the solubility of nitrogen (see Fig. 3 and Table 6).
RU
(iv) All compositions with 0.25 and 0.30% C have a
martensitic–austenitic structure except for the com-
position with 0.25% C without additional AEs (Mn,
Mo, V, Nb).

The results of calculating the phase composition
according to the Schaeffler–Delong (see Fig. 3) and
Potak–Sagalevich (Fig. 4) diagrams are quite close
(see Tables 2–6). However, from a comparison of Fig-
ures 3 and 4, it is clearly seen that the calculations
using the Potak–Sagalevich diagram gives a notice-
ably smaller number of compositions in the martensi-
tic region and a larger number of compositions in the
austenitic–ferritic and austenitic–martensitic regions.
SSIAN METALLURGY (METALLY)  Vol. 2023  No. 3
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Fig. 4. Structural Potak–Sagalevich diagram for wrought corrosion-resistant steels (after solution treatment annealing) [35] with
the calculation region covering compositions 1–15 from Tables 2–6 with calculated nitrogen content %N = [N]cs. α is marten-
site; δ, ferrite. Note: The steel grades indicated in the diagram are now designated with a difference related to information about
carbon content. For example, 1Kh13 and 2Kh13 steels with 0.10 and 0.20% carbon, respectively, presented in the diagram are now
designated as 10Kh13 and 20Kh13, respectively.
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According to the Potak–Sagalevich diagram,
model compositions with 0.15% C, namely, composi-
tions 1 (see Table 2), 4, 5, 6 (see Table 3), 10, 11, 12
(see Table 5) and 15 (see Table 6), are located in the
martensitic–ferritic region (see Fig. 4). The marten-
site content in them ranges from ~94 to 98%. At the
same time, these compositions in the Schaeffler–
Delong diagram turn out to be completely in the mar-
tensitic region.

The calculated phase composition of the model
steels of compositions 2 and 8 (0.20% C) and compo-
sition 5 (0.30% C) in the Schaeffler–Delong diagram
is in the martensitic region, and those in the Potak–
Sagalevich diagram are in the martensitic–austenitic
RUSSIAN METALLURGY (METALLY)  Vol. 2023  No.
region with 6–10% retained austenite (see Figs. 3, 4).
Austenite should be present in phase compositions 4,
6, and 11 with 0.20% C according to the Schaeff ler–
Delong diagram (see Fig. 3), and these compositions
in the Potak–Sagalevich diagram are located in an
area with a 100% martensitic structure. The phase
compositions of all model steels included in composi-
tions 10 and 12 with 0.20% C are in the M + A region
in the Schaeffler–Delong diagram and in the M + F
region in the Potak–Sagalevich diagram. However, for
compositions with 0.20% C included in composition 13,
the reverse picture is observed: the Schaeffler–Delong
diagram predicts an M + F phase composition, and
 3



330 KOSTINA et al.

Fig. 5. Temperature of the onset of the martensitic trans-
formation Ms vs. the ratio Nieqiv/Creqiv for steels of com-
positions 1 and 15 from Tables 2 and 6, respectively:
(1) Fe–13% Cr–N composition and (15) Fe–13% Cr–
Mn–Mo–V–Nb–N composition.
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these steels in the Potak–Sagalevich diagram should
be in the M + A region.

The calculated temperatures of the onset of the mar-
tensitic transformation (Ms) for all compositions 1–15
are also given in Tables 2–6. An attempt was made to
estimate to what extent the calculated Ms temperatures
correlate with the ratio Nieqiv/Creqiv calculated by
Eqs. (3) and (4). For this estimation, we used the Ms
temperatures of the steels included in compositions 1 (Fe–
13% Cr–N) and 15 (Fe–13% Cr–Mn–Mo–V–
Nb‒N) in Tables 2 and 6, i.e., the least and most
alloyed model steels based on Fe–13% Cr. In both
cases, the calculated Ms points formed linear depen-
dences (Fig. 5):

for the steels of composition 1,

(8)

for the steels of composition 15,

(9)

Within each composition, this temperature
decreases with increasing carbon content. An increase
in the ratio Nieqiv/Creqiv and an increase in the total
content of additional AEs leads to a decrease in Ms.
The values of Ms for the steels of compositions 2–14
are located within the band bounded by the lines for
compositions 1 and 15 in Fig. 5.

DISCUSSION
Nitrogen Solubility Calculations

The authors of [38], proposed a formula for calcu-
lating the solubility of nitrogen and presented data on
the theoretical solubility of nitrogen at 1600°C imple-
mented in practice for steels with ~8, 11, 15, 17, and
20% Cr, from 0.096 to 0.22% C, from 0.36 to 1.16% Si,
and microalloyed by Mo, V, Nb, and Cu. Our version
of calculation for the melt compositions from [38]
with 8 and 10% Cr gives values of [N], which differ

= − +s equiv equiv206.1(Ni Cr ) 398.8;M

= − +s equiv equiv248.4(Ni Cr ) 354.1.M
RU
from the data in [38] only by several thousandths of a
percent. For higher chromium contents, the discrep-
ancy increases: our calculations give a higher value of
[N]. For example, for heat M5 of steel with 15.43% Cr
from [38], our calculation gives [N] = 0.208% and the
compositionally stable nitrogen content is [N]cs =
0.150%, whereas the theoretical solubility in [38] is
0.124% and the actual content is 0.161%, i.e., above
our calculated value of [N]cs. However, this excess led
to the appearance of gas pores in the heat M5 ingot
[38]. Earlier, we achieved a nitrogen content of 0.15%
in steel with 15% Cr (see Table 1). Thus, for steel with
13% Cr, our version of the formula for estimating the
limiting solubility of nitrogen seems to be close to that
to be used in practice. As was noted in [39] more nitro-
gen dissolves in the melt of martensitic corrosion-
resistant steel if the carbon content increases at normal
pressure, since the fraction of ferrite decreases during
solidification.

Phase Composition Calculations

In the case of a less optimistic forecast on the lim-
iting solubility of nitrogen for the compositions con-
sidered in our work, all calculation points shift: mar-
tensitic steel with retained austenite moves toward the
martensitic region and so on. Note that, in practice, it
is possible to implement the schemes involving cryo-
genic treatment, thermomechanical treatment, and
Q&P treatment [18, 40–42], after which the phase
composition of the alloy can change in comparison
with that predicted according to the diagrams. It is also
important to take into account that the structure and
phase composition of Fe–13% Cr family steels with
different carbon concentrations are determined by a
large number of factors (temperature and time of
holding in the austenitic region, heating rate, cooling
rate from the austenitic region; variations in tempering
mode parameters) affecting the type and morphology
of carbides, their dissolution and precipitation, and
the phase transformations involving ferrite, marten-
site, and austenite.

In all considered steels with nitrogen, low-carbon
steel (with 0.03% C) falls into the martensitic–ferritic
region. Using steel with <0.2% C and 13% Cr, which is
used for casing pipes [8], as an example, we can use
our calculation technique to estimate how a small
addition of nitrogen can affect the phase composition
of the steel. This steel in the Potak–Sagalevich dia-
gram is in the martensitic–ferritic region and can con-
tain about 10% ferrite in the quenched state at 0.18%
C; for the calculations using the modified Schaeffler–
Delong diagram, this steel is in the martensitic region.
At 0.11% N (below the maximum calculated solubility
for this steel), this same steel in the Potak–Sagalevich
diagram should be completely martensitic; in the sec-
ond diagram, it shifts toward higher values of Niequiv.
The authors of [8] note that, after quenching from
SSIAN METALLURGY (METALLY)  Vol. 2023  No. 3
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975°C, this steel is characterized by the presence of
lath martensite and a hardness of 525 HV.

Ms Calculations and Dependences Ms = f(Nieqiv/Creqiv)

Formula (7) [37] (used since 1986) chosen by us for
Ms calculation was obtained by processing a suffi-
ciently large experimental body of experiments. The
use of Eqs. (3) and (4) for calculating Nieqiv and Creqiv
has proven itself well enough. They are the product of
several decades of evolution of the initial Schaeffler
diagram [43] created in 1949 to evaluate the phase
composition of the welded joints of corrosion-resis-
tant steels. (In 1977, Delong added element nitrogen
with a coefficient of 30 to the basic formula for calcu-
lating Nieqiv [44]. In 1999, Uggowitzer et al. [33] mod-
ified the Schaeff ler–Delong diagram: the coefficients
before the nitrogen and manganese contents were
decreased for Nieqiv, and the formula for calculating
Creqiv was changed.) Therefore, it is noteworthy, but
not surprising that the values of Ms calculated by
Eq. (7) (see Fig. 5) linearly depend on the ratio
Nieqiv/Creqiv calculated by Eqs. (3) and (4). In fact,
such consistency of the calculations obtained on the
basis of different arrays of independent experimental
studies is their additional mutual verification. It pro-
vides the possibility of a preliminary rough estimation
of the Ms temperature, which can be convenient for
choosing a technology of deformation and heat treat-
ment and is especially important if we are talking
about Q&P treatment including incomplete quench-
ing and subsequent annealing to redistribute carbon
between retained austenite and martensite. Especially
for Fe–13% Cr steels, a comparison of conventional
quenching and tempering with Q&P treatment con-
firms a significantly increased strength of materials
combined with good ductility in the latter case [41],
while the deformability remains acceptable [42].

CONCLUSIONS
(1) We calculated the limiting solubility of nitrogen

in 60 model compositions based on Fe–13% Cr (here-
after, the element contents are in wt %) with 0.3% Si,
five levels of carbon content (0.03, 0.15, 0.20, 0.25,
0.30%), and varying contents of Mn (0, 1.5), V (0, 0.2),
Nb (0, 0.07), and Mo (0, 0.5). For calculations, we
used a formula, which takes into account the influence
of temperature, pressure, and deviation from the
Sieverts law and exhibited the best agreement between
the calculated and experimental results at a composi-
tional stability coefficient of 0.72 calculated in this
work. The maximum calculated nitrogen contents
ranged from 0.113 to 0.138% depending on the influ-
ence of the content of alloying elements specified in
the calculation model.

(2) Steels with the maximum calculated nitrogen
content are characterized by the following:
RUSSIAN METALLURGY (METALLY)  Vol. 2023  No.
(i) all low-carbon compounds with 0.03% C fall
into the ferrite F region or at the boundary of a mixture
M + F/M;

(ii) all compositions with 0.15% C fall into the mar-
tensite M region;

(iii) depending on the ratio Nieqiv/Creqiv, composi-
tions with 0.20% C are either in the martensitic region
near the M/M + A boundary or at this boundary;

(iv) all compositions with 0.25 and 0.30% C have a
martensitic–austenitic structure except for a composi-
tion with 0.25% C not additionally alloyed with Mn,
Mo, V, and Nb.

(3) The calculations of the temperature of the onset
of the martensitic transformation using the empirical
Finkler–Schirra formula demonstrated a correlation
between the Ms temperature and the ratio Nieqiv/Creqiv
(chromium and nickel equivalents were calculated
using the formulas for the modified Schaeff ler–
Delong diagram).

(4) For minimally and maximally alloyed composi-
tions based on Fe–13% Cr–N and Fe–13% Cr–Mn–
Mo–V–Nb–N with five different levels of carbon
content, the following dependences were obtained:
Ms = –206.1(Nieqiv/Creqiv) + 398.8 and Ms =
‒248.4(Nieqiv/Creqiv) + 354.1, respectively.
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