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METAL SCIENCE ASPECTS OF THE INFLUENCE OF DISPERSION
NITRIDE HARDENING ON THE STRUCTURE OF HYPOEUTECTOID
AND EUTECTOID CARBON STEELS

The article presents the results of metal science research on the influence of nitrogen and vanadium microalloying
of carbon steels with a carbon content of 0.5—0.8 wt. % on the thermodynamic and thermokinetic parameters of
the phase redistribution of nitrogen and vanadium, as well as the formation of ferrite-pearlite, bainite and mar-
tensite structures and their transformation during high tempering. It was shown that the dispersion of the structure
Jformed during cooling after austenitization, as well as the decrease of the growth rate and coagulation of cementite
particles are the result of dispersion of the pearlite, bainite and martensite tempering structures. The positive effect
of the dispersion of structures of all levels on the improvement of the mechanical properties (yield point, impact
toughness, wear resistance under sliding and rolling friction, etc.) of the steel modified by nitrogen and vanadium
microalloying is noted. That provides good prospects for the effective use of steels with dispersion nitride hardening
for the production of railway wheels and rails.

Keywords: carbon steels, alloying, dispersion nitride hardening, ferrite-pearlite, bainite and martensite structures,

austenitization, tempering, phase transformations, railway wheels and rails

Introduction. Medium- and high-carbon hypo- chanical engineering [1]. However, they are most wide-
eutectoid and eutectoid steels of high strength and wear  ly used for production of railway wheels and rails. Tech-
resistance are widely used in various branches of me-  nical and economic indicators of railway vehicles are
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the main way to determine reliability and operational
life of railway wheels and rails, which are in extremely
harsh operating conditions. At the same time, the exis-
tingwheel and rail steelsnolonger meet modern require-
ments for higher speeds and rolling stock carrying load.
This refers both to Ukraine and to countries of near and
far abroad. The main reason for this is the use of relative-
ly cheap unalloyed and low-alloyed medium and high
carbon pearlite class steels for production of rails and
wheels. In particular, according to GOST 10791-2011
(Russian Federation) and the international stand-
ard ISO 1005-1994 of railway wheels are produced
with the steel with chemical composition, wt.%:
0.44—0.77 C; 0.50—1.25 Mn; 0.22—0.65 Si; 0.05-0.15 V;
0.005—0.040 S; < 0.030—0.040 P. According to the Euro-
pean standard prEN 13674-1, GOST 4344-2004 and
GOST R 51685-2013 (Russian Federation) railway rails
are made of steel, wt.%: 0.38—0.82 C; 0.65—1.75 Mn,
0.13—1.12 Si; 0.00—0.20 V; 0.00—1.25 Cr; 0.00—0.01 N;
0.008—0.045 S;<0.04 P.

In steels of these classes increase of static strength
due to increase of carbon content is accompanied by
decrease of cyclic strength, static and cyclic fracture
toughness, ductility, contact endurance [2, 3]. More-
over, they have insufficient thermal fatigue strength,
heat and cold resistance, and are prone to the forma-
tion of austenitic layers with subsequent y — M trans-
formation when the surface zones are locally heated
to temperatures above Ac, n Ac, during skidding
and slipping of the wheel.

Systemic fundamental researches at Physico-Tech-
nological Institute of Metals and Alloys of the NAS
of Ukraine within several decades and accumulated
experience in industrial application have shown that
dispersion nitride-vanadium hardening technology pro-
vides a significant increase in the whole range of phy-
sico-mechanical and operational properties of cast and
deformed carbon, low-alloyed and alloyed steels of va-
rious functional purposes. It was found for the first time
that a necessary condition for the effective implementa-
tion of microalloying with nitrogen and vanadium is not
only optimization of the dispersion nitride hardening
process, but also taking into account the effect of nitro-
gen on crystallization processes and the development
of primary chemical and structural heterogeneity of
the metal, austenite grain size, and pearlitic thermody-
namic parameters, bainitic and martensitic transforma-
tions, morphology of carbide phases during the decom-
position of a supersaturated austenite and ferrite solid
solution, the development of secondary chemical and
structural heterogeneity, including grain boundary.

The most significant advantage of the steels de-
veloped at Physico-Technological Institute of Metals
and Alloys of the NAS of Ukraine is a simultaneous
significant increase in their static and cyclic strength,
static and cyclic fracture toughness, thermal resistance,
wear resistance, hardenability, weldability, reduction
or complete elimination of the tendency to natural,
deformation and thermal embrittlement [4].
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This paper presents the results of experimental
researches that show a high efficiency of dispersion
nitride hardening technology use for significant im-
provement of the physical, mechanical and functional
properties of hypoeutectoid and eutectoid steels used
in the manufacturing of railroad wheels and rails.

Methods and techniques of experiments. Smel-
ting of prototype steels. Steels were smelted in induc-
tion furnaces IST-0.16 with a crucible capacity of
30 kg and BIN-3 with a crucible capacity of 3.5 kg.
The crucible lining is acid. Melting under the com-
position flux (wt.%): lime CaO — 50 + quartz sand
Si0, — 30 + fluorspar CaF, — 20. Steels were poured into
dry sand-clay or cast-iron molds. As a charge for steel-
making the following were used: unalloyed low-carbon
steel scrap of brand 10864 GOST 11036-75; silicon of
technical brand Kr00 GOST 2169-69; metal manga-
nese Mr00 GOST 6808-90; ferrovanadium with 43 % V
GOST 27130-94; synthetic cast iron with 4.59 wt.%
carbon; aluminum AV97 DSTU 3753-98; nitrated
ferrochrome of brands FKhN 100A and FKhN 100B
GOST 4757-91, silicocalcium of brand SK30 GOST
4762-71. After antiflake annealing, cast ingots were
rolled at 900—1100 °C and a degree of deformation of
40—-50 % onto sample blanks of the required shape and
size. The chemical composition of the steels was deter-
mined on cast samples. The concentration of carbon,
sulfur, phosphorus was determined by chemical analy-
sisaccording to DSTU 123-44-2005, DSTU 12347-77,
DSTU 123-45-2004. The nitrogen concentration was
determined by reduction smelting method by smelting
the sample in helium flow with purity of 99.99 % using
the “LECO” analyzer with the accuracy of 10~ wt.%.
The concentration of other elements was determined
by spectral analysis according to GOST 8895-97.

Chemical phase analysis of nitrogen and vanadium
distribution between VN, [V], [N]. The effect of the car-
bon concentration on the thermodynamic parameters of
nitrogen and vanadium redistribution between VN ni-
tride and solid solution [V] and [N] was studied on steels
that contain carbon in the range of 0.50—0.80 wt. %
(Tables 1, 2).

Separation of VN nitride phase from steels was
carried out by the method of anodic electrochemi-
cal dissolution of the metal base of samples followed
by chemical analysis of the separated precipitates [5].
The electrolysis was carried out in an aqueous electro-
lyte of the composition (wt.%): 15NaCl + 2.5C,H,Oq
in the potentiostatic mode, which was provided by the
electronic block potentiostat “10-20 PEB”. A part of
the nitride precipitate was subjected to X-ray diffraction
analysis usinga DRON-2 refractometer in copper mon-
ochromatized radiation with interpretation of the X-ray
diffraction patterns using an ASTM data file to confirm
the presence of VN nitrides close to stoichiometric in
the precipitate. Another part of the precipitate was used
to determine its composition by the chemical method.
The nitrogen concentration was determined by steam
aspiration [5] by the color intensity on KFK-2PM
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Table 1 — Chemical composition (wt.%) of the steels under study

Steel brand | C Si [ Mn | Cr Ni Mo Al Cu Co \Y Ca Ce Zr La N Se

50SGAF 0.50{0.58(1.25]0.39(0.091{0.015(0.0140.029]0.007 {0.2200.0012| <0.002 {0.0028[0.0006| 0.020 | <0.002
60SGAF 0.59(0.46(1.20]0.42(0.094 {0.012(0.0090.022]0.011{0.1950.0013]|<0.002 {0.0027{0.0003| 0.021 | <0.002
60SGF 0.60(0.45(1.19]0.10 | 0.085]0.011{0.015/0.019]0.090(0.2050.0011|<0.002 {0.0013{0.0003| 0.004 | <0.002
80SGAF 0.80 (0.51(1.31]10.29(0.087|0.014(0.013/0.026]0.010{0.2100.0012|<0.002 {0.0015[0.0016( 0.019 | <0.002

Note: 1) the analysis was carried out on the “Spectromax” equipment (Germany); 2) content in steels (wt.%): S — 0.015...0.018;
P —0.0017...0.0250

Table 2 — Chemical composition of prototype steels (wt.%)

Steel brand C Si Mn A% N Cr S P Al
70GF 0.68 | 0.35 1.1 0.09 0.004 — 0.021-0.024 0.015—0.019 0.015-0.021
70GAF 0.69 | 0.37 1.2 0.11 0.013 0.029 0.021-0.024 0.015—0.019 0.015—0.021
80G2SF 0.85 | 045 ] 1.70 | 0.13 0.0037 0.40 0.024 0.055 —
80G2SAF 0.79 | 0.43 | 1.64 | 0.17 0.0100 0.69 0.017 0.049 —

photocolorimeter. The vanadium content in the pre-
cipitate was determined by the redox method based on
the dissolution of the of the nitride precipitate in acids,
oxidation of vanadium ion (VO?>*) with potassium per-
manganate, and titration of the solution with pheny-
lanthranilic acid [6]. The determination accuracy of V
and N concentration in the precipitate was £0.001 %
for vanadium, £0.0001 % for nitrogen.

Dilatometric research on the effect of dispersion
nitride hardening on the thermokinetic transforma-
tions parameters y — o. (pearlite, bainite, martensite).
The research was carried out on prototype steels with
(80G2SAF) and without dispersion nitride hardening
(80G2SF) using quartz dilatometer of the design of
G.V. Kurdyumov Institute for Metal Physics of the NAS
of Ukraine. Samples with dimensions d = 4 mm
and / = 20 mm were placed in a sealed chamber of
the dilatometer; air was pumped out to the pressure of
10-' MPa. After that the chamber was filled with
an inert gas, helium. The samples were heated to aus-
tenitization temperature (860 °C for steel 80G2SF,
1000 °C for steel with dispersion nitride hardening
80G2SAF). The heating was carried out with a max-
imum heating rate of 1.2 °C/s. Isothermal soaking at
austenitization temperature takes 10 min. All samples
were cooled to temperature above Ar; (800 °C) in a he-
lium atmosphere and in cases when the temperature is
lower the cooling was carried out in the air with addi-
tional cooling (cooling fan) and without it in the range
of initial cooling rate 3.5—10 °C/s. It was necessary to
fix the time-temperature parameters y — o of trans-
formation in the zones of diffusion (pearlite), interme-
diate (bainite) and shear (martensite) transformations.

X-ray diffraction analysis and research on the tempe-
ring temperature effect on the hardness of steels with different
structures after austenitization (pearlite, bainite, marten-
site). The research was carried out on 70GF and 70GAF
steels with and without dispersion nitride hardening.
X-ray diffraction analysis was performed on a DRON-3
diffractometer equipped with the “Diffwin” automated
software package. Taking of the X-ray diffraction photo-
graph was carried out in monochromatic SoKa radiation.

The results of the research and their discussion.
Thermodynamic parameters of nitrogen and vanadium
phase distribution during austenitizing heating and tem-
pering. Optimal results for improving the physico-
mechanical and functional properties of steels by dis-
persion nitride hardening technology are achieved by
dispersion and stabilization of austenitic grain during
austenitizing heating and effective dispersion harden-
ing of the ferrite matrix with nitride nanoparticles
of VN at high temperature tempering. In the works
[4, 7], it was established that this condition could be
achieved in case of 10—15 % of the primary nitride
phase during austenitizing heating. This phase blocks
the growth of the austenitic grain. It was also found that
there is a need for dispersion precipitation of the ni-
tride phase during high-temperature tempering not less
than 40—50 % of the theoretically possible amount of
this phase with a complete binding of nitrogen and va-
nadium in steel to the VN nitrides of stoichiometric
composition.

In order to determine the optimal tempera-
ture and time parameters of austenitizing heating
and high-temperature tempering of high-carbon steels
with dispersion nitride hardening, we studied the effect
of the carbon contained in them on these parameters.

By chemical and X-ray diffraction analysis in steels
with different carbon concentration of 0.50—0.80 wt. %
and the same concentration of impurity elements
(see Table 1), the phase distribution of nitrogen and
vanadium was studied at austenitizing heating tempe-
ratures in the range of 850—1000 °C and tempering in
the range of 450—600 °C. The duration of the austeni-
tizing heating was 2 hours and the high-temperature
tempering was 4 hours. According to the data of works
[4, 7, 8], such an austenitizing heating duration pro-
vides the achievement of phase equilibrium conditions
in VN-[V]-[N] system of structural carbon steels, and
the duration of high-temperature tempering is close
to the actual conditions of industrial production of
high-carbon steel products [8].

The experimental data are shown in the tables
(Tables 3 and 4).
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Table 3 — Content of vanadium, nitrogen and vanadium nitrides in the electrolytic precipitation of high carbon steels after austenitization

wt.% in precipitation after austenitization
Brand VNmax Tausm GC VNaust.
\% N VN V/N
850 0.053 0.0116 0.538 4.57 58
50SGAF 0.0928 900 0.035 0.0087 0.0404 4.02 43.5
950 0.011 0.0028 0.0130 3.93 14
1000 0 <0.0001 0 0 0
850 0.028 0.0072 0.0334 3.89 34.3
900 0.019 0.003 0.0139 6.3 14.3
60SGAF Rl 950 0 <0.0001 0 0 0
1000 0 <0.0001 0 0 0
850 0.005 0 0 0 0
900 0 0 0 0 0
60SGF o 950 0 0 0 0 0
1000 0 0 0 0 0
850 0.007 0.0013 0.0177 5.5 20.1
900 0.006 0.0009 0.0042 6.22 4.8
BOSGAF 0.0882 950 0 <0.0001 0 0 0
1000 0 <0.0001 0 0 0
Note: 1) VN, ., — the maximum theoretically possible amount of VN in steel; 2) VN, — the amount of VN after
austenitization in percentage of the maximum theoretically possible amount of VN in steel

Table 4 — Content of vanadium, nitrogen and vanadium nitrides in the electrolytic precipitation of high carbon steels after austenitization

and tempering

Content in precipitation Content in precipitation
VN, ... T, after austenitization after tempering
Steetbrand | g | ¢ LV T N T W TN, | 7. YT N T VN TN,
wt.% % °C wt.% %
450 0.011 [ 0.0028 | 0.0127 13.7
50SGAF
. 500 0.013 | 0.0028 | 0.0129 13.9
(()0022%2\;}) 0.0928 940 0.012 | 0.0030 | 0.0139 | 15.0 550 0.019 1 00039 | 0.0275 296
) 600 0.034 [ 0.0088 | 0.0408 44.0
450 0.016 [ 0.0028 | 0.0133 13.7
60SGAF
. 500 0.015 | 0.0032 | 0.0139 14.3
(()001291%‘2\13) 0.0974 910 0.017 | 0.0029 | 0.0135 | 13.7 550 0.025 T 0010l T 00227 233
) 600 0.036 [ 0.0091 | 0.0423 43.4
450 0.007 | 0.0013 | 0.0061 6.9
80SGAF
. 500 0.006 | 0.0012 | 0.0068 7.7
6002119(()7;%]\\]/), 0.0882 900 0.006 | 0.0009 | 0.0042 4.7 550 0.008 1 00041 1 00204 231
) 600 0.031 | 0.0085 | 0.0395 44.8
Note: 1) VN,,,, is the maximum theoretically possible amount of VN in steel; 2) VN, is the amount of VN in the precipitate
after austenitization as a percentage of the maximum theoretical amount of VN in steel (VN,,,.); 3) VN, is the amount
of VN in the precipitate after tempering as a percentage of the maximum theoretical amount of VN in steel (VN,,.,)

The reliability of the data in Table 3 is confirmed by
the analysis of austenitic grain growth in 60CGAF steel
when the austenitizing heating temperature increa-
ses. Thus, at heating temperatures of 850 and 900 °C
the austenite grain grade (GOST 5639-82) is 9.0-9.5,
and at temperatures of 950—1000 °C when the nitride
phase dissolves, it decreases to 6.0—7.0. The average size
of austenitic grain (d,,,) in the first case is 10—15 pm.
At the same time in the steel 60GSF without dispersion ni-
tride hardening, the austenitic grain grade score decrea-
ses from 7 (d,,, = 35 um) to 4.5-5.0 (d,,, = 60—80 um)
when the temperature of austenitizing heating increa-
ses from 850 to 1000 °C.

This means that the nitrogen and vanadium alloy-
ing of high-carbon steels with the purpose of their ad-
ditional effective dispersion nitride hardening provides
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a reduction of 2.5—3.0 times the size of the austenitic
grain at austenitization in the temperature range of
850—1000 °C due to the excess high-temperature dis-
persion nitride-vanadium phase that does not dissolve
during austenitization.

The amount of solid solution nitrogen and vana-
dium in the steels during austenitizing heating was de-
termined by the difference in the content of elements
in steel and precipitation. Taking into account that in
the logarithm equation of the product of equilibrium
quantities of solid solutions of nitrogen and vanadi-
um Ig[V][N] = A4/T + B (T is the temperature, A, B
are the coefficients), the dependence of Ig[V][N] on
1/T'is linear (Figure 1), the coefficients A and B were
determined by the least squares method according to
the formulas:
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y=Ax+ A (1)
A,=Exy—2x-2y) /n/EX = (Zx))/n; ()
A=y —3x-A)/n; (3)

e= (Ve — TV / 2o 4)

where x — 1/T, K; y — Ig[V][N]; 4,, A, — are the co-
efficients A and B in the formula (1); ¢ — the experi-
mental error, %.

The calculated empirical formulas Ig[V][N] in
the steels with different carbon content are as follows:
- for the steel S0SGAF-:

1g[V][N] = —5840/T+ 2.3; (5)
- for the steel 60SGAF:

Ig[V][N] =—4290/T+ 1.18; (6)
- for the steel 80SGAF:

1g[V][N] = —4286/T+ 1.39 (7)

when the experimental error is 0.012—0.020 %.

The calculation using formulas (1)—(3) showed
that the equilibrium temperature of complete dis-
solution of VN particles with a composition close to
the stoichiometric (see Table 3) decreases with increas-
ing carbon content in the steel: S0SGAF — 981 °C,
60SGAF — 942 °C, 80SGAF — 898 °C.

Processing of these data using the least squares
method made it possible to establish the dependence
of the decrease in the equilibrium dissolution tempera-
ture of vanadium nitrides in austenite (#,) on the car-
bon content in the steel in the form:

fyn =980 — 333 1, °C, (8)

where 980 — the 7, temperature with 0.5 wt.% car-
bon, °C; coefficient 33.3 indicates a decrease in £,
temperature with an increase in carbon content by
0.1 wt.%, °C; nisthe amount of 0.1 wt.% carbon in the
steel in the range of 0.5—0.8 wt.%, counting from 0.5.
An increase in the carbon content in steel, both
in austenite and in ferrite, reduces the activity of nit-
rogen to vanadium. In the case of dissolution of va-
nadium nitrides in austenite, this leads to a decrease
in the equilibrium temperature of their dissolution.
According to thermodynamic parameters, the same
effect should be observed for homogeneous release
of vanadium nitrides at high tempering, i. . the tem-

Figure 1 — Graphical dependence of Ig[V][N] on 1/T for 60SGAF
wheel steel according to chemical phase analysis data

perature of the effective dispersion precipitation VN
should decrease.

However, experimental data (Figure 2) show that
an increase in the carbon content in the steel practi-
cally does not affect the temperature of the effective
dispersion precipitation of vanadium nitrides, i. e.
the tempering temperature at which about 50 wt.% of
nitrides are dispersed from the theoretical amount in
the case of complete binding of nitrogen and vanadium
in the steel in the nitride phase.

At the same time, with an increase in the tempering
temperature due to an increase in the diffusion mobili-
ty of the elements the amount of the dispersion nitride
phase naturally increases. Its necessary amount (about
50 % of the theoretically possible) can be reached at
temperatures of about 600 °C. This is due to the fact
that during the tempering of the steel, the thermoki-
netic factor, rather than the thermodynamic one, pre-
dominantly influence on the process of dispersive se-
paration of the nitride-vanadium phase.

Structure formation during cooling after austenitizing
heating. The purpose of the research on the effect of
the cooling rate after austenitization on the tempera-
ture-time dependences of phase transformations is to
determine the technological parameters of hardening
of railway rails and wheels made of steel with disper-
sion nitride hardening, which will ensure the forma-
tion of an optimal metal structure. In order to achieve
maximum wear resistance of the rolling surface of rails
and wheels, thin-plate pearlite with bainite admix-
tures is used as such structure. According to the works
[2, 3, 7, 8], such structure can be formed in standard
rail and wheel steels at initial cooling rates in the range
of 5—10 °C/s after austenitizing heating.

Researches using dilatometric analysis method were
carried out on hot-deformed steels close in chemical
composition to standard rail steels without dispersion
nitride hardening (steel 80G2SF) and with dispersion
nitride hardening (steel 80G2SAF) (see Table 2).

Studies have shown that dispersion nitride harden-
ing significantly affects the temperature-time parame-
ters of phase transformations and structural parameters

(VN - VN.o)) I VN, , %

45
40 4
35
30 4
25
20 A
15 -
10 1
5

450 500 550

0 tm,°C

Figure 2 — The amount of nitride-vanadium phase in the steel
precipitation after austenitization at the optimal temperature (VN,)
and tempering (VN,,,,) as a percentage of the maximum theoretical
amount of VN in steel: 1 — Steel S0SGAF (0.22 % V; 0.020 % N);
Lug = 940 °C; 2 — 60SGAF (0.195 % V; 0.0210 % N);
tue =910 °C; 3 — 80SGAF (0.210 % V; 0.019 % N); t,,, = 900 °C
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of high-carbon steel depending on the cooling rate
after austenitization. Figure 3 shows data indicating
a decrease in the temperature ranges of pearlite, bainite
and martensitic transformations in the steel during
cooling after austenitization. This is due to increase in
the stability of austenite with solid-solution nitrogen,
both upon cooling and upon heating of the metal [4].

The data shown in Figure 4 reflect the effect of
the cooling rate on the phase composition of steels.
These data show that dispersion nitride hardening af-
fects not only the reduction of temperature intervals
vy — o (pearlite, bainite, martensite) transformations,
but also the phase composition of the metal structure
at close sample cooling rates. The austenitizing heating
temperature of steel 80G2SF is 860 °C. It corresponds
to the standard for rail steels. Meanwhile the austeni-
tizing heating temperature of steel 80G2SAF is 920 °C,
which provides the necessary phase distribution of ni-
trogen and vanadium during austenitization.

It is shown that formation of bainite and marten-
site structures in steels with dispersion nitride harde-
ning occurs at the initial cooling rate, which is 15 %
less than the cooling rate of standard steel. In particu-
lar, the formation of bainite and martensite structures
in standard steel occurs at an initial cooling rate of
10 °C/s, and in steel with dispersion nitride hardening
it is 8.5 °C/s. The dispersion of the structural compo-
nents of pearlite, bainite and martensite structures of
steel increases (Figure 5).

Structure formation during high temperature tem-
pering. Figure 6 shows the structures after tempering
standard steel and nitride-hardened steel, which were
preliminarily normalized to plate pearlite, hardened
to martensite and subjected to isothermal hardening
to bainite. It can be seen that despite the difference in
tempering temperature (450 °C for the standard steel
and 600 °C for the steel with dispersion nitride hard-
ening), in the steel with dispersion nitride hardening
the tempering structures of pearlite, bainite and mar-
tensite are similar or even more dispersed than those of
standard steel. This is mainly due to the dispersion of

t°C

700

600 |
500
400 +
3001
200 |-
100

Figure 3 — Temperature ranges of y — P,y — B,y > M
transformations when cooling 80G2SF (1) and 80G2SAF (2) steels
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Figure 4 — Fragments of thermokinetic decomposition diagrams
of supercooled austenite of the steels: 1 — [1 — steel 80G2SF,
s = 860 °C; 2 — X — steel 80G2SAF 1, =920 °C, V,, o is the
initial cooling rate of samples from the austenitization temperature

previous structures of pearlite, bainite and martensite
and changes in the conditions of nucleation, growth
and coagulation of the cementite phase.

It is known that at low tempering (150—300 °C) of
hardened steels under conditions of low diffusion mo-
bility of carbon and iron atoms and alloying elements,
nucleation of centers and partial separation of disperse
(about 10-¢ cm) coherent plate form of cementite car-
bides (e-carbide) occurs in places of carbon segrega-
tion. Those places are most likely to be dislocations in
martensite crystals and microtwins [9, 10]. The alloy-
ing elements have almost no effect on the precipitation
of the carbide phase at low tempering [11].

At high tempering (= 450 °C) of hardened steels
the mechanism of influence of alloying with nitrogen
and vanadium on the formation of micro- and fine
structures is more complex. It can additionally consist
of the following effects: nitrogen segregations which did
not dissolve during austenitization and parts of nitride
phase that was released during tempering on the mobi-
lity of dislocations, polygonization and recrystalliza-
tion processes; vanadium on the activity and diffusion
mobility of carbon, and nitrogen on the activity of va-
nadium to carbon; incoherent particles of the nitride
phase on the diffusion direction of vacancies, atoms
of the elements of introduction and substitution, the
centers of special carbides emergence.

The last thesis statement is analyzed in detail in
the work [12]. Its essence is as follows. It is known
amongst places of vacancy runoff, interstitial, substi-
tutional and precipitation impurities of the secondary
phases are interphase boundaries of matrix-inclusion
interface and stress state zones formed under its influ-
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Figure 5 — Microstructures of the steels 80G2SF (a, ¢, e) and 80G2SAF (b, d, f) (x5000): a, b — ferrite-pearlite structure (initial cooling
rate V,, ... 18 3.5 °C/s); ¢, d — bainite structure (V,, ... is 10 °C/s for steel 80G2SF, 8.5 °C/s for steel 80G2SAF); e, f — martensite-bainite
structure (V,, .01 is 10 °C/s for 80G2SF, 8.5 °C/s for 80G2SAF)

ence [13—20], including compression and extension
components near angular inclusions [21]. According to
the data of the works [22, 23], the segregation capacity
of high-angle intergranular and interphase boundaries
is much larger than that of low-angle ones.

Researches by the article authors and other spe-
cialists of the School of Corresponding members of the

National Academy of Sciences of Ukraine named after
Yu.Z. Babaskin showed that in perlitic and martensitic
steels, as well as in single-phase ferritic and austenit-
ic steels of different classes under the optimal mode of
dispersion nitride hardening, the number of statistical-
ly uniformly, intragrainally separated VN particles is
no more than 0.02—0.04 wt.%. With their size of about

d e

Figure 6 — Structures of the standard steel 80G2SF (a, c, ¢) and the steel with dispersion nitride hardening 80G2SAF (b, d, f) with initial
ferrite-pearlite (a, b) (x5000), bainite (c, d) (x1000) and martensite (d, ) (x1000) structure after tempering at 450 °C (steel 80G2SF)
and 600 °C (steel 80G2SAF)
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Figure 7 — Carbide phase distribution of cast steels 25Kh3GL (@) and 25Kh3GAFL (b) in intergranular boundary areas after normalization
(x41 000) and hot-rolled single-phase ferrite steels 04Kh18T (c) and 04Kh18AF (d) (x4000) without polymorphic transformations. Steels
25Kh3GL and 04Kh18T without VN phase, 25Kh3GAFL and 04Kh18AF with VN phase [4]

30—40 nm and an interparticle distance of 200—500
nm, the total area of the VN-matrix interfacial bounda-
ries and the volumes of the distorted crystal lattice near
them are 2—3 orders of magnitude higher than these
indicators for high-angle intergrain boundaries, as well
as interphase boundaries of the “massive cementite
and special carbide particles”. Energy-efficient areas
for diffusion of interstitial elements (carbon) inside of
them and formation of carbide phases (they are called
diffusion-energy “traps”) change the direction of dif-
fusion flows from high-angle intergranular and inter-
phase boundaries “massive carbide inclusions-matrix”
to diffusion-energy “traps”.

This provides almost complete suppression of grain
boundary segregation of carbon and carbide phases
and decreases the growth and coagulation rate of car-
bide phases at high-temperature tempering (Figure 7).

In the case of steels with pearlite and bainite struc-
tures in which carbides of cementite type are fully or
partially formed, the effect of nitrogen and vanadium
alloying is already related to changes in the intensity
and direction of diffusion of carbon and iron which is
responsible for the process of growth and coagulation
of carbide phases.

An integral indicator of the effect of nitrogen
and vanadium alloying on the formation of micro- and
fine structure, as well as distortion of the crystal lat-
tice during tempering is the hardness of steel. Figure 8
shows data on the dependence of the steel hardness on
the tempering temperature. From the data presented,
it can be concluded that for all types of initial struc-
ture (pearlite, bainite, martensite) alloying steel with
nitrogen and vanadium naturally increases its hardness
throughout the temperature range of tempering.

This is a result of dispersion of the main harden-
ing phase that is presented by carbides of cementite
type and additional dispersion hardening of ferrite
by vanadium nitride particles. In the case of increas-
ing the austenitizing heating temperature of the steel
70GF to 970 °C as for the steel 70GAF, the difference
in hardness of the steels would be even greater due to
a hardness decrease of the first one due to an inten-
sive growth of austenitic grain, a transformation tem-
perature y — o (pearlite, bainite, martensite) increase
and coarsening of the tempering structures of pearlite,
bainite, martensite.

70

X-ray diffraction researches of the fine structure of
tempered steels have shown that alloying with nitrogen
and vanadium causes, firstly, a certain (1.5—2 times)
reduction in the size of coherent blocks of the ferrite
crystal lattice of different orientations both at the initial
martensite and pearlite structure; secondly, a significant
(4 times) decrease in microdistortions of the ferrite lat-
tice; thirdly, a significant (almost 30 times) decrease in
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Figure 8 — Effect of tempering temperature on the hardness
of the standard steel 70GF (1) and the steel with nitride hardening
70GAF (2), normalized to pearlite (a), hardened to martensite (5)
and after isothermal hardening to bainite (c). Austenitization
temperatures: 850 °C for 70GF; 970 °C for 70GAF
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Table 5 — Parameters of the fine crystal structure of tempered ferrite steels

Steel brand
70GF 70GAF
Parameters . TP
Initial structure after austenitization
martensite | pearlite | martensite | pearlite
Crystal lattice parameters of the matrix ¢, nm 0.2868 0.2864 0.2862 0.2868
Average size of coherent scattering of X-ray zones D, nm 1.10 1.57 0.65 1.02
Microdistortions of the crystal lattice Aa/a - 10? 0.36 0.45 0.09 0.50
Root-mean-square deviation of atoms from the equilibrium position Jii? 0.41 0.35 0.33 0.35
Dislocation density p, 107!, Mm~2 0.560 0.382 0.020 0.781
Note: tempering temperature of steels: 450 °C for 70GF, 600 °C for 70GAF, temperature of austenitizing heating of steels:
860 °C for 70GF; 970 °C for 70GAF

the density of dislocations in ferrite with an initial mar-
tensitic structure (Table 5). These factors are predicted
by an increase in the ductility and viscosity of the metal
while maintaining its strength.

This estimation was confirmed by data on
the properties of the developed wheel steel with com-
plex dispersion nitride and solid-solution harden-
ing with silicon and manganese [24]. Compared to
standard steel of K brand, steel of a conditional brand
KAF has lower carbon content from 0.60—0.64 to
0.50—0.53 wt.%. In this case, dispersion nitride har-
dening provides:

- increase of the steel yield strength o, , up to 50 %;

- increase in impact toughness with +20 and —40 °C
by 30—70 %;

- increase of fatigue endurance by 60—120 % and cyc-
lic crack resistance by 30 %;

- 2.0-2.5 times increase in wear resistance under slid-
ing and rolling friction.

Conclusion. Thus, the research on the effect of
dispersion nitride hardening on the formation of
the structure of high-carbon steels makes it possible to
draw the following conclusions:

1. Nitrogen and vanadium alloying of high-car-
bon steels aimed at its additional effective dispersion
nitride hardening provides the 2.5—3.0 times decrease
in the size of austenitic grain during austenitization
in the temperature range of 850—1000 °C due to the
excess high-temperature dispersion nitride-vanadium
phase which does not dissolve during austenitization.

2. Due to the dispersion of austenitic grains and
the reduction of solid-solution nitrogen temperatures
ofy - a (P),y — a (B), y — o (M) transformations,
the dispersion of perlite, bainite and martensitic struc-
tures occurs. In particular, the size of martensite need-
les decreases by 3—4 times, and the distance between
cementite plates in perlite by 3.5—4.0 times.

3. The dispersion of the structure formed upon
cooling after austenitization, as well as a decrease in
the growth rate and coagulation of cementite particles,
are the reasons for significant dispersion of pearlite,
bainite and martensite tempering structures. This re-
duces the steel softening rate when increasing the tem-
pering temperature. In comparison with standard steels

tempered at 450 °C steels with dispersion nitride hard-
ening have the same dispersion of cementite particles
and hardness at tempering temperature increased by
150—200 °C. The size of coherent scattering blocks
decreases by 1.5—2.0 times and microdistortion of
the crystal lattice of ferritic phase steels decreases by
4 times. This predicts an increase in the ductility and
toughness of the metal while maintaining its strength,
which is confirmed by data on the mechanical and
functional properties of the developed wheel steel with
dispersion nitride hardening.
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IIpedcmaenensr pe3yabmanmol MemaiiogeoHecKux Uccae008aHull GAUAHUS MUKPOAC2UPOBAHUS A30MOM U 8AHA -
duem yeaepoducmoix cmaneii ¢ cooepycanuem yenepoda 0,5—0,8 macc.% na mepmoounamuueckue u mepmo-
KuHemuyeckue napamempul ¢asoeoeo nepepacnpedesenus azoma u anaous, a maxkice Gopmuposanue ghep-
PUMO-NEPAUMHOU, OCUHUMHOU U MAPMEHCUMHOLU CIMPYKMYP U UX MPAHCHOPMAYUIO NPU BbICOKOM OMNYCKe.
Tlokazarno, umo ducnepeuposarue chopmuposasuLelicst NPU OXAANCOeHUU NOCAe AYCIMEeHUMU3AYUU CMPYKMYPb,
a makoice yMeHbuleHue CKOpoCmu pocma U Koazyaayuu YeMeHMUmHbX 4acmuy, sS68AsII0mcs RPUMUHOU cyuje-
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CMBeHH020 OUCNepUPOBanUs CMpyKmyp omnycka nepauma, oetinuma u mapmerncuma. OmmeueHo noaoicu-
menvbHoe ausHUe OUCNepeUPOB8aHUs CMPYKMYp 8cex YPosHell Ha No8bilieHUe MeXaHUu4ecKux ceoiicma (npeden
mekyuecmu, y0apHas 653K0CMb, UHOCOCMOUKOCMb NPU MPEeHUU CKOAbICEHUS U KaYeHUs U 0p.) Moouguyupo-
B8AHHOU MUKPOAEUPOBAHUEM A30MOM U 8aHAdUeM Cmaiu, Ymo omxpsvleaem xopouiue nepcneKkmuesl ghgex-
MUBH020 NpuMeHeHus cmaneii ¢ OUCNePCUOHHbIM HUMPUOHBIM YNPOYHeHUeM 0451 Npou3eo0cmea diceae3Ho0o-
DOJICHBIX KOeC U PenbCos.

Karouesvte caosa: yenepoducmoie cmanu, neeupoganue, OUCnepCUOHHOe HUMPUOHOe YNpouHeHue, eppumo-
nepaumHas, OelHUMHAs U MAPMeHCUMHAs CMPYKMypbl, ayCmMeHumu3ayus, omnyck, @azoevle npespaujeHus,
HCeNe3H000POIICHBIE KOAeCa U PenbCyl
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