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The paper presents the results of studying the microstructure and phase composition of an experimental heat- 

resistant alloy based on the Fe-Cr-Ni-alloying element system intended for manufacturing of components for  

metallurgical equipment. Samples of an experimental alloy were prepared for research. Electron microscopy using 

X-ray mapping was used as a research method. X-ray phase analysis was performed to verify the phase identifica-

tion. Influence of alloying elements on formation of intermetallic strengthening phases in an experimental alloy is 

considered. It is shown that the alloy matrix is represented by a γ-solution by the type of substitution and interstitial 

phases of Ni3Al, MeC. The existence of a new intermetallic phase Me2B, identified taking into account the chemical 

composition of the alloy, as (Nb, Mo)2B, has been identified and experimentally proved. This phase is represented 

by significantly smaller inclusions. Microstructural and X-ray spectral analysis of the samples confirmed the pres-

ence of the above phases. It has been shown that the presence of this phase in the structure has a positive effect on 

the value of longterm strength. Furnace roller tables were cast from smelted experimental steel in normal operation.
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Introduction 

A significant part of the furnace equipment (rollers, pal-

lets, grates, furnace accessories, etc.) in the metallurgical and 

foundry industries is made of heat-resistant steels, which is 

associated with the peculiarities of operating conditions: high 

temperatures, constant load and duration of use. The opera-

tion of products at high temperatures and under the action 

of constant loading leads to the development of creep with 

subsequent destruction [1-5].

At present in the CIS countries, most of the furnace 

equipment components are made of heat-resistant steels of 

the 20Kh25N20S2, 35Kh18N24S2L grades. The durability 

of the components made of these steels is low and makes 

3-4 months in average, then it is necessary to replace them, 

which leads to equipment downtime and reduced productiv-

ity. The reason for the short life of the parts is relatively low 

heat resistance of steels they are made of [6-10]. An alterna-

tive to heat-resistant steels are heat-resistant alloys based on 

Cr-Ni or Ni-Co systems. These alloys have high heat resist-

ance but they also have a high cost, which does not justify 

their use in this case [11-15].

Based on the thermodynamic calculation using the 

ThermoCalc software (Sweden) and laboratory experi-

ments, the composition of a heat-resistant alloy based 

on the Fe–Cr–Ni-alloying element system was proposed 

(Table 1) [16, 17]. A distinctive feature of this alloy, com-

pared to other alloys based on Cr-Ni or Ni-Co systems, is 

Fe introduction into the composition of the alloy. In the 

case of nimonics, the presence of iron in the alloy is an un-

desirable impurity, since it leads to decreasing heat resist-

ing properties. In this case, the introduction of iron in the 

alloy makes it possible to reduce the cost in comparison 

with pure Cr-Ni or Ni-Co alloys; decreasing heat resist-

ance is partially compensated by the introduction of other 

alloying elements. It should be emphasized that in this 

case the goal is not to achieve in the new alloy the same 

heat resistance indicators as in Cr-Ni or Ni-Co alloys, 

because the experimental alloy is designed for products 

operating under milder temperature and loading condi-

tions. The experimental alloy shows fairly good param-

eters of longterm strength, which suggests the possibility 

of its use for manufacturing parts. In order to more accu-

rately predict the properties of the alloy, its microstructure 

has been studied.

The aim of this research is to study the fine structure of 

an experimental heat-resistant alloy based on the Fe-Cr--

alloying element system.



Metal Science and Metallography CIS Iron and Steel Review — Vol. 25 (2023), pp. 84–89

85

Матеrials and меthods

An experimental heat-resistant alloy has been used as an 

object of study. The melts have been carried out in an induc-

tion furnace UI-25p with an improved cooling system, in a 

corundum-mullite-zirconium crucible. Then the melt has 

been poured into molds, the mass of ingots was 200-300 g. 

The chemical composition of the obtained alloy has been 

monitored using a Poly Spec-F spectrometer. The chemi-

cal composition of the obtained alloy was monitored using 

a Polyspek-F spectrometer. The analysis was carried out at 

3 points in different parts of the sample, the data spread was 

no more than 10 %. The composition of the smelted alloy is 

shown in Table 1.

After cooling, the samples have been subjected to heat 

treatment, consisting of quenching from 1100 °C in oil, fol-

lowed by aging during 4 hours at 700 °C and cooling in air.

The tests for longterm strength and creep have been car-

ried out on a TRMP-50-E testing machine. The test samples 

were made of a cylindrical shape with a diameter of 5 mm and 

a length of 25 mm according to GOST 10145-81. Longterm 

strength has been determined at the preset bending (UBS) 

and bending angle (%). These characteristics are highly cor-

related with standard tensile properties (UBS � 1,7*UTS, 

MPa and % (degrees) � 4*El, %).    

 To study the fine structure of the test samples, there 

has been used an S-3400N scanning electron microscope 

equipped with a NORAN X-ray energy dispersion spectrom-

eter of the Hitachi High-Technologies Corporation.

The qualitative and quantitative phase composition 

of the test samples has been determined using X-ray dif-

fraction analysis on an X-PertPRO X-ray diffractometer. 

The sensor computer is equipped with the DIFFRAC plus 

SEARCH database, using which the data results have been 

processed, which made it possible to unambiguously diag-

nose the phases.

X-ray studies were carried out on the X'PertPRO diffrac-

tometer using CuK��radiation. Accelerating voltage makes 

30 kV, current is equal to 10 mA, a nickel filter was used.  

The diffraction spectrum was taken from 5 to 120 degrees 

of Bragg angles. Focusing of the goniometer was done ac-

cording to the Bragg-Brentano scheme. The experimental 

spectra were processed using the diffractometer software: 

X'Pert High Score Plus version 2.2b and X'Pert High Score 

version 2.2b.

Results and discussion

Table 2 shows the data of longterm strength and creep 

strength of the test alloy sample. Heat-resistant steel 

20Kh25N20S2 has been used as a reference sample, as it is 

most widely used at the works of the Republic of Kazakhstan.

Analysis of the obtained results shows that the param-

eters of the heat-resistant properties of the test alloy at the 

temperature of 900 °C are approximately 30 % higher than 

those of steel 20Kh25N20S2. At the temperature of 1000 °C,  

the reference sample has been destroyed.

It is obvious that presence of heat-resistant properties 

determines the phase and structural composition of the alloy 

stipulated by its chemical composition. As it is shown in 

works [18, 19], heat-resistant alloys can contain phases that 

strengthen the dispersion�%'-phases, and secondary phases 

that are�% +%' eutectic, and eutectoid carbides of the M23C6 

type (complex cubic carbide), as well as TDP (topological 

densely-packed) phases, Laves phases and an undesirable 

��phase.

Using X-ray microanalysis, a map of the distribution of 

elements at different points in the structure has been ob-

tained (Fig. 1).

Table 3 presents the data of the element composition at 

different points of the structure. 

It can be seen from the data in Table 3 that most of the 

spectra are presented by rather homogeneous composition: 

Ni content is within the range 23.6-31.9 %; Cr content is 

within the range 18.5-20.2 %, etc., i.e. the microspectral 

analysis data correspond well with the data of the chemical 

composition of the alloy in the Table 1. Fig. 1b shows the gen-

eral picture of the elements distribution in the alloy. Based 

on the data in Table 3, we can conclude that the main part 

of the alloying elements is localized in the matrix, forming a 

solid solution by the type of substitution with the exception 

of carbon (Fig. 2c).

Table 1. Chemical composition of the experimental alloy

Elements

No C Ni Cr Al Mo Nb Co В Fe

1 0,07 37 18 2,5 1,1 2,5 18,5 1,0 ост.

Table 2. Heat-resistant characteristics of the test alloy 

Samples

Longterm strength, МPа, 
at the temperature, 0С, 

during 50 hours

Creep strength, MPa, 
at the temperature,0С,

with 3% deformation during 50 hours

800 900 1000 800 1000

 Reference sample 
(20Kh25N20S2) 197 196 - 89 -

Test alloy 349 280 235 110 62
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The exception and, accordingly, the most interesting as-

pects are presented in the spectra 7, 8 and 9. It can be seen 

from the data in Table 3 that these spectra are characterized 

by the increased content of Mo, Nb, and B. If the content 

of these elements in the remaining spectra is about 1 %, 1.5 %,  

and 0.5 % on average, respectively, then in spectra 7–9 con-

tent of these elements increases by 2–4 times.

For example, the Mo content in spectrum 7 is 4.33 % 

compared with the background content 1.2 %. The Nb 

content in the same spectrum is 3.84 % compared with the 

Fig. 1. X-ray microanalysis results: 
а – X-ray microanalysis regions in the sample structure; 

b – general picture of the elements distribution; 

c – characteristic spectrum of the matrix (points 1-4)
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Table 3. Concentration of chemical elements in the selected spectrum,  % (mass.)

Spectra
Concentration of the alloy component in the selected spectrum, %, (mass.)

Ni Cr Fe Mo Al Nb B Co C

1 28.1 18.5 29.00 1.13 2.8 1.65 0.65 18.1 0.062

2 31.9 18.44 25.8 1.0 2.6 1.60 0.59 18.0 0.05

3 23.6 18.55 35.02 1.31 2.9 1.51 0.58 16.5 0.03

4 31.2 19.30 25.2 1.48 2.5 1.74 0.84 17.6 0.065

5 30.9 20.01 24.9 1.22 2.4 1.56 0.76 18.1 0.071

6 31.6 19.40 27.36 1.32 2.4 1.50 0.56 15.8 0.061

7 29.3 18.62 19.90 4.33 3.0 3.84 4.45 16.5 0.058

8 30.1 20.20 21.22 3.33 2.7 3.89 3.49 15.0 0.073

9 28.3 19.06 22.50 3.57 2.6 3.8 3.00 17.1 0.068

10 29,1 18,42 27,76 1,46 2,4 1,8 0,70 18,3 0,054
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background content 1.65 %. The content of B in spectrum 7 

increases to 4.45 % compared with the background content 

0.65 %. If we compare the data of Table 2 with the places of 

reflection of the spectra (see Fig. 1), then it can be seen that 

spectra 7–9 fall on the interstitial phases, in contrast to other 

spectra obtained from the matrix.

It is obvious that such elements as niobium, molybdenum, 

and boron form a new phase that is incoherent with the ma-

trix and most likely has properties different from those of the 

matrix. To determine the nature of the interstitial phases, addi-

tional studies have been carried out using X-ray microanalysis 

at the points of localization of the interstitial phases (Fig. 2a).

Fig. 2. X-ray microanalysis results for the interstitial phases in the points of localization: 
а – the point of sampling; b – characteristic view of the X-ray spectrum at the point 3

3(1)

6384 65535

1 mm

2

1

3

4

a

keV

b

klm - 6 - C

Full scale counts: 533 3(1)_pt1 Cursor: 8.807 keV
1 Counts

keV
0           1           2           3           4           5           6           7           8           9

Ni

Ni

Ni

Al

500

400

300

200

100

0

Table 4. Concentration of chemical elements in the selected analyzed spectrum, % (mass.)

Spectra
Element content, % (mass.)

�
Al-К Ni-К Cr-K Nb-K Co-K Fe-K Mo-K

1 2.2 28.1 15.3 2.2 11.6 39.6 1.0 100

2 2.9 27.9 15.4 2.9 11.0 38.5 1.4 100

3 2.6 28.7 15.8 2.6 11.3 37.4 1.6 100
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Fig. 3. X-ray microanalysis results for the interstitial phases with the new interstitial phase: 
а – the point of sampling;  b – characteristic view of the X-ray spectrum at the point 3
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According to the results of the X-ray spectrum (Fig. 2b, 

Table 4), a strengthening =-phase of the Ni3Al type has been 

revealed. This intermetallic compound is well studied and is 

one of the known hardening phases that determine the alloy 

longterm strength [20].

In addition to the indicated Ni3Al phase and insignificant 

amount of the MeC type carbide phase, a new interstitial 

phase has been detected (Fig. 3a) that has not been identified 

in any of the phases considered above. This phase is repre-

sented by much smaller inclusions localized along the grain 

boundaries of the main matrix. The analysis of the spectra 

(Fig. 3b, Table 5) shows the increased 1:1 ratio of niobium 

and molybdenum compared to the matrix, as well as pres-

ence of boron. 

In addition to the other alloying elements, the experi-

mental alloy contains such elements as Nb, Mo, and B.  

It was noted in work [21] that in presence of Group V metals 

and B in the Cr-Ni-based alloy, a new phase of the Ме2В 

type can be formed.

Based on the obtained data of the analysis and in this 

case, and taking into account the chemical composition of 

the alloy and elemental investigation of the phase, the latter 

can be identified as (Nb, Mo)2B.

Formation of a new intermetallic phase (Nb, Mo)2B 

allows explaining the hardening mechanism of the testing 

alloy. Its matrix is represented by alloyed austenite-type so-

lution with a sufficiently coarse grain. High tensile strength 

is ensured by the presence of such phases as Ni3Al and MeC 

type carbides. Formation of a new intermetallic phase of the 

(Nb, Mo)2B type leads to increasing the ultimate strength 

in comparison with the standard since this phase has higher 

hardness and is stable, like all borides, to high temperatures; 

it is also localized along the grain boundaries of the matrix. 

All these factors, according to the generally accepted theory 

Table 5. Concentration of chemical elements in the selected analyzed spectrum. % (mass.)

Spectra
Element content, % (mass.) �

Nb-К Mo-К B-K

1 41.95 45.95 12.1 100

2 42.3 46 11.7 100

Table 6. Semi-quantitative X-ray phase analysis of crystalline phases results 

No D-spacing, A Rel. Int., % Compound Chemical formula Concentration, %

1 7.29719 8.88 Iron Nickel Fe-Ni 45

2
2.02726 100

Boron, Niobium, 
Molybdenum

(Nb, Mo)2B 11

3 1.17025 14.63 Nickel Aluminum Ni3Al 16

4 1.30501 2.75 Nickel Ni 13

5 1.43193 7.15 Phase laves AB2 15
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Fig. 4. X-ray diffractometry of the samples studied: 
а – example of the spectrum localization; b – typical diffraction pattern
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of alloying heat-resistant alloys, provide increasing the alloy 

ultimate strength, which has been experimentally confirmed 

[19-21].

X-ray phase analysis of the samples confirmed presence 

of identifiable interstitial phases (Table 6, Fig. 4).

The comparative analysis of the obtained X-ray diffrac-

tion patterns of the experimental samples with the database 

shows high phase content with the FCC lattice identified 

as -solution based on Fe-Ni (peak 1); the presence of the 

Ni3Al phase (peak 2), as well as the presence of a new phase  

(peak 3), which is identified as the Ме2В type phase. 

Comparison the chemical analysis data of spectra 7–9 

and the XRD data confirms the correctness of identification 

of the interstitial phase as (Nb, Mo)2B. 

Conclusion

Thus, the studies show that in the structure of the ex-

perimental heat-resistant alloy based on the Fe-Cr-Ni sys-

tem, additionally alloyed with Mo, Nb and B, there is also a 

new phase identified as (Nb, Mo)2B in addition to the well-

known %-matrix by the type of substitution, and the known 

Ni3Al phase and MeC type carbides. This phase has not been 

experimentally observed previously. The phase is incoherent 

with the matrix and apparently has a significant effect on the 

hardening mechanism, since the ultimate strength increases 

in its presence.

Furnace rollers were cast from the smelted experimental 

steel and installed in a thermal furnace for normal opera-

tion. The next stage of research will be to study the structural 

changes in the experimental steel in real operation. The esti-

mated service life is 3,500 hours.
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