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Abstract—Ingots of a composite with a Fe—Cr—Mn—Mo—N—C matrix and reinforcing particles in the form
of MgO, Al,O3, and AIN conglomerates have been produced by aluminothermy, which is a version of self-
propagating high-temperature synthesis (SHS). The ingots differed mainly in carbon content. It has been
found that with an increase in carbon content in the composite from 0.01 to 0.50 wt %, its hardness rises from
238 to 271 HV and its wear resistance improves. The wear resistance has been estimated by abrasive testing
under the conditions of dry friction between the sample and a fixed abrasive—electrocorundum P400 grit
(28—40 wm) and P80 grit (200—250 wm) abrasive paper. As a measure of wear resistance, we chose a decrease
in sample weight after tests. The pressure with which the test material acted on the abrasive was roughly equal
to 0.25 N/mm?, and the test time was 90 s. The loss in weight was been measured using VLR-200 balance.
The hardness has been measured by Vickers hardness testing using an I'TV-1-A hardness meter according to
State Standard 2999-75 with a holding time of 10 s under a load of 30 kgf. It has been found that a rise in car-
bon content in the composite causes its embrittlement. It is noteworthy that in passing compressive strength
tests samples with 0.01 and 0.16 wt % C remained intact, whereas those with 0.50 wt % C cracked. However,
cracked samples continued deforming without complete breakdown up to a load that is maximum permissible
for the test machine. The compressive strength has been estimated from the cracking load and has been found
to be 3210 MPa. The ultimate compressive strength has been determined using an REM-100-A-2 multipur-
pose testing machine.
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INTRODUCTION

In order to reach a high mechanical performance of
corrosion-resistant steels, it seems promising to devise
compositions providing joint doping with nitrogen
and carbon [1]. In austenite, these elements form an
interstitial solid solution stabilizing the alloy and
improving its strength characteristics [1, 2]. Moreover,
these elements improve the resistance of steels against
specific types of corrosion, e.g., pitting corrosion [3],
which is indirectly confirmed by the MARC index [3—
6]. It was noted [4] that the combination of carbon and
nitrogen may contribute to corrosion resistance and
that of nickel and manganese has a detrimental effect.

Composite steels with a Fe—Cr—Mn—Mo—N-C
matrix and reinforcing particles in the form of Al,O;,
MgO, and AIN conglomerates are of interest as prom-
ising antifrictional materials. Their structure consist-
ing of a mild matrix (alloyed steel) with uniformly
embedded harder inclusions of conglomerates, in
which magnesium oxide with aluminum oxide impu-
rities is surrounded by aluminum nitride, is among the
basic structures of metallic materials used in slide
bearings. Most widely used metallic antifrictional

materials with a mild matrix and harder reinforcing
inclusions are exemplified by babbits [7—9]. However,
these alloys are expensive and a trend is observed to
replace them by cheaper materials. Specifically, com-
posites with a Fe—Cr—Mn—Mo—N—-C matrix and
reinforcing particles in the form of Al,O;, MgO, and
AIN conglomerates are viewed as an alternative.

Based on [10—12] it can be argued that SHS pro-
ceeding under a nitrogen pressure (a version of alumi-
nothermy) is a highly cost-effective method to pro-
duce sparingly alloyed nickel-free high-nitrogen
steels. Synthesis is usually carried out in special reac-
tors, such as RVS-10. This reactor is schematically
shown in Fig. 1 [10].

Melt carbonization in a reaction crucible (Fig. 1) is
undesirable for the aluminometric process, since car-
bon becomes a stronger reducing agent at a tempera-
ture of this process (above 2273 K) according to the
Ellingham diagram [13]. Consequently, with carbon-
izing agents added to the aluminothermic reaction
mixture, the process will be accompanied by the
uncontrollable and hardly predictable carbon-assisted
reduction of resulting aluminum oxides, as well as
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Fig. 1. Schematic of the RVS-10 reactor [10]: (/) reaction
crucible and (2) cooling crucible.

chromium, molybdenum, and manganese oxides
present in the reaction mixture. This leads to
extremely high losses of alloying carbon and an excess
of aluminum in the synthesized ingot and raises the
risk of gas porosity.

After the burning front passing through the charge
mixture reaches the diaphragm, it melts and the
metal—slag melt flows out of the reaction crucible into
the cooling one. Due to heat transfer, the products of
the exothermal process that fell into the cooling cruci-
ble have a lower temperature than the temperature in
the reaction crucible. Therefore, carbon alloying of
composites with a Fe—Cr—Mn—Mo—N—-C matrix
and reinforcing particles in the form of Al,O;, MgO,
and AIN conglomerates obtained by aluminothermy
in the cooling crucible seems to be the most useful way
of melt carbonization (Fig. 1). Because of specific
reactor designs, cooling crucibles often are not
equipped with a forced heating system. In this case,
the degree of carbonization is limited by the carbon-
izer dissolution time when the melt is kept in the inter-
val between final synthesis temperature 7; and liqui-
dus temperature 7}, which depends on the chemical
composition of steel [14, 15]. Temperature 7, varies
with the degree of carbon dissolution according to
known relationships (see, e.g., [16, 17]). It was noted
[14] that the diffusion and mechanical stirring of par-
ticles in melt are today the least understood processes
in the dissolution theory.
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Thus, the analysis and prediction of carbonization in
melt cooling crucibles, as applied to Fe—Cr—Mn—Mo—
N—C composites (including those containing Al,0O;,
MgO, and AIN conglomerates) obtained in the alumi-
nothermic process, are challenging problems that
require taking account of many factors some of which
are imperfectly known. Therefore, the development of
carbon alloying technologies for the aluminothermy
of the given composites should be aimed at improving
their operational properties. For slide bearing materi-
als, ultimate compressive strength, wear resistance,
and hardness are such properties. However, for com-
posites with a Fe—Cr—Mn—Mo—N—-C matrix and
reinforcing particles in the form of Al,O,, MgO, and
AIN conglomerates, relevant literature data that allow
the estimation of carbon content influence on the
above parameters are virtually absent.

The goal of this study was to estimate the influence
of carbon content on the ultimate compressive
strength, abrasive wear resistance, and hardness of
composites with a Fe—Cr—Mn—Mo—N-C matrix
and reinforcing particles in the form of Al,O;, MgO,
and AIN conglomerates.

MATERIALS AND INVESTIGATION
TECHNIQUES

To carry out SHS in the aluminothermic process
under nitrogen pressure, we used the following
reagents: analytically pure Fe,O; powder (specs 6-09-
5346-87), OKhM-0 Cr,0; powder (Sate Standard
2912-79), analytically pure MnO, powder (State Stan-
dard 4470-79), Ch TU 6-09-4471-77 MoO, powder,
PAM-4 Al-Mg powder (State Standard 5593-78),
ASD-1 aluminum powder (specs. 1791-99-019-98),
and chromium nitrides obtained by nitriding PKh-1M
chromium (specs. 14-1-1474-75) using SHS. To
remove moisture and increase the specific surface
area, oxides in the mixture were predried in an electri-
cal furnace at 250°C for 1—-2 h and grinded in a ball
mill. The weighed components of the charge were pro-
cessed in a mixer. The aluminothermic synthesis of
high-nitrogen steels was carried out in an RVS-10
SHS reactor under a nitrogen pressure of up to 15 MPa
(the burning-initiating nitrogen pressure was equal to
10 MPa and then, during burning, was increased to
15 MPa). The calculation of charge components and
the selection of parameters for high-nitrogen steel
synthesis with the aim of providing aluminum nitride
in resulting ingots were made with allowance for pro-
cess features mentioned in [11, 12].

Test samples were cut out of ingots by the electrical
discharge method. The metal was studied after ther-
mal treatment (aging at 1250°C for 2 h with subse-
quent water quenching).

A gas analysis to determine the nitrogen and oxygen
concentrations was performed with a METAVAK-VAK
analyzer by reduction melting in a carrier gas flow. The
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Table 1. Chemical compositions of synthesized ingots, wt %

KONOVALOV et al.

No. Fe Cr Mn Mo Al Mg N C (0)
Base material 13.02 9.37 3.75 0.92 0.16 0.96 0.01 0.197
Base material 12.71 9.09 3.84 0.93 0.15 0.92 0.16 0.219

3 |Base material 12.50 9.30 3.70 0.91 0.18 0.90 0.50 0.204

nitrogen concentration was detected with a thermal
conductivity cell, and the oxygen concentration was
determined from IR absorption data. The carbon con-
tent was found using a METAVAK CS-30 analyzer by

applying the burning test in an oxygen flow and
recording resulting carbon dioxide by a detector.

A chemical analysis for metals was conducted on a
Spectroflame Modula S inductively coupled plasma
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Fig. 2. (a) Metallographic and (b) electron microscopy data and concentration maps (a size scale of 100 um) for (c) aluminum,

(d) nitrogen, (e) oxygen, and (f) magnesium.
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Fig. 3. Hardness test results.

atomic emission spectrometer, which provides high
stability and high reliability of analysis data in a wide
range of concentrations (including difficult-to-detect
elements) [18, 19], and on a BRA-135F X-ray fluores-
cent energy-dispersive analyzer equipped with a
KEDA-E software suite.

For metallographic examination, we used a
NEOPHOT-21 microscope, and electron micro-
scopic studies were performed with a Thermo Fisher
Scientific Quattro S scanning electron microscope.
The latter was equipped with a field emission gun and
a system for energy-dispersive microanalysis based on
an EDAX Octane Elect Plus EDS spectrometer.

Wear resistance tests were carried out under the
conditions of dry friction on the surface of a fixed
abrasive—electrocorundum P400 grit (28—40 wm) and
P80 grit (200—250 wm) abrasive paper. As a measure of
wear resistance, we used a decrease in sample weight
after tests. The pressure with which the test material
acted on the abrasive was roughly equal to
0.25 N/mm?, and the test time was 90 s. The loss in
weight was measured using VLR-200 balance.

Hardness measurements were carried out by the
Vickers method using an ITV-1-A hardness tester in
accordance with GOST 2999-75 with a holding time
of 10 s at a load of 30 kgf.

RESULTS AND DISCUSSION

We synthesized three ingots with chemical compo-
sitions shown in Table 1. Each ingot was cut into
pieces, which were then subjected to heat treatment.
From these pieces, test samples were prepared.

Metallographic (Fig. 2a) and electron microscopic
(Fig. 2b) data, as well as data of energy-dispersive
analysis (Figs. 2c—2f), show that all heat-treated sam-
ples have the same structure. The composite has an
austenite Fe—Cr—Mn—Mo—N—-C matrix in which
reinforcing particles (from 5 to 15 um in size) uni-
formly extended in three directions are distributed. In
concentration maps (Figs. 2c—2f) it is seen that some
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of conglomerates are “opened.” The center of these
inclusions is occupied by MgO oxide with Al,O;
impurities, which is peripherally surrounded by AIN.

Hardness measurements demonstrate that the
resistance of synthesized alloys against indenter
penetration rises with carbon content in the matrix.
Figure 3 plots the hardness of samples versus carbon
content in them.

Data for abrasive-wear-induced weight loss (Fig. 4)
indicate that the wear resistance of the composite alloy
rises with carbon content in the matrix. In tests with
P80 grit abrasive paper, the improvement of abrasive
wear resistance is stronger than in the case of P400
paper. However, this effect is variable: when the car-
bon content increases from 0.01 to 0.06 wt %, the
weight loss decreases by 5.0% in tests with P80 abra-
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Fig. 5. Variation of the relative decrease in weight loss with
increasing carbon content for two abrasives used in tests.
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Fig. 6. Sample cracked after compressive strength test.

sive paper and by 5.2% in the case of P400 abrasive
paper.

As the carbon content grows from 0.16 to
0.50 wt %, the weight loss drops by 26.3% in the case
of P80 grit abrasive paper and by 16.7% in the case of
P400 grit paper. Figure 5 plots the variation of the rel-
ative decrease in weight loss with increasing carbon
content for two abrasives used in tests.

Seemingly, the above effect is due to the fact that
the grit size of P400 abrasive paper (28—40 pum) is
closer to the size of reinforcing particles (5—15 um)
than that of P80 paper (200—250 pm). It therefore
appears that the matrix has a greater influence on the
wear resistance measured in tests with P80 abrasive
paper than on the wear resistance obtained in tests
with P400 one. In addition, the variation of sample
weight loss suggests that reinforcing particles are
tightly bound to the matrix: no enhanced pitting is
observed at abrasive wear.

After tests for ultimate compressive strength,
samples containing 0.01 and 0.16 wt % C remained
intact. Those with 0.50 wt % C cracked but continued
deforming without complete breakdown up to a load
that is maximum permissible for the test machine.
The compressive strength of the composite with
0.50 wt % C was equal to 3210 MPa, as determined
from the cracking load. The sample cracked after tests
is shown in Fig. 6.

The above results indicate that the compressive
strength of the composite with 0.50 wt % C is close to
the ultimate compressive strength of wear-resistant
cast iron with 17.5wt % Cr, 1.5 wt % Mo, 1.0 wt % Cu,
and 3.0 wt % C (3270 MIla), which was quenched
from 1010°C and used for reference.

The integrity of samples with 0.01 and 0.16 wt % C
after tests for ultimate compressive strength and the
formation of cracks in the sample with 0.50 wt % C,
which yet continued deforming without complete

breakdown up to a load that is maximum permissible
for the testing machine, indicate very tight bonding
between reinforcing particles and composite’s matrix.
The increase in carbon content to 0.50 wt % causes the
embrittlement of the composite. Thus, further
increasing the concentration of carbon dissolved in
the matrix seems unreasonable.

CONCLUSIONS

(i) It was found that the increase in carbon content
from 0.01 to 0.50 wt % in a composite with a Fe—Cr—
Mn—Mo—N-C matrix and reinforcing particles in the
form of MgO, Al,O;, and AIN conglomerates raises its
hardness from 238 to 271 HV.

(ii) The increase in carbon content in the compos-
ite from 0.01 to 0.50 wt % improves its abrasive wear
resistance.

(iii) The increase in carbon content in the compos-
ite from 0.01 to 0.50 wt % causes its embrittlement (in
tests for compressive strength, samples with 0.01 and
0.16 wt % C remained intact and those with 0.50 wt %
cracked). The ultimate compressive strength was
found to be 3210 MPa.
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