INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS"

WEB ISSN 1314-507X; PRINT ISSN 1313-0226

Structure, phase composition and tribological properties of iron-based composites in situ synthesized from
powdered Fe—high-carbon ferrochrome mixtures

Yevheniia Kyryliuk, Genadii Bagliuk, laroslav Sytnyk, Serhiy Ivanchenko., Victor Varchenko

Frantsevich Institute for Problems in Materials Science, NASU, Kyiv, Ukraine, 03142, Krzhizhanovsky str., 3

Abstract: The article presents the results of investigations of tribotechnical properties of powder composite materials based on the iron-
high-carbon (@X800) ferrochrome system during dry friction with ZZIX15 steel at various loads of 30, 60, and 100 N. It was found that an
increase of the load from 30 to 100 N leads to an increase in the coefficient of friction from 0,45 to 0,5 (for 25% @X800) and from 0,40 to
0,46 (for 40% @X800). At the same time, the mass wear of samples made of powder materials decreases with an increase in @X800 content
from 25 to 40 (wt. %) and with growth of the load from 30 to 100 N, respectively, from 3,5 — 8,0 to 0,75 — 1,6 mg/km., which provides wear
resistance improvement (km/mm) by 2,8 — 2,2 times. X-ray phase full profile analysis using the Rietveld method established that there are 2
phases: metallic a-Fe (79,68%) and carbide Me;C; (20,32%) in the composite Fe — 25%@X800 and 3 phases: a-Fe (69,5%), y-Fe (3,96%)
and carbide Me,C; (26,57%) in the Fe — 40% @X800 composite. Topographic studies of 2D profiles of worn surfaces of composites after
friction under different loads were conducted. The results of optical profilometry show that the main mechanism of destruction of the powder
composite surface during dry friction with ZZZX15 steel is adhesive wear (seizing) of the contacting surfaces.
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1. Introduction

In recent years, a number of researchers have shown
increasing interest in metal matrix composites based on iron due to
the unique combination of their basic mechanical properties and
high wear resistance [1-11]. Most of the modern alloys that are used
in industry as wear-resistant contain a significant amount of
expensive elements, such as tungsten, cobalt, nickel, molybdenum,
vanadium, etc. In a significant part of the known wear-resistant
composites titanium carbide is used as a hardening solid phase, the
introduction of which into the composition of the material leads to
increase of the hardness and wear resistance of the latter [1-5].

At the same time, of considerable interest as materials
obtained from more affordable and cheaper components, are also
the iron-based composites reinforced with chromium carbides,
produced using powder metallurgy methods from mixtures of
chromium carbide and steel powders of the appropriate composition
[12-15].

As the authors [15] have shown, at the sintering of
consolidated chromium carbide — steel powdered mixtures the
interaction of the initial chromium carbide CriC, powder with
matrix steel complex iron-chromium carbide of (Cr, Fe),C, type
forms and with increasing temperature it undergoes a number of
phase transformations.

Unlike the technological approaches presented in [12-15], the
authors of [16, 17] proposed using cheap and non-deficient high-
carbon ferrochrome instead of chromium carbide Cr3C, powder for
manufacturing of chromium carbides reinforced iron-based
composites. Molten ferrochrome of industrial production, in a lump
or granulated state, due to its high brittleness, is quite easily crushed
into a powder suitable to produce wear-resistant and corrosion-
resistant powder materials and products made of them. The
operational and mechanical properties of wear-resistant alloys
depend on many factors, primarily on the characteristics of the
carbide phase. It is shown, that in the process of liquid-phase
sintering the interaction of high-carbon ferrochrome with iron
powder take place with transformation of iron into chrome ferritic-
austenitic steel.

The aim of this article is to study the peculiarities of the
structure and phase composition of composites sintered from a
mixture of iron and ferrochrome powders with different component
composition and their tribotechnical characteristics.

1. Materials and research methods

The initial materials were powders of iron TIDKP3.260.28 and
high-carbon ferrochrome ®X800 (wt. %): 72,2 Cr, 18,8 Fe, 8,4 C,
0,6 O — fractions —200+100 um. Powder mixtures were prepared by
wet grinding in a ball mill according to the modes shown in [10].
The content of ®X800 was varied from 25 to 40 (wt. %). The
samples were consolidated in a closed mold at a pressure of 800
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MPa. Sintering was carried out in a vacuum electric furnace at 1100
— 1300 °C under a vacuum of at least 102 Pa. The mechanical
properties of the samples were determined according to standard
methods used in testing powder materials and hard alloys [18, 19].
The microstructure of the materials was studied using a REM-1061
electron microscope. Filming was carried out from cuts in copper
monochromatic radiation; X-ray phase analysis — on a DRON-3
diffractometer. The search for correspondence of diffraction lines to
known compounds in Fe-Cr-C systems was carried out using the
PDF-2 database. Refinement of the structures was carried out by the
Rietveld method using the PowderCellBase suite of programs. The
wear resistance of the materials was studied according to the shaft
(counter-body) — plane (sample) scheme by dry friction on IIX15
steel at room temperature (+ 30 °C). Test conditions: sliding speed
v =1 m/s; load, p = 30, 60, 100 N; friction path — 1 km. Mass and
linear wear, wear resistance, quantitative and qualitative parameters
of the surface relief were determined by the method of optical
profilometry using a non-contact interference 3D profilograph
Micron-Alpha by the company "Micron-system".

3. The results of the experiments and their

discussion

Full-profile analysis of Fe — 25% ®X800 and Fe — 40%
®X800 carbides was carried out according to the Rietveld method.
X-ray phase analysis made it possible to determine that there are
two phases in the Fe—-25% ®X800 composite, metallic a-Fe —
79,68% and carbide Me;C; — 20,32%. The results of indexing the
X-ray pattern indicate that the metal phase of carbide steel Fe —
25% ®X800 is a BCC phase based on a-Fe with a period of a =
0,2875 nm (that is, slightly increased compared to pure iron due to
the dissolution of chromium). Therefore, the results of the X-ray
phase analysis allow us to conclude that when the amount of high-
carbon ferrochrome changes from 25% to 40%, the phase
composition of the composite changes, namely, a small amount of
austenitic y-Fe is formed in the amount of 3,96% in the Fe — 40%
DX800 composite. The content and lattice parameters of the carbide
phase of the Me;C; type remain practically unchanged in both
composites.

Microstructures of sintered carbide steels with 25 and 40 (wt.
%) ®X800 are shown in Fig. 1. It can be observed that the
microstructure thereof is heterogeneous and consists of metal and
carbide phases and a certain number of pores. As the ferrochrome
content increases, it changes: from matrix-framework at 25 (wt. %)
®X800 (Fig. 1, a) to matrix-filled at 40 (wt. %) ®X800 (Fig. 1, b).
X-ray microspectral analysis of samples with 25 and 40 (wt. %)
®X800 revealed that the metal phase is similar in composition to
chromium steel, the content of the main elements is shown in (Fig.
1). The microhardness of the matrix for materials of both
compositions is 2,15 — 2,3 GPa. According to the results of X-ray
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phase and micro-X-ray spectral analyses, the carbide phase of the
composites is a complex iron-chromium carbide of the Me;C; type.
As can be seen from the above microstructure (Fig. 1, b), three
phases are clearly visible in the 60% Fe — 40% ®X800 composite:
light gray, gray, and dark gray.

. | Content of the main elements, (wt. %)
Spectrum Ne
Fe Cr

1 80.7 17.8
2 323 67.6
3 531 454
4 79 4 1523
5 40,83 5723
6 28,51 70.7

Fig. 1. Microstructure of carbide steels sintered at 1250 °C for 30
min (SEM): a —25, b —40 (wt. %) @X800

X-ray microspectral analysis with large measurement
statistics on different carbides indicates that the ratio of iron and
chromium atoms in them is different. In the volume of one carbide,
the amount of chromium increases and reaches a maximum in the
center. Taking into account the fact that the formation of the phase
composition occurs by a diffusion mechanism due to the movement
of chromium atoms from the carbide into the iron matrix and iron
atoms from the matrix into the carbide, it is possible to state that the
contrast in (Fig. 1, b) is due to the different ratio of iron and
chromium atoms in lattices of the same type of carbide,
accordingly, it affects the different microhardness of the carbide
phases. The microhardness of the carbide phase (Fig. 1, b, Ne 5) is
6,4 GPa, (Fig. 1, b, Ne 6) — 11,4 GPa. The microhardness of the
carbide phase in the Fe — 25% ®X800 composite is 12,2 GPa.

The table 1 shows the density, volume shrinkage, and basic
physical and mechanical properties of composites with 25 and 40
(wt. %) ®X800 sintered at optimal temperatures. Experiments have
shown that with an increase in the amount of ®X800 from 25 to 40
(wt. %), the hardness and the bending strength limit increase
symbatically. The increase in the hardness of materials occurs due
to an increase in the amount of the solid component and secondary
carbides, which were formed because of the intensive interaction of
high-carbon ferrochrome with the iron base during sintering.
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Table 1
The influence of the content of high-carbon ferrochrome on
the density, volume shrinkage and physical and mechanical
properties of carbide steels

Samples . Y. AVV, M K.
composition (wi. %) T "C g/em® % s MPa*m!?
75Fe - 25FKh800 1250 | 6,94 245 66 1100 249
60Fe — 40FKh800 1250 7.3 32 76 1665 19.4

Systematic studies of the tribotechnical properties of powder
composite materials based on the iron-high-carbon (©X800)
ferrochrome system during dry friction with I1IX15 steel at a sliding
speed of 1 m/s and loads of 30, 60, and 100 N were conducted. The
dependence of the wear resistance effect (Fig. 2, a) and the
coefficient of friction (Fig. 2, b), composites of different
composition on the change in contact pressure was studied. It was
established that an increase in the ®X800 content from 25 to 40
(wt. %) and the load from 30 to 100 N leads to an increase in the
coefficient of friction with 1I1X15 steel (HRC 55 — 60) from 0,45 to
0,5 (25% ®X800) and from 0,40 to 0,46 (40% ®X800).
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Fig. 2. Dependence of wear resistance (a) and friction coefficient
(b) of composites of the Fe — @X800 system on the load force:
1 - 75% Fe — 25% @ X800; 2 — 60% Fe — 40% X800

At the same time, the mass wear of the samples (Fig. 3) made
of powder materials decreases with an increase in the ®X800
content from 25 to 40 (wt. %) and growth of the load from 30 to
100 N, respectively, from 3,5-8,0 to 0,75 — 1,6 mg/km, which
provides an increase in wear resistance (km/mm) by 2,8 — 2,2 times.

Such a significant increase in wear resistance is due to the
higher content of the carbide component in the material with 40 (wt.
%) ®X800 and, accordingly, its high hardness. It is important to
note that the mass wear of the counter-body made of I1IX15 steel
for the materials of both compositions does not change significantly
and ranges between 3,5 — 4,5 mg/km.

Topographic studies of worn surfaces of carbide steels Fe —
(25, 40)% ®X800 during dry friction on a counter-body made of
11X 15 steel under different loads were carried out (Fig. 4).
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Fig. 3. Dependence of the mass wear of sample (1) and counter-
body (2) on the load force of Fe — 25% @X800 (a) and Fe — 40%
@X800 (b) composites
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According to the research results, it is seen that an increase in
the load from 30 to 100 N leads to critical wear of the materials of
both compositions.

This is especially noticeable from the given 2D profilometry
of the surfaces of carbide steel with 25% ®X800 after the friction
test at loads of 60 and 100 N (Fig. 4, c, e), significant grain tear-out
and the formation of deep cavities are clearly visible after the
tribotechnical researches.

Fig. 4. Image of 2D profiles of topography of wear surfaces of Fe —
25% @X800 (a, ¢, e) and Fe — 40% ®X800 (b, d, f) material
samples under different loads: 30 N (a, b); 60 N (c, d); 100 N (e,f)

However, profilometric studies of the surface of this
composite after friction at a lower load (30 N) showed uniform

wear of carbide steel, without noticeable deep traces of grain tear-
out, which is clearly visible from the 2D profile of the sample
surface (Fig. 4, a).

Images of surface topographies of 2D and 3D profiles of 60%
Fe — 40% ®X800 carbide steel after tribotechnical tests, differ from
the previous sample in more uniform wear over the entire plane of
the sample under different loads. (Fig. 4, b)

As we can see from Fig. 4, d, local sharp protrusions, the
number of which is much smaller compared to the 75% Fe — 25%
®X800 composite, and no significant cracking of the grains was
also found after the tribotechnical tests. With an increased load of
up to 100 N, deep traces of wear and tear-out of the grain are clearly
visible in the given photos of surface profilometry, which indicates
significant wear of the composite under the given load (Fig. 4, f).

Based on the results of the research, we can conclude that
increase in the amount of high-carbon ferrochrome to 40% leads to
an increase in the uniformity of wear of the composite surface
during dry friction on a counter-body made of I11X15 steel at a load
of 30 and 60 N. This dependence is confirmed by the results of
optical profilometry for carbide steel 60% Fe — 40% ®X800, it was
also established that the main mechanism of destruction of the
surface of the powder composite during dry friction with steel
IIX15 is adhesive wear (seizing) of the contacting surfaces.

Conclusions

1. Systematic studies of the tribotechnical properties of
powder composite materials based on the iron-high-carbon
(®X800) ferrochrome system during dry friction with IIIX15 steel
at a sliding speed of 1 m/s and loads of 30, 60, and 100 N were
conducted. It was established that an increase of the load from 30 to
100 N leads to an increase in the coefficient of friction with steel
Ix1s from 0,45 to 0,5 (for 25% ®X800) and from 0,40 to 0,46
(for 40% ®X800). At the same time, the mass wear of samples
made of powder materials decreases with an increase in the ®X800
content from 25 to 40 (wt. %) and growth of the load from 30 to
100 N, respectively, from 3,5 — 8,0 to 0,75 — 1,6 mg/km, which
provides wear resistance improvement (km/mm) by 2,8 — 2,2 times.

2. X-ray phase full-profile analysis using the Rietveld
method, established that there are 2 phases: metallic a-Fe (79,68%)
and carbide Me,;C; (20,32%) in the Fe — 25% ®X800 composite
and 3 phases: a-Fe (69,5%), y-Fe (3,96%) and carbide Me,Cs
(26,57%) in the Fe — 40% ®X800 composite. Thus, it was
confirmed that in both composites the main BCC phase is based on
iron with a lattice period of a = 0,2875-0,2879 nm, which is slightly
larger compared to the period for pure iron due to the dissolution of
chromium.

3. Topographic studies of 2D profiles of worn surfaces of
composites under friction and loads of 30, 60, and 100 N clearly
record the breaking out of particles and the formation of a
significant number of deep cavities, which is particularly noticeable
in the composite with 25 (wt. %) ®X800 at high loads. Unlike it,
profilometric studies of the surface of the composite with 40 (wt.
%) ®X800 did not reveal a significant amount of destruction,
tearing out and crushing of grains. The main parameters of the
texture of worn surfaces indicate that increase in the amount of
ferrochrome to 40 (wt. %) ensures uniform wear of the composite
surface. The results of optical profilometry confirm that the main
mechanism of destruction of the surface of the powder composite
during dry friction with IIIX15 steel is adhesive wear (seizing) of
the contacting surfaces. The developed powder composites are
recommended for the manufacture of wear-resistant structural parts,
linings of brake and friction devices.
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