Journal of Engineering and Technology Management 78 (2025)

Microstructure and abrasive wear resistance in the Miller test of a martensitic Fe-C
alloy with V and W carbides

Grzegorz Tecza

AGH University of Krakow, Faculty of Foundry Engineering, Krakéw, Poland

Keywords: Abrasive Wear, Martensitic Alloy, Microstructure, Vanadium Carbides, Heat
Treatment, Hardness

Abstract

A very popular material used for parts and components of machines operating under abrasive
wear is cast alloyed steel with medium and high carbon content, which ensures sufficient
hardness, and with the addition of elements such as Cr, Mn, Si, Ni, Mo. To improve the
abrasive wear resistance of the tested alloys, carbide-forming elements such as vanadium
were introduced in the amount of about 18 wt.% during melting. One melt, in which the total
carbon content ranged from 3.4 to 3.9 wt.%, additionally contained 4.5 wt.% W. The
measured hardness of the tested samples in the alloy with a carbon content of 3.4 wt% and the
addition of 17.7 wt% V and 4.5 wt% W, the as-cast was approximately 535 HV and increased
to approximately 665 HV after quenching. The highest hardness was obtained for an alloy
containing 3.9 wt% C and 17.9 wt% V. In the as-cast state, the hardness of this alloy was 850
HV and increased to 950 HV after quenching from a temperature of 880°C and cooling in a
15% of Polihartenol HI polymer solution. The microstructure of test castings was composed
of a martensitic matrix with low amounts of retained austenite characterized by the presence
of lamellar carbides with a spherical cross-section, evenly distributed in the alloy matrix. In
the majority of cases, those were M>C carbides, though in alloys with vanadium and tungsten,
complex carbides of the (V,W)xCy type were also observed to occur. The highest resistance to
abrasive wear of approximately 950 HV was obtained in a martensitic alloy with 17.9 wt%
V+0.1 wt% W, quenched from a temperature of 880°C and cooled in a 15% of Polihartenol
HI polymer solution. Its weight loss was two times lower than the weight loss of the reference
cast GX70CrMnSiNiMo?2 steel.

Introduction

Progress in numerous branches of industry, to mention only the energy industry, mining and
aggregate processing, has greatly increased the demand for thick-walled castings of machine
parts and components made of alloys resistant to abrasive wear. Mining and materials
processing as well as the energy industry are among those sectors that show the greatest
demand for castings of this type. Therefore, cast martensitic alloy steel is nearly always
associated with the production of rings and balls operating in the grinding units of coal mills.
The basic chemical composition of an alloy is not always sufficient to generate the required
and satisfactory wear resistance, especially when this alloy should withstand the complex
wear processes, which occur during its operation and are due to, among others, variable loads
and abrasion. Modification of the chemical composition of currently used cast steels by
adding carbide-forming elements has a positive effect on both alloy hardness and abrasive
wear resistance. Pure wear through mechanical action is a rare case. It is usually accompanied
by temperature- and corrosion-related effects. What we observe under real conditions is not
one but many different co-existing wear mechanisms, though the dominant one can always be
identified.
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Abrasive wear represents approximately 80-90% of all types of wear. Castings used in the
energy, mining or aggregate processing industries most often operate under the conditions of
metal-non-metal friction, and abrasive wear occurs when the abrasive slides accross the
surface of a solid body [1-8].

The wear behavior of materials depends on so many factors of so complex nature means that
for many years certain studies have become dominant in the development of abrasion-
resistant materials with attention focused on certain research trends. Analysis of the literature
on the abrasive wear of metals and their alloys indicates that current research is primarily
devoted to the development of several technologies improving the abrasion resistance of
materials. The most popular and most frequently developed alloy resistant to abrasive wear is
cast high-manganese Hadfield steel, in which the improvement in abrasion resistance is
achieved, e.g. by the use of a specially selected heat treatment [9,10].

In traditional cast tool steels and cast irons, various types of carbides, of both primary and
secondary nature, are produced, where the elements forming primary carbides are added in
small amounts and act rather as modifiers. In such alloys, the resistance to abrasive wear is
mainly provided by the secondary carbides, which are fine and scarce in number, and
precipitate in the solid state after heat treatment. For this reason, further improvements in the
heat treatment parameters are so important for the enhancement of the wear resistance of
materials [11-15].

Another way to improve abrasion resistance is by producing top layers that harden only the
surface of the casting, leaving the core malleable. It is proposed to produce such layers
directly on castings in the casting mold [16—18], and to apply protective coatings, e.g. by
surface remelting [19,20], or to make such layers by other physical and chemical methods on
finished castings [21-24].

A relatively new development in the production of abrasion-resistant castings is the
manufacture of composites or making castings with abrasion-resistant composite zones by the
Self-Propagating High-Temperature Synthesis. The essence of the latter invention consists in
the formation of carbides in some specific zones of the casting as a result of reaction by
generating high temperature in the alloy and carbides synthesis from a mixture of powders
[25-28].

The next method to obtain a composite structure and high abrasion resistance involves casting
two-phase or multi-phase alloys, including iron alloys and tool steel, where the alloy matrix is
reinforced with carbides, nitrides or other ceramic particles, which are introduced into the
liquid metal in the form of powder. The use of the most commonly added TiC carbides, which
are introduced during melting and casting of steel, is justified by their good absorption in
liquid steel, high hardness and stability of particles [29-38].

The methods and developments in the materials engineering of abrasion resistant Fe-C alloys
presented above are complex, time-consuming and expensive, and, moreover, require
additional equipment, additional materials as well as human skill and effort. An equally good
solution is the one that allows obtaining high abrasion resistance parameters within the entire
casting volume. Compared to the presented modern technologies, the method is faster, easier
and cheaper. The authors propose some means for the production of primary carbides in the
metallurgical process and the addition of carbide-forming elements to the alloy, which after
heat treatment will form secondary carbides. This technology ensures that primary carbides,
which provide high wear resistance, are evenly distributed in the alloy matrix, which can
additionally be precipitation-strengthened during heat treatment. This enables the production
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of durable, abrasion-resistant structural components. In previous studies [39—44] on the
properties of cast austenitic steel enriched with the additions of vanadium, titanium and
niobium, the authors discussed changes in the microstructure and abrasive wear resistance
determined in the Miller test. In all the examined cases, a favorable microstructure was
produced in the tested alloys, and in the Miller abrasion resistance tests, at least two times
higher resistance to abrasive wear was obtained compared to the reference cast steel. Cast Fe-
C alloys with carbides evenly distributed in the matrix provide high abrasion resistance,
although, as shown in [41], the plasticity of cast steel suffers a significant drop and the impact
strength decreases even twice.

Figure 1 compares the smallest weight losses in samples of the alloys with different content of
various additives and carbide-forming elements, tested so far by the authors in a 16-hour
Miller test (ASTM G75-07). Cast chromium-nickel austenitic steel with the addition of
titanium is definitely the material offering the lowest rate of wear, but the obtained results
should be referred to the percent content of carbide-forming additives, which will be the
subject of a separate study.

BCr-Ni_with the addition of 5.3 Ti

BCr-Ni_with the addition of 9.2%Nb

@GX120Mn13_with the addition of 8.1%V

BGX120Mn13_with the addition of_7.5%Nb
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Figure 1. Comparison of the wear behavior of austenitic alloys tested by the author

Materials and Methods

Based on the results obtained so far for the alloys with an austenitic matrix, it can be
concluded that adding carbide-forming elements to the alloy always tends to increase the
matrix hardness, and in the wear tests, favorable results with at least several dozen percent
higher abrasion resistance compared to the reference cast steels have been obtained. This
prompted the author to conduct similar experiments on alloys with a martensitic matrix. The
chemical composition of the tested alloys was selected in such a way as to obtain, after
solidification and carbides formation from the carbide-forming elements, the chemical
composition of the alloy matrix corresponding to cast steel with medium and/or high carbon
content, ensuring a sufficiently high hardness of the martensitic matrix. Additionally, the
composition included elements such as Cr, Mn, Si, Ni, Mo, which provide sufficient
hardenability to thick-walled castings. The tested cast steel was melted in a laboratory
induction furnace, Balzers VSG-02, manufactured by Balzers, Germany, provided with a
crucible of 1kg capacity. The charge consisted of cast GX70CrMnSiNiMo2 steel scrap and
pig iron of known chemical composition. The chemical composition additionally included
alloy additives, such as metallic chromium, low-carbon Fe-Mn85, electrolytic nickel, Fe-Si65
and Fe-Mo60, all to a mass of approximately 900g. The entire charge was loaded into the
crucible and after melting and stirring, the metal was heated to a temperature of
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approximately 1600°C, the molten steel was deoxidized with Al added in the amount of
1g/1kg of steel. After deoxidizing the steel, carbide-forming elements in the form of Fe-V90
and Fe-W90 ferroalloys were added in portions, keeping the temperature of the liquid steel as
constant as possible. The metal prepared in this way was held in the furnace for 5 minutes to
dissolve alloy additives and reach a pouring temperature of approximately 1550-1560°C.
Shortly before pouring the ceramic molds, which were heated to a temperature of about
200°C, the metal was deoxidized with Fe-Ca-Si introduced in the amount of 1g/1kg of steel.
In this way, "Y" type test castings with a wall thickness of 25 mm, a length of 70 mm and a
weight of approximately 900g were produced. Figure 2 shows the test casting and indicates
the way in which samples were cut out. The samples were next used for the heat treatment
and wear tests, and for the microstructural examinations.

Figure 2. “Y" type test casting and a method of cutting out the samples

Chemical analysis of the tested alloys was carried out under industrial conditions using a
Spectro Maxx LMF04 spectrometer (Spectro, Kieve, Germany). Additionally, the content of
carbide-forming elements was confirmed by the examinations carried out with a Spectro
Midex energy dispersive X-ray fluorescence spectrometer (Spectro, Kieve, Germany). Table 1
shows the chemical composition of the tested alloys.

Table 1. Chemical composition of the tested alloys

Chemical Composition [wt.%]

Alloy

designation —F Vo p S < NV W Mo Ti_ Al
P2 34 09 07 006 003 16 002 177 45 00l 003 002
P3 39 11 07 006 004 01 002 179 01 001 002 002

Based on the results of the chemical analysis of the composition of the produced test ingots, it
was found that the obtained alloys contained from 3.4 to 3.9 wt.% C, from 0.9 to 1.1 wt.% Mn
and 0.7 wt.% Si, which should be sufficient to provide the required hardenability.
Additionally, to further improve the hardenability, chromium in the amount of 1.6 wt.% was
added to alloy P2. Nickel at the level of 0.02 wt.%, as well as molybdenum and titanium at
the level of 0.01-0.05 wt.% were acting as microadditives with only an insignificant effect on
the hardenability of the tested alloys and their hardness after quenching. The content of
vanadium in the tested alloys it was about 18 wt.%, and dditionally, 4.5 wt.% W was added to
the one alloy to improve its wear resistance.
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The hardness of the tested samples, as-cast and after heat treatment, was measured with a
Vickers hardness tester (Werkstoffpruefmaschinen, Leipzig, Germany) under a standard load
of 30kg. The results of hardness measurements were presented as independent results. The
mean value was not calculated because differences in the obtained hardness values clearly
indicated the structural and chemical homogeneity of the alloy.

The microhardness of both alloy matrix and produced carbides was determined by the low-
force Vickers hardness measurements according to the method specified in PN-EN-ISO 6507-
1:2018, (Leitz Durimet, Wetzlar, Germany) under a load of 100g.

The microstructure of the tested alloys was examined under a Neophot 32 (Carl Zeiss Jena,
Hovelhof, Germany) light microscope equipped with a camera for digital image recording.

The heat treatment was performed in a laboratory chamber muffle furnace, model FCF75HM
(Czylok, Jastrzgbie Zdroj, Poland). Samples with a wall thickness of 25 mm were heated to
880, 920 and 1050°C and annealed for 0.7 hour followed by cooling in various media. The
OH-120M quenching oil (NAFTOCHEM Sp. z o. o., Krakéw Poland) or a 15% aqueous
solution of Polihartenol HI spolymer (Proimp, Rzeszéw, Poland) was used. After hardening,
all samples were stress-relieved at a temperature of 200°C. The heat treatment parameters and
the hardness values obtained in individual measurements are compared in Table 2.

Microstructural analysis was also performed with a JEOL, JSM-5500LV scanning electron
microscope (made in Tokyo, Japan). The microscope was equipped with an EDS detector
from Oxford Instruments (made in Abingdon, UK), which enabled chemical analysis of the
alloy matrix and carbides visible on metallographic sections. For the examined areas, two
qualitative analyses were performed — the first analysis in the form of an EDS energy
spectrum and the second one showing chemical composition in atomic percentage. This data
analysis allowed determining the type of carbides obtained.

Phases present in the tested samples were identified with a Kristalloflex 4H (Siemens,
Munich, Germany) X-ray diffractometer from Siemens using the characteristic Cu radiation
(Ko = 0.154 nm) with a step size of 0.052 theta/1 s.

The specimens with the highest hardness after heat treatment were selected for further wear
tests. The wear rate was determined in a Miller machine that complies to the ASTM G75
Standard and allows comparing the rate of wear in specimens with different hardness values.
Figure 3 shows a schematic diagram of the machine used in Miller test.
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Figure 3. Schematic diagram of the abrasion testing device (a): 1; specimen, 2; weight, 3; specimen holder,
4; holder arm, and 5; abrasive. (b) dimensions of the specimen tested for abrasive wear [42,44]

The test involves sliding four specimens, which are mounted and loaded in the handles of the
device and move in a reciprocating motion for a specified time in an abrasive environment.
Abrasion resistance is determined from the obtained differences in wear rate. Performing tests
by the same procedure and under the same conditions allowed the author to compare the
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currently obtained results with his earlier results and with the results obtained by other
researchers [39—49], the latter was, however, possible only when the tests were conducted
under identical conditions of abrasion and all test parameters were kept constant and
repeatable. The most important parameters that affect the obtained results include the
specimen dimensions , which are 25.4x12.7x9-11 mm, a constant load of 22.2N and an
abrasive medium in the form of a suspension composed of water and silicon carbide in a
50/50g ratio. Silicon carbide with a grain size of 53-73 um was used to prepare the test
suspension. The test time and the number of cycles performed are also extremely important.
Two tests were performed for each set of specimens, each test including four four-hour
abrasion cycles. After each cycle, the specimen was weighed with an accuracy of 0.001g.
Based on the obtained changes in the mass of each specimen, the mean value was calculated,
the wear curves were plotted and compared with the wear of the reference sample. However,
considering the fact that other researchers often do not provide accurate data on the conditions
of the experiment, the author could only compare the obtained results with his own previous
studies carried out by the Miller test.

The wear values obtained for the tested specimens were compared with the wear of a
reference specimen made of cast GX70CrMnSiNiMo2 alloy tool steel, which is used for coal
grinding sets in coal-fired power plants. The cast steel composition included 0.7 wt.% C, 1.0
wt.% Mn, 0.5 wt.% Si, 1.8 wt.% Cr, 0.6% Ni and 0.4 wt.% Mo. The cast steel was heat-
treated (toughening) to an average hardness of 400 HV. The surfaces of all specimens after
the abrasion test were macroscopically compared with the reference specimen and, based on
the obtained results, the wear mechanism was determined. It should be remembered, however,
that testing the surface condition after abrasion should be extended and include the use of a
profilometer, which is a standard device for assessing and comparing the condition of the
surface after use. Surface examinations using a profilometer will be carried out as a next step
in the research program after tribological tests, and will additionally include surface analysis
made by SEM.

Test results and discussion
Heat treatment and hardness

The study presents the results of a research on the microstructure of the tested alloys obtained
after casting and heat treatment. The results of hardness measurements and abrasive wear
resistance tests carried out on the martensitic alloys with vanadium and tungsten carbides
produced in a metallurgical process are presented. The heat treatment parameters and
measured hardness values are compared in Table 2.

Table 2. Heat treatment parameters and hardness of the tested samples

Alloy designation Heat treatment Hardness [HV]

As-cast 530, 532, 532, 540
o 830°C/0.7h/15% HI polymer 590, 560, 580, 580
880°C/0.7h/oil 543, 543, 545, 547

o, + 0, ) ) )
(7.7 wt% V4.5 W% W) 5 05C/0. 7h/1 5% HI polymer 631, 610, 633, 629
1150°C/0.7h/15% HI polymer 657, 675. 667, 669
As-cast 870, 840, 845, 868

o3 830°C/0.7h/15% HI polymer (1020), 966, 966, 946, 927

880°C/0.7h/oil 869, 869.876. 876

0, + 0, ) ) )
(7.9 wt% VEO.I W% W) 5 056/0. 7h/1 5% HI polymer 883, 862, 876, 876
1150°C/0.7h/15% HI polymer 876, 849. 869, 876
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The alloy with 3.4 wt.% C and the addition of 17.7 wt.% V and 4.5 wt.% W, designated as P2,
was characterized by much good hardness. In the as-cast condition, its hardness was
approximately 535 HV and with the increase in quenching temperature, samples quenched
from a temperature of 1150°C reached the hardness of approximately 665 HV. In this alloy,
the increase in hardness with the increase in quenching temperature was caused by the
dissolution of carbides in the matrix, increasing with the austenitizing temperature, which is
of crucial importance for the improvement in hardenability. The highest hardness was
obtained for alloy P3 with a carbon content of 3.9 wt.% and 17.9 wt.% V. In the as-cast state,
the hardness value was as high as 850 HV and increased further to 950 HV after quenching
from a temperature of 880°C with cooling in a 15% HI polymer solution. For this chemical
composition, the increase in quenching temperature had no significant impact on the hardness
value. The maximum hardness measured was obtained for the alloy quenched from a
temperature of 880°C with cooling in a 15% HI polymer solution. It amounted to 1020 HV,
but the sample cracked before the annealing operation. As a result of fracture and stress relief
annealing, the hardness dropped to approximately 950 HV. Additionally, for all tested alloys,
samples hardened in an aqueous polymer solution had slightly higher hardness compared to
samples hardened in oil. The small scatter of the hardness values proves the structural and
chemical homogeneity of the tested alloys and a uniform distribution of carbide precipitates in
the alloy matrix. For the tested alloys, the measured hardness of visible carbides ranged from
2140 HVO0.1 to 2690 HVO0.1. The alloy matrix hardness was comparable to the matrix
hardness measured with a Vickers hardness tester under a load of 30kg and ranged from 880
to 960 HV 0.1. Figure 4 shows an example of the microstructure obtained in alloy P3 with a
carbon content of 3.9 wt.% and 17.9 wt.% V; microhardness imprints and respective values
are visible in the tested areas.
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Figure 4. Example of the microstructure obtained in alloy P3 (17.9 wt.% V+0.1 wt.% W) with hardness
measurements in the tested areas, etched with nital

Microstructure

Figures 5 and 6 show the characteristic microstructures obtained in the unetched and etched
state, respectively, in alloy P2 containing 3.4 wt.% C and the addition of 17.7 wt.% V and 4.5
wt.% W. Some attention deserves the morphology of carbides obtained in this alloy. The
examinations carried out by light microscopy (Figures 5 and 6) and scanning microscopy
(Figures 7 and 8) as well as the chemical analysis of the composition of visible carbides
(Tables 3 and 4) allow concluding that, apart from lamellar carbides in the predominant part
with a spherical cross-section evenly distributed in the martensitic matrix of the alloy (Figures
5a, 6a and 7), a small amount of eutectic carbides (Figures 6a, b and 7.) also occurs in the
areas of retained austenite, the presence of which has been confirmed by X-ray examinations
of phases present in the alloy (Figure 9). Most of the retained austenite was observed in the
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areas of eutectic carbides (Figures 6a, b and 7), which are the primary interdendritic spaces.
Vanadium in the presence of tungsten forms complex carbides of the (V,W)iCy of the VC
type. Examples of the chemical composition of these carbides are given in Table 3, point 2
and Table 4, point 1. They mainly contain vanadium up to 40 at% and a small amount of
tungsten, i.e. up to 1.8 at%. In alloy P2 with the addition of 4.5 wt.% W, few, single
dispersion carbides enriched in tungsten were observed to occur in the interdendritic spaces
(Figure 7, point 1 and Table 3, point 1). They contain primarily vanadium in an amount of up
to about 30 at% and tungsten in an amount of up to about 5 at%.

A completely different structure, especially as regards carbide morphology, was obtained in
alloy P3 with vanadium. Examinations by light microscopy (Figures 10 and 11) and by
scanning microscopy (Figures 13 and 14) as well as chemical analysis of the composition of
visible carbides (Tables 5 and 6) allow concluding that the microstructure of this alloy
consists of a martensitic matrix with oval and spherical carbides, which are evenly distributed
in this matrix (Figures 10a and 11a). The observed carbides are most frequently of the VC
type. Examples of their chemical composition are given in Table 5, point 1. They contain
primarily vanadium in an amount of up to 46 at% and small amounts (up to 0.1 at%) of other
carbide-forming elements. Additionally, few, small clusters of complex eutectic carbides of
the (V,Fe)xCy type VC, were observed on metallographic sections in the primary
interdendritic spaces (Figure 14, Table 6, point 1). Besides vanadium in an amount of
approximately 20 at%, they additionally contained Fe in an amount of approximately 16 at%.
In alloy P3, no retained austenite was observed on metallographic sections (Figure 11c),
although X-ray tests have indicated its presence (Figure 12). Owing to this microstructure, the
obtained hardness of this alloy is the highest of all alloys tested so far and, on average,
approaches 950HV.

Figure 5. Microstructure of alloy P2 (17.7 wt.%
V+4.5 wt.% W), carbides uniformly distributed in

the alloy matrix; unetched specimen; a)-400x, b)-
800x, ¢)-2000x

PAGE NO: 108



Journal of Engineering and Technology Management 78 (2025)

Figure 6. Microstructure of alloy P2 (17.7 wt.%
V+4.5 wt.% W), martensitic matrix with retained

austenite - light areas, etched with nital; a)-400x,
b)-800x, c)-2000x

Figure 7. Scanning image of alloy P2 (17.7 wt.% V+4.5 wt.% W; a)-oval and lamellar carbides evenly
distributed in the alloy matrix, b)-marked locations of analysis

Table 3. Chemical composition of areas at points 1, 2 and 3, Figure 7

Location of analysis . . [at%]
C Si Ti \4 Cr Mn Fe Mo W  Total
point 1 584 - 01 307 22 - 34 01 51  100.0
point 2 566 — 0.1 410 03 - 09 01 1.0 100.0
point 3 99 14 02 32 14 04 827 02 0.6 100.0
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Figure 8. Scanning image of alloy P2 (17.7 wt.%
V+4.5 wt.% W); lamellar and eutectic carbides in Figure 9. X-ray diffractogram of alloy P2
the alloy matrix (17.7 wt.% V+4.5 wt.% W)
Table 4. Chemical composition of carbides at point 1, Figure 8
. . [at%]
Location of analysis C Ti V Cr Mn Fe Mo W Total
point 1 591 0.1 344 08 01 36 0.1 18 100.0

Figure 10. Microstructure of alloy P3 (17.9 wt.%
V+0.1 wt.% W), carbides evenly distributed in the
alloy matrix; unetched specimen; a)-400x, b)-800x,
¢)-2000x
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Figure 11. Microstructure of alloy P3 (17.9 wt.%
V+0.1 wt.% W); martensitic alloy matrix without
retained austenite; etched with nital; a)-400x, b)-
800x,¢)-2000x

Figure 12. X-ray diffractogram of alloy P3 (17.9 wt.% V+0.1 wt.% W)

Figure 13. Scanning image of alloy P3 (17.9 wt.% V+0.1 wt.% W); a)-oval and spherical carbides evenly
distributed in the alloy matrix, b)-marked locations of analysis
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Table 5. Chemical composition of areas at points 1 and 2, Figure 13

(1)
Location of analysis . . [at%]
C Si Ti \4 Cr Mn Fe Mo W  Total
point 1 527 - 01 460 - 0.1 0.9 0.1 0.1 100.0
point 2 126 1.6 02 14 - 05 8.1 0.1 05 100.0

Figure 14. Scanning image of alloy P3 (17.9 wt.% V+0.1 wt.% W), eutectic and lamellar carbides in the alloy
matrix

Table 6. Chemical composition of carbides at point 1, Figure 14

1)
Location of analysis . . [at%]
C Si Ti \4 Cr Mn Fe Mo W Total
point 1 623 03 - 205 - 03 164 0.1 0.1 100.0

Wear Resistance

Samples with the highest matrix hardness were subjected to Miller abrasion tests. Tests
included alloy P2 (17.7 wt.% V+4.5 wt.% W), quenched from a temperature of 1150°C and
cooled in a 15% HI polymer solution to a hardness of approximately 665 HV, and alloy P3
(17.9 wt.% V+0.1 wt.% W), quenched from a temperature of 880°C and cooled in a 15% HI
polymer solution to a hardness of approximately 950 HV. The reference material to compare
the test results was cast GX70CrMnSiNiMo?2 alloy steel, subjected to standard heat treatment
to an average hardness of 400 HV.

Based on individual weight losses, the total weight loss of the specimens during the test was
calculated. The results were used to plot a graph of the cumulative weight loss of the
specimens as a function of the abrasion time, shown in Figure 15.

The obtained values of the total weight loss show the highest resistance to abrasive wear of
martensitic alloy P3 (17.9 wt.% V+0.1 wt.% W), quenched from a temperature of 880°C with
cooling in a 15% HI polymer solution to a hardness of approximately 950 HV. Its weight loss
of 0.262g/16h was two times lower than the weight loss of the reference cast
GX70CrMnSiNiMo?2 steel, where the wear rate was the highest and amounted to 0.525g/16h.
The wear rate of alloy P2 (17.7 wt.% V + 4.5 wt.% W) increased slightly with the addition of
vanadium and tungsten (compared to alloy P3), which was due to a lower hardness of the
alloy matrix compared to alloy P3 and was caused by depletion of the matrix in carbon when
the vanadium and tungsten carbides were formed.
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The linear run of the wear traces obtained for the reference GX70CrMnSiNiMo2 alloy and
alloy P2 (17.7 wt.% V + 4.5 wt.% W) proves their uniform wear over 16 hour cycle. A
different run of the wear traces was observed in alloy P3 (17.9 wt.% V+0.1 wt.% W). A
gradual flattening of the line can be seen, which indicates that wear is slowly stabilizing over
time. As the matrix wear proceeds, the carbides are exposed and confer an exceptionally high
abrasion resistance to the tested material. It can be expected that the carbides will chip off at a
certain stage of wear, but as a result of progress in the matrix wear, new carbides will be
exposed, the balance will be re-established, and the wear will stabilize at an even level.

06 - =i =GX70CrMnSiNiMo2 - quenchedand tempered
5 —x=P2 (17.7 Wt% V+4.5 Wt% W)_hardened 1150°C in15% HI 02>
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Figure 15. Cumulative weight loss of specimens of the tested alloys as a function of abrasion time

Figure 16 shows a macroscopic image of the surface of specimens tested for abrasion
resistance. The most uniform wear in all the studies of the abrasion resistance presented so far
was obtained by the author for the group of martensitic alloys with vanadium. All tested
specimens with a high content of carbides in the alloy matrix had an even and slightly rough
surface and, as a result of matrix wear, carbides exposed from the alloy matrix were visible on
the surface. On the surface of the specimens subjected to a 16-hour abrasion test, no chipping
of carbides from the abraded surfaces or the formation of scratches or furrows was observed.

Figure 16. The surface of specimens after abrasion test: a) — martensitic alloy P2 with the addition of
17,7%V+4,5%W, b)-martensitic alloy P3 with the addition of 17,9%V+0,1%W, c)-reference specimen cast
GX70CrMnSiNiMo?2 steel
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Conclusions

High carbon content in martensitic alloys and the presence of carbide-forming elements with a
high affinity for carbon give these alloys exceptional hardness and precipitation-hardened
matrix. The favorable morphology of oval carbides, which are evenly distributed in the alloy
matrix, also has a beneficial effect on the fracture toughness of castings. Combined together,
these properties result in an equally high abrasion resistance of the alloys, and the following
conclusions can be drawn from the conducted tests:

1. The microstructure of the tested alloys consists of a martensitic matrix with carbides
evenly distributed in this matrix.

2. The obtained carbides are in prevailing part characterized by an oval cross-section.
3. A small amount of retained austenite was observed in the areas of eutectic carbides.

4. Lamellar eutectic carbides were observed to occur in primary interdendritic spaces in
the areas of retained austenite.

5. In the alloy with vanadium, the most common were VC-type carbides.
6. Vanadium in the presence of tungsten forms complex carbides of the (V,W)xCy type.

7. The highest hardness of approximately 950 HV was obtained for an alloy with the
addition of 17.9 wt.% V + 0.1 wt.% W, quenched from 880°C and cooled in a 15%
polymer solution.

8. The formation of vanadium and tungsten carbides in the martensitic matrix increases
the abrasive wear resistance even twice and makes the sample wear uniform.
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