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The structure and distribution of alloying elements in wear-resistant high-chromium alloys with
different chemical compositions were studied to ensure high hardness, strength and resistance
to various types of wear. High-chromium cast irons are complex multicomponent alloys, so it is
necessary to consider a number of features of alloying elements influence on the nature of
phases formed in such alloys, as well as the processes occurring both during crystallization and
during cooling of the casting in the solid state. In this regard, studies were conducted on the
structure of high-chromium alloys with different chemical compositions. The structure of the
high-chromium alloy was studied by X-ray spectral microanalysis, properties of the high-
chromium alloys were determined by measuring hardness and microhardness. Heterogeneity
of element distribution in the primary austenite grain was revealed. The chromium content varied
from 4.7% in the region bordering the carbide to 14.9% in the grain center. The content of nickel,
chromium, and manganese remained virtually unchanged across the specimen cross-section.
Heterogeneity of silicon and molybdenum distribution across the specimen cross-section was
revealed; their content is increased toward the center by 1.5-1.8 times. The carbide phase of
the high-chromium alloys was represented by cementite-type carbides (Fe, Cr)sC, special
chromium carbides (Cr, Fe);Cs, and complex compounds based on Fe, Cr, Mo —
(Cr, Fe, M0)23Cs. Research has established that increasing in the chromium content in the alloy
leads to increasing in the level of microhardness of carbides. With increasing in the chromium
content from 12.2 to 18.8%, the microhardness of carbides of the (Fe, Cr)sC type increases by
10 percent, and the microhardness of the special chromium carbides (Cr, Fe)7zCs increases by
5 percent.
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Introduction

The wear resistance of materials during abrasive wear is usually proportional to
their hardness. During abrasive wear, the leading processes are multiple deformation
of the surface by particles sliding along it and micro-cuts. The degree of development
of these processes is largely determined by the ratio of the hardness of the material
and abrasive patrticles. Since the hardness of abrasive particles is high, the greatest
wear resistance is possessed by materials whose structure consists of a hard carbide
phase and a high-strength matrix that binds them.

High wear resistance is typical for: white cast iron, steel, ceramics, aluminum
oxide, zirconium oxide, etc. White cast iron has high hardness due to the presence of
cementite, but it is quite brittle. High surface hardness provides good resistance to
wear, especially abrasive wear. Due to different cooling rates across the section and
obtaining different structures, casting has high internal stresses, which can lead to
cracks. To relieve stress, castings are subjected to heat treatment.

High-chromium cast iron has high wear resistance. Chromium is the main
alloying element of the group of white wear-resistant cast irons. Its content in such
alloys can reach 35%. As a result of alloying with chromium, hardness, strength and
resistance to various types of wear increase.
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Mechanical properties of high-chromium cast irons depend primarily on the
nature of the carbide phase being formed. Chromium is an element that promotes
strong carbide formation. It can partially replace iron atoms in the carbide (Fe, Cr)sC
or form special chromium carbides in which some of its atoms are replaced by iron:
(Cr, Fe)7Csand (Cr, Fe)23Ce.

At concentration of chromium up to 9.5%, the chromium carbide phase is
represented by cementite. White cast irons of the Fe—C—Cr system with carbides
(Fe, Cr)sC crystallize with the formation of eutectic type ledeburite. However, cast irons
with carbides of the MesC type have a greater tendency to brittle fracture.

Chromium-—carbide eutectic is formed at chromium concentration of more than
10%. Microscopic pictures of solidification and morphology of structural components
change which relates to appearance of new type of carbide phase. With increasing of
chromium content in cast iron from 9.5 to 12%, ledeburite is gradually replaced by
austenite chromium—carbide eutectics. Transition to carbides Me7Cs, relates to
crystallization of austenitic chromium—carbide eutectics providing advantages of cast
irons with carbides of Me7Cs type over then cast iron MesC in strength and plasticity.
The portion of carbides is determined mainly by the carbon content and the type of
carbides by the chromium concentration. However, at the same carbon concentration,
the quantity of carbides increases since the chromium concentration increases.

The matrix is much softer than the carbides, therefore, despite their high
hardness, the matrix wears out due to chipping of carbides and scratching of the metal
base material. Such wear is determined by the mechanical properties of the matrix
material. If the base doesn’t have sufficient hardness, then carbides can chip off the
surface, not realizing their high wear resistance. High wear resistance is a necessary
but not sufficient condition for performance and reliability, therefore, when choosing
the composition of cast iron, its strength and tendency to chipping should be
considered.

The sizes of the structural components significantly affect the properties. With
increasing of the degree of structure dispersion, the strength characteristics of cast
irons increase significantly. By varying the cooling rate during crystallization, the
direction of heat removal, etc., it is possible to change such important characteristics
of the structure as the size and mutual arrangement of the carbide phase. In addition,
it is possible to improve the properties of castings (reduce stress, increase plasticity
and impact toughness, etc.) using heat treatment. The choice of heat treatment mode
depends on the size, the original structure of the material, as well as on the
requirements imposed on it [1-2].

Purpose and task statement

The purpose of the work is to research the structure and distribution of alloying
elements in wear-resistant high-chromium alloys with different chemical compositions.
In order to ensure the achievement of this goal, the following tasks were solved: the
structure of the high-chromium alloys was studied by X-ray spectral microanalysis;
properties of the high-chromium alloys were determined by measuring hardness and
microhardness.

Analysis of research results

The initial structure of a high-chromium alloy is of decisive importance in the
formation of its properties. High-chromium cast irons are complex multicomponent
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alloys. Therefore, it is necessary to consider a number of features of alloying elements
influence on the nature of the phases formed in such alloys, as well as the processes
occurring both during crystallization and during cooling of a casting in the solid state.
In this regard, research was conducted on the structure of high-chromium cast irons
with different chemical compositions.

Alloying the alloy with chromium, manganese, nickel and molybdenum leads to
increasing the stability of austenite. Depending on the degree of alloying of an alloy,
austenite acquires different ability to decompose, which in its turn, affects the phase
composition of the alloy, the microstructure, and, consequently, its properties.

To assess the effect of chromium on the proportion of residual austenite and
martensite, metallographic studies of alloys with a chromium content of 12.2-18.8%
were carried out using a method for quantitatively assessing the phase composition

(Fig. 1).

Fig. 1. Structure of high-chromium alloys with different chromium content:
a—12.2% Cr; b - 16.6% Cr; c — 18.8% Cr, x100
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Increasing of the carbon content in alloy leads to decreasing in the stability of
austenite and increasing in the rate and degree of pearlite decomposition. Therefore,
alloys with carbon content up to 2.80% were studied. Obtained dependencies are
shown in Fig. 2.
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Fig. 2. Change in the proportion of residual austenite depending
on the chromium content in alloys

The studies were conducted to determine the distribution of alloying elements
in a high-chromium alloy using the X-ray spectral microanalysis method. The carbide
phase of the alloy containing 17% Cr, 2.58% C, 0.74% Si, 1.10% Mn, 0.07% P, 0.04%
S, 1.28% Ni, 0.98% Mo, 0.03% Mg in the cast state was studied using the X-ray
spectral microanalysis method, which made it possible to study the content and
distribution of alloying elements more precisely. The presence of carbides with
chromium content of 10.6 — 13.2%, in which there was no molybdenum, the amount of
manganese in them didn’t exceed 1.1% was revealed. Based on the literature data [1—
4], it can be concluded that these carbides belong to cementite type. Carbides
containing 34.6—39.9% chromium, 1% molybdenum, 0.56—-0.8% manganese can be
classified as special carbides of the (Cr, Fe)7Cs type. Carbides containing from 10.1 to
36.8% chromium and from 4.32 to 15.9% molybdenum were also identified in the
structure. These carbides can be classified as the complex compounds of the
(Cr, Fe, M0)23Cs type [5-7].

Formation of carbides is accompanied by significant depletion of the alloying
component of the solid solution boundary zones with them. Distribution of chromium
and silicon in the primary austenite grain was estimated by X-ray spectral
microanalysis. The measurement step was 5 um. As studies have shown, the
chromium content in the primary austenite grain varies from 4.7% in the boundary
region with the carbide to 14.9% in the grain center. It was found that silicon is mainly
concentrated in the matrix. Its content in the boundary region with the carbide is
increased (1.8 — 2.2%) compared with the grain center, where its concentration doesn’t
exceed 0.7 — 1.7%. The molybdenum content in the matrix varied from 0.6 to 5.2%,
and nickel — from 0.4 to 2.8%. Zones without nickel and molybdenum were also
revealed. Manganese is distributed uniformly and its amount in the carbide phase and
matrix is almost equal.

The properties of high-chromium alloys are closely related to the type of phases
formed and their ratio. The level of hardness and strength of high-chromium alloys is
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mainly determined by the type, size, distribution of the carbide phase and the structure
of the metal matrix. The ratio of the matrix phases can be controlled by appropriate
alloying and subsequent heat treatment. The number, shape, size and location of
primary and eutectic carbides are predetermined by the crystallization process.

In this regard, the influence of the proportion of carbides and the matrix structure
on the level of alloy properties was studied.

By increasing the proportion of residual austenite from 5 to 25% and martensite
to 40% with a constant amount of carbide phase, it is possible to increase the hardness
by 10 HS, which is 14.2% of its average level, while the coercive force increases by
30%. Increasing in the level of coercive force indicates a significant increasing in phase
stresses, which can increase significantly during operation and contribute to crack
formation. By reducing the proportion of carbide phase, it is possible to achieve
decreasing in coercive force by 14.3%, while the hardness will decrease by 5 HS.

The level of properties of the carbide phase was assessed by microhardness.
This method is the most sensitive to changes in its composition and condition.

The microhardness of the carbide phase was measured for alloys with different
chemical compositions. Studies have shown that increasing in the chromium content
in the alloy leads to increasing in the microhardness of the carbides (Table 1). With
increasing of the chromium content from 12.2 to 18.8% (the coefficient K changes from
4.42 to 6.71), the microhardness of the carbides (Fe, Cr)sC increases from Hso = 856
to Hso = 936, and (Cr, Fe)7Cs from Hso = 1372 to Hso = 1436.

Table 1
Microhardness of carbide phases
Microhardness of carbides Microhardness of carbides
(Cr, Fe)7Cs (Fe, Cr)sC

Content of Average Content of Average
elements, % K=Cr/C hanr”lclj(r:]ré)s-s* elements, % K=Cr/C harpézrgs-s*

C Cr C Cr
2.86 | 13.9 4.86 1372 2.76 12.2 4.42 856
2.78 | 14.6 5.25 1381 2.86 13.9 4.86 876
277 | 15.3 5.52 1390 2.78 14.6 5.25 893
282 | 16.4 5.82 1400 2.77 15.3 5.52 900
294 | 16.8 5.71 1404 2.82 16.4 5.82 908
258 | 17.0 6.59 1408 2.94 16.8 571 914
270 | 175 6.48 1418 2.58 17.0 6.59 920
2.86 | 17.9 6.26 1427 2.70 17.5 6.48 931
2.80 | 18.8 6.71 1436 2.86 17.9 6.26 936

*Average results from 50 measurements

Thus, the microhardness of carbides of the type (Fe, Cr)sC is in the range of
Hso = 856 — 936, and special chromium carbides (Cr, Fe)7Cz Hso = 1372 — 1436.
Carbides with Hso = 1600 — 1900 were also identified, which apparently can be
classified as complex compounds of the type (Cr, Fe, M0)23Ce. Research has
established that increasing in the chromium content in the alloy leads to increasing in
the level of microhardness of the carbides.

54



BiokpuTi iHdbopMaLiiHi Ta kOMM'toTepHi iHTerpoBaHi TexHonorii, Ne 105, 2025

Conclusions

The properties of wear-resistant high-chromium alloy are most fully assessed
by the level of hardness, strength and coercive force. The choice of the optimal
chemical composition and technological parameters of casting allows providing the
required level of properties.

The structure of the high-chromium alloy was studied by X-ray spectral
microanalysis. Heterogeneity of element distribution in the primary austenite grain was
revealed. The chromium content varied from 4.7% in the region bordering the carbide
to 14.9% in the grain center. The content of nickel, chromium, and manganese
remained virtually unchanged across the cross-section. Heterogeneity of silicon and
molybdenum distribution across the cross-section was revealed; their content
increased toward the center by 1.5-1.8 times. The carbide phase of the high-chromium
alloy was represented by cementite-type carbides, (Cr, Fe)7Cs, and complex
compounds based on Fe, Cr, and Mo.

The microhardness of carbides of the (Fe, Cr)sC type is within the range of
Hso = 856 — 936, and special chromium carbides (Cr, Fe )7Cs within the range of
Hso= 1372 — 1436. Carbides with Hso = 1600 — 1900 were also identified, which can be
classified as complex compounds of the (Cr, Fe, M0)23Cs type. Research has shown
that increasing in the chromium content in the alloy leads to increasing in the
microhardness of the carbides. With increasing in the chromium content from 12.2 to
18.8%, the microhardness of carbides of (Fe, Cr)sC increases from Hso= 856 to
Hso = 936, and (Cr, Fe)7Cs—from Hso = 1372 to Hso = 1436.
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JocaigkeHHs1 0C00IMBOCTE CTPYKTYPH 3HOCTIHKHX
BHCOKOXPOMHUCTHX CILIABIB

JocnigkeHo CTPyKTypy Ta poO3MnoAin neryrynx enemMeHTiB Y 3HOCOCTIMKMX
BMCOKOXPOMUCTMX CnriaBax 3 Pi3HUM XIMiYHUM CKNnagom Ans 3abesnevyeHHs1 BUCOKOT
TBEPAOCTi, MILUHOCTI Ta Onopy Pi3HUM BMAam 3HOCY. BuCOKOXpOMUCTI 4aByHW €
CKrnagHuMmn 6araToKOMMNOHEHTHUMW chiflaBaMy, TOMY HeobXigHO BpaxoByBaTW LiNUn
psag 0cobnmMBOCTEN BMANBY NEryOUYUX efleMeHTIB Ha npupoay ¢as, Wwo yTBOPHHTLCS
B TaKuX Cnraeax, a TakoX npouecwu, Lo NpoTikalTb 9K Npu KpucTanisauil, Tak i npu
OXONOKEHHI BUIMBKW B TBEPAOMY CTaHi. Y 3B'A3Ky 3 UMM Oynu npoBedeHi
OOCNIKEHHA CTPYKTYPU BUCOKOXPOMMUCTUX CMNaBiB 3 Pi3HUM XIMIYHMM CKnagoMm.
CTpyKTYpy BMCOKOXPOMMUCTOrO CnriaBy BMBYaNM METOAOM PEHTreHOCMNEKTPasibHOro
MiKpoaHanisy, BIlaCTUBOCTI BUCOKOXPOMUCTMUX CMfaBiB BU3HAYyanum  LUASXOM
BUMIpIOBAHHA TBEpPOOCTI Ta MIKpOoTBepLoCTi. BuasneHo HeoaHOpigHICTL poanoainy
€eneMeHTIB y 3epHi NepBMHHOrO aycTeHiTy. BmicT xpomy BapitoBaBcsa Big 4,7% B
obnacrTi, wo mexye 3 kapbigom, 0o 14,9% y ueHTpi 3epHa. BMicT Hikento, xpomy Ta
MapraHuto rMpakTU4HO He 3MiHIOBaBCA MO MonepevyHoMmy nepepisy. BusaBneHo
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HeOo4HOPIAHICTb PO3MOAINY KPEMHIO Ta MonibaeHy No NnonepevYHoMy nepepiay; iX BMICT
36inbwyBaBcsa go ueHTpy B 1,5-1,8 pasu. KapbigHa dasa BUCOKOXPOMUCTMX ChnasiB
O6yna npegctaBneHa kapbigamu uemeHtutHoro Tuny (Fe, Cr)sC; cneuianbHUMM
kapbigamn xpomy (Cr, Fe)7Cs Ta KomnnekcHuMu cnonykammn Ha ocHosi Fe, Cr, Mo —
(Cr, Fe, M0)23Ce. JocCnimXeHHaMN BCTAHOBMEHO, WO 36iMbLUEeHHS BMICTY XpOMY Y
cnnasi NPU3BOANTb A0 NiABULLIEHHS PiBHA MikpoTBEpPAOCTI kKapbigis. 3i 36inbLIEeHHAM
BMicTy xpomy Big 12,2 pno 18,8% wmikpoTBepaicte kapbigis tuny (Fe, Cr)sC
36inbwyetbes Ha 10 BiQCOTKIB, a MiKpOTBEpAICTb cneuianbHux kapbigis xpomy (Cr,
Fe)7Cs — Ha 5 BigcoTKiB.

Knro4yoei csioea: BWCOKOXPOMUCTUMA cnnaB; a3oBuin cknag, kapbigw;
MIKPOCTPYKTYpa; MIKpOTBEPAICTb.
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