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Abstract

The paper investigates the effect of the surfacing composition’s chemical structure (the manganese and
carbon concentrations’ ratio) on the mechanical properties of the surfacing layer on Hadfield steel for increasing
the durability of the products made from it, namely the excavator bucket’s teeth. Two criteria, namely the impact
toughness and wear resistance of the coating, were chosen as optimization parameters. The assessment of the
impact strength of the deposited coating was carried out on the Sharpie samples on the pendulum copra, and the
wear test was carried out according to the Brinly-Haworth scheme in the conditions of samples’ abrasion with
quartz sand. Wear resistance of Hadfield steel, containing 1.1% C and 13% Mn, was taken as a unit of wear
resistance in these experiments. To determine the optimal coating modes, the active experiment with the
application of mathematical planning methods was conducted. The obtained response surfaces and graphs of equal
output lines make it possible to establish the level of studied factors’ influence on the optimization parameter. In
order to analyze the influence of given factors on the optimization criteria, scatter plots with histograms were
constructed, which make it possible to determine the rational values of the selected optimization criteria
graphically - impact toughness and wear resistance of the coating.

Key words: teeth of the excavator bucket, Hadfield steel, deposited layer, manganese, carbon, impact
toughness, wear resistance, optimal parameters

Introduction

Meeting the requirements for soil treatment largely depends on the efficiency and condition of the tillage
machines’ working bodies. Increasing their durability and ensuring proper recovery are critically important for the
agro-industrial complex (AIC) of Ukraine. This task becomes especially vital taking into account the specific
operating conditions of the tillage machines, which work in environments that contribute to rapid wear and huge
production scales (millions of pieces).

Open pit mining is the most efficient way of extracting minerals. The most important part in the
technological chain of open-pit mining is the excavation process; its continuity is largely determined by the
durability of the replaceable bucket teeth of quarry excavators that experience direct interaction with the rock.
When excavating a planted mass of particularly strong and abrasive rocks, the teeth of the excavator bucket work
in extreme conditions of abrasive wear (a large number of favorably oriented cutting edges on the surface of
planted rock’s fragments, the dominant role of metal micro-cutting, intense shock loads, etc.), which causes their
rapid failure. The intensity of tillage machines’ wear is significantly influenced by the type of cultivated soil, its
granulometric composition, stress-strain state, and the material of the tillage machines [1].

The destruction of a piece of rock occurs during collision and abrasion with the working body and they are
used for the destruction of materials with a compressive strength limit of up to 125 MPa.

The investigation of the wear process of bucket teeth made of steel 45, 85, Hadfield steel, high-strength
cast iron, showed that their outer surface (ends and side walls) perceive the impact of abrasive particles at the angle
from 5 to 60°, and the working surface - at a straight angle [2].
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During wear and tear, a characteristic microrelief is formed on their surface. When struck at an angle from
5 to 60°, the pits and streaks have a distinct directionality, and at 90° - a uniform bumpy appearance with traces of
repeated direct introduction of abrasive particles of different weights.

In most cases, the performance of working bodies is determined by time. Therefore, the most important
task for increasing labor productivity in the processing is to increase the wear resistance of parts in conditions of
shock-abrasive wear. The amount of bucket tooth loss due to wear can reach up to 1/3 of its initial weight.

During the development of ferruginous quartzites, the service life of a set of bucket teeth of quarry
excavators with a total weight of 1 ton makes up 2-3 days, and the weight of worn metal relative to the total weight
of the teeth does not exceed 15%. Increasing their durability will give a significant economic effect and, therefore,
is quite vital [2].

The bucket teeth of quarry excavators are a defining product representing a whole group of parts made of
Hadfield steel, hardened to austenite and possessing a unique combination of viscosity and wear resistance. Since
its creation, this steel has not found worthy substitutes in the production of solid-cast parts that work in extreme
conditions of abrasive wear with shock loads.

The high wear resistance of this steel is explained by the exceptional ability of manganese austenite to
undergo plastic deformation by means of homogeneous and multiple sliding and to strong hardening during
slander, which occurs simultaneously with plastic deformation (without yielding). But in the conditions of the
absence of dynamic or large specific static loads, the wear resistance of steels of this type is low, approximately
the same as that of steel 45. Therefore, the teeth of excavators’ buckets which work under weak shock loads have
low wear resistance.

As for the teeth of the quarry excavators’ buckets, the design and material of wear-resistant areas, in
addition to their direct purpose, must provide an acceptable level of bearing capacity of the teeth of the quarry
excavators’ buckets as a whole.

Increasing the operational characteristics of the steel surfaces of the teeth of excavators working in difficult
conditions of abrasive wear and significant shock loads can be achieved by electric arc welding of coatings with
highly alloyed floatings. When developing electrode materials for surfacing, an important aspect is to ensure a
chemical composition that matches the basic material as much as possible. Chromium, nickel, manganese,
molybdenum are key alloying elements that help increase the hardness and wear resistance of the deposited layer.
Coatings obtained by electric arc deposition have a structure consisting of solid carbide particles that provide
resistance to abrasive wear. Self-strengthening of coatings (slander effect) during operation under shock loads is
especially important for high-manganese steels. Prospects for the application of electric arc surfacing are the
following:

- the development of the new electrode materials and improvement of surfacing technologies in order to
reduce cracks and internal defects;

- optimization of the coatings’ composition to improve their wear resistance with simultaneous maintaining
impact toughness, which is critically important for work surfaces operating in extreme conditions.

Thus, electric arc surfacing remains the leading method in the field of surface engineering for increasing
the wear resistance of steel surfaces operating under difficult conditions of abrasive wear and shock loads.

The purpose of this paper is to study the influence of manganese and carbon content on the impact
toughness and wear resistance of the deposited layer on Hadfield austenitic manganese steel in order to increase
the durability of the excavator bucket teeth.

Literature review

The problem of the optimal ratio of manganese and carbon concentrations specifically in the deposited layer
on Hadfield steel is not fully investigated, although research in this direction was carried out by V. A. Loktionov-
Remizovskyi, N. V. Kiryakova, G. E. Fedorov and their colleagues [3]. A comparative analysis of topographic
projections of mechanical properties (strength limits, yield limits and impact toughness) of austenitic manganese
steels with their structural diagrams has been made in the research. This allows us to understand the relationship
between the structural characteristics of the material and its mechanical properties. The concentration range of
Hadfield steel (in particular, the content of manganese and carbon regulated by Ukrainian standards) has been
compared with the structural diagram of manganese steels. These analyzes help to evaluate how changes in the
chemical composition and structure of the steel affect its performance characteristics, such as strength and
toughness. It was found out that in order to increase the stability of the structure, as well as to achieve constant
levels of properties of Hadfield steel (such as strength, viscosity and other important characteristics) from melting
to melting, it is necessary to optimize the carbon content. In particular, it is proposed to raise the lower limit of
carbon content to 0.95% and lower the upper limit to 1.25%. Meanwhile, according to DSTU (National Standard
of Ukraine) 8781:2018, the carbon and manganese content can vary from 0.9 to 1.5% and from 11.5 to 15.0%,
accordingly. This will ensure better repeatability of the properties of cast parts in the entire range of carbon and
manganese content regulated by the Ukrainian standard.

It is considered that the most optimal materials for depositing coatings on high-manganese steel parts are
those whose component composition can provide a significant amount of manganese austenite in the coating [4].
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However, despite the wide selection of electrode materials, such as EN14700 T Fe 9, OK Tubrodur 14 and others,
intended for the application of wear-resistant coatings by the electric arc deposition method, the range of materials
suitable for operation under conditions of shock loads is quite limited. Such materials are mainly represented by
alloys of the Fe-13Mn-1C system (iron-manganese alloys with a content of 13% manganese and 1% carbon). The
best mechanical properties of these alloys are achieved under the conditions of formation of a single-phase
austenite structure. As described in the studies [5] of the cast steel microstructure without heat treatment, the
ferrite-carbide mixture is released mainly along the boundaries of austenite grains; this makes these boundaries
more brittle and prone to destruction. The mixture of ferrite and carbide has a high dispersion and lamellar
structure, where the interlamellar distance is 30+7 nm. This indicates that such a structure is eutectoid and is
usually observed during cooling of steel, which contributes to a decrease in its plasticity. The presence of a ferrite-
carbide mixture in the structure leads to a significant decrease in plasticity, and with its amount ~20 wt. %, the
relative elongation decreases by 7 times.

In the research [6], in order to reduce the influence of the cementite phase on the formation of coatings of
the Fe-12Mn-1.1C system during electric arc welding, a complex alloying of the electrode charge with vanadium
(¥) and silicon (S7) in amounts of 1.2% and 2 .4% by weight, accordingly. As a result, multilayer coatings were
obtained, which consisted of austenite, which formed dendritic crystallites, and ferrite, which was located in the
interdendritic space. Vanadium carbide (¥C) in the amount of about 5.6% was localized in the central regions of
austenitic dendrites in the form of faceted phases up to 2 pum in size. This carbide phase increased the hardness of
coatings to the level of 31-34 HRC, which is 10 HRC units higher than the hardness of coatings with an unalloyed
manganese austenite structure. However, a significant amount of ferrite (~28 vol. %) negatively affected the
possibility of operational strengthening of coatings. The conclusion is that although alloying with carbide-forming
elements such as vanadium ensures the absence of undesirable cementite phases and increases hardness, the
presence of ferrite reduces the effectiveness of strain hardening. This indicates the need for further optimization
of the composition to minimize the effect of the ferrite phase on the coating characteristics.

Results

In this workpaper, the influence of the chemical structure of the surfacing composition (the ratio of
manganese and carbon concentrations) on the mechanical properties of the surfacing layer on Hadfield austenitic
manganese steel was investigated in order to increase the durability of the products made from it, namely the teeth
of the excavator bucket.

To assess the optimal ratio of manganese and carbon, and in a wider interval compared to DSTU (National
Standard of Ukraine) 8781:2018, a number of laboratory tests of surfacing samples with manganese concentrations
of 6.36...17.64% were carried out. The carbon content in each series was varied from 0.60 to 1.60%. For all
samples, impact tests at + 20 °C were carried out, as well as wear tests according to the Brinly-Haworth scheme
under the conditions of abrasion of samples with quartz sand. The wear resistance of Hadfield steel, containing
1.1% C and 13% Mn, was taken as a unit of wear resistance in these experiments.

The task of planning the experiment was mathematically formulated as follows: it is necessary to get an
idea of the response surface of the factors, which can be shown in the form of a function or a mathematical model

[71:
Miy}=n=0(x.x2,53,..%%), (D

where y — is the optimization parameter (in our case, the impact toughness (KCU) and wear resistance (/)
of Hadfield steel, which is used to make the teeth of the excavator bucket); x;— variable factors, that have strong

impact on the response and which can be changed during the experiment (content in percent of carbon and
manganese). Accordingly, the task is reduced to determining the dependence of the mathematical expectation of
the process result on the parameters (factors).

Finding the functions that determine the relationship between the factors (carbon and manganese content
in percentages) and the impact viscosity (KCU) and wear resistance (/) parameters, the area of homogeneity of the
processes can be conveniently described by an expression in the form of a polynomial.

Since it is necessary to evaluate two factors, the task of conducting a two-factor experiment [7] arises, the
factor levels are shown in Table 1.

Table 1
Levels of factors are intervals of variation
Levels
Factors 1,41 +1 0 -1 -1,41
x;— carbon content, % 1,6 1,45 1,1 0,75 0,6
X, — manganese content, % 17,64 16 12 8 6,36
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According to the planning matrix, experiments are performed with provided factors. The test results are
shown in Table 2.

Table 2
Experiment planning matrix in real values and test results

No C, % Mn, % KCU, J/ cm? 1, relat. units
1 0,75 8 75 0,9

2 0,75 16 316 0,85

3 1,45 8 133 1,25

4 1,45 16 170 0,98

5 0,6 12 232 0,88

6 1,6 12 151 0,8

7 1,1 6,36 108 1,36

8 1,1 17,64 270 0,89

9 1,1 12 215 1,01

10 1,1 12 218 1,01

Data processing of the experiment and search for optimal values were made in the Statistica 6.0
program.

Thus, thanks to the two-factor experiment, a regression equation was obtained for the impact toughness
(KCU) of the deposited layer depending on the carbon and manganese content, it is as follows:

KCU =—-699,3+657,5C —132,9C? +83,1Mn—1,1Mn> —36,4C- Mn . Q)

And the regression equation for the intensity of wear of the deposited layer depending on the content of
carbon and manganese is the following:

1 =0,46+2,05C —0,66C% —0,08Mn +0,004Mn> —0,04C - Mn . 3)

By means of the "Design Analysis of Experiments" module (experimental project) of this program, the
influence of each of the factors on impact toughness (KCU) Picture 1 and wear resistance (/) Picture 2 was
determined, and the optimal values of the factors were obtained.
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Fig.1. The influence of the ratio of manganese and carbon on the impact toughness of the deposited layer: a)
response surface of the impact toughness (KCU) of the deposited layer; b) dot graphs with histograms characterizing
the impact of the studied factors for impact toughness

In the course of the study, it was found out that the impact toughness (KCU) of manganese steels depends
on the carbon content and changes along a curve with a maximum. This means that for each value of the manganese
content there is an optimal carbon concentration at which the impact toughness reaches its peak. In particular, for
steels with a manganese content of 13%, a carbon content of 0.85...1.0% is optimal. At the same time, an increase
in the manganese content in general contributes to an increase in impact toughness at all carbon concentrations,
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except for the highest carbon concentrations (1.5...1.7%). The maximum values of impact toughness were obtained
for steel containing 17...18% manganese and 0.6...0.7% carbon.

This indicates that the correct selection of carbon and manganese content is a key to achieving the maximum
impact toughness of steel, which is an important factor in ensuring high mechanical stability of the material. It
should be noted that even with a reduced manganese content (10.3...11.0% or 8.6...9.2%), the impact toughness of
the samples can remain high provided that the carbon concentration is chosen correctly. In particular, with a carbon
content of 1.0% for steel with 10.3...11.0% manganese and 1.3% for steel with 8.6...9.2% manganese, the impact
toughness exceeds 150 J/cm?. This suggests that such coatings can be economically viable for applying as cheaper
materials, while maintaining the sufficiently high impact toughness required for many industrial applications.

The maximum wear resistance is observed in deposits with a manganese content of 6%. In such deposits,
during abrasion, a surface martensite is formed, which significantly increases the hardness of the surface, providing
increased resistance to wear. However, with a further increase in the manganese content, wear resistance begins
to decrease.

On the other hand, an increase in carbon concentration has a positive effect on wear resistance, which makes
the carbon content an important factor for improving the performance characteristics of surfacing. Thus, the correct
ratio of manganese and carbon is a key to achieving optimal wear resistance.
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Fig.2. The effect of the ratio of manganese and carbon on the impact wear resistance of the deposited layer: (a)
response surface of the wear intensity of the deposited layer; (b) dot graphs with histograms characterizing the
influence of the investigated factors on the intensity of wear

The investigation of the deposited layer’s micros'truc_ture (Picture 3) showed the absence of hot cracks.

\-\

a)
Fig.3. Microstructure of the deposited layer: a) content: carbon — 0,85 %; manganese — 17,64 %; b) content:
carbon — 1,35 %; manganese — 6,36 %.

As the manganese content decreases, hardness and wear resistance increase, but the structure tends to
decrease the impact toughness.

Conclusions

By controlling the chemical composition of powder wire, it is possible to achieve different mechanical
properties of the deposited layer of the excavator bucket teeth for different types of cultivated soil. So, to ensure
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the highest value of the impact toughness of the deposited layer (when processing hard soil rocks), the following
concentration of powder wire elements is optimal: carbon - 0.85%; manganese - 17.64%, and to ensure the highest
value of wear resistance of the deposited layer (when processing soft soil rocks), the optimal concentration of
elements is as follows: carbon - 1.35%; manganese - 6.36%.
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Hoconckknii C.®. Bruine MapraHiito Ta BYIJICIIO HA MEXaHIYHI BIACTUBOCTI HAILIABJICHOTO IIapy 3y0iB
KOBIIIA eKCKaBaTopa 3i ctani ["andinna

B pobori BHUKOHAHO JOCII/DKCHHS. BIUIMBY XIMIYHOTO CKJIaJQy HAaIlUIaBOYHOI KOMITO3MIIT
(cTiBBiTHOIICHHS KOHIIEHTPAIII MapraHIlio 1 BYTJICI0) Ha MEXaHI9Hi BIACTHBOCTI HAIUIABJICHOTO APy Ha CTaJb
Tandinpaa 3 MeTOrO MiABUIIEHHS JOBIOBIYHOCTI BUTOTOBIICHHX 3 Hei BUPOOiB, a caMme 3y0iB KOBIIIA eKCKaBaTOpa.
3a mapameTp onTHMIi3amii 0OpaHO ABa KpUTEPii, yIapHY B’SA3KICTh Ta 3HOCOCTIHKICTh MOKPHUTTA. OLIHKY yAapHOT
B’SI3KOCTI HAIUTABIICHOTO MOKPHUTTS IMPOBOMMIN Ha 3pa3kax «lllapmi» Ha MasTHUKOBOMY KOIIpi, a BUIIPOOYBaHHS
Ha 3HOC 3a cxeMoto bpinsi-XaBopTa B yMOBax CTHpaHHS 3pa3KiB KBapIIOBHUM ITiCKOM. 3a OJIMHHUITIO 3HOCOCTIHKOCTI
B IIMX EKCIICPUMEHTAX IPHUHATA 3HOCOCTiHKiCTh cTam ['andinpma, mo wmictute 1,1 % C i 13 % Mn. s
BU3HAYCHHS ONTHUMAIILHUX PE)KUMIB HAHECEHHS ITOKPHUTTS IIPOBOJIUBCS aKTHBHUI €KCIIEPUMEHT 3 BUKOPHCTaHHIM
METOJIIB MaTeMaTUYHOI o IUaHyBaHHs. OTpUMaHi MOBEpXHi BIATYKY Ta rpadikd JiHIA PIBHOTO BHXOMY NAlOTh
MOXJIMBICTh BCTAHOBUTU DPIBEHb BIUIMBY JOCIHIIKYBaHHX (hakTOpiB Ha napameTp onrtumizaumii. [[ns aHamizy
BIUIMBY 3aJaHuX (akTopiB Ha KpuTepii onTuMizanii nodynoBaHi rpagiky po3ciroBaHHS 3 ricTorpaMam, 3 SKUX
MOXHa rpadiyHO BHM3HAUWTH pAalliOHAJbHI 3HAYECHHS OOpaHHX KPHUTEpiiB oNTHUMI3alii — yAapHY B S3KIiCTh Ta
3HOCOCTIHMKICTh IIOKPUTTSI.

KurouoBi caoBa: 3y0 xoBma ekckaBaTopa, cTanb [amdinboa, HalutaBlIeHE ITOKPUTTS, MapraHellb,
BYTJIELb, YAapHA B’A3KiCTh, 3HOCOCTIHKICTh, ONTUMAIIBHI TapaMeTpu



