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Abstract
Introduction. The value of resources is becoming increasingly important to mining
proprietors, since the maintenance of mining equipment is quite expensive. Increased scope
and cost of repairs are largely determined by the quality of mining machines and equipment
operation in production environment, as well as by their reliability and maintainability.
The costs of preventive maintenance are over the limit by 40-50%, in most instances, due to
equipment shutdowns caused by subsystem failures. Components with hidden defects as well
as the methods of components reconditioning that do not ensure long-term operation cause
a significant overrun of costs for breakdown maintenance. The quality of mining equipment
maintenance is in direct relationship with the effective methods of components reconditioning,
including the methods of components hardening both during their manufacture at machine-
building plants and during their repairs at repair works that carry out complex, mainly major
repairs of mining equipment. Adherence to the flow process of reconditioning/hardening of
the component surface in contact with another component is of great importance. Therefore,
to preserve fixed assets, in particular, mining and transport equipment, it is essential to find
that reconditioning methods which allow to preserve consumer properties and operability of
equipment for a sufficiently long time.
Subject matter. The article provides an overview of methods of mining machine components
reconditioning/hardening involving concentrated energy fluxes. In the authors’ opinion, these
are the most effective methods to increase the resource and reliability of mining machine
components by 2—3 times. The choice of components reconditioning/hardening method depends
entirely on the service centre capacities, necessary technological equipment availability,
personnel qualifications and, most importantly, economic feasibility of using a particular
method of reconditioning/hardening.
Research objective is to consider the most effective methods of mining machine components
reconditioning/hardening.
Methods of research include the interpretation of a number of experiments conducted at
mining enterprises to obtain comparative characteristics of the most effective methods of
mining machine components reconditioning/hardening.
Research results. The most effective methods of components reconditioning/hardening are
identified and recommended practices are provided.
Conclusions. It has been established that the application of a particular components
reconditioning/hardening method should be based on the data from tribological maps, as well
as necessary equipment availability and economic feasibility.

Keywords: hardening; useful life; reconditioning; wear resistance; tribotechnical coatings,
detonation spray coating; explosive hardening, plasma spraying, laser irradiation.
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Introduction. Open-pitminingdevelopmentis characterized by a growing concentration
of operations and, as arule, by the acquisition of domestic or foreign heavy-duty equipment.
Significantly, within this trend, as far as the domestic excavators fleet is concerned,
the equipment with a bucket capacity of 18-35 m3 is mainly replaced.

Since 2000, mining proprietors have embarked on a partial replacement of Russian
excavators with imported hydraulic ones. In the first years of operation, imported
equipment showed advantages, but in the 4-5th year of operation, the situation changed.
The equipment maintenance required significant operating expenditures involving strict
requirements for preventive maintenance, which predetermined a complete revision of
the maintenance, repair and overhaul system, in particular, methods for components
reconditioning [1-3].

A certain resource of all elements, i.e. units, components, assemblies, is included in
the excavator design by the manufacturer. The resource is provided (supported) by the
necessary organization and strategy level of the mining equipment repair service system [4].
As aresult, it becomes possible to improve machines efficiency, significantly cut operating
costs, and reduce accident and injury rates.

The factors listed above determine the growing importance of works on improving
excavator’s durability and maintainability, and components reconditioning and hardening.
In addition to reducing the components and materials costs, which often make up a large
part of the repair cost, it is possible to reduce repairs and maintenance down time, therefore
increasing the capacity of both excavators and support equipment.

The choice of'a method for extending component life is a rather complicated engineering
and economic problem. The components wear resistance effect on their service life should
be taken into account when solving the problem. The generally accepted indicator in such
cases is the relative prime cost of component reconditioning in relation to its service life
after repair [5, 6].

Methods and results. In recent years, the methods of electric arc surfacing,
thermochemical treatment, and surface-plastic deformation have been widely used at repair
plants that serve mining enterprises. Thermomechanical and electrophysical methods of
applying high-strength coatings are less common.

Thermomechanical coating methods include plasma and detonation spraying.
In detonation spraying, explosion energy is the source of energy for heating and
accelerating the sprayed particles (Figure 1).

The flow process of detonation spraying does not have a noticeable effect on the
microstructure of the base material due to the local property of the thermal effect.
The advantage of detonation coatings is explained not only by the higher particle
velocity (up to 800—1000 m/s), but also by the quality of the layer formation, the pulsed
nature of the processes, higher concentration of sprayed particles, and the effects of
abrasive separation and impact molding. The physical-mechanical and performance
characteristics of detonation coatings greatly exceed the corresponding characteristics
for coatings obtained by plasma spraying in terms of density, strength, adhesion to the
base material (120-200 MPa), and wear resistance. The possibility to use fine powders
is the advantage of the detonation method, which is due to the high rates of spraying.
Significant noise up to 140 dB and the high cost of equipment are the disadvantages of
detonation spraying [7].

A domestic installation used for detonation spraying is a model with electronic
summing computer numerical control called IDUS-1. The advantages of the installation
include fast adjustment of coating spraying modes and the possibility to increase or
reduce the dose of an explosive mixture ingredient, the time of air blowing, the beginning
and end of the spraying cycle, and the mixture ignition delay time. Theoretical studies
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and recommendations on the practical implementation of methods for component surfaces
reconditioning/hardening with explosion energy are reflected in the works of IM UB RAS.

The introduction of newer generation installations, such as detonation-gas installations,
will increase the range of machined components of the mining equipment that operates
in conditions of high abrasivity of rocks and dust pollution (excavator bucket teeth, drive
wheels, gear rims, etc.), as well as increase the component life and reliability by 2—3 times.
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Figure 1. Diagram of the working head for detonation spraying: / — mixer;
2 —ignition device; 3 — powder dispenser; 4 — working pipe
Pucynok 1. Cxema pabodeil TOJOBKH IS JIETOHAIMOHHOTO HAIBIICHUS:
1 — cmecurtens; 2 — 3amalbHOE YCTPOWCTBO; 3 — 103aTOP IOPOLIKA;
4 — paboyas TpyOa

In addition to detonation spraying, positive results were obtained with explosive
hardening of some excavator components (Figure 2).

The main point of the method is that the explosive applied to the component explodes
and creates a pressure of hundreds of thousands of atmospheres. Passing through the
metal, the shock wave hardens the component. This method is especially effective for
components made of steel with a pronounced ability to form surface strain hardening,
for example, of 110G1ZL (GOST 977-88) class austenitic cast steel. It is commonly used
to produce high impact excavator components such as bucket teeth, track links, etc.

The technology of hardening by explosion energy has been tested in Kuzbass for bucket
teeth of EKG-5A and EKG-8I excavators and lining of KMD-2200 crushers. The depth
of 110G1ZL steel hardening by explosion energy reached 50 mm, which is unattainable
by other methods of surface hardening. Detonation hardening made it possible to improve
the surface hardness of EKG-5A and EKG-8I excavators bucket teeth and the linen of
the KMD-2200 crushers from 180-200 to 380—400 HB and increase the wear resistance
by 20-25%.

Explosive hardening has the following advantages: relatively large depth of hardening;
the possibility of hardening surfaces of complex configuration, as well as individual
sections of surfaces, including hard-to-reach sections; relatively simple technology and
equipment; the possibility of increasing the durability of parts by 1.5—1.8 times.

The disadvantages include difficulties in ensuring occupational safety (preparation of
specially equipped premises or providing grounds), significant noise load [8, 9].

The plasma spraying method of components reconditioning and hardening has
recently become widespread.

In plasma spraying, the initial material is heated to a liquid or plastic state and sprayed
over the substrate by a high-temperature jet. In most cases, powders are used as materials
for spraying (Figure 3).

Relatively expensive powders such as PG-SR2, PG-KhN80SR4, PG-KhN80SR2,
SNGS, VSNGN have become most common. Coatings made of these materials are wear-
resistant, and corrosion- and erosion-resistant under higher temperatures.
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Nickel and chromium based powders with additives of boron and silicon, as well as
intermetallic compounds in Ni-Al system (STS) hold a special place. STS materials are
5-30 times more wear resistant than structural steel. Polishability is an important property
of these alloys, it determines their high wear resistance under metal-to-metal contact
without lubrication.

According to rough estimate, 1 ton of powder material for spraying results in saving
24-150 tons of ferrous metals.

Figure 2. Scheme of detonation hardening of excavator bucket teeth:
1 — detonating cord; 2, 3 — timber; 4 — explosive; 5 — tooth; 6 — bar
Pucynok 2. Cxema [ETOHAMOHHOTO YIPOYHCHUS B3PHIBOM 3YyObCB
KOBIIICH 9KCKaBaTOpoB: [ — JeToHHpyromui mHyp; 2, 3 — Opyc;
4 — B3pBIBYATOE BEIIECTBO; J — 3y0; 6 — Opyc

The coating wear resistance largely depends on high-quality preparation of the
surface under spraying aimed at ensuring its maximum roughness and chemical activity.
The preparation is based on gas erosion treatment using quartz sand, corundum or a steel
end plate. Plasma spraying modes are chosen first and foremost depending on the type of
the sprayed material and its particles dispersion degree. The strength of adhesion to the
base is about 20-25 MPa and is mainly due to mechanical interlocking, adhesion, partially
with welding, and stresses caused by shrinkage during material cooling [10, 11].

It should be noted that the processes of components plasma hardening require proper
protection of the personnel.

In addition to dust and light radiation, operating open plasma torch produces strong
sound vibrations with a sound intensity of up to 125 dB and an oscillation frequency of
up to 504000 Hz.

The recent physical methods of components surface treatment make it possible to
obtain mono- and multilayer antifriction and wear-resistant coatings with a thickness from
molecules to hundreds of microns.

Physical vacuum coating methods are based on ionizing the atoms of molecules of
applied materials or gases sprayed onto hardened parts.

lon beam metal surface treatment is used for surface hardening modification and
significantly increases anti-friction and wear-resistant properties.

Chemical methods of vacuum deposition are based on the phenomenon of gaseous
compounds condensation on the hardened components surface, followed by the formation
of solid precipitates. It makes it possible to obtain high-strength layers from carbides,

10
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nitrides, carbonitrides, borides, silicides, and oxides. Here, to speed up chemical reactions,
the hardened material is heated up to 1000 °C, which weakens the base material and can
lead to shape distortion [12]. This method could therefore be recommended for highly
alloyed materials characterized by high heat treatment process temperatures. The coating
quality depends on the process temperature, gaseous medium composition, gas flow
pressure and velocity, and the rate of cooling after saturation.

In recent years, it has become possible to actively introduce and master the processes
of creating tribological coatings using laser energy [6, 13, 14].

1
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Figure 3. Diagram of plasma-powder surfacing: / — electrode;
2 — nozzle; 3 — protective nozzle, 4 — mouthpiece; 5 — arc
ignition source; 6 — the source of arc formation, W — water;
PIG — plasma gas; P — powder, CG — carrier gas;
PrG — protective gas
Pucynok 3. Cxema IUIa3MEHHO-IIOPOIIKOBON HaIlJIABKU:
1 — omextpon; 2 — comwio; 3 — 3alIUTHOE COILIO;
4 — MYHJIITYK; 5 — HCTOYHMK 3@KUTAHUS IyI'H; 6 — HCTOYHHK
dhopmupoBanus nyru; W — Boaa; PIG — mna3mooOpasyronmii
ra3; P — mopomok, CG — TpaHCIOPTHPYIOIIUI Ta3;
PrG — 3amutHBIN ra3

The use of laser irradiation for the surface modification of materials has some
advantages over conventional surface treatment methods:

— suitability for use for thin samples or samples of small diameter;

— capability for processing internal surfaces and easy control of the area and depth of
heating;

— easy to create narrow hardened zones;

— zero pollution;

— minimal oxidation of treated surfaces;

— capability of transporting a laser light in order to process hard-to-reach places and
complex profiles;

— minimal deformation of workpieces;

11



MEOTEXHONOIUA Andpeesa JI. U. u op. / Mzsecmus 6y306. Iopuviii scypran. Ne 1, 2023. C. 7-15

—replacement of high-alloy steels with low-alloy ones, including simple carbon steels;

— substantial reduction in the complexity of surface finishing;

— high processing speed and easy control of process parameters, which ensures high
productivity and the possibility of automation.

Laser energy is also widely used in the USA, Japan, and Great Britain [14]. About
40,000 cast-iron steering column housings are processed daily at General Motors’ three
plants. As a result, wear was reduced by 10 times compared to parts without hardening.
Heat treatment costs were reduced by 80% and productivity was 50% higher than with
conventional hardening. Fiat and Ford Motors process valve seats and harden engine
valve guides made of gray cast iron.

Various studies in the field of laser material processing confirm the possibility of:

— using laser processing as a finishing operation;

— using a laser for hardening treatment of plasma-sprayed coatings;

— hardening cutting tools and mining machines components;

— surface alloying;

— a significant improvement in microgeometry, obtaining a rough layer with a high
level of relative bearing area and profile fill factor;

—increasing the hardness and physical and mechanical properties of the surface coating.

Summary. Information on the technical condition of components that have undergone
fault detection influences the decision-making on the application of a particular method
of reconditioning/hardening mining machine components in the conditions of repair
plants and workshops. It is also essential to determine the degree of their “responsibility”,
i.e. setting point in a motor vehicle. The operating conditions (rock strength, operations in
the face or on the dump), the environmental conditions of the region, the type of wear, the
nature of the load, the rate of protection against the abrasive environment, the availability
and sufficiency of resources to recondition/harden the surface in accordance with the
technical requirements (manufacturer’s drawings) should be taken into consideration.
All information is summarized in tribological maps. Based on the maps the decision
is made on the possibility of using a particular method of surface hardening. The main
criterion for choosing a hardening method is the economic feasibility of its application.

Conclusions. Prolonged exposure to high temperatures which negatively affects the
preservation of material bulk strength is the accompanying factor of hardening treatment.
It should be taken into account when choosing a method of components surface hardening.
In this light, laser treatment of components surface is the most preferable.

Tribological maps contain the systematized data on the results of the study and analysis
of the assemblies and parts design features, the physical and mechanical characteristics
of the mating components, their operating conditions, the loads nature and magnitude,
the main type of wear, lubrication, and interfaces protection against the abrasive
environment, etc. Based on these maps, a decision is made on the application of a particular
method of components surface hardening.
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MeToabl BOCCTAHOBJIEHMS], YIPOYHEHMs leTaJlell TOPHBIX MALLIMH
€ MCII0JIb30BAHHEM KOHLICHTPHPOBAHHBIX IOTOKOB 3HEPrUU

Amnjapeesa JI. "%, AGpamos C. B.?

! MuerutyT ropaoro aena YpO PAH (dunan), YesnsOunck, Poccust.

2 Hay4HO-HCCIIeIOBATENbCKUM HHCTUTYT 3()(GEKTHBHOCTH ¥ 6E30IaCHOCTH TOPHOTO TPOM3BO/ICTRA,
Yenssounck, Poccust.

Pechepam
Beeoenue. [Jennocms  pecypcos Oisi  COOCMBEHHUKOS —20PHOO00BIBAIOWUX — NPEONPUMULL
npuobpemaem 6ce OobULCE 3HAUEHUE, NOCKOILKY COOEPIUCAHUE 2OPHOU MEXHUKU 0OXOOUMCS
00Ccmamoyno 00po2o. Ysenuuenue odvema peMOHMHBIX padom U GblCOKUE 3AMpPamvl HA UX
npogedenUe 6 SHAUUMETbHOU CIEeNneHU ONPedesioNCsl, 60-NePEbiX, KAYeCMEOM NPOU3E0OCHBEHHOL
IKCHIYAmMayuu 20PHbIX Mawiun U 0O0pyO0BaHUsl, d 60-6MOPbLIX, UX HAOEICHOCMbIO U, UMO
HEeMAN08AICHO, PEMOHIMONPULOOHOCbIO. 3AMPAmbl HA MENCPEMOHMHOE OOCIYICUBAHUE — 8
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OONbUWUHCMBE CYYAe8 NPU OCMAHOBKE MEXHUKU U3-3d OMKA3A KAKOU-TUOO0 NOOCUCTEeMbl —
npegwviuiarom Hopmy Ha 40-50 %. 3nauumenvroe npegviuienue 3ampam Ha agaputinbie pemMoHmbl
SAGNAEMCSL  CLeOCMBUEeM  UCHONb308ANHUSL 3ANACHbIX YACMEl, UMewux CKpbimble Oeghekmul,
U NPUMEHeHUsL Meno008 60CCMAHOBILEHUS pecypcd OemdaJell, He 00eCneuuBaiowux ux OIUmenbHyIo
akcnayamayuio. Kawecmeo pemonmnozo 00Ciyicusaniis 2opHOt MEXHUKY HAX0OUMCsl 8 NPamou
3a6UCUMOCIU O UCHOTL30BAHUSL YD PEKMUBHBIX MEMOO08 BOCCMAHOBNICHUsL Oemdlell — Memooos
VIpOUHeHus demanel KaK npu ux uzeomosieHuy Ha MauuHOCHpPOUMenbHbIX 3a600aX, MAK U Hd
PDEMOHMHBIX 3A600aX, NPOU3BOOAUUX CIIOJICHbIE, 8 OCHOBHOM KANUMAIbHbIE, DEMOHMbL 20PHOLL
mexnuxu. Hemanosascnoe snauenue umeem mounoe coOmo0enue mexHoio2sUiecko20 npoyecca
60CCMAHOGILEHUS/YIPOUHEHUsL NOGEPXHOCIU Oemai, KOHMAKMUpPYIowei ¢ Opyoll 0emabio.
Tosmomy 07151 coxpanenus OCHOBHbBIX YOHO08, 8 HACMHOCHIU 20PHOMPAHCHOPMHO20 0O0PYOOBAHUSL,
HeoOX00UMO HAXOOUMb MAKUe Memoobl 80CCMAHOBIEHUS, KOMOopbie Dbl NO360AULU OOCTNANMOYHO
ONUMENbHOE BPEeMsL COXPAHSMb NOMPEOUMENbCKUE CEOLICMEA MEXHUKU U ee PAOOMOCHOCOOHOCb.
Cooeparcanue cmamou. Ilpuseden 0630p Memoo08 60CCMAHOGIEHUS/YNPOUHEHUsT Oemalell
2OPHBIX MAUIUH C UCNONb30BAHUEM KOHYEHMPUPOBAHHBIX NOMOKOE SHepauu. 11o mHuenuro agmopos,
9mo Haubonee Phexmusnvie Memoosl, NO3GONAOUUE VEEIUYUMb PECYPC U HAOEHCHOCHb
demareti eopHbIx mawun ¢ 2—3 pasa. Beibop memooa eoccmanosnenus/ynpounenus oemaneu
6ceyeno 3a6UcUm om MOWHOCIEN PEMOHMHOU 0a3bl, HAIUYUUSL HEOOXOOUMOU MEXHON02UECKOU
OCHACMKU, K8ATUDUKAYUU NEPCOHANA U, YMO CAMOE BAICHOE, IKOHOMUUECKOU Ye1eco0dOpa3HoCmu
NPUMEHEHUsL MO20 UL UHO20 MEMOOd 60CCIMAHOGILEHUS/YIPOYHEHUSL.

Lenvto pabomul s6un0cy paccmompenue Haubonee IPHEKMUBHbIX MEMOO08 BOCCMANOBNEHUA/
VAPOUHEHUsl Oemalell 20PHbIX MAUUUH.

Memoodonozus uccnedosanus GKIOUAEN AHAIU3  PE3YILIMAMO8 psiod  IKCNEPUMEHMOE,
NPOBEOEHHbIX HA  20PHOOOOBIBAIOWUX — NPEONPUAMUAX, Ol  NOAYYeHUs  CPABHUMETbHbIX
Xapaxkmepucmux Hauboiee NpuemMiemMblx Nno IPpeKmusHocmu Memooos 60CCmAaHO8IeHUs/
VAPOUHEHUsl Oemaetl 20PHbIX MAUUUH.

Honyuennvie pesynomamel. Boisicnenvt naubonee spghexmugnvle mMemoobl 60CCMAHOGLEHUS)
VIpOUHeHUst Oemarell U OaHbl PEKOMEHOAYUU NO UX NPUMEHEHUIO.

Bu1600wl. Yemanoesneno, umo npumenenue mo2o uiu uH020 Memood 60CCMAaHOG1EHUS/YIPOUHEHUs.
demareti OONAHCHO OblMb OCHOBAHO HA UHGOPMAYULL, COOEPICAUECS] 8 MPUDOIOSULECKUX KapmaXx,
HAMUYUYU He0OXO0OUMOU OCHACMKU U IKOHOMUYECKOU YeecO000pazHOCU.

Knrouesvie cnosa: ynpodHnerue, ()0]12066‘1H00n’lb,' B80CCMAHOBIEHUe, MSHOCOCMOﬁKOcmb,’
mpu6omex1muec;<ue NOKpbImMusl, demOHaquHnoe Hanvlllenue, ynpo4HeHue 63pobl6omM, nidsmenHoe
Hanvlllenue, 1a3epHoe usjiydernue.
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