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MATHEMATICAL SIMULATION OF WELDED DEPOSIT LAYERS
AS FOR ADAPTATION OF MATERIALS TO FAILURE IN
QUASIDISSIPATIVE TRIBOSYSTEMS

Purpose. 1o establish mathematical models for the adaptation of materials under conditions of activation of a
metastable structural-phase state of quasi-dissipative tribosystems. Determination and substantiation of factors for
planning an active experiment due to which it is possible to create mathematical models of stable forecasts for
increasing the wear resistance of materials.

Research methods. When conducting the experiments, a priori data were used in combination with our own
scientific developments of mathematical models of the dependences of the influence of the chemical composition of
alloys during manual and automatic electric arc surfacing on the physical and mechanical properties of the surface
layer of the material, which is destroyed under tribosystem conditions. It was decided to use mathematical planning
of research on the basis of an active experiment with the creation of models for the numerical description of the
mathematical expectation in the form of regression equations.

Obtained results. On the basis of theoretical and practical scientific research with planning a passive and active
experiment, a set of relevant knowledge has been obtained, which makes it possible to determine the main criterion
requirements for the sensitivity of deposited steels and alloys to adaptation under the action of external mechanical
and energy influences and allows to mathematically describe the characteristics of the alloy and provide a numeri-
cal estimate of the correlation parameters among themselves. On the basis of the theory of scientific mathematical
planning of the experiment, a set of corresponding experiments was carried out, which made it possible to build
spatial graphic models.

Scientific novelty. For the first time, theoretical and practical scientific research is presented with the reproduc-
tion of a systemic multivariate analysis of the parameters of mathematical models and processes leading to the
martensitic (Y — o) transformation and determines the substantiation of the chemical composition of the deposited
materials to increase fracture resistance under conditions of quasi-dissipative and dissipative tribosystems.

Practical meaning. The obtained results of the above studies allow, within the framework of technical and
technological accuracy, which is necessary within the framework of practical engineering forecasts, to determine the
physical and mechanical properties of wear-resistant deposited alloys under conditions of quasi-dissipative and
dissipative tribosystems.

Key words: wear resistance, alloy, weld metal, mathematical model, prediction, regression equation, martensite,
austenite, (Y —> o) transformation, hardness.

mechanisms that strengthen the working surface of the

Formulation of the problem

Alloys with high initial hardness generally have high
wear resistance, but the exception to this general rule are
alloys, in the structure of which a significant amount of
retained austenite is formed. In the process of wear of
such steels with a metastable austenitic structure under
the influence of the energy of abrasive grains on the friction
surface, deformation martensite may form.

This process is closely related to the redistribution of
energy costs, that is, its dissipation, which triggers
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parts.

The sensitivity to the adaptation of steels and alloys
to external mechano-energetic influences, leading to the
martensitic (Y —> o) transformation, depends on the
temperature of the martensite point, which is largely
determined by the content of carbon and alloying elements
in the solid solution.

The formation of deformation martensite is
accompanied by a complex shear in the crystal lattice of
metastable austenite. With an external force during wear,
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the metal of the working surface receives the energy
necessary for the (Y — o ) transformation [2, 3].

Analysis of the dependence of the mass fraction of
martensite on the magnitude of the deformation stresses
(Fig. 1) showed that an increase in the mass fraction of
martensite is observed in proportion to the deformation
stresses of the material.
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Fig. 1. Dependence of the mass fraction of martensite on the
strain stress

A further increase in stresses in the B-C section causes
a slight increase in the mass fraction of deformation
martensite. And with an increase in stress over 20 MPa,
the deformation martensite content on the material surface
practically does not increase. Dangerously high voltages
can be reproduced in this area, which can provoke
destruction of the metal. An increase in deformations above
critical ones will always cause destruction of the material [1].

Thus, we need to provide such deformation stresses
that do not exceed the stresses corresponding to point C,
and are included in the interval B-C.

At high temperatures in the contact zone, the formation
of deformation martensite will be difficult; therefore,
heterogeneous wear-resistant alloys with a large amount
of a hardening phase are used.

Research methods

It is very important for the study of this topic the
construction of a multicriteria mathematical model of the
tribosystem based on an active experiment [6].

Planning a multiobjective equation should have a clear
algorithm. The first stage includes the analysis of each of
the systems: metallurgical, tribotechnical, technological,
operational, economic. After that, they are differentiated
and the main criteria are selected, which to the greatest
extent determine the process of metal destruction in this
particular case of the operation of parts. After checking
the factors for compatibility and correlation, they are
encoded and the variation intervals are selected. The model
can be of several types: differential, fractional rational,
trigonometric, or polynomial. The design matrix of the
experiment can be full factorial or fractional factorial, which
takes into account the number of interactions between
factors.

Next, it is necessary to find out the deviation of the
results from the arithmetic mean, that is, the total variance
of the reproducibility of the experiment. It characterizes
the dispersion of the results of experiments at a certain
combination of factor levels. If the comparative number of
variances is more than two and one variance significantly
exceeds the others, then Cochran’s test can be used to
determine their homogeneity. If this criterion is not met, it
is necessary to increase or decrease the number of parallel
experiments.

After calculating the matrix, it is necessary to check
the adequacy of the model according to Fisher’s criterion
and to assess the significance of the coefficients of the
equation. Compliance with all criteria allows you to build a
linear equation. An insignificant coefficient at a factor
means that this factor does not affect, or does not
significantly affect the optimization parameter. However,
the value of the regression coefficient is influenced not
only by the role of this factor, but also by the selected
interval of variation. This means that with very narrow
limits, the change in the optimization parameter can indeed
be very small. However, this alone cannot yet conclude
that the factor is insignificant. Therefore, the statistical
signal of the factor should be verified, if possible, or at
least analyzed from a technological point of view. That is,
before the full factorial experiment, star or null points are
added, followed by a central compositional orthogonal or
rotatable second order planning. At the end, a quadratic
equation is obtained. With the further insignificance of
the coefficients, the degree of the equation is increased to
the third order plan, and so on.

An attempt was made to reproduce the mathematical
equation of the dependence of wear resistance, hardness
and the amount of the hardening phase on external
conditions. The regression equations were made with a
certain tolerance, because we used the data of standard
materials such as Cr12 and Cr12V (these steels are already
studied) with certain assumptions, so that we can identify
the effect of the chemical composition on the parameters
we have chosen.

In abrasive wear with semi-fixed abrasives, there is no
clearly expressed nature of the destruction mechanism,
since the particle constantly changes its position in space,
alternating cutting edges, the contact area, the angle of
attack at which it interacts with the friction surface. As a
result, the wear mechanism consists of microlocal loads,
plastic deformation and microcutting. When certain
conditions coincide, the abrasive particle is temporarily
jammed, and the destruction of the friction surface is carried
out under the influence of the fixed abrasive. This
mechanism of force interaction of the abrasive with the
surface layer is typical for most parts of road construction
equipment - mixer blades, runner scrapers, grinder knives,
feeder augers, etal. [4, 5, 7-9].

Therefore, the optimization parameter is assumed to be
relative wear resistance ¢, hardness of the deposited metal
HRC, amount of hardening phase,%. And as the main
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independent factors were chosen: the content of carbon,
manganese and boron in the deposited metal. Steel 45 in
the annealed condition was chosen as the standard. The
relative wear resistance of this steel: &€= 1.00.

Optimization of the chemical composition of the
deposited metal makes it possible to find the maximum
values of the relative wear resistance under specific wear
conditions.

The complexity of the abrasive fracture mechanism is
associated with the lack of clear criteria and methods by
which it is possible to reliably assess the ability of materials
to resist wear, referring to its physical and mechanical
properties, chemical composition and structural state.

Of primary importance is the property of the material to
resist the penetration and movement of abrasive particles
along the friction surface. This set of characteristics is
determined by the resistance of the metal to elastic and
plastic deformation. In this case, an indicative characteristic
is the aggregate hardness of the alloy, as well as the
hardness of its individual structural components, initial,
or obtained in the process of operation.

Optimization of the chemical composition of the
deposited metal makes it possible to find the maximum
values of the relative wear resistance under specific wear
conditions.

At the same time, the regression equation does not
allow investigating the mechanism of the influence of
individual factors on the physical and mechanical
properties of alloys, therefore, in this case, when planning
the experiment, such alloying elements were taken as
variables, the influence of which on the properties of wear-
resistant materials was studied, and it is only necessary to
establish them. mutual influence on the wear resistance of
materials specified in the conditions of abrasive wear.

The mass fraction of chromium in all experiments remained
constant and equal to 14 %. This is due to the fact that the
introduction of chromium into the deposited metal is necessary

for the formation of chromium carbides, borides or carboboridates,
whileits content in the alloy must be limited to 13—16 %, since ithas
been established that an increase in the chromium content of more
than 1520 % does not lead to a significant increase in wear
resistance.

The lower doping level with carbon (C) and boron (B)
was set to 1.0 and 0.5%, respectively. A lower level of
alloying with these elements determines a significant
decrease in the amount of the hardening excess phase or
its complete absence, causes an unreasonable increase in
the factor space in the region of alloys with due to low
wear resistance under conditions of abrasive wear without
significant shock loads.

The upper level of carbon doping was limited to 3.5 %.
A further increase in the carbon content in the alloys is
impractical, since this leads to an increase in the eutecticity
of the alloys, an increase in the size of the excess phase,
and the appearance of free carbon in the alloys, which is
located along the grain boundaries between the excess
and strengthening phases and the matrix. All this causes
significant embrittlement of the metal and a decrease in
performance and wear resistance.

The maximum wear resistance of alloys of the Fe-C-Cr
system doped with boron corresponds to a boron
concentration of 2.5...5 %. Since at present the task was to
study the question of the possibility of reducing the boron
content in alloys of the Fe-C-Cr-B system, without reducing
their wear resistance, the upper level of boron alloying
was limited to 3.0 %.

The choice of variation intervals with manganese 0...1.3%
is due to the fact that at a content of more than 1.5 %, it
stabilizes the austenite Y - region and significantly reduces
the position of the martensite point.

The average values of the mass fraction of elements in
the deposited metal and the results of the experiment are
shown in Table 1.

The results of the statistical check are shown in Table 2.

Table 1 — Average values of the mass fraction of elements in the deposited metal and the results of the experiment

The average mass fraction of elements Hard Phase composition,% Relativ. Strepg
Ne The name of the in the weld metal, % ness wear thening
alloy HRC | Beforethetest | Afterthetests | resistance, & phoase,
C Cr B Si Mn o Y o Y %
1 DH-UTC-01 3,50 14 0,50 - - 60 75 25 90 10 5,90 65
2 KBX-45 2,30 14 1,90 - 0,36 65 90 10 95 5 6,20 70
3 OH T-620 3,25 14 1,20 | 2,20 1,10 55 65 35 80 20 5,60 55
4 3H T-590 2,75 14 1,50 | 0,65 1,30 52 90 10 100 - 5,40 50
5 II1-AH104 1,80 14 0,50 | 3,00 | 0,60 50 60 40 65 35 3,60 15
6 OH-180Cr14B3 1,60 14 3,00 - - 63 70 30 75 25 7,10 65
7 MI1-Cr12V1 1,35 14 0,50 | 1,93 | 0,65 45 50 50 60 40 2,15 12
8 MI1-AH170 1,00 14 2,70 | 0,60 | 0,65 61 45 55 60 40 6,50 50
Table 2 — The results of statistical verification of regression equations
For the Cochren's criterion Fisher's criterion Confidence interval Dispersion —
equation Gy o Grrn Fp posp Firaon +Ab; Adequacy, S, Reproducibility,$
€ 0,22 0,68 0,24 5,32 0,21 0,062 0,259
HRC 0,30 0,68 0,74 5,32 24,53 22,41 30,00
K 0,52 0,68 0,07 5,32 13,90 1,238 17,00
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Thus, as a result of processing the results of the
experiment planning matrix after testing, as a result of the
static nature of the dependencies, the following adequate
regression equations were obtained:

€=0.695+1.47C+2.36B—2.07Mn—0.64CB + 0.546CMn + 0.573 BMn — 0.208CBMn

HRC=38.7+58C+7.6B-5.7TMn—-1.66CB + 0.846CMn + 3.46 BMn —1.69CBMn

M)

K =-39.25+29.5C +33.5B+3.808Mn—9CB —2.846CMn —4.154BMn + 0.31CBMn,

where C is the mass fraction of carbon, %; B — mass fraction of boron, %;

To study the entire factor space of the influence of
alloying elements C, B and Mn on the physical and
mechanical properties of the alloys, spatial diagrams
(response surfaces) of the mutual influence of the chemical
composition for the relative wear resistance ¢ were built
(Figure 2).

Analysis of calculations and sections of response
surfaces (Fig. 2) showed that the maximum value of the
relative wear resistance is achieved at the following mass
fraction of the deposited metal,%: Cr=12; C=1.6; B=3Its
phase composition to the test was 70/30 % and 75/25 % of
the o and Y phases, respectively. The microhardness of
the hardening phase is 21 GPa.

As we can see, the martensitic transformation is very
weak and almost insignificant. The increased stability of
austenite, in comparison with the optimal one, reduces the
resistance to fracture, which is explained by the fact that in
this case, martensitic transformations cannot provide the
required degree of stress relaxation and energy
consumption of external interaction.

A significant effect on the strengthening of austenite,
its stability with respect to dynamic deformation
martensitic transformations and, accordingly, the
properties of alloys with unstable austenite are carried
out by the previous cold and warm plastic deformations.
Depending on the mode of their implementation, they
can stabilize or destabilize austenite and ambiguously
affect the properties [5].

Mn — mass fraction of manganese, %.

To reduce the amount of austenite and its stability, the
following technological methods are used:

- decrease in heating temperature for hardening;

- cold treatment;

- aging for phase separation;

- deformation to obtain stacking faults, a small amount
of martensite phases and depletion of austenite in alloying
elements [4].

Findings

The task of adapting materials to external wear
conditions is to predict the effect of external load conditions
in combination with Y — o transformation processes, at
which the maximum production of deformation martensite
in the working metal layer will be achieved.

Analysis of the data, when comparing the initial and
final amounts of retained austenite, shows that it is
decreasing. At the same time, the degree of this hardening
under the most favorable conditions, when the volume of
transformations of unstable austenite is maximum, still does
not provide a sufficiently high microhardness. However,
the use of an unstable austenitic structure in combination
with martensite and a hardening solid phase is the optimal
solution.

Therefore, it is very important to control the structure
and development of martensitic transformations in alloys,
because this will significantly improve their technological
properties. But the process of scientific research and proof
of these phenomena requires a deeper study.
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Fig. 2. Dependence of the relative wear resistance at a constant content of boron (), manganese (b) and carbon (c)
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Honos C. M., lllymukiun C. O., lJaniteBa A. M. MateMaTU4YHe MOIeJTHBAHHA HAIVIABJIEHHUX LIAPIB MPU aganTanii
MarepiaJiiB 10 pyiiHyBaHHS B KBa3i/IMCHIIATUBHUX TPHOOCHCTEMAaX

Mema pobomu. Bcmanognenns mameMamuynux mooenell aoanmayii mamepiaiié 3a yMo8 akmuseayil
MemacmabinbHo20 CIMPYKMYPHO-(Aa308020 CMAHY KEA3IOUCUNAMUSHUX mMpubocucmem. Busnauens ma 00rpyHmyeansi
YUHHUKIB 0151 NJIAHYBAHHA AKMUBHO20 eKCHEePUMEHINY 3d PAXYHOK AKUX MONCTUBE CIBOPEHHSA MAMEeMAMUYHUX MoOeetl
CcMabibHUX NPOSHO3I8 000 NIOBUUeHHS 3HOCOCMILIKOCII Mamepianis.

Memoou oocnioxycennsn. Ilpu nposederni 0ocnioie Oyiu 8UKOPUCTNAHT ANPIOPHI OAHHI 8 KOMNJIEKCI 3 61ACHUMU
HAYKO8UMU PO3POOKAMU MAMEMAMUYHUX MOOeNell 3aNeHCHOCHell 6NIUBY XIMIYHO20 CKAAJY CNIAAGI8 NP PYUHOMY |
A8MOMAMUYHOMY €IeKMPOOY2080MY HANNAGLEHH] HA QI3UKO-MEXAHIYHI 81ACMUBOCHIT NOBEPXHEE020 WAPY MAMePIay,
WO PYUHYEMbCA 8 yMOBax mpubocucmem. byio supiwieno sukopucmosysamu mamemamuyte niaHy8aHHa 00CTIOHCEHD
HA OCHOBI AKMUBHO20 eKCHEePUMEHNY 3i CIMBOPEHHAM MOOeell YUCeTbHO20 ONUCY MAMEMAMUYHO20 OUIKYBAHHA 8
8UNIA0T PIBHAHb pe2pecillHuX 3a1edcHOCmell.

Ompumani pezynomamu. Ha ocrnosi npogedenux meopemuko-npaKmusHux HayKosux 00CiONHCeHb 3 NIAHYE8aAHHAM
NACUBHO20 MA AKMUBHO20 EKCHEPUMEHTIY OMPUMAHO KOMIIEKC BIONOBIOHUX 3HAHb, AKU 00360J5€ GUIHAYUMU OCHOBHI
KpumepianbHi 6uMo2u 4ymaueocmi HaniaeieHux cmaiell i cniagieé 0o adanmayii nio Oi€r0 308HIUHIX MeXAHO-
eHepeemuiHUX 6NIUGI8 Ma 003B0JIAE MAMEMAMUYHO ONUCAMU XAPAKMEPUCTUKU CRAABY | HA0AMU YUCENbHY OYIHKY
Kopensayii napamempie midc co6oio. Ha ocnosi meopii Hayko8020 MamemMamuyno2o NAAHYGAHHS eKCHEePUMEHMY
npoBedeH0 KOMNLEKC 8ION0BIOHUX 00CHIOI8, AKUlL 0036801U8 NOOYOY8amu RPOCMOPO8i epaiuni Mooei.

Haykoea nosusna. Bnepuie HasedeHo meopemuko-npakmuiHi HaAyKosi 00CTI0NHCeHHA 3 6I0MBOPEHHAM CUCEMHO20
bazamoghaxmopHozo ananizy napamempie MamemMamuyHux Mooeuell ma npoyecis, wo npusodsin, 00 MAPMEHCUNHO2O0
(Y = O ) nepemeopentsa ma 00yMO8II0E OOIPYHMYBAHHSA XIMIYHO20 CKIAOY HANIABIEHUX MAMepPianie 0 nioeuleH s
30amHOCmi 00 ONOPY PYUHYBAHHIO 8 YMOBAX KEAZIOUCUNAMUBHUX MA OUCUNAMUBHUX MPUOOCUCTIEM.

Ilpakmuune 3nauenna. Ompumani pe3yibmamy HA8EOEHUX 0OCHIONCEHb 00360AI0Mb 8 PAMKAX MEXHIYHOT |
MexXHON02TYHOT MOYHOCI, WO HeOOXIOHA 8 PAMKAX NPAKIMUYHUX IHICEHEPHUX NPOCHO3I8, BUSHAYUMU (DI3UKO-MEeXAHIUHI
671aCMUBOCMI 3HOCOCMIUKUX HANAABIEHUX CHIABI6 8 YMOBAX KBAZIOUCUNAMUBHUX MA OUCUNAMUBHUX MPUOOCUCTIEM.

Knrouoei cnosa: sHococmitikicms, cnias, HanAaeieHul Memai, MamemMamuyHa Mooeisb, NPOSHO3Y8AHH, DIGHAHHS
peepecii, mapmencum, aycmenim, (Y — O ) nepemeopeHHs, meepoicimy.
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Ionor C. H., llymuxun C. A., JJantesa A. H. MaTemaTn4ueckoe MoieJINPOBAHNE HAILJIABJICHHBIX CJI0€B IIPU
aJaNTalMH MATePHAJIOB K PA3PYLICHUIO B KBA3HINCCUIIATHBHUX TPHOOCHUCTEMAX

Llens pabomel. Ycmanosnenue mamemamuyeckux mooenell aoanmayuy Mamepuaios 8 yCiogusx akmueayuu
MemacmabuibHo20 CMPYKMYPHO-PA306020 COCMOAHUA KBa3UoucunamusHux mpubocucmem. Onpedenenue u
obocnosanue akmopos 05 NIAHUPOBAHUS AKMUBHO20 IKCNEPUMEHMA 3d CHem KOMOPLIX 803MOICHO CO30aHue
MamemMamuyeckux mooenell CmaduibHblx BPOSHO308 HO NOGLIULEHUIO USHOCOCMOUKOCMU MAMEPUAIO8.

Memoowl uccnedosanusn. Ilpu nposedenuu onvimos ObLIU UCHONLIOBAHBL ANPUOPHBIE OAHHbBIE 8 KOMNIEKCEe C
CODCMBEHHBIMU HAYYUHBLIMU PA3PAOOMKAMU MATNEMAMUYECKUX MOOeell 3a6UCUMOCTEN BIUAHUS XUMUYECKO20 COCMABA
CNAABO8 NpU PYHHOU U ABMOMAMUYECKOU IAeKMPOOY2080U HANAABKE HA (PUIUKO-MeXaHUuHecKue c80Ucmeda
NOBEPXHOCMHO20 CLOSL MAMEPUAIA, KOMOPbLIL pa3pyulaemcs 8 yciogusx mpubocucmem. bviio peweno ucnonvzoseams
Mamemamuieckoe NAAHUPOGAHUE UCCIeO08AHUI HA OCHOBE AKMUBHO20 IKCHEPUMEHMA ¢ CO30aHuem Mooenell
YUCTIEHHO20 ONUCAHUSL MAMEMAMUYECKO20 0XHCUOAHUSL 8 8UOE YPABHEHUU pecpeCcCUOHHBIX 3A8UCUMOCHIEN.

Ilonyuennsvie pesynomamel. Ha ocnoge npogedeHnvix meopemuro-npakmuyeckux Hay4HblX UcCie008aHull ¢
NIAHUPOBAHUEM NACCUBHOZ0 U AKINUBHO2O0 IKCNEPUMEHMA NOJYHEHO KOMIIEKC COOMBEMCMBYIOWUX 3HAHUL, KOMOPbLIL
no36075em Onpeoeiums OCHOGHblEe KpUmepudaibHvle mpebo8anus 4yecmeumerbHOCmMu HANIAGIEeHHbIX cmanei U
CHAAB08 K a0anmayuil noo Oeticmeuem BHeUHUX MEXAHO-IHEPLeMUECKUX 8030elUCMBUL U NO36015em MAMeMamu4ecKu
onucams Xapakxmepucmuky cniasa u npedoCmasuimeg YUCICHHYI0 OYeHKY KOPPeIAyUU napamempos meicoy cooou.
Ha ocnhose meopuu nayunoco mamemamuueckoco NAAHUPOBAHUS IKCHEPUMEHMA NPOBEOeH KOMNIEKC
COOMBEMCMEYIOUWUX ONBINOE, KOMOPbLIL NO360UN HOCPOUMb NPOCMPAHCTNBEHHbLE 2PAPUYECKUe MOOETU.

Hayunas nosusna. Bnepgbvie npusedervl meopemuxo-npaKxmuyHuu HayuHvle Uccie008aHus ¢ 60CHPOU3BEOeHUEM
CUCTNEMHO20 MHO20Q)AKMOPHO2O AHANU3A NAPAMEMPOE MAMEMAMUYECKUX Mooenel U Npoyeccos, NPUBOOAWUX K
mapmencumuomy (y — o, ) npeobpazosanuro u 00ycnognusaem 060CHOBAHUE XUMUYECKO20 COCMABA HANNABIEHHbIX

Mamepuanos Oiis NOGbIUEHUs. CONPOMUBTAEMOCINU PA3PYULEHUIO 8 YCA0BUAX KBAZUOUCCUNAMUBHUX U OUCCUNATNUBHBIX
mpubocucmenm.

Hpakmultecm)e 3HA4YeHue. HOlelleHHble pe3yiomamal npuee()eHHblx UCCNe008anUll NO3BOIAIOM 68 pamkax
MEeXHUYECKOLL U MeXHONI02UUeCKOL MOYHOCMU, Komopas Heobxoouma 6 PAMKAX NpAKMU4eCKUX UHHCEHEPHBIX NPOCHO3086,
onpe()eﬂumb qbusuxo—xwexanuttecxue C80UCMBA UBHOCOCMOUKUX HANAABIEHHbIX CNAABO8 8 yciaoeusix
K8A3UOUCCUNAMUBHUX U OUCCUNAMUBHBIX mpu6ocucmeﬂ4.

Knrwouesvie cnosa: usnococmoukocms, cniag, HANAAGIEHHbIU MemMAanl, Mamemamuyeckas mooes,
NPOCHO3UPOBAHUE, YPABHEHUE pecpecCul, MapmeHcum, aycmenum, (Y — o ) npeobpazoeanust, meepoocmo.
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