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MATHEMATICAL MODELING OF CAR PARTS LOADING PROCESSES AND CHOICE
OF OPTIMAL MATERIALS, COATINGS AND METHODS OF THEIR STRENGTHENING

MATEMATIHYHE MOJAEJTIOBAHIIA NPOLECIB HABAHTAKENNA JETAJIER
ABTOMOGLIIB 1 BHBIP OINTHMAJILIHIX MATEPIAJIB, NIOKPHTTIB TA CNIOCOGBIB
IX3MIINHENNA

Conducted in workresearchtotal loads on the camshaft of the internal combustion engine, the
simulated distribution of torques and pressure on individual zones for the selection of the optimal ma-
terial and methods of strengthening the surface layer of the cams of the camshafi of the internal com-
bustion engine. Microstructures were studied and X-ray structural, phase composition and analysis of
physical and mechanical characteristics of coatings after differentiated strengthening treatments were
made, taking into account structural transformations in the surface layers. With the help of X-ray
structural analysis, the structural and phase components of the surface layer of the camshaft cams
made of steel 45 of the internal combustion engine were revealed.

The physico-mechanical characteristics of the coatings with the differentiated technology of
strengthening due to boring and laser processing were studied.

Key words: mathematical modeling, loading schemes, strengthening, boring, laser processing,
microstructural analysis, combined method, technological processes of strengthening.
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Y podomi Oanuit anariz podomu 2a30po3In00LILHOZO MEXARIZMY OBUSYHA GHYMPIUHBLO0 320-
PAHHA, POIAHYMIE 83AEMOOIT KOHMAKMYIOHUX CK1a008UX, ocodaueocmi ix eniugy, npogedeni docai-
ONCEHHA CYMAPHUX HAGAHMANEHB HA POINOOLILRUL 621 OBULYHA BHYMPIUHBOLO 320PARKA, IMOOLILO-
8aHutl pOINOOLT KPYMHIX MOMEHMIE | MUCK HA OXpemi 30Hu 017 nidGopy onmumdIbr020 mamepiay i
CNOCODI8 IMIYHEHHA NOBEPIHEGOO WAPY KYIAHKIE POINOOLIBHOO ATy O8UZYHA EHYMPIUHBOLO 320~
panna J{1r po3noditeHO20 €A1y 3 MAXOBUKOM HA NIOURUTHUKOSUX ONOPAX, MOMEHM IHEPYIT MACU AKO20
2a0anutl, MA€ MICYE OOEPMAHKA 3 KyMOBOK WEUOKICMIO. 38UNAUHO HASAHMANCEHHA POIPAXOLYIOMYb &
NONEPEUHOMY NEPEPI3I 8ATY NPU MUMMECOMY 3AUIEMIERHE TOL0 KA NPABOMY MOPYI.

Haubirew ypaxceni i 6e3newni 30nu 6niugy eiemenmia ary KpumusHuMy Ha6aRMANCEHHAMU,
2NIYHI0IOMS Cneyiatbruvu 0OPOOKAMU NOBEPIHEBUX WaPIe, WO Cymmeso 0038013€ nmidsuumu cy-
npomue adpazuEHOMY IHOWERHIO KOHMaxmyouux nap. Joclonceno MiKkpoCmpyKmypu KOHMAaxmyso-
YILX NOBEPXOHL KYAAUKI8 POINOOLILKOLO €AY i3 cmaxi 45, 3pOOIeHUlt PEHMEEHOCMPYKMYPHUT QHA3
haz08020 cx1ady podouor nogepxni Ky1auKd, npoeedeni QOCUINCEHHA (PITUKO-MEXAHINHUX XapaKme-
pucmux noxpummie nicid Qupepenyinosanux IMIYHIOUX 00POOOK 3 YPAXYEAHHAM CMPYKMTYPHUX
nepemeopens & nogepxnesux wapax. Kowdinosanuit cnocié modugbixayii 30iucniosaiu 3a donoMo2on0
Gopyeannn i aa3epror 0OpoOKu, WO exnoYde nonepedre Hopyeanna é nevi & cepedosutyi Hopoavitgy-
JOMUX PEYOBUH | 3 HACMYTIHOKW OOPOOKOIO IMRYALCHUM Ja3epoM npu enepit naxonuvenna E=28 K/,
D=8 sy — 2 diavempoy 1a3epro20 nyuxa i xoedhiyienmom nepexpumma 30n 00podxu 15%, 2 mpuea-
aiemso iwnyawey T107 - 2107¢ i 3 gidemannio 0o siweni 70mxm,uo do36013€ ompusamu na cmai
43cmabirenuii wap dopudie i kapbobopudi emuny FeB, Fe.B,Fe(CB), Fe,(CB). 3a donamoz2ow penm-
QEHOCMPYKMYPHOZO QHANI3Y GUARTEHI 8i0n0siOni cmpyxkmypHi § hazosi cx1a008] NOLEPXHELO20 wapy
K)1a4Kig po3nodLLHoX0 eay i3 emati 4508ucyna enympiwunbolo seopanni. Hpu modughivayii noeep-
xui demari wrAxXom 00 €OHAHHA OBOX NOCTIOVEHUX ONEPAYIL — HACUNEHHA NOBEPXHEROLO WAPY GOPOM
€ nevi 3 ymeopennam naomiynux ¢haz FeB, Fe:B 32 mixpomeepoicno H,so=16000 mila na cmari 45 na
2aubuni 25 mxm. Hedoaixom nadmeepdux cmpysmyp € it xpuxxicms i cxuisuicms 00 mpiuguno ymeo-
penna. R YCYHEHHR yux 640 3AnponoOHOBAHO 1A3EPHA 0OPOOKA NONEPEOHBO DOPOBAHUX NOSEPXHET
demaai. Noavacma Mikpocmpyxmypa nogepxueeo2o wapy pyinyemscr npu Gopyeanni nio diew aazep-
HO20 ONPOMINIOSAHHA. JIOCHUONCERT i3UKO-MEXAHINHUX XAPAKMEPUCTIUKY NOKpUmMmMie npu Qughepen-
YILOBAHITE MEXHOAOXT RMIYHEHHA 3a PAXYHOK OOPYEAHHA | Aa2epHOT 0OpOOKU.

Kuovosl croea: mamevamuine MOOCUOBAHKA, CXEMU HABAHMANCERNA, 2MIYREHHA, DOPYBARKA,
[a3epua 0OpoOKa, MIKPOCMPYKMYP KUl AHATI3,KOMOIHOSQRUIT CROCIO, MEXHOIOTHHE MPOYECU IMIYHERHA.

Problem’s Formulation

With the increase in the reliability, durability and resource of the car in modern operating con-
ditions with the simultaneous increase in loads, speed and temperature regimes of the main compo-
nents, mechanisms and aggregates, they require a significant and careful selection of material and me-
thods of processing the surface layer of the part. Up to 30 % of parts destruction is attributed to fric-
tion processes in contacting pairs of mechanisms. Therefore, special attention is paid to the state of the
surface layer of the contacting pairs, namely strengthening technologies. The wear resistance of the
surface layer, durability, reliability and service life of cars depends on the set of properties formed
with different technological methods of strengthening.

Analysis of recent research and publications

In recent years, hundreds of technologies for strengthening the surface layer of parts have been
applied in the world practice of machine-building production. The main cniteria for choosing streng-
thening methods are high wear-resistant, physico-mechanical, operational properties of coatings and
total costs for the technological process, equipment, consumables, environmental friendliness and
safety. The mechanisms of formation of wear-resistant structures are highlighted in many scientific
works of specialists [1, 2, 3]. In a significant number of scientific studies, processing regimes and the
final result of the most common technological methods of processing are provided, where it is guaran-
teed that when certain operations are performed consistently, appropriate microstructures with speci-
fied indicators of microhardness and wear resistance are obtained on test steels. The use of high-
energy energy sources became a significant direction in the field of strengthening treatments, which
allowed to expand the spectrum of modification of surface layers, to significantly increase strong and
wear-resistant characteristics.
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Formulation of the study purpose

On the basis of studies of the total loads on the camshaft of the internal combustion engine, the
distribution of torques and pressure on individual zones was modeled to select the optimal material
and methods of strengthening the surface layer of the cams of the camshaft of the intemnal combustion
engine [4—5].0n the basis of the analysis of the use of the latest methods of strengthening, a metho-
dology for choosing the optimal option for the use of wear-resistant technologies was developed, and a
sequence of a combined method of modifying the surface layer by boring with subsequent laser treat-
ment was developed.

Presenting main material

The disadvantage of laser processing using different types of coatings is the impossibility of
controlling the surface roughness of the part, the processes of structure formation, the concentration of
alloying elements in the surface layers in the laser processing zone, the inhomogeneity of the
processed surface, fluctuations in the microhardness of individual local processing zones, a significant
violation of the microgeometry, and the need for additional finishing treatments.

Regarding the operation of the camshaft of the internal combustion engine, we must determine
that the shaft is fixed on bearing supports and rotates, and due to the presence of cams, it performs the
operation of the valve mechanism and controls the gas distribution processes. The condition of the
surface layer of the cams of the camshaft directly depends on their wear resistance, which directly af-
fects the durability, reliability and service life of the gas distribution mechanism as a whole.

The camshaft of an internal combustion engine has a complex shape, which is related to the
specifics and algorithm of its operation, mode of operation and distribution of total loads. The pres-
ence of cams adds additional load to the crankshaft and depends on the number and size of the work-
piece as a whole.

It is possible to mathematically describe the composition and influence of loads with the help
of problems on the mechanics of elastic deformed systems, which is quite fully described in the works
of F. L. Shevchenko [4]. If we use the standard scheme of shaft loads with the corresponding distribu-
tion of the influence of external forces and torques to the camshaft of the internal combustion engine,
we will get the following load model of Fig. 1.

The camshaft with the flywheel on the bearing supports x Jsthe moment of inertia of the mass
0 of which is given, rotates with the angular velocity of Fig. 1. Usually, the stress in the cross section
of the shaft is calculated when it is momentarily pinched on the right end.

Jo

Ga

Fig. 1. Camshaft with a flywheel on bearing supports The equation of the angles of the torsion
sections of the shaft has the form
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olx,t) = (xo + ':f; ') sin(wt + ) ; D)
P
¢(x,t) = (xo + '::"’:) w cos(wt + p). )
The moment of inertia of the mass of the flywheel has the form

Mo = Io¢)(0) = low* o ©)

The equation of the angles of rotation takes the form

2
o(x) = 9o (1-5). )

From the conditions ¢(1) = Owe find the frequency of oscillations @ = ’-f’—‘:
From the initial conditions ¢@(x,0) = 0, ¢(x,0) = Qowe get a system of equations

@owsinu = 0, powcosp = 0. &)
We find the amplitude angle of rotation according to the expression
- L
o= =0 oty (6)
Assuming that the torque has an expression M. (x) = Glp@(x), then we have the equation
M (x) = —golow? = "Qoﬁalr @)

Taking into account the loads that occur in contacting pairs, in the bearing supports, it is poss-
ible to put forward requirements for the material, taking into account the working conditions, in rela-
tion to the camshafis.In conditions of mass production, strong, technological, economic aspects are
added to the requirements of the material. The search for material is focused on available, widely used
technological steels. The most affected and safe zones of influence of shaft elements by critical loads
are strengthened with special surface layers, which significantly increases the resistance to abrasive
wear of contacting pairs. The most common material for use in the production of camshafts of internal
combustion engines of cars is steel 45.

With the modern mass production of cars, taking into account the cost of manufacturing their
parts, the cost of materials while maintaining qualitative and physical and mechanical characteristics,
indicators of reliability, durability and wear resistance, the future use of steel 45 is promising. At the
same lime, a significant increase in power is observed in the designs of modem cars , high-speed oper-
ation modes and, as a result, increased requirements for parts operating in severe operating conditions.
The use of alloyed and highly alloyed steels significantly increases the cost of the material, its
processing, complicates the technological processes of manufacturing parts. At the same time, the re-
source of using steel 45 is not fully exhausted, and the research of many scientists proves that with
appropriate methods of processing the surface layer, it is possible to increase the wear resistance and
corrosion resistance of parts by 3—4 times due to the modification of their surface layer and transfor-
mation of the microstructure.

Presenting main material

To evaluate the surface layer of parts made of steel 45, the following factors must be taken into
account: geometric parameters of dimensions, surface roughness of the part, microstructure and hardness
of worn surface layers. Steel 45 refers to medium-carbon high-quality structural steels of increased
strength (C — 0,42—0,5; Mn — 0,5—08; Si — 0.17—0.37; P — 0.035; S — 0.04; Cr — 0.25;
Ni — 03; Cu — 03. The strength and yield strength, respectively, after improvement is
o, =600-700MPa o, , = 400 - 600MPa ; with reduced plasticity & =23 —14%;y = 50— 40%.

Impact viscosity KCU., = 40 — 50J/cm?).

To study the microstructure of the restored cam of the distribution shaft made of steel 45 of a
passenger car, fragments of the cam body were cut out (Fig. 2).

The fragments for the study were prepared according to a typical technology for the prepara-
tion of grindings: they were cut out in defined sectors from the body of the restored cam, which, after
normalization, was previously processed in a reactor in a mixture of boron-containing substances at a
temperature of 8500 C with subsequent cooling in air [6—7].
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Experimental zones of the
working surface of the cam

Fragmentofthebodysection

Camsectionsection
Fig. 2. Diagram of the cutting of fragments (1, 2) of the cross section of the cam

Fig. 3 (a, b) provides photographs of microstructures of selected fragments of cams for different
zones of the surface layer. Thus, Fig. 3, a (802) shows a photograph of the microstructure of the zone
located at a distance of 1.2 mm from the surface, Fig. 1, 2, b (804) shows the corresponding zone at a
distance of 2 mm from the surface, and Fig. 3¢ (806) the corresponding zone is taken at a distance of 5
mm and the general view of the microstructure of the base metal is presented at a magnification of S00
times, which has a ferrite-pearlite structure. The basis of the structure consists of white pearlite grains of
plate form and dark zones of ferrite, which is a typical manifestation of a normalized structure.

Perlite with colonies of horizontally oriented cementite plates

Fig. 3. Photographs of microstructures of the cam sector a.(822), b.(821) of the middle zone

Therefore, in the transition zone, residual austenite transforms into ferrite with the formation
of two phases: ferrite particles (dark cascades) and the "boron + carbon" phase — boron carbide
(white inclusions) Fig. 3, b.

A differentiated method of modification (boring and subsequent laser processing) includes
preliminary boronizing in a fumace in an environment of boron-containing substances and subsequent
processing with a pulsed laser at an accumulation energy of E = 28 kJ, @ = 8 mm — the diameter of
the laser beam with a coefTicient of overlap of the processing zones of 15 %, with with a pulse dura-
tion of 1'10°—210"%s and a distance to the target of 70 mm (Fig. 4) allows obtaining a stable layer of
FeB, Fe,B Fey(CB).borides and caboborides on steel 45.
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Timp/s X-ray diffractogram of sample 1 slice. 03.02.18. Co-Ka radiation
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Fig. 4. X-ray diffractogram of sample 1 slice. 03.02.18. Co-Ka radiation

Conclusions

In the work, studies of the distribution of total loads on the camshaft of the internal combus-
tion engine, the simulated influence of torques and pressure on individual zones were carried out. The
optimal selection of material and methods of strengthening the surface layer of the camshaft cams of
the intemal combustion engine was made. The microstructures were studied and the X-ray structural,
phase composition and analysis of the physical and mechanical characteristics of the coatings after the
most common strengthening treatments, taking into account the structural transformations in the sur-
face layers, was made.
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