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Abstract. Development of new steels in mechanical
engineering to create alloys with predetermined properties
that can minimize material and labor costs during their
processing.

Optimization of the chemical composition of the alloy
based on the analysis of the impact of complex alloying on
the structure and consequently on the manufacturability of
steel. This will reduce the level of internal intensities in the
heat treatment process.

Based on the analysis of existing trends in mechanical
engineering, it is established that the complexity of modern
parts of gearweels imposes on the material increasing
technological requirements for stamping, machinability,
weldability, hardenability, cementation and gouging in the
hardening process which explains the need for alloying
steel via a certain group of chemical elements. The
influence of different compositions of steels for gearweels
on the level of internal intensities occurring in parts during
heat treatment is studied. The optimal composition of
complex-alloyed cementing steel is established.

Key words: alloying, steel, gouging,
intensities, gearweels, cementation, austenite.
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Introduction

Modern technology makes higher and higher demands
in terms of operational properties on construction
materials, and serial and mass engineering does in terms of
their manufacturability. Development of new compositions
with the optimal ratio of physical, mechanical and
technological capabilities in the field of cementing steels is
complicated due to insufficient information about impact
of their composition on these characteristics. In addition,
the information available is inconsistent and is mainly of a
qualitative nature.

There is still insufficient data on relationship between
various properties of cementing steels. This does not allow
to predict these properties significantly increasing the
efforts required when choosing a material with a given set
of properties.

At the same time, insufficient manufacturability of
steels for gearweels, namely the high level of gouging
during chemical and heat treatment requires additional

finishing operations which significantly reduces the
economic performance of production.

Formulation of problem

The practice of operation of root harvesting machines
confirms that about 30% of all failures are on conveyor
belts. Conveyors of some machines sometimes do not
provide even seasonal operation and need to be repaired or
replaced during operation [1]. During unstable operating
modes, the traction elements as well as the drive elements
are under dynamic load. It is known that significant
dynamic loads are observed when starting the conveyor, its
output at operating speeds, as well as when stopping or
jamming the web [2]. Significant dynamic loads are an
undesirable phenomenon and are among the significant
factors that accelerate the operation of the conveyor belt
and drive elements [3].

During the start-up of the chain conveyor in the
traction link of the web there are dynamic loads, the
magnitude of which mainly depends on the excess force or
duration of start-up [4]. Under the action of pulses that
create acceleration, small elastic oscillations occur in the
elements of the system [5]. The latter lead to an increase in
inertial loads in comparison with their average values,
which are determined by the laws of motion of an
absolutely rigid body [6]. In the conditions of
inconsistency of speeds of all or some elements of the car
such sizes, as duration of the periods of start (acceleration)
and braking [7], overload of the engine and transfers, can
be defined only on the basis of dynamic calculations at
which both instability of speed during movement [8], and
inertia of masses, involved in the movement process [9].

The aim of the work is to increase the efficiency of
chain conveyor by reducing the dynamic loads acting on
the drive elements of the bar conveyor and the working
bodies of the canvas [10].

Analysis of recent research results

Choice of steel grade is determined by the operating
conditions as well as based on the technological
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capabilities of equipment [11]. A comprehensive analysis
of steel grades used for heavy-duty gearweels is performed
in [1]. Analyzing this work, we can conclude that the
choice of material largely determines use of the appropriate
reinforcement technology [12]. Medium-carbon steels
from which high-modulus gearweels are made are subject
to surface reinforcement via reinforcement by high
frequency currents followed by low or medium tempering
[13]. This process is highly productive. In addition, it is
characterized by a minimum level of gouging of parts in
the heat treatment process which significantly simplifies
the finishing operations [14].

However, comparative studies of the microstructure,
thickness and hardness of the reinforced layer, internal
intensities, contact fatigue strength, wear resistance [15],
the effect of tempering temperature on the hardness of the
surface layer of gearweels reinforced by volumetric
reinforcement, induction surface reinforcement and
chemical heat treatment have showed that induction
reinforcement can not be used for critical parts due to
possibility of such phenomena as self-tempering, edge and
root cracking of teeth, overheating, melting and spotting.

Use of chemical-thermal treatment provides an
increased performance of the reinforced layer in
comparison to induction surface reinforcement [2, 5]. It is
noted that the surface reinforcement via chemical-thermal
treatment doubles the service life of gearing versus the
volumetric hardening [16]. Therefore, the chemical heat
treatment should be considered as the most promising
technology for gearweels’ strengthening.

Japan has been a recognized leader in the
development of cementing steels for the last two decades
[3, 4]. To prevent appearance of anomalous structures
during chemical-thermal treatment, the steel with the
following content of alloying elements (in percent) is
proposed: carbon (0.10...0.40), silicon (0.50), manganese
(0.05), chromium (0.35), aluminum (0.01), nitrogen
(0.0045), nickel  (0.20..0.50), or molybdenum
(0.10...0.25), as well as boron (0.003...0.005), or niobium
(0.01...0.15), vanadium (0.01...0.10). This reduces the time
of cementation and increases the fatigue strength.

It is observed by analyzing the chemical compositions
of cementing steels that there is a tendency to reduce the
content of nickel in steel. This is dictated primarily by
economic considerations. Decrease in content of alloying
elements such as silicon, manganese and chromium in steel
is determined by their high chemical activity against
oxygen which increases the internal oxidation at high
temperatures  occurring during cementation and,
consequently, reduces the full range of performance [17].
The presence of niobium, cerium, titanium, vanadium, and
boron alloys in chemical compositions is explained by
desire of the above studies’ authors to improve not only
mechanical properties but also technological requirements
for new materials.

Purpose of research
To improve economic performance of production in

mechanical engineering by enhancing the
manufacturability of steel by complex alloying.

The method of determining internal intensities is used
to determine the value of internal intensities in the
reinforced layer of complex-alloy steels after chemical-
heat treatment.

The point of the measuring internal intensities method
is that the intensities on two opposite sides of a sample are
mutually balanced in the initial state. When removing the
reinforced layer from one of the surfaces to a certain depth,
a sample bends under the action of internal intensities of
the reinforced layer of the opposite side.

Results of research

The research is carried out on samples and completed
parts made of serial steels and complex-alloy steel. The
method of repeated etching with 20% nitric acid ethanol
solution is used to reduce the impact of mechanical factors
on the research accuracy when removing the reinforced
layer.

The formula for calculating the value of internal
intensities is based on the dependence of the bending
torque caused by unbalanced compressive intensities in the
direction of the longitudinal axis of a bar after removing a
certain layer on the opposite side of a sample and
mechanical properties of a material. Based on this:

M, =, (1)
where: Mx — torque; EI — elasticity modulus of the first
type; | — moment of inertia of the cross section of the bar;
p — the deflection radius of the sample;

In turn:

2 3
p= (é) + (p — 4x)?; M, =N"Th;1=%; (2)
where: Nx — the force caused by the compressive intensity
in the direction of the longitudinal axis of a bar;
x — the amount of deflection after removal of the layer
in which the intensities are determined,;
h — a bar thickness after removing the layer in which
the intensity is determined;
b — a bar width;
| —a bar length;
given that

Oy = 3k ®)
where: on — intensity in the investigated layer;

bAh — the cross-sectional area of the removed layer;
we can derive the following dependence to determine the

internal intensities in the reinforced layers:
4E-h?-Ax
OH = Sizan )

An optical instrumental microscope UIM-1 is used to
increase the accuracy of the proposed method when
measuring the deflection. This ensures the accuracy of
measurements up to — 10 mm.

Grooving of parts during heat treatment is also
measured. Change of an angle of inclination of the
gearweel tooth on the gearweel measuring device 1500 is
determined. To ensure comparability of the results, the
measurement length is 100 mm. Repeated experiments
allow an error reduction down to 2%.

In addition to determining of the parts’ grooving
during the chemical-thermal treatment, the intensities’
distribution in the cemented layer is also studied as a
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consequence of the processes that occur during
reinforcement. Steels with the same compositions of
alloying elements as for the determining hardenability and
grooving are selected. This is done to establish the
relationship with other parameters that are determined
during the study of processes occurring during bending of

parts as well as to study the residual intensities in the
reinforced layer. The results of samples’ measurement after
etching part of the cemented layer along with the
calculations of internal intensities in the extracted layers of
metal are summarized in table 1.

Table 1. Distribution of internal stresses in the reinforced layer.

Steel brand Measurament depth, mm Deflection change, mkm Tensions o, kPa

0.1 21.1 86.7

0.3 19.4 78.4

12HN3A 05 10.9 41.8
0.7 4.1 16.2

0.9 1.2 43

0.1 23.8 98.2

0.3 22.9 90.2

15HGN4 0.5 9.8 38.2
0.7 3.9 14.9

0.9 15 5.2

0.1 9.9 46.5

0.3 6.6 27.9

15HGN 05 55 22.7
0.7 1.7 6.7

0.9 11 35

0.1 19.7 79.9

0.3 11.0 43.7

15HGNBTCH 0.5 53 20.7
0.7 11 4.0

0.9 0.1 0.4

0.1 15.3 63.2

0.3 13.9 55.4

18HGT 05 3.7 14.2
0.7 3.6 135

0.9 11 4.0

The steel 15HGN4 has the highest intensity on the
surface. Whereas the steel 12HN3A has a lower level of
residual intensity which is explained by a decrease in the
degree of its alloying. The lowest residual intensities in the
surface layer are discovered in the steel 15HGN which
contains the least amount of Nickel. In the 15 HGNBTCH
steel developed by us, the intensities in the surface layer
are lower than in the high-alloy steel 15HGN4 and are
almost at the same level with the serial steel 122HN3A. It is
hard to compare degrees of alloying of these steels because
titanium and niobium in small quantities strengthen steel
much more than nickel does.

Comparison of the residual intensity levels in the
steels 15HGN and 18HGT with a lower content of alloying

elements could confirm the above considerations. As we
can see, the steel containing only 0.05% titanium has 1.5
times higher level of internal intensities in the surface layer
than the steel with 1% Nickel.

However, if we compare internal intensities in the
experimental steel 15HGNBTCH and the serial steel
12HN3A with their mechanical properties, then there are
some inconsistencies. l.e. steels with almost the same level
of internal intensities have different levels of strength
characteristics. This is due to the fact that the mechanical
characteristics are determined on samples reinforced via
volumetric reinforcement with low tempering, and the
surface layer which determined the internal intensities is
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strengthened by cementation and, as a result, differs in the
chemical composition and structure.

In addition, according to the working hypothesis, the
magnitude of the residual internal intensities should
indirectly relate to the propensity of steel to gouge. But if
we compare the obtained data with the results of studies of
the propensity of steel to gouging obtained both in
laboratory and in mass production, we will see the
discrepancy between the results of these studies.

In any case, let’s define intensities value as their
identified maximum on the surface. However, the
deformation of a sample or parts is affected by intensities
occurring throughout the cross section. For this reason,
intensities are identified not only on the surface but also
along the entire depth of the reinforced layer. Graphical
dependences are constructed (Fig. 1) to study the nature of
the change in the absolute value of the residual internal
compressive intensities.
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Fig. 1. Distribution of residual compressive intensities
in the reinforced layer.

The nature of the obtained curves suggests that the
complex-alloy steel has a sharper decrease in intensities
levels as it moves away from the surface compared with
the serial steel 12HN3A.

Computer processing of the summarised intensities of
the entire reinforced layer shows that this index is 1.5 times
higher in the serial steel 122KHN4A.

Development of a high-tech steel is a task of not only
qualitative but also quantitative measurament of such
technological characteristics as the propensity of steels to
gouge in the process of chemical heat treatment. Given that
and based on the analysis of comparative studies of
gouging parts from different steels the results of which are
presented in the histograms in fig. 1, it is proposed to
introduce a single characteristic that determines the
susceptibility of steel to deformation during reinforcement.
It is a coefficient determined as a ratio between the number
of parts embedded in the allowable size of the gutter
(according to the technical documentation) to the number
of parts not embedded in the allowable technical
documentation deviations (defective parts). Such a
quantitative characteristic is in this case the Riemann
integral (it is a curvilinear trapezoid area in terms of
Darboux sum boundary). It is done using the indicator-
function of a variable “x” belonging to a set. The latter is
defined as follows.

1 ={y teh ©

Therefore, we can represent a step graph of the
function J(x):
S(X) = Z;‘il(ni)((ai;a”l) (S))
Let nj be a value of the function on a semi-closed
interval (a;, aj44].
The introduced characteristic is then could be written
in the following form:
b
% ofiie NiX(aza;,,)(S)) ds
mm=m@&»=“;i‘““ﬂ))=
fa( i=1(nix(ai€ ai+1)(s)) ds)

m
Yicj+1

m-j
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Zji;ll niAai+1+—nj X_éj))
j:xE(a]-,aj+1]
where: y,(x) = {0 XE A" a function-indicator of a

variable x belonging to a set A,;

nj — a value of the function on a semi-closed interval
(@), a741], I = 221 (MiX (o a () - @ functional
dependence which corresponds to a step graph based on the
experimental data.

For the steel 12HN3A, the calculations are as follows:
101 — 18x €, 1]

18x " ’
107 — 24x
24x — 6

115 — 28x

28x — 14’

79 — 16x €@, 4]
Tex+22°° 5%
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And for the steel 15HGNBTCH,

29(1 —x) + 61 € 1]
29x X ’
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2Rk + €O U

119 + 19R,

BRrD L2
*=165-35R,

28R, +1) < €@ 3

—Z(SRO igg"),x € (3, 4]

Ry, = 0.03 = x = 2,956.

In our specific case, with the allowable percentage of
quantitative characteristics of defective and non-defective
parts within — 3%, the steel 15SHGNBTCH having a low
propensity to gouge will provide tolerances of 0.029 mm,
and the steel 12HN3A will do 0.055 mm.

And in the case when the steel 12HN3A provides the
same tolerances as the complex-alloyed, the number of
defective parts will be up to 30%.

Conclusions

1. Complex alloying with titanium, niobium and
cerium allows to increase the manufacturability of steel
and, as a consequence, to enhance the economic
performance of production by reducing the number of
finishing operations.

2. Itis established during the research that the level of
gouging of parts in the process of chemical-thermal
treatment is directly dependent on the level of internal
intensities.

3. It is necessary to minimize the propensity of the
alloy to grow austenitic grain for cementing steels which in
the process of chemical-heat treatment are exposed to long-
term high temperatures. This is achieved by complex
alloying elements such as titanium and niobium that form
a carbide phase resistant to high temperatures.
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ONTUMIBAL[IS XIMIYHOI'O CKJIAZTY CTAJIEM
JJ MECTEPEHD CUIBCBKOT'OCITOJAPCBEKOT'O

MAIIVMHOBY/IBAHHS
0. €. Cemenoscovruti, JI. JI. Timosa
AHoTAaujs. Po3pobxa HOBUX CTaJIel y

MAIIMHOOY/IYBaHHI i1 CTBOPEHHs CIUIABIB 13 3aJaHUMU
BJIACTHBOCTSIMM,  1IO  JO3BOJSIIOTH  MiHIMI3yBaTu
MaTepiallbHi Ta TPYIOB1 BUTPATH ITiJ] 9ac iX 0OpoOKH.
OnTuMizamiss XiMIYHOTO CKIIQAy CIDIaBy Ha OCHOBI
aHaJi3y BIUIMBY CKJIQJHOTO JIETYBaHHS Ha CTPYKTYpY i,
OTXeE, Ha TEXHOJOTIYHICTh cTayi. lle 3MeHmNTH piBeHb
BHYTPIIIHBOI IHTEHCUBHOCTI B IPOIECi TEPMOOOPOOKH.
Ha ocHOBI aHamizy ICHyIOUMX TEHAEHLIH Yy
MaIlMHOOYyBaHHI ~ BCTaHOBIEHO, MO0  CKJIATHICTh
CydJacHUX JieTajei 3y0uacThX KoJIic HaKJiajae Ha MaTepial
3pOCTal0Yi TEXHOJOTiYHI BHMOTH JI0 IITaMITyBaHHS,
MEXaHIYHOT 00po0ITFOBaHOCTI, 3BapIOBAHOCTI,
3arapToBYBaHOCTI, IEMEHTAIli] Ta nuTihyBaHHIO B MpoIieci
3aTBEPIIHHS, [0 TOSICHIOE HEOOXITHICTh JIETYBaHHS CTali
32 JIONIOMOTOI0 TII€BHOI TPYNH XIMIYHHX €JEMEHTIB.
JlocitipkeHo BIUTUB PI3HUX CKJIAJIIB cTallel It 3y0uacTux
KOJIC Ha piBeHb BHYTPIIIHIX I1HTEHCHBHOCTEH, IO
BUHHMKAIOTh B JIETAIIX INpPH TepMiuHiil  0OpoOui.
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BcraHoBNIEHO ONTHMaNIBHUN CKJIaJ] KOMILIEKCOJIETOBAaHOT
LEMCHTYI0UO1 CTaJI.

KoarouoBi cioBa: neryBaHHs, cranb, OUTI(YBaHHS,
BHYTPIIIHS iHTEHCHBHICTH, 3y09acTi Kojeca, IIeMEHTAIlis,
AyCTCHIT.

OIITUMN3ALIMSA XUMNYECKOI'O COCTABA
CTAJIN JJI1 IHECTEPEH
CEJIbLCKOXO3SIMICTBEHHOT'O
MAUIMHOCTPOEHUA
0. E. Cemenosckuii, JI. JI. Tumosa

AnHoTanusi. Pa3paboTka HOBBIX cTaiedl B
MAIIMHOCTPOCHHUHU ISl CO3J]AHUS CIUIABOB C 33aJJaHHBIMH
CBOMCTBaMH, TO3BOJISFOIIUMH MHUHUMH3HPOBATh
MaTepHalbHBIE U TPYIOBBIE 3aTPATHI IIPH UX 00paboTKe.

OnTuMu3anus XMMHYECKOIO COCTaBa CILlaBa Ha
OCHOBE aHajM3a BJIMSHHS CJIOXHOIO JISTUPOBAHUS Ha
CTPYKTYPY H, CISI0BATEIBHO, HA TEXHOJIOTMYHOCTh CTAIIH.
DTO YMEHBIINT YPOBEHb BHYTPEHHEUW WHTCHCUBHOCTU B
mporiecce TepMooOpPadOTKH.

Ha ocHoBe aHanu3a CylIeCTBYIOINUMX TEHACHLUU B
MAIIMHOCTPOCHUH  YCTAHOBJICHO, 4YTO  CJIOXKHOCTh
COBPEMEHHBIX JeTaliell 3y0UyaThlX KOJeC HaKJIaJIbIBaeT Ha
MaTepuall PpacTyIIUE TEXHOJOTHYECKAE TPEOOBaHUSA K
IITaMIIOBKE, MEXaHUYECKOH 00pabaThIBACMOCTH,
CBapUBAEMOCTH, 3arapTOBYBAaHOCTH, IIEMCHTAllUd U
undoBKe B MPOIECCe 3aTBEPACBAHUS, YTO OOBICHSIET
HEOOXOAUMOCTh  JICTUPOBAaHHS CTAlld C  IOMOIIBIO
OMpPEJENCHHON  TPYNIBl  XUMHYECKHX  AJIEMEHTOB.
HccnenoBaHo BIUSIHUE Pa3IMYHBIX COCTABOB CTAllCH ISt
3y0UaThIX KOJIeC Ha YPOBEHb BHYTPCHHHUX
HHTEHCI/IBHOCTeﬁ, BO3HHUKAKOIINX B AcTaasax npu
TepMUYEeCKO 00paboTKke. YCTaHOBJEH ONTUMAaJbHBIN
COCTaB KOMITIEKCOJIETOBAHOHU [[EMEHTHPYIOIICH CTallH.

KiueBble c10Ba: JETHPOBAHNS, CTANb, NUTH(OBKA,
BHYTPEHHSAA VHTEHCHUBHOCTB, 3yOuatsle KoJIeca,
LEMEHTAIHSI, aYCTEHHUT.
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