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Introduction. In the manufacturing industry, there is a particular interest in the development of a new type
of technological equipment, which makes it possible to implement methods for modifying the parts surface layers
by processing it with concentrated energy sources. The combination of two processing technologies (mechanical
and surface-thermal operations) in the conditions of integrated equipment makes it possible to neutralize the
disadvantages of monotechnologies and obtain new effects that are unattainable when using technologies separately.
The use of hybrid machine tools in conjunction with the developed technological recommendations will allow
achieving a multiple increase in the technical and economic efficiency of production, resource and energy saving,
which in turn will contribute to an increase in the competitiveness of products and the renewal of the technological
paradigm. Purpose of work: increasing productivity and reducing energy consumption during surface-thermal
hardening of machine parts by exposure to concentrated energy sources under conditions of integrated processing.
Theory and methods: studies of the possible structural composition and layout of hybrid equipment during the
integration of mechanical and surface-thermal processes are carried out taking into account the main provisions
of structural synthesis and the components of metalworking systems. Theoretical studies are carried out using the
basic provisions of system analysis, geometric theory of surface formation, design of metalworking machines, finite-
element method, mathematical and computer simulation. Mathematical simulation of thermal fields and structural-
phase transformations in the case of HEH HFC is carried out in the ANSYS and SYSWELD software packages,
using numerical methods for solving the differential equations of unsteady thermal conductivity (Fourier's equation),
carbon diffusion (Fick's second law), and elastoplastic behavior of the material. The verification of the simulation
results is carried out by conducting field experiments using: optical and scanning microscopy; mechanical and
X-ray methods for determining residual stresses. In the study, Uone JD520 and Form Talysurf Series 2 profilograph-
profilometers are used to simultaneously measure shape deviations, waviness and surface roughness. Surface
topography is assessed using a Zygo New View 7300 laser profilograph-profilometer. The microhardness of the
hardened surface layer of parts is evaluated on a Wolpert Group 402MVD device. Results and discussion. An
original method of structural-kinematic analysis for pre-design research of hybrid metalworking equipment is
presented. Methodological recommendations are developed for the modernization of metal-cutting machine tools, the
implementation of which will allow the implementation of high-energy heating by high-frequency currents (HEH HFC)
on a standard machine-tool system and ensure the formation of high-tech technological equipment with expanded
functionality. A unified integral parameter of the temperature-time effect on a structural material is proposed when the
modes of hardening by concentrated heating sources are assigned, which guarantee the required set of quality indicators
of the surface layer of machine parts, while ensuring energy efficiency and processing productivity in general. It is
experimentally confirmed that the introduction into production of the proposed hybrid machine tool in conjunction with
the developed recommendations for the purpose of the HEH HFC modes in the conditions of integral processing of a
“Plunger bushing” type part in relation to the factory technology allows increasing the productivity of surface hardening
by 3.5...4.1 times, and reduce energy consumption by 9.5...11.3 times.
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Introduction

In the era of globalization and high competitiveness, it is extremely important for modern mechanical
engineering to work on reducing production costs and at the same time ensuring the production of high-
quality products with maximum productivity [1-20]. In this regard, the manufacturing industry clearly
shows a particular interest in the development of a new type of technological equipment that allows imple-
menting methods for modifying the surface layers of parts by processing it with concentrated energy sourc-
es [21-25]. Local and ultra-high-speed thermal effects make it possible to obtain higher values of hardness,
strength, and toughness due to the formation of a highly dispersed metastable structure on the surface of
the parts with a much higher dislocation density compared to bulk processing and traditional methods of
surface hardening [17, 21-23, 26-31].

The development of high-frequency heating technology associated with the use of radio frequencies,
with the work on the miniaturization of inductors and equipping it with ferrite magnetic cores, led to the
emergence of a new method — high-energy heating with high-frequency currents (HEH HFC), which is
currently of particular interest from the point of view of strengthening structural steels [26-28, 32-36].
This method makes it possible to implement the technological process of quenching with specific heating
capacities of about 400 MW/m’, which successfully allows it to compete with other concentrated sources
(laser, electron beam) when hardening the material without melting (Fig. 1). It should be noted that the
provision of the required constant gap (6 = 0.1...0.2 mm) between the inductor and the workpiece, which
is a necessary condition for the implementation of the HEH HFC, becomes possible only when combining
two processing technologies — mechanical and surface-thermal operations — on a single machine base [20,
27, 28, 37]. Since the development of new machine tools requires a large amount of financial and labor
resources, we propose the modernization of standard metal-cutting machines by retrofitting it with an ad-
ditional concentrated energy source, which can be used as a HFC generator. Taking into account the current
level of development of microprocessor technology in the field of high-frequency industrial thyristor-type
installations, as well as the criteria for digestible integration into a standard machine system, our area of in-
terest will include high-frequency generators of the microwave type. At the same time, it becomes an urgent
task to develop new methods for assigning processing modes that consider the combined operations of the
technological process not in isolation, but in interrelation, and allow obtaining parts with a predetermined
accuracy and physical and mechanical properties of its working surfaces [27, 28].

The phase transformations, and, consequently, the resulting structure and quenching depth, as well as
the grain size of austenite depend on the integral temperature-time effect of heating on the steel structure
and, therefore, are also determined by the shape of the thermal curve. The use of the average rate of heat-
ing and maximum heating temperature as the main parameters for the purpose of surface quenching modes
is rather approximately characterized by the temperature-time conditions of phase transformations during
austenitization of steel [28, 38-40]. In addition to the above parameters, it is necessary to take into account
both the average cooling rate and residence time of the material in the temperature range of phase trans-

Water A-A
= (magnified) BO

Effective heating zone

Fig. 1. The scheme of HEH HFC processing
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formations. Therefore, the processing modes should be assigned in such a way as to provide the necessary
thermal cycles with the specified parameters in the surface layers of the material [27, 28]. At the same time,
as it was shown in studies [27, 41], it is not possible to establish an unambiguous relationship of the numeri-
cal values of these parameters with the processing modes and quality characteristics of the hardened layer.
However, it is obvious that the numerical values of the parameters of thermal cycles are determined by the
magnitude of the transmitted energy and the nature of its distribution in the material.

In this regard, and on the basis of the works [41, 42], it is proposed to use the integral temperature-time
characteristic S, which combines all the listed parameters of thermal cycles [28, 43—45], as the main param-
eter of the purpose of surface hardening modes. The process of austenite formation will occur in the time
period t, = 1, — 1, (Fig. 2) regardless of whether the thermal curve has an upward or downward character
in a given time period. This means that the total time 1, and the temperatures at which the austenitization
process occurs can be characterized by the area value (S, ) limited at the top by the heating curve, and at
the bottom — by a straight line corresponding to the temperature 4 .

3
S = _[ T(t)ydt—Aci(t3 — 1), (1)

T

The physical meaning of this characteristic becomes clear from the dependence
S=0R,

where Q is the energy, J; R is the thermal resistance of the material, °C s/J.

T'C
Tmax

T
T T Ty T, sec

Fig. 2. Kinetic curve of steel heating and cooling during quenching

The thermal resistance of a metal is the ability of a material to resist heat transfer. In this case, we
consider a metal heated above the temperature A .,. In this case, the numerical value of the thermal resistance
of the metal will depend not only on the thermal conductivity coefficient, but also on the structural-phase
transitions that mainly occur in this temperature range endothermically with heat absorption. In other
words, this characteristic indirectly determines the amount of energy transferred to the material and spent
on structural-phase transformations. It can be easily calculated from the dependence (1) in the process of
simulation temperature fields in the material [28].

Based on the above, in order to develop a methodology for assigning surface hardening modes in hybrid
processing conditions, it is necessary to establish the relationship of the numerical values of the integrated
temperature-time characteristic with the processing modes, on the one hand, and with the hardening depth,
on the other hand. The solution of this problem is carried out by combined simulation of temperature fields
and structural-phase transformations in the material [27, 28, 39, 44, 45].
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Due to the fact that the issues of developing new hybrid machine tool systems belong to critical
production and industrial technologies, there is a lack of experimental work in the literature aimed at
analyzing the effectiveness of its design and implementation.

Purpose of work is to increase productivity and reduce energy consumption during surface-thermal
hardening of machine parts by exposure to concentrated energy sources under conditions of integrated
processing.

To achieve this purpose, it is necessary to solve the following tasks:

1. To propose a method of structural analysis that makes it possible to perform effectively pre-design
studies in the development of hybrid metalworking equipment and to prove the possibility of embedding a
concentrated energy source in a standard machine system.

2. To establish the relationship of the numerical values of the operating parameters of the HEH HFC
on the quality characteristics of the surface layer of the processed parts. To develop a methodology for
assigning high-energy heating modes with high-frequency currents in integrated processing conditions.

3. To test industrially a complex of equipment that implements the HEH HFC technology, proving the
effectiveness of its introduction into production.

Experimental technique

To determine the executive movements of a hybrid metalworking system (HMS) and the required
number of its configurable parameters, the main provisions of the structural and kinematic synthesis of
metal-cutting machines were used [37, 46, 47]. Studies of the possible structural composition and layout
of HMS during the integration of mechanical and surface-thermal processes were carried out taking into
account the main provisions of structural synthesis and the components of metalworking systems presented
in [37, 48-56].

To solve the problem of determining the operational loads of a hybrid metalworking system, a universal
method was used to substantiate the technical characteristics of integrated machine equipment based on
mathematical simulation of its operating conditions [57, 58].

Materials and methods of field experiments

A plunger barrels (Fig. 3) made of stee/ 45 and U8A were selected as samples for field experiments
(Table 1). The composition of the starting material was determined using an ARL 3460 optical emission
spectrometer.

Fig. 3. Plunger barrel
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Table 1
Chemical compositions of initial material
Weight of elements, [%]
Steel grade - ;
C Si Mn S P Cr Ni Cu
45 0.44 0.23 0.61 0.013 0.019 0.11 0.15 0.17
USA 0.80 0.21 0.21 0.017 0.022 0.11 0.15 0.18

The final stage of the factory technological process of manufacturing the part consisted of the following
operations: turning (turning and screw-cutting lathe model 16K20); hardening of HFC (industrial tube gen-
erator brand VCHG 6-60/0.44 with an operating current frequency of 440 kHz); grinding (circular grinding
machine model 3M151V). The finishing mechanical operation is carried out according to the mortise grind-
ing scheme. At the same time, the processing cycle is divided into three stages: preliminary grinding, final
grinding and sparkout. Due to the fact that the processing is carried out on a hardened surface and in order
to avoid changing the properties of the surface layer, grinding is carried out on “soft” modes. Pre-grinding
is carried out in the following modes: the value of the excess material 1 = 0.2 mm, the workpiece speed
Vp = 30 m/min, the radial feed S = 0.004 mm/rev. Final grinding — = 0.1 mm, Vp =30 m/min, S = 0.001 mm/rev.
The time of sparkout is t = 10 s.

The final stage of the technological process of manufacturing a part using hybrid metalworking
equipment was carried out on a modernized screw-cutting lathe of the UT/6PM model and consisted of
three transitions: turning, surface hardening using the HEH HFC, diamond smoothing. The machine system
was equipped with an additional energy source, which was used as an ultra-high-frequency generator of the
microwave-10 thyristor type with an operating current frequency of 440xkHz. A digital oscilloscope of the
Hantek DSO 10008 Series model was used to measure and control the operating frequency of the induction
heater.

Rough turning was carried out with a pass-through cutter equipped with replaceable polyhedral plates
(RPP) (cutting plate material is a hard alloy of the following composition: WC 79 %, TiC 15 %, Co 6 %), in
the following modes: V,= 90 m-min"; S,=0.35 mm/rev.; = 1 mm. During surface quenching, a loop-type
inductor equipped with ferrite of the N87 grade was used. The heating process was carried out according
to a deep scheme (the thickness of the hardened layer did not exceed the depth of current penetration into
the hot metal — 0.6...0.8 mm) in a continuous-sequential way [14, 15, 24, 26]. The studies were carried out
using intensive water shower cooling of the surface in the following range of processing modes: the spe-
cific power of the source g = (1.5-4.0) x 108 W m~, the speed of movement of the part under the inductor
V,= (0.05...0.1) m s, The width of the active inductor wire was R =2 mm, and its length 5 = 10 mm.
The processing was carried out with a gap of 6 = 0.1...0.2 mm. Finishing turning was performed in the fol-
lowing modes: V,=130 m/min (np =882 min™); S, = 0.025 mm/rev.; t= 0.01...0.015 mm. For rough and
finish turning, the sulfurized mineral oil “Sulfofresol” was used as a coolant-cutting fluid (CCF). Diamond
smoothing was carried out according to a two-pass scheme using a designed and manufactured holder with
an elastic head, in which diamond tips (TU2-037-631-88) of radius R = 1 mm were installed. The radial
component of the smoothing force of the P, taking into account the rigidity of the technological equipment,
the hardness of the surface layer of the workpiece after surface hardening of the HFC (700...800 HV) and
the radius of the diamond sphere, respectively, was equal to 150 N. At the same time, the circumferential
speed of the workpiece was V|~ =24 m/min; and the feed values were S, = 0.018 mm/rev. Industrial
oil of the [-20A brand was used as a coolant-cutting fluid for diamond smoothing [59].

To determine the linear operational dimensions, the theory of dimensional chains and the method
presented in [60, 61] were chosen according to the conditions of ensuring the required depth of the heat-
strengthened layer.

In the study, the Uone JD520 and Form Talysurf Series 2 profilograph profilometers were used to
simultaneously measure shape deviations, waviness and surface roughness. The surface topography was
evaluated using a Zygo New View 7300 laser profilograph profilometer.
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Structural studies of the samples were carried out using a Carl Zeiss Axio Observer ZIm optical
microscope and a Carl Zeiss EVO 50 XVP scanning electron microscope equipped with an INCA X-ACT
energy dispersion analyzer (Oxford Instruments). The microstructure of the samples was detected by etching
with a 5-% alcohol solution of nitric acid, as well as a saturated solution of picric acid in ethyl alcohol with
the addition of surfactants [62].

The microhardness of the hardened surface layer of the parts was evaluated using the Wolpert Group
402MVD device. Studies of residual stresses were carried out using the X-ray method on a high-resolution
diffractometer ARL X 'TRA and a mechanical destructive method — layer-by-layer electrolytic etching of the
sample [63, 64]. To identify defects in the surface layer at each transition, the following methods were used:
optical method using a Carl Zeiss Axio Observer A1m microscope, capillary method, eddy current method
using an eddy current flaw detector VD-70.

Statistical processing of the results of experimental studies was performed in the software products
Statistica, Table Curve 2D and Table Curve 3D.

Mathematical simulation of thermal fields and structural-phase transformations
in the HEH HFC

The finite element model was constructed in the software complexes ANSYS and SYSWELD, which
use numerical methods for solving differential equations of non-stationary thermal conductivity (Fourier
equation), carbon diffusion (Fick’s 2nd law) and elastic-plastic behavior of the material [27, 28, 33, 34,
38-40, 43-45].

The preparation of the finite element model was carried out in the ANSYS software package. The ANSYS
Meshing generator formed a hexahedral finite element grid using the following types of finite elements:
Solid bodies — solid bodies were modeled with 8-node SOLID 45 tetrahedra; Surface bodies — surface bodies
were modeled with 4-node 4-angle shell elements — SHELL 63; Line bodies — line bodies were modeled
with 2-node LINK § linear elements. The size of the finite elements was 0.01...1 mm. When creating a finite
element model, the following components were created: “Volume” — a group of three-dimensional elements
denoting the object being processed; “Trajectory” — a group of one-dimensional elements that determines
the trajectory of a high-concentration energy source; “Reference” — a reference equidistant — a group of
one-dimensional elements that helps orient the local coordinate system of the energy source; “StartElem”
— starting elements of the beginning of the source action; “StartNodes” and “EndNodes” — the initial and
final nodes on the trajectory of movement; “Skin” is a group of two-dimensional elements denoting the
surfaces on which convective and radiative heat losses occur; “ClampedNodes” is a group of nodes on
which the disk is fixed (Fig. 4).

Simulation of the process of high-energy heating by high-frequency currents was carried out in the
SYSWELD software package, which allows using a model of elastic-viscoplastic behavior of the material and
modern mathematical apparatus to calculate temperature fields, the distribution of structural components,
internal stresses and deformations. During the preparation of the finite element model, the specifics of the
distribution of the specific power of the HFC heating source directly under the inductor and along the depth
of the material were taken into account [27, 28, 33, 34, 38-40, 43-45].

Results and its discussion

When developing integrated metalworking equipment, it is planned to implement a method of high-
energy heating with high-frequency currents at one of the technological transitions of a hybrid machine.
Taking into account the design features of inductors for HEH HFC, the formation of the production lines of
the treated surface occurs by localized heating areas, the dimensions of which are determined by the width
of the active inductor wire and the length of the ferrite magnetic core (Fig. 1). As a result, to ensure surface
quenching, exactly the same coordinated relative movements of the workpiece and the tool are required as
when forming through the processes of turning and diamond smoothing (Fig. 5). Structural and kinematic
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Fig. 4. Finite element model of the HEH HFC process
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Fig. 5. Generation of geometry (cylindrical surface):

a — during machining (turning and diamond smoothing); b — during surface hardening by
HEH HFC with loop inductor with a magnetic core

analysis showed the complete identity of the necessary set of executive movements and the complex of
parameters configured in it at all transitions (turning, HEH HFC hardening and diamond smoothing) of
integrated processing.

Figure 6 shows the partial structural formulas of the layouts in combination with structural-kinematic
schemes (SKS) for each processing method separately. The subsequent synthesis of the generalized
kinematic structure of the hybrid metalworking system under development was carried out according to the
scheme of aggregate modular layout configuration. With this method, the layout formula can be represented
as follows: C,0Z(Xrd,+WUd,) (Fig. 7).

Based on the combined analysis of the required structural formula for the layout of hybrid equipment,
the kinematic structure of the UT16PM machine and the rigidity of its base units, the main directions of
modernization of this model of metalworking equipment were identified. The conducted complex of pre-
project studies allowed us to prepare working documentation for the implementation of hybrid technological
equipment combining mechanical and surface-heat treatment (Fig. 8).
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Fig. 6. Structural kinematic schemes for processing a cylindrical surface:

a — turning and diamond smoothing; b — surface hardening by HEH HFC with loop
inductor with a magnetic core

Simulation of the technical characteristics of hybrid metalworking equipment has shown that in order to
ensure a level of forming performance comparable to mechanical operations, it is necessary to process HEH
HFC at speeds of the order of V,e [50, 100] mm/s. Conducting field experiments allowed us to determine
the range of specific power of the source g (A, V), with which it is required to process the HEH HFC:
q, € [1.5;4.0] 108 W/m’. To ensure the lower frequency range of the spindle with the workpiece rotation,
the main motion drive was upgraded, consisting in its retrofitting with a frequency converter HF' Inverter
model F1500-G0015S2B.

Confirmation of the effectiveness of the implementation of the developed hybrid equipment is con-
sidered using the example of the finishing stage of the technological process of plunger barrel processing
(Fig. 3), built according to two different schemes: according to the factory technology and using the pro-
posed integrated processing.

The final stage of the existing technological process of manufacturing a plunger barrel includes the fol-
lowing operations: turning, HEH HFC hardening and grinding (table 2). According to the conditions of the
drawing, the outer cylindrical surface 1 should have a hardened layer with a depth of 0.6...1.0 mm with a
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Fig. 7. Structural kinematic scheme of the hybrid metalworking system: the structural
formula is C,0Z(Xrd,+WUd,)

Fig. 8. Hybrid metal working machine

surface microhardness level of 700...800 HV. It is required to determine: the size D,, the tolerance for which
is set; the technological depth of HEH HFC hardening 4, and the tolerance for it 3,; the minimum allow-
ance for final processing z, . .

The solution of this problem was carried out according to the method presented in [61], according to
which D, =D, and g, =0.1 mm, 4,=0.6..1.0 = 0.6""* mm, the tolerance of the closing link 8, = 0.4 mm.

1. To determine the permissible variation of the cutting depth 6, it is necessary to know the value of the
tolerance for the HFC hardening depth &, which, as a rule, is determined on the basis of experimental data.
HFC quenching is carried out with the stabilization of the supplied power. In this case, the main criterion
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Table 2

The initial data on the allowances and operating dimensions calculation for the processing

of the hardened surface

Operation No. Draft

The operation and technical requirements for its
implementation

15

Turning the surface 1. Ellipticity within tolerance
on diameter D, which is to be determined

20

Surface 1 hardening by HFC at the depth 4. The
hardness of the hardened surface is 700...800HV.
Increase in D, diameter caused by the 8 ... 10 um
swelling per each millimeter of the hardened layer
thickness.

25

Finish grinding of the surface 1

D:

3 mm

13

7 [ Ih'ductor

___

Workholder

1l

Fig. 9. Diagram of workpiece HFC har-
dening by the standard technology

% Vol. 23 No. 3 2021

determining the change in the depth of the hardened layer is the
constancy of the gap between the inductor and the heated surface.

According to the factory technology, the part is based on the
surface 2 on a rigid mandrel installed in the centers. Quenching is
carried out in a continuous-sequential way using an annular inductor
D[O'74 (D =52 HI4) (Fig. 9). The technological gap between the
inductor and the part is 3 mm. In this case, the change in the gap is
due to the displacement of the center of rotation of the part, which
is determined by the error of the shape of the inductor and the error
of the part positioning.

To obtain a circumferentially symmetrical layer, the rotation of
the part is used. According to experimental data, it was found that
for these conditions of HFC quenching, provided that the inductor
is aligned relative to the axis of the centers — 6, = 0.1 mm. In this
case, we have 6, = 0.4 — 0.1 = 0.3 mm.

2. We determine the permissible value of the total spatial devia-
tion 3’0, taking into account the operational tolerances for mis-
alignment 6, the sequence of operations, the methods of basing
and positioning.

According to the data of [27, 28, 65], for carbon steels, the in-
crease in the specific volume of the quenched surface is 0.5 %.
During surface quenching, when the directions of free expansion
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are limited, we can expect an increase in the diameter by 8...10 pm for each millimeter of the thickness of
the hardened layer. In our case, the quenching depth according to the factory technology is 1.05...1.15 mm,
therefore the value of 4, = 0.0084...0.0115 mm, &, = 0.0031 mm. Based on this, you can determine the
value of the tolerance 6;_;.

81 =8_1 +8, = 0.1+0.0031 =0.1031 mm

61' + 8;'_1

2

3. Determine the possible value of the spatial deviations }6_, taking into account the operational toler-
ances o, for misalignment, the sequence of operations, the methods of basing and positioning.

At finishing operations 20 and 25, the factory technology provides for processing on a rigid mandrel.
In this case, the error of basing the part on a rigid mandrel can be determined as follows

~ 0.025+0.1031

In this case 26,5 = &; — =0.3 =0.23595 mm.

g5 =08, + 8, +8,=0.02+0.13 +0.021 =0.171 mm,

where 6, is the minimum gap, 6,, 8, are the tolerances of the hole and mandrel, mm.
The error of basing the mandrel in the centers of €,, = 0.02 mm. The error of fixing the part and the
mandrel ¢, = 0.03 mm. The total error of the part positioning is determined as:

&, = £y + €5+ €,=0.171+0.02+0.03 = 0.221 mm.

In addition to the positioning error, the value of the total spatial deviation is influenced by the amount of
deformation 6, and (curvature, warping) of the hollow cylinder after surface hardening, which occurs due
to the uneven depth of the hardened layer and depends on the wall thickness, the ratio of the wall thickness
and the cylinder diameter, and the relative depth of the hardened layer. Hardening of the outer surface leads
to the appearance of a “barrel”. For this case, the value of 6, = 0.010 mm. Then

235, =€ +8,=0221+0.010=0.231 mm

In this case, the condition }'§ , < J,, is being executed.
4. We determine the desired size — the technological depth of the heat-strengthened layer 4,. Limit val-
ues of the closing size

Kmax - ATmax o tmin and AKmin - ATmin o tmax (2)
High-quality final surface processing after thermal hardening is possible under the condition
t = (R +T), , where Rz, T'is the surface roughness and the depth of the defective layer on the previous
processing. Such a minimum value of the allowance should also be provided for an unfavorable combina-
tion of parameter values that affect its value: when D, and D, .. Atoperation 15, a semi-rough turn-
ing is carried out: R_= 0.05 mm, 7, , = 0.05 mm. Hence, ¢ . =0.05+0.05=0.10mm, and?_ =t . +0, =
=0.10+0.30 = 0.40 mm.
Solving equations (2) with respect to the desired size, we obtain
Ap = A Tt =1.0+0.10=1.10 mm;

Tmax

A, =4

Tmin

+1 =0.6+0.4=1.0wmm.

Kmin m

5. Determine the allowance for final processing by the equation

2 =2R +T), +255 =2x0.10 +0.231 = 0.431 mm,

6. In this case, the size of the preprocess of the surface 1, taking into account the swelling, will be equal
toD =D, +z, . +8 ,—A, ., thenD =46+0.431+0.10-0.008 =46.523 mm. According to the factory

technology, D, is assumed to be equal to 46.5 mm.
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Thus, the desired parameters are: the technological depth of quenching 4, = 1. 0" mm; the size of the

preprocess D, = 46. 57! mm; the allowance for final processing z_. = 0. 431 mm. It should be noted that
5..8 % of the parts are rejected due to the presence of burns and microcracks on the surface (according to
the company).

To ensure this depth of the hardened layer when using a generator with a frequency of 440 kHz, it is
necessary to implement a surface heating scheme, which is usually characterized by lower values of the
specific power and speed of movement of the heating source in relation to the volumetric scheme. With the
width of the active inductor wire R, =12 mm — g = 1.2x 10" W/m’, V;) =2 mm/s.

Two sections with a total length of 94 mm should be hardened on the parts. Both sections are processed
in one axial movement of the part relative to the annular inductor. The total length of the part motion, taking
into account the presence of a groove with a width of 6 mm and the entry and exit of the inductor with
a continuously sequential heating scheme, is / = 114 mm. In this case, the processing time is 7 = I/ V =
= 57 s, while according to general machine-building standards for heat treatment on HFC 1nstallat10ns
with the specified method of basing the part (Fig. 9), the auxiliary time of the 7. = 20 s. Thus, the piece
productivity is equal to

P =1/(T,+T,)=1/(57+20)=0.013s"

aux
and energy costs are equal to

E=(q,-m D, R -1)/V, =(1.2-107 - 0.0465 - 0.012 - 0.114)/ 0.002 = 0.333 kW ‘h

The final stage using the proposed integrated processing. In this case, the three finishing operations
are replaced by one integrated, consisting of three transitions: 1. Turning (rough, semi-finishing, single
finishing); 2. HEH HFC hardening; 3. Final finishing turning and diamond smoothing (Table 3).

1. HFC quenching is carried out according to the scheme (Fig. 10). In this case, the unevenness of the
hardened layer in depth is determined by the accuracy of manufacturing the active inductor wire and its
position relative to the axis of the processed product. Based on the experimental results and using the align-
ment of the active inductor wire according to the indicator 8, = 0.05 mm. Hence, 6, = 8,~6,= 0.4 - 0.05 =
=0.395 mm.

2. The quenching depth is 0.6...1.0 mm, hence the value of 4, = 0.0048...0.010 mm, J, = 0.0052 mm.
Thus,

8y =8;_ +8p = 0.01 +0.0052 = 0.0152 mm.

Then the permissible value of the total spatial deviation will be equal to

8+ 811 _ 595 0:025+0.0152 oo
il — :

28 =8 =

3. The proposed finishing stage of the technological process is carried out without repositioning the
workpiece, therefore, despite the fact that the same tooling is used, the positioning error is &, = 0. The first
transition — rough, semi-finishing turning of the surface allows to eliminate errors that occurred at the previ-
ous stage of the technological process and errors in the part positioning. This, in turn, ensures the constancy
of the gap between the inductor and the treated surface, and, consequently, the uniformity of the depth of
the hardened layer. In this case, the amount of warping after surface hardening is 6, = 0. Then 236, = 0.

The real value of 6, is
8; +8:, 0.025+0.0152

=0 +f =0.0201 mm.

4. The final finishing turning is carried out after quenching, therefore, 7, = 0. Due to the fact that sur-
face hardening is carried out without changing the surface roughness, and mechanical processing is car-
ried out with a single grinding wheel, the achievement of the surface roughness specified by the drawing
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Table 3

Initial data for the calculation of allowances and operational dimensions for the treatment of the hardened
surface using integrated processing

The operation and technical requirements for

Transition No. Draft .. .
its implementation

Turning the surface 1. Ellipticity within
tolerance on diameter D, which is to be
determined.

D11 7

Surface 1 hardening by HFC at the depth
A The hardness of the hardened surface is

2 700...800 HV. Increase in D diameter caused
by the 8 ... 10 um swelling per each millimeter
of the hardened layer thickness.

3 Final finish turning and diamond smoothing of

the surface 1

Il

Inductor

Workholder
Turning tool Diamond tool

Fig. 10. Integrated part processing scheme
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Ra = 0.4 microns is assumed through the use of the diamond smoothing process. Based on this, the value of
Rz =0, therefore, ¢ . =0,z =t . +06,=0+0.0201=0.0201 = 0.02 mm.

Solving equations (2) with respect to the required size, we obtain

A A +¢ . =1.0+0=1.0mm;

Tmax Kmax

A, =A, +t  =06+0.02=0.62 mm,

Tmin ~ “*Kmin m;
5. Determine the allowance for finishing according to the equation

z, . =2R.+T), +258,=0.

i min
6. In this case, the preprocessing size of the surface 1, taking into account the swelling, will be equal to

D =D +z . +06

imin

— A, =46+ 0+0.01 —0.00496 = 46.00504 mm,

i-1
Thus, the required parameters are: technological quenching depth 4= 0.62""** mm; preprocessing size
D,= 46:8:8%8 mm; allowance for final processing z_. = 0.
According to the proposed processing scheme, the first transition is the preliminary turning of the part
insize D = 46i8j8§(5) mm. Due to the fact that the preprocessing is carried out of raw (non-hardened) mate-

rial, turning is carried out in more “rigid” modes, in relation to the factory technology. In addition, the
considered integrated technology allows improving the technology of forming during machining due to
additional heating of the workpiece with a concentrated energy source. Heating of the part with high-fre-
quency currents, carried out before the cutting tool, allows to reduce the cutting resistance, making the
workpiece more pliable for shaping, thereby achieving an additional effect that allows to intensify the op-
erating parameters during rough turning. At the same time, the subsequent transition of “HFC quenching”
due to heating of structural steel for quenching will make it possible to reduce the effect of the dangerous
level of the stress-strain state of the surface layer of the workpiece on the final state of the material.

In order to assign rational modes of surface quenching under hybrid processing conditions, the relation-
ship of the numerical values of the integral temperature-time characteristic with the processing modes of
the HEH HFC and with the hardening depth was established.

Figure 11 shows the established minimum values of the S € (4.3 > 5> 2.5)°C - s, which must be imple-
mented in the surface layers during quenching of pre-eutectoid, eutectoid and trans-eutectoid steels using
high-energy heating by high-frequency currents, which ensure the production of carbon-homogeneous aus-
tenite at different states of the initial structure of the material [28]. It should be noted that these dependen-
cies (Fig. 11) are obtained as a result of cosimulation of temperature fields and structural-phase transforma-
tions in the material, and line 2 is the minimum value of the characteristic S for obtaining 50 % of martensite
after cooling. However, as the numerical and full-scale experiment has shown, in most cases the maximum
values of the characteristic exceed these values. This is due to the uneven distribution of the characteristic S
over the depth of the material. Moreover, the smaller the depth of the hardened layer, the closer the values
of the characteristic S are to the recommended values, which once again confirms the greater efficiency of
the deep heating scheme in relation to the surface [28, 43—45].

The regularity of the change in the value of the characteristic S corresponds to the nature of the change
in the values of the maximum temperatures in the depth of the material. The maximum values of this
characteristic for HEH HFC are reached at a depth of about 0.2 mm. Based on this, the dependences of the
values of the characteristic S, realized at a depth of 0.2 mm, on the value of the resulting hardened layer
were established:

S,(h)=0.55+3.69 - h—5.95 - h*+38.62 - I 3)

S, (h)=090+3.19 - h—5.14 - k> +0.18 - i 4)
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2

0
0.25 0.5 075 1.0 1.25 C,%

Fig. 11. Dependence of the temperature-time characteristic
on the carbon concentration in steel:

1 — obtaining homogeneous austenite; 2 — carbon content in austenite,
at which 50% of martensite can be fixed in the cooling stage

To establish the functional dependencies of the integral temperature-time characteristic S on the
technological processing modes for the steel grades under consideration, experimental data were processed
using the software products STATISTICA 6.0 and Table Curve 3D v 4.0:

S(qs, Vp) =aq+ pr +tegq,+ d sz + eqs2 + prqS + ng3 + hqs3 +1i quf +J szqs (5
for steel 45:
a=-3.601893,
b=1243.31624,
c=3,048266 - 10,
d=-2277.1586,

e=7.0241349 - 10°'°,
f=-8.7904966 - 10°°,
g=-2797.853,
h=5.5163545 10>,
i=-1.0355329 - 10",
j=6.4796934 - 10°°.

for steel URA:
a=-85.253883,
b=3173.1572,
c=4.8366164 - 107,
=-19522.903,

e=1.8005625 - 10",

f=-2.2665061 - 10,

g=-122995.64,

h=4.0624994 - 10,

i=-5.344947 - 10,

j=2.7815479 - 10

The maximum error of the measurement does not exceed 5 %.

Since the change in the geometric parameters of the source during the HEH HFC is associated with the
labor-intensive manufacture of a new inductor, the specific power of the heating source and the speed of its
movement are taken as variable values. Therefore, in the practice of induction heating, it is customary to
initially set the size of the source, and then determine the other two technological parameters.
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A) 45 (h);
Thus, the simultaneous solution of the system of equations U8 will allow to determine the
Sﬁ (anVp)
U8

modes of HEH HFC according to the required quenching depth. However, as the results of mathematical
and field experiments have shown, the obtained ranges of hardening modes do not guarantee the formation
of a hardened layer without the presence of quenching cracks, the main cause of which is the internal stress
state of the material.

Due to the fact that the main technological characteristic of surface hardening is the depth of hardening
(the required level of hardness is provided by the selection of the appropriate steel grade), it is possible to
influence the magnitude and nature of the distribution of residual stresses only by changing the size of the
transition zone.

Taking into account the fact that the seat of destruction of the part in use is the location of the maximum
tensile stresses, it is necessary to move the danger zone as far as possible from the surface of the product.
Naturally, the depth of occurrence of o, _will be the greatest if the value of the transition layer turns out
to be the maximum. But, in this case, there is a significant decrease in compressive stresses on the surface.
The analysis of the results of experimental and theoretical studies has shown that the value of the transition
layer should be 25 ... 33 % of the depth of the hardened layer. It is when this requirement is met that there
is a certain balance between the fact that the values are shifted to deeper layers of the material and at the
same time the value of compressive stresses on the surface decreases on average by no more than 6...10 %.
At the same time, large values of the transition zone must be provided when quenching steels with a high
carbon content [27, 28, 39, 45].

In this case, when choosing the modes of surface hardening of parts operating under cyclic loads, an-
other criterion is introduced — the relative value of the transition zone ¥(q,, Vp), that is, the ratio of the value
of the transition zone to the depth of the hardened layer.

As a result of processing the results of experimental studies, the corresponding functional dependencies
were obtained for the studied materials and the ranges of processing modes (g, [W/mz], v, [m/s]):

V(. Vy) =k +1V, +mgg + nV; +qu2 +pV 4 +eV£ +sqs3 thqus2 + uV;qs, (6)

where 0.25 <¥(q, V) <0.33.
The value of the coefficients of functional dependence:

for steel 45:
k=0.087564,

= -7.429933,

m=1.062284 - 10*,
n=235.19293,
0=-3.424286 - 10",
p=-8.850919 - 10,
r=-1309.3045,
§=12.9423 - 10,
t=1.403793 - 10",
u=1.010925- 10",

for steel USA:
k=0.013232,
[=17.354214,
m=15.814168 - 10,
n=231.678703,
0=-1.724837 - 10",
p=-8,746601 - 10,
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r=-543.57972,

s=1233-107,

t=1.139227 - 10",

u=2287546 - 10"

Thus, the determination of the specific power and the speed of movement of the source during surface
Sas/ug(h);

quenching is carried out by solving a system of equations < Sy5,ug(4s.V,); for given values of the quench-

Wys/us8(qs,Vp)

ing depth and the relative size of the transition zone. Figure 12 shows a graphical solution to this problem.
It can be noted that the obtained range of processing modes is significantly narrower in relation to the pur-
pose of the modes based on providing only a given depth of the hardened layer (curves 1 and 2).

qs

U345 =

3.0
2.8

2'52.4

870 H\'/"%

'
'
'
'
il
= H
LI
"

2.0

~—
-
e

0_068I 0.074;6_075'0.081 K, m/s
005 006 0.07 0.08 0.09

Fig. 12. The dependence of specific power of the source on its speed while hardening
steel 45 and U8 by applying HEH HFC to a depth of h = 0.62 mm:

1 —steel 45; 2 — steel USA.
* The level of microhardness of the surface layer of the part, achieved after the transition
“Hardening by HFC”

To ensure the depth of the hardened layer 2 = 0.62 mm, we accept the following operating parameters:

1) for steel 45, the range of recommended modes is limited to points A and B on curve 1 — g =
=(3.0..3.4)'10° W/m’, V' = (74...81) mm/s; ‘

2) for steel USA, the range of recommended modes is limited to points C and D on curve 2: in this case,
q,=(24..2.8)' 108 W/m®, = (68...75) mm/s.

The obtained processing modes guarantee obtaining the necessary quenching depth and a rational value
of the transition zone.

Since hardening is carried out in one setting of the part, then 7, = 0's. In this case, the piece productivity
will be equal to the technological productivity.

The calculation of productivity and energy consumption at the transition “HFC hardening” is carried
out according to the formulas:

P :(VP/TCD)b E = 4sbR; bR L

P L P, (V,/nD)b
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where L = 104 mm (Fig. 3), » = 10 mm (Fig. 1). The results of calculating energy consumption and
productivity during thermal hardening of the part for all combinations of operating parameters and steel
grades are presented in Table 4.

Table 4

The results of calculating the productivity and energy consumption of surface hardening by means of HEH
HFC under the conditions of integrated processing

Energy consump-
tion, kWxh

: 8 2 C
Steel, mode | Speed Vp, m/s | Specific power g, 10 W/m Productivity, s

The analysis of the obtained results shows that the use of integrated processing allows, in relation to
the existing technology at the factory, to increase the productivity of surface hardening using HFC by
3.5...4.1 times, and to reduce energy consumption by 9.5...11.3 times.

Figures 13-14 show the results of optical microscopy, microhardness and residual stress measurements,
as well as the results of mathematical simulation for two modes:

1. Steel USA — the mode indicated by the point C (P increases by 3.5 times, and £ decreases by 11.3
times): g =2.4-108 W/m’, V,=68 mm/s;

2. Steel 45 — the mode 1nd1cated by the point B (P increases by 4.1 times, and £ decreases by 9.5 times):
q,=34 108 W/m’, V, =81 mm/s.

Analyzing the graphs of the microhardness distribution of the surface layer, three characteristic zones
can be distinguished (Fig. 13 a, d and Fig. 14 a, b):

—zone | is characterized by a stable average value of the microhardness level;

—zone II is a transition zone;

—zone Il is a zone that has not undergone structural and phase changes.

The depth of the hardened layer is taken as the distance from the surface to the zone with a structure
containing 50 % martensite. In turn, the transition layer is the zone between the surface layer of hardened
steel with a stable average level of microhardness and the zone of the material in which no structural-phase
transformations have occurred.

Subsequent diamond smoothing of the surface 1 (Fig. 3) managed to achieve a roughness level of the
order of Ra=0.1 um (Fig. 15, a), while increasing the microhardness and the level of compressive stresses
in the surface layer to values of 870 HV and 6, = —650 6_= 20 MPa, respectively (Fig. 15, b).

Conclusion

An original method of structural and kinematic analysis for pre-design studies of hybrid metalworking
equipment is presented. Methodological recommendations for the modernization of metal-cutting machines
have been developed, the implementation of which will make it possible to implement high-energy heating
by high frequency currents (HEH HFC) on a standard machine system and ensure the formation of high-tech
technological equipment with expanded functionality. A single integral parameter of the temperature-time
effect on the structural material is proposed when assigning hardening modes with concentrated heating
sources that guarantee the required set of quality indicators of the surface layer of machine parts, while
ensuring energy efficiency and processing performance in general. It has been experimentally confirmed
that the introduction of the proposed hybrid machine into production in conjunction with the developed
recommendations for the appointment of HEH HFC modes in the conditions of integrated processing of a
part of the “Plunger barrel” type in relation to the factory technology allows to increase the productivity of
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Fig. 13. Experimental results for parts made of US steel:

a — optical microscopy; b — the simulation results of structural-phase transformations — distribution of the volume

fraction of the martensite structure; ¢ — the distribution of tangential residual stresses (simulation results); d — the

distribution of microhardness and residual stresses in the surface layer: / — a calculated plot of the tangential residual

stresses; 2 — a plot of residual stresses obtained experimentally (by mechanical destructive method); & — residual
stresses obtained by X-ray determination
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Fig. 14. Experimental results for parts made of 45 steel:

a — optical microscopy; 6 — the distribution of microhardness and residual stresses in the surface layer:
1 —acalculated plot of the tangential residual stresses; 2 — a plot of residual stresses obtained experimentally (by mechani-
cal destructive method); & — residual stresses obtained by X-ray determination
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Fig. 15. The quality of the surface layer part after diamond smoothing:

a — topography and surface profilogram; b — the distribution of microhardness and residual stresses in the surface layer
and its microstructure

surface hardening by 3.5...4.1 times, and reduce energy consumption by 9.5...11.3 times. The implementation
of the presented work allowed us to obtain information for solving a critical problem of modern mechanical
engineering: ensuring a given high quality of products, reducing the production cycle of manufacturing,
minimizing the cost of manufactured products and forming new surface characteristics of parts.
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