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Preface

International Conference on Industrial Engineering took place on March 25–29,
2019, in Sochi, Russian Federation. The conference was organized by four uni-
versities—South Ural State University (National Research University), Moscow
Polytechnic University, Platov South-Russian State Polytechnic University, and
Volgograd State Technical University.

The conference was carried out under financial support of the South Ural State
University (National Research University).

The conference was really large-scaled and international. The international
program committee has selected more than 500 reports. The conferees represented
63 Russian cities from the western and central parts to the Far East regions. Interna-
tional participants represented such countries as China, Germany, Kazakhstan,
Kyrgyzstan, Portugal, Saudi Arabia, Tajikistan, Ukraine, USA, Uzbekistan.

The conference participants submitted papers reflecting recent advances in thefield
of Industrial Engineering, in Russian and English. The conference was organized into
13 sections, including Part 1 “Mechanical Engineering” (Machinery and Mechanism
Design; Dynamics of Machines and Working Processes; Friction, Wear, and
Lubrication in Machines; Design and Manufacturing Engineering of Industrial
Facilities; Transport and Technological Machines; Mechanical Treatment of
Materials; Industrial Hydraulic Systems; GreenManufacturing) and Part 2 “Materials
Engineering and Technologies for Production and Processing” (Polymers,
Composites and Ceramics; Steels and Alloys, Metallurgical and Metalworking
Technologies; Chemical and Hydrometallurgical Technologies; Surface Engineering
and Coatings; Processing and Controlling Technologies).

The international program committee selected 294 papers from Part 1 of the
conference technical sections for publication in book series “Lecture Notes in
Mechanical Engineering.”
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The organizing committee would like to express our sincere appreciation to
everybody who has contributed to the conference. Heartfelt thanks are due to
authors, reviewers, participants and to all the team of organizers for their support
and enthusiasm which granted success to the conference.

Chelyabinsk, Russia Andrey A. Radionov
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Modeling of Roll Roughness Transfer
Process to Strip During Skin-Pass
Rolling

N. N. Ogarkov, S. I. Platov and E. U. Zvyagina

Abstract In this paper, the modeling of a roll roughness transfer process to the
strip in terms of skin-passing conditions was carried out. In the present paper, the
analysis of the strain–stress state of material imprinted into microcavities of roll
face is made, for which reason the latter is presented in the form of V-shaped
grooves. The model of roll roughness transfer to the strip was developed by taking
into account the real distribution of material in the rough layer of the roll and the
strip, as well as according to the type of roll processing and skin-pass conditions
that allows evaluating the degree of filling a singular microcavity under known
pressure values of the strip on contact with a roll, friction coefficient, roll roughness
parameters, and skin-pass conditions. The findings afford to forecast a reproduction
of roll microrelief of the surface of deformed strip.

Keywords Microrelief � Microrelief transfer mechanism � Reproduction �
Microcavity � Temper-rolled strip � Coefficient of imprinting

1 Introduction

One of the understudied key problems to be solved relates to relating the rolling
conditions and roll roughness parameters and cold-rolled strip to the necessary
required surface microgeometry of the finished product with account of the con-
sumer performance [1–8].

The formation of the prescriptive strip microrelief directly near the roll pass is
carried out by means of transfer mechanism of roll face microrelief to the strip and
transformation of the initial microrelief [9–14].
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2 Theoretical Research

We define the quantitative evaluation of imprinting process of roll roughness to the
skin-passed strip by the coefficient of imprinting K which is represented by ratio of
material flow value of the skin-rolled strip zf to the size of roll microcavity char-
acterized by a parameter Rz (Fig. 1).

The problem will be solved for triangular roll microcavity the stress condition in
which while filling while skin-rolled steel is shown in Fig. 1.

Please do not alter the formatting and style layouts which have been set up in
this template document. As indicated in the template, papers should be prepared in
single column format suitable for direct printing onto paper. Do not number pages
on the front, as page numbers will be added separately for the preprints and the
proceedings. Leave a line clear between paragraphs. All the required style templates
are provided in the file “MS Word Template” with the appropriate name supplied,
e.g. choose “heading1” for your first-order heading text, “abstract” for the abstract
text, etc.

The determination of dimensionless stress necessary for filling the material into
V-shaped cavities will be fulfilled by using Bocharov formula [15], which relative
to adjacent toward one other roughness cavities takes the following form:

P
rS

¼ 4ffiffiffiffiffiffi
3p

p 3 ln
1

1� zf
RZ

 !
þ pS

h

" #
; ð1Þ

where P—rolls pressure during skin-pass rolling; rs—yield strength of skin-rolled
steel; Rz and S—height and stepwise roll face roughness parameter [16, 17]; h—
thickness of outlet skin-pass strip.

Fig. 1 Stress condition diagram by filling V-shaped roll microcavity with skin-rolled steel
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Considering that zf
Rz
¼ K and solving an Eq. (1) in relation to K we shall obtain:

1� 1

exp 1
3

ffiffiffiffi
3p

p
Pcp

4rS
� pS

h

h i : ð2Þ

To evaluate the rolls’ pressure, we shall rely on the features of skin-pass rolling
process and admit the following assumptions:

• working rolls of the skin-rolling mill are drive, of the same diameter with the
same roll face roughness;

• form of roll contact with skin-rolled strip is flat;
• dry skin-pass rolling is carried out with the friction coefficient at the deformation

area … l ¼ 0; 25. . .0; 35.

Due to higher friction coefficient values, the neutral point at the deformation area
is located near the center of contact line.

With due account of the assumptions, the pressure at the deformation area
without regard to roughness contacting will be determined by the following
equation:

P ¼ rd
h0 1� eð Þ

lL

� �
exp

lL
h0 1� eð Þ
� �

� 1
� �

; ð3Þ

where e—skin-roll strip draft; L—contact length a roll—a skin-roll strip; µ—
coefficient of friction at the roll pass; h0—thickness of skin-roll strip in input.

Relating to the contact of roll deformed strip with large friction coefficient, it was
shown in the papers [3, 18, 19] that a contact length a roll—a strip can be deter-
mined on the following formula:

L ¼ 1
4

Delþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Delð Þ2 þ 8Dh0e

q� �
; ð4Þ

where D—work roll diameter.
The minimum pressure of skin-roll passing required for strip deformation shall

be determined from the following formula [20]:

rd ¼ 1:15 rS þ d lg 1000_eð Þ � rt; ð5Þ

where rs—yield stress determined by tension testing at a standard strain rate; d—
dynamic coefficient considering the velocity effect when magnified ten times; _e—
strain rate during skin-roll passing; rt—tensile stress at the roll pass determined by
strip tension stresses between a uncoiler and mill stand and a mill stand and coiler.

The average strain rate _e, at which a skin-roll passing is carried out, can be
determined by approximation:
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_e ¼ 2V
Dl

; ð6Þ

where V—velocity of roll periphery.
The shortcoming of the Eq. (3) is that it includes the friction coefficient at roll

pass, but it does not consider the fact that an imprinting of work roll surface
roughness to skin-rolled strip is carried out within the limits of their rough layers
and depends significantly on the fact to what extent the deformation processes of
the skin-roll strip at roughness contact zone interact against each other and with
the «base», on which they are located.

During skin-roll passing, the pressure that defines the bearing power of rough
layers shall be determined by their bearing surfaces. The regularity of change in
bearing surfaces when approaching of roughness is determined by their supporting
curves. Considering that the degree of involvement of roll face micro-irregularities
and the strip is different, it is reasonable to use their medium integral values [21]
that determine the relative quantity of the steel in rough layers.

The approach of roll rough surfaces and skin-rolled strip will lead to the
occurrence of total supporting surface of rough layers. We suppose that the total
supporting surface is to be determined by a ratio:

q ¼ q1 þ q2
2

; ð7Þ

where q1 and q2—the percentage of material in rough layers of the roll and the strip.
The parameter points q1 are presented in Table 1.
The parameter q2 while strip rolling by sizing rolls shall be 0.43–0.59,

depending on roll surfaces condition.
In consideration of the foregoing, the actual contact pressure of rough surfaces at

the roll pass shall be

Psh ¼ P=q: ð8Þ

Table 1 Parameter points q1
for different cold roll surface
finishing

Processing type Rmax/lm q1
Grinding 4.7/3.2 0.402/0.485

2.4/1.6 0.423/0.519

1.2/1.0 0.550/0.566

Wheel-blasting 8.6/5.8 0.482/0.538

4.8/3.2 0.503/0.564

1.2/0.8 0.548/0.576

Electroerosion texturizing 12.1/7.2 0.489/0.543

9.6/4.9 0.533/0.564

4.2/1.2 0.567/0.576
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The dimensionless steel pressure of the skin-pass mill rolls with account of
formulas (3), (4), (5), and (6, 7 and 8) shall be written as follows:

Psh

rs
¼ 1

q
1:15 1þ

d lg 1000 2V
Dl

rs

 !
� rt
rs

" #
h0 1� eð Þ

lL

� �
exp

lL
h0 1� eð Þ
� �

� 1
� �

: ð9Þ

The formula used for calculation the coefficient of imprinting will be finally
written as follows:

K ¼ 1� 1

exp
ffiffi
p

p
6q 1þ d lg 10002VDl

rs

� �
� rt

rs

h i
h0 1�eð Þ

lL

h i
exp lL

h0 1�eð Þ
h i

� 1
n o

� pS
3h

n o : ð10Þ

The application of the formula (10) allows to determinate the coefficient of
imprinting of the roll roughness on the strip including the real distribution of
material in a rough layer of the roll and the strip depending on the original
roughness of roll face, the thickness of roll skin strip, rolling speed, tension stress,
and drafting.

The target values of the coefficient of imprinting by variances of skin-pass
rolling are given in Fig. 2.

Fig. 2 Dependence of coefficient of imprinting K compared to experimental data—Δ □ ○ by
skin-pass rolling of a strip of different thickness with original data D = 500 mm, e = 0.02, q = 0.5,
d = 12 on: a stage of microroughness; b velocity of roll periphery; c tension capacity; d coefficient
of friction
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The resulting dependence allows concluding that the best reproduction of the roll
microrelief on the skin-rolled strip is evidenced during “dry” skin-pass rolling of
thin strip with little microroughness width.

The resulting data are recommended for dry skin-pass rolling of the strips and for
wet skin-pass rolling to a limited extent [22, 23].

The increase in strip tension dramatically reduces the imprinting of roll
microrelief at the surface of skin-rolled strip.

By increasing in the roll velocity, there is a minor effect on change in coefficient
of imprinting especially for thick strips.

3 Conclusions

The roll roughness transfer model to the strip was developed with account of the
roll processing type and skin-pass rolling conditions that allow estimating the
degree of filling of microrelief of singular microcavity at the known pressure values
at the contact of the strip with the roll, friction coefficient, roll roughness param-
eters, and skin-pass rolling conditions.

The resulting data can be used in amendments of the existing and developments
of new skin-pass rolling conditions for cold-rolled strips to obtain the required
microrelief according to the consumer properties by taking into account the coef-
ficient of microgeometry of roll face of the skin-pass rolling mill.
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Working Surface Calculation of Teeth
Bevel Gear Helical-Bevel Gearing
at Milling with Hob

E. A. Poluektov, B. A. Lopatin and S. V. Plotnikova

Abstract The paper considers an internal gearing of a bevel gear and a spur gear,
shaped according to a conventional technology. There is a technological problem of
obtaining the working profile of the bevel gear teeth in the internal spur–bevel
gearing when the working profiles are being shaped. Obtaining a theoretically
accurate surface of the gear teeth is troublesome due to the difficulty of making
cutters with internal teeth and practical realization of machine gearing with the axis
inclination of the workpiece or the cutter axis. This is related to the need of
producing a shaping cutter with internal teeth for each gear train so that its
geometry would be identical to that of the spur gear in the gear train. The paper
describes a method for shaping an approximate teeth profile of a bevel gear in a
spur–bevel gearing with a rack-type tool. The proposed method provides a suffi-
cient degree of approximation of the shaped surface to the theoretically accurate
one, which makes it applicable. In the paper, the equations are presented describing
the teeth surface, as a result of a two-parameter bending with a hob of the surface
with conical billet for evaluation. This makes it possible to evaluate the degree of
approximation received for the working surface of the teeth to the theoretically
accurate surface.
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1 Introduction

A spur–bevel gearing is a gear train, in which one of the gears has a cylindrical
blank, and the other—a conical one [1–5]. To provide a linear teeth contact in the
internal spur–bevel gearing, the generating gear in the cutter-blank meshing has to
be an involute spur gear identical to the spur gear of the gear train [6–9].

2 Main Part

Figure 1 shows a diagram of the internal spur–bevel meshing with a generating
involute spur gear. The teeth flank of the spur gear is an involute cylinder. This
surface (see Fig. 1) in the moving reference frame X2Y2W2, associated with the spur
gear, is described by the equations:

X2 ¼ rb2½sinðmy2 � wb2Þ � my2 � cosðmy2 � wb2Þ�
Y2 ¼ rb2½cosðmy2 � wb2Þþ my2 � sinðmy2 � wb2Þ�
W2 ¼ u;

ð1Þ

where rb2 is the radius of the base spur gear cylinder, my2 is the roll angle of the
involute curve, wb2 is half of the angular thickness of the tooth dedendum on the
rolling circle of the spur gear, u is the z-coordinate of the face section of the spur
gear.

Fig. 1 Meshing of the generating: 1—spur gear, 2—bevel gear

10 E. A. Poluektov et al.



The angle my2 for the given radius ry2 is determined by the expression

my2 ¼ tg � arccos rb2
ry2

� �
: ð2Þ

The angle wb2 is calculated according to the dependence

wb2 ¼
p

2 � z2 þ 2 � x2 � tg a
z2

þ inv a ð3Þ

where x2 is the profile shift coefficient of the spur gear.
The flank surface of the bevel gear teeth is an envelope of the generating surface

and is non-involute [2]. This surface in the moving reference system X1Y1W1,
associated with the bevel gear is described by the equations:

X1 ¼ rb1½cos/2ðsin atw � my1 cos atwÞ � sin/2 cosRðcos atw þ my1 sin atwÞ�
þ u sin/2 sinR

Y1 ¼ rb1½sin/2ðsin atw � my1 cos atwÞ � cos/2 cosRðcos atw þ my1 sin atwÞ�
� u cos/2 sinR

W1 ¼ rb1 sinRðcos atw þ my1 sin atwÞþ u cosR cos atw ¼ cosðmy1 � wb1 � /1Þ
¼ rb1

u � tg d1 ;/1 ¼ /2 � i12

ð4Þ

where R is the shaft angle, atw is the gearing angle in the face section of the spur
gear, u1, u2 are the turning angles of the bevel gear and the spur gear.

Theoretically, exact flank surface of the bevel gear teeth can be formed by a
shaping cutter with internal teeth. In this case, a geometrical gearing diagram of the
internal conjugate spur–bevel meshing is implemented in the cutter-blank meshing.
However, due to the complex manufacture of shaping cutters with internal teeth,
this tool is not produced on the industrial level. Thus, currently it seems impossible
to form a theoretically exact profile using this method.

An approximate profile can be shaped with gear-cutting equipment using a
rack-type cutting tool [10]. In this case, the rack-type cutting tool (a milling cutter, a
grinding wheel) moves along the blank gear axis according to a certain law. Such
cutting is carried out by standard gear milling machines equipped with a follow-up
device or by CNC machines. Figure 2 shows the cutting diagram. By selecting the
cutter path, we can obtain a tooth similar in shape to the exact non-involute gear
tooth [11, 12].

To calculate the coordinates of the envelope curve points, we used the mathe-
matical apparatus of the involute bevel gearing developed by Bezrukov [13] and
took the tool angle d0i as variable in each section. The tool shifting coefficient in an
arbitrary face section of the bevel gear in the midpoint of the tooth depth is
determined according to the expression.
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