MACHINES
TECHNOLOGIES
MATERIALS

YEAR XIII

Issue 2 / 2019 ISSN PRINT 1313-0226
ISSN WEB 1314-507X

International journal
for science, technics and
innovations for the industry

Published by
Scientific technical
Union of Mechanical Engineering

MACHINES. TECHNOLOGIES.
MATERIALS
INTERNATIONAL SCIENTIFIC JOURNAL
PUBLISHER

SCIENTIFIC TECHNICAL UNION OF MECHANICAL ENGINEERING
“INDUSTRY 4.0”
108, Rakovski Str., 1000 Sofia, Bulgaria
tel. (+359 2) 987 72 90,
tel./fax (+359 2) 986 22 40,
office@stumejournals.com
www.stumejournals.com

ISSN PRINT 1313-0226, ISSN WEB 1314-507X, YEAR XIII, ISSUE 2 / 2019
EDITOR-IN-CHIEF
Prof. D.Sc. DHC Georgi Popov,
President of Bulgarian Scientific and Technical Union of Mechanical Engineering

EDITORIAL BOARD
MEMBERS
.
Prof. Dimitar Damyanov
Prof. Dimitar Karaivanov
Prof. Dimitar Stavrev
Prof. Dimitar Yonchev
Prof. Galina Nikolcheva
Prof. Hristo Shehtov
Prof. Idilija Bachkova
Prof. Ivan Kralov
Prof. Ivan Parshorov
Prof. Ivan Yanchev
Prof. Ivo Malakov
Prof. Kiril Angelov
Prof. Lilo Kunchev
Prof. Lubomir Dimitrov
Prof. Miho Mihov
Prof. Miroslav Denchev
Prof. Mladen Velev
Prof. Nikolay Diulgerov
Prof. Ognyan Andreev
Prof. Petar Kolev
Prof. Roman Zahariev
Prof. Sasho Guergov
Prof. Tsanka Dikova
Prof. Vitan Galabov

SCIENTIFIC COMPETENCE
Automatisation of production
Mechanics of machines
Technologies and materials
National and industrial security
Machines tools and technologies
Automatisation of production
Automatisation of production
Mechanics of machines
Technologies and materials
Machines and technologies
Automatisation of production
Industrial Management
Transport Equipment and Technology
Machines and technologies
Agricultural machinery
Ergonomics and design
Economics and Marketing
Technologies and materials
Production management
Transport Equipment and Technology
Robotics
Robotic systems and technology
Technologies and materials
Mechanics of machines

MACHINES. TECHNOLOGIES.
MATERIALS
INTERNATIONAL SCIENTIFIC JOURNAL
ISSN PRINT 1313-0226, ISSN WEB 1314-507X, YEAR XIII, ISSUE 2 / 2019
EDITORIAL BOARD FOREIGN MEMBERS
Prof. Adel Mahmoud

IQ

Prof. Marian Tolnay

SK

Prof. Ahmet Ertas

TR

Prof. Mark Easton

AU

Prof. Andonaq Londo

AL

Prof. Mart Tamre

EE

Prof. Andrei Firsov

RU

Prof. Maryam Ehteshamzade

IR

Prof. Andrzej Golabczak

PL

Prof. Michael Evan Goodsite

DK

Prof. Anita Jansone

LV

Prof. Mihail Aurel Titu

RO

Prof. Aude Billard

CH

Prof. Movlazade Vagif Zahid

AZ

Prof. Bojan Dolšak

SI

Prof. Natasa Naprstkova

CZ

Prof. Christian Marxt

LI

Prof. Oana Dodun

RO

Prof. Dale Carnegie

NZ

Prof. Oleg Sharkov

RU

Prof. Emilia Abadjieva

BG

Prof. Páll Jensson

IS

Prof. Ernest Nazarian

AM

Prof. Patrick Anderson

NL

Prof. Esam Husein

KW

Prof. Paul Heuschling

LU

Prof. Ewa Gunnarsson

SW

Prof. Pavel Kovac

RS

Prof. Filipe Samuel Silva

PT

Prof. Per Skjerpe

NO

Prof. Francisco Martinez Perez

CU

Prof. Péter Korondi

HU

Prof. Franz Haas

AT

Prof. Peter Kostal

SK

Prof. Genadii Bagliuk

UA

Prof. Juan Alberto Montano

MX

Prof. Georg Frey

DE

Prof. Raul Turmanidze

GE

Prof. Gregory Gurevich

IL

Prof. Renato Goulart

BR

Prof. Haydar Odinaev

TJ

Prof. Roumen Petrov

BE

Prof. Hiroyuki Moriyama

JP

Prof. Rubén Darío Vásquez Salazar

CO

Prof. Dr. Ilir Doci

Ko

Prof. Safet Isić

BA

Prof. Iryna Charniak

BY

Prof. Sean Leen

IE

Prof. Ivan Svarc

CZ

Prof. ShI Xiaowei

CN

Prof. Ivica Veza

HR

Prof. Shoirdzan Karimov

UZ

Prof. Jae-Young Kim

KR

Prof. Sreten Savićević

ME

Prof. Jerzy Jedzejewski

PL

Prof. Stefan Dimov

UK

Prof. Jean-Emmanuel Broquin

FR

Prof. Svetlana Gubenko

UA

Prof. Jordi Romeu Garbi

ES

Prof. Sveto Cvetkovski

MK

Prof. Jukka Tuhkuri

FI

Prof. Tamaz Megrelidze

GE

Prof. Katia Vutova

BG

Prof. Tashtanbay Sartov

KG

Prof. Kazimieras Juzėnas

LT

Prof. Teimuraz Kochadze

GE

Prof. Krasimir Marchev

USA

Prof. Thorsten Schmidt

DE

Prof. Krzysztof Rokosz

PL

Prof. Tonci Mikac

HR

Prof. Leon Kukielka

PL

Prof. Vasile Cartofeanu

MD

Prof. Mahmoud El Gammal

EG

Prof. Yasar Pancar

TR

Prof. Manolakos Dimitrios

GR

Prof. Yurij Kuznetsov

UA

Prof. Marat Ibatov

KZ

Prof. Wei Hua Ho

ZA

Prof. Marco Bocciolone

IT

Prof. Wu Kaiming

CN

CONTENTS

MACHINES
SPATIAL GEARING: KINEMATIC CHARACTERISTICS OF THE INSTANTANEOUS CONTACT
Assoc. Prof. Abadjieva E. PhD., Prof. Sc. D. Abadjiev V. PhD. ....................................................................................................................... 57
FINITE ELEMENTS METHOD MODELLING OF ROLLING BEARINGS
Mustafa Koç, Mehmet Bozca ............................................................................................................................................................................. 62
ANALYSIS OF WORKOVER CAUSES FOR WELLS WITH INSTALLED DOWNHOLE SUCKER-ROD PUMPS
M.Sc. Medved I., M.Sc. Mijić P., M.Sc. Perić K. .............................................................................................................................................. 66
NUMERICAL ANALYSIS OF REAL OPEN CYCLE GAS TURBINE
PhD. Mrzljak Vedran, PhD. Poljak Igor, PhD. Orović Josip, Prof. PhD. Prpić-Oršić Jasna ............................................................................. 70

TECHNOLOGIES
DETERMINATION OF GEYSER EVENTS IN A THERMOSYPHON WORKING WITH GRAPHENE OXIDE NANOFLUID
Kujawska A., Zajaczkowski B., Woluntarski M., Buschmann M.H. ................................................................................................................. 74
DETERMINATION OF GEOMETRIC PARAMETERS OF GRADIENT STRUCTURES FORMED IN OPTICAL GLASS BY
THE ELECTRON BEAM METHOD
Grechana О., Skoryna E., PhD Bondarenko I. ................................................................................................................................................... 78
DIAGNOSTICS OF THERMAL PIPES WITH SYMMETRIC STRUCTURE THERMAL IMPACT METHOD
Grand PhD in Engeneers Science Eng . Vladimir Karachinov,Phd Student Eng Daniil Evstigneev, Prof.,PhD in Engeneering sciences Eng.
Alexander Abramov, , PhD Applicant Eng. Petrov Dmitriy .............................................................................................................................. 83
AN EXPERIMENTAL STUDY ON CUTTING FORCES AND SURFACE ROUGHNESS IN MQL MILLING OF ALUMINUM
6061
B.Sc. Conger D.B., M.Sc. Emiroglu U., Assoc. Prof. M.Sc. Uysal A. PhD., Prof. M.Sc. Altan E. PhD. ......................................................... 86
TECHNOGENIC RAW MATERIALS FOR THE PRODUCTION OF MAGNESIUM AND SILICON-CONTAINING
COMPOUNDS
Сandidate of technical sciences Shayakhmetova R.A.,1st year PhD student Mukhametzhanova A.A., Candidate of geological and
mineralogical sciences Samatov I.B., doctor of chemical sciences, assoc. prof. Akbayeva D.N. ..................................................................... 90
FLANK WEAR OF SURFACE TEXTURED TOOL IN DRY TURNING OF AISI 4140 STEEL
Mech. Eng. Eskizara H. B., R. Assist. Emiroglu U., Prof. Dr. Altan E. ............................................................................................................ 93

MATERIALS
GEOPOLYMERS BASED ON BULGARIAN RAW MATERIALS – PRELIMINARY STUDIES
Ass. Prof. Dr. Eng. Nikolov A. ........................................................................................................................................................................... 97
EFFECTS OF BISMUTH ON THE MATRIX STRUCTURE OF DUCTILE IRON CASTINGS
Prof. Glavas Z. PhD., Assoc. Prof. Strkalj A. PhD. ......................................................................................................................................... 101

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 2/2019

SPATIAL GEARING: KINEMATIC CHARACTERISTICS OF THE
INSTANTANEOUS CONTACT
Assoc. Prof. Abadjieva E. PhD.1,2 , Prof. Sc. D. Abadjiev V. PhD.2
Graduate School of Engineering Science, Akita University, Japan1
Institute of Mechanics, Bulgarian Academy of Sciences, Bulgaria 2
abadjieva@gipc.akita-u.ac.jp
Abstract: In this work, case of rotations transformation between arbitrary crossed shafts (axes of rotations) by means of high kinematic
joints, which elements configure active tooth surfaces of hyperboloid gear mechanisms is treated. |Analytical dependencies, defining the law
of rotations transformation are illustrated. This law of transformation in this concrete case is a constant function of the relations of the
angular velocities of the movable links of the spatial three-link gear mechanism. The shown functions are applicable both to the synthesis of
the studied transmissions, and for the determining and control of the kinematic errors of these transmissions, caused by manufacturing and
assembly errors.
Keywords: SPATIAL GEARING, HYPERBOLOID
INSTANTANEOUS ANGULAR VELOCITY RATIO

GEAR

DRIVES,
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TANGENTIAL

CONTACT,

of gear mechanisms, when it is necessary to study their sensitivity,
while these parameters are changing.

1. Introduction
The Science of Spatial Gearing, that studies the processes of
rotations transformation upon a preliminary defined law between
non-coplanar (in the most common case) axes by means of threelinks mechanisms, having high kinematic joints, essentially can be
considered as an independent direction of the science Applied
Mechanics. It studies kinematic and dynamic behavior of these
body systems, in relation to the geometric characteristics of the
elements of the constituting high kinematic joints.

Main interest, from view point of the synthesis of spatial gear
drives upon a pitch contact point, is to be defined the instantaneous
velocity ratio when the instantaneous conjugated contact point,
respectively the instantaneous conjugated line, passes through the
pitch contact point. For this case it is necessary to define the
instantaneous velocity ratio by means of the geometric parameters
of the pitch contact point [1, 2].
Considering the symbols given in Fig. 1, for the instantaneous
velocity ratio at one arbitrary contact point it can be written [3, 4]:

Three-links mechanisms, for which the transformation of rotations
between non-coplanar axes is accomplished through a system of
high kinematic joints, which elements come into and go out of
tangent contact (instantaneous contact), by observing a definite law
of order, are named hyperboloid0 gear mechanisms. This name is
derived from the fact that their axoids are two revolution
hyperboloids, which geometric axes coincide with the axes of
rotations of the movable links of the three-links gear mechanism.
For them the rotations transformation is realized as a result of the
action of normal forces in the places of tangent contact of the
elements of the kinematic joints. The process of sequential
occurrence and disintegration of kinematic joints is a permanent and
regular one, and during its realization over time there should be
more than one configured kinematic joint. The state in which
kinematic joints exist is called gearing. For gear sets, when their
axes of rotations do not lie in one plane, is talked about spatial
gearing.

i12 =

ω1 d 2 e2 sin ε 2
.
=
=
ω 2 d 1 e1 sin ε 1

(1)

The main focus of the current research is put on defining of
specific characteristics of the instantaneous contact of the elements
of high kinematic joints, when the processes of the rotations
transformation by means of hyperboloid gear mechanisms are
realized.

2. Instantaneous Velocity Ratio in the Pitch
Contact Point
The exactness of the realization of a preliminary given law of
rotations transformation between shafts with crossed axes by means
of three-links gear mechanism, is in a direct dependency on
geometric and kinematic conjugation of the active tooth surfaces,
which come in and go out of contact. In this process, every occurred
instantaneous contact point (for gear mechanisms with a point
contact) or instantaneous contact line (for gear transmissions with
linear contact) is characterized by an instantaneous velocity ratio.
The main requirement to the synthesis and design of gear
mechanisms are that their instantaneous velocity ratio should
correspond to a preliminary given design value, by observing an
adequate exactness. Hence, the defining of the instantaneous
velocity ratio, as a function of the geometric parameters of spatial
gear sets, is of a great importance, especially for the kinematic types

Fig. 1. Kinematic scheme for determining the instantaneous velocity ratio of
a hyperboloid gear mechanism
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Here

ωi (i = 1, 2)

angular velocities

ω1

are the magnitudes of the instantaneous
and

distance between the points

where

ω2 ; d i (i = 1, 2) - minimal
of piercing Oiπ (i = 1, 2) of the

is the magnitude of the circumferential velocity

H i ; βi

radius of the pitch circle

Vi ; ri

-

- angle of inclination of the

P ; αn Σ i in the pitch contact point P (a pitch

longitudinal line of the tooth in the pitch contact point

n − n with planes Π i (i = 1, 2) and the rotations axes
i − i (i = 1, 2) . n − n is a normal line to the tooth surfaces

normal

Σ1

Vi

normal profile angle of
normal angle);

Σ 2 passing through the conjugated contact point P . The
planes Π i (i = 1, 2) are perpendicular to the axis O1O2 of the
crossed axes of rotations 1 − 1 and 2 − 2 and contain as well the
corresponding crossed axes i − i (i = 1, 2) ; ei (i = 1, 2) minimal distances between n − n and the crossed axes i − i ; ε i
(i = 1, 2) - angles between the normal n − n and the axes of
rotation i − i (i = 1, 2) .
and

Vi ,n

- magnitude of the projection of the

circumferential velocity vector

Vi

on the common normal

n−n.

Here, it will be reminded that in general case, in order to realize
rotations transformation between fixed crossed axes i − i

(i = 1, 2)

by means of the conjugated contact point

P

it is

appropriate the instantaneous contact in it to be considered by
means of two infinitely small regions from the surfaces

Σ 2 , respectively.

Σ1

and

Actually, these regions have a relative motion,

V12 , which is a
(i = 1, 2) around axes i − i
fact, that one of the surfaces Σ i

determined by the vector of the relative velocity
result of the rotation of

Σi

(i = 1, 2) (see Fig. 1). The
(i = 1, 2) transmits motion to the other one, means that the
V12 lies in their common tangent plane Tn . If this condition is

Fig. 2. Geometric-kinematic scheme of a spatial gear pair with an opposite
orientation of the longitudinal line of the teeth

fulfilled, from it follows the equality of the normal components of
the absolute velocities of

(i = 1, 2)

P,

considered as a point from

P , namely:

V1,n = V2 ,n ,
Vi ,n

Then from (2) and (3), the well-known dependency is obtained
[5, 6, 7, 8]:

and vice versa. Both conditions are equivalent ones

for the kinematically conjugated action in the point

where

Σi

i12 =

(2)

is a normal component of the absolute velocity

ρ i

ii ,i ±1 =
where

V1,n = V2 ,n ⇒ V1,e . sin ε 1 = V2 ,e . sin ε 2 ⇒

i12 =

and

L2

(see Fig. 2) is realized, then the

ωi
r
= i ±1 (cos µ ± tan β i sin µ ) ,
ωi ±1 ri

i = 1, 2

is the number of the gear, and

(5)

µ

- hypoid angle.

For the case of spatial rotations transformation between crossed
axes, by means of contacting in the pitch contact point P tooth

ω1 e2 . sin ε 2
=
.
ω2 e1 . sin ε 1

surfaces
lines

When taking into account the symbols, given in Fig. 1 and Fig. 2
(assuming that the conjugated contact point is a pitch contact point)
then from (2) it can be written:

Vi ,n = Vi cos β i cos α n = ωi ri cos β i cos α n ,

L1

with an opposite orientation of the

equation (4) can be presented in the type [1, 2]:

ω d
i12 = 1 = 2 ;
ω2 d 1

and

Σ2

and

longitudinal lines

V1,n = V2 ,n ⇒ V1,π = V2 ,π ⇒ ω1 .d1 = ω2 .d 2 and

ω1 .e1 . sin ε 1 = ω2 .e2 . sin ε 2

Σ1

surfaces

Let’s first show how equality (1) is obtained, from the condition
(2), and taking into account Fig. 1:

-From

(4)

When the rotations transformation between crossed axes 1 − 1
and 2 − 2 by means of contacting in pitch contact point P tooth

and

of the circumferential velocity Vi .

- From

ω1 r2 cos β 2
=
.
ω 2 r1 cos β 1

L1

Σ1

and

and

Σ2

L2

with one-way orientation of their longitudinal

(see Fig. 3), then the equality (4) is of the type

[2]:

ii ,i ±1 =

(3)
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ωi
r
= i ±1 (cos µ + tan βi sin µ).
ωi ±1
ri

(6)
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In equations (5) and (6) the above signs refer to
bellow ones –

i = 2.

i = 1,

For the case when the analysis of the instantaneous velocity ratio
requires estimations to be made on the basis of the analytical

and

dependence (1), it is necessary the defined distances

ei

and

di

to

be expressed, by means of the geometric parameters of the tooth
surfaces

Σ1

and

Σ2

in the pitch contact point.

Then from (1), taking into account the symbols shown in Fig. 1,
Fig. 2 and Fig. 3, it can be written

Vi ,n
= cos ∆ ,
Vi ,π

(9)

Vi ,n = ωi .ri cos β i cos α n ,
Vi ,π = ωi .d i .
From (9) it is obtained

ri cos βi cos α n
,
cos ∆

di =

(10)

n − n and the
direction of the line O1O2 of the crossed axes of rotations i − i
where

∆

is an acute angle between the normal

(i = 1, 2) .
Analogically, for the distance

ei , the following expression can

be received:

Vi ,n
= sin ε i ,
Vi ,e

(11)

Vi ,n = ωi .ri cos β i cos α n ,
Vi ,e = ωi .ei ,

Fig. 3. Geometric –kinematic scheme of spatial gear pair with one-way
orientation of the longitudinal line of the teeth

If from a formal view point it is assumed that i represents the
number of the movable link of the three-links spatial gear
mechanism, then the cases i = 1 define the instantaneous velocity
ratio in the pitch contact point, when a rotation from axis 1 − 1 is
transmitted towards axis 2 − 2 , and i = 2 covers the cases of
rotations transformation form 2 − 2 towards 1 − 1 .

whence

ei =

d i sin ε i
.
=
ei cos ∆

nominal velocity ratio, which is equal to the instantaneous velocity
and

L2

of the mentioned above

tooth surfaces, should have an inclination angles, defined by the
expressions [2]:
•

When the longitudinal lines

Li (i = 1, 2)

•

ri .ii ,i ±1 − ri ±i .cos µ
,
ri ±i . sin µ

When the longitudinal lines

Li (i = 1, 2)

have

ri .ii ,i ±1 − ri ±i .cos µ
.
ri ±i . sin µ

(13)

As it has already been mentioned, the transformation of rotations
according to a preliminary defined law is a basic process, to the
realization of which are oriented to the predominant part of the
three-links hyperboloid gear mechanisms. From a theoretical view
point, the most common process is the process of spatial rotations
transformation with the crossed placement of the axes of the
movable links of the three-links transmission mechanism, which
determines the predominant interest of the researchers. For this
reason, for the current study, a mechano-mathematical model will
be illustrated, that treats this most common case, but in an aspect
determined by its practical application. In other words, the study
will consider a hyperboloid gear mechanism, transforming rotations
with constant angular velocities between crossed shafts (axes). The
model
presented
below
illustrates
geometric-kinematic
characteristics - an object of the current work.

(7)

have one-

way orientation

tan β i =

ei , (for the case when the
the pitch contact point P ) is

and

3. Geometric-Kinematic Model of the Object of the
Research

opposite orientations

tan β i = ±

di

instantaneous contact is realized in
obtained:

i − i (i = 1, 2) are realized, when the active tooth surfaces
Σ1 and Σ 2 have a contact in the pitch contact point P , (for a
L1

(12)

When (10) and (12) are solved together, then the following
relation between the distances

In order, the rotations transformation between crossed axes

ratio), the longitudinal lines

ri cos β i cos α n
.
sin ε i

(8)
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On Fig. 4 a geometric-kinematic scheme of three-links gear
mechanism, transforming by means of movable links (gears) 1 and

2

ω1

rotations with angular velocities

and

ω2

where

ui , ϑi -

δ

ωi

ϕ 2 = ϕ1i21 , u1
defining point

Σ1

and

parameters

the

exists, forming kinematic

joints ( Σ 1 : Σ 2 ). When one of the movable links, for example

i = 1 , is put into rotation with an angular velocity ω1 , then the
other movable link i = 2 starts to rotate. And if the obtained
rotation of the second movable link is determined by the angular
which

the

condition

fulfilled, that is equivalent to the

last equality of conditions (14)), then it can be affirmed, that the
kinematic joints ( Σ 1 : Σ 2 ) (illustrated on Fig. 4), and the studied

S (O, x, y, z )
S

and

Si (Oi , xi , yi , zi )

is a static coordinate system

Si (i = 1, 2)

i = 1, 2 .

The

mentioned above coordinate systems are not shown in Fig. 4. The

S 2 towards S is
parameters of rotations (meshing) ϕi (i = 1, 2) .
current position of

Let’s the elements

S1

Σ1

and

and

Σ2

given by the

ρi ,s = ρi ,s (ui , ϑi , ϕi ),
ni ,s = ni ,s (ui , ϑi , ϕi ) ,

Σ1 , which has a tangent contact
Р from Σ 2 , defined by the

as a point from

and

ϑ2 .

(17)

ρ1,s (u1 , ϑ1 , ϕ1 ) = ρ2 ,s (u2 , ϑ2 , ϕ 2 ),
n1,s (u1 , ϑ1 , ϕ1 ) = n2 ,s (u2 ,ϑ2 , ϕ 2 ),

(18)

where

ρ i ,s

to the

Σ i ; ni ,s

is an absolute velocity of the contact point

S

Р , joined

- an absolute velocity of the tip of the normal

ni

in the contact point

Р , joined to the Σ i .

Vr ,2 = Vr ,1 + (V1 − V2 ) = Vr ,1 + V12 ,

(19)

As it can be seen, these vector equations are determining for both
the circumferential and the relative motion of the conjugated

of the high kinematic joint are

described parametrically in the static coordinate system

are pair of independent parameters,

Here and further under conjugation of the kinematic joints, and
functioning through them transmission mechanisms, it will be
understood their theoretically kinematic conjugation. The systems
(17) and (18) are the vector conditions for conjugation of the
studied hyperboloid gear mechanism. The first equality from (7) can
be presented easily in the form [5 - 8]:

are the coordinate systems,

firmly connected with the movable links

u2

and

ρ 1,s (u1 , ϑ1 , ϕ1 ) = ρ 2 ,s (u2 , ϑ2 , ϕ 2 ),
n1,s (u1 , ϑ1 , ϕ1 ) = n 2 ,s (u2 ,ϑ2 , ϕ 2 ),

point

(connected with the non-movable link (posture) of the three-links
gear mechanism), and

ϑ1

ϕ1

 - an
Р , joined to the Σ i ; ρ
i ,s
absolute acceleration of the contact point Р , considered as a point
i ,s - an absolute acceleration of the tip of the ni , in
from Σ i ; n

The research is realized with introducing the right-handed

from which

(16)

ϕi = var ia , i = 1, 2 . Then [5 - 8]

vector

gear mechanism respectively, are kinematically conjugated.

(i = 1, 2) ,

Σ 2 , the following conditions

In the process of motion of the kinematic conjugated joints for
the current points Р , the conditions (16) are constantly fulfilled for

in the case of a real gear mechanism, in every moment more than

Σ2

Р

and

with the corresponding point

Σ 2 , that in a given moment have a conjugate contact point Р (the
Р can belong to the conjugated
instantaneous contact line D12 ). Here, it should be mentioned, that

coordinate systems

and

For concrete values of the parameters of rotation

tangent point of contact

(for
ω2 ,
ω2 = ω1i21 = cons tan t is

Σ1

= n2 ,s (u2 ,ϑ2 , ϕ2 = cons tan t ).

of

- crossed angle of the axes

kinematic joint ( Σ 1 : Σ 2 ), which elements are the surfaces

velocity

Σi .

= ρ 2 ,s (u2 ,ϑ2 , ϕ2 = cons tan t ),

The rotations transformation is realized by means of high

and

on

ρ1,s (u1 ,ϑ1 , ϕ1 = cons tan t ) =

1 − 1 and 2 − 2 ; aw - minimal distance between the crossed
axes 1 − 1 and 2 − 2 (offset); i12 (i21 ) - velocity ratio.

Σ1

independent parameters, determining the location of

n1,s (u1 ,ϑ1 , ϕ1 = cons tan t ) =

is a magnitude of the angular velocity vector

one pair of tooth surfaces

at the same point;

are fulfilled:

1
ω
= constant ,
i12 = 1 =
ω2 i21
;

Σi

- normal vector to

Р , considered

As it has already been mentioned, at the point of geometric

(14)

i

Σ i ; ni ,s

conjugation of the surfaces

aw = constant ,

rotations of the movable link

Р

point

ω i = constant , i = (1, 2) ,
δ = ∠(ω1 ,ω2 ) = constant ,

ωi

is a radius-vector of the contact point

as a point from

between fixed

crossed axes 1 − 1 and 2 − 2 (placed in the static space) of the
links 1 and 2 is illustrated. The studied case of the process of
rotations transformation is characterized by the following
conditions:

where

ρi ,s

[2, 5-8].

contact points. Moreover, (19) shows, that vectors

Vr ,2 , as well as the vectors V12 , V1

(15)

coplanar vectors.

60
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V2

V12 Vr ,1

and

are two triplets of
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The first triplet determines the tangent plane
contact point

Р

of

Σ1

and

Σ2 .

Tn

in the conjugated
•

The second triplet of vectors,

Tm , which under concrete conditions contains the

determines plane

pole of meshing/pitch contact point of the synthesized gear set. The
above comment is illustrated on Fig. 4.

pitch contact point) by introducing geometric-kinematic
parameters of the pitch contact point, are also written.
Generalized expressions for the angles, defining the inclination
of the longitudinal lines of the teeth (when their synthesis is
realized upon a pitch contact point) are expressed by the
obtained analytical dependencies for the instantaneous velocity
ratio in the pitch contact point.

The received analytical dependencies are applicable for the
realization of the process of synthesis of spatial gear mechanisms,
as in the case of application of the mathematical model for synthesis
upon a pitch contact point, and when in the process of synthesis, the
change of the velocity ratio at instantaneous tangent contact points
(different than the pitch one) is also taken into account.
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on the tooth

The model of the process of spatial transformation of rotations,
described briefly in this paragraph, by means of a hyperboloid gear
drive with arbitrary crossed axes of rotation, is in the basis of the
current work.

4. Conclusion
For the synthesis of hyperboloid gear transmissions, it is
necessary to be defined an analytical approach for determining the
kinematic error in the spatial gearing, which as a rule occurs as a
result of manufacturing and assembly inaccuracies during the
realization of these transmissions. In the present work it is
illustrated sequentially:
•
•

•

A generalized mathematical model of the hyperboloid
transmissions (based on their geometric and kinematic features)
is defined.
The analytical relations, for the instantaneous velocity ratio in
an arbitrary contact point of the instantaneous tangent contact of
the gear drives with an arbitrary crossed axes are illustrated in
the current reserach.
Generalized dependencies for determination of the
instantaneous velocity ratio in the pitch contact point are
written. Dependencies by which kinematic and geometric
estimations of the synthesized spatial gear mechanisms (upon a
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Abstract: This study presents to determine the contact stress in rolling bearings by using analytical and numerical method. Analytical
solution is obtained by using Hertizan contact theory. Obtained analytical solution by this theory require comparison with the numerical
calculations to obtain more accurate results for contact problems. Because of that the same problems are also examined by using finite
element method. The geometry of the model being studied gives different type of contact configurations such as a point or line of contact. In
cylindrical roller bearing the contact form is line contact and for the ball bearing the contact characteristic is point contact. High stress
occurs on both of these two contact areas. Contact stress causes elastic or plastic deformation and the contact area will change depending
on the magnitude of the contact stress. Therefore, it is really important to calculate more accurate stress at the contact area.
KEYWORDS: HERTZ CONTACT, NON-LINEAR CONTACT, ROLLER BEARING, FINITE ELEMENT METHOD, ANSYS.
in1881 by H. Hertz. In his honour, the stresses at the mating
surfaces of curvature bodies in compression are called Hertz contact
stresses.

1. Introduction
Bearings, having a crucial role in the machine design, are the
components to provide smooth rotation by reducing friction
between the rotating machine parts.

Hertzian contact stress is one of the major reasons of surface
failures especially for bearings, cams, gear teeth, locomotive
wheels, valve tappets and pin joints linkages [1].

The general structure of bearing are shown in Fig 1, consists of
inner and outer rings and the roller elements which vary depending
on the application. The cage prevents the roller elements rubbing
against each other.

Hertz calculations are limited to case of contact of elastic bodies
with simple quadratic shapes and when he was developing his
theory Hertz made some important assumptions which are written
below [1]:
i.

Contacting bodies are isotropic, homogeneous and
elastic.

ii.

The contact areas are essentially flat and small relative
to the radii of curvature of the undeflected bodies in
the vincinity of the interface.

iii.

The strains are small and within the elastic limits.

iv.

The contacting bodies are perfectly smooth; therefore,
friction forces between mated parts need not to be
taken into account.

Boussinesq developed Hertz’s theory by using theory of elasticity.
Boussinesq improved the equations for the state of stress within an
isotropic, homogeneous and linearly elastic space, under a
concentrated load, which will act perpendicular to the surface. He
studied the deformation of semi-infinite solid due to pressure
exerted on a small area of its plane surface [2].

Fig. 1 Roller bearing structure. a)Cylindrical roller bearing b)Ball bearing

There are two main functions of roller bearings: First is to reduce
frictional forces between moving parts by giving a surface to roll on
instead of sliding. The secondary function of bearings is to transmit
the force. The roller bearings are classified according to the
direction in which the load is applied. Generally bearings carry two
kinds of force: radial and axial and some bearings can also carry
both radial and axial load at the same time.

Ludenberg in 1939 developed a general theory of elastic contact
between two semi-in finite bodies, in which the effect on the stress
of the presence of tangential load is taken into consideration.
Midlin investigated the distribution of the tangential forced across
the area of contact when one elastic body slides over another.
Lure presented a general three-dimensional punch contact problems

In this study a ball bearing and a cylindrical roller bearing are
examined.

The stress examined in two contacting bodies at a rolling interface
is highly dependent on the geometry of the mate surfaces as well as
on the loading material properties.

2. Theoretical Aspects
The force and motion are transferred between machine parts by
means of contact phenomena. A contact problem occurs when at
least two bodies not mechanically joined touch each other without
becoming rigidly attached.

In this study ball and cylindrical roller bearings are examined. In a
ball roller bearing, a ball passes over the raceway surface, the
theoretical contact form is assumed as a point in this application. A
cylindrical roller bearing, cylinders passes over the raceway, the
theoretical contact shape is assumed as line contact for this
application.

When there are non-conforming surfaces come into mate the
contact form can be point or line. The localized stress value on this
area is very high. Since the stress is the force over the area, any load
on a point contact would be infinite stress as mathematical view.
The original analysis of elastic contact stresses was published

In order to examine contact stresses for cylindrical and ball bearing,
traditional Hertzian contact theory is used. According to the theory
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sphere to sphere contact presents ball bearing and cylinder to
cylinder contact presents cylindrical roller bearing

Geometry constant can be written as follows:

1 1
1 

B   
2  R1 R2 

Hertz contact theory equations for point and line contact types, used
in analytical solutions, are shown below:

(6)

The contact-patch radius a is written as follows:
a=

p
m1 + m2
p
4 max
B

a=

3

0.375

(7)

m1 + m2
F
B

(8)

The pressure distribution within the hemisphere is written as
follows:
Fig. 2 Two spheres or cylinders contact zone [3]

P = Pmax = 1-

2.1. Point contact:

x2
a2

y2

-

(9)

a2

Static stress distributions in spherical contact:

 z   pmax

(10)

 1  2 
 p max
 2 

 x max   y max  

(11)

 1  2 
 p max
 3 

 xy  

(12)

Von Misses equivalent stress is written as follows:

 vM 

1
2





  y    y   z    z   x   6  xy2   yz2   zx2
2

x

2

2

(13)

2.2. Line contact:
Fig.3 Spherical contact, pressure distribution.(a=b) [3].

Two spheres in contact are shown in Fig2. The theoretical
contact form is assumed as hemisphere with circular contact shape
is shown in Fig3.
Total applied load F on the contact patch is written as follows [4]:
F=

2 2
p a pmax
3

(1)

Where a is radius of contact patch. Maximum pressure is written
as follows:

Pmax =

3 F
2 p a2

(2)

Average pressure is written as follows:

Pavg =

F

(3)

p a2

Fig. 4 Cylindrical contact, pressure distribution.[3].

When two cylinders roll together, their contact patch will be
rectangular as shown in Fig4.

Maximum pressure is written depending on average pressure
Pmax =

3
Pavg
2

Total applied load F on the contact patch is written as follows [5]:

(4)

1
p aLpmax
2

Material constant can be written as follows:

F=

E1 , E2 are elasticity modulus and ν1 , ν2 are Poisson’s ratios

where L is the length of contact along the cylinder axis.

of mated materials.

1 
m1 
E1

2
1

1 
, m2 
E2

2
2

Pmax =

(5)
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Pavg =

F
2aL

(16)
(17)

Pmax @1.273Pavg
Geometry constant can be written as follows:

1 1
1
B   
2  R1 R2





(18)

Radius of contact patch a is written as follows:
a=

2 m1 + m2 F
p
B
L

d:40

[mm]

D:80

[mm]

B:18

[mm]

d1:52,6

[mm]

D2:69,8

[mm]

(19)

The pressure distribution within the semi-elliptical prism:
Fig.5 6208 Ball bearing dimensions.

P = Pmax = 1-

x

2

(20)

a2

4.2. 6208 Ball Bearing FEA Analysis
Modelling and the analysis of the problem are completed in ANSYS
19-1 Workbench software.

Static stress distributions in cylindrical contact:

 xn   pmax

x2
1 2
a

 zn   p max

x2
1 2
a

In terms of accuracy and simplicity the problem is modeled for one
ball by using cyclic symmetry.

(21)

In order to obtain more accurate results, the mesh density over the
contact area is increased as shown in Fig6.
(22)

 xzn  0

(23)

Von Misses equivalent stress is written as follows:

 vM   x2   y2   x y  3 xz2

(23)

3. Finite Element Model
All of these theories discuss the contact problem with in the
analytical methods and use highly idealised model. Unfortunately
these approaches have limited application in engineering.
The more accurate results are examined for rolling bearing such as
ball and cylindrical roller bearings contact problem with numerical
method .Therefore same problem is also modelled in ANSYS-18.1
workbench environment.

Fig.6 6208 Ball bearing Solid-FEM model.

4. Numerical example
4.1. 6208 Ball Bearing Analytical Solution
Firstly 6208 ball bearing shown in Fig5 is analyzed according to
Hertizan contact theory. Applied load is F=5000N.
According to Hertzian theory, the analytical results for 6208 ball
bearings are shown in Table 1.
Table.1 6208 Ball bearing analytical solution results

 max

[MPa]

2570

Pmax [MPa]
5474

 vM

[MPa]
2744

Fig.7 6208 Ball bearing FEA solution.

The obtained maximum Von Misses stress is 3174 [MPa].
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4.3. NU210 Cylindrical roller bearing analytical
Solution
Firstly NU210 cylindrical roller bearing as shown in Fig8 is
analyzed according to Hertizan contact theory. Applied load is
F=5000N.

d:50

[mm]

D:90

[mm]

B:20

[mm]

F:59,5

[mm]

D1:77,4

[mm]

Fig.10 NU210 cyindrical roller bearing FEA solution.

All obtained results are acceptable for required Von Mises stress
calculation for ball and cylindrical roller bearings.
Fig.8 NU210 Cylindrical roller bearing dimensions

6. Conclusion

According to Hertzian theory, the analytical results for NU210
cylindrical roller bearings are shown in Table.2

Numerical analysis of rolling bearing contact problem is simulated
by using ANSYS workbench environment. Thus the contact stresses
are analysed for point and line contact types with 3D model.
For ball bearing applications the contact area is actually an elliptical
geometry and the contact form depends on the applied force which
means, both of these problems are non-linear and analytical theory
has lots of assumptions.
Bearings load capacity and reliability are so important. Therefore
the rolling bearings play such a prominent machine elements.
Calculation the life of a bearing with considerable accuracy become
even more important. Thus making it possible to match the bearing
life with the service life of the machine involved.
In this study FEM is used to examine the contact analysis of rolling
bearing. Specifically, the normal and tangential forces as well as the
rolling friction between mated parts are analysed in order to more
accurate results. Numerical analysis of contact problems by
computer programs gives more accurate results.

Table.2 NU210 cylindrical bearing analytical solution results.

 max

[MPa]

480

Pmax [MPa]

 vM [MPa]

1464

3000

4.4. NU210 Cylindrical roller bearing FEA Solution
In order to obtain more accurate results, the mesh density over the
contact area is increased shown in Fig9.
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Abstract: Primary oil production represents the process of production only by exploiting the natural reservoir energy (reservoir
pressure), i.e. eruption phase. This mode of production lasts until the reservoir pressure drops, so that it is no longer capable of pushing the
oil to the surface. Oil wells which can't erupt, must apply one of the methods of artificial lifting. The artificial lift system of oil production by
using downhole sucker-rod pumps with piston rods is the oldest system for lifting fluids from wellbore to the surface. It is also the most
widespread artificial lift system in practice in the world (over 80%). The basic principle of the operation of a downhole sucker-rod pumps is
based on the transfer of the drive energy from the surface to the pump by piston rods. In principle, downhole sucker-rod pumps with piston
rods can be applied in oil wells from depth of 500 to 2500 m while enabling production ranging from 1 to 100 and more m 3/d of liquid. This
system is suitable for wells with a smaller gas factor and consolidated production layers. The advantage of downhole sucker-rod pumps is
their efficiency and economy because initial capital investments per well are lower. The disadvantages of downhole sucker-rod pumps are
higher maintenance costs, i.e. more frequent workovers. This paper analysis the most common causes for well workover that produce oil
with downhole sucker-rod pumps and recommendations in order to reduce their number.
Keywords: ARTIFICIAL LIFT, DOWNHOLE SUCKER-ROD PUMP, PISTON RODS, WORKOVER, TUBING

1. Introduction
Oil is mainly produced from three stages: primary stage,
secondary stage and tertiary stage (improved production - increased
oil recovery (EOR)). Primary production represents the initial phase
of the production of hydrocarbons from the reservoirs, while
secondary production and EOR require additional effort to produce
additional amounts of hydrocarbons. In the primary stage oil is
displaced to the surface by the action of natural reservoir energy
such as: dissolved gas in oil, gas in a gas drop and compressed
groundwater. Because of the difference in pressure between the
reservoir (higher pressure) and the borehole (lower pressure) the
fluid starts to flow to the bottom of the borehole, then through the
tubing pipes and finally to the surface facilities where oil, water and
gas are separated in separators. By oil production, the natural
reservoir energy gradually decreases until it reaches the limit at
which the pressure is so small that there is no overflow, ie oil can
not erupt on the surface, so the production of hydrocarbons with the
natural reservoir energy is no longer possible. On such wells the
reservoir energy raises fluid only to a certain level in the well and it
is necessary to apply one of the methods of artificial or mechanical
lifting of liquid from the bottom of the well. The basic ways of
raising oil by mechanical means are: a) gas lift installation (gas
lifting), or b) installation of downhole sucker-rod pumps.
This paper will present an analysis of the causes of workovers
on oil field in Republic of Croatia where the oil production has been
going on for more than 40 years.

Fig 1. Sucker-rod pumping system [2]

2. Sucker-Rod Pump System
The sucker rods are made of a full-profile round section of highquality steel and serve to transfer power from the surface to the
subsurface pump. Their length ranges from 7.62 m to 9.1 m, with
reinforced male threads at the end and a part of the square shape for
handling (Fig. 2).

The artificial lift method of oil production with sucker-rod
pumps is the oldest system for raising fluid from the wells to the
surface and at the same time being the most widespread in practice
in the world (over 80%), while in the Republic of Croatia oil
production with this method is represented by over 50% of the all
production wells [1]. In principle, sucker-rod pumps can be applied
in oil wells ranging from 500 to 2500 m depth and production
between 1 and 100 and more m3/d of liquid [1]. The advantage of
this system is manifested mainly in a small initial capital investment
per well, while the deficiencies are manifested in higher
maintenance costs, ie in more frequent workover on each
production well.

Polished rod is one of the most important elements of suckerrod pump system since it is exposed to the highest loads. It takes
maximum load capacity because it is the uppermost and is also
exposed to friction in the sealing system.

Five basic system components are needed to lift the fluid with a
sucker-rod pumps. These are [1]: a) drive motor, b) pumpjack with
gear reducer, c) polished rod, d) the sucker rod string and e) the
subsurface pump shown in figure 1.
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3. Analyses of workover causes on oil field in
Republic of Croatia
Analyzed oil field is located in Republic of Croatia. Oil
production started in mid 60s with only 5 production wells [5] and
until now is drilled more than 90 wells. At the present, there are
more than 40 production wells with installed sucker-rod pumps [4].
The reservoir rocks are consisted of fine-grained quartz and tiny
sandstones, weak to medium consolidation.
The analysis of the workovers causes includes place where
failure occured expressed as a percentage. Analyses covers a period
of four years, from 2011 to 2014 where 220 workovers were done
on this oil field according to data find in paper Bakarić [4].

Fig 2. Sucker rods
The main components of a subsurface pump are [1, 3]: a)
working barrel connected to the tubing, b) plunger connected to the
sucker rods, c) traveling valve and d) the standing valve.
Figure 3. shows the two principal categories of subsurface
pumps: a) the rod pump on the left and b) the tubing pump on the
right.
Rod pump

Tubing pump

Fig 3. Rod pump (left) and tubing pump (right) [3]
The principle of production with sucker-rod pump is in
alternating opening and closing of standing and travelling valves.
By moving the piston upwards, standing valve open and traveling
closes, where the fluid is sucked out of the reservoir into the
working barrel and the amount of fluid accumulated above the
traveling valve is squeezed into the tubing. When the traveling
valve reach top position, the traveling valve open and the standing
valve close to allow the working barrel to be filled with oil. When
traveling valve reach down position it closes and the whole cycle is
repeated.
Fig 4. The analysis of the workovers for each year [according to 4]
As it can be seen from figure 4, in 2011, of all workover causes
almost 58 % was sucker rod failures, then 28 % tubing failures and
14 % downhole failures. In 2012, sucker rod failures and downhole
pump failures were reduced, while tubing failures were increased.
Also, there were some polished rod failures and other causes. Other
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causes mainly include problems with sand production and seating of
plunger in working barrel. In 2013, sucker rod failures decreased
while tubing failures increased, which also can be seen for 2014
year.
According to figure 4, it can be concluded that most failures are
related to sucker rods and tubing, more than 90 %.
Figure 5 shows summary of all workover causes over period
from 2011 up to 2014.

Fig 7. Tubing joint failure
In figures 8 and 9 sucker rod failures are shown. Figure 8 shows
sucker rod joint rupture, while figure 9 shows reduction of the wall
thickness of the joint which an lead to rupture with further use.
Fig 5. The analysis of the workovers for whole period [according to 4]

It can be seen that sucker rod failures are main workover cause
in more than 50 % of all causes, while on the second place it tubing
failures with 38 %. Other causes are relatively rarely recorded, less
than 10 %.
The main reason why those failures are most common in
sucker-rod system for this field in Croatia can be found in longlasting production from oil wells (more than 50 years). In first
period, fluid produced from wellbore mainly consist of oil while
amount of water is negligible. During the production, oil amount in
1 m3 of produced fluid drops while amount of water increase. At
this moment, average water production from this field is more than
90 %, so friction between sucker rods and tubing occur at more
spots in some wellbores. Those spots are weak and during the time
sucker rod or tubing failures occur.
Fig. 8. Sucker rod joint rupture

Usual location where tubing failure occure is body of pipe
(figure 6) caused by friction between sucker rods and tubing, and
tubing joints failures caused because of inadequate handling and
tightening (figure 7). Also, sucker rod failures occure because of the
same reason, so due to the strength of the material, tubing or sucker
rod failures occur.

Fig 9. Reduction of the wall thickness of the sucker rod joint
Fig 6. Tubing body failure
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polyethylene lined tubing in order to reduce friction that occurs
constantly in places where sucker rods and tubing are in contact.

4. Recommendations for reducing workover
As it can be seen from figures 4 to 9, main problem is tubing
and sucker rod failures, ie. friction between sucker rods and tubing,
with water content in produced fluid more than 90 %. Because of
that, there is no adequate lubrication, so failures often occur, for
some wells, more than few times per year.
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Fig 10. Rod guides [10]

This paper analyses the workover causes on one oil field where
as main artificial lift method sucker-rod pumps are used. Also,
some recommendations for reducing amount of needed workover
are proposed. In the last few years, above mentioned additional
equipment were installed on such chosen wells, and in the future, it
will be possible to make such analysis that will show if there were
successful application of additional equipment.

5. Conclusion
During the long-term oil production, the share of produced
water increases while the share of oil decreases. Therefore, in the
oil field equipped with sucker-rod pumps, there is an increased need
for workovers. The main reason is the friction that occurs between
sucker rods and tubing that causes failures of sucker rods or tubing
which requires repair work because such wellbore cannot produce
oil at that moment. After the main causes of the workovers are
established, operators need to think about the proper mode of
workover reduction. With the development of new technology, the
causes of the workover can be reduced using additional equipment
on boreholes such as rod rotators, tubing rotators, rod guides and
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Abstract: The paper presents a thermodynamic analysis of gas turbine with real open cycle. Gas turbine operates in combined heat and
power (CHP) system. Analysis is provided by using measured operating parameters of operating mediums (air and combustion gases) in all
required operating points. Cumulative real turbine developed power amounts 78611.63 kW. In the whole gas turbine process, the highest
losses occur in combustion chambers during the heat supply process and amounts 13689.24 kW. Turbine power losses are equal to 7976.22
kW, while the turbo-compressor power losses amounts 4774.24 kW. While taking into account all analyzed gas turbine components, the
highest efficiency of 90.79% has turbine, followed by combustion chambers which efficiency is equal to 89.01%. Turbo-compressor
efficiency amounts 88.59% and the whole gas turbine cycle has efficiency equal to 33.15%.
KEYWORDS: GAS TURBINE, REAL OPEN CYCLE, NUMERICAL ANALYSIS, LOSSES, EFFICIENCY
atmosphere by polytropic compression, which included
compression losses if compared to ideal isentropic compression.
Heat supply process in combustion chambers has several heat
transfer losses and is characterized with a pressure drop. Real
combustion gases expansion process on the turbine is polytropic
which included expansion losses if compared to ideal isentropic
expansion. Heat release from the real gas turbine process happens at
the higher pressure in comparison with atmospheric pressure. For
the analyzed gas turbine cycle, mentioned losses are included in
measured operating parameters of air and combustion gases in all
operating points.

1. Introduction
Gas turbines are today widely used in various power plants or
cogeneration plants for simultaneous heat and power production [1],
[2]. Investigation and analysis of many gas turbines and its
processes are performed in a lot of scientific papers [3].
Energy and exergy analyses are usually used for the investigation
of complete power plants or its components in order to obtain
efficiencies and losses of the entire plant and each plant component
[4], [5]. Such analyses are also very applicable for the gas turbines
and all of its components [6].
This paper presents a thermodynamic analysis of gas turbine with
real open cycle which operates in combined heat and power system.
Real gas turbine cycles involve losses at each analyzed gas turbine
component. Power distribution, distribution of delivered and
released heat, losses and efficiencies of each constituent component
and the entire gas turbine were calculated and discussed.

2. Real open cycle gas turbine process
Main scheme of a gas turbine with real open cycle is presented in
Fig. 1, while the temperature-specific entropy diagram of this
process is shown in Fig. 2.
Beginning of gas turbine operation from dead-state is ensured
with starting electro-motor [7]. In the open gas turbine cycle turbocompressor takes air from the atmosphere and increases its pressure.
Air with increased pressure is then delivered to combustion
chambers. In combustion chambers is injected a certain amount of
high-quality fuel, fuel is mixed with air after which combustion
occurred. Produced combustion gases leave combustion chambers
and enter into the turbine. At the combustion chambers outlet
(turbine inlet) produced combustion gases has the highest
temperature (the highest gas turbine cycle temperature) - point 3,
Fig. 1 and Fig. 2. Combustion gases expanded through the turbine
and after expansion, they are released from the gas turbine cycle to
the atmosphere. One part of produced turbine cumulative power
(usually about 50%) is used for a turbo-compressor drive, while
with the other part of cumulative produced power is driven any
power consumer (usually electric generator).

Fig. 2. T-s diagram of the real open gas turbine cycle with all
losses included

3. Gas turbine with real open cycle numerical analysis
– main equations
Most of the equations for the gas turbine with real open cycle
analysis were found in [7] and [8]. For each operating point of real
open gas turbine cycle, specific enthalpy of operating medium (air
or combustion gases) can be calculated as:
h  cp  T

(1)

where cp is the speciﬁc heat capacity of operating medium at
constant pressure and T is current operating medium temperature.
For real open cycle gas turbine, speciﬁc heat capacity at constant
pressure (cp) is a function of current operating medium temperature.
Specific heat capacity at constant pressure of air is calculated
according to [9] by using an equation:
cp,air (T )  1.0484  0.0003837  T 


Fig. 1. Main scheme of the gas turbine with real open cycle (EM =
Electro-Motor; TC = Turbo-Compressor; CC = Combustion
Chambers; T = Turbine; PC = Power Consumer)

9.45378 2 5.49031 3 7.92981 4
T 
T 
T
107
1010
1014

(2)

while for combustion gases (cg), specific heat capacity at constant
pressure is also calculated according to [9] by using an equation:

Real gas turbine cycle includes losses at each gas turbine
component [8]. Turbo-compressor compresses air from the
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- Real useful power (which can be used for power consumer drive):

0.010749
T 
102
0.0172103 2 0.07247 3

T 
T
105
109

cp,cg (T )  0.936087 

(3)

PUS  PT  PTC

- Ideal (isentropic) useful power (which can be used for power
consumer drive if the compression and expansion processes were
ideal ones):

In equations Eq. 2 and Eq. 3 temperature T must be inserted in
(K) to obtain cp of air or combustion gases in (kJ/kg·K). For the
analyzed gas turbine are used measured temperatures in all
operating points from Fig. 1 and Fig. 2, therefore specific enthalpies
of operating medium can be easily calculated.
By using Fig. 1 and Fig. 2, the operating parameters of the real
open cycle gas turbine are:

PUS, IS  PT,IS  PTC, IS



(16)

- Chemical energy delivered by fuel in the combustion chambers:
QCHE  m F  LHV

- Turbo-compressor real power:



(15)

(17)

where LHV is the fuel lower heating value.



PTC  m air  h2  h1  m air  T2  cp,2  T1  cp,1



(4)

- The amount of heat transferred in combustion chambers:



QTRA  m cg  h3  h2   m cg  T3  cp,3  T2  cp,2

Temperature of operating medium (air) after ideal (isentropic)
compression is calculated by using an equation:



(18)

- Heat supply losses in the combustion chambers:
 air 1
  air

p
TA  T1   2 
 p1 

QHSL  QCHE  QTRA

(5)

- Heat supply (combustion chambers) efficiency:

where κair is according to [10] equal to 1.4.

 HS 

- Turbo-compressor ideal (isentropic) power:







PTC,IS  m air  hA  h1  m air  TA  cp,A  T1  cp,1



(6)



PTC, PL  PTC  PTC, IS  m air  h2  h A



QREL  m cg  h4  h1   m cg  T4  cp,4  T1  cp,1



(7)

PTC

h A  h1



h 2  h1







- Combustion gases mass flow is the sum of air mass flow through a
turbo-compressor and fuel mass flow (F) in combustion chambers:
m cg  m air  m F

(9)

- Turbine real cumulative power:



PT  m cg  h3  h4   m cg  T3  cp,3  T4  cp,4





(22)

Useful heat released from the process is the amount of heat which
can be used for additional heating purposes. Combustion gases
which exit gas turbine can be used for additional heating if its
temperature exceeds 160 °C (433.15 K). Temperature of
combustion gases equal to 160 °C is represented with point C in
Fig. 2. Intensive low-temperature corrosion is the main reason why
combustion gases with temperature lower than 160 °C cannot be
used for additional heating, so one part of heat will always be
released from the process as unused heat.

(8)

T2  cp,2  T1  cp,1

(20)

(21)

QREL, US  m cg  h4  hC   m cg  T4  cp,4  TC  cp,C

TA  cp,A  T1  cp,1



- Useful heat released from the process:

- Turbo-compressor efficiency:
PTC, IS



QTRA m cg  h3  h2  m cg  T3  cp,3  T2  cp,2


QCHE
m F  LHV
m F  LHV

- The cumulative amount of heat released from the process:

- Turbo-compressor power losses:

TC 

(19)

- Unused released heat:

(10)



QUNU  m cg  hC  h1   m cg  TC  cp,C  T1  cp,1

Temperature of combustion gases after ideal (isentropic)
expansion is calculated by using the following equation:



(23)

- Gas turbine process overall efficiency:

 cg 1

p 
TB  T3   4 
 p3 

 cg

GT 

(11)

PUS
P P
 T TC
QTRA
QTRA

where κcg is equal to 1.3 according to [10] .

- Specific fuel consumption:

- Turbine ideal (isentropic) cumulative power:

SFC 



PT, IS  m cg  h3  hB   m cg  T3  cp,3  TB  cp,B



(25)

(12)

4. Measured operating parameters of the real open
cycle gas turbine

- Turbine power losses:







PT,PL  PT,IS  PT  m cg  h4  h B  m cg  T4  cp,4  TB  cp,B



(13)

The operating parameters of real open cycle gas turbine process
were found in [9], Table 1. The operating points of the gas turbine
process in Table 1 are presented in accordance to Fig. 1 and Fig. 2.
The real gas turbine process is characterized with real (polytropic)
compression and expansion processes with pressure drops during
heat transferring in combustion chambers and during heat releasing
from the process. Analyzed real open cycle gas turbine operates in
combined heat and power (CHP) system, Turkey.

- Turbine efficiency:

T 

m F
m F

PUS PT  PTC

(24)

h 3  h 4 T3  cp,3  T4  cp,4
PT


PT,IS h 3  h B T3  cp,3  TB  cp,B

(14)
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Table 1. Operating parameters of real open cycle gas turbine [9]
Temperature
Pressure
Operating point*
(K)
(bar)
1
298.15
1.0133
2
615.15
10.5030
3
1287.57
9.9779
4
827.15
1.1171
119.97 kg/s
Air mass flow
Natural gas
Used fuel
44661 kJ/kg
Fuel lower heating value (LHV)
2.79 kg/s
Fuel mass flow
122.76 kg/s
Combustion gases mass flow**
* According to Fig. 1 and Fig. 2
** According to Eq. 9

the gas turbine process. Due to several losses in the gas turbine
combustion chambers - heat transferred from fuel to operating
medium (combustion gases) will be lower in comparison with fuel
chemical energy for 13689.24 kW, Fig. 5.
Cumulative heat released from the analyzed gas turbine process
amounts 75119.53 kW. This heat amount will be divided on useful
released heat (released combustion gases with temperature higher
than 160 °C) and unused released heat (released combustion gases
with temperature lower than 160 °C). In the analyzed gas turbine
process useful released heat, which can be used for any heat
consumer drive (or more of heat consumer’s drive) amounts
58216.59 kW.

5. Numerical analysis results of real open cycle gas
turbine
After real (polytropic) compression on the turbo-compressor and
after real (polytropic) expansion on the turbine, temperatures of
operating medium (air or combustion gases) are higher in
comparison with ideal (isentropic) processes, Fig. 3. The air
temperature after real compression is 33.58 K higher, while
combustion gases temperature after real expansion is 50.33 K
higher when compared to air and combustion gases temperature
after isentropic compression and expansion.

Fig. 5. Change in heat amounts of the analyzed gas turbine
Turbo-compressor power losses which amounts 4774.24 kW are
represented as a difference between real and ideal (isentropic)
power required for turbo-compressor drive. Turbine power losses
amounts 7976.22 kW and those turbine losses were calculated as a
difference between the ideal (isentropic) and real turbine developed
power, Fig. 6.
Heat supply losses are a difference between fuel chemical energy
and heat amount transferred to operating medium (combustion
gases) in combustion chambers - Eq. 19. Unused released heat from
the analyzed gas turbine with real open cycle amounts 16902.94 kW
and is calculated by using Eq. 23.

Fig. 3. The change in real and isentropic temperatures after
compression and expansion for the analyzed gas turbine
A turbo-compressor is power consumer therefore in the real
compression process it will use more power (due to losses) than in
the ideal process. Real compression process will use 4772.24 kW
more power in comparison with the ideal (isentropic) one, Fig. 4.
The turbine is a power producer - in the real expansion process
turbine will produce 7976.23 kW less power (due to losses) than in
the ideal (isentropic) process.
Real useful power produced by analyzed gas turbine amounts
36768.51 kW and will be used for any power consumer drive. Ideal
(isentropic) useful power is calculated according to Eq. 16 and it
assumes ideal compression and expansion processes. Isentropic
useful power is equal to 49518.98 kW and represents the maximum
theoretical power which can be in the ideal situation produced by
analyzed gas turbine and delivered to power consumer, Fig. 4.

Fig. 6. Losses of the analyzed gas turbine components
For the analyzed gas turbine with real open cycle, the highest
efficiency has a turbine (90.79%), Fig. 7. The heat supply process
has efficiency equal to 89.01%, while the lowest efficiency of
analyzed gas turbine components has a turbo-compressor and its
efficiency is equal to 88.59%. Real open cycle gas turbine analyzed
in this study has an overall efficiency equal to 33.15%, what is
usual and expected efficiency for gas turbines used in power plants
of any type.

Fig. 4. The change in real and isentropic power of gas turbine
components and the entire gas turbine
The most expensive element in the analyzed real open cycle gas
turbine is used fuel. Chemical energy brought to combustion
chambers by fuel represents the highest heat amount delivered in

Fig. 7. Efficiencies of gas turbine components and the entire gas
turbine
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In the presented analysis are obtained some additional important
operating data of the analyzed real open cycle gas turbine. By using
natural gas as a fuel for combustion in combustion chambers,
specific fuel consumption, calculated according to Eq. 25, is equal
to 273.17 g/kWh. Turbo-compressor power share in the cumulative
power developed by the turbine is equal to 53.23%, which leads to a
conclusion that a majority of developed cumulative turbine power is
used for turbo-compressor drive; only 46.77% of cumulative
developed power is used for power consumer driving. Share of
unused heat in cumulative released heat is equal to 22.50%
therefore the conclusion is that the majority of cumulative released
heat from the analyzed gas turbine can be used for the drive of other
heat consumers. In the real analyzed gas turbine process turbocompressor uses 12.88% more power, while the turbine produces
10.15% lower power when compared to ideal (isentropic)
compression and expansion processes. Real produced gas turbine
useful power which will be used for power consumer drive will be
34.68% higher if the compression and expansion processes are the
ideal (isentropic) ones.

[4]

[5]

[6]

[7]
[8]

6. Conclusions
[9]

This paper presents a thermodynamic analysis of gas turbine with
real open cycle, which means that all the losses at every gas turbine
component were taken into account during analysis. Analyzed gas
turbine takes the air from the atmosphere and after expansion
process combustion gases were released from the process directly to
the atmosphere - two-way atmosphere connection defines gas
turbines with open cycle. The main conclusions of the presented
analysis are:
- After real compression and expansion processes operating
medium temperatures were significantly higher in
comparison with the operating medium temperatures after
ideal (isentropic) compression or expansion.
- Turbo-compressor power losses amounts 4774.24 kW and
its efficiency is equal to 88.59%.
- Turbine power losses amounts 7976.22 kW and its
efficiency is equal to 90.79%.
- Heat supply process in combustion chambers resulted with
heat losses equal to 13689.24 kW, while the heat supply
efficiency (combustion chambers efficiency) is equal to
89.01%.
- Cumulative heat released from the gas turbine process
amounts 75119.53 kW. This cumulative heat amount is
divided in two parts - first part is useful heat, which can be
used for any heat consumer drive and amounts 58216.59
kW, while the second part is unused heat which cannot be
used in heat consumers and must be released to the
atmosphere. Unused heat amounts 16902.94 kW.
- The whole analyzed gas turbine cycle has an overall
efficiency equal to 33.15%.

[10]
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Abstract: Two-phase closed thermosyphons are efficient passive devices with potential for using in many heat transfer applications. One
of the boiling regimes that may occur is the geyser boiling. It is a repetitive irregular process of pushing liquid without its previous
evaporation in the direction of condenser. Although it does not affect time-averaged thermal performance of the device, it causes additional
mechanical load and shortens the life-time of the device. Unfortunately, geysering is not well investigated, thus no precise definition exists.
This paper focuses on the process of data reduction that leads to geyser boiling detection. It may be applied for various working fluids and
operating conditions. Two parameters are crucial for recognizing geyser events from the background noise (pressure variations followed by
the geyser): the minimum amplitude of pressure increase and waiting period between ensuing events. We compared two working fluids:
water and graphene oxide nanofluid. In general, with increase of heat flux the frequency of geysers increases and their amplitude decreases.
Keywords: THERMOSYPHON, GEYSER BOILING, NANOFLUID, GRAPHENE, HEAT PIPE, BOILING REGIME

liquid returns to the evaporator due to gravity forces, and in most
cases is separated from condensate film on the thermosyphon wall.
Afterwards, the quiet period occurs again until the fluid pool
temperature reaches the superheat enough to nucleate another
bubble. The phenomenon is repetitious and rapid, but periods
between successive events vary. Geysering detection requires
continues and precise pressure measurements, still the amassed data
needs to be meticulously analyzed in order to locate geyser boiling
occurrences. Thus, the phenomenon often remains unrecognized
and only few research on that topic are available in the literature.
Although the time-averaged thermal resistance seems to be not
affected by geysering, it may introduce disturbances to the
continuity of heat transfer through the device. It causes additional
mechanical load, and engender shock damage of the components.
Thermosyphons are used in systems expected to operate for long
periods of time, thus more and more effort is put to improve
understanding of the phenomena.

1. Introduction
Two-phase closed thermosyphons show great potential for
efficiency improvement in many applications covering energy
transport. Operation principle is based on the evaporationcondensation closed cycle of working fluid. The energy from
external source of heat is applied into the lowest part of the pipe evaporator. Working fluid evaporates and the vapor goes up through
the adiabatic section. It condenses in the upper part (condenser) as a
result of contact with colder walls. Heat is released to the
surrounding environment (cooling medium, e.g. water) and
condensate returns to the evaporator relying on gravity. It imposes
location of the evaporator below the condenser.
For some working conditions, the nucleate pool boiling in the
evaporator may be turned into pseudo-stable boiling regime, called
geyser boiling. It occurs mostly under low pressure conditions, for
high filling ratios, and during start-ups. Figure 1 schematically
showcases such a process.

As reported in our previous work [1], there is a lack of research
concerning dependence of nanofluids (understood as suspension of
particles with at least one size below 100 nm in a base fluid) on
geysering, except one paper on gold nanofluid [2]. In this paper we
check if proposed methodology for data reduction can be
implemented regardless of the working fluid or operation
conditions. The behavior of graphene oxide nanofluid and water is
then analyzed and compared.

2. Test rig and materials
Experiments were conducted using copper thermosyphon with
the dimensions shown in Fig. 2. Tested device is divided into three
parts: evaporator heated by circulating water, adiabatic section and
condenser cooled by another coil filled with water. The whole
device was insulated with Armaflex shell. Inlet temperatures of
heating medium controlled by thermostat varied between 40°C and
85°C in 5°C steps. The inlet temperature of cooling water was
25 ± 0.14°C for each test case presented here. Volume flow rates of
both cycles were set on 12 l/h and measured with magnetoinductive flow meters. The inlet and outlet temperatures of heating
and cooling water were determined by Pt100 – elements with the
maximum uncertainty of ± 0.32°C. The pressure inside the device
was characterized by three pressure transmitters with an accuracy of
± 0.25% located along the thermosyphon and two parallel gauges
with different measurement range at the top of the device. For each
combination of operation conditions, all parameters were recorded
for an hour after reaching a steady-state condition. Detailed
characterization of the device is described in [1].

Fig. 1:
Scheme of geyser boiling phenomena. Phases a) to d) as follows:
(a) the superheat between the evaporator wall and working fluid in the
evaporator increases, (b) nucleation of the bubble and its quick growth to
the size of pipe diameter, (c) bubble expansion and propulsion of the fluid
trapped above the bubble, (d) and downfall return of the displaced liquid.
Reprinted from [1] under the terms of the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

During geyser event vapor bubble that grew to the size of pipe
diameter pushes upwards the liquid accumulated above. The large
difference between the vapor pressures inside the bubble and in the
condenser section forces the high speed of the liquid. The propelled
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Fig 3. Thermal resistance of the thermosyphon working with water and
graphene oxide nanofluid. Arrows indicates the same operating conditions.

Time-dependent data
Precisely characterized definition of geyser boiling does not
exist in the literature. The phenomenon is rather understood as
explosive and irregular boiling process. It leads to difficulties with
data analysis to determine whether the pressure increase may be
counted as geyser event. One of typical pressure patterns describing
such a phenomenon is shown in Fig. 4. All the figures presented in
this section are based on the pressure signal p3, pressure transmitter
closest to the boiling pool. It was located in the adiabatic section,
500 mm from the bottom of the device and 100 mm above the
evaporator section.
Geyser event is characterized by abrupt and prominent increase
in pressure. The increment in pressure signal is detected by
subsequent transmitters, starting from the lowest one (p3, see insert
of Fig. 4). Depending on working fluid and operation conditions,
the speed of pushed working fluid calculated from the time
difference of peak detected by subsequent transmitters is about
3-10 m/s. After the return of expelled liquid to the evaporator, the
period of nucleate boiling starts and long-lasting pressure drop
occurs.

Fig 2. Scheme of thermosyphon with dimensions and used nomenclature.

Deionized water and graphene oxide nanofluid were used as
working fluids. Graphene oxide flakes (GO) were prepared at
Institute of Electronics Materials Technology in Warsaw, in Poland
through modified Hummers method [1]. The concentration of flakes
was 0.1 g/L and no additional stabilizer was added [1].

To automatize detection of geyser events, two parameters must
be defined: the minimum amplitude of pressure increase and the
minimum waiting period between following geysers. The first one –
the lowest pressure difference between the current and timeaveraged values - protects from counting the noise following from
liquid eruption or intensive nucleate boiling. As various working
fluids behave differently depending on operating conditions, it is
impossible to set one threshold value for all cases. Thus, we
propose to use the probability density. We assumed that all pressure
values that describe geysering are likely to be outside the range of
-2σ to 2σ (standard deviation) from the pressure averaged over the
experiment time at given conditions. Then, every peak exceeding
the threshold line given by 2σ value (see mph value in Fig. 6) with
rising trend is further examined as potential geyser event.

3. Results
Time-averaged data
One of the fundamental parameters showing the efficiency of
heat transfer in the thermosyphon is its thermal resistance. It is
defined as the ratio of average temperature difference between
evaporator and condenser section and the amount of heat released in
the condenser [1]. Figure 3 showcases the difference between the
thermal resistance when device is filled with water and graphene
oxide nanofluid. Arrows indicates the result obtained for the same
operating condition (inlet temperature of cooling and heating
water). For low temperatures of the evaporator and small
differences between evaporator and condenser, nanofluid allows not
only for lowering the thermal resistance but also transfers higher
amount of energy in form of heat. It makes it interesting for
application with specific requirements, such as heat recovery,
geothermal or HVAC systems. Although for high heat fluxes (and
high temperatures of the evaporator) the time-averaged data
suggests that working fluid does not affect the thermal performance
of the device, in this region different processes of boiling occurs,
including geysering.

The second crucial parameter is waiting period (mpd)
determining the minimum time step between consecutive geyser
events. It protects against calculating the noise following from
violent abruption of liquid and its return due to gravity forces. The
determination of minimum time step starts with an analysis of the
waiting period effect on the final results. The example for water at
high temperatures of evaporator is presented in Fig. 5. We choose
the value on the constant line after bending the curve. The last step
is to check if events marked by described script [3] overlaps the
ones seen with the naked eye.
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Fig 4. Example of geyser pattern for water (inlet temperature of heating water: 75°C). The insert presents the same event but in different time-scale.

Fig 5. Analysis of waiting period (minimum time step between two
successive geyser events) depending on working conditions. c25 indicates
the temperature of condenser (25°C), e65-85 indicates the inlet temperature
of heating medium in the evaporator (65-85°C).

The importance of properly chosen waiting period is presented
in Fig 6 and 7. Two time steps are compared: 0.1s and 2s (mpd of 5
and 100, respectively). Figures covers the same operating
conditions (inlet temperature of heating medium: 75°C, of cooling
medium: 25°C). For both working fluids, noises following from
geyser event are marked in the case of mpd 5. At waiting period of
2s some peaks are missed for water case, e.g. the small event before
the highest peak in the upper plot of Fig. 6. According to analysis
shown in Fig. 5, time step for water at given conditions should be
between 1-1.5 sec. For GO nanofluid, this waiting period seems to
be properly selected – all big peaks are included in calculations and
increases coming from unsteady state following the real geysers are
eliminated.

Fig 6. Geyser events (peaks) for water at evaporator temperature of 75°C
included in calculations for different waiting periods (mpd)

The amplitude and waiting period differ significantly between
individual events for water pattern (see Fig. 6). Weaker peaks
following the main event may occur. In case of GO nanofluid (see
Fig. 7), pressure peaks show almost constant value of 1.3-1.4. They
occur less often and pretend to be more ordered. The nucleate
boiling period following the liquid throw seems to be rather short
and not intensive. Sporadically, additional weak event appears but
opposed to water it is not preceded by a pressure drop.
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Fig 9. Mean amplitude of detected geyser events

4. Conclusions
The paper presents the analysis of time-averaged and timedependent behavior of two working fluids: water and water-based
graphene oxide nanofluid. To the best authors knowledge, no strict
definition of geyser boiling exist in the literature. That is why the
methodology of data reduction is proposed. As a result, the timeaveraged frequency of geyser events occurrence and their amplitude
are calculated and compared. In general, with the evaporator
temperature increase, frequency of geysers increases but their
amplitude decreases. It suggests that for higher heat fluxes the
boiling process becomes more violent but less impetuous.

Fig 7. Geyser events (peaks) for GO nanofluid at evaporator temperature of
75°C included in calculations for different waiting periods (mpd)

The frequency and amplitude of detected geysers events differs
depending on working fluid and operation conditions. In general,
increase in the evaporator temperature leads to increase in the timeaveraged frequency (see: Fig. 8). This trend follows previous
conducted experimental research [4]–[7].
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Abstract: The results of experimental studies of the geometry of gradient structures formed in optical glass by the method of electron-beam
modification of its surface are presented. The expediency of using the atomic force microscopy method for determining the geometrical
parameters of microlayers formed in the surfaces of optical materials by the method of their electron-beam modification is substantiated. A
new method for determining the basic geometric parameters (thickness of the gradient layer, topology of the interface "gradient layer - the
basis of the material", surface microrelief, etc.) gradient structures, based on the method of atomic force microscopy is proposed. The
proposed method is based on the principle of the complex application of various operating modes of an atomic-force microscope (the results
of the instrument operation are considered, both in contact and in non-contact modes) in one measurement cycle. According to the proposed
method, the dependencies between the change in the refractive index and the modes of electron-beam modification of the optical glass
surface, as well as the dependence between the electron-beam effect modes and the geometric parameters of the gradient structure on the
glass (thickness of the gradient structure, surface microrelief and interface between the layers and the base material ). The possibility of
predicting the development of hidden microdefects at the interface “gradient layer - the basis of the material” is shown. Proved high
reliability and adequacy of the proposed method by comparing the results obtained with the results of determining the geometric parameters
obtained by other alternative methods.
KEYWORDS: ELECTRON-BEAM METHOD, GRADIENT STRUCTURE, OPTICAL GLASS, GEOMETRIC PARAMETER, ATOMICFORCE MICROSCOPY
significant advantages in studying the microrelief of gradient
surfaces modified by electron flow, namely: high accuracy of fixed
surface asperities (up to units of angstroms) and sensitivity of the
measuring console (≈10-8 N), and the method itself refers to nondestructive research methods that do not require preliminary
preparation of the research material and pretend on the expressivity
of the research.
The aim of the work is to study the gradient structures formed
by the electron beam effect on the surface of optical glass by atomic
force microscopy, which allows determining with sufficient
accuracy and reliability the geometric parameters of such structures.

1. Introduction
In modern instrumentation technology, gradient structures
formed in optical glass are widely used. Such coatings have unique
properties (high strength, reflective and refractive power, etc.) that
can be used as functional elements in various areas of precision
instrument making, micro-optics, integrated optics, etc. [1, 2].
As shown in the work [3], the microgeometry of the gradient
structures formed in the surface of optical glass determines their
performance characteristics depending on the method of
preparation. Various methods for obtaining such structures are
presented in the work [4, 5], the most popular among them is the
electron-beam method [6], which allows forming various layers of
the chemical composition and physical properties in the surface
layer of the optical glass, which possess, among other things, the
property of the gradient change of the refractive index in the
thickness of the optical material.
The method of obtaining and the features of the surface
microrelief determine the operational characteristics of optical
elements (reflection and refraction coefficients, diffusion of the
light flux) associated with the instability of their properties through
the thickness of the optical material. As it was shown in the work
[7], the reasons for such instability are size effects (uneven
distribution of material density across the thickness of an optical
product, surface structure) and the operating conditions of these
elements (aggressiveness of the environment, time and temperature
of operation, thermal and mechanical effects in contact with other
elements of the product).
The issues of obtaining and studying gradient structures in
optical materials were studied by domestic and foreign scientists,
including: Dubrovskaya G.N., Kanashevich G.V., Kotelnikov D.I.,
Lisochenko N.I., Marjan N.I., Yurkovich N.V. and etc. 8-10.
At the same time, among the methods for studying gradient
structures, the most promising are analytical methods of scanning
probe microscopy. The atomic force microscopy method [11] has

2. Experiment methodology
The objects under study were plane-parallel plates of circular
shape (diameter 20 mm and thickness 2; 4; 6 mm) made of K8
optical glass (analog Schott Glass BK7) and a rectangular
photographic plate (25201 mm).
Electron-beam modification was carried out on a special
laboratory setup (ISTC «Micronanotechnologies and equipment»,
ChSTU, Cherkasy), containing the Pierce Electron Gun.
A plate made of optical glass (base), preheated to a
temperature of 840 K (K8, photographic plate), was rotated in a
vacuum chamber above an electron gun with the help of a rotational
movement mechanism. The substrate moved nonstop above the
electron gun. At the same time, the surface was affected by the lowenergy ribbon-shaped electron flow (width 3.0 mm, length 60.0
mm). Electron beam exposure was carried out in the following
modes: accelerating voltage 3,5…4,0 kV; electron flow current
175…200 mA; cathode heating current 14,5 А; electron flow rate
4,5…5,0 sm/s; the distance from the anode of the electron gun to
the surface being processed is 40 mm; single pass treatment.
Surface microgeometry was studied by atomic force
microscopy on an instrument «NT-206» (manufacturer:
«Microtestmashines Co.», Belarus) with silicon probes «Ultrasharp
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CSC12», by the system of micro-positioning and a Logitech
integrated long-focusing optical microscope.
The method of determining the characteristics of the surface
layer of materials allows determining and controlling the thickness
of the gradient layer, the topology of the interface “gradient layer the basis of the material”, surface microrelief, etc. and is unique in
essence, since it allows to obtain high-precision results of
microgeometry values and characteristics of the surface layer with a
thickness of 10 nm to 6 μm. To determine the characteristics of a
gradient layer that forms on the surface of optical glass, an
experimental-calculation technique is used based on a certain
degree of probe slippage over the sample (in fact, complex bending
and torsional moments occurring in the cantilever) as a result of
friction forces 11.
In general, the preparation of AFM and samples for the
research of thin surface structures on them, as well as the scanning
of the surface in dynamic and static modes, are carried out similarly
to the steps carried out for the integrated control of the
characteristics of optical materials 11. The main difference in the
sample preparation procedure is that for gradient structures, the use
of chemical-mechanical treatment is unacceptable because of the
possibility of significant damage to surfaces 12.
In order to correctly select the parameters of load and delay in
determining the mode of monitoring the characteristics at the first
stage of research, it is necessary to establish the thickness of the
gradient layer as accurately as possible 13.
For this, depending on the type of gradient layer (discrete or
solid), you can apply two approaches. Determining the thickness of
a discrete layer using the method of AFM is carried out in the
following sequence.
after preparing the sample and installing it on the AFM stage,
turning on the device and launching the "SurfaceScan" control
program on the "Area" panel of the control program, select the scan
area with a clearly defined feature of the applied coating;
departing from this boundary in the direction of the gradient at
a distance of 1.5 – 2 microns, they automatically lead the probe to
the surface in static mode by pressing the "Auto Z Approach"
button on the "Main" panel;
fter the completion of the automatic summing process on the
"Main" panel, pressing the manual up-down buttons with a
minimum step of 0.2 nm reaches a value that is half the indications
of the "Z" indicator on the "Indicators" panel;
conduct manual removal of the probe from the surface at 1000
steps (that is, at a distance of 0.2 μm);
moving the probe relative to the boundary of the applied
coating towards the surface without a gradient layer (as in the
previous case - at a distance of 1.5 - 2 microns from this boundary);
in manual mode, the probe is brought to the surface by 1000
steps (0.2 μm) and further, step by step, until the reading of the "Z"
indicator on the "Indicators" panel changes its value (will
correspond to the distance of the beginning of the action of the
intermolecular interaction forces - the distance to the surface of the
order of 0.5 –1 nm);
according
to
the
formula:
h
=
m.k,
where
h – thickness of the studied structure, nm; m – the number of steps
taken in manual mode by the operator when leading the AFM probe
to the surface; k – minimum distance at which the probe approaches
the surface in one step (k = 0,2 nm); calculate the probable
thickness of the gradient layer.

The absolute error of determining the thickness of the layer by
this method does not exceed 1 nm.
In the case of a solid gradient layer, its thickness is determined by
the AFM method as follows.
 after preparing the sample and installing it on the AFM
stage, turn on the device and run the "SurfaceScan" control
program. In the "Area" panel of the control program, an area is
selected and a point on it at which the determination of the layer
thickness will be carried out;
 the spectroscopy procedure is selected at the point on the
"Main" panel;
 the spectroscopy procedure is automatically performed at
the point when the "Start" button is pressed on the "Main" panel;
 after completion of the procedure and graphical
construction of the static power spectroscopy function in the
visualization window of the measured data "View spectroscopy
data" (Fig.1), the AFM device automatically stops working. The
data obtained in the graph can be saved on disk in text or graphic
format using the file save dialog;
 according to the graph (Fig.1) determine the possible
thickness h of the researched gradient layer.

Fig.1. Visualization window of static power spectroscopy
The thickness of the coatings obtained is checked by the
resonant-acoustic method [13] on the «ИТГП-1М» instrument,
which confirms the high accuracy of the method for determining the
thickness of the gradient layer in optical surfaces described in the
work.
Determination of geometric parameters of gradient structures.
To determine the geometrical parameters of the gradient structures,
after sample preparation and AFM adjustment for operation, the
surfaces to be examined are scanned to select the place of the
tribological research. Further, by selecting the operation mode of
the device “Tribological Line”, the line for conducting the study is
determined - a homogeneous surface without inclusions and abrupt
differences in relief. At the same time, increasing load should be
specified
(0,3 – 1
mN),
load
time
(1,5 –
6 ms) and the number of tribological lines (tracks) – from
3 to 5 15.
According to the dependence of the force on the depth of
penetration of the probe, displayed on the screen, the change in the
density of the investigated materials is estimated by thickness. After
that, the location of the tribological scanning line is scanned. As a
result, the volume of the stamped material and the volume of the
displaced material in the strain on the boundary of the scanning line
are determined. Next, the refractive index is calculated as the ratio
of the density change in the gradient layer over its thickness (on the
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other hand, this is the ratio of multiplication of the wiping track
width l by the probe load force P to the multiplication of its height h
by the track surface area S and the effective Young's modulus of
sample E): n = (l.P) / (h.S.E).
Thus, the above method for determining the geometric
parameters of the gradient structures of optical materials using the
AFM method allows determining the thickness of such gradient
layers, refractive index, etc. with an accuracy of 8–12%.

Fig 2. AFM images (a) and Topogram (b) of the result of
sclerometric determination of the thickness of the gradient structure
on the K8 optical glass

3. Results and discussion

As can be seen from Fig. 2, the intensity of the tracks obtained
as a result of the action of the probe and the surface area of the
surface increases and is continuous, which indicates the
homogeneity of the density distribution of the material over the
thickness of the optical glass (i.e., the gradient structure should
gradually (not discretely) change the refractive index over its
thickness), and, accordingly, the high accuracy of determining the
refractive index n, which was confirmed by an alternative method
for determining the refractive index, namely, by the goniometric
method. (device: Г-5). In general, studies of single-type samples,
which were carried out in series, showed a high convergence of the
results of determining the refractive index, the value of which for
different samples is given in tabl.1.

As a result of the experiments conducted and the study of their
results, the thickness was determined and the averaged value of the
refractive index was calculated on samples of optical glass K8 and
photographic plates. The thickness and refractive index of the
gradient structure on the optical glass was determined by the
sclerometric method under the following conditions: probe load
when exposed to K8 glass – 6,2·10-4 N; when acting on a
photographic plate – 6,4·10-4 N. The AFM images of the result of
sclerometry on the K8 optical glass are shown in Fig.2.

Tabl. 1. The results of the study of gradient structures in optical glass К8
Refractive index (averaged value), n
Estimated gradient layer
Sample number
thickness, μm
Estimated value The value is obtained by goniometric method (Г-5)
Sample 1
15,6
1,85
1,9
Sample 2
18,3
1,93
2,0
Sample 3
19,0
2,01
2,0
Sample 4
21,5
2,11
1,95
Sample 5
25,8
1,92
2,0
Reference sample
32,4
2,05
2,1
As can be seen from the data presented in table 1, the accuracy
discrepancy between the calculated and alternative method values
of determining the refractive index correlates with the values
of the refractive index can be considered as acceptable, and the data
obtained by the goniometric method (the discrepancy between the
obtained by the proposed sclerometry method correspond to reality.
calculated and goniometric values does not exceed 8%). Similar
In parallel with determining the thickness of the gradient layer
results have also taken place for researches carried out for
and calculating the refractive index of the gradient structures in
photographic plates.
optical glass, a connection was established between the modes of
According to the results of the study, it is clear that the
electron-beam modifying (specific power Р, kW/m2 and the speed
calculated values of the refractive index are somewhat higher than
of the electron flow V, sm/s) the optical glass surface and the
the goniometric ones. This may be due to the fact that for optical
thickness h (Fig.3) and the refractive index n of the gradient
glass, the hardness of which is commensurate with the hardness of
structure in the glass (Fig.4).
the indenter, the probe “sticks” on the surface and leads to a slight
It has been established (Fig.3, Fig.4) that with an increase in
(about 3-8%) increase in the refractive index compared to
the specific power, a nonlinear increase in the thickness of the
goniometric data. However, taking into account the subjectivity of
gradient structure occurs, whereas the refractive index also
determining the refractive index (determined in arbitrary units), the
increases with the increase in specific power, but almost linearly.

а.
b.
Fig. 3. Dependence of the thickness h of the gradient structure in optical glass on the specific power P (a) and speed V (b) of the electron
flow
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а.
b.
Fig. 4. The dependence of the change in the averaged value of the refractive index n of the n gradient structure in optical glass on the
specific power P (a) and speed V (b) of the electron flow
At the same time, an increase in the electron flow rate leads to
a nonlinear decrease in both the thickness of the gradient structure
and the refractive index.
Such patterns (Fig.3, Fig.4), according to the authors, are
associated with time and energy flow acting on the surface of
optical glass. Thus, with an increase in heat flux, or a decrease in
exposure time, the heating of optical glass increases, which leads
both to a change in the chemical composition (volatile ions
evaporate from the surface, while the concentration of heavy ions
increases) and to change its physical characteristics (the melted
glass layer, as well as the reduction of microdefects and pores in the
surface layer). It should be borne in mind that, unlike metals, the
heating of which takes place in a very short time, optical glass,
having a relatively small thermal conductivity and a large heat
capacity, warms up much slower. The selection of electron beam
exposure modes allows you to control the penetration depth, as well
as the law of heat distribution (respectively, the optical density of
the material) across the thickness of the optical glass, is the basis of
the theory of creating gradient structures in an optical material.
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Abstract: On the basis of completed studies, including computer modeling of the morphology of the temperature field of heat pipes and
thermal measurements in the framework of the experiment, a method was developed for diagnosing the quality of heat pipes with a
symmetrical structure.
KEYWORDS: diagnostics, heat pipe, temperature field, defect, visualization, simulation, thermal imaging system, isotherm.

1. Introduction
It is known that heat pipes (HP) historically belong to the class of
special cooling devices and they can carry out high-speed
transport of high-intensity heat flows beyond the localization of
various heat sources within their own containment. Currently,
HP’s are widely used in various ground-based, airborne and
space-based electronic systems, as well as in nuclear power
engineering and, of course, in computer technology [1-5].
Therefore, high demands arc made on the reliability of HPs, and
the methods and means of diagnosing them arc constantly
evolving and improving. It should be noted that, along with
ultrasound and X-ray methods, a certain scientific and practical
interest in the quality control of products in the containment,
within which phase transitions take place with absorption and
heat release, are thermal methods. The greatest efficiency,
reliability and sensitivity among them have thermal imaging,
[6,7]. Despite the fact that in the scientific literature there is
information about thermal imaging techniques for monitoring
various objects, including pipelines, their direct transfer for
diagnosing HP is fraught with a number of difficulties. They are
caused, for example, by the variety of materials used for the
manufacture of shells, wicks, heat transfer fluids, design
solutions, etc. The work is devoted to approbation of the
developed technique, including the use of field characteristics,
for diagnosing HPs.

.

2. Research methodology
Figure 1 - Features of the temperature field in an aluminum heat
pipe. Method of field characteristics. Payment. (Pulsed Heat
Source(PHS) operation time, T = 100 s).
a,
c - isotherms and temperature distribution along the
selected circuit (1 - PHS; s -HP with defect: 2 - case defect,
segment-air);
b,
d - the field of temperature gradients and the distribution
of the gradient along the selected contour (d-HP with a hull
defect, segment-air).

Experimental studies were conducted on a laboratory bench
containing an IR - television system (KTP-326Ekh camera based
on an uncooled thermal imaging module IR-113, X = 8
thermal receivers: (IR - pyrometer - Mastech MS6530;
thermocouple XA ) and PC with software. As the objects of study
were selected profile aluminum pipes. The heat carrier in them
was acetone or ammonia. Theoretical studies (modeling in the
ELCUT and COSMOS environment) were performed using the
finite element method [8, 9].

3. Research results and discussion
the basis of the theory of thermal circuits, and others. [1]. This is
due to the complexity of accounting and descriptions of all
phenomena occurring within the operating HP. As the initial
thermal model of the profile HP, we have chosen the model of an
anisotropic rod (Fig. 1) [1, 10]. A pulsed heat flow source (PHS)
with insulated surfaces was located in the center on the surface of
the rod. The studies used sources of round and rectangular
shapes.
Taking into account the thermal inertia of the system, the
maximum time of the PHS operation was x = 120 s. The thermal
connection of the PHS with the HP surface was considered ideal.
The original equation of heat conduction [10]:

Analysis of the literature showed that the design of the TT mainly
uses approximate engineering methods of thermal calculation, for
example,
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shape and nature of the distribution of isotherms in HP allowed
us to identify the following features (Fig. 1). The location of the
PHS in the central part of the HP without a defect generates both
the left and the right of the source a symmetrical structure of
isothermal lines, as well as a symmetrical temperature
distribution relative to the selected circuit (Fig. la). The specified
value of the anisotropy of the thermal conductivity coefficient X\
/ Xy = 40 led to the formation of isothermal lines with pointed
tops. The nature of the temperature gradient change relative to
the selected contour (Fig. lb) also emphasized the symmetric
structure of the thermal field.
It is known that the magnitude and speed of transfer of heat flux
in the HP depends on many factors, among which a significant
role belongs to the defects of the wick structure, the body [1-3].
Most often, these defects may appear due to the imperfection of
the HP manufacturing technology, and also be acquired during
operation. Pores, cracks in the body of the HP significantly
reduce the degree of tightness, and in terms of vibrations, shock
can lead to early failure of the HP. Modeling the temperature
fields of the HP with defects made it possible to understand the
basic laws of change in the field characteristics, and therefore
prepare the basis for the development of a diagnostic technique.
Defects of regular geometric shape were chosen as the model:
round, in the form of a segment, rectangular, triangular. The main
variable physical characteristics of the defects were the thermal
conductivity coefficient, as well as the density and specific heat
capacity. Examples of simulation results of such systems are
shown in Fig. lc, d and Fig. 2. It can be seen quite well that along
with the change in the shape of isotherms, symmetry breaking
with respect to the HP center, a defect with a low thermal
conductivity coefficient most strongly changes the field of the
temperature gradient.

+ 𝑞0

where: Cp and p is the specific heat capacity and density of the
material; Xx, Xy, Xz - thermal conductivity coefficients; q0 - heat
output per unit volume of sources of thermal energy; T is
temperature; x, y, z - coordinates; within the framework of the
formulated constraints, it was solved numerically (finite elements
of a triangular shape were used) on a PC in the standard
“ELCUT” environment.

3.2 Experimental studies
To create a pulsed local heating, a film resistive heater was used,
which, through heat conductive paste (KPT-8), was attached to
the IIP strictly in the center. Getting the original brightness
contrast (image) was carried out with a horizontal position of the
HP (on the edges), and to reduce the methodological errors, heat
is removed from the surface of the pipe on both sides of the PHS
occurred under conditions of free convection. It should be noted
that well-known measures were taken, including shielding to
reduce external illumination.

Figure 2 - Changing the shape of the isotherm in time when there
is a rectangular shape (air) in the body of the defect (1).
Example: Aluminum HP, rectangular PHS. Calculation
(isotherm scale, 90K).
When constructing a mathematical model, initial and boundary
conditions (of the first and third kind) [10], obtained from
targeted experiments, were used:
1. At the initial moment of time, for the edges of all bodies
included in the model, the temperature was constant:
(2)

Ti,𝜏 = 0 = Ta = const

2. For all PHS edges, taking into account the isothermality of the
surface, a condition of the first kind was set:
(3)

T=Tp

On the edges of the HP model, a third kind conditions was
specified, which in describes both convective and radiant heat
exchange with the environment:
𝜕𝑇
(4)
𝜆𝑝
= − 𝛼𝑘 (T-Ta) – β(𝑇 4 -𝑇𝑎4 )

Figure 3 - Visualization of the thermal field of an acetone heat
pipe using the “Parus 5.0” program. Example. A photo.
Experiment: (heating time, T = 45 s). a - the initial thermal
brightness brightness contrast (1 - PHS); b - structure of thermal
field zones (Thermogram mode, pseudo-coloring); c - evolution
(slip) of isotherms (isoline mode).

𝜕𝑛

Where: β - is a value equal to the product of the StefanBoltzmann constant (σ0 = 5.7 ■ 10-8 W /𝑚2 /𝐾 4 ) and the
coefficient of radiation of the surface of the probe material; 𝛼𝑘 convection heat transfer coefficient. Heat flow diversion through
conductive connections of HP fixture was not considered.
Qualitative analysis of the temperature field by color pictures, the
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The transition from the image to the quantitative characteristics
of the thermal state of the HP was implemented using the method
of field characteristics (MFC) in the form of the developed
universal software (software) ’’Parus 5.0” [11]. It allowed to
carry out image input (static and dynamic - video) both from a
television camera via a video signal input board in a PC, and
from a file in the "* .bmp” format. A typical example of
visualization is shown in Fig.3. Considering that the experiment
used a commercially available HP, without specially introduced
defects, in the framework of this technique we can only talk
about the features of the morphology of this temperature slice.
The focal nature of its structure, which most likely can be
associated with surface defects of the HP body, is quite clearly
visible. And the asymmetry is most pronounced in the nature of
the temperature distribution, relative to the PHS (it is difficult to
transport heat to the left side of the IIP). It is clear that to
establish the true causes of the asymmetry effect require
additional research.

3. Conclusions
The method of the field characteristics, based on digital thermal
imaging processing algorithms, allows you to create criteria for
assessing the quality of the heat pipe.
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Abstract: The minimum quantity lubrication (MQL) and dry machining operations are two types of environmentally friendly processes
that have potentials to replace with conventional cooling methods. In recent years, the studies have been performed on the environmentfriendly lubrication methods such as MQL method in machining operations. These studies have also focused on the usage of vegetable
cutting fluids instead of mineral based oils due to increasing awareness to the environment and human health. In this experimental study,
Aluminum 6061 was machined under dry and MQL conditions and the cutting force components and surface roughness values were
measured. The experiments were carried out by CNC milling machine tool at three different cutting speeds and constant depth of cut and
feed. The vegetable cutting fluid was pulverized to the rake face by using single nozzle and double nozzles at two flow rates during MQL
milling. Cutting force components and surface roughness values were compared for minimum quantity lubrication and dry milling
operations of Aluminum 6061.
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reduction of cutting fluid consumption, cost and tool wear,
improvement of surface roughness, diminution decrease of the
environmental and worker health hazards and improve
lubrication than conventional lubrication/cooling system. The
cutting fluid is used in such small quantities that it is practically
consumed in the process, eliminating the fluid disposal problems.
In addition, chips produced are nearly clean from cutting fluid,
which are easily recyclable [7].

1. Introduction
The challenge of modern machining industry is mainly
focused on achievement of high quality in terms of workpiece
dimensional accuracy, surface finish, high production rate, less
wear on the cutting tools, economy of machining, reducing
environmental impact etc. [1]. In machining of ferrous and other
high strength materials, the temperature rises with the cutting
speed and the tool strength decreases, leading to faster tool wear
and failure [2]. In order to reduce the temperature in the cutting
zone, traditional flood cooling strategies have been commonly
used. However, there are critical needs to reduce the usage of
cutting fluids in machining process in order to decrease their
environmental and cost effects [3]. As is known, the majority of
cutting fluids is based on mineral oils and contains heavy
chemicals which are hazardous to the human health and
environment [4, 5]. Therefore, the usage of cutting fluids needs to
be limited. For this purpose, minimum quantity lubrication
(MQL) technique is utilized which is a promising, attractive,
efficient and environmental friendly technique of cooling and
lubrication [6].

In literature, there are several studies on MQL machining.
Mulyadi et al. [8] compared to dry, flood, and MQL conditions
and pointed that selecting MQL environment can be an
intermediate strategy for reducing direct electrical energy
requirements, global warming potential, human toxicity, and
acidification in machining processes. The MQL method provides
a good compromise in terms of tool life, when compared to dry
machining. Also it performance was very close to machining
under flood coolant environment. Ginting et al. [9] presented an
industrial situation in a local small to medium sized enterprise
(SME) in Western Australia to determine the technical, economic
and environmental benefits of the replacement of traditional
flood cooling with MQL. The use of MQL reduced the
greenhouse gas emissions and eco-toxicity associated with the
disposal of the contaminated liquid. It was found that this
alternative cooling method increased the performance of the
metal cutting operation. Finally, the replacement of traditional
fluid cooling with MQL cooling system can help attain the three
pillars of sustainability: economic, environmental, and social.
Another implementation example of MQL is that Ford Motor
Company began applying MQL to aluminum transmission
components in 2005, and by 2008 had over 200 MQL machining
centers in operation machining Aluminum transmission cases,
torque converter housings, and valve bodies at two plants in
North America. MQL machining is Ford’s current standard
machining method for these components, and is being
implemented in new high-volume machining lines globally. Ford
began machining aluminum engine heads and cast iron engine
blocks at two plants in Europe in 2011; as in the case of
transmissions, MQL is now the primarily standard method for
machining cast iron engine blocks and aluminum engine blocks

In MQL technique, a very small amount of lubricant/coolant
is mixed with air to form aerosol, which is sprayed at a high
pressure in the cutting zone with the help of a nozzle. This
system consists of an atomizer, cutting fluid pump, discharge
nozzle, etc. The atomizer works as an ejector in which high
pressure air is used to atomize the coolant. Atomized coolant is
then delivered to the machining zone by the air in a low-pressure
distribution system. Due to the venturi effect in the mixing
chamber, partial vacuum sucks the cutting fluid from the oil
pump where it is maintained at a constant hydraulic load. The air
passing through the mixing chamber atomizes the coolant stream
into aerosol of micron-sized particles. When this aerosol is
sprayed in the cutting zone as mist, it works as coolant as well as
lubricant and penetrates deep into the tool-workpiece interface
[2]. In MQL method, the cutting fluid can be pulverized in the
range between 0.01-2 l/h instead of the 50-1000 l/h in the case of
conventional lubrication/cooling systems. Some MQL
advantages against other lubrication/cooling systems are:
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In MQL milling, a micro lubrication system was used and a
commercial vegetable cutting fluid was selected. The global
lubricant is expected to reach 43.9 million tons in 2022. Cutting
fluids represent about 5% of the global lubricant market, with
Asia as the largest consumer. Availability of mineral based oils is
limited as they are finite source and decreasing steadily whereas
vegetable based cutting fluids are sustainable. Vegetable oils are
evolving as metalworking fluids due to its higher
biodegradability and ability to minimize the waste treatment
costs. It also reduces the health risks to operators which were
quiet common with petroleum based mineral oils due to their
lower toxicity [18].

and heads, although wet machining is still used for some
specialized operations. New engine MQL modules have been
installed in Brazil and China [10]. Berzosa et al. [11] reached
better surface roughness results in MQL method than that in dry
drilling of magnesium alloy. Sun et al. [12] observed better
surface roughness in MQL turning of Ti-5553 alloy when
compared to flood coolant and cryogenic cooling. Kumar et al.
[13] performed turning experiments on AISI 4340 stainless steel
under dry, flood cooling, and MQL conditions. Researchers
reported that the surface quality improved by 7% to 10% with
MQL when compared with flooded supply of lubricants. In
Ramana’s study [14], turning of Ti-6Al-4V alloy was performed
under dry, flood cooling and MQL conditions. Based on the
experimental results, the cutting performance of MQL condition
showed better results as compared to dry and flood cooling
conditions in reduction of surface roughness. Oliveira et al. [15]
compared the influence of cryogenic cooling, MQL method, and
flood cooling on end milling of Inconel 718 alloy and it was
concluded that the MQL method provided the lowest levels of
tool wear at the same cutting conditions and the resulting force
levels were similar in both methods flood and MQL using water
based cutting fluid. Joshi et al. [16] conducted turning
experiments on Inconel 800 under dry, flood cooling, and MQL
conditions and compared the surface roughness and flank wear
results with each other. The MQL method showed the best
performance. Aslantas and Cicek [17] determined that the use of
MQL provides important advantages in terms of tool wear, burr
formation and surface roughness for micro-milling of Inconel
718 superalloy.

Table 2. MQL conditions

Conditions
Dry

Flow rate
(ml/h)

MQL
pressure
(bar)

Nozzle
distance
(mm)

Nozzle
angle (°)

-

-

-

-

5

30

45°

MQL with
single nozzle

26

MQL with
single nozzle

52

MQL with
double nozzles

13
13

MQL with
double nozzles

26
26

In this experimental study, dry and MQL milling processes
were performed on Aluminum 6061 to evaluate and compare the
cutting force components and surface roughness values. In MQL
milling, the cutting fluid was applied to the rake face through
single nozzle and double nozzles at two flow rates.

2. Experimental Study
In experimental studies, slots were machined on Aluminum
6061-T651 parts by a CNC milling machine which chemical
composition is given in Table 1. The workpiece parts were
prepared in the dimension of 140x170x30 mm.
Table 1. Chemical Composition of Aluminum 6061-T651

Si %

Fe %

Cu %

Mn %

Mg %

Cr %

0.76

0.63

0.3

0.15

0.99

0.17

In milling operations, APHT 100308FR-27P uncoated cutting
inserts were used and mounted two inserts on a diameter of 16
mm end mill. The milling experiments were conducted at a
constant deep of cut of 1.5 mm, feed of 0.1 mm/rpm and three
different cutting speeds as 200 m/min, 250 m/min, and 300
m/min under dry cutting and MQL conditions. In MQL method,
milling experiments were performed by applying the cutting fluid
to the rake face at total 26 ml/h and 52 ml/h through single nozzle
and double nozzles as seen in Table 2 and Fig.1 due to
understanding the effects of cutting fluid distribution on surface
roughness and cutting force components.

Fig.1. Machine tool set-up for MQL milling with a) single nozzle and
b) double nozzles
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minimum cutting forces and feed forces observed at the cutting
speed of 300 m/min in MQL milling with double nozzles at flow
rate of 13 ml/h from each nozzle whereas the maximum cutting
forces and feed forces were measured in dry milling at the cutting
speed of 200 m/min (Figs. 3, 4).

Surface roughness (Ra) measurements of milled slots were
performed by using Mitutoyo Surftest SJ-210 surface roughness
tester. The dimension length was adjusted as 0.8 mm and the
resolution of tester is 0.002 µm. During surface roughness
measurements, 10 (ten) measurements were done on each surface
and arithmetic means were calculated. The cutting forces were
measured by Kistler 92578A dynamometer which the workpiece
was mounted on.

3. Results and Discussion
3.1 Surface Roughness
Depending on the surface roughness measurement results, the
minimum surface roughness was obtained at the cutting speed of
200 m/min in MQL milling with double nozzles at 26 ml/h of
flow rate from each nozzle whereas the maximum surface
roughness was measured in dry milling at the cutting speed of
300 m/min (Fig.2). The usage of MQL method gave better
surface roughness results than that measured in dry milling.
Additionally, it can be said that the surface roughness increased
with increase of the cutting speed for all selected conditions.

Fig. 3. Variation of cutting forces with cutting conditions

In MQL milling by utilizing double nozzles at the total flow
rate of 26 ml/h, the feed forces decreased as 7.8%, 15.2%, and
18.2% at the cutting speeds of 200 m/min, 250 m/min, and 300
m/min, respectively when comparing the single nozzle. Under the
same circumstances, the cutting forces decreased as 5.1%, 5.2%,
and 4.5%. As investigating the effects of double nozzles on the
cutting forces at the total flow rate of 52 ml/h, the cutting forces
decreased by approximately 3% for the selected cutting speeds
when comparing to single nozzle. In addition, the feed forces
reduced by 14.4%, 17.5%, and 19.3% at the cutting speeds of 200
m/min, 250 m/min, and 300 m/min, respectively.
In MQL milling with single nozzle, the cutting force
measurements showed that the cutting forces decreased as 4.1%,
3.9%, and 3.5% and the feed forces decreased as 3.5%, 7%, and
10% at the cutting speeds of 200 m/min, 250 m/min, and 300
m/min, respectively when the flow rate increased from 26 ml/h to
52 ml/h.

Fig. 2. Variation of surface roughness with cutting conditions

Regarding to the effects of aerosol flow rate on the cutting
force components in MQL milling with double nozzles, the
cutting forces decreased as 2.1%, 1.5%, and 1.7% whereas the
feed forces reduced by 10.4%, 9.6%, and 11.6% at the cutting
speeds of 200 m/min, 250 m/min, and 300 m/min, respectively
when the flow rate increased from 26 ml/h to 52 ml/h.

In MQL milling, the utilization of single nozzle or double
nozzles affected the surface roughness. When the total flow rate
is 26 ml/h, surface roughness decreased as 31%, 29.8% and 7%
by using double nozzles at the cutting speed of 200 m/min, 250
m/min and 300 m/min, respectively as comparing with single
nozzle. This is because of the reaching cutting fluid effectively to
the cutting zone. Similarly, the effect of double nozzles on the
surface roughness at the total flow rate of 52 ml/h, surface
roughness decreased as 13%, 13.3%, and 31% at the cutting
speed of 200 m/min, 250 m/min and 300 m/min, respectively, as
comparing with single nozzle.
Additionally, surface roughness measurements showed that
the flow rate of aerosol affected the surface roughness. In MQL
milling by utilizing single nozzle, surface roughness decreased as
27.2%, 27.1%, and 3.2% at cutting speeds of 200 m/min, 250
m/min and 300 m/min, respectively, when the flow rate increased
from 26 ml/h to 52 ml/h. At the same conditions, the decreases in
surface roughness were determined as 8.2%, 9.9%, and 28.1%
when the cutting speeds were 200 m/min, 250 m/min, and 300
m/min, respectively for double nozzles.

Fig. 4. Variation of feed forces with cutting conditions

4. Conclusion

3.2 Cutting Force and Feed Force

In this experimental study, the effects of cutting conditions
on the cutting force components and surface roughness were
investigated in milling of Aluminum 6061. In experiments, three

As expected, the cutting force components decreased with
increase of cutting speed. Based on the measurements, the
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different cutting speeds were selected while the depth of cut and
feed rate were kept constant. Depending on the surface roughness
and cutting force measurements, the conclusions could be
expressed as follows;
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Abstract: This work considers technogenic waste from chrysotile asbestos production as a source of magnesium and silicon-containing
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value-added products is relevant for Kazakhstan, as well as for
countries producing asbestos fiber.
Chemical,
scanning
electron
microscopy,
thermogravimetric analysis methods were used to perform the
studies.
Thermal analysis of the samples was carried out on a Q1000/D derivatograph of the F.Paulik, J.Paulik and L.Erdey systems
from MOM (Budapest) company. The survey was carried out in air,
in the temperature range of 20–1000 °C, the heating mode was
dynamic (dT/dt = 10), the reference substance was calcined with
Al2O3, and the sample weight was 500 mg. X-ray phase analysis on
a DRON-4 diffractometer, micro-X-ray fluorescence analysis on an
EDAX tsl ametek instrument. Chemical analysis data obtained
using certified methods.
The mineral base of chrysotile asbestos production
wastes, according to X-ray phase analysis, is serpentine3MgO2SiO22H2O, containing silica in crystalline and amorphous
states (Table 3). Of the other components, up to 5-7 % of iron
oxides in the form of hematite and magnetite are present in the
feedstock.

1 Introduction
The anti-asbestos campaign launched in the countries of
Western Europe and the USA, which is mainly competitive in
nature and aimed against the use of amphibolite asbestos, has
significantly reduced chrysotile-asbestos export opportunities. For
this reason, many asbestos mining and processing plants in the
world have created additional capacity for the production of
nonmetallic building materials demanded by consumers. Complex
processing of chrysotile asbestos raw materials, as well as industrial
wastes from their enrichment has become very relevant for many
mining and processing enterprises associated with asbestos under
market conditions and a crisis situation around asbestos [1-3].
There are various mineral classes of asbestos, including
amphiboles and serpentinites. In Kazakhstan and in Russia, the
deposits of the latter are widespread.
During the processing of chrysotile asbestos raw
materials, only 6-8% is extracted into the commodity fiber, the rest,
which is a serpentine raw material 3MgO2SiO2H2O, is
irretrievably lost as waste. With the enrichment of serpentinite the
target product - asbestos fiber (Fig. 1a) and waste (Fig. 1b) are
obtained. Fibrous type of serpentinite - asbestos has an independent
T
technical value. Waste from the production of the asbestos industry
is a source of environmental pollution and at the same time
represents a mineral reserve of mineral raw materials practically
prepared for processing for metallurgy and the construction industry
[4].

Table 3 – X-ray phase composition of asbestos waste
Mass composition,
Component
Formula
%
Serpentine
61
3MgO2SiO22H2O
Talcum
19
3MgO4SiO2H2O
Brucite
Mg(OH)2
5
Forsterite
Mg2SiO4
4
Magnesium oxide
MgO
3
Figure 2 shows the results of the analysis of the initial
waste obtained on a scanning electron microscope.

а
б
Fig. 1 – Products of serpentinite enrichment
The total reserves of the main useful components
contained in industrial wastes are comparable to the reserves of a
fairly large polymetallic deposit.

2 Results and discussion
The subject of the research was the sand fraction -1.25 +
0.25 mm technogenic wastes from the serpentinite enrichment of
the Zhitikara deposit.
Every year thousands of tons of high magnesium content
waste are generated at Kostanay Minerals JSC, which occupy a
huge area and carry an environmental hazard to the region (Fig. 1b).
The question of the need to recycle the enterprise’s waste with the
release of new products that are in demand, competitive with high

FOV: 67.2 µm, Mode: 15kV - Point, Detector: BSD Ful

а

FOV: 54.9 µm, Mode: 15kV - Point, Detector: BSD Full

b

Figure 2 – Electron microphotograph of chrysotile asbestos waste
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The endoeffect at 480 °C corresponds to the
decomposition of the products of hydrolysis of magnesium chloride
and the formation of anhydrous magnesium oxide MgO. The
decomposition of magnesium hydroxochloride is accompanied by a
change in mass of 14.0 % in the first sample and 15.7 % in the
second. This process ends at 635 °C and leads to a loss of 3.2 % by
weight.
The endoeffect at 720 °С corresponds to the beginning of
the melting of anhydrous MgCl2. and weight loss of 0.6 % and 0.5
%, which can also be explained by evaporation or decomposition of
magnesium chloride.
The chemical composition of the resulting product is,
wt.%: MgCl26H2O 97.5; Mg2+ 11.8; sulfate ions SO4 0.8; alkali
metal ions (Na+, K+) 0.1; water insoluble residue 0.15.
Electron micrographs of the silicon-containing residue
obtained in the process of hydrochloric acid leaching of chrysotile
asbestos wastes with the following process parameters: the
concentration of acid used is 18–20 %, S:L 1: 3, the process
temperature is 85–90 °C, time is 120 min and four-stage washing is
shown in Figure 4. The average composition of the siliconcontaining residue is shown in Tables 3 and 4.

In electron microphotographs, chrysotile asbestos wastes
are represented by particles of different sizes with inclusions of
asbestos filamentous fibers (Fig. 2).
Table 1 – The average composition of chrysotile asbestos waste
Element
Atomic.
Oxide
Stoich.
Symbol
%
Symbol
wt %
O
66,17
Mg
19,87
Mg
41,25
Si
9,29
Si
33,43
Fe
0,35
Fe
2,75
Ca
0,46
Ca
1,35
C
0,25
C
0,38
Al
0,13
Al
0,23
Table 2 – Chemical composition of technogenic wastes
Fraction size,
MgO SiO2 Al2O3 CaO Fe3O4
mm
-1,25 +0,25
39,0
36,5
0,79
0,46
4,87

NiO
0,22

As can be seen from the data of Tables 1 and 2, the main
components of chrysotile asbestos waste are (in %): МgO – 39.041.3; SiO2 – 33.4-36.5; CaO – 0.5-1.4; Fe2O3 – 2.7, Fe3O4 – 4.9.
According to chemical analysis Nickel is present in small amounts..
Sulfuric acid and hydrochloric acid methods of processing
waste of this type are known [5-10]. The low level of the market
consumption of magnesium sulfate in Kazakhstan should be
attributed to the risk factors for the development of sulfuric acid
technology [5, 6]. The hydrochloric acid opening of asbestos wastes
allows obtaining the marketable products of magnesium and silicon
[7-10].
The technology of hydrochloric acid dissection of
chrysotile asbestos technogenic raw materials consists in
transferring magnesium into solution, two-stage purification of
productive solutions from impurities, crystallization of bischofite.
As a result of this work, bischofite was obtained from
chrysotile asbestos wastes. Thermograms of the sample
MgCl2nH2O at a heating rate of 10 °C/min are presented in Figure
3.

FOV: 89.6 µm, Mode: 15kV - Point, Detector: BSD Full

FOV: 64.1 µm, Mode: 15kV - Point, Detector: BSD Full

a

b

Fig. 4 – Electron microphotograph of silicon-containing residue
Table 3 – The average composition of the silicon-containing
residue after leaching
Element
Symbol
O
Si
Mg
Al
Fe
C
Cl

Atomic.
%
74,69
17,46
4,88
0,51
0,55
0,67
0,35

Oxide
Symbol

Stoich.
wt%

Si
Mg
Al
Fe
C
Cl

75,29
13,02
1,98
3,88
2,03
1,56

Table 4 – The results of chemical analysis of silicon-containing
cake after leaching
Content, wt. %
Cr2O3
MgО
FeО
MnО
SiO2
Ni
Cl
0,52
7,58
3,41
0,044
75-78
0,35

Fig. 3 – Derivatogram of sample MgCl2•nH2O
The DTA curve captures a number of endothermic effects
associated with the dehydration of the system. According to the
literature, the first endoeffect (at T = 132 °C) corresponds to the
melting of MgCl26H2O with water splitting. The second thermal
development (at T~213 °C) according to the change in mass
characterizes the removal of 3.03 mol of water, the third effect (246
°C) corresponds to the removal of 1.55 mol of water from the
system, and the next stage of dehydration (291 °C) is associated
with loss 1.18 mole of water. In our case, these endothermic effects
are caused by a 64.8 % decrease in sample mass, which corresponds
to a loss of ~ 9.7 moles of water.

Silica cake after processing contains up to 13 % of
magnesium oxide contaminated with impurities of iron, aluminum,
chromium, manganese. This product will be of limited use.
In order to reduce the loss of magnesium, complete its
transfer into the solution and obtain pure silica, the second stage of
leaching with 18% hydrochloric acid at S:L rate 1: 3, temperature
85-90°C.
Electron microphotograph of the silicon-containing
residue after the second stage of acid treatment and two-stage
washing with water is shown in Figure 5. The average composition
of the silicon-containing residue is shown in Tables 5 and 6.
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Figure 5 – Electron microphotograph of the silicon-containing
residue after the second stage of acid treatment at different
magnifications
Table 5 – The average composition of the silicon-containing
residue after the second stage of acid treatment
Element
Atomic.
Oxide
Stoich.,
Symbol
%
Symbol
wt%
O
75,39
Si
19,39
Si
98,11
Mg
0,33
Mg
1,20
Fe
0,06
Fe
0,13
Сl
0,11
Cl
0,59
Table 6 – The results of chemical analysis of the silicon-containing
residue after the second stage of acid treatment
Content, wt.%
MgО
FeО
MnО
SiO2
Cl
1,92

0,08

0,046

90-95

0,33

From the presented results it can be seen that the resulting
amorphous silica contains almost no iron and other impurities, the
magnesium content has decreased by 4 times.

3 Conclusion
Thus, according to the results of an electronic scanning
microscope and chemical analysis data, it follows that with complex
processing of chrysotile-asbestos wastes using hydrochloric acid
technology, in addition to bischofite, amorphous silica with an SiO2
content of 97-98%, which is recommended for use in as a filler in
the rubber industry, in the production of paints, varnishes, silicate
adhesives, the starting material for the production of high-purity
silicon.
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Abstract: Surface texturing on a cutting tool is a process which can provide reduction in friction, improved performance of a contact interface
and a better tool life. In this paper, influence of surface texturing on tool wear of both textured and non-textured tools were compared. Different
textures were applied on coated carbide tools by Femtosecond laser to enchance the wear resistance. Dry cutting experiments on AISI 4140
(32 HRC) were carried out with conventional cutting inserts having parallel and perpendicular textured sufaces to the cutting edge on the
flank face. Finally, results showed that surface texturing of cuttting insert was found to be beneficial to the decrease of the flank wear.
KEY WORDS: SURFACE TEXTURED TOOL, NON-TEXTURED TOOL,FLANK WEAR, DRY TURNING

1. Introduction

presents textured surfaces into tool flank face have been carried out,
despite the importance of the flank wear resistance of cutting tools.

Machining industries will change their processes as dry
machining in the next years because of environmental protection
laws for occupational safety and health regulations. For this reason,
the importance of dry machining increasing day by day. The
advantages of dry machining includes non-pollution of the nature, no
residue on the swarf which will be rejected in reduced disposal and
cleaning costs, no danger to health and is allergy free. Moreover, it
offers cost reduction in machining. [1] On the other hand, at dry
machining tool wear, adhesion between tool and chip, the friction
forces and cutting temperature become more important.

This study stands on the comparison of non-textured and textured
tool wear characteristics. In order to understand the performance of
textured tools, a comparative study was carried out using one
perpendicular(PPT), one parallel(PT) textured to main cutting edge
and non-textured(NT) tool. Femtosecond laser processing
technology was used to produce the samples. In addition we have
seen that, surface texturing effectted the surface roughness of
workpiece and chip formations.

2. Experimental set up
Tool wear is the most important phenomenon for dry machining
which effects the parts quality, surface roughness and production
costs directly. Because of this significant effect, researchers are
developing a variety of methods to reduce tool wear. Several authors
have studied the surface texturing phenomenon and provided their
justification for improving machinability with different techniques
for performing surface texturing on the tool. In recent years, several
studies have revealed that surface-textured cutting tools can
effectively reduce the tool wear, thereby improving tool anti-wear
performance, reducing the friction between the tool and chips, and
lowering the cutting temperature and forces [2-4]. Most of the
textures are accomplished by various authors in the rake face of the
cutting tool using femtosecond laser, grinding wheel, Rockwell
hardness tester, electric discharge machining etc. Lei et al. [5] have
studied the impact of cutting tool which are textured with micro-pits,
by comparison against the conventional cutting tool, and found that
tool with the micro-pits could effectively reduce cutting forces
10~30%. Liu et al.[6] reported a few surface textured tools with
different texture figures. The research results showed that application
of the surface textured tools can reduce cutting forces and cutting
temperature. Rajbongshi et al.[7] have found that texturing helps in
reducing the formation of white layer thickness and micro-hardness
as compared to the non-textured tool. Sugihara and Enomoto[8]
found that surface texturing on cemented carbide tool at the rake and
flank faces in parallel to cutting edge direction caused reduction of
crater and flank wear while machining. Wu et al. [9] wrote the surface
textured tool could reduce the surface roughness of workpiece, and
the tool life of surface textured tool was improved by 15% or so
compared with the conventional one. Ze et al. [10] mentioned the
benefits of rake or flank face fabricated structures of carbide using
molybdenum disulfide in the textured places in the dry cutting of Ti6Al-4 V alloy. With this texturing the authors were able to get
improved machining performances in terms of cutting forces, cutting
temperature, chip thickness ratio, and tool wear. Jianxin et al. [11]
reported the effect of three microstructures made by lasers created on
the rake faces of the cutting tool in machining of AISI 45 steel. The
authors wrote that with this kind of texturing, temperature, cutting
forces and coefficient of friction could be reduced. Furthermore, as
mentioned above, many papers applied this surface texturing process
on the rake faces of the tools and very few studies that tried to

2.1. Workpiece and tool material
The main objective of this experimental work was to investigate
the effect of surface textures on flank wear and to observe how
texturing was effecting the surface roughness and chip formations in
dry turning of AISI 4140 32HRC steel with CVD coated
conventional semented carbide tool. An orthogonal turning operation
was used with cylindrical AISI 4140 32HRC workpieces with length
of 250 mm and diameter of 60 mm. The chemical composition of
AISI 4140 is given in Table 1.
Table 1.
Chemical composition of AISI 4140 Steel
C

Mn

P

S

Si

Ni

Cr

Mo

0,38-0,43

0,75-1

0,035

0,04

0,15-0,35

-

0,8-1,10

0,15-0,25

Turning was performed on machining centre Goodway GA-230.
Figure 1 showed the experimental set up for dry orthogonal turning.
In the experimental study, coated (CVD Ti(C,N)+Al2O3+TiN)
cemented carbide was used. The type of the tool was Sandvik CNMG
12 04 08 PM 4315 according to the standard ISO 1832 with chip
breakers. Tool holder was ACLNL 25 25 M12.
For surface roughness measurement, surface roughness tester
Mitutoyo SJ-210 was used. The cut off length (c) was 0,8 mm and
sampling length range was 2,5mm. SOIF model optical microscope
and having 1.0μm precision OSM model ocular micrometer was used
for flank wear measurement.

2.2. Surface texturing on cutting tool
Femtosecond laser was applied to produce textured tools on the
flank face. The laser had a marking speed of 1000µm/s, skip speed
of 125mm/s and repetation rate of 1000µm/s. The line gap was
100µm, pulse duration was 120fs. Laser had a wawelenght of 800nm
and laser power was 50mW. Texture grooves were produced
perpendicular (PPT) and parallel (PT) to main cutting edge. In order
to specify the effect on flank wear non-textured (NT) tool were used
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for the comparison. The microscope views of surface textures are
shown in Fig. 2.

2.3. Cutting conditions
Table 2.
Cutting condition parameters used in experiments
Workpiece
Tool

AISI 4140 32 HRC
Cemented carbide, CVD coated tool
CNM G 12 04 08 PM 4315 (Sandvik
Coromant)

Cutting velocity, Vc [m/min]

180

Feed rate, f [mm/rev]

0,2

Cutting depth, ap [mm]
Cutting fluid
Corner radius, rƐ [mm]
Rake angle, Ɣ [°]
Clearance angle, α [°]
Wedge angle, β [°]

1,5
Dry
0,8
-7
0
80

The cutting parameters are summarised in Table 2. For the
observation of the flank wear, the cutting speed, feed and depth of
cut were selected as follows: Vc=180m/min, f=0,2mm/rev
ap=1,5mm were selected for proper chip formation.

Fig. 1. Dry orthogonal turning experimental set up

3. Results and discussion
3.1. Effect of surface texturing types on flank wear and its
comparison with a non-textured tool
Flank wear of cutting tools is often selected as a tool life criterion
because it determines the dimension accuracy of machining, its
stability and reliability.[8] In the study, flank wear of PT, PPT and
NT surface of coated carbide tool were measured, thus, the difference
between them was revealed. Two types of surface textures have been
developed with femtosecond laser which are perpendicular and
parallel to main cutting edge.

(a) PT tool
(b) PPT tool
Fig. 2. Microscope views of surface textures, (a) parallel to
maincutting edge, (b) perpendicular to main cutting edge.

Fig. 3. Variation of tool flank wear with non-textured, perpendicular textured and parallel textured coated carbide tool.
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Three samples per each test were used for the responses of flank
wear and surface roughness and chip formation. The flank wear
comparison of all samples is shown in Fig. 3. The tool wear was
measured after every pass and all chips measured for after each of the
experiment. Flank wear lenghts on the tools were observed at certain
intervals and the wear conditions were compared for the same cutting
times. Camera images were taken at certain time intervals of three
samples (see Fig. 4.).

As evident from the experimental data, a significant difference of
flank wear for the all textured and non-textured tool was observed at
same cutting conditions. The flank face textured tools with microscale grooves parallel to the main cutting edge (PT) had the most
improved flank wear resistance (as shown in Figs. 3., 4.). The aim of
the surface texturing is to decrease the contact area between the tool
interface and workpiece area. On the occasion of the tool textured,
the tool and workpiece friction reduced and consequently the
adhesion and abrasion also decreased. Due to the less friction
between tool and workpiece, the width of wear land at the flank face
decreased. Hence, due to texturing on the flank face, the contact
length of the cutting tool and tool wear reduced. As a result, the
cutting forces generated during machining become less when it was
compared to non-textured tool. In this regard, lower cutting forces,
lower friction between tool and workpiece provided reduction in tool
flank wear and the tool life improved. [11]

(a) NT tool wear: 68,8µm

3.2. Effect of surface texturing types on surface roughness and
chip formation and its comparision to non-textured tool

(b) PPT tool wear: 60,2µm

Fig. 5. showed the differences of avarage surface roughness on
workpieces between textured and non-textured tools. From Fig. 5. It
could be seen that PPT and PT tools have respectable effect on Ra.
However, there has not been seen significant difference between PPT
and PT.
(c) PT tool wear: 60,82µm
Fig. 4.1. Flank wear values at cutting time 32 seconds.

(d) NT tool wear: 88,58µm

(e) PPT tool wear: 77,4µm

Fig. 5. Surface roughness (Ra) values of NT, PPT and PT tools
These data collected at the same cutting conditions which showed
that lower flank wear that induced lower surface roughness values.
In the light of all these experiments, the textured tool could reduce
the surface roughness of the machined surface in comparison to that
of the non-textured tool.

(f) PT tool wear: 72,24µm
Fig. 4.2. Flank wear values at cutting time 98,2 seconds.

(g) NT tool wear: 146,2µm

(a) NT tool chip form

(h) PPT tool wear: 127,28µm

(b) PPT tool chip form

(c) PT tool chip form
Fig. 6. Chip forms of three samples, (a) NT tool chip form, (b) PPT
tool chip form, (c) PT tool chip form.

(i) PT tool wear: 123,84µm
Fig. 4.3. Flank wear values at cutting time 410,4 seconds.

95

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 2/2019
On the other hand, in this paper the chip formation of all three
samples were examined. As it is shown in Fig. 6., there has not been
observed any visible changes on chip formation but it has seen that
during cutting of the workpiece, on entering and exiting of PT tool,
different chip formation occurred. Despite the tool has chip breaker,
unbroken chip forms were seen on PT tool ( Fig. 6.c).
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4. Conclusions
In order to decrease tool flank wear and improve tool life in dry
orthogonal cutting, two different types of surface texture were
adopted. Surface textures were pretreated on flank faces of tools with
femtosecond laser. All experiments completed under same cutting
conditions with textured and non-textured coated cemented carbide
tools in turning of AISI 4140 steel. Experimental results are
summarized below:
•

•
•

•

It was found that surface texturing on flank face reduced
flank wear and tool life was improved. Due to the
reduction of tool chip contact, friction forces and the stress
on the tool decreased.
Parallel textured tool hads more significant effect than that
of perpendicular textured tool on the flank wear rate.
It has been seen that, the decrease of flank wear improved
the surface quality. But there has not been seen remarkable
differences between surface roughnesses of the workpieces
cut by PPT and PT tool.
Additionally, it was observed that there was no visible
changes on chip forms but during cutting of the workpiece,
on entering and existing of PT tool, different chip
formation occurred
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Abstract: The geopolymers are novel class of inorganic polymer materials consist of chains, sheets or networks made of covalently
bonded mineral molecules. The main precursors of the geopolymers are reactive alumosilicate material and hardener solution. Various
suitable raw materials are located in Bulgaria. The present paper shows successful examples of geopolymers based on Bulgarian raw
materials – fly ash, metakaolin, natural zeolite and iron-rich waste from copper industry. The properties and structure of the prepared
geopolymers greatly depend on the composition and type of the raw material, as well as concentration and type of the activator solution. The
results show the potential of geopolymers based on Bulgarian raw materials as building materials.
Keywords: GEOPOLYMER, METAKAOLIN, FLY ASH, IRON-SILICATE FINES, IRON-RICH, NATURAL ZEOLITE,
CLINOPTILOLITE, MICROSTRUCTURE

type of the particles, which are important features that govern also
the rheology of the fresh mixture and water demand. Many raw
materials and industrial by-products with Bulgarian origin meet the
criteria above. Kaolin clay deposits are located near Vetovo and
Kaolinovo. A few years ago Kaolin AD started production of
calcined clay – metakaolin. Huge deposits of natural zeolite, perlite
and bentonite are located in East Rhodope Mountain. Additionally,
vast amount of industrial waste has been generated by local plants
and metal producers. The biggest copper producer in South-East
Europe ( Aurubis) is located in Bulgaria. After flotation process fine
iron-rich tailing remained and disposed in landfills. The former steel
producing plant Kremikovtsi generated huge amount of blast
furnace slag. Many thermal power plants are still operating and
produce fly ashes – TPP Maritsa East, TPP Bobov dol, Brikel, TPP
Ruse, TPP Sliven, etc. Some of the industrial by-products find
application mostly in cement industry, road pavement and
embankments. Still huge amount stay unutilized and disposed in
landfills. There economic, environmental and social benefits of
utilization of industrial waste.

1. Introduction
Geopolymers are novel class of inorganic materials consist of
chains or networks of mineral molecules linked with co-valent
bonds. The geopolymer is an X-ray amorphous material at ambient
and medium temperature [1]. The geopolymers have also been
described in the academic literature as „mineral polymers‟,
„inorganic polymers‟, „inorganic polymer glasses‟, „alkali-bonded
ceramics‟, and a variety of other terms [2]. First the French scientist
Joseph Davidovich coined the term „geopolymer” in 1978 when he
mixed sodium hydroxide and kaolin clay. The actual breakthrough
was done years later when metakaolin was used for the first time.
Since then up to nowadays, metakaolin is the most common
geopolymer precursor [3]. The geopolymers are two component
system. The main precursor is usually (but not always)
alumosilicate powder material. The three most common raw
material classes used in geopolymerization are metakaolin, slags
and coal fly ashes. In addition to the reactive solid components a
hardening solution, so called „activator‟, is required to initiate the
geopolymerisation reaction. The mechanism of geopolymerisation
is described in several overlapping stages: dissolution of the
precursor;
special
equilibrium,
gelation,
reorganization,
polymerization and hardening [4]. The main difference between
Portland cement hardening mechanism is the role of the water. In
conventional cements the water react with the cement particles and
the main products of the reaction are hydrates (C-S-H). Other hand,
in geopolymerisation the water provides workability and ensures the
contact between the particles. After condensation water is out of the
structure or stays into the pores. The hardened geopolymer material
possess properties similar to Portland cement and ceramic products.
The wide variety of potential application includes: fire-resistant
materials, thermal insulations, cements, concretes, resins, low-tech
building materials, low-energy ceramic tiles, refractory and foundry
items, high-tech composites, radioactive and toxic waste
immobilization, decorative elements, etc.

The present paper describes results with geopolymers prepared
from Bulgarian raw materials – metakaolin, iron-silicate fines, fly
ash and natural zeolite.

2. Experimental
3.1. Method of analysis
The powder XRD patterns were obtained by Bruker D-2 Phaser
diffractometer with Bragg-Brentano geometry using a CuKα source.
SEM images were obtained with different magnification by using
electron microscope – SEM 515 Philips.

2.2. Materials
The metakaolin was provided by Kaolin AD, Bulgaria. The wet
residue of the material was 0.40% on 45μm. The iron-silicate fines
are industrial by-product from local copper plant (Aurubis,
Bulgaria). The iron-rich precursor was dried to constant mass in
oven at 105oC. Fly-ash class F from TPP Maritsa East 2, Bulgaria.
The chemical composition of the used precursor is presented in
table 1.

Important characteristics of the raw materials in order to prepare
geopolymers are: high Si and Al content, and their reactivity - the
rate of dissolution of the Si and Al in the first stage of geopolymer
process. The reactivity correlates with the structure– amorphous
structure more easily dissolves and reorder, while crystalline
structure stays inert. The reactivity also depends on the size and
Table 1 Chemical composition of the geopolymer precursors
SiO2
Al2O3
CaO

K2O

MgO

Fe2O3

Na2O

TiO2

MoO3

PbO

SO3

43.2

0.15

0.62

0.09

1.14

0.11

0.74

-

-

0.014

29.34

4.4

2.66

58.2

0.58

0.3

0.27

0.37

-

23.37

5.75

0.71
-

0.89

52.66

2.75

8.72

-

-

-

-

5.75

69.4

10.3

3.02

2.72

0.99

0.98

0.39

0.17

-

-

-

Metakaolin

53.9

Iron-silicate fines[5]
Fly ash [6]
Natural Zeolite

The activator solutions were prepared by using solid KOH
pellets, sodium silicate (SiO2/Na2O=3) and tap water. The

ingredients were mixed by magnetic stirrer and tempered prior
usage as activator
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reactivity and is a potential raw material for the production of
geopolymers.

2.3. Geopolymer synthesis
The geopolymer precursor and activator solution were mixed
and homogenized with mechanical stirrer for 1 min. The mixtures
were rested to mature for 5 min, then mixed again for 30 seconds.
The fresh geopolymer paste was moulded in polypropylene
cylindrical moulds (50x30mm). The samples are stored in plastic
bags and cured at laboratory conditions (20oC).

3.2. Geopolymer based on iron-rich waste from copper
industry
Five series of geopolymer specimens were prepared with water
to solid ratio equal to 0,15. The samples were cured at laboratory
conditions in plastic bags until 10-th day, when were placed in oven
for 12 days at 80oC. At 22-th day the specimens were demoulded and
placed at laboratory conditions (20oC and 65% humidity). At 90-th
day compressive strength was determined by using three specimens
of each series. The composition and results from compressive
strength is presented in Table 3. Series 15F2 and 15F3 showed
highest strength. Both results are similar, but 15F3 was obtained by
lower concentration of the activator solution.

3. Results and Discussion
3.1. Geopolymer based on metakaolin
Five series of geopolymer specimens were prepared. The
samples were demoulded after 24 hours of curing and placed in
laboratory conditions (20oC and 65% relative humidity). At 28-th
day compressive strength was determined by using three specimens
of each series. The composition and results from compressive
strength is presented in Table 2. Series MM1 showed maximal
strength.

Table 3 Molar composition and compressive strength (90-th day) for
geopolymers based on iron silicate fines

Table 2 Molar composition and compressive strength (28-th day) for
geopolymers based on metakaolin
MM1

MM2

MM3

MM4

MM5

SiO2/Al2O3

3.55

3.55

3.55

3.55

3.29

H2O/M2O

15

13

17

11.6

14.6

M2O/Al2O3

1

1.2

0.85

1

1

33.7

27.8

31.5

30.3

20.6

Compressive
strength, MPa

15F1

15F2

Al2O3/M2O

0.32

H2O/M2O

7.59

Fe2O3/M2O
Compressive
strength, MPa

15F3

15F4

15F5

0.32

0.5

0.22

0.22

7.64

11.4

5.46

5.36

2.5

2.5

4

1.75

1.75

19.36

27.96

27.53

3.87

3.5

The results from powder X-ray diffraction showed the mineral
composition of the iron-silicate fines. It contains mostly fayalite and
magnetite (Fig. 2). Minor changes between raw material and
obtained geopolymer (series 15F3) were observed.

The metakaolin and geopolymer series MM1 was examined by
Powder X-ray diffraction. The results are presented in Fig. 1. Both
metakaolin and geopolymer MM1 showed amorphous structure
with inclusion of quarts. The amorphous halo shifted after
geopolymerisation from 15-30 2θº to 22-35 2θº, which is typical for
geopolymers. The crystalline quarts stayed inert.

Fig. 1 Powder X-ray diffraction patterns of metakaolin (MK) and obtained
geopolymer (series MM1). Q- quarts
Fig. 2 Powder X-ray diffraction patterns of iron silicate fines (RAW) and
obtained geopolymer (series 15F3). M- Magnetite, F – fayalite.

The chemical purity of metakaolin is very high, represented
almost entirely by SiO2 and Al2O3, which helps to investigate the
ongoing reactions in the synthesis of geopolymers and the analysis
of the results. Bulgarian Metakaolin from Kaolin AD has sufficient

The presented studies showed that geopolymer technology is
capable to reduce the huge amounts of fayalite slag generated for
the last decades as a result of copper production.
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3.3. Geopolymer based on fly ash
In previous study [7] four series of geopolymers were prepared
using different concentration of the alkaline hardener solutions and
water to solid ratio equal to 0.40 (w/w). The series B1 with
following molar ratio: M2O/Al2O3=1.4, H2O/M2O=10 showed
lowest absorption to water – 20.0%. Thus the obtained geopolymer
showed high porosity which motivated the research team to develop
highly porous lightweight geopolymer by addition of 1% by mass
H2O2 as gas forming agent (Fig. 3). The decomposition of the
peroxide produce oxygen, which form small interconnected pores.
The resulted porous geopolymer was characterized by 0.44 g/cm3
density, 2.64 g/cm3 absolute density and 83.3% relative porosity.
Preliminary fire-resistance test of the material was examined.
Simple jet-torch test was conducted to observe the behavior of the
porous geopolymer at high temperature and direct fire. The
lightweight geopolymer was exposed to direct fire from butane jettorch for 3 minutes at 5 cm distance. During the fire exposure the
color of the specimens in the hottest area turned into red-orange,
which is associated to temperature about 1000oC. After the fire test
the specimen preserved its integrity, which indicates its potential as
fire-resistance materials.

Fig. 5 SEM image of geopolymer based on fly ash from Maritsa East 2
(marker- 10μm)

The raw fly ash, light-weight geopolymer and fired samples
were examined with SEM. The fly ash contained cenosphere, which
contributed to better workability of the fresh geopolymer mixture
(Fig. 4). There were cracks on the hardened geopolymer before and
after the fire test (Fig. 5Fig. 6). The particles of the fly ash contains
small micron-sized pores. The presence of such micro pores
provides a road of escape for hot gases generated by the elevated
temperature.
It can be concluded that mixing fly ash from Maritsa TPP with a
suitable activating solution lead to formation of geopolymer
material characterized relatively large porosity. Lightweight
geopolymers could be also successfully prepared by using suitable
gas forming agent. The fire torch test indicates the potential as fireresistance materials.

Fig. 6 SEM image of fired geopolymer based on fly ash from Maritsa East 2
(marker- 10μm)

Fig. 3 Lightweight geopolymers
based on fly ash

3.4. Geopolymer based on natural zeolite (review)
In-depth studies on possibility of using natural zeolite
clinoptilolite from local large deposit Beli Plast were done within
the PhD thesis of Nikolov, A. [8]. The optimal results were obtained
using activator solution - mixture of potassium hydroxide, sodium
silicate (molar ratio modulus MR=SiO2/Na2O=3) and water.
However, the obtained material hardens slowly at normal
temperature. Demoulding was possible after at least one week at
20oC. The hardened geopolymer activated with silicate activators
showed high shrinkage. However, applied in thin layers as coating
the material did not showed shrinkage cracks. The adhesion to
concrete was significant – over 2MPa [9]. Thus geopolymer based
on natural zeolite are suitable for plasters or coatings.
The effect of modulus of sodium silicate was investigated.
Using higher modulus of water-soluble sodium silicate (WG3) leads
to bigger rate of strength gain. Geopolymers obtained with WG2
showed higher final strength and slightly higher degree of
geopolymerization. However, due to the crystallinity of the natural
zeolite the alkali concentration of the used sodium silicate reagents
solution (MR= 2†3) were not sufficient to dissolve the raw material.
Thus, using sodium silicate solution with MR above 2 leads to
certain quantity unreacted clinoptilolite, which preserves the
beneficial properties of the clinoptilolite per se.
The calcination of the natural zeolite at 900 °C leads to full
dehydroxylation of the clinoptilolite structure thus transforming the
natural zeolite into ‟metazeolite‟. The shrinkage of the hardened
geopolymer was reduced twice and the compressive strength

Fig. 4 SEM image of used fly ash from Maritsa East 2 (marker- 100μm)
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increase 3 times when calcined zeolite (metazeolite) was used as a
geopolymer precursor instead of natural zeolite [10].

4. Conclusion
The presented studies showed that Bulgarian raw materials
could be successfully used as geopolymer precursor. The properties
and structure of the prepared geopolymers greatly depend on the
composition and type of the raw material, as well as concentration
and type of the activator solution. Further more detailed studies are
needed to develop materials with practical application.
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Abstract: This paper deals with the effects of the addition of 0.00031, 0.00064, 0.001 and 0.0042 wt.% Bi on the matrix structure of
ductile iron castings consisting of 7 sections of different thicknesses (3, 12, 25, 38, 50, 75 and 100 mm) and contain low content of Si (2.11
wt.%) and pearlite promoting element (0.018 wt.% Cu, 0.0055 wt.% Sn, 0.00041 wt.% Sb, 0.098 wt.% Mn). The Bi contents of 0.00031,
0.00064 and 0.001 wt.% were not significantly affected the share of ferrite and pearlite in the section thicknesses of 12, 25, 38, 50, 75 and
100 mm compared to the casting which does not contain Bi. In all these sections the share of pearlite was increased and the share of ferrite
was decreased by the addition of 0.0042 wt.% Bi. All of the above-mentioned Bi contents were resulted in the formation of iron carbides in
the section thickness of 3 mm. The share of carbides increases with increasing Bi content.
Keywords: DUCTILE IRON, BISMUTH, MATRIX STRUCTURE

1. Introduction

2. Experimental

Ductile iron, as well as gray and compacted graphite iron is a
member of the family of graphitic cast irons. Because of the
spherical (nodular) shape of graphite particles, ductile iron has
significantly better tensile properties and toughness than gray and
compacted graphite iron. Its properties enable it to be used in the
production of motor vehicles, cast pipes and various construction
components.
Microstructural features determine the mechanical properties of
ductile iron. Nodule count, the share and shape of non-spherical
(non-nodular) graphite particles and especially the share of ferrite
and pearlite in the metallic matrix have a key effect [1 – 8].
The chemical composition is one of the most important factors
influencing the structure of the metallic matrix [1 - 3]. Other
important factors are the cooling rate of the casting after the
solidification and nodule count and their distribution [1, 2, 9, 10].
It is well known that Bi can have a detrimental and beneficial
effect on the morphology of graphite particles and nodule count in
ductile iron, which depends on its content and the presence of other
elements. Studies [11, 12] have shown that the Bi content of only
0.006 wt.% can completely prevent the formation of nodular
graphite in a 25 mm thick ductile iron casting. However, very small
Bi content can increase the nodule count [13 - 17]. In addition, the
appropriate amount of Bi can prevent detrimental effect of rare
earth (RE) elements on the graphite morphology in the thick-walled
ductile iron castings and at the same time increase the nodule count
[13, 18 – 22].
On the other hand, very little information exists about the effect
of different content of Bi on a metallic matrix of ductile iron. From
the pearlitic influence factor (Px) [20, 23]:

In a medium-frequency coreless induction furnace, steel scrap
(with a share of 20 wt.%), ductile iron returns (with a share of 30
wt.%) and special low-manganese pig iron (with a share of 50
wt.%) were melted to produce base melt. Preconditioner with the
following chemical composition: 0.6 to 1.9 wt.% Ca, 3 to 5 wt.%
Al, 3 to 5 wt.% Zr and 63 to 69 wt.% Si was added to base metal in
an amount of 0.1 wt.%.
The wire filled with FeSiMg treatment alloy containing 42 wt.%
Si, 29 wt.% Mg, 0.5 wt.% Ce, 0.2 wt.% La, 1.4 wt.% Ca and 0.9
wt.% Al was added to the base melt in the ladle in order to perform
nodularization. Inoculant containing 67 to 72 wt.% Si, 2.2 wt.% Ba,
1.9 wt.% Al and 1.5 wt.% Ca was also added to the ladle in the
amount of 0.6 wt.% to perform the first stage of inoculation.
Five test stepped castings (TSC) was produced by pouring the
ductile iron melt into green sand molds. The shape and dimensions
of test stepped castings are shown in Figure 1. The second stage of
inoculation was performed by addition of 0.2 wt.% of the inoculant
containing 0.75 to 1.25 wt.% Ca, 0.75 to 1.25 wt.% Al, 1.5 to 2
wt.% Ce and 70 to 76 wt.% Si in the ductile iron melt stream during
pouring into the molds. Bi was not added to the TSC 1. Pure Bi
(99.99 wt.% Bi) was added to the ductile iron melt stream during
casting of the TSC 2, TSC 3, TSC 4 and TSC 5. Table 1 shows the
targeted Bi contents.

Px = 3.0 (wt.% Mn) – 2.65 (wt.% Si – 2.0) + 7.75 (wt.% Cu) +
90 (wt.% Sn) + 357 (wt.% Pb) + 333 (wt.% Bi) + 20.1 (wt.% As) +
9.60 (wt.% Cr) + 71,7 (wt.% Sb)
(1)
it can be concluded that Bi is a powerful pearlite promoting
element. However, the content of the other elements, the nodule
count, and the cooling rate of the casting after the solidification
should also be taken into account. This paper explored the influence
of various additions of Bi on the structure of the metallic matrix in
ductile iron casting that contains a low content of ferrite-promoting
elements and pearlite-promoting elements and has segments of
different thicknesses, from thin to thick.

Fig. 1 The shape and dimensions of test stepped castings.
Table 1: Targeted Bi contents in test stepped castings.

Test stepped castings
(TSC)
TSC 1
TSC 2
TSC 3
TSC 4
TSC 5
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Targeted Bi contents,
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0.00025
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0.001
0.005
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A sample of the ductile iron was taken a few moments before
pouring the melt into molds to determine the content of C, Si, Mn,
Mg, S, P, Cu, Ni, Cr, Mo, V and W by optical emission
spectrometry (OES). Inductively coupled plasma mass spectroscopy
(ICP-MS) was used to determine the contents of Bi, Sb, Sn, Nb, Pb,
As and Ti in test stepped castings. Samples for this analysis were
taken from test stepped castings.
Samples for microstructure analysis on a light metallographic
microscope equipped with a digital camera and the image analysis
system were taken from each test stepped castings according to
Figure 1.

3. Results and discussion
The chemical compositions of the test stepped castings are
given in Table 2.
Table 2: Chemical composition of test stepped castings.

Test stepped
castings
(TSC)
TSC 1
TSC 2
TSC 3
TSC 4
TSC 5

Chemical composition
Elements
3.550 wt.% C, 2.110 wt.%
Si, 0.048 wt.% Mg, 0.035
wt.% P, 0.012 wt.% S,
0.098 wt.% Mn, 0.018
wt.% Cu, 0.016 wt.% Ni,
0.029 wt.% Cr, 0.002 wt.%
Mo, 0.01 wt.% V, 0.0015
wt.% W, 0.00041 wt.% Sb,
0.0055 wt.% Sn, 0.0169
wt.% Ti, 0.0039 wt.% Nb,
0.00052 wt.% Pb, 0.00015
wt.% As

Bi,
wt.%

Px*

0.000011

1.14

0.00031

1.24

0.00064

1.35

0.001

1.47

0.0042

2.53

* Px - pearlitic influence factor (defined by the Eq. [1])
There are no significant differences between the targeted and
actual Bi contents. In order to highlight the influence of Bi, the
contents of ferrite-promoting elements (Si), pearlite-promoting
elements (Cu, Sb, Sn, Mn, Pb, As) and carbide-forming element
(Cr, V, Mo, W, Nb) are set to be low to minimize their effects on
the microstructure of test stepped castings.
The cooling rate, i.e. wall thickness and Bi content influenced
the structure of the metal matrix of the examined test stepped
castings (Table 3, Figures 2 and 3).

Table 3: The share of ferrite and pearlite in the metallic matrix of
test stepped castings.
Test
The
The
Wall
stepped
Bi,
share of
share of
thickness,
castings
wt.%
ferrite,
pearlite,
mm
(TSC)
%
%
3
67.05
32.95
12
78.87
21.13
25
80.47
19.53
TSC 1
0.000011
38
84.04
15.96
50
86.57
13.43
75
85.66
14.34
100
88.08
11.92
3
Iron carbides
12
68,28
31,72
25
82,93
17,07
TSC 2
0.00031
38
85,75
14,25
50
87,83
12,17
75
84,40
15,60
100
94,87
5,13
3
Iron carbides
12
77,76
22,24
25
87,87
12,13
TSC 3
0.00064
38
85,81
14,19
50
88,27
11,73
75
87,67
12,33
100
94,10
5,90
3
Iron carbides
12
75,35
24,65
25
84,88
15,12
TSC 4
0.001
38
83,46
16,54
50
88,40
11,60
75
87,26
12,74
100
85,98
14,02
3
Iron carbides
12
57,73
42,27
25
58,99
41,01
TSC 5
0.0042
38
63,03
36,97
50
72,64
27,36
75
72,59
27,41
100
71,77
28,23

Fig. 2 Influence of wall thickness and Bi content on share of ferrite
in the metallic matrix of test stepped castings.
In all test stepped castings, decreasing the cooling rate, i.e.
increasing the wall thickness from 3 to 100 mm resulted in an
increase in the share of ferrite in the metallic matrix. Slower cooling
after solidification facilitates the diffusion of the carbon atom from
austenite to the graphite nodules. This results in greater removal of
carbon from the austenite, which enables transformation of
austenite into ferrite.

Fig. 3 Microstructures of the wall thicknesses of 3, 12, 25, 38, 50, 75 and
100 mm in test stepped castings (etched in Nital).
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The data in Table 2 for TSC 1, TSC 2, TSC 3 and TSC 4 show
that Bi contents of 0.00031, 0.00064 and 0.001 wt.% were not
significantly affect the share of ferrite and pearlite in the walls
thicknesses of 12, 25, 38, 50, 75 and 100 mm. However, the
addition of 0.0042 wt.% Bi (TSC 5) resulted in a significant
decrease of the share of ferrite in these walls compared to TSC 1
where Bi was not added. This clearly shows that Bi promotes the
formation of pearlite.
The optical micrographs in Figure 3 show the presence of iron
carbides in a 3 mm thick wall in test stepped castings containing
0.00031, 0.00064, 0.001 and 0.0042 wt.% Bi (TSC 2 – TSC 5). The
share of carbides increases with increasing Bi content. Since the
wall thickness of 3 mm in TSC 1 does not contain carbides, it is
obvious that the Bi promotes the formation of carbides in thin walls,
especially when the Si content is low.
Figure 3 shows that a proper addition of Bi can improve the
morphology of graphite particles and increase the nodule count and
nodularity. As the wall thickness increases, these positive effects
become more and more pronounced [17].

4. Conclusion
The obtained results show that Bi promotes pearlite formation.
In the ductile iron which contains a low content of ferritising
elements, the Bi increases the share of pearlite in thin, mediumthick and thick walls. Pearlitic influence factor (Px) is a good
indicator of the effect of Bi on a metal matrix of ductile iron.
From the results of this research it can be concluded that Bi,
even in very small contents, promotes the formation of iron carbides
in thin sections. The share of iron carbide in microstructure of thin
sections increases with increasing Bi content. However, Bi can have
a positive effect on graphite morphology, nodule count and
nodularity, especially in thicker sections, if added in the proper
amount.
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