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METHOD OF PERMEABLE ELEMENTS FOR SIMULATION OF POWDER METALS
FORMING PROCESSES

Dr.Sc. Bagliuk G.A.
Frantsevich Institute for Problems of Materials Science, NAS of Ukraine, Kyiv,Ukraine, 03142, Krzhizhanovsky str., 3

Abstract. For simulation of processes of compaction or forging of products from powder materials, a method of permeable elements
is proposed. The essence of the method is to use elements whose shape is regulated in advance, and, unlike the finite element method, where
the elements coincide with the material volumes and their masses are unchanged, here the masses elements are variable, and material can
flow between adjacent cells. Examples of using the method for modeling the processes of forging of porous preforms in closed and open
dies, as well as in a closed die with a compensation cavity, are presented.

Keywords: powder materials, simulation, numerical methods, forging, porous body, plasticity criterion.

1. Introduction

Among the numerical methods for solving problems
associated with finding the stress and strain fields that arise both in
compact and in porous materials, the finite element method (FEM)
has become widespread. Its advantages include convenience in
terms of algorithmization and programming, as well as the
relatively high accuracy of the resulting solutions [1-4].

However, in the study of technological processes during
which large deformations develop, the use of FEM is sometimes
difficult due to excessive distortions of the finite element mesh. In
particular, with large axial deformations, local flattening of the cells
is possible, which is especially important for bulk compressible
materials, since it may not be possible to calculate the density
distribution. From a purely technical point of view, this
regularization necessitates the regeneration of the grid every few
counting steps, significantly increases the counting time, and
significantly complicates the solution algorithm.

To solve the technological problems of this type, it seems
more appropriate developed in Institute for problems of materials
scence NAS of Ukraine so called method of permeable elements
(MPE). Its essence consists in the use of elements whose shape is
regulated in advance, and, unlike the FEM, where the elements
coincide with the material volumes and their masses are unchanged,
here the masses of the elements are variable - material can flow
between adjacent cells.

2. Objects and research methods

When constructing an algorithm for modeling the processes
of compaction and deformation of porous preforms during their
processing by pressure using the method of permeable elements, we
used the model of an ideal rigid plastic porous body. The physical
and mathematical formulation of the problem is based on the
following basic assumptions.

A porous preform is an isotropic compressible body to
which the basic equations of continuum mechanics are applicable.
In the framework of this approach, a porous body is considered as a
chaotic mixture of solid and emptiness. In accordance with the basic
concepts of continuum mechanics, it is also assumed that the
behavior of the elements under consideration can be described using
the strain rate tensor ej;, stress tensor oy, relative density p or
porosity&and a number of other parameters [5].

The proposed method is designed to solve problems in a
quasistatic formulation and its implementation can conditionally be
divided into the following three stages:

- specifying a sampling structure and determining the
corresponding form functions for the velocity field;
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- determination of the velocity fields all over the processed
material;

- determination of the field of densities, deformations,
stresses and other deformation parameters.

The first of these stages is characterized by the fact that,
unlike the FEM, the movement of the mesh in the MPE (if this is
realized) is not associated with the movement of particles of the
pressed material, but is independent of it and is determined based on
the convenience of analyzing the results. The latter is due to the use
of the motion of the deformable material as the basic Eulerian idea.
In this regard, the mass of each element can be variable, and the
elements themselves are permeable.

The grid of permeable elements and the evolution of their
shape during processing are set a priori based on known data on the
nature of the movement of the processing tool, the convenience of
the analytical representation of the functions of the velocity fields,
and also on the basis of the possibility of further experimental
verification. The foregoing also constitutes one of the advantages of
the MPE, since it simplifies the procedure for comparing the results
obtained by experimental and computational methods; there is no
need to use averaging operations that reduce the accuracy of the
obtained solution.

At the same stage, by analogy with the FEM, kinematic
parameters are determined as a function of shape through their
unknown values at the grid nodes. In the general case, the MPE grid
can be constructed as in the FEM, however, the movement of the
nodes is no longer controlled by the velocity field of the material
flow.

As a basic model for describing the processes of hot
deformation of porous materials, the model of a plastic porous body
[5] is used based on the assumption that there is some plasticity
criterion F, which relates the components of the stress tensor with
porosity:

2

P

2

=t —

f(0) 1)

where f;(6) and fy(6) are some functions of the material porosity 6,

which determine its rheological properties; o is the yield strength
of the base material for these temperature-strain conditions.

The basic algorithm for solving problems using the method
of permeable elements, based on the application of variational
methods, includes the following operations. For the investigated
volume of the deformable billet, some functions of the velocity field
corresponding to the boundary conditions are set in the form of
polynomials:

Vi = (K) +a,0, (k) +--+a,0,(k) @
where k is the generalized coordinate; ¢(k)are some coordinate
functions; a; numerical coefficients unknown variable
parameters, the value of which at each step of deformation is
selected using one of the known optimization methods in such a
way that it minimizes the value of the functional J:

0, =0

@
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where e = g;i¢; is the first invariant of the strain rate tensor
characterizing the speed of uniform comprehensive compression (or
tension), which can be defined as
e 1de 1dv
®@d V dt’

H; - shear strain rate intensity; dV is the elementary volume of the
deformable body; u is the coefficient of friction; v, and v, are the
components of the velocities of the particles of the deformable body
along the contact surfaces (at the workpiece — tool interface); dF is
the elementary area of the contact surface.

Having determined the values of the varied parameters a;,
we can find the velocity field functions (2) and calculate the
components of the strain rate intensity Hi and the compaction rate e,
which allows us to solve the problems of final shape change and
determine the force and energy parameters of the process.

The density distribution field is found from the law of
conservation of mass, which for any element of a continuous
medium is formulated as:

dm

m =£Vnp~d5

where m is the mass; t is the time; v, is the projection of the flow
velocity vector of the material of a given permeable element onto
the normal to the surface S bounding this element.

When assuming the existence of velocity discontinuities in a
deformable body, it is also necessary to take into account the energy
expenditure on deformation on the discontinuity surfaces in the
main energy equation. In view of the foregoing, functional (4) takes
the form [6]:

J= é_[!;l' Uii,--é‘i-?--cﬂf+

+§LEH#W;(@)-@$ VD) AR+ D,
M=l F

where D is the power dissipation on the discontinuity surfaces of
kinematically possible displacement velocities. The rupture surface
is considered as the limiting position of a thin transition layer of
thickness 4n at 4an — 0, in which the displacement velocity
undergoes a fast but continuous change.

The magnitude of power dissipation on the surface of the
velocity gap can be determined as [6]:

4{(@”)2;?1(@)

+E (Av)? + (ﬂvﬂf; ®) 4T

“4)

(3

D:Icrj

=

{6

where dX'is the elementary surface of the velocity gap; Av, and Av,
are the normal and tangent components of the discontinuity velocity
vector.

If to take the values of the functions () and f,(6) in the
form of dependencies:

then we can write:

fz (®) =

1-0)°
%; (7
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3. Results and their discussion

The developed general MPE algorithm was successfully
used, in particular, to simulate the processes of closed and open hot
forging and forging of porous preforms in a half-open die,
compaction of bimetallic porous preforms with a horizontal
separation plane, precipitation of an annular porous preform in a
closed die with a free centripetal radial flow of material,
consolidation of step products such as a sleeve with a shoulder, etc.

In particular, we give examples of the use of the considered
method for studying the mechanics of material flow during open hot
forging of porous preforms (Fig. 1, a) and closed forging in a die
with a compensation cavity (Fig. 1, b).

The effectiveness of the application of hot forging methods
for powder products in dies with open volumes at which additional
shear deformations are realized along with axial ones is shown in a
number of works [7-9].

At the same time, hot forging of porous preforms in an open
die, a distinctive feature of which is the presence of a height-
changing section of the preform with a free lateral surface
throughout the deformation process, was not widely used, since
uncontrolled extrusion of the material being compacted is possible
in the flake in the early stages of deformation, which may cause
under-compaction of the forging material.

In this regard, questions of studying the mechanics of the
flow of the workpiece material during forging in dies having
additional compensation cavities are of practical interest.

The calculation model for describing the flow of a porous
material during hot open forging and closed forging in dies with a
compensation slit was constructed on the basis of the variational
principle, while material hardening, temperature effects and inertia
were neglected, and the method of permeable elements was used as
a numerical method for implementing the model.

05\/% (AV,)? +(Av,)* -d Y (8)

o

LR

7
Ro

|R0

\

r

R
(b)
Fig. 1. The design models for the processes of open forging (a) and
closed forging in a die with a compensation gap (b)
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Taking into account the symmetry of the deformable
workpiece relative to the vertical axis, the calculation was made for
half of its cross section, which was conditionally divided into three
design zones (permeable elements) for open forging (Fig. 1, a), and
four zones for closed forging (Fig. 1, b). Inside each of the
calculated elements, the distribution of density and strain rates at
different compaction times is considered homogeneous.

The boundary conditions for the velocity components v, and
v, can be expressed as:

Voloon = Vo, Veloon =05V, 1,202 05 v [0 =05 v, | o = v
where vy is the velocity of the upper half-matrix.

Assuming that the velocities in each of the forgings
calculated zones are linear functions of the r and z coordinates,
taking into account the boundary conditions, we take the following
expressions describing the velocity field of the material flow in each
of the zones:
open forging:

0;

zonel: V, ==Vyg—7 V,
H

z v,
—; v, =-2arv;

zonell: V, ==V, — V, 9)
h
zone IlI:
Z Y r-R
v, :—voﬁ; v, :FoalRov(1+ a, 2):;

1
closed forging:

zonel: V, =V, —\|/_|—°(z—h2 -hy); v, =0;

v Vor
zone ll: V, =V, ——2>(z—h,); v, =—2—;
H Ha,v
V,Z
zonelll: vV, =—-2=; v, =0 (10)
VR r-R
zone IV: V, =0; vr_M 1+a2( o) ’
Ha,v X

where a; and a, are some variable parameters; vy, and v,3 are the
linear flow rates of material between zones I-1I and II-Ill
respectively (closed forging).

After the corresponding transformations, taking into account
dependences (9) and (10), the form of the components of the
functional J was determined and, taking the parameters o, & and v
as constant throughout the deformation cycle, at each calculation
step we found the values of a; and a, that minimize the functional

(5).

The calculation was carried out using the step loading
method, in accordance with which the entire deformation period
was divided into equal time intervals At, during which the
workpiece is upseting at AH= = v,-4t. At each i-th loading step, the
parameters a; and a, were determined that minimize the functional
J; from (9) and (10) a new value of the flash radius R; was found
from the dependence:

dm,

dt

K
Vir
where &', V", and m, are the porosity, volume and mass of the k-th
zone of the preform, respectively, after the next step of deformation,
the current values of porosity in individual zones of the preform
were calculated.

Comparison of the simulation results of the hot forging
process in an open die with similar data for forging in a closed die
with compensators showed that while during forging in an open die
the displacement of material in the flash starts already at the initial
stages of deformation (Fig. 2), then in a closed die with

m, +— At

o =1- (11)
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compensators - only after the workpiece reaches a certain threshold,
sufficiently high density level (at 8= 2+5 %) (Fig. 3), which leads
to a decrease in the final value of the flash size during forging in a
die with a compensator.

e R,, Mm
03 H26
0,21 2 124

3 7
o1/ 122
0 1 | 1 1 2
o 1 2 3 4 .5 6 8
0,3 |- .
02r - 24
2
01 3 > 4 22

0
0,3
02
0,1

0 1

o 1 2 3 4 5 6 AH, mm

Fig. 2. The dependence of the current porosity of the material in the
zones: | (1), 11 (2) and 111 (3) and the radius of the flash (4) from
axial deformation at hy = 11 (a), 9 (b) and 7 (c) mm; &, = 0.3

R,.mm
22

]

N -{

02

o1

L
12 AH.MM

-4

22

21

0

2

1
4 6 8 12 AH.MM

Fig. 3. The dependence of the current porosity of the material in the
calculation zones | (1), I1 (2), 111 (3) and the radius of flash (4) at
the axial strain AH for h, = 3.0 (a) and 4.0 (b) mm; &, =0.2

At the same time, a sharp increase in the resistance to metal
outflow in the flash at the final stage of open forging due to the
gradual closure of the half-matrices, contributes to the compaction
of the material in the second zone, while at closed forging with a
compensator, due to the constant gap between the half-matrices, the
resistance to outflow to the store changes slightly, which determines
the presence of some residual porosity in zone |1 of the forging.

It should be noted also that, in contrast to open forging, in
which the choice of optimal porosity, the ratio of the size of the
workpiece and the cavity of the matrix has a significant effect on
the density distribution in different parts of the forging and the final



MACHINES. TECHNOLOGIES. MATERIALS. 2019

value of the flash, then when implementing a closed forging scheme
with compensators, the dependence of the qualitative characteristics
forgings from the specified structural and technological parameters
are significantly lower. This fact, along with the fact that the flash
value is reduced during forging in a closed die with a compensator,
ceteris paribus, allows us to conclude that the scheme under
consideration is preferable to open forging. At the same time, it
should be noted that the structural complexity of die tooling for the
implementation of the closed forging process with compensators
somewhat limits the possibility of its wider use in industry.

Information on the power parameters of the processes under
consideration is essential when choosing a deformation scheme and
brand of a press, as well as in calculating die tooling. Let us
consider, along with the above schemes, the traditional closed
powder forging scheme without compensation slots, traditional for
powder metallurgy.

The forging forces for the three considered deformation
schemes were calculated using the basic equation of the energy
method.

Analysis of the simulation results, which are presented in
Fig. 4 shows that the use of a closed forging scheme necessitates the
application of significantly higher forces to obtain high-density
forgings. The smallest deformation force is with open forging. These
results allow us to conclude that with an increase in the rigidity of
the loading circuit, the strain force increases. It is noteworthy that the
difference in effort increases with increasing degree of axial
deformation, and hence the average density of forgings. At the initial
stages of compaction, the difference in the efforts for the considered
deformation schemes is small.

(Pat,) 107, m?

12 3

A

10 12 14 16 18

Fig. 4. The dependence of the relative value of the forging force

on axial deformation (a) for deformation schemes (b): 1 - closed

forging; 2 - forging in a closed die with a compensator; 3 - open
forging

It should be noted that experimental studies of the
processes of hot forging of powder samples lead to similar
results [8-10]. The use of compensation slots allows to obtain
high-density forgings with a homogeneous structure at a lower
strain pressure compared to traditional closed forging.

Thus, the presented results allow us to conclude that the
traditional scheme of hot forging of porous preforms in a closed
die is the least preferred in terms of energy and process
parameters. This indicates the advisability of using less rigid
deformation schemes with partial extrusion of the workpiece
material into the compensation cavities.

229

4., References

1. Kobayasui Sh., Ou S.-l., Altan T. Metal forming and
the finite-element method. — New York, Oxford: Oxford University
Press, 1989. — 377 p.

2. Khoei A.R. Computational Plasticity
Forming Processes. — Elsevier Science, 2005. — 449 p.

3. Shtern M., Mikhailov O. Defects Formation in Die
Compaction: Prediction and Numerical Analysis // Proceeding of
Powder Metallurgy European Congress, 22 — 24 October, 2001,
Nice, France, Vol.3, 50-57.

4. Saad M., Akhtar S., Srivastava M., Chaurasia J. Role
of Simulation in Metal Forming Processes // Materials Today:
Proceedings. — 2018. — Vol. 5, Issue 9, Part 3. - P. 19576-19585.

5. Ilrepn M.B., Cepatok I'.I'., Makcumenko JI.A. u ap.
DEeHOMEHOIOTHYECKHE TEOPUH MPEecCOBaHUS MOpOUKOoB. — Kues:
Hayxk. [lymxka, 1982. — 140 c.

6. Barmok T.A. Juccuranus MOIITHOCTH Ha
TMOBEPXHOCTAX pa3pbiBa CKOpOCTeﬁ B MOpuCTOM JKECTKO-
IUIACTUYICCKOM  MaTepualie // ®usMka ¥ TEXHUKA BBLICOKHX
nasnenui. - 1993. - 1.3, Ne3. - C.86-89.

7. bBarmox I. A. IloBeimeHne 3¢h(deKTHBHOCTH
YIUIOTHEHUSA TOPHUCTBIX 3aroTOBOK 3a CYET I/IHTeHCI/I(bI/IKaL[I/II/I
caBUroBeIX nedopmanmit // Peomorisi, cTpykTypa, BIacTHBOCTI
MOPOIIKOBUX Ta KOMIO3UIIIMHUX MaTepiaiiB. 30ipHUK HAayK. MPalb.
—Jlyusk: PBB JIJITY, 2004. —C.35-48.

8.  Baglyuk G. Densification and Shape Change of Porous Billets in
Closed and Open Dies // Recent Developments in Computer Modeling of
Powder Metallurgy Processes. — 10S Press. NATO Science Series, 2001. —
P.163+168.

9. Barmok I'. A. Biusiaue nehopMaioHHbBIX MapaMeTpoB
Ha CTPYKTYpPY M CBOMCTBAa TrOpsSYeIITAMIIOBAaHHBIX IMOPOIIKOBBIX
MarepuanoB // OOpaborka MarepuanoB naBineHueMm. CO. HaydH.
TpynoB. - Ne 1 (26). — 2011. — Kpamaropck, 2011. — C. 139-145.

10. ITaBmos B.A.,, Hocemxko M.U. Bnusuue
)Ie(bOpMI/IpOBaHHOFO COCTOsIHUA Ha YIUIOTHCHUE IMOPOLIKOBBIX
METAJIJIOB IpU FOpH‘Ieﬁ ITaMIIOBKE // HOpOI_HKOBa METaJL1yprus. -
1992. -Ne2. —C.8-12.

in  Powder


https://www.sciencedirect.com/science/article/pii/S2214785318314421
https://www.sciencedirect.com/science/article/pii/S2214785318314421
https://www.sciencedirect.com/science/journal/22147853
https://www.sciencedirect.com/science/journal/22147853

MACHINES. TECHNOLOGIES. MATERIALS. 2019

PROCESSING OF BIMETALS IN THE ELECTROLYTE PLASMA
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Abstract: Electrolyte plasma processing is environment-friendly and high-effective method to treat surfaces of metals and alloys and can be
used for heat or thermochemical treatment as well as for cleaning or polishing of metal surfaces. Modes of processes in the electrolytic cell
for different metals can partially overlap. So it is possible to perform the same or different processing for different metals (including
components of bimetal) simultaneously. This article describes modes to be established at the active electrode during the anodic process, and
application of these modes to various types of treatment of bimetals. It is shown that there exists an option of separate or simultaneous heat
or thermochemical treatment, as well as polishing of one or both surfaces of bimetals.

KEYWORDS: BIMETAL, ELECTROLYTE PLASMA, HEAT TREATMENT, POLISHING.

1. Introduction.

Bimetals are modern composite material, including several
(usually two) metallic layers jointed by adhesion or chemical
bonding. Practically all industries use bimetals due to their unique
complex of functional characteristics, which are not inherent to
components. For example, bimetals can have high corrosion
resistance combined with high strength and manufacturability or
with high heat strength, electrical and heat conductivity.

Usually the jointing is the final procedure of the bimetals
manufacturing. However, there are cases, in which it is necessary to
produce heat or thermochemical treatment of one component
without changing of properties of another. In other cases, it is
required to polish both the surfaces of the bimetal.

There exist a lot of methods for heat or thermochemical
treatment of metals, in which the entire material is subject to
heating. In these cases, a localization of the thermochemical action
is carried out by protecting the non-machined areas of the part
surface by galvanic tinning, coppering, nickeling or by applying
various pastes and coatings (e.g. [1]). However, these methods are
not usually applicable for bimetals due to undesirable changes of
mechanical or other functional properties of the second component,
which are resulted from the heating due to the heat conductivity.
Similar phenomena are observed during heating of separated areas
of large-sized products by gas burners or by high-frequency
currents [2]. In addition, it is not possible to process surface areas
having a complex configuration by these methods.

Other problems arise during polishing of the surface of
bimetallic products, since there are differences in the
physicochemical and mechanical properties of each of the bimetal
surfaces. The most popular methods of the metal polishing are [3]:
mechanical or abrasive polishing; chemical polishing;
electrochemical or galvanic polishing. Unfortunately, these
methods have such drawbacks that do not allow (or significantly
complicate) the polishing of the bimetals surface.

Mechanical properties of the bimetal components are
usually strongly different and thus their simultaneous abrasive
polishing is impossible. For example, the polishing of non-ferrous
metals is usually much simpler (and thus quicker) operation than
the polishing of steels. Chemical and galvanic polishing differs by
the reagent or electrolyte compositions for various metals and
alloys. For example, the electrolyte for Al polishing usually
includes H;PO, and H,SO,, for Cu and carbon steel — H3PO, and
CrOs; for stainless steel — H3PO, with a little addition of H,SO,.
Besides that, electrolytes may include other additions. It is also
important that the used reagents are ecologically hazardous and
difficultly recycled.

These problems can be solved by the electrolyte plasma
processing (EPP) of bimetals at anodic process (AP) [4-6].

Processes in the electrolytic cell at the active anode can be
divided onto five modes depending on electric parameters [7].
These modes are: 1 low voltage electrolysis (classical
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electrochemistry) (LVE) — 0...(15+25)V; 2 — switch mode
(Wehnelt’s breaker) (SM) — (15+25) ...(70+100) V; heating mode
(HM) — (70+100)...(180+290) V; electro-hydro-dynamic mode
(EHDM) — (180+290)...(300+360) V; contact electric discharges
mode (CEDM) — higher (300+360) V. Real values of the modes
voltage boundaries depend on the metal and composition of the
electrolyte.

Each of these modes can be used to treat surface of metals.
The LVE results to anodic dissolution of the metal surface
according to Faraday’s law. A current output during this mode is
depending on the metal type and varies from 15+20 % for W to
95+98 % for Cu [3]. This mode is used in various industries for
polishing, deburring, etc.

The SM stimulates rapid dissolution of the active electrode
both by pulse discharges and by intensive chemical reactions in a
gas-vapor shell [8]. This mode can be used to produce needle-like
tips from hard-to-process materials such as W, Mo, Ir, etc. or
chemical compounds.

The anode specific erosion during the HM or EHDM of the
AP can be significant [4, 6]. In these modes there are narrow ranges
of the voltages with the maximal dissolution rate. And the current
output is much higher than that during the LVE. Besides that, the
classical electrochemistry distinguishes insoluble (inert) electrodes
(Pt, Ir, graphite) and soluble ones, but after the plasma shell
formation this difference is not actual. Particularities of the
electrolyte plasma influence on the active electrode surface provide
ability to treat metals in such electrolytes where they don’t dissolve
during LVE or where the current output is very little. These
processes are used to polish metals in the electrolyte plasma [4, 5,
9].

The water solutions of salts are usually using to polish
metals by EPP. For example, we have used water solution of
fluoride and citrate of ammonium at the electrolyte temperature of
60+90°C to polish Ti or Ag [10].

2. Experiments

EPP of bimetals were carried out during AP using
experimental equipment described in [11]. Water-cooling bath was
21 in volume. Second electrode (cathode) was made from lead or
stainless steel. Cell voltage and current was varied in the ranges of
0+450 V and 0+50 A correspondingly. We used aqueous solutions
with specific conductivity higher than 5 Ohm™-m ™. The oxidation
duration was varied from tens of seconds to 10 minutes. The
electrolyte temperature was varied from 15 to 30°C for heat and
thermochemical treatment and from 60 to 90°C for polishing. The
rate of immersion of the anode into the electrolyte in all cases did
not exceed 10 mm/s. After processing, the samples were washed by
distilled water. The current density at the active electrode at the HM
was 6+10 kA/m? and at the EHDM 2+5 kA/m?, the temperature of
the active electrode at EHDM is 90-100°C. The electrolyte
temperature was measured by Hg thermometer. The active electrode



MACHINES. TECHNOLOGIES. MATERIALS. 2019

temperature at the heating mode was measured by “Testo 845~
optical pyrometer. Morphology of the surface was studied by
optical microscope Zeiss AxioScope Al. A reflection coefficient
was measured using red laser light.

We have studied plated bimetal samples of various types
produced by rolling with the layer thickness of 0.5...3 mm.

3. Results and discussion

3.1. Heat treatment of one component of bimetals at

the heating mode of the anodic process

The HM of the AP is established when the gas-vapor shell
completely covers the active electrode and the current density
decreases to 10 A/m?. This mode is used to heat the metal up to
400...1000°C. Followed EHDM is characterized by an increase of
the gas-vapor shell thickness, intensive corona discharge,
decreasing of the current density lower than 5 kA/m? and absence of
high-temperature heating (the active electrode temperature is not
higher than 100°C).

It is possible to choose the parameters for the AP to provide
the HM on the surface of one component of bimetal (its temperature
can be higher than 800°C) and the EHDM on the surface of the
second component (it’s temperature can be equal or less than
100°C). Thus, the heating of the bimetal will be selective. It is
important that erosion will not appear on both the surfaces.

One example of such treatment is given by the following.
We have studied the treatment of bimetal plate of steel AISI 321
and Al-based alloy 6063. Direct voltage electrolytic cell included
bimetallic anode and lead cathode. The electrolyte was ammonium
chloride water solution with specific electric conductivity of
34 Ohm™m™ and the surface tension coefficient of 76 mN/m at
temperature of 22°C. When the working voltage of 180 V was
reached, the bimetallic electrode was immersed into the electrolyte.
On the steel part of the anode, the HM was realized, and it’s
temperature was equal to 720°C. On the aluminum part of the
anode, the EHDM was realized, and it’s temperature was equal to
90°C. Cooling of the bimetal after the treatment was carrying out by
turning off the current. Addition of corresponding reagents to the
electrolyte [4] can provide nitration, carburization or carbonitration
of the steel part of the bimetal.

Other bimetals were treated analogously. Modes and
achieved temperatures are given in Table 1.

The use of this method to treat bimetals in electrolyte
plasma allows the heat or thermochemical treatment of one metal to
be carried out without heating the second metal above 100°C, and
thus increases the quality of the processed bimetals and improves
the manufacturability of the technological processes (the workpiece
can have any configuration).

3.2. Polishing of bimetals at the electro-hydro-

dynamic mode of the anodic process

EPP is the method to finishing conductive materials. This
processing allows to remove the scale, to prepare the surface before
covering by thin films and coatings [4, 5], to polish difficult profile
surfaces of critical parts, to remove burrs, to blunte sharp edges and
to produce decorative polishing of metal products. The EPP is
largely devoid of the drawbacks inherent in mechanical and
electrochemical polishing. Its advantages, in comparison with other
methods of polishing, are high productivity and efficiency,

Table 1. Parameters of the EPP of bimetals.

environmental cleanliness, high quality and rate of performed
operations, as well as comparatively low cost.

To polish simultaneously surface of all bimetal product, it is
necessary that EHDM was established at all surface. The voltage for
EHDM establishing depends on the processed metal type and such
molecular properties of the electrolyte as the surface tension
coefficient and the kinematic viscosity: the greater these
parameters, the lower the voltage, when this mode is set [4, 9].

The main characteristics of polishing quality are roughness
and reflect ability. These characteristics depend from the chemical
composition of processed material, voltage and duration of the EPP.
The composition of processed material also determines composition
and concentration of the electrolyte. Besides that, in some cases
addition of such matters as glycerin, acetone, thrietanolamin, trilon-
B, etc., which significantly influence on both coefficient of surface
tension and kinematic viscosity of the electrolyte, can be used.
These additions change conditions of gas-vapor shell formation and
shift volt-ampere range of the EHDM [4].

The most important parameter which determines the
polishing quality is working voltage. It was experimentally shown
that when the voltage value decreases below a certain limit, the
polishing quality significantly decreases. These minimal limits are:
220V for stainless steels, 260V for copper and copper-based
alloys, 270...290 V for aluminum and its alloys, 280...290 V for
argentum [4, 6]. However, an increase of the voltage over 360 V is
unacceptable not only through economic reasons but through
technologic ones. This increase can result in transition to CEDM of
AP when the gas-vapor shell breaks down and the quality of the
polished surface deteriorates [7].

The electrolyte temperature is one of the most important
factors of the polishing quality. High quality of the polished surface
can be achieved only if the electrolyte temperature is in 50...90°C
range. When the latter is outside this interval, the surface quality is
lower. Besides that, it should be borne in mind that electrolytes
included ammonium salts, hydrochloric acid, some other
components which can dissolute higher 85°C with formation of
volatiles, and thus frequent adjustment of the solution composition
will be necessary.

Electrolyte plasma polishing is usually carried out using
water solutions of salts. For example, to polish Al or Al-based
alloys, the water solution either of ammonium chloride or sodium
chloride [5], or of potassium chloride, oxalic acid and glycerin [12]
can be used, but, in order to polish stainless steels, the water
solution of ammonium sulfate [13] can be used. So, processing
schedules and electrolyte should be determined experimentally for
each metal, alloy and especially bimetal or composite.

In this work we used to type of the steel/Al-based alloy
bimetals. The first type consists of austenitic stainless steel AlSI
321 and aluminum-based alloy 6063, the second type was made
with austenitic stainless steel AISI 304 and aluminum-based alloy
A92017. To polish above mentioned bimetals we used water
solution including 2...6mass% of potassium chloride,
1...4 mass % of oxalic acid and 1...2 mass % of glycerin. The
voltage on the electrolytic cell was 320 V. We saw that in initial
rolled state the both surfaces were frosted (Fig. 1) and the reflection
coefficient was very small (0.5...2%) (Fig.2). The polishing
during 2 min results in significant decrease of roughness (see Fig. 1)
and the reflection coefficient increases up to 28 % for stainless steel
and up to 21 % for aluminum alloy (see Fig. 2). Rapid decrease of
the roughness is highly likely resulted from an active local

Bimetal Heated Temperature in Temperature in Voltage between Composition of the water-
metal area of HM, °C | area of EHDM, °C electrodes, V based electrolyte, mass %
Titanium / steel Steel 620 80 300 10% NH,CI
Molibdenum / steel Steel 630 90 300 15% NH,CI
Aluminum / steel Steel 720 90 180 15% NH,CI
Aluminum / steel Steel 850 90 220 15% NH,CI
Aluminum / brass Brass 850 90 210 10%Na,WQ,-2H,0
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smoothing of the micro-relief in the places of the largest
protrusions. Subsequent increase of the polishing duration results in
a slower decrease in the roughness and an increase in the specular
luster up to 41...42 % (see Fig. 2).

Obviously, it is easier to choose the electrolyte composition
and technological parameters for polishing of metals than of
bimetals. In this regard, for bimetals it is possible to achieve a
greater reflection coefficient. For example, for parts made of
aluminum alloy only, the reflection coefficient reaches 0.8 [4].
Thus, new additional studies are needed.

3

Figure 1. The surfaces of bimetal stainless steel AISI 321 1,3)
[/ aluminum-based alloy 6063 (2, 4) before (1, 2) and after (3, 4)
the polishing, respectively.
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Figure 2. An influence of duration of the polishing on the
reflection coefficient for bimetal stainless steel AISI 304 (1) /
aluminum-based alloy A92017 (2)

4. Conclusions

1. This work shows possibility to carry out heat or thermochemical
treatment of one component of a bimetal without heating of the
second component over 100°C using electrolyte plasma processing.
Treated bimetallic product may be of any configuration.

2. This work shows possibility of simultaneous electrolyte plasma
polishing of both components of the bimetals, in particular bimetal
of stainless steel and aluminum-based alloy. For this bimetal,
polishing with 2 min duration significantly decreases the roughness
and increases the reflection coefficient from less 2 % to more 20 %
for both components. Subsequent increase of the polishing duration
results to a slower decrease in the roughness and an increase in the
specular luster over 40 %.
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Abstract: The copper alloys are preferred for their superior mechanical properties combined with high electrical conductivity
for contact material applications. These properties should be a very good combination of high mechanical strength and enough
electrical conduction properties as well as high thermal conductivity. To establish the electrical and thermal conductivity, the low
resistive materials such as copper and their alloys to be chosen is a must. Copper can be alloyed with Cr and Zr in very low
amounts down to 1 wt% and 0.15 wt%, respectively. These amounts can be found from phase diagrams of interest. The planetary
ball milling was chosen as being a unique technique for powder processing to obtain mechanochemical activation and mixing of
powders prior to sintering. The ball milling jar was ZrO, and ball to powder ratio was varied as 1:1, 5:1, and 10:1. The ball
milling rotation was ranged from 400 and 500 rpm for different durations to be investigated. The SEM photos showed the Cr and
Zr penetration onto Cu powders transformed to flakes of different sizes. The elemental composition maps showed the better and

finer distribution of alloying elements at 500 rpm than 400 rpm.

KEYWORDS: CuCr1Zr ALLOY, BALL MILLING, PENETRATION INTO Cu.

1. Introduction

Hard copper alloys can be industrially classified into three main
groups; these are 1) aluminum bronzes having high strength and wear
resistance, 2) beryllium containing, 3) beryllium free alloys for the
applications that need electrical conductivity. But, during the last
decade, the negative effect of beryllium on environment and health
has become an issue and the alloy formation with beryllium was left.
Instead of these alloys, a known CuCr1Zr alloys has begun to be used
[1].

From an industrial view point, copper is the first mentioned and
very well known as high electrical conductive material with high
abundance and being cheap. But the pure copper has very low
hardness (49 HV) and yield strength (54 MPa) which makes the use
of it impossible in point arc welding process. This problem is
overcome by alloying the Cu. But many strengthening processes to
improve the mechanical strength as solid solution strengthening,
grain refinement, alloying and dispersion hardening are inversely
proportional with electrical conductivity property. For instance,
while the electrical conductivity decreases down to 5%-75% of IACS
by alloying and plastic forming. The electrical conductivity of
CuCrlZr varies between 76-90%IACS but the hardness increases up
to 156 HB. By this study a unique, comparative and systematical
approach will be carried out to partially fulfill the literature [2, 3].

Composites are of the materials with a 3D network as matrix and a
reinforcement material. The superior properties of both materials as a
new material can be achieved together as hardness from ceramics and
toughness from metals, etc. As very well known, the electrical
conductivity of metals is inversely proportional with the increasing
mechanical strength. Since the alloying elements produce local strain
and stress fields around the lattice, the mean free path of electrons
become smaller by scattering from atoms of impurity elements. The
decreasing mean free path of electrons decreases the conductivity
while increasing the resistance. The dislocation interruptions are also
obstacles for electrons to decrease the conductivity while increasing
the strength by interfering with dislocation movement. Besides,
following the plastic forming or strength improvement, the aging may
recover the conductivity while decreasing the strength, but to a small
extent. Cu, Cr and Zr will be planetary ball milled in appropriate
weight ratios to produce CuCr1Zr alloy. Also, after every process, the
mechanical-electrical and thermal properties will be measured
continuously to monitor the changes. The effect of process
parameters on the physical properties will be investigated. The hard
copper alloys are used in the application areas that need high

electrical and thermal conduction and mechanical strength as point
electrode arc welding. The increasing energy demand worldwide and
decreasing source of energy, by increasing energy prices makes the
industry using intense energy input to develop high electrical-thermal
stable and conductive as well as mechanically strong materials as
automotive, panels, radiator fabrication systems.

As the pre-evolutionary result, the first part of the project, which is
production of CuCr1Zr powder alloy by mechanic activation, was
presented.

2. Materials and methods

Pure spherical Cu (purity 99.8%, Dv50 25 pm), Cr (purity 99.9%,
Dv50 3 pum) and ZrH, (purity 99.8%, Dv50 5 pum) powders were
provided by Alfa Aesar as seen from Fig 1(a-c). The size of the
metallic and compound powders was determined by FEG-SEM
(Tescan Mira3 XMU, Czechia). XRD analyzes were performed using
the RIGAKU D-MAX 2200 X-ray diffractometer. Microstructural
analysis (grain structure and grain shape), phase formation and
surface morphology of the produced CuCrlZr alloy powders were
carried out by using FEG-SEM. Sonics VCX750 ultrasonic horn was
used to produce homogeneous CuCrlZr powder mixtures. The
powders were milled with Fritsch pulverisette 7 Premium line
planetary milling device.

Since the ZrH, particle size is too coarse to be used in the studies,
it has been subjected to a separate size reduction process. ZrH,
powder with coarse particle size was subjected to wet milling in
ethanol for 24 h and the particle size was reduced down to 3+1
microns (Fig. 1d).

Cu, Zr and Cr powders were dispersed in the separate containers
using ethanol by ultrasonic homogenizer for 10 minutes. The
separately prepared powders were then mixed in a clean beaker and
subjected to ultrasonic stirring for 10 minutes using an 80% power at
5 s pulse durations. The prepared powders were placed in 80 ml
zirconium oxide grinding jars. After adding zirconium oxide beads to
the grinder jar in the determined proportions, the amount of ethyl
alcohol was adjusted to 30 ml and the safety locks of the grinder jars
were closed into the planetary mill. The milled powder in the
planetary mill was separated from the balls using a clean wet sieve of
-38 microns and then the powder-ethanol mixture continuously
stirred rigorously at maximum of 60 °C to evaporate the ethanol.
After that milling, SEM photographs were analyzed.
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Fig. 1. The SEM images of (a) Cu, (b) Cr, (c) ZrH,, (d) after ball
milling of (c).

3. Results and discussions

3.1. Preliminary Experiments of Mechanical Alloying

The centrifugal forces created by the movement of the rotating
carrier disk and the movements of the chambers rotating about its axis
in the device impact the balls and the metal particles. As seen in Fig. 2,
the centrifugal forces act in similar and opposite directions since the
chambers and the disk on the disk rotate in opposite directions. This
causes friction by moving the balls downward on the inner surface of
the chamber in which they are located. The friction effect continues
when the metal particles and balls circulate freely in the cup jar and
strike the inner surfaces of the jar.

Rotational speed n,

Revolution speed ngin
normal direction

Revolution speed ngin
counter direction
dp

Fig. 2. Demonstration of movement direction of discs and
chambers in planetary mill.

CulCr0.15Zr composition (1% Cr, 0.15% Zr and 98.85% Cu) was
kept constant in order to determine mechanical alloying conditions in
mechanical alloying.

It is contemplated that the embedding of Cr and Zr particles into
Cu grains can be quantitatively analyzed by powder shape change
from spherical to flakes and stratification. In these experiments, it was
determined that Cu grains were expanded as elliptical or flake by
deformation. Increased Cu flakes indicate increased collision
statistics and increased stress intensity. Fig. 3(a) shows the Cr and Zr
distribution in Cu powders before milling while Fig. 3(b) indicates
the distribution of finer Cr and Zr powders into Cu. Cr and Zr were
not homogeneously distributed and embedded into Cu particles as
shown the SEM images (Fig. 3-a). But they embed into Cu particles
as finer particles after milling as shown the SEM images in the Fig.

3-b.

The main factor that indicates Cr and Zr are embedded into copper
particles is that the spherical copper particles deform in the plate until
the smallest distance between them remains. Thus, Cr and Zr
impregnation on growing Cu flakes can be observed more effectively.
For this reason, it has been tried to determine to what extent the
mechanical alloying is successful by emphasizing the rate at which
Cu powders were flaked, stratified and severely deformed. In order to
convert the success of mechanical alloying into analytical data, it was
decided to determine by conversion from sphericity to ellipse
(CFSTE) (or deviation from sphericity) using linear intercept
method. The details of this method are given below in Fig. 4 with an
example.

Fig. 3. SEM-EDX Elemental distribution maps a) before milling, b)
after milling.

3.2. Percent Conversion from Sphericity to Ellipse
Calculation

CFSTE ratio = ((X-axis length of ellipse/Y-axis length of
ellipse)/1.5)*100

For the powder CFSTE measurement of powder CulCr0.15Zr
alloys; the X-axis length and Y-axis length of each ellipse particle
were measured in microns (Table 1) using Nitro Pro from the SEM
photographs (Fig. 4). The length obtained in micrometers was then
divided by the bigger value over the smaller value to determine the
CFSTE rate of each powder. For example, the lengths of the 32
powders on the X and Y axis of the SEM photograph given in Fig. 4
were measured with the help of the drawn squares and entered into
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Table 1. The data used to determine the CFSTE rate of 32 grains in Figure 4.

Grain X Y X/Y or Grain X Y X/Y or Grain X Y X/Y or
No (um) (um) Y/X No (um) (um) Y/X No (um) (um) Y/X

1 19.5 175 1.114286 12 25 20 1.25 23 25 22.5 1.111111

2 65 58 1.12069 13 35 47.5 1.357143 24 19.5 175 1.114286

3 15 15 1 14 70 40 1.75 25 65 58 1.12069

4 325 30 1.083333 15 625 45 1.388889 26 15 15 1

5 74 62.5 1.184 16 69 75 1.086957 27 20 22.5 1.125

6 90 75 1.2 17 35 25 14 28 15 20 1.333333

7 75 60 1.25 18 82.5 75 11 29 275 35 1.272727

8 30 27.5 1.090909 19 51.5 35 1.471429 30 15 15 1

9 35 30 1.166667 20 475 35 1.357143 31 215 325 1.511628

10 75 87.5 1.166667 21 75 67 1.119403 32 275 295 1.072727

11 80 65 1.230769 22 475 40 1.1875

X/Y Average =1,219266 ; Standard deviation =+ 0,161891

MS Excel as shown in Table 1. From these values, CFSTE rates (X/Y
or Y/X values) of these 32 powders were calculated. Then, the
average CFSTE ratio was determined for this SEM photograph of the
sample by taking the arithmetic mean of the CFSTE rates calculated
for these 32 values. Then, the same method was repeated for an SEM
photograph of the same sample on a larger scale and the arithmetic
average of the two ellipse rates obtained from these two photos by
calculating the ellipse value of the sample using Equation 1. As
mentioned previously, this value is considered as the successful
measure of mechanical alloying. As the method was summarized
from SEM photograph of a sample in Fig. 4, the lengths of 32 X and
Y axes were measured (Table 1) and the average ellipse rate for this
photograph was determined as 1.219266 from the above-described
method. Then, the same process was repeated for 50 units in another
photograph of the same sample at larger magnification and the ellipse
rate was calculated as 1.22894 and the CFSTE rate of the sample was
found as 1.224103 by taking the arithmetic average of these values.
Using this value, the ratio of ellipse in mechanical alloying was
determined as = (1.224103 / 1.5) * 100 = 81.61. At the end of each
mechanical alloy test, at least 2 SEM photographs were obtained.

MIRA3 TESCAN|

Fig. 4. SEM photo of a mechanically alloyed sample used in the
calculation of CFSTE %.

Chemical analysis of CuCrZr powder alloy by EDX after
mechanical alloying showed that Zr contents of these powders
increased. Since the planetary mill used in mechanical alloying was
used by the zirconia mortar and the zirconia balls, it was decided to
follow the Zr content of powder alloy in mechanical alloying studies

and after each experiment. SEM-EDX chemical analysis of the
ground powders was carried out to determine the Zr content of the
powder mixtures and to investigate the effect of alloying parameters
on the Zr content of the powder alloy from zirconia mortar and ball.
This increase in Zr content has been seen as a problem, since Zr
passing from mortar or ball to powder alloy is in the oxide phase,
which will reduce the electrical conductivity of the final product.
Therefore, in the selection of alloying parameters, has been decided
to choose the ones with the Zr content of the alloyed powder 0.15
wt% or the closest. Hence the initial Zr content of the powder mixture
in these studies was 0.15% and this value was held constant in all
experiments in this study. As a result, the effect of the parameters on
the CFSTE ratio and Zr content of alloy powders was investigated
and optimum mechanical alloying parameters were determined.

3.3. Milling at 400 rpm

Fig. 5 shows SEM (BSE) images of the powder mixture milled in a
planetary mill for 1 hour at 400 rpm. Accordingly, the amount of
deformation increases at 400 rpm with increasing ball to powder ratio.
The increase in the amount of deformation was characterized by
flattening of spherical Cu powders. With increasing ball to powder
ratio, collision statistics and stress intensity increase, so that
deformation imposed on Cu increases. However, as shown in SEM
photo Fig 5(a), spherical powders are not suitable for Cr and Zr
penetration, as they have a large surface area but do not tend to be
flake superficially. It is thought that by using the deformation ability
of Cu, increasing plating, ex-foliation and hard and brittle powders
such as Cr and Zr will be broken and fragmented and buried on Cu
surface. As a result of planetary milling for 1 hour at 400 rpm is not
sufficient for embedding of Cr and Zr into Cu powders for all
ball/powder ratios.

Table 2. Effect of ball/powder ratio on CFSTE rate and Zr content
of powder mixture. (1 h of milling at 400 rpm).

Ball/Powder ratio % CFSTE ratio Zr %
1/1 80,10 0,261

5/1 82,03 0,187

10/1 78,61 0,158

20/1 75,88 0,129

3.4. Milling at 500 rpm

In Figure 6, SEM images of alloy powders milled at 500 rpm for 1
hour are available. As can be seen, even in the 1: 1 ball/powder ratio,
effective results were found better than 400 rpm, and the deformation
intensity of the powders increased and the foliation was observed.
However, again at this rate and within 1 hour, it was found that there
were still powders close to the sphere in the mixture, so that there was
not enough plate surface for Cr and Zr penetration.
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b)
Fig. 5. SEM images of a) 10/1, b) 20/1 ball/powder ratios.

Table 3 shows the effects of ball/powder ratio on CFSTE ratio and
Zr wit% determined by EDX analysis. The increase in ellipse shows
that the deformation increases, the platened powder size becomes
more brittle and tends to break, as well as thickening of the plates by
stratification. One can conclude that a value of 1.3182 (87.88%) is
one of the upper boundaries of ellipse as to be said that the ellipse
value is close to 1.5 and the exact ellipse is the limit of deformation.
ZrO, transport from balls to the powder mixture which seems to
increase with the increasing ball/powder ratio is also thought to be
increased with the statistics, number and intensity of collisions.
According to these results, milling at 5/1 ball/powder ratio 500 rpm
for 1 hour or milling at 1/1 ball/powder ratio 500 rpm for 5 hours is
suitable for Cr and Zr penetration.

Table 3. Effect of ball/powder ratio on CFSTE rate and Zr content
of powder mixture.
1 hour milling at 500 rpm

Ball/Powder ratio % CFSTE ratio Zr%
11 86.73 0.104
5/1 83.17 0.147
10/1 82.21 0.185
5 hour milling at 500 rpm
11 82.05 0.167
5/1 86.19 0.257
10/1 87.88 0.309
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Fig. 6. SEM images of a) 5/1, b) 10/1 ball/powder ratio.

Fig. 7 shows the plating, Cr-Zr penetration and folding of Cu
powder at a speed of 500 rpm and different durations. At low
deformation times, the layers have just begun to overlap, but surface
cracks have also occurred, and the penetrating Cr is partially retained
in the grain shape, and the Cu surface is still smooth. At increasing
speed, it is seen that the smoothness of the Cu surface is deteriorated
and the shape of the Cu powder becomes close to the circle due to
deformation. The effect of increased deformation on the stratification
of the Cu plate can also be observed as folding or tearing. As can be
understood from this, as the deformation increases, Cu can be folded
and deposited on itself, leading to agglomeration of Cr and Zr
penetration between them and subsequent plate breakage.

4, Conclusions

The ZrO, content of the powder mixture increases with increasing
ball / powder ratio. Therefore, high ball / dust ratio should be avoided,
especially at high speeds and long grinding times. Otherwise, the
electrical conductivity of the composite material will decrease due to
ZrO,. Milling at 5/1 ball/powder ratio, 500 rpm for 1 hour or milling
at 1/1 ball/powder ratio, 500 rpm for 5 hours can be suitable for Cr
and Zr penetration into Cu particles.
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Fig.7. (a) Cr-Zr embedding morphology in powder rotated at 10:
1 ball / powder ratio at 500 rpm for 3 hours, (b) Cr-Zr embedding
morphology in powder rotated at 10: 1 ball / powder ratio at 500
rpm, (c) stratification and excessive deformation of the plates of
powder rotated with a 10: 1 ball / powder ratio at 500 rpm for 5
hours.
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Abstract: Functionally graded materials (FGM) containing different amounts of B,C particles within 4 layers in an aluminum matrix
were produced and characterized. The layers contained B,C particles at amounts of 0, 5, 15 and 25 volume %. In order to form the
composite structure, pure aluminum (<10 microns), copper (1 micron) and B,C powders (<10 microns) were utilized. After mixing,
functionally graded materials were compacted and shaped in a rectangular cross sectional geometry, having 6.4 mm thickness, 12 mm width
and 33 mm length, by cold pressing at 600 MPa pressure. The parts were pressureless sintered at 610 °C for 30 min in high purity nitrogen
atmosphere. The properties of the FGM sample were compared with those of the sample which did not contain B,C particles, and which
contained 25% B,C particles throughout the whole sample.

Microstructural examinations were performed by an optical microscope. 3- point bending tests were conducted by a universal testing
machine. The sample that did not contain B,C particles presented a 3-point bending strength of 380 MPa, whereas the sample that contained
25 % B,C had a bending strength of 140 MPa. The FGM sample had a bending strength of 190 MPa. However, the failure of the FGM
sample was composed of steps. The stepwise failure of the FGM sample was due to delamination and fracture of the layers containing 15

and 25 % B,C. Microhardness values of each layer the samples were determined by Vickers micro hardness measurements.
Keywords: FUNCTIONALLY GRADED MATERIALS, ALUMINUM MATRIX, B4AC

1. Introduction

Continuous advancements in the modern industry have brought
about the request for unconventional materials and properties. This
necessitated a renovation of materials from their monolithic forms
to composites, properties of which could be tailored as a function of
their constituent’s type and ratio [1-3].

Functionally graded materials (FGM) in a sense can be thought
to be in the category of composite materials. They exhibit a graded
structure and gradually changing properties, and they are
constructed to provide a greater performance [1-3].

The graded structure of the FGMs can depend on variation in
factors such as density, grain size, chemical composition or other
physical properties. The change in the structure, brings about the
variation in the properties, on an axis of the FGMs. The change in
the structure or properties may be abrupt in passing from a layer to
a subsequent layer, or it may be gradual. The gradual transition in
the structure and properties eliminates the incompatibility that
would otherwise take place in an abrupt transition [1-3].

The most common example on the benefits provided by the
FGM structure is the elimination of thermal stresses. For example,
in the combination of two dissimilar materials such as a metal and a
ceramic, the thermal stress caused by the different amount of
expansion of the joined materials leads to crack or delamination of
the joint. Thus, a gradual change in thermal expansion coefficient,
created by the FGM structure, could be useful to prevent the
thermal stresses and delamination in the material [1-3].

Powder metallurgy, which involves the formation of articles by
starting from their particles, has the advantage of microstructural
and compositional control not only in the whole body of an article,
but also as a function of position on an axis. It is a widely used
technique which provides production with net shape. It is
sometimes more economical and faster than other manufacturing
methods. Therefore the formation of compositional gradients is
mostly easier with powder metallurgy, than other production
techniques. Formation of layers as thin as 1 mm is possible with this
method by piling layers on one another [1,3-5].

In literature, B,C, SiC, Al,O; and TiB, have been used as
reinforcement phase in aluminum matrix in FGM structure [2].
Centrifuge casting is utilized in most of the studies in literature on
FGM [2].

In the study of Canakci et al. [4], Al-10%B,C and Al-5%-
10%B,C FGMs were prepared by powder metallurgy. It was
reported that hardness of the layers increased with increasing B,C
content.

In the present study, powder metallurgy was employed for
formation of FGM which consists of layers having 5, 15 and 25 %
B,C reinforcement particles in an Al-%4Cu matrix.

2. Experimental Procedure

The unreinforced Al-%4Cu sample, sample reinforced with 25
vol.% B,C having Al-%4Cu matrix and the FGM sample were
produced by powder metallurgical techniques. The first layer of the
FGM was unreinforced Al-%4Cu alloy. The other layers of the
FGM were essentially individual metal matrix composites, having
5, 15 and 25 vol. % B,C reinforcement particles in Al-%4Cu
matrix. Utilized powders were pure aluminum powder (Alfa Aesar,
purity >99.5%, particle size <10 microns), Copper (Merck, purity
>99.7%, dendritic, -63 micron), B4C (Alfa Aesar, purity >99, <10
microns).

Al, Cu and B,C powders were weighed in proper amounts,
separately for the 4 layers of the FGM. The amounts of the
constituents of each layer are presented in Table 1. The theoretical
thickness of each layer was calculated to be 1.6 mm and the total
thickness of the FGM was planned as 6.4 mm. The width of the
sample was 12 mm and length was 33 mm. These dimensions are
suitable for 3-point bending sample according to ASTM B528
standard entitled: Standard Test Method for Transverse Rupture
Strength of Metal Powder Specimens. The unreinforced sample
contained Al-%4Cu of 7.768 g. The sample having 25 % B,C in its
whole body was composed of 5.826 g Al-%4Cu and 1.762 g B,C.

Table 1: Amounts of the constituents of each layer in FGM.

Layer No B4C Vol. % Wt. Al-%4Cu (g) Wt. B4C ()
1 0 1,94 0
2 5 1.8449 0,0881
3 15 1.6507 0,2643
4 25 1.4565 0.4405
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Al, Cu and B4C powders were mixed separately for each layer
and the mixtures were placed on top of each other in a tool-steel die
in layered fashion. The mixtures were lightly pressed after each
layer. The parts of the steel die were covered with stearic acid, in
order to reduce die friction and to prevent the sticking of the pressed
article to the die. After weighing and measuring the dimensions of
the samples, they were placed in the hot zone of a tube furnace.
Samples were sintered at 610 °C for 30 min in high purity nitrogen
atmosphere. After sintering, they were subjected to microstructural
examinations by optical microscope (Nicon Eclipse, LV150),
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microhardness measurement in HV0.1 scale and 3-point bending
tests (Shimadzu AG-IC 50 kN).

3. Results and Discussion

After sintering FGM sample and unreinforced Al-4%Cu sample
presented a slight distortion in the form of bending in one direction.
Therefore a slight curvature formed on one side of the samples. This
effect was more pronounced in the FGM sample as compared to
unreinforced Al-4%Cu sample (Fig.1). Two reasons can be
proposed for this behavior. One is the uneven green density of the
article, origination from uni-axial pressing in the die. The second is
the uneven green density of the article, originating from the
different amount of B,C particles in the layers of the FGM. On the
contrary to other samples, this effect was not observed in the 25 %
B,C reinforced Al-4%Cu sample, and that sample was flat.

@

(b)

©

Fig. 1 Macro images of the samples after sintering. (a) unreinforced Al-
4%Cu, (b) FGM, (c) 25 % B,4C reinforced Al-4%Cu.

Micrographs of the layers in the FGM structure containing 5, 15
and 25 % B,C are presented in Fig.2. It can be seen that B,C
particles are in general homogenously distributed in the
microstructure. The amount of B,C in the microstructure increases
in accordance with the reinforcement content of the layers.
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Fig. 2 Optical microscope images of the layers after sintering, containing
(a) 5% B4C, (b) 15% B4C FGM, (c) 25% B.4C.

It can also be seen that porosity (black regions in the
micrographs) increases in the structure with the increase in the
amount of B,C particles. The pores appear to form among the
groups of B4C particles (Fig. 2(c)). Higher sintering temperature or
pressure assisted sintering may be effective in reducing these pores.

Microhardness values of the layers of the FGM sample is
presented in Fig.3 as a function of BAC content. Hardness of the
unreinforced layer was 60.0+4.14 HVO0.l1. Hardness increased
steadily with the increase in the amount of B,C reinforcement
particles in the layers. Hardness of the layer containing 25 % B,C
was 115.7+1.87 HVO0.1.
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Fig. 3 Vickers microhardness values of the layers in FGM as a function of
B,C content

Stress-strain curves of the samples obtained by three point
bending tests are presented in Fig.4. The unreinforced sample
exhibited a bending strength of 375 MPa, with about 25 % strain.
Therefore the unreinforced sample presented a quite ductile
behavior, with high amount of plastic deformation. The macro
image of the unreinforced sample given in Fig. 5(a) supports this
outcome.

The composite sample containing 25 % B,C in its whole body
had a bending strength of 150 MPa, with about 3.6 % strain. This
results indicates that the sample reinforced with 25 % B,C fails in a
brittle manner. Indeed, the macro structure of this sample presented
no indication of plastic deformation (Fig. 5(c)). The reason for the
brittle behavior may be due to the discontinuity of the matrix phase
due to the presence of B,C particles and the pores.

The FGM sample, on the other hand, presented a behavior that
is in between the unreinforced sample and the sample reinforced
with 35 % B,C, in terms of bending strength and strain. Bending
strength of the FGM sample was150 MPa and strain was 10.7%.
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Fig. 4 Stress-strain plots of the samples obtained by three point bending
tests.

The fracture of the FGM sample exhibited steps, in which the
stress on the sample decreased during the bending test. The first
step in the stress-strain plot of the FGM sample took place due to
interlayer separation during the bending test. The interface between
the layer containing 5 % B,C and 15% B,C was seen to delaminate
horizontally during the test at this point. This delamination indicates
the poor bonding of the matrix alloy between these layers during
sintering. The poor bonding may have resulted due to pressing after
laying each layer in the die.

The second and larger drop in the stress value that took place at
about 10.7 % strain was due to vertical cracking of the layers. The
cracking occurred in the top 2 layers of the FGM, which contained
15 and 25 % B,C. These layers are expected to be less ductile than
the other layers of the FGM. The vertical cracks in these layers can
be seen in Fig.5(b). The bottom two layers of the FGM did not
exhibit vertical cracking, indicating their ductile behavior. They
presented high amount of plastic deformation.

@)

(b)
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Fig. 5 Macro images of the samples after 3 point bending test. (a)
unreinforced Al-4%Cu, (b) FGM containing 0, 5, 15, 25 % B4C reinforced
layers, (c) 25 % B,4C reinforced Al-4%Cu.
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4. Conclusion

Functionally graded materials (FGM) containing B,C particles
at amounts of 0, 5, 15 and 25 volume % within 4 layers in an
aluminum matrix were produced and characterized. The plain
sample had a 3-point bending strength of 380 MPa, whereas that of
the 25 % B,C composite was 140 MPa. The FGM sample presented
a bending strength of 190 MPa. The failure of the FGM sample was
composed of steps which were suggested to originate due to
delamination and fracture of the layers containing 15 and 25 % B,C.
It can be proposed that in order to obtain better mechanical
properties from the FGM, a better bonding between the interlayers
is crucial.
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Abstract: Polymer-based products are widely used as load-carrying components in different structural applications due to the ease of
manufacture, installation, and long lifetime properties. In mining and tunnelling industry, fast-setting, thin polymer-based products are in
demand as an underground support liner. Researchers have agreed that the time-dependent material properties of underground support
liners have significance for short to long term applications. Although some creep tests were performed in literature, there is no available
study on the numerical analysis/simulation of the creep behaviour of underground support liners. In this study, viscoelastic mathematical
models developed for two different underground support liners were analyzed in ABAQUS finite element numerical modelling software with
a developed subroutine. After the implementation, tensile creep test specimens were modelled to verify the new subroutine. There are two
main purposes of the simulation of experiments; Firstly, to verify that the subroutine works in accordance with the actual behaviour of the
material, secondly, to obtain realistic creep behaviour results for cases where experiments were not performed. As a result, a good
agreement was obtained between the mathematical model predictions and numerical results for different stress levels. The proposed

subroutines may create a basement for future numerical studies.

Keywords: CREEP, THIN SPRAY-ON LINER, MINING, UNDERGROUND SUPPORT, FEM

1. Introduction

Support elements and systems have a crucial role to stabilize
excavations and to reduce inward movement of the rock mass.
Advancing deeper in underground mining has led to the necessity of
different types of support systems by the help of the technological
improvements’. Researches have extensively focused on the issues
of developing support systems. These studies have assisted in the
increase of various support systems with different functions. The
product “Thin Spray-on Liner” (TSL) is developed as an alternative
of widely used surface support materials, mainly shotcrete, in the
beginning of 1990s. TSL’s are fast-setting multicomponent
polymeric materials applied on rock surface with a few mm
thickness that have fairly high tensile strength, adhesion, and
elongation capabilities. They are recently still being used only at
around 150 mines and underground openings all around the world,
as the support mechanism and time-dependent material properties
are not fully understood yet. Laboratory tests and numerical studies
have significant importance to understand the support mechanism
and to make a comparison available for TSL products. Many
different laboratory test setups are available in the literature. Those
are creep, tensile strength, uniaxial compressive strength, punch,
bonding strength, double sided shear strength, plate pull, linear
block support, gap shear load, and coated core compression tests. In
addition to laboratory studies, numerical studies are widely used
tools in the last decade to simulate TSL laboratory testing and field
conditions. These studies are summarized in Table 1.

Researchers have agreed that creep properties of TSL’s being
important design parameters and that creep might become a serious
problem due to the polymer ingredients. Further research is needed
to evaluate the performance of polymer liners under sustained
loading conditions?.

Although some creep tests were performed in literature®*, there
is no available study on the numerical analysis or simulation of the
creep behaviour of underground support liners..

In this study, viscoelastic mathematical models for two different
underground support liners were developed and analyzed in
ABAQUS finite element numerical modelling software with a
developed subroutine. After the implementation, tensile creep test
specimens were modelled to verify the new subroutine. There are
two main aims of this study. The first one is to verify the subroutine
acts in accordance with the actual behaviour of the material. The
second is to obtain realistic creep behaviour results where the
experiments were not performed.
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Table 1: Numerical TSL Studies in the Literature.

Authors Model purpose Numerical method
Tannant and Wang Tensile, Block Punch Discrete element
(2003)° tests and tunnel model
Malan and Napier Fractured underground Boundary element
(2008)° excavation (square) y
Richardson et al. Bending, Double sided L
' F ff
(2009)" shear test inite difference
Dirige and Underground S
. . F ff
Archibald (2009)® excavation (horseshoe) inite difference
Nater and Mena- Underground Distinct element
Cabrera (2010)° excavation (square)
Guner and Ozturk . . .
(2016)° Tensile testing Discrete element
Guner and Ozturk Tensile and Finite element
(2017)" compression testing

Li et al. (2017) *2

Gas permeability

Finite difference

Komurlu and Demir

Linear block support

Finite element

(2017) ®

Finite element

Lee et al. (2018)* Linear block support

2. Materials and Creep Model

Numerical models were conducted for two widely used
underground support liner products. Product A has two
components; the liquid-component is a resin latex and the powder-
component is a hydraulically curing powder based on special
cement. Components are mixed with 2:1 liquid-powder ratio by
weight. The tack-free time of the product was recorded as 30
minutes. Product B is a single component polymer-based powder in
spray applications on rock faces for surface support purposes. The
suggested mixing ratio is 2:1 powder/ water by weight. The tack-
free time of the product was recorded as 5 minutes. It should be
noted that Product A has cured for 1 day, on the other hand, Product
B has cured for 2 days.

Depending on the loading conditions and environmental effects,
polymeric materials can show different mechanical responses. They
generally exhibit strong viscoelastic behaviour at room temperature.

Creep is a time and temperature-dependent behaviour and many
different theoretical models have been used to describe viscoelastic
behaviour of the material. Most of them are based on simple models
consisting of springs and/or dashpots and try to describe the
viscoelastic behaviour of various polymeric materials.
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In this study, the nonlinear multi Kelvin—Voight modelling
approach, which can be obtained from rheological models, was
followed. The model is represented by Kelvin elements arranged in
series, and a single spring. The single spring provides the elastic
response and Kelvin elements provide the viscous response as
shown in Fig. 1.

E, L, L,
Ey
c - 3
Ui N2 Th

Fig. 1 Multi Kelvin (Voigt) model

Each Kelvin element in the series represent time intervals.
Therefore, this model approach can be considered as suitable for
longer testing periods. Based on the relationship between the
constitutive elements, creep behaviour can be calculated as follows:

Tl
er() =2 + ) (1 - exp(—t/1))] &N
B =
where o, is the applied constant normal stress level, E, is the
instantaneous elastic modulus, n; and E; are the dashpot viscosity
and the spring stiffness of jth Kelvin element. ni/E; is the retardation
time (t). To simplify calculations, researchers generally take
retardation times (t;) as constant values for different models. In this
study, Tl was taken as 0.2 min and following retardation times were
taken as 10 times of the previous Kelvin unit.
The experimental tensile creep test results and creep models used in
this work have been reported by Guner and Ozturk (2019)*
Equation (1) was used to fit corresponding experimental creep
curves using a computer routine providing a Levenberg-Marquardt
algorithm. The 4 nonlinear viscoelastic models were generated for
each product. Table 2 shows the model coefficients of the Multi
Kelvin (Voigt) model.

Table 2: Model Coefficients for Creep Models*

Product A
Stress (MPa) | K* EO El E2
1.06 4 21 1.45E+08 | 21
0.79 4 38 1.95E+07 | 72.07
0.53 6 52 9.18E+01 | 221.46
0.26 6 65 6.57E+01 | 40.7
Stress (MPa) | E3 E4 E5 E6
1.06 10.5 1.3 - -
0.79 17.49 4.19 - -
0.53 26.04 15.87 159.1 16.3
0.26 15.1 20.9 3590 20.4
Product B
Stress (MPa) | K* EO El E2
1.46 4 28 5.10E+01 | 1.25E+02
1.10 4 116 6.59E+01 | 9.47E+01
0.74 3 140 1.77E+02 | 4.14E+01
0.37 3 205 3.26E+07 | 1.41E+02
Stress (MPa) E3 E4
1.46 1.94E+00 -
1.10 7.78E+00 -
0.74 1.31E+01 1.23E+01
0.37 1.65E+01 5.68E+01

*Number of Kelvin Elements

This multi Kelvin model was represented as a subroutine in

ABAQUS.
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3. FEM Implementation of the Multi Kelvin Model

In ABAQUS software, 5 different creep laws are available. These
laws are the power, the hyperbolic-sine, the Anand, the Darveaux,
and the double power. Although, these default creep models provide
significant convenience to the user, in some practical cases material
creep behaviours are typically of very complex form to fit
experimental data. Therefore, the creep laws are frequently user-
defined via the use of user subroutine CREEP and included in a
generic time-dependent, material formulation. Multi Kelvin or
Voigt model is not standard model in ABAQUS and hence needed
to be incorporated via the CREEP user subroutine.

In order to create the user-defined creep model in ABAQUS, the
elastic material behaviour should be defined first. In the creep
experiments, the instantaneous strain change that occurs when the
samples are sustained under constant load is called elastic strain
(ge). This elastic strain value also depends on the stress applied in
the experiments performed under the same curing time. The
parameter which controls the elastic strain behaviour is called the
instantaneous elastic modulus (Ey), as mentioned in the previous
section. Eq values, presented in Table 2, depend on the applied
stress levels. The relationship between E, and applied stress is
presented in Fig.2.

EProduct A E,=-54.90, +80.23

®Product B Eg=-363.50,%+ 952.70,2 - 884.87, + 420.4

200 e
.-r—u-. *e
(=
= 150 e,
L7 "-.'

100

50 .
®
0
0 0.5 1 1.5 2
g, (MPa)

Fig. 2 The relationship between Eqy and o,

In this context, to specify the predefined field variables (E,) called
“UFIELD” in the software, the user subroutine was prepared by
using the relationship presented in Fig 2.

Since the instantaneous strain change occurs when the samples are
sustained under constant load, creep is not active in this step. It is
recommended that small times step compared to the creep time be
used in these steps. Therefore, this time step in which the sample
takes instantaneous strain was taken as 0.01 minutes.

CREEP user subroutine defines the increments of inelastic creep
strain as functions of the solution dependent variables, such as the
deviatoric stress, pressure, temperature, and time increment At*®. A
general creep equation (equation 1) is required to be discretized to
fit available integration schemes. The derivative of the proposed
Multi-Kelvin model has been defined on the assumption that the
subroutine will be used with implicit integration. A user subroutine
CREEP was coded in Fortran by using the obtained model
coefficients. The validation of the developed creep model and the
previously extracted parameters was performed using a tensile creep
model.

The mesh structure of the tensile creep sample formed in this
context is presented in Fig. 3. The meshed geometry consists of
rectangles with 20 nodes and 1488 elements (C3D20R). The
C3D20R element is a general-purpose quadratic brick element, with
reduced integration (2x2x2 integration points).
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Fig. 3 The mesh geometry of the specimen

In FE creep test validation, first of all, the simulations of
experiments were carried out for 4 stress levels in which the
experiments were performed. It should be noted that validations
were carried out with different subroutines for each product. At the
end of the analysis, the experimental data were compared with the
Multi-Kelvin model and finite element model results and highly
consistent results were obtained. The software outputs showing the
total strain values and strain distributions at the moment of rupture
in the Finite Element validation models prepared for two different

TSLs are presented in Fig. 4 and Fig. 5.

Product A
1.06 MPa 0.79 MPa

E, E22 E, E22

(Avg: 759%) (Avg: 75%)
+5.275e-01 +2,835e-01
+4,836e-01 +2,5992-01
+4,396e-01 +2.363e-01
+3,957e-01 +2,126e-01
+3.517e-01 +1.890e-01
+3.077e-01 +1.654e-01
+2.638e-01 +1.418e-01
+2.198e-01 +1.181e-01
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+3.194e-02 +1.973e-02
+2,395e-02 +1.479e-02
+1 597e-02 +9.863e-03
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Fig. 4 FE creep modelling comparisons for Product A

The second aim of this study is to obtain realistic creep behaviour
results for cases where experiments were not performed. Therefore,
in addition to the model validation studies, additional validation
models for Product B were performed to ensure that the creep
behaviour was consistent in the intermediate stress levels.
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Fig. 5 FE creep modelling comparisons for Product B

For additional validation models, constant stress values of 1.27,
0.92, and 0.56 MPa were applied to the sample, respectively. The
strain-time graphs of the models under these stress values are
presented in Fig. 6. As testing duration varies from a few minutes to
2 months, for the better understanding of the behaviour, the first
100 minutes and the whole graph (log scale) are presented
separately. Besides, the failure envelope obtained at the end of the
experiments can be seen in the graphs.

Total Strain

0 50
Time (min)

100 1

100
Time (min)

Fig. 5 FE creep modelling for intermediate stress levels
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|
As a result of the validation models, The correlation between the
experimental creep strain, Multi Kelvin creep model, and numerical
creep strain obtained using ABAQUS Finite Element Analysis were
found to be adequate.

4. Conclusions

This study presents the numerical model implementation of the
generated viscoelastic creep mathematical models for two different
underground support liners. Multi Kelvin mathematical models
were introduced to ABAQUS finite element numerical modelling
software with a developed subroutine. After the implementation,
tensile creep test specimens were modelled to verify the new
subroutine. Since the instantaneous elastic strain part depends on
the applied stress levels, user subroutine UFIELD was used in this
section. The creep component was successfully modelled in CREEP
user subroutine employing a Multi Kelvin model. The developed
subroutines may be used as an input parameter in future large scale
numerical studies of time-dependent behaviour of surface support

liners.
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Abstract: Rock bolts are widely used in tunnels, underground openings, and also rock slopes to provide support and attach blocks to the
rock mass in various engineering fields. They have a significant role for the stability of underground structures and natural rock slopes both
in the mining and civil engineering industry. The understanding of the rock bolt behavior under stress conditions plays a key role in the long
term stability and sustainability of rock slopes, nearby structures, and underground openings. The detection of the failure type and the
investigation of failure behavior can be supported by thermal imaging of certain regions on the anchor bolt during tensile testing. In this
context, anchor bolt behavior under tensile testing with a force controlled testing environment was analyzed with a LWIR (Longwave
Infrared) thermal camera. The heat dissipation during experiments was recorded by a thermal camera together with the force reading from
the hydraulic press data logger. As a result of the experiments, it was seen that there is a relation between the temperature change and bolt
failure behavior. Therefore, it is expected that this study will provide an opportunity to detect the failure characteristics of the anchor bolts

under tensile strength test by the help of infrared thermal camera.

Keywords: ROCK BOLT, ANCHOR BOLT, TENSILE STRENGTH TEST, PULL-OUT TEST, INFRARED THERMAL CAMERA,

FAILURE CHARACTERISTICS OF BOLT

1. Introduction

The main purpose of mining activities is extracting the
resources for energy generation and raw material requirement.
Because of the decreasing availability of the shallow resources,
importance of operating underground operations has increased and
will become more crucial in the near future. For this reason, new
resources are explored consistently. The exploration of new
resources aims underground mining operations that could be
operated safely and more efficiently. Rock mechanics is a field of
research that focuses on the analysis of rock behavior under stress
and tension conditions. It has a crucial role for underground
activities. Therefore, integrating new technologies such as thermal
cameras, acoustic emissions, high speed cameras, etc. to mining
industry, especially rock mechanics, plays a key role for safer and
more efficient mining.

Rock bolts are defined as long anchor bolts and are used for
stabilizing rock excavations for engineering purposes. The main
aim of using of rock bolts is to transfer the load from the unstable
object to a stable object. The correct design of the rock bolts is very
substantial for safety and sustainability of mining operations (Hoek,
Kaiser & Bawden, 2000; Peng & Tang, 1984). To ensure the
continuity, capacity of bolts, and possible failure types should be
known properly (Ballarini, Shah & Keer, 1986). This knowledge
can be achieved by performing experiments in laboratory
environment and on field.

To determine the strength of the rock bolts, some experiments
can be carried out. In laboratory testing, tensile strength tests can be
performed to determine the yielding force and the maximum tensile
force that the material can withstand. As a result of such
experiments, the structures can be designed in the light of
information regarding the strength of the required support. On site,
pull-out tests are carried out to determine the maximum tensile
force to pull the bolt from the rock surface regarding the testing
equipment used. This study involves the tensile testing and pull-out
tests of rock bolts for a specific site. As a result of the experiments,
the capacities of bolts and failure types were compared.

Laboratory tests were monitored by a longwave infrared
thermal camera to detect the failure region of the bolts during
loading stages. The reason of utilizing the thermal camera instead of
a video camera is to track the change in the temperature along the
failure region of bolt and try to related it with the failure region.

Researchers in this field commonly worked on finding out the
failure modes of rock bolts by experimental testing. These failure
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types are investigated for bolts under tensile loading, bolt- grout
interface failures where the bolts are pulled out of grout, slipping of
the bolt with grout from the rock, and failure of the rock
(Brown,2015; Yang, Thota & Zhao, 2015). There are suggested
design methods for each type of these failure modes. To prevent the
failure, possible failure region of the bolt should also be well
defined. By considering the failure region, more reliable and critical
bolt selection and design can be performed. Figure 1 shows the
failure modes of rock bolts.

Bars break

Bars pull
UL -] out of grout
{a) Steel. (b} Steel-grout interface
N
B I
'\\ /
\ /
Y !
'\\ ‘f."
\.\ .I."L Failure
- Slip surfuce L =1 surface:
. v [T
" S /
Y ;

(e} Grout-rock interface. {d} Rock mass uplift

Figure 1: Failure modes of rock bolts under tension (Pease & Kulhawy,
1984)

Based on these reasons, this article aims to provide an
application of thermal imaging to detect failure type and failure
behavior of rock bolts under tension. The results are based on
laboratory testing and also pull-out tests conducted on site. This
provided an insight to the field conditions of the rock mass that is
planned to be supported by rock bolts. The isolated environment of
the rock mechanics laboratory might cause deficiencies in
representing the surface conditions of the rock mass and also the
impact of weathering and other environmental conditions.
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2. Obijectives and Methodology

The samples used in the experiments were steel rods of two
different types, which are non-ribbed and ribbed type. Non-ribbed
steels have rather a flat surface whereas rods with protruding
surface are named as ribbed steel. Ribbed steels have greater tensile
strength compared to non-ribbed steels. They provide better
interlocking properties when used together with rock minerals. By
these ribs, the displacement of the steel material within the rock
mass becomes more difficult. Ribbed steel types of rods were used
for the experiments within the scope of this study. According to the
technical specifications about the steel, their minimum vyielding
strength is 420 MPa and the minimum tensile strength is about 500
MPa with a minimum final elongation is 10%. These values were
compared with the experimental results.

The reason of using thermal imaging technology in rock
mechanics experiments is that an essential engineering field should
always be improved by integrating new technologies to achieve
more reliable data at critical time intervals. The current devices
used for rock mechanics testing can be misleading because of the
weak remote sensing capability of the equipment. Hence, some
inferences must be made for interpreting the results of experiments.
By integrating new technologies to this research field, these
inferences can be minimized to a certain extent and can be based on
more information.

The objectives of this study can be summarized as to achieve
more detailed and visual data about the failure moment of rock bolts
and to compare field and laboratory test results. It was planned to
investigate the concept whether stress concentration points are
related with temperature increase on the tested sample or not.
Regarding this problem, some laboratory experiments on the bolt
samples were performed at the rock mechanics laboratory with a
load controlled equipment. One of the tests was monitored by a
longwave infrared thermal camera to collect thermo-images. The
load controlled testing machine was used for tensile stress
determination. In addition, some field experiments were performed
to compare the laboratory and field test results. Figure 2 and Figure
3 represent the experimental setup and the infrared thermal camera
that was used, respectively.

Figure 2: Experimental Setup, Force controlled test machine
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Figure 3: Uncooled longwave infrared thermal camera

Methodology of this study covers the field tests and laboratory
tests of rock bolts. On site, ten pull out tests were conducted and the
results were recorded. Different types of grout and epoxy were used
to test the adherence of the contact surface between the rock mass
and the rock bolt. In laboratory testing, tensile strength tests of rock
bolts were performed. One of the tests was monitored by an infrared
thermal camera. The infrared thermal camera was placed in front of
the sample at about 1 meter distance for safety precautions. The
temperature changes recorded on the rock bolt could be followed by
the software of the thermal camera. In this software, an average
temperature curve on selected lines and a histogram plot can be
visualized in real-time and also as a recording. The maximum and
minimum temperature values on selected lines can also be recorded
as separate profiles. These values were monitored during the
laboratory experiments. As a result of this thermal camera
recording, the difference between the maximum and the minimum
temperature provided the temperature increase on certain regions of
the sample. Hence, certain relations could be examined between
stress concentration points and temperature increase. The graphical
user interface of the infrared thermal camera software can be seen
in Figure 4.

Figure 4: Interface of the infrared thermal camera software

There are research questions related to the utilization of
thermal cameras, such as the aim of using this equipment or the
available technology. According to Fematek (2018), the reason of
utilizing this equipment is that thermal energy is observed at the
range of infrared, which cannot be seen with naked eye by human
beings. Thermal cameras convert the readings about heat to images
and figures that can be interpreted easily. The long wavelength
infrared thermal cameras work in 8-14 micron band, mid
wavelength infrared thermal cameras work in 3-5 micron band, and
short wavelength infrared thermal cameras work efficiently in
ranges up to 1.5 micron. At room temperature, the wavelength
emitted from an object is at most about 10 microns. At 300° C
temperature, the wavelength emitted by an object is approximately
5 microns. The sun wavelength emits around 0.5 microns.
Therefore, the most ideal thermal camera setup for laboratory
testing of samples is commonly suggested as a long wavelength
infrared thermal camera as it was chosen for this study. The reason
of utilizing an uncooled thermal camera system is that the cooled
systems are much more expensive and require maintenance
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frequently because of the separate cooling apparatus. Cooled
systems are preferred mostly for long distances whereas uncooled
systems do not operate together with cooling systems of the
detectors. These detectors are named as micro bolometers and the
temperature change in the object is converted to electrical signals.
Uncooled systems have to work with longwave infrared thermal
cameras whereas cooled systems can be operated with middle wave
and longwave infrared thermal cameras. Resolution of the thermal
camera used in this study is 640 x 480 pixels which provides a
comparably better detail in images than cameras with 160 x 120 and
320 x 240 resolution. The first stage of the determination of tensile
strength of rock bolts was based on the pull out tests on site.

3. Experimental Results

The experimental studies were divided into two stages, pull-out
tests and laboratory tests of the rock bolts.

e  Pull-out tests

Pull out tests were performed on site. Five samples with 90 cm
length and five samples with 120 cm length were tested by using
different chemicals as bonding material between the inner surface
of the drilled hole in the rock mass and the rock bolt. The results are

summarized in Table 1.

Table 1: Pull-Out Test Results

Anchor . Test Result
Sample Nr. Length (cm) Chemical (kN)
K1 90 Epoxy 285.09
K2 90 Grout 380.12
K3 90 Epoxy 380.12
K4 90 Epoxy 380.12
K5 90 Grout 380.12
Ul 120 Grout 380.12
U2 120 Epoxy 142.55
U3 120 Epoxy 380.12
U4 120 Grout 380.12
95 120 Epoxy 380.12

The results in Table 1 show that the maximum force that can
be withstand by the rock bolt was approximately 380 kN. However,
this should not be misinterpreted as the samples did not fail at this
load. The samples can withstand more, but due to safety precautions
of the testing team on site and the capacity of the testing equipment
the experiments were finalized before the material yielded
completely. By considering the technical considerations of the
project where the bolts were planned to be used, 250 kN was
determined as a minimum threshold value defined for bolt capacity.
Hence, only 1 sample result did not satisfy the required capacity
stated in the technical specifications. When the different chemical
types were analyzed, it was seen that bolts used together with grout
achieved a stronger adhesion than samples which were used
together with epoxy. Although the pull-test results were successful
in representing the site conditions in a more realistic manner, the
technical capacity of the testing equipment limited the tests.
Therefore, a set of experiments were also performed in the rock
mechanics laboratory.

e  Tensile Strength tests

Tensile strength tests were performed at the rock mechanics
laboratory where four samples with dimensions as seen in Figure 5
were tested.
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Figure 5: Dimensions of the anchor bolt

The samples were attached to the testing machine which has
500 kN capacity. The test results can be seen in Table 2.

Table 2: Tensile Strength Test Results

- Max.
Anchor Yielding -
Sample Nr. Tensile
Length (cm) | Force (kN) Force (kN)
S1 95 248.40 308.19
S2 95 226.75 295.30
S3 95 234.47 293.60
S4 95 226.80 291.60

When the test results are evaluated, all samples have more

bearing capacity than the

required technical

specifications.

Although they have enough capacity, test results do not give exact
information about failure type and failure region. At this point,
requirement of new technologies arises. In this context, one of the
experiments was monitored by an infrared thermal camera. By
recording this test, possible failure regions and failure type of the
rock bolt were investigated.

4. Thermal Response

When the test result was monitored by the thermal camera, it
was seen that temperature increase on the failure region is related
with failure type and failure region of the sample. Figure 6 shows
the relation between the temperature increase at certain regions and
the force that is applied on the bolt.

Force vs Time Temperature vs time
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Figure 6: Relation between force and temperature increase on the failure
region
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It can be seen that the temperature decreased to 30.5°C until
yielding point. After that, it remained constant at approximately
30.5°C. When the force started to increase again until failure, where
the maximum tensile force was recorded, the temperature started to
increase again within this region. Finally, temperature achieved the
peak value which was recorded as 33°C.

As a result of the laboratory experiments, it can be said that the
temperature increase in certain regions of the rock bolt is directly
related with the possible failure region. Thermal images also give a
clue about the failure type. Figure 7 and Figure 8 show the thermal
image of the bolt at yielding point and failure point, respectively.
The temperature range is represented by a color range defined in the
thermal camera software.

Figure 7: Thermal image of the anchor at yielding point

Figure 8: Thermal image of the anchor at failure point

As it can be seen, the thermal response of the rock bolt is
directly related with failure region of the sample. Regions that are
highlighted by the green color turn to yellow and red color at
yielding period. The red color represents the maximum temperature
reading in the thermal image whereas the lowest temperature can be
seen in blue color. In addition to the failure region, failure type can
also be estimated from the views. For example, possible failure type
for this sample was estimated to be the breaking of the anchor from
the middle since temperature increase was observed in the middle.
This shows also stress concentration points on the sample.
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5. Results and Discussion

Ten anchor bolts were tested on site by pull-out tests with
different chemical types. The results showed that bolts have enough
capacity by considering the technical specifications and the capacity
also depends on the used chemical. Rock bolts with grout could
withstand more force than bolts applied with epoxy. Therefore,
selection of the chemical is a very important criterion for field tests.
Since the bolt is placed inside the rock mass by means of a drilled
hole, the pull-out tests could not be monitored by a thermal camera.

Four anchor bolts were tested at the rock mechanics laboratory
by tensile strength tests. As a result of the experiments, all bolts
have enough capacity by considering technical specification. As for
the thermal behavior, there is an expected increase of temperature at
the failure region of the sample. Tests recorded with the thermal
camera showed that there is 2.5°C temperature increase at failure
region.

Hence, there is a relation between the failure characterization
and temperature response, the integration of new technologies will
provide more information about failure behavior of the samples in
the near future.

6. Conclusion

Rock mechanics plays a significant role for the stabilization of
structures and is therefore essential for mining and civil engineering
industry. The detection of the possible failures of engineering
material must be performed in detail. In this context, new
technologies such thermal cameras, high-speed cameras, acoustic
emission systems can be integrated to field. This will help to
detection of the failure behavior of samples easily. These devices
provide more reliable and detailed data about failure behavior of the
samples. This study provided a preliminary implementation of a
thermal camera setup for tensile strength testing in the laboratory
where a temperature increase of 2.5°C was recorded at the failure
moment. Although the capacity of the load controlled testing
equipment was also not sufficient, similar to the pull-out test
equipment, it was possible to record the thermal behavior during
testing.
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Abstract. Causes of wear particles formation on railway wheels tread were investigated. Structural factors connecting with plastic
deformation, formation of “white layer”, and also with non-metallic inclusions and corrosive products of wheel steel, defining wear of
railway wheels tread during operation were fixed. Repeating heat-mechanical action on railway wheel tread by interaction between wheel
and rail promotes incandescence of stresses and defects (microcracks, separations) that promote wear particles formation having different
shape, source and mechanism of nucleation. Results of analysis of microcracks, spalles and wear particles and also of mechanisms of their
formation was shown that wear of railway wheel tread is very composite phenomenon. It passes by few mechanisms (fatigue, adsorbtional,
corrosive, under friction) and is multifactors process.

KEYWORDS: WEAR PARTICLES, RAILWAY WHEELS, TREAD.

1. INTRODUCTION. One of main cause of wear particles formation is plastic
Complex approach for wear mechanism of railway she_ars procceding near tread with big degree of deformation
wheels includes not only investigation of structural changes which has heterogeneous character [1-6]. On the boundaries of
happening in surface layers of wheel rims [1-6], but also analysis zones _W|th different degree of de_formatlon_and also in areas of
of wear particles and establishment of mechanism of their intensive and turbulent deformation the microcracks (fig. 1, )
formation. The variety of working conditions of friction pairs and wear particles (fig. 1, b) are formed. In cove zone the group
suggests that the general approach may be the idea of the fatigue of wear .partlcles was formed thgt evidences abo_ut considerable
nature of the destruction of the surface layers [7,8]. Interest for localization of plastic deformation and results in fracture of
investigation of wear mechanism connects not only with crest. ]
necessity of cutting down of wear losses but also with ) ~ Wear particles formed on account of development of
development of effective methods of prediction of wheels service intensive plastic deformation near tread have the shape of scales
life, and with ensuring of their operation especially in extremal or plates with different thickness. They are typical for normal
conditions. Wear mechanism of railway wheels tread presents conditions of wear [7]. According to wear theory by “spalling”
assemblage of mechanical, thermo-physical and chemical effects. [1-6] maximum dislocation density under wear origins is not near
It connects with wear particles and microcracks formation in surface but on the some depth. Just microcracks growing to
areas of intensive plastic deformation and “white layer”, near critical size in the results of plastic flow of steel are formed (fig.
non-metallic inclusions and corrosive products of wheel steel [1- 1, ¢, d). Plastic flow of steel are localized between microcracks
6,9,10]. Influence of some structural changes on the wear of tread was and wheel tread and particles having shape of scales are formed
discussed [1-6] but analysis of these processes on mechanisms of wear and spalled. Formation of wear particles happens in the result of
particles formation on railway wheels tread during operation was ductile spalled of metal in the time of coalescence of these
not conducted. microcracks and are accompanied of plastic flow of steel near
The goal of this work was investigation of mechanisms of wear wheel tread. o _ _ _
particles formation on railway wheels tread during operation. Data by definition of dislocation density on and near

wheel tread citing in [1-6] evidence about development of
intensive plastic deformation during operation of railway wheels.

2. MATERIALS AND METHODS OF Dislocation density was 10 ...10™ cm™ on wheel tread, but on
INVESTIGATION the depth of 100-200 pm from wheel tread it was higher about in
Mechanism of wear of railway wheels made of steel R7 and 2...3 time as compared with wheel tread. Such difference of
operated about 5 years under passenger rolling stock was dislocation density connects with going out of moving
researched. Wheels were taken off operation by limit wear of dislocations on free surface during plastic deformation. In
rims. Microstructure of wheel steel and defects were investigated addition to it is known the fact of “braiding” influence of surface
by a few methods: metallographical, micro X-ray spectral, X-ray (in our case it is wheel tread) on moving dislocations. Wear
diffraction analysis, electron microscopic. stresses for wear particles with definite thickness near wheel
tread were defined [1-6].
Considering the features of plastic deformation

3. INVESTIGATION RESULTS AND development in wheel steel near wheel tread it is essentially to
DISCUSSION take into account interaction of this surface with ambient air

Analysis shown that along the whole railway wheels bring to formation of corrosive damages. It is known the
tread microcracks and separations resulting in formation and elementary stage of corrosion includes adsorption of atoms of
spalling of wear particles and brittle fracture of cove zone were elements from damp ambient air that can to evoke effect of
discovered. Formation of wear particles has different causes. adsorption to facilitate plastic deformation near wheel tread
Shape of wear particles dependents on conditions of their (Rehinder effect) [11].
formation.
During the initial stages of the railway wheel operation, this and these surfaces adsorb atoms of elements from damp ambient
effect promotes burnishing of roughnesses on the wheel and rail air active. Adsorption penetration of surface-reactive elements
surfaces allowing the wheel profile to change, which accelerates into cracks happens with high rate [11] that result in fall of
the so-called useful wear necessary to speed up the process of surface energy of cracks (and work of their formation) and also
running in the wheel-rail system. Further it is necessity makes easier their development in process of plastic deformation
improvement the limit condition of deformational strengthening of steel. Thus, a wet environment, which also contains various
of steel for the formation of surface defects (wear particles). This lubricants, impurities, etc., has a negative effect on the fatigue
stage of deformation is quickened under action of surface- strength of the wheel surface due to its adsorption and corrosive
reactive medium [11]. In the time of formation and spalling of effects.

wear particles the new “fresh” surfaces of cracks are appeared
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Fig. 1. Wear particles near tread in zone of intensive plastic deformation; a — x100, b — d —x200

According to the data of [8], wear particles, which are flakes or
plates of different thickness, are formed with a uniform
distribution of dislocations over the thickness of these flake
particles. After the formation of these flaky particles, some of
them fall between the two sliding surfaces of the wheel and the
rail, as a result they can be broken in shape or destroyed, or
remain the same size and "flat" shape.

Wear of the wheel surface, accompanied by the
development of intense plastic deformation, occurs in layers and
each layer consists of a large number of scales - wear particles.
Their number N in each layer is proportional to the number of
microcracks formed during plastic deformation. The rate of
fusion of microcracks and the critical degree of deformation
required for the formation of free wear particles depend on the
depth of the plastic deformation zone with the maximum density
of dislocations. The overall wear of the tread during the
development of plastic deformation, the size and level of
roughness of wear particles, the wear rate of the tread have been
determined. Obviously, the wear rate decreases when the
intensity of plastic deformation in the surface layer of the wheel
rim decreases.

The second source of the formation of wear particles on
the tread of wheel is the so-called “white layer”, which has an
increased brittleness [1-6]. The localization of deformation of the
surface layer of the wheel rim is detected near the “white layer”

areas, which contributes to stress concentration and chipping of
the “white layer”. Wear particles have the shape of splinters with
sharp edges of irregular shape (Fig. 2 b). They usually occur at
very high pressures and their appearance can be associated with
the formation of small fatigue cracks in the surface layers of the
rims [7]. It should be noted that under the brittle “white layer”
steel is plastically deformed and repulsive forces appear at the
border of these structural components acting on moving
dislocations [8]. This can lead to the appearance of microcracks
both along the border of the “white layer” - deformed steel
structure, and at some distance from it, similar to those shown in
fig. 1c and parallel to the rolling surface of the wheel (Fig. 2 b).
For the transformation of such microcracks into wear particles,
the reasoning given above is valid.

The third reason for the formation of wear particles are
non-metallic inclusions that are of metallurgical origin and are
stress and strain concentrators in the wheel steel [12,13]. The
formation of cracks and wear particles also contributes to the
oxidation and corrosive destruction of the tread, and these
processes lead to the formation of coarse oxides of coarse
inclusions directly on the tread. The presence of inclusions and
corrosion products significantly increases the rate of formation of
microcracks and their combination, which increases the intensity
of wear (both fatigue and friction) [12,13].

Fig. 2. Wear particles in areas of the “white layer”’; x1000

Analysis of the microstructure of the wheel steel near
treads of the wheels showed that non-metallic inclusions and
corrosion products of the wheel steel contribute to the non-
uniform development of deformation, the appearance of turbulent

The behavior of non-metallic inclusions located near
the tread under the influence of acting stresses depends on their
type [12]. They are plastic (sulphides) or not subject to plastic
deformation (oxides, silicates, titanium carbonitrides). Non-
metallic inclusion, located near the wheel tread, is in a complex
stress state determined by a system of contact, dynamic and
cyclic stresses. The temperature gradient arising during the
operation of the wheel near the tread leads to a non-uniform
distribution of deformations in the steel matrix and the forces
acting on the inclusion.

Under conditions of high pressures and cyclically
varying temperatures, the interaction of the contact surfaces of
the inclusion and the steel matrix occurs by establishing
mechanical contact and the development of diffusion processes.
Mechanical contact is established as a result of smoothing the
irregularities of the surfaces of the inclusion and the matrix of the
wheel steel by developing the contact friction of their surfaces
relative to each other, preventing their relative movement. Such
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flow zones (Fig. 3 a) and also contribute to the formation of
zones with increased degree of deformation.

friction is a kinematic dry sliding friction [12,14]. The conditions
of friction on the interphase boundaries of non-metallic
inclusion-steel matrix have been analyzed [9]. Contact friction
enhances the non-uniformity of deformation of the wheel steel
matrix near the inclusions, which can have an impact not only on
the level of stresses acting on the inclusion, but also on the stress
state scheme [12,15]. In the process of contact interaction of
inclusions and the steel matrix, the inclusions can rotate (Fig. 3a),
which causes momentary stresses and contributes to local plastic
rotations in the steel matrix as a result of its vortex flow.

In the process of joint deformation of the inclusion-
matrix system near the tread of the wheel, a characteristic fibrous
grain structure of the wheel steel is formed (Fig. 3a). The fibers
of the matrix round the inclusion, gradually “bumping” on it (Fig.
3 b - d), and stratification along the interfacial interfaces of the
inclusion-matrix is possible. In this case, at the boundaries of the
inclusion-matrix, —compressive and shear stresses are
concentrated, which can destroy the inclusion if they exceed the
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tensile strength of the inclusions under compression. Similar
processes occur near corrosion products (Fig. 3 e, f).

Under accelerated braking under conditions of a sharp
rise in temperature, the possible role of slipping along grain
boundaries in austenite and on the interfacial boundaries in the
development of deformation near the tread of the wheel should

be considered [1-6]. It should be noted that non-metallic
inclusions are often the centers of local decarburization of steel
(see Fig. 3 c), which causes structural heterogeneity and entails a
heterogeneous development of plastic shears, as well as the
formation of microcracks and wear particles.

Fig. 3. Localization of deformation (a) and formation of wear particles near non-metallic inclusions and corrosive products of wheel steel (b
—g) on railway wheel tread: a, b, g —x400, ¢ - f —x200

It is necessary to consider another aspect of the influence
of low-melting non-metallic inclusions on the formation of wear
particles near tread of railway wheels under conditions of
emergency braking and local heating of the tread to temperatures
corresponding to the austenitic region, when melting and even
melting of low-melting iron-manganese sulfides and sulfide
eutectics can occur [12-16]. Then the manifestation of local
sulphide red brittleness is possible [16], when the ductility and
strength of wheel steel are sharply reduced. If the tread of the wheel
heats up to high temperatures, the sulfide inclusions melt (Fig. 4 a),
there is a sharp localization of the steel deformation and a lot of
cracks occur, that is, the steel is destroyed when relatively low
degrees of deformation are reached. Liquid interlayers are easily
drawn out parallel to the tread of the wheel (Fig. 4 b), cracks

propagate between them, contributing to the formation of wear
particles.

Near non-metallic inclusions and corrosion products of
wheel steel, wear particles have the form of loops, spirals, similar to
cutting chips during cutting (Fig. 3 g). They take this form due to
residual stresses associated with the inhomogeneous distribution of
dislocations over the thickness of wear particles formed near the
inclusions [8]. According to [9,10], such wear particles precede
damage and are found mainly on the tread before local destruction.
In the case of local sulphide red brittleness of steel in areas of the
tread, where sulphide inclusions melted, there are many wear
particles of both spiral and compact irregular shapes (Fig. 4c),
which is caused by the presence of many microcracks in these
zones, as well as crushing of particles wear due to strong
localization of deformation.

b
Fig. 4. Formation of wear particles in zones of sulphide red brittleness on railway wheels tread; x600

Considering the effect of corrosion products on the
formation of wear particles, one more aspect of the influence on the
development of fatigue failure on the tread of the external
environment should be taken into account. It was noted above that
the initial stage of corrosion involves the adsorption of atoms of
elements from the environment, which causes an effect of
adsorption lowering the strength of the product (the Rehbinder
effect) [11]. Plastic shears arising in the surface layer of the rim
(near tread), thermal cycling during braking and also interaction
with the surrounding atmosphere create conditions for the intensive
development of diffusion processes that contribute to more
intensive adsorption of elements from the environment. Adsorption-
fatigue phenomena occur on the tread surface of the railway wheel,
leading to the nucleation of fatigue cracks and wear particles and
accompanying their growth and detachment [7]. The presence of
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interphase boundaries non-metallic inclusion-steel matrix with their
defect structure and interphase stresses [17], as well as the
formation of microcracks in them undoubtedly contributes to the
localization of the effect of the adsorption decrease in the tread
strength of the railway wheel near non-metallic inclusions, which is
energetically characterized by a decrease in the formation of new
solid surfaces in the process of deformation and destruction under
the influence of the formation of an adsorption layer on them [11].
Apparently, for the interphase boundaries of the inclusion-matrix,
the force interpretation of the effect of the adsorption decrease in
strength is particularly relevant, due to the occurrence of a wedging
effort within these boundaries, contributing to the penetration of the
adsorption layer into the depth of the tread [10], which in turn
contributes to the detachment of inclusions from steel matrix and
the formation of wear particles.
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4. CONCLUSIONS.

Repeating heat-mechanical action on railway wheel
tread by interaction between wheel and rail promotes
incandescence of stresses and defects (microcracks, separations)
that promote wear particles formation having different shape,
source and mechanism of nucleation:

- More wide-spread wear particles are the scales or plates with
different thickness. Formation of such wear scales happens in the
result of ductile spalling of metal. They are typical for normal
conditions of wear and their appearance connects with plastic
deformation near wheel tread.

- By brittle fracture of areas of “white layer” wear particles are
formed with shape of fractions with sharp edges. Their
appearance one can to connect with formation of fatigue
microcracks in surface layers of wheel rims. Spreading of fatigue
microcracks to surface is the beginning of wear particles
formation.

5. Literature.

1. Taran Yu.N., Esaulov V.P., Gubenko S.I. Structural changes in
the rims of railway wheels with a different profile of the tread.
News of universities. Ferrous metallurgy, - 1989. - N 9. - p. 101-
105.

2. Taran Y.N., Esaulov V.P., Gubenko S.l. Increase of wear-
resistanceof railway wheels with different profile of tread.
Metallurgical and Minning Industry. - 2000. — N 2. - p. 42-44.

3. Vorobiov A.A., Gubenko S.1., Ivanov |.A., and etc. Resource
and maintainability of wheel sets of rolling stock of railways. -
Moskow: INFRA-M, 2011. - 264p.

4. Sladkovsky A., Yessaulov V., Gubenko S., Shmurygin N.,
Taran Y. An Analysis of Stress and

Strain in Freight Car Wheels. Computational Methods And
Experimental Measurements VI11. Materials of International
Conference. Oxford-Rodos. - 1997. - p. 15-24.

5.Y. Taran, V. Yessaulov, A. Sladkovsky, S. Gubenko, A.
Kozlovsky. Wear Reduction on Working Surface of Railway
Wheels. Boundary Element Technology — XI1I1. Computational
Methods and Testing for Engineering Integrity. Southampton-
Boston, WIT-press. — 1999. - p.693-701.

6. Yu.Taran, V.Esaulov, S.Gubenko, A.Kozlovsky,
M.Staroseletsky. Peculiarities of plastic deformation and
microdestruction in wheel steel. Proceedings of XIII International
Wheelset Congress, Italy, Rome, sept.17-21. — 2001. - p. 236-
241

7. Marchenko E.A. On the nature of the wear of metal surfaces in
friction. - Moskow: Nauka, 1979. - 118p.

8. Suh N.P. The Delamination Theory of Wear. Wear, 1973. - v.
23.-N1,p. 111 -124.

9. S.Gubenko, Yu.Proidak, A.Kozlovsky, O.Shramko, M.Iskov.
Influence of Nonmetallic Inclusions on Microbreaks Formation

252

- Wear particles near non-metallic inclusions and corrosive
products of wheel steel have shape of loops or spirals. They are
formed by localization of deformation near inclusions and galling
of metal matrix on the inclusions and also in the results of
separation of interphase boundaries non-metallic inclusion-steel
matrix. Such wear particles are discovered on wheel tread before
local fracture.

- In the cause of local sulphide red brittleness a great number of
wear particles with spirals and compact irregular shape were
observed. This connects with presence of a great number of
microcracks in these areas and also with grinding of wear
particles by tough localization of deformation.

Results of analysis of microcracks, spalles and wear
particles and also of mechanisms of their formation was shown
that wear of railway wheel tread is very composite phenomenon.
It passes by few mechanisms (fatigue, adsorbtion, corrosive,
under friction) and is multifactors process.

in Wheel Steel and Railway Wheels. Transport Problems, 2008. -
v.3.-N3.-p. 77-81.

10. Gubenko S. Influence of Nonmetallic Inclusions on
Microbreaks Formation in Wheel Steel and Railway Wheels /
Gubenko S., Proidak Y., Kozlovsky A., Shramko A., Iskov M. //
Materials of VIII Scientific Conference “Telematics, Logistics
and Transport Safety” TLTS’08, Poland, Katowice-Cieszyn,
2008. - oct 16-18.

11. Lihtman V.1., Zchukin E.D., Pebinder P.A. Physico-chemical
mechanics of materials. - Moskow: Academy of Science of the
USSR, 1962. - 303p.

12. Gubenko S.I., Oshkadepov S.P. Non-metallic inclusions in
steel. — Kiev: Naukova dumka, 2016. - 528 p.

13. Gubenko S.1. Non-metallic inclusions and strength of steel. —
Saarbriicken: LAP LAMBERT. Palmarium academic publishing,
2015. - 476 p.

14. Belchenko G.l., Gubenko S.I. Microheterogeneous
deformation of steel containing non-metallic inclusions. Izvestija
AN SSSR. Metalli - News of the USSR Academy of Sciences.
Metals, 1981. - N 4. — p. 94-97.

15. Usherenko S.M., Gubenko S.1., Nozdrin V.F. Changes in the
structure of iron and steel during the ultra-deep introduction of
high-speed particles - Metals, 1991. — N 1. - p. 124-125.

16. Gubenko S.l.,, Galkin A.M. On the nature of the red
brittleness of steel. Metal science and heat treatment of metals. -
1984. - Ne 10. - C.11-15.

17. Gubenko S.I. Possibilities of transformation of non-metallic
inclusions and interphase inclusion-matrix boundaries under
high-energy treatments. Metal Physics, New Technologies, 2014.
-v. 36.-N3.-p.287-315


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

MACHINES. TECHNOLOGIES. MATERIALS. 2019

THE PHENOMENON OF REVERSION IN AGING MAGNESIUM ALLOYS WITH
THE RARE-EARTH METALS

Prof. Rokhlin L.L., PhD. Dobatkina T.V., Tarytina I.E., PhD. Lukyanova E.A.
Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Moscow, Russia

rokhlin@imet.ac.ru

Abstract: The reversion in magnesium binary alloys with rare-earth metals (Nd, Sm, Y, Gd, Th, Dy, Ho) at a temperature of 300°C has
been studied. The phenomenon of the reverse dissolution of rare-earth metals in solid magnesium has been established to begin in all alloys
under study already after short-term annealing at 300°C for 15 min. As the annealing time at 300°C further increases, the reverse
dissolution of rare-earth metals in solid magnesium first continues and then the magnesium solid solution becomes again depleted of rare-
earth metals because of their precipitation. The degree of reversion has been found to generally increase with an increase in the atomic
number of the yttrium-group rare-earth metal in accordance with its position in the lanthanum row: Gd, Th, Dy, and Ho. The degree of
reversion in the alloys with cerium-group metals (Nd, Sm) with atomic numbers below those of Gd, Th, Dy, and Ho is substantially smaller

than that is in the alloys with yttrium-group metals.
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1. Introduction

Magnesium alloys are used in modern industry as light
structural materials. The addition of rare-earth metals to magnesium
can substantially improve their strength characteristics at both
ambient and elevated (200-300°C) temperatures [1 - 4]. However,
upon short-term holdings at not-too-high temperatures, the
magnesium alloys age-hardened to high strength exhibit the
phenomenon of reversion, which can lead to weakening because the
REM-containing hardening particles precipitated upon aging
undergo a reverse dissolution in the magnesium solid solution [5 -
7]. The reversion process should lead to a decrease in strength
properties, especially at elevated temperatures. The paper presents
the results of the study of reversion at a temperature of 300°C in the
magnesium alloys containing rare-earth metals of cerium (Nd, Sm)
and yttrium groups (Y, Ho, Dy, Tb) after age hardening at 200°C
for the maximum strength.

2. Experimental

The alloys for the study were prepared by melting in an electric
resistance furnace in iron crucibles under the standard VI2 flux
containing 38-46% MgCl,, 32-40% KCI, 5-8% BaCl2, 3-5% CaF,,
which was used for the protection of the molten magnesium from
ignition. Magnesium Mg95 (>99.95% Mg) and rare-earth metals
such as I1tM-1 yttrium, NM-1 neodymium, SmM-1 samarium, GdM-
1 gadolinium, TbM-1 terbium, DiM-1 dysprosium, and GoM-1
holmium at least 99.83% pure (hereinafter, the compositions are
given in wt.%) were used as the starting materials. The rare-earth
metals were added into the Mg melt upon melting as master alloys.
The rare-earth metals for the study were chosen because, in binary
magnesium alloys, they provide a substantial strengthening effect
caused by the decomposition of the supersaturated magnesium solid
solution upon aging [3]. The alloy compositions were chosen with
allowance for the binary phase diagrams in such a way that the
content of each rare-earth metal was somewhat below its solubility
in solid magnesium at the homogenization temperature. Table 1
shows the alloy chemical compositions analyzed by inductively
coupled plasma atomic emission spectroscopy with an Ultima 2C
Jobin-Yvon instrument.

The alloys were cast into a stainless steel mold heated to
~300°C to obtain cylindrical ingots of 15 mm in diameter and 90
mm long. The ingots were cut into blanks, which were subjected to
homogenization annealing for 6 hours at temperatures given in
Table 1. The blanks after homogenization annealing were quenched
in room-temperature water in order to obtain a supersaturated
magnesium solid solution.
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Table 1: Alloys compositions, homogenization temperatures, and aging time
at 200°C for achievement of the maximum hardness

Alloy Homogenization nging (w56 A00C
composition temperature, °C Or;;i?nizmer\]/:gﬁgi SO :
Mg-8.3% Y 540 128
Mg-2.2% Nd 530 4
Mg-3.5% Sm 520 16

Mg-15.5% Gd 520 32
Mg-17.7% Thb 540 32
Mg-19.5% Dy 540 128
Mg-21.4% Ho 540 128

Samples for the hardness and electrical resistivity measurements
were made from the quenched blanks of the alloys.

The hardness was tested by the Brinell method with a TSh-2M
tester using a ball of 5 mm in diameter at a load of 2500 N.
Electrical resistivity of the samples of 6 mm in gage diameter and
23.7 mm in gage length was measured with a unit based on the
BSZ-010-2 microohmmeter. The error of the electrical resistivity
measurement was about 0.7%. The microstructure of the alloys was
examined with an M 24 Reichert metallographic microscope. The
polished samples were etched with 0.5% nitric acid solution in
ethanol or 30% orthophosphoric acid solution in ethanol.

3. Results and discussion

At the first stage of the study, the alloy samples after
homogenization and quenching were subjected to isothermal aging
at 200°C for up to 128 hours with the view to follow the process of
age hardening upon decomposition of the supersaturated
magnesium solid solution by measuring hardness and to establish
the aging time, at which the maximum hardness is reached. The
established aging times required to achieve the maximum hardening
at 200°C in the alloys are given in Table 1. Them the alloys were
subjected to isothermal annealing at 300°C for 0.25 - 128 hours to
detect reversion. The results of the hardness and resistivity
measurements for the alloys aged for maximum hardening at 200°C
and then annealed at 300°C for the study of the reversion are shown
in Figs. 1 and 2.
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Fig.1. Hardness of the REM-containing magnesium alloys quenched and
aged at 200°C for the maximum hardening as a function of time of
subsequent isothermal annealing at 300°C.
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Fig. 2. Electrical resistivity of the REM-containing magnesium alloys
quenched and aged at 200°C for the maximum hardening as a function of
time of subsequent isothermal annealing at 300°C.

According to the data presented in Fig. 1, the hardness of the
aged magnesium alloys with rare-earth metals is abruptly reduced
even after the shortest (15 min) annealing at 300°C, especially in
the alloys with yttrium group rare-earth metals (Y, Gd, Th, Dy, Ho).
This suggests the possibility of the reversion phenomenon, i.e., the
reverse dissolution of rare-earth metals in solid magnesium. Such
reversion effect presumed according to change in hardness becomes
proven by the observed increase in resistivity after annealing by the
same regime (Fig. 2). The resistivity data show that, with a further
increase in the annealing time at 300°C, first the reverse dissolution
of rare-earth metals in solid magnesium remains unchanged, and
then the magnesium solid solution becomes again depleted because
of the precipitation of rare-earth metals. The degree of reversion is
substantially smaller in the magnesium alloys with cerium-group

rare-earth metals, which have been studied for comparison, and can
be even absent in the magnesium alloy with neodymium.

The degree of reversion was evaluated by the formula: S = (pann
- Pag)/(Pq - Pag), Where S is the degree of reversion, and pann, pag, and
pq are the resistivities of the alloy in the states after annealing at
300°C for the maximum reversion, after aging to the highest
hardening at 200°C, and after quenching, respectively. The results
obtained are given in Table 2. Note that the degree of reversion in
the magnesium alloys with yttrium group rare-earth metals of the
lanthanum row (Gd, Th, Dy, Ho) increases with increasing their
atomic number. The degree of reversion of magnesium alloy with
yttrium, which does not belong to the lanthanum row, is close to
that of the magnesium alloys with the lanthanum row metals such as
dysprosium and holmium. The reversion after aging in the alloys
with cerium group metals is substantially smaller than in the alloys
with yttrium group metals and can be even absent, as in the alloy
with neodymium. An increase in the degree of reversion with
increasing atomic number of yttrium group rare-earth metals of the
lanthanum row (Gd, Tb, Dy, Ho) was also observed in the same
alloys upon annealing at a temperature of 250°C [7].

Table 2: Degree of reversion in aged magnesium alloys with rare-earth
metals after annealing at 300°C.

Atog}if:g rél:\;lnber Alloy Degree 01; /:eversion,

60 Mg - 2.2% Nd 0

62 Mg - 3.5% Sm 24.1
64 Mg - 15.5% Gd 58.8
65 Mg - 17.7% Tb 88.8
66 Mg - 19.5% Dy 89.9
67 Mg - 21.4% Ho 89.5
39 Mg-8.3%Y 92.3

The microstructure examination of the alloys by optical
microscopy did not reveal any signs of the decomposition of the
supersaturated magnesium solid solution after aging to the
maximum hardness and after reversion after short-term annealing at
300°C. This can be explained by very fine precipitates from the
magnesium solid solution and by the retention of the coherence
between the crystal lattices of the precipitates and the magnesium
solid solution. However, after long-term annealing following the
reversion at 300°C, optical microscopy revealed the decomposition
of the magnesium solid solution in the structure of the alloys in the
form of the particles precipitated at three planes of the crystal lattice
of the magnesium solid solution and at grain boundaries (Fig. 3).
With allowance for the results reported in [3, 8, 9], we can assume
that the increase in hardness up to the stage of the maximum
strengthening is due to the formation of a metastable ° phase,
which is typical for the decomposition of the magnesium solid
solution in the magnesium alloys with yttrium group rare-earth
metals. This phase has a base-centered orthorhombic crystal lattice.

4. Conclusions

1. It is established that the binary magnesium alloys with
yttrium group rare-earth metals (yttrium, gadolinium, terbium,
dysprosium, and holmium) after age hardening can undergo a
substantial reversion with the reverse dissolution of the particles
precipitated upon the decomposition of the supersaturated solid
solution.

2. The degree of reversion sequentially increases with
increasing atomic number of the rare-earth metals belonging to
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yttrium group of the lanthanum row from Gd to Th, Dy, and Ho.
The degree of reversion of the magnesium alloy with yttrium, which
does not belong to the lanthanum group, is close to those of the
alloy with holmium and dysprosium. The reversion in the
magnesium alloys with cerium group rare-earth metals is
substantially smaller than that in the magnesium alloys with yttrium
group metals and can be even virtually absent.
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Fig.3 Typical microstructures of the alloys: Mg - 8.3% Y (a), and Mg -
17.7% Tb (b) after quenching + aging at 200°C + annealing at 300°C for
128 h.

255

5. References

1. Bohlen J.,, Letzig D., Kainer K. U. New perspectives for
wrought magnesium alloys // Mater. Sci. Forum. 2007. V. 546-549.
p. 1-10.

2. Kablov E.N., Volkova E.F., Filonova E.V. Effect of REE on
the phase composition and properties of new refractory magnesium
alloy of the Mg - Zn - Zr- REE system // Metallovedenie i
termicheskaya obrabotka metallov. 2017. No. 7. p. 19-26. (in
Russian)

3. Rokhlin L.L. Magnesium Alloys Containing Rare-Earth
Metals. London - NewYork: Taylor and Francis. 2003. 245 p.

4. Li H, Lv F, Liang X., Qi Y., Zhu Z., Zhang K. Effect of
heat treatment on microstructures and mechanical properties of a
cast Mg-Y-Nd-Zr alloy // Materials Science and Engineering A.
2016. V. 667. p. 409-416.

5. Rokhlin L.L., Nikitina N.l. Recovery after aging of Mg-Y
and Mg-Gd alloys // Journal of Alloys and Compounds, 1998, V.
279, p. 166-170.

6. Rokhlin L.L., Dobatkina T.V., Tabachkova N.Yu.,
Lukyanova E.A., Tarytina IL.E. Aging-Induced Recovery of
Magnesium Alloys with Various Rare-Earth Metals // Russian
Metallurgy (Metally). 2019. Ne5. p.511-5186.

7. Rokhlin L.L., Dobatkina T.V., Lukyanova E.A., Tarytina
I.E., Dobatkin S.V. Studies to develop new structural magnesium
alloys doped with REM // Technology of light alloys. 2018. Ne4.
p.44-53. (in Russian)

8. Nie J.F. Precipitation and Hardening in Magnesium Alloys. //
Metallurgical and Materials Transactions A. 2012. V. 43A. Noll. p.
3891 -3939.

9. Kawabata T., Matsuda K., Kamado S., Kojima Y., lkeno S.
HRTEM observation of the precipitates in Mg-Gd-Y-Zr alloy //
Mater. Sci. Forum. 2003. V. 419 - 422. p. 303-306.

The work was supported by the Russian Foundation for Basic
Research (project no. 18-03-00223-A) and was carried out within
the Governmental task number 075-00746-19-00.



MACHINES. TECHNOLOGIES. MATERIALS. 2019
EFFECT OF AGING ON ZAMAK 3
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Abstract: Zamak 3 is a zinc-aluminum alloy with a composition of 3.7-4.3 %Al, <0.05 % Cu, 0.02-0.06 % Mg, rest is Zn. It is well suited
for pressure die casting and it results in sufficient mechanical properties and a good surface finish. Zamak 3 is utilized in applications
automotive industry, household appliances, in structural applications of buildings, etc. It was reported in literatiire that the mechanical
properties of the zamak alloys deteriorate in time at room temperature. In the present study, this effect was investigated by artificial aging of
zamak 3 alloy.

Zamak 3 samples were produced by cutting and melting of Zamak 3 ingots at 500 °C, and casting into steel molds. Aging experiments
were conducted by keeping the Zamak 3 samples in a muffle furnace for 24 h at temperatures of 85 °C, 105 °C and 130 °C. Optical and
scanning electron microscopy was employed for investigating the microstructure of the samples. Hardness values of the samples were
measured by a Brinell hardness tester. A universal testing machine was used for conduction three point bending tests of the samples. It was
found that both hardness and bending strength of Zamak 3 alloy decreased with increasing aging temperature. Hardness and strength values
of Zamak 3 were 89 HB10 and 490MPa, respectively. After aging at 130 °C hardness and strength values were found to fall to 75 Brinell 10

and 415 MPa, respectively.

Keywords: ZAMAK 3 ALLOY, AGING, MECHANICAL PROPERTIES

1. Introduction

Most of the zinc alloys are appropriate for pressure die casting
due to their low melting point and good castability. Zamak 3 is a
member of the zinc-aluminum alloy family. The composition of
Zamak 3 is 3.7-4.3 %Al, <0.05 % Cu, 0.02-0.06 % Mg and rest is
Zn. As compared to Zamak alloys that contain higher amount of
coppler, such as Zamak 5, Zamak 3 exhibits lower hardness and
strength, whereas it has higher ductility and toughness [1-3].

Zamak 3 presents adequate mechanical properties and a good
surface finish of the as cast products. It is meets the requirements
for use in frames and handles and other parts of PVC window
systems, machine parts, automotive engine parts, household
appliances [1,4].

It was reported in literature that the mechanical properties of the
zamak alloys deteriorate in time at room temperature [5,6]. It was
also stated that 24 h aging at 105 °C results in the changes in the
properties of the zamak alloy that would take place in 1 year at
room temperature [5,6]. In the present study, this effect was
investigated by artificial aging of Zamak 3 alloy.

2. Experimental Procedure

Melting of the Zamak 3 samples prior to casting were
conducted in a clay bonded graphite crucible, in a muffle furnace at
500 °C, after cutting pieces from Zamak 3 ingots.

After melting, samples having the dimensions and geometry for
for 3-point bending tests were cast in permanent steel molds.

Aging experiments were conducted by keeping the Zamak 3
samples in a muffle furnace for 24 h at temperatures of 85 °C, 105
°C and 130 °C. These temperatures and durations were selected
according to the literature.

Unaged and aged samples were subjected to microstructural
examinations with an optical microscope (Nicon Eclipse, LV150)
and scanning electron microscope. Before that, samples were
subjected to metallographic surface preparation. After cutting the
samples they were lapped on emery paper having 600, 1200, 3000
and 4000 grit. Final polishing was performed with 1 micron
polycrystalline diamond paste.

Samples having 25 mm span length, 6 mm thickness and 12 mm
width were used for 3-point bending tests. These tests were
conducted with a universal mechanical testing machine (Shimadzu
AG-IC, 50 kN).

A Brinell hardness tester was utilized for hardness tests. Brinell
10 scale was used in the hardness measurements. Tests were
conducted with a 2.5 mm carbide ball and 62.5 kg load.

3. Results and Discussion

Optical micrographs of the unaged sample and samples aged at
85, 105 and 130 °C are presented in Fig. 1. The white globular
grains in these micrographs are the alpha phase, which is rich in
zinc. They are formed before the eutectic transformation, in the Zn-
Al phase diagram. In the eutectic transformation, beta+eta forms.
The gray regions are alpha+eta phase mixtures, which are formed
by the eutectoid transformation. Alpha phase is rich in aluminum.
The beta phase in the eutectic beta+eta, transform into alpha+teta in
the eutectic transformation. Therefore, at room temperature, eta +
alpha phases are present.

Amounts or morphology of the phases did not present a
noticeable change after aging at different temperatures. There are
some differences in the contrast of the alpha phase, due to etching
process.
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Fig. 1 Optical microscope images Zamak 3 alloy amples after (a) casting,
(b) aging at 85 °C, (d) aging at 105 °C, (d) aging at 130 °C for 24 h.

SEM micrographs of the unaged sample and sample aged at 105
°C for 24 h are presented in Fig.2. In higher magnification than the
optical micrographs, eta+alpha phase layers in the -eutectic
formation can be visualized in more detail in the SEM micrographs.

@

Fig. 2 SEM images Zamak 3 alloy samples after (a) casting, (b) aging at
105 °C for 24 h.

Aging temperatures, and hardness, bending strength and
bending strain values of the samples according to aging temperature
are given in Table 1. The changes of these properties are presented
in the following figures.

Table 1: Aging temperatures, and hardness, bending strength and bending
strain values of the samples according to aging temperature.

Aging Temperature (°C)
Unaged 85 105 130
Hardness
(HB10) 88.7 85.1 79.1 75.4
Bending
strength 490.4 459.7 454.7 414.1
(MPa)
Bending
- 4.8 45 5.7 5.0

Change in the hardness of Zamak 3 alloy samples is presented
in Fig. 3 as a function of aging temperature. Hardness of the unaged
sample was 88.7 HB10. Hardness was seen to decrease with the
increase in the aging temperature. Hardness of the Zamak 3 sample
which was aged at 130 °C for 24 h was 75.4 HB10.

[y
[y
o

Hardness (HB10)
BaIW8R88ER

5 30 55 80 105 130 155
Aging Temperature (°C)

Fig. 3 Hardness values of Zamak 3 alloy samples as a function of aging
temperature.

Change in the bending strength of Zamak 3 alloy samples is
presented in Fig. 4 as a function of aging temperature. Bending
strength of the unaged sample was 490.4 MPa. Bending strength
was seen to decrease with the increase in the aging temperature.
Strength of the Zamak 3 sample which was aged at 130 °C for 24 h
was 414.1 MPa.
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Fig. 4 Bending strength values of Zamak 3 alloy samples as a function of
aging temperature.

Change in the three point bending strain values of Zamak 3
alloy samples is presented in Table 1 as a function of aging
temperature. It was seen that the strain values were in 4.8-5.7.
Strain values were seen not to be dependent on the aging
temperature.

4. Conclusion

It was found that both hardness and bending strength of Zamak
3 alloy decreased with increasing aging temperature. Hardness and
strength values of Zamak 3 were 89 HB10 and 490 MPa,
respectively. After aging at 130 °C hardness and strength values
were found to fall to 75 Brinell 10 and 415 MPa, respectively.

The high hardness of the unaged Zamak 3 samples was
attributed to the presence of regions that contain elements higher
than the equilibrium composition, due to the effect of fast cooling
during casting. The decrease in hardness and bending strength of
the Zamak 3 samples a result of aging may be attributed to the
elimination of the regions that contain elements above the limit, by
diffusion during aging.

258

Acknowledgements

Authors are grateful to Akdeniz University Research Projects
Coordination Unit for supporting this study with project number
FYL 2018-3682.

References

1. Goodwin, EF and Pnikvar, AL.,. Engineering Properties of Zinc
Alloys. Third Edition-Revised U.S.A: International Lead Zinc
Research Organization, pp.111 (1989).

2. ASTM B 86 Standard Specification for Zinc and Zinc-
Aluminum (ZA) Alloy Foundry and Die Castings (2018)

3. Wu Z, Sandlobes S, Wu L, Hu W, Gottstein G, Korte-Kerzel S.,.
Mechanical behaviour of Zn-Al-Cu-Mg alloys: Deformation
mechanisms of as-cast microstructures. Materials Science and
Engineering: A, 651 (2016) 675-687.

4. Campbell J., Casting alloys, in: Complete Casting Handbook.
Oxford: Butterworth Heinemann, pp.255-390 (2011).

5. Goodwin, F. E., Leis, W. and Kallien, L.. Ageing Properties of
Zinc Alloys. NADCA Congress, Columbus, OH. (2011).

6. Kallien LH., and Leis W., Ageing of Zink Alloys, International
Foundry Research 64 (2011) 1-23.



MACHINES. TECHNOLOGIES. MATERIALS. 2019
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Abstract: Formation of ZrB,-AIN mixed powder by self-propagating high-temperature synthesis (SHS) was investigated. Powders of Zr,
B, BN and Al (purity >99 %) was used as the starting materials. Two initial mixtures were prepared and mixed at specific ratios. The first
mixture was made of Zr and B, which were weighed at stoichiometric amounts to form ZrB,. The second mixture contained Zr, BN and Al;
amounts of which were calculated so as to form ZrB, and AIN.

The starting powders were mixed in a mortar and pestle, and then the reactant mixture was slightly pressed in a steel die. The SHS
reactions were conducted in high purity argon atmosphere, in an SHS chamber. The reactant pellet was ignited from one end with a tungsten
wire. The reaction products were examined with scanning electron microscopy and they were subjected to X-ray diffraction analyses.

It was found that when the reactants contained 40 % mixture-1 and 60 % mixture-2, according to the XRD results of the products, the
peaks related to ZrB, were dominant. The product contained some AIN and ZrN. When the amount of mixture-2 was increased to 90 %, the
amounts of AIN and ZrN both were observed to increase. When Al amount in mixture-2 was increased by 30 % and mixture-2 was added as
90% into mixture-1, amount of AIN in the reaction products increased and amount of ZrN decreased. According to SEM examinations, ZrB,
particles were seen to be mixed with AIN particles in the reaction products. Size of ZrB, particles were about 1 micron and AIN particles
were larger.

Keywords: ZAMAK 3 ALLOY, AGING, MECHANICAL PROPERTIES

In this study, formation of ZrB,-AIN mixed powder by self-
propagating high-temperature synthesis (SHS) by using of Zr, B,
Aluminum nitride (AIN) is important for electronic industry due BN and Al powders, was investigated.
to its good properties such as high electrical resistivity, thermal
conductivity and low thermal expansion. In addition, its corrosion
resistance and oxidation resistance make it a suitable material for .
high temperature boats that are used in various metal melting and 2. Experimental Procedure
similar processes [1]. Formation of ZrB,-AIN mixed powder by self-propagating
high-temperature synthesis (SHS) was investigated. Powders of Zr,
B, BN and Al (purity >99 %) was used as the starting materials.
Two initial mixtures were prepared and mixed at specific ratios.
The first mixture (mixture-1) was made of Zr and B, which were
weighed at stoichiometric amounts to form ZrB, according to
Self-propagating high-temperature synthesis (SHS) is a Reaction (1).
procedure that utilizes the exothermic character of the reactions for _
sustaining the formation of the products. One chief benefit of this Zr+2B =278, @
practice is that it requires little amount of energy, which is The second mixture (mixture-2) contained Zr, BN and Al
necessary to initiate the reaction. Low equipment cost,  amounts of which were calculated so as to form ZrB, and AIN
uncontamination of the products, fast production rate are a few of according to Reaction (2).
the other rewards [3].

1. Introduction

Zirconium diboride (ZrB;) is in the class of ultra-high
temperature ceramics. It has also high thermal conductivity and
thermal shock resistance. It is used in high temperature applications
and as high temperature boats [2].

Zr + 2Al + 2BN = ZrB, + 2AIN 2
AIN was prepared through combustion synthesis by heating Al . .
powder in high pressure nitrogen atmosphere. AIN was used as Three samples were produced by using different amounts of
diluent. It was reported that reaction did not take place when the Al Starting materials. The first composition was contained 40 wt % of
content of the mixture was less than 20 wt % [1]. mixture-1 and 60 wt % of mixture-2. The second composition

contained 10 wt % of mixture-1 and 90 wt % of mixture-2. The
For high temperature applications, there are some disadvantages third composition contained 10 wt % of mixture-1 and 90 wt % of
of single phase ceramic materials, such as low ablation resistance. mixture-2, but the amount of Al in mixture-2 was 30 % in excess of
Therefore, they are combined with other ceramics. Addition of the stoichiometric amount (Table 1).
secondary or tertiary compounds enhances their properties and

density [2]. Addition of SiC to ZrB, increases its strength and Table 1: Produced samples and amounts of the reactants powders in them

addition of MoSi, to ZrB, increases its high temperature strength Amounts of Reactants (g)
[21 Sample zr B BN Al

In the study of Liu, ZrB, based ceramics were produced by
reactive spark plasma sintering [4]. Zr, ZrH,, Si, B,C, BN were Sample-1 04525 | 0.0575 | 0.1146 | 0.1247
used as the starting materials and ZrB, and SiC or AIN or ZrN (%60M1-%40M2) ' ' ' '
containing ceramics were obtained.

Sample-2

In the study of Zhang et al. [4], boron carbide and boron nitride (%10M1-%90M2) 0.37 0.0134 | 0.1604 | 0.1746
were used as reactants for producing boride containing ceramic
composites. ZrB, and AIN ceramics were obtained by in situ Sample-3
reactive hot pressing technique. (%10M1-%90M2 0.37 0.0134 | 0.1604 | 0.2275

(Al 30%xs))
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The starting powders were mixed in a mortar and pestle, and
then the reactant mixture was slightly pressed in a steel die. The
SHS reactions were conducted in high purity argon atmosphere, in
an SHS chamber. The reactant pellet was ignited from one end with
a tungsten wire. The reaction products were examined with
scanning electron microscopy and they were subjected to X-ray
diffraction analyses.

3. Results and Discussion

After self-propagating high-temperature synthesis reaction the
pellets preserved their shapes. Some swelling was observed, along
with increase in the porosity. In addition, the pellets had a lamellar
morphology, a typical result of the SHS reaction. The pellets were
ground in a mortar and pestle into powder form.

XRD Analyses

The ground samples were subjected to XRD analyses at a rate
of 2 °min. XRD patterns of the product obtained from the sample
containing 40% mixture-1 and 60% mixture-2 (Sample-1) is
presented in Fig. 1(a). The peaks related to ZrB2 were dominant.
The product contained some AIN and ZrN. The intensity of AIN
peaks are much lower as compared to that of ZrB2 peaks. The
intensity of the AIN peaks are believed to be not directly
proportional with the amount of AIN phase in the products.

The reaction was conducted in argon atmosphere. Thus, the
only source of nitrogen in the system is BN. There was no sign of
unreacted aluminum or boron nitride in the system, indicating that
the reaction was completed. In the present study, BN was used to
provide nitrogen, whereas in literature AIN production by
combustion synthesis is frequently performed in high pressure
nitrogen [1].

When the amount of mixture-2 was increased to 90 % in the
reactants (Sample 2), the amounts of AIN and ZrN both were
observed to increase (Fig 1(b)). Mixture-2 contains BN, which is
the nitrogen source in the system, and the products of Reaction (2)
are ZrB2 and AIN. Therefore AIN is expected to increase in the
products, as a result of increase in the amount of mixture-2 in the
reactants. On the other hand, amount of ZrN also increased in the
products, due to increase in the amount of BN in the reactants.

In the third sample, Al amount in mixture-2 was increased by
30 % and mixture-2 was added as 90% into mixture-1, (Sample 3).
It was seen that the amount of AIN in the reaction products
increased and amount of ZrN decreased (Fig. 1(c)). It can be
deduced that in sample-2, there was a loss of aluminum during the
SHS reaction. Adding excess aluminum into the reactants may have
compensated for the loss of aluminum from the system and led to
formation of more AIN. In addition, this decreased the formation of
ZrN. According to XRD pattern given in Fig. 1(c), there was trace
amount of unreacted aluminum in the reactants, when 30 % excess
aluminum was used in mixture-2.

Microstructure

Scanning electron micrographs of the products are given in Figs 2-
4. These images were obtained in the backscatter electron mode.
Therefore, compositional contrast was obtained. The white particles
are believed to be ZrB, (or ZrN in some cases), with higher average
atomic weight. Gray particles are believed to be AIN (or Al), with
lower average atomic weight.

According SEM examinations, ZrB, particles were seen to be mixed
with AIN particles in the reaction products. The microstructure is
very similar to the ZrB,-AIN system synthesized by in situ reactive
hot pressing [5]. Size of ZrB, particles were about 1 micron and
AIN particles were larger.
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Amount of AIN phase was seen to be higher in Sample-3 (Fig. 4),
as compared to other samples.
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Fig. 1 XRD patterns of the products (a) S1 (%60M1-%40M2) (b) S2
(%10M1-%90M2) (c) S3 (%10M1-%90M2 (Al 30%xs)), 1. ZrB,, 2. ZrN, 3.
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Fig. 2 Scanning electron micrograph of the products obtained from
reactants containing 40% mixture-1 and 60% mixture-2 (Sample-1).
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Fig. 3 Scanning electron micrograph of the products obtained from
reactants containing 10% mixture-1 and 90% mixture-2 (Sample-2).

Fig. 4 Scanning electron micrograph of the products obtained from
reactants containing 10% mixture-1 and 90% mixture-2 (Al 30%xs)
(Sample-3).

4. Conclusion

ZrB,-AIN powder mixture was produced from Zr, B, BN and Al
reactant mixtures by self-propagating high-temperature synthesis.
Increase in the amount of BN and Al in the reactants, resulted in an
increase in the amount of AIN in the products.

ZrB, and AIN particles could be visualized by compositional
contrast in SEM. ZrB, particles were seen to be mixed with AIN
particles in the reaction products. Size of ZrB2 particles were about
1 micron and AIN particles were larger.
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Abstract: The work is devoted to the study of evolution of flaws in aluminium alloys of Al-Zn-Mg-Cu, Al-Cu-Mg-Mn alloying systems and to
the determination of their connection with structural factors of the material such as the size and composition of intermetallic phases
conditioned by heat treatment tempers, and also to the study of the effect of big number of physical factors on the long-term behaviour of
structural elements of aluminium alloys, and to the determination of the rate of formation of corrosion damages in structural elements of the

aircraft wing
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Introduction

It was studied of evolution of flaws in aluminium alloys of Al-
Zn-Mg-Cu, Al-Cu-Mg-Mn alloying systems and to the
determination of their connection with structural factors of the
material such as the size and composition of intermetallic phases
conditioned by heat treatment tempers, and also to the study of the
effect of big number of physical factors on the long-term behaviour
of structural elements of aluminium alloys, and to the determination
of the rate of formation of corrosion damages in structural elements
of the aircraft wing[1-3]. The work is aimed at securing the long-
term safe operation of airplanes.

Materials for Production

The issue of evolution of flaws and metal-science aspects of
their formation was examined for B93T1, B93m4T1, 1933T3 forging
aluminium alloys of Al-Zn-Mg-Cu alloying system which is applied
in the aircraft primary structural elements where we face large
concentration and localization of stresses that can lead to their very
rapid failure. In this case, origination and propagation of a failure
can occur even without the previous effect of corrosion. Susceptible
areas are strictly regulated and they are first of all subject to
monitoring during scheduled inspection of the airplane. Using the
techniques of electronic microscopy and X-ray chemical
microanalysis, it was determined that during industrial heat
treatment of B93 alloy using T1 temper: quenching 450-465°C and
two-stage phase ageing 115°-125°C (6-10 hours), 165°-175°C (4-8
hours), chains of the phase with increased content of copper
precipitated at the grain boundaries during quenching simultaneously
with strengthening phases (fig. 1 a). The size of some links of the
chains reached 1-5 mem. Their presence stipulates for concentration
of stresses which contribute to corrosion cracking. Precipitation of
inclusions of intermetallic phases containing copper at the grain
boundaries does not correspond to the statements of developers of
the alloy.

It was proved that change of heat treatment temper to
coagulation ageing (T3 temper: quenching 450-465°C and two-stage
ageing 115°125°C (6-10 hours), 180°-190°C (6-10 hours))
contributed to higher corrosion resistance of B93muT3 alloy
compared to B93T1 alloy, that was conditioned by much smaller
content of copper in precipitation of intermetallic phases after
quenching, formation of strengthening phases after ageing which did
not contain copper, higher fragmentation of particles of intermetallic
phases, which precipitated during quenching.

During coagulation ageing of 1933T3 alloy, which differed
from B93muT3 alloy with the zirconium admixture, precipitation of
particles of strengthening phases occurred mainly at the stage of
coagulation ageing. At the grain boundaries we observed particles of
MgZn,, Al,ZnsMgs, Mg,Si phases connected with the matrix in a
coherent way. Precipitation of particles of intermetallic phases with
copper content at the grain boundaries did not occur, that obviously
stipulated for the highest corrosion resistance of the alloy(fig. 1 b).
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SEM HV: 10.0kV
B1: 11.00
SEM MAO: 6.7 kx _ Date(midiy): 01/14/15

Fig. 1, Precipitations of intermetallic phases along the
boundaries of grains in the alloy B93T1 (a) and in the
alloy1933T3 (b)

Such differences in the structure of alloys, conditioned by heat
treatment, contributed to evolution of flaws during transition from
BI93T1 alloy to 1933T3 alloy and the increase of corrosion
resistance, yield and plasticity while maintaining high strength.

Application of X-ray microanalysis techniques allowed to
determine the presence of coarse inclusions of insoluble phases
with the length of 10 to 300 mcm in the grain body of all three
alloys, which presence contributes to the development of fatigue
failure during long-term operation.

Monitoring of flaws which contributed to premature failure of
parts showed that B93T1 alloy had low resistance to alternate and
static loads, and was susceptible to corrosion cracking even under
the absence of aggressive environments. 1933T3 alloy appeared to
be the most resistant to static, dynamic and alternate loads, and not
susceptible to corrosion cracking.

Further examination of the issue of evolution of flaws and their
monitoring in service was continued for wing upper and lower
panel skins which are the most responsible structural elements of
the airplane though they are much less loaded if compared to
structural elements produced of forging alloys. For the upper
panels, which are in compressed state during the flight, we apply
B95T1 high-strength alloy of Al-Zn-Mg-Cu alloying system,
quenched and aged to the maximum strength. And for the lower
panels, which experience tensile loads during the flight, we apply
J16T long-life alloy of Al-Cu-Mg-Mn alloying system. The skins
are produced of long extruded or rolled products: sheets or plates,
in which the direction of elongated grains is perpendicular to the
acting loads (the area of action of the load coincides with the
transversal-longitudinal area of fibres in the material). Taking into
account the design features: considerable length of joints, big
number of fastener holes and areas of permanent condensation in
the torsion boxes of the wing centre section (closed cavities), the
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most probable areas of origin of corrosion damage are the grain
boundaries located in problem areas perpendicular to the direction
of application of loads. A critical factor which determines the life
of skins is thinning of their crosscut due to corrosion damage.
Stated features of evolution of flaws and also relatively easy
access to damaged areas change the strategic approach to
enhancement of durability of these structural elements. An
emphasis is made on the increase of latent period of formation of
corrosion damage and fatigue cracks that is achieved at the first
stage by applying protective coatings and restoring them after
certain interval of operation. However, this effective method does
not ensure 100% guarantee from appearance of corrosion spots in
the metal matrix, that is why there is another and not less
important way to delay the appearance of critical flaws called
scheduled maintenance which ensures detection and elimination of
flaws on external and internal surfaces of the wing. In this case, a
critical condition is to provide the optimum amount of scheduled
maintenance which from one side would ensure an accident-free
operation and from the other side would minimize capital
expenditures.

The paper addresses the main operating factors which influence
the origin and growth of flaws on the surface of the aircraft wing
skins, and determines characteristic areas which are susceptible to
corrosion. The largest amount of statistical data is accumulated for
two versions of An-24 and An-26 airplanes that allowed evaluating
the damage growth rate in the centres of corrosion which appeared
on upper and lower panel skins of B95T1 and 16T alloys
respectively. As a criterion there was taken the change of the
maximum depth of damage on flawed surface areas which
appeared in the interval between two successive inspections of
panels, it means not considering the latent period of damage
formation. It was shown that linear relation exists between the
geometrical parameters of corrosion flaw and the time. The rate of
corrosion is determined by the tangent of the angle of slope of the
straight line(fig. 2).
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Fig. 2. Dependence of the depth of corrosion damage from time
between technical surveys in different climatic zones.

Basing on the results of statistical analysis of a huge amount of
data from inspections performed in certain climatic zones such
as the size of corrosion damage, accumulated life, service life,
intensity of flights, number of overhauls, etc., it was determined
that climatic conditions and inspection intervals had the
maximum effect on the corrosion damage growth rate (unlike
the total time of operation).

Using the method of regression analysis, there were
obtained the equations of regression which determined the
corrosion damage growth rate for different climatic zones, and
there was determined the maximum damageability of the
aircraft wing skins during one year of operation: this data is
shown below.

Lower panel skins of 116T alloy:
Moderate climate - y=(0.12+0.015) x4;
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Continental climate - y=(0.23+0.042)x;
industrial zones - y=(0.33+0.035)x;
maritime climate - y=(0.34+0.045)x;
mixed operating conditions - y=(0.28+0.037)x;
humid tropics - y=(0.47+0.056)x;.
where x is the life between overhauls.
Upper panel skins of B95T1 alloy:
moderate climate - y=(0.12+0.028)x;
maritime and industrial zones - y=(0.27+0.014)x;
mixed tropical and moderate climate y=(0.37+0.025)xy;
humid tropical climate -y=(0.51+0.022)x; .
(0.00024+0.00018)x, - where x, is the life between
overhauls; x, is the intensity of flights.

There by, the increase of the time between overhauls by 1
year leads to the increase of the maximum depth of corrosion
damage on the lower panel skins of the wing centre section by
~0.12 mm in moderate climate zones; by ~0.23 mm in
continental climate zones; by ~0.33 mm in industrial zones; by
~0.34 mm in maritime climate zones; by ~0.28 mm under mixed
operating conditions; by ~0.47 mm in humid tropics zones.

Using the similar procedure, there was determined the
depth of corrosion damage of the external surface of the wing
upper panel skins of B95T1 alloy. In this case we shall expect
the increase in depth by ~0.12 mm in moderate climate zones; by
~0.27 mm in the zones of influence of maritime and industrial
environments; by ~0.37 mm in the zones of mixed tropical and
moderate climate; by ~0.58 mm in the zones of humid tropics
with the intensity of flights of 300 flights/year.

Basing on the obtained results of the analysis, technical
documentation was developed for ultrasonic inspection of the
thickness of lower panels of the wing centre section of An-24
and An-26 airplanes and there were issued the recommendations
for timely detection of damages of different structural elements.
This will make it possible to operate these airplanes without
disassembly of panels during not less than 10 years after
preliminary inspection and despite the climatic zone where the
airplane is based.

The results of corrosion growth rate analysis for different

structural elements of the wing were used to adjust the
inspection intervals and to determine the optimum time for
renovation of anticorrosion protection of the analyzed area and
group of airplanes, as well as other areas, groups and types of
airplanes for which this area and group can be considered a
prototype.
General scheme of acquisition and analysis of corrosion damage
data based on service experience of the available aircraft fleet
allows solving both the problems of its continued airworthiness,
and the problems of reliable anticorrosion protection of newly
designed aircraft based on available data.

Research of the microstructure of industrial aluminium
alloys in terms of susceptibility to corrosion cracking is taken
into account when evaluating the life of a separate element and
that of the entire structure, and it is also used for successful
selection of materials with required set of features for existing
and future aircraft structures.
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Abstract: Since the first clay batteries were used, constant efforts has been mode in searching of new anode and cathode materials
with better properties. The aim is obtaining materials with better properties suchas energy density, capacity, charge/discharge regimes,
satety and of course cost. Our work is focused on Na — Mn and Mg — Mn oxides of birnesite type as new promising cathode materials. The
results, give us a reason to conclude that replacement Na- ions with Mg-ions has a positive effect.

KEYWORDS: BIRNESITE, MANGANESE OXIDE, CATHODE, MATERIAL

1. Yeoo

TepceHeTo Ha HOB THH Npe3apeAnMH OaTepHu, KOUTO Jia ca
Oe3omacHy, Oe3BpeHM 3a OKOJIHATA Cpela W EBTHHH JlaBa HOBH
MEePECTeKTHBU NpeJ peluiia yieHH. Pa3iuuHuTe BE3MOXKHOCTH 32
CbXpaHCHHE Ha EHEeprus B Pa3IMYHH IO CHCTaB, CTPYKTypa H
CBOIfcTBa MaTepuanW IIPOBOKHPAa HAYYHO-HM3CIIEIOBATEICKaTa
MHCBHI U JaBa HOB TJIAChK 3a pa3pabOTBaHEe Ha BCE MO-HOBU H IO-
HOBU TOAXOIH. BB3MOXXHOCTTAa 3a ChXpaHEHHE Ha EHEpPrus 4upes
3aMsHA HA HOHHU M MPOMSHA HA BUJA HA ENEKTPOJHUTE MaTepUalH
IPOBOKHpPA MUCHIITA HA HAyYHHUTE CPeIy M 00yClaBs HOBO HaydHO
TEUeHUE, THPCEII0 OPUTHHAIHA METOAN B IOCTUTAHETO Ha IIEJINTE
CH.

-

Pa3zHOOOpa3ueTo B MOAXOIUTE, CTPYKTYPUTE, CHOCOOWTE 3a
CHHTE3 M CBOWMCTBaTa Ha MaTEepUAJIUTE € OrPOMHO. ThpceHeTo Ha
HaW-TIOJXOAAII ¥ CHBMECTsBAl] B ce0e CH BCHYKH HEOOXOAMMHU
KavecTBa eNeKTPOJCH Marephan ¢ TOAWHUTE MPHI00WBa BCe IO-
mpok acrekT. OCHOBHHTE YCHIIHS Ce HACOYBAT KbM KOHKPETHH
TpylH ChEAWHEHHs, KaTo HAIpHMep: CIUIABH, METAlHH OKCHIH,
XaJKOTEHU/IN, TIOIMMEPH, BBIJIEPOJHA MaTepHAaId, KOUTO MOTAT 1a
Ce pasfeNnsaT B Pa3IMYHH CTPYKTYPHH HOATPYHH - CJOECTH,
IIMWHEIHA U TaKWBa C OJIMBUHOB TUII CTPYKTYpaA.

B mnocnegHutre roaMHuM LIMPOK HMHTEPEC 3a peAMLa YYEHHU
MPENCTaBIISIBAT ChEIMHEHUSATA ChC CIIOECTA CTPYKTypa Ha OCHOBATa
Ha Pa3JIMIHU XUMHUYIHHU EJIEMEHTH.
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XUMHYHMAT elleMeHT MaHraH e mpencrasuren Ha VIl b rpyma Ha
HEepUOIMYHATA CHCTEMa, 4YacT OT Ipylara Ha Taka HapeyeHHUTe
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NPEXOJHU €JIEMEHTH. XapaKTepHO 3a TIAX €, 4Ye CJICKTPOHUTE B
eNeKTPOHHHUTE OOBMBKH Ha aTOMHUTE MM ca pasmoiokeHd Ha d- u f-
opbutanu. Bcuykn Te ca MeTanid, a MMETO MNPEXOJHU HBa OT
MSICTOTO UM B IepHoJuyYHaTa cucrema. OOpasyBar pe/uia XUMHYHI
ChCIUHEHHS C pa3sHOOOpasHH CBOWCTBA W MPHJIOKCHHS.
MaHraHOBUTE OKCHIM Ca H3KIOYHTEIHO Ba)XHH MAaTepHaH C
IIUPOKO HPHIIOKEHHE, KAaTO KaTalu3aToOpH WM KaTo EJIEKTPOJHU
Matepuanu 3a Oarepuu. I'osiMaTta UM 3HAYMMOCT M MHTPUTYBAIU
KauecTBa [0 ToJisiMa CTEIEH Ce AB/DKAT Ha TEXHHTE CTPYKTypa U
(U3MYHK CBOWCTBA, KOUTO HE Ca XapaKTEpPHU 3a CHEIAMHCHUS Ha
npyru npexoaun metanu [1]. Kpucranusupar 0OMKHOBEHO ¢ peaunia
JPYIH CIOSCTH MaTepHald, KaTo Da3IUYHOTO CBHABPKAHHETO Ha
MaHraHa ¥ HerOBHTE Pa3jMYHU CTEIEHU Ha okucieHue (+2, +3 wmiu
+4) ca mpuuMHA 3a Pa3HOOOPA3HOTO NMPHJIOKEHHE W CBOMCTBAa Ha
te3u marepuanu [2]. [IIupoko M3ydeHH ca CIOECTH CTPYKTYPU OT
THIIA Ha OMPHE3UTHTE, KOUTO CHILO MPEICTABIABAT ChEIHHEHHS Ha
OCHOBaTa Ha MaHraHoBH okcuau [3]. MHTpHUryBamoro B MaTepuaiu
or Tuna Ha MnsOg € cMeceHnAT BaJleHTEH XapakTep Ha eJIeMEHTa
MaHraH B ChCTaBa HAa €NHO M CHIIO ChEAMHEHMe. XapakTepa Ha
XUMHYHATA BPb3Ka B TO3M OHHEPEH MaHIaHOB OKCHJI JOTPHHACS 3a
HHTEpeca KbM HEro, Karo MOTeHIMaJIeH MPOBOJHHUK Ha HOHH 3a
TOPHUBHH KJIETKU Wit Oarepuu [4,5].

CrtpyBa cu nma ce oTOelexu, 4ye Makap M C HIKOJIKO METoJa 3a
CHHTE3, Upe3 KOUTO MOTaT Jia ce MOJIydaT TO3U THI CheJHHEHHS ca
NPOBEICHN peIylla CHCTEMHH INPOY4YBAaHHS BBPXY CBOMCTBaTa M
npunoxumoctTa um [6 — 10].

2. Pezynmamu u ouckycusn

Beuuku w3mon3BaHu 3a cuHTe3a XuMuKaid (MnSO,,
NaOH, H,0, u MgCl,) ca ¢ Bucoka 4ncTOoTa U He OsXa MOAJIaraHu
Ha JIOIBJIHUTEIHYU POLEYPH C IIENT IPEUNCTBAHE.

3a CHHTE3MpaHeTO Ha MarHe3WeB OWpPHE3UT IBbPBO Oerie
HEOOXOMMMO IIOJMy4YaBaHETO Ha HATpUeB TakbB. HarpueBHAT
6upHesur Gerre noydeH ot 50% pasrBop Ha MnSO, u pa3TBOp Ha
2.16 g NaOH B 90 ml mecrunupana Boga u 10 ml BomopomeH
nepokcua. 3a MnSO, (50%) 6sixa HeoOxoaumu 5.377g MnSQOy,,
KOUTO ce pa3TBapsaT B 50 ml mectunupaHa BoJa NpPH WHTEH3HBHO
pa30BpKBaHe 10 MoJydaBaHETO Ha Oiemo po3oB pa3TBop. Bropusr
HEe0OXOIMM 3a CHHTE3a pa3TBOp MOJiydyaBaMme, Kato pa3rsopum 2.16
g NaOH B 90 ml mectunmpana Boja u KbM Tsx mpubasum 10 ml
BOZOpo/ieH nepokcua. Cies KaTo ABara pa3TBopa ca TOTOBHU CJIE/Ba
CMECBaHETO WM. MaHTaHOBHAT pa3TBOp Oemie IOCTaBeH Ha
SJISKTPOMarHuTHa ObpKajKa C YMEPEHO TeMIO Ha pa30bpKBaHE U
KbM HEro Ha MajKu NOpuuu, 0aBHO mpuOaBUXME pa3TBOpa Ha
HAaTpUeBa OCHOBa W BOJOpOAeH mepokcua. Ome npu IbpBara
HOpILHMS Ce MOJIyYH HACHUTEHO Ka(sBO OLBETSABAHE, XapaKTEPHO 3a
HOTy4YaBalUAT ce HaTpueB OupHesut. Cren mpuOaBsHETO a
HOCJIeTHATa MOPIUS OT BTOPHUS PasTBOP, OCTABUXME IOTYYCHUST
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MarepHal Aa ce pa30obpKBa IpU chiuTe obopotu 3a 2 yaca. Cren
OIIPENCIICHOTO BpEME CHPSIXME pPa30bPKBAHETO M OCTaBUXME
pas3TBOpa Aa ,.crapee B MpoAbDKeHUe Ha 24 yaca. Ha crnexpamusar
JeH, GuiaTpyBaxme pasTBOpa Hoj BakyyM. ITomyueHHAT OMpHE3HT
MIPOMUBXME JBYKpPAaTHO B JIECTWJIMPAHA BOJA M €JUH ITBT C €TaHOI
omie 10 KaTo ¢ B OloxHepoBara ¢yHus. l3Baguxme Bede roroBaTa
Maca U OCTaBUXMe Jia ce CYIIH 3a eqHo neHoHomnme mpu 50 °C.

MnSO, + NaOH + H,0, — Na,Mn0O,.yH,0

OT Taka TMONYYCHUSAT HATPHEB OWPHE3UT CleaBa
THOJIy4aBaHETO Ha MarHe3ueB TakbB. 3a menra 0.5 g OT roToBUAT
OupHesut cmecuxme c¢be 100 ml mpexBaputenHo mpurotBer 1M
pa3TBOp Ha MarHesueB xjopui. (3a momyuyaBaneto Ha 1L, 1M
pasrBop Ha MQCl, pasrBopuxme 203 g MgCI,.6H,0 mo 1L ¢
JecTWiIMpaHa  Bojga.) HoBuAT  pa3TBOp  NOCTaBUXME  Ha
eJISKTpOMarHuTHa ObpKaiKa 3a 24 Jyaca pH yMEpeHO pa30bpKBaHE
U craiiHa Temmeparypa. Ha ciemBammsT JeH TOTOBHUAT Bede
MarHe3ueB OHMPHE3HWT ce (QHITpyBaxMe ChC ChIIaTa HpoLexypa —
JIBYKPaTHO IIPOMHBaHE C BOJa M €AHOKpaTHO C €TaHOII.
Tonydenust Matepuan cyumxme Ha 50 °C 3a eiHa HOIL.

NaXMnOZ.szo + Mgc|26H20 — MgXMnOz.szO

[ony4yenure marepuamm Osxa MOMIOKEHH HA peAMIa
HM3CIEIBAHUS C IeN ITBJIHO OXapaKkTepu3upaHe Ha CbhCTaBa U
crpykrypara uM. C 1ieJl U3SCHABAHE CTEXUOMETpHITa Ha JBETe
TIONTyYEeHU CheIUHEHHS MTPOBEIOXME aTOMHA a0COPOIIMOHEH aHAIN3,
3a ONpe/elsiHe KOJMYeCTBaTa Ha HATPUI U MarHe3ui:

Nag 1;Mn0O,.yH,0

Mgo.06MNnO,.yH,0
U TEPMOTPaBUMETPHS,
KOJIMYECTBO BOJIA:

Nag 1:Mn0,.0.5H,0

Mdgo.0sMn0O,.1.36H,0

3a ONpenciiiHE Ha CTCXUOMETPHUYHOTO
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Que.2 Tepmocpagumempuuny Kpuu HA HAMPUEE U MACHE3UEs
oupnesum, noxazeawu 3azybama na éooa npu omepsigane 0o 600°C; cuns

Kpuea

PeHTreHOB aHanu3, XapakTepH3Hpall MUKPOCTPYKTypara
Ha OMPHE3UTHUTE MaTepHald IOKa3Balll CPABHEHHE MEXIY OTIPST
u Heotrpat npu 600°C narpueB OGupHesut. SIcHO ce BWXKA, Y€ B
npoleca Ha HarpsiBaHe mpo0aTa KpUCTaIW3Hpa, A0KA3aTeiCTBO 3a
KOETO Ca SICHO M3Pa3eHUTe MMKOBE Ha KPUBaTa MOKA3BaIla OTIPETHs
MaTepHai- YepBeHara.
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NaBir
NaBir500

@Due.3 Penmeenozpama Ha nampues Oupnesum, usXxo0eH — uepHa
Kpuea, omepsim — uepeéeHa Kpuea

——MgBir
—— MgBirb00

@Due.4 Penmeenospama na machesues OupHesum,; usxo0eH — uepHa
Kpuea; omepsim — 4epeeHa Kpusa

Ilpn pentrenoBata nudpakTorpamMa Ha MAarHE3HEBUST
OMpHE3NT SCHO Ce BIDKZA, Y€ B IIpolleca Ha HarpsiBaHe IpodaTa He
MPETHPIISIBA TOJIEMU IPOMEHH B CBOSITA CTPYKTYPA.

KaTo 11510 Mex Iy CTpyKTypuTe Ha ABaTa OMpHE3HWTa MMa
roJsiMa pa3iivKa, IbDKAIIA Ce IPeId BCUYKO Ha HA4YHHA, [0 KOHTO
TE€ ca CHHTE3UPAHHM, @ UMEHHO — EIMHUST € PON3BOJICH Ha APYTUs.
IMTony4yaBaHeTo Ha MarHe3WeB OWPHE3MT OT HATPUEB TaKbB, uUpe3
HOHHO-O0OMEHHA peakIys 3a MPOTHIAHETO Ha KOATO ca He0OXO0INMH
24 4yaca, BOOM JI0 TNPOMEHM B CTPYKTypaTa Ha Marepuasa.
HermpekbcHAaTOTO pa3dbpKBaHe B MPOIeAypara Ha CHHTE3 omara 3a
BUIUMOTO OT PEHTreHO(a3oBMAT aHAIN3 H3CHTHSBaHE Ha
MarepHana.

Pesynrarure OT cKaHHpaIaTa eIeKTPOHHA MHUKPOCKOIHS
(SEM), uu mamoxa uadopmarus 3a MOp(oJIOTrUsTa Ha IBETE TPOOH.
Ilpu TO-HUCKUTE yBENWYEHHS Cce HaOI0JaBa MPUOIU3UTENTHO
€/IHaKBa CTPYKTypa Ha OMPHE3UTHTE, HO KAaKTO SICHO CE BIXKAA IPU
M0-BUCOKUTE YBEIMUYCHUSI MATHE3UEBHSAT MaTepHall € C MHOTO I10-
MOpecTa CTPYKTypa, KOETO Ce IbJDKH Ha pa3Mepa Ha MarHEe3WeBHs
KaTHOH.

@ue.5: SEM — uzobpasicenus na mamepuanume; 2ope, 1s160u OACHO —
Hampues Gupresum; 00y, 160 U OSICHO — MAZHe3Ue8 OUpHe3um



MACHINES. TECHNOLOGIES. MATERIALS. 2019

3. 3aknrouenue.

Ha 6a3za mpoBeneHuTe wn3cileqBaHUsS U IOJTYyYEHUTE OT TSIX
pe3yaTaTH cTaBa SICHO, Y€ 3aMEeCTBaHEeTO Ha HaTPHEBH C MarHe3UEeBH
HOHM B CbcTaBa Ha OWPHE3UTHUTE HMMa OJAaroNpHATHO BIIMSHUE
BBPXY TBPCEHHTE OT HAC CTPYKTYpHH XapaKTepHUCTHKH Ha
MaTepHauTe.

To3u akr, npuapyKeH ¢ peauna JpYrd ChIICCTBEHH
JIOKa3aTeNICTBA 3a IIOJOKHUTENHUA e(EeKT OT HaIM4YUeTO Ha
MarHe3uii HHU JaBa OCHOBATENHA MpPUYHHA Ja MPOIABIKUM C
H3CIIeIBAHUSTA M THPCEHETO Ha OIIE MO-TIOAXOSNIN CTPYKTYPH H
KOMOMHAIMK OT TakuBa. TakuBa MaTepHan B ObJerie Ouxa MOTIIH
Ia ObJaT M3MON3BaHM, KaTo KaToAW B WOHHM Oatepuu. Harpueso-
MaHTaHOBUTE OKCHIM M MAarHe3WeBO-MaHTaHOBHTE OKCHIN C
OMpPHE3UTOB THII CTPYKTypa ca HOBO M MHOT000EIIaBaIlio
MOKOJIEHHE H3TOYHHLIU Ha EHEeprusi, OTroBapsIld Ha BCHYKU
U3UCKBAHUS — €KOJOTHYHOCT, Bh30OHOBAEMOCT, TOOpH MapaMeTpu
HAa JIeiiCTBUE U HUCKA LIeHA.
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EFFECT OF STRUCTURE AND TEXTURE ON THE MECHANICAL
CHARACTERISTICS OF MAGNESIUM ALLOYS PROCESSED BY EQUAL-
CHANNEL ANGULAR PRESSING

BJIMAHUE CTPYKTYPBI U TEKCTYPbl HA MEXAHUYECKUE XAPAKTEPUCTUKU MAT'HUEBBIX
CIINIABOB, ITOJIYYEHHBIX PABHOKAHAJIbHBIM YI'JIOBBIM [IPECCOBAHUEM
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Abstract: ECAP was carried out with a gradual decrease in temperature and an increase in the number of passes on two medical
magnesium alloys: WE43 (Mg-3.56%Y-2.20%Nd-0.47%Zr) and ZX10 (Mg-1.0%Zn-0.3%Ca). It was shown that ECAP leads to a significant
refinement of the alloys structure. For ZX10 alloy, the average grain size after ECAP decreased from ~ 105 um in the initial state to 8 + 0.18
um in the longitudinal section and to 4 = 0.19 um in the transverse one. For the WE43 alloy, the average grain size was changed from 70 um
to 0.69 + 0.13 um and the precipitation of particles of the Mgy Nds phase with an average size of 0.45 + 0.18 um was also discovered. At the
same time, the grain refinement led to an increase in the strength characteristics of the both alloys (including fatigue strength), and
increased prismatic slip activity (along with the formation of an inclined basal texture in ZX10 alloy) led to an increase in their ductility. The
alloy structure formed during the ECAP process does not lead to a decreasing in resistance to chemical corrosion.

KEYWORDS: MAGNESIUM ALLOYS, EQUAL CHANNEL ANGULAR PRESSING, ULTRAFINE GRAINED STRUCTURE, TEXTURE,

MECHANICAL PROPERTIES, FATIGUE LIFE

1. Introduction

Magnesium alloys have been actively studied in many countries for
two decades as medical materials [1-3]. Currently, the most studies
are aimed at obtaining the optimal composition and properties of
these materials. The development of the compositions of such alloys
is complicated by the fact that the selected alloying elements must
have good biocompatibility and fulfill their basic properties:
strengthen the alloys and increase its corrosion resistance.
Therefore, a limited number of elements are now used (Ca [4], Zn
[5], Ag [6], Li [7], Sr [8], Mn [9], some rare-earth metals [10-12]),
which fall in their characteristics under both criteria. But just only
alloying is not enough to obtain optimal properties. Therefore,
alloys usually are deformed to improve their mechanical properties.
In this sense, severe plastic deformation [13], and in particular
equal-channel angular pressing (ECAP) [14], which allows
significantly strengthening magnesium alloys by formation an
ultrafine grained (UFG) structure, is especially attractive. In
addition, the cases of increasing the corrosion resistance of
magnesium alloys after formation of UFG structure are known [15,
16]. Therefore, the effect of alloying and ECAP on the structure and
properties of two medical magnesium alloys (WE43 and ZX10) was
studied in this study.

2. Materials and Methods

Two magnesium alloys were investigated in the work: WE43 (Mg-
3.56%Y-2.20%Nd-0.47%Zr) and ZX10 (Mg-1.0%Zn-0.3%Ca). In
the initial state, the WE43 alloy was homogenized at 525 °C for 8
hours and then air cooled. The ZX10 alloy was also subjected to
homogenization at 450 °C for 3 hours and then water quenched. The
Bc ECAP route was carried out on the machine with a channel
intersection angle of 120° with a gradual decrease in the
deformation temperature and an increase in the number of passes.
For WEA43 alloy, the ECAP temperature decreased from 425 to 300
°C with a step of 25 °C and 2 passes at each temperature (Ny = 12).
For the ZX10 alloy, stepwise ECAP was performed with a decrease
in temperature from 400 to 300 °C with a step of 25 °C and also 2
passes at each temperature (Ny = 10) (Figure 1).

The microstructure was examined using an Axio Observer D1m
Carl Zeiss optical microscope and an electron microscope JEM-
1400 (Jeol, Japan) operating at a voltage of 120 kV. Foils for TEM
analysis after ECAP were cut in the longitudinal direction,
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mechanically ground up to 180 wm and then subjected to ion-
bombardment on a GATAN 600 unit. The size of the
microstructural units was estimated by the method of random
sections using the Image ExpertPro 3 software.

[425"C H 400“CH 375°C H 350"C H 325°C H 300°C]
[ 400°C ]:D[ 375"C H 350°C }:>[ 325"C H 300°C ]

(b)
Figure 1 - The ECAP processing regimes employed (N denotes the
number of passes at a given temperature)

Texture analysis was carried out using X-ray diffraction in a Rigaku
Ultima 1V diffractometer with the CuK « radiation in the reflection
mode. Five complete pole figures {00.4}, {20.2}, {10.2}, {10.3},
{11.0} were obtained with a maximum inclination angle « max
=70° and a step of 5° in the radial angle « and the azimuth angle
B on a pole figure. The orientation distribution functions (ODFs)
were calculated from the measured pole figures presented as a
superposition of a large number (1000) of standard distributions
with a small scatter. The centers of standard functions were located
on a regular three-dimensional grid in the orientation space [17].
With these ODFs, complete pole figures were also calculated. The
volume fractions of the major orientations were estimated using the
ODFs as described in [17]. Using the Euler angles and the volume
fractions of the orientations, the generalized Schmid factors for the
existing deformation systems and the inverse orientation factors
were calculated, as described in [18].

The mechanical properties were evaluated through uniaxial tensile
tests carried out at room temperature in an Instron 3382 testing
machine with an extension rate of 1 mm/min on 33 mm long dog
bone-shaped specimens with a gauge length of 15.0 mm and
diameter of 3.0 mm. The fatigue tests were carried out under cyclic
tension using an ElectroPulsTME3000 machine (testing frequency
of 30 Hz, stress ratio R = 0.1).

The corrosion properties were investigated by the weight loss
method upon immersion of specimens in a 0.9% NaCl solution at
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37°C for 4 weeks. Before weighing the specimens after immersion,
the corrosion products were removed according to ASTM_G1-03-E.

3. Results and Discussion

The study of the alloys microstructure in the initial state showed
that after homogenization in both cases a uniform structure with
equiaxed grains is formed (Figure 2 a, b) (an average grain size of ~
70 pum for the WE43 alloy and ~ 105 um for the ZX10 alloy). The
formation of smaller grains in the case of the WE43 alloy, even
despite the longer homogenization duration, is probably associated
with the presence of Zr in its composition, which use as a modifier
for refinement the structure. In addition, due to the low diffusion
rate of rare-earth metal atoms in the case of WE43 alloy, more
thermal energy is required to dissolve the phase. ECAP leads to a
significant refinement of the structure of both alloys. An ultrafine
grained structure with an average grain size of 0.69 + 0.13 um, as
well as globular particles of the Mg, Nds phase [19] with an
average size of 0.45 = 0.18 um are formed after ECAP in the WE43
alloy (Figure 2 c). At the same time, ECAP in the ZX10 alloy leads
to the formation of a rather inhomogeneous structure elongated
along the pressing direction with an average grain size of 8 + 0.18
um in the longitudinal section (Figure 2 d) and 4 £ 0.19 pm in the
transverse one. The formation of larger grains, in comparison with
the previous alloy, is probably associated with a smaller number of
ECAP passes, as well as a lower temperature recrystallization of the
alloy. The second phase particles were not found in this alloy after
ECAP.

Figure 2 — The microstructure of the WE43 alloy (a, c) and the
ZX10 alloy (b, d) in homogenized (a, b) and deformed (c, d)
states

The study of the mechanical properties of the alloys showed that the
formation of a more dispersed structure after ECAP in the case of
the WE43 alloy most significantly strengthened the alloy. So in the
initial state, a yield stress (YS) of the WE43 alloy was 161 MPa, an
ultimate tensile strength (UTS) - 234 MPa, and an elongation (El) -
9%. But these characteristics increased to 260 MPa, 300 MPa, and
12.4% after ECAP, respectively. The yield stress was 92 MPa, the
ultimate tensile strength - 194 MPa, and the elongation - 12.8% in
the case of the initial state of the ZX10 alloy. After ECAP, the
ductility is almost doubled to 23.9%, while the strength remains
almost unchanged (the yield stress is 106 MPa and the ultimate
tensile strength is 215 MPa) (Table 1).
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Table 1 — Mechanical properties of WE43 and ZX10 alloys in the
initial state and after ECAP processing

Conditions UTS, MPa YS, MPa El, %
Initial state 194 92 12.8
ZX10
ECAP 215 106 23.9
Initial state 234 161 9.0
WE43
ECAP 300 260 124

As noted earlier, the increase in strength characteristics is associated
with the grain refinement. However, for example, for ZX10 alloy,
grain refinement after ECAP more than 10 times does not lead to a
significant increase in strength. In addition, for both alloys, despite
the refinement of the structure, an increase in ductility is observed.
That is, it can be assumed that there are additional factors affecting
the final properties. In magnesium alloys, in addition to structure,
the transformation of texture also contributes to the change in
mechanical properties. Therefore, to assess the contribution of the
texture to the change in the mechanical properties of materials,
direct pole figures of the alloys were constructed before and after
ECAP, and the orientation factors of the main deformation systems
and twinning were calculated (Figure 3 and Table 2).

(11.0)

cvecew

vovon

EST T

#1100 :

@« RS\

(d)
Figure 3 - (00.4) and (11.0) pole figures and ODF sections at ¢,
= const for the WE43 (a, b) and ZX10 (c, d) alloys in the initial
states (a, ¢) and after ECAP processing (b, d)

The texture analysis showed that a cardinal change of texture type
occurs from a sharp basal texture in the initial state to a sharp
prismatic texture in the case of ECAP of the WE43 alloy (Figure 3
a, b). It is known that activation of prismatic slip in magnesium
alloys leads to an improvement in their ductility, which we observe
for the WE43 alloy. At the same time, the magnesium alloys after
ECAP are also characterized by the formation of an inclined basal
texture, which has a beneficial effect on the ductility, but does not
improve (and often worsens) their strength [19, 20]. We observe a
similar situation in the case of the ZX10 alloy, where ECAP leads
to the transformation of a diffused basal texture into a sharp basal
texture inclined by 80-85° (Figure 3 c, d). At the same time, in the
case of alloys with rare-earth metals, fine particles are deposited in
the basal planes, which make it difficult to slip dislocations along
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them [21]. This leads to partial inhibition of the basal slip and
activation of the prismatic one, which does not lead to deterioration
in ductility and strength. We observe a similar situation for the
WE43 alloy. Moreover, a decrease in the values of orientation
factors for prismatic slip planes also indicates an increased
likelihood of prismatic slip in the alloys after ECAP (Table 2). The
probability of basal and pyramidal slip activity, as well as twinning
in the case of WE43 alloy, is reduced. Twinning activity in the case
of the ZX10 alloy remains unchanged.

Table 2. Orientation factors for WE43 and ZX10 alloys in the initial
state and after ECAP processing

Basal Prismatic Pyramidal Twinning
Conditions {0001} {1010} y<c+a> {1012}
<1120> <1120> <1011>
Initial state
(WE43) 4.6 6.2 4.1 4.0
ECAP (WE43) 6.0 4.3 5.0 5.0
Initial state
(ZX10) 4.4 5.1 4.7 4.8
ECAP (ZX10) 5.9 3.9 49 438

The Figure 4 shows the results of the fatigue life study of the both
studied alloys before and after ECAP.
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Figure 4 - Fatigue behaviour of the ZX10 (a) and WE43 (b)
alloys in the initial states and after ECAP

It was shown that the grain refinement after ECAP leads to an
increase in the fatigue limit of both studied alloys. In the case of the
ZX10 alloy, the increase in fatigue limit is small, probably due to
the formation of an unfavorable texture. So the fatigue limit of the
alloy in the initial state was 100 MPa, and after ECAP - 110 MPa.
For the WE43 alloy, the increase in the fatigue limit is more
substantial: from 90 MPa in the initial state to 170 MPa after ECAP.
One of the most important in-service properties of the magnesium
medical alloys is their corrosion resistance. The corrosion resistance
studies were carried out in a physiological saline solution of 0.9%
NaCl at 37 °C in this work (Figure 2).
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1-7X10 alloy in initial state; 2 — ZX10 alloy after ECAP;
3 —WEA43 alloy in initial state; 4 — WE43 alloy after ECAP
Figure 5 — The study of corrosion resistance of the alloys

It was shown that the WE43 alloy has a higher corrosion resistance
compared to the ZX10 alloy both in the initial state and after ECAP,
apparently, due to the presence of rare-earth metals in the
composition. Moreover, ECAP does not lead to a decrease in the
corrosion resistance of both alloys. The total mass loss over 4 weeks
of testing was 16.3 + 0.6 and 20.4 + 4.7% for the homogenized and
deformed states of the the ZX10 alloy and 10.5 + 1.3 and 10.8 +
1.5% for the homogenized and deformed states of the WE43 alloy,
respectively.

4. Conclusions

1. ECAP leads to significant structure refinement of both studied
alloys. For the WE43 alloy an UFG structure is formed with an
average grain size of 0.69 + 0.13 pm, as well as Mgy Nds phase
particles with an average size of 0.45 + 0.18 pum during ECAP.
ECAP processing of ZX10 alloy gave rise to grain refinement from
~105 pm in the initial state to 4.0 £ 0.19 ym and 8.0 + 0.18 um in
transversal and longitudinal cross-sections of the billets.

2. The grain refinement caused by ECAP of WEA43 alloy result in
improved strength characteristics (YS = 260 MPa and UTS = 300
MPa), while also raising its tensile ductility to 12.4%. ECAP of
ZX10 alloy was shown to moderately increase the mechanical
strength of the alloy, while doubling its tensile elongation. The
increasing of ductility is believed to be associated with the
activation of prismatic slip.

3. A further positive effect of ECAP is an increase of the fatigue
limit by ~10% on the ZX10 alloy and ~89% on the WE43 alloy.

4. The above beneficial effects were achieved without ECAP
impairing the chemical corrosion resistance.
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Abstract: The results of experimental studies of the operation of reinforced concrete structures with surface reinforcement of fiber reinforced
plastics for various types of stress state under static and dynamic loads are presented. Methodologies have been developed for the
restoration of damaged reinforced concrete structures by pre-stressed fiber reinforced plastics. Examples are given of restoring the

operational suitability of various objects.
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1. Introduction

Due to the frequent change of purpose, reconstruction and
renovation, the requirements for improving reliability and comfort,
physical wear and damage from corrosion of buildings and
structures, the need to strengthen building structures is becoming
increasingly important. A particularly important role is played by
strengthening and restoring buildings and structures in seismic areas
of construction, in areas of natural disasters, after accidents and
terrorist acts.

The main material of the supporting structures of buildings and
structures of the present is monolithic or precast concrete, therefore,
the problems of improving methods for reinforcing reinforced
concrete structures are of particular relevance.

Traditional methods for reinforcing reinforced concrete structures
are very laborious, require overburden, welded and concrete work,
require considerable time to provide the required strength.

In recent decades, the scope of application of composite
materials in construction has been rapidly expanding. The market of
composites in construction is about 5 billion euros, and composite
carbon materials occupy a leading place in them, which are used
primarily for restoring bearing capacity and strengthening various
engineering structures, industrial and civil buildings. Composite
materials are used to strengthen building structures from various
materials. More than 80% of reinforced concrete structures in the
USA, Japan, Canada, Germany, England and other developed
countries are made by external reinforcement systems using fibro-
plastic materials [1], [2].

In the last decade, an active expansion of the production of
beams, laminated plates, shells and sandwich structures from a
composite with fiber reinforced fibers has begun. Working Group
CEN / TC250) WG) 4 published a Report, which contains
preliminary provisions of the FRP (Fiber-reinforced Fiber-Plastic
Reinforced Structural Design Guide).

New, modern methods of reinforcing reinforced concrete
structures are focused on the application for reinforcing composite
fiber-reinforced plastic materials characterized by high strength,
corrosion resistance and durability. The main component of these
composite materials are layers of parallel-oriented fibrous mineral
materials (carbon, basalt, aramid or glass), manufactured by
nanotechnology.

Reinforcing fibers are located in a polymer matrix of various
resins (epoxy, phenolic, polyester, vinyl ester or other types of
organic resins). These products are manufactured in the factory and
are supplied in the form of lamellas or laminate tapes having one
directional fiber, as well as wrapping sheet coatings in the form of
fabrics, nets or sheets with unidirectional or bidirectional fibers.
The most common are carbon fiber reinforced materials for which
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carbon fibers are obtained from synthetic and natural fibers based
on cellulose, copolymers of acrylonitrile, oil and coal tar pitch, etc.

Carbon fibers have the following advantages:

- have high tensile strength superior to steel;
- have a low density, they are lighter than aluminum by 20%;
- withstand temperatures up to 16,000 C;
- are a good energy absorber.
The disadvantages of carbon fiber:
- high price;
- the complexity of repair or restoration in case of damage;
- electrical conductivity;
- is damaged in the sun;
- carbon fiber from carbon fiber and rubber can withstand the most
powerful shock loads, but it breaks brittle.

The most common method of reinforcing reinforced concrete
structures with fiber reinforced plastics is the use of surface
reinforcement of building structures, for which a primer is used for
surfaces, putty, adhesives, one or two-sided sheet fabric or laminate.
Surface reinforcement of reinforced concrete structures is carried
out by directly gluing reinforcing composite materials onto concrete
surfaces and is characterized by high reinforcement efficiency,
simplicity and high speed of execution, low laboriousness of work,
and quick terms of acquiring the required strength.

2.Experimental research

2.1. Studies of the work of flexible structures

To study the features of the work of flexible concrete structures
reinforced with a carbonate unidirectional laminate and nets, a
complex was completed that included the following steps:

- study of the work of normal sections of flexible reinforced
concrete beams reinforced with carbon fiber laminate tapes;

- study of the strength of inclined sections of flexible concrete
beams reinforced with carbon fiber fibers of laminate tapes and
nets;

- assessment of the effect of a few dynamic repeated loads on the
work of flexible reinforced concrete beams reinforced with carbon
fiber tapes of laminate tapes.

Experimental reinforced concrete samples of beams 2200 mm
long, 120x200 (bxh) mm section, were reinforced with spatial
knitted frames with asymmetric steel reinforcement of 20112 class
A-TII in the lower zone, 2(110 class A-Ill in the upper zone and
clamps (16 Class A-I.

The study of the work of normal sections was performed on
three batches of prototypes:
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- The first batch was reinforced with laminate tapes based on carbon
fiber fibers of the S&H Laminate CFR 150/200 type with a section
of 50x1.2 mm (BASF, Germany);

- The second batch was reinforced with ribbons of the FibArmTape
530/300 12/100 type lamella with a section of 100 x 1.2 mm (HC
Composite, Russia);

- The third batch was reinforced with laminate tapes based on
carbon fibers of the MBRACE LAM CF 165/3000 100x1.4 100m
type with a section of 100x1.4 mm (BASF, Germany).

Static tests of beams according to the scheme of a single-span beam,
loaded in thirds of the span with two concentrated forces, were
carried out in a power stand under phased loading with a transverse
load created by a hydraulic jack and a manual pump station.

The destruction of beams that did not have reinforcement

occurred in the zone of pure bending and was accompanied by
crushing of the compressed zone of concrete at stresses in tensile
reinforcement corresponding to the yield strength of steel,
deflections of the beam were 1 / 27.5 of the span, and the crack
opening width reached 2 mm or more.
Gluing one layer of S&P C FK 150/2000 laminate onto the
stretched edge of the beam led to an increase in beam strength by an
average of 76%. In this case, the deformations of the compressed
zone of concrete and the tensile reinforcement did not practically
change, and the deformations of the stretched laminate were about 6
Oai, the deflections of the beam and the width of the crack opening
were more than halved.

Testing of the beams of the second batch reinforced with a
FibArm-Tape 530/300 1.2x100 mm lamella showed that with one
layer of glued lamella, normal cracks in the zone of clean bending
appeared at a bending moment of 26.3 kNm, and later, until the
fracture, the opening width cracks did not exceed 0.25 mm. The
destruction of the beams was caused by the separation of the
protective layer of concrete in the area of anchoring of the lamella
and was brittle. The gluing of two lamella layers in the stretched
zone did not lead to an increase in the strength of the beams, but
was accompanied by a decrease in the deflection, a decrease in the
width of the crack opening, and a decrease in the deformations in
the stretched reinforcement. The beams turned out to be reinforced,
their destruction was accompanied by a detachment of the concrete
protective layer in the lamella anchoring zone and was brittle (Fig.

1).
B TR ANV O S YED

Fig. 1 - Detachment of protective milking concrete
in the area of anchor lamella

¥

Fig. 2 - Destruction of the compressed zne of normal section
\

Beams of the third batch were reinforced in the stretched zone by
a laminate of the MBRACELAMCEF 165/3000 series 100x1.4 mm

272

and they occurred in the clean bend zone and were accompanied by
the destruction of the compressed concrete zone and the peeling of
the laminate from the stretched concrete zone, or by the separation
of the concrete protective layer with a normal crack opening width
of more than 1.2 mm. Longitudinal deformations along the height of
the section are distributed almost linearly. The greatest
deformations of concrete on the compressed face reach 3.0 %o, and
the deformations of the laminate were in the range of 2.6-3.7 %o.

The features of the normal cross sections of bent beams under
dynamic loading were studied by testing the samples with a
hydrodynamic machine with double action jacks with an asymmetry
coefficient of force change p~-0.04 and a loading frequency of 1.0
hertz.

In the process of a few repeated loads (15-25 loading cycles), the
deflections of the non-reinforced beams of the first batch increased
by 30-40%, and the deformations of the stretched steel
reinforcement increased by 25-30%. Similar beam specimens
reinforced in the stretched and compressed zone by S&P C FK
150/2000 laminate tapes withstood 15-65 repeated loading cycles
with a maximum amplitude of 67-75% of the static strength of the
twin samples. Dynamic
the strength of the reinforced samples was 45% higher than the
dynamic strength of the samples without reinforcement, and the
strains of the stretched laminate reached 3.0-3.52 %o, the strains of
the compressed laminate reached 2.6 %o.

Samples of bending beams of the B-II series, reinforced in the
lower zone with a single layer of FibArm Lamel 12x100 lamella,
withstood 8-280 cycles of dynamic repeated loading with a
maximum amplitude exceeding the static strength by 3-28%. In this
case, the lamella deformations increased from 3.51 %o to 3.821 %o
(by 10%), and the vertical deflections increased from 23 mm to 29
mm (26%). The destruction of the beam was accompanied by the
formation and development of normal and inclined cracks, as well
as the breaking of the protective layer of concrete in the zone of
anchoring of the lamella. The dynamic strength of the reinforced
beams exceeded the static strength by 33%. Strength at repeated
loads is described by the following empirical dependence:

M, /M= 1,330,116 Ign 1)
Prototypes of reinforced concrete beams designed to study inclined
sections were reinforced with spatial knitted frames with
asymmetric metal reinforcement of 3-12A-111 in the lower zone, 2-
10A-111 in the upper zone. The supporting zones of the beams are
reinforced with a sticker of vertical and inclined fiber-reinforced
polymer networks.
Three batches of prototypes were tested:
- The first batch was strengthened with grids based on carbon fiber
fibers of the S&P C Sheet 240 type with a width of 50 mm (BASF,
Germany);
- The second batch was reinforced with grids of the FibArmTape
530/300 type with a width of 300 mm (HC Composite, Russia);
- The third batch was reinforced with grids based on carbon fiber
S&H Laminate 150/200 cross-section of 50x1.2 mm.

Gluing of unidirectional vertical meshes in the supporting zone
led to an increase in the shear strength of the inclined sections of
flexible concrete structures by 1.4-2.3 times, and the destruction of
the beams was caused by the separation of the protective layer of
concrete from the sides of the beam and is accompanied by brittle
fragmentation of the concrete of the supporting zone.

The diagram of tensile stresses in the fibers of fiber-reinforced nets
along the length of the inclined section is in the form of a convex
arc with the greatest deformations up to 3-3.8 %o.
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2.2. Studies of compressed structures

The study of the operation of compressed concrete elements
reinforced with fiber reinforced plastics was carried out on samples
of concrete cylinders and prisms of various sizes, differing in the
number of layers of reinforcement meshes, as well as the nature of
the application of compressive load.

The study of the operation of compressed elements reinforced
with fiber reinforced plastics was carried out on samples of concrete
cylinders and prisms of various sizes and the number of layers of
reinforcement grids, as well as the nature of the application of
compressive load.

The study of the operation of compressed elements reinforced
with fiber reinforced plastics was carried out on samples of concrete
cylinders and prisms of various sizes and the number of layers of
reinforcement grids, as well as the nature of the application of
compressive load.

Static tests were carried out on hydraulic presses IPS-200 and
ALPHA 3-3000S. For this, the samples were subjected to axial
compression with a gradual increase in the longitudinal compressive
force at a rate of 0.3 MPa /s, up to the destruction of the sample.
During the tests, longitudinal and transverse deformations of the
experimental samples were measured using strain gauges with a
base of 50 mm glued to the side surfaces.

Reinforcement of samples by wrapping (gluing) material of the
FibArm Tape 530/300 series causes triaxial compression of
concrete due to the limitation of transverse deformations of concrete
caused by the presence of a holder from reinforcing grids, and leads
to a significant increase in the strength of compressed samples, as
well as longitudinal and transverse deformations. The strength of
concrete when reinforced with one layer of nets increased by 1.79-3
times, by two layers - by 3.12-3.75 times and by three layers - by
3.5-5.53 times. This suggests that with increasing cross-sectional
dimensions, the effect of increasing strength decreases depending
on the percentage of reinforcement of the section with polymer
networks.

Strengthening compressed concrete samples with fiber reinforced
cages leads to a significant increase in longitudinal and transverse
deformations of concrete.

Thus, the ultimate longitudinal deformations of concrete as
compared to deformations of samples without reinforcement by
clips increased 1.82—4.4 times, and transverse deformations
increased 4.6-20 times. In this case, the ultimate transverse strains
in magnitude approach the longitudinal strain.

In the process of increasing longitudinal compressive stresses in
concrete reinforced with a cage made of polymer nets, microcracks
are formed in concrete, and after exceeding the stresses
corresponding to the exhaustion of concrete strength without cages,
an accelerated increase in concrete volume begins, with stresses in
reinforced concrete of about 70-80 % of destructive stresses, the
volume of concrete is close to the initial volume (the volume of
concrete before loading with longitudinal force), and before the
strength of concrete reinforced with meshes is exhausted, an
increase concrete volume can reach 0.55-0.65%.
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Fig. 4 Diagrams of longitudinal and transverse deformations
concrete without reinforcement, with 1st and 3rd layers
of reinforcement mesh
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Fig. 5 - Photo of the destroyed samples without amplification,
with 1st and 3rd gain grids
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Figure 6 - Diagram of the increase in concrete volume at the 1st,
2st and 3 layers of gain grids

In the process of increasing the longitudinal compressive force,
an accelerated development of transverse deformations of concrete
was observed, and before failure, a crack is heard from the rupture
of individual fibers of fiber-reinforced plastics, then the net grids
break, accompanied by crushing of the concrete and a sharp sound

The second batch of concrete samples consisted of cylinders
with a diameter of 150 mm and a length of 300 mm, which were
reinforced with clips of nets MBRACE FIB CF 230 / 4900.530g /
5.100m. In general, the results of testing concrete cylinders of the
second batch are similar to the results of testing the first batch of
cylinders.
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The effect of dynamic repeated compressive forces was studied
on samples of concrete prisms under axial compression created
using a hydraulic machine with an asymmetry coefficient of force
change (p = 0.0 = 0.10), a loading frequency of 1.0 hertz and a
value of compressive stresses that ensure the destruction of
experimental samples for 3 + 100 cycles. The experimental concrete
samples were reinforced with bandages from one layer of the
MBRACE FIB CF 230/ 4900.530g / 5.100m mesh.

Characterizing the process of damage accumulation in concrete
during repeated loading, two cases can be distinguished:

- With the number of repeated loads exceeding 50 cycles, after the
first loading cycles, the concrete deformation diagram changes little
over a considerable number of subsequent loads, and only a few
cycles before the concrete breaks, an accelerating increase in
inelastic deformation is observed, ending with the exhaustion of
concrete strength.

- When the maximum compressive stresses are more than 90% of
the concrete strength, which lead to the destruction of concrete in
several cycles, with each subsequent loading cycle, an accelerating
increase in inelastic deformation of concrete occurs.

The magnitude of the longitudinal deformations of concrete in
the process of reloading was 146x10-5 + 175x10-5 relative units,
and the value of the residual deformations of concrete reached
10010-5 relative units. The greatest value of transverse
deformations of concrete was 33x10-5 + 56x10-5 relative units. The
following dependence of the strength on the number of repeated
loads is proposed;

o, =1.256.R,(1-0.11Ig n) @

Dynamic tests of concrete prisms, reinforced with one, two and
three layers of nets, showed that the average strength increase of the
samples is, respectively, 43%, 55% and 75%; ultimate longitudinal
deformations of concrete increased by 37%, 38% and 55%; and
transverse strains - by 27%, 54% and 86%.

2.3.Features of strength calculation

When calculating the reinforcement of reinforced concrete
structures with fiber reinforced plastics (FRP), it is recommended to
observe the following provisions:

1.When calculating the strength of normal sections, the tensile
diagram of the fiber reinforced plastic reinforcement is assumed to
be linear. After strengthening to failure, the conditions for the
compatibility of deformations are preserved.The selection of the
cross-sectional area of the fiber reinforced plastic reinforcement is
carried out by the iterative method by setting some of its area and
further adjusting it according to the results of strength calculations
in the right direction. When calculating, one should take into
account the possibility of delamination of the fiber reinforced
plastic reinforcement from concrete or the separation of the
protective layer of concrete by this reinforcement.

2. The strength of the inclined section reinforced with fiber
reinforced plastics is defined as the sum of the strength of the
section without reinforcement and the additional transverse force
that is perceived by the transverse fibro-plastic.

3. The strength of the columns under the action of longitudinal
compressive force can be determined by the following relationships:

N =0,85.[085R, (A—A)+R'A] @
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O O
Ry = R,[2,25,[1+ 7,9R— —1,25—2R— (4)

b

3. Restoration of structures

During the construction and operation of buildings, often bent
reinforced concrete structures receive unacceptable deflections or
excessive crack opening. With surface reinforcement, fiber-
reinforced plastics are included in the work of reinforced structures
only with a further increase in load, although at the same time they
reduce speed.

To restore the serviceability of damaged bent reinforced concrete
structures, the use of prestressing reinforcing fiber reinforced
plastics is proposed. A method has been developed to create
prestress by creating a temporary building lift of damaged
structures. This causes crack clamping and a decrease in deflections
in the damaged elements. Then, surface reinforcement of the
exposed areas of the overlap is performed, and after the adhesives
are set, the raised structures are lowered and lowered in the process
with the restored element, the pre-stress of the glued fiber-
reinforced plastics occurs. Fiber reinforcing materials are included
in collaboration with the restored element.

This provides a reduction in the strains of the stretched metal
reinforcement, reduces the width of crack opening, eliminates
excessive deflection of the structure and restores the serviceability
of reinforced concrete floors. To restore the serviceability of
damaged flexible concrete structures, it is proposed to use
prestressing reinforcing fiber reinforced plastics.

This provides a reduction in the strains of the stretched metal
reinforcement, reduces the width of crack opening, eliminates
excessive deflection of the structure and restores the serviceability
of reinforced concrete floors.

In Kazakhstan, several dozen large multi-story buildings
received reinforcement and restoration of damaged reinforced
concrete floors. The bending elements were lifted by telescopic
racks, jacks or truss systems from ropes.

4. References

1. Externally bonded FRP reinforcement for RC structures.
Technical report on the Design and use of externally bonded fibre
reinforced polymer reinforcement (FRP) for reinforced concrete
structures. The International Federation for Structural Concrete.
CEB-FIP, July, 2001.pp 24-35.

2. Bakis C.E., Bank L.C., Brown V.L., Cosenza E., Davalos J.F.,
Lesko J.J., Machida A., Rizkalla S.H., Triantifillou T.C. Fibre-
Reinforced Polymer Composites for Construction-State-of-the-Art
Review. Journal of Composites in Construction, 2002, V.6, No 2,
pp. 73-87.

3. Nabil F. Crace, Singh S.B. Durabilidy Evalution of Carbon
Fiber-Reinforced Polimer  Strengtheden Concrete Beams:
Experimental Stady and Desidn//”ACI Structural Journal”, New
York. January-February, 2005.P.32-41.

4. Litvinov Artem. Applying Carbon Fuber in Building [Texcm].
/I Saimaa University Sciences; Faculty of Technology; Double
Degree Programme in Civil and Construction Engineering.
Bachtlor,s Tesis.2010.P. 75-82.



MACHINES. TECHNOLOGIES. MATERIALS. 2019

ENERGY HEAT EXCHANGE IN THE ZONE OF CONTACT OF THE PROBE OF
AN ATOMIC FORCE MICROSCOPE WITH THE SURFACE UNDER STUDY
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ATOMHO-CUJIOBOI'O MIKPOCKOIIA 3 JIOCJIIIXYBAHOI [TOBEPXHEIO
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Abstract. The article studies the mechanisms of energy exchange and transformations, which occur in a measuring instrument (probe) of an
atomic force microscope (AFM) in the process of studying solid surfaces of materials. Mathematical modeling of the heating process of
individual elements of the measuring unit of the atomic force microscope at the preparatory, final stages and the scanning stage of the
surface under study was carried out. At the same time, such energy components of the processes occurring in the AFM control unit were
taken into account. By minimizing the factors (heat dissipation due to friction of the probe on the surface), which negatively affect both the
results of the monitoring and the condition of the probe and the surface, stable operation modes of the AFM are established. The solution of
the equivalent thermal scheme of an atomic force microscope is presented, which confirms the adequacy of the mathematical models
obtained.

KEYWORDS: ATOMIC FORCE MICROSCOPE, ENERGY HEAT EXCHANGE, HEAT LOSSES, MATH MODELING,
EQUIVALENT THERMAL SCHEME

1. Introduction
2. The modeling results and their discussion
Among the main analytical methods for studying the state of

the surface and physico-mechanical properties, method of atomic The measuring unit of an atomic force microscope «NT-206»
force microscopy, of course, has significant advantages: high spatial (manufacturer Microtestmachines Co., Belarus) was chosen as an
resolution, efficiency, accuracy and objectivity [1-3]. object for modeling energy heat exchange, namely the systems:

At the same time, despite the obvious advantages of the  «cantilever — probe — object under study < piezo scanner» and
method, the accuracy and adequacy of the results of the study of  (aser positioner — probe — photo detector.
some nanostructured coatings and materials by atomic force The simulation of the interaction of these systems consisted in
microscopy (AFM) is questionable. This is due both to the wrong  the compilation of an adequate energy scheme of the device

choice of research modes, and to external power and energy factors operation. At the same time, the main energy parameters of the
of interaction of the sensitive AFM element with the surfaces of scheme were divided into two groups: heat losses and energy

these materials [4, 5]. impact.

Some attempts to carry out calculations and modeling of both Among the heat losses, the costs for mechanical friction of the
power and energy factors were carried out by a number of both  probe over the surface under study, costs for the action of
domestic and foreign scientists, such as: Suslov A., Garishin O.,  electromagnetic fields and electric charge in the sensor's coverage

Konstantinov V., Chizhik S., Sviridova O., Moya S. and other [5-7].  area, costs for bending and torsion of the cantilever during the

However, the results of such modeling, which are given in the  scanning process and costs for the piezo scanner result from the

works of these scientists, have low accuracy and, in general, make it device operation should be highlighted.

impossible to carry out operational calculations directly in the At the same time, the energy impact in the scanning area of

process of experimental research. the AFM is divided into: radiation energy, which is generated by the
At the same time, if the factors of force interaction can be  |aser positioner and sent to the AFM cantilever, laser energy, which

experimentally confirmed, the experimental confirmation of the s reflected from the cantilever and sent to the photodetector, the

mechanisms of energy heat exchange taking place in the measuring  energy that drives the piezoscanner, and also the useful work of the

instrument (probe) of an atomic force microscope in the process of  piezoscanner. It should be noted that the difference between the

studying solid surfaces of materials is currently impossible. energy of the radiation generated by the laser positioner and the
Therefore, it is relevant to study these phenomena is a  energy that is sent to the photodetector is almost completely

mathematical modeling of the heating process of individual converted to heat, which heats the cantilever.

elements of the measuring unit of an atomic force microscope. For modeling, the energy scheme of the measuring unit of the
The purpose of this work is to study the mechanisms of energy ~ AFM was proposed, which allowed determining the mechanism of

heat exchange in the zone of contact of the probe of an atomic force  thermal exchange between the individual elements of the measuring

microscope with the surface under investigation by applying unit of the device (Fig.1).

mathematical modeling techniques and their subsequent

confirmation by the method of equivalent thermal scheme.
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2
b.
Fig.1. Energy scheme of the measuring unit of the atomic force microscope:
Heat losses (a): A; — on the mechanical friction of the probe on the test surface; A, — on the action of electromagnetic fields and electric
charge; Az — on the cantilever bending; A4 — on the cantilever torsion; As — on the piezo scanner torsion.
Energy impact (b): E; — laser positioner radiation energy; E, — laser energy incident on a photo detector; E; — the energy that drives the
piezoscanner; A — useful work piezo scanner

In the process of thermal calculations, a number of  transfer was taken into account (neither convective nor ray types of
mathematical models of the heating process of individual elements heat exchange were considered due to their irrelevance).
of the AFM were compiled and analytically solved using the inverse The basis of thermal calculations laid the equation of heat
Fourier transform method. In this case, only heat exchange of heat balance between the individual elements of the AFM [6]:
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Each of the equations of the above system (1) - (5) is the
heating equation for certain elements of the measuring unit of an
atomic force microscope, the computational models of which are
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shown in Fig. 2:

- heating equation of a cut cone element (probe): Fig. 2 —a, (1);

- heating equation of a plate of small thickness (sample): Fig. 2 — b,
();

- heating equation of a plate of small thickness (cantilever): Fig. 2 —
¢, )

- heating equation of the end surface of a cylinder (piezoscanner):
Fig. 2—d, (4);

- heating equation of spherical element segment (probe tip): Fig. 2 —
e, (5).

7
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a. b.

C. d. e.

Fig.2. Calculation models of the main elements of the measuring unit of an atomic force microscope: a — of a cut cone element (probe); b —
of a small thickness plate (sample); ¢ — of a small thickness plate (cantilever); d — of the end surface of the cylinder (piezoscanner); e — of a

spherical element segment (probe tip).

The coordination of the results of solving this system was
carried out according to the heat balance scheme, in which the total
thermal contribution was evenly divided between all the elements
that took part in the heat exchange (the thermal and physical
properties of the materials (heat capacity, thermal conductivity) of
which these elements were made were not taken into account).

To confirm the adequacy of the considered models of heat
transfer, an equivalent thermal scheme of the AFM was compiled
and researched [7, 8].

The method of equivalent thermal circuits is most prevalent
because of the simplicity and sufficient accuracy of the calculation.
The disadvantage of the method is that it does not provide a
complete picture of the temperature field, but only some average
values of temperature for individual elements of the instrument or
machine.

This method is based on the use of thermal resistances, which
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are connected to a heating network that simulates the actual paths of
heat flow in the device, and suggests an analogy of heat flow with
electric current, based on the same form of the basic law of thermal
conductivity (Fourier's law): AP =A8/Rt and electric current
(Ohm's law): 1=AU/Rg, where A8 temperature drop;
Rr — thermal resistance of this gap in the heat flow path;
AU - potential difference at the ends of the conductor;
Re — electrical resistance.

The system of equations for this scheme in the mode that is
installed is given below. In this system of equations m — number of
nodes equivalent thermal scheme;

0 — temperature outside the element in question; A=1/Ry; —
thermal conductivity of the corresponding section of the scheme;
P; — heat losses in the i-th node.
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To calculate the non-stationary mode, the same thermal
scheme is used, but each node is connected through a capacitor. In
this case, the electrical capacitance is equivalent to the heat capacity
of the body. The system of equations for the non-stationary mode is
as follows:

do, ( & 3
Cz d_tz:(_zAkZJ.(ez _ea)+Z(Ak2 (ek _ea))+P2
Py k=1
o, [ & 3
Cm :(ZAka‘(emeé)+Z(Akm'(ekeé))+Pm
dt kL k=t

where Ci — heat capacity of the corresponding scheme node.
The systems of differential equations given above, in fact, are

thermal models of heating individual elements of the measuring unit
of an atomic force microscope. The main factors determining the
accuracy of the calculation using this equation are:

- accuracy of setting sources of heat, i.e. losses;

- the accuracy of determining thermal conductivities, which in turn
depend on:

a) thermal conductivity coefficients A, which are prone to
significant variation for technological reasons, under the influence
of the appearance of air gaps, etc.;

b) heat transfer coefficients a, since empirical formulas and
graphs available for their definition cannot take into account all
factors and conditions affecting.

As a result of the calculations carried out, using both
mathematical models using the inverse Fourier transform method
and the equivalent thermal circuit method, the energy heat exchange
was estimated and the main heat losses in the contact zone of the
probe of the atomic force microscope with the surface were
determined [9, 10] (Fig.3).

67,8%
53_%
43,1%
30,3%27%
16,7%
13% 10,3% 9,9%
| 0,7% | | 1,8% |
A1 A2 A3 Al As E1 P1 E2 P2 E3 P3
a. b.

Fig.3. Heat emission diagrams (a) and energy heat input (b) in the zone of contact of the probe with the test surface. Heat dissipation: A; —on
the mechanical friction of the probe on the test surface; A, — on the action of electromagnetic fields and electric charge; Az — on the bending
of cantilever; A4 — on the torsion of cantilever; As — on the torsion of piezoscanner. Thermal energy contribution: E; — the energy that drives
the piezoscanner; Py — useful work piezoscanner; E, — energy that is fed to the cantilever with the probe; P, — useful work of the sensing
element; E; — laser positioner radiation energy; P — laser energy that hits a photo detector.

As can be seen from the diagrams above, more heat generation
in the contact zone arises due to friction of the probe on the test
surface and is 67,8% (Fig. 3, a), at the same time, the maximum
thermal contribution comes from the energy supplied to the
piezoscanner (Fig. 3, b).

Thus, the use of the method of equivalent thermal circuits for
evaluating mathematical models of the energy interaction of AFM
probes with material surfaces, as well as further research on the
distribution of thermal fields in the AFM control unit, differs from
other numerous and analytical methods by sufficient accuracy and
speed of calculations. Today, due to the lack of experimental
methods for confirming the adequacy of mathematical models of
thermal conductivity in the zone of interaction between the probe
and the surface under study, this method is an alternative method
for confirming the results obtained during the simulation. At the
same time, the discrepancy between the results of mathematical
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modeling and the results obtained with an equivalent thermal circuit
does not exceed 5 — 8%.

3. Conclusion

The modeling of the energy interaction of AFM probes with
the surfaces of materials at the preparatory, final stages and the
scanning stage of the investigated surface was carried out taking
into account the energy components of the processes occurring in
the AFM control unit by minimizing factors (heat dissipation due to
friction of the probe on the surface Q,) negatively affecting both the
control results and the state of the probe and surface established
modes of stable operation of the AFM.

Mathematical modeling of the heating process of individual
elements of the AFM measuring unit, confirmed by solving a
system of differential equations with an equivalent thermal circuit,
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which made it possible to conclude that the main heat losses and
energy impact in the zone of contact of the probe with the surface
under study. Thus, it was found that the most heat release in the
contact zone (about 68%) arises due to probe friction on the surface,
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Abstract: Detonation synthesis nanodiamonds have been widely used in modern science and technology. Such kind of
nanodiamonds can be obtained either from the carbon explosive molecule (DND) or from a mixture of explosives with the addition of
graphite or soot (DALAN). Possessing nanoscale and high surface energy, diamonds have a structural and dispersion-strengthening effect
being in contact with any materials. In many ways, the applications of nanodiamonds are determined by their dispersion, reactivity, and
aggregative state in various environments. The given scientific research investigated the properties of industrial DND and DALAN produced
by JSC RPE "SIDAL", being one of the leading manufacturers in Russia. There were estimated the following properties: crystallites sizes;
elemental composition; thermal stability; specific surface area; unit sizes.

Keywords: NANO DIAMONDS, DETONATION SYNTHESIS, REACTIVITY, CRYSTALLITES, DISPERSION, UNITS

1. Introduction

Artificial diamonds are considered to be strategic materials all
over the world, as they play a vital role in the development of the
industry. With the establishment of a new detonation method for the
synthesis of diamonds, there appeared fundamentally new
opportunities for the implementation of advanced technologies
[1,2]. The synthesis is carried out by detonation of explosives in an
explosion chamber, while nanocarbon and nanodiamonds are
formed in condensed detonation products with a high mass yield.
Detonation synthesis is a fundamentally new and productive type of
basic technology for producing nanostates and nanomaterials.
Nanodiamonds (ND) of detonation synthesis is a unique material
that combines the properties of diamonds and the advantages of
nanostructures. Industrial development of the given method made it
possible to actually reach large-volume production and
consumption of ND in a number of industries [3,4]. ND is currently
applied as anti-friction additives to motor, industrial oils and
greases; in pastes and suspensions for super finishing material
polishing; in wear-resistant electrochemical and chemical metal-
diamond coatings; as dispersion-strengthening additives in
composite materials based on polymers, metals, alloys and rubbers;
as effective sorbents, catalyst carriers, biomarkers, transporter of
medicinal substances, etc [5].

Science and technology are prone to use detonation synthesis,
obtained both from carbon explosive molecules (DND) and from a
mixture of explosives with the addition of graphite or soot
(DALAN). In the latter case, they are larger.

The applications of ND are mainly determined by the dispersion
of crystallites and particles, the reactivity and the aggregative state
of ND powders in various environments. The given scientific
research investigated the properties of industrial DND and DALAN
produced by JSC RPE "SIDAL", being one of the leading
manufacturers in Russia.

2. Preconditions and Means for Resolving the
Problem

Detonation synthesis of DND and DALAN was carried out in
industrial explosion chambers with a volume of 4 m® in a buffer
cooling environment out of their own detonation products. In order
to obtain DND there were used cast charges from TNT — RDX
alloys in a ratio of 40/60 by weight, respectively; as for DALAN
there were used pressed charges of hexogen and graphite in a ratio
of 80/20 by weight, respectively. The mass of the explosive charge
was 0.5-2.0kg. The following DND and DALAN properties were
evaluated: elemental composition; crystallite sizes and specific
surface; thermal stability; particle size distribution according to the
unit sizes in powders and water environment. The elemental
composition (C, N, H, O) was determined on an elemental analyzer
FlashEATM 1112 manufactured by ThermoQuest at the
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incineration temperature of 900°C. The crystal structure and
crystallite sizes of the samples were determined by means of wide-
angle X-ray dispersion on a Rigaku Ultima IV X-ray diffractometer.
There was used Cu radiation at a shooting speed of 1 deg/min, at a
step of 0.01 deg and scanning angles of 5-75 deg. Processing of the
obtained diffraction patterns was carried out by using the PDXL
software package, the phase composition was determined by using
the ICDDPDF2 database.

The specific area of the surface (Sggr) was determined by the
BET adsorption method in a stream of nitrogen at the “ASAP-2000"
automatic microvolume vacuum unit, Micromeritics.

The reactivity of the samples was determined by heating up to
800°C in the atmospheric environment with a heating rate of 10°C
per minute by the method of simultaneous thermal analysis of DTA
/ TGA on a Shimadzu-60 device. There were estimated the initial
temperature of intense mass loss, the temperature of the maximum
and the thermal effect of samples combustion.

The size distribution of particles was measured in an Olympus
OMEC DC130 microscope. The data were analyzed using
OLYMPUS Particle Image Processor (PIP 9.0) software. In aqueous
suspensions with the usage of ultrasound and without it the
distribution was determined by the method of a laser diffraction on
Horiba LA-950 laser analyzer. The frequency of ultrasound was 20
kHz.

3. Results and Discussion

Due to the fact that NDs are formed in fractions of
microseconds under strongly different conditions, they possess a
number of properties specific to nanomaterials. As for
nanoparticles, the surface in terms of their volume is significantly
larger in comparison with large crystals, that is why there can be
spectated the physicochemical properties of the surface layers.
According to IR spectroscopy and polarography, the surface of ND
is saturated with hydrocarbons, functional groups, and carbon
structures with which these groups are directly connected. They
contain hydroxyl, carboxyl and carbonyl groups, as a result of
which the carbon content in the products decreases [6]. The results
of studies of DND and DALAN properties are shown in table 1.

According to elemental analysis, ND powders contain C, H, N,
O with a basic substance content of 86 ... 95% and an ash content of
not more than 0.3%. The carbon content in DND samples is
noticeably lower than for DALAN, the content of hydrogen,
nitrogen, and oxygen is higher. It should be noted that there is no
nitrogen in DALAN and this may be due to different kinetic
conditions for the nucleation and growth of ND crystallites in the
detonation wave. The crystallite sizes (the region of coherent
scattering of the lattice) for DALAN are 1.5 times larger than for
DND, while Sger differs dramatically. DND particles are single-
crystal formations, since the crystallite sizes coincide with the sizes
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of particles, calculated by Sget. A slight difference in values can be oA orA
explained by the presence of distortions and defects inside the grain.
This increases the width of the diffraction lines and decreases the 10000 %00
crystallite size. DALAN particles are polycrystalline formations
collected at the stage of synthesis from 6.8-7.4 nm crystallites into
58-89 nm particles. 8000
Table 1: Main Properties of DND and DALAN w0
TITLE DND DALAN o -~
Crystallites size [nm] 4,7-5.2 6,8-7,4 i B i
Specific surface (Sger) [Mm?g] 220-246 21-32 // =
Particle size (calculation) [nm] 7,6-8,5 58-89 \ // =
Elemental composition [%6]: 2 \_~ %
86-88 93-95 s sl T -
H 0,8-1,2 0,3-0,9 Taed
N 1,7-2,1 0,0 .
o 9.7-10.3 3.7-46 Fig.1 DTA and TGA curves for DNA
ash content 0,1-0,3 0,1-0,3
Density [g/sm’]: k) W
bulk 0,21-0,31 0,78-0,85 w2 »
pycnometric density 3,05-3,21 3,35-3,48 Py R e ——
temperature oxidation [°C]:
initial 540-580 630-650
maximum 590-614 693-714
Heat of combustion [kJ/g] 13,7-26,7 13,0-17,1 s
Unit diameter in powder [mkm]:
mass average 2,5-3,3 2,6-3,2
median 2,2-5,6 2,5-3,2
Unit diameter in suspension
[mkm]: 35,2-63,4 14,1-21,2
average 21,3-48,3 9,1-11,3
median

Unit diameter in suspension after

ultra sound processing [mkm]: Fig.2 DTA and TGA Curves for DALAN

average 2,3-4,7 3,4-6,1
median 1,8-5,6 3,0-6,1
i 104
The presence of a large number of uncompensated bonds on the / 7
surface of the particles leads to the appearance of "stored energy" &l L

and an increase in reactivity. The oxidation of DND and DALAN in i
air begins at 540-630°C, and occurs intensively at 590-714°C. For L
catalytic diamonds of static synthesis, the temperature of the . 1 e
oxidation onset is 670-850°C. Judging by the temperatures of the = i
onset and maximum oxidation, the reactivity for DND is higher
than for DALAN; in general, the heat of combustion is also higher.
It is known that the formation enthalpy for crystalline diamond is ;
158 KJ/kg, for ND is in the range of 2560-2950 KJ/kg and may be 04 T i ‘ Y] e

higher according to calculations [3,6,7]. In our case, the heat of goe oo oo 0o 0o o s

combustion for DND and DALAN reaches 26 and 17 KJ/g,

respectively. Fig.3 DND particle size distribution

It should be noted that for DND and DALAN in the region of

300°C, a significant thermal effect is almost always observed on the 10 100

DTA curve, which is comparable to a number of samples with the / I

heat of combustion. Moreover, no mass loss is observed on the il [

TGA curve (fig. 1,2). This behavior can be explained by the e

presence of excess surface energy, the destruction and oxidation of ]

the surface layer. 5 -
Ly k ! A =2
0.010 0.100 1.000 10.00 100.0 1000 3000

Fig.4 DALAN particle size distribution
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Unsaturated surface bonds and surface energies lead to ND
aggregation, forming a consistent hierarchical system of primary,
secondary, and further units. The friability of units increases as they
become larger while the density decreases.

The charging of DND and DALAN powders measured on a
helium auto Picnometer is significantly lower than the X-ray
density. In DND and DALAN powders, previously ground in an
agate mortar, the unit sizes are approximately equal. In suspensions,
without exposure to ultrasound, there are formed larger units. On
the differential curves there observed two- and for DNDs also a
three-modal size distribution of units. With ultrasonic processing,
the dimensions of the units reduce and after 120 seconds they
practically do not change. The unit sizes for DALAN and DND
become comparable, however, for DND, the two-modal distribution
of particles is sometimes preserved on the differential curve (fig.
3,4).

4, Conclusion

Studies have shown that the main difference between DND and
DALAN is the crystal structure and particle size. DALAN has a
polycrystalline structure with a particle size of 58-89nm, DND is a
single-crystal structure with a particle size of 7.1-8.5nm. This
explains other differences: carbon content; reactivity; energy
saturation and propensity to form the units. The elemental and
phase composition of nanomaterials is reproducible and stable.
Crystallite sizes and granularity, energy intensity within the
detonation production method can be controlled. As industrial
nanomaterials, DND and DALAN are promising for use in
materials science and nanoindustry.

The study was carried out with the financial support of the
Russian Federal Property Fund in the framework of a scientific
project No. 18-29-19070 MK.
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Abstract: The influence of temperature of sintering on structure formation, phase composition, microhardness of components of
powder composite 65 % wt. Fe — 35 % wt. FH800 were investigated. It has been established that the increase in the temperature of sintering
from 1050 °C to 1250 °C leads to some increase in volumetric shrinkage, density and decrease in porosity of samples of material which was
made from coarse-grained source powders of industrial production components. It was found that the sintering of green compacts in the
range of 1000-7300 °C causes significant changes in the chemical and phase composition of the carbide component of the composite, which
are described by a series of phase transformations: M;C; — M5C (1000-7150 °C) — M-C5 (1200 °C) — M3C (1250-1300 °C)

Keywords: powder materials, composite, sintering, FH800, microhardness.

Powder metal matrix materials of the class of carbide steels
«iron-high carbon ferrochrome FH800» are promising wear-
corrosion-resistant composites that can be successfully used for the
manufacture of products operated under conditions of simultaneous
action of friction forces, abrasive wear and corrosion-active media

[1].

The complex of properties of such materials is determined not
only by the composition and the ratio of the initial components, but
also to a large extent by the additional formation at the sintering and
interaction of the solid and metal components of the new phases.
Obviously, such interaction inevitably leads to a redistribution of
elements of the charge components between the solid and metal
phases of the composite. Depending on the sintering temperature,
the iron as a result of the interaction with the carbide component of
the ferrochromium can form double chromosome carbides of
different chemical compositions. Since the main solid component of
the high-carbon ferrochrome FH800 is a complex carbide of (Cr,
Fe),C; type so such an interaction reduces to its dissolution in the
iron matrix of the composite. Information on the mechanism of
dissolution (Cr, Fe) ;Cs in iron and iron carbon alloys is very
limited, and about sintering is practically absent. It was established
[2,3] that with the increase in the temperature of the iron-carbon
(2.9-3.3% C) melt, the dissolution rate of medium carbon
ferrochrome (65% Cr, 3% C) increases from 0.41 at 1570 K to
7.152 kg/m?*s at 1720 K. The solubility parameter at temperatures
close to soliduet of ferrochrome (1570 K) approaches the magnitude
of the diffusion coefficient of chromium in an iron-carbon melt,
indicating that the diffusion mechanism is close to that of the
dissolution.

The authors of the works [4,5] investigated the possibility of
application for the creation of a powder-bearing material on the
basis of iron carbonate ferrochromium FH650. It is established that
the mechanism of dissolution of ferrochrome is similar to the
mechanism of dissolution of orthorhombic chromium Cr;C,
carbide, but the dissolution process begins at slightly lower
temperatures (~ 1000 °C) and in the interval 1000-1100 °C proceeds
faster than Cr;C..

It was found out that for the hot stamping method of wear-
resistant structural material with carbide inclusions in an iron matrix
it is expedient to use a powder of ferrochrome which contains both
shallow fractions (less than 50 microns) and fractions of a size of
about 200 microns [4].

The purpose of the work is to study the influence of the
sintering temperature on the formation of the structure, phase
composition and microhardness of the carbide and metal
components of the powder composite 65% by weight. Fe - 35% by
weight. FH800.

Objects and research methods

As the starting components for the production of samples of
composite 65 wt. % Fe - 35 wt.% FH800 was used iron powder
(manufactured by the State Enterprise "Powder Metallurgy Plant"
(Brovary, Ukraine)), PCG 3.260.28 and a powder of high carbon
(8% C) ferrochromium FH800 which was obtained by grinding

lump ferroalloys to a particle size of 100-200 pm. The powder
mixtures were prepared in a laboratory drum mixer (2 h) and wet
milling in a ball mill for 70 h. Experimental samples were pressed
on a hydraulic press at a pressure of 800 MPa. Sintering was carried
out in a vacuum electric furnace at a dilution of 1.33 - 102 Pa in the
temperature range 1000-13000 °C with a step of 500 °C at an
isothermal expiration of 30 minutes. Density and porosity of
samples were determined by the calculation and hydrostatic method
in accordance with 1SO 27.38.2009. The microstructure and phase
composition of sintered specimens were investigated in an optical
(Olympuis  LX-70) scanning (TESCAN VEGA) electron
microscope, an X-ray diffraction analysis on a DRON-3
diffractometer. Local microscopic analysis was performed on the
MS-46 microprobe. The microhardness of structural components
was determined on the device PMT-3 for a load of 0.49 N. The
mechanical properties were investigated using the INST RON 8802
machine.
Results and discussion

Investigation of the influence of the temperature of sintering
on volumetric shrinkage, porosity, density and microhardness of the
structural components of the composite 65%Fe - 35% FH800 (by
wt.) showed (table 1) that the increase in the sintering temperature
from 1000 to 1300 °C leads to some increase in shrinkage, density
and decrease in porosity of samples. It should be noted that the
sintering at a temperature of 1000 °C instead of shrinkage led to an
increase in the volume of samples (negative shrinkage). This may
be due to the Frenkel effect of the | genus, which manifests itself in
the difference in the coefficients of heterodiffusion of chromium
and iron in the composite. Also, an increase in the volume of
samples results in a decrease in the diffusion mobility of y-Fe atoms
compared to the mobility of a-Fe atoms at temperatures slightly
higher than a — y (910 °C).

Table 1 — Influence of sintering temperature on physical and
technological properties of samples of composite 65% Fe - 35%
FH800

Material Properties
T.C AV/V,% | Porosity,% | vy, glcm® flw GPa
Matrix Carbide

20 - 21,50 5,86 1,19 13,47
1000 +11 21,15 5,89 1,37 11,6
1050 0 20,74 5,92 1,39 10,43
1100 0 21,01 5,90 2,06 7,34
1150 1,25 20,60 5,93 1,24 12,26
1200 1,30 20,45 5,94 5,67 9,88
1250 5,10 17,80 6,14 4,98 10,39
1300 4.8 19,50 5,98 4,97 12,90
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As can be seen from Table 1, sintering (even at temperatures
of 1250 and 1300 °C), does not provide for obtaining specimens of
material with minimum porosity and maximum density. This is due
to the coarse-grained powders of the initial components of the
mixture. It was discovered that the increase in the temperature of
sintering up to 13000 °C leads to the partial melting and distortion
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of the shape of the samples, therefore, to obtain virtually unpolluted
material, it is necessary to use more dispersed iron powders and
high carbon ferrochromium. The effectiveness of this approach has
been demonstrated by us earlier in the works [6,7].

The study of microstructure of 65% Fe - 35% FH800
composites shows that small particles of high-carbon ferrochrome,
already in the formation stage, are located on the boundaries
between particles of iron powder, forming a kind of discrete shell
around them (Fig.1).

Fig.1 The fragment of the microstructure and the local X-ray
microanalysis points are indicated by the arrows) pressing of the
65% Fe-35% FH800 composite

The X-ray microanalysis of the pressing components showed
that, as expected, the middle of particles of iron powder contains (%
at.): 99.48 Fe, 0.44 Cr, 0.07 C (t.1), and the basis of small particles
of FH800 is chromium-iron carbide (57.28 Cr, 12.62 Fe and 30.09
C), corresponding to the formula M-C;. Sintering of green
compacts, except that affecting the volume shrinkage, porosity,
density and microhardness leads to significant changes in the
chemical and phase composition of the carbide and, to a lesser
extent, the metal composite component (Table 2).

Thus, sintering at 1000°C leads to the conversion of the output
carbide M,C; into a cementite carbide type MsC, which is stored to
a temperature of sintering 1150°C. With the subsequent increase in
the sintering temperature to 1200°C, the M;C carbide is initially
converted into an intermediate carbide M-Cs, after which the latter
at a sintering temperature of 1250, 1300 °C is transformed into a
double carbide of M3C, type with a maximum carbon content and a
minimum content of chromium and iron.

Thus, the thermally activated process of carbide
transformations in the system of 65% Fe-35% FH800 occurs by
diffusion of chromium and carbon atoms from the M,C; carbide in
iron and the counter flow of iron atoms from the matrix in the
FH800.

Summing up the above we can imagine the mechanism of
carbide transformations of the studied system in the form of a chain
M-C3 — M3C (1000-1150 °C) — M;C3 (1200 °C) — M;C, (1250-
1300°C). The chemical and phase composition of the metal
component with an increase in the temperature of sintering in the
range of 1000-1300 °C practically does not change. Only a slight
increase in Cr and C content (up to 0.87-0.94% to 2.11%,
respectively) can be noted after sintering at 1250-1300 °C.

A detailed analysis of the microstructures and the chemical
composition of the sintered samples of the composite shows that at
the temperatures of sintering of 1000-1050 °C in separate large
particles of iron the boundaries of grains on which diffusion
concentration is concentrated (% at.) to 3.5% of chromium and
about 1.14% carbon (Fig. 2 b, c). The increase in the temperature of
sintering to 1100-1150°C causes the appearance of paraffin particles
of the iron powder of chromium austenite edges (Fig. 2 g, d), which
contains (% at.) to 1.11 Cr and about 2.27 C. The structure also
stores a carbide phase in the form of M3;C (56.15 Cr -18.77 Fe-
25.09 C). Burning at 1200-1250 °C leads to the appearance in the
core particles of iron carbon, which amounts to 1.23(% at.) at
1200°C and increases to 2.11% at 1250°C. It should also be noted
that light, smooth outer zones of iron particles contain (10,1-11,63%
at.) Chromium and about 0,15-0,55(% at.) carbon at 1200°C, the
M3C carbide is transformed into a carbide of the type M,C; (Fig. 2

is, g). In the middle of individual particles of iron powder at
1250°C, the amount of carbon reaches 8.38% at. And transitional
eutectic zones based on iron are formed containing 3.28(% at.) Cr
and 12.79 (% at.) C (t.5). The carbide phase of M,Cs; undergoes
transformation to M3C,. Samples of the material which were
sintered at 1300 °C consist mainly of two phases: metal, which in
the form of light zones is formed in the form of particles of an iron
powder and is an alloy of the type of chromium steel X15 (84,1% of
Fe Fe - 15,11% of mass Cr — 0, 78% by weight C) and carbide,
which is isolated on the boundaries of iron grains in the form of a
complex carbide M3C,. There is also the formation of separate
eutectic zones based on iron containing (% at.) - 4.19 Crand 4.98 C

(Fig. 2).

Table 2 - Influence of sintering temperature on chemical and
phase composition of metal and carbide components of composite
65% Fe - 35% FH800

Content of elements in phases, % at., (% wt.)
T%C Metal Carbide
' Fe Cr C Cr Fe C Cd | carbid
Cs | etype
994 | 045 | 007 | 572 | 126 | 400 | o4
20 995 | 041 | o1 | (96 | (74 | 20 | %] mics
5 ( 1 ) 3
) ) )
990 | 066 | 027 5%3 171 | ua | 03
1000 | (993 | 061 | (005 | q0g | @23 | 20 | %3 | mc
3)
56,6
059 | 022 | %90 | 195
91( | & ; 0 S| 238 | 03
1050 | go'ss (o,)55 (07,(;4 0.1 (2;;,2 6o | 1| mc
0)
56,0
98,9 036 | 20 | 188
2 o | O 7 81 250 | 03
1100 (9?,3 ©0) (o,)o7 @2 | @8 | Gy | 5| me
7)
99,1 | 078 | 006 | 561 | 187 | ooy | o4
1150 | 992 | (0,72 | (0,01 | (683 | (245 | 2> | %3 | mc
(700 | 3
) ) ) )
992 | 055 | 124 5‘;'0 171'2 206 | o4
1200 | (992 (o,)51 (o,)27 o6 | @5 | G | 5 | M
8) 7)
969 | 094 | 211 4‘;6 153 | 399 | .
1250 | (986 | (689 | (046 | oo, | @34 | (131 | % | M,
y L) | |63
4)
987 | 087 | 039 456'0 147 | 402 | .
1300 | (99,0 | (0,82 | (0,08 @25 | @32 | %% | mc,
| (64,2 6
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finely divided powders is provided by the rare-phase sintering at
1250°C to obtain practically non-porous composite specimens with
high mechanical characteristics (Table 3).

Table 3 - Properties of specimens of composites of finely
divided mixtures of 65% Fe - 35% of FH800 sintered at 1250 °C (z
= 30 min.)

Fig.2 Fragments of microstructures and places of the local X-
ray microanalysis points of 65% Fe composite - 35% of FH800,
sintered at temperatures 1000-1300°C

Since it is known that mechanoactivation of powder mixtures
leads to more intensive interaction of components, the effect of wet
grinding in a ball mill for 70 hours on structural formation, the
composition of the metal and carbide phases and the mechanical
properties of 65% Fe - 35% FH800 composite were investigated. It
was found that sintering of a fine-grained mixture at 1250 °C for 30
min. provides the formation of a practically unpolluted structure of
samples of the material (Fig. 3) with high physical and mechanical
properties (Table 3).

Fig. 3 Microstructure of composite of finely divided mixture
65% Fe - 35% FH800 sintered at 1250°C and carbon for 30
minutes

As can be seen from Fig. 3, the microstructure of the
composite is heterogeneous and consists of 3 phases, light gray,
dark gray and black.

Microrentgenospectral analysis showed that the light-
absorbing phase contains, (% at.) 59.83 Cr - 25.10 C - 15.06 Fe and
is a chrome-plated carbide of type MsC. Dark soil consists of 81.22
(% at.) Fe — 18 (% at.) Cr — 0.77 (% at.) C, which, in terms of (%
wt.) corresponds to chromium steel 17X17, and black represents
pores.

The X-ray and phase analysis of the 1250°C sintered thin-
layer composite composite showed that the X-ray spectrum fixes
the most intense line belonging to a complex carbide of type M;Cs
with a hexagonal lattice. Also observed in a small number of
chromium carbide lines Cr;C; and Cr3C,, and austenitic phase y-Fe
with an elemental cell parameter of 03607 nm. thus, mechanical
activation of a powder mixture of 65% Fe - 35% of FH800 and
sintering at 1250 °C (30 min.) Ensures the production of chromium
steel 17X17- (Cr, Fe);C composite close to the equivalent
composition. The study of properties confirmed that the use of
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Microhardness,
A\(%V | % /ZFn3 HRA | & MPa GPa
9 Matrix | Carbide
1760-
35.9 15 7.44 74.5 1900 5.32 125
Conclusions

1. The influence of temperature of sintering on structure
formation, phase composition, microhardness of components of
powder composite 65 % wt. Fe — 35 % wt. FH800 were
investigated. It has been established that the increase in the
temperature of sintering from 1050 °C to 1250 °C leads to some
increase in volumetric shrinkage, density and decrease in porosity
of samples of material which was made from coarse-grained source
powders of industrial production components.

2. It was found that the sintering of green compacts in the
range of 1000-1300 °C causes significant changes in the chemical
and phase composition of the carbide component of the composite,
which are described by a series of phase transformations: M;C; —
M;C (1000-1150 °C) — M-,C3 (1200 °C) — M;3C (1250-1300 °C)

3. The mechanical activation of the initial powdered charge
by wet milling in a ball mill provides the method of liquid phase
sintering at 1250°C of practically unpolluted composite type of
chromium steel 17X17 - (Cr, Fe);C equivalent (close range 50:50)
composition with a density of 7.44 g/cm3 with a hardness of 74.5
HRA and a bending strength of 1760-1900 MPa.

4. The use of a fine powder (<50 microns) of high-carbon
ferrochrome FH800 as a powder mixture can be used to obtain a
chromium-plated steel of type 17X17 and a chromium-molybdenum
carbide of the type M3C through the sintering of liquid fossils at
1250°C.
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COMPUTER MODELING OF INFLUENCE OF PREVIOUS DEFORMATION DEGREE
AND STRAIN RATE ON CARBONITRIDES PRECIPITATION KINETICS
IN LOW-CARBON MICRO-ALLOYED STEEL

Ph.D. Kaverynskyi V., Eng. Sukhenko Z., Prof., Dr. Sc. (Eng.) Bagliuk G.
Institute for Problems of Materials Science NAS of Ukraine, Ukraine

Abstract. Using computer modelling with originally developed semi empirical physical grounded models a study was carried out to
investigate influence of previous hot deformation on carbonitrides formation from austenite in low-carbon micro-alloyed steel. Studied in the
article is an influence of degree and rate of the deformation on processes of nucleation and growth of Nb and Ti carbonitride particles. The
model helps to predict not only process of changing in number and average size of the particles but also to estimate their final size
distribution. One of additional peculiarities of the developed model is its ability to predict composition of the cabinetries formed in certain
conditions. The model takes into account process of recrystallization and returning, which affect carbonitrides precipitation and are
influenced by it. Acceleration was shown of both nucleation and growth rates of the particles due to increasing of deformation degree and
strain rate. Another result is that previous deformation significantly affects size distribution function of the particles precipitated with rather
lesser effect on their average size. Kinetic curves and final size distribution plots are given.

KEYWORDS: STEEL, CARBONITRIDES, MODELLING, DEFORMATION

1. Introduction 2.1. Studied material

The objective of the research is to demonstrate the developed Chemical composition of the studied steel in this work is given in
model ability in prediction of processes of carbonitrides table 1.

precipitation and show an influence of deformation on the particles Table 1
size distribution. Chemical composition of the studied steel
Precipitation from solid solution (austenite) of carbonitride Fe C Mn | Si Mo | Ti \Y Nb N

phases occurs in steels micro alloyed with Ti, Nb, V and Zr. base | 0.10 | 2.00 | 0.25 | 0.15 | 0.015 | 0.02 | 0.045 | 0.006

Stimulating for the precipitation is previous deformation, which

leads to increase in inner stress and dislocation density of the The given composition is quit similar to one from our work [2]
material. But owing to high temperature of the processes there have  but amounts of Mn an Mo are higher and concentration of carbon is
a place phenomena of returning and recrystallization [1]. lesser. It’s seen that the steel is low-carbon one and has rather high

A mathematical model and sufficient computational program  amount of Mn. It is micro alloyed with strong carbide and nitride
was developed to describe kinetics of carbonitrides precipitation forming elements, which are Ti, Nb and V. It is a typical strip steel.
from austenite after deformation. The model takes into account
returning and recrystallization their influence on carbonitrides 2.2 Calculation and its results
nucleation and vice versa. Detailed description of the model can be
found in our previous work [2], some information is also in our

book [3] (in chapter 1). Here we do not consider on the essence of oty rmations that differ by deformation degree and strain rate.

the model_ a_nd it_s realization. It is a semienpirical but phys_ical based Values of the deformation degree and strain rate are given below in
model. Finite differences method was used for realization of the table 2.

processes calculation. Table 2
Successful enough preempts were made before to describe

The process modelling was carried out for four regimes of

Regimes of deformation

theo_re@ica'lly 'kinetics of recrystallization and carbonitrides No. | Deformation degree | Strain rate, sect
precipitation in deformed steel [4-6]. Even a program was 1 010 05

developed [4], but it is not an open source. So program code 5 0'10 3'5

realization for the model implementation was made originally by us. 3 0'30 0‘5

A remarkable feature of our model, qualitatively distinguishing it : :

from the above one is including of thermodynamic calculation of 4 0.30 3.5

the carbonitrides composition. For instance in the work [4] they
consider carbonitrides as stoichiometric composition, which is a
rather rough approximation and does not correspond to the
composition of real inclusions. As a bases of thermodynamic
module for carbonitrides composition calculation was taken our
previously developed program. It was completely rewritten using
Python language (original was in Delphi), program code
optimization were made and precision increased (the nonideality of
carbonitride as a mutual solid solution of the corresponding carbide
and nitride is better taken into account). Another feature of current
investigation is consideration on size distribution of the cabinetries
precipitated. In particular the influence of deformation degree and
strain rate on the particles size distribution was studied using the
model developed. In other papers known to us, the average
indicators were modeled and investigated, but not the distribution
functions. There are many others lesser particularities our model
consisting in a more accurate consideration of many quantities and
their dependencies but their description will lead to detail that make
it difficult to understand.

Deformation temperature, which also was considered as the
temperature of precipitation was 950 °C for all the regimes
modelled.

Computation shows that only carbonitrides of Ti and Nb can
form at the temperature. Carbides and nitrides of V have
significantly lesser temperature of precipitation, so they do not
occur under the considered conditions. According to
thermodynamic calculations compositions of the carbonitrides
formed are as follows: TiCqsgNg.4> and NbCy 76N 24.

Primary studied were processes of the particles nucleation and
growth. Figure 1 shows increasing of number of the particles by
time flowing for Ti and Nb carbonitrides depending on the
deformation regime.
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Figure 1 — Changing by time of number Ti(CN) — (a) and
Nb(CN) — (b) particles depending on deformation regime. Numbers

near curves correspond to the regimes listed in table 1

Increasing in number of particles occurs owing to nucleation
process. When nucleation stops, the increasing stops too. According
to the theory accepted in the model, the sites of nucleation of
particles are the tersesection sites of dislocations. So increasing of
dislocation density during deformation leads to more places of
nucleation. Besides increasing of precipitated particles number
intensification of deformation also leads to acceleration of
nucleation — the process goes faster. Significantly more particles of
Nb(CN) precipitate then particles of Ti(CN), which is mostly owing
to higher concentration of Nb compeering with Ti in initial
chemical composition of the steel. Increasing both of deformation
degree and strain rate has significant and similar influence. This
distinguishes current situation from that considered in paper [7],
where the influence of the strain rate on the kinetics of phase
transformations was significantly less than the effect on the
deformation degree on it.

In addition to the nucleation process, this model also describes
the growth of carbonitride particles. Figure 2 demonstrates
changing of the particles average size by the time flowing.

On figure 1 (a) — for Ti(CN) a strange effect is seen. In cases
of higher deformation degree, at a certain time the average size of
the particles begins to decrease. It is important to note that it's about
average size only. Size of each particle grows. This effect is
because of new particles nucleation during all the period. The larger
a particle is the slower it grows. Intensive deformation makes better
conditions for the emergence of a larger number of particles. Hence
a situation is possible when originated at an early stage particles are
already grown enough to slower their following growth but new
ones are keeping appear. This is an explanation of the observed
effect of decreasing of average size when all the particles grow. The
same effect but significantly lesser is seen for Nb(CN) also that is
shown on figure 2 (b).

Another interesting result is that despite the average size
growth acceleration intensification of deformation does not affect
significantly its final value.
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Figure 2 — Changing by time of average size of Ti(CN) — (a) and
Nb(CN) — (b) particles depending on deformation regime. Numbers
near curves correspond to the regimes listed in table 1

Below in table 3 are given predicted values of final average
sizes of the particles obtained at each of the considered deformation
regimes.

Table 3
Final average sizes of particles (in nm)
Regime | Ti(CN) | Nb(CN)
No.
1 626 401
2 614 397
3 607 391
4 594 382

In spite of a little difference in an average size the particles
number differs significantly. This effect has the following
explanation. Deformation affects more the particle size distribution
function then their average size. Plots of the final size distribution
density functions predicted using the model are shown on figure 3.

The distribution function is lognormal for all of the cases.
More significant influence of deformation regime on size
distribution function is observed for Nb(CN) particles. With a lower
intensity and degree of deformation, the particle size distribution
function looks more smeared. That is, both smaller and larger
particles will equally be present in the metal. An increase in the
degree and rate of deformation leads to a narrowing of the
distribution function and a smaller scatter of medium size. A large
role in the narrowing of the distribution function plays an increasing
of deformation degree than strain rate, which effect is additional.
Deformation effect on distribution function for Ti(CN) particles is
lesser but it is also observed. It is noteworthy that in terms of size
distribution change for Ti(CN) in this case the effects of strain rate
increasing with lower deformation degree is almost to deformation
degree magnification but with lesser strain rate.

Thus, the model shows that an increase in the intensity of
deformation leads not only to an increase in the number of
carbonitride particles, but also narrows the range of variation of
their sizes.
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Figure 2 — Final size distribution function of Ti(CN) — (a) and
Nb(CN) — (b) particles depending on deformation regime. Numbers
near curves correspond to the regimes listed in table 1

The normal growth of particles at a given temperature stops
when the system reaches equilibrium between the carbonitrides and
solid solution. That is, simply put, when all that could have
precipitate was already precipitated. After that the process of
Ostwald ripening begins. It is when particles with smaller size
become even smaller and then disappear and larger particles grow
taking on material from smaller ones. Ostwald ripening stage of
process is also included in the developed model but is out of
consideration in current article. It is only to be said that this process
is much slower than the nucleation and growth considered above.

3. Conclusions

Using a developed computer model a study was carried out to
estimate influence of deformation on kinetics of Ti and Nb
carbonitrides precipitation from austenite in low-carbon micro
alloyed steel. An influence of the degree and rate of deformation on
the number of carbonitride particles, the rate of their nucleation at a
temperature of 950 °C was studied.

288

Composition of Ti and Nb carbonitrides was predicted for the
invalidated conditions, it is TiCyssNos» and NbCy76Ng.2a.
Information of chemical composition of carbonitrides is useful to
conduct more precise kinetics computation.

It was shown that in spite of small difference in average
particles size their amount differs significantly depending on
deformation regime. Found here was that degree and rate of
deformation affects significantly an obtained size distribution
function of the particles precipitated. Especially increasing of both
deformation degree and strain rate leads to the dispersion of the
distribution becomes smaller.

The obtained results present in the paper are useful for
developing of controlled rolling regimes for low-carbon steels
micro alloyed with strong carbide and nitride forming elements.
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FEATURES OF STRUCTURE, PHASE COMPOSITION AND PROPERTIES OF HOT-
FORGED HIGH-ENTROPY ALLOYS OF Ti-Cr-Fe-Ni-C SYSTEM

M.Sc. Marych M.V., Prof., Dr.Sc. Bagliuk G.A., PhD Mamonova A.A., M.Sc. Molchanovska G.M., PhD Yevych Y.I.

Frantsevich Institute for Problems of Materials Science, NAS of Ukraine, Kyiv,Ukraine, 03142, Krzhizhanovsky str., 3, Kyiv, Ukraine

Abstract. Powder high-entropy alloys (HEA) of TiCrFeNiC equioatomic composition were synthesized by hot forging (HF). The
phase composition and parameters of the fine structure of the alloys are determined. It is shown that at all annealing temperatures of the
alloys their phase composition does not change significantly and consists of two solid solutions of substitution - FCC and BCC and two
carbide phases - TiC and Cr3C,. The mechanical properties of the alloys are at a rather high level - so the maximum strength of the alloy was
2243 MPa and the hardness is more than 62 HRC, which can be explained by the effect of high entropy and in situ synthesis of carbides in

the manufacture of alloys.

Keywords: powder high-entropy alloy, phase composition, microstructure, hot forging, hardness, compressive strength

1. Introduction

A characteristic feature of high-entropy alloys is the content
in their composition of at least 5 basic elements in the equatomic
ratio. The presence of a large number of heterogeneous but equal
number of atoms with different individual properties imposes its
specificity on the formation of solid solutions in these alloys [3].
The high entropy of mixing elements in the alloys causes the Gibbs
free energy to be minimized and leads to the predominant formation
of solid solutions with BCC, FCC or FCC + BCC structure.
Reduced free energy of the alloy provides the stability of the solid
solution during further heat treatment [1, 2]. Increased
characteristics at high temperatures are ensured by the strong
distortion of the crystal lattice due to differences in the atomic radii
of the substitution elements [3, 4].

The purpose of the study is to study the phase composition,
microstructure, structural imperfections of the crystal lattice and
properties of high-entropy TiCrFeNiC powder alloys in the process
of their synthesis.

2. Experimental materials and methods

The microstructure of the alloys was studied on an XJL-
17 optical microscope as well as on a JEOL Superprobe 733
scanning electron microscope. Investigations of phase composition
and structural component defects were performed by X-rays
methods. X-rays of the samples were carried out on a DRON-3
diffractometer in filtered cobalt radiation by a stepwise scanning
method in the range of angles 20 + 130°. The scanning step was
0.05 deg, the angular velocity of the goniometer was % deg/min.
Quantitative micro-X-ray spectral analysis was performed on a
CAMECA MS-46 x-ray microprobe at 20 kV, 12 nA probe mode
and 3 um probe diameter.
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Fe, Cr, Ti, Ni and C (graphite) powders with a purity of
99.5 - 99.9% were used as starting elements for obtaining
equiatomic alloys of the Ti-Cr-Fe-Ni-C system. The original
powders were dosed on an electronic scales. The mechanical
activation of the powder mixture was carried out in a planetary mill
at a ratio of the mass of the mixture to the mass of grinding bodies
1: 10. The speed of rotation of the drums of the mill was about 800
rpm, the grinding time - 60 minutes. In order to prevent oxidation
and segregation of the powder particles, this process was carried out
in ethyl alcohol. The drums were periodically cooled in water.

From the resulting mixture in a steel matrix pressed
cylindrical blanks with a diameter of 40 mm at a pressure of 700
MPa. The consolidation of the powder blanks by hot forging was
carried out on an forging press FB1732 at a temperature of 1100 °C
in argon atmosphere. The annealing of the alloys after forging was
carried out in an induction furnace in argon at temperatures of 1200,
1250 and 1300 °C. Annealing time is 2 hours. The density and
porosity of the alloys were determined by hydrostatic weighing. The
hardness was measured on a TK-14-250 hardness meter according
to GOST 9013-75, and the micromechanical characteristics were
measured on PMT-3. The strength characteristics were determined
by the compression method according to GOST 25.503-97.

3. Results of the experiments and their discussion

Analysis of the X-ray spectrum of the mixture of
TiCrFeNiC composition after grinding in a planetary mill for 60
min showed (Fig. 1) that it consists of the reflexes of the individual
components that are part of the alloy being developed. Therefore,
chemical interaction between the components does not occur, but
the nature of the profile of the reflexes of the components of the
alloy changes dramatically. Significant expansion of the reflexes
indicates the distortion of the crystal lattice of elements,
overlapping of x-ray reflections of elements having close angles of
reflection, eliminates the possibility of profile selection for
calculating the parameters of the fine structure. Defects in the
crystal structure, intensify the sintering processes and greatly affect
the peculiarities of the formation of the phase composition.
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Fig. 1. Diffraction pattern of equiatomic TiCrFeNiC powder

mixture after grinding for 60 min in a planetary mill
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The X-ray spectrum of the TiCrFeNiC alloy synthesized by
grinding the original charge for 60 min and subsequent hot forging
at 1100 ° C is mainly represented by the reflexes characterizing the
HCC structure (Fig. 2 a). Significantly expanded lines of titanium
carbide are clearly recorded on the X-ray of the alloy. The crystal
lattice parameter of titanium carbide is 0,43267 nm, which
corresponds to the ratio C / Me = 0,82. Many of the weak reflexes
characteristic of this type of lattice are represented by CrsC,
chromium carbide. Intermittent Cr,Ti and Fe,Ti interfaces with
cubic and hexagonal structure are present in a small amount,
respectively.

The use of hot forging after grinding showed a high defect
of the solid solution based on the phase with the structure of the
FCC: B111 = 7,37 mrad, CSR = 24 nm; B33 = 21,79 mrad, p =9,49 «
102 ¢cm2, micro-distortion = 21,11 » 102 In the course of hot
deformation, at the same time as the introduction into the alloy of
dislocations, their transformation into orderly groups always occurs.
Hot stamping of porous blanks can be considered as one of the
cycles of thermomechanical treatment, in the process of which a
developed substructure is created. This developed substructure is
the primary factor that determines all other structural causes of
thermomechanical strengthening of the alloy and can contribute to
the formation of solid solutions structures [5, 6].

On the X-ray spectrum of the alloy, no phase with the BCC
structure is detected, but using the mathematical approach to
decompose the maximum (111) of the FCC phase, the presence of
two phases was found simultaneously (Fig. 1b). This can be
explained by the significant slander of the BCC phase, which is
associated with the blurring of the lines of this phase, which makes
it impossible to distinguish from the low intensity line background.
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Fig. 2. Diffraction pattern of equiatomic TiCrFeNiC alloy after 60
min grinding and hot forging at 1100 ° C (a) and the results of the
decomposition of the FCC reflex (111) (b)

The performed calculations of the parameters of the fine
structure according to the maxima of the component phases indicate
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the significant imperfection of the crystal lattice of the structural
components of the alloys.

At an annealing temperature of 1300 ° C, the HEA is
formed on the basis of a phase with the FCC structure. The FCC
lattice parameter of 0,3597 nm is the largest compared to similar
parameters in all technological modes. However, increasing the
lattice parameter did not lead to an increase in hardness, which
decreased to 49,1 HRC (Table 1). A similar feature of WEC alloys
was observed by the authors of [4], explaining that one of the
reasons may be the redistribution of the elements of substitution in
the alloy with FCC structure. The defect in the HEA based on the
FCC structure is characterized by the following values B;1; = 6,8

mrad, CSR = 25,8 nm, By = 17,76 mrad, p = 5,24 + 10'? cm™
micro-distortion = 17,39 » 102
Ll
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Fig. 3. Diffraction pattern of equiatomic TiCrFeNiC alloy after
grinding, hot forging and annealing at 1300 ° C (a) and the results
of the decomposition of the FCC reflex (111) (b)

Structural formation during hot forging of porous powder
blanks occurs under conditions of intense plastic deformation and
accelerated cooling from contact with a relatively cold press tool,
which provides a manifestation of the effect of thermomechanical
treatment. The temperature and duration of heating before forging
accelerate the flow of interparticle splicing processes when
compacting the blanks and forming a finished product from it. In
the case of HF, there is a partial annihilation of the dislocations
acquired during the grinding process and the simultaneous
introduction of dislocations. The heating temperature under forging
ensures the alignment of the structure defect in the sample volume,
the processes of structure formation are activated [7].

According to metallographic and micro-X-ray spectral
analyzes, two solid-solution phases of substitution with FCC and
BCC lattices and two carbide phases are present after annealing at
all temperatures at TiCrFeNiC alloys (Figs. 4, 5). There is a layered
structure, the layers of which are directed perpendicular to the
direction of stamping, which is characteristic of hot-forged alloys. It
is only after annealing at 1300 °C (Fig. 4, d) that a regular matrix
structure is formed, in which a gray and light gray matrix and dark
inclusions are present. The light area is a solid solution of iron with
chromium in which there are gray inclusions of chromium carbide
CryC,. The dark gray area formed by the lattice of nickel contains
the inclusion of titanium carbide TiC and a small fraction of iron
and chromium (Fig. 5).
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Fig. 4. SEM image of the microstructure of equiatomic TiCrFeNiC
alloys after HF (a), after HF and annealing at 1200 ° C (b), after
HF and annealing at 1250 ° C (c), after HF and annealing at 1300
°C)
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Fig. 5. The distribution of elements in the TiCrFeNiC alloy phases
after annealing at 1300 ° C

Therefore, a solid solution of substitution on the basis of the
FCC structure is formed on the basis of the Nickel lattice. In the
smaller volume of the bright region, the formation of a solid
solution of substitution occurs when the mutual dissolution of
chromium and iron with the formation of BCC structure on the
basis of the chromium lattice. The data of the micro-X-ray spectral
analysis confirm the results of the X-ray structural study on the
formation of a high-entropy solid solution of substitution with the
BCC structure.

In the table. 1 shows the density, porosity and hardness of
the synthesized alloys. The theoretical density of the alloy is 6,65
glem?®. The use of hot forging has yielded almost non-porous alloys,
which is known to significantly affect their properties.
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Table 1
Density, porosity and hardness of synthesized high-
entropy TiCrFeNiC alloys

o Tannealing: Density, | Porosity, | Hardness,
°C g /em® % HRC
without
1 _ 6,55 15 62,4
annealing
2 1200 6,51 2,1 58,2
3 1250 6,50 2,2 55,5
4 1300 6,48 2,5 49,1

Samples that were annealed have slightly higher porosity
than non-annealed ones. This can be explained by the Frenkel 11
kind of effect due to the difference in the heterodiffusion
coefficients of the alloy elements. The hardness of the samples
decreases naturally with increasing annealing temperature, although
this decrease is negligible due to the high entropy effect.

The results of tests for uniaxial compression are presented
in table. 2. The high values of the mechanical characteristics of the
alloys can be related to the effect of high entropy of element mixing
in the alloys, as well as to the synthesis of carbides in situ during
the process operations. The nature of the destruction of the samples
is fragile, as evidenced by the low values of relative deformations.
In the first three specimens, there is actually a microplastic
deformation that does not exceed 0,7 %, and only in the last
specimen does the plasticity increase significantly compared to
other specimens. In general, the mechanical properties are clearly
correlated with the annealing temperature of the alloys.

Table 2
Mechanical properties of synthesized high-entropy TiCrFeNiC
alloys
No Tannealing, Sor oz o, . 0%
°C MIla MIla MIla ?
without
1 . 1381 1978 2243 | 0,41
annealing
2 1200 1081 1567 | 1971 | 0,65
3 1250 1055 1507 | 1663 | 0,69
4 1300 890 1266 1551 | 1,64

4. Conclusions

1. The synthesized high-entropy alloys of the TiCrFeNiC
system are formed into solid solutions with FCC and BCC
structures. The preferred phase is a solid solution based on the
structure of the FCC.

2. Quantitative characteristics of the imperfections of the
crystal lattice of HEAs indicate a significant distortion of the lattice
of a solid solution with the BCC structure.

3. Along with the phases of the FCC and BCC structures,
high-entropy chemical compounds are formed: TiC and CrsC,
carbides, Fe,Ti, NisTi, Cr,Ti intermetallides, which play a large role
in the solid solution formation on the basis of the FCC structure.
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4. The high values of the mechanical characteristics of the

alloys can be related to the effect of high entropy of element mixing

in the alloys, as well as to the synthesis of carbides in situ during

the process operations.
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Abstract: A model for calculating the metal powder pressing process with a porogen is proposed. An approximate method and algorithm
have been developed that make it possible to take into account the presence of a porogen in the calculation of the pressing process and
reflect all types of bonds at the contact boundaries of metal powder particles. Based on the constructed model, an approximate method and
algorithm for calculating the properties of powder filter material (PFM) produced by pressing granular metal powders using a porogen
have been developed. The advantage of the proposed mathematical model is the possibility of its development to describe the sintering
process, as well as the possibility of its use for calculating the modified elementary cells used by researchers in modeling the structure of

PFM with a porogen.
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1. Introduction

Taking into account the influence of the use of porogens on
expanding the range of PFM properties, modeling of a porous body
with the presence of porogens is of interest. An analysis of the
given models of the PFM structure shows that the model that most
fully describing the structural features of the metal frame of the
material and at the same time enabling to determine filtering
properties is an elementary cell in which the properties of each
element of the PFM volume are set by the elementary cell
parameters in the form of a parallelepiped isolated from 8 powder
particles. According to [1, 2], the presence of a porogen in this
model is taken into account by shearing 1/4 of one of the faces in
the direction of the corresponding axis of the nonorthogonal
coordinate system (Figure 1).

Figure 1 Scheme of powder particle displacement;
vi — Shearing area

The authors of Ref. [3] used the idealized (geometrically ordered)
PFM structural model to define the relationship between various
structural characteristics and determine the role of a porogen in the
formation of a porous structure. It is assumed in a first
approximation that the porogen particles, and therefore the cavities
formed after their decomposition, have a spherical shape. These
cavities in the finished material are uniformly distributed and form
a simple cubic lattice with a step a. The gaps between the spherical
cavities (the walls of these cavities) are formed by sintered metal
powder and have a corresponding porosity, in the formation of
which a porogen is not involved (the case is considered when the
particle size of a porogen is much larger than the particles of the
metal powder).

However, the first of given models does not take into account the
particle size of a porogen, the second one — the particle size of the
metal powder.
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The purpose of this paper is to develop a mathematical model for
calculating the PFM properties produced by pressing metal powders
with a porogen.

2. Results and discussion

Let’s consider the process of molding metal powders with porogen
particles using mathematical modeling methods. This, in essence,
means determining the properties and characteristics of the
phenomenon or process by solving with a computer a system of
certain equations — a mathematical model [4].

The main stages of the numerical solution of tasks in continuum
mechanics are: 1) a choice of a model of a physical process; 2) a
choice of a mathematical model or mathematical formulation of a
task; 3) a choice and development of a numerical method for solving
the corresponding mathematical problem; 4) development of a
method for implementing an algorithm on a computer and
conducting serial calculations, accumulation of experience,
evaluation of the effectiveness and applicability limits of the
algorithm.

In this paper, following the above stages, a mathematical model is
developed to calculate the PFM properties obtained by pressing
granules formed by particles of a porogen and metal powders.

Let’s consider a cell as an elementary volume characterized by a
cubic volume-centered packing of particles, with a porogen particle
located in the center of the cube (Figure 2).

(&)

Figure 2 Elementary cell cross section

1 — metal powder, 2 — porogen
It was assumed that each particle is homogeneous and consists of a
substance, which, as a separate compact body, obeys all the laws of
classical mechanics. The mechanism of crumbling (pressing) of four
particles under a given load was considered and a humerical model
for calculating the resulting cavity (pore) was proposed. It should be
noted that in the general case, the particles can be from different
materials.
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We show that the choice of a model with a porogen presented in
Figure 2 expands the possibilities of obtaining a porous structure
and makes it possible to predict the quality of PFM.

Based on the laws of continuum mechanics [5, 6] using static
equations (the equilibrium equation of the selected medium
element), geometric equations that determine deformations by the
displacements of its points and the physical group of equations that
take into account the mechanical properties of the material and
determine the relationship between stresses and deformations of the
element (Hooke's law), a mathematical model was proposed and an
approximate algorithm for numerical calculation was described,
which makes it possible to calculate pores and their sizes. The
geometry of the pore was determined by a combination of some

points M. called boundary with coordinates (I’ik,ZIJ-(),

according to which it is easy to restore the closed curve that defines
the pore.
When deriving the equations, Hooke's linear law [5] was used in
the form:

T=4,DE'+2u,¢
or in another form

@)

_ v 1 , 2)
T =2 m DE"+
Hm (1_ oy €)

m

where T — stress tensor, € — deformation tensor, E1 — unit matrix,
Dov.v—divy24,u, 10ov ow —divergence of the
or r rop oz
displacement vector, the index m indicates the properties of either
metal (m=1) or the properties of a porogen (M= 2), A By —
constant elastic moduli or Lame coefficients for 1 — material,
which are determined through the Young's modulus E_, and

Poisson's coefficient v ., using formulas
__Em
2Q+vy)

Thus, for the displacement vector U arising in the m particle
under the applied load, we have a system of nonlinear partial
differential equations:

Um = 17\‘m:

1

= ©)
1-2v,

grad divi + v2i + Pm 3 =0
Mm

where Q — volume or mass forces. In our case, the volume force is

its own weight.

Taking into account cylindrical symmetry (when considering the
task) and the assumption that the unknown quantities are
independent of the angle ¢p , in the projections on the

corresponding axes for the components of the displacement vector,
we have system of equations

;3(13( )+—)+V u=0
1-2v, or ror
1 o ,10

T-2v. oz'ror

. (4)
_Pm

m

(u)+§)+V2W g=0

2
where vau =

o°u
rar( 7) oz2

Z

2
VA= LSS
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u, Vv — projections of the displacement vector on the corresponding

r and z axes.

Since the obtained system of equations contains partial derivatives,
to uniquely determine the unknowns to the system of equations that
determine the behavior of a linearly elastic body at points of its
volume, it is necessary to add conditions on the surface § bounding
it, which include particle surfaces, points of application of loads,
points of contact with the solid surface (the base of the mold), and
the points of contact or contact of the particles.

The boundary conditions are determined by the task or external
surface forces or displacements of surface points, depending on the
specific task. The points of the free surface are those points of the
boundary of the particle contour that border gas (air) and the
distribution of surface forces F is specified in them and the
boundary condition is the equation of equilibrium on the surface

AT =F, ®)

where T — stress tensor at surface points; i — unit vector of the
external normal to the surface of the body.
Guide cosines of the outer normal n, = cos(r, ),

n, =cos(z,r) o the curve z =z(r), determining the
boundary of the surface are found by the formulas:

1

I L (6)
J1+(2)?
(M

I S
1+ (z')z\z’\

Since the free surface S of the particle at the initial moment is
known and in the dimensionless form on the plane (r,z) has the

form

r’+(z-12%= @)
then according to formulas (2.24) and (2.25) it is easy to determine
the direction cosines of the normal at the points of the boundary mk

©)

=+vV1-

r (10)

Task of 5 types of boundary conditions [7] leads to a closed system
of differential equations, from the solution of which the stress state
realized in the body and the displacement vector of the medium
points realized in the body are determined. We formulate
preliminary boundary conditions on the initial geometry of the body.
Thus, the system of partial differential equations was finally
obtained for the displacement vector ﬁ(u,w) .

To numerically solve the system of equations (4) - (10) taking into
account the boundary conditions [7], we will use the finite
difference method. The solution is not found analytically, but on
some selected set of points, called a difference mesh. The solution
region is divided by coordinate lines with uniform nodes

Mij :M(i,j) :(ri,zj) Z =(j-Dh, into cells (volumes), as a

result of which we obtain a constant Eulerian mesh.

In the cells of the region, we specify the sign of filling the cell with
substance according to the principle of the volume function, i.e. for
a cell not fully filled with the substance, a scalar function F is
introduced, the value of which is equal to the fractional volume of
the cell filled with the substance. It is assumed that F = 1 when the
cell is completely filled with the substance, and F = 0 in the case of
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an empty cell. Cells with values 0 <F <1 contain a free surface.
Using this feature, a decision algorithm is built taking into account
the relevant conditions.

The system of difference equations for the numerical solution
obtained by the integro-differential method [6] (by integrating the
system of equations over the elementary volume or over the cell of
the difference mesh) taking into account the dimensionlessness has
the following form

1
M osUo), +U, +——
(—0.5 r)r 14 1—21/ ((

m

(11)

=S|l =

1
FoW.) +W, +———
(-0.5 r)r b4 1_2Vm ((
for points Mij = |\/|(i i) € particle from m material.

The system is solved by the iterative method of establishing using
the method of variable directions by iteration.

s+l s
U -u s+l s+l 1 s+l s+l
+=(rgs Ur)p+ Ut ——((=(rgs U)r + Wa), =0,
(A I-2v, T (12)
s+l s . . . .
W-w 1 S+ S+ 1 S+ S+
—(rg5 Wr)y + Wat (Clrgs u)p+wa), - gy =0,
TS r m r Hm

where T, - iterative parameter.

The method is based on explicitly finding the type of intersection of
the boundary of the particle material with the coordinate lines of a
constant Eulerian mesh.

We will focus on some stages of the system solution.

Stage 1: Solving an iterative system with respect to unknown
displacements, we find a set of values , — Ujj o+ W= W; , Which
represent the values of the displacement vector in the nodes of the
chosen mesh u;; = U(Mij) = u(ri,zj) \

Wi =W(Mj;) =w(r, z;).

Stage 2: Knowing the displacements found, it is easy to determine
the coordinates of the displaced points M * = (ri*, z?) by the

formulas:
=5 +Ujh. (13)
2] =(zj +W;)ro. (14)

which determine the position of the deformable body. Finding new
values M™% = (1" z’;k) of the boundary points M K = (r.k , Z‘J?) ,

we find a new surface of the deformable particle..

Stage 3: Next, we redistribute the cells along a given constant
Eulerian mesh, taking into account the new position of the
deformed particles. We form, based on the new coordinates of the
points, a function indicating the filling of the volume in the cell,
and introduce new markers, and etc.

When constructing a solution algorithm, to describe the behavior of
a substance in an incomplete cell under the assumption of a linear
nature of the substance change in the cell, 2 markers were
introduced in incomplete cells located in the boundary cells at the
points of intersection of the substance with the Eulerian mesh
coordinate lines. Such a number of markers were enough to
determine the normals and radii of curve at points on the free
surface. The numbering (in ascending order) of the particle markers

M K" in fractional cells is made so that the area filled with the
substance is on the left.
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The calculation algorithm considers 12 types of fractional cells,
which differ from each other in the type of intersection of the free
surface of the cell particles of the mesh region. Their configuration
is shown in Ref. [7].

With the introduction of new coordinates of markers and signs of
filling the cells, the algorithm is then repeated, but on a modified
region. On its boundary conditions and the coupling conditions of
various substances are determined according to the type of points.
The stress state at each point of the body (from the chosen system of
points — the difference mesh) is determined by the stress tensor. We
determine the components of the stress tensor through the found
displacements using the following difference formulas:

Vm

ar,u :Zlum( D|j +(U|J _ulflj)/hr)Y

1-2v, (15)
v uj Vi
O i =28y (E Dy +?), O, =2 (1721/ Dy +(w; —w; ;) /h,),
Oy = H (U —Uy ) 10, +(Wy —wi ;) /b)), o, ;=0 0,1 =0,

u;
Du:(uu _ulflj)/hr +T+(WI] _Wijfl)/hz'

Stresses in the medium can be represented as consisting of stresses
associated with uniform hydrostatic pressure (all three normal stress
components are equal), plus stresses characterizing the resistance of
the material to shear deformations. Therefore, if we decompose each

stress Gy, 0,0, into the hydrostatic component P and the deviator
component S, then we will have the following ratios

o, =—P+s,, (16)

Gy =—P+S(p, @17
where P — arithmetic average of three stresses.

P=(c; +0,+0,)- (19)

We will use Mises yield criterion to describe the yield stress. If the
principal stresses are known, then the yield criterion is written as
follows:

(or - G(p)z + (G(p _02)2 +(or _02)2 = Z(YOm)Z . (20)

where Yom— yield stress for simple stretching for a particle of m
material. We continue the calculations until the stress values on the
left side become less m2,

20"

The solution of a nonlinear system of differential equations allows
one to determine displacements that describe the pore space of the
simulated cell and make it possible to determine the specific surface,
pore size, and porosity with subsequent calculation of permeability
according to known techniques [2].

The advantage of the developed mathematical model is the
possibility of its development to describe the sintering process.
Schematically, the option of pore formation as a result of pressing
and sintering is shown in Figure 3.

Moreover, the developed mathematical model can be used to
calculate modified elementary cells. One of the options for such a
modification is presented below in Figure 4, which schematically
shows a granule formed by a metal powder and a porogen.
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Figure 3 Scheme of pore formation during pressing and
sintering:
Pioags — Sample load, 6 — sintering temperature

Figure 4 Granule scheme (homogeneous metal particles in
porogen media):
1 —a porogen, 2 — metal

3. Conclusion. PFM model is proposed, which enables to take
into account the presence of a porogen when calculating the
pressing process and reflects all types of bonds at the contact
boundaries of metal powder particles. Based on the constructed
model, an approximate method and algorithm for calculating the
properties of PFM obtained by pressing granular metal powders
using a porogen were developed.

The advantage of the proposed mathematical model is the
possibility of its development to describe the sintering process, as
well as the possibility of its use for calculating the modified
elementary cells used by researchers in modeling the structure of
PFM with a porogen.
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Abstract: Phase transformations in metals have a major influence on the material behaviour in several common engineering
applications. Steels exhibiting enhanced response to transformation-induced plasticity (e. g. high strength TRIP-steels for automotive
production) are examples of the important role martensite formation can play. An externally stressed specimen in the process of a phase
transformation may show a significant nonlinear behaviour, which is known as transformation plasticity. Even under an externally applied
load stress with the corresponding equivalent stress being small in relation to the “normal” yield stress of the material, plastic deformation

occurs.

An aim of a research was to determine relaxation and transformation plasticity properties of alloyed tool steel while is tempered at

elevated temperatures and for different tempering duration.

Keywords: TRANSFORMATION PLASTICITY, TOOL STEEL, TEMPERING, STRESS RELAXATION.

1. Introduction

Quenched steel is in a metastable state. When martensite is
tempered at higher temperatures and in some cases, retained
austenite as well, carbon is precipitated in carbides form. After
cooling, secondary martensitic transformation is possible [1].
Transformation plasticity effect can also be observed during these
processes [2-5]. When first heated, the tempered steel is relatively
ductile; after reheating at the same temperature the ductility is
negligible.

Changes in the properties of quenched steel due to time and
temperature have long been observed. According to Geler [6], by
maintaining 9XC quenched but not tempered steel at 20°C
temperature, its strength initially decreases and then increases.
Since the carbon concentration and martensite workability do not
change under these conditions, this phenomenon can be explained
as a result of stress relaxation processes.

These issues are particularly relevant in the manufacture of
tools, as most of them must be straightened to eliminate quenching
distortions. Straightening can be performed in various ways: at cold
state, after hot washing and often after tempering. Although the
tools that are tempered are less brittle than the ones that have just
been quenched, they are harder to smooth because quenched and
low-tempered steels are very elastic and spring-like. Great force
must be used to bend the bent tool to the opposite side. If smoothed,
the geometrical parameters of such tool are not stable. Over time,
and especially after heating during operation, the straightened tool
or part will be distorted again.

The most effective method of the straightening of curved
quenched parts is to make them straight during the transformations
while tempering. The parts are bent and pressed inside the device
for the fixed deflection and then tempered. During the
transformations of tempering, the steel becomes very plastic for a
short time, the elastic strains partly relax and the part of the elastic
deflection changes to the plastic [7]. The form of the straightened
parts is not geometrically stable and changes in time, especially
when the parts are heated. This phenomenon, called self-
deformation was also researched.

The article presents investigation of relaxation properties during
tempering of low alloyed tool steel XBI' (GOST standard). This
steel is used for cutting tools with increased resistance to quenching
distortions, thread gages, matrix and punches for cold forming.

2. Methodology

Investigation of relaxation properties was performed using low
alloyed tool steel. Its chemical composition is presented in Table 1
and critical points of the steel grade are listed in Table 2.
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The specimens of rectangular cross section with parameters of
6x8x100 mm were oil quenched from 840°C temperature (Fig. 1).
Then, cooled specimens were bent elastically and fixed inside the
special device with the deflection of 0.5; 1.0 or 1.5 mm (the value
of y.) and tempered at the temperature of 200-400°C for 10 min till
4 h (Fig. 2). After tempering at this fixed position, the specimens
were withdrawn out of the device, the plastic deflection y, of the
specimens was measured. Then the coefficient k of the elastic stress
relaxation was calculated:

p
yE

k=
ey

The self-deformation of the elastically bent specimen was
observed during the tempering at the same temperature as they were
bent for 1 hour. Then the change of the plastic deflection Ay, was
measured in accuracy of 0.01 mm and the relative self-deformation
Ae was calculated:
4yp
Yp

Ae =
2

_ 30 minutes

840 [

10min —4h

Temperature, °C

0
Time, min
Fig. 1 The circle of heat treatment of steel during investigation of
relaxation properties
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F=const

S &

Fig. 2 The schema of bent and fixed specimen during tempering in the
furnace

Table 1: Chemical composition of investigated low alloyed tool steel (% wt)

[8]
Grade Equivalent of
(GOST) Elements, % zglloy grade
C Si Mn Ni S
0.9-1.05| 0.1-0.4 | 0.8-1.1 | max 0.4 |max 0.03
XBTI' 107WCR5 EN
P Cr W Cu Fe
max 0.03| 0.9-1.2 | 1.2-1.6 | max0.3 | Bal.
Table 2: Temperature of critical points for steel XBI"[8]
Critical point A Acm An M;
Temperature, °C 750 940 710 210

The microstructure of steel used for experiments was examined
by optical microscope optical microscope Nikon equipped with
video camera Nikon DS-2 16 MP and objectives Nikon TU Plan
Fluor 10%/0.30 and Nikon TU Plan Fluor 100x/0.90.

The temperature of specimen during tempering was measured
by welded chromel-alumel thermocouple of 0.3 mm wire diameter.

3. Results and Discussion

The microstructure of quenched steel XBI' consists of
martensite, retained austenite and carbides (Fig. 3). Amount of

i
e NN AT, PR

Fig. 3 Microstructure of oil quenched steel XBI': dark martensite and
white retained austenite

The influence of tempering duration at 250°C temperature on
the remained plastic deflection of specimens is shown in the Table
3.

Table 3: Values of elastic and plastic deflections of steel specimens before

and after tempering at 250°C when initial fixed elastic deflection is 1 mm
Tempering Fixed elastic Remamgd plastic Coefficient of
duration, min | deflection y,, mm deflec_tlon after stress relaxation, k
' ' tempering yp, mm '
10 1.05 0.03 0.03
30 1.03 0.14 0.14
60 1.02 0.51 0.49
120 1.02 0.59 0.59
240 1.05 0.77 0.73

In the same way, the results were obtained at tempering
temperatures 200, 225, 275, 300 and 400 °C and at fixed initial
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elastic deflections of 0.5 mm and 1.5 mm. The graphic expression
of the results is presented in Fig. 4.

Transformation plasticity of quenched steel, which causes the
relaxation of elastic strains, depends on the microstructural
metastability and progression of tempering transformations.
Therefore, the maximum effect of plasticity (in our way — relaxation
of elastic strains) was then, when the specimens were quenched
from the temperature, which can be characterized by martensite
with enough of carbon and not much of retained austenite, and then
tempered at sufficiently high temperature. On the contrary, when
the specimens were bent at low temperature, especially those, which
were already tempered, the plastic properties were obtained
minimal.

Investigating influence of the magnitude of retained plastic
deflection after tempering of stressed specimens, it was determined,
that the biggest effect of the progress of relaxation is then, when the
duration of tempering is 1 hour (Fig. 5).

16
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E 1.2
E
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.8 1
£ .
2
5 o8
2
& o6 “
o
] L —

0.4 —
.% e
o —
< 0.2 ”

0

200 225 250 275 300 325 350 375 400
Tempering temperature, °C
—e—ye=0.5mm & ye=1.0mm ye=1.5mm

Fig. 4 Influence of tempering temperature on retained plastic deflection
of elastically bent specimen when tempering duration is 60 min

09
0.8
0.7
0.6
05
0.4
03
0.2
0.1

Plastic deflection, mm

30 60 90 120 150 180 210 240

Tempering duration, min

Fig. 5 Influence of tempering duration on relaxation properties of steel
XBI specimens

The second (stabilizing) tempering of already tempered in
stressed state specimens was performed for the reason to clarify, if
the microstructure of tempered specimens was stable. The change of
the plastic deflection of steel specimens after stabilizing tempering
is shown in Fig. 6. After second tempering at stabilizing 170 °C
temperature, the certain part of plastic deflection eliminated due to
metastability of microstructure. The lower tempering temperature
was set, the higher percentage of eliminated plastic deflection
occurred.
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Fig. 6 Magnitude of percentage of plastic deflection elimination after
the second tempering (stabilizing) at 170 °C temperature

ye=1.0mm ye=1.5mm

The biggest variation of plastic deflection is then, when
tempering temperature is low (less 300°C). This shows that at the
lower tempering temperature stresses in steel microstructure have
the biggest influence on tempering transformations, e.g. tension
stresses stop mostly the transformation of martensite. That is why
martensite has heterogeneous structure after tempering and,
therefore, increased self-deformations. The continuance of
tempering also makes the same influence: after the short-term
tempering the self-deformation is rather big — up to 40-75 %.

4, Conclusions

Following the investigation of the relaxation properties of steel
XBT during tempering, the following conclusions were formulated:

1. The quenched steel becomes significantly plastic during
tempering; therefore, the part of elastic stresses relaxes — the part of
elastic deflection becomes plastic. Relaxation properties of steel
increase with the increasing of tempering temperature and heating
duration.

2. For the straightening the tools must be tempered at the
temperature 170°C for 1 hour, bent in the device (evaluate
relaxation properties), heated in the furnace at the certain
temperature for 1 hour, then cooled in the air and tempered at the
same temperature for 1 hour. The initial fixed elastic deflection of
tool in the device is calculated considering the relaxation properties
of steel at the temperature of tempering and self-deformation during
the stabilizing tempering.
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Abstract: A statistical model is proposed to analyze the relationship between the clustering coefficient (CC) and the temperature and atom-
atom interaction potential. CC is defined as the ratio of the number of atoms in clusters to the total number of atoms in a system.
The proposed technique is based on the statistical concept of entropy. The clustering coefficient is considered for the equilibrium state.
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1. Introduction

In various liquids there are regions with a large number of
atoms with degree of ordering more than the average for the whole
volume of the liquid. Such regions are called as clusters, and the
fluids in which they emerge are called as clustered. At a
temperature close to the evaporation one temperature, the
concentration of clusters is minimal, and at crystallization their
concentration has maximal value. If the number of atoms in the
system is N and the number of atoms in the clusters is C, the ratio
q=C/N s a clustering coefficient (CC). Each cluster is a
dynamic system with a lifetime z . But the total number of atoms C
remains unchanged if T=const. The value q at a fixed temperature
depends on the properties of the liquid, which are individual for
each liquid substance. It means that cluster have possibility to
appear and to disappear. But the dependence gq=q(T) has common
form.

This fact may be explained on the basis of methods of physical
kinetics.

The aim of the research is to create a mathematical model based
on the minimization of free energy at the equilibrium state of the
cluster system.

The object of the investigation is the Helmholtz equation, which
includes the potential of atom-atom interaction and entropy of the
system.

The object of the research is the relationship between CC,
temperature and potential of atom-atom interaction.

There are following research tasks:

1. To constracted a model for calculating the entropy of a
cluster system at a fixed free energy when
T = const :

2. To look for a connection between the CC and the internal
energy for isothermal conditions at equilibrium;

3. To show that the CC in liquids monotonically decreases if

temperature changes from the melting point of the crystal
(T, to the point of evaporation of the liquid (Te).

2. Degree of atomic-molecular ordering

Crystalline objects are atomic-molecular systems with regular
arrangement of homologous points in any direction. This means that
if one selects any point in the crystal and draw a straight line
through it, then on this straight line, at a distance from the initial
point equal to a, there’s a point absolutely identical in structural and
chemical relation to the starting point. For an ideal crystal, the

distance from the initial point to n-th point (a, ) is described by the
condition:
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ap/n=a 1)
In real crystals, the distance from the starting point to the n-th
one equals to:

a,/a=n+A (2)
This is explained by the fact that the distances between neighboring
atoms fluctuate. As repulsive forces are significantly stronger than

attractive forces at the same change a, —a,_; then A in formula

(2) is always positive. If the A exceeds any fixed value, for example
a/2, the value of n determines the degree of ordering. For perfect
crystals n = oo, for gases n=1.

The degree of ordering is a subjective characteristic to some

extent, since A can take other values. For example, if A; is

a L
accepted as equal to a/2 or A, = 1 that the degree of ordering in

the first case "will appear" higher.

However if the same limit value is taken for a number of
samples with the same structure and composition but different
concentrations of defects, then regardless of its magnitude a
hierarchical series is constructed from the sample with the highest
degree of ordering to the sample with a lower value q or vice versa.

If the substance in the crystalline state is described by the Fm3m
group, which corresponds to a three-layer closed sphere package,
for an ideal crystal, the radius of the n-th coordination sphere is
equal to:

R =+/n-d, ©)
where d is the diameter of the atom.

That is, a monoatomic substance is considered, in which, within
the framework of the model of the densest sphere packing, the
degree of ordering determines the defect of the crystal due to
various factors.

The example of these objects is metallically crystals [1]. In this
case, the criterion of the degree of ordering is the difference of the
radius of the n-th coordination sphere and its number for metals of
the corresponding point Fm3m group or other groups. In particular
for metals with Fm3m, Im3m, 6/mmm point groups. These three
groups describe the structures of almost all metals, ice and other
substances.

In liquid environment, the average atom-atom distance is almost
equal to the value for crystalline objects. But the degree of atomic
ordering in liquids is much lower than in crystals. So for liquids the
notion of middle and even closest order applies. At the same time,
groups of atoms can interact with each other to create a three-
dimensional configuration similar to a nanocrystalline particle.
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As the temperature decreases, the stability of this system An example of a cluster system is shown in figure 3, which
increases. At the point of crystallization, each system of this kind demonstrates that clusters with structural characteristics different
which is called a cluster, becomes the center of crystallization. That from non-clustered matrix are visible in the electron-microscopic
is why metals create polycrystalline objects during crystallization. image of the pure metal.

Let’s consider the correct forms of crystals of the Fm3m group.

AV
908

10
1 12 g13 14 15

Fig. 3. — Electron microscopic image of copper particles,
; ﬁitgr]?)?ﬁ?igsqahe dron magnification 5.2 . 10-7 m [2].
3. Tetragontritetrahedron
g: ﬂeer;t:t%??;ﬁgjﬁg‘;“e‘""” 3. The Helmholtz equation for cluster liquids
6. Octahedron
7. Trigotrioctahedron To determine the relationship of the clustering coefficient for
8.  Tetragontrioctahedron liquids, the Helmholtz equation was used which is applicable for
9. Pentagontrioctahedron solids, liquids and gases, especially for cases with high pressure.
10. Hexaoctahedron This equation has the form:
11. Hexahedron
12. Tetrahexahedron F=U-TS, 4)
13. Rhombododecahedron
14. Dodecahedron where F is the free energy of Helmholtz or the isochoric-isothermal
15. Didodecahedron thermodynamic potential determined by the difference between the

total energy and the parameter configuration, depending on the

Fig. 1. - The cubic crystals polyhedral right forms number of States in thermodynamic equilibrium.

The total energy U is the sum of the kinetic energy of the
Figure 1 shows the names of possible polyhedra. motion of atoms (ions, molecules) and potential energy of atom-

These habitus are preserved for the nanocrystals. As the particle  atom interaction. The kinetic energy of one atom modeled by a
size increases, the polyhedral form takes the shape of a sphere, as sphere with three degrees of freedom is:
the Fm3m group in the limiting transition from a polyhedron to a
sphere becomes a group of infinite order o : o0 -0 . K = 3KkT, (5)
In general case, clusters are the objects with the following
characteristics. The first, the degree of atomic ordering is greater where k is Boltzmann's constant.
than the average volume of the cluster fluid; secondly, they are a
dynamic system, which even in thermostatic conditions disappear For polyatomic molecules
and occur in other parts of the system.
The total number of atoms in the cluster state remains K = kT, (6)
unchanged.

where f is a factor depending on the number of degrees of freedom
of an atom (ion, molecule).

The potential energy of the pair atom-atom interaction (P) in the
general case can be represented as:

E
P:aexpﬁ, @)

When o, E are energetical parameters which depends on
properties of matter and start temperature point.
If is consider the following temperature range:

Tor <T <Tey, (8)

where Ter, Tey.— crystallization and evaporation temperatures

. . . respectively.
Fig. 2. — Macroscopic model of the atomic cluster
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For specific situations, the form of the potential may be
different [3] The potentials of Lennard — Jones, Morse, of
Sutherland, Yukawa, models of hard spheres, quantum wells with
different parameters [4, 5]. All these potentials can be considered as
constants for fixed interatomic distances. If the temperature
increases, the atom-atom distance increases. This means that the
parameter of atom-atom interaction decreases with increasing
temperature. That is, this degree of approximation is applicable to
the analyzed temperature range.

Entropy S =kInQ, where Q is the number of the system
states. In this case entropy as thermodynamic function has statistical
sense. General number of atoms (ions, molecules) equal N in the
system. From N atoms C atoms are displaced in clusters.

That is,

C/N=q, ©)
it is a clustering coefficient with0 < q <1.
Atoms in a cluster interact with each other.
The total potential energy for all clusters is equal to
C E
Uc:Eanpﬁ, (10)

For atoms outside the cluster system, the gas model is
applicable, when atoms interact only in a collision.

This model is used not only for liquids but also for solids [6].
On its basis it is proved that

G (1) 3R, (11)

T>6pb =

where 6y — Debye temperature.

This conclusion is in good agreement with the experiment, which
indicates that classical concepts are applied legitimately.

The total energy in the Helmholtz equation (4) for the system under
consideration is

c E
U(T.C)=(N-C)KT +—aexp —. (12)

The scheme of change of the clustering coefficient for any
cluster systems is shown in figure 4.

A

q

ql'ﬂilx

Jmin

Fig. 4 — The scheme relation between coefficient of
clusterization (q) and the temperature (T) [2].

From this scheme clearly visible, thatqmasx meets the

requirements T¢,, and Qmin - Tev-

The numerical values of these parameters depend on the
properties of the substance and the methods of temperature change.
For example, the sudden cooling of the melt (method of
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spinningovye or punching through the capillary) can be fixed
clustering for intermediate temperatures of the melt.

4. The entropy of a cluster system

The cluster system can be considered as a two-phase substance
with phase concentration (N-C)/N, C/N.

In the framework of the classical kinetic model atoms are
distinguishable, that is, the number of States in the system (Q) is
determined by the condition:

Q=T_c) ¢ =(N-C)!C!

S=kInQ=k-In(N-C)+InC!, (13)
When IT(n_c) is according to Stirling’s formula and (X>>1)
InX!=XInX-1=XInX, (14)

and considering that N, N-C, C immeasurably more than one, we
get:

S=kInQ=K(N-C)In(N-C)+CInC) =
=k[N(@-g)InNL-q)+gN IngN] ’ (%)

According to formulas (13 — 15) the Helmholtz equation (4) will
take the form:

N E
F(T.a)=N@-a)f KT +q aexp - w©

—KT {N(1-g)InN(1-q)+g-NIngN }

Free energy at a constant temperature depends only on the degree of
clustering determined by the value of the clustering coefficient g.
When the system is in the equilibrium state the following ratio must
be true

dF
——=0.Then
dg
1,
—q = (O,Sexpﬁ— fkT) . Then
q kT
(1 9 exn B
F(q) = (1-q) fkT + 5 e +,

17)
+(1-q)InN(@-qg)+q-InNqg

At a constant temperature, the equilibrium state of the system is
determined by condition:

dF

— = 0. (T=const).

dq

That is:

q
(1-a)

— kT +£a exp£+kT In (18)
2 kT

J-o.

From here
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9 _a . E_
Inﬁ_ZkT exp f, (19)

In thermostatic conditions, the clustering coefficient of the
system depends on only the potential of atom-atom interaction.

In the quasi-stationary transition to higher temperatures, the
right side of the equation (19) decreases, hence the clustering
coefficient also decreases. Using the model the size of clusters and
their shape cannot be determines. Because it needs property of
matter.

However, given the dynamic processes of cluster formation, we
can understand why, for example, it is very difficult to obtain single
crystals during solidification of cluster fluids.

Each cluster at a lower temperature is characterized by a longer
lifespan and can become the embryo of the crystal.

At sharp cooling of metal melts, when relaxation in the cluster is
not achieved, the metal solidifies.

Since the cluster does not necessarily reflect the symmetry of the
crystal state, structures can occur even with non-crystallographic
symmetry.

This may explain the example of quasi-crystalline objects with
pentagonal symmetry.

5. Conclusion

The model of calculation of entropy of cluster system for
conditions of thermostatic equilibrium has been constructed.

The relationship between the clustering coefficient and the
internal energy for isothermal conditions at equilibrium has been
analyzed.

The focus of the study has been the dependence of energy
freedoms on temperature, the parameters of the atom-atom
interaction potential and the ratio of the number of atoms in clusters
to the total number of atoms in the system, also known as the
clustering coefficient.

It is found that the clustering coefficient in liquids
monotonically decreases with temperature change from the melting
point of the crystal to the point of evaporation of the liquid.

The proposed model for determining the dependence of the
clustering coefficient (g) in cluster fluids, based on the method of
physical kinetics, explains the dependence of the clustering
coefficient (q) on temperature T, and is applicable to all types of
atom-atom interaction potentials.
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Abstract: Recently, the possibility of imparting an ultrafine-grained (UFG) structure to various metals and alloys by severe plastic
deformation (SPD) techniques, such as high-pressure torsion and equal channel angular pressing, was demonstrated quite convincingly.
However, the SPD methods do not always successfully fit into the technological chain of industrial manufacturing. In this regard, another
group of processes based on severe shear deformation are of interest. In this talk, we will show that radial-shear rolling and rotary swaging,
which involve severe shear and are amenable to industry-scale manufacturing, lead to the formation of a UFG structure of magnesium-
based alloys. This results in an increase of their strength and in-service properties, including the fatigue limit, the corrosion resistance, and
biocompatibility. For comparison, the effect of multiaxial deformation — another SPD process that is viable at industry manufacturing scale
— on the microstructure and the characteristics of the processed magnesium alloys will be considered.
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Abstract: The high current requirements for the characteristics determining the accuracy, reliability and efficient manufacturing of
modern machines, apparatus and devices applicable in various fields of industry and transport in a big extend dictate the applied scientific
methodology to the technological synthesis, design and production of gears. In the processes of synthesis and design of the different types of
gear transmissions, the designer faces an extremely complex set of questions to solve, which together define the desired optimal construction.
In this case, an optimal design means a gear transmission that is capable of delivering preliminary defined kinematic and / or strength
requirements at minimum design, production and operation costs (including the repair costs during their exploitation).

This work presents a review of the methodology, developed by the authors, oriented towards the synthesis and design of spatial
gear mechanisms (hyperboloid gear drives), realizing rotations transformation between crossed shafts. The main principles, on which the
construction of adequate software programs are based for the synthesis of treated transmissions, are presented.

Keywords: HYPERBOLOID GEAR DRIVES, SPIROID AND HELICON GEARS, SYNTHESIS, DESIGN, MATHEMATICAL

MODEL, COMPUTER PROGRAMS

1. Introduction

The high current requirements to the accuracy and reliability
characteristics of the machines, apparatus and devices applicable in
industry and transport in a big extend dictate the applied scientific
methodology to the technological synthesis, design and manufacture
of gear drives. In the processes of synthesis and design of the
various types of gear transmissions, the designer faces an extremely
complex set of questions to solve, which together define the desired
optimal construction. In this case, an optimal design means a gear
transmission that is capable of delivering the preliminary defined
kinematic and / or strength requirements at minimum design,
production and operation costs (including the repair costs during
their exploitation. By its essence, the systems of requirements for
different quality characteristics of the gear drives, ensuring its
optimality, are [1]:

e geometric ones, which control the kinematic exactness,
smoothness of the work process, the character of the contact (
the placement of the contact point, an orientation of the contact
lines in the contact points) in the relation of the gear drives’
loading capacity and etc.;
dynamics ones, that influences the noise and vibrations in
the gear systems, the conditions for occurring the resonance
phenomena and etc.;
strength ones, determining durability and reliability of
gear drives, including the transfer of nominal power in the
process of rotations transformation with avoidance of
“scratching” (scoring) , “pitting” and etc. on the active tooth
surfaces of the synthesized mechanism;
economic ones, defining the production costs (e.g., per
unit of power), energy loss in motions transformation

(coefficient of efficiency) and etc.

Considering the wide variety of requirements to the quality
characteristics of the gear drives, in connection with the actual
existing technological, manufacturing and economical price
limitations, it is obvious that the solution of a real task of creating
an optimal gear design is realized with some approximation with
respect to the theoretical variant. The realization of this only
possible approach to creating real gear drives requires it to be
complex one, which should be foreseen in the processes of
synthesis and design of the gear systems.

2. Aspects of Computer Design

The wide variety of gear mechanisms used in industry and
transport, as well as the permanent pursuit of researchers to create
new and improved gears drives on one hand and on the other- the
different and changing approaches to the mathematical modeling for
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synthesis and design, make it difficult to realize universal CAD
systems. In connection to all said above, it specially should be noted
the note the extremely dynamic development of modern technical
computing tools and software programs. This often requires a
reassessment not only of the way in which computer programs are
organized, but also leads to informal changes of applied
mathematical models [2]. In order to realize these researches into
the field of theory gearing, as well as to provide an adequate
scientific support for this type of production, the computer design
has evolved, forming three types of software:

First type. The programs, included here, are designed to study
the mutual influence between various kinematic, structural,
technological and exploitation parameters of the studied gear drives.
Essentially, this type of software is not subordinate to a particular
strategy associated with the construction of CAD systems. The
elaborated mathematical models, algorithms and computer
programs are designed to determine the influence of one or other
real-life existing parameters on the qualitative characteristics of the
concrete gearings. However, the programs created in this case can
be used as software modules, which are elements of system of
criteria for the quality control of the synthesized gear drives.

Second type. This group includes computer programs organized
on the basis of algorithms, contained in standardization documents
[3], company methodologies [4] or handbooks (guides) [5-8]. Here,
it should be included, the program products, elaborated on the basis
of algorithms for geometric and strength calculation of the
traditional types of gear drives: cylindrical involute with external
and internal mating gears, cylindrical worm gears, bevel gears with
straight teeth and so on. It should be noted, in particular, that the
algorithms used in the prevailing number of cases do not ensure the
optimization in the synthesis and design of gear transmissions. For
example, the known algorithms for the synthesis of cylindrical
involute, conic and worm gears [6] are able to provide only the
technological and instrumental requirements for their manufacture,
in terms of standardized determined modules (ptiches) and in terms
of the occurrence of undercutting on the tooth surfaces under
instrumental gearing or interference - in work gearing. Secondly,
this category of software products it can also be included those,
through which the strength characteristics of the already
geometrically and technologically synthesized gear drives [3] are
examined. As such, these computer programs can be treated as tools
for analysis of the gear mechanisms.

Third type. Included in this category of computer program
products are those based on mathematical models, developed on the
basis of the specially oriented scientific studies. For example, for
Bulgaria, these are the computer programs that covers the synthesis
and design of Spiroid and Helicon gear sets (Spiroid and Helicon
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are registered trade mark of Illinois Tool Works, Chicago,
Ilinois) [1, 9, 11], and with conic and hypoid gear mechanism —
type Gleason [5, 12, 13]; and others. For the contemporary gear
transmissions, including even classical gear mechanisms, treated in
terms of current engineering requirements, the elaboration of new
mathematical approaches to their geometric, technological and
strength synthesis is required. The process of optimization
synthesis, in this case, is realized by applying the method of direct
search. This method provides an opportunity to reduce the number
of calculated gear pairs, which compose the synthesized gear
mechanism. It will be reminded, that the essence of this method is
as follows:

e input parameters are defined, as well as those that will not be
changed throughout the whole synthesis process;

the variables parameters are determined as well the way of their
variation, respectively;

the process of variating the defined variable input parameters
compared to their initially given value continues, until the
preliminary defined optimization criteria are fulfilled;

from the calculated pairs of conjugated gear sets, a final variant
is chosen for which, there is the best fulfillment of the additional
conditions (restrictions) introduced in the mathematical model.

In other words, the process of optimization synthesis and design
of the third type of software is based on adequate iterative
procedures, by which the desired solution is found by variation of
certain parameters.

3. Computer
Methodology

Programs:  Principles and

The computer programs designed for the synthesis and design
of linear contacting hyperboloid gear mechanisms belong to the
third type software. Considering, the known methodological
limitations [14], the following sequence is kept when constructing
this type software, for elaboration of the system for the computer
design of hyperboloid gears with linear contacting tooth surfaces.

3.1. Basic Principles and Approaches of the Mathematical
Modeling for Synthesis and Design

When profiling the kinematically conjugated surfaces, by means
of which the rotations transformation between crossed axes is
realized, the basic observed principles are the principles of T.
Olivier [1]. Here, it will be summarized only that part of them,
which is directly related to the construction of the concrete
computer programs.

When generating the tooth surfaces X, and X, , firmly
connected with the bodies B, and B, , through the generating
(instrumental) surface X, , firmly connected with the body B, ,

the mentioned bodies B,, B, and B, realize rotations motion
with different vectors of rotation. In this case, relative motions are
characterized by velocity ratios i, =a)l/a) , =wi/a)J
(i=1, 2). If the surfaces X, (or X, ) are respectively a one-
parameter envelope of the instrumental surface X, , when the
X, =2 (X=X, , B, =B,
(B, =%, , respectively) and i, =1i,, (i, =1, , respectively) it
is said that the tooth surfaces are generated in accordance with the
second principle of T. Olivier. In this case, 2, and X, have
always a linear contact.

conditions respectively),

In [1, 14-17], are formulated two approaches (applied by the
authors) to the elaboration of mathematical models for the
synthesis: mathematical modeling, which defines and optimizes the
geometric, technological and exploitation characteristics of the
design gear drives in a small vicinity of the pitch contact point and
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a mathematical modeling related to the ensuring of the quality
characteristics in the whole region of mesh.

In connection with all said, it is obvious that the methodological
difference between the two approaches for the synthesis of spatial
gear drives requires to define in advance the adaptability of the
future designed hyperboloid gear drive to one of the two mentioned
approaches. The determination of the adaptability of the planned
procedure for creating of an adequate mechano-mathematical model
is a complex creative process, requiring the knowledge of both the
theoretical content of the approaches to the synthesis and the
specific technological and exploitation requirements characterizing
the created transmissions.

3.2. Principles of Organizing g the Design Process

The following principles are obvious and have been commented
by various authors [1, 2, 9, 12-15]. Here, the focus will be put on
those which are determining for the construction of the computer
programs for synthesis of gears type Spiroid and Helicon.

Determination of the groups of independent and variable
input parameters. To the group of independent input parameters a
set of standardization modules should be included, that determines
the technological capabilities of the hobbing machines; coefficients
that define the tooth geometry as a function of the modules;
coefficients of frictions between the different pairs of materials
applicable for producing of the toothing of the conjugated gear
pairs; coefficients, linear and angular values associated with the
design of the instrumental equipment and etc.

To the input data parameters, among which the variable ones
are chosen, as a rule are included those which define the overall
geometry of the calculated gear system. Here belongs the
parameters determining the dimensions of the gear structure: the
offset, distances from the offset to the planes in which the pitch
circles lie; the angles defining the orientation of the above said
planes relative to the pitch normal and etc. The variable input data
include also those, from which the geometry of the conjugated
active tooth surfaces depends: the independent coordinates of the
tooth surfaces; their helical parameters; parameters which determine
face width of the teeth, etc.

Introducing the main analytical relations, which are based on
the chosen approach to the mechano-mathematical modelling.

Here are included solutions of the fundamental tasks of the
synthesis upon a pitch contact point and upon a mesh region with
the application of the adequate geometric interpretations of the
basic equation of meshing, namely [1, 14-17]: the task for the
synthesis of pitch circles; the task for the defining the geometry of
the active tooth surfaces by their linear and angular characteristics
in the pitch contact point; the task for defining the singularity in the
pitch contact point (without describing the analytical type of the
tooth surfaces); the task for analytically defining of the entire mesh
region; formulations of relations, which are used to determine the
optimal dimensions and placement of the region of mesh on the
active surface and etc.

This principle of organizing the computer design includes also
the introduction of geometric and kinematic relations, intended for
the reduction of the input parameter sets.

Constructing the complex process for synthesis and design of
hyperboloid gear drives. This is realized by defining the separate
sub-stages of the synthesis and design in their sequence and
interconnection. This principle, applied in the design of each
computer program, is directly dependent on the type of functioning,
in the elaborated algorithm, complex of criteria. Those criteria
determine the preliminary defined quality characteristics of the gear
mechanism in dependence of the accepted approach to the
mathematical modelling. A distinctive characteristic of the accepted
principle for construction of the complex process for synthesis and
design is the chosen approach for the estimation of the calculated
option of gear drive.
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4. Programs for Synthesis of Spiroid and Helicon
Gear Drives

The shown considerations for designing of software programs,
applicable to the synthesis of hyperboloid mechanisms are also
realized in connection with constructing three types’ software
products for the design of Spiroid gears, which functional relations
are shown in Fig. 1 [1]. Each one of the illustrated three main
directions, has its own importance. It means that the user can
restrict himself to use the results of only one program; to analyze
and interpret these results and then after an adequate assessment, to
go through the entire process shown in the figure.

Further below, each of the directions, that includes the whole
process of synthesis and design of Spiroid gears, will be considered.

Geometric and technological

synthesis of Spiroid gears

| ] 1

Optimizing synthesis based on
the pitch contact point

Synthesis based on a
region of mesh

N
1

Pitch circles synthesis

Tables with Result
esults

results Tooth surfaces synthesis

Results

ouTPUT

Fig. 1 General block-scheme of the approaches for the synthesis of Spiroid
gears

4.1. A Software Program for a Preliminary Synthesis

The aim of the preliminary synthesis is to be calculated the
main geometric parameters of the special case of Spiroid gear, when
the angle, at which the rotations axes are crossed, is 90°, and pinion
is of cylindrical form. With other words, the preliminary synthesis
of the Spiroid gears is essentially oriented to the geometric
dimensioning (without an optimization) of hyperboloid drive of
type Helicon [11, 18].

The mathematical model upon a pitch contact point is in the
basis of the program for a preliminary synthesis. It is assumed that
this point is placed on the outside cylinder of the Helicon pinion
[19].

The input data of the computer program are: gear (velocity)
ratioU ; offset @, ; Z, - number of teeth of the pinion depending

on the degree of accuracy and the conjugation type of the tooth

surfaces; a standard pinion tooth deflection (thinning) - AD ; set of
standard axle modules; coefficients and etc. In the commented
program, the possibility of defining the following geometric-
technological requirements is taken into consideration when

choosing the outer diameter d_, of the gear:

a) in the case of the double bearing of the pinion, when one support
is located in the field of the offset (in this case the synthesized gear
drive is characterized by smaller sliding velocities [18]);

b) to ensure the possibility of generating the gear sets, over a wide

range of external diameter d,, variations, and with the use of

hobbing machines.
The program works for velocity (gear) ratios of up to 100 and
offset not exceeding 250 mm. The only optimization ensured by this
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program is related to the selection of a standard axle module of the
Helicon pinion (the calculated axle module has to belong to the set
of standard input modules).

The data for U, Z,, a, , Ab and one of the mentioned

geometric-technological conditions is input by the designer at the
start of each computational procedure.

Thus, only by inputting the above mentioned input data by the
designer, the program calculates and chooses the values of the
standard axle module, outer and inner diameters of the pinion and
the crown (gear), the width of the toothing of the gear and the
length of the generated part of the pinion, the minimum mounting
distance of the pinion and etc. The program enables a technological
check of the values of the big profile angle of the teeth
(corresponding to low-side driving) as well as for obtaining
variations of the gear drive for the minimum and maximum possible
values of the number of the teeth of the gear (crown).

The organization of the program for a preliminary synthesis is
illustrated on Fig. 2 [1].

Inside and outside diameters, tooth
faces widths, tooth module

Output
with

comments
Table with
results

4.2 Program for Optimization Geometric and Technological
Synthesis of Spiroid Gears upon a Pitch Contact Point

Fulfilled
Yes Tul No

criterion

|

Intervals for gear tech
number

Choice of low-side
pressure angle

Fig. 2. Scheme of preliminary synthesis program

This program includes solving of the following tasks [1]:

Synthesis of geometric pitch circles.

e Synthesis of the active tooth surfaces of the Spiroid
pinion and of the cutting tool for generation of the Spiroid

crown (Spiroid hob);

Verification if that the accepted quality criteria of the gear
drive are fulfilled.

From the formulation of the defined tasks, it can be seen that the
algorithm of this program corresponds to the approach to
mathematical modeling for synthesis upon a pitch contact point [1,
14-17]. In this sense, when designing the Spiroid gears, it is of
particular importance to select the location of the pitch contact point
in the fixed space. The placement of the pitch contact point (as a
common point of the pitch circles and conjugated active tooth
surfaces) affects on one hand on the common geometry of the
designed gear system (overall dimensions of the gear pair) and on
the other- on the geometry and proportions of the gears’ teeth, as
well as on the gears’ quality (through the geometric, kinematic and
strength characteristics of the conjugated gear pair).

For the purposes of this study, here will be briefly outlined
some of the information contained in [1, 14-17], dealing with the
geometric nature of the externally contacting geometric pitch
circles.
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The pair of the pitch circles (H; : H;) from the mentioned
type are circles H; (i=1, 2), having only one contact point
P . Their centers are places on the axes of rotations |—Ii
(i=1, 2) of the movable links, and the corresponding circles are
perpendicular to those axes. Mutual placement of the crossed axes

is uniquely determined by the angle ¢ =constant between the
skewed axes and by the length of their axis —the offset (center

distance) a, = constant . The position of the geometric circles
Hf
(i=1, 2) and with their offset line is defined by four parameters

for each circle. The condition for the two circles to have a common
contact point is expressed by five independent scalar equations.
Hence, the mutual position of two circles is not defined in a unique
way. It is a function of 5 independent parameters. The synthesis of
geometric pitch circles is preceded by the decision, which five of
the eight parameters (for both circles) to be chosen for independent
ones and how to choose the intervals for their variation.

(i=1, 2) in respect with the rotations axes i—i

For this specific case, these five independent parameters are
chosen as: an angle O between the axes of rotations i—i

(i=1 2); the offset a, ; the angle J,, which is concluded
between H 1° and the pitch normal M —m (half of the angle at the
top of the pitch cone Hf of the Spiroid pinion); radius I of Hf
and the distance @, between the offset line of the gear drive and the

plane in which H lies.

The ambiguity of the solution enables the possibility these free
parameters to be discreetly changed within certain limits and among
many pairs of geometric pitch circles to search for those ones,
which parameters ensure that the preliminary defined requirements
for the quality of the synthesized gear drives in the vicinity of the
pitch contact point are satisfied. The criteria used in the program
will be discussed further below.

The program allows choosing the type of conic linear helicoid,
applied as active tooth surfaces of the Spiroid pinion: convolute,
Archimedean or involute ones. The calculation of the necessary and
sufficient geometric and technological parameters for the design of
the Spiroid gear pair and cutting instruments are realized for the
required type of conic helicoid.

The indicators, which serve to control the quality of the gearing,
are essential for the design process. As it has already be mentioned,
the dependence on the solution of the task for the synthesis of the
pitch circles from concrete free parameters, should be searched
among the optimal geometric, kinematic and technological quality
characteristics in the vicinity of the pitch contact point. They will be
briefly explained.

Basic technological criterion. This is the main criterion related
to the technology of elaboration of Spiroid gears. It is related to the
reduction of the nomenclature of cutting tools by ensuring the
conditions for the design of Spiroid hobs with standard modules
(hob parameters are functions of this module). This causes the
requirement that the calculated in the pitch contact point module to
coincide (with a given exactness) with any of the modules contained
in the input set of standard modules.

Criterion controlling the singularity in the pitch contact point.
The constructed criterion is analytically described in [1]. The
ensuring of the implementation of this criterion helps to reduce the
ordinary nodes from the mesh region of the synthesized gear drive.
Hence, it leads to the improvement of its loading capacity, of the
efficiency and of the durability. It will be reminded, that the
elimination of the singularity of first order, by this criterion, is
guaranteed in vicinity of the pitch contact point. The optimization,
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when using this criterion, is realized by the verification of the
analytical dependencies introduced for each of the selected
combination of the five independent variables.

Criterion for controlling the transmission angle of the normal
force (pressure angle). This criterion provides optimization of gear
drive in terms of the transmission of the normal forces from the
pinion to the big gear (crown), when the gear mechanism is
operated under the conditions of the rotations transformation at low-
side driving.

Criterion for controlling the value of the Spiroid pinion spiral
angle. By this criterion is carried out the control of the value of the
angle in the pitch contact point. Its values have to belong to definite
intervals in accordance to the purpose of the designed gear drive.

Here, it should specially be noted, as it is shown in [6], that the
choice of the appropriate values for the pressure angle and the
Spiroid pinion spiral angle of the longitudinal line of the active
tooth surface 221) in the pitch contact point substantially affect the
efficiency of the gear drives. Therefore, by appropriately selecting
of the geometric characteristics of the tooth surfaces of the Spiroid
pinion, an indirect control of the gear drives’ efficiency is achieved.
It also should be mentioned, that from the calculated equivalent
variants of the synthesized gear mechanisms, from a geometric and
technological view point, the program allows to select that one
which has the highest value of the coefficient of efficiency for the
computational (pitch) contact point.

Criterion related to the durability of the gear drive. It controls
the magnitude of the sliding speed at the computational contact
point, depending on the chosen material for the toothing of the
Spiroid gear - different types of bronze.

Criterion controlling the hydrodynamic conditions of
meshing. This optimization aims the accomplishment of the
following condtions: the synthesized gear drive has to obtain a

maximum as a value of the summed circumferential velocity|\7Z |
in the pitch contact point and a minimum value of the angle Q2
which \7Z concludes with the normal to the contact line in the pitch
contact point.

Technological criteria for hobbing. These criteria are related to
the choice of the minimum value of the axial (normal) profile angle
of the Spiroid hob, in order to provide optimal conditions for
hobbing, both in terms of cutting the metal and in relation to the
strength characteristics of the cutting elements of the hob and etc.

In number of design cases, some of the initially defined
independent parameters could be fixed due to the specific
requirements (or example because of requirements for the
maximum sizes of the gear drives and the mutual position of the
shafts of the gears), which results in reduction of the number of
independent variables without limitation to search and find an
optimal geometry of the tooth surfaces.

Input parameters of the software program: number of the
Spiroid pinion’ threads and number of Spiroid gears’ spiral teeth;
offset; standard pressure angle; type of the conical helicoids (type of
the tooth surfaces of the Spiroid pinion); type of the bearing of the
gear shafts (on two bearing supports or on a console); frequency of
revolution and etc. Keys parameters will take values of 1 or 0
depending on whether a given criterion will be taken in
consideration  for the synthesis or not. For each of the free
parameters, the minimum and maximum values as well as the
pitches of variation, are chosen. The independent variation cycles in
the computer program are equal to the number of the free
parameters.

On Fig. 3 the main block-scheme of the commented above
program can be seen. The table of the results consists of: the basic
geometric parameters of the Spiroid pinion and of the Spiroid gear,
the design parameters of the Spiroid hob, geometric and
constructive parameters of the three-link spatial gear mechanism,
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parameters related to the quality of meshing at the pitch contact
point, such as coefficient of the efficiency of the gear drive, forces
acting in the pitch contact point (pole of meshing); loading of the
bearing supports, etc.

Input data, criteria
keys

Intervals for free
parameter variations

Tooth module in the
ptich contact point

Fulfilled
criterion for
standard
module

New values of
the free
parameters

Satisfied
quality
criteria

Entire geometry|
calculation

Fig. 3 Program scheme for an optimization synthesis of a Spiroid gear pair

It should be mentioned that, when the bearing supports are
calculated, the distances between them and the pitch circles in real
dimensions mm or dimensionless - as the ratio of the distances to
the diameter of the pitch circle of the Spiroid gear are given. In the
program, all forces, that act in the pitch contact point and at the
bearing supports are dimensionless in relation to the peripheral
force, acting on the Spiroid gear. If in the input of the program, the
torque on the gear shaft or a torque on the pinion shaft is given, then
this peripheral force has a concrete value and all forces and loads
are calculated in [N]. Analogically, the sliding velocity is calculated
as the ratio with the magnitude of the Spiroid pinion’ angular
velocity. If in the input, the numbers of pinion’ revolutions per

minute are given, then the sliding velocity is obtained in [ m/s 1.

4.3. A Computer Program for Synthesis upon a Mesh Region

This program for synthesis of Spiroid gear, based on the
commented in [1] mathematical model, represents a logical final
stage of the organized complex process of the synthesis for this
class high-reduction spatial gear mechanisms. This approach is
applied in the following two cases:

When synthesizing a gear drive for which elaboration it has to
be used the existing instrumental equipment (in particular an
existing Spiroid (Helicon) hob).

In this case, in the designing of the gear drive, it is not possible
to define an optimally positioned pitch contact point. In a number of
cases, the existing instrumental equipment is suitable for generating
the gear mechanism, for which it is not possible to define a pitch
contact point in the mesh region. In this case, the constructively
defined region of mesh is tested for the singularity of first and
second order. In case, when the constructively defined gear drive
contains an unacceptable amount of undercutting points and
ordinary nodes, a change of the location of the mesh region in the
fixed space is used.

When types of Spiroid (Helicon) reductor are synthesized.
The type reductors represents a family of products, which are
elaborated on the basis of the same: corpus details; gear blanks;
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purchased groups of assembled details and parts. A rational and
applied approach by the authors of this research is as follows:

At the beginning a basic model is designed, the synthesis of
which is realized by using the computer program for synthesis upon
a pitch contact point. The rest of the elements of the family of the
created type are designed, by using adequate analytical
dependencies [1], that ensure design of gear drives, so the ordinary
nodes (contact points) are completely eliminated from their mesh
region. Thus, the selected types of gear set, together with the base
gear drives, are tested for the presence of singularity of second
order in the whole region of mesh.

Through the created software program for the synthesis upon a
mesh region, the entire region of mesh is checked in order to
determine the type and amount of singularity. For the discrete

variation of the meshing parameter ¢, (an angle of rotation of the

Spiroid pinion), the contact lines on the active tooth surfaces Zg”
of the pinion are are defined as a function of one of their curvilinear
coordinates U?, 9. The parameter ¢, varies in the interval

K7, as the real number K depends on the geometric-kinematic
characteristics of the synthesized gear drive, as well as form the

foals of the study. The curvilinear coordinate 99 varies in an
interval, which depends on the length of the generated part of the

pinion L, and its axial module m

1

g E[— L, /m+ Ll/m]. The interval is divided by the
number of points chosen by the designer. For each of these values,
it is firstly checked whether the curvilinear coordinates belong to
the mesh region, and then checking if that these curvilinear
coordinates satisfy the analytical dependencies that indicate the
presence of ordinary nodes and undercutting points. The finding is
noted with the relevant text in the software program.

, e

The input date in the program are [1]: number of teeth of the
Spiroid pinion Z, , number of teeth of the Spiroid crown Z, , offset

a,, , a distance from the offset line to the origin of the coordinate
system S_(O,,X,,Y¥,,2,) , in which the equations of conic

linear helicoids, profile angle, the length of the generated part of the
Spiroid pinion, the module of the tooth surfaces are written. These
data can be obtained from the synthesis of the base model upon a
pitch contact point. In this case after the check with the program for
synthesis upon a mesh region, the base gear drive is synthesized
upon the so-called combined approach. The input of the program
can be set from the constructive considerations, depending on the
available instrumental and technological equipment. In this case, the
synthesis upon mesh region is transformed into evaluating of the
constructively chosen parameters.

Input data
Variation of independant| No
coordinates
es

Y
Print with =
comments

Singular
points of I
and 11 order

Fig. 4. Computer program for synthesis upon mesh region

The computer program is organized upon following Fig. 4 [1].
In the appendices to the publication [14], exemplary calculation
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results are presented from the execution of the computer programs
for synthesis of Spiroid gear sets.

5. Conclusion

The current work presents an adequate review of the created
methodology and the approaches to the synthesis and design of
hyperboloid gear mechanisms with face mated gears. It is an
actualized and added presentation of the illustrated in [20] strategy
for synthesis of gear drives with crossed axes.

The main features of its content are as follows:

o A classification of the types of specialized software
applicable in the analysis, synthesis and calculation of

gear drives is realized.

The principles, applied by the authors, for organization of
the process of the synthesis and design of hyperboloid
gear mechanisms, are briefly defined (described).

The essence of the elaborated computer programs for
preliminary synthesis, optimization synthesis upon a pitch
contact point and upon a region of mesh, applicable in the
design of Spiroid and Helicon gears, are summarized.
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Abstract: The result of each measurement consists big or small measurement uncertainty. Many sources of uncertainty, especially in
industry measurements, are not well studied and require further researchment. Therefore, it is important to have good knowledge about
measurement uncertainty in order to minimize as much as possible.

The results of performed analyse and the study of the opportunities for application of the method of linear regression for determination
the calibration curve of the measurement device are presented in this paper. The researchment refers to the assessment of the measurement
uncertainty type A and B, as well as the combined and extended uncertainty of the measurement result.

By the fulfillment of the assumption for realization of an engineering experiment, with possession of mathematical, technical and
practical experience of the operator and the computer supported analytical process, the calibration curve of the measurement device is
determined, as well as the extended uncertainty of the measurement result. In this way, a stable measurement process will be achieved, a
consistent measurement result, with an increased level of confidence.

KEY WORDS: measurement uncertainty, linear regression, calibration curve.

1. Introduction R — residuals (measurement uncertainty type A).

As a consequence of the action of numerous factors which
cannot be controlled, the conditions for experiment realization are
constantly changed. Therefore, an uncertainty exists at the result of
each measurement which may occur in any segment of the
measurement process, as well as in the links between segments.

True value Measured value

The result of the engineering experiment that is subject to
analysis, contains measurement uncertainty which is the summary - %
consists of two components type A and B. Their relationship
depends on the used measurement device as well as the conditions
in which the experiment is realized. t‘tl

Measurement

Xm
process

Measurement process testing is usually realized by applying of
models. Generally, the model is used to assess the original system
or to make conclusions about its behaviour. We use a deterministic
model for the analysis in our case where the seria of measurements
can be conceptualized as a measurement process, where the true
value of the measurement size x; is an input of the measurement
process and the process produces the measured value X, as its
output (Fig. 1).

IMPACT VALUES

Fig. 1Schematic view of the model for estimation of the measurement
uncertainty [2]

According to the probability for occurrence, the total

Mathematic model of the measurement process [1] will S
measurement uncertainty is divided into two components: [2]

be:
ey Measurement uncertainty type A — U(a): Factors which
contribution to the measurement uncertainty can be assessed using
the statistical distribution of measurement results. The measurement

Xm= X Hf(X)+R or Xp- X =f(X)+R

where: uncertainty type A is displayed as scattering of the measurement
X, — measured value of the measurement size, result. In the series of measurements when measuring the same
value of the measurement size, different measurement results are

X; — true value of the measurement size, always obtained. In order to determine the average and the standard

deviation of each point of the measuring area, several measurements
f(x) — measurement uncertainty function — calibration are realized.

curve (measurement uncertainty type B),
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Measurement uncertainty type B — U(b): Factors whose
contribution is assessed in other ways, by other means and in
relation to other laboratories (with plans for taking a representative
sample, by experience e.c.t.).

Function of the measurement uncertainty (measurement
uncertainty type B) according to changes dependent on the
measurement size, is divided into three components: additive,
multiplicative and nonlinear errors [3]. Moreover, additive
component of the total uncertainty does not depend on the
measurement size. Examples of sources of additive error: measuring
system displacement from the =zero position, drift e.c.t.
Multiplicative component is changed in proportion to the
measurement size. Sources of a multiplicative component are
factors which have influence to the measurement devices
parameters. Nonlinear component of measurement uncertainty
includes members of the second or higher exponent of the
measurement size.

In addition to the basic components of the measurement
uncertainty, it is also defined [2]:

« Combined measurement uncertainty U(c)

U, =+ U% +U% @
 Extended measurement uncertainty U:
U=k-U, 3)

Where k is an extension factor. The value of the factor is
chosen depending on the confidence level of the measurement
result.

Table 1: Extension factor (according addition of GUM) [4]

Confidence | 68,27 90 95 95,45 99 99,73
level P%
Extension 1 1,645 1,960 2 2,576 3
factor k

Calibration [5] is a set of procedures that establishes a
relationship between the values of the size indicated by the
measurement device or measurement system, or the values
representing a materialized measure or reference material with
appropriate values of the achieved etalon, under certain conditions.
According to [6], the calibration of the measurement device can be
expressed by an uncertainty statement, shown as calibration
function, calibration curve or calibration table.

The aim of this paper is to present in a systematic way the
procedure for experimental statistical identification of the
calibration curve of the measurement device and its display as a
polynomial function using the method of linear regression.
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2. Preparation, planning and realization of the
engineer experiment

Calibration curve of the measurement device f (x;) and the
standard deviation of the measurement uncertainty type A, o, will
be determined through an analytical process, by realization of a
certain number of measurements n, through the measurement area
of the device, in a pre-specified measurement conditions. Series of
true values x; are in fact values of referent measuring sizes (etalons).
On that way is created a set of data with n values of referent (x;) and
the calibration points - averages of the measured (x,,,) values.

Several measurements are realized in order to estimate the
impact of measurement uncertainty type A in each calibration
curve. Average of a series of measurements is considered as
representative of the behavior of the measurement device in the
calibration point, i.e.by fulfilled conditions for normality of the
measured values and homogeneity of the variations can be
considered that the calibration point - the average of the
measurements contains only the measurement uncertainty type B.
Only one measurementin each calibration point is usually realized
in the automatic regulation process.

If the calibration curve f (x;) contains p parameters, the number
of points (pairs) of calibration base should be at least n = p +1, in
order to calculate the required elements in the analysis. That is the
minimum required number of measurements (pairs of values). More
number of measurements is better in a statistical point of view, but

this is also a question of time, effort and resources used in the
creation of the calibration database.

While determining the mathematical form of the calibration
curve f (x;) (determination of polinom function degree) should be
taken into account that has a critical impact on the quality of the
measurement uncertainty assessment. Shape of the calibration curve
f (x;) depends on the nature of the measurement system and the
specific reasons for uncertainty. Higher order parametric function
better reflects the relation in the set of values (reference and
measured). This can be seen by the correlation coefficient, which is
higher, but also is more practical to not work with more complex
function than is necessary. For optimal realization of such an
experiment, the function of the calibration curve f (x;) should
always be some compromise between theory and practice.

Processing of the measurement results and determination of the
calibration curve for the experimental measurement equipment, is
done through realization of specific iterative procedure:

1) As a first step in the process of determination the
calibration points from the set of measured values, harsh errors are
identified and eliminated.Harsh errors are clearly perceptible errors
that significantly exceed the boundaries of the analyzed
measurement process. After identification of harsh error using the
Grabs method [3], this error is excluded from the measurement
result.

2) In order the average of the measured values at each
calibration point to be considered as relevant for further processing
and performing valid conclusions, it is necessary to perform testing
for meeting the requirements for normality of the measured results
and homogeneity of variations. This is done by testing hypotheses
using multiple tests:
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o for testing of normality:y, - test, A - test, Anderson — Darling,
Ryan — Joiner, Kolmogorov — Smirnov test, by using of
probability diagram or by p - value analyse e.c.t.

o for testing of homogeneity : z — test, Student t — test, Fisher
F —teste.c.t.

3) If the conditions for normality of the
measurement results and homogeneity of variation are fulfilled, the
averages of the series of measurements are calculated. On that way,
the calibration points are obtained, for which can be considered that
contain only measurement uncertainty type B.

4) Scape of the calibration curve f (x;) will be
determined by visual testing of the diagram, where on the y-axis
will be calibration points - averages (X-X;), and on the x-axis real
(etalon) values x;.

5) Regression analysis will be made with the assumed f
(x;). The correlation coefficient will be an indicator of the quality of
the selection of the calibration curve. Higher correlation coefficient
means greater connectivity of measured values and reference values
. In case [1] the correlation coefficient is less than 80%, the selected
calibration curve f (x;) is not appropriate for the set of values and
selection of new calibration curve and repetition of the whole
procedure is needed. The function obtained on that way is good and
the standard deviation of measurement uncertainty type A can be
calculated.

3. Results

In order to illustrate the above procedure an experiment with a
relatively small number of measurements is realized (in our
example 11 calibration points with 5 measurements at each point —
Table 2). Basically, this means determining the calibration curve of
the measurement device through a small number of measurements,
which results on optimization of the time spent, engaged resources
and costs for experiment realization.

Harsk errors identification and elimination

In accordance to Grabs criteria [3] for cutoff value10% (process
measurements) G.=1,77. Since all values of G and G, are
smaller than G (maximal value G=1,63 in the fourth measurement
point), the hypothesis of existence of a harsh error in the set of
realized measurements is rejected.

e  Checking the normality and homogeneity of variation in

the calibration database,

Checking the normality of distribution of the obtained results
for each calibration point will be made by testing the hypotheses
using Kolmogorov-Smirnov test and by p - value analyse, for
confidence level 90% (process measurements).This kind of
checking the normal distribution of the measurement results is
realized for each calibration point.

Although it relates to series with a relatively small number of
measurements (five measurements at each point), all series of
measurements show a high degree of adherence to the normal
distribution (the smallest value p = 0.142 at measurement point 4,
but still greater than the cutoff value 10%).

Kolmogorov-Smirnov test with allowable error of 1%, for
confidence level 90% (process measurements), value is calculated
by the following formula [7] :
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TEST:%

Jn

4)

In our example, n =5, and for the test value, the obtained value
is 0.55.In our example, the largest (in absolute value) D=0,3is
achieved in the measurement point number 4, which is less than the
value of TEST. Based on this, it can be concluded that the
measurement results for the seventh calibration point do not deviate
significantly from the normal distribution.

Homogeneity of the variations in the database will be tested by
the application of Fishers F-test. The basic and alternative
hypothesis is are:

H,: Two samples belong to the same basic set of values.
Ha: Two samples do not belong to the same basic set of values.

We calculate F-test indicator. The subject of analysis in our
case will be calibration points number 6 and 11 (the point with the
smallest and bigest standard deviation). The first sample (item 6) n

=5, ; ¢=9,992 S¢2=0,00007056. The second sample (item 11) n =

5, X 1,=15,016 S;,°=0,00027889. The value of F is 3.95. Value
Feit ([8] p. 563) for g = 0,05 F;=6,33 while for q=0,01 F.;=15,98.
Because in both cases, F<Fg;, we can confirm the reliability of the
base hypothesis.

Selection of the calibration curve function of the
measurement device

Calibration curve in second degree polynog] shape

y =0,0007x?- 0,0134x + 0,0632
R*=10,7326

¢

Measurement uncertainty

500 1%0 14,00 15,00 16,00
L 4

Reference values

Q00 10,00 11,004

Calibration curve in third degree polynom shape

Measurement uncertainty

Reference values
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0,020
Calibraton curve in fourth degree polynom shape

0,015

y =0,00001x* - 0,00014x3 + 0,00086x2 - 0,00305x +
0,01624

*
R*=10,89758
* N ¢

6,00

0,010

0,005

0,000

8,00 00 12,00 14,00 16,00

*

4
-0,005

Measurement uncertainty

*
Reference values

-0,010
Fig. 2 Calibration curves in second, third and fourth degree
polynom shape

Due to the significantly bigger correlation (Fig. 2) coefficient at the
fourth degree polynomial (which associates to bigger connectivity
of the measurement uncertainty, i.e. the measured values with
reference values), the fourth degree polynom shape is adopted as a
calibration curve for the tested measurement device. It can be
noticed that increasing the degree of polynomial function does not
significantly increase the correlation coefficient and further
increasing the degree of polynomial function would be irrational.

e Checking the normality of the residuals

Checking the normality of distribution of the residuals for the
calibration curve will be made by testing the hypotheses, using the
Kolmogorov-Smirnov testand by p - value analyse (Fig. 3), for
confidence level 90% (process measurements). The value of the test
indicator, according to (4) is 0.367.

Probability Plot of residuals
Normal distribution

70

40
30

Percent

Mean
StDev
N

Ks
P-Value

0.08575

-
0 0.06879

=0.150

.15

-0.10 -0.05

Results of measures

Fig. 3 Analysis of the residuals normality by using a probability
diagram

Diax=0,179 which is less than the test value and p>0.150,
which means that the basic hypothesis of normal distribution of the
residuals can be accepted.

Calculation of the standard deviation of the residuals
Using a calibration curve and the calculated standard deviation
of the set of residuals in relation with the calibration curve function
of the tested measurement device (in our example ¢ = 0,0687), the
estimated value of the calibration point and the confidence interval
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around the estimated value can be determined. For example, the
measured value x,,=14,80. By replacing this value in the following
function X, - ;= 0,00012x,’ - 0,00283x,” + 0,01939x, - 0,03230, and
solving the function it is obtained x; = 13,10, and for the confidence
interval +1,645c(P=90% probability of production measurements
distribution) it is obtained 0,113. That means that the estimated
value of the calibration point will be located in the interval
x¢=14,6340,113 k=1,645, P=90%.

4. Conclusion

The calibration curve of the tested measurement device with
controlled costs for the work of the laboratory is determined by
optimal realization of such an experiment. The implementation of
this method allows accrual determination of the estimated value and
the confidence interval, correction of the measurement results, as
well as control the accuracy of the measurement device during its
exploatation and determination of the moment for starting an action
for improvement the metrological characteristics of measurement
device. Due to its simplicity the displayed method is especially
efficient and practice in its application in conditions different from
the laboratory conditions.

The determination of the calibration curve of the measurement
device, above all, must be in function of customer satisfaction for
the services of the measurement device, especially the customer
requirements regarding the reliability and confidence in the results
of the realized measurement.
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TABLE 2: Measured values at measurements realized in whole measuring area of the measurement device

REF. FIRST SECOND THIRD FOURTH FIFTH MEASURE  STANDARD

NB. VALUE MEASURE MEASURE MEASURE MEASURE MEASURE AVERAGE ERROR DEVIATION

1 5,00 5,01 5,00 5,01 5,00 5,02 5,008 0,008 0,0084
2 6,00 6,00 6,02 6,01 6,00 6,02 6,010 0,010 0,01

3 7,00 6.99 7,00 7,01 7,01 7,00 7,002 0,002 0,0084
4 8,00 8,01 8,00 8,01 8,00 7,98 8,000 0,000 0,0123
5 9,00 9,00 8,98 9,00 9,02 9,01 9,002 0,002 0,0148
6 10,00 9,99 10,00 9,98 10,00 9,99 9,992 -0,008 0,0084
7 11,00 10,98 11,00 10,98 11,00 11,02 10,996 -0,004 0,0167
8 12,00 11,98 12,01 11,98 12.00 12,00 11,994 -0,006 0,0134
9 13,00 12,98 13,00 13,00 13,00 12,99 12,998 -0,002 0,0148
10 14,00 14,00 14,01 13,98 14,00 14,02 14,002 0,002 0,0148
11 15,00 15,00 15,02 15,02 15,00 15,04 15,016 0,016 0,0167
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Abstract: The agricultural industry is growing very quickly. Large areas of fields make tractors work at higher speeds, with which they also
move on public roads. Except acceleration, the agricultural tractor must also be stopped. There are emergency situations on the roads that
require sudden braking, and therefore a quick stop of the vehicle. Drum brakes are used in most farm tractors. They contain a friction pair
(shoes and drum) which as a result of cooperation changes the kinetic energy of the motion into thermal energy. Unfortunately, this crates
huge amount of this energy. This can cause overheating of the friction lining, which can lead to permanent damage. This paper presents the
results of simulation tests of the heating process during single emergency braking. It has been shown that in some situations the temperature
can reach a higher value than that which is safe for friction material components.

Keywords: BRAKES, AGRICULTURAL TRACTOR, FRICTION, HEATING PROCESS, COOLING PROCESS

1. Introduction

Agricultural tractors have been a must for every farm for many
years. They are used mostly in agricultural works, but not only. The
specificity of agricultural production means that the acreage of
processed fields is increasing. Therefore, the number of kilometers
covered increases naturally. Farmers, in addition to cultivation and
harvesting, must deliver their crops to collection points. These are
usually several or even over a dozen kilometers away. Tractors are
also used to overcome them. In combination with trailers, they are a
sufficient means of transport [1].

The specificity of today's times which results in a dizzying pace
of life means that no one can afford to waste time. This situation is
being met by producers of agricultural equipment who are offering
bigger, stronger and faster tractors. Constructions sold today easily
reach speeds of 50km / h together with a loaded trailer (or even
several) [2].

However, accelerating such a large mass (reaching several
dozen tons) is not all the problems. The real challenge is quick and
efficient braking. On public roads there are often emergency
situations in which a sudden loss of speed is required [3, 4]. In the
event of a breakdown, there is a real danger to the health or even
life of road users. It is therefore important that the components of
the braking system work quickly and reliably throughout the entire
service life [5].

Drum-type friction brakes are used in most agricultural tractors
[6]. The braking process consists in pressing the linings against the
drum rotating together with the wheel. The resulting friction
effectively changes the kinetic energy of a moving tractor into
thermal energy. It is then returned to the environment due to
conduction, convection and radiation. However, it is not always
possible to dissipate heat energy quickly enough. In the case of a
sudden braking, it happens that the temperature of the friction
elements reaches up to several hundred degrees. For some
materials, this means a loss of stability and the formation of so-
called fade phenomena [7, 8]. It involves sublimation of the matrix
of the friction material, which creates a gas cushion between the
friction couple. This is associated with a loss of braking capability.
This work is aimed at checking whether there is a risk of fading
during emergency braking in modern, fast agricultural tractors.

2. Mathematical model of braking process

The force of the braking process may be describes as a negative
derivative of the vehicle’s kinetic energy [8]:

(mv
2
or

P = —mR?w(t)a

d 2

Tat

@)

@
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where: m - vehicle’s mass, v - speed of the vehicle, R - dynamic
radius of the road wheel, o - angular velocity of the wheel, t - time,
a- angular deceleration. Assuming that the braking deceleration is
constant, we may say that:

w(t) = wy + at

©)

A simple stability analysis of the vehicle made demonstrated
that approximately 60% of the total braking force comes from the
front wheels (roughly 15% per each of the four brake shoes on the
front axis) [1]. It has been assumed that each of the brake pads
generates identical braking force. The relation between the braking
force of one wheel and the complete vehicle is as follows:
_100%Fp,
Fy ==35%

@

where: Fg, — braking force generated by one front wheel, F,— total
braking force of the vehicle. On that basis, the braking force of the
vehicle may be described as [9]:

P=-333[ff -dA v,

®)

where: f; - frictional force per surface unit,v;=w () - brake drum
linear speed at radius r, A - disc and shoe contact surface area (in
our case A=0,01m?). The braking force is also expressed as the
relation [9]:

P=fi() - w(t) f[ 1 - dA (6)

where: r,, — distance from the shoe’s centre to the disc rotation axis
(in our case rp=r). Comparison of the two equations makes it
possible to determine the ff coefficient:

f _ mR%a
f = T 333r,4

U]

Assuming that the vehicle’s deceleration occurs only through
the action of the brake disc and pad, the heat flux may be designated
using the equation [10]:

q(r,t) = —ff -vq(r,t) (8)
or by substituting:

m 2(1
q(r,t) = —éﬁr(wo + at) 9)

Amontons - Coulomb friction law [11] makes it possible to
determine the contact pressure, which in the analyzed case is as
follows:

P
p=- (10)
where: u - coefficient of friction between the disc and pad. Also, the
study takes into account the heat exchange occurring between the

disc and pad, expressed as the following relation [12]:



MACHINES. TECHNOLOGIES. MATERIALS. 2019

p-Cpoi+V-(~k-VT)=Q-p-C,-u-VT (11)
where: k - thermal conductivity, C,, - thermal capacity, u - heat flux
rate, Q - heating power per density unit, p - density, T - temperature.
During the action of the brakes, the following amount of heat is
released through convection and radiation [9]:

qq = h(T-T,)-ea(T*-T,*) (12)

where: h - convection coefficient, T-T, — temperature different
between the friction material and ambient temperature, ¢ -
emissivity of material, o - Stefan-Boltzmann constant. The relation
between the convention coefficient and the speed of the vehicle is
described as follows [9]:

(p'l-v)o's ) (Cp.#)0.33
u k

where: [ - disc diameter, u - viscosity.

0.037k
h=——

l (139

3. Object and methodology of research

The object of research was CAD models of the braking system
parts (Fig. 1) from a popular agricultural tractor in Europe (linings
and drum). The most important technical specifications of the
tractor are summarized in table 1.

Fig. 1 CAD model used in FEM testing together with the mesh: 1- brake
linings, 2- drum.

Table 1: Mechanical properties of selected powder materials

1080
[V/(kg*K)]

Heat capacity at constant
pressure

Thermal conductivity 49 [W/(m*K)]

Density 7850 [kg/m°]

Drum

Heat capacity at constant

pressure 484 [J/(kg*K)]

Description Symbol Value
Wheelbase c 2925mm
Rear axle width b 2602mm
Center of gravity distance from the cl 1345mm

front axle
Center of gravity distance from the rear bl 1301mm
center of the left tire

Height of the center of gravity h 910mm
Total mass m 16000kg

Maximum speed Vmax 50km/h

Maximum slope angle ) 20°

The developed model has been simplified relative to the real
parts of the tractor. The simplification concerned geometry (shapes
and fragments that did not have a significant impact on the heating
process were removed) and it was aimed at avoiding unnecessary
compaction of the mesh. Ultimately, the grid consisted of nearly
6,000 elements, which gave over 27,000 degrees of freedom.
Comsol Multiphysics 4.4 software was used for simulation tests.
The necessary material data, i.e. density, thermal conductivity and
thermal capacity of the friction pair were determined
experimentally. A summary of the above data is shown in Table 2.
In addition, the friction coefficient of friction, which is 0.36, was
determined.

Table 2: Technical data of friction materials.

Thermal conductivity 140 [W/(m*k)]

Shoe
lining

Density 2600 [kg/m®]
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During the tests it was assumed that: braking takes place
without slip, the tire adhesion coefficient to the ground is 1.0 (this
leads to a traffic delay of 9.81m/ s?), the ambient air temperature is
25°C, the invariability of the friction coefficient of the linings
against the drum (in fact it changes with temperature), contact
pressure that is constant and even for both linings, uniformity of the
material and contact with the entire surface, no influence of external
factors (e.g. unevenness of the road, air resistance, operation of the
vehicle suspension). The initial speed of the vehicle was set at 50km
/h.

4. Results and discussion

In the research, the first 10 seconds counted from the start of
was analyzed. The study step was 0.05s. The temperature was
measured at the central contact point at a depth of 0.2 mm both in
the drum and in the lining. Temperature profiles are shown in figure
2 (lining temperature) and figure 3 (drum temperature).
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Fig. 2 Graph of temperature of agricultural tractor brake lining
during emergency braking.
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Fig. 3 Graph of temperature of agricultural tractor brake drum
during emergency braking.

Analyzing the graphs above, it can be seen that there is a very
rapid temperature increase, especially in the initial braking phase.
The friction material of the brake linings heats up more, reaching
835.9K in just 0.9s. The drum reaches its maximum temperature
(633.15K) 0.1s earlier, 0.8s from the start of braking. The
characteristic sharp lines result from the transfer of thermal energy
from one material to another. The probable cause is seen in the
different properties of both materials, especially the different heat
capacity and thermal conductivity. The above conclusion, as well as
the correctness of performed simulations, are confirmed by two
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successive charts: thermal energy produced in the braking process

(fig. 4) and given to the nearest environment (fig. 5). Both lines
have a "smooth" course, so it can be assumed that the simulation
went correctly.
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Fig. 4 Heat produced in the process of braking the agricultural
tractor.
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Fig. 5 Heat dissipated as a result of convection and radiation in
the braking process of an agricultural tractor and immediately after
it.

Analyzing the obtained data, it can be stated that 237.28kW was
produced in one of the front wheels during braking, while just over
1.5kW was lost within 10 seconds of starting braking due to
convection and radiation. This means that the cooling process is
much slower than heating and the brakes remain "hot" for a long
time after stopping. In the event that there would be a need for
emergency braking in the near future, the risk of fade would
increase significantly.

5. Summary and conclusions

This paper presents a mathematical model of the agricultural
tractor braking process and simulation tests carried out on its basis.
It was found that:

1. Emergency braking of an agricultural tractor with a total
weight of 16000kg from a speed of 50km / h takes about 1.4s;

2. 237.28kKW of thermal energy is generated as a result of
friction generated in the brakes;

3. The brake lining heats up to 835.9K during 0.9s from the
beginning of braking; after this time the temperature drops because
the vehicle speed is already low, and the heating process is slower
than cooling;

4. The drum heats up to 633.15K in 0.8s, followed by cooling
for the same reason as in the linings;

5. Due to the fact that the friction material is a composite
material whose matrix is usually a resin with a maximum allowable
operating temperature of 500-800K [13, 14] there is a real risk of
fade.
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B nocneonume 2o0unu éce nogeue ce obpvwa GHUMAHUE HA 3A8ULUEHUAM 36YKO8 (QOH 8 pabomHu u obwecmeenu

XapaxkmepucmuKku.

C8bp3aHa C aAKyCmu4Hu

npocmpancmea. Tasu mosu wym 00Ka3aHo 600u 00 noHudxcena mpyoocnocoonocm. Om EC uma mHoscecmeo o6HO8A8aHU 6CAKA 200UHA
npeonucanus 3a npeonpueMane Ha MepKu 3a noHudxicasaremo my. EOoun om nauunume ca wiymonoanvwawa o6pabomka Ha NoMeweHussma.
Ecmecmeenama nysicoa om ¢yHKyuoHarHocm 006exicoa 00 KOHCMpPYUpanemo Ha mebenu ¢ OONbIHUMETHU WyMOno2Tvlyauju ceoticmea. Bee
NO-NONYNAPHU HA naA3apa om MmeOerHume Qupmu, ce NPedCcmassam pAa3HOOOPA3HU peuleHusi, KOHCMPYKYUs, Mamepuaiu u Ou3auHepcKu

peuwienus.

Kmiouosu xymu: 3BYKOIOIIBIIAHE, TU3ANH, AKYCTHKA, AKYCTUYHU MEBEJIH, 3BYKOB ®OH, IIIYM

1. Bveeoenue

B ceBpeMueTo mIymMuT € BCE IO rojisiM  (pakTOp KaTto M3TOYHUK
Ha HETaTMBHU  pEakKIMU BBPXY YOBEIIKaTa (GH3HOJOTHS. AKO
JKMBEEM B IIOCTOSIHHAa INyMHA cpefa, mie ObAeM IepMaHEHTHO
YMOpEHH U HeTpyaocmocoOHu. [lopaau Ta3u nmpuynHa TpsOBa aa ce
oOppla BHIMaHKUE Ha IMIyMOBHsS ()OH HE caMO B paboTHaTa cpena,
HO ¥ B OCTaHaJaTa 4acT oT exenHenuero. lllyMbT e HexxenmaH uium
BpENOHOCEeH 3BYK. Beexu meH MunmmonHum ciyxurtenu B EBpoma ca
M3JI0KEHH Ha IIyM IO BpeMe Ha paboTa M pUCKOBETE, KOUTO TOBA
MOJKE Ja JIOBele 10 JaHHU 7% CTpajaT OT TPYIHOCTH ChC CIyXa,
CBBp3aHH ¢ padorara. [IpobaeMbT chbe ciryxa, IPUYUHEH OT IIyMa,
€ e[lHa OT Haii-uecTo chOOIaBaHUTE NPOPECUOHATHH 3200 IABaHU
B EC. Bucokure HuBa Ha IOyM 3aTpyAHSABAT CIYIIAHETO U
O0IIyBaHETO Ha MEPCOHANA, KOETO MOJKE JIa TIOBUIIN BEPOATHOCTTA
ot 3nomnonykd. CTpechT, CBBbp3aH ¢ pabortara (B KOWTO HIYMBT
Moke fa 0b1e (hakTop), MOKE J1a JOBEAE 10 MPOOIeMH.

B o¢uc nmpocrpancTBaTa GOHOBHAT IIYM CBHIIO € ChC 3aBHIICHU
HuBa. PaboTHuTe MecTa B o¢uca, B KOUTO ce crOupa, o0paboTBa,
CBbXpaHsBa U choOIIaBa HHPpOPMAIHS, MOTaT J1a ObJaT HAMEPEHU B
MHOTO 00JIacTH, HaIlpUMep aIMHUHUCTPATUBHU oducH, 6aza TaHHH,
nu3aiiHepcku oduck 1 0HCH 3a MOKYIKO-POJaXOH.

Paborara ce mommomara OT MOJEpPHA KOMYHHKAI[HOHHA
TEXHOJIOTHs, TPEeBphIIaNia MOBEYETO PabOTHH MecTa B pabOTHHU
cTaHIMH. 3a pasnuka oT (abpHuKuTe, KBIAETO H30ArBaHETO HA
YBpEXKIaHUS Ha CIyXa € OT I'bPBOCTENIEHHO 3HaueHue, B oducute
HaMaJIsIBAHETO HAa HMBOTO Ha 3BYKOBOTO HaJAraHe HE € eIUHCTBEH
NPUOPUTET. BBOpochT € na ce pasriena CTpyKTypara Ha Iyma
(3ByKa), ako MCKaMe Ja HaMalluM HeOJArompusTHHUTE eeKTH OT
HETO BBPXY CHOCOOHOCTTAa HH Ja ce KOHIEHTpHpame H CTpeca,
Kkoito mpuunHsiBa. OCBeH B Te3u cdepu Ha pabora mpodieMm ¢
IIyMa FMa ¥ B 3aBEJCHUS 33 XpaHEHe, YIMININA U AeTCKA TPATHHH,
KakKTo ¥ B foMa. YecTo ce Hajara 4oBek jAa BBpIIM paboTa B KBIIH,
3a nejta My TpSIGBa TUIIMHA U BB3MOXXHOCT 3a KOHILCHTpaLud, HO
HEe BCEKM HHTEpUOp € cboOpaseH ¢ ToBa. Yecto ce ciyuBa
YJIEHOBETE Ha CEMEHCTBOTO 3abaBisiBallku ce 1a Ch3AaBaT LIyM
,KaKTo M paboTara Ha TENEBU30p MIIM 3BYKOBa ypenba. Bce moseue
OU3aiiHepyM JOpH M B MHTEpUOpAa Ha JIOMa 3aloyBaT jga ce
cbo0pa3sBaT ¢ akycTHYHaTa 00paboTka Ha MOMEMIEHHATA, KOETO
MOXe€ JI0 HSIKAaKBa CTENEH Ja HaMeNM HANpeKeHHETO M CTpeca He
caMo B paboTa , HO M B KBIII

2. Cvepemennu MmMeHOCHUUU 6 NPOU3EOOCHIBOMO
Ha mebenu ¢ aKkyCmuduHu XapaKmepucmuxu

AxycTHKaTa € aKTyalHa TeMa Ha TIIOCIeAHUTe MeOenHn
u3j10XKeHuss B EBpoma M y Hac, Karo Ou3allHEpUTE W MapKUTe
npezyarar NpoayKTH, KOUTO Ja HaMaiaT ¢poHoBus mym. Ha MHOrO
MeOETHU U3JI0KEHUS Ce MOMYNApU3Upa MPOU3BOJICTBOTO HAa MEOEIH
C aKyCTM4YHM XapakTepucTHKU. Te ca HacCOYEHM KbM U30JaLUsA Ha
YOBEKA, JI0KATO I10YMBA OT OKOJHATa cpeja M Hail-Beue OT LIyMa.
Ha te3u n3nokeHus ce pasmnonarar IPOAYKTH MO-Pa3HOOOpa3HU OT
BCSIKOTA, KaTO OOMYaliHHWTE 3BYKONOITTBINAIIM CTEHHH MHaHEIH ce
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NPUCHEUHABAT OT TAMIMPAHU EKPaHW Ha PaOOTHUSA IUIOT 3a
pabota ¢ KOMIIOTBHp, TyOemM KaOMHM 3a CTeHa 3a Telle)OHHU
pasroBOpM W JOpU  NPErpagHd  KyMNOJOBUAHU  (OPMH,
MpeHa3HauYeHH Jia BUCAT TOYHO HAJ TJIABUTE Ha PaOOTHHIUTE.
IMocnenuuTe TeHIEHIMM ca 3a pa3pabOTKa Ha BCE IOBedYe
BB3MOXKHOCTH B McOCITHUS M aKyCTUUHUs nu3aitH. [loBeue Gpupmu
npeiarar ¥ paboTHH MecTa 3a oduca, HO W 4YeCTO ce cpemar
MeOenH, IPoeKTHpaHy 3a (oaiiera 1 0OLIECTBEHN MecTa, KOUTO Ja
criomMarar 3a CIHOKOWCTBHETO M pellakcalusiTa Ha 4oBeK. Te mmar
MOJIEPEH M pa3HooOpa3eH au3aiiH. OCBEH CTOJOBE M MapaBaHU KbM
JIMBaHU CE MPOCKTUPAT MOJOOHM HAa OECeIKH MPOCTPAHCTBA 3a MO-
roJsiM Opoif Xxopa B pa3nu4Ha oT paboTHara cpeaa. "HamansgBaneTto
Ha IIyMa WM3IVIEKAAa € OCHOBHA 3arpKEHOCT B CKaHAWHABCKHUTE
MHTEPHUOPH B HAIM JHHU, KOCTO €JIBa JIU ¢ U3HCHA/BAIIIO, Thi KaTo
J'BPBCHUTE TIOJIOBE U CYpPOBUTE MOBBPXHOCTH, KOUTO Ca CHHOHHM
Ha CKaHJWHABCKHUs JU3aiiH, HEe TOTIBIIAT MHOTO J0Ope 3ByKa', Ka3a
TJIaBHUAT penakTop Ha ,,Dezeen” Mapkyc ®aiipc . MHoro ot
CKAaHIMHABCKUTE M APYIH TEXHH EBPOIEHCKU KOJETH CIIOIEINSAT
MHEHHS 32 aKyCTHYHHUTE MEOECTIH:

Yontep berenc or cnmcanme Damn m Apemun Ceiimen ot
,Stylepark“no6assit, we au3aiiHepute mpeHeOpersaT MpeKaIeHO
MHOro Inya B wuHTepuopa..HoBute puszaliHepu He pemiaBar
npoOJieMUTe Ha aKycThkara, "ka3Ba bereHc, penakrop Ha criucanue
,Damn." Te ca TBbpAE 3a€TH C TEKCTYpH M IIBETOBE, HO TOBa €
MHOT0 Ba)KHO Hemo. Ts TpssOBa ga ObJe yacT OT 00pa3oBaHUETO Ha
nmusaiteep. " To#t mobaBu: "Hackopo OTHIOX B HOB peCTOpaHT Ha"
nu3aiiHep "B MMIIaHO M HE MOXKax Ja dysl KaKBO TOBOPAT XOpara
3apajau y)kacHaTa aKycTuka.",JlnzaifHepuTe MUCIT 3a CBETJIMHATA,
(dopmaTra M MOBBPXHOCTTA, HO YECTO HE MHCIAT 3a 3BYK", Ka3a
Ceiinen, rnaBen penakrop Ha ,,Stylepark‘. "Te mucnusr camo manu
u3rIexaa Xxybaso."

Kapn JDxemrenuyc OT IIBeACKaTa Mapka 3a aKyCTUYHHU
MPOYKTH ,,Zilenzio“3asiBsiBa, 4e THPCEHETO HA HETOBHUTE MPOMAYKTH
pacte OBp30, TBH Karo KOMIIAaHMHTE C€ OIMTBAT Oa HaMalsT
pa3xoanTe, Karo HaAOWpaT IepcoHal B CHAPTAHCKH OQHCH C
orBopeH 1IuraH. CTpaHWYHHMAT edekT OT ToBa €, Ue
MPOU3BOJUTEIIHOCTTA HA PaOOTHUIMTE BCE IOBEYE CE BIUSE OT
pasceliBaHeTo Ha IIyma. B nombiaHeHue, TOW 3adBH, Ue
TEHICHIIUATA 3a TO-ThBKABH O(HC IJIOIIHU, KbACTO PAOOTHHIIUTE CE
HachbpyaBaT Ja W3IOJI3BAT HaW-pa3indHU paOOTHU YCIOBHS Tpe3
JIeHd, O3HauaBa, Y€ MMa YBEJIMYEHO ThpCeHE Ha TUXHU 30HM."ToBa
m3ucKkBa pasnmuuHu oduc cpenu. Bce mak Te TpsiGBa ma Obaar
npusiTHE 3a padota. Eto 3amo akycrukara e akryanna."[13]

lIBenckara mapka ,,FOrm2“, mycHa masapa cTeHa CTEH, KOUTO
MO3BOJISIBA HA PAaOOTHHINTE a MPAaBST HEMPEKHCHATO Tele(OHHU
obaxmanus. (¢ur 1).M3paboTeHa € OT OCHOBA OT MHHEPAIHO
J'bPBO, TPECHPAaHO C TOPHATa YacT, KOSITO € OT CI'bCTeHA BIaKHeCTa
BaTa U ChIIOTO 3a Maykus padr. To3u crenn 3amaspa 3ByKa BETpE U
HE MO03BOJIsIBA HAa XOpaTa OT BBH Ja UysAT pasroBopa. BuB Bce
noBede O(pHC MPOCTPAHCTBA, KAaKTO M B OOIIECTBEHH MeCTa ce
Hajara ynoTrpe0bara Ha TO3M THUII 3ByKomsoimpamu kabuxu. C
TEUCHUE Ha BPEMETO Te e OBIAT 3aTBBPACHU KaTo (QyHKIIMOHAIHA
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HeoOxoaumocT. [lomobGeH pox KaOWHH Osixa H3JIOKCHH U B
nocneqHoTo MebenHo m3noxeHue B Codust.

OcBeH KaOHHKHTE 33 pa3roBOpH (GUpMHUTE paboTAT U 3a MecTa
3a cpem W OOCHKHAaHE HA MPOCKTH HJIM MPOCTO H30JAlMsS Ha
KOMITAHUSI TOCPEICTBOM CHEMU(DUIHO U3TPAIEHO 32 IIENITa TSIIO

Ducz.1

mogo6Ho Ha Gecenka. Ha ¢urypa 2 ca mpencTaBeHH pa3iudHH
BapHaHTH Ha pa3pabOTKU Ha TO3W TUI OOEKTH.

L

CeBepHUTE [IU3aifHEpH OT HIKOJKO TOJWHH ca WHOHEpP B
aKyCcTHUHMS Au3aiiH. 3a rpymoBa pabota, Oasmpana B CTOKXOIM
»Form Us With Love“, e mpoekrupana Hood, u3But Gpuiios Kymout,
KOWTO BHCHM OT TaBaHa Haj roseMu Macu. Kommanusra ,Baux‘
CTapTHpa MPOU3BOACTBOTO HA I[BETHH M INAPEHH H3OJAIMOHHHU
MaHeNnu, U3paboTeHH OT IbpPBCHA BaTa - KOMOWHAIMS OT AbPBEHH
CTBPrOTHHH, NHMEHT W BoOJa. ,Baux™“ e 3amucieH ga BHece
M3BECTEH JN3aHEPCKU YCET B YECTO CKYYHHs CBST Ha aKyCTHYHHU
TIPOIYKTH.

Due. 2

"MuzaitHbT He e BaxeH Qakrop (B HHAyCTpUsTa Ha
aKycTHKara), HO TOBa, KOETO BI)KIaMe cera, €, 4e KylyBadH Karo
ApXUTEKTH WIM WHTSPHOPHHM IH3allHEpH BCBIIHOCT HCKAT
JMU3AHEPCKH CTOMHOCTH B MAaTepHalH, KOHWTO OOHMKHOBEHO ca
yrcTo QyHKIHOHANHM. "B MOMEHTa HUKOH HauCTHHA HE OTrOBaps
Ha Te3u uckanus." Criozenst ot pupmara.[13]
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,,BOUX“ e (upMma mpeaiaramia MpoOIyKTH YHATO OCHOBHA raMa, OT
pa3IUYHUTE LIBETOBE, C€ MPOM3BEXAA OT IBPBEHHUTE CTHPTOTHHH,
KOMTO Cce 0OpBILAT IpH HarpsiBaHe 10 BpeMe Ha MPOU3BOICTBOTO.

I'maBHHMTE MaTepHanu OT, KOMUTO c€ NMPOU3BEXIAT AKyCTHUYHUTE
MeOenn ca ABPBO MIM IPOW3BOIAHU Ha IbPBECHHATA, BTOPUYHH
MaTepHald U pa3InyHu BUIOBE THKaH OT copTa Ha puina. MaTepec
OymaT TpaHcopMHpyeMHTe MeOenn, KOUTO MOraT Aa IIPOMEHST
YacTH OT CBOHMTE JETaili CHpSMO ThpceHaTa (YHKIHOHATHOCT.

(¢ur. 3)

Duz. 3

TakuBa mpuMepH 3a JIMBaHM C CTOJOBE CE CpellaT Bce IO-YecTo,
JIOpH ce mpemiaraT BeB GupMHU 3a oduc obopyasaHe crieruduIHI
IIyMOW30JMpalid  opuc cronoBe. Te ca Ha MpPUHIOUNA Ha
CTAaHZAPTHH Kpecla OKOJIO, KOMTO Ca MOHTHPAaHH OKOJIO
obneramkara M MO/IAKBTHHIUTE (WILOBH  CTEHH, KOHMTO
HPOABIDKABAT 10 BHCOYMHA HA CTOJA M HPEAINa3BaT CTOSIIUS OT
crpannyHus myMm. Taka ymoOHO M34akBall 3a cpellla KIHEHT Iie
CTOM CHOKOWHO 0e3 na Obae 00e3NOKOSBaH OT OKOJHUS IIyM.
OcBeH jJocTa CTaHIApPTHH Kato (opMma M JIOPH JIEKO TPOMAaBH
Kpeciia, OuBarT pa3pabOTBaHM M TO-WHOBAaTUBHU Karo AW3aifH
CTOJIOBE ChC ChIlaTa (QyHKIMOHAIHOCT , HO IOCTa I0-HeCTaHAapTHA
Buzus (dur. 4) B ciydasr kbM cTaHIApTEH CTOJ MOXE MPOCTO Jia
“>pe nmobaBeH enuH MoA00eH Ha sileBHAEH abaxyp EJIEeMEHT,
YUTO € MocTaBeH Ha MeTajnHa cToiika. B ciyuas cmomaramp 3a
YMOU30JIALUATA Ha CTOSIIUAT MOJ{ HETO YOBEK.

Duz.4

Jpyr nomo0OeH 1o uaest , HO U3MBJIHEH 10 MO-pa3INyeH HauuH ca
BBPTALIN CTOJIOBE OTHOBO ¢ (hopMaTa Ha siiflia, KOUTO UMaT BapHaHT
cbc W 0e3 UIyMOHM3O0JMpamia npucTaBka. MHHYCHT Ha Te3U IBE
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pa3paboTKH e, 4e Ta3u ropHa 4acT He ¢ MOOWIHA U ae(aKkTo YOBEK
HE MOXeE Ja s TI0CTaBsg WM Maxa B 3aBUCHMOCT OT HYXIHTE.
Topnara Yact e wu3rpagcHa OT METAJHM IIMHU , KOWTO ca
VIUTBTHEHH C TOpPEeCT MaTepuan u objedeHH ¢ (I, Karto IBeTa
MOBTapsl TO3W Ha JOJHATa 4acT Ha CTOJa, HO JIBETE YacTH ca C
pasyiMyeH MaTepual Ha qamackara(gur. 5 ).

Ha mazapa Ha T03u THI MeOenu ce MOSBSBAT HOBH M HOBU HIEH 3a
pabOTHH MecTa W JAPYrH MHOTOGHHKIMOHANHH wupaen. Hskora
OTJEJHHUTE LIYMOM3ONHMpAIld Iperpajd 3a Oopa Bede BBPBAT
3aefHO ¢ MecTa 3a pabora B pasiMuHd (GOPMH DAa3LBETKU M
Bapuanu. (Gpur.6)

73 -

Duz.5

Duz.6

PaBJIeJ'II/ITeJ'IHI/ITC 3a CTCHU CBHC 3BYKOIIOTJIbILIAIA CBOWCTBa ca
0COOCHO T'BBKAaBO peuieHue 3a roJieMu IUiomM M Morar aa ce
U3I0JI3BAT IMOOTACIHO WM C HIAKOJIKO CBBbpP3aHHU omoka. Te ce
CbCTOSAT IIaBHO OT MaCUBHAa ABbPBCHA WK aJlyMUWHHEBA paMKa U

3BYKOIIOITBIIAIL MEK aKyCTHYEH IThJIHEX, OMXa MOIJIM 1a Urpast
pouisita Ha GUOIHOTEeKa Wi eTaxepKa. (pur.7)

Haii-HoBaTa  TeHzeHIMA e ocBoOOXKIaBaHe  OT
KOHBCHI[OHAHUTE MeOeNH , KOUTO MMaT aKyCTHYHH KadecTBa U
HaBJIM3aHETO HA ABaHTApJHU W WHOBATHUBHU HIew. Hampumep
¢JIMHCTBEHATa crieludrKa Ha Kpecnara Ha ¢urypa 7 ¢ mMaTepuania,
OT KOHTO ca U3pabOTEHH, B CHIOTO BpeMe ca PUAPYKEHH OT Maca,
KOSITO HAOMHS TIOBEYE HAa apT HWHCTAlAlMs OT KOJIKOTO Ha
HOpMajiHa (YyHKIHOHAIHa MeOea. B HeHTBphT # ca mocTaBeHH
IBPBEHH OOJIM IUIOCKOCTH obOieueHn BB (uam. Ilpemacton naa
BUJIUM Kak IIe ce pa3BHe TeMH HOBa M J0CTa WHOBATHBHA HUIIA B
MeOeTHuUs qU3aiiH.

Quz. 7

H3tounnmm:

1 .www.akustik-plus.com (12.08.2019)

2 .www.amacoustics.com(12.08.2019)
3.www.architonic.com (12.08.2019)

4. www.efg.info(12.08.2019)

5. www.vital-office.cn(13.08.2019)

6. www.urban-office.com(13.08.2019)
7.www.workdesign.com(12.08.2019)
8.www.archiproducts.com/ (14.08.2019)
9.www.allfurniturestores.co.uk(12.08.2019)
10. myofficepod.co.uk(12.08.2019)
11.www.apresfurniture.co.uk(15.08.2019)
12. www.oasis-berco.com(12.08.2019)
13.www.dezeen.com(12.08.2019)

14. spacestor.com(15.08.2019)



MACHINES. TECHNOLOGIES. MATERIALS. 2019

PEAJIM3AIIASA HA IN3AHMHEPCKH MTPOAYKT
C Bb3MOXHOCTUTE HA JUTUTAJTHOTO PUCYBAHE

REALIZATION OF A DESIGN PRODUCT
WITH THE POSSIBILITIES OF DIGITAL PAINTING

Joxropanr, mar. uwx. nu3aiinep Jaynosa, .
MammHoctpoureneH pakynrer, Texaudecku yauBepcuret — Codusi, beiarapust

i.daulova@abv.bg

Abstract: The report presents the materialization of the design idea, starting from a sheet of paper to the digital screen image. The
individual approach to moving from traditional creative media to computer graphics is exposed. The process tracks the steps of creating a
sketch, through its software processing to a completed raster image. An author's product, which is part of the design concept of characters,
subject of dissertation research, is realized using the tools and techniques in digital painting.

Keywords: TRADITIONAL DRAWING, RASTER GRAPHICS, SOFTWARE, ADOBE PHOTOSHOP, METHODOLOGY, DIGITAL

DRAWING, DESIGN PRODUCT.

1. Yeoo

Ot mbpBaTa neniepHa pUCyHKa 10 JHEC, YOBEKBT € IMPEBbPHAT
JIEHHOCTTa PUCYBaHE B M3KYCTBO. A HIMEHHO- CPEJICTBO 3a BIIUSHHE
Ha eMOLIMOHAJIHO U MHTEJEKTYalHO HUBO. [Ipe3 oparus cu mpT Ha
pa3BUTHE N300pa3UTEITHOTO U3KYCTBO CE IPOsIBABA B pa3HOOOpa3ue
OT CpEe/CTBAa M TEXHUKH HAa PHUCYBaHE, BCSKA OT KOMTO MapKupa
omnpeJereH HCTOPUYECKH Nepuon. JIHec apTHCTBT HMMa IThJIHATa
cBo0ozia 1a Ch3/laBa M3KYCTBO BBB (hopMara, KOATO IOXKeIae.
TpaauIMOHHUTE TEXHHUKH C€ NPEBPBILAT B OCHOBA 33 Ch3J1ABaHETO
Ha HOBU. A CbBpPEMEHHATa AWIMTAIHA MU IPeJIOCTaBs cpelia 3a
Oe3kpallHO ¥  HEOrpaHMYEHO  EKCIEPUMEHTHpaHe,  KbJETO
TpaJMLIHOHHATa n300pasuTenHa Gopma OMBa OCTUIHATA TIPU HOBU
U paznmyHu ycnosus. [Ipu aururanHoTo pucyBaHe, ¢ Habop OT
€/IHM U CBILM MHCTPYMEHTH Ce MOCTHUTa MPECh3/[aBaHe Ha Pa3INYHU
n300pa3sUTENIHA TEXHUKH, KOETO TO TPaBU yHUBEpCaleH M
MHOBAaTUBEH MOJXOJ 32 Pa3BUTHE HAa U3KYCTBOTO.

Adobe Photoshop e mporpama 3a o6paGoTka Ha AWTHTATHA
M300paKeHHs, OCUTypsIBallla PasHOOOpashe OT BB3MOXKHOCTH 3a
JOCTUraHe Ha TBPCEHWs OT apTucTra pesyarar.  JIOKIambT
NPEACTaBs CThIIKA MO CTBIKA CH3JABAaHETO HAa JUTHTAIHO
n300pakeHue MocpeAcTBOM Bbh3MoxkHocTuTe Ha Adobe Photoshop.
W300paxkeHHeTo € YacT OT cepusi OBbJIrapCKH MUTHYHU Ch3JaHUs,
pa3paboTBaHu B crielu(pUIHA CTHINCTUKA.

2. Memooonozua

VcelaneTo npu TPAAULHOHHOTO PUCYBAHE BBPXY XapTHs MOXKE
Ja ce Mpech3[ajie B AWTUTATIHATA MEIUs MOCPEACTBOM rpaduyeH
TabneT W mucanka. TEeXHOJIOIMYHHUAT Ma3ap MPeIOCTaBsl IIMPOKO
pasHooOpasue or rpadpuuHd  TabierH, C  Ppa3sHOOOpa3HU
BB3MOXKHOCTH W pa3MepH. B Hacrosiata pa3paboTka ce H3Ion3Ba
tun Tablet Monitor ¢ USB nopt, npu KOWTO ce pucyBa IUPEKTHO
BBPXY IUIOCKA CTHKIICHA TIOBBPXHOCT. Y CTPOMCTBOTO € CBBP3aHO C
KOMITIOTBD, KbJIETO NpoTrya paborata 8 Adobe Photoshop.

2.1. Beruko 3amouBa ¢ uuesTa BbpXY JHUCT XapTusa. Upes Taka
HApEUCHUTE rPyOU CKHIM Ce JOCTUTa 10 U300p Ha MO3ULMS U U3pa3
Ha mepcoHaxa. M3rpaxma ce MUTHYHHAT oOpa3 Ha 3Mmeuuara oT
Obarapckust GOIKIOP, KbETO YECTO CPEIIaHO € OMMCAHUETO M KAaTo
MeYKa CTPBBHHULIA.

2.2. Cnen w3sCHSABAaHE HA KOHIIETIIMATA, 3all04Ba ChIIMHCKATa
pabora c rpaduuHaTta mporpama.

ITepBara crThmka e chb3gaBaHe Ha pabGorHo mone. Open
Photoshop > File > New. ®wur.1 nokasBa omiuure 3a HaCTPOMBaHE
Ha JkenaHuTe napamerpu. Llenta e ma ce ch3mane M3oOpaxkeHUe
BHCOKAa PE30JIOLHs, KOETO B CBIIOTO BpeMe Ja HE HaTOBapBa
nporpamata. B To3u cmywait pesomorust 300 mukcena ocurypsiBa
ajZleKBaTHO KauecTBO Ha rpadukara. Paboru ce B RGB 1BeroBu

322

MOIeJT, OCBEH aKO HMPOXYKTHT HE € NpeAHa3Ha4YeH 3a Meyar, Korato
¢ TIPENopBYMTETHO IBeTOBa HacTpoiika B SMYK monmern.
Cop3naneHoro pabotHo none e Osuto. L[BeroBere BbpXy Ostn mim
yepeH (OH ce BB3IpHEeMaT KaTo MO-TBMHH WM SpKH. 3a Ja ce
n30erHe TasW WIIO3Ms, € MPENOpPbUYHTETHO Ja ce PaboTH BBPXY
HeytpaiieH cuB (oH. 3a nenra upe3 Paint Bucket Tool (ot Menroto
¢ uHcTpyMeHTH 1) ¢ur.2 ) GoHBT ce MpPOMEeHs B JKENAHHUS LBST

(2) dur 2).

@ue.1. Omsapsine nos ooxymenm. @ue.2. 1)Paint Bucket Tool; 2) Color.

2.3. CrneznBamiaTa CThIKa € OTBapsHE HA CKAHUPAHUTE CKULU B
paborHoTo nosnte. ViMa HAKOJIKO 1Moaxoaa 3a pabora: ako CKHIATa €
Hpelu3Ha, IporpaMara Io3BoisiBa 00paboTBaHETO H 10
3aBBpLIBAHE HAa CKaHMpaHus Gain; B pasmiexpaHus ciaydail ce
paboTH ¢ T.H. I'pyOM CKHIM, KOETO W3HCKBA Cbh3JlaBaHC Ha HOBA
JMTUTATHA CKHlla, OasupaHa Ha ckaHupanata. B Adobe Photoshop
ce paboru cbe cioese (Layers). Beceku cioii uMa HacTpOMKH 3a
MPO3PavyHOCT M peXxuM Ha pabora. Purypa 3 noka3pa cKaHMpaHaTa
CKHlla, Hamupama ce B cnoii 1. Ilpu yBenmuaBaHe Ha
npo3pavyHocTTa Ts u3diennsBa. Ch3zaBa ce HOB CJIOM, u3bupa ce
YeTKa M CE PHCYBA BbPXY KOHTYPHUTE, MPUHAUICKAIIN HA JOJIHHMS.
Crnen xaro ckuLaTa € MpepucyBaHa, JOMHUAT CIOW ce M3KIIIOYBA,
€aMoO HOBHAT OcTaBa BUAUM (¢wur.4).

@uz.3. J[sa c1os — OuUMAIHa PUCYHKA U CKAHUPAHA CKUYA.
@ue. 4. EOoun cnoti — Oueumaina pucyHka.

2.4. Ba3ucHaTa CKHMI]Aa MOXKE Ja Ce€ MPOMEHs U MomobpsiBa ¢
momolira oT Habopa uHcTpymentH (dur. 5). TIpomenst ce auHMATA
Ha JABWKEHHE Ha Qurypara, 3a Ja ce Cb3lajae IO-AMHAMHYEH
xapakrep. KakTo npy TpaaulMOHHOTO PHCYBaHe, U TYK ChIIO MOXE
na ce mstpuBa ¢ ryma ( 1) ¢wur.5). 3a ma ce mpoeepu manu
ISUTOCTHUAT 00pa3 W3rjiexaa mo0pe, W300pakeHHeTo ce oOpblia
ornenanHo: Image > Image Rotation > Flip Canvas Horisontal. Twit
KaTO OKOTO CBHKBa C oOpa3a B Impoleca Ha pabora, HIKOH
HEPEJHOCTH OCTaBaT Hezalbens3aHW, HO Korato ce oObpHe
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orjicaaiHo, H306pa>1<eHHe'ro CC€ pasriiexxaa ¢ HOB IIOIJIea U MecTara,
KOUTO CC HYXIAT OT KOPCKIUU CTaBaT BUAUMU.

@uez. 5. Uucmpymenmu.

2.5. CrieiBamuAT erarn € ch3faBaHe Ha ¢GuHa ckuna. OT MEHIOTO
¢ wWHCTpyMeHTH ce u30mpa Buj verka (Brush Tool — 2) ¢wur.5).
Yerkara MOKE 1@ Ce PEryJInpa CIpsiMO ThpCeHHUs edeKT, KOWTOo 1a
ch3mane. B cinyuast ce u3bupa Erodible Point or Gacusmums maker,
BKIIIOYCH B IIporpamara. TasW dYerka Hamoo0sBa pHCYBaHe C
rpadur.

VBenu4aBa ce MPO3PavHOCTTa Ha IpybaTa CKHIA U Ce Ch3aBa
HOB CNIOH, KoiiTo ce mpemmeHyBa kato “fine sketch”. Ilomo6HO
NPEXOHUTE CTBIKH, C YeTKaTa Ce IPepUCyBAaT JIMHUHATE OT
rpybara CKuua, HO TO3M IIBT C IO-TOJSIMa MIPELM3HOCT, 3aI[0TO TOBA
e ca BHAMNMHTC KOHTYPH B WirocTpanmsTta. Ha Tosm eram ce
J100aBAT NeTaiIi, KOUTO 1a 000raTsT pUCyHKaTa.

Due. 6. Duna cxuya. @ue. 7. Duna ckuya- demati.

2.6. Crient KaTo (pMHATA CKHIIA € TOTOBA, BCHUYKH JIOJHH CIIOEBE
Ce M3TPHBAT U Ce 3aroyBa paboTa 1o Jo0aBsHeTo Ha 1BAT. Ch3maBa
ce HOB croii — ,,local color”, koiiro ma ce Hamupa mox ,,fine sketch”.
W36upa ce HOBa YeTKa OT CENEKIMATA BUIOBE YETKH, PEIlaBa Ce
Ga3UCHUAT IBAT U C€ MPHUCTHIBA KbM OLBETABAHETO. [IpOIECHT €
nono0eH Ha TPAJUIMOHHO OIBETABAHE. BHUMATENHO Ce 3aIbiBaT
OTJIEJIHATE YaCTH Ha PUCYHKATa, KaTO I'yMaTa BUHATH € ,,[T0]] PbKa”.

@uz. 8. [loemanno 3anvieane Ha OMOeIHUME eleMEHMU C yesam.

2.7. CrnenBamysaT MOMEHT € J100aBsHE Ha CSIHKA M CBETJIMHA.
Ch31aBa ce HOB Cioi, Hax cios ,local color”, koiiro ce 3ammucBsa
,,shadow”. Hacrpoiisa ce pexum Ha ciost - Multiply , kato mo To3u
HAYMH IBETHT HA CSAHKATa IIe Ce OOCAMHH C JIOKATHHMS LIBSIT.
N36upa ce 1BAT/HIOAHC HAa CsHKara, M30Mpa ce M Ce HACTpOiiBa
4eTka 3a paboTa.

22,31%

Layers

Opacity:  100% 5 Cpacity: 100%

Fill: 100%

Fill:  100%

Q@uz. 9. Cusna na pexcum na cros: om Normal ¢ Multiply.

TTocpencTBOM YeTKaTa 3arovBa HAHACSHETO HAa CSHKATa, CIIOPE.
n30opa Ha cBeTMHeH u3TouHuK (¢ur. 10). 3a npunaBaHe Ha HoBede
IpaMatu3bM U (HOKYC Ha M300paKCHUETO, B HOB CIIOH ce Jo0aBs
nmo-maiabHa csHka, oTHoBO B peskum Multiply (¢ur. 11). Cren
KOETO WJBa pejl Ha MapKupaHe Ha cBeTinHata. Cb3JaBa ce HOB
cioi, HapedeH ,,highlights”, To3u et B pexxum Overlay (dur. 12).
300pbT Ha LBAT BbB BCEKH CAWH OT PasriieJaHHUTE IPOLECH HE €
OKOHUaTeJieH. BuHaru Moxe Jja ce MpOMEHH HI0aHCa ChC CICIHHUTE
Hacrpoiiku: Image > Adjustments > Hue/Saturation (¢wur. 13).

@uz. 10 . Cenku. @u2.12. Jlobassine na

C8EMJIUHU.

@uell. Jonvanumennu
ceHKu.

@uz. 13. I[Ipomsina Ha yesm/mioanc ¢ nacmpotiku na ,,Hue/Saturation .

2.8. KiroyoB eram oOT UW3rpakgaHeTo Ha rpagHUIHOTO
n3obpaxkeHne ¢ n00aBsHETO Ha meTainu. ['epouHsTa, KpHema ce
07 MeJaTa KoXa, ¢ 3MeHLa, YHEeTO TUI0 € IOKPHUTO C JIIOCIH. 3a
Ch3/aBaHe Ha TAKaBa TEKCTypa IO KOXKaTa Ce U3BBPLIBAT CICIHHUTE
JeficTBHS: MoAOUpa ce CHUMKA Ha 3MHICKa KOKa B ONU3BK IUIAH C
BHCOKO Ka4ecTBO; clie]] KOeTo ce 100aBs B pabotHoTo none: File >
Place. Upes Lasso Tool ( 3) ¢ur. 5) ce cenexTrpa 4act OT CHUMKATA
M Ce MOCTaBs Ha MSCTOTO, KOETO TpsiOBa 1a MMa BBIPOCHATA
TEKCTypa; yBelInMYaBa Ce IMPO3PayHOCTTA HA M3ps3aHaTa dYact
(¢ur. 14); wsmeaussa ce: Image > Adjustments > Exposure,
0 TO3M HauWH ce npuaasa kourpact (¢ur. 15); ciexsa: Image >
Adjustments > Hue/Saturation — perynupane Ha usera (¢ur.16),
3a Oa ce JOOMIDKM 10 LBeTa Ha Kokara Ha 3meuuara; Edit >
Transform > Wrap — 3a ia npueme ¢popmata Ha pbkara (pur.17).

@uz.14. Hamecmsane na cenekyusma @ue. 15. [Ipudasane na konmpacm.
u pezynupate npo3pasHocmma.

@uez. 16. Pecynupane na yesam.

@ue. 17. Ilpomana na gopma.
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3a IpEeCh31aBAHC TCKCTypaTa Ha ME4YaTa KO31WHA, CE OTBApsl HOBO

CBC€TJIMHA OCBETABa OT 3aJlHHA IUIaH Ha KOMIIO3WIHATA, KOETO

pa6orHo mote: File > New; cb3nasa ce HOB cioif; u3bupa ce Hard
Round Brush, ¢ KosATO MpPOM3BONHO Ce TIOCTaBAT TOYKU IO
pabotHoTO TI0JI€ ¢ YepeH uBsT; ciensa: Edit > Define Brush Preset,
C KOETO ce ch3/aBa HoBa deTka. OOpaTHO KbM OCHOBHHS pabOTeH
¢aiin; cnexsa pabora ¢ umHcTpymenta Smudge Tool (¢ur. 18); or
MEHIOTO C 4YeTKH ce un30upa HOBaTa, KOSTO C€ Ch3AaAe B
npenxonHata crbika (¢ur. 19); paboru ce BbpXy Clos C JOKaIeH
BT, mocpenctBom Smudge Tool, gerkara medopmupa mBera B
ClIosT  W3BBH O4YepTaHMATa, o (opMara Ha CHOIOBE KO3MHA

(¢ur.20).

@ue. 20. Cvzoasane epexm na Ko3una.

2.9. Cnen cp3naBaHe Ha TEKCTypaTa, ce€ IIPUCTBIBA KbM
Jo0aBsiHe Ha CBETJIOCCHKH U JieTaiii 1o Hest. OTBaps ce HOB CIIOH B
pexum Multiply, kbaeTo ce HaHACAT NONMBIHHUTENHU CEHKH KbM
TEKCTYpUTE. AHAJIOTMYHO Cc€ IIOCThIIBA U C J00aBIHETO Ha
CBETJIMHU U OTOJACHLH B HOB CIEJBAIl] CJIOH, KOHTO ce Hamupa B
pexum Overlay.

Que. 21. [lemaiiiu no mekcmypa.

2.10. Vnpa pen Ha msrpaxaade Ha ¢ou. Upes Paint Bucket Tool
Bera Ha ,,Background” cnoit ce mpomensi. Ch3aBa ce HOB CIIOH, B
KoiTOo, ¢ momoimura Ha Brush Tool, usBexname ocBereHure u
3aThMHEHH YacCTH, CIIPSMO CBETJIOCCHKHUTE Ha TepcoHaxa ((pur.22).

@uz. 22. Cvs0asane Ha (oH.

@ue. 23. [Jobasane 8mopu usmouHux Ha
ceemiuHa.

2.11. Cn3maBa ce HOB CIOH, B KOHTO e ce 100aBU BTOPH
CBETJIMHCH HW3TOYHMK, OTHOBO 4pe3 Brush Tool. Tasu crymena
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HoJIMepTaBa Mo-CuitHO opmuTe u cunyeta (¢ur. 23).

2.12. EmuH OT TOCIETHHWTE €Tamd 10 W3TrPaXJaHEeTO Ha
WIIOCTpaIMaITa € Ch3aaBaHeTo Ha atMmocdepa/cpena. Upes Brush
Tool, crmoit ciex cmoit ce cp3maBat armochepuu (dur. 24) u
cBeTJIMHHU ((ur.25) eeKTH, OCIeABAaHN OT PACTHTEIHH €IEMEHTH
(¢pur. 26), orHOBO MOCTHTHATH ¢ Brush Tool.

Que. 24. Mvena.  @ue. 25. Ipobnscoyu.  @ue. 26. Pacmumennocm

2.13. Kpaifauar pesynraT oT rpaguyHOTO O(OpMIIEHHE €
npeacTaseH ot ¢urypa 27. Ipe3 menust npomec H300pakeHHETO ce
u3rpaxaa ciaod mo cioil. Bcexku HOB cinoil gompuHacs 3a
Ch3JJaBaHETO Ha IMO-TeXBK (aitn. 3a ma ce ymecHum pabora ¢
TOTOBOTO W300paKCHHWE Ha €IUH CJeJBall eTal, € HeoOXOauMO
npeoOpazyBaHe, KOETO Mie HampaBu (aiila 3HAYUTEIHO IO-JIEK.
Enun ot HaunHKTE € upes onuusra: Layer > Flatten Image. Tlo To3u
Ha4YMH BCHUYKHU CJIOEBE ce 00eAuHsABaT B eauH. [IpermoppunTenHo e
npeau BCIKO OOelMHSBAaHE Ha CIIOEBETe, Ja Ce IPaBH PE3EPBHO
KOITHE, ChIBbPIKAILO OTJETHUTE PA0OTHH CIIOEBE, aKO Ce TIPEIBIKIA
JIOITBJIHATEITHA paboTa Mo MpoeKTa.

@ue. 27. 3asvputeno oueumanno uzobpajcenue.
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3. Pesynmamu u ouckycus

KpaitHusT pesynrar € MHOIOIBETHO T'paUuHO TUTUTAITHO
H300paKEHHE C DPE3ONIONMs, II03BOJIABALNA IleyarT Wid ,,Wweb”
pasmpocrpanenue (pur. 27). [IporpaMara o3BoJIsABa 3alaMETIBAHE
Ha JuUrdTanHata rpadguka B Ooraro pasHOOOpasme OT BHJIOBE
(haitioBe, KOETO OIATONPHUATCTBA MIUPOKO TPUIIOKECHUE.

Ipouecst Ha pabora B Adobe Photoshop e mociemosarenno
CTPYKTYPHUpPaH, MO3BOJIABAIL KOPEKLUM M IPOMEHU BbB BCEKH €I1H
erarn. ToBa 3HAYMTEIHO CIIECTABA MHOI'O BPEME M YCHIIUS, KOETO €
€JIHO OT OCHOBHMTE NPEAUMCTBA NPE TPAIUIIMOHHOTO PUCYBAHE.

Taka npencraBeHO, TUTHTAIHOTO PUCYBAaHE Ch3JaBa YCEIlaHE
3a eJIMH MEXaHWYEH IPOIIEC, HO B JICHCTBUTEITHOCT ca HEOOXOIUMH
ChIIUTE APTUCTUYHU yMEHUS W  JEWCTBUSA, THUIIMYHUA 34
TPAJUIIMOHHOTO U300PA3UTEITHO H3KYCTBO.

HeorpanndeHoTo  eKcliepMEHTHpaHe, BB3MOKHOCTTa  3a
HaJIrpakJaHe W yCHhBBPIICHCTBAHE Ca TOJIEMHUTE MPEIUMCTBA ITPU
KOMITIOThpHaTa rpaduka. M300pakeHHETO, KOETO Ce Ch37aBa
CTBIIKA IO CTHIIKA MOXKE J1a C€ MOAO0OPH W IIPOMEHH MOCPEIICTBOM
e(eKTuTe U PIITpUTE, C KOUTO pas3rojara mporpamara.

Adobe Photoshop e mocTrIien 3a pa3ydaBaHe U yHHBEPCAJIEH 3a
IpuJlarage MpoxaykT. Hsama npaBujieH WM HENpaBUICH HAUYMH Ha
pabora. Bceku apTHCT WMa WHIMBHAYAIEH MOIXOA W CBOOOIA Ha
U3passBaHe.

4., 3aknrouenue

Pa3BuTHETO HAa KOMMIOTHPHATa rpaduka Tmpemiara HOBH
BB3MOXHOCTH TMpeJ ChbBPEMEHHUTE AapTHCTH. ToBa HE 3HAUM
3arbpOBaHe Ha TPAIUIMOHHHWTE METOAM M TEXHHMKH Ha PUCYBAHE,
HAIpOTHB, T€ CHIO €A YaCT OT TO3M HOB IPOIEC HA Ch3/IaBaHE Ha
uskycrBo. Ilporpamara Adobe Photoshop nmaea mone 3a ussiBa u
NPWIOKEHWE HA pa3HOOOpA3HUTE HAUYMHU W [OXBaTH B
M300pa3UTEIHOTO H3KYCTBO, 38 KOETO ca HEOOXOMMMH caMo 3
TEXHUYECKH CPENCTBA — KOMITIOTBD, TAOJET U MHUCAITKA.

JIUrUTaqIHOTO pHCYBaHE YIICCHSIBA M YCKOpsBA Mpoleca Ha
peanu3upaHe Ha uWjaesTa Ha JAW3aifHepa, MPEJOCTaBSIKH
MHOroo0pasue 0T Bb3MOXKHOCTH 32 Pa3BUTHE.

5. Hzmounuuu
1. https://creatureartteacher.com/;

2. Teopruesa, VBanuuka. bbiarapcka HapogHa MHUTOJOTHSL.
Cod¢usi, Hayka u uskycrso, 1993;

3.  KonekruBHo wu3nanue. 3meil. 3menma. Jlams u xana.
Wsnarencrso "U3TOK-3AITA/L". 16-12-2016;

4. Mpythical Beasts: An Artist's Field Guide to Designing
Fantasy Creatures. 3DTotal Publishing. 2017;

5. Bowater C., D. Stenning. Beginner's Guide to Digital
Painting in Photoshop: Characters. 3DTotal Publishing.
March 17th 2015.
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EXAMPLES OF SOFTWARE CONFIGURATION MANAGEMENT
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Abstract: When you build software the changes happens. Because it happens you need to manage it effectively; this is a set of activities
designed to manage shanges by identifying the work prodicts that are lakely to change, establishing relationships among them, defining the
mechanism for managing work products, controling the changes imposed ang repochanges made. In the report is made the distinction
between software support and software configuration managemet ang give the examples of using.
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Layers SCM features

Introduction

Software configuration management (SCM), also called chan-
ge management, is a set of activities designed to manage cha-
nge by identifying the work products that are likely to change,
establishing relationships among them, defining mechanisms
for managing different versions of these work products, cont-
rolling the changes imposed, and auditing and reporting on
the changes made.

SCM activities are developed to: identify change, control
change, ensure that change is being properly implemented,
and report changes to others who may have an interest.
Software configuration management is a set of tracking and
control activities that are initiated when a software engine-
ering project begins and terminates only when he software is
taken out of operation (in opposite to Support that is a set of
software engineering activities that occur after software has
been delivered to the customer and put into operation).
Software Configuration Management

A primary goal of software engineering is to improve the
ease with which changes can be accommodated and reduce
the amount of effort expended when changes must be made.

The output of the software process is information that may
be divided into three broad categories: computer programs
(both source level and executable forms), work products that
describe the computer programs (targeted at various stake-
holders), and data or content (contained within the program
or external to it). The items that comprise all information
produced as part of the software process are collectively
called a software configuration.

As software engineering work progresses, a hierarchy of soft-
ware configuration items (SCIs) - a named element of infor-
mation that can be as small as a single UML diagram or as
large as the complete design document - is created. If each
SCI simply led to other SCls, little confusion would result.
Unfortunately, another variable enters the process - change.
Change may occur at any time, for any reason. In fact [1,2]
states: “No matter where you are in the system life cycle, the
system will change, and the desire to change it will persist
throughout the full life cycle.”

There are 4 sources of changes:

New business or market conditions dictate changes in
product requirements or business rules.

New stakeholder needs demand modification of data
produced by information systems, functionality delivered by
products, or services delivered by a computer-based system.
Reorganization or business growth/downsizing causes
changes in project priorities or software engineering team
structure.
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e Budgetary or scheduling constraints cause a redefinition

of the system or product.

Elements of Software Configuration Management System
Software configuration management is a set of activities that
have been developed to manage change throughout the life
cycle of computer software. SCM can be viewed as a
software quality assurance activity that is applied throughout
the software process. In the sections that follow.

A typical CM operational scenario involves a project mana-
ger who is in charge of a software group, a configuration
manager who is in charge of the CM procedures and policies,
the software engineers who are responsible for developing
and maintaining the software product, and the customer who
uses the product.

The goals of the configuration manager are to ensure that
procedures and policies for creating, changing, and testing of
code are followed, as well as to make information about the
project accessible. To implement techniques for maintaining
control over code changes, this manager introduces mecha-
nisms for making official requests for changes, for evaluating
them and for authorizing changes. The manager creates and
disseminates task lists for the engineers and basically creates
the project context. Also, the manager collects statistics
about components in the software system, such as informa-
tion determining which components in the system are
problematic.

The White paper on software configuration management [3]
identifies four important elements that should exist when a
configuration management system is developed:

Component elements - a set of tools coupled within a file
management system (e.g., a database) that enables access to
and management of each software configuration item.

Process elements - a collection of actions and tasks that
define an effective approach to change management (and
related activities) for all constituencies involved in the
management, engineering, and use of computer software.
Construction elements - a set of tools that automate the
construction of software by ensuring that the proper set of
validated components (i.e. the correct version) have been
assembled.

Human elements - a set of tools and process features
(encompassing other CM elements) used by the software
team to implement effective SCM.

In the context of software engineering, a baseline is a
milestone in the development of software. A baseline is mar-
ked by the delivery of one or more software configuration
items that have been approved as a consequence of a
technical review. For example, the elements of a design
model have been documented and reviewed. Errors are found
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and corrected. Once all parts of the model have been revie-
wed, corrected, and then approved, the design model beco-
mes a baseline. Further changes to the program architecture
(documented in the design model) can be made only after
each has been evaluated and approved. Although baselines
can be defined at any level of detail, the most common
software baselines

The software configuration item are defined as information
that is created as part of the software engineering process. In
the extreme, a SCI could be considered to be a single section
of a large specification or one test case in a large suite of
tests. More realistically, an SCI is all or part of a work
product (e.g., a document, an entire suite of test cases, or a
named program component).

In addition to the SClIs that are derived from software work
products, many software engineering organizations also
place software tools under configuration control. That is,
specific versions of editors, compilers, browsers, and other
automated tools are “frozen" as part of the software configu-
ration. Because these tools were used to produce document-
tation, source code, and data, they must be available when
changes to the software configuration are to be made.
Although problems are rare, it is possible that a new version
of a tool (e.g. a compiler) might produce different results
than the original version. For this reason, tools, like the
software that they help to produce, can be baselined as part
of a comprehensive configuration management process.

In reality, SCls are organized to form configuration objects
that may be cataloged in the project database with a single
name. A configuration object has a name, attributes, and is
“connected" to other objects by relationships. Referring to
Figure 1, the configuration objects, DesignSpecification,
DataModel, ComponentN, SourceCode, and
TestSpecification are each defined separately. However,
each of the objects is related to the others as shown by the
arrows. A curved arrow indicates a compositional relation.
That is, DataModel and ComponentN are part of the object
DesignSpecification. A double-headed straight arrow
indicates an interrelationship. If a change were made to the
SourceCode object, the interrelationships enable you to
determine what other objects (and SCIs) might be affected

l DesignSpecification

data design ———
architectural design

module design
interface design

DataModel

ComponentN

interface description
algorithm description
PDL

L
—-)
TestSpecmcanon‘

test plan
test procedure
test cases

SourceCode

Fig. 1
Today, SCls are maintained in a project database or reposi-
tory. Webster's Dictionary defines the word repository as “any
thing or person thought of as a center of accumulation or sto-
rage." During the early history of software engineering, the
repository was indeed a person - the programmer who had to
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remember the location of all information relevant to a soft-
ware project, who had to recall information that was never
written down and reconstruct information that had been lost.
Sadly, using a person as “the center for accumulation and
storage" (although it conforms to Webster's definetion) does
not work very well. Today, the repository is a “thing" - a
database that acts as the center for both accumulation and
storage of software engineering information. The role of the
person (the software engineer) is to interact with the reposi-
tory using tools that are integrated with it.

Software Configuration Management Features

To support SCM, the repository must have a tool set that
provides support for the following features:

Versioning As a project progresses, many versions of indivi-
dual work products will be created. The repository must be
able to save all of these versions to enable effective manage-
ment of product releases and to permit developers to go back
to previous versions during testing and debugging.

The repository must be able to control a wide variety of
object types, including text, graphics, bit maps, complex
documents, and unique objects like screen and report define-
tions, object files, test data, and results. A mature repository
tracks versions of objects with arbitrary levels of granularity;
for example, a single data definition or a cluster of modules
can be tracked.

Dependency tracking and change management The
repository manages a wide variety of relationships among the
data elements stored in it. These include relationships betwe-
en enterprise entities and processes, among the parts of an
application design, between design components and the
enterprise information architecture, between design elements
and deliverables, and so on. Some of these relationships are
merely associations, and some are dependencies or manda-
tory relationships.

The ability to keep track of all of these relationships is
crucial to the integrity of the information stored in the
repository and to the generation of deliverables based on it,
and it is one of the most important contributions of the
repository concept to the improvement of the software
process. For example, if a UML class diagram is modified,
the repository can detect whether related classes, interface
descriptions, and code components also require modification
and can bring affected SCIs to the developer's attention.

Requirements tracing This special function depends on link
management and provides the ability to track all the design
and construction components and deliverables that result
from a specific requirements specification (forward tracing).
In addition, it provides the ability to identify which require-
ment generated any given work product (backward tracing).
Configuration management. A configuration management
facility keeps track of a series of configurations representing
specific project milestones or production releases.

Audit trails. An audit trail establishes additional information
about when, why, and by whom changes are made. Informa-
tion about the source of changes can be entered as attributes
of specific objects in the repository. A repository trigger
mechanism is helpful for prompting the developer or the tool
that is being used to initiate entry of audit information (such
as the reason for a change) whenever a design element is
modified.

The software configuration management process defines a
series of tasks that have four primary objectives: to identify
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all items that collectively define the software configuration,
to manage changes to one or more of these items, to facilitate
the construction of different versions of an application, and
to ensure that software quality is maintained as the configu-
ration evolves over time.

A process that achieves these objectives need not be
bureaucratic or ponderous, but it must be characterized in a
manner that enables a software team to develop answers to a
set of complex questions:

How does a software team identify the discrete elements
of a software configuration?

How does an organization manage the many existing
versions of a program (and its documentation) in a manner
that will enable change to be accommodated efficiently?
How does an organization control changes before and
after software is released to a customer?

Who has responsibility for approving and ranking
requested changes?

How can we ensure that changes have been made
properly?

What mechanism is used to apprise others of changes
that are made?

These questions lead to the definition of five SCM tasks—
identification, version control, change control, configuration
auditing, and reporting—illustrated in Figure 2.

Software
Vm.n

Reporfing

Configuration auditing

Version control

Change control

Identification

Figure 2

Referring to the figure, SCM tasks can viewed as concentric
layers. SCls flow outward through these layers throughout
their useful life, ultimately becoming part of the software
configuration of one or more versions of an application or
system. As an SCI moves through a layer, the actions imply-
ed by each SCM task may or may not be applicable. For
example, when a new SCI is created, it must be identified.
However, if no changes are requested for the SCI, the change
control layer does not apply. The SCI is assigned to a
specific version of the software (version control mechanisms
come into play). A record of the SCI (its name, creation date,
version designation, etc.) is maintained for configuration
auditing purposes and reported to those with a need to know.
In the sections that follow, we examine each of these SCM
process layers in more detail.

Software Configuration Management Layers

To control and manage SCI is need to used object-orientated
approach. Two types of objects can be identified [4]: basic
objects and aggregate objects. A basic object is a unit of
information that you create during analysis, design, code, or
test. For example, a basic object might be a section of a
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requirements specification, part of a design model, source
code for a component, or a suite of test cases that are used to
exercise the code. An aggregate object is a collection of basic
objects and other aggregate objects. For example, a
DesignSpecification is an aggregate object. Conceptually, it
can be viewed as a named (identified) list of pointers that
specify aggregate objects such as ArchitecturalModel and
DataModel, and basic objects such as Compo- nentN and
UMLClassDiagramN (Fig. 1).

Configuration object identification can also consider the
relationships that exist between named objects.
For example:

Class diagram <part-of> requirements model;

Requirements model <part-of> requirements
in SClIs hierarchy:

DataModel <interrelated> DataFlowModel

DataModel <interrelated> TestCaseClassM

The identification scheme for software objects must
recognize that objects evolve throughout the software
process. Before an object is baselined, it may change many
times, and even after a baseline has been established,
changes may be quite frequent.

Version control combines procedures and tools to manage
different versions of configuration objects that are created
during the software process. A version control system
implements or is directly integrated with four major
capabilities: a project database (repository) that stores all
relevant configuration objects, a version management
capability that stores all versions of a configuration object (or
enables any version to be constructed using differences from
past versions), a make facility that enables you to collect all
relevant configuration objects and construct a specific
version of the software. In addition, version control and
change control systems often implement an issues tracking
(also called bug tracking) capability that enables the team to
record and track the status of all outstanding issues
associated with each configuration object.

A number of different automated approaches to version
control have been proposed over the last few decades. The
primary difference in approaches is the sophistication of the
attributes that are used to construct specific versions and
variants of a system and mechanics of construction’s process.
For a large software project, uncontrolled change rapidly
leads to chaos. For such projects, change control combines
human procedures and automated tools to provide a mecha-
nism for the control of change. The change control process is
illustrated schematically in Figure 3. A change request is
submitted and evaluated to assess technical merit, potential
side effects, overall impact on other configuration objects
and system functions, and the projected cost of the change.
The results of the evaluation are presented as a change report,
which is used by a change control authority (CCA) - a person
or group that makes a final decision on the status and priority
of the change. An engineering change order (ECO) is genera-
ted for each approved change. The ECO describes the change
to be made, the constraints that must be respected, and the
criteria for review and audit.

Prior to an SCI becoming a baseline, only informal change
control need be applied. The developer of the configuration
object (SCI) in question may make whatever changes are
justified by project and technical requirements (as long as
changes do not affect broader system requirements that lie
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outside the developer's scope of work). Once the object has
undergone technical review and has been approved, a
baseline can be created. Once an SCI becomes a baseline,
project level change control is implemented. Now, to make a
change, the developer must gain approval from the project
manager (if the change is “local") or from the CCA if the
change affects other SCls. In some cases, formal generation
of change requests, change reports, and ECOs is dispensed
with. However, assessment of each change is conducted and
all changes are tracked and reviewed.

Need for changes is recognized
Change request from user
Developer evaluates
Change report is generated

Change control authority decides

Request is queued for action; ECO generated
Change request is denied

Assign individuals to configuration objects User is informed

“Check out” configuration objects (items)
Make the change

Review (audit) the change

“Check in” the configuration items that have
been changed

Establish a baseline for testing

Perform quality assurance & testing activities

“Promote” changes for inclusion in next
release (revision)

Rebuild appropriate version of software

Review(audit) the change to all configuration
items

Include changes in new version

Distribute the new version

Figure 3
When the software product is released to customers, formal
change control is instituted. The formal change control
procedure has been outlined in Figure 3.

The change control authority plays an active role in the
second and third layers of control. Depending on the size and
character of a software project, the CCA may be composed
of one person - the project manager - or a number of people
(e.g., representatives from software, hardware, database
engineering, support, marketing). The role of the CCA is to
take a global view, that is, to assess the impact of change
beyond the SCI in question. How will the change affect
hardware? How will the change affect performance? How
will the change modify customers' perception of the product?
How will the change affect product quality and reliability?
These and many other questions are addressed by the CCA.
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A software configuration audit complements the technical
review by assessing a configuration object for characteristics
that are generally not considered during review. The audit
asks and answers the following questions:

1. Has the change specified in the ECO been made? Have
any additional modifications been incorporated?

2. Has a technical review been conducted to assess technical
correctness?

3. Has the software process been followed and have
software engineering standards been properly applied?
4. Has the change been “highlighted" in the SCI? Have the
change date and change author been specified? Do the
attributes of the configuration object reflect the change

5. Have SCM procedures for noting the change, recording
it, and reporting it been followed

6. Have all related SCls been properly updated?
Configuration status reporting (sometimes called status account-
ting) is an SCM task that answers the following questions:
What happened? Who did it? When did it happen? What else
will be affected?

The flow of information for configuration status reporting
(CSR) is illustrated in Figure 3. Each time an SCI is assigned
new or updated identification, a CSR entry is made. Each
time a change is approved by the CCA (i.e., an ECO is
issued), a CSR entry is made. Each time a configuration
audit is conducted, the results are reported as part of the CSR
task. Output from CSR may be placed in an online database
or website, so that software developers or support staff can
access change information by keyword category. In addition,
a CSR report is generated on a regular basis and is intended
to keep management and practitioners appraised of important
changes.

Summary

SCM is an umbrella activity that is applied throughout the
software process: identifies, controls, audits, and reports
modifications that invariably occur while software is being
developed and after it has been released to a customer. All
work products created as part of software engineering
become part of a software configuration. The configuration is
organized in a manner that enables orderly control of change.
The SCls are produced as a result of some software engi-
neering activity. In addition to documents, programs, and
data, the development environment that is used to create
software can also be placed under configuration control. All
SCls are stored within a repository that implements a set of
mechanisms and data structures to ensure data integrity,
provide integration support for other software tools, support
information sharing among all members of the software
team, and implement functions in support of version and
change control. The evolution of a program can be tracked
by examining the revision history of all configuration
objects.
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BJIMSAHUE HA MEXKITYHAPOIHUSI TUIIOT'PA®CKHA CTHJL
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IMPACT OF INTERNATIONAL TYPOGRAPHIC STYLE ON WEB DESIGN
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Abstract: This report reviews the main visual characteristics of the International Typographic Style. Its key principles and elements have
been outlined, as well as its leading compositional specifics. Analyzed is its impact on the contemporary web design. Shown are examples of
current web design used on web pages, with the application of Swiss- design characteristic details and compositional techniques.

Keywords: INTERNATIONAL TYPOGRAPHIC STYLE, SWISS DESIGN, GRIDS, SANS-SERIF FONTS, MINIMALISM,
TYPOGRAPHY, WHITE SPACE, ORDER, GRAPHIC DESIGN, WEB DESIGN, WEB TYPOGRAPHY, LEGIBILITY.

1. Yeoo
B IOKJIaza ca pasrienaHu OCHOBHHTE BU3yaJIHU
XapaKTePUCTHKH Ha  MEXIyHApOIHHUSA  THIOTPApCKH  CTHIL

OuepraHu ca HETOBHTE KIIOYOBH MPHUHIMIN ¢ EIEMEHTH.
Pasrnenanu ca BoJeIINTE KOMIO3HLMOHHM OCOOCHOCTH Ha CTHIIA.
AHanmu3upaHo € BB3JCHCTBUETO My BBbPXY CBBPEMEHHOTO
odopmieHue Ha yeO numsaiina. Hampasen e omut na ce mocodar
TIpUMEpHU OT aKTyaJHUs Ju3aifH Ha yeO® caliToBe, KOMTO W3IIOJI3BaT
€JIEMEHTH M  KOMIIO3UIMOHHUM  IIOXBAaTH  XapakTepHH  3a
[IBelinapckus qu3aiit.

2. H3noxcenue

IIpe3 50-te na XX B. B llIBelinapus ce mosiBsBa HOB TpaduicH
CTWJI B JIM3aifHa, KOWTO IIe ce IMpeBbpPHE BBB BOJCHI CTWI B
rpaduunus au3aiiH mo ceera mpe3 70-te T. Ha XX B. Ilopagu
CHJIHATa CH 3aBHCHUMOCT OT TUINOTPAa()CKH €JIEMEHTH HOBHUST CTHII
CTaBa HM3BECTEH KaTo MexayHapoaeH THUrorpaCcku — CTHI
(International Typographic Style). Hsakou aBTOpH ro Hap{yar omie u
lIBeftmapcku ctun (Swiss Style), IlBeiirapckn mu3aitn (Swiss
Design), a npyru n3nonssar TepmuHa LlIBefiapcka mkona.

CTuapT ce pa3BHBa OCHOBHO B JIB€ JM3AaHEPCKH YUWIIMINA B
[Betinapus, eqHoro € B L{opux moj pbKOBOJACTBOTO Ha flose(b
Mronep-bpokman, a npyroto e B basen u Bogemu ¢urypu tam ca
ApmuH Xodman u Emun Pynep. Benukn Te ca yunnm npu Epaer
Kenep (¢ur. 1) B I{ropuxckoTo yumithiie o au3aitH npeau Bropata
CBETOBHA BOWHA ¥ ca Omim o0yJaBaHU B NpHHIMIINTE HA bayxayc n

na Hosara turnorpadus Ha SIu Yuxonn [1, 2, 3, 4].

WETTBEWERB
FUER DIE
AUSSTELLUNG
0 DAS NEUE HEIM
1928

INTERTHUR ‘
EMUSEU

— \ i
IM KUNSTGEWERBEMUSEUM DER STADT ZUERICH
VOM 12.BIS 26. FEBRUAR

@ue. 1 ITnakamu na Epncm Kenep, cuumarn 3a 0CHOBONONONCHUK U NUOHED
Ha Medicoynapoonus munoepaghcku cmun
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HoBusT cTin craBa Bozel] B rpadyHa HACHTHYHOCT Ha MHOTO
MIBEHIIAPCKU KYATYPHH MHCTHTYLHH, KOUTO H3IOJN3BAaT PEKIAMHH
IUIaKaTH 332 CBOUTE MpeACTaBIeHHA. ApMUH X0o(MaH MpaBu cepust
ILUTAaKaTH 3a XbpPXKABHHS TeaThp B basen (¢ur. 2), a Mosed Mrorep-
BpokMmaH ¢ M3BeCTeH ChC CBOMTE IUIAKTH 3a omepara B L{fopux u
Tonhalle opkectsp B Ltopux (¢wur. 3).

tadt
theater
Basel

@ue. 2 [Tnakamu na Apmun Xogpman 3a meamwpa ¢ bazen

@uz. 3 Inaxam na Hosed Mionep-Bpoxman 3a Onepama 6 Liopux u
xnueama my ,, Rastersysteme fiir die visuelle Gestaltung” — ¢pynoamenmanen
mpyo 3a Mpedxcosume cucmemu 3a 0gpopmieHue 8 2paguunus OU3atiH
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XapakTepHo 3a Tmpou3BeleHusita Ha Mionep-bpokman u
XoMaH € CHIHOTO IIOJYEPTABAHE HA KOHTPACTHTE MEXAY
pasIMYHUTE eNEeMEHTH Ha Ju3aiiHa M BoJeIaTa poiist Ha
Tunorpadcekara epapxus, a Chllo M ymnorpebara Ha uyepHO-Oenu
dororpaduu. B paborure Ha Mosed Mronep-Bpoxman, Apmun
Xopman u Emmn Pymep ce BmKIAT BCHYKH OCHOBHH
XapaKTePUCTHKN M MPUHIUIN Ha MeXIyHapoJHHS THHOTPadCKu
cTwi. Bojemm mnpuHIOUNM CTaBaT panyOHATHUTE KOMITO3HIHH,
penbT, IPUOPUTETHOTO 3HAYEHHE Ha THIOrpadusaTa — TOBA BOAU JI0
00EKTHUBHO Npe/cTaBsHEe Ha MHOpManuATa, upe3 GyHKIMOHANICH 1
MMHUMAIIMCTHYEH Tu3aiiH [5].

Hpyru u3BectHu mpexacrasutenu Ha llIBelnapckust nuzaiiH ca
Teo banmep, Xepbept Marep, Maxc bui, Puxapa Ilayn JIoze u ap.

KiroyoBuTe NpUHIWIN W OCHOBHHUTE H3pa3HH CpEICTBA Ha
MextyHapoaHHS THIOTPAaCKH CTHII ca:

e Il3mon3BaHe HAa MaTeMaTH4eCKH H3uUepTaHa Mpexa, 3a Ja ce
MIPENOCTaBU IJIOCTHO IIOZApEAeHa M eOUHHAa CTPYKTypa 3a
odopmiIeHHE Ha TEKCT M M300paKeHNs;

e Vnorpeba Ha Oescepuduu mpudpToBe (ocobeno Helvetica u
Univers);

IIpe3 1957 r. mBeiuapckusT nuzaiiHep Axapuan @Dpyrurep
cb3maBa mpudToBoTo cemelictBo Univers, koero BKmouBa 21
HauepTaHus. HeroBuar mpudT craBa €JuH OT Haif-H3BECTHUTE
mpudrose Ha XX B. [llpudra e Gasupan na Akzidenz-Grotesk or
1898 1.

Hpyr muoro nomynsper mpudt ot To3u nepuon e Helvetica —
TOH craBa eqHa oT ukoHUTe Ha llIBeinapckus nuzaiin. [Ipe3 50-te
u 60-te roguau Ha XX B. MIPUPTHT cTaBa CBETOBCH oOpasell 3a
(yHKIMOHATHA U SICHA BU3yaJHAa KOMYHHKanus. banancupanara my
U HeyTpagHa QopMmMa  TpeaxoXkJa  eKCIPEeCHBHOCTTa  Ha
nocTMozepHara tunorpadus. Helvetica e rporeckoB Oe3cepuden
mpudT — rpeuTe My ca ¢ eJHAKBA ITBTHOCT, & PUCYHBKBT CTHIIBA
Ha popmuTe Ha Akzidenz-Grotesk Ha Beprxomng ot 1898 r.

e CwmiHO TpHCchcTBHE Ha THHOrpadckara Hepapxus ¢
H3MOJI3BaHETO HA FOJIEMH KOHTPACTH B KETJINTE Ha MIPHPTa;

e 1l3mos3BaHe Ha JISIBO NMOJPABHEH TEKCT C HAKBCAH JIECEH Kpal 1
aCHMETPUYHO O(QOpPMIICHHE Ha CTPAHUIIHTE;

e Illupoka ynotpeba Ha ¢oTorpapusra (MHOTO HECTO YEPHO-
0si1a), Ha MSCTOTO Ha PHYHO HAPUCYBaHA MIIFOCTPALIHS,

e l3moi3BaHe Ha MHOTO LIMPOKH OeJM MOJeTa, KOMTO CTaBaT
OCHOBEH KOMITO3HI[OHEH TIOXBaT;

e JlocTurane Ha pUTBHM C W3IOJI3BAHE HA TEOMETPUYHH GopMH —
KBAJIpaTH, IPAaBOBIBIHULN, KPBrOBE M JINHUH.

Crex karo ce pasrieaxa OCHOBHHUTE XapaKTePHCTUKH Ha
MexryHapoAHHS THUIOTpa(CKy CTWII B TpapUIHUS AU3alH IIe ce
aHaJM3Mpa U BB3JIEHCTBUETO My BBPXY yeO nu3aifHa.

Ha ¢wur. 4 e nokazan mpumep 3a KauyecTBEHO OQOpPMIICHHE Ha
ye0 cTpaHMIa ¢ W3MOJI3BaHe Ha XapakrepHute 3a llIBeifmapckus
JIU3aifH KOMIIO3HUIIMOHHKM TOXBaTH. B yeGcaiiTa Ha TrepMaHCKOTO
crymvo 3a nu3aiiH Schwarz+Matt e wu3nomsBan Ge3cepudHus
wpudr Helvetica — mocTuruata e MHOTO sicHa BU3yalHa HepapXust
Ha OCHOBHHUTE CTPYKTYPHH €JIeMEHTH Ha TeKcTa. OCHOBHUAT TEKCT
€ B0 TOApaBHEH W € W3MOJN3BaHO MHOTO TOJSIMO OsIo
MIPOCTPAHCTBO, KOETO /1aBa JOCTAaThUHO BB3AyX HA KOMIIO3UIUATA U
aKIEeHTHpa BbPXY BAXHUTE €IEMEHTH Ha yed CTpaHHMIaTa — TeKCTa
U N300paskeHusITA.

Emua or mepBuTe ye0 au3aifHepH, KOMTO C€ 3aHMMAaBaT ¢
BB3MOXXHOCTHUTE MPEXKHTE Ja C€ M3MOJ3BaT 3a opopmicHue B yeb
JM3alHBT € W3BeCTHUAT au3aiiHep Xod Bun. [lpu penuzaiina Ha
cBost Omor Subtraction.com mpe3 2004 r. Bun mpmmara ocem
KOJIOHHa Mpeka 3a opOpMIICHHE Ha eleMEHTHTE B yeOcaiita (¢ur.
5). Mpexarta momara jma ce BBbBeAE PeX M IIOJPAaBHEHOCT BBHB
B3aUMOJICHCTBUETO MEX/y TeKCT ¥ H300paKEHHS U TaKa ce MMOCTHTa
€IMHHOCT M IUIOCTHOCT B KOMIIO3WIMATa HAa OTICIHUTE Yyeb
CTpaHWUIM B Lenus calT. B kuurata cu wm3msasma npe3 2011 r.
Ordering Disorder: Grid Principles for Web Design [6] Bunu
aHAJIM3Upa W3YEpIaTesHO INPEAUMCTBaTa Ha O(OPMIICHHETO Ha
CaliTOBE C MPEXH M BHCOKATa OPraHU3aIMs HA CHIBPKAHUETO IPH
TO3W BuA nau3aiH. KHurara e eamH OT paHHHTE ONHTH Ja ce
CHCTEMAaTU3HPaT OCHOBHHUTE TEOPETHYHU W INPAKTHYHH METOIH 32
ynorpeba Ha MpEXHUTE IIPH MIPOSKTUPAHETO Ha yeOcalToBe.

B ceBpemenHuss ye® nu3aiiH ymnoTtpebara Ha MpeXH 3a
odopmieHre craBa MacoBa, OjarojapeHue Ha H3IMOJI3BaHETO Ha
pasnuuan CSS dpeiimyprose.

Schwarz+Matt"  Thinking the future

About  Services

We advise founders and entrepreneurs
in the digital transformation with
disruptive thinking, holistic marketing
and effi

Ready to think your marketing digital?

Learn more >

Start now

Getin -> Request > Apply for >
contact price list ajob

now now now
Services

Consulting

Loarn more >

Meratarwerxa / Rancrating mithout worries PR

Design

A good design is creative and functional

Learn more >

A%

Wostermanns / Betwoen trend and tradition € 2

Development

Learn more >

Hoj Organic / A natural website € >

Que. 4 Vebcaiima na Cmyouo 3a ousaiin Schwarz+Matt (I'epmanus) uznonzea
MuHuUManucmuien ousain, basupan na Lllseiyapckus ousaiin
https://www.schwarz-matt.com/en
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Fri 31 Dec Grid Computing... and Design

2004 4,625 pasts since Jul
Posted 07:51 pm [ = =
Author Khol Vinh L =
Categories Design, Subtraction, Web Design

Body ‘The layout grid | used for Sublraction Six.5 was improvised and
inconsistent — | hobbled it together without much consideration or
foresight, more Interested in getting something finished than building
something that would continue to make sense as | got more and more
serious about the writing | post here. Over time, by virtue of repeated use,
I became increasingly and lamentably invested in its “-
shortcomings. When you make fairly liveral use of ilustrations in your 3
posts, you essentially wed yourself to the particulars of the CSS you've
established, creating graphics of a certain width or ordering content in a

‘Your Email

Subscribe

y P

‘particular method. It works in the short term, but it presents problems. ot Bomtx
when you sit down {o redesign. 06 Feb2009

Marketing in a Minute

Encountering a new software product
BOXED IN for the first time, blow by blow..

By late this year, it pained me to know that | had written over three
hundred posts that relied, in varying degrees, on that dodgy framework.
‘So when | finally sat down down to think seriously about designing version
7.0 of this Web site, | paid serious attention to establishing a rational and
sustainable layout grid that would see me through at least a few more
years of doing this. Yes, | hope to keep at it that fong.

03 Feb 2009

‘What Willis Was Talkin' 'Bout

A profile of a legendary
cinematographer suggest that art
direction isn't much fike fiim direction
27 Jan 2009

Tapes & Tapes

The new layout uses eight columns and four ‘super columns,’ and it i cutxiney of Ooediens:
shoehorns everything into that structure, which is a kind of for better or
worse' decision, though | think its definitely better. Each column is 95
pixels wide and separated by a 10 pixel guter, which means | can create.
graphics of logical widths in increments of roughly 95 pixels each (things
geta ittie more complicated when accounting for in-column padding&#41
— for me, ths is  big methodological improvement over the arbitrary
widths imposed by the old layout.

10 Jan 2008
iTuning Out DRM

Paying a fee to rid purchased songs of
digital rights management.

08 Jan 2009

Typecasting

The deceptive sameyness of new
typefaces, plus a great one for free.

THE OLD WAYS ARE DEAD
1 spent a tremendous amount of time fine-tuning the CSS so that it would
match up very carefully with the grid, and so it would work across all
modern browsers — and Intemet Explorer too, though with decidedy less
faithfuiness. That was difficult but it least it was an intellectual chalienge.

The hard part came when | had to sit down to retrofit all the posts I'd made
over the past twenty-plus months which used graphics that break the grid
— like this one. Rewriting the styles wasn't that difficult it was making
sure that the special hacks | had used in the last layout to achieve various.
layout effects didn't produce absolute gibberish in the redesign. Many of
them did, and | had to painstaking search them out and change the fiow of
captions and images within the body to ensure that they'd look right. That
took along time.

95 px Wide
200 px Wide

410 px Wide

620 px Wide

To always stay on the grid, | used a background-image property on the
<body> to reveal the grid throughout development for the new layout —if
You're looking at this through a Web browser (versus a screen reader or a
news client) you'll see the columns running under the contentin this very.
article. While no stroke of genius, coming up with this lite trick left me
very pleased with myself, as It allowed me to produce easily the most
precise layouts of my career. It's those little moments that are some of the.
reward for all of this otherwise pointiess free work that | do.

+

Remarks 13 tot e added before the pos

Sun 02 Jan 2005 af 10:20 pm Ahnh, it's here. Looks great.
Also - neat trick with this background grid.

Mon 03 Jan 2005 at 02:07 am
Shaun inman

Oh hurrah! | know I've said this before but your mastery of the grid is a
treat to behold Khol. Aside from that rehashed flattery, 'm left
speechless...stunning.

Mon 03 Jan 2005 at 07:11 am
Thoams

Ithink this is great!

Mon 03 Jan 2005 at 07:58 am
Adam Bramwell

love process expose's, thanks for the tip about using bg-img for a fayout
grid, nice!

Tue 04 Jan 2005 at 09:01 am
Peter Rasp

‘You might be interested in Grid systems by Josef Mueller-Brockmann. A
classic design book.

Tue 04 Jan 2005 at 03:29 pm
John

Very nice (as always), and a great tip to boot.

Wed 05 Jan 2005 at 02:40 am
Anthony Baker

Brilliant work.

There's so much similarity in a lot of the CSS work going on these days.
that its refreshing to come across your site and find someone completely’
breaking the mold. A definite inspiration.

Wed 05 Jan 2005 at 10:31 am
W3bbo

Personally, 'm not convinced.
Since you used the “px” unit to define font sizes, IE fails to resize fonts

And the high contrast in the background stripe makes reading text that
crosses the boundary hard to read.

Other than that... it seems a useful concept.

Wed 05 Jan 2005 at 05:38 pm
Marten Veldthuis

The high-contrast is ofcourse nonesense, that's only on this demo page,
to show what he used during development.

Actually, with this background | can see that the comment body is a littie
further to the right than the entry body, is that on purpose?

Fri 11 Feb 2005 at 12:04 pm
Paolo Tonon

Very inspiring. I'm plannig to use this schema to make my new website.

Thu 24 Mar 2005 at 02:34 pm
qustat

Nice concept Keep on rockin...

waww.sunstore-reisen.cc

@ue. 5 bnoea Subtraction.com na Xoui Bun om 2004 e. JJuzaiinepvm usnonzea
ocem KONOHHA Mpedica 3a 0opmaeHue Ha enemenmume 6 yeocaiima

Ha ¢uwur. 6 e npeacraBeHo NOpTQOINOTO Ha aMEPUKAHCKUS yeb
qusaiiHep YwicsH Maiiasp.  HeroBus gusaiH € MHOro
MHHUMAIUCTHYEH U OTHOBO € W3IOJ3BaH Oe3cepudeH mpudt 3a
0(OpPMIIGHHETO C JOCTaTh4YHO HETaTMBHO HPOCTPAHCTBO, KaTo
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OCHOBEH KOMIO3MIMOHEH c11oco0. Tunorpadckoro usrpaxaaHe Ha
yeOcaliTa € ¢ MHOrO OTYeT/MBa BHM3yanHa Hepapxus. Kerena na
mpudra B 3arjaBUeTO € TONAM M IPHBIMYA IIOIJIeAa Ha
norpeburenuTe Ha yebd caiita. bnaronapeHue Ha akeHTHPAaHETO Ha
3arJlaBUeTO — CTaBa IPEIENTHO SICHO ¢ KaKBO CE 3aHMMaBa aBTOpa Ha
HOPTHOINOTO.

|

WILSON MINER IS A DIGITAL
DESIGNER IN SAN FRANCISCO.

TALKS & WRITING

Quez. 6 Ilopmeonuo na amepuxarckusa yebd ousaiinep YuncvH Maiinvp-
https://wilsonminer.com/

3. 3aknrouenue

B 3akiroueHre MoXe 1a ce CTUTHE [0 U3BOJA, Ye CTHIOBETE B
rpadu9HUS qHU3aifH OKa3BaT CBOETO BIMSHUE BHPXY yeld nuzaitHa. B
ChbBpEMEHHUs ye0 Au3aiiH BCe MOBeUe ce ycella Bb3CHCTBUETO Ha
[IBelinapckus au3aiiH 1 MoaepHuszMa. XapakTepHU TEHICHLIUU B
IU3aifHa Ha aKTyallHUTE yeOcalTOBE € M3MON3BAHETO Ha MPEXH 3a
odopmiieHne, ymorpebara Ha Oe3cepudHH MmpHDTOBE C SICHO
U3pa3eHa BH3yJaHa HepapxXxust M yMmenara ymorpeba Ha MHOTO
HEraTHBHO NPOCTpaHCTBO W Oenm monera. [lo To3w HauwH ce
MOCTUTA SCHO CTPYKTYpUpaH ye® Ju3aiiH ¢ aKLIEeHT HACOYeH KbM
nHMOpMaIMATa ¥ BOACIIO 3HAYECHHE B IISUIOCTHATA KOMITO3HIMS Ha
ye6 Tumorpadusra.
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