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ВЛИЯНИЕ ВЫСОКОТЕМПЕРАТУРНОЙ ПЕРЕКРИСТАЛЛИЗАЦИИ
ПОВЕРХНОСТИ НИЗКОУГЛЕРОДИСТОЙ СТАЛИ НА ЕЕ МЕХАНИЧЕСКИЕ СВОЙСТВА, СТРУКТУРУ И СОСТАВ.
THE INFLUENCE OF THE SURFACE HIGH-TEMPERATURE RECRYSTALLIZATION ON THE
MECHANICAL PROPERTIES, STRUCTURE AND CHEMICAL COMPOSITION OF THE LOWCARBON STEEL.
Проф. Д. техн. наук Аникин А., Проф. Д. физ.-мат. наук Вениг С.
Саратовский национальный исследовательский государственный университет имени Н.Г. Чернышевского, Россия
E-mail: dtkm64@mail.ru sergey.venig@gmail.com
Abstract: The technology of local high-temperature recrystallization of a steel surface under the influence of temperature of electric arches
is developed. Experimental processing station with a possibility of three-dimensional controlled movement of a carbon electrode and the
system of automatic control of voltage on an electrode is created. The possibility of better surface treatment and increase of process speed
when using two electrodes is shown. Results of research of steel properties, structure and chemical composition at change of voltage of an
electric arch and speed of electrode movement on a surface are presented. Change of hardness of low-carbon steel from 12 HRC to 60 HRC
at increase in content of carbon from 0.2-0.25% to 4.0% is reached. At the same time the needle-fibrous carbide-martensitic structure of
recrystallized area is formed.
KEYWORDS: THE CONCENTRATED POWER SATURATION, CARBON ELECTRODES, RECRYSTALLIZATION, HARDNESS, MARTENSITE STRUCTURE.
тического регулирования напряжения на электродах. Электроды были выбраны угольные, чем обеспечивался заданный
химический состав локальных зон поверхности и, соответственно, структура и свойства.
Измерение твердости производилось на универсальном твердомере Duravision-300, микротвердомереDurascan 20 и системе
наноиндентирования с AFMNanovea. Структура образцов была
исследована на металлографическом микроскопе OlympusBX51
и растровом электронном микроскопе MIRATESCAN. Химический состав поверхностного слоя определялся с использованием приставки энергодисперсионного анализа IncaEnergy 350 к
РЭМ
MIRATESCAN
и
оптико-эмиссионного
спектрометраQ8Magellan.

1. Введение
Решение проблемных вопросов по изменению химического
состава и, соответственно, структуры и свойств локальных зон
поверхности различных изделий из стали на современном этапе
является все более актуальным[1,2]. Это определяется повышением требований к расширению функциональности, снижению объемов используемых дефицитных материалов и геометрических параметров изделий. При этом возрастают требования к выбору энергоносителя, стабильности уровня подаваемой
энергии, надежности перемещения пучка энергии в локальных
зонах, определения параметров охлаждения.

2. Методика проведения исследований
Для проведения исследований был выбран метод плазменной
(дуговой) обработки поверхности стали. Этот метод обеспечивает температуру на поверхности металла существенно превышающую температуру его плавления, обладает достаточной
локальностью и возможностью управления параметрами потока энергии.

3. Результаты исследований и их обсуждение
Для проведения исследований были выбраны образцы низкоуглеродистой стали Ст20 с содержанием углерода 0,20÷0,25 %,
обладающей высокой пластичностью и используемой для получения изделий сложной формы.Твердость исследуемых
образцов составляла 12÷14 HRC, а образцы имели ферритноперлитную структуру. В качестве основного электрода для
создания дуги был использован угольный электрод диаметром
10 мм. На рис. 2 представлен процесс перекристаллизации
зоны поверхности образца.Исследования химического состава,
структуры и свойств образцов были проведены в зависимости
от величины тока в цепи питания электрода и скорости линейного перемещения образца.
В таблице 1 представлены результаты исследования глубины
области перекристаллизации и ее твердости в зависимости от
скорости перемещения образца, при этом величина тока составляла 300 А и напряжение дуги – 36 В.
Таблица 1. Зависимости глубины перекристаллизации и твердости от скорости движения образца
Скорость движения
14
11
9
6
образца, мм/с
Глубина
перекри2
3
4
5
сталлизации, мм
Твердость, HRC
55
54
57
60

Фиг. 1. Общий вид экспериментальной установки
Для реализации этого метода была создана экспериментальная
установка (фиг. 1), в которой реализуется технология локальной
высокотемпературной перекристаллизации поверхности стальных изделий под воздействием системы электрических дуг.
В ней предусмотрены трехмерное контролируемое перемещений электродов относительно поверхности образца с возможностью вращения электрода вокруг свое оси и система автома-
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Фиг. 2. Процесс перекристаллизации поверхности образца
В таблице 2 представлены результаты исследования размеров
области перекристаллизации, ее твердости и содержания в ней
углерода в зависимости от величины тока при скорости перемещения образца 6 мм/с и напряжении дуги 36 В.
Таблица 2. Зависимость размеров области перекристаллизации, ее твердости и содержания углерода от величины тока
Сила тока, А
260
300
350
Содержание С, %
2,73
3,15
3,75
Твердость, HRC
53-54
56-57
60-61
Ширина, мм
10
13
19
Глубина, мм
3,5
4
5

б)
Фиг.3. Структура перекристаллизованной области при скорости перемещения образца: а) 11 мм/с, б) 6 мм/с.
Предлагаемая технология высокотемпературной перекристаллизации поверхности изделий может иметь многоцелевое назначение, при котором реализуется получение заданных
свойств локальных зон изделий в зависимости от химического
состава используемого электрода, в частности, с включением
редкоземельных металлов. Совмещение предложенной технологии с особенностями анализа и контроля концентрированных
неоднородностей сложно-модифицированных материалов
методом вторично-ионной масс-спектрометрии [4] позволит
получать зоны изделий со специальными свойствами.

В процессе перекристаллизации структура образца менялась от
ферритно-перлитной до ячеистой карбидно-мартенситной
игло-волокнистой (фиг.3).

4. Заключение
Представленная технология и экспериментальная установка
могут служить основой для фундаментальных исследований
неравновесных процессов кристаллизации и получения локальных зон стальных изделий с заданными свойствами.
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а)
Общая твердость повысилась с 12-14 HRC до 60 HRC, а твердости при измерении наноиндентором находится в диапазоне
32-62 HRC.
При этом следует заметить, что процесс высокотемпературной
перекристаллизации проходит в матрице изделия без нарушения плоскостности поверхности.
Полученные результаты были использованы для рабочих органов почвообрабатывющих машин, что позволило повысить их
функциональность и сроки службы в разы [3].
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EXOTIC BEHAVIOR OF REACTIVE-WETTING OF METAL ON METAL-ON-GLASS
IN ROOM TEMPERATURE
Haim Taitelbaum
Department of Physics, Bar-Ilan University
Ramat-Gan 52900, Israel
haimt@mail.biu.ac.il
Abstract: We present non-trivial spatio-temporal patterns observed in reactive-wetting of mercury droplets spreading on thin
metal (silver or gold) films on glass at room temperature. This is the only known study of reactive-wetting at room temperature. We show
that there exist two main regimes, the bulk propagation regime and the interface kinetic roughening regime. In both regimes, rich
spatio-temporal patterns are observed. We study and characterize these patterns using statistical physics tools, such as the
growth, roughness and persistence exponents, and show the manifestation of surface tension relaxation in these statistical measures.
Keywords: Reactive-Wetting, Metal-on-Glass, Contact Angle, Surface Tension, Kinetic Roughening, Growth, Roughness, Persistence
Mercury droplets (150 microns in diameter) were placed on thin
metal films (silver and gold in various thicknesses) evaporated or
sputtered on glass, and their spreading has been studied using an
optical microscope. The top-view images have been translated into
side-view profiles, based on the various colors obtained using
reflection-DIC
(Differential
Interference
Contrast)
light
microscopy. The idea is that the object reflects light from different
points of its surface with different colors that are indicative of its
surface slope at each point.

Bulk Spreading

The propagating interface of the droplet undergoes kinetic
roughening. The two main regimes in the entire process, the bulk
propagating and the kinetic roughening regimes, are shown in Fig.
1, for a mercury droplet spreading on a silver thin film of 4200 A.

Using statistical physics tools, we were able to calculate the socalled growth, roughness and persistence scaling exponents, from
which we could identify three sub-regimes in the kinetic roughening
of the interface – noise, non-linear growth, and surface tension
relaxation, as shown in Fig. 3. The results were found similar to
results in conventional high-temperature reactive-wetting systems.
This universality feature is exemplified in Fig. 4.

In the absence of a theoretical framework for reactive-wetting
systems, we obtained empirical results for the droplet radius and the
contact angle, both as a function of time. The radius was shown to
grow linearly with time, and the angle exhibits a step at a time
related to the glass thickness (Fig. 2).
Kinetic Roughening

Fig. 1 The two main regimes of the process.

Fig. 3 Noise, non-linear growth and surface tension relaxation
in the kinetic roughening regime.

Fig. 2 The droplet radius and contact angle as a function of time
in the bulk spreading regime.

Fig. 4 Universality of kinetic roughening: High temperature
vs room temperature.

7

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2019

References
1. A. Be’er, Y. Lereah and H. Taitelbaum, Physica A, 2000, 285, pp 156165.
2. A. Be’er, Y. Lereah, I. Hecht and H. Taitelbaum, Physica A, 2001, 302,
pp 297-301.
3. A. Be’er, Y. Lereah, A. Frydman and H. Taitelbaum, Physica A, 2002,
314, pp 325-330.
4. A. Be’er and Y. Lereah, J. Microscopy, 2002, 208, pp 148-152.
5. I. Hecht and H. Taitelbaum, Phys. Rev. E, 2004, 70, pp 046307-1-8.
6. A. Be’er, I. Hecht and H. Taitelbaum, Phys. Rev. E, 2005, 72, pp
031606-1-9.
7. I. Hecht , A. Be’er and H. Taitelbaum, Fluct. and Noise Lett., 2005, 5,
pp L319-L324.
8. A. Be’er, Y. Lereah, A. Frydman and H. Taitelbaum, Phys. Rev. E,
2007, 75, pp 051601-1-7.
9. A. Be’er, Y. Lereah and H. Taitelbaum, Mater. Sci. Eng. A, 2008, 495,
pp 102-107.
10. Y. Efraim and H. Taitelbaum, Cent. Eur. J. Phys., 2009, 7, pp 503-508.
11. L. Lin, B.T. Murray, S. Su, Y. Sun, Y. Efraim, H. Taitelbaum and T.J.
Singler, J. Phys. Cond. Mat., 2009, 21, pp 464130-1-11.
12. Y. Efraim and H. Taitelbaum, Phys. Rev. E, 2011, 84, pp 050602-1-4 (R).
13. M. Harel and H. Taitelbaum, Phys. Rev. E, 2017, 96, pp 062801-1-7.
14. M. Harel and H. Taitelbaum, Europhys. Lett., 2018, 122, pp 26002-1-6.

8

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2019

IMPROVING THE MECHANICAL PROPERTIES OF CONVENTIONAL MATERIALS BY
NANO-COATING, PART-1
1

Salloom A. Al-Juboori, Prof., B.Sc, M.Sc, PhD, Leeds University, U.K and Mohammad Albtoosh, M.Sc
1
Engineering Faculty /Mutah University / AlKark/ Jordan, Email: sajibury@mutah.edu.jo

Abstract: The use of an advanced nanotechnology coating process is absolutely helpful in immensely optimizing the efficiency of mechanical
properties of materials such as: Longer service life, ability to tolerate greater loads, ease and low cost of maintenance, the environmental
gain in the conservation of resources, improved response in kinetic systems, lower energy consumption, resistance to corrosion, low friction,
use of low-cost base material, etc. Metal materials are usually subjected to various surface conditions that might cause stress, strain,
deformation, and corrosion. Accordingly, Nano-coating technology is used to enhance the performance of mechanical properties in addition
to reduce mechanical failure as much as possible. This research, a simulation of Nano coating effect on some mechanical properties
performance using Finite Element Analysis (FEA) software was carried out. The prime focus here was on exposing a thin Aluminum
(Al7075-T6) walled spherical vessel to internal pressure before and after coating, this spherical vessel was coated by nano- layer using two
different materials such as Titanium (Ti) and Nickel (Ni) with thicknesses ranging (100 nm, 500 nm, and 900 nm). Then a comparison of the
obtained results was made before and after coating, the results showed that the aluminum 7075-T6 thin walled spherical vessel was
successfully coated with Titanium and Nickel separately using ANSYS software. Also the results showed that 900 nm Nickel coated aluminum
7075-T6 thin walled spherical vessel has a better improvement in mechanical properties. These improvements in mechanical properties were
varied between 4.5225% to 20.724% depending on coating thickness and coating material. The Nickel coating has shown higher
improvements in comparison with Titanium were observed.
Keywords: MECHANICAL PROPERTIES, NANO, COATING, Ti , Ni , and AL 70705-T6
List of Abbreviations: Al: Aluminum, ASM: American Society for Metals, FEA: Finite Element Analysis, GPT: General Purpose
Technology, Ni : Nickel, PAS: Publicly Available Specification, Ti: Titanium, nm : nanometer, c : the circumferential strain, r : radial
strain, t : tangential strain , P : Resultant Pressure Force, P : Pascal , r: radius of the sphere , t : thickness, σ: sigma (tensile stresses), E :
Modulus of elasticity , p: Fluid Pressure, v: Poisson ratio
Figure 1: Nano-material (National Center for Electron
Microscopy, Lawrence Berkeley Lab, US. Department of Energy)

Background:
Nanotechnology is a nascent, vibrant, and
burgeoning scientific discipline that is predicted to have important
implications for an extraordinarily broad array of applications
encompassing almost every industrial sector. It is surmised that
virtually no facet of the industry will be left uninfluenced by its
seemingly ubiquitous reach. Nanotechnology is defined as the
capacity for the controllable manipulation of matter at the molecular
and atomic levels, typically from 1 nm to 100 nm. It allows for and
encompasses the fundamental ability to synthesize novel materials
and to create devices that exhibit extraordinary properties with
enhanced functionality. One compelling driver of this technology
lies in the premise that matter behaves in radically different ways
for nano scale materials in contrast to their bulk material
counterparts. Nano scale materials can possess innumerable
components that are endowed with exponentially greater surface
areas, which are critical in many industrial processes. Nano
materials or Nano scale materials are defined as a set of substances
where at least one dimension is less than approximately 100
nanometers. A nanometer is one millionth of a millimeter approximately 100,000 times smaller than the diameter of a human
hair as shown in figure-1. Nano materials are of interest because at
this scale unique optical, magnetic, electrical, and other properties
emerge. These emergent properties have the potential for great
impacts in electronics, medicine, and other fields. (A, Alagarasi,
2011). Nano coatings have the potential for enhancing the
performance and durability of an extensive array of manufacturing
processes, in addition to improving the items that they produce.
They may thus enable significant energy savings to be realized
across just about every market sector. Nano coating imparts
multifunctional attributes to many everyday consumer and
industrial products.

Nanotechnology: Richard Feynman gave flight to the concept of
nanotechnology via his 1959 introductory lecture “There‟s Plenty of
Room at the Bottom.” Sited in 1986 K. Eric Drexler‟s book Engines
of Creation articulated the promise of this new science in the
diverse range of future scenarios. An important development that
transitioned many “Nano visions” into tangible reality was the
development of Scanning Tunneling Microscopy (1981) and
Atomic Force Microscopy (1986). These instruments enabled
imaging at a Nano metric resolution and the manipulation of
individual atoms. (Boehm, Frank. 2010) Nanotechnology is a newly
emerging branch of technology, which incur high expectations of its
possibility to change the world fundamentally. Some policymakers
and technology developers even speak about “the Next Industrial
Revolution”, which advancing nanotechnology is supposed to bring
along (Schummer, 2004). Others argue that nanotechnology is just a
new label put on research projects in conventional fields of science
– such as chemistry, physics, biomedical engineering, materials
science and electrical engineering to gain more research funding.
However, there have been also efforts to define various terms in the
field of nanotechnology, and thus build a common understanding
about the issue.
Research objectives: The main objectives of this work are:
1-

23-

Studying and analyzing the mechanical properties
improvement when using a Nano coating of Al 7075-T6
alloy. The following stresses will be studied and analyzed
includes, which are:
a) Normal Stresses in X and Y axis.
b) Shear Stresses in XY and XZ plane.
c) Equivalent (Von-Misses) stresses
Studying and analyzing normal elastic strain in X and Y
axis
Studying and analyzing total deformation

Research methodology: In this work a simulation of the Nano
coating effect on mechanical properties for optimizing its
performance using FEA software were carried out. The prime focus
here was on exposing a thin walled spherical vessel made of
Aluminum (Al7075-T6) under internal pressure before and after
9
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coating with Nano coated materials such as Titanium (Ti) and
Nickel (Ni) with different thicknesses .A comparison of the results
before and after coating will be made. In the same fashion prepared
electro-deposition of composite coatings containing Nano particles
in a metal matrix. It was showed that the inclusion of Nano sized
particles can give rise to increased micro hardness and corrosion
resistance and modified growth to form a Nano crystalline metal
deposit and shifted reduction potential of a metal ion. (Low et al,
2006). The above observations motivated the present investigation,
where an attempt will be made to develop and characterize the
mechanical, chemical properties, micro structural and compositional
features of the coating in present work.

Figure 3: Front view thin spherical vessel with dimensions
Where: H8 = 0.03 m, H9 = 0.039 m, Ri = 0.18 m, Ro= 0.189 m,
V7= 0.07 m

Theoretical analysis: The proposed work as a comparison of the
performance analysis of mechanical properties of Nano coated and
uncoated for the Al7075-T6 alloy. The work will be intend to
enhance the mechanical properties, life time, ability of carrying
high stress and the resistance to deformation of aluminum alloy AL
7075-T6. The finite element analysis (FEA) will be performed on
thin walled spherical pressure vessels geometry under internal
pressure compared with the uncoated and coated with Nano
thicknesses of Titanium and Nickel separately by using surface
coating function in ANSYS software (Products Release 19.0).
Pressure Vessel: Pressure vessel is a tank contains pressures,
either internal or external. This pressure may be obtained from an
external source, or by the application of heat from a direct or
indirect source, or any combination thereof. (Boiler, ASME and
Code, P.V.1989). Spherical shells as structural parts are used
extensively in many applications, like nuclear, offshore, fossil oil
and transport, because they can be subjected to variable loading
conditions like external pressures or internal or both (V. Prasad and
B. Praveen Kumar, 2017) for the following advantages:
1. The stress resistance considered to be uniform
2. The distribution of pressure is uniform upon the tank storage.
3. Sphere contains more volume for the surface area.
4. Also metal thickness is sometimes about half as much as a
cylinder of the same diameter for the same pressure rating.
5. The stresses and strains are spreading more uniformly.
6. The cost of the wall thickness of a spherical shell will be about
half the wall thickness needed for a cylindrical shell for holding in
the same pressure. So, in a spherical container use a thinner shell
which means lesser cost and weight.
7. Area to volume ratio is the area that a sphere occupies will be
lesser compared to a cylindrical container of the same volume.
But in spite of the above advantages spherical pressure vessels are
more expensive than cylindrical pressure vessels to fabricate, and
this higher price is only justifiable for large vessels.

Figure 4:90° Thin walled Spherical vessel

Figure 5: 90° Thin walled spherical vessel with 5 mm elements size
of mish

The Geometric modeling of the case study: One finite element
model is created, it is a thin walled spherical pressure vessel coated
with different Nano thickness of Titanium and Nickel separately. As
seen in figures (2 to 5).

Stress analysis in the thin-walled spherical pressure vessel:
Theoretically, spherical shape it is the ideal shape for a vessel that
resists internal pressure. To derive the stresses in a spherical vessel,
a cut through the sphere on a vertical diametric plane as in Fig. 6a
and isolate half of the shell and its fluid contents as a single free
body (Fig. 6b), was made acting on this free body is the tensile
stresses σ in the wall of the vessel and the fluid pressure 𝒑. This
pressure acts horizontally against the plane circular area of fluid
remaining inside the hemisphere. Since the pressure is uniform, the
resultant pressure force P as in Fig. 6b (Gere and Goodno, 2008)
𝑷 = 𝒑(𝝅𝒓𝟐 )
(1)
Where, r: is the inner radius of the sphere, p: net internal pressure,
or the gage pressure. Because of the symmetry of the vessel and its
loading (Fig. 6b), the tensile stress σ is uniform around the
circumference. Moreover, since the wall is thin, an assumption with
good accuracy may be used in which the stress is uniformly
distributed across the thickness t. The accuracy of this
approximation rise as the shell becomes thinner and lowers as it
becomes thicker. The resultant of the tensile stresses σ in the wall is
a horizontal force equal to the stress σ times the area over which it
acts, or
𝝈 𝟐𝝅𝒓𝒎 𝒕
(2)

Figure 2: 3D Thin walled Spherical vessel
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Figure 7: Strain of an element at the surface of a spherical pressure
vessel (Kelly, P., 2013).

𝜺𝒄 =
Figure 6: Tensile stresses σ in the wall of a spherical pressure
vessel (Gere and Goodno, 2008
t: the thickness of the wall, 𝒓𝒎 : It‟s the mean radius
𝒕
𝒓𝒎 = 𝒓 +
(3)

Where,
where,

𝟐

Thus, equilibrium of forces in the horizontal direction (Fig. 6b)
gives 𝑭𝒉𝒐𝒓𝒊𝒛 = 𝟎 𝝈 𝟐𝝅𝒓𝒎 𝒕 − 𝒑 𝝅𝒓𝟐 = 𝟎
(4)

𝝈=

𝝈=

𝒑𝒓
𝟐𝒕

𝜺𝒚𝒚 =

𝑬

𝜺𝒛𝒛 =

𝑬

𝜺𝒙𝒛 =
𝜺𝒚𝒛 =

This analysis is valid only for thin shells, disregarding the small
difference between the two radii appearing in equeation (4) and
replace 𝒓 by 𝒓𝒎 or replace 𝒓𝒎 by𝒓. While either choice is
satisfactory for this approximate analysis, it turns out that the
stresses are closer to the theoretically exact stresses if using the
inner radius r instead of the mean radius 𝒓𝒎 . Therefore, will adopt
the following formula for calculating the tensile stresses in the wall
of a spherical shell:

𝟏
𝑬

(5)

𝟐𝒓𝒎 𝒕

𝑨𝑪

𝜺𝒙𝒙 =

𝜺𝒙𝒚 =

Will get the tensile stresses in the wall of the vessel
𝒑𝒓𝟐

𝑨′ 𝑪′ −𝑨𝑪

𝑪𝑫

, 𝜺𝒓 =

𝑨′ 𝑩′ −𝑨𝑩

(7)

𝑨𝑩

(8)

𝝈𝒚𝒚 − 𝝂 𝝈𝒙𝒙 + 𝝈𝒛𝒛

(9)

𝝈𝒛𝒛 − 𝝂 𝝈𝒙𝒙 + 𝝈𝒚𝒚

(10)

𝟏+𝝂
𝑬
𝟏+𝝂
𝑬
𝟏+𝝂
𝑬

𝑪′ 𝑫′ −𝑪𝑫

𝝈𝒙𝒙 − 𝝂 𝝈𝒚𝒚 + 𝝈𝒛𝒛

𝟏

𝟏

=

𝝈𝒙𝒚

(11)

𝝈𝒙𝒛

(12)

𝝈𝒚𝒛

(13)

From Hooke‟s law (equations: 8- 13) with z the radial direction,
with r  0:
𝜺𝒄
𝟏/𝑬 −𝒗/𝑬 −𝒗/𝑬 𝝈𝒕
𝟏−𝒗
𝜺𝒄 = −𝒗/𝑬 𝟏/𝑬 −𝒗/𝑬 𝝈𝒕 = 𝟏 𝒑𝒓 𝟏 − 𝒗
𝑬 𝟐𝒕
𝜺𝒓
−𝒗/𝑬 −𝒗/𝑬 𝟏/𝑬 𝝈𝒕
𝟏−𝒗

(14)

Equations (7 to 14) are from (Kelly, P., 2013). To calculate the
amount by which the vessel expands, consider a circumference at
average radius r which moves out with a displacement r, Fig.8.
From the definition of normal strain

(6)

As is evident from the symmetry of a spherical shell, it will
obtain the same equation for the tensile stresses when cutting a
plane through the center of the sphere in any direction. So, we have
the following conclusion: The wall of a pressurized spherical vessel
is subjected to uniform tensile stresses σ in all directions. This stress
condition is represented in Fig. 6c, by the small stress element with
stresses σ acting in mutually perpendicular directions (Gere and
Goodno, 2008). Because of the symmetry of the sphere and of the
pressure loading, the circumferential (or tangential or hoop) stress at
any location and in any tangential orientation must be the same and
there will be zero Shear Stresses. (Kelly, P., 2013).

𝜺𝒄 =

𝒓+𝜹𝒓 𝜟𝜽−𝒓𝜟𝜽
𝒓𝜟𝜽

=

𝜹𝒓
𝒓

(15)

This is the circumferential strain for points on the mid-radius. The
strain at other points in the vessel can be approximated by this
value.
The expansion of the sphere is thus
𝜹𝒓 = 𝒓𝜺𝒄 =

𝟏−𝒗 𝒑𝒓𝟐
𝑬

𝟐𝒕

(16)

Strain analysis of the thin-walled spherical pressure vessel:
The thin-walled pressure vessel will extend when it is internally
pressurized. These results in three principal strains, the
circumferential strain c (or tangential strain t) in two
perpendicular in-plane directions, and the radial strain r. referring
to Fig. (7), these strains are:

Figure 8: Deformation in the thin-walled sphere as it expands
(Kelly, P., 2013).
To determine the amount by which the circumference increases in
size, consider Fig. 9, which shows the original circumference at
radius r of length c increase in size by an amount c. One has
11
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𝜹𝒄 = 𝒄𝜺𝒄 = 𝟐𝝅𝒓𝜺𝒄 = 𝟐𝝅

𝟏−𝒗 𝒑𝒓𝟐
𝑬

𝟐𝒕

(17)

It follows from equations (16 and 17) that the circumference and
radius increases are related through. (Kelly, P., 2013).
𝜹𝒄 = 𝟐𝝅𝜹𝒓

(18)

Figure 12: Total Deformation of Al7075-T6 with 100 Nanometers
of Nickel.

Figure 9: Increase in circumference length as the vessel expands
(Kelly, P., 2013).
Results and discussions: The improvement in mechanical
properties such as , lifetime, ability of carrying high stress and the
resistance to deformation, done on aluminum alloy (Al 7075-T6) as
a thin-walled spherical vessel, coated with different Nano
thicknesses of Titanium (Ti) and Nickel (Ni) using surface coating
technique in ANSYS Software, Product Release 19.0. This work
began by applying internal pressure (1 bar) to a thin-walled
spherical vessel made from (Al 7075-T6) without coating and
finding the effects on mechanical properties, after which the internal
pressure value was kept at (1 bar) and surfaces coating was applied
in the range of (100 nm, 500 nm and 900 nm) thicknesses of a
Titanium and Nickel separately, these mechanical properties at each
stage, as follows:

Figure 13: Total Deformation of Al7075-T6 with 500 Nanometers
of Titanium

a) Total Deformation: Total Deformation used to obtain
displacements due to internal pressure (stress) in X, Y, and Z
directions, figures (10 to 16), and table (1) show the value of the
improvement in Total Deformation in thin-walled spherical pressure
vessel, before and after coating with different Nano thicknesses of
Titanium and Nickel separately.

Figure 14: Total Deformation of Al7075-T6 with 500 Nanometers
of Nickel.

Figure 10: Total Deformation of Al7075-T6 without coating
Figure 15: Total Deformation of Al7075-T6 with 900 Nanometers
of Titanium.

Figure 11: Total Deformation of Al7075-T6 with 100 Nanometers
of Titanium
Figure 16: Total Deformation of Al7075-T6 with 900 Nanometers
of Nickel.
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Table-1: Improvement percentage in Maximum Total Deformation
Titanium (Ti)

0.0
nm
10
0
nm
50
0
nm
90
0
nm

3.96439864
e-4
3.94850649
e-4

3.96439864
e-4
3.93722585
e-4

0.0
0.4009

3.88646411
e-4

1.9659

3.82673315
e-4

3.4725

value

The improvement percentage =
(19)

Nickel (Ni)
Improveme
nt %

value

0.0

0.0
nm
10
0
nm
50
0
nm
90
0
nm

0.6902

3.83295206
e-4

3.4294

3.73512739
e-4

6.1382

𝒐𝒍𝒅 𝒗𝒂𝒍𝒖𝒆−𝒏𝒘𝒆 𝒗𝒍𝒖𝒆
𝒐𝒍𝒅 𝒗𝒂𝒍𝒖𝒆

Titanium (Ti)

Where, Old value: value before coating.
New value: value after coating.

Max.Total Deformation
Total Deformation

2.98887594e
-3
2.97514615e
-3

Improvemen
t%

value
2.98887594e
-3
2.96454998e
-3

0.0
0.4615

Nickel (Ni)
Improvemen
t%
0.0
0.8206

2.92165568e
-3

2.3008

2.87164939e
-3

4.0822

2.87032658e
-3

4.1302

2.78514992e
-3

7.3147

∗ 𝟏𝟎𝟎% …
Normal Elastic Strain (X-axis)

value

Improveme
nt %

Table 2: Improvement percentage in Maximum Normal Elastic
Strain (X-axis)

4,00E-04

Maximum Normal Elastic Strain (X-axis)
3,00E-03
2,95E-03
2,90E-03
2,85E-03
2,80E-03
2,75E-03
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
Thicknesses
Titanium

3,95E-04

Nickel

3,90E-04

Figure 18: comparison between Titanium and Nickel Nano coating
thickness in maximum Normal Elastic Strain (X-axis)

3,85E-04
3,80E-04
3,75E-04

While, Figure (18) shows the value of improvement on thin-walled
spherical vessel for increasing the resistance to Normal Elastic
Strain (longitudinal strain) after coating the surface of thin-walled
spherical vessel which made of Al 7075-T6 by different Nano
thicknesses of Titanium and Nickel separately, started coating from
100 Nanometers of (Titanium and Nickel) thicknesses, then
increasing the thicknesses of coating to (500 and 900 Nanometers).
It can be seen that the lowest value of improvement in Normal
Elastic Strain (longitudinal strain) is (0.4615%) for Titanium, and
the highest improvement it is for Nickel (7.3147%), also the larger
improvement can be seen in Nickel coating, which is about (56.4%)
higher than Titanium.

3,70E-04
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
Titanium

Thicknesses
Nickel

Figure 17: Comparison between Titanium and Nickel Nano coating
thickness improvement on maximum Total Deformation.
Figure (17) shows the value of improvement on thin-walled
spherical vessel for increasing the resistance to Total Deformation
after coating the surface of thin-walled spherical vessel which made
of (Al 7075-T6) by different Nano thicknesses of Titanium and
Nickel separately, starting coating from 100 Nanometers thickness
of (Titanium and Nickel), the increasing the thicknesses of coating
to ( 500 and 900 Nanometers) the lowest value of improvement in
decreasing the Total Deformation is (0.4009%) for Titanium and the
highest improvement in decreasing the Total Deformation is for
Nickel about (6.1382%) between these two values the advantage of
improvement it is for Nickel, it can make improvements (56.6%)
more than Titanium.

2) Normal Elastic Strain (hoop strain): Table (3) shows the
improvements in Normal Elastic Strain in the (Y-axis) direction for
a thin-walled spherical vessel, it is evident that the maximum value
of strain which is located at the middle of the vessel and the
minimum value at the vessel neck.
Table 3: Improvement percentage in Maximum Normal Elastic
Strain (Y-axis)
Titanium (Ti)

b) Normal Elastic Strain: Elongation or contraction of a line
segment due to stress it is the normal elastic strain was studied
longitudinally and normally (hoop), as follows:

value
0.0nm
100n
m

1) Normal Elastic Strain (longitudinal strain): By the same way
which had been done with total deformation discussed above, table
(2) shows the value of improvement in Normal Elastic Strain in the
(X-axis) direction for a thin-walled spherical vessel, it is obvious
that the maximum and minimum value of strain which is located in
the vessel neck, increasing in one direction means decreasing in the
other direction, negative values mean that a contraction in this
region is occurred.

50 nm
90 nm

13

9.82097024
e-4
9.78520897
e-4
9.64471383
e-4
9.50816693
e-4

Improveme
nt %
0.0
0.3655
1.8275
3.2898

value
9.82097024
e-4
9.76008701
e-4
9.52388661
e-4
9.29879822
e-4

Nickel (Ni)
Improveme
nt %
0.0
0.6238
3.1194
5.6155

Normal Elastic Strain (Y-axis)
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Figure-20 shows the value of improvement on thin-walled
spherical vessel for increasing the resistance to Normal Stress
(longitudinal stress) after coating the surface of thin-walled
spherical vessel, it is clear that the lowest value of improvement in
Normal Stress (longitudinal stress) is (0.4688%) for Titanium, and
the highest improvement it is for Nickel (7.1029%), also the larger
improvement is found in Nickel coating, which is about (58.86%)
higher than Titanium.

Maximum Normal Elastic Strain (Y -axis)
9,90E-04
9,80E-04
9,70E-04
9,60E-04
9,50E-04
9,40E-04
9,30E-04
9,20E-04

2) Normal Stress (hoop stress, y-axis)

0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
Thicknesses
Titanium
Nickel

Figure 19: comparison between Titanium and Nickel Nano
coating thickness improvement maximum Normal Elastic Strain
(Y-axis).
Figure (19) shows the value of improvement on thin-walled
spherical vessel for increasing the resistance to Normal Elastic
Strain (hoop strain) after coating the surface of thin-walled
spherical vessel. It is clear that the lowest value of improvement in
Normal Elastic Strain (hoop strain) is (0.3655%) for Titanium, and
the highest improvement it is for Nickel (5.6155%), also again the
larger improvement is found in Nickel coating, which is about
(58.6%) higher than Titanium.

Table 5: Improvement percentage in Maximum Normal Stress (Yaxis)

0.0n
m
100
nm
500
nm
900
nm

c) Normal Stress: Normal Stress is the stress which acts in a
direction perpendicular to the area [Bansal, R.K., 2010.]. Also by
the same procedure as above was analyzed longitudinally and
normally l(hoop) as follows:

Normal Stress (Y-axis)

1) Normal Stress (longitudinal stress, X-axis): Longitudinal
Normal Stress is the stress acting in a spherical vessel wall along
the longitudinal axis, table (4) shows the improvement in
longitudinal stress in a thin-walled spherical vessel.
Table 4: Improvement percentage in Maximum Normal Stress (Xaxis)
Titanium (Ti)
value

Normal Stress (X-axis)

0.0n
m
100n
m
500n
m
900n
m

2.06153552
e6
2.05191643
e6
2.01453305
e6
1.97878315
e6

Nickel (Ni)
Improveme
nt %
0.0
0.4688
2.3332
4.1812

value
2.06153552
e6
2.04519670
e6
1.98284223
e6
1.92481780
e6

Hoop stress is the stress in a spherical vessel wall, acting
circumstantially in a plane perpendicular to the longitudinal axis of
the vessel, table (5) and figure-21 show the improvement in Normal
Stress (hoop stress). Figure (21) indicates that the spherical vessel
coated with Ni 900 Nano meters has the highest percentage of
improvement in decreasing the Normal Stress (hoop stress), about
5.7471% compared to all other coatings. Also, it depicts that with
the increase in the coating thickness there is an appreciable increase
in the improvement. The larger improvement is found in Nickel
coating, which is about (58.6%) higher than Titanium.

Improveme
nt %
0.0

Titanium (Ti)
Improveme
value
nt %
1.00175610e
0.0
6
9.98024075e
0.3739
5
9.83366919e
1.87
5
9.69131450e
3.3664
5

value

Nickel (Ni)
Improveme
nt %

1.00175610e
6
9.95402406e
5
9.70767044e
5
9.47312896e
5

0.0
0.6383
3.1922
5.7471

Maximum Normal Stress (Y -axis)
1,02E+06
1,00E+06
9,80E+05
9,60E+05
9,40E+05
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
Thicknesses
Titanium
Nickel

0.7989
3.9687

Figure 21: comparison between Titanium and Nickel Nano coating
thickness in maximum Normal Stress (Y-axis).

7.1029

d) Equivalent Stress: Equivalent Stress (also called Von Misses
stress) is often used in design work because it allows any arbitrary
Maximum Normal Stress (X-axis)
three-dimensional stress state to be represented as a single positive
2,10E+06
stress value. Equivalent Stress is part of the maximum Equivalent
2,05E+06
Stress failure theory used to predict yielding in a ductile material.
The test results for Equivalent Stress are tabulated in the table (6)
2,00E+06
and figure (22) indicate that the spherical vessel coated with Ni 900
1,95E+06
Nano meters has the highest percentage of improvement in
1,90E+06
decreasing the Equivalent Stress (7.3358%) compared to all other
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
coatings. Also, they depict that with the increase in the coating
Thicknesses
thickness there is an appreciable increase the improvement. Again
Titanium
Nickel
the larger improvement is found in Nickel coating, which is about
(55.3%) higher than Titanium.

Figure 20: Comparison between Titanium and Nickel Nano coating
thickness improvement maximum Normal Stress (X-axis)
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0.0n
m
100
nm
500
nm
900
nm

Titanium (Ti)
Improveme
value
nt %
2.20215702e
0.0
6
2.19220712e
0.4539
6
2.15339847e
2.2643
6
2.11610677e
4.0664
6

value
2.20215702e
6
2.18416913e
6
2.11550008e
6
2.05165105e
6

Shear Stress In Xy Plane

Table 6: Decreasing percentage in Maximum Equivalent Stress
Nickel (Ni)
Improveme
nt %
0.0
0.8236
4.0963

Equivalent Stress

5,55E+05
5,50E+05
5,45E+05
5,40E+05
5,35E+05
5,30E+05
5,25E+05
5,20E+05
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
Thicknesses

7.3358

Titanium

Nickel

Figure 23: Comparison between Titanium and Nickel Nano coating
thickness in maximum Shear Stress in the XY plane

Maximum Equivalent Stress
2,25E+06
2,20E+06
2,15E+06
2,10E+06
2,05E+06
2,00E+06

The test results for Shear Stress in the XY plane are also
shown in figure (23), which illustrates that the spherical vessel
coated with Ni 900 Nanometers has the highest percentage of
improvement in decreasing the Shear Stress in XY plane (5.4464%)
compared to all the other coatings. Also, it depicts that with the
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06 increase in the coating thickness there is an appreciable increase in
the improvement. Again the Nickel has improvements (58.6%)
Thicknesses
higher than Titanium.
Titanium

Nickel

2) Shear Stress in XZ plane: Table (8) and figure-24 show the
improvement in Shear Stress in the XZ plane. The results show that
the spherical vessel coated with Ni 900 Nanometers has the highest
percentage of improvement in decreasing the Shear Stress in XZ
plane (20.7240%) compared to all the other coatings, and the Nickel
has improvements (56.1%) more than Titanium.

Figure 22: comparison between Titanium and Nickel Nano coating
thickness in maximum Equivalent Stress.
c) Shear Stress: Shear stress is the stress induced in a body when
subjected to two equal and opposite forces which are acting
tangentially across the resisting section (Bansal, R.K., 2010).

Table (9) shows a summary for all types of stresses which have
been analysed and the improvement percentage on these stresses
after coating with Nano thicknesses of Titanium and Nickel.

1) Shear Stress in XY plane
Table (7) shows the improvement in Shear Stress in XY plane

Table 8: Decreasing percentage in Maximum Shear Stress in XZ
plane

Table 7: Decreasing percentage in Maximum Shear Stress in XY
plane

0.0n
m
100n
m
500n
m
900n
m

Maximum Shear Stress in Xy Plane

Titanium (Ti)
Improveme
value
nt %
5.50635833
0.0
e5
5.48691844
0.3543
e5
5.41048542
1.7720
e5
5.33608417
3.1910
e5

value
5.50635833
e5
5.47325146
e5
5.34468677
e5
5.22194865
e5

Titanium (Ti)

Nickel (Ni)
Improveme
nt %

value
0.0n
m
100n
m
500n
m
900
nm

0.0
0.6049
3.0249
5.4464

15

9.55220253
e3
9.43021767
e3
8.97289643
e3
8.55764045
e3

Nickel (Ni)
Improveme
nt %
0.0
1.2936
6.4562
11.6219

value
9.55220253
e3
9.33437257
e3
8.56243172
e3
7.91243169
e3

Improveme
nt %
0.0
2.3336
11.5595
20.7240
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Callister, W.D, 2006. Materials science and engineering 7th edition,
NY: John Wiley. & Sons

Maximum shear stress in xz plane
shear stress in xz plane

1,20E+04

Chen, B. H., Hong, L., Ma, Y., & Ko, T. M. (2002). Effects of
surfactants in an electro less nickel-plating bath on the properties of
Ni− P alloy deposits, Industrial & engineering chemistry
research, 41(11), 2668-2678

1,00E+04
8,00E+03
6,00E+03
4,00E+03

Dileep, B. P., et al. "Effect of Zinc Coating on Mechanical Behavior
of Al 7075." Applied Mechanics and Materials, Vol. 592, Trans
Tech Publications, 2014

2,00E+03
0,00E+00
0,00E+00 2,00E-07 4,00E-07 6,00E-07 8,00E-07 1,00E-06
Thicknesses
Titanium
Nickel

Everhart, J. (Ed.). (2012). Engineering properties of nickel and
nickel alloys, Springer Science & Business Media

Figure 24: comparison between Titanium and Nickel Nano coating
thickness in maximum Shear Stress in the XZ plane.

Gere, J. M. (2011). Barry. Good no: Mechanics of Material 7th
Edition, engage learning, Toronto, 116-127.

Table 9: Summary of improvement percentage

https://www.sharcnet.ca/Software/Ansys/17.0/enus/help/wb_sim/ds
_Equiv_Stress.html. [Online] Available at: https://www.sharcnet.ca.
[Accessed 6 June 2018]

Conclusions:
From the results of this work, the following conclusions can be
drawn.
1- The aluminum 7075-T6 thin walled spherical vessel was
successfully coated theoretically by modeling with Titanium and
Nickel by using ANSYS software with different Nano thicknesses
of 100nm, 500nm, and 900nm respectively.
2- The 900nm Nickel coated aluminum 7075-T6 thin walled
spherical vessel showed a better improvement in their mechanical
properties, where: The percentage of improvement in increasing the
resistance in Total Deformation (6.1382%), the Normal Elastic
Strain X-axis (7.3147%), the Normal Elastic Strain Y-axis
(5.6155%), the Normal Stress-axis(7.1029%), the Normal Stressaxis(5.7471%), the Equivalent Stress(7.3358%), the Shear Stress
XY- plane(5.4464%) and the Shear Stress XZ- plane(20.724%).
3- The improvement percentage of the coated thin-walled spherical
vessel by 500nm Nickel it is approximately equal to the
improvement percentage of the coated thin-walled spherical vessel
by 900nm Titanium.
4- Nickel and Titanium can helping in protecting against corrosion
and improve wear resistance, as well as increasing the thickness of a
surface.
5- Nickel and Titanium can enhance the appearance of the spherical
vessel by adding brightness.
6-The Spherical vessel with Nickel coated exhibited the highest
percentage of improvement in comparison with Titanium under the
conditions.
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CRYSTAL STRUCTURE, MAGNETIC AND OPTICAL PROPERTIES OF THIN
FILMS, SYNTHESIZED ON BASE OF SmCo5 AND Nd2Fe14B POWDERS
КРИСТАЛЛИЧЕСКАЯ СТРУКТУРА, МАГНИТНЫЕ И ОПТИЧЕСКИЕ СВОЙСТВА
ТОНКИХ ПЛЕНОК, СИНТЕЗИРОВАННЫХ НА ОСНОВЕ
ПОРОШКОВ SmCo5 И Nd2Fe14B
А.Аplevich, dr. А.Galyas, dr. О.Demidenko, P.Lapotko, Т.Mazanik, D.Skrinnikov, dr. K.Yanushkevich
Laboratory of Phys. of Magnetic Materials – Scientific-Practical Materials Research Centre NAS, Minsk, Belarus
E-mail: kazimir@physics.by
Abstract: Thin Sm-Co and Nd-Fe-B layers with a thickness of ~ 30 – 850 nm were synthesized by thermal evaporation method using
permanent magnets SmCo5 and Nd2Fe14B powders as precursors on glass substrates. The crystal structure was studied by X-ray diffraction
in CuKa – radiation at room temperatures. It was shown that thin films are characterized by a highly amorphized crystalline state. It was
found that annealing of the films leads to the destruction of the compositions on the glass substrate. In the temperature range of 80 – 1100 K
using the ponderomotive method the specific magnetization in the “heating – cooling” mode was measured. Magnetic hysteresis loops were
studied in the temperature range of 5 – 300 K. In the wavelength range of 250 – 3000 nm, optical transmission spectra of transparent Sm-Co
and Nd-Fe-B films with a thickness of ~ 30 nm were studied.
KEYWORDS: THIN FILMS, CRYSTAL STRUCTURE, SPECIFIC MAGNETIZATION, OPTICAL SPECTRA

3. Results and discussion
1. Introduction

Figure 1 shows X-ray diffraction patterns of a Sm-Co film with
~ 850 nm thickness before and after annealing in vacuum at 580° C.

Permanent magnets based on rare-earth hard magnetic
materials are widely used in devices of technology and
microelectronics. The tendency to reduce the size and weight of
devices requires the creation of compact magnets. The fragility
inherent in permanent magnets does not allow to obtain products of
small sizes for multifunctional purposes. Alternative to cast and
powder magnets are film magnets. Of particular interest in
transparent magnetic film materials is their demand for the
development of new generation microelectronics devices. Thin-film
magnets have the following advantages: - the film thickness is quite
easily regulated by the speed and time of deposition; - linear
dimensions are set with high accuracy, their value is determined by
the stencil; - a combination of films having different coercive forces
and magnetocrystalline anisotropy perpendicular to the deposition
plane allows the creation of new magnetic systems.
SmCo5 and Nd2Fe14B magnets are highly coercive materials.
They are characterized by high magnetic and crystalline anisotropy.
The intermetallic compound SmCo5 has a hexagonal crystal
structure of the space group S.G.:P6/mmm with unit cell parameters
a = 0.499 nm, c = 0.398 nm [1]. The Nd 2Fe14B compound
crystallizes in the tetragonal syngony of the space group
S.G.:P42/mnm with parameters a = 0.881 nm, c = 1.221 nm [2]. In
the production of permanent magnets, Nd2Fe14B alloys are used
with deviations from the stoichiometric composition in the direction
of a slightly higher content of neodymium and boron to suppress the
formation of γ-Fe crystallites.

2. Experimental technique
Sm-Co and Nd-Fe-B films were synthesized by flash method
on optically transparent glass substrates by feeding powder to a
tantalum evaporator at a temperature of about 2000°C [3]. Powders
for synthesis were obtained by crushing the ingots of SmCo 5 and
Nd2Fe14B permanent magnets and their subsequent annealing in
vacuum above the Curie temperatures. X-ray diffraction studies
were performed in CuKα–radiation. The specific magnetization σ =
f(T) was measured by the ponderomotive method in a magnetic
field with an induction of 0.86 T in the 80 – 1100 K temperature
range [4]. The field dependences of the specific magnetization σ = f
(H) of the films were studied on a Cryogenic vibration
magnetometer in the temperature range of ~ 5 – 300 K. The optical
transmission spectra of electromagnetic radiation in the wavelength
range 200 – 3000 nm at room temperature were obtained on a Cary500 Scan UV-Vis-NiR Spectrometer.

Figure 1. X-ray diffraction patterns of a bulk SmCo5 sample (a) and
Sm-Co films before (b) and after (c) annealing
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On x-ray films, halo-like reflexes are manifested. This
indicates that a crystalline state characteristic of short-range
crystalline ordering takes place in the films. Annealing of the films
did not provide the crystalline ordering characteristic of the
powders, but led to the decay of the initial state. X-ray diffraction
patterns contain reflexes of low intensity of Co and Fe elements.
Figure 2 shows the results of studying the crystal structure of
powders and Nd-Fe-B films of different thicknesses. X-ray
diffraction patterns of Nd-Fe-B films with a thickness d < 80 nm do
not contain diffraction reflections characteristic of Nd2Fe14B
powders.

powders. At temperatures above the minimum temperature, an
increase in specific magnetization is observed in both dependences.
This can be interpreted as a result of the decomposition of SmCo 5
and Nd2Fe14B compounds with the release of unbound Co and Fe
elements. As a result, during cooling, the behavior of the
dependences σ(T) no longer corresponds to the dependences of
heating.
In the initial state of the films, there are also impurities of free
Co and Fe ions, what is indicated by the values of the specific
magnetization of the minima in the dependences σ = f(T). They are
significantly higher than the magnetization values characteristic of
the paramagnetic states SmCo5 and Nd2Fe14B. In films, the
paramagnetic state is not reached even at 1000 K. For Co this
temperature is of the order of 1388 K, and for Fe it is higher than
1040 K. The presence of iron in the film is also indicated by the Xray diffraction pattern of the Nd-Fe-B film: the maximum of the
halo reflection coincides with the most intense reflection (110) of
the bulk Fe sample. Measurements of σ(T) on powders also indicate
that even there is excess iron in it. So as in the paramagnetic state of
the Nd2Fe14B powder, the magnetization should be less than 1.0
A·m3/kg, while the experiment gives a specific magnetization of the
order of 5.0 A·m3/kg.

Figure 3. Dependences σ(T) of SmCo5 powder (a) and films
Sm-Co (b)
Using the dependences σ = f(T) and the expression:

Figure 2. X-ray powder pattern (a) and Nd-Fe-B films (b, c)

𝜇=

The instability to heating the crystalline state of the
synthesized films on glass was convincingly manifested when
measuring their fundamental magnetic characteristics in the
temperature range 80 – 1100 K. The σ(T) dependences of the SmCo and Nd-Fe-B films are shown in Figs. 3 and 4. Sm-Co film
thickness ~850nm, and Nd-Fe-B ~100nm. The dependences σ(T) of
the films have a minimum of specific magnetization near the Curie
temperatures typical fo SmCo5 (950 K) and Nd2Fe14B (650 K)

𝜎 ∙𝑀
𝑁𝐴

𝜇𝐵 =

𝜎 ∙𝑀
5585

,

(1)

where σ is the value of specific magnetization, M is the molar mass;
5585 – a value equal to the product of Avogadro number (NA) by
the Bohr magneton value (μB), the magnetic moments of the
synthesized thin Sm-Co and Nd-Fe-B thin layers at temperatures of
~ 80 and 300 K were determined (Table 1).

Table 1. Values of specific magnetization and magnetic moments at 80 and 300 K, optical transmission values and gap energy for Nd-Fe-B
and Sm-Co films
Сomposition

σ80 К, A·m3/kg

σ300 К, A·m3/kg

µ80 К

µ300 К

Т, %

ΔЕ, eV

Sm-Co film

62.197

57.674

4.956

4.596

6-80

0.8

Nd-Fe-B film

91.046

75.041

17.625

14.526

6-55

0.7
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Optical transmission spectra were studied on films with a
thickness of ~ 30 ~ 100 nm in the wavelength range 200≤λ≤2000
nm (Fig. 6). The spectra T = f(λ) of films 30 – 50 nm thick contain
an anomaly due to the absorption of electromagnetic radiation by
the substrate glass. The presence of the absorption edge of glass on
the spectra of films indicates that such films have an ―island‖
structure and radiation penetrates past sections of the substrate
coating that are inhomogeneous in continuity, increasing the
transmittance of light radiation. With a thickness of more than 50
nm, the films have a more continuous coating of the substrate. The
absorption edge of electromagnetic radiation by the substance NdFe-B and Sm-Co is also observed. This experimental result may be
due to the absence of a complete overlap of the conduction band
and the valence band characteristic of SmCo5 and Nd2Fe14B
powders.

Figure 4. Dependences of σ(T) for Nd2Fe14B powder (a) and
Nd-Fe-B films (b)
Figure 5 shows the magnetic hysteresis loops for the samples
of Nd-Fe-B films, which demonstrate a sharp decrease in the
remanent magnetization and coercive force with a decrease in the
film thickness to nanoscale values.

Figure 6. Optical transmission spectra Sm-Co (a)
and Nd-Fe-B (b) films
Based on the dependencies T = f (λ) using the relation:
((h) × h)2=A(hE0), where A is a constant,
were drawn dependences of (αhν)2 vs energy E (Fig. 7), allowing to
estimate the value of the gap energy between the valence band and
the conduction band. The presence of a gap with an energy of 0.7 –
0.8 eV between the conduction band and the valence band in layers
d <100 nm is permissible due to the manifestation of hopping
conductivity.
The main characteristics of the synthesized Sm-Co and Nd-Fe-B
films:
Surface Area
S ≈ (18mm • 20mm)
Density of the films Nd-Fe-B
7.4 – 7.5 g/cm3
Density of Sm-Co films
8.5 – 8.6 g/cm3
Layer thickness
30 nm ≤ d ≤ 400 nm
Specific magnetization Nd-Fe-B
≈ 45 – 80 A·m3/kg
Coercive force of Nd-Fe-B films
0.015 – 0.1 Tesla
Magnetic moment of the Nd-Fe-B
films at 80 and 300 K, respectively:
Specific Magnetization Sm-Co
61 – 64 A·m3/kg
Magnetic moment of Sm-Co films at 80
and 300 K, respectively:
Optical transmission for transparent 6% ≤ T ≤ 55%
films of Nd-Fe-B in wavelength range
250 - 3000 nm
Optical transmission Sm-Co transparent 6% ≤ T ≤ 80%
films wavelength range 250 - 3000 nm

Figure 5. Magnetic hysteresis loops for Nd-Fe-B thin layers.
(a) – specific magnetization dependence σ = f(В) of Nd-Fe-B
d≈250 – 280 nm thin layer;
(b) – magnetic hysteresis loop for transparent Nd-Fe-B thin
film d~100 nm
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Figure 7. Dependences of (αhν)2 vs energy E for Sm-Co (a) and Nd-Fe-B (b) films

5. Literature
4. Conclusion
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Thin films Sm-Co and Nd-Fe-B, including transparent ones,
were synthesized. The experiment showed that the flash spraying
method can be used to synthesize films with a crystal structure that
is most suitable for the crystal structure of SmCo 5 and Nd2Fe14B
powders even under conditions of changing stoichiometry of the
precursor powders. It has been established that Sm-Co and Nd-Fe-B
films of nanoscale thickness have an uncompensated magnetic
moment and are capable of transmitting light radiation. It was found
that for synthesized films with thicknesses less than 50 nm, the
coating error is violated. They are "islet".
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WARM COMPACTION OF IRON POWDER
H. Erdem Camurlu1, Lutfulloi Karomatullozoda1
Mechanical Engineering Department – Akdeniz University, Antalya, Turkey1
erdemcamurlu@mail.com
Abstract: Iron powder metallurgy is a method that is widely used in production of steel parts that are utilized as machine components or
as parts in automotive industry. Milling is extensively used in powder metallurgy of iron, for purposes of mixing. The hardness and yield
strength of milled iron powders increase due to work hardening. This leads to low green density of the cold pressed green parts, prior to
sintering. In powder metallurgy, warm compaction is utilized for enhancing the green density and green strength.
In the present study, effect of warm compaction of milled iron powders was investigated. For warm compaction of iron powders, 600
MPa pressure was applied in a steel die at 150 oC. The microstructure of the milled samples was examined by scanning electron microscopy.
Hardness values of the cold pressed and warm compacted samples were determined by a Brinell hardness tester. Bending strength values of
the samples were determined by a universal testing machine. It was found that the hardness of the cold compacted green samples increased
considerably, from about 40 Brinell10 to about 140 Brinell10, as a result of warm compaction. Bending strength values increased to over
100 MPa after warm compaction; whereas the bending strength of the cold compacted green samples were in 10-20 MPa range.
Keywords: POWDER METALLURGY, WARM COMPACTION, IRON POWDER

operation to be conducted in argon atmosphere. Thus, oxidation of
the Fe powder during milling was prevented.

1. Introduction
In the method of powder metallurgy, metals in powder form are
mixed, compacted and sintered. In comparison to other
manufacturing methods, it has some benefits such as very high
utilization rate of starting powders, capability of net shaped
production, etc.

The diameter of the milling balls were 6 mm. Ball to powder
weight ratio was kept as 10. Milling was conducted for various
durations up to 1 hour. Milling was interrupted at definite durations
such as 2 minutes, and after 2 minutes of cooling period, milling
was continued.

Microstructural control is another outcome of powder
metallurgy. Due to the fact that the process starts from powdered
metal, particle size of which is generally 10 microns or less, the
distribution and size of the microstructural constituents such as
phases and pores in the final product can be arranged, in a much
better manner than the other production techniques.

In order to characterize the milled Fe powders, particle size
analyses were performed. A scanning electron microscope (SEM)
was employed for morphological and dimensional investigations
after milling.
For warm compaction of iron powders, 600 MPa pressure was
applied in a steel die at 150 oC, in a hot press. Milled powders were
subjected to scanning electron microscopy examinations and
particle size analyses. The microstructure of the compacted samples
was examined by optical microscopy (Nikon Eclipse LV 150).
Hardness values of the samples were determined by a Brinell
hardness tester (Bulut Makine RBOV). Bending strength values of
the samples were determined by a universal testing machine
(Shimadzu AG-IC, capacity: 50 kN).

Mixing and milling is one of the initial steps in powder
metallurgy, which is used for blending powders, as well as for
powder production and particle size reduction [1]. During milling,
especially when the impact of the balls is large, such as in high
energy milling, a high amount of plastic deformation of the particles
occurs. Ductile metallic particles become flake shaped. In addition,
due to cold welding of the flakes, agglomerates form and particle
size increases [2]. During milling, the hardness and yield strength of
milled metal powders increase due to work hardening. This leads to
low green density of the cold pressed green parts, prior to sintering.

3. Results and Discussion

In powder metallurgy, warm compaction is utilized for
enhancing the green density and green strength. Warm compaction
of iron is conducted mostly in 150-180 oC temperatures range.
During warm compaction, polymer binder and lubricant melts and
solidifies, giving the pressed article a higher density and strength
[1,3,4]. In addition, it was reported that the properties of the articles
that are warm compacted and sintered are superior to those of the
articles that are cold compacted and sintered [5].

Powders, which were milled for 0, 15, 30 and 60 min were
subjected to SEM examinations and particle size measurements.

In the present study, effect of warm compaction of milled iron
powders was investigated. After milling, iron powders were warm
compacted at 150 oC. Mechanical properties and microstructure of
the warm compacted specimens were compared with the properties
of cold compacted green samples.

Average particle size of the Fe powder prior to milling was 10
microns. Particle size distribution plot of the Fe powder which was
milled for 15 minutes is given in Fig.2. It can be seen that the size
distribution has 3 modes. Most of the particles are about 10
microns, some are about 70 microns and very few are about 300
microns.

SEM micrograph of Fe powder which was milled for 15 min is
given in Fig. 1. It can be seen that size of the particles are mostly
about 10 microns and the particles have sphere-like morphology.
There are a few large particles which have flat surfaces. It can be
inferred that in 15 minutes milling duration, the effect of milling is
quite low.

2. Experimental Procedure

During milling flattening of the Fe particles takes place with the
squeezing action of the milling balls and vial. The increase in the
particle size may be attributed to sticking and cold welding of the
flattened Fe particles to each other with the repeated impact of the
milling balls.

In the present study, effect of warm compaction of milled iron
powders was investigated. Milling of the Fe powder was conducted
in a planetary ball mill having a 250 ml capacity stainless steel
grinding jar. Process control agent was not used.
In each run, 10 g Fe powder was milled. The grinding jar was
equipped with an aeration cover, which made it possible vacuuming
and back filling the jar with argon. This provided the milling
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Unalloyed Fe particles are quite ductile and they plastically
deform easily. As a result of the cold welding of the flattened Fe
particles, formation of large agglomerates takes place. There is a
second effect of milling on Fe particles, which are strain hardening
due to plastic deformation. There is the possibility that the hardened
agglomerates break up upon excessive plastic deformation during
milling. The disappearance of the mode at about 300 microns after 1
h milling, that was present after 15 min milling, can be attributed to
this effect.

Fig. 1 Scanning electron micrograph of the Fe powder which was milled for
15 minutes.

Fig. 4 Particle size distribution plot of the Fe powder which was milled for 1
hour.

The unmilled and milled Fe powders were shaped by cold
pressing and warm compaction. After that, hardness and bending
strength of the green samples were determined. Hardness and
bending strength values of the samples are presented in Table 1,
Fig. 5 and Fig. 6. Some of the hardness values, that are not present
in Table 1, could not be determined since the samples were broken
apart during hardness measurements.

Fig. 2 Particle size distribution plot of the Fe powder which was milled for
15 minutes

Table 1: Hardness and bending strength values of the samples after cold
pressing and after warm compaction.

SEM micrograph of Fe powder which was milled for 60 min is
given in Fig. 3. It can be seen that size of the particles are mostly
larger than 50 microns and the particles have flake-like
morphology. It can be inferred that in 60 minutes milling duration,
almost all of the particles are affected from the milling operation.

Milling
Duration
(min)

Cold Pressed
Hardness
(HB10)

Warm Compacted

Bending
Strength
(MPa)

Hardness
(HB10)

Bending
Strength
(MPa)

0

22,49

134,72

94,87

15

18,91

152,97

117,95

159,00

30
60

44,00

8,57

152,03

135,00

Hardness values of the cold pressed and warm compacted
samples were determined by a Brinell hardness tester. The hardness
of the sample that was prepared by cold pressing of the 60 min
milled Fe powder, was 44 HB10. It was found that the hardness of
the cold compacted green samples increased considerably, to about
150 Brinell10, as a result of warm compaction.

Fig. 3 Scanning electron micrograph of the Fe powder which was milled for
1 hour.

This can be attributed to the increase in the density of the
samples when warm compaction is employed. It was reported in
literature that the density of the samples are about 3 % higher when
warm compaction is applied, as compared to cold pressing [5,6].

Particle size distribution plot of the Fe powder which was
milled for 60 minutes is given in Fig.4. It can be seen that the
average particle size is about 70 microns. There is a slight second
mode at about 10 micron size. It can be inferred when compared
with the particle size of Fe powder milled for 15 min that the
average particle size increases during milling.
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4. Conclusion
The milled powders are more difficult to compact, due to strain
hardening of the particles. Higher pressures are necessary for
compacting milled powders, as compared to unmilled powders.
Warm compaction is believed to help to reduce the strain hardening
effect on milled powders and provide higher density. This leads to
higher hardness and higher green strength.
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Abstract: Titanium diboride reinforced iron matrix composites were produced via powder metallurgy techniques. Iron powder (<10
microns) and titanium diboride powder (<10 microns) were mixed in a ball mill and the powder mixture was cold compacted in a steel die at
550 MPa pressure. Amount of titanium diboride that was added into iron was in 3-10 wt %. Sintering was performed at 1120 oC for 30
minutes in argon atmosphere. Sintered samples were subjected to three-point bending tests, hardness measurements and microstructural
examinations.
It was found that the hardness of the composites increases significantly with the increase in the amount of titanium diboride addition.
Hardness of unreinforced iron was 50 Brinell 10 and that of 10 % titanium diboride reinforced composite increased to 100 Brinell 10. On
the other hand, there was a decrease in the bending strength and strain of the composites, with increasing titanium diboride addition.
Bending strength of unreinforced iron was 850 MPa and that of 10 % titanium diboride reinforced composite decreased to 350 MPa.
Keywords: POWDER METALLURGY, METAL MATRIX COMPOSITE, TITATIUM DIBORIDE

1. Introduction
Table 1: Amounts of the constituents of the composites

In composite materials, two or more different material class are
combined in proper ratios in order to obtain a multi component
material having superior properties than those of its constituents. In
composite materials, the constituents are separated by definite
boundaries. The properties of composite materials can be tailored
according to size, distribution and orientation of the reinforcement
phase [1-3].
Generally, in the class of ductile matrix composites,
reinforcement phase is harder than the matrix phase, for the purpose
of increasing the hardness of the matrix phase. Therefore, for metal
matrix composites, reinforcement phase is mostly ceramics.
Reinforcement phase may be in the form of particles or fiber.
Aluminum, copper, iron are the most widely used metal matrix
materials. B4C, Al2O3, TiB2, SiC are the commonly used
reinforcement materials [1-3].

Sample No

Fe (Wt. %)

TiB2 (Wt. %)

1

100

0

2

97

3

3

93.5

6.5

4

90

10

Scanning electron micrograph of the Fe powder, which was
used in the present study, is given in Fig. 1. It can be seen that the
Fe particles are mostly sphere shaped. The size of the particles can
be seen to be smaller than 10 microns.

Mostly, the reaction between the phases constituting a
composite material is undesired. On the other hand, in order to
achieve good wetting of the matrix phase over the reinforcement
phase, reaction is desired to some extent. In the case of irontitanium dibromide system, solubility of titanium diboride is very
low in iron. Formation of iron borides results from the reaction of
iron and titanium diboride at high temperatures [4,5].
Powder metallurgy method is one of the techniques that is well
suited for the fabrication of metal matrix composites. In this
technique, powder or metals and ceramics are shaped mostly by
pressing, after mixing of the constituents of the composite material.
Then, the green compact is sintered under pressure or without
pressure. Control of the microstructure is superior in powder
metallurgy, as compared to other manufacturing methods [6,7].
In the present study, TiB2 reinforced iron matrix composites
were produced by powder metallurgy methods. After mixing and
compacting the iron and TiB2 powders, the green sample was
pressureless sintered in argon atmosphere. Mechanical properties
and microstructure of the composite samples were investigated.

Fig. 1 Scanning electron micrograph of the Fe powder.

Particle size distribution plot of the Fe powder, which was used
in the present study, is given in Fig. 2. The average particle size is
about 8 microns. The second mode in the particle size distribution
plot has an average particle size of 50 microns. This can be due to
agglomeration of the iron particles. Such agglomerates can be seen
in the scanning electron micrograph of the Fe powder given in Fig.
1.

2. Experimental Procedure
In the present study, effect of TiB2 reinforcement addition into
iron matrix has been investigated. TiB2 reinforcement amount was
3, 6.5 and 10 % of the iron matrix (Table 1).
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3. Results and Discussion
Sintered unreinforced iron specimen and composites containing
TiB2 reinforcement particles were subjected to microstructural
examinations with optical microscope.
Optical micrograph of the unreinforced iron sintered sample is
given in Fig. 4. The phases in this sample was investigated by SEMenergy dispersive spectroscopy (SEM-EDX). The continuous phase
that has light color is iron. The small particles with gray color were
found to contain oxygen. Therefore they are most probably iron
oxide particles, which may have formed during sintering due to
residual oxygen in the furnace atmosphere.

Fig. 2 Particle size distribution of the Fe powder.

Scanning electron micrograph of the TiB2 powder, which was
used in the present study, is given in Fig. 3. It can be seen that the
TiB2 particles are irregular shaped with angular morphology. The
size of the particles can be seen to be finer than 10 microns.

Fig. 4 Scanning electron micrograph of the unreinforced iron specimen.

Optical micrograph of the sintered composite sample reinforced
with 3 % TiB2 particles is presented in Fig. 5. TiB2 particles can be
seen in these micrographs as the irregular shaped particles. In the
matrix there are also regions that are slightly darker than the matrix
phase. These regions were found to contain B, in addition to Fe, by
SEM-EDX analyses. Thus it is probable that these regions are iron
boride.
I
Fig. 3 Scanning electron micrograph of the TiB2 powder.

After weighing and mixing the Fe and TiB2 particles, the
powder mixtures were cold compacted in a tool steel die. The
compacted green sample had 2.5 mm thickness, 6 mm width and 16
mm length. The compacting pressure was 550 MPa. Higher
pressures resulted in lateral cracking of the green sample.
Sintering operation was conducted in an atmosphere controlled
tube furnace having a mullite tube. The inner diameter of the
furnace tube was 50 mm. Sintering of the samples was performed at
1120 oC, which is the conventional sintering temperature of the iron
powder metallurgy parts. Heating and cooling rates were kept at 5
o
C/min.
Sintered samples were subjected to 3-point bending tests in a
universal mecahanical testing machine (Shimadzu AG-IC, 50 kN).
After that hardness values of the samples were determined in
Brinell 10 scale. After mounting the samples in Bakelite, they were
ground with 600, 1200, 3000 grit emery paper. Final polishing was
conducted with 1 micron diamond paste. Microstructure of the
composites was investigated with optical microscope (Nikon
Eclipse LV150) and scanning electron microscope (SEM), (FEI,
Quanta FEG 250).

Fig. 5 Scanning electron micrograph of the composite containing 3 % TiB2
particles.

Sintered unreinforced iron sample and composite samples were
subjected to hardness measurements with Brinell hardness tester.
Results of the mechanical tests are presented in Table 2 and Figs. 6
and 7.
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4. Conclusion
Table 2: Hardness and bending strength values of the composites
Sample
No

TiB2
(Wt. %)

Hardness
(HB10)

Bending
Strength
(MPa)

1

0

65.6

909.8

2

3

80.5

675.9

3

6.5

99.6

438.6

4

10

109.9

369.2

TiB2 reinforced iron matrix composites were produced by
powder metallurgy. The effect of TiB2 reinforcement was observed
especially on the hardness of the composites. Hardness of the
unreinforced iron specimen was about 60 HB10, whereas hardness
of the composites sample containing 10 % TiB2 was about 110
HB10. On the other hand, bending strength was seen to decrease
with the increase in the TiB2 content of the composites. This was
most probably due to the formation of iron boride phases in the
structure.
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Hardness values of the unreinforced iron sample and TiB2
reinforced composites are presented as a function of TiB2 content in
Fig 6. The hardness of unreinforced Fe sample after sintering was
about 60 HB10. Hardness of the composites was seen to increase
significantly with the increase in the TiB2 content of the
composites. Hardness of the composite containing 10 % TiB2 was
about 110 HB10.
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Bending strength values of the unreinforced iron sample and
TiB2 reinforced composites are presented as a function of TiB2
content in Fig 7. The bending strength of unreinforced Fe sample
after sintering was about 900 MPa. Strength of the composites was
seen to decrease with the increase in the TiB2 content of the
composites. Strength of the composite containing 10 % TiB2 was
about 370 MPa.

Fig. 7 Bending strength values of the composites as a function of TiB2
content.
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IRON POWDERS WITH INSULATING LAYERS: STRUCTURE AND MAGNETIC
PROPERTIES
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Abstract: The development and study of the composite magnetic soft material, the magnetic properties of which are close to the laminated
metal magnets and the remagnetization losses is lower than that one of metal magnets is very relevant. The study of magnetic properties and
magnitude of losses on the remagnetization of the developed low-frequency composite magnetically soft material, comprising separate iron
20 ÷ 100 mkm particles, covered by insulating layers (films) with thickness 3 ÷ 10 nm, in comparison with similar parameters of electrical
steel 3412 (E320) was performed in this work.
KEYWORDS: SOFT MAGNETIC MATERIALS, COMPOSITES, CRYSTAL STRUCTURE, MAGNETIC PROPERTIES
manufacturing powders of composite magnetically soft materials
consisted in the reactive application of insulating coatings from the
gas phase in a vacuum at a temperature of 150-200°C [9]. In this
paper, we studied a low-frequency composite material based on
ASC100.29 iron powder, with an average coating thickness based
on phosphorus oxide d < 0.3-0.5 nm, marked in a work as SMC-LF.
Samples of the composite magnetic material were made by
powder metallurgy method by pressing the prepared isolated iron
powder with addition of zinc stearate in an amount of 0.25% of the
total mass under pressure of 7-8 t/cm2 and then were annealed by
vacuum at a temperature of 400°C during 2 hours.

1. Introduction
The wide application of valve inverter drive type electric
motors, for which the operating remagnetization frequency is
significantly higher than the industrial frequency, required the
development of new magnetic-soft materials.
Over the past few years, many research centers have been
intensively conducting research on soft magnetic composite (SMC)
materials based on the use of soft magnetic particles, usually based
on iron with an electro-insulating coating on each particle.
In [1] the isolated powder is obtained by treating the iron
powder with a solution containing phosphoric acid and chromic
acid. The pressed product obtained from isolated powders is then
subjected to heat treatment.
Another type of coating is described in [2]. In accordance with
the patent, the core from magnetic powder is obtained by iron
powder treating with an aqueous solution of potassium dichromate,
drying, pressing the powder and heat treatment of the product at a
temperature of 600°C approximately. In another known method, the
particles of magnetically soft iron are coated with thermoplastic
materials before pressing [3].
Significant progress in creating the composite soft magnetic
material made up company “Hoganas” [4-7]. Individual products of
this company, for example with the use of powder “Somaloy 500,
750”, approximate by the parameters of the device from electrical
steel. However, the results of these studies do not allow to clearly
speaking about the successful solution of the problem of developing
a composite magnetic soft material.

2. Experimental technique
Further improvement of the properties of a soft magnetic
material based on iron powders coated with a ferrite layer was
achieved through the use of HF synthesis of metal-dielectric-metal
(MDM)-structures. The fundamental difference between the HF
synthesis of MDM-structures and the previously described method
of rapid thermal sintering is the formation of MDM-structures. The
process of forming thin-layer MDM-structures with the formation
of channel effects at the interfaces is considered in paper [8].
When exposed on MDM-structure of high-frequency radiation,
for which the depth of the skin-layer is comparable to the size of the
sample, in the ferrite coating separating the iron grains, conduction
channels are formed. The size of the channels is usually from one to
several microns.
As a result of the formation of conduction channels in ferrite
boundaries between iron grains in a two-phase crystalline system, a
single electronic structure is formed, which corresponds to
ferromagnetic ordering in the entire system (Fig.1).
Progress in magnetic properties improving of composite
materials and reducing of the remagnetization losses has been
achieved in this work by using of various magnetic oxides as
insulating coatings, where the thickness of iron particle coatings has
been reduced to a fraction of nanometers [8]. The technology of

Fig. 1. Results of metallographic study of the structure of the
MDM-alloy
Study of basic magnetic properties of composite magnetic
materials using iron powders ASC100.29 (Hoganas) [10] is
performed in comparison with the same parameters for electrical
steel 3412 (Э320). With this purpose were made cores 24×13×10
mm from a set of tape drives electrically insulated steel and
composite magnetic material of density ρ = 7.7 g/cm3, were
investigated the static, dynamic magnetic properties and hysteresis
loss of the static characteristics were studied using microperimetry
F5050, and dynamic performance and losses – by flaxmere and
Express magnetometer in the frequency range up to 10 kHz and
magnetic fields up to 30 kA/m.

3. Results and discussion
On Fig. 2 the static magnetization curves of a composite
magnetic material based on iron powder ASC100.29 (curve 1) and
electrical steel (curve 2) are given. The figure shows that the
magnetic induction of the composite material in the fields up to
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Figure 2. Curves of magnetization of the magnetic composite
material based on powder ASC100.29 (curve 1) and on steel
strip 3412(Э320) (curve 2)

Figure 3. Magnetic permeability and magnetic induction depending on
the field of composite magnetic material based on ASC100.29 powder

where f – remagnetization frequency, h – grain size, ρ –
resistivity, Вm – the magnetic induction.

H = 5 – 6 kA/m is inferior in value to the induction of electrical
steel, and at higher fields it exceeds the parameters for electrical
steel.
Magnetic induction at a strength H = 25 kA/m for a composite
magnetic material is Bm = 1.95 – 2.0 Tesla, and for steel in the same
field – Bm = 1.84 Tesla at the same density of samples ρ =
7.7 g/cm3.
The initial magnetic permeability for the composite magnetic
material is µм = 100-110, the magnetic permeability maximum is,
respectively, µm = 2100-2300 (Fig. 3).
The dynamic reversal curves for a composite magnetic material at a
frequency of 1 kHz are shown in Fig. 3 (curve 1). The induction of
the composite material is higher than the induction of steel in the
fields of large 5 – 6 kA/m.
In Fig. 4 is shown the dynamic curve of magnetization reversal
at a frequency of 1 kHz in weak fields, from which it is possible to
take the value of the coercive force of the composite material equal
to Нс = 30 – 40 A/m.
The losses in steel increase quadratically with increasing
magnetic induction. Losses in electrical steel are largely determined
by eddy currents [4]:

Pc  ( Bm fh)2 6

,

At the same time in the composites losses on eddy currents are
practically absent, only magnetic losses remain, which increase
linearly with induction to the order of 1.5 Tesla. The losses in the
composite material at a frequency of 1 kHz and induction b = 1.8 T
are W = 120 W/kg, then for the steel under the same conditions the
loss is 1.5 times higher W = 170 W/kg.
The iron particles have a size d > 100 mm and are multidomain. Losses in the motion of the domain boundary occur when it
is inhibited on defects in the structure and, first of all, on defects in
induced anisotropy that occurs during uniaxial pressing of products.
At high magnetic field values of order H = 15 – 20 kA/m the effect
of anisotropy on the magnitude of the losses is affected to a lesser
extent, and on the dependence of losses on the induction of the
observed deviation from linearity with the transition to saturation.
Comparative data of the main characteristics of electrical steel
3412 (E320) and composite material SMC-LF based on iron powder
ASC100.29 are summarized in table 1.
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Figure 4. Dynamic hysteresis loops at the remagnetization frequency of 1 kHz: a-for composite material based on ASC100.29 (curve 1) and
electrical steel 3412 (E320) (curve 2),
b — for the composite material based on ASS100.29 in weak fields
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Table 1. Comparative data of the main characteristics of electrical steel 3412 (E320) and composite material SMC-LF
based on iron powder ASC100.29
Magnetic
Density,
HC,
µм
B, T
Losses, W/kg
Losses
material
g/сm3
А/m
10000 A/m
1 T, 1000 Hz
W/kg
1,75 T, 1000 Hz
Steel 3412
0,35 mm
SMC-LF

7,7

8 – 10

7000

1,59

100

170

7,7

30 – 40

2000

1,59

60

110

Comparative studies of composite materials based on iron
powders sprayed with air and water are carried out. For all selected
iron powders the thickness of the phosphate insulation coating was
0.3-0.5 nm while maintaining identical conditions for their
production. For example, an sprayed with air iron powder Laiwu
Taidong Powder (China) significantly differs from water-sprayed

ASC100.29 (Sweden) by the content of basic impurities such as
manganese, carbon, phosphorus [10].
Table 2 shows the comparative data on losses for composite
materials based on some iron powders, which shows the advantage
of composite materials based on ASC100.29.

Table 2. Comparative data on losses for composite materials based on iron powders
Type of iron powder
The relative losses in the field 2 kА/m
The relative losses in the field 10 kА/m
PGR 2 (Russia)
LaiwuTaidon (China)
ASC100.29 (China)
ASC100.29 (Sweden)
ABC100.30 (Sweden)

1,33
1,25
1,01
1,06
1

1,27
1,5
1,12
1,17
1
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Vol. 43, №7, p. 805-807.
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As a result of the research it is shown that the magnetic
induction of the developed composite material in the fields up to H
= 5 – 6 kA/m is inferior in the induction value of electrical steel,
and at higher fields it exceeds the parameters for electrical steel.
Magnetic induction at a strength H = 25 kA / m for a composite
magnetic material is Bm = 1,95-2,0 T, and for steel in the same
field-Bm = 1,84 T at the same density of samples ρ = 7,7 g/cm3
The advantages of the composite magnetic material over the
electrical steel, first of all, is the reduction of remagnetization
losses, for example at a frequency of 1 kHz and induction B =1,8 T
with W=170 W/kg for steel to W=120 W/kg for the composite
material, as well as the manufacturability of products, waste-free
production, lower cost parameters, allow us to consider this material
as an alternative product to metal magnets. In particular, the use of
composite magnetically soft materials will have significant
advantages due to lower losses in electrical machines, transformers
and other products with increased specific power and high speed of
rotation, where electrical steels have higher losses.
The study of remagnetization losses of composite materials
showed that the hysteresis losses are 25 – 30% higher for
composites based on iron powders sprayed with air (columns 1 and
2 of the table.2), compared with losses for composites based on
powders, sprayed with water, such as the ASC100.29. First of all,
this is due to the purity of the iron powder ASC100.29, for which
the impurity content is less than 1.0%.
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PROPERTIES AND PERFORMANCE OF POLYETHERSULFONE MEMBRANES
MODIFIED WITH HALLOYSITE AND TITANATE NANOTUBES
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Abstract: Ultrafiltration polyethersulfone (PES) membranes were prepared by wet phase inversion method. Halloysite nanotubes
(HNTs), hydrothermally synthesized titanate nanotubes (TNTs) or their mixture (HNTs/TNTs, weight ratio 50/50) were applied as nanofillers
(NFs). N,N – dimethylformamide was used as a solvent, and deionized water was applied as a non-solvent. Some well dispersed aggregates
as well as larger agglomerates of the NFs were observed on the surface of the membranes examined by atomic force microscopy. The
retention of poly(ethylene glycol) (20 kDa) applied as a model organic compound, by the modified and unmodified membranes was similar
and did not exceed 10%. The rejection of 500 kDa dextran ranged from 84 to 92%, and was the highest for the membrane modified with
HNTs. A 71% improvement of pure water flux, compared to the neat membrane, was observed in the case of the membrane modified with the
HNTs/TNTs. The best antifouling performance during bovine serum albumin filtration exhibited the HNTs-modified membrane.
Keywords: POLYETHERSULFONE, MEMBRANE, HALLOYSITE NANOTUBES, TITANATE NANOTUBES, FOULING,
SEPARATION

2. Materials and methods

1. Introduction
The membranes used in pressure-driven membrane techniques
are usually made of polymers, mainly due to simple procedure of
their fabrication at various characteristics as well as low price of
their manufacturing [1]. Polyethersulfone (PES) is one of the
polymers used to prepare ultrafiltration (UF) and microfiltration
(MF) membranes. However, PES membranes have relatively low
hydrophilicity which can lead to membrane fouling [2]. Fouling is
one of the major problems in membrane processes. The colloids,
particles and organic solutes present in feed can be deposited on the
membrane surface or within its pores which leads to a decrease of
permeability or damage of the membrane [3,4]. To reduce fouling
and improve membrane properties, various modifications are used.
One of the very common attempts is the introduction of a filler into
a casting solution. In case of PES membranes the nanofillers as
halloysite nanotubes (HNTs), carbon nanotubes (CNTs), TiO2,
SiO2, Al2O3, silver and copper nanoparticles (NPs) and
titania/titanate nanotubes (TNTs) have been proposed for the
modification purpose [5,6].

Polyethersulfone (Ultrason E6020P) was supplied by BASF SE
(Germany). N,N-dimethylformamide (DMF) was provided by
Avantor Performance Materials Poland S.A. Halloysite nanotubes
were purchased from Sigma Aldrich. Titanate nanotubes were
prepared using hydrothermal treatment [6] from TiO2 powder
(Aeroxide®TiO2 P25, Evonik Industries). Bovine serum albumin
(Probumin) was obtained from Merck, poly(ethylene glycols) were
provided by Sigma Aldrich. In all experiments pure (deionized)
water (type 2, 0.006 µS/cm) from Elix 3 (Millipore) was applied.
The membranes were prepared by wet phase inversion method.
In case of the unmodified membrane (NM) the 15 wt% of PES were
dissolved in DMF. The casting dope was casted on a glass plate
using an automatic film applicator (Elcometer 4340) with the knife
gap of 0.1 mm, and immersed in pure water bath to complete the
phase inversion process. The modified membranes were prepared
by mixing a dispersion containing 1 wt% of HNTs, TNTs or their
mixture (Table 1) in 10 cm3 of DMF with previously prepared
solution of polymer in DMF (40 cm3). The NPs dispersion was
prepared by sonication for 30 min using ultrasonic probe (Vibra-cell
VCX-130, Sonic, USA, amplitude 80%). After addition of the NPs
dispersion to PES solution, the casting dope was mixed alternately
(15 min by turns) using a magnetic stirrer and sonication in
ultrasonic bath (Sonic-6D, Polsonic, Poland) for 2h.

Halloysite nanotubes are natural inorganic aluminasilicates with
the general formula Al2Si2O5(OH)4•nH2O [7]. HNTs have natural
tubular structure, large surface, porous microstructure, chemically
active internal and external surface, high ion exchange capacity, and
possess hydrophilic groups on the surface [8,9]. TNTs can be
synthesized by hydrothermal method, electrochemical oxidation or
soft chemical method. The titanate nanotubes derived from the
hydrothermal method have ion exchange properties, high surface
area and pore volume and possess hydrophilic –OH groups on their
surface [10]. The literature reports show that both HNTs and TNTs
have positive influence on hydrophilicity of membranes, they can
improve water flux and separation properties [5,6].

Table 1:.Weight ratio of HNTs and TNTs in casting solutions.
Membrane
HNTs
TNTs
NM
0
0
PES/HNTs
100
0
PES/TNTs
0
100
PES/HNTs/TNTs
50
50

The morphology of HNTs and TNTs was analyzed using
transmission electron microscope (TEM) FEI Tencai F20.

The main aim of the present study was to examine the effect of
HNTs and TNTs on physicochemical properties, pure water flux,
separation properties and antifouling performance of mixed matrix
membranes. The PES membranes and modified membranes were
prepared by wet phase inversion method using N,Ndimethylformamide as a solvent. The membranes were
characterized based on contact angle (CA), atomic force
microscopy (AFM), scanning electron microscopy (SEM) and pure
water flux measurements. Membrane fouling resistance was
evaluated using bovine serum albumin (BSA). Separation properties
were examined by separation of poly(ethylene glycols) (PEGs) and
dextrans.

Topography of the membranes was analyzed using atomic force
microscope (AFM, NanoScope V Multimode 8, Bruker Corp.) with
silicon nitride probe in the ScanAsyst mode. Roughness of
membranes (Ra) was calculated using the NanoScope Analysis
Software. The hydrophilicity of membranes surface was determined
by water static contact angle measurement using goniometer (type
260 ramé-hart instruments co.) by the sessile drop method. The
volume of the water drop was 10 µl, and the results are mean values
of 10 measurements. Morphology of membranes was analyzed
using ultra-high-resolution field-emission scanning electron
microscope (UHR FE-SEM Hitachi SU8020) in the secondary
electrons mode (SE, accelerating voltage 5kV) and dispersive X-ray
spectroscope EDX NSS 312 (Thermo Scientific). A small piece of a
membrane (dehydrated in ethanol) was broken in liquid nitrogen
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and sputtered with a chromium layer before SEM analysis. The pure
water flux was determined with application of a laboratory scale
cross-flow unit by ultrafiltration of pure water at transmembrane
pressure of TMP = 1, 2 and 3 bar. The membrane (0.0025 m2) was
mounted in a stainless steel membrane module with a 1.19 mm feed
spacer. Antifouling properties were determined by ultrafiltration of
BSA solution (1g/dm3) at TMP = 2 bar and feed cross flow velocity
of 1 m/s. Separation properties were evaluated on a basis of
rejection of model organic compounds: PEGs (4, 10, 20, 35 kDa)
and dextrans (70, 110, 200, 500 kDa) at TMP = 1 bar. The
concentration of the model solutions was 0.5 g/dm3. Concentration
of PEGs and dextrans were measured using HPLC LaChrom Elite
(Hitachi, Japan).

The introduction of HNTs and TNTs into membrane matrix
affected hydrophilicity of membranes. The contact angle value was
in the range of 49 to 53˚ being the highest for the unmodified
membrane and the lowest for membrane modified with HNTs. The
increase in hydrophilicity of the modified membranes was attributed
to the presence of –OH groups in the structure of both HNTs and
TNTs nanoparticles. A positive influence of the introduction of the
nanofillers on hydrophilicity of membranes was also reported by
Buruga et al. [11] in case of polystyrene membranes modified with
HNTs and Padaki et al. [12] in case of polysulfone membrane
modified with TNTs.
2.3 Topography and morphology of membranes
Fig. 3 shows AFM images of membranes surface visualized in
2D mode.

3. Results and discussion

100nm

2.1 Characteristics of HNTs and TNTs

NM

100nm
PES/HNTs

HNTs and TNTs were characterized using TEM technique, and
the results are presented in Fig. 1.

A1

B1

Ra=4.55(0.49)
0µm

20 nm

20 nm

A2

B2

PES/TNTs

Ra=5.12(0.78)
10µm 0µm
-100nm
100nm
PES/HNTs/TNTs

Ra=11.31(6.78)
0µm
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100nm

Ra=6.77(3.98)
10µm

0µm

-100nm
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10µm
-100nm

10µm
-100nm

Fig. 3 AFM images of the surface of the obtained membranes.
Fig. 1 TEM images of HNTs (A1-2) and TNTs (B1-2)

In case of the membranes containing only halloysite nanotubes
some well dispersed NPs agglomerates with diameters in the range
of ca. 30-270 nm are present. On the skin layer of the PES/TNTs
membrane the small NPs aggregates possess diameters in the range
of ca. 15-100 nm, however, also larger agglomerates with diameters
even up to 2.5 µm are observed. Similar results were obtained
previously [6] in case of Ag-TNTs modified membranes. On the
surface of the membrane containing both HNTs and TNTs
nanoparticles, the diameters of the small aggregates are in the range
of ca. 15-150 nm, while some larger agglomerates with diameters
up to 1 µm are also present. The obtained results show that when a
mixture of HNTs/TNTs was used, the diameters of agglomerates
formed on the membrane surface were reduced compared to
PES/TNTs membrane. This can be attributed to a lower weight
loading of TNTs in the PES/HNTs/TNTs membranes compared to
PES/TNTs one (Table 1), resulting in a lower NPs agglomeration.

The commercial HNTs and the hydrothermally synthesized
TNTs are multi-walled and open-ended. The length of HNTs was in
the range of 15-1250 nm, the internal diameter and wall thickness
changed from 11 to 28 nm and from 5 to 23 nm, respectively. The
length of TNTs was in the range of 29–164 nm, the internal
diameter changed from 4 to 8 nm and external from 8 to 13 nm.
2.2 Contact angle
Fig. 2 shows results of contact angle measurement.
55

Contact angle [˚]

53

51

Based on AFM images, the surface roughness of the prepared
membranes was determined. The Ra value calculated for the NM
membrane was 4.55(0.49) nm. The highest surface roughness was
observed in case of PES/TNTs membrane (11.31(6.78) nm). The
application of a mixture of HNTs and TNTs resulted in a decrease
of surface roughness to 6.77(3.98) nm compared to PES/TNTs
membranes. The lowest Ra amongst the mixed matrix membranes
exhibited the PES/HNTs (5.12(0.78)).

49

47

45
NM

PES/HNTs

PES/TNTs

PES/HNTs/TNTs

SEM images of the membranes cross section taken using SE
mode are shown in Fig. 4. All of the membranes exhibit asymmetric

Fig. 2 Contact angle of obtained membranes.

31

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2019
structure with a dense thin separation layer in the top of the
membrane, narrow finger-like pores in the middle part and spongy
structure in the bottom part of the membrane and between the
finger-like pores. In case of the modified membrane some clusters
of NPs can be observed (circles in Fig. 4).
NM

membranes [5]. In addition, some additional pores are present due
to the tubular structure of TNTs, which also contributes to the
improved PWF of the membrane. The use of a mixture of halloysite
and titanate nanotubes caused an increase in PWF by 71% in
relation to the unmodified membrane and by 55 and 33%,
respectively, in relation to PES/HNTs and PES/TNTs membranes.
The increase in the permeate flux may be associated with an
increase in the dispersion of the particles in the membrane matrix
that can be seen in Fig. 3.

PES/HNTs

PES/TNTs

The influence of the NPs on fouling of the membranes was
determined using bovine serum albumin as a model foulant (Fig. 7).
After 2h of the BSA ultrafiltration the decrease of permeate flux
through the NM membrane in comparison to PWF reached 54%.
The introduction of 1 wt% of HNTs led to an improvement of the
antifouling properties of the PES membrane resulting in a 46%
decrease in permeate flux compared to PWF. On the opposite, the
application of TNTs caused a deterioration of the antifouling
performance in comparison to the unmodified membrane, and the
permeate flux declined for 70% with reference to PWF. The sample
containing a mixture of HNTs and TNTs was characterized by
better antifouling properties compared to PES/TNTs, however, the
flux decline was more severe (64%) than that observed for
PES/HNTs membrane (46%).

PES/HNTs/TNTs

Fig. 4 SEM images of membranes cross-section. The NPs agglomerates are
marked with circles.

NM

Furthermore, the membrane modified with a mixture of HNTs
and TNTs nanoparticles was analyzed using SEM-EDX method.
The results are presented in Fig. 5.
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Fig. 5 Results of SEM-EDX analysis for PES/HNTs/TNTs membranes.
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The observed results revealed much better antifouling properties
of the membrane containing HNTs compared to the other types of
the fabricated mixed matrix membranes. One reason can be its
higher hydrophilicity (Fig. 2) compared to the other samples.
Another factor can be its relatively low permeability in comparison
to the PES/TNTs and PES/HNTs/TNTs membranes. At higher flux,
the enhanced transport of BSA molecules towards the membrane
occurs during initial stages of filtration, which contributes to the
intensity of the fouling phenomenon [14]. Other reason can be
surface roughness. In case of PES/HNTs membrane the Ra value
was the lowest amongst the mixed matrix membranes what was
reflected by the best fouling resistance of this sample. Moreover,
the roughness of PES/HNTs/TNTs membrane was lower compared
to that of PES/TNTs which also resulted in its better antifouling
performance. Both Liu et al [15] and Hobbs et al [16] reported that
relatively smooth surfaces were more resistant to fouling.
Incorporating HNTs into membrane containing TNTs results in
higher dispersion of NPs and decrease in surface roughness what
affects the fouling resistance of that membrane.

A comparison of pure water flux (PWF) measured for the
prepared membranes is presented in Fig. 6.
PES/HNTs

40

Fig. 7 The effect of HNTs and TNTs on BSA fouling of the PES membranes.
Initial BSA concentration: 1 g/dm3; TMP = 2 bar.

2.4 Permeability and fouling resistance of the membranes

NM

20

Time [min]

Despite application of thorough sonication and mixing at the
stage of preparation of the casting dope, both types of NPs did not
form joint agglomerates. Separate spots of halloysite nanotubes and
titanate nanotubes are visible in the cross-section of the membrane.

4

TMP [bar]

Fig. 6 The influence of transmembrane pressure on the pure water flux
through the prepared membranes.

2.5 Separation properties
Fig. 7 shows the rejection of model organic compounds by the
obtained membranes. The introduction of HNTs and TNTs into the
membranes improved their separation properties. The highest
influence of the modification was found in the case of the
PES/HNTs membrane. The retention of dextran 110 kDa increased
from 50% for the unmodified membrane to 69% after modification
with halloysite. In the case of PEGs, the average increase in
retention was 4 percent points (p.p.), being the lowest for PEG 35
kDa (2 p.p.) and the highest for PEG 20 kDa (6 p.p).

The introduction of different types of the nanofillers affected
the PWF values of the modified membranes to a various extent. The
least improvement of permeability compared to the unmodified
membrane was found in case of PES/HNTs sample. That did not
correspond with the hydrophilicity, which was in case of this
membrane the highest (Fig. 2). A more significant increase of PWF
values was found in case of PES/TNTs membrane. The increase in
PWF may be related to the distribution of nanoparticles. The NPs
can create additional pores which could increase the permeability of
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Fig. 7 Separation properties of the obtained membranes.

The use of the mixture of halloysite and titanate nanotubes
resulted in an improvement of the separation properties of the
membrane compared to the membrane containing TNTs only. The
lowest effect was observed for PEGs. More significant changes can
be seen in case of dextrans, e.g. the retention of dextran 110 kDa
increased by 15 p.p compared to the unmodified membrane.

3. Conclusions
The incorporation of halloysite nanotubes, titanate nanotubes or
their mixture into PES membrane matrix affected its
physicochemical properties, water permeability, fouling resistance
and separation characteristics. The use of both HNTs and TNTs
nanofillers caused an increase of hydrophilicity and pure water flux
of the PES membrane. The membrane prepared using TNTs as a
filler exhibited higher pure water flux than the membrane prepared
with HNTs. The highest water permeability was observed for
PES/HNTs/TNTs membrane. Application of HNTs resulted in an
improvement of the fouling resistance and separation properties of
the membranes. However, the membranes modified with TNTs and
HNTs/TNTs mixtures were more prone to BSA fouling compared
to the unmodified membrane. Nonetheless, the PES/HNTs/TNTs
was less fouled than the PES/TNTs membrane confirming a
positive effect of HNTs on membrane fouling mitigation. The
highest improvement of separation properties of the membranes was
obtained by application of HNTs nanofiller.
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NOVEL HYBRID POLYETHERSULFONE MEMBRANES MODIFIED
WITHPOLYVINYLPYRROLIDONE AND Ag/TITANATE NANOTUBES
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Abstract: In this work, the influence of addition of polyvinylpyrrolidone (PVP, 10kDa, 1-4.8wt%) and Ag-modified titanate nanotubes
(Ag/TNTs, 0.1wt%) on physicochemical and transport properties of polyethersulfone (PES) ultrafiltration membranes was studied. The
membranes were prepared via wet phase inversion method using N,N-dimethylformamide (DMF) as a solvent and water as a non-solvent.
The Ag/TNTs nanocomposite was obtained via photodeposition method using AgNO3 as a precursor. It was found that the addition of PVP
into the casting dope affected the cross-section structure of the membranes and their surface topography. The presence of PVP improved the
dispersion Ag/TNTs agglomerates in the membranes structure. A positive influence of the introduction of the nanocomposite into the
membranes matrix on their permeability was also proved.
Keywords: TITANATE NANOTUBES, SILVER, POLYVINYLPYRROLIDONE, POLYETHERSULFONE, MEMBRANE

1.Introduction

2. Materials and methods

Due to many advantages such as low energy or chemical
consumption, automation and modularity of installations as well as
high and stable quality of permeate the membrane processes are
widely used for water and wastewater treatment. Despite these
benefits, they have some drawbacks, and the main of them is the
decrease of the permeate flux in time, resulting from the so-called
fouling and biofouling phenomena, especially in case of micro(MF) and ultrafiltration (UF) processes. A promising attempt to
solve this problem is introduction of different types of (nano)fillers
and modifiers into the membrane structure. There are some reports
regarding the use of TiO2, Al2O3, SiO2, halloysite nanotubes
(HNTs), carbon nanomaterials (e.g. graphene, fullerenes, carbon
nanotubes (CNTs) and different metal nanoparticles such as Ag,
Au, Cu and Pd [1-4]. The application of Ag has attracted special
attention due to its antibacterial properties and a positive effect on
membranes hydrophilicity.

2.1. Materials
Polyethersulfone was supplied by BASF (Germany). Anatase
TiO2 powder, PVP (10kDa) was purchased from Sigma Aldrich
Chemicals (USA). DMF, HCl (35-38wt%), AgNO3, NaOH,
(NH4)2SO4 and H2SO4 (96wt%) were provided by Avantor
Performance Materials Poland S.A.

2.1 Preparation of titanateand silver-modified titanate
nanotubes
Pure TNTs were prepared using hydrothermal treatment of
anatase TiO2. In the first step, 2g of TiO2 were ultrasonicated with
60 cm3 of 10M NaOH for 1 h at room temperature. Then, the
suspension was transferred to the autoclave and treated at 140°C for
24h. After washing with HCl and deionized water, the final powder
was dried at 80°C for 12 h and ground using agate mortar.

Silver can be introduced into the membrane structure by itself
[5], or deposited on a carrier, such as CNTs, HNTs, zeolites or SiO2
[6-8]. Likewise, TiO2 nanotubes or titanate nanotubes (TNTs) can
be used as carriers of Ag nanoparticles [9]. There are some reports
indicating the positive effect of titanate nanotubes on membrane
properties such as hydrophilicity, pure water flux and antifouling
performance. Padaki et al. [10] observed that the favorable effect of
TNTs on the properties of polymer membranes may be caused by a
large amount of hydroxyl groups present on the surface of the
nanotube, which contributes to improvement of the hydrophilic
properties of the membranes. The effect of TNTs functionalized
with sulfonic acid on the performance of polyethersulfone (PES)UF
membranes was examined by Alsohaimi et al. [11]. It was reported
that the modified membrane was characterized by the improved
bacteriostatic and separation properties.

The Ag/TNTs were prepared using photodeposition method
[14]. A defined amount of pure TNTs was introduced into 100mM
solution of AgNO3in a glass reactor and stirred (2 h, 250 rpm) at
ambient temperature and pressure. Next, the suspension was
irradiated with a UVC lamp (TNN 15/32, Heraeus Noblelight
GmbH, 15 W, λmax = 254 nm) for 2h with continuous stirring.
Afterwards, the slurry was centrifuged and washed with deionized
water. Then, the product was dried at 80°C for 12 h and ground
using agate mortar.

2.2. Preparation of membranes
The membranes were prepared using casting dopes with
compositions presented in Table 1.
Table 1: Composition of casting solutions.

A positive influence of modification of membranes with hybrid
Ag/TNTs was reported in our earlier works on PES UF membranes
[12,13].However, we have applied a simple casting dope solution
containing the polymer and solvent only. Although the presence of
Ag/TNTs improved the permeability of the membranes, they were
still characterized by moderate permeate fluxes due to the absence
of any pore forming agent. One of well-known porogens is
polyvinylpyrrolidone (PVP). In literature there are reports proving a
positive impact of PVP on membrane transport properties [14].
Since the effect of PVP on the characteristics and performance of
PES UF membranes modified with Ag/TNTs is unexplored, the aim
of the present work was investigation on that subject. The research
were focused on the influence of Ag/TNTs (0.1wt%) and PVP
(10kDa, 1-4.8wt%) on physiochemical and transport properties of
PES ultrafiltration membranes.

Sample
name

PES
[wt%]

DMF
[wt%]

M0

15

85

M1

15

84.9

M2

15

84

M3

15

83.9

M4

14.8

82.8

M5

14.8

82.7

M6

14.4

80.8

M7

14.4

80.7

PVP
[wt%]
1
2.4
4.8

Ag/TNTs
[wt%]
0.1
0.1
0.1
0.1

First, the unmodified membranes (M2, M4, M6) were obtained
by dissolution of a defined amount of the polymer and 0.56; 1.40 or
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2.80 g of PVP in DMF (50 cm ). For comparison purpose, a
solution without PVP addition was also prepared to cast the
unmodified M0 membrane. Next, the casting dopes were left for
degassing (2 h) and cast on a glass plate using the applicator
(Elcometer 4340, Elcometer Ltd., UK) equipped with the casting
knife (gap set at 0.1mm). Finally, the films were immersed in the
non-solvent (pure water (Elix, Millipore), 20ºC) for 24 h. The
hybrid membranes (M1, M3, M5, M7) were obtained as follows.
First, PES and of PVP (where applicable) were dissolved in 40 cm3
of DMF. Next, the suspensions of NPs in 10 cm3 DMF (NPs/DMF)
were sonicated for 30 min using Vibra-cell VCX-130 ultrasonic
liquid processor (Sonics, USA; output power 130 W, frequency 20
kHz, amplitude 80%). Subsequently, the suspension of NPs/DMF
was dispersed in the dissolved polymer by stirring (200 rpm) with
heating at 55-60°C and sonication at 20-25°C for 15 min. Both
steps (stirring and sonication) were carried out by turns for 2 h.

3. Results and discussion
3.1.Characterization of obtained nanomaterials
Fig. 2 A and B shows microstructure of pure TNTs and
Ag/TNTs obtained by the photodeposition method, respectively.

Fig. 2 TEM images of (A) pure TNTs and (B) Ag/TNTs.

2.3. Characterization of Ag/TNTs nanocomposite and
membranes

The pure TNTs have multi-walled tubular structure with a
length in the range from 50 to 200 nm and diameter of 6-8 nm. Fig.
2(B) shows that the Ag nanoparticles are evenly distributed on the
TNTs surface. Most of the silver nanoparticles have diameters of 25 nm.

The morphology of TNTs and Ag/TNTs nanocomposite was
examined via transmission electron microscope (TEM) FEI
TecnaiF20. The topography of the membranes surface was studied
using atomic force microscopy (AFM). NanoScope V Multimode 8
scanning probe microscope (Bruker Corp.) equipped with the
silicon nitride ScanAsyst – Air probe was applied. The scanned area
was 10 µm ×10 µm. The measurements were executed in the
ScanAsyst mode. The cross-sections of the membranes were
examined using Hitachi SU8020 Ultra-High Resolution Field
Emission Scanning Electron Microscope (UHR FE-SEM). The
membranes samples were coated with a 10 nm thick chromium
layer (Q150T ES coater, Quorum Technologies Ltd., UK). Two
types of techniques were used i.e. analysis using secondary (SE)
and back scattered electrons (BSE). The accelerating voltage was 5
kV and 15 kV for SE and BSE, respectively.

3.2.Characterization of the prepared membranes
In Fig. 4 the SEM-SE and SEM-BSE images are presented. The
membranes without PVP addition are much thinner than the
membranes prepared using the pore forming agent. Moreover, the
porous structure of both types of membranes (with and without
PVP) differs significantly. The cross section of M1 membrane is
asymmetric and exhibits a dense top layer and a porous bottom
layer, with large finger-like and some round-shaped pores
surrounded by a spongy structure. In case of the membrane
prepared with application of 1wt% of PVP (M3) the relatively
narrow finger-like and the large oval pores in the bottom part turned
into the long, slanted macrovoids. In the cross sections of M5 and
M7 membranes, under the thin skin layer, a middle layer with
narrow finger-like pores and the loose bottom layer with large
shapeless macrovoids surrounded by a spongy structure can be seen.
The obtained results revealed that the increase of the concentration
of PVP up to 2.4 and 4.8wt% resulted in a delamination of the
membranes structure. Similar results were described in other works
[15-17]. Amirilargani et al. [16] explained the formation of the large
pores in the bottom part of the membranes cross-section by high
affinity of PVP for the solvent and low in relation to the polymer.
These properties are the reason of increasing the thermodynamic
instability of the casting solution. That leads to the instantaneous
demixing in the non-solvent bath, which results in formation of
macrovoids. In other words, PVP is a hydrophilic and
water‐ soluble pore‐ forming polymer, therefore its addition into
the casting doped increases the solvent (DMF) – non-solvent
(water) exchange rate at the stage of phase inversion. This leads to a
loose structure of a membrane and formation of macrovoids [17].

The transport and separation properties of the membranes were
examined using a laboratory scale UF installation (Fig 1). The
installation consisted of a suction pump, two stainless steel
membrane modules (with a 1.194 mm feed spacer) and manometers
with needle valves. The transmembrane pressure (TMP) applied
during pure water ultrafiltration experiments was set at 1, 2 and 3
bar, and the temperature was maintained at 20±1°C. The membrane
separation area was 0.0025 m2. All the experiments were carried out
at least three times.

3
4

1

2

Fig. 1 Scheme of ultrafiltration installation; 1-feed tank; 2-pump; 3 –
membrane module; 4-needle valve with manometer.

Fig. 3 Influence of transmembrane pressure on pure water fluxes (PWF) of
the prepared membranes.
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Fig. 5 presents AFM images of the surface of the membrane
without PVP addition (M0) and the mixed matrix membranes
prepared using various amount of the porogen. The topography of
M0 membrane is relatively smooth and uniform. The incorporation
of even a small dose of PVP resulted in the corrugation of
membranes surface. The increasing PVP amount caused a further
increase of roughness, therefore the M7 membrane has a more nonuniform surface with numerous valleys and hills compared to M5.
Regardless of the PVP content, both small and large Ag/TNTs
agglomerates were observed.
It was noticed based on Fig. 4 that the addition of PVP may
improve the dispersion of Ag/TNTs agglomerates. For M1 the
amount of agglomerates visible in the cross-section was low (only
one agglomerate in Fig. 4) which means that the dispersion of
Ag/TNTs was not very good. Moreover, the average size of
agglomerates was larger (4.7 µm (SD=1.5 µm)) than for the
membranes with addition of PVP (4.6 (SD=0.6 µm); 2.8 (SD=1.1
µm) and 2.6 µm (SD=1.4 µm) for M3, M5 and M7)). The addition
of PVP not only had impact on the dimensions of NPs agglomerates
but improved their dispersion through the whole membrane matrix.
The white circles in Fig. 4 show the places where Ag/TNTs were
detected. It can be seen that the increasing amount of PVP results in
increasing amount of white dots on SEM-BSE images, which
correspond to the NPs agglomerates. For M7 membrane with the
highest amount of PVP the number of dots was also the highest in
comparison to the other membranes obtained with lower dose of
PVP.
Fig. 3 summarizes the water permeability of the prepared
membranes. Generally, in all cases the addition of PVP resulted in
an increase of pure water flux (PWF) values. Compared to the M0
membrane, the PWF for M2, M4 and M6 membranes measured at
TMP = 3 bar increased by about 1.9, 3.6 and 4.1 times, respectively.
The obtained results are associated with the loose structure of the
membranes observed in Fig. 4, as well as their improved
hydrophilicity due to PVP addition [15-17].

Fig. 4 SEM-SE (left side) and SEM-BSE (right side) microphotographs of
M1, M5, M5 and M7membranes.

The incorporation of Ag/TNTs nanocomposite into the
membranes matrix resulted in further improvement of their
permeability. Analyzing the PWF values at TMP = 3 bar for M3,
M5 and M7 in comparison with M2, M4 and M6 membranes,
respectively, an increase of the flux for about 260, 750 and 380
dm3/m2h was found. The observed improvement can be attributed to
further increase of membranes hydrophilicity due to the presence of
hydrophilic nanoparticles. Moreover, the Ag/TNTs can act as
additional channels for water transport through the membranes.
The results presented in Fig. 3 revealed that the highest
improvement of water permeability was obtained when both
Ag/TNTs and PVP were applied. The PWF at TMP = 3 bar reached
the values around 2250 dm3/m2h for M5 and 2050 dm3/m2h for M7
membrane.

4. Conclusions
In this study the polyethersulfone membranes prepared by the
wet phase inversion method and modified with Ag/TNTs and PVP
were obtained successfully. The physiochemical and transport
properties of the membranes were investigated. The changes in the
membranes cross-section appearance due to the application of PVP
and NPs were noticed. An asymmetric structure of M1 membrane
characterized by a dense top layer and narrow finger-like pores was
significantly affected by the addition of PVP. The mixed matrix
membranes fabricated with application of PVP at the highest
concentrations (2.4 and 4.8wt%) exhibited large macrovoids and
visible delamination in the bottom part of their cross-sections. The
addition of PVP led also to an increase of the membranes thickness.
Moreover, the incorporation of PVP improved the dispersion of
Ag/TNT agglomerates inside membrane. The highest water
permeability was observed for the membrane modified with both
Ag/TNTs and PVP at a concentration of 2.5wt%.

Fig. 5 The topography of the surface of the obtained M0, M3, M5 and M7
membranes.
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Abstract: This paper deals with Numerical Simulation to analyse the behaviour of residual stresses in welding pipe. This work aims to
develop a validation model for the simulation of phase changing after welding in multi-pass welds using a hardness test and compare the
results with numerical simulation. The simulation considers the local microstructure properties changes due to the thermal welding cycles.
Finally, the challenge of this work is the welding of dissimilar materials, where a calibrated model will be applied and validated to predict
the effect of welding residual stresses in welding pipe. A further aim is to develop a new procedure to simulate a typical welded pipe process.
Keywords: NUMERICAL SIMULATION, WELDING PIPE, HARDNESS TEST.

this work is the welding of dissimilar materials, where a calibrated
model will be applied and validated to predict the effect of welding
residual stresses in welding pipe [7][8].

1. Introduction
Welding is a reliable and efficient metal joining process used in
almost all industries. Manual metal welding (MMAW), also known
as shield metal welding, is a manual arc welding process that uses
an electric arc between an electrode and work piece to join a pipe
with parts of welding region, as shown in (Fig. 1). Manual metal
welding is also one of the most popular welding processes,
accounting for over half of all welding in some countries — and in
the oil and gas industry — because of its versatility, simplicity, low
equipment cost and wide applicability. This welding process will
probably remain popular, especially among amateurs and small
businesses where specialized welding processes are uneconomical
and unnecessary [1][2].

2. Materials and Method
Welding is done, as shown in Fig. 2, with the dimension of
welding. Dissimilar material pipe welds were used in this work
because they are commonly found in various industrial applications
for both technical and economic reasons. The materials and
chemical composition of the pipe used in this study are given below
in Table 1, and the welding parameters for weld joints are given in
Table 2. The filler wire was 3.2 mm in diameter. Multi-pass
welding with an inter-pass with maximum temperature value 200 ºC
is used.

Weld failure is never good. While welding is an excellent way
to join two or more pieces of metals, there are situations in which
weld joints fail. This can lead to financial loss for companies,
hardships for consumers. It is critical to understand common
reasons weld joints fail and work to ensure the prevention of these
failures. One of the reasons for failure is residual stress, sometimes
called internal stress. It is residual stress generated during cooling
after welding. Residual stresses distributions in and around the weld
(in the fusion zone, FZ) might lead to brittle fracture, cracking, and
produced stress corrosion cracking during service. The normal
techniques for determining the cause of a weld joint failure are
visual examination, non-destructive measurements, materials
testing, additional sampling, and analytical studies of stress.

Table 1: Mechanical Table 3. 1 Chemical composition (wt%)

Table 2: Welding parameters

Fig. 1 MMAW process and welding parts.

The finite element method is widely used for simulation and
analysis, to perform further investigation and reduce time and
economic costs associated with experiments. Finite element analysis
(numerical simulation) is a cost-efficient way to help quantify the
reasonable welding parameters and to understand the mechanisms
of welding [3] . This work aims to develop a validation model for
the simulation of phase changing after welding in multi-pass welds
using a hardness test and compare the results with numerical
simulation.

Fig.2 Welding pipe and schematic diagram: the dimensions of weld A1:
P460NH_1 and A2: E355K2 and filler Böhler

The simulation considers the local microstructure properties
changes due to the thermal welding cycles. Finally, the challenge of
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The specimen cut from the pipe welding from for hardness test
measurement (see Fig. 3).

Fig. 5 2D model with fine and coarse mesh and materials in the weld zone

The temperature-dependent mechanical and thermal properties
were taken into account in the calculation. The equilibrium
transformation temperatures for the formation of austenite from an
initial microstructure and the decomposition of austenite into
ferrite/perlite, bainite and martensite are required.
Material
properties, based on their chemical composition, were determined
using JMatPro software [9]. The temperature-dependent, elasticplastic phase-dependent material model was used in the simulation.
The thermo-metallurgy material properties of all used steels were
generated with JMatPro software using the average chemical
composition which can be seen in Table 1. Transformation data was
calculated with 10 µm grain size starting at 920°C temperature.

Fig. 3 Cross-section of specimen used for hardness measurement

Welding simulation procedure
Complex numerical approaches are required to accurately
model the welding process in 2D, with finer mesh (small element
size) and materials region used to simulate welding instead of 3D to
save the time of computation, (see Fig. 4). In order to validate the
accuracy and dependability of FE simulation, experimental results
of welded specimen are used to compare with the simulation results
of FEM. During the process of the welding cycle coupled thermometallurgical and mechanical calculations were carried out by
considering the effect of different chemical composition of steel and
incorporating multi-phase transformation models. Numerical
calculations were performed with commercial finite element
software package MSC.Marc [6]. The problem was solved
numerically in a cylindrical coordinate system due to axial
symmetry of the geometry. The geometry and finite element
representation used in the modelling is shown in Fig 4. Four-node
axisymmetric elements were used to model the specimens. Solid
elements were employed to simulate the thermo-elastic-plastic
behavior of the specimen. The model of fillers was built with (birth
and death) element using 8,466 elements to calculate and analysis
phase transformation distribution in the whole pipe. In numerical
simulation analysis, the accuracy of the results and required
computing time are determined by the finite element size (mesh
density). According to numerical analysis theory, the model with a
fine mesh yields highly accurate results but required longer
computing time. On the other hand, the model with coarse mesh
(large element size) may lead to less accurate results but not much
computing time.

Thermal and Mechanical Analysis
By using appropriate mesh optimization technique, a relatively
fine mesh is generated in and around the weld lines and a
comparatively coarse mesh is used for areas away from weld line,
as shown in Fig. 5. Four nodes thermal and mechanical analysis
element is used for the analysis. The equation used for transient heat
transfer during welding is given by
𝑝𝑐 𝜕𝑇/𝜕𝑡(𝑥, 𝑦, 𝑧, 𝑡) = −𝛻. 𝑞(𝑥, 𝑦, 𝑧, 𝑡) + 𝑄(𝑥, 𝑦, 𝑧,)

(1)

Where p is the density of the materials, c is the specific heat
capacity, q is the heat flux vector, T is the temperature, Q is the
inside heat rate, x, y and z are the coordinates in the system, t is
time and ∇ is the spatial gradient operator. The various weld
parameters in a double ellipsoidal distribution proposed by Goldak
et al. [4] (see Fig. 4).

Fig 6 Schematic model parameters for double-ellipsoid heat source

Equations 2 and 3 show the volumetric heat flux distributions inside
the front and rear quadrant of the heat source. The model is defined
as a function of position and time together with a number of
parameters that affect the heat flux magnitude and distribution.

Fig. 4 2D finite element model of pipe

In this model, a fine mesh was used for the weld and HAZ, and a
coarse mesh was used in the region further from the weld. The Xaxis is pipe length direction, Y-axis is pipe thickness direction, and
the Z-axis is pipe welding direction. The software used for the
welding simulations is MSC.Marc. The three materials used are
Base material P460NH_1, Base material E355K2, and Filler metal
Böhler.

6 3 𝑓 𝑟 𝑄 −3
𝑞𝑓 𝑥, 𝑦, 𝑧 = 𝑎𝑏
𝑒
𝑐 𝜋 𝜋

𝑥 2
𝑥 2
𝑥 2
𝑎 𝑒 −3 𝑏 𝑒 −3 𝑐

(2)

𝑥 2
𝑥 2
𝑥 2
𝑎 𝑒 −3 𝑏 𝑒 −3 𝑐 .

(3)

𝑓

6 3 𝑓 𝑟 𝑄 −3
𝑞𝑟 𝑥, 𝑦, 𝑧 = 𝑎𝑏
𝑒
𝑐 𝜋 𝜋
𝑟

Where x, y, and z are the coordinates of the Goldak double
ellipsoid model, π is the fraction of heat deposited in the weld
region, the heat input rate Q = ηVI is calculated by welding
operational parameters current (I), voltage (V) and η is the arc
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efficiency for the welding process, v is the speed of torch travel in
mm/s, and t is the time in seconds. The factors ff and fr denote the
fraction of the heat deposited in the front and rear quadrant
respectively, which are set up to attain the restriction ff +fr= 2. The
parameters a, b and c are related to the characteristics of the
welding heat source. The parameters of the heat source are chosen
according to the welding conditions. This study is concerned with
the simulation of solid-state phase transformations in the welded
structure using MSC.Marc software [6].

It is important to emphasize that the numerical simulation code
can handle complex geometries and non-linear temperature
dependence on both boundary conditions and material properties,
which are very important for practical applications.

3. Result and Discussion
Hardness tests of specimens were taken to compare the
calculated hardness of 2D model simulation after welding. The
cross-section of the sample before hardness test with three region of
welding and final hardness distribution shows in (Fig. 8).

Hardness test procedure (Experimental procedure)
The cross-section welding part was polished after cutting, and the
surface of the specimen was etched with HNO3 (nitric acid) 2%
solution (nitrate etching agent) to show the passes and FZ and HAZ.
The cross-section after preparation is shown in Figure 6.

Table 3: The result from hardness measurement test for specimen

Comparison Hardness Measurement with Simulation
In simulation case, three points was selected P1, P2 and P3 to
compare with hardness measurement test as shown in simulation
(see Fig. 9,10). The region of FZ was chosen which approximates
the same position as in third row of FZ. P1, P2 and P3 were
compared with real test. The results of the weld region shows the
hardness values from simulation and experiment are in reasonable
agreement with each other. The points selected to compare P1, P2
and P3. Table 4 show the summarized results with different phases
and cooling rate which are needed to determine the hardness
according to Mayner equations. Hardness in P1 according to
simulation is 193 HV and with real 171 HV (151-205 HV), P2, P3
as well

Fig 7 Pipe after cutting and Specimen before hardness measurement

For hardness measurement was carried out from top to bottom
with four lines, as shown in Figure 16. The validation of welding
simulation procedure is carried out on a multi-pass butt weld. The
results are compared with experimental hardness test. Figure 16
shows measurements with a microscope-mounted camera showing
an average of the measurement distance from the surface at a given
point. The distances are in millimeter, and the hardness values are
in HV10. The hardness distribution from the simulation at the weld
of the investigated dissimilar material with welding was calculated
by using the rule of mixtures. Maynier et al. [5] have developed a
useful method to predict hardness. The total hardness of steel is
calculated dependent on the volume fractions of the constituents of
the microstructure:
𝑉 = (𝐹𝑃% ∗ 𝐻𝑉𝐹−𝑃 + 𝐵% ∗ 𝐻𝑉𝐵 + 𝑀% ∗ 𝐻𝑉𝑀 )/100.

(4)

The hardness of the microstructures produced is given by:
𝐻𝑉𝑀 = 127 + 949𝐶% + 27𝑆𝑖% + 11𝑀𝑛% + 16𝐶𝑟% 𝑁𝑖% +
21𝑙𝑜𝑔𝑣𝑅 ,
(5)
𝐻𝑉𝐵 = −323 + 185𝐶% + 330𝑆𝑖% + 153𝑀𝑛% + 144𝐶𝑟% +
191𝑀𝑜% + 65𝑁𝑖% + (𝑙𝑜𝑔𝑣𝑅 )(89 + 53𝐶% − 55𝑆𝑖% − 2𝑀𝑛% −
20𝐶𝑟% − 33𝑀𝑜% − 10𝑁𝑖%),
(6)

Fig 9 Two dimension model simulation hardness with three point P1, P2
and P3
Table 4: The result from hardness simulation for bohler filler

HVF−P = 42 + 223𝐶% + 53𝑆%𝑖 + 30𝑀𝑛% + 7𝐶𝑟% + 9𝑀𝑜% +
12.6𝑁%𝑖 + ( 𝑙𝑜𝑔𝑣𝑅 )(10 − 19𝑆𝑖% + 8𝐶𝑟% + 4𝑁𝑖% + 130𝑉%),
(7)
Where: vR is the cooling rate in K/h; Hv is the hardness
(Vickers); XM, XB, XF and XP are the volume fractions of martensite,
bainite, ferrite and pearlite, respectively; HVM, HVB and HVF+P are
the hardness of martensite, bainite and the mixture of ferrite and
pearlite, respectively. For the calculating of HVM, HvB and HVF+P
were used the formulae developed by Maynier et al.

Results confirmed and are in agreement with the predictions
provided by the continuous cooling transformation (CCT) diagram,
vR cooling rate and Maynier equations for the investigated steel
using MSC.Marc software.
Table 4: The result from hardness simulation for E355K2

Fig 8 Hardness measurement test for specimen
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Fig 10 Two dimension model simulation hardness with three point P1,
P2 and P3 for E355K2

Fig.13 Residual Stress in Y Direction

The simulation of hardness, P1, P2 and P3 was selected in same
position in spacemen 2 (see Fig. 11). Table 5 show the summarized
results with different phases and cooling rate which are needed to
determine the hardness in weld region P460NH_1

4. Conclusion


In this work, it shows the methodology of the simulation of
welding. The work presents the mock-up and the material
properties and welding technologies that are needed to create a
finite element simulation. After that, the report summarizes how
to build a correct finite element model in 2D to simulate girt
welding. In addition, experiments were carried out so that
hardness test measurements could be used to validate the 2D
finite element model. The result show close agreement between
simulated and experimental hardness in the weld. Therefore, the
simulation methodology is acceptable, justifying the creation of
a 3D model.



The challenge here was to predict hardness test measurement
using simulation of welding with dissimilar materials and also
with multi-pass welding. There are several very important
reasons for this preliminary validation work: first, to confirm
the method for the 3D simulation and second, future x-ray
diffraction measurements to compare the numerical simulation
with measured results of residual stresses. Marc software and
computer hardware development mean reducing the time
needed for welding simulation. It will be possible to start with
the 3D simulation of multi-passes welding using the sufficiently
fine mesh needed for more accurate analysis.

Fig11 Two dimension model simulation hardness with three point P1, P2
and P3 for P460NH_1
Table 5: The result from hardness simulation for P460NH_1
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THE OBTAINING OF Sn–Ag POWDER ALLOY BY CONTACT DISPLACEMENT IN
AQUEOUS SOLUTIONS
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Abstract: Sn-Ag powder alloy of eutectic composition is demanded in the production of powders for soldering pastes used in electronics.
Non-eutectic alloy has found its application in catalysis for CO2 reduction, in 3D printing, as the promising material for lithium ion
batteries. In this work the way of synthesis of Sn–Ag nanostructured powder alloy with near-eutectic composition based of cementation
reaction in the system Sn0/Ag+ in aqueous solutions was proposed. The peculiarities of alloy powder synthesis in acid and slightly acid
solutions were studied. Factors influencing on powder microstructure, phase and elemental composition were identified. Electrochemical
behavior of tin in aqueous solutions for silver deposition was studied by potentiometric method.
KEYWORDS: CEMENTATION, POWDER, Sn–Ag EUTECTIC ALLOY, PHASE COMPOSITION, MELTING POINT.

1. Introduction/Введение

3. Results and discussion

Ultra- and nano-dispersed powders from Sn–Ag alloy with
different metal content are used in catalysis, electrocatalysis, in
printed electronics, as the promising material for lithium ion
batteries [1–4]. Powder alloys with eutectic or close to eutectic
compositions (Sn96.5Ag3.5 (wt.%); phases -Sn, Ag3Sn) are in
demand in the production of solder pastes, due to the low melting
point of 221C [5] and the correspondence to a number of
physicochemical requirements for solders [6]. Powders from the
Sn–Ag alloy are obtained by thermal and plasma chemical spraying
[7, 8], by mechanochemical treatment of high-purity tin and silver
powders [9], in the way of Sn(II) chemical reduction in aqueous and
non-aqueous solutions with subsequent Ag(I) reduction on the
surface of tin in the result of contact displacement (cementation)
process [1, 3, 10]:
(1)
2Ag+ + Sn0 = 2Ag0 + Sn2+
Contact displacement is proceeded in case of the reduction of
metal ions in solution with more negative metal of the substrate
(E(Ag+/Ag0) = +0.08 V, E(Sn2+/Sn0) =−0.76 V).
In the work [10] the possibility of synthesis an ultrafine powder
alloy Sn–Ag, close in composition to the eutectic, Ag(I)
cementation with tin powder (99.9 wt.%) is shown. Two strongly
acidic solutions containing thiourea or citrate- and iodide- ions
simultaneously as ligands for inhibition of oxidation of Sn(II) to
Sn(IV) with oxygen dissolved in water and hydrolysis of Sn(II, IV)
were used for alloy synthesis.
The purpose of this work was to evaluate the effect of pH, the
duration of tin powder treatment in cementation solution, the role of
side processes accompanied cementation on the elemental, phase
compositions and microstructure of the alloy in the solution with
thiourea as ligand.

The elemental analysis results of Sn-Ag powders show that the
quota of silver in the alloys does not depend on the duration of tin
powder treatment in cementation solution, but depend on the
solution pH, Table 1. So, silver content in the obtained alloys after
two minutes of tin treatment in the solutions with pH 0.5 and 4.0
reaches 11.4 and 6.0 wt.%, accordingly, and changes little with the
increase of treatment time.
Table 1. The dependence of the silver content in Sn–Ag alloys
obtained in the solutions with pH 0.5 and 4.0 on the duration of tin
powder treatment.
Silver content, wt.%
Time, min
pH = 0.5
pH = 4.0
2
11.4  1.1
6.00.5
5
14.21.3
6.60.4
10
13.41.1
6.80.4
15
14.31.2
6.30.5
X-ray phase analysis showed that powders with silver content
11.4–14.3 wt.% consist of two crystalline phases which are -Sn
and Ag3Sn. Low intensity peaks at 36.0, 38.11 and 39.59 2
correspond to Ag3Sn phase (Fig. 1, a). The powders with silver
content 6.0–6.8 wt.% formed in cementation solution with pH 4.0
consist of -Sn phase only (Fig. 1, b).
DSC analysis in nitrogen atmosphere (Fig. 2, curve 1) shows
that the alloy obtained from the solution with pH 0.5 with silver
content 11.4 wt.% starts to melt at 220.4 °C, which corresponds to
the melting point of the eutectic Sn–Ag alloy. It is necessary to note
that the DSC curves for all alloys with a silver content 11.4–
14.3 wt.% were the same. Powders containing silver in quota 6.0–
6.8 wt.% obtained from the solution with pH 4.0 wt.% (Fig. 2, curve
2) melt at 230.9 °С, at melting point of tin.

2. Experimental
For Sn–Ag alloy synthesis the cementation solution with next
composition was used (mol∙dm−3): silver nitrate(I), thiourea,
sulphuric acid (pH 0.5, 4.0). Deposition of silver coating was
proceeded on tin powder (99.9 wt.%) with molar ratio Sn : Ag(I)
equal to 56 : 1 (or on the surface of tin foil). Duration of tin powder
or tin foil treatment in the solution was 1–16 min. The experiment
with tin foil was needed to assess the role of side processes
accompanying Ag(I) reduction.
Electrochemical measurements were conducted in standard
electrochemical cell with tin working, platinum counter and
Ag/AgCl reference electrodes with PG Autolab, controlled by Nova
2.1. Concentrations of Ag(I) and Sn(II, IV) ions in the solutions
after the tin foil treatment were determined by X-ray fluorescence
spectroscopy (XFS) (PANalitical): error of concentration
determination was 3% for Ag(I) and 17% for Sn(II, IV). The
obtained powder alloys washed repeatedly with distilled water and
air dried were analyzed by energy-dispersive X-ray spectroscopy
(EDX), scanning electron microscopy (SEM) (LEO 1420),
differential scanning calorimetry (DSC) (NETZXH SRA 449 F 3),
X-ray phase analysis (DRON-3.0, CuK).

a
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a

b
Figure 1. XRD-patterns of Sn–Ag-powders with Ag content 11.4
wt.% (а) and 6.3 wt.% (b) obtained from the cementation solutions
with pH 0.5 and 4.0, accordingly. Duration of tin powder treatment
was 2 min (curves 1, 3), 15 min (curves 2, 4)

b

d
c
Figure 3. SEM photos of Sn–Ag-powders obtained from the
cementation solutions with pH 0.5 (a, c) and 4.0 (b, d) for the
samples treated for 2 min (a, b) and 15 min (c, d)
It was important to find out the reasons for the slowdown of the
cementation process in solutions with pH 4.0. The reasons for the
low rate of cementation can be the following: the formation on
insoluble film of Sn(II, IV) oxides on tin particles surface; the
adsorption on the surface of initial particles of oxy-hydroxy
compounds of tin(II, IV), formed in the result of tin(II, IV) ions
hydrolysis. Tin(II, IV) ions passed into the solution during
cementation, at tin(II) oxidation by oxygen dissolved in water and
also as a result of the reaction 2:
(2)
2Ag+ + Sn2+ = 2Ag0 + Sn4+.
The hydrolysis of tin (II, IV) ions proceeded slightly in the
solutions with pH 0.5, but tin dissolution according to the reaction
(3) is possible:
(3)
2Sn0 + 2H+ = 2Sn2+ + H2
Two special experiments were conducted in order to elucidate
the role of side processes accompanying cementation and to explain
the established fact of lower cementation rate in the solution with
pH 4.0, the reasons for the higher melting temperature of powders
with lower silver content. In the first experiment the transients of
open circuit potential (OCP) of tin electrode from the duration of
treatment in cementation solutions and in the solutions without
Ag(I) ions (background solutions) were analyzed (Fig. 4). In the
second experiment concentrations of Ag(I) and Sn (II, IV) ions
were analyzed with XFS method after tin foil treatment in
cementation solutions and in the background solutions (Fig. 5).

Figure 2. DSC-curves of Sn–Ag-powders with Ag content 11.4 wt.%
(curve 1) and 6.3 wt.% (curve 2) obtained from the cementation
solutions with pH 0.5 and 4.0
The results of DSC and phase analysis of Sn–Ag alloy powders
with silver content 6.0–6.8 wt.%, indicate that there is no Ag3Sn
phase in the alloys obtained from solutions with pH 4.0 and they
melt at tin melting point in spite of the fact that powder elemental
composition is close to eutectic one. However, the alloy obtained
from the solution with pH of 0.5, with nearly two-fold high silver
content melts as eutectic one and consists of two crystalline phases
distinguishing the eutectic. The presented results indicate the nonequilibrium compositions of the alloys synthesized in the result of
cementation.
The authors of the work [11] showed that one of the reasons
of non-equilibrium state of the alloy is related to particle size it
forming. So, in case of eutectic Sn–Ag alloy formed with nanometer
particles its melting point is not higher than 209 °С. SEM analysis
was conducted for the comparison of the surface morphology of the
particles making up the alloys obtained at different conditions in
cementation solutions, Fig. 3. Sizes of the initial tin particles do not
change (5–20 μm) during cementation regardless the solution pH,
but the agglomerates of small grains with sizes 0.2–0.5 μm appear
on the surface of each particle of the alloy powder, which are
associated with Ag(I) reduction (Fig. 3, a and c). At the same time,
the process of tin dissolution occurs with the formation of pores and
loosening of the surface of initial particles. Quantity of the
agglomerates on the initial particles surface slightly increases with
the duration of cementation. A smaller number of grains, their
agglomerates and pores on the surface of alloys obtained in a
solution with pH 4.0, in comparison with a solution with pH 0.5,
indicate a lower rate of cementation.

Figure 4. Transients of tin electrode OCP in the solutions with pH
0.5 (curves 1, 2) и 4.0 (curve 3, 4): background solutions – curves
1, 3, cementation solutions – curves 2, 4
Tin electrode OCP in the background solution with рН 0.5
increases by 0.003 V during the first 1.7 min and then does not
change (Fig. 4, curve 1). The increase in potential is associated with
the dissolution of tin. Passivation of tin surface due to the oxides
formation leads to the potential stabilizing. Tin electrode OCP in
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the background solution with рН 4.0 decreases during first 0.7 min
by 0.010 V and then changes a little (Fig. 4, curve 3), but
dependence does not reach a plateau, as in case of the solution with
pH 0.5 and the potential varies up to 0.008 V. Probably the reason
of potential decrease is the formation of thiourea complexes of
tin(II) compounds such as SnTu22+; SnTu52+ [12]:
(4)
Sn + 2Tu + 2H3O+ → SnTu22+ + H2 + 2H2O
Thiourea complexes of tin(II) are not stable and Sn(II) ions
hydrolysis with the formation of colloidal particles of oxy-hydroxy
compounds is proceeded. Oxy-hydroxy compounds adsorbed and
desorbed on the surface of tin changing its electrode potential
within the specified limits.
In cementation solution with pH 0.5 tin electrode OCP
decreases by 0.007 V in the first 2 min and then changes a little
(Fig. 4, curve 2). It can be explained in the next way: in the first 2
min dissolution of tin is passed less effective than cementation
process.
In case of cementation solution with pH 4.0 OCP decreases by
0.002 in the first 0.3 min, then increases by 0.08 V to 10 min, after
that there is a slight drop in potential (Fig.4, curve 4). It is obvious
that cementation efficiency is different at the indicated three stages
in the solution with pH 4.0. At the first stage (up to 0.3 min), tin
dissolves, probably due to the formation of thiourea complexes
Sn(II) [12] and cementation process proceeded slowly. At the
second stage (0.3–10 min), cementation process occurs mainly. At
the third stage, the tin surface is passivated by hydrolysis products
that impede the reaction 1.
In the result of cementation reaction (1) the molar ratio of
reduced silver and oxidizes tin in the solutions should be 2 : 1. The
comparison of the experimental results shows (Fig. 5, a, b, curves 1,
4) that the concentration of Ag(I) ions left the solution with pH 0.5
is greater than for the solution with pH 4.0 in 1.1 – 1.4 time and the
increase in cementation duration leads to the growth of the
difference in Ag(I) concentrations. Concentrations of tin ions
experimentally determined and calculated (according to the reaction
1 and concentrations Ag(I)) in cementation solution with pH 0.5 are
coincide up to the tin treatment time equal to 8 min. After this
period of time, the experimentally determined concentration of
Sn(II, IV) becomes 1.5 times lower than calculated one (for 16
min). The established fact indicates that the reduction of Ag(I)
occurs according to reactions 1 and 2.

tin dissolution, tin plates were kept in background solutions with pH
0.5 and 4.0 from 2 to 16 min. It was found that in the solution with
pH 4.0, the concentration of Sn (II, IV) is below the level
determined by XFS method. The absence of Sn(II, IV) in the
cementation solution with pH 4.0 probably connected with the
formation of insoluble oxy-hydroxy Sn(II, IV) compounds on tin
plate surface. In case of the solution with pH 0.5 Sn(II, IV)
concentration in the background solution is not more than 3% of the
quantity determined after cementation. The slowdown of Ag(I)
reduction by tin in cementation solution with pH 4.0 is caused by
the formation of a SnO2 film on the particles surface, which
prevents diffusion of silver atoms into the tin crystal lattice as it was
shown in [13], which explains the absence of the Ag3Sn
intermetallic compound in the obtained powder alloy. The absence
of characteristic peaks of tin oxides on the X-ray powder diffraction
patterns is probably due to the small thickness of oxide film. It is
necessary to pick out that characteristic peaks of SnO2 with low
intensity are presented on the X-ray diffraction patterns obtained for
tin plates after cementation.

4. Conclusion
The way of synthesis of Sn–Ag powder alloy with the eutectic
phase composition (-Sn, Ag3Sn) and melting point (220.4 °C)
based on the cementation reaction in the system Ag+/Sn0 in aqueous
strongly acid (pH 0.5) solution contained thiourea was proposed.
It was found that cementation process in the system Ag+/Sn0 at
pH 4.0 allow to receive alloy powder with elemental composition
close to eutectic (6.0-6.3 wt.%) but included only one crystalline
phase (-Sn) and melted at tin melting point.
It was shown, that cementation in the solution with pH 4.0 is
accompanied with tin surface oxidation, with Sn(II, IV) hydrolysis
and formation of oxy- hydroxy- compounds adsorbed on the surface
of tin. These side processes depressed Ag(I) reduction and
formation of intermetallic Ag3Sn.
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a
Figure 5. The dependences of metal ions concentrations in
cementation solutions with pH 0.5 (a) and pH 4.0 (b) on treatment
time: 1, 4 – cemented Ag(I); 2, 5 – Sn(II, IV) passed onto the
solution; 3, 6 – Sn(II) calculated according to the reaction 1 and
concentrations Ag(I). Tin foil with square 25 cm2 was treated in 20
ml of the solutions
For the solution with pH 4.0, the experimental and calculated
concentrations of tin ions at cementation duration from 2 to 16 min
differ in ~4.5 times. The reason for such low concentration may be
due to the fact that tin passing into the solution is easily hydrolyzed
at pH 4.0 with formation of oxy-hydroxy compounds adsorbed on
the surface of the tin and glass beaker in which the cementation
process takes place, all these lead to underestimated results of tin
concentration determinination. So, it follows, that almost all Sn(II)
ions passed into the solution through the reaction 1 participate in the
reduction of Ag(I) by reaction 2 in the solution with the pH 4.0. To
determine the quota of the reactions 3 and 4 in the total process of
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ЭЛЕКТРО-ПЛАЗМЕННАЯ ОБРАБОТКА ИЗДЕЛИЙ ИЗ НЕРЖАВЕЮЩИХ
СТАЛЕЙ
ELECTRO-PLASMA TREATMENT OF STAINLESS STEEL PRODUCTS
Ph.D. in Engineering Science Nagula P.
Head of laboratory of the State Scientific Institution «The Joint Institute for power and nuclear research – Sosny» of National Academy of
Sciences of Belarus, Minsk, the Republic of Belarus.
Abstract: There are presented the results of multi-year research on electro-plasma treatment of products made from electrically conducting
materials of different chemical composition. The structure of work unit is analyzed. Thermal and electrochemical processes that accompany
the unit work are considered. In a number of examples, recommendations on technological support and obtaining of high-quality products
are given.
The paper provides information on the choice of electrolytes for treatment of pieces made from different structural materials (stainless steel,
brass, aluminum, zinc and copper alloys and etc.). There are presented heating modes that influence current density magnitude, temperature
and quality of work surfaces. Results of research on change in electrolyte properties as load increases are given, the atmosphere structure
under bath surface is studied. During the treatment process dissolution of the metal surface layer in areas of structural inhomogeneities is
occurred as well as projections smoothing. Electric pulse treatment favorably affects the metal, reduces wear and corrosion, minimizes the
degree of surface contamination.
KEYWORDS: ELECTROLYTE-PLASMA TREATMENT, ELECTROLYTE SOLUTIONS, STUDIES OF THE STRUCTURE OF METALS,
STRUCTURAL MATERIALS, ROUGHNESS

механизма ЭИП непосредственно поверхности, то, к
сожалению,
в
настоящее
время
не
существует
общепризнанного объяснения процедуры сглаживания
микрошероховатостей. Обычно предполагается [2, 12, 13, 17],
что поскольку в окрестности микровыступов возрастает
напряженность электрического поля и на этих участках
возникают мигрирующие по поверхности электроплазменные
разряды, данный факт обеспечивает условия физикохимического воздействия на материал поверхности с
наблюдаемым интенсивным процессом снижения высоты
микрошероховатостей или уносу материала с поверхности.
Таким образом, эффект ЭИП определяется процессами,
различными по своей природе - физико-химическими,
тепловыми, электрическими и гидродинамическими, а
вероятно их комбинацией.
Альтернативными ЭИП методами улучшения физикомеханических и эксплуатационных свойств поверхностей
являются широко применяемые механические, химические и
электрохимические методы обработки. Производительность и
экономическая эффективность технологических операций
ЭПО в 3-4 раза выше, осуществляемых трудоемким
механическим методом, и в 5-6 раз выше электрохимического
способа
на
основе
кислотных
растворов.
Расход
электроэнергии при ЭИП значительно выше, чем при
обработке традиционным электрохимическим методом при
низких
напряжениях,
тем
не
менее
суммарные
эксплуатационные затраты электроимпульсной полировки в
среднем в 6 раз ниже и этот экономический выигрыш
достигается в первую очередь за счет замены дорогостоящего
кислотного электролита на дешевый водный раствор солей.
Метод ЭИП достаточно легко поддается механизации и
автоматизации в условиях любого производства при
практически неограниченном ресурсе работы оборудования.
Полная автоматизация процесса позволяет включить его в
единую технологическую линию при изготовлении изделий и
использовать рабочий персонал невысокой квалификации.
Одним из основных возможных преимуществ ЭИП, например
по сравнению с механическими методами, является
возможность обработки сложно-профильных поверхностей
без
использования
специального,
высокоточного
технологического оборудования и относительно большого
количества ручного труда. Механическими методами
затруднительно производить полирование тонкостенных
изделий в отличие от ЭИП, при которой полностью
отсутствует внешняя силовая нагрузка на обрабатываемую
поверхность или деталь. Это дает возможность эффективно

1. Введение
Использование физико-химических процессов, протекающих в
растворах электролитов при повышенных напряжениях
электрического тока, является одним из распространенных и
эффективных способов обработки сложно-профильных
поверхностей ответственных деталей, изделий, изготовленных
из различных металлических материалов и токопроводящих
сплавов (нержавеющие и жаропрочные стали, мягкие цветные
сплавы, труднообрабатываемые титановые сплавы и т.д.) [1,2].
Таким способом является электролитно-плазменная обработка
(ЭПО), основанная на электроразрядных явлениях в системе
«металл-электролит». В зависимости от назначения
конкретного технологического процесса ЭПО может
осуществляться с целью электролитического нагрева или
закалки изделий [3-5], химико-термической обработки
(науглероживание, азотирование, цементация) [2, 6],
оксидирования [7], очистки поверхности от загрязнений [8],
удаления покрытий [9, 10], электролитно-плазменного
полирования (ЭПП) на стадии финишной обработки
поверхностей металлов и сплавов [1, 11-13], дезактивация
сменного оборудования АЭС и др.

2. Электро-плазменная обработка
Метод ЭПП известен также как метод электроимпульсного
(ЭИП) или электролитно-разрядного полирования [12, 14],
сущность которого заключается в том, что к погруженной в
раствор
электролита
обрабатываемой
металлической
поверхности
(изделию,
детали)
прикладывается
положительное по отношению к электролиту электрическое
напряжение (анод). Процесс полирования происходит при
напряжениях от 200 до 350 В и плотности тока 0,2...0,5 А/см2
[2], когда вокруг анода между обрабатываемой поверхностью
и электролитом в режиме пленочного кипения образуется
устойчивая тонкая (~ 100 мкм) парогазовая оболочка (ПГО),
напряженность электрического поля в которой достигает 10 4105 В/см. Достижение таких условий может вызвать
ионизацию паров, эмиссию ионов и электронов, что
способствует поддержанию стационарного электрического
разряда (образование так называемой электролитной плазмы)
[2,11-13,15]. В ПГО протекает ряд сложных как
теплофизических и гидродинамических (пленочное кипение,
теплоперенос, конвекция), так и электродинамических
процессов, сопровождающихся движением электрических
зарядов, ионизацией паров и т.д. Что касается самого
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обрабатывать
нежесткие
ответственные
детали
без
применения дополнительной оснастки или использования
ручного труда. В свою очередь полирование химическими и
электрохимическими методами предполагает применение
концентрированных
многокомпонентных
электролитов,
основным компонентом которых являются агрессивные и
высокотоксичные кислоты. Данный факт требует проведения
специальных
процедур,
связанных
с
обеспечением
экологической безопасности как людей, так и окружающей
среды при подготовке и использовании электролитов, а также
при утилизации отходов полировки. Кроме того процесс
химического полирования отличается малым сроком службы
растворов и их высокой стоимостью. Основное преимущество
ЭИП заключается в использовании экологически безопасных
водных растворов минеральных солей.
С точки зрения физико-химического состояния поверхности,
как показано в работе [24], по сравнению с механическим и
электрохимическим полированием ЭИП позволяет снизить
коэффициент трения на 14... 17 % и повысить износостойкость
поверхности на 22 %. В работах [18, 24, 25] утверждается, что
после ЭИП снижается микротвердость поверхности по
сравнению с исходной. Сравнение качества поверхности после
ЭИП и механического полирования указывает на различие в
топографии коррозионных повреждений при обработке [18]: в
случае ЭИП защитная оксидная пленка имеет гораздо меньшее
количество дефектов, которые в электролитных средах
являются очагами коррозионных разрушений.
Таким образом [18], отличительными особенностями ЭИП
является высокая производительность, стабильность качества
обработки, экологическая безопасность, низкая себестоимость
обработки единицы поверхности, возможность автоматизации
управления и контроля параметров процесса.
Более 30-ти лет в Государственном научном учреждении
«Объединенном институте ядерных и энергетических
исследований – Сосны» Национальной академии наук
Беларуси проектируют и изготавливают установки для
электролитно-плазменной обработки электропроводимых
материалов. Ведутся исследования физико-химических
процессов, происходящих в электролитах и на поверхностях
деталей. Ведутся работы по применению ЭПО для
дезактивации сменного оборудования АЭС.
Наряду с огромным опытом и полученными знаниями до
настоящего времени природа многих явлений до конца не
выяснена. Исследования затрудняются многообразием
факторов, влияющих на процесс обработки: высокие
температуры, электрическое напряжение, агрессивная среда,
геометрия изделий, химический состав электролитов и
изделий, время обработки и многое другое.
Независимо от мощности, принципиальная схема установок
остается общей (рисунок 1).

Установка состоит: из преобразователя электрического
напряжения,
пульта
управления,
рабочей
ванны,
вспомогательных ванн, трубопроводов с арматурой, насосов,
фильтров, механизма подъема и опускания изделий, система
обеспечения безопасности при эксплуатации. Обязательными
атрибутами являются внешняя вентиляция, подвод воды и
энергии, канализация (или специальная канализация),
автоматизированная система безопасности поражения:
электрическим током, горячей и агрессивной жидкостью и
паром.
Преобразователь электрического напряжения 1 служит для
преобразования трехфазного переменного напряжения (ω = 50
Гц U = 380 В) в постоянное двухфазное (U = 340...360 В).
Пульт управления обеспечивает работу всех механизмов, как
в ручном, так и в автоматическом режимах, контроль и
управление технологическим процессов, управление системой
безопасности при эксплуатации.
В рабочей ванне 3 происходит процесс обработки деталей.
Рабочая ванна заполняется электролитом. На корпус ванны
подается отрицательный потенциал от преобразователя
напряжения, на обрабатываемую деталь – положительный.
Погружение и подъем деталей обеспечивается механизмом
подъема. Температурный режим в рабочей ванне
поддерживается автоматически циркуляцией электролита по
замкнутому контуру. Съем излишнего тепла, а также разогрев
при подготовке к работе происходит с помощью встроенного
теплообменника 4. В отдельных случаях разогрев ванны
можно проводить с помощью специального электрода (анода)
с подачей напряжения. При разогреве рабочей ванны с
помощью специального электрода на начальном этапе
температура поверхности электрода достигает 800…850 °С
(рисунок 2). С увеличением температуры электролита после
35…38 °С температура электрода плавно уменьшается и при
температуре 55…60 °С практически выравнивается с
температурой электролита, где наступает режим полирования
(рисунок 3). Такой же характер изменений наблюдается и
плотности тока.

Рисунок 2 – Внешний вид электрода разогрева Т > 850 °С.
Выработанный раствор насосом системы перемещается в
фильтр-отстойник 5, где в течение нескольких суток из
раствора выделяется нерастворимый осадок солей и окислов.
После проведения анализов отходов принимается решение об
их утилизации, а жидкая фракция возвращается в рабочую
ванну с последующей коррекцией раствора.
Наиболее отработанный состав электролитов для полировки
нержавеющих сталей типа 08X18Н10Т (ASI 321),
20X13...40X13, 14Х17Н2, 12Х18Н10Т и других сталей по
ГОСТ 5632-2014 является 4...6% до 15% раствор сернокислого
аммония. Этот же электролит дает отличные результаты при
полировке меди и медных сплавов. Температурный диапазон

Рисунок 1 – Принципиальная схема установки электролитноплазменного полирования
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быть одинаковой с температурой раствора в ванне, поэтому
образец предварительно подогревают в рабочей ванне без
подачи напряжения.

применения сернокислого аммония 75...90 °С для
нержавеющих сталей, в то время как для полировки
низколигированных сталей типа 65Т (смесь 3% сульфат
аммония +1% хлористого аммония) температурный диапазон
70...78 °С.

Рисунок 3 – Зависимость температуры анода и плотности
тока от объемной температуры электролита.
Для полировки алюминия и алюминиевых сплавов хорошие
результаты достигаются в водных растворах хлористых
соединений: НС1, NaCl, КС1, NH4C1, FeCl3 с добавлением до
3% щавелевой кислоты. Температурный диапазон 85...92 °С.
Так сплавы АМЦ, АМГ, АД ГОСТ 4784-97 полируются в
растворах 1...3% хлористого железа, в то время как сплав
А16П только в слабом растворе 0,1...0,2% соляной кислоты
при температуре не выше 80 °С.
Опыт работы на установках электролитно-плазменного
полирования показывает, что геометрия обрабатываемой
детали может играть существенную роль для обеспечения
выполнения самой функции полировки в обеспечении
устойчивой работы установки (без колебаний и бросков
электрического тока). Во-первых, габариты обрабатываемой
детали должны быть такими, чтобы при полном погружении в
электролит изделие не касалось стенок и дна рабочей ванны.
Во- вторых, площадь его поверхности должна быть на
порядок меньше поверхности ванны. Максимально возможная
площадь полирования определяется объемом рабочей ванны и
электрической мощностью трансформатора, а также работой
обеспечивающих систем установки (вентиляции, система
отвода избыточного тепла для поддержания температуры
раствора в рабочем диапазоне). Для установки мощностью
250 кВт максимальная площадь обрабатываемой поверхности
за одну загрузку составляет 40 дм2.
Если при полировки плоских предметов трудностей обычно
не возникает, то при обработке объемных – наблюдаются
непредсказуемые циркуляции электролита в ванне с
выбросами пара через отверстия и патрубки. Потребляемая
энергия возрастает в несколько раз по сравнению с той,
которая необходима из расчета обрабатываемой площади.
Форма и толщина изделий в значительной степени
определяют тепловые и гидродинамические характеристики
процесса обработки. Внутри глубоких отверстий (когда
глубина превышает диаметр отверстия) образуются застойные
зоны и полирование поверхности внутри не происходит.
Поэтому перед обработкой выемки и отверстия необходимо
закрывать заглушками, иначе они вносят существенную
нестабильность в формирование гидродинамических потоков
электролита вокруг обрабатываемой детали. Наличие
глубоких отверстий, углублений, полостей и щелей (размером
более 10 мм), а также подвешивание мелких деталей друг над
другом на расстоянии менее 100 мм приводит к резкому
увеличению потребляемого тока и к срыву процесса
полировки. Изделия с небольшими углублениями, когда
глубина меньше диаметра отверстия, также подвергаются
обработке.
Немаловажную роль играет скорость погружения объектов
полирования в рабочую ванну и его первоначальная
температура. Температура образца для полировки должна

Рисунок 4 – Корпус вакуумной камеры после обработки ЭПО

Рисунок 5 – Крышка вакуумной камеры после обработки ЭПО

3. Заключение
Высокое требование к качеству поверхностей, отсутствие
цветовых переходов, разводов достигается путем подбора
состава электролита, его контроля, разработки и применения
уникальных оснасток-токоподводов для каждого из типов
изделий, соблюдения температурных пределов в диапазоне
75–80 °С.
На данный момент не выявлен универсальный электролит для
обработки разных электропроводящих материалов.
При
исследовании
влияния
сложности
геометрии
обрабатываемых деталей на электрические и тепловые
характеристики электролита обнаружено возникновение
мощных гидродинамических потоков, которые значительно
увеличивают
потребляемую
электрическую
энергию.
Установка заглушек на детали с отверстиями и каналами
позволяет уменьшить силу тока на 30–40%.
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МОДЕЛИРОВАНИЕ ПРОЦЕССОВ ПРИ ЭЛЕКТРОПЛАЗМЕННОЙ ОБРАБОТКЕ
ПОВЕРХНОСТЕЙ НЕРЖАВЕЮЩИХ СТАЛЕЙ
MODELING OF PROCESSES DURING ELECTROPLASMA SURFACE TREATMENT OF
STAINLESS STEELS
Tretinnikov D.
State Scientific Institution “The Joint Institute for Power and Nuclear Research – Sosny” – Minsk, Belarus
E-mail: trdl@list.ru
Abstract: The article describes an approach to the mathematical modeling of electric, thermal and hydrodynamic flows in electrolytes
during electroplasma polishing of metal products based on electroconvection phenomena. The boundary conditions for model calculations
and computer implementation algorithms using the COMSOL Multiphysics software are proposed. Calculations were performed using the
proposed model, plots of the distribution of the parameters of the electric field, temperature field, hydrodynamic flows in the electrolyte
during electrolyte-plasma processing of metal parts with different locations in the working bath in two-dimensional approximation are
presented. The influence of the shape of the detail location in the working bath on the stability of the process of electroplasma processing is
evaluated. The proposed mathematical model and the method of its computer implementation make it possible to obtain realistic output data
that are in good agreement with practical experiments conducted on installations for the electroplasma polishing.
KEYWORDS: ELECTROPLASMA POLISHING, ELECTRODYNAMIC PROCESSES, COMPLEX SURFACE CONFIGURATION,
ELECTROLYTE SOLUTIONS

Национальной академии наук Беларуси находятся в
эксплуатации две установки для ЭПО: лабораторная установка
ЭИП-15 электрической мощностью 15 кВт и промышленная
установка ЭИП-800 электрической мощностью 800 кВт. Опыт
работы на установках электроплазменного полирования
поверхностей металлических изделий показывает, что
геометрия обрабатываемой детали играет существенную роль
на обеспечение выполнения функции полировки. В технологии
ЭПО обрабатываемая деталь является анодом, при напряжении
более 300 В вокруг анода образуется тонкая (≈ 50 ÷ 100 мкм)
паро-газовая оболочка (ПГО), через которую протекают
микроразряды. Устойчивость ПГО является необходимым
условием
осуществления
процесса
сглаживания
микронеровностей.
Важнейшими
параметрами,
определяющими устойчивость ПГО, являются электрические,
температурные
и
гидродинамические
условия
в
приэлектродной зоне и электролите, влияние на которые
оказывает
геометрическая
форма
обрабатываемых
поверхностей. Если при обработке простых плоских объектов
трудностей обычно не возникает, то при обработке сложных
объемных изделий наблюдаются непредсказуемые циркуляции
электролита в рабочей ванне с выбросами пара через отверстия
и патрубки. Потребляемая энергия возрастает в несколько раз
по сравнению с расчетной относительно обрабатываемой
площади. Часто это приводит к срыву ПГО и к нарушению
процесса полировки.
Немаловажную роль играет ориентация объектов полирования
в рабочей ванне. Например, при погружении в рабочую ванну
установки ЭИП-800 изделия в форме конуса, когда ось конуса
перпендикулярна
свободной
поверхности
электролита
(рисунок 2, а), во внутреннем объеме изделия возникали
нестабильные гидродинамические потоки электролита,
наблюдались выбросы пара и капель электролита через
верхнее основание полируемой детали. Это приводило к
появлению больших скачков тока и, как следствие, к
срабатыванию предохранительной системы установки.
Изменение ориентации погружения детали (рисунок 2, б)
позволило избавиться от формирования нестабильных потоков
электролита, удалось полностью погрузить изделие в рабочую
ванну и провести качественную полировку его внутренней и
внешней поверхностей.
Таким
образом,
целью
данной
работы
является
математическое
моделирование
электроконвективных,
температурных и гидродинамических потоков, протекающих в
электролитах вовремя ЭПО, с учетом сложности геометрии

1. Введение
Электроплазменная обработка (ЭПО) поверхностей изделий из
электропроводных материалов основана на использовании
явления спонтанных импульсных электрических разрядов,
происходящих вблизи поверхности обрабатываемого изделия,
погруженного в ванну с солевым электролитом слабой
концентрации [1]. Катодом электрической цепи обычно
служит сама ванна, анодом – обрабатываемое изделие,
подключенное к источнику напряжения (рис. 1).

Рис. 1 – Принцип электроплазменной обработки
ЭПО применяется для финишной обработки деталей
различного профиля, инструментов; зачистки заусенцев
толщиной до 0,3 мм; притупления острых кромок; придания
зеркальной
поверхности
обрабатываемым
изделиям;
подготовки поверхностей под нанесение покрытий. В
соответствии с исследованиями [2], проведенными в научном
учреждении «ОИЭЯИ – Сосны», метод ЭПО является
хорошим инструментом для дезактивации поверхностей
съемного оборудования атомных электростанций.
Основные технологические параметры ЭПО:
- плотность тока 0,2 ÷ 0,6 A/см²
- постоянное напряжение ~350 В
- рабочая температура 70 ÷ 90 °С
- среднее время обработки 3 ÷ 5 мин.
- нетоксичные растворы солей в качестве электролита (в
основном 2 ÷ 6 % водный раствор сульфата аммония).
В Государственном научном учреждении «Объединенный
институ энергетических и ядерных исследований – Сосны»
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обрабатываемых деталей и способа расположения деталей в
рабочей ванне.

- для уравнения теплопроводности: на всей поверхности анода
задается распределенный электрохимический тепловой поток
Qb ( Вт / м 2 ), эпюра распределения которого является
результатом решения уравнения для электрического поля (1)
(таким образом, реализуется связь между уравнениями (1) и
(6)).
На стенках рабочей ванны (аноде) задаются:
- для уравнения электрического поля: электрический
потенциал (например, Ф  0 ( В) );
- для уравнения движения электролита: условия «прилипания»
для скоростей на всей поверхности детали ( v  0 );
- для уравнения теплопроводности: теплообмен с окружающей
средой
T
(7)

 k T  T0  ,
t

а)
б)
Рис. 2 – Влияние расположения обрабатываемой детали в
рабочей ванне на процесс ЭПО

где k – коэффициент теплопередачи в помещение и T0 –
температура окружающей среды.
На свободной поверхности электролита:
- для уравнения электрического поля: условия электрической
«изолированности» поверхности
 n  I a  0;
(8)
 n  I k  0.
для
уравнения
движения
электролита:
условия
«проскальзывания» скоростей ( n  v  0 );
- для уравнения теплопроводности:
T  T0 если n  v  0;
(9)
 n  q  0 если n  v  0.
Блок-схема принципа расчета физико-математической модели
электроконвективных, температурных и гидродинамических
полей в электролитах при ЭПО представлена на рис. 3.

2. Математическая модель системы ЭПО
Электрическое поле электролита описывается уравнением
Нернста-Планка [3]:
m Z FD
m
j
j
 C j Ф   D j∇2C j  0 ,
(1)

RT
j 1
j 1





Величина
в (1) носит название эффективного
D
коэффициента диффузии соли. Кинетику электродных реакций
на аноде и катоде согласно описывают полуэмпирической
формулой Батлера-Фольмера, которая связывает нормальную
компоненту плотности электрического тока с локальными
и электролитического
значениями концентрации
C
потенциала Ф у поверхности электрода [2].
Анод:
I a  I 0 exp  Z1 F va  Ф  / RT   C / C 0  exp 1    
(2)
,
 Z1 F Ф  va  / RT 
катод:
(3)

I k  I 0 C / C 0  exp 1   Z 2 F Ф  vk  / RT 

 exp Z 2 F vk  Ф  / RT 

Начало

Создать
геометрию
расчетной
модели

,
Задать
значения
глобальных
переменных

где  – фактор симметрии; va и vk – анодные и катодные
потенциалы, I 0 – ток обмена, Z i – заряд иона, C 0 – начальная
концентрация электролита.
Для описания движения электролита за счет изменения его
плотности
используем
уравнение
Навье-Стокса
в
приближении Буссинеска:

 


 v
(4)  0 
 v  v   p   2 v   0  n  n0    T  T0 g ,
 t

где p – давление;  и  – коэффициенты расширения
благодаря изменению
концентрации и температуры

соответственно, g – гравитационное ускорение.
Условие несжимаемости жидкого электролита:
(5)
v 0.
Уравнение теплопроводности будет иметь следующий вид [2]:
  
T
cp 
 J  J q E ,
(6)
t

 *

где
J q   E  An , J  kT , c p – теплоемкость



Задать
физические
свойства
электролита и
электродов

Задать
граничные и
начальные
условия

Провести
разбиение
геометрии
на конечные
элементы

Нет

Расчет
параметров
электрического
поля

Нет
(t = t+dt)

Распределение
потенциала,
плотности
электрического
тока, электрохим.
теплового потока

Расчет параметров
теплового и
гидродинамического
полей

Время t = tкон.?

Да

Расчетная сетка была достаточно
сгущена в зонах пиковых значений
расчетных параметров?



Да

Конец

Рис. 3 – Блок-схема расчета физико-математической модели
электроконвективных, температурных и гидродинамических
полей в электролитах при ЭПО

электролита,  – плотность электролита.
Уравнения (1) – (6) дополняются граничными условиями на
стенках рабочей ванны (катоде), свободной поверхности
электролита и на поверхности обрабатываемой детали (аноде).
На поверхности обрабатываемой детали (аноде) задаются:
- для уравнения электрического поля: электрический
потенциал (например, Ф  ФA  350 (В) );
- для уравнения движения электролита: условия «прилипания»
для скоростей на всей поверхности детали ( v  0 );

Реализация предложенной модели проводилась с помощью
программного комплекса COMSOL Multiphysics 5.3a [4].
COMSOL Multiphysics имеет модульную структуру. Для
моделирования
электрического
поля
в
электролите
используется модуль «Электрохимия» («Electrochemistry»,
модель «Secondary current distribution»); для теплового и
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3.1. Результаты расчетов

гидродинамического полей – модуль «Течение жидкости»
(«Fluid Flow», подмодуль «Nonisothermal Flow»), в который
входят модели «Ламинарный поток» («Laminar Flow») и
«Теплообмен в жидкостях» («Heat Transfer in Fluids»).

Результаты расчетов изображены в виде эпюр распределения
расчетных параметров на рис. 5 – 7. Из эпюр видно, что при
различных расположениях конуса в рабочей ванне поля
плотности тока в электролите существенно отличаются (см.
рисунок 5). В первом варианте расположения основным
концентратором электрической напряженности является зона
вблизи нижнего основания детали, во втором – зона вблизи
нижней части наружной поверхности конуса. Это приводит к
образованию принципиально различных гидродинамических
потоков электролита в ванне.
В первом случае электролит с нижней части ванны начинает
движение от нижнего основания конуса, проходит вдоль
внутренней поверхности изделия и, набрав скорость ≈ 0,16 м/с,
поднимается к свободной поверхности ванны в вертикальном
направлении. Вблизи свободной поверхности вертикальный
поток разделятся на три зоны завихрения: две симметричные
зоны стабильной циркуляции между боковыми стенками
рабочей ванны и наружной поверхностью конуса и одна зона
неустойчивой циркуляции электролита в верхней части
внутреннего объема изделия (см. рис. 7).
Во втором случае движение потока начинается в нижней части
боковой поверхности конуса, а разгон основного потока
электролита происходит в вертикальном направлении вдоль
торцевых поверхностей детали. Достигнув верхней боковой
поверхности изделия, часть потока начинает циркулировать во
внутреннем объеме конуса, а часть между стенками рабочей
ванны и торцевыми поверхностями конуса с выходом на
свободную поверхность электролита. Максимальная скорость
гидродинамического потока составляет ≈ 0,08 м/с.

3. Моделирование системы ЭПО
С помощью представленной модели проведем расчет
параметров электролита при ЭПО детали в форме конуса при
его различных расположениях в рабочей ванне (как описано
выше, см. рисунок 1) в двумерном приближении.
Геометрия расчетных областей для двух вариантов расчета
представлена на рис. 4.
Постоянные значения необходимых для расчета свойств
электролита (6%-го водного раствора сульфата аммония) и
начальные условия приведены в таблице 1.
Таблица 1 – Исходные данные для расчета системы ЭПО
№
Обозн. Название, размерность
Величина
п/п
Плотность тока обмена на
1
I0,A
100,0
аноде, [A/м2]
Плотность тока обмена на
2
I0,K
100,0
катоде, [A/м2]
Коэффициент
симметрии
3
βА
0,5
анода
Коэффициент
симметрии
4
βK
0,5
катода
Температура
окружающей
5
Т0
298,15
среды, [K]
Начальная
температура
6
T0Э
298,15
электролита, [K]
Начальная
скорость
7
v0Э,х,у
0,0
электролита, [м/с]
Начальный
электрический
8
Ф0Э
0,0
потенциал электролита, [В]
Теплоемкость
электролита,
9
СPЭ
4200,0
[Дж/кг∙K]
Свободная
поверхность
электролита

Обрабатываемая
деталь (анод)

а)

Стенки рабочей ванны
(катод)
а)

Обрабатываемая
деталь (анод)

б)
Рис. 5 – Распределение плотности тока в электролите,
[А/м2]:
а) первый вариант расположения детали в рабочей ванне;
б) второй вариант расположения
б)

Полученные эпюры распределения гидродинамических
потоков
в
электролите
объясняют
результаты
экспериментальных исследований, описанных выше (см.
рисунок 1). Расположение изделия в форме конуса в рабочей
ванне, когда его ось перпендикулярна плоскости свободной

Рис. 4 – Геометрия расчетных областей:
а) ось конуса перпендикулярна свободной поверхности
электролита; б) ось конуса параллельна свободной
поверхности электролита
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поверхности электролита, приводит к тому, что внутренний
объем изделия начинает работать как насос: через нижнее
основание поднимать электролит с нижней части объема
ванной и через верхнее основание направлять его к свободной
поверхности электролита. Что приводит к выбросу пара и
брызг электролита через свободную поверхность, образованию
неустойчивой циркуляции электролита во внутреннем объеме
конуса. При повороте изделия на 90о данные эффекты не
наблюдаются, все гидродинамические потоки электролита
стабильны.

б)
Рис.7 – Направление движения электролита:
а) первый вариант расположения детали в рабочей ванне;
б) второй вариант расположения

4. Заключение
В данной работе описан подход к математическому
моделированию
электрических,
тепловых
и
гидродинамических потоков в электролитах при электролитноплазменной полировке металлических изделий на основе
электроконвективных явлений.
Предложены граничные условия для расчетов модели и
алгоритмы
компьютерной
реализации
с
помощью
программного комплекса COMSOL Multiphysics.
Проведены расчеты с помощью предложенной модели,
представлены
эпюры
распределения
параметров
электрического поля и гидродинамических потоков в
электролите при электроплазменной обработке металлических
деталей с различным расположением в рабочей ванне.
Предложенная математическая модель и способ ее
компьютерной реализации позволяют получить реалистичные
выходные данные, которые хорошо согласуются с
практическими экспериментами, проведенными на установках
ЭПО.

а)

б)
Рис.6 – Распределение скорости движения электролита,
[м/с]:
а) первый вариант расположения детали в рабочей ванне;
б) второй вариант расположения
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Abstract: In this study Fe3O4-ZnO and GO-Fe3O4-ZnO are synthesized as photocatalysis for decomposition of of methyl orange (MO) as
organic dye pollutant model. The XRD results show that the prepared nanocomposites contain the modified GO with cubic structure of Fe3O4
and hexagonal wurtzite structure of ZnO nanoparticles. The photocatalytic results show that the degradation of MO using both of the
synthesized photocatalysts enhances with respect to the time and weight fraction. The removal efficiency of MO using GO-Fe3O4-ZnO at
each concentration and irradiation time is more than that of Fe3O4-ZnO.
Keywords: GRAPHENE OXIDE; F E 3O4; ZNO; REMOVAL EFFICIENCY
The photocatalytic measurements are carried out for
degradation of MO (10 ppm MO aqueous solution) using a Hg
vapor lamp (150 W) at different concentration of synthesized
photocatalysts (0.1, 0.2 and 0.3 %wt). The concentration of MO at
any intervals can be calculated according to the Equation 1[7].

1. Introduction
The application of different semiconductors as photocatalyst has
been widely investigated for elimination of organic pollutants from
the wastewater. The importance of the semiconductor
photocatalysts such as TiO2, SnO2 and ZnO in the environmental
purification may be due to the application of them in the ambient
conditions [1]. The decomposition of the organic pollutants such as
methylene blue (MB) and methyl orange (MO) using semiconductor
photocatalysts can be initiated in the presence of a light supply and
oxidant acting such as O2 [2]. Among different kinds of the
semiconductor photocatalysts, ZnO nanoparticles are known as
more applicable photocatalyst. It can be due to its environmental
friendly, wide band gap, inexpensive and chemical stability[3]. The
illumination of the photocatalysts leads to the production of the
electron and hole in the valence band and conduction band,
respectively [4, 5].

(1)
The A and C refer to the absorbance and concentration of MO.
The subscript of 0 and t refer to the initial and remainder parameter.

3. Results and discussion
In the XRD pattern of the synthesized GO-Fe3O4-ZnO (Fig. 1),
the presence peaks at 2 =30.21°, 35.27°, 56.81° and 62.45° are
assigned to the (220), (311), (511) and (440) reflections,
respectively. The mentioned peaks are in agreement with the XRD
pattern of Fe3O4 nanoparticles with a cubic structure. Meanwhile,
the characteristic peak of GO can be observed at 2 value of 10.75°.
In addition to the mentioned peaks, several peaks are centered at 2
values of 31.65°, 34.3°, 36.2°, 47.4°, 56.5° and 62.7° are assigned
to the ZnO nanoparticles with the hexagonal wurtzite structure.

The produced electron hole pairs (h+ - e -) in the dye organic
solution can spread on the surface of the semiconductors and
contribute into the reaction between organic pollutants and donor
and acceptor of electron [6]. Because of this reaction, the different
kinds of the oxidant species such as hydroxyl radicals are produce.
Therefore, the surface enhancement of the photocatalysts can be
effective in the separation of the generated electron hole pairs and
degradation of the dye pollutants. Graphene is one of the carbon
materials that have been great deal of interests due to the excellent
properties such as electronic properties and high specific surface
area. Thus, the presence of the graphene oxide (GO, containing
functional groups such as hydroxyl and carboxyl) in the magnetic
photocatalysts matrix can enhance the active surface area of the
photocatalysts.

2. Experimental
2.1. Materials
For the synthesis of GO-Fe3O4 , 45 mg of GO is dispersed into
45 ml of Ethylene glycol and agitated for about 30 min. Then, 0.225
g of Fe(acac)3 is disperesed to the suspension and mixed for about
30 min using an ultrasound bath at room temperature. Subsequently,
1.5 g NH4Ac is dissolved in the solution, followed by stirring for 30
min. Then, the obtained mixture is transferred into a 100 ml Teflon
lined autoclave. The autoclave is sealed and kept at 200°C for 24 h.
Afterward the autoclave is cooled to ambient temperature. The
synthesized products are separated from the suspension using an
external magnetic field. Finally, the separated powders are washed
several times with distilled water and dried at 60°C for 12 h. For the
synthesis of ZnO nanoparticles, 0.5 g of ZnCl2 is dispersed in a
suspesion containing 0.1g of GO-Fe3O4. After increasing the
temperature to 90°C, 5.3 ml of aqueous solution of NaOH (5 M) is
added drop wise under vigorous agitation. Subsequently, the
precipitated powder is separated from suspension, washed several
times with distilled water and dried at 80°C for 12 h. Finally, the
dried powder is calcined at 300°C for about 3 h.

Fig. 1. XRD pattern of the synthesized GO-Fe3O4-ZnO.

Fig. 2 and Fig. 3 show the variation of the removal efficiency of
MO using Fe3O4-ZnO and GO-Fe3O4-ZnO, respectively. As can be
seen, the removal efficiency of MO using both of the synthesized
photocatalysts enhance with respect to the irradiation time and
weight fraction of the applied photocatalyst. The enhancement of
the removal efficiency of MO with respect to the irradiation time
can be attributed to the production the large amount of excited
electrons[8]. The variation of the removal efficiency of MO with
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weight fraction of Fe3O4-ZnO and GO-Fe3O4-ZnO in the range of
0.1 %wt to 0.3 %wt reveals that the removal percentage of MO
enhances by increasing the concentration of Fe3O4-ZnO and GOFe3O4-ZnO. It may be due to the enhancement of active sites of
photocatalysts that are exposed to MO [9].

Fig. 4. Comparison between removal efficiency of MO using Fe3O4-ZnO
and GO-Fe3O4-ZnO at 0.2 %wt.
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Fig. 2. Removal efficiency variation of MO using Fe3O4-ZnO, influence of
weight fraction.
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Fig. 3. Removal efficiency variation of MO using GO-Fe3O4-ZnO,
influence of weight fraction.

The comparison between removal efficiency of MO using
Fe3O4-ZnO and GO-Fe3O4-ZnO is presented in Fig. 4. Based on this
Figure, it can be seen that at concentration equal to 0.2 %wt and
each interval of irradiation time, the removal efficiency of MO
using GO-Fe3O4-ZnO is higher than that of Fe3O4-ZnO (the same
results are obtained at the other concentrations). The higher
photocatalytic activity of the synthesized GO-Fe3O4-ZnO is related
to the presence of GO in the matrix of the photocatalyst. The
produce electron-hole pairs in Fe3O4-ZnO are not stable and can be
recombined and produce heat. It can decrease the photocatalytic
performance of Fe3O4-ZnO. However, the presence of GO in the
matrix of GO-Fe3O4-ZnO reduces the rate of electron-hole pairs
recombination.

4. Conclusions
Here, we applied magnetics adsorbents for degradation of MO.
The synthesized adsorbents are characterized using XRD and the
results confirm that ZnO nanoparticles and Fe3O4 nanoparticles are
synthesized successfully on the GO sheets. The photocatalytic
results reveals that irradiation time and weight fraction have a
significant effect on the decomposition of MO. Meanwhile, the
presence of GO in the structure of Fe3O4-ZnO leads to the
enhancemet of removal efficiency of Mo.
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THE EFFECT OF PHASE TRANSFORM ON CREEP RESPONCES OF FGM
ROTATING DISK
Dr. Zharfi H.
Esfarayen University of Technology, Esfarayen, Iran
Abstract: In many applications, FGM rotating discs are subjected to severe operating temperature and high rotational speeds. In such
conditions the incidence of creep is inevitable. To study some aspects of this phenomenon, using the Sherby’s law the creep relaxation of a
group of FGM rotating discs is modeled. Results show that even thought the temperature is uniform entirely, the stress variation leads to a
phase transformation and so the creep mechanism is changed. In this paper the effect of this change of creep mechanism on the steady state
creep behavior of FGM rotating discs made of Al-SiC is studied.
KEYWORDS: CREEP, FGM, ROTATING DISK, PHASE TRANSFORM

rotating discs. They have indicated that by increasing the anisotropy
of the disc material, the tangential stresses at any radius and the
tangential strain rate at the inner radius are decreased. In 1986,
Biakiewicz [8] offered a theoretical method to find the finite strains
of a rotating disc using the damage and creep rupture front motion
as described by Kachanov’s theory [9]. In 1986, Bhatnagar et al.
[10] studied the steady state creep behavior of the orthotropic
rotating discs comprising the linear and hyperbolic types of
thickness variations. By selecting a certain type of anisotropy they
derived the best profile of the disc such that stresses are decreased
and life expectancy is increased. In 1999, Durodola and Attia [11]
obtained the creep results for several forms of the reinforcement
gradation with unique overall volume fraction.

1. Introduction:
In many types of machineries such as the turbines, pumps,
compressors and jet engines, rotating discs are the basic part.
Generally it happens that such instruments are subjected to severe
simultaneous thermo-mechanical loads. In these cases the study of
creep as a kind of mechanical behavior makes sense. While
considering the creep is one aspect of this research, the other
standpoint is the study of non-homogeneity effects upon the load
carrying capacities of the rotating discs.
Now a day in various industries, productivity implies that many
efforts must be made to improve the quality of the manufactured
parts and the performance of different machineries while keeping
the costs as low as possible. This in turn leads to an essential need
for the optimization of different material characteristics such as the
weight, thermal and mechanical durability and strength. A new
technique to overcome this requirement is the administrated use of
FGMs (Functionally Graded Materials). In a structural view FGMs
are inhomogeneous materials usually composed of the mixture of
seemingly homogenous parts or particles. These compositions can
bring about different physical characteristics and functional
capabilities such as the light weight, high strength, high
conductivity and thermal strength as well as the resistance against
the wear, corrosion or burning. So in severe thermo-mechanical
loadings their FGM compositions can behave ideally.

In 2002, Singh and Ray [12] studied an FGM disc with linear
distribution of silicon carbide particles in the radial direction,
reinforced in aluminum matrix. They concluded that the FGM disc
having linearly reducing particle contents along the radial direction
exhibits significantly lower strain rates when compared to a similar
disc but with uniform distribution of particles and the same total
amount of particle contents. In 2003, Jahed and Bidabadi [13]
presented a general axisymmetric method by using the variable
material properties (VMP) method to analyze the primary and
secondary creep in the axisymmetric rotating discs and pressure
vessels. In 2004, Singh and Ray [14] studied the steady state creep
in an anisotropic composite disc considering the Bauschinger’s
effect, Norton’s creep power law and a new yield criterion. They
have also considered the disc with residual stress to study the
secondary creep. In 2004, Gupta et al. [15], used the Sherby’s law
to examine the steady state creep behavior of a constant thickness
disc, made of isotropic functionally graded material. The disc is
composed of linear distributions of the silicon carbide particles in a
matrix of pure aluminum. The disc is assumed to operate under a
radial thermal gradient and the results are compared with the creep
relaxation of a disc with uniform particle distribution. The steady
state creep behavior in an isotropic rotating disc made of Al-SiC has
been analyzed by Gupta et al. [16] in 2004. They have used
Sherby’s creep law to look into the trends of the stress and strain
rate variations in a particulate composite disc. In recent years
Hafeez et al. [17] investigated the creep compliance of straight run
(neat) and polymer-modified asphalt binders at their high
performance grade temperature using a multi-stress creep recovery
test.

At high temperatures the creep deformations are inevitable and
consequently the creep must be considered in a careful modeling
attempt. The first studies of the creep phenomenon as a mechanical
property dates back to the early 1920s. The importance of the
material high temperature time dependent behavior or creep
relaxation has been recognized during the World War II and
following the development of the jet engines [1]. Schweiker [2] has
investigated the creep relaxation of high temperature pressurized
thick-walled tubes which is necessary to ensure a safe operational
condition of the vessels. Owing to the extensive utilization of the
discs in rotating machineries, the study of creep in rotating discs
covers a wide range of the researches and investigations. Among
the first studies we can refer to the work of Wahl et al. [3] in 1954,
which has theoretically analyzed the steady state creep deformations
of a rotating turbine disc using the von-Mises and Tresca’s yield
criteria and evaluating the results by comparing with experimental
data. In 1959, Ma [4] analyzed the creep deformations and stresses
in a rotating gas turbine disc with variable thickness exposed to
isothermal conditions and high temperatures, using the maximum
shear stress theory. In 1960 and 1964, Ma [5, 6] studied the creep
relaxation in the variable thickness discs operating under the
conditions of radial temperature gradients. In this analysis Ma used
both exponential and power law creep models to find the steady
state creep relaxations. Using a time hardening creep law in 1979
Arya and Bhatnagar [7] investigated the creep of orthotropic

In all references exist in the literature the effect of creep mechanism
change is ignored. In this paper we intend to study the effects of the
change of creep mechanism on the creep behaviors that can occur at
the disc made of Al-SiC composite. For this purpose, the steady
state creep is modeled and analyzed in FGM rotating disc.
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In which, r is a typical radius of the disc. Moreover a and b are the
inner and outer radii of the disc respectively. A profile of the disc
and its parameters are shown in Fig. (1).

2. Creep mathematical modeling
Similar to the procedures outlined in earlier works [15 , 16], a
mathematical model is developed to study the second order creep
relaxation in a rotating FGM disc. Further, it is assumed that the
material of the disc is isotropic and incompressible. With these
assumptions we will have,
𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧 = 0

(1)
Fig. 1: Studied disc and its parameters

In which the subscripts 𝑟, 𝜃 and 𝑧 indicate the radial, tangential and
axial directions and dot symbol designates the time derivative.
Compared to other dimensions, the disc thickness is assumed to be
small. So, we can suppose that the problem is plane stress and the
assumption of 𝜎𝑧 = 0 is prevailing.

While any point of a heterogeneous FGM compound may seem like
a unique substance, in fact it is a mixture of two or more phases. A
mixture rule is a formula which shows how the property of a
mixture is obtained from the dissimilar properties of its
components. For instance, based on the level of volume fraction, a
linear mixture rule for the density function, used in this study is,

Moreover it is assumed that, in comparison with creep
deformations, the elastic or plastic deformations of the disc are
negligible. The study of creep is limited to the analysis of the
secondary phase or steady state creep relaxations. In keeping with
these assumptions, the Sherby’s law [18] has been used for the
description of material behavior. That is,
𝜎 −𝜎0 𝑛
]
𝐸

𝜀 = 𝐴𝑠 [

𝜌 𝑟 = 𝜌𝑚 + 𝜌𝑑 − 𝜌𝑚 𝑉 𝑟
(9)
In our application of Eq. (9) and similar to Gupta et.al. [16],
𝜌𝑚 = 2698.9 𝑘𝑔 𝑚3 is the density of the pure aluminum matrix
and 𝜌𝑑 = 3210 𝑘𝑔 𝑚3 is the density of the dispersed SiC particles.

(2)

In an isotropic disc under the planar state of stress, the creep
constitutive equations are [16]:

Where 𝜀 , 𝜎 , n , E and 𝜎0 are effective strain rate, effective stress,
stress exponent, Young’s modulus and threshold stress respectively.
𝐴𝑠 is a constant defined as,
𝐴𝑠 =

𝐴𝐷𝐿 𝜆 3
𝐛

(3)

5

𝜆 stands for the sub-grain size, 𝐛 is the magnitude of the Burgers
vector, 𝐴 is a definite constant and 𝐷𝐿 is the lattice diffusivity. The
strain rate relation in Sherby’s law can be written as,
𝜀 = [𝑀(𝜎 − 𝜎0

)]𝑛

In which, M equals

𝐸

and according to the von-Mises isotropic

1
2

[𝜎𝑟2 + 𝜎𝜃2 + 𝜎𝑟 − 𝜎𝜃 2 ]1

2

2𝜎

𝜀𝑧 =

2𝜎

𝜀𝑟 =

ln 𝑀 = −35.38 + .2077 ln 𝑃 + 4.98 ln 𝑇 − 0.622 ln[𝑉 r ]

𝜀𝜃 =

2𝜎𝜃 − 𝜎𝑟

𝜀

(11)

−𝜎𝑟 − 𝜎𝜃

(12)

𝑑𝑢 𝑟
𝑑𝑟
𝑢𝑟
𝑟

=

{𝑀 𝑟 [𝜎 −𝜎0 𝑟 ]}8
2[𝜎𝑟2 +𝜎𝜃2 + 𝜎𝑟 −𝜎𝜃

2 ]1 2

{𝑀 𝑟 [𝜎 −𝜎0 𝑟 ]}8

=

2[𝜎𝑟2 +𝜎𝜃2 + 𝜎𝑟 −𝜎𝜃

2 ]1 2

(2𝜎𝑟 − 𝜎𝜃 )

(2𝜎𝜃 − 𝜎𝑟 )
𝜎𝑟 (𝑟)
𝜎𝜃 (𝑟)

(13)
(14)

and simplifying the above

equations provides,
𝜀𝑟 =

(6)

𝜀𝜃 =

Here and similar to [16], the size of SiC particles P is assigned the
value 1.7𝜇𝑚. The prevailing temperature T is considered to be
700°𝐾. It is clear that creep parameters M and 𝜎0 are functions of
the FGM disc radius r.

𝑑𝑢 𝑟
𝑑𝑟
𝑢𝑟
𝑟

=

=

[2𝑥(𝑟)−1]{𝑀 𝑟 [𝜎 −𝜎0 𝑟 ]}8
2[𝑥(𝑟)2 −𝑥(𝑟)+1]1

2

[2−𝑥(𝑟)]{𝑀 𝑟 [𝜎 −𝜎0 𝑟 ]}8
2[𝑥(𝑟)2 −𝑥(𝑟)+1]1

2

(15)
(16)

Dividing Eq. (15) by Eq. (16) and integrating the resulted quotient,
consequences,
𝑟 𝑑𝑢 𝑟
𝑎 𝑢𝑟

The structure under study is assumed to be an isotropic FGM disc
made of 6061 Al-SiC constituents. In the analysis linear radial
distributions of SiC particles are considered. The distribution of the
volume fraction in the disc is designated as,
𝑟−𝑎

(10)

Defining a stress ratio as 𝑥 𝑟 =

𝜎0 = −0.03507 𝑃 + 0.01057 𝑇 + 1.00536 𝑉 𝑟 − 2.11916 (7)

𝑏−𝑎

𝜀

(5)

In a particulate composite, the creep parameters 𝑀 and 𝜎0 are
related to the particle size P, particle distribution V(r) and local
temperature T. Following the experimental data reported by Pandey
et al. in 1992 [19] and regression technique developed by Gupta et.
al. [16], the parameters of Sherby’s law in Eqs. (6) and (7) are
found to be,

𝑉 𝑟 = 100 × 0.4 − 0.3 ×

𝜀𝜃 =

2𝜎𝑟 − 𝜎𝜃

By replacing effective strain rate from Eq. (4) and effective stress
from Eq. (5) into Eq. (10) and Eq. (11) one obtains,

yield criterion the effective stress is given as [15],
𝜎=

2𝜎

Where 𝜀𝑟 , 𝜀𝜃 , 𝜀𝑧 , 𝜎𝑟 , 𝜎𝜃 , 𝜎𝑧 are the strain rates and stress
components in radial, tangential and axial directions respectively.
Besides 𝜀 and 𝜎 are the effective strain rate and effective stress
defined in Eqs. (4) and (5).

(4)
1
𝐴𝑠 𝑛

𝜀

𝜀𝑟 =

𝑑𝑟 =

𝑟 1 2𝑥 𝑟 −1
[
]𝑑𝑟
𝑎 𝑟 2−𝑥 𝑟

(17)

So,
𝑟 𝑓(𝑟)

𝑢𝑟 = 𝑢𝑟𝑎 exp
(𝑎

𝑟

𝑑𝑟 )

(18)

Where 𝑢𝑟𝑎 is the radial displacement rate in the inner radius of the
disc and 𝑓 𝑟 is,

(8)

𝑓 𝑟 =
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2𝑥 𝑟 −1
2−𝑥(𝑟)

(19)
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Dividing both sides of Eq. (18) by r, we obtain:
𝑢𝑟
𝑟

=

𝑢 𝑟𝑎
𝑟

𝑟𝑓 𝑟
𝑎 𝑟

exp

𝑑𝑟 =

[2−𝑥(𝑟)]{𝑀 𝑟 [𝜎 −𝜎0 𝑟 ]}8
2[𝑥(𝑟)2 −𝑥(𝑟)+1]1

2

𝜎𝑟 =
(20)

1 8

𝑢 𝑟𝑎

𝑀 𝑟

𝜆1 𝑟 + 𝜆2 (𝑟)

(21)

Where in this equation,
𝜆(𝑟)

𝜆1 𝑟 =

[𝑥 𝑟

2 −𝑥

𝜆2 𝑟 =

[𝑥 𝑟

𝜎0 (𝑟)
2 −𝑥 𝑟 +1]1 2

𝑟 +1]1

2

2 [𝑥 𝑟

2 −𝑥

𝑟

[2−𝑥 𝑟 ]

𝑟 +1]1

2

𝑟 𝑓(𝑟)

exp
(𝑎

𝑟

𝑑𝑟)]1

8

𝑑

𝑟

𝑟
𝑎

𝜌 𝑟 𝑟 2 𝑑𝑟

(31)

3. Results and discussions

(23)

Based on the analytical techniques introduced in the previous
section and using a self-developed computer code some calculations
are performed to find the radial distributions of the stress and strain
rates for FGM rotating disc. But there is a challenge in this
condition which ignored in the literature. In a rotating disc the stress
field is varied in different sections it means despite of the constant
temperature the phase of creep can be changed in various areas of
rotating disc so the creep mechanism changed in different section of
rotating disc.

(24)

Now, as in Fig. (2) considering an element of rotating disc which
rotate by an angular velocity 𝜔, which is considered to be 180 𝑟𝑎𝑑/
𝑠 in this analysis, the equilibrium of a disc element implies,
𝑑𝑟

𝜔2

(22)

and
𝜆 𝑟 =[

𝜎𝜃 𝑑𝑟 −

When 𝜎𝑟 is obtained, we can found the ratio of 𝜎𝑟 and 𝜎𝜃 which has
already been defined as 𝑥(𝑟). Now the radial distributions of
𝑓 𝑟 , 𝜆 𝑟 , 𝜆1 𝑟 , 𝜆2 𝑟 , 𝜎𝑟 functions and the amount of 𝑢𝑟𝑎
can be found. Afterwards Eq. (21) is used to obtain a new
estimation of 𝜎𝜃 field. This loop is repeated until a desirable
convergence for the tangential stress distribution in the radial
direction is achieved. So we can calculate the strain creep rate and
stress fields in the steady conditions of uniform ambient
temperature throughout the rotating disc.

After substituting 𝜎 from Eq. (5) into Eq. (20) and simplifying the
answer, the tangential stress in each arbitrary radius of the disc is
obtained as,
𝜎𝜃 𝑟 =

𝑟
𝑟 𝑎
1

𝑟𝜎𝑟 − 𝜎𝜃 + 𝜌 𝑟 𝑟 2 𝜔2 = 0

(25)

Fig. 2: Schematic pictures of a disc and a disc element

The boundary conditions of the rotating disc are,
𝜎𝑟 (𝑟 = 𝑎) = 0

(26)

𝜎𝑟 (𝑟 = 𝑏) = 0

(27)

Fig. 3: Creep mechanism map of Aluminum

Mechanical behavior of disc is depended to stress fields, beside the
stress field completely dependent on the material behavior, so an
analytical and repetitive cycle is required. Referring the creep
mechanism map (please see Fig. (3)) it is obvious that in 0.75 of
melting temperature of aluminum, if the stress ratio 𝜎𝑒 𝐺 is lesser
than the 5 × 10−4 the diffusion mechanism is governed and if the
stress ratio is higher than the 5 × 10−4 the governing mechanism is
dislocation climb. The creep mechanism change is effective on
stress power component means 𝑛 in Eq. (4). For diffusion
mechanism, the stress exponent is 3 and for the dislocation
mechanism 5 is considered.

Integrating the equilibrium equation between r=a and r=b results
in,
𝑏
𝑎

𝜎𝜃 𝑑𝑟 = 𝜔2

𝑏
𝑎

𝜌(𝑟)𝑟 2 𝑑𝑟

(28)

To obtain 𝑢𝑟𝑎 (i.e., the radial displacement rate at the inner radius of
the disc), we can integrate Eq. (21) from r=a to r=b. It provides,
(𝑢𝑟𝑎 )1

8

=

𝑏
𝑀
𝑎

𝑟 𝜎𝜃 𝑟 𝑑𝑟 −
𝑏
𝑎

𝑏
𝑀
𝑎

𝑟 𝜆 2 𝑟 𝑑𝑟

𝜆 1 𝑟 𝑑𝑟

(29)

To solve this problem, the computational procedure presented
henceforward is employed. In this practice primarily in each step a
uniform distribution of temperature and definite amount of angular
velocity is assumed. These quantities can be selected independently.
In the first step we can assume that the distribution of tangential
stress is uniform. In this case we can write 𝜎𝜃 𝑟 = (𝜎𝜃 )𝑎𝑣𝑒 , in
which (𝜎𝜃 )𝑎𝑣𝑒 is obtained from the following equation.
(𝜎𝜃 )𝑎𝑣𝑒 =

𝑏
1
(𝑏−𝑎) 𝑎

𝜎𝜃 𝑑𝑟

Fig. (4) and Fig. (5) show the radial and tangential stress
distribution in disc with and without considering the creep
mechanism change. Based on these figures, the effect of creep
phase transform on the stresses is negligible. Also the relatively
higher levels of tangential stress occur near the inner radius, while
lower amounts are seen near the outer radius of the disc. The radial
stress at inner and outer radius reached to zero because of the freefree boundary condition which is considered.

(30)

Then we can obtain 𝜎𝑟 from the equilibrium equation as:
57

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2019

Fig. 7: Radial creep rate distribution

Fig. 4: Radial stress distribution

Fig. 8: Tangential creep rate distribution
Fig. 5: Tangential stress distribution

4. Conclusion

Fig. (6) presents the radial displacement rate distribution of FGM
rotating disc with two distinct creep behavior model and without
considering this changing. The figure shows that the change of
creep mechanism is completely affected on radial displacement
rate.

In high rotational speeds the creep relaxation phenomena can affect
the performance of FGM rotating disc. Creep behavior is depended
to stress and temperature fields, time, loading history, temperature
history and microstructure type of materials. Therefore, through the
various parameters which are effective on creep behavior, it is usual
to exist two distinct creep mechanism in a single substance and
results show that creep response is very sensitive to the governing
creep mechanism in FGM rotating disc and also considering only
one governing mechanism in all parts of rotating disc results the
large errors.

Radial and tangential creep rates are investigated in Figs. (7) and
(8). As it can be seen nearly in the middle of the disc which the
creep mechanism is changed from dislocation climb to diffusion
mechanism, the creep rate distributions also have tremendous
changes. It is obvious that ignoring this changing mechanism lead
to significant errors. Radial and tangential creep rates have a
decreasing trend via radial direction and the maximum values of
both rates occurs at inner radiuses.
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Abstract:Physicomechanical and adhesion characteristics, specific surface energy of vacuum coatings formed on high-speed steels of the
P6M5 type subjected to processing at cryogenic temperatures are investigated. The structural transformations occurring in vacuum coatings
formed on steel substrates with subsequent processing at low temperatures were studied. A change in the tribological characteristics of
titanium nitride coatings during subsequent processing in a cryogenic liquid is shown.
KEYWORDS: MORPHOLOGY, COATINGS, MICROHARDNESS, ADHESION, CRYOGENIC TREATMENT
from minus 50 V to minus 100 V was applied to the substrate. The
studied coatings were processed in liquid nitrogen at a boiling point
T = 77.4 K for 1-24 hours.

1. Introduction.
The formation of coatings for various functional purposes allows to
significantly change the physico-mechanical characteristics of the
modified materials. Of particular interest at present are
nanostructured composite coatings. The introduction of
nanodispersed particles into thick and thin coatings leads to
significant structural changes, a network of labile physical bonds is
formed, which leads to a significant increase in physicomechanical
characteristics, including at doping concentrations of nanomodifier.
One of the main tasks of modern materials science is the creation of
new materials with enhanced performance characteristics. For this,
various physical, chemical methods of substance formation are
used, as well as their combination. One of the common
technological methods is the surface modification of materials. That
is application of thin-layer coatings of a gaseous, liquid, solid state
on the working surfaces of products, which leads to an increase in
their operational characteristics.
Modern engineering makes extensive use of tools, on the
working surface of which composite coatings are applied. Among
the most common coatings for metalworking tools include
zirconium nitrides and zirconides, which is applied using vacuum
technology. Zirconium nitride coating provides high wear resistance
of the tool for cold deformation of metal workpieces by preventing
the setting and seizure phenomena. When applying zirconium
carbonitide coatings to a metal cutting tool (drills, milling cutters,
taps, countersinks, etc.), the effect increases dramatically
Nanocrystalline compounds based on titanium aluminum nitrides
are promising coatings. These coatings sustain hich can
temperatures up to 700 ° C without noticeable oxidation, while
maintaining a hardness of 25-30 GPa. In the formation of vacuum
coatings, various methods of activating the substrate surface are
used: mechanical method, corona discharge, thermal heating, ion
flow in a neutral gas medium, etc. This preparation allows you to
significantly change the adhesive properties of the formed coatings,
strength and tribological characteristics The creation of composite
coatings based on titanium nitride with subsequent cryogenic
treatment will reduce the increase in resistance to aggressive
coatings and increase the values of physical and mechanical
characteristics.
The aim of the work is to study the structure and
physicomechanical characteristics of composite coatings based on
titanium nitride, modified by low-temperature processing.

The structural features of composite heat-resistant coatings
subjected to various types of processing were analyzed using a
MDS 1600T universal metallographic microscope. The structural
features of the boundary layers in functional composite coatings
were studied using modern methods of physicochemical analysis:
IR spectroscopy, X-ray diffraction analysis, atomic force
microscopy. Tribotechnical studies were carried out on an FT-2
type friction machine, which operates according to the ―finger-disk‖
scheme under dry friction of three spherical samples with a radius R
= 1.5 mm on a flat surface of a disk (counterbody) made of steel
and sanded on a flat plane surface with an emery cloth or grinding
paste to an arithmetic mean deviation of the surface profile Ra = 0.1
- 0.3 microns. The tests were carried out at a normal load of 20 to
100 N and a linear sliding speed of 0.1-0.5 m / s. To measure the
microhardness of coatings formed on metals, a PMT-3
microhardness meter was used. The operating principle of the
device is based on a change in the linear magnitude of the diagonal
of the imprint c obtained from the indentation of the diamond
pyramid into the test material under a certain load. Adhesion
characteristics were determined by scratch analysis. To calculate the
energy parameters of vacuum coatings, we used the direct-shadow
method for determining the wetting angle. We used liquids of
different polarity to study the wetting and calculation of the
adhesion forces, polar and dispersion components of the surface
energy. Titanium nitride - the interstitial phase  (TiN) - has a facecentered cubic lattice of the NCl type. Titanium nitride has a wide
homogeneity region and can be considered as an interstitial solution
with an excess of atoms in the TiN lattice. The microhardness of
titanium nitride depends on the degree of nitrogen filling of the
octahedral pores. However, depending on the degree of ionization,
plasma energy, and ultimately plasma temperature, the plasmachemical reaction will proceed at different rates, and the resulting
structure, composition and microhardness of the coating will be
different. Thus, surface microhardness is determined by the pressure
of the reactive gas and the temperature of the process. Figure 1
shows the X-ray diffraction patterns of titanium nitride before and
after cryogenic processing

2. Preconditions and means for resolving the
problem.
Composite coatings based on titanium nitride were applied on a
UVNIPA-1-001 vacuum unit equipped with a cathode-arc
evaporator with a plasma electromagnetic filtering system and an II4-0.15 ion source. As the substrate used steel grade P6M5. The
surface of the steels was subjected to hardening and grinding to a
cleanliness of at least grade 11. Before application, the surface of
the sample was cleaned and heated by titanium ions under the
following conditions: evaporator current, A - 105-110; potential on
the sample, kV –1.0. The coating was deposited at a stabilizing coil
current of 1.7 A, a control coil current of 2.0 A, and an arc current
of 90 A. The pressure of the reaction gas (nitrogen) was in the range
(0.87-5) × 10-2 Pa. During deposition of the coating, a bias voltage
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elements are elongated stripes with a characteristic size of 30 x 1.5
microns. The deposition of a nitride layer closes the initial relief and
forms a developed relief with no distinct shape of the type of "poor
wetting" (Fig. 2 b). The film has pores with a diameter of several
micrometers. The elevation characteristic of the relief increased
after applying the layer to Ra = 277.4 nm. Subsequent processing of
the steel substrate and coating of titanium nitride in a cryogenic
liquid for 30 minutes leads to the formation of a smoother relief
with Ra = 160.6 nm. In the coating, inclusions with a lateral size
from 0.75x0.75 microns to 2x2 microns are observed. An increase
in the exposure time of the studied samples with the coating in
liquid nitrogen leads to a decrease in the values of Ra = 198 nm,
smoothing of the initial relief and the formation of a finely
dispersed phase with a diameter of ~ 1 μm. A further increase in the
exposure time of TiN coatings in liquid nitrogen leads to some
smoothing of the initial relief with an increase in the concentration
of low-dimensional phases of a globular type. The studies on the
topography of TiN coatings by profilometry showed a similar
dependence of the topographic characteristics similarly obtained by
atomic force microscopy (.Figure 3)

Figure 1 - X-ray diffraction patterns of titanium nitride coating: 1 initial coating, 2- coating after cryogenic treatment for 360 minutes
Diffraction maxima lying at angles 2=65; 7810; 7830; 112;
13730; 13820 correspond to the diffraction maxima of titanium
nitride. Also, titanium nitride samples exhibit diffraction maxima at
angles of 2=4440; 99; 9930, corresponding to iron, and the
maxima lying at angles 2=11630; 117 correspond to Fe3C [2].
As a result of the cryogenic treatment of heat treatment, diffraction
peaks appear at angles 2=2440 и 8220, which according to the
data of [3] correspond to titanium oxide compounds TiO2. In the
diffraction patterns of titanium nitride coatings, at some diffraction
maxima, their splitting is observed, which is most likely due to
structural changes in the crystal lattice of this compound
itself.Studies on the morphology of titanium nitride coatings formed
on substrates made of P6M5 steel show that during cryogenic
treatment (Figure 2), structural components are transformed [4-5].

а)

b)
а)

c)

d)
b)

f)

g)
c)

h)
j)
Figure 2 Morphology of titanium nitride coatings subjected to
cryogenic temperatures: a-initial steel P6M5, b-coating of titanium
nitride formed on a substrate of steel P6M5, c - coating of titanium
nitride, treated for 30 minutes in a cryogenic liquid, d - coating of
nitride titanium, treated for 60 minutes in a cryogenic liquid, fcoating of titanium nitride, treated for 120 minutes in a cryogenic
liquid, g-coating of titanium nitride, treated for 360 minutes in a
cryogenic liquid, h-coating of titanium nitride, treated for 720
minutes in a cryogenic liquid, j-coating of titanium nitride, treated
for 1440 minutes in a cryogenic liquid

d)
Figure 3 Topography of the surface layers of titanium nitride
coatings subjected to processing in a cryogenic liquid: а - initial
P6M5 steel, b-TiN coating formed on a substrate of P6M5 steel, c TiN coating formed on a substrate of P6M5 steel and exposured in
liquid nitrogen in within 120 minutes, d - TiN coating formed on a
substrate of P6M5 steel and exposured ubated in liquid nitrogen for
360 minutes.

The image of the initial surface (sample made of P6M5 steel) has a
relief clearly oriented along the polishing direction with a height
characteristic Ra = 175.3 nm over a field of 25 x 25 μm. The relief

The arithmetic average of the profile for the studied samples varies
depending on the exposure time in the cryogenic liquid. The initial
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Ra value for P6M5 steel is 0.245 μm. The formation of a coating on
a steel substrate leads to an increase of Ra value to 0.303 μm. The
exposure of the coatings in liquid nitrogen for 120-360 minutes
reduces the Ra value to 0.27-0.28 microns. The increase of
exposure time (720-1440 minutes) in the cryogenic liquid leads to
an increase of Ra value to 0.30-0.313 μm. Based on the data
obtained, it can be assumed that under the influence of cryogenic
temperatures on titanium nitride coatings, recrystallization
processes occur in them, accompanied by a change in the
morphology of the coatings. The structural and morphological
changes that occur in titanium nitride coatings formed on the steel
substrate P6M5 should lead to changes in the physicomechanical
characteristics of the coatings. Studies on the strength
characteristics of TiN coatings confirm this assumption. So the
determination of microhardness values by the Vickers method show
an increase in the values of this parameter depending on the
exposure time of the nitride coating in liquid nitrogen at the boiling
point (table 1).

coatings were determined by scratch analysis. A preliminary
modification of coatings in a cryogenic liquid leads to an increase in
the adhesive interaction between the coating and the substrate.
Studies on the effect of cryogenic treatment on the specific surface
energy (SSE) values of TiN coatings treated in a cryogenic liquid
show a decrease in SSE values with an increase in the exposure
time of plasma-chemical coatings in liquid nitrogen. A decrease in
the coefficient of friction of modified TiN coatings by 18-24% with
respect to the initial coating is also observed.

3.Conclusion
Thus, it was found that when processing plasma-chemical coatings
of titanium nitride formed on a steel substrate P6M5, an increase in
the values of physicomechanical characteristics is observed. The
processing modes in TiN coatings in cryogenic liquids have been
optimized to increase the wear resistance of a metalworking tool
made of high speed steel. It was shown that the treatment of steel
samples with titanium nitride-coatings in liquid nitrogen increases
the adhesive interaction between the substrate and the coating. The
influence of low temperatures has a positive effect on the
tribotechnical characteristics of the studied plasma-chemical
coatings.

Тable 1: The microhardness of titanium nitride coatings after
cryogenic treatment.
Type of coating
The
values
of
microhardness, N (GPa)
Original steel P6M5
3,4
TiN coating formed on a steel
8,1
(P6M5) substrate
TiN coating aged in liquid
8,2
nitrogen for 30 minutes
TiN coating exposured in liquid
8,4
nitrogen for 60 minutes
Покрытие TiN, выде TiN
8,6
coating exposured in liquid
nitrogen for 120 minutes
TiN coating exposured in liquid
10,2
nitrogen for 360 minutes
TiN coating exposured in liquid
9,4
nitrogen for 720 minutes
TiN coating exposured in liquid
9,1
nitrogen for 1440 minutes
The optimum is the exposure of titanium nitride coatings formed on
P6M5 steel for 6 hours in liquid nitrogen. An increase in the
microhardness of the modified samples by ~ 21% with respect to
the initial coating is observed. One of the main characteristics that
determine the operational characteristics of ceramic vacuum
coatings is the adhesive interaction of the deposited layers with the
surface of the substrate. The adhesion characteristics of vacuum
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Abstract: Effect of the cooling rate (section thickness) on the graphite morphology and austenite transformation in solid solution
strengthened ferritic ductile cast irons was analysed in this paper. Three melts with the following silicon contents were made: 3.11, 3.8 and
4.22 wt.%. The analysis was carried out on test castings containing seven different section thicknesses: 3, 12, 25, 38, 50, 75, and 100 mm.
Obtained results show that the nodule count and nodularity decrease with increasing section thickness (i.e. with a decrease in the cooling
rate). The increase in silicon content from 3.11 to 4.22 wt.% resulted in an increase in nodule count and nodularity in section thicknesses of
3, 12, 25 and 38 mm. However, in thick sections, i.e. in section thicknesses of 50, 75 and 100 mm, the increase in silicon content resulted in a
decrease in nodule count and nodularity. In these sections, the number of very small irregular graphite particles and clusters of graphite
particles that look like chunky graphite increased with the increase in silicon content. In test castings containing 3.8 and 4.22 wt.% Si the
amount of ferrite in the metal matrix increases with increasing section thickness. Fully ferritic metal matrix is obtained in section thicknesses
of 25, 38, 50, 75 and 100 mm. All sections of the test casting containing 3.11 wt.% Si have a certain proportion of pearlite.
Keywords: SOLID SOLUTION STRENGTHENED FERRITIC DUCTILE CAST IRON, COOLING RATE, MICROSTRUCTURE

Cored wire treatment was used for nodularization (wire
diameter 13 mm, chemical composition of treatment alloy: 29 wt.%
Mg, 42 wt.% Si, 0.5 wt.% Ce, 0.2 wt.% La, 0.9 wt.% Al and 1.4
wt.% Ca). For in-ladle inoculation, the inoculant of the following
chemical composition was used: 1,5 wt.% Ca, 1,9 wt.% Al, 2,2
wt.% Ba and 67 – 72 wt.% Si (addition of 0.6 wt.%).
Ductile cast iron melts were poured into the green sand molds to
obtain test castings according to Fig. 1. The inoculant was added to
the metal stream as the test castings were poured (addition of 0.15
wt.%, chemical composition of inoculant: 0,75 – 1,25 wt.% Ca,
0,75 – 1,25 wt.% Al, 1,5 - 2 wt.% Ce and 70 – 76 wt.% Si).

1. Introduction
Solid solution strengthened ferritic ductile cast irons are
relatively new materials in the ductile cast iron family. At the same
tensile strength value, solid solution strengthened ferritic ductile
cast irons have a higher yield strength and elongation than
conventional ferritic-pearlitic and pearlitic ductile cast irons [1, 2].
The Rp0.2/Rm ratio of solid solution strengthened ferritic ductile cast
irons is about 0.8, whereas in conventional ferritic, ferritic-pearlitic
and pearlitic ductile cast irons this ratio is about 0.65 [3].
Strengthening of ferrite is achieved by alloying with silicon (usually
between 3.5 and 4.5 wt.%) [1 - 4]. Due to the favourable
combination of mechanical properties and machinability, solid
solution strengthened ferritic ductile cast irons can replace ferriticpearlitic ductile cast irons as well as certain qualities of pearlitic
ductile cast irons [1].
It is well known that the microstructure of conventional ductile
cast irons is influenced by the chemical composition and the cooling
rate during and after solidification [5 - 8]. Silicon promotes the
formation of graphite particles and ferrite, and hinders the formation
of carbides [2, 6, 9 - 11]. However, higher silicon content can
negatively affect the shape of graphite particles in ductile cast irons.
Particularly undesirable chunky graphite may appear in thick
sections, as well as various degenerate forms of graphite particles,
which negatively affects the mechanical properties of ductile cast
iron [12 - 15].
In the conventional ductile cast irons, changes in the cooling
rate during solidification affect the shape and number of graphite
particles and nodularity, but also the formation of carbides in the
microstructure [6 - 8, 16 - 19]. Faster cooling after solidification,
i.e. through the austenite transformation region results in a greater
proportion of pearlite in the metal matrix.
This paper examines the effect of the cooling rate, i.e., the
casting section thickness and silicon content on the morphology of
the graphite particles and the metal matrix structure in solid solution
strengthened ferritic ductile cast irons containing 3.11, 3.8 and 4.22
wt.% Si.

Fig. 1 Schematic representation of the test casting.

Samples for metallographic analysis were cut from the middle
of each section (step). Nodularity and nodule count were
determined according to ASTM E2567-14. All graphite particles
that had a roundness-shape factor > 0.625 were classified as nodule.

3. Results and discussion
Tab. 1 shows the chemical composition of solid solution
strengthened ferritic ductile cast irons (SSFDCI).
Obtained chemical compositions are typical for solid solution
strengthened ferritic ductile cast irons (high silicon content, low
content of pearlite-promoting elements (Sn, Cu, Mn), low content of
carbide-forming element (Mo, Cr, V, Nb)).
Figs. 2 and 3 show the microstructure of the test castings in
unetched and etched condition. It can be seen that the
microstructure of test castings does not contain carbides, even in a 3
mm thick section. High silicon contents in combination with a low
content of carbide-forming elements and high nucleation potential
of melts prevented the formation of carbides.

2. Experimental
Melting of charge materials (pig iron, steel scrap, ductile iron
returns, FeSi, recarburizer) and preparation of base irons of the
corresponding chemical composition was carried out in a medium
frequency coreless induction furnace. Preconditioner containing 3 –
5 wt.% Al, 3 - 5 wt.% Zr, 0,6 – 1,9 wt.% Ca and 62 - 69 wt.% Si
was added to all base irons in an amount of 0.1 wt.%.
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Table 1: Chemical composition of solid solution strengthened
ferritic ductile cast irons.

Element
C
Si
Mg
Mn
S
P
Cu
Sn
Ni
Cr
Mo
V
Nb
Ti
Al
CE

The content of the element, wt.%
SSFDCI 1
SSFDCI 2 SSFDCI 3
3.35
3.19
3.04
3.11
3.80
4.22
0.037
0.031
0.059
0.128
0.104
0.129
0.009
0.010
0.013
0.030
0.031
0.028
0.023
0.016
0.019
0.005
0.006
0.006
0.016
0.016
0.012
0.028
0.026
0.026
0.002
0.001
0.001
0.011
0.009
0.010
0.001
0.001
0.001
0.010
0.009
0.013
0.015
0.016
0.017
4.40
4.47
4.46

Fig. 3 Optical micrographs of etched microstructure of test castings
(etching in Nital).

Fig. 4 Influence of section thickness on nodule count in microstructure
of test castings.

Fig. 2 Optical micrographs of unetched microstructure of test castings.

Section thickness and silicon content significantly affected the
microstructure of test casting. In all test castings, the nodule count
and nodularity decrease with increasing section thickness (i.e. with
a decrease in the cooling rate), which is clearly seen in Figs. 4 and
5. In addition, Fig. 2 shows that the size of the nodules increases
with decreasing their number, i.e. with increasing section thickness.

Fig. 5 Influence of section thickness on nodularity in microstructure
of test castings.
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with silicon content at the lower (approx. 3.2 wt.%), middle
(approx. 3.8 wt.%) or upper (approx. 4.3 wt.%) limit. In thin and
medium-thick sections (3 to 38 mm), the nodule count and
nodularity increases with increasing silicon content. However, in
thick sections (50 to 100 mm) the situation is the opposite, because
the increase in the silicon content increases the degeneration of
graphite. In solid solution strengthened ferritic ductile cast irons
with silicon content at the middle (approx. 3.8 wt.%) or upper
(approx. 4.3 wt.%) limit, the ferrite content in the metal matrix
increases with decreasing the cooling rate (i.e. increasing the
section thickness) and already in the section thickness of 25 mm
reaches 100 %. The metal matrix in thin, medium-thick and thick
sections of solid solution strengthened ferritic ductile cast irons with
silicon content at the lower limit (approx. 3.2 wt.%) contains a
certain amount of pearlite (up to ~ 10 %). To avoid the formation of
pearlite, it is very important that the content of the pearlitepromoting elements is as low as possible, especially when the
silicon content is at the lower limit.

Melt undercooling, as a driving force for the nucleation of
graphite particles, increases with increasing the cooling rate. With
the increase in melt undercooling increases the number of sites for
nucleation of graphite nodules and the nucleation rate, resulting in
increasing the nodule count and decreasing their size.
As the cooling rate increases, the rate of formation of the
austenite shell around the nodules increases during solidification.
This means that during fast cooling austenite quickly envelops
nodules after their formation and thus prevents long contact time of
the nodules with the melt. In this case, the nodules retain their small
size and spherical shape, which is crucial for achieving high
nodularity. Slow cooling hinders the formation of the austenite
envelope around the nodules, causing the nodules to be in contact
with the melt for a long time. This can lead to unequal growth of the
nodules and their degeneration, especially when austenite unevenly
surrounds the nodule. In this case, the nodule count decreases and
increases the number of graphite particles that cannot be considered
as nodules, which ultimately decreases nodularity.
The obtained results show that the silicon content also
significantly affected the nodule count and nodularity (Figs. 2, 4
and 5). In thin and medium-thick sections, i.e. in section thicknesses
of 3, 12, 25 and 38 mm, the nodule count increases with increasing
silicon content. This suggests that increasing the graphitizing
potential of melt by increasing silicon content at fast enough
cooling can result in an increase in the nodule count. In thick
sections, i.e. in section thicknesses of 50, 75 and 100 mm, the
nodule count decreases with the increase in silicon content. In the
microstructure of these sections from test castings containing 3.8
and 4.22 wt.% Si a lot of small irregular particles of graphite and
clusters of graphite particles that look like chunky graphite was
found. Nodularity follows the same trend as the nodule count.
Figs. 3 and 6 show that the proportion of ferrite in the metal
matrix of test castings depends on the section thickness and silicon
content. The content of the ferrite in the metal matrix of test
castings containing 3.8 and 4.22 wt.% Si gradually increases with
the section thickness increase and reaches 100 % in sections
thicknesses of 25, 38, 50, 75 and 100 mm. The metal matrix of all
sections in the test casting containing 3.11 wt.% Si contains a
certain amount of pearlite. Since the silicon content is not high
enough, this is particularly pronounced in thick sections due to
segregation of pearlite-promoting elements during slow cooling. It
is obvious that a combination of slow cooling and the high silicon
contents promotes austenite transformation into ferrite. A high
number of graphite particles also promotes the formation of ferrite
as it facilitates the removal of carbon from austenite during cooling.
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Absract: The MAX-phase Ti3AlC2 was synthesized by sintering method. The study of sorption properties of the sample was
carried out under conditions continuous heating. It was established that desorption of hydrogen begins at a temperature of ~
210 °С. After complete desorption, the sample was re-heated in an atmosphere of hydrogen. It was found that Mg-5 wt%
Ti3AlC2 composite begins absorb hydrogen at a temperature of ~ 76 °С. As a result of cycling, the temperature of desorption
has shifted towards lower values ~ 186 °C.
KEYWORDS: MAX-PHASE, Ti3AlC2, HYDROGEN STORAGE

rpm. The balls to powder ratio was 10:1. Then the
homogeneous mixture was cold-pressed under 640 MPa and
sintered at 1400 °C during 1 hr in Ar atmosphere.
Samples Mg-5 wt% Ti3AlC2 were prepared by ball
milling under hydrogen atmosphere at 400 rpm for 10 hr.
Initial hydrogen pressure in the milling vial was ~1 MPa.
Every two hours the grinding process was stopped and a new
portion of hydrogen gas was added. This technique allowed
the control of the hydrogen absorption process. During
grinding the mixture exhibited high activity of interaction
with hydrogen.
X-ray diffraction studies are carried out on the standard
diffractometer HZG-4 with filtered CoKα radiations in the
Bragg-Brentano geometry. Rietveld refinement of the XRD
patterns was performed by the MAUD software [14].
Investigation of the hydrogen sorption properties of the
magnesium based composites was performed out on a
homemade Sievert’s type apparatus.

1. Introduction
The last years more attention is a pay to the search of the
clean energy sources. The most promising area in this field is
hydrogen power. Developing safe, efficient and affordable
approaches of hydrogen storage is especially important for
practical application. Compared to gaseous or cryogenic
methods [1], the storage of hydrogen in a bonded state in the
form of various compounds attracts great attention due to
their unique characteristics, safety and high volumetric
energy density. Metal hydrides attract a special attention [2].
Metal-hydrogen compounds have a high mass and
volumetric density of hydrogen. However, the hydrogen
content of the vast majority of hydrides is ~ 2%, which
makes them economically unprofitable. Moreover, the
temperature at which the release of hydrogen for the vast
majority of hydrides is several hundred degrees. Hydrides
based on intermetallic compounds exhibit significantly lower
desorption temperatures of hydrogen. But their hydrogen
capacity is small and does not exceed 1-2%. In contrast to the
materials pointed out above, magnesium capable to absorb
up to 7.67% hydrogen. Therefore magnesium is a most
promising material for use in hydrogen energetic [3]. But
there are crucial disadvantages must be overcome for
widespread use of magnesium as a hydrogen storage media:
high storage/release temperatures, slow hydrogen
sorption/desorption kinetics and low cyclic stability. A wide
range of different methods has been applied over the past
decades. Mechanical grinding magnesium with a various
additives cause a great practical interest since allows to
synthesize high active powders with improved hydrogen
sorption/desorption kinetics [4-7]. Further development of
this approach may be the use of new type of catalysts - MAX
phases [8] and their derivative 2D structures – MXene [911]. To prepare magnesium based hydrogen storage materials
the ball milling under hydrogen atmosphere [12, 13] (socalled reactive grinding) is also widely used.
In this paper we propose to use the MAХ-phase Ti3AlC2
as a catalyst additive to the magnesium powder. The samples
were prepared by reactive ball milling under hydrogen
atmosphere.

3. Result and discussion
The diffraction pattern of synthesized MAX-phase
Ti3AlC2 is shown on the Fig. 1. From the Rietveld refinement
has been found that the sintered pellets contain ~98.5 wt% of
Ti3AlC2 phase and ~ 1.5 wt% TiC.

Fig. 1 XRD pattern of MAX-phase Ti3AlC2.

2. Materials and method

The prepared MAX-phase Ti3AlC2 was used as a catalyst
additive to magnesium. The XRD of as-milled Mg-5 wt%
Ti3AlC2 compositions is shown on Fig. 2. It should be
immediately noted that sample have diffraction peaks whose
positions are very close to those for the Mg, MgH2 and
MAX-phase Ti3AlC2.

The MAX-phase Ti3AlC2 was synthesized by sintering
method. The initial powders Ti, Al and spectrally pure
graphite in atomic ratio of 3:1.1:2 with additive 5 wt% B2O3
were homogenized using the laboratory planetary ball mill
Fritsch Pulverisette P-6 for 1 h. The milling speed was 200
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Fig. 2. The as-milled Mg-5 wt% Ti3AlC2 composite after the
reactive ball milling during 10 h.

Fig. 4. Typical hydrogen sorption curve by Mg-5%wt
Ti3AlC2 composite after cycling.

The sorption properties of the composite Mg-5wt%
Ti3AlC2 after reactive ball milling have been tested by the
Sievert’s technique. A powder sample was placed in a
reactor. Then as-milled sample was continuously heated from
the room temperature up to 400 °C to estimate quantity
hydrogen absorbed during the reactive grinding. After the
first heating cycle from thermal desorption curve it was
found that the decomposition of magnesium hydride starts at
210 °С and finished at a temperature of 310 °С (Fig. 3, a). As
a result of cycling, the temperature of desorption is shifted
towards the lower values of 186 °C (Fig. 3, b). The amount
of hydrogen released from the sample under these conditions
is about 4.8%. The release of hydrogen occurs in a wide
range of temperatures. It could be seen use Ti3AlC2 MAХphase as catalyst additive promotes to a remarkable decrease
in the hydrogen desorption temperature from the magnesium
hydride. It is one of the important moments at the
development of materials for hydrogen energy. According to
the literature data, the temperature of the beginning of
decomposition of magnesium hydride is ~ 283 ° С [15].

The studies of the hydrogen desorption kinetics under
isothermal conditions at a temperature of 300 °C have been
carried out. It was shown that the Mg-5wt.% Ti3AlC2
composite at this temperature desorption 4.5% hydrogen for
200 s (Fig. 5).

Fig. 5 Desorption of hydrogen in isothermal conditions at
T=300 °C.

Fig. 3 The thermal desorption curves of composite Mg 5wt% Ti3AlC2: (a) – as-milled in hydrogen atmosphere and
(b) - after second cycle.

Fig. 6 XRD pattern of composite Mg - 5wt.% Ti3AlC2 after
cycling.

After complete desorption, the sample was re-heated in
an atmosphere of hydrogen. From the sorption curve (Fig. 4)
was established that Mg-5 wt% Ti3AlC2 composite begins
absorb hydrogen at a temperature of ~ 76 °С. The amount of
hydrogen absorbed after full saturation is 4.8%. It is
corresponds to the amount of desorbed hydrogen.

The X-ray diffraction pattern of the composite Mg-5wt.%
Ti3AlC2 after saturation is show on Fig. 6. According to the
results of the phase analysis it is established that after the last
saturation cycle the materials contains mainly MgH 2 with the
preservation of the initial MAX-phase Ti3AlC2 and a
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relatively small amount of MgO. Magnesium oxide was
formed as a result oxidation of the sample during X-ray
diffraction studies in the air.

11. Chen G. Effects of two-dimension MXene Ti3C2 on
hydrogen storage performances of MgH2-LiAlH4
composite. Chemical Physics, 2019, 552, P. 178–187.
(Chen G., Zhang Y., Cheng H., Zhu Y., Li L., Lin H.).
12. Sibanyoni J.M. Magnesium–carbon hydrogen storage
hybrid materials produced by reactive ball milling in
hydrogen. Carbon, 2013, 5, 7, P. 146 –160. (Sibanyoni
J.M., Denys R.V., Williams M., Pollet B.G., Yartys
V.A.).
13. Bobet J-L. Hydrogen sorption of Mg-based mixtures
elaborated by reactive mechanical grinding. Journal of
alloys and compounds, 2002, 336, P. 292–296. (Bobet JL., Chevalier B., Song M.Y., Darriet B., Etourneau J.).
14. Lutterotti L. MAUD: Material Analysis Using Diffraction
(http://maud.radiographema.eu/). (Lutterotti L.).
15. Crivello J.-C. Review of magnesium hydride-based
materials: development and optimisation. Appl. Phys. A,
2016, 122, P. 97. (Crivello J.-C., Dam B., Denys R. V.,
Dornheim M., Grant D. M., Huot J., Jensen T. R., Jongh
P. De, Latroche M., Milanese C., Milcˇius D., Walker G.
S., Webb C. J., Zlotea C., Yartys V. A.).

4. Conclusion
The use of the MAX-phase Ti3AlC2 as an active additive
to magnesium at reactive ball-milling treatment results to the
formation of a composite with a sorption/desorption
temperature of ~ 76 °С /186 °С, which is significantly lower
than that of pure magnesium hydride.
The hydrogen capacity of the composite Mg-5wt.%
Ti3AlC2 is 4.8%.
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Abstract. Melting and crystallization of heterophase non-metallic inclusions ―eutectics‖ was investigated. Mechanism of melting
of the eutectic inclusions and inclusion-matrix boundaries under contact laser melting with steel matrix in the conditions of abnormal mass
transfer connecting with formation of zones with high dislocation density and also with electron and electro-magnetic interaction between
inclusion and steel matrix was proposed. That allows to create the possibilities for the influence on the inclusion-matrix boundaries and also
on the chemical and phase composition of surface layer of non-metallic inclusions. Peculiarities of structure of non-metallic inclusions after
speed crystallization were investigated. It was shown that under laser action the initial composite colonial structure of inclusions transits into
abnormal eutectic structure. Also it was shown that under laser action the initial structure of inclusion-steel matrix boundaries transits into
unstable equilibrium high-energy condition that cause development of the dissipation processes connecting with aspiration of system
inclusion-matrix to the state with minimum of the free energy. In the result of the system eutectic inclusion-matrix transits to the state of
unstable equilibrium which determines structure and properties of laser-quenched interphase boundary. Processes of melting, fusion and
dissolution of non-metallic inclusions ―eutectics‖ and also of the melting of steel matrix play the great role in transformation of interphase
inclusion-matrix boundaries under laser action.
KEYWORDS: NON-METALLIC INCLUSIONS ―EUTECTICS‖, STEEL, STRENGTHENING, LASER TREATMENT
(Fe, Mn)S, (Fe, Mn Cr)S-FeO, oxide MnO-Mn3O4, Fe2O3CaO·Fe2O3,
MgO·Al2O3-2MgO·SiO2,
MgO·Al2O32MgO·Al2O3-MgO,
5CaO·Al2O3-CaO·Al2O3,
CaO·Al2O3CaO·2Al2O3, СаO·Al2O3 -CaO·2Al2O3-CaF2, silicate FeO·SiO2Mn0·SiO2, 2FeO·SiO2-MnO·SiO2, 2FeO·SiO2-CaO·MgO·SiO2,
FeO·SiO2-CaO·FeO·SiO2, 2CaO·Al2O3·SiO2-CaO·MgO·SiO2CaO·FeO·SiO2, nitride TiN-TiCN, sulfosilicate FeS-FeO · SiO2,
oxilicate FeO-FeO · SiO2. In the structure of such inclusions, due
to the joint crystallization of the phases, a certain regularity is
observed in their arrangement, typical of eutectics, although
phase conglomerates are possible, and the second phase can form
layers with an oval cross section or films along the grain
boundaries of the first phase.
The goal of this investigation was to research the
processes of melting, dissolution, crystallization of the
heterophase non-metallic inclusions "eutectics" in hypernonequilibrium conditions and the influence of these inclusions
on the peculiarities of structural changes in steel matrix and its
strengthening under laser treatment.

1.Introduction.
In steels, heterophase types of inclusions are often
present [1 - 7]. For heterophase inclusions, the presence of
internal interphase boundaries is characteristic, which, along with
the inclusion-matrix interphase boundaries, play an important
role in the formation of defects, which is very important when
analyzing the reliability and durability of products operating in
different conditions [4, 8 - 11]. Heterophase inclusions of the
―eutectics‖ type are formed as a result of simultaneous
crystallization of the phases during eutectic transformation. Such
inclusions have a eutectic structure and are colonies of eutectic
phases eu1 and eu2 — composite formations of different types
depending on the composition and nature of these eutectic phases
(Fig. 1), although conglomerates of eutectic phases are possible.
Accordingly, it is possible to designate the interphase boundaries
inclusion-matrix eu1↔m and eu2↔m. Eutectic inclusions with
phases eu1 and eu2: sulfide FeS-MnS, FeS-(Mn, Fe)S, FeSAl2S3, (Fe, Mn)S-FeS, (Fe, Cr, Mn)S-FeS, (Fe, Cr, Mn)S-(Fe,
Mn)S, oxysulfide FeS-FeO, MnS-MnO, MnO-FeS, (Fe,Mn)O-

a

b

e

c

f
g
h
Figure. 1. Non-metallic inclusions “eutectics” before laser action; х600
6,0).10-3s. heterophase non-metallic inclusions "phases are
beside" were identified by metallographic, X-ray microspectral
and petrographic methods, [1, 12]. Distribution of elements and
nanohardness of steel matrix near inclusions were determined.

2. Materials and Procedures.
Specimens made of wheel steel R7, 08Yu, 08T, 08Kp,
08Ch18N10T,ShCh15, NB-57, 12GS, E3 were irradiated by laser
in GOS-30M installation with an excitation voltage of 2,5kV and
pulse energy of 10, 18, 25 and 30J at heating rate of 10 5 oC/s and
cooling rate of 106 oC/s with action time of (1,0, 2,5, 3,6, 4,2 и

3. Results and discussion.
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Most of inclusions of ―eutectics‖ are low-melting and
both their phases must to melt almost simultaneously. But
eutectics with high-melting phases exist too [1, 4]. Inclusions of
eutectics are differed from heterophase non-metallic inclusions
―high-melting phase surrounding with low-melting cover‖ and
―phases are beside‖ with the presence of more dispersed phases
and more branching net of interphase boundaries eu1↔eu2 inside
inclusions. Molten inclusions ―eutectics‖ is been in molten steel
matrix and micrometallurgical bath is formed. Hydrodynamics
flows in the conditions of vortex thermocapillary mixing and
temperature gradients are origined and that causes displacement
of inclusion phases. In the result of high-speed melting of
inclusions ―eutectics‖ heavy oversaturated liquid solution or two
liquid solutions on the base of inclusion and steel matrix differing
by concentration heterogeneity are formed. In such liquid
systems nonbalanced mass transfer is happened that suppresses
of cooperative growth of phases and formation of cooperative
structures of non-metallic inclusion.
Evidently under laser melting and contact interaction of
eutectic inclusion with liquid steel matrix advantageous the
dissolution (melting) of interphase boundaries eu1↔eu2 must to
happen. Just distribution of surface tensions in the zone of
contact interaction when heavy disordered state in surface areas
of eutectic phases is created and diffusive composition equalizing
do not happened the heavy nonequilibrium conditions and
thermodynamic stimulus for rapid simultaneous or selective
dissolution of phases of inclusion are appeared. Besides since
speed of mass transfer and degree of saturation of eutectic phases
with elements of steel matrix (in first turn with iron) is different.
That phase of inclusion with more degree of saturation by iron is
dissolved more quickly.

a

Inclusions of ―eutectics‖ containing both low-melting and
high-melting phases after high-speed crystallization in the
conditions of laser action were investigated. They had regular
colony structure in the initial state. In the most of them such
structure was not kept after laser action. Evidently transformation
of type of eutectic was happened. Regular colony structure was
transformed into abnormal eutectic without regular distribution
of components (Fig. 2, a - d). In such inclusions no regular
distribution of the elements of the eutectic phases is observed
(Fig. 3, a). According to reference [5], abnormal eutectics are
formed in conditions when conjugational growth of crystals of
eutectic phases do not possible and also when eutectic is formed
with high-entropy phases. It is evidently the absence of
possibility for conjugational growth of crystals of eutectic phases
in the conditions of laser action. For the structure of abnormal
eutectics the presence of phase areas with different shape
chaotically disposing in inclusion is typical. Abnormal eutectic
structures after laser action with energy of impulse Wpulse 10 – 25
J were observed. In the resort of Wpulse 30 J together with
abnormal eutectics the sulphide and silicate eutectics inclusions
with amorphous structure were observed (Fig. 2, e), which have
significant chemical heterogeneity (Fig. 3, b). As a rule, these
were sulphide or silicate eutectics, i.e. inclusions consisting of
fusible phases. Some inclusions have signs of colony structure
(Fig. 2, f). Various of structures of inclusions of ―eutectics‖ is
explained with differences of nature of eutectic phases and also
with heterogeneity of laser radiation promoting appearance of
different conditions of their crystallization. Steel matrix under
laser melting is saturated with elements of phases of inclusions of
―eutectics‖ independently on the type of inclusion.

b

c

e
f
d
Figure 2. Dissolution and melting of heterophase non-metallic inclusions of “eutectics” under laser action; x2000

I,imp/s
a
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b
Figure 3. Distribution of elements near inclusions of the "eutectics" type after laser action
―interphase boundaries eu1↔m, eu1↔m‖ – ―steel matrix‖ was
thermodynamics instable after laser action. Realization of such
mechanism of melting and dissolution of inclusions of
―eutectics‖ is determined with value of stresses creating in
surface layers of both phases of inclusion. Evidently owing to
formation of big stresses in surface layers of matrix and both
phases of inclusion ―eutectics‖ in the conditions of high-speed
laser action it is possible nonactivated transformation of heavy
disordered surface layers of both phases of inclusion into liquid
state with formation of liquid phase.
Consistency of formation of heavy disordered areas on
the surface layers of both phases of inclusion ―eutectics‖ and also
movement of interphase boundaries is shown on Fig. 4. In the
moment of melting (dissolution) of eutectic type of inclusions the
both their phases must to dissolve practically simultaneously.
Evidently owing to contact interaction of inclusions with liquid
steel matrix advantage melting (dissolution) of interphase
boundaries of eutectics takes place. On Fig. 4 surface tensions on
interface boundaries are shown. Distribution of surface tensions
in zone of contact interaction then heavy disordered state in
surface areas of eutectic phases is formed and diffusive
equalizing of composition do not has time for happen the heavy
nonequilibrium conditions are created and thermodynamics
stimulus for rapid simultaneous or selective dissolution of
inclusion phases is appeared.

In anomalous eutectic inclusions, the interphase
boundaries of eu1↔eu2 inclusions appear somewhat ―blurred‖;
X-ray microscopic analysis showed that the content of elements
of the neighboring phase in both phases of inclusion was
increased near these boundaries (Fig. 3, a). This indicates the
mutual exchange of atoms between the inclusion phases at the
moment of eutectic melting, which occurs through their
disordered transitions across the eu1↔eu2 boundaries, as well as
through the boundaries with the molten steel matrix. Considering
the features of laser melting of two-phase inclusions of
―eutectic‖, it should be noted that each phase of the inclusion
contacts both the steel matrix and the other phase of the
inclusion, i.e. It has two interphase boundaries (the inclusionmatrix eu1↔m, eu2↔m and the inclusion-inclusion eu1↔eu2),
which differ in structure [4].
Contact dissolution and melting of phases eu1 and eu2 of
inclusions ―eutectics‖ and also of interphase boundaries
eu1↔eu2, eu1↔m, eu2↔m in molted steel matrix in
nonequilibrium conditions under laser action is energetically
excused because surface layers of both phases of inclusion being
in stress state with high energy are replaced with liquid phase
with less energy. Decrease of surface energy owing to contact
interaction of eutectic phases and steel matrix and also owing to
interaction of phases eu1 and eu2 of inclusion in the moment of
melting is rather considerably that system ―phase eu1 of
inclusion‖ – ―boundary eu1↔eu2‖ – ―phase eu2 of inclusion‖ –

a

b

c

Figure 4. Schemes of laser melting of inclusions of ―eutectics‖: σi-l – stresses on boundary between hard heavy distortion area of inclusion
and liquid steel matrix, σ1,2i-l – stresses between eutectic inclusion and molten steel matrix, σ1i-l and σ2i-l - surface tensions between phase eu1
and phase eu2 of inclusion and molten steel matrix accordingly, σeu1-eu2 - surface tensions between phase eu1 and phase eu2 of inclusion,
σ1,2l-l - stresses between molten eutectic inclusion and molten steel matrix, 1 – inclusion-matrix boundary, 2 – initial position of inclusionmatrix boundary
Under quenching from liquid state in both phases of
state have the structure of eutectic colonies. Analysis of the steel
inclusion the zones of high-speed crystallization with columner
matrix areas adjacent to eutectic inclusions was showed that their
shape of grains and liquation are formed. Silicate and sulphide
structure is heterogeneous. Near the inclusions, one, or two or
inclusions of ―eutectics‖ were inclined for amorphization.
three saturation zones of the cascade-type, columnar or the
When studying the features of the microstructure of the
saturation zones of the spotted type were detected (Fig. 5). The
steel matrix near inclusions of eutectic type, it is necessary to
formation of saturation zones of the steel matrix is associated
take into account that two different phases, eu1 and eu2, are in
with the exchange of the phases of inclusion and the steel matrix
contact with the steel matrix, which are much more dispersive
with atoms of various elements as a result of anomalous mass
and often have closer chemical composition and properties. In
transfer [1, 4]
this study, we are talking about inclusions, which in the initial
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a
b
c
Figure 5. Saturation zones of the steel matrix near the "eutectic" inclusions$ x500x3
saturation zones, the values of the nanohardness of the steel
matrix are lower than in the first zone, but exceed the values of
The results of a study of the distribution of nanohardness
Нм for the matrix far from the inclusions, respectively, in 1.39 ...
in the zones of saturation of the steel matrix adjacent to the
1.58 and 1.29 ... 1.42 times at a pulse energy of 25 J and
phases of eu1 and eu2 inclusions of the "eutectics" type showed
exposure time 3.6. 10-3 sec. Bursts of the nanohardness of the
that the nanohardness is much higher than its average value for
steel matrix were observed, which under the same conditions of
the matrix far from the inclusions (Table 1). The level of
laser action in the saturation zones 1, 2, 3 were respectively the
nanohardness of each zone of the metal matrix is determined by
excess of the nanohardness of the steel matrix far from the
the type of steel, since the degree of hardening in the process of
inclusion of 1.75 ... 2.41; 1.61 ... 1.85; 1.55 ... 1.63 times.
laser action depends on its composition and structure. In the first
в
Obviously, a cascade distribution of the values of the
saturation zone, the values of ( Н м ) at a pulse energy of 25 J and
nanohardness of the metallic matrix is observed at a distance
an exposure time of 3.6. 10-3 s at 1.46 ... 1.95 times higher than in
from the phases eu1 and eu2 of the inclusion.
the steel matrix far from the inclusion. In the second and third
Table 1. The values of the nanohardness of the saturation zones of steel matrix near the “eutectic” type of inclusions

Н мв

and far from

them, Нм, as well as the coefficient (Ki) at a pulse energy of 25 J and an exposure time of 3.6. 10-3 s
inclusion eu1-eu2,
steel, Нм,х 10, MPа

FeS-(Fe,Mn)S,
08Kp,
260
TiN-TiCN, 08T,
280

Phases
of
inclusion
(state
under laser action:
*L – liquid; M –
melted)
FeS (L)

Н мв , х 10, МПа and (Ki) in zones

Condition and type of
saturation zone in
steel matrix of steel
matrix under laser
action
Liquid;
columnar, spotted

1
379(1,46);
―bursts‖ 455(1,75)
429(1,65); ―bursts‖
494(1,9)
518 (1,85); ―bursts‖
616(2,2)

(Fe,Mn)S (L)
TiN (M)

solid / liquid;
cascade with ―bursts‖

TiCN (M)
FeO.SiO2-MnO.
SiO2, 08Uy, 290
MgO.Al2O32MgO.SiO2,
ShH15,
750

FeO.SiO2 (L)

549 (1,96);
―bursts‖675 (2,41)
Liquid;
columnar, spotted

508 (1,75);
―bursts‖609 (2,1)
574 (1,98);
―bursts‖670 (2,31)
1185 (1,58);
―bursts‖1350 (1,8)

MnO. SiO2 (L)
MgO. Al2O3 M)

Liquid;
cascade with ―bursts‖

2

3
-

-

-

-

389(1,39),
―bursts‖
476(1,7)
423 (1,51),
―bursts‖ 518
(1,85)
-

-

-

-

-

-

1058 (1,41),
968 (1,29),
―bursts‖ 1208
―bursts‖
(1,61)
1163 (1,55)
1343 (1,79);
1185 (1,58),
1065 (1,42),
―bursts‖
―bursts‖
―bursts‖
1440 (1,92)
1358 (1,81)
1223 (1,63)
the matrix is controlled by both phases eu1 and eu2 of inclusions,
which are sources of internal doping of the steel matrix. In the
vicinity of both phases of inclusions, we observed composite
liquation zones of saturation of a steel matrix of several types. A
characteristic feature of the saturation zones of the steel matrix
for heterophase inclusions of this type is that near the different
phases of the ph1 and ph2 inclusions saturation zones of the
matrix with different structures were encountered. Therefore,
their Formation of the saturation zones of the steel matrix near
inclusions ―eutectics‖ under laser action depends on the behavior
of different phases of inclusion, as well as the ability to speed
mass transfer of the elements of these phases to the surrounding
steel matrix under conditions of pulsed laser action.

2MgO. SiO2 (L)

The main factor for strengthening the phase-adjacent
type of "eutectics" the steel matrix is its microalloying from
internal sources, which are the phases of eu1 and eu2 of
nonmetallic inclusion. In this case, by forming local liquation
zones near each inclusion phase, saturation zones of a cascadetype steel matrix are created, which are layered composite
regions near the phase differences of nonmetallic inclusions.

4. Conclusions.
The mechanism of melting of inclusions ―eutectics‖ under laser
action depends on their type. In this case, as a rule, their
composite colonial microstructure is transformed into the
structure of anomalous eutectics. Near the heterophase inclusions
of the type of "eutectics", the formation of the saturation zones of
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Abstract/: In this work are presented the development of simulation metods of analysis the phase-structural transformations and properties
in alloy steels. The analytical dependencies of this simulation were applied to the calculation of ferritic, pearlitic and bainitic
transformations in carbon and alloy steels. To calculate the amount of martensite, the authors used a new equation that has been
successfully used in others works too. Based on the developed regression model, isothermal and structural diagrams for 20CrNi4V and
25Cr2Mo1V steels have been constructed. The analysis is performed of the aerial quenching of tools from alloy steels 20CrNi4V and
25Cr2Mo1V, according to the recommended heat treatment schedules in the tools production. For steels 20CrNi4V and 25Cr2Mo1V, it is
possible to obtain a bainitic structure in a wide range of cooling rate. Corrections of heat treatment schedule were proposed.
KEYWORDS: HEAT TREATMENT, PHASE- STRUCTURAL TRANSFORMATION, PROPERTIES, SIMULATION METODS, ALLOY
STEEL, PIERSING TOOLS

1. Introduction / Введение

20CrNi3V.The steel used for model verification is 25Cr2MoV with
known diagrams of austenite transformation and the structure after
treatment.
The improved model explicitly contains the rate of phase and
structure transformation (ferrite, pearlite, bainite) that allows more
clearly to interpret physical coefficients. To describe the process of
martensite formation, the model includes both the start and end
temperature of transformation.

Improvement of heat treatment process is efficient, if a
complete picture is known of the main features and characteristics
of processed alloys. Important information is about the kinetics of
supercooled austenite transformation, on which the basis issues are
addressed of hardenability, heat treatment schedules and the
mechanical properties (YTS, UTS, E% and HB).
Experimental study of microstructure components in the
heat treatment of allow steels consists of the building of timetemperature (TTT) and continuous cooling (CCT) transformation
diagrams, as well as in the study of steels hardenability.
Modern researches are implemented in the special purpose
software packages like JMatPro or ESI Group products for steels
modelling. User is able to calculate phase changes for an assigned
chemical composition of steel and different modes of treatment, e.g.
continuous heating and tempering. That makes it possible to predict
the details of the structure after heat treatment [1-3] including largescale rolls [4-6]. User needs to integrate own routines for
calculating diagrams of phase transformations, for example, when
heat treatment is combined with cryogenic processing [7].
The aim of this work is development of simulation metods
of analysis the phase-structural transformations in alloy steels for
the piersing tools.

2. Analytical
models
transformations

3. A technique for simulation phase-structural
transformations in alloy steels
Special alloy steels 20CrNi4V and 25Cr2Mo1V are used for
the rolling and piercing tool. The chemical compositions of alloy
steels are given in Table. 1.
Table 1. The chemical composition of alloy steels.
Chemical composition, %
Steels
С
Mn
Si
Cr
Ni
20CrNi4V
0.20 0.35 0.41 0.85 4.1
25Cr2Mo1V 0.29 0.37 0.45 2.75 0.25

V
0.12
0.37

The analytical equation of phase transformations was
adopted to be applicable in the computer simulation. The algorithm
for simulation phase transformations in alloy steels is as follows.
1) Calculation of critical points of phase transformations according
to the regression model developed for certain range of chemical
compositions of alloy steels.
2) Building of TTT for the calculated critical points.
3) Construction of a CCT by the proposed calculation method.
4) Calculation the cooling curves and the boundaries of phase
transformations at surface of tools and their comparison with
experimental data.
5) Calculation the number and fractions of microstructure
components in the steel at the end of cooling.
The analytical TTT and CCT diagrams are currently
determined for a given range of chemical composition of steels by
the statistical processing of the highly alloyed steel grades. That is
resulted in a possibility to take into account the complete list of
alloying elements and enough wide range of their mass fraction.
This is the advantage of the developed analytical models in contrast
to the experimental methods of the TTT and CCT determination by
the dilatometric measurements.

phase-structure

Analytical model of austenite transformation was applied for
the steel structure modelling based on the results obtained in [7].
The M. Avrami equation was used of the phase transformation
kinetics, written in the following form:
P  1  exp  (V ) n
,
(1)
where Pα – result of the phase transformation (amount of formed
ferrite, pearlite or bainite); V – relative rate of transformation; n –
degree of equation; τ – time of transformation (below critical point
Ac3 for the ferrite, Ac1 for the pearlite and Ac0 – for bainite).
The relative rate of conversion is given by [8, 9]:
V  K  Т exp(Q / 2RT ) ,
(2)



Mo
0.16
1.1



where T = Tc – T, T – current temperature; Tc – temperature
critical points of transformation; Q – the activation energy of carbon
diffusion in the alloy steel; K – constant coefficient; R – universal
gas constant, 1,987 [cal K−1 mol−1]. Parameter Q for ferrite and
pearlite is equal to the activation energy of carbon diffusion in the
austenite of steel, and for bainite, it is equal to the activation energy
of carbon diffusion in steel ferrite. Temperature Ac0 for roll steels is
calculated from the condition that the maximum of the bainite
growth rate coincides according to temperature, calculated from
equation (2) and its experimental value on an isothermal diagram.
This value is 600°C for steel 25Cr2Mo1V and 580°C for steel

4. Simulation phase-structural transformations
in alloy steels
Under isothermal conditions, an alloy steel 20CrNi4V and
25Cr2Mo1V undergoes three austenite transformations: ferritic,
pearlitic and bainitic (Figure 1).
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25Cr2Mo1V cooled at a rate 0.5°C/s includes at room temperature
ferrite (27%), pearlite (3%) and bainite (70%) (Figure 2b).
The calculated CCT of steel 20CrNi4V has an intersection
of bainite and pearlite regions at the temperature at 450°C, where
these microstructure components are formed simultaneously
(Figure 3a).

(a)

(a)

(b)
Figure
1.
TTT
diagrams
of
alloy
steels:
(а)
20CrNi4V
(Ас3=780С,
Ас1=690С,
Мs=350С);
(b) 25Cr2Mo1V (Ас3=895С, Ас1=810С, Мs=350С)
Differences in alloy elements of these steels determine the
type of structures diagrams (Figure 2).

(b)
Figure 3. CCT diagrams of alloy steels 20CrNi4V (a) and
25Cr2Mo1V (b)
The areas of ferritic and pearlitic transformations for steel
20CrNi4V are shifted to the region of lower temperatures and
cooling rates compared to steel 25Cr2Mo1V (Figure 3b).
Thus, for steels 20CrNi4V and 25Cr2Mo1V, it is possible
to obtain a bainitic structure in a wide range of cooling rate.
(a)
CONCLUSIONS
In this work are presented the development of simulation
metods of analysis the phase-structural transformations and
properties in alloy steels for piersing tools. The analytical
dependencies of this simulation were applied to the calculation of
ferritic, pearlitic and bainitic transformations in carbon and alloy
steels. To calculate the amount of martensite, the authors used a
new equation that has been successfully used in others work too.
Based on the developed regression model, isothermal and
structural diagrams for 20CrNi4V and 25Cr2Mo1V steels have been
constructed; their correspondence to experimental data has been
established. The analysis is performed of the aerial quenching of
tools from alloy steels 20CrNi4V and 25Cr2Mo1V, according to the
recommended heat treatment schedules in the tools production.
For steels 20CrNi4V and 25Cr2Mo1V, it is possible to obtain a
bainitic structure in a wide range of cooling rate. Corrections of
heat treatment schedule were proposed.

(b)
Figure 2. Structures diagrams of steels 20CrNi4V (a) and
25Cr2Mo1V (b) depending on the cooling rate (F – ferrite P –
pearlite; B – bainite; M – martensite).
In steel 20CrNi4V (Figure 1a) there is temperature range of
austenite stability between the areas of pearlite and bainite, which
formation begins earlier than in 25Cr2Mo1V steel. The region of
pearlite transformation is shifted to the right side, which indicates
an increased stability of austenite due to alloying elements. In alloy
steel 25Cr2Mo1V between pearlitic and bainitic areas (Figure 1b)
exists of area increased stability of austenite in the temperature near
600°C.
The steel structure 20CrNi4V cooled at a rate 0.5°C/s
(corresponds to tools surface cooling) has at 20°C ferrite (5%) and
bainite (92%) and retained austenite (3%) (Figure 2a). Steel
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Abstract: The high specific strength of Ti-based alloys and composites makes them highly requested materials in various structural
applications. However, reinforcement of the alloys with hard particles generally lowers the values of toughness and plasticity of material. A
satisfactory combination of plastic and strength can be achieved by formation of layered structures comprising of two and more layers of
different materials with different chemical compositions within individual layers. The multi-layer materials allow controlling the mechanical
properties of the individual layers by changing microstructure and chemical composition within each layer specifically. In the present study,
a cost-efficient process of fabrication of Ti-based multi-layer composites using blended elemental powder metallurgy (BEPM) and TiH2
powder is proposed. Two and three-layered composites based on titanium or Ti-6Al-4V alloy and their metal-matrix composites (MMC) with
TiC and TiB were fabricated. Multi-layered samples reinforced by TiC were successfully sintered due to very close shrinkage of adjacent
layers. Shrinkage values of layers reinforced by TiB were lower than those for the Ti-alloy, which led to delamination of layered structures,
distortion of shape, and cracking. We can control shrinkage in individual layers by means of optimizing the powder size, that allows to
obtain multi-layer titanium matrix composites reinforced by TiB with well-balanced mechanical properties.
Keywords: TITANIUM HYDRIDE, METAL-MATRIX COMPOSITES, TITANIUM CARBIDE, TITANIUM BORIDE, MULTILAYERED, MICROSTRUCTURE, POWDERS.
matrix composites (MMC) on its base reinforced with hard TiC or
TiB particles to create layers with high strength and high hardness.
So, 2-layered samples consisted of Ti-6Al-4V alloy layer and MMC
layer with either TiC or TiB particles as well as 3-layered samples
consisted of Ti-6Al-4V alloy layer and MMC layers with different
volume fraction of particles (either TiC or TiB) were explored.
Multi-layered titanium matrix composites were fabricated using
BEPM. Hydrogenated titanium (TiH2) powder (3.5 % H, wt.) was
used as the base powder for fabrication. TiH2 powder with different
particles sizes (<40, <100, 100-125 µm) were used to evaluate the
densification of individual blends to compensate the shrinkage
mismatch of adjacent layers reported earlier [7]. Powder of
hydrogenated titanium was blended with 60%Al-40%V master
alloy powder (particles size < 63 μm) to form blend of total Ti-6Al4V composition. Whenever inclusions of the second phase, such as
TiB or TiC were needed to form MMC their powders were added at
required amounts to the blends and mixed before the pressing. TiC
powder with the size 1-30 μm was used to make MMC with 5 and
10 % (vol.) of reinforcement particles. In order to obtain TiB
inclusions as a part of composite we used TiB2 powder with the size
5-30 µm expected to chemically transform during the sintering
following the reaction: TiB2+Ti=2TiB. For the layered structures,
blends for each layer were prepared separately and added to the die
before the pressing. We used two different compaction pressure. By
using the die-pressing protocol relatively large flat products,
preform plates, with the size 90×90×18 mm were pressed at
150 Mpa. A smaller size samples, bars, with dimention
65×10×10 mm, at 150 and 640 MPa. Single layer materials were
fabricated to test the properties of individual layers, whereas bi- and
three-layer structures were made to test mechanical properties
MMC. Sintering of all preform samples was conducted in vacuum
furnace (1250°C, 4h) followed by the slow furnace cooling. That
provided dehydrogenation of titanium and formation of the bulk
samples. We also performed some experiments to form the bilayered structures of Ti-6Al-4V alloy and MMC on its base where
we used comecially pure Ti (CP-Ti) powder besides the TiH2
powder. That was done to conduct the study on effect of the
powder’s hydrogen content on the shrinkage effect of the layered
compacts during their sintering.

Introduction.
Titanium alloys are widely used in automotive, aerospace and
advanced military applications because of their unique set of
properties such as high specific weight, great strength and ductility,
good corrosion resistance [1-2]. However, as technology evolves,
homogeneous titanium materials may not always satisfy operating
requirements. First of all, it is not possible to achieve a combination
of high strength values without decreasing toughness and ductility
of the material. This combination of properties for titanium
materials can be achieved by creating multilayer gradient products
with different chemical composition and microstructure in each of
the individual layers and leads to different properties of each layer.
The different layers combination in one product allows to achieve
unique properties that are unusual to homogeneous materials. One
of the most optimized method for this class of materials is powder
metallurgy approach that allows to obtain finished products which
combines production simplicity and economical profit. Multilayer
materials in which the top layer consists of titanium-matrix
composite materials reinforced with titanium carbide or titanium
boride can be successfully used as wear-resisting material in
aviation, machine manufacturing and Anti-ballistic military
applications.
The aim of this work was to study the features of the production
of 2-3 layered titanium materials by using titanium matrix
composite materials with titanium carbide particles or titanium
boride by powder metallurgy approach.
The technological cost-effectiveness of titanium alloys usage
was demonstrated in [3-4]. This approach has been successfully
used in the production of titanium-matrix composite materials with
both TIC and TiB [5-6]. This approach allows to achieve: low
porosity values of sintered materials, purified materials from
impurities by atomic hydrogen releasing, and reducing the final
product cost.
Materials and experimental procedure.
The bi- and three-layered structures were fabricated in this
study by combining the layers with high strength and hardness, and
the layers with high toughness and ductility in one device.
Ti-6Al-4V alloy was used to provide sufficient ductility, and metal-

The residual porosity of fabricated structures, their shrinkage
after the sintering and mechanical properties were measured on
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materials with different individual compositions. The total
shrinkage upon 4-hour sintering was determined by comparing
linear dimensions of the samples before and after sintering; the
measurement error was 0.2%. Additionally, in-situ shrinkage
measurements were performed on a high-temperature vacuum
dilatometric system [8]. The measurements were conducted during
continuous heating of the samples at a rate 7°C min −1 up to 1250°C.
Densities of individual materials were measured with the
Archimede’s technique.

reinforcement process. When TiB is used, multi-layer materials
have size distortions and cracks between layers (Fig. 2).

Microstructure of the samples was studies using light optical
microscopy (LOM), scanning electron microscopy (SEM). Light
optical microscopy was performed on M600 (Nikon), an IX70
(Olympus). Polished samples for LOM were etched with Kroll`s
reagent. Scanning electron microscopy was performed on VEGA 3
(Tescan).
a

Vickers hardness tests were performed on a Wolpert Wilson
452 SVD system. HV hardness values were average of 5–6
measurements performed for each condition.

b

Fig. 2 Examples of sintered (1250°C, 4h) MMC containing layers
reinforced with TiB. The plate demonstrates the significant
distortion, delamination and extensive cracking caused by the
composite layer (b). Image (a) shows bi-layered bars of Ti-Al6-4V
alloy and MMC with the TiB.

Three-point flexural tests on the bar samples of sintered bilayered structures were performed on an INSTRON 8802 following
ASTM E290-14 standard. Each value on flexural tests was an
average of at least 3 samples tested. In 3-point flexural test on bilayered samples the concentrated load was applied on the side of
MMC.

A detailed study of shrinkage processes in the material
reinforced by TiB by means of dilatometry showed that the
shrinkage values of titanium hydride was 10% (Fig.3). The addition
of Al-V alloying powder did not affect the shrinkage behavior of
the compact. The addition of 10% of TiC particles to a Ti-6Al-4V
compact led to a reduced shrinkage level of about 8–8.5%.
However, the presence of 10 and 20% TiB particles in the blend
reduced the size of the samples by only 4 and 2 % correspondingly
as seen in curves 4 and 5 (Fig.3). The powder blend compact with
20% TiB was made to test specifically the shrinkage behavior of
compacts with a higher fraction of TiB. This test demonstrated that
the shrinkage level of compacts reduced when the boride particle
content increased.

Results and discussion.
To achieve the highest possible balance of mechanical
properties of multilayer materials it is necessary to obtain chemical
and microstructural homogeneity in every material layer during
sintering and reduce residual porosity of the product. It is necessary
also to achieve maximum adhesion between the material layers
(alloy and composite material) and prevent the formation of cracks
between adjacent layers. An important condition of the hydride
approach is complete hydrogen removal (less than 0.01 wt.%)
during the sintering in vacuum to avoid hydrogen embrittlement.
Produced multi-layer materials with 5% and 10% ТіС satisfy all
of the above requirements (Fig.1). Each layer of Ti-6Al-4V/Ti-6Al4V+5%TiC/Ti-6Al-4V+10%TiC material has a homogeneous
microstructure and different residual porosity (3-5%). The
boundaries between the material layers have an excellent adhesion
without cracks between them. Layers shrinkage of gradient material
is at the 15.1-15.8%, significant shrinkage is caused by the change
in the phase state of titanium (δ(TiH2) → α(Ti) → β(Ti)) and the
diffusion processes during the sintering of powder mixtures. It
should be noted that the addition of 5% and 10% TiC, which is inert
and almost does not interact with the matrix phase during sintering,
to the matrix phase (Ti-6Al-4V) as a reinforcing additive has little
effect on the shrinkage of the respective layers. So, multi-layer
materials were successfully produced from the layers based on
titanium and titanium-matrix composites with TiC with excellent
adhesion between the layers.

Fig. 3 Dilatometric heating curves for TiH2 powder compact
(1) and different compacted powder blends on the base of TiH2.
Blend compositions correspond to: Ti-6Al-4V (2), Ti+10%TiC (3),
Ti+10%TiB (4), Ti+20%TiB (5).

a

TiB particles are formed within the MMC following an in situ
reaction (TiB2+Ti→2TiB) above 900°C. At this temperature, we
observe elongation instead of shrinkage. Within this temperature
range, the diffusion of boron into the titanium matrix leads to the
formation of a TiB needle and an increase in the porosity due to the
large difference in mutual diffusion mobility of boron and titanium
(Kirkendall effect). This effect increases with titanium diboride
increasing in the starting mixture.

b

Fig.1 Appearance (a) and microstructure (b) of metal matrix
composites reinforced whit TiC.

When heating MMC containing TiB particles there is a
significant difference in shrinkage of individual layers (15-17% for
Ti-6Al-4V alloy and 8-11% for ММС). This disparity causes

The fabrication of multi-layer material reinforced by titanium
boride particles is fundamentally different from the TiC
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significant shape change (bending), cracking of the plate surface
and visible delamination of the layers (Fig. 2).

were then sintered successfully with no shape alteration or
delamination between the layers. Fabricated plates had dimensions
acceptable for further ballistic testing (Fig. 6).

We need to identify the factors that allow to adjust the
shrinkage separately for each layer to equalize the shrinkage
mismatch between the individual layers during sintering. It is
known that material shrinkage can be influenced by using titanium
powder instead of titanium hydride, compression pressure (Fig. 4),
and the size of initial particles [9].

Fig.5 Shrinkage of TiH2 powder with different particle sizes at
150 MPa compaction pressure.
Measured characteristics of the sintered materials for each
individual layer are presented in Table 1. The residual porosity was
the lowest (~ 1.8%, item 1, Table 1) for Ti-6Al-4V. To match the
shrinkage value of the related Ti-6Al-4V layer, relatively coarse
TiH powder was used resulting in a higher (~3.6%) residual
porosity (item 4, Table 1). Ti-6Al-4V samples with TiC had
somewhat higher porosities (~ 3.6-3.8%, items 2-3, Table 1). An
increase in TiC particle volume fraction (from 5 to 10%) in the Ti6Al-4V matrix did not noticeably change porosity. However,
residual porosity of MMC reinforced with TiB particles was
markedly affected (from 4.5% to 8%) by the increase of
reinforcement particles volume from 5 to 10% (items 5, 6, Table 1).

Fig.4 Test results for evaluation of parameters affecting the
shrinkage of bi-layered plates based on the alloy and MMC with
10%TiB particles, including compaction pressure (150 and
640 MPa) and hydrogen content in the base powder.
In order to determine the equalizing potential of the shrinkage
values of Ti-6Al-4V and Ti-6Al-4V+10ТіВ layers, we performed a
special test on bi-layered preforms. Samples were tested at two
different compaction pressures: 150 and 640 MPa, using three
different powder combinations. Layers were made using
preliminary dehydrogenated TiH2 (CP-Ti) powder and TiH2
powder. In general, the shrinkage of the hydrogenated powder
layers is noticeably higher than those based on CP-Ti powder. At
the same time, the shrinkage of all bars during sintering decreases
with increasing the compaction pressure. Additionally, MMC layers
with 10% TiB in all three combinations demonstrate a lower linear
shrinkage (3–9 %) compared to the adjacent alloy layer (6–17%) for
both tested powders (TiH2 and CP-Ti). Fig. 4 shows the acceptable
inter-layer shrinkage mismatch that can be achieved when CP-Ti
powder is used for the alloy layer and TiH2 for the MMC, at applied
pressure of 640 MPa. Unfortunately, it is difficult to access such
equipment. In this case we didn't want to lose the positive effect of
titanium hydride.

a

According to [10], the selection of powder size is a very important
parameter, which can be used to control the densification of sintered
products. In our case densification of each layer can be specifically
adjusted by choosing a different powder sizes for different layers’
blends. We have tested the effect of powder size on shrinkage levels
using TiH2 with the particle sizes varied in the range of <40μm to
100–125μm (Fig 5). Samples were compacted at 150 MPa and
preforms were sintered following the standard protocol used in this
study. The shrinkage levels ranged between 18 to 13%, with the
highest densification value measured for the smallest particle sizes
tested. This method of control over the powder particles size can be
efficiently applied for minimization of the shrinkage mismatch
between Ti-6Al-4V alloy and TiB MMC.
Additional testing was performed on two different bi- and threelayer bars to check the combined effect of powder size and type.
We used TiH2 powder for both layers. The use of only
hydrogenated titanium as the base powder guaranteed a lower
residual porosity within all layers after sintering and potentially
could provide better mechanical properties. The particle sizes of the
base powders were different and properly selected for each layer
(proprietary data). Hence, only hydrogenated titanium was used as
the base powder in the following experiments. Binary and ternary
bars and plates made by using the optimized powder particle sizes

b
Fig.6 Metal-matrix composites sintered using optimized parameters
at 150 MPa compaction pressure(а). Three-layers fabricated using
TiH2 powder of different particle sizes. The microstructure shows
sintered 3i-layered plate fabricated using optimized parameters (b)
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Table 1: Residual porosity, Vickers hardness and tensile
properties of individual layers.
№

Material

1
2
3

Ti-6Al-4V
Ti-6Al-4V
Ti-6Al4V+5%TiC
Ti-6Al4V+10%TiC
Ti-6Al4V+5%TiB
Ti-6Al4V+10%TiB

4
5
6

Porosity,
%
1.8
3.6
3.6

Hardness,
HV
345
299
333

UTS,
MPa
1034
969
708

Elong.,
%
7.2
8.3
<1

3.8

373

618

0

4.5

327

847

0

8

324

512

0

Conclusions.

Multi-layered titanium plates comprised of layers of Ti6Al-4V and Ti-6Al-4V-based MMC reinforced with TiB or TiC
particles were successfully fabricated using BEPM (cold pressing
and vacuum sintering).

The technological parameters (initial particle size,
pressing and sintering conditions) of production were optimized.
Sintered materials demonstrate similar shrinkage levels and uniform
microstructure within each layer and complete integration between
layers of different chemical composition, providing sufficient
properties for anti-ballistic applications.

It was shown that two-layer materials Ті-6Al-4V/Ті-6Al4V+ТіВ(ТіС) have an order of magnitude greater deformation
energy than the corresponding single-layer Ті-6Al-4V+ТіВ(ТіС)
analogues.

Multi-layered plates fabricated in the course of this study
using BEPM were successfully tested for anti-ballistic application.
The advantages of multilayer structures in comparison with the
single-layer titanium alloys obtained by the methods of casting and
hot deformation were shown.

Vickers hardness and tensile properties of all materials
(Table 1) are determined by the combined effect of residual porosity
and the fraction of reinforcement particles used. An increasing
amount of strengthening particles causes the expected drop in
tensile elongation, while the anticipated increase in strength and
hardness is not always observed due to a related increase in porosity
and premature brittle fracture prior to yield stress.
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Different bi-layered samples of Ti-6Al-4V alloy and MMC with
5 and 10% of either TiC or TiB particles were produced using
optimized shrinkage regimes. The results on their mechanical
behavior upon 3-point flexure tests and fracture analysis are quite
positive. The combination of hardness and robustness of MMC
layer and plasticity and toughness of alloy layer together gives high
balance of mechanical characteristics (Table 2).
Table 2: Three-point flexure test data on bi-layered samples
with different composition. Flexure test shows results for the
concentrated load applied on the MMC side.
№

Material

1

Ti-6Al-4V+5%TiB/
Ti-6Al-4V
Ti-6Al-4V+10%TiB/
Ti-6Al-4V
Ti-6Al-4V+5%TiC/
Ti-6Al-4V
Ti-6Al-4V+10%TiC/
Ti-6Al-4V

2
3
4

Flexure Strength,
MPa
1710

Flexure
Strain, %
10.3

1660

9.1

2140

18.5

2158

14.0

Deformation Energy was calculated by measuring the area
under the engineering stress-strain curve using standard options of
the Origin Pro software. The physical meaning of this parameter is a
total energy or work which must be spent to deform the sample
(including elastic, uniform and localized plastic deformation) to
fracture it [11]. The bi-layered samples demonstrate higher
deformation energy (Ti-6Al-4V/Ti-6Al-4V-5%TiB - 80 MJ/m3, Ti6Al-4V/Ti-6Al-4V-5%TiC - 300 MJ/m3) compared to single-layer
composites (Ti-6Al-4V-5%TiB - 15 MJ/m3, Ti-6Al-4V-5%TiC - 30
MJ/m3)
Ballistic tests were performed at NATO certiﬁed laboratory
(lvan Tchernyakhovky National University of Defense Kyiv,
Ukraine). Two different projectiles were tested: caliber 7.62 mm
and caliber 5.45 mm; projectile speed was in the range of 830-960
m/s, and the shooting distance was 15 m. The results of antiballistic tests of sintered structures demonstrate promising
protective characteristics. Bi-layered structures enable absorbing
higher energy upon impact compared to single-layer plates made by
casting and hot deformation methods.
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STRUCTURE, PHASE COMPOSITION AND HYDROGEN SORPTION PROPERTIES
OF EUTECTIC ALLOY Ti47.5Zr30.2Mn22.5 OBTAINED USING TITANIUM SPONGE
PhD Dekhtyarenko V.
G. V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine - Kyiv, Ukraine
E-mail: Devova@i.ua
Abstract: The microstructure and phase composition of the eutectic alloy Ti47.5Zr30.2Mn22.5 obtained using titanium sponge, as well as the
phase composition of hydrogenation product were investigated by scanning electron microscopy and X-ray phase analysis. It was found that
when iodide titanium was completely replaced by titanium sponge, the alloy structure remained eutectic and consisted of bcc solid solution
and Laves phase. It was shown that after a sorption-desorption cycle the alloy was in activated state and was capable to absorb hydrogen at
room temperature and low pressure (0.21 MPa) starting from the first seconds of contact with hydrogen atmosphere, with hydrogen capacity
of 2.61 wt.%.
KEYWORDS: LAVES PHASE, BCC SOLID SOLUTION, EUTECTIC, TITANIUM SPONGE, SORPTION/DESORPTION,
HYDROGEN CAPACITY.

1. Introduction
Previously, the prospect of using eutectic alloys of the Ti-ZrMn system as a material for the safe storage and transport of
hydrogen in a bound state (hydride) was shown [1]. The use of
eutectic alloys based on the Ti-Zr-Mn system, which consist of bcc
solid solution with high hydrogen capacity and Laves phase
(acceptable operating temperatures, sorption capacities ~ 1.0 H/Me
and high hydrogenation rates), leads both to a significant increase in
the sorption capacity and to the improvement of kinetic and
thermodynamic parameters of hydrogenation and dehydrogenation
processes due to combining the advantages of both phases.
According to the literature, the processes of hydrogen sorption
and desorption in the alloys designed for hydrogen storage are
affected by many factors: production techniques (mechanical
doping or induction melting [2], arc melting or formation of thin
strips from melt [3]), heat treatment parameters [3-4], structure and
phase composition of the initial alloys [5-6]. The main common
feature of all alloys proposed for hydrogen storage is the use of
high-purity materials (not lower than 99.5%) [1-7]. These materials
are quite expensive, that significantly increases the cost of the
resulting hydride. The cost of the resulting hydride can be reduced
by replacing the expensive components by cheaper ones.
The purpose of the present work was to assess the possibility
of reducing the cost of the resulting hydride by replacing the highpurity components by cheaper ones. For this goal, previously
investigated [1] alloy Ti47.5Zr30Mn22.5 was melted, wherein iodide
titanium ($70 for 1 kg) was replaced by cheap grades of titanium
sponge (TG-110, TG-130, TG-TV, $10 for 1 kg).

3. Results and discussion
As seen from DTA curves (Fig. 1), only one thermal effect is
observed regardless of initial state of titanium, and the temperature
of the phase transformation (melting, solidification) coincides
within the measurement error. Previously we showed [1] that the
structure of the alloy is close to eutectic, since there is only one
thermal effect on the heating and cooling DTA curves, and the
difference between the temperatures of start of melting and
solidification is minimal (15 °C).

Fig. 1. DTA curves of Ti47.5Zr30Mn22.5 alloys: a – iodide
titanium [1]; b – titanium sponge.
The data of scanning electron microscopy confirmed the
conclusion drawn from DTA studies: the complete replacement of
iodide titanium by titanium sponge does not change the structure of
the alloy (Figs. 2a, b).

2. Materials and methods
The alloy was produced by electric arc melting in a laboratory
furnace with a non-consumable tungsten electrode in an atmosphere
of purified argon. Titanium sponge, iodide Zr (99.975%), and
electrolytic Mn (99.9%) were used as initial components. The
deviation of chemical composition of the alloy from the nominal
one was determined by XRF (VRA-30 unit). It coincided with the
nominal one within the measurement error (0.03%).
Differential thermal analysis was performed at a VDTA-8M
thermoanalyzer [8] at a heating rate of 40 °C/s in a high-purity
helium atmosphere using Y2O3 crucibles. The solidus and liquidus
were determined with accuracy ± 7 °C.
Metallographic examinations were performed with a scanning
electron microscope JSM-6490 LA.
The phase composition and lattice parameters were
determined by X-ray phase analysis at a Dron-3M diffractometer
with a standard GUR-8 goniometer at monochromatic Cu-K.
The hydrogen adsorption properties were studied on the alloy
in a cast solid state. The interaction of the alloy with hydrogen was
studied by the Sieverts method at IVGM-2M unit [9] at room
temperature and upon heating at a rate of 0.125 °C/s at absolute
pressure  0.6 MPa. The hydrogen desorption was studied at an
automated dilatometric complex (ADC) with a mass spectrometer
[10].

Fig. 2. Microstructure of Ti47.5Zr30Mn22.5 alloys: a – iodide
titanium [1]; b – titanium sponge; c – a typical eutectic structure.
The eutectic consists of bcc solid solution and Laves phase
and has a skeletal structure in which the Laves phase plays role of a
nucleating phase that initiates eutectic solidification. It grows in the
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hydride formation. The total hydrogen content for the present alloy
was 2.61 wt.% (H/Me=1.66), while for the previously investigated
alloy it was 2.58 wt.% (H/Me=1.64) [1].

form of a branched backbone and forms a framework of colony; it
has bright color on back-scattered electron images (Fig. 2c). The
fact that the Laves phase initiates solidification is clearly seen from
the rounding of its fibers in the joints of eutectic colonies. As the
eutectic colonies grow towards one another, heat is released, and the
cooling rate drops sharply, therefore the transition from the fibrous
structure to the formation of globules at the end of the fibers is
observed. The guided phase is bcc solid solution which forms a
colony matrix. Thus, as in most metal-intermetallic systems, the
phase that initiates and leads the eutectic solidification is the phase
with a higher melting enthalpy and a higher anisotropy of
interatomic bonds due to directed bonds between atoms of different
types. The formation of the framework of eutectic colony and its
subsequent growth are typical for the eutectic polyhedron-dendrite.
The results of X-ray phase analysis confirmed the data of
scanning electron microscopy on the consistency of the alloy phase
composition (Fig. 3). As expected, there is hexagonal Laves phase
of С14 type and space group P63/mmс (structural type MgZn2) with
lattice parameters а=0.5200 ± 0.0009 (nm) с=0.8542 ± 0.0009 (nm)
(for previously investigated alloy а=0.5215 ± 0.0009 (nm) с=0.8581
± 0.0009 (nm) were obtained), and β(Ti,Zr,Mn) solid solution with
space group 1m-3m (structural type W) with lattice parameters
а=0.3374 ± 0.0009 (nm) (for previously investigated alloy
а=0.3383 ± 0.0009 (nm) were obtained) [1], and traces of -phase.
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Fig. 4. Dependence of hydrogen pressure on temperature: a –
iodide titanium [1]; b – titanium sponge.
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Basing on the temperature of the start of active absorption, it
can be suggested that the process of hydrogen absorption by both
alloys starts in the β solid solution [11]. Regardless of the initial
state of titanium, the interaction with hydrogen leads to complete
destruction of solid samples to powder due to large internal stresses
caused by hydrogen dissolution (Fig. 5).
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Fig. 5. Appearance of the product of hydrogenation: a –
iodide titanium [1]; b – titanium sponge.
According to the data of X-ray phase analysis, during
hydrogenation of the alloy obtained using titanium in different
initial states hydrides are formed only on the basis of the original
phases (Fig. 6.). The resulting hydrogenation product consists of a
hydride based on the Laves phase with lattice parameters а=0.5590
± 0.0009 (nm) с=0.9182 ± 0.0009 (nm) (for previously investigated
alloy а=0.5598 ± 0.0009 (nm) с=0.9192 ± 0.0009 (nm) were
obtained [1]), and δ-hydride on the basis of mixture of solid
solution and -phase with lattice parameters а=0.4591 ± 0.0009
(nm) (for previously investigated alloy а=0.4597 ± 0.0009 (nm)
were obtained, [1]). These results allow to suggest that the
saturation of the alloys by hydrogen does not lead to phase
decomposition.
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Fig. 3. Diffraction patterns for cast Ti47.5Zr30Mn22.5 alloy:
a – iodide titanium [1]; b – titanium sponge.
The alloy obtained using titanium sponge was kept at room
temperature at hydrogen absolute pressure of 0.6 MPa for 24 hours;
however, these hydrogenation conditions did not lead to surface
activation and hydrogen absorption. Active absorption of hydrogen
was observed only when the alloy was heated up to 565 °С. The
start of intense hydrogen absorption during the first hydrogenation
was estimated by deviation of the curve “pressure change vs.
temperature” from straight line. For the present and previously
investigated alloys intense hydrogen absorption started at ~ 525 °C
and at ~ 540 °C, respectively (Fig. 4). The maximum rate of
hydrogen absorption for both alloys was observed at 565 °С. A
major amount of hydrogen at 565 °С was absorbed by the present
and previously investigated alloys in ~ 7 min and ~ 12 min [1],
respectively. When two alloys reached the maximum absorption
rate, a substantial (by 30 °C) increase of the reactor temperature was
observed, which indicated the exothermic nature of the reaction of
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Fig. 6. Diffraction pattern for Ti47.5Zr30Mn22.5 alloy obtained
using a titanium sponge after hydrogenation.
Mass-spectrometry of hydrogenation products obtained by
saturation of the alloys by hydrogen showed that hydrogen
desorption at an initial pressure of 410-3 Pa in both alloys started at
~ 80 °С, and at 350 °C the reverse capacity was 67% of absorbed
amount (1.75 wt.%), whereas at 550 °C complete desorption of the
alloys occurred (Fig. 7.).
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Fig. 7. Dependence of intensity
of hydrogen desorption from
temperature.
Investigation of the effect of sorption-desorption-sorption
cycles on the hydrogen sorption properties of the alloys, regardless
of the initial state of titanium, showed that hydrogenation in the
second and subsequent cycles occurred already at room temperature
and hydrogen pressure of 0.21 MPa starting from the first seconds
of contact of the sample with hydrogen atmosphere. Basing on the
temperature of hydrogenation, it can be suggested that after
sorption-desorption cycle absorption started within the Laves phase
[12]. This improvement in the hydrogen sorption properties
(lowering hydrogenation temperature from 565 °C to room
temperature) of the alloys, regardless of the initial state of titanium,
can be explained by the destruction of solid samples to powder, as
well as by the decrease in the concentration of oxygen on the
surface of the particles as a result of its interaction with atomic
hydrogen released.
4. Conclusion
Complete replacement of iodide titanium by titanium sponge
does not affect the structure, phase composition and hydrogen
sorption properties of the eutectic alloy Ti47.5Zr30Mn22.5, and it
allows to reduce the cost of the resulting hydride due to different
costs of the source materials.
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TWO-STAGE SINTERING INVESTIGATION OF Ti-Zr-Nb BIOMEDICAL ALLOYS
D. Oryshych1, P. Markovsky1, D. Savvakin1, O. Stasiuk1, V. Dekhtyarenko1, V. Nevmerzhytskyi2
G. V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine1
National Technical University of Ukraine ―Igor Sikorsky Kyiv Polytechnic Institute‖2
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Abstract: Biomedical alloys 19Ti-59Zr-22Nb and 40 Ti-35Zr-25Nb were produced by blended elemental powder metallurgy approach using
TiH2, ZrH2 and Nb powders. Usage of hydrogen as temporary alloying element for titanium and zirconium leads to activated sintering and
decreased residual porosity of the alloys produced. Contrary, large amount of Nb powder negatively affects sintering and 6-9% residual
porosity is observed in sintered alloys. Two-stage sintering (TSS) approach which includes preliminary sintering of powder blends,
hydrogenation of sintered products, crushed in powder and sintering again, was used to obtain uniform alloys with reduced porosity. Volume
changes of sintering of noted powder blends and prealloyed powders were investigated together with microstructure of sintered materials.
Using prealloyed hydrogenated powders in TSS process resulted in activated densification, improved homogeneity of alloy microstructures
and low (~2%) residual porosity.
Keywords: BIOMEDICAL ALLOYS, TWO-STAGE SINTERING, MICROSTRUCTURE, POWDERS.

Introduction

Materials and experimental procedure

Titanium and Ti-based alloys are widely used for biomedical
applications due to its promising mechanical properties and nontoxicity [1-2]. A number of biocompatible titanium-based alloying
systems were developed to achieve microstructure, phase
composition and mechanical properties desirable for medical
applications [3].
Alloys based on titanium, niobium and zirconium are popular in
some biomedical applications such as orthodontic arch wires, bone
plates and stents due to their high corrosion resistance and sufficient
strength and elasticity [4-11]. Alloying of titanium with zirconium
provides improvement of the mechanical properties of the material
[12], including high strength, as well as good corrosion resistance
and biocompatibility [12, 13]. One of the main requirements for
medical implant materials is their low Young's modulus close to the
corresponding parameter of human bone (30 GPa) to avoid stress
shielding effect [14-16]. It was shown [17], that additions of
sufficient amount of β-stabilizer Nb to Ti-Zr alloys causes decrease
of Young's modulus to 50-60 GPa owing to formation of -BCC TiZr-Nb phase [18-22].
The powder metallurgy (PM) manufacturing approach has
significant advantages over ingot metallurgy one for various alloys,
giving opportunities for smaller grain size, improved chemical and
structure uniformity, economical efficiency and creation of
controlled porosity which in some cases is desirable for medical
implants.
It was shown [23-24] that alloys based on Ti-Zr-Nb system can
be produced by press-and-sinter blended elemental powder
metallurgy using blends of titanium hydride, zirconium hydride and
niobium powders. In this approach hydrogen was used as temporary
alloying element for titanium and zirconium that causes the
sintering activation, reduction of residual porosity and decrease in
oxygen content in the final material. However, despite positive
influence of hydrogen on alloy manufacturing process, the residual
porosity of Ti-Zr-Nb materials could not be reduced below 5-8%
[25] thus leading to degradation of mechanical properties [22]. It
was established [26] that niobium powder addition causes increased
as-sintered porosity while relatively slow diffusion dissolution of
niobium particles delays formation of uniform ternary Ti-Zr-Nb
alloys. Improved sintering kinetics with decrease in residual
porosity down to 2% and faster homogenization was achieved with
usage of Zr-Nb and Ti-Nb master alloy powders instead of Nb
powder. However, melting of master alloys and their crushing to
powders are additional processing operations which reduce
technological and economy advantages of powder metallurgy
approach.
The goal of present study was to form sintered Ti-Zr-Nb alloys
with reduced residual porosity and sufficient uniformity using TiH2,
ZrH2 and Nb powders as starting materials. Such approach allows
exclusion of master alloys production and provides cost
effectiveness of alloy manufacturing process.

Production of two low-modulus Ti-Zr-Nb alloys promising for
medical applications [22] was investigated. The first composition is
based on titanium (40Ti-35Zr-25Nb mass%), while another one is
based on zirconium (59Zr-19Ti-22Nb mass%). The corresponding
alloys were named according to the base element (Zr or Ti) and
were produced using two processing which are designated as Zr1;2
and Ti1;2 (Table 1).
We used zirconium TS-1 grade, titanium sponge TG-110 and
industrial niobium powder as starting materials for alloys
production. Zirconium and titanium were hydrogenated to produce
single phase brittle TiH2 and ZrH2 hydrides which then were easy
crushed in powders. Both hydride powders and niobium powder
less than 100 m in size were blended in corresponding ratios to
produce starting blends of noted total compositions.
Table 1
Alloy compositions and manufacturing processes
No
40Ti-35Zr59Zr-19TiManufacturing process
25Nb
22Nb
1
Compaction and sintering of
elemental powder blends of
Ti1
Zr1
TiH2, ZrH2 and Nb
2
Process 1 followed by alloy
hydrogenation, production
hydrogenated prealloyed TiTi2
Zr2
Zr-Nb powders; compaction
and sintering
According to manufacturing process No1 (Table 1), these
blends were compacted at pressure of 640 MPa, room temperature.
The powder compacts were heated in vacuum at rate of 10 °C / min
to 1250°C and exposed at this temperature for 4 hours. Such heating
cycle causes the removal of hydrogen from the powders, sintering
and homogenization of powder blends thus transforming them in
bulk alloys.
In order to reduce material porosity and to improve
homogeneity, two stage sintering process (process No2, Table 1)
was also tested. Both alloys manufactured using process No1 were
hydrogenated again and grinded in a planetary mill to produce
prealloyed hydrogenated powders of two noted compositions (Table
1, process No2). Prealloyed hydrogenated powders less than 100
m in size were pressed at 640 MPa, heated 10°C /min to 1250°C
and sintered at this temperature for 4 hours.
Hydrogenation of materials and investigation of hydrogenation
kinetic was performed by Sieverts method. Materials were heated
(rate 0.125oC/s) up to 600oC under hydrogen atmosphere (starting
pressure of 0.6 MPa).
The sintering kinetic and volume changes on sintering of
powder compacts were studied with high temperature vacuum
dilatometry on continuous heating (rate of 10 oC/min) up to 1250oC.
The structure of the sintered material was investigated by scanning
electron microscopy (SEM). Phase composition was evaluated
using X-ray analysis. The Vickers hardness tests and Young
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modulus measurement with impulse excitation technique were
performed to evaluate mechanical properties of the alloys obtained
using various powders.
Results and discussion
X-ray analysis showed formation of single phase BCC alloys
after 4 hours sintering of both Zr1 and Ti1 powder blends (fig.1).

c
d
Fig. 2. As-sintered microstructures of Zr1(a), Ti1(b), Zr2(c),
Ti2(d) alloys.
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Fig. 1. Typical X-ray diffraction patterns of as-sintered 40Ti35Zr-25Nb (1) and 59Zr-19Ti-22Nb (2) alloys.
At the same time, some local inhomogeneities and a huge (up to
9%) residual porosity were observed in alloys produced using
process No 1 (Fig. 2 a, b). The inhomogeneities were caused with
the coarsest (~100 m) niobium particles which were not
completely dissolved even during 4 hours sintering at 1250oC. It
was established that coarse residual pores of non spherical
elongated shape were formed due to following reasons. Difference
in volume changes on heating of both hydride powder particles
(thermal expansion and then considerable shrinkage during
hydrogen emission at 300-800oC) and Nb powders (thermal
expansion only) created additional voids between hydride particles
and Nb ones in compacted blends [27]. Moreover, high elastic
energy accumulated in compacted ZrH2 powder resulted in particle
rearrangement and formation of gaps between particles on hydrogen
emission [28] with visible swelling effects at 400-600 oC (Fig. 3,
curves 1 and 2). Development of diffusion between Nb particles and
Ti-Zr matrix at higher temperatures [27, 28] led to development of
Kirkendall’s porosity on homogenization stage. Due to above
described reasons, the retarded shrinkage of powder compacts on
heating (curves 1 and 2, Fig.3) and preservation of significant
porosity after further isothermal exposure were observed. It can be
also concluded that Nb powder quite less in size than 100 m is
necessary to achieve completed uniformity of alloys at used timetemperature sintering parameters.
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Fig. 3. Dilatometric heating curves for compacted powder
blends of Zr1 (1) and Ti1 (2) compositions as well as for compacted
prealloyed hydrogenated powders Zr2 (3) and Ti2 (4).
To reduce residual porosity and to achieve better uniformity of
sintered alloys, two stage sintering process (manufacturing process
No2) was proposed. Hydrogenation of the produced alloys makes
them brittle and suitable for crushing to produce prealloyed
hydrogenated powders of desirable sizes. Sintering of prealloyed
powders should result in better densification and accelerated
finishing of homogenization as compared to elemental powder
blends. Moreover, positive influence of hydrogen on powder
compact densification should also take place at second sintering
stage.
To realize this processing scheme, hydrogenation of both alloys
was investigated. Sintered alloys were heated under hydrogen
atmosphere to 600oC with monitoring of hydrogen pressure raise in
heating chamber with temperature (Fig. 4). Temperature at which
pressure-temperature dependence curve deviated from straight line
shows the beginning of hydrogen absorption by alloys (Fig. 4).
Temperatures of hydrogen absorption starting and the calculated
amounts of hydrogen absorbed are shown in Table 2 for both alloys.
Table 2 Beginning of hydrogen sorption temperatures and
concentrations of hydrogen absorbed by two sintered alloys
Alloy
Тsorb, оС
СН, mass.%
59Zr-19Ti-22Nb
375
2,45
40Ti-35Zr-25Nb
395
2,87

a

b
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0,612

Young modulus to meet requirements of medical applications.
Evaluation of Young modulus was performed for high-porous Zr1
and Ti1 materials. The promising values of 55,0 GPa (Ti1 alloy)
and 56,3 GPa (Zr1 alloy) were obtained, thus the present approach
can be considered for medical implant materials manufacturing.
More detailed investigations and testing of materials produced with
this approach is planned in our further studies.
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Fig. 5. Vickers hardness of the materials produced.

b
Fig. 4. Correlation between pressure and temperature raise during:
59Zr-19Ti-22Nb(а) and 40Ti-35Zr-25Nb (b) alloys heating under
hydrogen atmosphere. The temperatures of hydrogen absorption
beginning are noted.

Conclusions.
1.

2.

The both alloys were saturated with hydrogen at temperatures
below 500-530oC. The noted amount of hydrogen absorbed is quite
enough to become both alloys brittle and easy crushed them to
powder particles of desirable sizes. Produced powders were
compacted and sintered again, a volume changes versus temperature
on sintering of both hydrogenated prealloyed powders are shown at
Fig. 3 (curves 3, 4). Like for TiH2 and for ZrH2 powders, hydrogen
desorption from both prealloyed powder compacts resulted in
intensive shrinkage above ~250oC, while further heating led to
shrinkage due to development of powder sintering. It is clearly seen
the differences between shrinkage behavior caused by powder type
(prealloyed hydrogenated powders versus blends of TiH2, ZrH2 and
Nb powders) within 250-700oC interval. At the same time, the total
chemical composition of the compacts slightly affects volume
changes. It should be noted that harmful swelling effect at
dilatometric curves is absent for prealloyed hydrogenated powders
of both compositions in contrast to blends contained ZrH2 powder
[26]. Moreover, shrinkage process begins at significantly lower
temperatures for prealloyed powder compacts, thus making
contribution to reduced porosity. It can be seen from fig. 2 c, d and
fig. 3 that using prealloyed powders provides minimization of the
total porosity of materials with markedly smaller sizes of individual
pores. X-ray diffraction patterns of final sintered materials confirm
their single phase BCC structures, while microstructure
observations did not reveal residual inhomogeneities for both
compositions (Fig. 2 c, d).
The hardness of all sintered materials was evaluated to make
preliminary conclusion about validity of proposed powder
manufacturing approach for practice applications. Vickers hardness
test (Fig. 5) demonstrated that manufacturing process No 2 provided
much better results with approximately twice higher hardness
values as compared to processing route No 1. It was caused by
reduction in total residual porosity, formation of smaller individual
pores and improved uniformity of alloys produced with two-step
sintering approach. Zirconium based composition possessed
markedly higher hardness than titanium based one for both
manufacturing processes; the highest value of 380 HV was achieved
for process No2. Excessive residual porosity is harmful for material
hardness as well as for strength and ductile characteristics.
Contrary, highly porous structures are promising for reduction of

3.

4.

Two BCC low-modulus Ti-Zr-Nb alloys were produced
with press-and-sinter approach using hydrogenated
powders.
Sintering kinetic and residual porosity markedly depend
on type of starting powders used to achieve prescribed
alloy composition.
Blends of TiH2, ZrH2 and Nb powders demonstrated
worse densification than hydrogenated prealloyed Ti-ZrNb, which provides formation of completely uniform lowporous materials.
Proposed two stages solid-state powder processing
allowed formation of uniform Ti-Zr-Nb alloys with small
residual pores and higher hardness values.
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THE MODE OF HARDENING HEAT TREATMENT FOR DEFORMABLE PISTON
HYPEREUTECTIC SILUMINS
РЕЖИМ ТЕРМИЧЕСКОЙ ОБРАБОТКИ ДЛЯ ДЕФОРМИРУЕМЫХ ПОРШНЕВЫХ ЗАЭВТЕКТИЧЕСКИХ
СИЛУМИНОВ
D.Sc. (Eng.), Prof. Prudnikov А., Ph.D. student Prudnikov V.
Siberian State Industrial University, Russia
E-mail: a.prudnikov@mail.ru, vladpr88@gmail.com
Abstract: A series of piston hypereutectic silumin based on Al - (15÷20) % Si, alloyed with copper, magnesium, nickel, chromium is
investigated. The mechanical characteristics of ingots from experimental alloys were determined: temporary tensile strength, hardness,
relative elongation depending on the composition of the alloys, and temperature coefficient of linear expansion (TCLE). It is shown that the
tensile strength of forged blanks is 1.5-2.4 times higher than ingots of hypereutectic silumins. The resulting structure of forgings ensures
their high plasticity (relative elongation δ = 5.7÷7.5%; relative narrowing Ψ = 10.3÷14.2%). The optimal mode of heat treatment of
deformed silumin is determined: quenching from step heating and aging, which allows increasing the strength of forgings up to 370-470
MPa. Moreover, the plasticity indicators remain at a high level, and the average thermal expansion coefficient of the alloys is (18.0 ÷ 19.2) ·
10-6 K-1 in the range of 50 ÷ 200 ° C.
KEYWORDS: HYPEREUTECTIC SILUMIN, STRUCTURE, FORGING, HEAT TREATMENT, TENSILE STRENGTH, HARDNESS,
TEMPERATURE COEFFICIENT OF LINEAR EXPANSION.

1. Introduction

mechanical values the alloys were modified with phosphorus and
hydrogen containing reagents.
Developmental ingots were manufactured with weight range of 3240 kg, diameter of 190 mm, height of 500-550 mm, their
deformation was performed and heat treatment impact studied.
Chemical composition of alloys is exhibited in table 1.
Preparation of developmental alloys was performed in commercial
induction furnace in graphite crucible of 40 kg capacity. Alloys
were prepared on aluminum А7 (GOST 11063), Silicon Kr0 (GOST
2163). Alloy additives used were pure metals and compositions.
Melt hydrogenation was performed by means of wet asbestos wads
at 700-760 °С. Phosphorus was introduced into alloys in form of
phosphorous copper MF-1 [3,7]. Technological process of alloy
preparation included the following main operations: charging into
furnace and melting the estimated amount of aluminum, alloying,
hydrogenation, modification, melt settling, skimming, casting. Melt
was cast into steel cylindrical ingot (casting mold), covered with
refractory paint. Alloys casting temperature was 700-730 °С (for
alloys based on Al-15-18 % Si) and 730-750 °С (for alloys based on
Al-20 % Si).
After mechanical machining (removal of cast surface, cutting into
blanks) ingots underwent plastic deformation (free forging). Overall
deformation degree amounted to ε = 94 %, and overall forging ratio
– Rоvrl = 28. Blanks were forged on compressed air forging hammer
МВ 412 with head weight of 160 kg and hit energy not less than 2,5
kJ. Prior to forging the blanks underwent annealing in order to
acquire equilibrium structure. Annealing temperature and exposure
time were sorted out experimentally and equaled 450-470 °С and
1,5-3 h. In progress of forging intermediate annealing was
performed at the temperature of 450±10°С during 0,5-1 h [8-10].

Analysis of operation conditions of modern heavy-duty engines [13] shows that in the course of operation they take significant
dynamic loads that vary within one cycle in sign and direction. With
that, pressure of gases onto piston could reach 800 MPa. Another
specific feature of piston operation conditions is high temperature
of fuel combustion products (~ up to 2000°С). That preconditions
heating of piston head up to 350-400 °С in certain operation modes.
With due account for piston operating conditions and strict
requirements set to piston alloys the hypereutectic alloyed silumins
are currently one of the most advanced materials for manufacturing
of internal combustion engine pistons. This is determined by
favorable combination of light weight, low thermal coefficient of
linear expansion (TCLE) and good mechanical and process
properties. However, presence of coarse crystals of primary silicon
in the structure of hypereutectic silumins reduces their plasticity and
makes it impossible to manufacture pistons by pressure shaping in
industrial conditions [2-5]. Besides they adversely affect dynamic
and static strength of pistons and disallow high values of fatigue
endurance characteristic of deformable alloys. In order to ensure
necessary package of physical and mechanical properties of piston
alloy blanks it is mandatory to apply finishing heat treatment [3,6].
Therefore studies of susceptibility of developmental high silicon
deformable silumins to heat treatment hardening is of practical
interest and is the purpose of this study.

2. Material and methods
A series of developmental ingots has been manufactured from
hypereutectic silumins on the basis of Al – (15÷20) % Si, alloyed
with copper, magnesium, nickel, chromium and other elements. In
order to ensure good deformability and high value package of

Table 1. Chemical composition of developmental hypereutectic piston silumins
№
alloy
1
2
3
4
5
6
7

Si
15
15
15
18
18
20
20

Cu
3
3
5
4
4
5
1,0

Mg
0,2
0,2
1,1
0,6
0,6
1,1
0,4

Ni
1,0
1,0
1,0
-

Components of alloys, % (wt.)
Mn
Cr
Ti
0,8
0,3
0,1
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P
0,01
0,01
0,01
0,02
0,02
0,03
0,01

H
0,00008
0,0001
0,0003
0,0003
0,0006
0,0006
0,00008

Al
rest
rest
rest
rest
rest
rest
rest
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Heat treatment of forgings was performed in resistor furnaces
SNOL 2.2, 5.2/12,5-II and electric drying ovens SNOL
3,5.3,5.3,5/3,5-И2. To perform metallographic analysis of ingots
and forgings an optical microscope OLYMPUS GX-51F was
applied. Studies of ingot microstructure were performed on
transverse template micro-sections cut at equal distance from ingot
bottom part. True and mean TCLE of alloys were determined with
the assistance of high temperature dilatometer DIL 402C. TCLE
error equaled 0,1·10-6 C-1.

specific zones can be identified:
– surface – is represented by coarse crystalline band with 3÷5 mm
width and maximal volume ratio of PSC;
– intermediate – consisting of acicular eutectics, areas of α-solid
solution and primary silicon crystals. Also clearly seen are Mg2Si
phase dark precipitates and CuAl2 light spheroidal precipitates;
– central – microstructure of which consists of two or more
complex eutectics, areas of α-solid solution of complex composition
and primary silicon crystals (PSC). With that PSC volume ratio in
central zone is significantly less compared to intermediate.
Table 2 exhibits mechanical properties and thermal coefficient of
linear expansion of as-cast alloys. It is apparent that that despite the
structural differences between the edge (intermediate zone) and the
central parts of the ingots, their hardness differs insignificantly
insignificantly and amounts to 840-1020 and 813-1006 MPа
respectively. Tensile strength of ingots from developmental
hypereutectic silumins is within the range of 80 -153 MPа.

3. Results and discussion
3.1 Structure specifics and properties of ingots
Microstructure of developmental ingot from alloyed hypereutectic
silumin based on Al-18 % Si is exhibited in figure 1.
It is established that microstructure of alloys in as-cast condition is
non-homogeneous in section of ingot. Along its cross-section three

а

b

c
Fig. 1. Microstructure of ingot from developmental alloyed silumin Al-18 % Si-4 % Cu-0,6 % Mg: а – surface; b – intermediate; c
– central zones; ×100
Table 2. Physical and mechanical properties of ingots from alloyed hypereutectic silumins
№
alloy
1
2
3
4
5
6
7

Hardness, HB,
MPa
edge
centre
873
853
840
813
1020
1006
986
928
980
876
943
941
958
950

ζts,
MPa
153
148
125
138
124
86
80

TCLE, α · 10-6 K-1 at temperature, ° С
50
17,4
17,1
18,1
18,0
18,1
17,4
17,0

100
18,9
18,8
19,2
19,2
17,1
18,4
18,9

150
19,7
19,5
19,7
20,0
16,9
19.3
19,7
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200
20,5
20,0
19,8
20,7
16,7
19,8
20,3

250
21,0
19,8
20,1
21,5
16,3
19,8
20,5

300
22,5
20,7
20,4
21,9
19,0
20,2
20,9

350
22,3
21,0
21,5
22,6
19,3
20,5
21,2

400
20,1
19,5
21,1
21,9
16,6
20,7
20,5

450
18,6
16,9
20,4
19,8
18,8
18,3
19,8
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Their mean value of linear expansion coefficient determined within
the interval of 50-200 °С, amounts to (17,2÷19,5) ·10-6 C-1, and
within the interval of 200-450 °С – (17,7÷21,4) ·10-6 C-1
respectively.

Microstructure of forgings from silumin Al-18 % Si-4 % Cu-0,6%
Mg is exhibited in fig. 2. Such structure provides rather high
plasticity of forgings compared to as-cast alloys (relative elongation
δ = 5,7÷7,5 %; relative reduction Ψ = 10,3÷14,2 %).

3.2. Ingots deformation.

3.3. Heat treatment of forgings.

Prior to forging the blanks underwent annealing at 450-470 °С
during 1,5-3 h. During annealing the heterogeneity of the structure
and composition of the alloys is partially eliminated by diffusion,
siliceous precipitates coagulation occurs. At that there is significant
lattice stress reduction in aluminum α-solid solution, which
facilitates the process of metal deforming.
In the structure of forgings there are fragmented fine-crystalline
uniformly distributed crystals of primary silicon and granular
structure eutectics. Under hot deformation and annealing,
coagulation and spheroidization of eutectic particles of silicon and
other phases occurs (fig. 2).

Heat treatment of forgings from alloyed hypereutectic silumins
icluded quenching and ageing. Hardening in this case is achieved by
fixing the maximally supersaturated α-solid solution of aluminum
during quenching and its decomposition during subsequent ageing
due to decrease in the solubility of the alloying components with
temperature reduction.
It is known that quenching parameters (heating temperature and
exposure time) depend on nature of the alloys, their phase
composition. Constitutional diagram analysis of Al-Si-Cu-Mg
system, to which the given alloys are referred, shows that they
possess complex phase composition. Seven phases can remain in
equilibrium with aluminum solid solution: Si, θ (CuAl2), β
(Al2Mg3) or (Al8Mg5), Mg2Si, S (Al2CuMg), T (Al6Cu Mg), W
(Cu2Mg8Si6Al5) [11]. The main strengtheners are phases CuAl2,
Mg2Si, S (Al2CuMg) and partially W (Cu2Mg8Si6Al5). The complex
phase composition of the alloys preconditions occurrence
possibility of vast number of nonvariant reactions in a broad
temperature range 444-577 °С and, therefore formation becomes
possible of complex low-melting eutectics, the melting point of
which determines the heating conditions for quenching. Such
specific feature of alloys causes increased alloys susceptibility to
burning. To ensure the complete dissolution of the alloying
elements and to avoid the possibility of burning, it is recommended
to apply staged heating for quenching. The necessity of such
heating for these alloys is confirmed by the results of experiments
on the effect of heating temperature for cold water quenching and
exposure time onto the mechanical properties of the alloys (ageing
mode - 150 ° C, 5 hours), listed in table 4 for the composition of
alloy No. 4 (see table 1).
Table 4 data analysis shows that satisfactory combination of
strength and plasticity is achieved after quenching according to
modes 2 and 3, providing for staged heating for quenching at
temperatures of 480±10 °С (stage one) and 490 and 500 ±10 °С
(stage two) with exposure at these temperatures during 0,5-1 h and
subsequent ageing. Upon execution of indicated heat treatment
modes tensile strength of forgings equals 450-460 MPa, relative
elongation – 4 %, relative reduction 5,8-8,3 %.

Fig. 2. Microstructure of forging from developmental hypereutectic
silumin Al-18 % Si-4 % Cu-0,6 Mg; ×100
Mechanical characteristics and mean TCLE of alloys in deformed
state are shown in table 3. It is apparent that tensile strength of
deformed blanks amounts to 227-306 MPa depending on
composition of hypereutectic silumins. In addition, hot forging of
alloys forms finer-grained microstructure of blanks with
spheroidized precipitates of eutectic silicon and other phases.

Table 3 Physical and mechanical properties of alloys in deformed state (forging, ε = 94 %)
№
alloy

Mechanical properties

Average TCLE, α · 10-6 K-1 in the temperature range, ° C

ζts, MPa

δ, %

Ψ, %

50-200

200-450

1

245

7,5

14,2

19,8

20,9

2

227

5,7

13,1

19,8

19,8

4

306

7,2

13,4

18,6

20,8

5

291

5,8

10,0

19,3

19,4

Table 4. Mechanical properties of forgings from Al-18 % Si-4 % Cu-0,6 % Mg alloy depending on quenching modes
(ageing 150°С, 5 h)
№

Quenching temperature and holding time

1

Mechanical properties
ζts, MPa

δ, %

Ψ, %

Без обработки

306

7,2

13,4

2

480±10 °С, 2 h → 490±10 °С, 2 h

450

4,0

5,8

3

480±10 °С, 2 h → 500±10 °С, 0,5 h

460

3,8

8,3

4

480±10 °С, 2 h → 500±10 °С, 1 h

425

1,0

0

5

490±10 °С, 1 h

437

1,2

0

6

490±10 °С, 3 h

437

1,0

0
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After quenching according to modes 5 and 6, that do not
provide for staged heating, there are burning processes occurring in
alloys, which causes rapid plasticity reduction down to 1-1,2 %.
Thus the following heat treatment mode was adopted as
optimal for piston alloys: quenching – staged heating 480±10 °С →
(490-500)±10 °С, with exposure 2 and 1 h respectively at earlier
and later stages, cold water cooling and subsequent artificial ageing
at 150 °С within the period of 5 h. Table 5 exhibits physical and
mechanical properties of studied deformable alloys post heat
treatment according to the indicated mode.
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50-200

200-450

1

425

6,4

9,9

18,6
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It is evident out of table data that resulting from quenching and
ageing there is a significant increase in tensile strength of deformed
hypereutectic aluminum-silicon alloys up to 370-470 MPa. At that
the plasticity values remain at the high level for piston silumins, and
mean TCLE of alloys post heat treatment equals (18,0÷19,2) ·10-6
C-1 in the interval of 50÷200 °С and (20,6÷22,7) 10-6 C-1 in the
interval of 200÷450 °С.
Metallographic research of deformable alloyed hypereutectic
silumins post quenching and ageing showed that particles of
primary and eutectic silicon adopt more rounded and spheroidized
shape in microstructure of heat-treated forgings. Mg2Si and CuAl2
phases that have not fully dissolved during heating and deformation
of blanks do dissolve after quenching in α-solid solution of
aluminum. Moreover, this process leads to enhancement of
inhomogeneous etchability of α-solid solution.

4. Conclusions
Study has been performed of mechanical characteristics and TCLE
of ingots and forgings from developmental hypereutectic silumins
based on Al – (15÷20) % Si, alloyed with copper, magnesium,
nickel, chromium and other elements and modified by phosphorusand hydrogen-containing reagents. Due to application of optimal
heat treatment modes (quenching and ageing) the possibility has
been demonstrated to improve the package of physical and
mechanical properties of deformed hypereutectic piston silumins.
At that significant strength gain for such alloys has been acquired
with retained high plasticity values as compared to cast piston
silumins and low TCLE value as related to deformable alloys.
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Abstract A theoretical study of the process destruction of a solid surface under the action of a powerful radiation impulse is carried out.
The peculiarities of the dynamics the surface destruction of the material and the features of the space-time dynamics of the gaseous phase
were studied. This phase occurs as a result of local phase changes on the surface of the irradiated material. The differential equation to
describe the dynamics of the corrosion crater formation on a solid surface was researched. This equation is analyzed together with equation
of near-surface pressure dynamics. The asymptotic analysis for crater equation gives the basis to assert that mathematical interpretation of
process of destruction corresponds to actual temporal dynamics of formation of a crater on the substance. The numerical simulation of the
formation of a nanocrater with a model form of an active laser impulse is given. The test calculations correspond to experimental
observation and theoretical ideas about the process of development of a corrosion crater under laser pulsed irradiation.
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transition. A liquid phase in the area of treatment is practically
absent in this case. Such streams represent the main interest of
this research.
The formation of a corrosive crater on the surface of such a
media depends on both the power flow parameters and the
properties of the specific substance. This research is aimed at
studying theoretically the dynamics of the crater formation and
all the accompanying processes. In the case of destruction under
real conditions the removal of a substance from the solid phase
and its transfer into the gas one can occur not only directly from
the surface in the form of individual atoms, but also through
micro-clusters and micro-droplets which cannot but be formed in
the gaseous phase.

1. Introduction
Laser radiation (laser doping, annealing, heat treatment,
coating, etc.) is used in many modern surface treatment
(modification) technologies. Possibility of local influence on
small surfaces, high speed heating, and manoeuvrability in laser
beam controlling make laser methods of material modification
more and more attractive. A lot of experimental and theoretical
investigations are closely related to the problem of solid matter
surface destruction by short high-power laser impulses. These
technologies may, in particular, be useful in recording
information, labeling and other technological applications.
Therefore development of theory of intense energy flow
interaction with matter surface which takes into account local
phase transformations during surface destruction is may be the
most consecutive scientific approach.

2.2 Criterion for surface destruction
irradiation without crater melting

in

laser

Flows that cause surface destruction without melting are of
basic interest in this research. To define limit, which separates
treatment with formation of the liquid state and treatment which
is not accompanied with surface melting, we will consider the
superficial layer of matter on an area with the size equal to the
cross-section of laser impulse. To prevent liquid phase appearing
on the solid surface, its temperature during impulse action has to
amount, at least, critical value Tc , without going out the borders
of the matter state phase surface which belongs exceptionally to
the hard phase. Thus pressure in this near surface area of hard
phase must also exceed some critical value Pc . As a laser impulse
is considered, a necessary condition at which the system gets in
the noted area is: Pc<qs(1+R) where qs – power of
electromagnetic wave falling on the matter surface, R – light
reflectivity, c – light speed.
Taking into account, that on the critical isotherm of gas phase
for arbitrary pressure P and volume 𝑉Γ the state equation
𝑃𝑉𝛤 = 𝜈𝑅𝛤 𝑇𝑐 is holding, where ν is a molar gas amount, it is
possible to estimate the value of pressure Pc , which provides
implementation of the above condition. This value can be
estimated from the next considering. In order that a liquid phase
did not appear, a hard phase after a phase transition must get on
an isotherm which with a temperature not below than critical
isotherm with a temperature Tc . Examining a critical isotherm,
we will get the sought threshold value Pc for which gas state
𝑐
equation will acquire a kind 𝑃𝑉Γ = 𝜈𝑅𝛤 𝑇𝑐 In this equation
𝑐
remains indefinite volume 𝑉Γ so far. For its estimation it is
possible to take advantage of fact, that in the moment of phase
state transition from solid to gas, the change of volume 𝑉𝑇 → 𝑉Γ
is not so substantial comparing to the similar change for other
points of isotherm 𝑇𝑐 . (where this change is large). That is why a
𝑐
volume 𝑉Γ can be estimated counting it practically equal to the
𝑐
proper volume of hard phase 𝑉T . As one mol volume of hard
matter 𝑉𝜇 is determined by ratio: 𝑉𝜇 = 𝜇 𝜌0 , where μ is molecular
mass, and 𝜌0 is density, the volume of ν molls is obviously equal

2 Preconditions and means for resolving the
problem
2.1 Experimental studies
Contemporary lasers and laser systems generate femtosecond
impulses (1 fs=10-15 s). Femtosecond laser systems with light
impulse duration 10–1000 fs allow obtaining under focusing
enormous light intensity over 1013 W/cm2. After falling on solid
matter surface such high intensity impulses can, under some
conditions, lead to considerable damages of this surface and are
of special interest [1-10]. . Examples of such a damage are shown
on fig. 1

Fig.1 Microcraters obtained by femtosecond laser titanium
irradiation [10]
The damages made by laser impulse are various on their
form. The surface destruction may be accompanied by fusing as
well as not fusing of crater edges. According to experimental
estimations characteristic level of energy, from which active
destruction of surface begins practically without formation of
liquid phase exceeds 10 ÷ 100 MW/cm2 depending on material. If
the flow is substantially higher than this value, considerable part
of energy of laser radiation is outlaid on a direct phase solid-gas
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𝑐

of the solid medium, and moves along with it. That is, such a
system describes the events directly at each individual point of
the surface. Therefore, there is a need to establish a connection
between the local and laboratory coordinate systems. The
laboratory coordinate system is stationary relative to the surface
prior to its destruction.
The shape of the crater at each fixed time point is determined
as follows z(t)=S(t, x(t), y(t)). Here S(t, x(t), y(t)) is the function
of the shape of the surface of the formed crater (the crater shape
function). For each moment of time, it determines a certain
dependence z from x and y.
As a result of coordinate transformations from one system to
another, ratios were obtained for velocities linking the two
coordinate systems. The obtained ratios allow us to move from a
local frame of reference, in which boundary conditions are
formulated at the boundary of the separation of two phases to a
laboratory frame of reference, in which the processes associated
with destructive processing can be observed. At the expense of
transformations, the equation of the dynamics of the crater
formation relative to the laboratory frame of reference was
obtained from the continuity condition. The feature of the
equation is that the surface pressure that is included in the
obtained equation is not constant. Therefore, the energy flow
balance equation was used to determine the dynamics of the
surface pressure.
A system of two differential equations was obtained. In
dimensionless form:
–
the crater dynamics equation

to 𝑉T = 𝜈𝜇 𝜌0 . Using this value of volume in state equation
𝑐
𝑐
𝑃𝑐 𝑉Γ = 𝜈𝑅𝛤 𝑇𝑐 in place of 𝑉Γ we will get an estimation:
𝑃𝑐 = 𝜌0 𝑅𝛤 𝑇𝑐 𝜇, and a sufficient condition for a flow qs will look
in this case like:
𝜌0 𝑅𝛤 𝑇𝑐 𝑐
1
𝑞𝑠 >
∙
𝜇
1+𝑅
In practice such estimation is interesting for an initial flow q,
which is related to the flow qs which passed in a solid by
correlation qs =(1-R)q. Then for the initial value of flow we get:
1
𝜌0 𝑅𝛤 𝑇𝑐 𝑐
∙
𝑞>
𝜇
1 − 𝑅2
After this formula estimations were made for concrete
materials. They show that, for example, for aluminum the
superficial value of stream must meet condition
𝑞≥

6∙10 13
1−R 2

W/сm2 , for copper and chrome q ≥

tungsten q ≥

1,5∙10 14
1−R 2
4∙10 12

W/сm2 , for titan q ≥

9∙10 13

1−R 2
7,6∙10 13
1−R 2

W/сm2 for
W/сm2 , for

potassium 𝑞 ≥
W/сm2 . As evidently, such estimations do
1−R 2
not contradict experimental information [11]. Consequently, here
we will name flows intensive, if they meet condition got before.

3 Solution of the problem
The model of the destructive process proposed in the paper
was built on the basis of a system of inhomogeneous equations of
mechanics of a continuous medium.
At action of irradiation on a surface there is a coexistence of the
two, solid and gas, media due to local phase transitions. Using
the three boundary conditions, namely [9]:
–– the condition of a mass flux balance
(1)

(5)

–– the condition impulse flow balance
(2)

Ps ni +

c

n ∙ q s + ρs n ∙ v s

vsi

−

i
v0s

+ Pij0s nj

= 0,

𝒗𝟐

𝒏 ∙ 𝒗𝒔 𝜌𝑠 𝐻𝑠 + 𝜌𝑠 𝒔 + 𝐿0 𝒏 ∙ 𝒒𝒔 − 𝐿𝜆𝑠 𝒏 ∙ 𝑔𝑟𝑎𝑑𝑇
2
− 𝒏 ∙ 𝒗𝒔 𝜌𝑠 𝑈0𝑠 = 0.

𝑠

= Π𝛽 1 +

∂Σ 2
∂𝑥

+

∂Σ 2
∂𝑦

≡ Π 𝛽 𝑁,

the equation of the dynamics of near-surface pressure:
∂Π
∂θ

𝑒𝑞 𝜗𝜏 Π 𝜂

= −1 + 𝛬𝑒𝑞 𝜗𝜏 Π 𝛽 +𝜂 − Π 𝛽 +1 +
1+

≡ −1 + 𝛬𝑒𝑞 𝜗𝜏 Π 𝛽+𝜂 − Π 𝛽 +1 +

∂Σ 2
∂Σ 2
+
∂𝑦
∂𝑥

≡

𝑒𝑞 𝜗𝜏 Π 𝜂
𝑁

In the equation (4) the parameter 𝑒𝑞 determines the ratio of
the flow that enters the surface of the matter 𝑞𝑠 to the output flow
q0 , i.e., in dimensionless units
β +η
𝑞
𝑒𝑞 = 𝑠 ≡ 𝑓(𝑥, 𝑦)e−ΛMΠ Σ ,

–– condition of energy flow balance near the phase boundary:
(3)

∂θ

–

𝜌𝑠 𝒗𝒔 ∙ 𝒏 − 𝜌𝑠 𝒗𝟎𝒔 ∙ 𝒏 =0,

1

∂Σ

(4)

−

𝑞0

where the function f(x,y) – determines the transverse shape of the
stimulating impulse and adds to (4) an additional dependence on
x, y, Λ – parameter determining the degree of interaction of the
evaporable matter with the incident radiation, M – dimensionless
parameter determined by equality:

has allowed us to formulate three equations which are
characterized, in the main, by gas parameters and describe the
dynamics of a crater formation – eq. (1), dynamics of a plasma
plume formation – eq. (2) and dynamics of behavior of the basic
macroscopic quantities of the process – eq. (3)
Here we designate by index "os" solid substance phase of and
designate by index "s" gas. In the equations (1)–(3) U, ρ, υ
respectively intrinsic energy of the continuous medium mass unit,
density of this medium, and a convection velocity vector, P
pressure exerting, Pij0s – the surface value of a stress tensor, Hs –
a heat Gibbs function (enthalpy) describing macroscopic system
state in thermodynamic equilibrium when entropy and pressure
are the main independent variables; U0s is intrinsic energy of the
condensed matter mass unity; 𝐐 = qs + 𝒒𝑻𝒔 – general energy
flow in the medium, where 𝑞𝑠 is an energy of a light flow and
𝒒𝑻𝒔 = −𝜆𝑠 𝑔𝑟𝑎𝑑𝑇 𝑠 is an energy of a thermal flow 𝐿0 is a light
loss factor for the transition from gas to solid, L is a thermal loss
factor for the transition gas-solid.
All boundary conditions are formulated in the local reference
system, located on the boundary between the condensed media
and the gas phase in the area of the impulse action. It is clear that
when the solid surface does not destruct, the reference system
will remain stationary relative to the observer. But when
destruction occurs, then the chosen system in the area of this
destruction is rigidly associated with a certain point of the surface

𝑀=

𝑞 0 𝜅−1 2 𝐿2
3 2 2
2𝜑 0 𝜅 𝜌 0𝑠 (𝜅+1)1 2

.

Here κ is polytropic index, 𝜑0 is specific heat of the condensate gas phase transition, β≡(κ+1)/(2κ), η≡1/κ. It is clear that in the
presence of the destruction of the surface formed by the corrosion
torch at the matter surface will significantly affect the factor 𝑒𝑞
reducing it (0 ≤ 𝑒𝑞 ≤ 1 ).

4. Results and discussion
4.1 Analysis of phase trajectories of pressure at crater
formation
To fulfill asymptotic estimates of the "behavior" of the crater
formation as a function of time it is convenient to analyze the
∂Π
phase dependence curves
from Π. Consider a situation where
∂θ
the width of the incident beam is much greater than the depth of
the crater and the intensity is distributed evenly across its cross
section.
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Fig.2 Phase trajectories of two periods: a) curve I corresponds
to the time when the impulse is acting, curve II corresponds to
the time when the impulse is ended. b) corresponds to the time
when the impulse is acting for different values of parameter Λ
and 𝑒𝑞 . Here we use the approximation Σ~1 and N~1.

Fig. 3 Asymptotic behavior of the formation of a crater under the
influence of a laser power impulse

Arrows on fig. 2a designate the direction of the process
movement of time pressure development indicate: the first stage
(I) begins with point A, which is unstable for this stage (positive
∂Π
∂Π
from Π occurs along
derivative ), so the dependence change
∂θ
∂θ
curve I to the moment of the impulse ending (indicated by D in
the figure), or until the pressure reaches its maximum (Fig. 2a points B or C). These points are stable - as soon as the curve
∂Π
crosses the axis Π the condition
< 0 starts to be complied.
∂θ
This makes the process to return to point B (or C) again. At these
points, the gas pressure remains constant until the impulse
reached the end. As soon as the impulse is over, the transition to
curve II occurs and the process begins to move along the curve
until it reaches zero. In fig. 2a shows a dashed line that
conventionally describes the dynamics of the process in the case
of large ones Λ (an increase in this parameter physically means
an increase in the interaction of radiation with the plasma-gas
torch formed near the surface of matter). As can be seen from
Fig. 2b, with 𝑒𝑞 ≅ 1 there are such values Λ, when in the point
B, pressure value Π will be larger than unit. Also, for different
values Λ at the similar 𝑒𝑞 (on Fig. 2b are two curves that
correspond 𝑒𝑞 ≅ 1 ) with increase Λ the value
maximum.

∂Π
∂θ

Fig. 4 Formation of a crater under the influence of laser
radiation according to asymptotic analysis
Fig. 4 illustrates the formation of a crater in time. The first
period (I) reproduces the formation of the crater at the beginning
of the destruction of the surface. The second (II) is the dynamics
of crater formation as the pressure approaches its maximum
value. The last period (III) determines the change in the shape of
the crater after the termination of the impulse, which is
25
𝛽
determined by asymptotic 𝛴 = 𝛱с 𝜃𝜏 + . Here Πс is maximum

increases in

4𝜃𝜏

value of pressure and 𝜃𝜏 is dimensionless impulse length.

4.2 Asymptotic study of the dynamics of the nanocrater
formation

4.3 Numerical simulation of the dynamics of crater
formation

The dynamics of crater development on a solid surface under
the action of a powerful laser impulse was investigated
asymptotically (Fig. 3).

A numerical simulation of the dynamics of crater formation
was performed using the simplified formula
𝜕𝑆
𝜕𝑆 2
=𝑃 1+
𝜕𝑡
𝜕𝑟
The initial conditions for this equation are obvious:
S (0, r) = 0, S (t, ∞) = 0.
Specified typical model of pressure caused by laser impulse:
1 − exp
(−𝑡 10 )
𝑟2
𝑃=
exp 2
𝑟0
1 + exp 10 𝑡 − 𝜏
where τ is the laser impulse length, r0 is beam width. The impulse
lengths had femtosecond values at the values of the radiation flux
q ~ 10 TW/cm2. The function of the crater shape S (t, r) was
calculated in nanometers.
In Fig. 5 shows the crater profiles for different time points.
The origin coincides with the center of the laser impulse section.

At the beginning of the formation of the crater the process
has an explosive, power-law θ, character, and at reaching the
maximum possible value of pressure (point B in Fig. 2a) changes according to the linear law.
Upon completion of the impulse action, the crater formation
is rapidly stopped, and when the situation is implemented under
Λ>1 the explosive (Fig. 3a) process is gradually transformed into
logarithmic and only then becomes linear. As the degrees of
freedom increase, the magnitude Σ responds more slowly to the
external laser effect
The approximate qualitative dynamics crater formation in this
sequence is presented in Fig. 4
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Fig. 5 Dynamics of crater development over time

5. Conclusion
The dynamics of the formation of corrosion crater on the
surface of material subjected to destructive treatment is
considered. The magnitudes of flows that lead to structural
surface changes without surface melting were determined. They
take values greater than 100 TW/cm2 and depend on the
properties of the irradiated material. Estimates were performed
using phase diagrams, taking into account the local phase
transformations of the solid surface under laser irradiation.
The phase diagrams of the equation of near surface pressure
dynamics are analyzed. It is shown that the dynamics of the
pressure, are significantly influenced by the parameters that
determine the interaction of incident radiation with a plasma gas
torch. Conformably these parameters define the process of
forming a corrosion crater on the solid surface.
Asymptotic estimates of the dynamics of crater development
have been performed. It is shown that the function of the shape of
the crater surface is initially explosive and stabilizes in time after
the ending of the affect impulse at arbitrary polytropic values.
This indicates the internal consistency of the model.
The results of the numerical test calculations correspond to
theoretical ideas about the process of a corrosion crater
formation. Based on this, it can be argued that the constructed
model theoretically describes the processes occurring on a solid
surface under the influence of powerful femtosecond laser
impulses.
The use of this model in the future may be useful for
predicting changes on the surfaces of specific solid materials
under the influence of high-power impulse radiation.
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EXPERIMENTALLY VERIFIED MATHEMATICAL MODEL OF THE
POLYMER PLASTICIZATION PROCESS IN THE INJECTION MOLDING
M.Sc. Iwko J. PhD.1, M.Sc. Wróblewski R. PhD. 1
Faculty of Mechanical Engineering – Wroclaw University of Science and Technology, Poland 1
jacek.iwko@pwr.edu.pl
Abstract: The mathematical model of the polymer plasticization in the reciprocating screw injection molding machine is presented.
According to the mathematical model, a computer program was developed. Based on the computer program, simulation studies of the
injection molding process were conducted. Next, the experimental studies, evaluating the theoretical model from the accuracy and
usefulness point of view, were carried out. Important output quantities, such as the temperature and pressure profiles, the power demand
by the screw, the torque on the screw and the screw rotation time were measured. The studies were performed on a specially made
research office. The simulation results were compared with the experimental data measured for the most popular polymers and different
operating parameters of the injection machine. The experimental studies have indicated the need to introduce some corrections to the
mathematical model. Several modifications have been made to the model, related to the methods of stress determining in the polymer layer.
Finally, the output characteristics of the plasticization process in the injection molding are now correctly determined by the model with an
average error less than 10%.
Keywords: INJECTION MOLDING, PLASTICIZATION, POWER DEMAND, ENERGY CONSUMPTION, SEC

1. Introduction
The purpose of this article is to present the comprehensive
model of the polymer plasticization process in the injection
molding. The first version of this model and the simplified model
verification was presented in [1,2]. Next, the experimental research
which evaluates the theoretical model from the accuracy and
usefulness point of view, was conducted. Important output
quantities such as the temperature and pressure profiles of the
polymer, the power demand of the plasticizing system, the torque of
the screw and the recovery time, were measured. These tests were
performed on a specially designed research office. The
experimental studies indicated the need for introduction of some
corrections to the mathematical model. Consequently, several
modifications were made in the model. The changes were related to
the methods of stress determining in the polymer layer in the screwbarrel system. Furthermore, another method for determining the
temperature of the molten polymer in a slit between the top of the
screw flight and the barrel was indicated. The above two groups of
changes resulted in a significant improvement in determining the
power demanded to the screw and the torque on the screw in the
transition and melting zones. Because of these modifications, the
output characteristics of the plasticization process in the injection
molding are now correctly determined, with an average error less
than 10%. The mathematical model and a summary of the results of
its experimental verification is presented below.

2. Mathematical model
The full operation algorithm of the model is presented in Fig. 1.
The model uses four groups of input data: the geometric parameters
of the three-zone screw and the barrel, the adjustable operating
parameters of the injection molding machine, the material data and
the numerical data (rate and accuracy of calculations).
Fig. 1 The algorithm of the mathematical model of polymer plasticization in
injection molding

The plasticizing unit consists of a barrel with a feed hopper, a
heating section and a three-zones-screw of diameter D, width W
(constant on the whole screw length), lead S and flight width e. The
channel depth H in feed and metering zones are constant and equal
to Hf and Hm, respectively. The channel depth in a compression
(transition) zone changes linearly from Hf to Hm. Additional
geometric parameters of the model are flight clearance S (thickness
of the slit between the top of screw flight and the inner surface of
the barrel) and helix angle . They are presented in Fig. 2.

In order to create a mathematical model of the plasticization
process during the injection molding, several assumptions were
made. Firstly, the existence of three dynamical zones in the
plasticizing system was assumed:
1. a feed port and a solid conveying zone
2. a transient (delay) zone
3. a melting and melt conveying zone
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The initial pressure p0 in the feed port region can be calculated
according to the simple formula proposed in [5]:
𝑝0 = 𝜌0 𝑔 𝐷
(6)
where 0 – the bulk density, g – the gravitational acceleration.
For the given pressure profile it is possible to determine the power
demand eS in the solid conveying zone as the sum of power
dissipated at the barrel, screw root, screw flights and the power used
to increase the pressure in the solid bed:
𝑒𝑠 = 𝑝 𝑙 𝑓𝑏 𝑊 ∆ 𝑉𝑗 + 𝑝 𝑙 𝑓𝑠 𝑊 ∆ 𝑉𝑠𝑧 + 2𝑝 𝑙 𝑓𝑠 𝐻 ∆ 𝑉𝑠𝑧 +
𝑑𝑝

𝐻 𝑊 𝑉𝑠𝑧
(7)
𝑑𝑙
where p(l) is the polymer pressure in l-location; l is the location on
the screw channel length (in z-direction) measured by a number of
computation steps from the beginning of the screw; fb , fs – the
barrel and screw friction factors of solid polymer, respectively, Vj –
the velocity of solid bed transport relative to the barrel, determined
as

Fig. 2 Geometry of the screw-barrel system of the injection screw machine

Furthermore, the flat (rectangular) screw channel model was
assumed.
The starting point for the model is the model of steady-state
extrusion that is similar to the classical extrusion model of Tadmor
and Klein [3]. However, in contrast to the steady conditions
characteristic for extrusion, the lengths and positions of dynamical
zones change in time within the injection cycle. To describe these
time changes it was adopted, that two coupled states (appearing at
two characteristic moments of time) are valid during the cycle:
1. at the end of screw rotation (the beginning of static
melting)
2. at the beginning of screw rotation (the beginning of
dynamic melting)
Moreover, it was assumed that the melt behavior can be
described by the power law of the form:

𝑉𝑗 = 𝑉𝑏

(8)

The torque MS in the solid conveying zone was determined in the
classical way as the product of the dry friction force and the lever
arm:
𝐷
𝑀𝑠 = 𝑝 𝑙 𝑓𝑏 𝑊 ∆
(9)
2
From the presented relations it follows that the main difference in
description of solid conveying zone action during extrusion and
injection is the existence of the non-zero retraction velocity of the
screw.
transient zone

n 1

1 
d
2 
(1)
where  - the extrastress tensor, d – the rate-of-strain tensor, IId
– the second invariant of d-tensor, T0 – the reference temperature
(usually assumed as the polymer melting temperature), k0, n, a rheological parameters: k0 – the consistency coefficient, n – the
power-law exponent, a – the temperature coefficient.

  k0 e  a T T   II d 

sin 𝜑 −𝛾
sin 𝜑 +𝜃 −𝛾 cos 𝛾

o

The transient zone in the model starts at a point, where melt layer
appears at the solid bed surface. It was adopted, that this is the place
of the screw channel which corresponds with the beginning of the
barrel heating zone at a given moment of time. The end of the
transient zone in the screw channel corresponds with the point,
where the melt film thickness reaches a critical value w [3]. In
contrast to the solid conveying zone, the total length of the transient
zone is variable and it depends on the process conditions. The
length of this zone is very short and it usually reaches half to two
coils. However it is important to consider this zone, because it
allows continuity of the pressure profile as well as the correct
calculation of the total power demand and torque on the screw.
According to [3] it was assumed that the melt film thickness
changes linearly from 0 to w over the zone length. These changes
depend on the rate of dynamic melting, that can be calculated from
[3], assuming additionally the axial screw velocity U [1].
The calculations of the pressure changes in the transient zone base
on the assumption that the pressure gradient in this zone can be
determined as a weighted average of the pressure gradient at the end
of the solid conveying zone and the pressure gradient at the
beginning of the melting zone:
𝜕𝑝
𝜕𝑝
𝜕𝑝
=
1−𝑥 +
𝑥
(10)

solid conveying zone
It was assumed that the dynamic equilibrium in the solid conveying
zone is established fast enough. Hence, its operating characteristics
can be adequately described by means of relations, that are valid for
the steady-state conditions [3]. However, the axial velocity
component U of rotating and withdrawing screw should be taken
into account.
Assuming the flow continuity, the mass flow can be calculated both
from the solid bed velocity and from the screw withdraw velocity as
𝐺 = 𝐻 𝑊 𝑉𝑠𝑧 𝜌𝑠
(2)
1
𝐺 = 𝜋 𝐷2 𝑈 𝜌𝑚
(3)
4
where H – the channel height, W – the average channel width, Vsz –
the solid bed velocity along the screw channel (in z-direction), s –
the density of solid polymer, D – the outer screw diameter, U - the
axial screw velocity, m – the average density of polymer melt; The
Vsz velocity is determined as
sin 𝜃
𝑉𝑠𝑧 = 𝑉𝑏
(4)

𝜕𝑧 𝑡

𝜕𝑧 𝑠

𝜕𝑧 𝑚

where the subscripts t, s and m mean: the transient zone, the solid
conveying zone and the melting zone, respectively, x – the weight
factor, changing from 0 to 1 on the length of the transient zone.

sin 𝜑 +𝜃 −𝛾 cos 𝛾

where Vb – the barrel velocity,  – the helix angle, 𝛾 =
𝑈
𝑎𝑟𝑐𝑡𝑎𝑛
,  – the solid conveying angle.

This semiempirical approach that provides a smooth pressure
profile at the zone boundaries was introduced, because there is no
exact method of pressure calculation in the case, if the flow is
determined by both dry and viscous friction.
The power demand eT in the transient zone was defined as the sum
of the power dissipated in the thin melt film at the barrel surface, on
the root surface and the flight surfaces, as well as the power desired
to increase the pressure. It can be calculated for one computation
step from the equation
𝑒𝑇 = 𝑝 𝑙 𝑓𝑏 1 − 𝑥 + 𝜏𝑗 𝑥 𝑊 ∆ 𝑉𝑗 + 𝑝 𝑙 𝑓𝑠 𝑊 ∆ 𝑉𝑠𝑧 +

𝑉𝑏

If the mass flow 𝐺 is known, the values of Vsz and U can be
calculated and this makes possible to calculate the solid conveying
angle  from Eq. (4). If this angle is known, the pressure profile in
the solid conveying zone can be determined using the force and
torque balance [4]. A general equation describing the pressure
changes over the zone length has the form:
𝑝2 = 𝑝1 𝑒𝑥𝑝 𝑘 ∆
(5)
where k – the parameter determined from the balance of forces and
moments of force acting on the material layer of elementary
thickness dz [4],  – the length of one computational step in zdirection.

2 𝑝 𝑙 𝑓𝑠 𝐻 − 𝛿𝑚 ∆ 𝑉𝑠𝑧 + 𝐻 𝑊 𝑉𝑠𝑧

𝑑𝑝
𝑑𝑙

+ 𝜏𝑒 𝑒 ∆ 𝑉𝑏2 + 𝑈 2 (11)

where j – the shear stress in the polymer melt layer in the screw
channel, m – the melt layer thickness in the screw channel in the
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transient zone, changing linearly from 0 to critical value w : m =
w x (x – the weight factor), e – the shear stress in the polymer melt
layer in the slit between the top of the screw flight and the barrel
surface, e – the width of the screw flight; j and e quantities are
defined according to the power law as follows:
𝜏𝑗 = 𝑘0 exp −𝑎 𝑇𝑏 − 𝑇𝑚

𝑉𝑗

Melting zone
The melting process during the injection molding is more
complicated in comparison with the extrusion, mainly due to the
existence of the static melting phase (for the stationary screw).
Moreover, the phase of the dynamic melting must additionally take
into account the axial screw motion. Both phases (static and
dynamic melting) are coupled. The final conditions for one of them
are the initial conditions for the second one.
Defining of the function of the solid bed width distribution in time
and space (along the screw channel) is the basis for the
plasticization model with the three-zone-screw. It can be described
with the general relation
𝑋
= 𝑓 𝑙, 𝑡
(22)
𝑊
The spatial coordinate l (along the screw channel) in the equation
(22) is expressed in the number of computation steps.
It was assumed that three areas of different behavior of the polymer
material, shown in Fig. 4, can be distinguished in the screw channel
cross section in the melting zone [3,6]. There is an area occupied by
a homogeneous wedge of solid polymer, a melted polymer layer at
the barrel surface and a melt pool.
Due to the variable channel height along the screw it is convenient
to express the solid bed profile as the function
𝑋 𝑙,𝑡
𝐴 𝑙, 𝑡 = 𝐻 𝑙
(23)
𝑊
where A(l,t) - the ratio of the cross-sectional area of the channel
occupied by the solid bed to the total cross-sectional area of the
channel (see Fig. 4), H(l) – the relative height of screw channel,
determined as H(l) = H/Hf , changing from 1 (in the geometrical
feed zone) to Hm/Hf (geometrical metering zone) on the screw
channel length.

𝑛

(12)

𝛿𝑚

𝑛
𝑉𝑏2 +𝑈 2

𝜏𝑒 = 𝑘0 exp −𝑎 𝑇𝑠𝑙𝑖𝑡 − 𝑇𝑚

𝛿𝑠

(13)

where k0, a, n – the parameters of the power law equation, s – the
slit thickness, Tb – the average barrel temperature in the heated
zone, Tm – the melting (flow) temperature of polymer, 𝑇𝑠𝑙𝑖𝑡 – the
average polymer temperature in the slit.
The first term in Eq. (11) assumes the occurrence of the polymerbarrel friction as a weighted average of dry (p (1-x)) and viscous
( x) friction. The last term of the Eq. (11) refers to the power
dissipated in the thin polymer layer existing between the top of the
screw flight and the inner barrel surface as a result of the leakage
flow. The determination of the polymer temperature in the slit bases
on an energy equation, which assumes neglecting of the convection
and the conductivity along and across the slit for the generalized
Newtonian liquid and (assuming adiabatic flow) takes the simplified
form:
2

𝜕𝑇

𝜌𝑚 𝑐𝑚
=𝛾
(14)
𝜕𝑡
wherein, according to the power law equation, the average viscosity
can be defined by the formula

 = 𝑘0 ∙ 𝑒 −𝑎

𝑇 −𝑇𝑚

𝛾

𝑛−1

(15)

Fig. 3 The vector analysis of the polymer particle displacement in the slit
Fig. 4 The screw channel cross-section in the melting zone
( – average thickness of the polymer melt layer)

Analyzing the displacement of the polymer particle in the slit, the
shear time ti in the slit is equal to the transition time from one to the
other edge of the slit with the width e and the helix angle  in the
direction and the velocity determined by the vector 𝑉 . The shear
time can be easily calculated on the basis of the geometrical
relationships from Fig. 3 as:
𝑒
𝑡𝑖 =
(16)

Knowing the A(l) function in the two basic moments of time, is
necessary to describe of the melting process in the injection
molding:
1. just after the start of the screw rotation (beginning of dynamic
melting): 𝐴 𝑙, 0 = 𝐴𝑖 𝑙
2. just after the finish of the screw rotation (beginning of static
melting): 𝐴 𝑙, 𝑡𝑟 = 𝐴𝑓 𝑙 , where tr is the recovery time defined as

𝑉 sin 
(𝜑 +𝛾 )

𝑉𝑏2 + 𝑈 2

where 𝑉 =

(17)

𝑁 𝑆

𝑡𝑟 = 𝑠
(24)
𝑈
where NS is the screw stroke (expressed in number of coils).
The static melting begins after the stopping the rotational screw
motion. The solid polymer is molten in a certain time interval,
which is approximately equal to the cooling time, and then the
screw is shifted forward on the distance of the screw stroke. The
polymer is molten now in the time approximately equal to the hold
time. According to the known theories of static melting [6,7] it was
assumed that the time dependent melt film thickness t molten in
contact with the hot barrel surface is given by the equation:
𝛿𝑡 = 𝛿0 + 𝑘 𝑡
(25)
where 0 is the initial thickness of the melt, k is the root of the
algebraic, non-linear, complex equation [6].
Assuming that the state after dynamic melting Af is the initial state
for the phase of static melting, the solid bed profile Ai after static
melting can be determined as follows:

The equation (14) with the viscosity expressed by the formula (15),
integrated with the initial condition 𝑇(𝑡 = 0) = 𝑇𝑏 and taking into
account the formula (18) allows to obtain the expression which
describes the polymer temperature in the slit:
1

𝑘 0 𝑎 𝑒 −𝑎

𝑇 𝑏 −𝑇 𝑚

𝑉

𝑎

𝜌 𝑚 𝑐𝑚 𝑠𝑖𝑛 𝜑 +𝛾

𝛿𝑠

𝑇𝑠𝑙𝑖𝑡 = 𝑇𝑏 + 𝑙𝑛

𝑛

𝑒
𝛿𝑠

+1

(19)

where cm – the average specific heat of the polymer melt.
The torque MT in the transient zone was determined as
𝐷
𝑀𝑇 = 𝑝 𝑙 𝑓𝑏 1 − 𝑥 + 𝜏 𝑥 𝑊 ∆
2
where  is the shear stress defined as

(20)

𝜏 = 𝑘0 exp −𝑎 𝑇𝑏 − 𝑇𝑚

(21)

𝑉𝑏 𝑛

𝛿𝑚
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𝐴𝑖 𝑙 = 𝐴𝑓 𝑙

𝐻−𝛿 𝑡 𝑙

rate of the heat generation by viscous friction, the heat convection
rate and the rate of heat input from the melt film. The average
values of the terms describing the energy conduction and
dissipation can be calculated in a similar way as presented in [9] for
the steady-state extrusion. Assuming the constant barrel temperature
and the neutral screw, after several transformations the equation
(30) takes the following dimensionless form:
𝜕𝜃
𝜕𝜃
+ = −𝐵 𝑙, 𝜏 𝜃 + 𝐶 𝑙, 𝜏 exp −𝑎 𝜃
(33)

(26)

𝐻−𝛿 0 𝑙

Dynamic melting starts at the moment of the beginning of the screw
rotation. The calculation of the solid bed profile after the screw
rotation period was done using the theory of dynamic extrusion [8].
The basic equation, that describes the differential mass balance in
the solid bed under unsteady conditions can be presented in the
following way:
𝜕𝐴
𝜕𝜏

+

𝜕𝐴
𝜕𝑙

=−



𝐴

𝑉𝑠𝑧 𝜌 𝑠 𝐻

𝐻 𝑙

𝜕𝜏

where  - the auxiliary variable associated with the rate of dynamic
melting [3],  - the dimensionless time variable defined as
𝑡𝑉
𝜏 = 𝑠𝑧
(28)
∆
The expression (27) is a non-linear partial differential equation of
the first order, which describes the evolution of the relative crosssection area of the solid bed in time and space during the screw
rotation. The equation (27) has been solved analytically for the
purposes of the model with the assumption of the 3-zone screw [1].
This solution has been adapted in the model.
The quantity Lu defined by equation (29) describes the solid bed
displacement due to the rotary-backward motion of the screw and it
is expressed in the computation steps. The solid bed evolution
during the screw rotation can be followed by changing Lu from 0 to
the end value given by the equation (29).
𝑡 𝑉
𝑁 𝑆𝑉
𝐿𝑢 = 𝑟 𝑠𝑧 = 5 𝑠𝑧
(29)
∆
𝑈∆
Equilibrium values of A after the static and dynamic melting can be
calculated using the iteration method. The steady-state profile Ae
characteristic for the extrusion process [3] taking additionally into
account the backward screw motion could be assumed as the first
approximation of A [1]. Hence, the approximated Ai profile after
static melting can be determined. It is the initial value for the new
profile of the solid bed Af calculated for dynamic melting. The
iteration is repeated until A profiles (after static and dynamic
melting) will be established. It could be shown that the time
required for stabilization of Af and Ai is not shorter than the passage
time of the first polymer portion over the whole channel length. It
corresponds to a certain value of Ni iteration cycles [1].
If the solid bed profiles are known, the pressure and temperature
profiles in screw channel can be calculated. Knowing these profiles
makes it possible to calculate other quantities: the power demand,
the screw torque and the energy consumption that are important for
the detailed characterization of the plasticization process. All the
quantities were calculated for the Af profile after the dynamic
melting, which is characterized by the maximal filling of the screw
channel with the solid polymer.
The temperature profile is the result of thermal processes during the
whole screw rotation phase. The methods of polymer melt
temperature calculation, which are valid for the steady-state
conditions, could not be applied for the calculation of the
temperature profile in the injection molding. In this case, the
temperature profile was determined by an approximated method
described in [5], which was adapted to the model requirements.
The averaging equation of energy for the polymer melt region is
represented by the expression:
𝜌𝑚 𝑐𝑚

𝜕𝑇
𝜕𝑡

= 𝑘𝑚

𝜕2𝑇
𝜕𝑦 2

+ 𝜏𝑥𝑦

𝜕𝑣𝑥
𝜕𝑦

+ 𝜏𝑧𝑦

𝜕𝑣𝑧
𝜕𝑦

– 𝜌𝑚 𝑐𝑚 𝑉𝑚𝑧

𝜕𝑇
𝜕𝑧

𝑡𝑉

𝜏 = 𝑚𝑧
(34)
∆
The equation (32) is a nonlinear, partial differential equation. It was
solved numerically (by the similar method presented in [9]). This
solution has been adapted in the model. This made it possible to
calculate the temperature profile of the molten polymer in the
melting zone.
For the pressure calculation we have assumed that the polymer
pressure in the screw channel is stabilized fast enough. Hence, for
its calculations the same methods can be used as for the steady-state
conditions. The pressure was calculated according to the own
method based on the results of the analysis of the two-directional,
non-isothermal flow of the Ellis fluid in the rectangular channel
[10]. The flow of the power law fluid is described by the following
set of equations:
1
 0  − 𝑥   𝑑 = 𝑈𝑥
(35a)
1
0




𝜌𝑚 𝐻

𝐴 𝑙
𝐻 𝑙
𝐴 𝑙
1−
𝐻 𝑙

 − 𝑧   𝑑 = 𝑈𝑧

1

0

1

0

(35b)

 − 𝑥   𝑑 = 𝑈𝑥

 − 𝑧   𝑑 = 𝑈𝑧 −

(35c)
𝑞𝑧

(35d)

𝑊 𝐻 0

where , x , z ,  are the dimensionless quantities. x , z are the
integration constants of the equation of motion and the ()
function is defined as
  =
0 = 𝐻
𝑈𝑥 =
𝑈𝑧 =

∗
𝑉𝑏𝑥

0
∗
𝑉𝑏𝑧
0

 − 𝑧
𝜕𝑝
𝜕𝑧

𝐹𝑝

𝐻
𝑘0

2

+ 2  − 𝑥

𝑒𝑥𝑝 𝑎 𝑇 − 𝑇𝑚

2
1
𝑛

1−𝑛
2𝑛

𝑠𝑔𝑛

(36)
𝜕𝑝
𝜕𝑧

(37)
(38)

𝐹𝑑

(39)

Fd and Fp are the shape factors for the drag and pressure flow for
the Newtonian fluid [3]. 𝑇 is the average temperature of the
polymer melt. The transversal and longitudinal velocity components
∗
∗
of the barrel 𝑉𝑏𝑥
and 𝑉𝑏𝑧
with respect to the screw channel in the
presence of the backward screw motion can be defined by
expressions:
sin 𝜑 −𝛾
∗
𝑉𝑏𝑥
(40)
= 𝑉𝑏
∗
𝑉𝑏𝑧
= 𝑉𝑏

cos 𝛾
cos 𝜑 −𝛾

cos 𝛾
∗
known 𝑉𝑏𝑥
,

(41)

For
𝑞𝑧 , W and H values, the local values of x, z,
 and v0 can be calculated by solving the system of equations (35ad). It was solved with the iteration method. As the first
approximation the Newtonian values of x, z,  and v0 were used
[10]. The integrals were calculated by the Gaussian quadratures
method with five nodes. This made it possible to calculate the local
pressure gradient
𝜕𝑝
1 𝜕𝑝
=
(42)
𝜕𝑧
∆ 𝜕𝑙
from the equation (37) and then to calculate the pressure profile, if
the average polymer melt temperature 𝑇 is determined.
The total power demand in melting zone eM is the sum of the power
dissipated in the melt region due to the longitudinal and transversal
flow, the power dissipated in the slit between top of screw flight
and the barrel inner surface and the power required for pressure
changes:

−

– 𝜌𝑚 𝑐𝑚 𝑉𝑚𝑥 𝑇 − 𝑇𝑏
(30)
where km – the average thermal conductivity of the molten polymer,
𝑉𝑚𝑧 – the average flow rate of the polymer melt along the screw
channel, defined as
𝑞
𝑉𝑚𝑧 = 𝑧
(31)
𝐻𝑊
𝑞𝑧 is the volumetric flow rate. The method of the exact
determination of 𝑞𝑧 is shown later.
𝑉𝑚𝑥 – the average inflow rate of the polymer melt from the melting
layer:
𝑉𝑚𝑥 =

𝜕𝑙

where , , l – the dimensionless values of T, t and z, respectively;
B, C – the complex variables [1], a – the temperature coefficient;
the dimensionless time variable  is defined as

(27)

(32)

The respective terms in the equation (30) represent the following
quantities: the heat accumulation rate, the heat conduction rate, the
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The results presented below are related to the studies involving
selected examples from five typical thermoplastic polymers
characterized in Table 1. The variable parameters of the injection
molding machine during the plasticization process study were the
following:
1. the back pressure (changed in range of 4-24 MPa)
2. the screw velocity (changed in range of 30-70% of the maximal
screw velocity)
3. the dwell time (changed in range of 8-50 s) - approximately
equal to the cooling time of the product in the mold
4. the average barrel temperature in the heated section

∗
∗
𝑒𝑀 = 𝜏𝑧 𝑊 ∆ 𝑉𝑏𝑧
𝐹𝑑 + 𝜏𝑥 𝑊 ∆ 𝑉𝑏𝑥
+ 𝜏𝑒 𝑒 ∆ 𝑉𝑏2 + 𝑈 2 +

𝐻 𝑊 𝑉𝑚𝑧
where

𝑑𝑝

(45)

𝑑𝑙

𝜏𝑧 = 𝑘0 exp −𝑎 𝑇 − 𝑇𝑚
𝜏𝑥 = 𝑘0 exp −𝑎 𝑇 − 𝑇𝑚

∗
𝐹𝑑
𝑉𝑏𝑧

𝐻
∗
𝑉𝑏𝑥

(46)
(47)

𝐻

e – the shear stress in the polymer melt layer in the slit, defined by
eq. (13).
The torque MM in the melting zone was determined as a sum:
𝐷
𝐷
𝑀𝑀 = 𝜏𝑥𝑧 𝑊 ∆ + 𝜏𝑒 𝑒 ∆
(48)
2
2
where xz and e are defined respectively as
𝜏𝑥𝑧 = 𝜏𝑥 2 + 𝜏𝑧 2
(49)
𝜏𝑒 = 𝑘0 exp −𝑎 𝑇𝑠𝑙𝑖𝑡 − 𝑇𝑚

𝑉𝑏 𝑛
𝛿𝑠

Tab. 1 The types of tested polymers

PE-LD
Malen

(50)

E

FABS
One of the most fundamental questions in the model is the
determination of the screw retraction velocity U and the pressure
profile, where the pressure value at the screw end is equal to the
known back pressure (operating parameter). Both quantities are
strictly coupled and their determination closes the computation
cycle. Hereafter, that makes it possible to calculate the most
important process characteristics such as the plasticization rate, the
power requirement, the screw torque, the average melt temperature
and the specific energy consumption. The choice of the proper
backward velocity U for a given back pressure was done with the
iteration method using a special control algorithm. It increases or
decreases the U value depending on the calculated pressure on the
screw end and the assumed back pressure, until both pressures
become equal with a desired accuracy.

PE-HD

PP

POM

PS

Hostalen

HP 515M

Schulaform

Krasten

9A

154

GC 7260

23D022
Table 2 shows the values of the adjustable parameters of the
injection molding machine used in the experiments. Other process
parameters were kept constant.
Tab. 2 The adjustable parameters of the injection molding process

back pressure [MPa]
3
6
10
screw rotational velocity
154
200
240
dwell time [s]
8
12
20

3. Experimental results and discussion
The test office for the measurements of the output parameters of
the plasticization process during the injection molding consists of
the suitably instrumented injection molding machine linked to the
collecting and processing data module and the computer for
imaging and saving of the collected data. The test office shown in
Fig. 5 consists of:
1. the injection molding machine Battenfeld Plus 350/70,
2. four pressure/temperature sensors (analog CDTAI200-1/21500-1-1-1J (Bagsik Sp. z o.o.), range 0-150 MPa, 0-300 °C, OE:
0.5% FS),
3. the torque - measuring device (analog sensor DMF2X-250
(MEGATRON Elektronik GmbH & co. KG), range 0-250Nm, OE:
1% FS),
4. the inductive sensor for the screw rotational velocity
measurements (induction detector E2A-S08KS02-WP-B1, Omron
Corp.),
5. the screw linear displacement sensor (analog sensor LWH
0150 (Novotechnik U.S. Inc.), range 0-150 mm, LE: 0.08%),
6. the control cabinet with the touch screen.

PE-LD
PE-HD
PP
POM
PS

16
[rpm]
286
30

24
333
50

average barrel temperature [°C]
T1
T2
T3
T4

T5

140
150
190
-

220
230
270
240

160
170
210
180

180
190
230
210
200

200
210
250
220

The studies on the plasticization process in the injection molding
were carried out as two independent series of experiments:
1. The study by changing only one of the parameters listed in Tab.
3, and keeping constant the values of the other parameters, which
were always equal to the third value in Tab. 2. The back pressure,
the screw velocity and the dwell time were the same for all
polymers. The symbols of T1-T5 were introduced due to the
different average barrel temperature for processing of five polymers
mentioned above. All three heating zones of the barrel were kept at
the same (constant) temperature during experiments.
2. The study by changing simultaneously two of the adjustable
parameters listed in Tab. 2 and keeping constant the values of the
other parameters, which were always equal to the third (middle)
value from Tab. 2.
During the experiment, all the most important characteristics of the
process were measured: the pressure and temperature profiles on the
screw length, the torque on the screw, the power supplied to the
heaters, the mass yield of the plasticization process and the recovery
time.
Because there is a lot of results and they are very similar for
different polymers in aspect of the shape of curves and the
differences for the relevant theoretical and experimental
characteristics, it was decided to present the output characteristics
of one polymer for the study with simultaneously two of the
adjustable parameters changing. In order to standardize the charts,
the characteristics obtained from the model are shown as thick lines
without markers, while the experimental profiles represent the
markers indicating the measurement points.

Fig. 5 The test office for the plasticization process in the injection molding
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In the analyzed example, the rotational velocity of the screw and the
plasticizing pressure in the tests were changed at the same time.
These parameters are presented in Table 3. Other working
parameters of the injection machine were constant, as in the first
part of the studies. The tests were performed for PE-LD, PP and PS.
The exemplary results are shown for PP.

4. Conclusions
The paper presents the comprehensive model of the plasticization
process during the injection molding. The experimental verification
of the model using the specially designed and built research office
was described. The plasticization studies of five typical
thermoplastic polymers during the injection molding with different
values of the back pressure, the screw rotational velocity, the dwell
time and the barrel temperature were carried out. The values of
experimental characteristics with the results generated by the
simulation model were compared. It was found that the model
correctly determines the dynamics of the plasticization process
under the changes of the most important input parameters. The
model predicts well the power demand and the torque values as well
as the process yield. The average differences in the theoretical and
experimental values do not exceed 10%. Slightly larger average
differences (about 20%) occur in the determination of the pressure
and temperature characteristics. It is worth noting, however, that the
knowledge of the pT profiles is scientific and cognitive in nature.
On the other hand, the results such as the power demand, the torque,
the process yield and the SEC are of a practical importance. Here
the model shows the results more compatible with the experience.
The model uses three groups of input parameters: geometrical
parameters of the plasticizing system (mainly the screw), working
parameters of the injection molding machine and material
parameters of the polymer being processed. In the experimental
verification of the model, the second and third parameter groups are
changed. All tests were conducted using one injection molding
machine and one screw. It is worth performing similar studies for a
larger injection molding machine as well as at least two different
screws with the different length of feed, compression and metering
zones to generalize or detail the results presented in this work.

Tab. 2 Changed parameters in the second part of the studies

screw rotation velocity
[rpm]
60
154
240
333
400

back pressure
[MPa]
1.0
4.0
10
16
21

A comparison of the output characteristics for the injection molding
of PP is presented in Figs. 6 and 7. We can see a very good
agreement between the model curves and the experimental points.
The model provides a very good pressure profile as well as the
power demand, the torque and the process yield. Only the
temperature profile is predicted by the model with the differences of
approx. 5-7% for high screw rotational velocity. The same situation
occurs for PE-LD and PS. In order to generalize these results,
similar tests should be performed by changing other pairs of the
injection working parameters. Research works in this area are
continued.
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Fig. 6 Comparison of the theoretical and experimental characteristics of
the pressure (top) and temperature profiles (bottom) on the screw channel
length in PP injection process for the screw rotational velocity of 154 rpm
and back pressure of 4 MPa (left) and 400 rpm and 21 MPa (right)

Fig. 7 Comparison of the other theoretical and experimental characteristics
(power demand, torque, yield of plasticization and screw rotation time) for
the different screw rotation velocity and back pressure values in PP
injection process
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PHASE TRANSFORMATIONS AT HEATING OF Sn–Ni–Zn POWDERS
OBTAINED BY CEMENTATION FROM SOLUTIONS
ФАЗОВЫЕ ПРЕВРАЩЕНИЯ ПРИ ПРОГРЕВЕ ПОРОШКОВ Sn–Ni–Zn,
ПОЛУЧЕННЫХ ЦЕМЕНТАЦИЕЙ ИЗ РАСТВОРОВ
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Belarusian State University , Research Institute for Physical Chemical Problems of the Belarusian State University2, Minsk, Belarus
E-mail: kudako.anton@gmail.com, vorobyovatn@gmail.com
1

Abstract. The low-temperature method of Sn–Ni–Zn powders synthesis by cementation of tin and nickel with zinc powder from acidic
solutions with the formation of “zinc core – porous nickel shell – external tin layer” structures has been proposed. The method provides
metals ratio control in wide ranges (7–41 at. % of tin, 38–86 at. % of nickel and 7–24 at. % of zinc) by variation of the process duration.
X-ray phase analysis data give evidence on the presence of β-Sn and Zn phases as well as NiZn3 and NiSn intermetallics in the powders
obtained. Differential scanning calorimetry data show the availability of Sn–Zn eutectic with the melting point at 171.2 °C in the powders
with high tin content (30–40 at. %). The formation of the ternary intermetallic τ1 phase (Ni3+xSn4Zn) has been established to occur as a result
of the powders heating at 260 °C. The discovered low-temperature phase transformation in Sn–Ni–Zn system at 260 °C is of interest for
electronic equipment assembly processes that include consecutive stages of soldering and resoldering.
Keywords: CEMENTATION, POWDER, NICKEL, TIN, ZINC, PHASE COMPOSITION, INTERMETALLIC, SOLDER.

characterized by higher corrosion resistance, excellent solderability
and electrical conductivity in comparison with coatings based on
Sn–Zn and Ni–Zn binary alloys [6, 7]. As for Zn–Sn–Ni powder
alloy, there is no information on its preparation and properties in the
literature.
Different researchers have mainly studied the phase equilibria
in this ternary system at various temperatures [8–10] as well as the
crystal structures of ternary intermetallic compounds formed during
heating [11]. This information is important for understanding the
processes occurring at the interface “solder Sn–8.8wt%Zn – nickel
substrate” during the formation of soldered joint. The principal
possibility of Zn–Sn–Ni alloy application as a high-temperature
solder is only noted. It is supposed that on purpose to reduce the
melting point it is necessary to obtain an alloy with high tin and low
nickel content.
In industry powder solders are mainly obtained by dispersion of
pure metallurgical bars or spraying of melts with gas or high
pressure water steam. However, these methods are material- and
energy-intensive. Therefore the actual task is to search and develop
simpler, less expensive, materials saving and low-temperature
methods of powder materials production which are not inferior to
industrial analogues in quality. Cementation processes are one of
such methods. They are widely used in hydrometallurgical recovery
of metals from solutions and purification of technological solutions
and industrial effluents from metal ions, especially heavy ones [12].
Cementation reactions are characterized by high process rates and
implementation simplicity. However, cementation has not yet found
wide industrial application as a method of powder materials
obtaining. Firstly, it is difficult to control chemical composition and
particle size of the resulting powder product because of high
process rates. Secondly, the additional purification (washing) of
powders obtained by cementation from solution components is
required in contrast to metallurgical methods.
The rate of cementation depends on many factors, which
include solution concentration, pH and temperature, organic
substances additives such as surfactants, cementing metal nature,
process duration, stirring speed. On the one hand, the diversity of
these factors provides difficulties in control of powder products
composition. But thanks to these factors the possibilities of powders
composition variation are opened up. The cementation processes
advantage is the possibility of low-temperature alloy formation
which already proceeds during the reduction of metal ions from
solutions [13].
The purpose of this work was to develop a method of Zn–Sn–Ni
powder obtaining by cementation of Ni(II) and Sn(II) with zinc
from solutions, to study its phase composition and phase
transformations during heat treatment.

1. Introduction
The formation of soldered joint (seam) between the metal to be
brazed and the solder heated to a temperature slightly above the
solder melting point (Tm) is one of the key stages of the soldering
technological process. The formation of intermetallic compounds,
solid solutions or eutectics occurs in the seam as a result of the
interdiffusion and subsequent crystallization processes. The main
requirements for soldered joints are their high mechanical strength
and acceptable structural characteristics that provide reliable contact
with the surface, corrosion resistance, good thermal and electrical
properties as well as the possibility of heat treatment of elements
containing such joints without causing damage to them [1]. To
fulfill these requirements it is necessary to use solders with definite
chemical composition. Powder solders have recently become
popular on the world market. Their application provides the
reduction of labor intensity in the soldering technological process,
accurate material dosing, mechanization and miniaturization of the
soldering procedure. Naturally, additional requirements are imposed
on the particle size in powder solders.
The rejection of the solder based on Sn–38.1wt%Pb eutectic
alloy (Tm 183 °С) use and intensive search for alternative tincontaining solders with low melting point began after the adoption
of the Directive 2002/96/EC on Waste Electrical and Electronic
Equipment (WEEE) by the European Parliament and the Council in
2003 [1, 2]. Sn–0.7wt%Cu (Tm 227 °С), Sn–3.5wt% Ag
(Tm 221 °С), Sn–8.8wt%Zn (Tm 198.5 °С), Sn–57wt%Bi
(Tm 139 °С), Sn–51.7wt%In (Tm 120 °С) eutectic alloys as well as a
number of multicomponent alloys based on tin, silver, copper, zinc,
bismuth and indium proved to be the most demanded among the
founded candidates [2, 3]. Sn–8.8wt%Zn eutectic alloy has a special
place among them since it is cheaper and has good mechanical
properties although it is inferior to Sn–57wt%Bi and Sn–51.7wt%In
alloys in melting point. However, the practical use of this alloy as a
solder in its pure form is hindered by tin and zinc oxidation during
crystallization and existence in eutectic phase since intermetallic
compounds are not formed in Sn–Zn binary system.
To overcome this problem the alloying metals such as copper,
nickel, silver, antimony or bismuth are added to the solder. Nickel is
considered to be most suitable alloying metal since stable binary
intermetallic compounds are formed in Ni–Zn system. They
improve the wettability with Sn–8.8wt%Zn alloy of nickel coatings
which are widely used as a diffusion barrier in electronics [4].
Moreover, the addition of nickel can lead to the formation of ternary
intermetallic compounds and, consequently, it can improve
mechanical properties and corrosion resistance of the joint [5].
In this regard, some methods of Zn–Sn–Ni ternary alloy
coatings deposition have been developed. These coatings are
102

МАТЕRIAL SCIENCE „NONEQUILIBRIUM PHASE TRANSFORMATIONS” 2019
the reaction front, the decrease in the area of zinc microanodes and
the rise of diffusion difficulties and ohmic losses in the pores of
nickel shell which contain solution.
The variation of tin deposition duration at fixed time of nickel
cementation (3 min) caused only slight change in content of this
metal (within 34–41 at. %). This fact can indicate that the area of
microanodes in Ni–Zn core is limited and rapidly decreases.
From the data in Table 1 it follows that in order to obtain
Sn–Ni–Zn powders with high tin quota (30–40 at. %) it is necessary
to carry out synthesis at minor tNi time (up to 10 min).
XRD analysis of freshly obtained samples with high tin content
(for example, Sn41Ni44Zn15 powders) shows the availability of β-Sn
crystalline phase (intense peaks) together with NiZn3 and NiSn
intermetallic compounds (Fig. 1a). Note, that NiSn phase is absent
on the equilibrium state diagram of Sn–Ni system [16].

2. Experimental procedure

  Sn

(101)
(102)

Sn–Ni–Zn ternary powder alloy was obtained by two-stage
synthesis providing metals ratio control [14]. At the first stage
Ni(II) ions were reduced with zinc powder from aqueous solution
containing 0.42 M NiCl2∙6H2O at Ni2+ : Zn molar ratio equal to
1 : 1, pH 1.2, 50 °C and stirring. As a result, Ni–Zn powder
formation of “zinc core – nickel shell” type occured.
After thorough washing with distilled water the obtained
powder was filtered and placed in aqueous solution (pH 1.2)
containing 0.05 M SnCl2·2H2O. The second step of synthesis (tin
deposition) from this solution was also carried out at 50 °C and
stirring. The deposition of external tin layer on Ni–Zn core with the
formation of Sn–Ni–Zn powder was initiated by zinc remained after
the first stage of synthesis. We varied the duration of Ni(II)
reduction with zinc (tNi) from 30 s to 20 min at fixed time of tin
deposition on Ni–Zn core (tSn = 10 min). The duration of tin
deposition on this core was also varied from 30 s to 20 min at the
specified tNi = 3 min. The resulting Sn–Ni–Zn powders were
thoroughly washed with distilled water, filtered and dried to
constant weight. A low pH value of solutions was necessary to
prevent hydrolysis of Ni(II) and especially Sn(II) compounds.
The elemental composition of the powders was determined by
energy dispersive X-ray microanalysis (EDX) using attachment
(Rontec) to the scanning electron microscope (LEO 1420,
Germany). The probing depth was about 2 μm.
The powders obtained were pressed into tablets with diameter
of 1 cm by cold pressing under the pressure of about 2721 t·m–2 for
efficient proceeding of phase transformations during their heat
treatment.
The phase composition of the samples was studied by X-ray
phase analysis (XRD) using X-ray diffractometer (DRON-3.0,
Russia). XRD patterns were recorded at the rate of one degree per
minute using CoKα radiation (λ = 1.78897 Å). The position of the
analyzed lines maxima in XRD patterns was measured with an
accuracy of ± 0.01 degrees. The lines were identified using JCPDS
card files.
The behavior of the samples during heating was studied in the
temperature range of 30–400 °С by differential scanning
calorimetry (DSC) method with NETZSCH STA 449 F3 Jupiter
(Germany). Heating was carried out in nitrogen atmosphere at the
rate of 10 K·min–1.
To study phase transformations the tablets were heated for 3 h
in a tube-type furnace in argon atmosphere at 260 °С. The
temperature choice was based on the data in the work [15] where
the formation of triple intermetallic phases at stated temperature
was observed in the study of Sn–Zn–Ni alloys obtained from
metallurgical metal powders.
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Fig. 1. XRD patterns of tablets made from Sn41Ni44Zn15 powders:
freshly obtained (a) and heated at 260 °C for 3 h (b).
The broadening of phase reflections in XRD patterns in the
range of 2θ angles about 50–54 degrees can indicate their
amorphous state. Note, that nickel is often deposited from solutions
in amorphous or poorly crystallized state. The reflections of Zn
phase are not clearly expressed in XRD patterns. That is due to
shielding of zinc core with nickel and tin shells formed
successively.
As mentioned above, Sn–Ni–Zn powders can be of interest in
soldering processes, and therefore information on their thermal
behavior at heating is needed. The results of thermal analysis of
tablets pressed from Sn41Ni44Zn15 powders before and after their
heat treatment are shown in Fig. 2.

0,5

3. Results and discussion

0,4

The effect of tNi time at fixed tSn value (10 min) on the elemental
composition of Sn–Ni–Zn powders obtained is illustrated by EDX
analysis data presented in Table 1.

DSC, mV/mg

0,3

Table 1. Metal content change (± 5 at. %) in Sn–Ni–Zn powders
depending on tNi (tSn = 10 min) and tSn (tNi = 3 min)
tNi (min)
tSn (min)
at tSn = 10 min
at tNi = 3 min
Metal
0,5
5
10
20
0,5
5
10
20
Ni
38
67
62
86
50
43
44
47
Sn
38
23
30
7
34
40
41
34
Zn
24
10
8
7
16
17
15
19

(a)

0,2
0,1

229,0 °С

0,0

(b)

170,7 °С

-0,1
-0,2
-0,3

171,2 °С

0

50

100 150 200 250 300 350 400

Fig. 2. DSC curves illustrating thermal
behavior of tablets pressed
Т, °С
from Sn41Ni44Zn15 powders: freshly obtained (a) and heated at
260 °C for 3 h (b)

It can be seen that an increase in tNi from 30 s to 20 min
provides the growth of nickel content in the powders from 38 to 86
at. %, herewith zinc and tin percentages decrease from 24 to 7 at. %
and from 38 to 7 at. % accordingly. The change in tin and nickel
content in the powders with tNi increase is not monotonous. This
fact can be caused by reasons related to the mechanism of
cementation reaction. They are changes in the area and structure of

Two endothermic peaks are observed on DSC curve during
heating of freshly obtained samples (Fig. 2a). One quite intense
peak with a maximum at the temperature of about 171 °C саn
indicate the melting of Sn–Zn eutectic. The temperature of the end
of this peak coincides with the reference data on the melting point
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of Sn–Zn eutectic. The shift of the peak to lower temperatures as
compared with the melting point of the eutectic can be caused by
ultrafine state of the resulting powders [14]. One more endothermic
peak is observed at the temperature of 229 °C. This peak can arise
owing to melting of metallic tin, the presence of which was proved
by XRD data. It is worth noting that in case of Sn–Ni–Zn powders
with low tin content (up to 30 at. %) obtained at tNi > 10 min these
peaks on DSC curves are of extremely low-intensity or completely
absent.
There is a broad exothermic peak on the DSC curve of freshly
obtained Sn41Ni44Zn15 powders in the region of 230–300 °С (Fig.
2a). Its appearance can indicate the formation of intermetallic
compounds during heating of samples above the melting point of
tin. Indeed, XRD pattern reveals peaks of τ1 ternary intermetallic
phase (Fig. 1b) after heating of tablets at 260 °С for 3 h. Ni3+xSn4Zn
composition is attributed to this phase [11]. Chen et al. [15] have
also discovered τ1-phase during the heating at 250 °С of
metallurgical powder mixtures with the composition close to the
composition of the samples we studied. Since there is no XRD data
in JCPDS on ternary intermetallic compounds in Sn–Ni–Zn system
the values of interplanar spacing (dlit) obtained by the authors of [9]
were used as reference data to confirm the presence of τ1-phase in
the heated samples. In turn, we calculated dcalc from the
experimental values of 2θexp angles corresponding to the assumed
τ1-phase reflections using the Bragg's law and compared with dlit.
The calculation results are shown in Table 2.

the process duration. The possibility to obtain Sn–Ni–Zn powders
containing 7–41 at. % of tin, 37–87 at. % of nickel and 7–24 at. %
of zinc has been revealed. It has been shown that cementation
process provides to obtain not only individual metals (nickel and
tin) but also binary alloys of these metals with zinc. Sn–Ni–Zn
powders with a high tin quota (30–40 at. %) contain β-Sn and Zn
phases, NiZn3 and NiSn intermetallics as well as Sn–Zn eutectic
with the melting point (171 °C) less than the reference value (198.5
°C). The formation of the ternary intermetallic τ1-phase
(Ni3+xSn4Zn) occurs as a result of the powders heating at 260 °C.
The discovered low-temperature phase transformation in Sn–Ni–Zn
system at 260 °C is of interest for electronic equipment assembly
processes that include consecutive stages of soldering and
resoldering. This transformation is necessary to preserve soldered
joints during subsequent heat treatments.

Table 2. The values of interplanar spacing corresponding to τ1phase calculated from XRD experimental data and published in [9]
2θexp, deg
dcalc, Å
dlit, Å [9]
40,403
2,59
2,59
46,237
2,28
2,28
50,036
2,11
2,11
52,790
2,01
2,01
74,640
1,47
1,46

[2]
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THE STRUCTURE FORMATION FEATURES OF THE ALLOY
Zr41,2Ti13,8Cu12,5Ni10Be22,5 DURING THE CASTING IN THE METAL MOLD AND THE
FOLLOWING HEATING AMORPHOUS INGOTS
ОСОБЕННОСТИ ФОРМИРОВАНИЯ СТРУКТУРЫ СПЛАВА Zr41,2Ti13,8Cu12,5Ni10Be22,5 ПРИ ЛИТЬЕ
В МЕТАЛЛИЧЕСКУЮ ИЗЛОЖНИЦУ И ПОСЛЕДУЮЩЕМ НАГРЕВЕ АМОРФНЫХ СЛИТКОВ
Associate professor Kosynska O.L., student Hurin I.V.
Dniprovsk State Technical University, Ukraine
e-mail: krao@ua.fm
Abstract: The structure formation features of the bulk glass alloy Zr41,2Ti13,8Cu12,5Ni10Be22,5 under conditions of melt casting in a
copper mold and subsequent heating of amorphous ingots, are studied. It is shown that for certain parameters of the model (the thickness of
the ingot and its heating rate), the main contribution to the total crystallized volume fraction passes from frozen crystal growth processes to
the processes of nucleation and growth of new crystals. Regardless of the dominant crystallization process during heating, amorphous ingots
of the Zr41,2Ti13,8Cu12,5Ni10Be22,5 alloy are crystallized to form a coarse crystalline structure.
Keywords: MELT CASTING INTO THE MOLD, SOLIDIFICATION, THERMAL CONDITION, CRYSTALLIZATION
KINETICS, MICROSTRUCTURE PARAMETERS

1. Introduction
It is known that under conditions of quenching from the
melt in the structure of amorphous metal alloys, it is possible to
obtain nanoscale crystallization centers. The volume density of
such crystals and their average sizes depend on the conditions for
the preparation of such materials 1, 2 and determine their final
properties, thermal stability and transformation features upon
heating 3-5. In this regard, in this work, the main purpose was
to study the features of the formation Zr41,2Ti13,8Cu12,5Ni10Be22,5
alloy structure during cooling under conditions of melt casting
into a copper mold and during heating amorphous ingots.

For spherical crystals formed by nucleation and further
isotropic growth in a supercooled melt with effective rates, the fraction
of the crystallized volume can be determined using the equation:
3
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t
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(2)

where t m – the melting point temperature Tm at melt cooling; Rc – the
critical nucleus radius; t , t , t – current times, belonging to the
time interval of crystallization  t m , t e : t m  t  t   t  t e .
A similar kinetic equation was used for the formation of
new crystals during the heating of metallic glass:

2. Method of calculation

3

Studies were performed using computer simulation
methods. In studies, a previously developed model of melts and
glasses crystallization 6 was used.
According to the used model, two stages of structure
formation were considered. The first stage takes place under
conditions of melt cooling in a massive copper mold. At this
stage, crystallized the volume fraction x e (in studies chose the
thickness of the ingots, which provide the formation x e no more
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corresponding to the heating stage: tb  t  t  t   te ; t e – time of
crystallization completion during heating.
The volume fraction of the crystalline phase x-+, which is
formed due to the growth of frozen centers, was calculated as follows:
t

x  (t  )  4N S R   (t )1  x(t )u (t )dt .



e

e

sizes R   . Simultaneously with the growth of crystals formed as
a result of cooling, the processes of nucleation and growth of new
crystallization centers occur. The result of this process is the
e

formation N S crystals having a size R  , which contribute to
the total crystallized volume the part of xe . The resulting
volume fraction of the crystalline phase, formed at different
stages of the process:
xe  xe   xe  1 .
(1)

(3)

where t b  t e – heating start time; t , t , t – current time points

510-2) and in a unit of volume formed N S crystallization centers
with average sizes R  . At the second stage, the processes of
crystallization that occur during the heating of amorphous ingots
are modeled. It was considered that they are carried out both by
the growth of already existing frozen-in crystals, and by
homogeneous nucleation and further growth of new crystals. As a
result of the frozen crystals growth formed a fraction of the
transformed volume xe  , which consists of N S crystals with



2

(4)

t b

Calculations of the crystallization kinetics under the
conditions of melt cooling were performed by a consistent numerical
solution of equation (2) with the Fourier heat conduction equations 8
for melt with a half-thickness l1 and copper mold with wall thickness
l2 using the algorithm described in detail in the work 9. The
calculations were performed by the finite difference method in an
implicit scheme 10.
The crystallization processes during heating were
modeled, assuming that an amorphous ingot having an initial
temperature Tb is heated by heat exchange with the working medium,
the temperature of which rises linearly with a predetermined velocity
+. The part of crystallized volume x(t+), included in the integrands of
the equations (3) and (4), calculated taking into account the relative
contributions of all the transformation mechanisms analyzed in the
model:
x(t  )  xe  x  (t  )  x (t  ) .

Calculations xe , xe  и xe carried out by the kinetic
equations obtained in the approximation of the effective rates of
nucleation and growth of crystals 7.

105

(5)
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3. Results and analysis
Figure 1 shows the results of the calculated analysis of
the crystallization kinetics of the alloy Zr41,2Ti13,8Cu12,5Ni10Be22,5,
performed using equation (2) for castings with half-thickness
ranging from 0,25 to 500 mm. For all values l1 determined the
cooling rate – at melting point Tm, the final value of the
crystallized volume fraction xe , nucleation rate I and growth rate
e

u, as well as structural parameters N S and R  , fixed at the end
of the cooling process.

Figure 1 – The calculated dependence of the crystallized
volume fraction, obtained during casting of the melt
Zr41,2Ti13,8Cu12,5Ni10Be22,5 in the copper mold, from the ingot
half-thickness.
As the results of calculations show, with an increase in
the half-thickness of the ingots under study, the proportion of the
crystallized volume fraction during the entire cooling period
increases from 10-21 (l10,25 mm) to 0,99 (l1≥404 mm). It
should be noted that the general nature of dependencies xe (l1 ) ,
as well as critical cooling rate values (с=0,97 К·с-1) and critical
half-thickness mold casting (l1=20 мм), at which the volume
fraction of the crystalline phase becomes 10-6, correlates well
with experimental data 11,12. According to the calculated
analysis,
in
the
conditions
of
melt
casting
Zr41,2Ti13,8Cu12,5Ni10Be22,5 in a copper mold it is possible to
obtain a wide range of structural states, for which the density of
nuclei of crystals can vary from 6·105 to 6,5·1014 m-3, and their
average sizes are from 1,2·10-9 to 6,9·10-5 m.
Obtaining such a wide range of structural states with
different volume density and sizes of crystallization makes it
possible to analyze the influence of the thermal history of the
alloy on the crystallization kinetics of castings during subsequent
heating. For this purpose, different half-thickness castings (0,25 –
300 mm), according to equations (3) and (4), the volume
fractions of the crystalline phase were calculated, one of which
( xe ) formed by nucleation and growth of new crystals in an
amorphous matrix, and the second ( xe  )formed due to the
growth of frozen crystals. Calculations were performed for
heating rates 0,017, 0,03, 0,7 and 1,67 K·s-1.
As an example, fig. 2 shows the calculated kinetic
curves x–+(t–+), x+(t+), x(t) for ingots with half-thickness 0,5 mm,
7 mm and 10 mm, heated at rate 0,7 K·s-1. As can be seen,
depending on the half-thickness of the ingots, the crystallization
mechanisms considered in the model make different
contributions to the total crystallized volume fraction x. So when
heating ingot with a half-thickness 0,5 mm (fig.2a) crystallization
is carried out due to the mechanism of formation of new crystals
( xe 0,97, xe  2,2·10-2). However, with increasing casting
thickness xe and xe  changing to the opposite so when l1=10
mm xe 6,4·10-2, and xe  0,93 (fig.2c). In ingots with a halfthickness l1=7 mm there is an approximate equality of the
volume fractions of the phases formed by different mechanisms:
xe 0,57, xe  0,42 (fig.2b).

Figure 2 – Dependence of the volume fraction of the crystalline
phase on the heating time for amorphous castings
Zr41,2Ti13,8Cu12,5Ni10Be22,5 with half-thickness (mm): 0,5 (a), 7 (b), 10
(c), appropriate heating rate +=0,7 Ks-1.
With a decrease in the heating rate, the growth processes of
quenched nuclei dominate in wider intervals of ingot half-thicknesses
l1, the half-thicknesses, in which both mechanisms make equal
contributions to the total fraction of the crystallized volume, are
shifted towards smaller thicknesses (fig. 3).

Figure 3 – Calculated dependencies of contributions to the
crystallized volume fraction of two competing crystallization
mechanisms on the half-thickness of amorphous castings
Zr41,2Ti13,8Cu12,5Ni10Be22,5, corresponding to the heating rates 0,017
Ks-1 (light symbols) and 1,67 Ks-1 (dark characters): 1, 2 – x–+; 1, 2
– x+.
According to the calculated data, crystallization processes
occur during supercooling 100–200 K relative to the melting point.
Under these conditions, nucleation processes occur at a rates of 0–107
106
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m ·s , and the crystal growth rate varies within ~10-7–10-9 m·s-1.
But, despite such low values I and u, due to very long
crystallization time intervals (102–105s), during the heating time
in a unit of volume crystallize ~1011–1014 m-3 new crystals, the
final size of which ( Re ~10-5 m) not inferior to the size of
crystals growing from frozen-in crystallization centers. This
result of computational analysis confirms the need to take into
account the two mechanisms of crystallization of metal glasses.

4. Conclusions
1. Through modeling studies alloy Zr41,2Ti13,8Cu12,5Ni10Be22,5 It
was found that, with an increase in the half-thickness of
amorphous ingots and a decrease in the heating rate, the main
contribution to the total fraction of the crystallized volume is
made by the growth of frozen-in crystallization centers.
2. It has been established that the equal contribution of the
growth processes of frozen crystals and the processes of
nucleation of new crystallization centers during heating in the
range of +=0,017–1,67 Ks-1 observed in castings with a halfthickness from 10 to 6,5 mm.
3. It is shown that upon heating the amorphous alloy ingot
Zr41,2Ti13,8Cu12,5Ni10Be22,5 possible to obtain structures with mean
crystal size of 10 μm.
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FUNCTIONALLY GRADED AL MATRIX MATERIALS CONTAINING 10, 20 AND
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H. Erdem Camurlu1, K. Korkmaz, U.C. Caliskan
Mechanical Engineering Department – Akdeniz University, Antalya, Turkey1
erdemcamurlu@mail.com
Abstract: As a relatively new class of materials that exhibits a gradual compositional or microstructural change along one axis,
functionally graded materials (FGM) emerged. As a result of this change, properties of the material also vary. This property change can be
controlled by tailoring the composition or microstructure of the individual stacks in the FGM.
In the present study, aluminum matrix functionally graded composite materials with increasing amounts of B 4C particles in an aluminum
matrix were formed. The functionally graded materials were composed of 4 composite stacks with different compositions; namely, 0, 10, 20
and 30 volume % B4C particles. The matrix material was aluminum - 4 wt.% copper alloy. Preparation of the functionally graded materials
was conducted through powder metallurgical methods including mixing, cold pressing and sintering without pressure. Samples were
produced in dimensions according to 3-point bending standards.
Microstructure of the functionally graded materials contained some porosity, amount of which was seen to increase with increasing B4C
reinforcement amount. All the stacks were subjected to Vickers microhardness measurements and it was seen that the hardness of the layers
increased significantly with increasing reinforcement amount. The unreinforced layer had a hardness of 55 HV0.1 and that of the layer
containing 30 % B4C was 143 HV0.1. On the other hand, the bending strength of the functionally graded material was seen to be lower than
that of the unreinforced sample.
Keywords: FUNCTIONALLY GRADED MATERIALS, Al-4Cu

Samples were produced in dimensions according to 3-point bending
standards [5], which indicated that the span length is 25 mm and
thickness is 6 mm and width of the sample is 12 mm.

1. Introduction
As a relatively new class of materials that exhibits a gradual
compositional or microstructural change along one axis,
functionally graded materials (FGM) emerged. As a result of this
change, properties of the material also vary. This property change
can be controlled by tailoring the composition or microstructure of
the individual stacks in the FGM [1].

The FGMs were produced by stacking technique, in which each
layer having a definite composition was prepared and laid in a steel
mold. After a gentle pressing, the successive stack was laid and
thereby a FGM containing 4 layers of the desired thickness was
obtained.

Chemical composition, porosity or an additional property of the
FGM can change gradually in its arrangement. This structure of
FGMs prevents formation of any mismatch between the top and
bottom surfaces of the material [1].

The matrix alloy was Al-%4Cu and reinforcement was B4C
particles. Size of aluminum and B4C particles were smaller than 10
microns. Powders of aluminum, copper and boron carbide were
weighed and mixed. The thickness of each stack was calculated as
1.6 mm.

In order to produce aluminum matrix functionally graded
materials, centrifugal casting has been frequently employed in the
literature [2,3]. This technique relies on the difference between the
density of the matrix phase and the reinforcement particles. Higher
density of the reinforcement particles leads to their accumulation on
the outer region of the samples, by the action of centrifugal force. In
the study of Rajan, SiC reinforced A356 Al alloy FGM parts were
obtained by centrifugal casting. It was reported that the volume %
of the SiC particles in the outer rim of the samples were in 40-45 %
range. The SiC amount gradually decreased in a region of 8 mm in
the outer rim of the sample. Hardness of the outer region was about
110 HB whereas the unreinforced region was 90 HB [3].

Samples were pressed at 600 MPa pressure. The green samples
were sintered in an atmosphere controlled furnace. Sintering was
conducted at 610 oC for 30 min in flowing nitrogen.
Sintered samples were subjected to microstructural
examinations by optical microscope (Nicon Eclipse, LV150) after
metallographic preparation. For the preparation of the samples, 600,
1200 and 3000 grit sand papers were used. Final polishing was done
with 1 micron polycrystalline diamond paste. Microhardness
measurements were conducted according to Vickers method and 0.1
kg load was applied for 15 seconds. 3-point bending tests were
performed by a Shimadzu AG-IC 50 kN unit.

Another useful method of obtaining the FGM structure is
powder metallurgy. In the study of Erdemir et al. [4], SiC reinforced
A2024 matrix FGMs were prepared by powder metallurgy.
Microhardness of the layers was assessed and an increase up to a
certain amount of reinforcement was reported [4].

3. Results and Discussion
The weight of the samples before sintering was about 7.50 g.
After sintering, there was an increase in the weight of about 30 mg,
which was attributed to nitrogen intake during sintering.

In the present study, in order to produce functionally graded
composite materials with increasing amounts of B4C particles in an
aluminum matrix, cold pressing and sintering was utilized. Obtained
FGMs were composed of 4 composite stacks with different
compositions: 0, 10, 20 and 30 volume % B4C particles.
Microstructure and mechanical properties of the obtained FGMs
were investigated.

Density of the FGM sample was 92 % of the theoretical density.
Bending Strength and Strain
After 3-point bending tests, stress-strain curves of the samples
were obtained. The highest tensile stress on the sample during
bending test occurs on the bottom side of the sample. In addition,
the unreinforced side of the FGM generally presents higher strength
and ductility. On the other hand, the side of the FGM having high
amount of reinforcement particles is known to possess lower
ductility and strength. The properties of the FGM sample are

2. Experimental Procedure
Preparation of the functionally graded materials was conducted
through mixing, cold pressing and sintering without pressure.
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Formation of a delamination defect is seen in Fig.3 (pointed
with arrow). This delamination may probably form during bending
test, after the formation of vertical cracks. The delamination of
levels is undesired in FGMs. Increasing the sintering time or
temperature may be useful in order to provide better bonding
between the levels.

anisotropic. Therefore, the orientation of the FGM sample during
the 3-point bending operation is important and affects the results of
the stress-strain test.
The stress-strain graph of the FGM is presented in Fig.1. This
bending test was conducted when the unreinforced side of the FGM
was facing up, and the 30 % B4C containing side was facing down.
The FGM sample presented a bending strength of 139 MPa.
Bending strain value of this sample was about 4.3 %. These values
can be considered to be low for aluminum alloys and composites. In
our previous studies, it was found that the bending strength of the
unreinforced Al-%4Cu alloy is around 370 MPa and its bending
strain is around 25 %. The low strength of the FGM may be
attributed to the orientation of the sample. The brittle layer,
containing 30 % B4C has very low ductility and thus, formation of a
crack during the bending test is very easy on that side. Once the
crack forms, it propagates vertically, along the thickness of the
sample, on to the upper layers. The strength of the FGM is expected
to be higher when the unreinforced side is facing down, since the
unreinforced layer is more ductile and formation of a crack is more
difficult.
When the stress-strain plot of the FGM is examined, it can be
seen that there are 3 drop points in the strength (as pointed with
arrows). The first drop is believed to belong to the formation of the
crack at the bottom stack. The second and large drop most probably
forms when the level containing 20% B4C cracks. After that there is
a slight increase in stress, which may be related to strain hardening
of the remaining 2 layers that are low in B4C composition.

Fig. 3 Stereo microscope image of the FGM having 0, 10, 20, 30 % B4C.
(Total thickness is about 6.5 mm)

Microstructure
After polishing the fracture surfaces of the FGM, they were
examined by optical microscope. Microstructure of the FGM is
given in Figs. 4-6. Fig.4 presents the transition region of the stacks
having 0 and 10 % B4C. In Fig.5, transition from stack having 10 %
B4C to 20 % B4C can be seen. Transition zone of the stacks having
20 and 30 % B4C is given in Fig. 6. In Figs 5 and 6, transition line
between different stacks is not easy to distinguish; therefore it was
marked with a dash-line. B4C particles are evenly dispersed in the
each level of the FGM.
The black irregular shapes in these micrographs are voids in the
structure of the FGM. It can be seen that the amount of the voids
increases with the increase in the amount of B4C particles in the
stacks.

Fig. 1 Stress-strain plot of the FGM sample obtained by three point bending
test.

Macrostructure
Macrostructure of the FGM can be visualized in Fig. 2 and Fig.
3. Fig.2 is a macro image of the fracture surface of the FGM after
bending test. Fig.3 is a stereo microscope image. In both figures, the
levels in the macrostructure of the functionally graded material can
be visualized.

Fig. 4 Optical microscope image of the transition region between the levels
containing 0 % and 10 % B4C.

Fig. 2 Image of the FGM after bending test, exposing the 4 levels in its
structure.
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Fig. 7 Vickers microhardness values of the levels of FGM (each group
represents 3 measurements)
Fig. 5 Optical microscope image of the transition region between the levels
containing 10 % and 20 % B4C.

4. Conclusion
Aluminum matrix functionally graded composite materials with
increasing amounts of B4C particles in an aluminum matrix were
formed. The low strength of the FGM was attributed to the position
of the high reinforced layer being in the high stress region of the
sample during the bending test. On the other hand, the presence of
the reinforcement particles was seen to have an important effect on
increasing the hardness of the stacks.

The voids in the structure become larger in the stacks that have
higher amount of B4C. This may be due to 2 reasons. The first one
is that when the amount of hard B4C particles is high, the transfer of
stress to lower regions of the sample during cold compaction is low,
which leads to lower green density of these layers. The second
reason may be during sintering, due to high amount of B4C, the
aluminum particles that form the matrix need to cover a larger path
for merging with each other.
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Fig. 6 Optical microscope image of the transition region between the levels
containing 20 % and 30 % B4C.

Hardness

5. ASTM B528 standard entitled: Standard Test Method for
Transverse Rupture Strength of Metal Powder Specimens.

In Fig. 7, microhardness values of the levels are given. The
level that did not contain B4C had an average hardness of about 55
HV0.1 and that of the layer containing 30 % B4C was 143 HV0.1. The
B4C reinforcement had a significant effect on the hardness. The
wear resistance of the layer containing 30 % B4C is expected to be
the highest.
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The aim of the present paper was to improve the physical and mechanical properties of iron-carbon alloys by ultrasonic treatment
during the stages of dynamic solidification of castings. Ultrasonic treatment of the modified iron melt significantly increases the
mechanical properties of the alloy (increase in hardness by 15%), as well as reduces the coefficient of friction by 1.5-2 times due to
increasing quantity of graphite inclusions dispersed through the volume of the casting.
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1200 Вт. Генератор имеет микропроцессорное управление,
которое контролирует включение/выключение ультразвуковой
энергии и поддержание выходной мощности на заданном
уровне при изменении внешних условий (температура, входное
напряжение и др.). В генератор встроены частотомер и
ваттметр для измерения в режиме реального времени частоты и
мощности сигнала, подаваемого на преобразователь. Реле
времени
генератора
позволяет
дозировано
подавать
ультразвуковую энергию в зону обработки. Управление и
настройка режима работы генератора осуществляется через
экранное меню.

1. Введение
Ультразвуковая обработка металлов и сплавов является
одним из наиболее эффективных способов улучшения их
физико-механических и эксплуатационных свойств [1-3].
Вводимые
в
расплав
ультразвуковые
колебания,
интенсифицируют
процесс
дегазации,
способствуют
дополнительному перемешиванию расплава, препятствуют
возникновению дендритной ликвации и концентрации
неметаллических включений на границах зерен, что
положительно влияет на формирование однородной структуры
металла в процессе кристаллизации. Наряду с этим, мощный
ультразвук позволяет в процессе модифицирования вводить в
металл различные композитные элементы и тугоплавкие
лигатуры, воздействуя непосредственно на кристаллическую
решетку [4-6].

Акустическая система (рис. 1) состоит из соосно
установленных
и
последовательно
соединенных
пьезоэлектрического преобразователя 8, бустера 9 и волновода
излучателя
10.
Пьезоэлектрический
преобразователь
преобразует электрические сигналы от электронного
генератора в механические колебания той же частоты. Бустер
увеличивает амплитуду колебаний до заданной величины и
передает их на излучатель, который через прямой
механический
контакт
его
рабочего
торца
вводит
ультразвуковую энергию в зону обработки. Увеличение
амплитуды колебаний от 10 до 70 мкм может быть достигнуто
за счет изменения по определенному закону размеров и формы
поперечного сечения бустера и излучателя. Пневматический
пресс осуществляет подвод акустической системы к литьевой
оснастке до погружения рабочего торца излучателя в расплав
на заданную глубину и отвод системы после ультразвукового
воздействия на кристаллизующий образец. Литьевая оснастка
предназначена для заливки в нее металлического расплава и
воздействию на него в процесс кристаллизации ультразвуковых
колебаний с целью получения образцов для исследования их
структуры и свойств.

Ультразвук повышает механические свойства затвердевших
расплавов и намного улучшает способность металла к
пластической
деформации.
Воздействуя
на
фронт
кристаллизации силуминов, ультразвуковая волна разрушает
дендриты, способствует их измельчению. Обработка расплава
ультразвуком приводит к формированию газовых зародышей,
их коагуляции, что ускоряет процесс дегазации. В результате
обработка расплавов силуминов при
кристаллизации
позволяет измельчить эвтектику, снизить газовую пористость
слитков и повысить предел их прочности на разрыв на
20…40% [7]. Чугун, например, становится прочнее,
сопротивление разрыву возрастает более чем в три раза. K тому
же, после такой операции металл почти не поддается коррозии.
Важно, что обработанный таким образом чугун приобретает
свойства стали, а по некоторым данным даже превосходит ее
[8].
Целью данной работы являлось улучшение физикомеханических
и
эксплуатационных
свойств
железоуглеродистых сплавов путем ультразвукового воздействия на
стадии динамического затвердевания отливок.

2. Методика
Для исследования влияния воздействия ультразвуковых
колебаний на структуру и свойства кристаллизующегося
металла
в
ИТА
НАН
Беларуси
была
создана
экспериментальная установка, основные узлы которой:
ультразвуковой генератор
и акустическая система,
пневматический пресс , литьевая оснастка и компрессор (рис.
1).
Рис. 1 Экспериментальная установка: 1- расплав, 2- кокиль, 3- стакан,
4- основание, 5- пневмоцилиндр,6 –стойка, 7- механизм перемещения,8
-пьезоэлектрический преобразователь, 9- бустер, 10- излучатель

Электронный генератор формирует и подает электрические
сигналы частотой 20 кГц с регулируемой мощностью от 800 до
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3. Результаты и обсуждение
Установлено, что после ультразвуковой обработки (УЗО)
расплава
чугуна
наблюдается
заметное
измельчение
графитовых включений, а так же более равномерное их
распределение по объѐму (рис.2). Так без ультразвуковой
обработки расплава в чугуне присутствовали графитовые
включения вплоть до 60мкм, доля включений размером до
10мкм составляла 74.5%, от 10 до 30мкм – 17%. После УЗО
расплава чугуна графитовые включения более 50мкм
отсутствовали. Доля включений размером до 10мкм выросла до
84,5%, доля графита размером до 30мкм уменьшилась до
15.2%, а включений размером больше 30мкм осталось всего
0.3%, тогда как без УЗО их доля составляла более 8%.
Рентгеноструктурный анализ образцов изменений не выявил.

Ультразвуковая обработка расплава осуществляется
следующим образом (рис. 1). Производят заливку
металлического расплава 1 в кокиль 2 расположенного внутри
стакан 3, крепящегося к основанию 4. После чего, включают
подачу сжатого воздуха от компрессора в верхнюю камеру
пневмоцилиндр 5, шток которого вынуждает двигаться вниз
закрепленный на стойке 6 механизм перемещения 7. При этом,
установленные на механизме перемещения пьезоэлектрический
преобразователь 8, бустер 9 и излучатель 10 смещают до
момента погружения в расплав рабочего торца последнего на
требуемую глубину. До или в момент ввода излучателя в
расплав включают ультразвуковые колебания. По окончании
заданного времени обработки кристаллизующегося расплава
выключают ультразвук, а в нижнюю камеру пневмоцилиндра
подают сжатый воздух, который вынуждает шток двигаться
вверх. Установка возвращается в исходное состояние.
Полученный после ультразвуковой обработкой образец
извлекают из кокиля для дальнейшего исследования его
структуры и свойств.
Источником
ультразвуковых
колебаний
служил
ультразвуковой генератор УЗГ-20-15 с частотой 22.4 кГц и
мощностью 0.7кВт. Для передачи колебаний в расплав
использовали акустические волноводы из жаропрочного
сплава. Разработанное оборудования позволило исследовать
влияние ультразвуковых колебаний на структуру и свойства
чугуна (табл. 1) при кристаллизации.
Таблица 1 – Химический состав исследуемого чугуна
Массовая доля, %
Fe

C

Si

Mn

Cu

Mg

S

P

>93

3,6

2,5

0,26

0,06

0,040

0,012

0,033

а
В
качестве
модификаторов
использовали
смесевые
традиционные комплексные модификаторы (табл. 2).
Таблица 2 – Химический состав модификаторов
Марка
модификатора

Массовая доля веществ, %
Si

Mg

ЭМ (пс)

40-50

5,0

ЭМ (п)

65-72

Ba

Ca
-

-

1,52,5

до
1,0

РЗМ

Fe

до 8,0

ост.

-

ост.

Модифицированный расплав чугуна заливали
в
графитовую форму и подвергали ультразвуковому воздействию
в течении 5 минут (рис. 1). Из полученных отливок чугуна
вырезали продольные образцы для оценки микроструктуры и
механических свойств. Микроструктуру чугуна исследовали на
металлографическом комплексе МИКРО-200, оснащенном
программным обеспечение Image-Pro Plus 5.1, которое
позволило автоматизировать процесс обсчета геометрических
размеров шаровидных включений графита и занимаемую ими
удельную площадь (рис. 2). Для оценки влияния структурного
состояния обработанных чугунов на механические свойства,
проводили измерение твердости методом Бринелля и
коэффициента трения. Для изучения кинетики фазовых
превращений использовали дифференциальную сканирующую
калориметрию.

б
Рис. 2. Микроструктура и распределение частиц графита по
размеру для исходного (а) и после ультразвуковой обработки
(б) чугуна
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Измерение твердости методом Бринелля (ГОСТ 9012-59) и
коэффициента трения полученных образцов показало, что
твердость чугуна без ультразвуковой обработки составила 255
НВ, после ультразвоковой обработки 289 НВ. Коэффициент
трения необработанного чугуна составил 0.4, а после
ультразвуковой обработки расплава – 0.2. То есть
ультразвуковая обработка расплава модифицированного чугуна
позволяет значительно повысить механические свойства сплава
(увеличение твердости на 15%), а также снизить коэффициент
трения в 1,5-2 раза за счет увеличения количества более
дисперсных включений графита [9].

Заключение
Таким образом ультразвуковая обработка расплава чугуна в
процессе его кристаллизации приводит к значительному
измельчению графита, что повышает механические свойства,
понижает коэффициент трения, т.е. приводит к существенному
улучшению физико-механических и эксплуатационных
свойств.
Работа выполнена при поддержке БРФФИ (проект № Т18МС054).
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ВЛИЯНИЕ УЛЬТРАЗВУКОВОЙ МЕХАНОАКТИВАЦИЯ ШУНГИТА НА
ПРОЧНОСТЬ МЕЛКОЗЕРНИСТЫХ БЕТОНОВ
INFLUENCE OF ULTRASONIC MECHANOACTIVATION OF SHUNGITE ON STRENGTH OF FINEGRINED CONCRETE
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Abstract: The present paper focuses on the development of composition of fine-grined concrete in order to study and define the influence
of ultrasonic mechanoactivation on strength properties of cement.It is shown that small (up to 3%) additives of shungite subjected to
ultrasonic treatment increase concrete strength.
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Сложный химический состав и структура шунгита,
особенности шунгитового углерода дают минералу ряд
полезных свойств: высокую механическую прочность,
электропроводность. ингибирование процессов коррозии,
наличие макро- и мезопор, сорбционные, каталитические и
бактерицидные свойства и многие другие (табл. 2), которые
находят все более широкое применение во многих сферах
человеческой деятельности: при создании новых керамических
и
композиционных
материалов,
для
экранирования
электромагнитного излучения, в строительстве, в водоочистке
и
водоподготовке,
для
очистки
воздуха,
для
электрохимического восстановления цветных металлов, в
сельском хозяйстве, в фармакологии и косметологии и др.

1. Введение
Шунгитовый минерал был открыт более двух веков назад, в
1878 г. и назван в честь поселка Шуньга на берегу Онежского
озера в Карелии (Россия). Он является природным композитом,
имеющим углеродную и силикатную составляющие (таблица
1) и в последнее время привлекает внимание ученых всего
мира [1]. Шунгиты различаются по составу минеральной
основы (алюмосиликатной, кремнистой, карбонатной) и
количеству шунгитового углерода. Шунгитовые породы с
силикатной минеральной основой подразделяются на
малоуглеродистые шунгитсодержащие (до 5 масс.% С),
среднеуглеродистые шунгитистые (5–25 масс.% С) и
высокоуглеродистые шунгитовые (25–80 масс.% С) [2]. Сумма
(C + Si) в шунгитах Зажогинского месторождения находится в
пределах 83–88 масс.% по данным атомно-эмиссионной
спектрофотометрии.

Таблица 2 Основные свойства шунгита

Таблица 1 Химический состав шунгитов Зажогинского
месторождения

Свойства

Значение

Плотность

2,1…2,4 г/см3

Пористость

до 5%

Прочность на сжатие

1000…1200 ктс/см3

Химический элемент, компонент

Содержание, масс. %

SiO2

57,0

TiO2

0,2

Al2O3

4,0

FeO

0,6

после
оттаивания

Fe2O3

1,49

Истираемость

0,4…0,6 кг/см2

MgO

1,2

Сопротивляемость удару

9,0…47,5 кг/см2

MnO

0,15

Водопоглощение

0,01-3,5%

CaO

0,3

Развитая внутренняя поверхность

до 20 м2/г

Na2O

0,2

Электропроводность

1500 См/м

K2O

1,5

Радиоактивность

79,93 Бк/кг

S

1,2

Морозостойкость

Г-300

C

30,0

Адсорбционная активность:

H2O

1,7

- по фенолу

14 мг/г

- по термолизным смолам

20 мг/г

- по нефтепродуктам

более 40 мг/г

Механическая прочность:

Наиболее важной и интересной особенностью шунгита
является наличие в минерале фуллеренов, недавно открытой
формы углерода, крайне редко встречающейся в природе
нашей планеты и в основном получаемой искусственно по
дорогостоящей технологии [3].

- в сухом составе

1180…2380 кг/см2

- в водонасыщеном составе

1110…2270 кг/см2

для
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замораживания

и

720…2250 кг/см2

Вышесказанное делает шунгит перспективным материалом
изучения и дальнейшей разработки экологически
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введения в воду также характеризуются неустойчивостью и
быстрым отстаиванием.

безопасных низкостоймостных технологий в медицине,
металлургии, радиоэлектронике, строительстве, сельском
хозяйстве и других сферах.

Через 4 часа нахождения в контакте шунгита с водными
растворами С3 наблюдается небольшое увеличение размера
частиц шунгита, обработанного ультразвуком, то есть УЗО
способствует не диспергирующему, а флоккулирующему
эффекту частиц шунгита в водных растворах С3. Интересный
факт был зафиксирован для суспензий, в которых
необработанный
шунгит
находился
в
контакте
с
суперпластификатором в течение 7 суток. Через 7 суток
выдерживания
шунгита
фиксировалось
существенное
снижение размера его частиц (таблица 3), при этом содержание
частиц размером более 3 мкм уменьшалось в 2 раза, до 24 %.
Изучение поведения частиц шунгита при длительном контакте
с
водными
растворами
нафталинсульфонового
суперпластификатора, а также исследование поведения в
портландцементных
составах
суспензий,
длительно
хранившихся до введения в бетоны имеет практическое
значение ввиду длительности процесса получения бетонов.

2. Результаты и обсуждение
В большинстве случаев [4] элементарным фрагментом
структуры шунгитового углерода является глобула с размерами
порядка 100 Å. Элементы структуры могут быть окружены
случайной сеткой атомов углерода и атомами примесей, они
могут быть ориентированы как случайным образом, так и
собираться в пачки, волокна, пакеты, слои, т.е. упорядочены
настолько, что может проявляться анизотропия физических
свойств. В углеродных глобулах распределены вода,
микроэлементы, дифильная битумоидная органика, фуллерены
в форме С60 и С70 и нанотрубки. Т.е. при практическом
использовании шунгит необходимо измельчать для чего его
подвергают помолу в вибромельницах. Однако добиться
максимальной степени измельчения шунгита таким образом не
удается. Нами предложено шунгит после помола в
вибромельнице подвергать ультразвуковой обработке в
жидкостной среде в кавитационном режиме.

Суспензии шунгита в водном растворе С3, сразу после его
введения, были использованы в качестве жидкостей затворения
цементно-песчаных смесей, полученных при смешивании
добавочного портландцемента марки М 500 Д 20,
произведенного на Белорусском цементном заводе, г.
Костюковичи, Беларусь (ГОСТ 10178-85) с песком
(использован песок, высушенный до постоянной массы и
отсеянный до фракций 0,16 – 3 мм 1 класса карьера
«Крапужино», Логойского района). Массовое соотношение
«цемент/песок» составляло 1:1,5, водоцементное соотношение
- 0,36. Цемент характеризовался коэффициентом нормальной
густоты – 0,273, плотностью зерен 3200 – 3250 кг/м3, удельной
поверхностью – 300 – 330 м 2/кг (ГОСТ 310.3). Песок имел
модуль крупности 2,2, среднюю плотность 2650 кг/м3,
плотность в виброуплотненном состоянии 1746 кг/м3,
водопоглощение – 0,66%. удельную поверхность 8,9 м2/кг.

Для этого был использован шунгит Зажогинского
месторождения (п. Толвуя, Республика Карелия), имеющий
следующий химический состав, мас. %: SiO2-57; TiO2 - 0,2;
Al2O3-4; FeO - 2,5; MgO-1,2; СаО-0,3; Na2O-0,2; K2O-1,5; S-1,2;
С- 30; H2O. Первый образец шунгита подвергался помолу в
вибромельнице в течение 3 ч, второй образец – после помола в
вибромельнице в течение 3 ч был подвергнут дополнительной
ультразвуковой обработке (УЗО) в течение 10 мин. И тот и
другой шунгит вводили в раствор нафталинсульфонового
суперпластификатора С3 (ТУ BY 190669631.009-2011, ООО
Фрэймхаустрэйд, Минск) в воде. Полученные суспензии
использовали в дальнейшем в качестве жидкости затворения
цементно-песчаных смесей.
Перед затворением бетонов было изучено распределение
частиц шунгита в водном растворе С3 и определено время
отстаивания полученных суспензий. Однородность частиц в
перемешиваемых шунгитовых суспензиях определяли с
помощью автоматического
фотоседиментометра ФСХ-4
(Россия) (таблица 3).

После затворения цементно-песчаных смесей суспензиями
шунгита в водных растворах суперпластификатора С3,
содержание шунгита в пластифицированном
бетоне
варьировалось в пределах 0,5-7 % от массы цемента. Для
оптимизации шунгитосодержащих составов, с помощью
стандартных гостированных методик исследованы некоторые
свойства полученных цементно-песчаных растворов и бетонов
на их основе.

Таблица 3 Распределение частиц шунгита (%) в водных
растворах С3

Диаметр
частиц,
мкм

3
5
7
10
14
20
28
40
63
100
140
180
250

после смешивания

после
смешивания
через 4 ч

Сроки схватывания и нормальная густота цементнопесчаных смесей (ЦПС) при температуре 200С определены с
помощью прибора Вика по ГОСТ 310.3-76. Нормальная густота
ЦПС составляла - 27,3%, начало схватывания – 150–170 мин,
окончание – 240–250 мин. Присутствие шунгита в
портландцементных составах способствовало повышению
плотности цементного теста. По этой причине были
определены воздухововлечение и плотность ЦПС. Значения
воздухововлечения при введении различного количества
шунгита варьировались в пределах 6 - 11,6 %.

после смешивания
через 7 суток

без
УЗО

с УЗО

без
УЗО

с УЗО

без УЗО

с УЗО

69,5
68,3
67,9
67,4
66,7
65,6
64,1
61,7
56,9
48,8
39.7
30,1
0

68,1
49,6
47,2
45,9
44,7
43
40,5
36,6
30,4
20
8,3
0
0

54,5
48,7
47,2
45,9
45,1
43,9
42,3
39,7
34,7
26,2
16,8
8,5
0

82,7
80,3
80
79,6
78,9
78
76,6
74,5
70,1
62,4
53,4
43,8
0

24,4
19,6
2,6
0
0
0
0
0
0
0
0
0
0

75,8
69,5
67,2
64,5
61
58,9
56,3
54,2
50,2
43,2
35,2
26,8
0

Для определения плотности и прочности при сжатии
мелкозернистых бетонов из ЦПС формовали кубы размером 2
х 2 х 2 см и отверждали их в нормальных температурно–
влажностных условиях (Т = 20 ± 20С, относительная влажность
- 80–90 %). Далее образцы подвергали испытаниям в
соответствии с ГОСТ 12730.1-78 (определение плотности) и
ГОСТ 10 180-90 (определение прочности при сжатии). При
этом значения сж определяли, как на ранних стадиях
твердения бетонов (через 1 и 3 суток), так и через 7 и 28 суток
твердения. В обоих методах определялось среднее
арифметическое по шести значениям указанных показателей
образцов. Коэффициенты вариации плотности и прочности
бетонов составляли, соответственно, ± 2,5 % и ± 3,5 %.
Величины
плотности
шунгитосодержащих
бетонов

О кинетической устойчивости судили по времени
расслоения суспензий и толщине отстоявшегося слоя.
Установлено, что суспензия без УЗО шунгита, сразу после
введения в водный раствор С3
расслаивается, т.е. она
седиментационно неустойчива. После УЗО размеры частиц
шунгита уменьшаются (таблица 3). Однако суспензии,
содержащие обработанный ультразвуком шунгит, сразу после
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изменялись в пределах 1,95-2,17 г/см3, прочность при сжатии в
28 суточном возрасте в интервале 26-52 МПа.

Заключение
Таким образом, незначительные добавки мелкодисперсного
шунгита подвергнутого ультразвуковой механоактивации
позволяют улучшить прочностные свойства бетона, что
является перспективным направлением в строительной
области.

Литература

Рис. 1 Зависимость прочности бетона от содержания шунгита в
7-суточном возрасте: 1 – шунгит без УЗО, 2 – шунгит после
УЗО
На ранней стадии твердения бетонов, модифицированных
шунгитом, не было выявлено различий между поведением
бетонов, содержащих обработанный и необработанный
шунгит. При введении до 1 % шунгита прочность на сжатие
(σсж) снижалась, в среднем, на 12 %, с увеличением содержания
шунгита более 1%, она увеличивалась на ~ 15 %. Более
существенные
различия
наблюдались
для
образцов,
обработанных и необработанных ультразвуком через 7 суток
твердения. При использовании шунгита подвергнутого УЗО
прочность повышалась по сравнению с ненаполненными
бетонами на 50 % (рис. 1, кр. 2). Установлен факт более
интенсивного твердения и набора прочности бетонов,
содержащих более 0,15 % шунгита, на их ранних стадиях
твердения, который может быть объяснен слабым
их
подкислением, приводящим к интенсификации гидратации
клинкерных минералов и повышению прочностных свойств
бетонов. Важным для практического применения является
также установление факта, что в 7 суточном возрасте при
содержании шунгита 0,05 % наблюдается повышение
прочности шунгитосодержащих бетонов по сравнению с
контрольными в 2 раза. Сохранение первоначального размера
частиц приготавливаемой и обработанной ультразвуком
суспензии в течение 36 суток позволяет использовать ее в
технологической цепочке приготовления бетонов.
Значительное повышение прочности цементного камня с
шунгитом можно объяснить с позиций взаимодействия
тонкодисперсного шунгита с продуктами гидратации цемента и
образованием кристаллов гидрокарбоалюминатов кальция,
которые могут служить «зародышами кристаллизации» и
эпитаксической подложкой для формированиия новых
соединений. В результате этого в портландцементных системах
формируются водонерастворимые кристаллогидраты, которые
являются частью структуры бетона, уплотняют ее, заполняют
поры, капилляры, трещины бетона, а также препятствуют
фильтрации
воды
даже
при
наличии
высокого
гидростатического давления.
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THE IMPACT OF FREQUENCY COMPOSITION OF CONSOLIDATION CURRENT
ON THE STRUCTURE AND PHYSICAL-MECHANICAL PROPERTIES OF Ti-Al-C
SYSTEM METAL MATRIX COMPOSITES
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Abstract: The impact of industrial frequency (50 Hz) current with the voltage of U = 10 V while using the Field Activated Pressure
Assisted Synthesis (FAPAS) method as well as the impact of superposition of direct and alternating (with 10 kHz frequency) currents with the
voltage of U = 2 V while using Spark Plasms Sintering (SPS) method on the phase composition, structure and properties of Ti-Al-C system
metal-matrix composites, consolidated from the powder mixtures, prepared by high voltage electric discharge, is experimentally studied. It is
shown, that using SPS and FAPAS methods allows synthesis of materials, dispersion-strengthened by phases of TiC and Al4C3 carbides and
Ti3AlC2 MAX-phase. It is found out, that using FAPAS method allows obtainment of Ti-Al-C system composites with higher values of density,
hardness and wear-resistance, than those of materials obtained by SPS due to more homogeneous structure. Such a differences can be
explained by the fact that high frequency (10 kHz) current component promotes movement of disperse phase inside the matrix, which leads to
the agglomeration of strengthening particles as well as to increase of obtained composite porosity up to ~ 8 %.
Keywords: metal-matrix composite, MAX-phases, high voltage electric discharge, synthesis, spark plasma sintering.
.
The goal of present work is the studies of impact of
frequency current composition during the consolidation on the
physical and mechanical properties of Ti-Al-C system materials
specimens.

1. Introduction
Metal-matrix composite materials (MMC) are such materials, in
which matrix consists of metal or metal alloy. Ultrafine powder
particles or fiber materials of different origins in most cases are
acting as a reinforcing components.
MMC’s are characterized by a combination of high physical
and mechanical properties that are inherent to metals (plasticity
and viscosity) and those that are inherent to ceramics (high
strength and high elastic modulus) [1, 2]. During the recent years,
the interest to metal-matrix composites from the companies of
aerospace, automotive, machine building and other industries
increases steadily.
Usage of relatively low-cost reinforcing components and
development of different technological approaches can lead to
less costly and simpler technology of MMC’s production [3].
Thus the development of new physical principles of such
materials production is an urgent task for scientists and
engineers. Methods of high energy preparation of powders and
their consolidation by passage of electric current are actively
developing nowadays. This allows obtainment of materials with
higher values of physical and mechanical properties than those of
materials obtained by conventional metallurgy methods.

3. Objective and research methodologies
The approach, in which synthesis of reinforcing components
occurs in two stages, was used for obtainment of Ti-Al-C system
metal-matrix composites. On the first stage (powders
preparation) dispersion and surface preparation of powders as
well as the synthesis of dispersion-strengthening inclusions takes
place. On the second stage (consolidation) synthesis of materials
with dispersion-strengthening additives with the preservation of
nanostructure occurs.
High voltage electric discharge treatment of powders of 85 %
Ti + 15 % Al initial composition in hydrocarbon liquid was used
on the first stage [7].

4. Results and discussion
Obtained powders were studied with “Biolam-I” («Биолам-И»)
optic microscope using Image-J software according to [8]. As a
result, histograms of particles distribution by their size and form
factor (see Fig. 1 and Fig. 2) were obtained. It is found out that
more than 70 % of particles have size less than 10 µm, while 35
% of particles have size of ~ 3 µm and 5 % of particles have size
of ~ 0.6 µm. The predominant forms of particles are spongy (35
%) and spherical (30 %). Mean diameter of particles in initial
powder mixture was 30-50 µm. Most particles of initial powder
mixture had spongy form.

2. Problem discussion
The universal complex for electric sintering of powder materials,
which can use two different current sources of power up to 10
kW, was created at the Institute of Pulse Processes and
Technologies of NAS of Ukraine [4]. First electric current source
for this complex is based on the superposition of direct and
alternating (with frequency of 10 kHz) currents at the working
voltage of U = 2 V (this source allows realization of Spark
Plasms Sintering (SPS) method), and the second source is based
on alternating current with industrial frequency of 50 Hz at the
voltage of U = 10 V and allows realization of Field Activated
Pressure Assisted Synthesis (FAPAS) method.
The possibility of creation of metal-matrix composites of TiAl-C, reinforced with MAX-phases, by preliminary treatment of
powder material with high voltage electric discharge (HVED)
and subsequent high-frequency low-voltage sintering by SPS
method was shown in work [5]. According to [6], thee
composites can compete on the market with industrial alloys,
based on Ti3Al (α-2, 57 % Ti + 25 % Al + 17 % Nb + 1 % Mo)
and TiAl (γ, 50.8 % Ti + 45 % Al + 1 % Nb + 2.5 % Cr + 0.2 %
B + 0.5 % Ta) intermetallic compounds.
Thus the studies of impact of frequency current composition
during the consolidation of powder mixtures with SPS and
FAPAS methods on the physical and mechanical properties of
obtained materials are of high scientific urgency.

Fig. 1 – Distribution of particles of powder mixture of Ti-AlC system after HVED treatment by their form
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diagrams, obtained on split Hopkinson (Kolsky) bar experimental
stand for dynamic studies [10]. Values of ultimate dynamic
compressive strength and deformation energy during the
destruction were determined using the obtained data.
X-ray diffraction analysis of consolidated specimens have
shown that after consolidation of powder mixtures, prepared by
HVED, using SPS (see Fig. 4) and FAPAS (see Fig. 5) methods
the intensity of TiC peaks have increased, which indicates the
significant increase of this phase concentration.

Fig. 2 – Distribution of particles of powder mixture of Ti-AlC system after HVED treatment by their diameter
The usage of hydrocarbon liquid (kerosene) as a working
medium during HVED treatment of initial Ti-Al-C system
powder mixture allows excluding the introduction of additional
carbon during powders preparation [5].
According to results of X-ray diffraction analysis of Ti – Al
powder system after HVED treatment (X-ray diffraction patterns
were obtained on Rigaku Ultima IV X-ray diffractometer),
content of Titanium carbide in obtained powder mixture is ~ 25
% (see Fig. 3).

Fig. 4 – X-ray diffraction pattern of specimens, consolidated
using SPS method

Fig. 5 – X-ray diffraction pattern of specimens, consolidated
using FAPAS mehod
The intensity of Ti and Al peaks have notably decreased.
Also, synthesis of such dispersion-strengthening phases, as TiС,
Al4C3 and Ti3AlC2 МАХ-phase takes place. It should be noted
that intensity of dispersion-strengthening phases peaks is higher
in case of using SPS than in case of using FAPAS method, which
indicates that SPS ensures higher efficiency of their synthesis.
Properties of composite materials, based on Ti-Al-C system,
obtained using SPS and FAPAS method are given in Table 1.

Fig. 3 – X-ray diffraction pattern of powder mixture of Ti-AlC system after HVED treatment
The impact of current of different frequency composition on
the properties of consolidated cylindrical specimens with
diameter of 10 mm was studied by comparison of physical and
mechanical properties of composites that were obtained from
powder mixture of Ti-Al-C system, synthesized by HVED, that
was consolidated using SPS and FAPAS methods. Consolidation
by both methods was performed under pressure of 60 MPa in
vacuum with isothermal holding at 1100 °С during 300 s.
Physical, mechanical and performance properties of obtained
materials, such as density, wear resistance, Vickers hardness and
dynamic strength, were studied.
Studies of abrasive wear resistance were performed on SMC2 (СМЦ-2) friction machine using “roller – block” scheme [9].
Pair of friction consisted of immovable cylindrical specimen (d =
10 mm, h = 6 mm) of studied material (block) and roller
(counter-body) made from quenched and tempered 1045 steel
(Сталь 45). Friction conditions: no lubricant, peripheral speed –
0.785 m/s, specific pressure – 0.75 MPa, distance – 5 km.
Roller was rotated by machine operating axis with frequency
of 300 spins/min. Specific load on the block was 60 kg/cm2.
Studies were preceded by the preparation of contact surfaces that
was performed by fitting with pre-friction during 30·103 work
cycles.
During the studies, control of the load on the block and the
way, which the specimen has passed, was performed. control of
the wear was performed by the determination of specimens mass
(using “Tehnovagy-TVE-0.21” («Техноваги-TBE-0.21») lab
scales of 2 accuracy class after each 0.5 km of the way. Dynamic
compressive strength was studied using specimens compression

Table 1 – Properties of specimens, obtained by FAPAS and
SPS methods
Loss of
mass
Sintering Porosity, Hardness
Dynamic
during
method
%
HV, GPa strength, MPa
abrasive
wear, %
FAPAS
1
6.7
970
0.7
SPS
8
5
490
1.8
As it can be seen from this table, physical and mechanical
properties of composite materials, obtained using FAPAS
method, are significantly higher than those of composite
materials, obtained using SPS method. Such significant
difference of their characteristics can be explained by the fact that
high-frequency component of current (frequency of 10 kHz)
promotes movement of disperse phase inside the matrix, which
leads to the agglomeration of strengthening particles (see Fig. 6,
b) as well as to increase of obtained composite porosity up to ~
8 %. sintering with the industrial frequency current allows
obtainment of the material with homogeneously distributed
structure (see Fig. 6, a) and porosity of ~ 1 % and less.
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phase in obtained specimens, which impact physical and
mechanical properties of obtained specimens.
2. It is shown, that the use of SPS and FAPAS methods
allows synthesizing of the materials, dispersion-strengthened by
TiC abd Al4C3 carbides and Ti3AlC2 MAX-phase. Intensity of
dispersion-strengthening phases on the X-ray diffractograms is
higher in case of using SPS method, yet their agglomeration is
observed.
3. It is found out, that the use of FAPAS method allows
obtainment of Ti – Al – C system MMC’s with higher values of
hardness and wear resistance, than of those obtained using SPS
method. This is due to the formation of more homogeneous
structure.
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b
Fig. 6 – Optic microphotographs (×1000) of consolidated
specimens of HVED-treated powders of initial 15 % Al + 85 % Ti
composition, obtained using FAPAS (A) and SPS (b) methods
Characteristic diagrams of stress, strain rate and strain energy
density of the specimen, made by FAPAS of powder mixture of
Al – Ti after HVED treatment, are shown on Fig. 7. According to
the curve 1 of Fig. 7, dynamic stress in the specimen σcs was
around 970 MPa, while strain rate υd was around 580 s–1 (see Fig.
7, curve 2) and energy density Ed was 10 MJ/cm3. Loss of mass
during abrasive of this specimen was ~ 0.7 % after way of 5 km.
It is clear that the use of electric current of different
frequency composition for consolidation of powder mixtures
allows influencing the processes of liquid metal transfer and
diffusion as wells as the size of strengthening phase in obtained
specimens.

Fig. 7 – Diagram of compressive stress (1), strain rate (2)
and strain energy density (3) of the specimen, obtained using
FAPAS method
5. Conclusions
1. It is found out, that the use of currents of different
frequency composition (superposition of direct current and
alternating current with 10 kHz frequency or alternating current
with industrial frequency of 50 Hz) during the consolidation of Ti
– Al – C powder mixture can influence the processes of liquid
metal transfer and diffusion as wells as the size of strengthening
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COATINGS ON THE BASE OF ZrO2 AND TiO2
Chief Assist. Prof. Dr. St. Yordanov1, Assoc. Prof. Dr. I. Stambolova2, Assoc. Prof. Dr. V. Blaskov2, Prof. Dr. L. Lakov1,
Assist. Prof. M. Shipochka2, Chief Assist. Prof. Dr.V.Dyakova1
1
Bulgarian Academy of Sciences, Institute of Metal Science, Equipment and Technologies with Hydro- and Aerodynamics Centre
“Acad. A. Balevski”, Sofia, Bulgaria, e-mail: stancho14@abv.bg.
2
Bulgarian Academy of Sciences, Institute of General and Inorganic Chemistry, Acad. G. Bonchev St., bl. 11, 1113 Sofia, Bulgaria
Abstract
Zirconium dioxide-titanium dioxide coatings were obtained by sol-gel method on stainless steel plates. The samples were treated at three
Zirconium dioxide-titanium dioxide coatings were obtained by sol-gel method on stainless steel plates. The samples were treated at three
temperatures 300, 400 and 500oC. The morphology and chemical surface composition were examined by Scanning electron microscopy
(SEM), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS), while the phase composition was examined by X-ray
diffraction analyses (XRD). The corrosion resistance was evaluated by weight loss measurements in NaCl medium. The coatings are possess
relatively smooth surface with some microcracks. After corrosion test the coatings treated at 500oC, keep their surface structure without
visible signs of corrosion and thecorrosion tests revealed zero mass loss. The good protective properties of these coatings could be attributed
to (i) amorphous structure, leading to deterioration of the ion and electron conduction of the films and (ii) probably increased density after
the thermal treatment.
Keywords: SOL-GEL, NANOSIZED FILMS, PROTECTIVE PROPERTIES, FILMS

1. Introduction
The stainless steels are widely used in various industrial
applications because of their excellent corrosion resistance and
their mechanical properties, but unfortunately in saline medium
begins process of corrosion and as consequence the loss of the
mechanical properties (especially the hardness) [1]. In order to
improve the corrosion stability of the steels an excellent
alternative for protecting is to coated the surface with oxide,
carbide or oxynitride layer. The oxide coatings have attracted
wide research interest because they can be provide high wear and
corrosion resistance, thermal insulation etc of the steel. [2].
Titania and titania based composite coatings on metal surface can
be used as catalysts, biomedical materials, solar cells and
protective layers on metals surface to improve the corrosion
resistance [3]. Zirconia (ZrO2) is an important ceramic material
for industry applications due to its wide band gap and thermal
stability, the latter of which is attractive to be used as a barrier
coating for stainless steel [4]. Currently, several techniques are
commonly used to deposit ZrO2 and ZrO2 composite oxide
coatings on steel surfaces: chemical such as sol–gel deposition
[5], physical as: pulsed laser deposition (PLD) [6] chemical
vapor deposition [7], magnetron sputtering technique [8]. Among
them, the sol–gel method appears to be promising as it is low
cost deposition method with capacity to yield coatings with a
wide range of compositions on substrates with different size or
geometry. Zirconia-titania compositions have gained use as a
good thermal and corrosion protective barrier coating due to their
properties as a combined material. Recently, Wang et al. have
showed that the ZrO2/TiO2 coatings possesss superior corrosion
resistance, cytocompatibility an antibacterial property and have
potential in the fields of titanium alloy implants [9] The aim of
this study is to prepare the composites ZrO2-TiO2 using organic
Zr precursor and to investigate the effect of thermal treatment on
their corrosion resistance in NaCl medium.

2. Experimental procedures
Zirconium solution A was prepared using zirconium butoxide;
Zr(OC4H9)4 and AcAc dissolved in 2-propanol and small quantity of
acetic acid. Finally, polyethylene glycol (PEG) Mw=400 was
added. The mixture was stirred for 2 hours. The steel substrates
were ultrasonically cleaned in ethanol and acetone. Then the
substrates were immersed and withdrawn at a speed of 30
mm/min. The procedures deposition drying at 300 оС were
repeated 5 times, after that the samples were treated at 300оС,
400 и 500 оС and denoted as A3 , A4 and A5, respectively.

The phase compositions of the samples were studied by X-ray
diffraction (XRD) with CuKα-radiation (Philips PW 1050 apparatus).
A scanning electron microscope (SEM) Philips 515 was used for
morphology observations of the films. The surface topography was
studied by means of Atomic Force microscope (AFM) (NanoScopeV
system, Bruker Inc.) operating in tapping mode in air. The scanning
rate was set at 1 Hz. Subsequently, all the images were flattened by
means of the Nanoscope software. X-ray photoelectron spectroscopy
(XPS) was applied to investigate the chemical composition and
electronic structure of the films surface. The measurements were
carried out on AXIS Supra electron- spectrometer (Kratos Analitycal
Ltd.) using achromatic AlKα radiation with a photon energy of 1486.6
eV and charge neutralisation system. The binding energies (BE) were
determined with an accuracy of ±0.1 eV, using the C1s line at 284.6
eV (adsorbed hydrocarbons). The chemical composition in the depth
of the films was determined monitoring the areas and binding energies
of C1s, O1s and Zr3d photoelectron peaks. The corrosion resistance of
the investigated samples and uncoated stainless steel (reference
sample) estimated by weight loss were studied using salty corrosive
solution of 3.5% NaCl at 25°C (EN ISO10289/2006) The temperature
of the solution and the air temperature were controlled by calibrated
thermometers. The mass weight loss was determined after 650 hours
of corrosion attack. The calculation of the corrosion rates K of in salt
medium [g/m2h]) was performed by determining the mass loss
coefficient Δm (g) for each test period. In order not to disturb the
integrity of the test coating, the samples were washed several times
with distilled water and dried before weighing.

3. Results and discussion
The XRD patterns of the samples were not revealed any peaks of
crystalline ZrO2, so the structures are amorphous. It have been
established that the structure of the ZrO2-TiO2 sol gel membranes is
still in amorphous phase up to 500°C and that the crystallization
temperature of the mixed TiO2/ZrO2 powder has been significantly
increased compared with the pure oxides. In addition Aust et al. have
studied the crystallization behavior of the composite powders ZrO2TiO2 and have proved that up to 600oC the composites are still
amorphous [10]. The amorphous structure of the composites suggests
the high thermal stability.
The surface composition and chemical state of the TiO2 - ZrO2 layers
were investigated by XPS. The XPS analysis shows peaks of C1s,
O1s, Zr3d and Ti2p on the surface of the films. The O1s peaks are
wide and asymmetric and two oxygen states are observed. The first
ones at ~529.8 eV are assigned to lattice oxygen in TiO2 and ZrO2.
The second peaks at ~531.6 eV are attributed to adsorbed hydroxyl
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groups. The Ti2p spectra have a peaks at ~458.3 eV for Ti2p3/2
and ~464.0 eV for Ti2p1/2. The doublet separation between the
2p3/2 and 2p1/2 peaks of ~5.7 eV and the registered binding
energies are characteristic of TiO2. The Zr3d5/2 peaks have a
maximum at 181.9 eV, typical for Zr4+ oxidation state (Fig. 1). In
precursor solution quantity of TiO2 and ZrO2 is 50 mol %. XPS
analyzes show that the TiO2:ZrO2 atomic ratio is 1:1 on the
surface of the films, obtained by Zr (OBu)4, which corresponds
well to the ration in the precursor solution.
Fig 5. Morphology of coatings A3 ( left) and A5 (right) after corrosion (right)
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Fig. 1. O1s, Zr3d, Ti2p core level spectra of the coatings

Fig. 2. Morphology of fresh coatings A3 (left) and after corrosion (right)

The coatings, treated at 300oC have island surface morphology
with shallow microcracks (Fig 2 and 3). The average roughness of A3
fresh sample, calculated by the AFM software program Ra is10 nm).
After corrosion test the surface of A3 exhibits more profound signs of
the acid attack. The samples A5 exhibit similar surface, bur longer
cracks are observable. (Fig 4). This can be attributed to the intrinsic
stress resulting from the mismatch between the thermal expansion
coefficient of the substrate and the coating (αZrO2 ~ 12.10-6 /oC, αsteel
~16.10-6 /oC). The main surface features do not change significantly
after the immersion in salt medium and keep its island structure.
Figure 5 reveals the main morphology features of the samples treated
at 300 and 500oC after the corrosion attack. It can to be noted that the
samples treated at higher annealing temperatures possess shallow
borders between the surface islands, while the lower temperatures of
treatment induces more pronounced and deeper cracks.
The corrosion test by weight loss method in Neutral Salt Spray
Chamber showed that composite coatings ZrO2 –TiO2 treated at 500oC
have higher corrosion resistance (corrosion rate is zero) than the coatings,
treated at lower temperatures. (Fig.6). This result probably is due to (a) the
amorphous structure of the investigated samples (as can be seen from the
XRD data). It was proved that the presence of amorphous structure of
TiO2–CeO2 composite deteriorates the ion and electron conduction of
the films, which in turn improves the barrier properties [10]; (b) the
increased treatment temperature leads to densification and
consequently increased coatings hardness. These two suppositions
may be the reason for the better protective properties of the
investigated system on the base of ZrO2 and TiO2 coatings..

Fig 3. AFM image (3D) of surface of fresh coating A3

Fig 6. Weight loss of the coatings after immersion in salt medium

4.Conclusions

Fig 4. Morphology of fresh coatings A5 (left) and after corrosion (right)

Zirconia-titania amorphous films have been prepared by sol-gel
technology and were studied as protective barriers against corrosion.
The samples possess relatively dense island structure with shallow
microcracks. The XPS data revealed that the Zr3d5/2 peaks corresponds to
Zr4+ oxidation state. After corrosion test the surface of coatings, treated
at 300oC exhibits more profound signs of corrosion, than those treated
at 400 and 500oC. The coatings treated at higher temperatures (500oC)
exhibited the best corrosion protective properties (corrosion rate is
zero), than those treated at lower temperatures. This could be
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explained by the amorphous structure and probably higher
density of the composites
Acknowledgement: The authors are grateful to the financial
support of Bulgarian National Science Fund at the Ministry of
Education and Science, Contract No DN07/2 14.12.2016.
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Abstract: The results of studies of the regularities and mechanism of crystallization of polymer mixtures of high and low-density
polyethylene in various proportions and composite materials based on blends of high and low density polyethylene taken in a 50/50 ratio are
given. In filled composites, aluminum hydroxide was used in concentrations of 1, 3, 5, 10% wt. and bentonite in concentrations of 1, 3, 5, 10,
20, 30% wt. Dilatometric studies were carried out on an IIRT-1 device, in the process of stepwise cooling of samples with a load of 5.3 kg.
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114°C. At the same time, as expected, there is a regular decrease in
the density of samples with increasing concentration of LDPE in the
composition. When the concentration of LDPE in a mixture of more
than 50% wt. the crystallization onset temperature of the polymer
composition begins to decrease. The latter circumstance confirms
our understanding of phase inversion at 50% wt. content of LDPE
in the composition. The results of studies of the kinetic regularities
of crystallization of the original LDPE, HDPE and their mixtures at
various ratios showed that all changes in the dilatometric curves of
polymer mixtures are concentrated between the curves of the initial
components of the mixture (Figure 1).

1. Introduction
As the engineering, aviation, shipbuilding, and automotive
industries developed and improved, increasingly stringent
requirements began to be placed on the quality of polymeric
materials. It is clear that, according to their characteristics, base
polymers produced in the polymer industry are not always able to
meet the increased requirements of modern technology. In this
regard, the modification methods undertaken in the direction of
improving the structure and complex of the properties of polymers
allow one to come closer to the accomplishment of the task to one
degree or another. One of the most common methods for modifying
polymers is blending a polymer with a polymer [1, 2]. In recent
years, polyethylene-polyethylene mixture has been the subject of
great scientific and practical interest, in which not only quality
problems were solved, but also the cost of products derived from
them [3, 4]. By varying the ratio of high density polyethylene / low
density polyethylene (HDPE / LDPE), it is possible to obtain
relatively strong and flexible polymeric materials. Along with this,
the loading of fillers into their composition actually allows to obtain
relatively new types of polymer composites with improved
deformation and strength properties, in which the filler plays the
role of an amplifier of polymers.
The research task was to study by dilatometry method the
regularities and mechanism of crystallization of polymer mixtures
of HDPE / LDPE (at 10/90, 20/80, 30/70, 40/60, 50/50, 60/40,
70/30, 80/20, 90/10 ratios) and composite materials based on HDPE
+ 50% wt. LDPE and fillers, differing in their nature and particle
size.

Fig. 1. Kinetic regularities of crystallization of the original LDPE,
HDPE and their mixtures at different ratios:1() 100% wt. HDPE,
2() 10% wt. LDPE + 90% wt. HDPE, 3(▲) 20% wt. LDPE+
80% wt. HDPE, 4(∆) 50% wt. LDPE + 50% wt. HDPE, 5(■)
80% wt. LDPE+ 20% wt. HDPE, 6(□) 90% wt. LDPE+ 10% wt.
HDPE, 7() 100% wt. LDPE

2. Results and discussion
Industrial objects of HDPE, LDPE, fillers — aluminum
hydroxide and bentonite — were used as an object of research. The
choice of these fillers in the composition of polymer mixtures was
due, above all, the need to obtain fire-resistant composite materials.
The HDPE / LDPE ratio in the filled composite materials was
50/50. The choice of this ratio was due to the fact that it is by using
an equal amount of HDPE and LDPE in the mixture that their best
technological miscibility and mutual dispersibility is achieved.
Composite materials were obtained by mixing the components
on laboratory rollers at a temperature of 150°C within 8-10 minutes.
Then, at a pressing temperature of 170-180°C, plates were molded
from which the corresponding samples were cut down for testing.
Dilatometric studies were carried out on an IIRT-1 instrument
during stepwise cooling with a load of 5.3 kg and in the temperature
range from 180°C to room temperature.
Studies of the influence of the ratio of the considered polymer
components on the density and crystallization onset temperature,
which characterizes the first-order phase transition, showed that up
to 50% wt. content of LDPE in the composition, the crystallization
onset temperature does not undergo any changes and remains within

It should be noted that the melting point of HDPE is 125°C and that
of LDPE is 95°C. This means that in the process of cooling samples
of polymer mixtures, the HDPE macromolecules will first
crystallize at 110 - 114°C, and then LDPE. The development of the
crystallization process is promoted by such factors as the flexibility
of the polymer chains, the symmetry of the molecular structure, the
absence of bulky side substitutes in the polymer chain, the presence
of potential possibilities for fixing orderly arranged
macromolecules. It can be assumed that in the process of cooling
the samples, the crystallization of HDPE macromolecules and the
growth of spherulite formations is accompanied by the displacement
of relatively branched LDPE macromolecules into amorphous
regions. It is not excluded that, depending on the amount loaded
into the composition of the LDPE, the mechanism of crystallization
and the packing of its macromolecules may change significantly.
Apparently, at low concentrations of LDPE (up to 20% wt.), the
crystallization process of the HDPE macromolecules is
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bentonite, 3(○) HDPE / LDPE+3% wt. bentonite, 4(▲) HDPE /
LDPE+5% wt. bentonite, 5(∆) HDPE / LDPE+10% wt. bentonite,
6(■) HDPE / LDPE+20% wt. bentonite, 7(□) HDPE /
LDPE+30% wt. bentonite

accompanied by the formation and growth of its own spherulite
formations, which push the LDPE macromolecules into the
amorphous regions. Compaction and concentration of LDPE
macromolecules in the amorphous regions of the crystalline phase
of HDPE create certain steric difficulties for crystallization and
folding of branched macrochains into more ordered and perfect
crystalline formations. The further crystallization process of LDPE
macromolecules in the cramped conditions of the amorphous
regions of HDPE becomes excessively difficult. That is why, the
process of crystallization of compositions up to 50% wt. LDPE
content proceeds at the same temperature close to the crystallization
temperature of HDPE, i.e. 114C. There is reason to believe that the
process of melting and crystallization for each of the components of
the mixture proceeds independently of each other. Only, in this
case, distortions or shifts in the temperature ranges of melting and
crystallization are possible. It is possible that with a ratio of
components (HDPE / LDPE) within 40-60 / 60-40, the process of
formation of crystalline formations under phase inversion proceeds
in a slightly different way. It can be assumed that with such a ratio
of mixture components a certain parity is achieved, in which the
formation and growth of spherulite formations of HDPE and then
LDPE are not accompanied by interference in the placement of
macromolecules in ordered regions. In addition, we can assume the
appearance of "concentration compatibility" of the components of
the mixture in the range of 40/60 - 60/40 ratios.
Crystallization of polymers is a spontaneous process. This
process is reflected in the change in the characteristic properties of
polymers: its density increases, the modulus of elasticity increases,
i.e. polymer stiffness, other characteristics change. The filler
particles can increase or decrease the crystallization rate of the
semi-crystalline polymer, affect the growth of polymer matrix
crystals, and the effect of nucleation in the melt. It was interesting
to study the effect of aluminum hydroxide and bentonite on the
regularities of crystallization of composite materials based on
mixtures of high and low density polyethylene.
Studies based on a mixture of HDPE / LDPE (50/50) and
bentonite were carried out with different concentrations (1, 3, 5, 10,
20 and 30% wt.) of bentonite. 1% wt. the content of bentonite in a
mixture of LDPE / HDPE does not have any change on the
temperature of the beginning of the crystallization process, and is
equal to 114°C. For composite materials with a concentration of
bentonite in the range of 3–30% wt. phase transition of the first kind
occurs at 110-113°C. The density corresponding to room
temperature for these materials naturally increases. The upper
branches of the isotherm (Figure 2) directly reflect a decrease in the
specific volume and, accordingly, an increase in the melt density of
the composites with an increase in the amount of bentonite in the
composition. The loading of bentonite in the composition of the
polymer mixture helps to reduce the free specific volume. This fact
suggests that the filler particles are mainly embedded in the free
volume of the polymers.

Studies based on a mixture of HDPE / LDPE (50/50) and
aluminum hydroxide were carried out with composite materials
containing 1, 3, 5, 10% wt. aluminum hydroxide. Loading 1% wt.
aluminum hydroxide has almost no effect on the onset temperature
of crystallization of the initial LDPE / HDPE mixture and is equal
to 114°C. With an increase in the concentration of aluminum
hydroxide to 10%, the onset temperature of crystallization of the
composites does not undergo any changes and corresponds to a
value of 110°C (Figure 3). With an increase in the concentration of
aluminum hydroxide, the specific volume of the composite
materials decreases, that is, compaction of the material is observed.

Fig. 3. Graphical dependence of specific volume on temperature for
composites based on Al(OH)3 / HDPE / LDPE: 1()50% wt.
LDPE+ 50% wt. HDPE, 2(○) HDPE / LDPE + 1% wt. Al(OH)3,
3(●) HDPE / LDPE + 3% wt. Al(OH)3, 4(□) HDPE / LDPE +
5% wt. Al(OH)3, 5(■) HDPE / LDPE + 10% wt. Al(OH)3
The data obtained showed that at low concentrations of aluminum
hydroxide, it contributes to the complete crystallization process, but
at concentrations of 5-10% wt. on the contrary, the process of
crystallization in filled composites is somewhat more difficult.
Comparative analyzes have shown that the value of free specific
volume for composites filled with aluminum hydroxide is higher
than for the original HDPE / LDPE mixture. This can be explained
by the fact that aluminum hydroxide particles, by creating steric
hindrances for the complete crystallization of macromolecules in
the region of the phase transition, contribute to the loosening of the
material.

3. Conclusion
Based on the above, it can be stated that a change in the ratio of
components in a mixture of HDPE + LDPE leads to an ambiguous
change in the structure and properties of polymer blends. In the
ratio 40/60 - 60/40, phase inversion occurs, under which conditions
are created for the formation of an optimal crystalline structure. In
filled composites, the loading of 1% wt. filler does not affect the
crystallization onset temperature of the initial mixture of LDPE /
HDPE. With a further increase in the concentration of the filler in
the polymer mixture, a decrease in the crystallization onset
temperature is observed.
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I. Introduction

Vibration method.
2.1. Ultrasonic method for determining the elastic properties

Corundum ceramic has a tightly sintered polycrystalline
structure. The starting material for its production is αAl2O3
(corundum). The main requirement for the raw material is to be of
high purity. The degree and permanence of impurities
predetermines the purpose of the ceramics. Another important
requirement is to provide a certain sediment composition (finely
milled starting material) obtained without contamination during
milling. The innovation in the development and application of the
technology for the production of ballistic protection products lies in
the modification of Al2O3 multipurpose powder with high
dispersion and close particle sizes, as well as in the correct
introduction of the plasticizer, a suitable compression mode and
optimal regime of high temperature synthesis.

The determination of the dynamic elastic material modules by
ultrasound is based on the dependencies (1), (2) and (3) between the
velocities of the longitudinal (CL) and transverse (CS) ultrasonic
waves, the density (), the linear deformation module (E), the shear
modulus (G) and the Poisson coefficient (μ). The dependencies are
derived from the equations for the propagation of a mechanical
wave in isotropic medium [3,4]:

Over the last decade, high oxide corundum ceramic has found
wide application for protection against high-velocity kinetic
impacts, even though its density compared to that of boron carbide
ceramic [1] is not in its favour. On the other hand, its price is many
times lower. Density apart, the high alumina corundum ceramic
constructive elements have an extremely wide range of elastic,
physicochemical and mechanical properties, which makes them
extremely useful not only for ballistic purposes but also in many
other areas of technology.

(1)

(2)

G=ρ

(3) μ =

Particular attention is paid to the improvement of the production
method using isostatic pressing, Bulgaria is one of the countries
where innovative production of high-oxide corundum ceramic parts
is being carried out. A team including the company
https://tr.bivol.bg/view.php?eik=204283715 Techceramic Ltd,
Mezdra, the MSETHC “Acad. A. Balevski” at the Bulgarian
Academy of Sciences, and the Faculty of Physics at Sofia
University “St. Kliment Ohridski” manufacture and conduct
complex studies on the physico-mechanical and elastic
characteristics of parts made of corundum and boron carbide
ceramics and the ballistic characteristics of modular ceramic
polymer systems for protection based on them [2].

The ultrasound wave velocities are determined by measuring
the propagation time of the waves. The ultrasonic wave velocity
device consists of an ultrasonic apparatus and ultrasonic transducers
for longitudinal and transverse waves. The measurements of
longitudinal waves have been performed at a frequency of 10 MHz
using an echo method. The transverse wave measurements have
been made by transmission method at 3.5 MHz.
The relative errors in the determination of the propagation time
and the ultrasound wave velocity in the reference sample are less
than 1%. The accuracy of measurements is up to 2%. The
measurements were made on the two preliminary polished plates
from each type of material. The presented results are averaged on
the 5 measurements and shown by type of plates in Table 1.

The high temperature solid phase synthesis is carried out at
optimum temperature and pressure.

Table 1. Results from ultrasonic testing and elastic constants
calculated by Eq.1-3 for plates with dimensions 50х50х8mm

II. Determination of the elastic properties of
ceramic parts made of corundum ceramic

No
8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9

1. Subject of the study - square plates with thickness of 8 and
10 mm and 50 mm side length, a total of 40 pieces.
2. Investigation methods.
Two investigation methods have been applied to characterize
the elastic properties of ceramic composite plates:

Ultrasonic method;
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kg/m3
3799
3804
3756
3763
3958
3793
3798
3764
3782

CL,m/s
10004
10048
10034
10181
10136
10182
10183
10145
10155

Cs,m/s
5930
5927
5940
5936
6083
6079
6079
5936
6079

µ
0.23
0.23
0.23
0.24
0.22
0.22
0.22
0.24
0.22

G,Pa
1.34E+11
1.34E+11
1.33E+11
1.33E+11
1.46E+11
1.40E+11
1.40E+11
1.33E+11
1.40E+11

E, Pa
3.28E+11
3.30E+11
3.26E+11
3.30E+11
3.57E+11
3.43E+11
3.43E+11
3.29E+11
3.41E+11
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8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
Aver.
StDev.

3822
3786
3784
3753
3780
3773
3754
3789
3812
3833
3804
3795
44

10136
10152
10146
10172
10108
10124
10138
10134
10500
10185
10104
10148
97

5930
6079
6079
5936
6083
6083
6083
6083
5936
6083
6083
6022
74

0.24
0.22
0.22
0.24
0.22
0.22
0.22
0.22
0.23
0.22
0.22
0.22
0.01

1.34E+11
1.40E+11
1.40E+11
1.32E+11
1.40E+11
1.40E+11
1.39E+11
1.40E+11
1.34E+11
1.42E+11
1.41E+11
1.38E+11
4.04E+09

The values of the frequency factors λ are chosen from [7,8] for
various values of Poisson’s ratio , defined geometry of the plate and
fixed values of the material density.

3.33E+11
3.42E+11
3.41E+11
3.28E+11
3.40E+11
3.40E+11
3.39E+11
3.42E+11
3.40E+11
3.47E+11
3.42E+11
3.38E+11
7.75E+09

Experimental modal analysis
The test device for experimental modal analysis is shown in Fig.
1. The exciting impulse is produced by striking the plate with a
suitable hammer. The pickup transducer is an acoustic microphone
whose signals are transferred to a personal computer. After signal
processing the values of the natural frequencies of vibration are
obtained.
The specimens used in the experimental modal analysis are 20
plates with dimensions 50 mm x 50 mm x 8 mm and 20 plates with
dimensions 50 mm x 50 mm x 10 mm. The reference sample is an
aluminum square plate with the same dimensions.
The specimen is struck at position 1 and the microphone is
located at position 9 (fig. 1). The frequency response function curve
is plotted and natural frequencies are obtained. Fig. 2 shows the
frequency response function for the first node of corundum ceramic
plate No 8.11.
Young’s modulus is derived using the formula (4)

Table 2. Results from ultrasonic testing and elastic constants
for plates with dimensions 50х50х10mm
No
1010.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
10.10
10.11
10.12
10.13
10.14
10.15
10.16
10.17
10.18
10.19
10.20
Average
StDev

kg/m3
3878
3838
3878
3855
3859
3885
3824
3830
3906
3814
3780
3896
3772
3830
3814
3873
3818
3795
3827
3859
3842
38

CL,m/s
10293
10325
10169
10314
10325
10113
10165
10400
10214
10348
10323
10314
10381
10337
10153
10219
10326
10352
10347
10052
10274
98

Cs,m/s
5950
6059
6019
5979
6019
6019
5979
5890
5950
6019
6019
6019
6019
6019
6019
6019
6019
6019
6019
6019
6004
37

µ

G,Pa
0.22
0.23
0.23
0.23
0.22
0.23
0.24
0.23
0.22
0.24
0.22
0.24
0.23
0.24
0.23
0.23
0.22
0.22
0.24
0.22
0.22
0.008

1.37E+11
1.41E+11
1.4E+11
1.38E+11
1.4E+11
1.41E+11
1.37E+11
1.33E+11
1.38E+11
1.38E+11
1.37E+11
1.41E+11
1.37E+11
1.39E+11
1.38E+11
1.4E+11
1.38E+11
1.37E+11
1.39E+11
1.4E+11
1.38E+11
2.0E+09

E, Pa
3.43E+11
3.49E+11
3.46E+11
3.44E+11
3.47E+11
3.45E+11
3.38E+11
3.36E+11
3.44E+11
3.44E+11
3.40E+11
3.51E+11
3.41E+11
3.45E+11
3.40E+11
3.46E+11
3.44E+11
3.42E+11
3.45E+11
3.41E+11
3.4E+11
3.6E+09

(6)

E=

where f is the natural frequency, m is the mass of the specimen, a
and h are the length and the thickness of the plate, and λ is a nondimensional factor obtained from [8,9].

2.2. Vibration method for the determination of elastic
properties.
The impulse excitation method is а new technique for the
determination of the dynamic elastic properties of materials. The
applicability of the resonance method depends on the frequency
equations relating the natural frequencies of the test specimens,
dynamic elastic properties and density of the material. These
relations are solutions of a differential equation, which depend on
the boundary conditions and the shape of the specimen [5-7].
Procedures and recommendations for the elastic characterization of
isotropic materials using free-edge test specimens like bars, rods,
and circular plates are specified in ASTM Standards 1876.
In our work we use the following expression for estimating the
natural frequencies of plates with freely supported boundary
conditions [5,6]:

(4)

In the calculations were used the first and the second resonance
frequencies. The relative errors between the analytical and the
experimental frequencies of the freely supported plates can be
calculated using the formula

(7) Error =
where fE is the experimental natural frequency obtained through
modal analysis; fT is the theoretical natural frequency obtained by
equation (4).
Comparisons between the experimental and theoretical natural
frequencies, as well as the values of the elastic constants calculated
by Eq.6 are presented in the Table 3 and 4.

f=

Here f is the natural frequency in Hz, λ is a dimensionless
natural frequency factor for freely supported plate [7,8], D is the
plate flexural rigidity, ρ is the density, h and α are the thickness and
the width of the square plate, E is the modulus of elasticity and μ is
Poisson’s ratio of the material of the plate. The frequency factors λ
depend on the ratio of the length and the width of the plate as well
as on Poisson’s ratio, if one or more edges of the plate are free.

Table 3. Comparisons between the experimental and the theoretical
natural frequencies and values of the elastic constants for the
studied plates with dimensions 50х50х8 mm
Nо

(5)

Fig.2. Frequency response
function for the first node of
corundum ceramics plate
8.11.

Fig.1 Experimental setup

D=

Eqs. (4,5) allow the calculation of natural frequencies of plates
having any combination of free, clamped, or simply supported
edges, if the elastic constants are given, as well as the determination
of the elastic modulus.
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f1 теор.,
Hz

f2 теор.,
Hz

f1 exp,
Hz

f2 exp,
Hz

Еrror,%

E, Pa
(Eq.6)

8.1

21125

31259

19910

30433.6

-6

8.2

21249

31418

19863

31433.6

-7

3.3E+11

8.3

21195

31362

19910

31710.0

-6

3.33E+11

8.4

21395

31657

19933

31710.0

-7

3.37E+11

8.5

21586

31940

19910

31722.6

-8

3.79E+11

3.12E+11
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8.6

20778

30744

20109

30515.5

-3

3.07E+11

8.7

21541

31873

19910

30515.5

-8

3.3E+11

8.8

20931

30971

20003

30316.0

-5

3E+11

8.9

22254

32214

20039

30515.0

-11

3.06E+11

8.10

21502

31816

20015.6

31734.4

-7

3.4E+11

8.11

21600

31960

20003

31652.0

-8

3.27E+11

8.12

21834

32329

19957

30011.7

-9

2.94E+11

8.13

21640

32019

19839.8

30117.2

-9

2.91E+11

8.14

22293

32271

19980

30117.0

-12

2.96E+11

8.15

21829

32299

19898.4

30011.7

-10

2.94E+11

8.16

21757

32193

19910.2

30117.0

-9

2.96E+11

8.17

21752

32186

19839.8

30128.9

-10

3.07E+11

8.18

21634

32011

19945.3

30117.2

-8

3.01E+11

8.19

21557

31897

20167.9

30117.7

-7

3.09E+11

8.2

21460

31754

19933.6

30117.0

-8

Аverage

3.08E+11
3.15E+11

StDev

2.2E+10

Fig.3. Elastic characteristics, obtained by ultrasonic and vibration
methods

3. Measuring the Rockwell hardness number HRc of 50 x 50 x 8
mm corundum plates using Indentor w (a diamond cone).

Table 4. Comparisons between the experimental and theoretical
first natural frequencies and values of the elastic modulus for plates
with dimensions 50х50х10 mm
Nо

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
10.10
10.11
10.12
10.13
10.14
10.15
10.16
10.17
10.18
10.19
10.20
Аverage
StDev

Tab. 5. Results of the hardness measurement of 20 test specimens.
Spec. No
Value of
HRC
Spec. No
Value of
HRC

E, Pa
(Eq.6)

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

88,5

90,0

86,5

89,5

92,0

87,3

89,2

91,4

88,7

89,7

8.11

8.12

8.13

8.14

8.15

8.16

8.17

8.18

8.19

8.20

91,2

92,4

90,4

89,0

87,6

88,9

90,2

91,0

88,5

89,6

f1 теор.,
Hz

f2 теор.,
Hz

f1 exp,
Hz

f2 exp,
Hz

Еrror,%

25807.6

33238.7

23777

30316.4

-9

3.4E+11

26135.8

33661.3

23637

31685.5

-11

3.4E+11

4. Measuring the Rockwell hardness number HRc of 50 x 50 x 10
mm corundum plates using Indentor w (a diamond cone).

26071.6

33544.5

24000

30818

-9

3.1E+11

Tab. 6. Results of the hardness measurement of 20 test specimens.

26107.5

33522.6

23789.0

31699.2

-10

3.5E+11

26388.5

33952.3

23847.6

31722.6

-11

3.6E+11

25607.6

32947.5

23578.1

31664.1

-9

2.9E+11

26543.6

34221.3

24011.7

31710.9

-11

3.4E+11

26140.4

33564.9

23753.9

31722.7

-10

3.2E+11

25789.9

33249.5

23859.4

31734.4

-8

2.9E+11

26237.0

33689.0

23601.6

31710.9

-11

3.6E+11

26385.8

33948.9

23484.3

31687.5

-12

2.7E+11

Spec. No
Value of
HRC
Spec. No
Value of
HRC

10.1

10.2

10.3

10.4

10.5

10.6

10.7

10.8

10.9

92,0

91,3

90,6

91,5

90,0

91,5

91,0

89,5

90,2

10.11 10.12 10.13 10.14 10.15 10.16 10.17 10.18 10.19
90,8

91,6

92,3

90,2

89,0

89,6

90,4

91,1

10.10
89,6
10.20

90,8

91,5

5. Examination of the compressive strength of corundum samples
plates measuring 10x10x10 mm.
Tab. 7. Results of the hardness measurement of 10 test specimens.
Spec. No.
Value of
σ, MPa

1

2

3

4

5

6

7

1792

1923

1398

1567

1600

1595

1423

25700.0

33604.2

23847.6

31734.4

-8

2.9E+11

25329.3

32133.3

23484.4

31710.9

-8

3.0E+11

26041.9

33506.4

23542.9

31722.7

-11

3.7E+11

6. The bending strength is 197 MPa on average.

26102.3

33516.0

23683.6

31734.4

-10

2.8E+11

III. Conclusion

25736.8

33113.8

23496.1

31722.7

-10

2.8E+11

26793.3

34613.3

24000

31710.9

-12

3.5E+11

26263.5

33723.1

23718.7

31734.9

-11

3.6E+11

26363.7

33851.6

23753.9

31710.9

-11

3.6E+11

24000.0

33467.7

23812.5

31628.9

-1

3.4E+11

-9

3.2E+11

A functional multilayer system for protection against highspeed kinetic impacts has been created based on the information
obtained from the conducted tests, as well as on the results from the
analysis of the created corundum ceramic compositions, the
improved production conditions and the physical and physicalmechanical parameters of the tested batches of pates. The areal
density of the armors meets NATO standards.

3.E+10
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THE MAGNETIC PROPERTIES OF NANO-MODIFIED COMPOSITE MATERIALS FOR
MICROELECTROMECHANICAL SYSTEMS
МАГНИТНЫE СВОЙСТВA НАНОМОДИФИЦИРОВАННЫХ КОМПОЗИЦИОННЫХ МАТЕРИАЛОВ
ДЛЯ МИКРОЭЛЕКТРОМЕХАНИЧЕСКИХ СИСТЕМ
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Abstract: Magnetic matrices for SMC powders by nanocomposite magnetic materials electroplating on copper foil rings with 50 μm thick
were obtained. For each type of magnetic SMC matrices were measured magnetic properties in a transformer mode on a sinusoidal signal.
As a result of the conducted research, it was shown that the application of the technique of applying composite nanomodified materials to a
special substrate will allow the formation of heterogeneous composite magnetic components with the use of SMC material for
microelectronics.
KEYWORDS: NANOCOMPOSITES, MAGNETIC MATRICES, MAGNETIC PROPERTIES
Magnetic matrices for SMC powders are electrochemically
deposited onto rings of copper foil 50 μm thick, the base. For the
manufacture of copper rings, a laser machine for high-precision
cutting of thin-sheet metal FMC 280 was used.

1. Introduction
Modern electromagnetic machines and systems require new
materials with improved properties. Heterogeneous threedimensional nano-modified magnetic material can be effectively
used in such systems. A good opportunity to improve their
reliability is the use of nanocomposite materials. To obtain samples
for the study, we used the method of electroplating deposition of
nanocomposite magnetic materials on special substrates. The
combined deposition of soft magnetic alloys with inert solid
nanoparticles makes it possible to obtain materials with magnetic
permeability up to μm = 104, magnetic induction Bs = (0,62–1,3) T
with improved physical properties.

2. Experimental technique

Fig.1. Measuring copper rings

Were manufactured 6 sets of rings of the following
compositions:
1) 80 / 20A –80% nickel 20% iron.
2) 82 / 18B –82% nickel 18% iron.
3) 50 / 50A –50% nickel 50% iron.
4) 50 / 50B –50% nickel 50% iron.
5) CoP – cobalt-phosphorus
6) SMC in a magnetically soft matrix based on a nickel-iron
alloy.

Unilateral and bilateral deposition of magnetically soft SMC
matrices was carried out. This is explained by the internal stresses
of the deposited films and, as a result, the deformation of the copper
base and the deposited magnetic soft SMC matrices themselves.
Two layers of SMC (Magnetic Soft Powder) powder were applied.
Number of layers: two. The dielectric layer is phosphorus oxide, the
conductive layer is Co and Ni.

Table 1. Magnetic properties of SMC powder
μi(k)

μm(k)

0.087095

0.23165

Magnetic properties of powders
Bs(T)
Bs(T)
@4000A/m
@10000A/m
0.9284
1.3165

Fig.2 SEM photos of SMC powders
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Br(T)

Hc(A/m)

0.2097

464.75
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3. Results and discussion
To ensure the effective introduction of SMC powders and
integration into the coprecipitation process, SMC powders must be
a) inert and stable in electrolytes and b) have a conductive surface.
Both of these conditions can be fulfilled by encapsulating SMC
particles into a conductive shell, for example, Ni or Co.
For each type of magnetic SMC matrices, magnetic properties
were measured in a transformer mode on a sinusoidal signal. The
frequency of the signal during measurements is 200 Hz. The
measurement results are shown in table 2.

Sample
80/20A
82/18B
50/50A
50/50B
CoP
Fe/Ni-SMC

Fig.3 Structure of an individual particle of SMC powder
for the coprecipitation process.

Table 2. The results of measurements of the magnetic properties of magnetic SMC matrices.
Bs, T
H, А/m
Hc, А/m
Br, T
1,65
6960
150
0,67
0,74
6750
1150
0,53
1,04
6880
520
0,63
0,77
6820
510
0,21
0,54
6920
100
0,15
0,86
7000
460
0,55

Fig. 4 Installation diagram for measuring magnetic parameters of rings.
the processing of the stored waveforms, a specialized program was
written that allows to recalculate the waveforms taking into account
the geometric parameters of the sample and the number of turns of
the inducing and measuring windings. The conversion results are
hysteresis curves stored in the csv format.
It is important to note that samples of a heterogeneous material
with a magnetically soft Fe-Ni matrix and SMC powders embedded
in it were obtained.

A ring prepared for measurements was connected to a system
for measuring magnetic parameters. The measuring system consists
of a sinusoidal signal generator and an amplifier. The current in the
inducing winding N1 is measured by the voltage drop across the
current-limiting resistor R = 4 Ω (Fig. 20). The voltage in the
measuring winding is directly measured by the second channel of
the oscilloscope.
The oscilloscope is connected to a computer, which makes it
possible to save the waveform for further processing. To automate

(a)
(b)
Fig. 5 Photo of the surface of the copper ring after the operation of the SMC powder capture (a) after the overgrowth of Fe-Ni matrix
(b). High-quality overgrowth of SMC powder with a soft-magnetic matrix is clearly visible.

5. Literature

4. Conclusion
As a result of the research, it was shown that the application of
the technique of applying composite nanomodified materials to a
special substrate will allow the formation of heterogeneous
composite magnetic components with the use of SMC material for
microelectronics.
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COMPOSITE POLYMERIC MATERIALS MODIFIED BY NANODISPERSION
FUNCTIONALIZED PARTICLES
Ass. Prof., Dr. Eng. Auchynnikau Y.1, Prof., Dr. Voznyakovskii А.2, Voznyakovskii А.3
Grodno State University named after Yanki Kupaly1-Grodno, Belarus,
Synthetic Rubber Research Institute2 - St. Petersburg, Russian Federation,
Ioffe Institute3- St. Petersburg, Russian Federation
e-mail: ovchin_1967 @ mail.ru, voznap@mail.ru
Abstract: The paper considers the impact of functionalized nanosized carbon particles on the physicomechanical characteristics of
composite materials based on polyamides. The concentration of the modifier varied both in the field of “doping” concentrations and in the
field of concentrations used in the industrial production of nanocomposite materials based on polymer matrices. It was found that the use of
cryogenic treatment of the initial polyamide leads to an increase in physical and mechanical characteristics. The introduction of
nanodispersed particles in the field of "doping" concentrations increases the strength and hardness of the developed compositions based on
a polyamide matrix.
KEYWORDS: COMPOSITE MATERIAL, STRUCTURE, STRENGTH, HARDNESS, FRICTION
basic geometric parameters of the samples are measured. The fixed
samples are stretched by moving the beam, on which one of the
grips is fixed and a force measuring sensor is installed, which fixes
the value of the resistance of the sample under tensile load. The data
obtained is transmitted to a computer and presented in the form of a
graph of the dependence of the sample resistance force (N), as well
as the stress (MPa) on the movement of the beam (tension). The
values of ultimate stress and tensile stress of the specimen and
elongation are also determined. To assess the physical and
mechanical characteristics, the IPM-1K device was used.
3. According to studies [3], the introduction of
nanodispersed particles into the polyamide matrix leads to an
increase in physical and mechanical characteristics. To increase the
wear resistance of the PA-6-based coating, it was modified with
“doping” additives of nanomodifiers selected from the group:
UDAG, shungite, flint, metal nanoparticles of metals and metal
oxides (OM), granite flour, with their content from 0.01 to 1.0
wt.%. Due to the complex modifying effect of nanoparticles, the
adhesion of the composite coating to carbon and alloy steels (st 45,
st 40X) and the wear resistance index increase. At the same time,
despite the adsorption interaction of modifier particles with the
polar groups of the polymer matrix (the HNHCO ами amide group),
which determine the high adhesion characteristics of polyamide
coatings on metals, rather high values of the friction coefficient of
coatings remain in contact with a metal counterbody without
external lubrication ( f = 0.19-0.22). This is explained by an
increase in the deformation component of the coefficient of friction
with increased adhesive interaction [3]. Studies on the strength and
hardness of polyamide 6 modified with nanodispersed particles
showed an increase in the values of these parameters compared to
the original polymer (Fig. 1-3).

1.

Introduction.
Composite materials on a polymer matrix modified with
various types of micro-sized and nanosized particles are classified
as technological materials of a new functional generation. These
composites are among the most successfully introduced into the
production processes of various types of manufacturing products
and structures for various functional purposes. In this regard, the
volume of production of these materials is increasing annually,
replacing traditional types of polymeric materials and filled
compositions. Simultaneously with the development of the above
trend, energy-resource-saving technologies and materials are of
particular relevance in modern production. A promising direction in
the field of reducing wear and corrosion protection was the use of
functional composite polymer materials. A special place in the
hierarchy of engineering materials is occupied by multifunctional
polymer nanocomposite materials, which replace traditional
composites when creating damping couplings, friction units, sealing
elements, medical prostheses and devices [1, 2]. The necessary level
of tribotechnical organization, which determines the stability of
nanocomposites to the influence of operational factors, is achieved
by using modifiers of a certain molecular weight, composition,
external shape, geometric particle sizes, filler preparation methods,
nanocomposite materials processing modes, methods of activation
of rubbing surfaces that allow changing the topography of
contacting materials, the influence of external factors that make a
fundamental contribution to tribochemical processes of formation of
stable separation layers in the area of frictional contact.
The aim of this work is to develop nanocomposite
materials by using functionalized nanocarbon particles to increase
the physicomechanical characteristics of the formed systems.
2. Preconditions and means for resolving the problem.
As samples, composite materials based on a polyamide
polymer matrix PA 6 210/310 (manufactured by PTK Khimvolokno
OJSC Grodno Azot, Belarus), which was filled with nanodispersed
functionalized carbon particles (NFUCh), were obtained. An
ultrafine diamond with a single cluster size of 4–6 nm was used.
The percentage of nanomodifier in the polymer matrix ranged from
0.17 to 1 wt.%. The starting polyamide was processed at cryogenic
temperatures. Nanodispersed particles were preliminarily treated in
a solution of a fluorine-containing oligomer. Composite samples
were molded by injection molding on a vertical injection molding
machine manufactured by RUE SKTB Metallopolymer (Belarus).
The samples had standardized sizes: length - 10 cm, width ‒1 cm,
thickness - 0.5 cm. Tribological testing of the samples was carried
out on an FT-2 friction machine according to the sphere – plane
scheme. ShKh15 steel was used as a counterbody, the load was 30
N, and the sliding velocity v = 0.06 m / s.
Tests to determine the strength characteristics were
carried out on a tensile testing machine IR 5047-50 for universal
use with an electronic force meter for testing samples under tension,
compression and bending with a load limit of 50 kN. Samples of
materials are installed between the grips of the tensile testing
machine when fixing the ends of the sample. Before testing, the
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This effect of increasing the strength characteristics of
polyamide compositions is observed at "doping" values of the
concentration of nanomodifier in the polymer matrix. An increase in
the concentration (0.5-1 mass%) of nanosized particles in
polyamide leads to a decrease in the tensile strength of tensile
composites (Fig. 2).
Figure 3 shows the values of the dynamic modulus of
elasticity of the polyamide and its compositions. increases with
cryogenic treatment. The introduction of nanodispersed modifiers
leads to a decrease in the values of the dynamic elastic modulus.
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b)
Figure 1. The strain versus strain for compositions
based on polyamide 6. a-concentration of the nanocarbon modifier
in the polymer matrix 0.17 wt.%, B-concentration of the
nanocarbon modifier in the polymer matrix 0.25 wt.%
45

40

Figure 3. Values of the dynamic modulus of elasticity for
polyamide compositions: 1- polyamide 6 (initial), 2-polyamide 6
subjected to cryogenic treatment; 3- polyamide 6, modified with
nanodispersed carbon particles with a concentration of 0.17 mass.
%; 4-polyamide 6 modified with nanosized carbon particles with a
concentration of 0.25 wt.%; 5- polyamide 6 modified with
nanosized particles of carbon with a concentration of 0.5 wt.%; 6polyamide 6 modified with nanodispersed carbon particles with a
concentration of 1 wt.%.
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Studies on the hardness of the developed compositions based on
polyamides 6 showed good agreement with the results of tests to
determine the tensile strength values for polymer compositions. For
polyamide compositions modified with nanosized particles in the
region of low modifier concentrations, hardness values increase by
22-27%. A further increase in the content of modifier in the
composition leads to a decrease in strength values. Tribotechnical
tests of composite materials containing nanodispersed particles
showed a decrease in the coefficient of friction in the friction pair
with the steel counterbody at low concentrations of the modifier.
With an increase in the concentration of nanodispersed
functionalized carbon particles, the values of the friction coefficient
increase and the nanocomposite-steel pairs increase (Fig. 4-5).
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Figure 2. The dependence of stress on deformation for compositions
based on polyamide 6. a-concentration of the nanocarbon modifier
in the polymer matrix 0.5 wt.%, b-concentration of the nanocarbon
modifier in the polymer matrix 1 wt.%

Figure 4. The dependence of the coefficient of a friction
pair of nanocomposite material-steel on the number of cycles. The
modifier content in the composite is 0.17 mass%.

With the introduction of doping additives of lowdimensional particles having an uncompensated charge, a
synergistic effect of increasing the strength, tribotechnical and
adhesive characteristics is provided. The effect is due to the
formation of a quasicrystalline transition layer in the periphery of
the nanoparticle under the influence of an electric field. The charge
of a nanoparticle can be formed as a result of a special technological
impact (mechanical, tribochemical, temperature, etc.) or due to the
crystal chemical structure of the semi-finished product.
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concentration of functionalized nanodispersed particles in the
polymer matrix to 1 wt.% Leads to an increase in the coefficient of
friction to 0.14.
Conclusion. Thus, the introduction of nanodispersed
functionalized carbon particles leads to an increase in the
physicomechanical characteristics of polyamide compositions at
“doping” concentrations of the modifier. An increase in the
concentration (0.5-1 wt.%) Of nanosized particles in polyamide
leads to a decrease in the tensile strength of tensile composites.
4. Literature
1.Vityaz, P.A. Nanocrystalline diamonds and prospects
for their use. / P.A. Vityaz // Nanostructured materials: production
and properties. - Minsk: NASB, 2000 .-- S. 8-20.
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Figure 5. The dependence of the coefficient of a friction
pair of nanocomposite material-steel on the number of cycles. The
content of the modifier in the composite is 1 wt.%.
Studies on the tribotechnical characteristics of the
developed polymer compositions showed a decrease in the
coefficient of friction by 2 times with respect to the initial one with
a modifier content of up to 0.1 wt.%. An increase in the
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MODELING OF THE METAL POWDER PRESSING
PROCESS WITH A POROGEN
МОДЕЛИРОВАНИЕ ПРОЦЕССА ПРЕССОВАНИЯ МЕТАЛЛИЧЕСКИХ ПОРОШКОВ
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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.
KEYWORDS: POWDER FILTER MATERIALS (PFMs), CALCULATION MODEL, METAL POWDER PRESSING, POROGEN

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).

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.
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 1 Scheme of powder particle displacement;
i – 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).

Figure 2 Elementary cell cross section
1 – metal powder, 2 – porogen
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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 numerical
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.
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

M k , called boundary with coordinates

points

(ri k , z kj ) ,

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  λ

1
m D E  2 m  ,

(1)

or in another form
T  2 m (

m
D E1   ) ,
1  2 m

(2)

2
where 2u  1  (r u )   u ,
r r
r
z 2

2 w 

u, v – 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 S 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

n T

m 


F,

(5)





Poisson's coefficient  m using formulas

S

where T – stress tensor at surface points; n – unit vector of the
external normal to the surface of the body.

Guide cosines of the outer normal
nr  cos(r, n) ,

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

nr 

– deformation tensor, E1 – unit matrix,
where T – stress tensor,

 u u 1 v
w – divergence of the
D    v  div v 
 

r
r
r 
z
displacement vector, the index m indicates the properties of either
metal ( m  1) or the properties of a porogen ( m  2 ),  m ,  m –
constant elastic moduli or Lame coefficients for m – material,
which are determined through the Young's modulus Em and
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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

m .
Em
,  m  2 m
1  2 m
2(1   m )

r 2  ( z  1)2  1 ,

(8)



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


  
1
grad divu   2u  m Q  0 ,
1  2 m
m

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 M k

(3)



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  , in the projections on the
corresponding axes for the components of the displacement vector,
we have system of equations
1

1  2

m

1


1  2 m

 1 
w
(
(ru ) 
)   2u  0
r r r
z
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w
(
(ru ) 
)  2w  m g  0
z r r
z
m

, (4)

nr , M k  r k ,

(9)

nz , M k   1  r k .

(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 u (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
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Mij  M (i , j )  (ri , z j ) z j  ( j  1)hz 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
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
1
1
 r (r 0.5ur )r  u zz  1  2 (( r (r 0.5u )r  wz )r  0,

m


1
1
1
 (r w )  w 
(( (r u )  w )  m gr  0,
 r  0.5 r r zz 1  2 m r  0.5 r z r m 0

(11)

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.
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:
m
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for points Mij  M (i , j )  particle from m material.
The system is solved by the iterative method of establishing using
the method of variable directions by iteration.
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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 r ,  , z into the hydrostatic component P and the deviator
component s , then we will have the following ratios

s - 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 u  uij , w  wij , which

wij  w( M ij )  w(ri , z j ) .
the coordinates of the displaced points M *  (ri* , z*j ) by the
formulas:

ri*

 (ri  uij )r0 ,
 ( z j  wij ) r0 ,

(16)

   P  s ,

(17)

 z   P  sz .

(18)

P  ( r      z ) .

(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:

(r   )2  (   z )2  (r   z )2  2(Y0m )2 ,

(20)

(13)
where

z*j

r  P  sr ,

where P – arithmetic average of three stresses.

represent the values of the displacement vector in the nodes of the
chosen mesh uij  u ( M ij )  u (ri , z j ) ,
Stage 2: Knowing the displacements found, it is easy to determine

(15)

(14)

which determine the position of the deformable body. Finding new
values M *k  (ri*k z *j k ) of the boundary points M k  ( rik , z kj ) ,
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

Y 0m – 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

2(Y0m )2 .

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.
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Figure 3 Scheme of pore formation during pressing and
sintering:
Рloads – sample load, θ – sintering temperature
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 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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DEVELOPMENT OF DEVICES FOR PHOTOPOLYMERIZATION OF DENTAL
COMPOSITES
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Abstract: One of the most significant current discussions in dentistry is the great variety of devices used for light curing of dental
composites. It is possible to assess the benefits of light polymerization only if we look at them historically. The aim of this study is to examine
the devices used for light curing of dental composites, to compare them and to reveal the most efficient one. This paper begins by the first
devices, which use ultraviolet light. It then goes on to the second stage of their development, which includes quartz-tungsten halogen light
curing units, plasma-arc light curing units and the argon-ion laser. Modern devices are LED light curing units. They have many advantages,
such as high output power, compact and wireless models with long-lasting battery life, affordable price, little heat generation, etc. Because
of this and practically the lack of disadvantages, third generation LED light curing units have been established as the most reliable,
preferred and used by dentists all over the world.
Keywords: LIGHT CURING UNITS, PHOTOPOLYMERIZATION, DENTAL COMPOSITES
The usual curing time for light cured resin based composites and
sealants was from 20 to 60 seconds, but better results were provided
with longer curing. The photoinitiating system was based on
benzoin methyl ether [1].

1. Introduction
The initiation of photopolymerization process and its changes
represented a real revolution in dentistry. Like many other
innovations, the technology of using light for polymerization of
dental materials did not come from the profession itself but was
based on an existing technology adapted for dental use. To fully
appreciate the significance and benefits of light polymerization, we
must first get acquainted with its development over the years. It can
be divided into three stages, characterized by the application of
different light sources. In the very beginning, in the first half of the
1970s, the devices used for light curing emitted ultraviolet light. In
the next stage – from 1976 to the beginning of the new century,
light curing units (LCUs) emitted blue visible light – quartz–
tungsten halogen LCUs, argon- ion laser and plasma-arc LCUs were
used. With the advancement of technology for the last 20 years
dentists have begun using mainly modern devices with LED lights–
LED LCUs. Nowadays, trustworthy studies and monitoring have
shown that they are the most reliable and preferred source of
photopolymerization.

Although some of the fillings placed by this early technology
were extremely successful at their time, the procedure as a whole
had a number of limitations (Table 1). The most important one is
that it was necessary for dentists to place many composite layers
with small thickness, due to the limited deep light penetration into
the material. Secondly, short wave length caused potential eye
damage from the light. Thirdly, there was a high possibility for
pathological changes in the oral microflora [2,3].
2.2. Second stage of development
The next stage of development of the LCUs is characterized by
the emergence of devices emitting blue visible light – quartztungsten halogen LCUs, plasma-arc LCUs and argon-ion laser (Fig.
1).
Only a few years after the breakthrough of photopolymerization
with ultraviolet light, a new process in dentistry began in 1976–
photocuring with blue visible light. The key of success was based
on the use of camphoroquinone as an initiator and a group of
tertiary amines as co-initiators, which, on the other hand, has
remained the most frequently used photoinitiator system to these
days [4]. The light source used was a halogen LCU with a
wavelength of 370 nm to 550 nm [1,5,6]. The benefits of using blue
visible light were several: the thickness of the composite layers was
significantly increased compared to the previous ones - up to 2mm
for an irradiation time of 40-60 seconds (Table 1). Moreover, there
was a reduction of the risk of cataract development, as well as of the
pathological oral microflora growth [7]. However, direct retinal
burn and macular degeneration became a potential threat to dentists.
For this reason, they were advised to use a filtering film between
their eyes and the light emitted by the LCUs to protect themselves
from possible damage [8,9]. The so-called "blue blockers" have the
ability to leak light with a longer wavelength, thus limiting the
harmful radiation and at the same time providing dentists with a
clear view of the operative field during procedures [10,11,12].

The aim of the present paper is to review the devices used for
light curing of dental materials – composites, cements, sealants, etc.
Based on the process of photopolymerization, from its beginning to
the present, the advantages and disadvantages of different light
curing units (LCUs) are presented. A comparative analysis of the
characteristics of the devices from different groups is made and the
advantages of the modern LED LCUs are outlined.

2. Stages of development of LCUs
2.1. Initial stage of development
The initial stage of development after the down of the
photopolymerization process was very short – it lasted only 5-6
years. The first devices emitted ultraviolet light with a wavelength
of about 365 nm and were introduced in the early 1970s (Fig. 1).
Their origination was considered as a significant step in the
development of dentistry because it allowed clinicians to determine
the initial moment of polymerization on their own, and this was
unimaginable with the self-polymerization products used before.
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Fig. 1 Development of devices for photopolymerization of dental composites (λ –light wave length).
Quartz-tungsten-halogen LCUs were not originally designed for
dental purposes but were developed by General Electric engineers
for the needs of the airline industry, where small but highly
luminous and durable lamps were required [13]. Later, they were
adapted in our profession and became the main source of light for
composites polymerization for a very long period of time - until the
early years of the new century. These devices emitted light with a
wavelength in the range of 370-550 nm, with a spectrum peak of
465-470 nm, corresponding to the camphorquinone absorption
peak. The light intensity of the halogen LCUs was between 300 and
800 mW/cm2 [14,15]. Once an electric current flows through heated
tungsten filaments, surrounded by halogen gas, halogen LCUs emit
the light. As a result, heat is generated as these filaments act as
resistors of the current flow. Special filters are used to limit the light
in the blue range required for composite polymerization. Heat
generation required the use of a cooling fan that ensured normal
system operation and extended working time [16].

endoscopic, colonoscopic and other procedures, as well as for
minimally invasive medical manipulations. Plasma-arc LCUs are
made from two tungsten electrodes spaced apart from each other
and wrapped in a high pressure gas (argon) chamber. It has a
synthetic sapphire window through which the light radiation is
directed by a parabolic reflective surface. Between the two
electrodes a high potential is created that forms a spark, which
ionizes the gas and provides a conductive path between the
electrodes. Then, the electronics, using various complex feedback
systems, adjust the operating current in order to maintain the
generation of the light [20]. The light intensity of the plasma-arc
LCUs was typically around 2000mW/cm2 and the radiation
spectrum was from 380 to 550nm [1].
The main advantage that has to be pointed out was the
extremely short polymerization time - just 3 seconds, equivalent to
40-60 seconds exposure with halogen LCUs (Table 1) [1].
However, surveys showed that the rapid polymerization had led to a
significant increase of polymerization shrinkage and microleaking.
Another imperfection of plasma-arc LCUs was that their output
power decreased with the aging of the devices [21]. These shortfalls
of the devices along with their high cost and the release of large
amount of heat were the reasons why plasma-arc LUCs were not
widely used as a source of light for the polymerization of
composites [16].

The relatively lower price was the main advantage of the
halogen LCUs (Table 1) and their disadvantages were many – 1)
lower efficiency 2) longer curing time 3) short service life because
of the light bulb, reflector and filter wear and tear 4) the presence
of a cooling fan that makes noise 5) heat generation [17].
Another source of light used for the polymerization of dental
materials is the argon-ion laser. It was first introduced in Europe to
increase the effectiveness of vital teeth bleaching and it is still used
for that purpose. Later, in the US it began to be used for photo
curing of composites. Furthermore, there were several obvious
advantages over halogen LCUs (Table 1): 1) Argon-ion laser (AL)
was extremely effective, proof of which were the very good
physical properties of the restorations cured with it, 2) provided
constant light intensity regardless of the distance of the LCU’s tip
from the tooth surface, 3) the curing time was shorter due to its high
output power [18]. Along with the advantages AL also had several
significant limitations: 1) high price 2) high heat generation 3) big
size 4) a requirement to be used only by dentists and not by dental
assistants [14,19].

2.3. Modern stage of development
As technology advances, from the beginning of the new century
LED (light emitting diodes) LCUs have become the main source of
light for the photocuring of dental materials. Their development has
gone through three generations (Fig. 1 and Table 1).

Other devices used for light curing dental materials are plasmaarc LCUs. The technology was created in the 1960s of the 20th
century. Their primary purpose was to provide better visibility for

LED LCUs emit blue visible light using a gallium nitride
semiconductor system. The first generation was developed from
1999 to 2002 [22]. These devices were experimental, prototype
models which were manufactured to test the concept of whether
light could be generated at the appropriate wavelength supplying
the required number of photons needed to polymerize the composite
material [17]. The individual 5 mm diode elements available at that
time had very low power and this necessitated the use of a large
number of them (8 - 64) arranged so that the combined output
power of the luminaire was sufficient enough to provide the energy
needed for the activation of camforoquinone. The light intensity
was between 100 – 400 mW/cm2 [21,22,23] and most studies at that
time showed significantly lower efficiency compared to the halogen

LCUs [15]. The emitted light had a spectral range of 440-500
nm. This in turn was a serious disadvantage as some composites use

alternative photoinitiators requiring a shorter wavelength – TPO,
Ivocerin, which led to the inability of a complete polymerization

Mainly because of the statements mentioned above the argonion laser quickly dropped out of use as a source of light for the
polymerization of composites.
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[24]. In addition, wireless models had a problem with batteries that
had a very short life at that time.

composites using some alternative photoinitiator systems [29]
Another disadvantage was that increasing the power lead to
generation of a significant amount of heat, and in turn, to danger of
overheating the chip. In order to avoid this unwanted effect, it was
necessary to use a cooling fan - something that was thought to have
disappeared forever with the appearance of LED LCUs [1].

In the second generation LED LCUs (2002 - 2004) there was a
significant increase in the output power - 500-1400 mW/cm2.
Progress in the LED chip production in the early years of the new
century led to the possibility of placing multiple emitting contact
areas on a single chip, which significantly increased the amount of
light. Dental manufacturers incorporated these new chips into
LCUs. The chips are of two types – 1 W and 5 W, with 5 W chips
providing luminance equivalent to 10-20 of the individual fivemillimeter first generation diodes [25].

Third generation LED LCUs have a number of advantages over
the rest of the curing devices: 1) the intensity of the emitted light is
very high - from 1000 to 3000 mW/cm2 [9]; 2) light and compact
wireless models, with long-lasting batteries; 3) affordable price; 4)
no need of a cooling fan; 5) little heat generation [21].
Third generation LED LCUs are indispensable part of every
21st century dental office. Due to their advantages over all other
light curing devices and practically the lack of disadvantages, they
have been established as the most reliable, preferred and used by
dentists all over the world.

Comparisons with halogen LCUs revealed a similar or better
degree of conversion of composites for shorter curing time
[26,27,28]. The development of technology allowed the use of
batteries with longer life. However, the emitted light was of the
same wavelength, which led to a continuing inability to polymerize

Table 1.
Comparison between different devices for photopolimerization of dental composites.
Device

Advantages

Disadvantages

I stage
The first devices emitted
ultraviolet light

Long manipulation time of the composite;
Short curing time : 20-60 s.

Limited depth of light penetration into the material;
Multiple thin composite layers.

Significantly increased thickness of the
composite layers - up to 2mm;
Short irradiation time of 40-60 s.;
Reduction of the risk of cataract
development, as well as of the pathological
oral microflora growth.
Relatively lower price;

Direct retinal burn and macular degeneration potential threat to dentists.

II stage
1. Halogen LCU with
blue visible light

2. Quartz-tungstenhalogen LCU

3. Argon-ion laser

4. Plasma-arc LCUs

1) Extremely effective;
2) Provided constant light intensity
regardless of the distance of the LCU’s
tip from the tooth surface,
3) Shorter curing time.
extremely short polymerization time - just 3
seconds

1) Lower efficiency;
2) longer curing time;
3) short service life;
4) the presence of a cooling fan;
5) heat generation.
1) High price;
2) High heat generation;
3) Big size ;
4) Requirement to be used only by dentists
1) Rapid polymerization had led to a significant
increase of polymerization shrinkage and
microleaking;
2) Output power decreased with the aging of the
devices;
3) High cost;
4) Release of large amount of heat

Modern stage
I generation LED LCU

Significantly lower efficiency compared to the
halogen LCU;
Very short life of batteries of the wireless models.
Inability to polymerize composites using some
alternative photoinitiator systems;
Increasing the power lead to generation of a
significant amount of heat;
Necessary to use a cooling fan.

II generation LED LCU

III generation LED LCU

1) Ability of light curing composites that use
different initiators than camphorocinone;
2) Very high intensity of the emitted light;
3) Light and compact wireless models, with
long-lasting batteries;
4) Affordable price;
5) No need of a cooling fan;
6) Llittle heat generation
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3. Conclusion
A variety of devices is used for light curing of dental
composites. Historically, LCUs have gone through three stages. The
present article reviews and compares the devices used for
photopolymerization in dentistry. It also shows the comparative
analysis of the three groups LCUs with their assets and liabilities
and their development through the years. However, the most
obvious finding to emerge from this study is the drawbacks of the
old LCUs used in dentistry and the highlights of the newest ones as
they are most efficient.
During the initial stage LCUs, emitting ultraviolet light, were
introduced. Despite the disadvantages of these devices, the major
one of which was the need of placing many layers with low
thickness, and their fast discontinuation, they became a basis for
further development of LCUs.
The second stage is characterized by the imposition of devices
emitting blue visible light with a wavelength of 370-550 nm.
Quartz-tungsten halogen LCUs, plasma-arc LCUs and the argon-ion
laser belong to that group. Each of the categories in that group had
its strengths, but also serious weaknesses. For halogen LCUs these
were mainly the low efficiency, long curing time and the presence
of a cooling fan. For the plasma-arc LCUs these were the high cost
and the high polymerization shrinkage of composites and for the
argon-ion laser – along with the high cost, the big size and heat
release.
For this reason, modern LED LCUs have been developed in
recent years. Their evolution has gone through three generations,
with the latest generation devices being featured by the greatest
priorities over all other types of LCUs. These are the high output
power – 1000-3000 mW/cm2, which allows shortened curing time,
affordable price, absence of a cooling fan, comfortable wireless
models with long-lasting battery life. Because of their advantages
and practically the lack of disadvantages, the third generation LED
LCUs have been established as the most reliable, efficient, and
dependable and preferred by dentists worldwide.
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