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ABSTRACT
Today almost all manufacturers of dental materials in their certificates of quality of material give its
chemical composition, mechanical properties, process ability in aesthetic characteristics while
informations about thermal properties are not available.
Within the work measurements of the thermal properties of five selected, in daily dental practice used,
dental materials which were produced in the laboratories of Slovenian firms and high education
institutions have been carried out. Measurements were carried out at room temperature, and in a
temperature range between 0 °C and 50 °C in accordance with standard ISO 22007-2.
The specific engineering methods for determination of the thermal properties of materials and standards
from group ISO 22007 will be presented. A complex study was preformed and evaluation of functioning of
the Hot Disk TPS 2200 device, modern and high-quality instrument for the thermal properties
determination, was carried out.

1. INTRODUCTION
The thermal properties of dentine and tooth enamel affects the rate of response of the tooth
nervous system to the temperature changes to which the tooth is exposed on a daily basis. In
addition to strength and aesthetic requirements, artificial dental materials must also provide a
similar thermal protection for the tooth pulp. Likewise, implants and artificial tooth crowns must
transfer similar heat flow to the bone as is transferred by a natural tooth, which has a strong
influence on the patient's general acceptance of the foreign body (Figure 1).

Figure 1. An example of insertion of the dental implant into the jawbone [2].

Manufacturers of dental materials in their certificates of material quality describe chemical
composition, mechanical properties, machinability and aesthetic characteristics, while thermal
properties of the material are rarely given.
The reported values of human teeth thermal properties show significant discrepancies, with data
for thermal conductivity of dentine between 0.11 to 0.98 Wm−1 K−1, and 0.7 to 0.8 Wm−1 K−1 for
tooth enamel, while thermal diffusivity varies between 0.058 to 0.269 mm2/s and 0.092 to 0.42
mm2/s for dentin and enamel respectively. The significant discrepancy between the reported
results may be attributed to several challenges associated with the measurements, like tooth
heterogeneous microstructure and associative anisotropic thermal properties, difficulties at
establishing perfect thermal contact or lack of precise emissivity data when axial heat flow or
laser flash measuring methods are applied. Thermal conductivity, specific heat and thermal
diffusivity are basic thermal properties of material that determine the heat transfer in the system
under consideration. Despite the remarkable progress of measuring methods and techniques, it is
still difficult to determine them with an error of less than ±2 %, even for bulk materials.
In our research, we used one of the most advanced instruments for determining the thermal
properties, Hot Disk TPS 2200, a product of Hot Disk AB company, Gothenburg, Sweden. The
instrument can be used for determining thermal properties of various materials including pure
metals, alloys, minerals, ceramics, plastics, glasses, powders and viscous liquids with thermal
conductivity in the range from 0.01 to 500 W/mK, thermal diffusivity from 0.01 to 300 mm2/s
and heat capacity up to 5 MJ/m3K. Measurements can be performed in a temperature interval
between -50 up to 750 °C.

Figure 2. Sensor (Kapton) sandwiched between two halves of a sample during measurement

Hot disk measuring method is a transient plane source technique (TPS). Based on the theory of
TPS, instrument utilizes a sensor element in the shape of 10 μm thick double spiral (Figure 2),
made by etching from pure nickel foil. Spiral is mechanically strengthened and electrically
insulated on both sides by thin polyimide foil (Kapton ®Du Pont) for measurements up to
300 °C or mica foil for measurements up to 750 °C. Sensor acts both as a precise heat source and
resistance thermometer for recording the time dependent temperature increase. During
measurement of solids, encapsulated Ni-sensor is sandwiched between two halves of the sample
and constant precise pre-set heating power is released by the sensor, followed by 200 resistance
recording in a pre-set measuring time, from which the relation between time and temperature
change is established. Based on time dependent temperature increase of the sensor, thermal
properties of the tested material are calculated.
In our study, we measured thermal properties of five important dental materials, used at the
Department of Dental Prosthesis of the Medical Faculty, University of Ljubljana. Tested
materials were Yttrium stabilized Zirconium ceramics (3Y-TZP), polymer material PMMA, 99
% pure titanium, titanium alloy TiAl6V4, and CoCr alloy. Thermal properties were measured in
the temperature interval that teeth are most frequently exposed, 7 °C, 22 °C, and 45 °C.
2. EXPERIMENTAL WORK
Measurements and analysis of thermal properties of selected dental materials were performed in
accordance with ISO 22007-2 standard in the Laboratory for measurements, Chair of Thermal
Engineering, Faculty of Natural Sciences and Engineering, University of Ljubljana (Figure 3).

Figure 3. Mesurements in the Laboratory for measurements, Chair of Thermal Engineering, Faculty of
Natural Sciences and Engineering, University of Ljubljana.

A few decades ago, yttria (Y2O3) stabilized zirconium oxide ceramics (3Y-TZP [3mol.% yttrium
tetragonal zirconia polycrystals]), with significantly improved mechanical properties compared
to silicate ceramics and glass ceramics was introduced into dental medicine. 3Y-TZP is available
in dentistry for the fabrication of dental crowns and fixed partial dentures. Its flexural strength
reaches 900 – 1200 MPa and fracture strength about 9 – 10 MPa(m)1/2.
Dental crowns are processed either by soft machining of pre-sintered blocks followed by
subsequent sintering, or by hard machining of fully sintered blocks. Thermal properties were
measured on pre-sintered blocks, so an approximately 10 % higher values can be expected when
fully sintered, due to density increase. Differences of thermal properties at various temperatures
were below normal error (± 2 %) of the measuring method.
Table 1. Thermal properties of 3Y-TZP pre-sintered blocks (temperature interval from 7 to 45 °C)
Measurement Thermal conductivity
[Wm-1K-1]

Thermal diffusivity
[mm2s-1]

Thermal capacity
[MJm-3K-1]

Average

0.502207

0.345667

1.4532

SD

0.003668

0.005445

0.023825

The first use of polymethyl methacrylate (PMMA) as a dental material was for the fabrication of
complete denture bases. Today's practise use multilayered CAD/CAM milling disks for longterm temporary restorations, short-term provisionals and as a prototype for implant restorations.
Our tested PMMA material is intend for the production of temporary crowns and bridges or
provisional units. Compared to 3Y-TZP ceramics, it is better insulating material. Measurements
show no significant change of thermal properties in the temperature interval from 7 °C to 45 °C.
Table 2. Thermal properties of PMMA blocks (temperature interval from 7 to 45 °C)
Measurement

Thermal conductivity
[Wm-1K-1]

Thermal diffusivity
[mm2s-1]

Thermal capacity
[MJm-3K-1]

Average

0.198583

0.111883

1.783583

SD

0.002878

0.008506

0.113532

Titanium and its alloys are used in dentistry because of their resistance to electrochemical
decomposition, excellent compatibility with live tissues, easily combine with bone
(osseointegration), are relatively light (4.61g/cm3) and have high tensile (450 MPa) and yield
(275 MPa) strength. Titanium forms a very persistent oxide layer on the surface, formed in a few
nanoseconds. Because of this oxide layer, it is corrosion-resistant and biocompatible. It is used
for manufacturing of dental implants, crowns, braces, bridges, partial prostheses and orthodontic
wires. Commercially pure titanium (impurities < 1%) disks were measured in the temperature
interval between 7 °C and 45 °C, and as expected, changes of thermal properties were negligible.

Table 3. Thermal properties of pure Ti disks (impurities < 1%, temperature interval form 7 °C to 45 °C)
Measurement
Average
SD

Thermal conductivity
[Wm-1K-1]

Thermal diffusivity
[mm2s-1]

Thermal capacity
[MJm-3K-1]

22.546

6.7196

3.36

0.356573

0.265174

0.123366

TiAl6V4 (Grade 5: 6% Al, 4% V, 0.25% > Fe and 0.2% > O (bal. Titanium)) is the most
commonly used titanium alloy in dentistry. It is significantly stronger (R m > 895 MPa, Rp0.2 >
828 MPa) than commercially pure titanium while having the same stiffness. This grade is an
excellent combination of strength, corrosion resistance, weldability and machinability, and has
good osseointegration properties. Alloying elements reduce thermal conductivity and diffusivity
considerably compared to commercially pure titanium. In the temperature interval between 7 and
45 °C thermal properties can be considered as constant.
Table 4. Thermal properties of TiAl6V4 disks (temperature interval form 7 °C to 45 °C)
Measurement

Thermal conductivity
[Wm-1K-1]

Thermal diffusivity
[mm2s-1]

Thermal capacity
[MJm-3K-1]

Average

6.668286

2.809286

2.375857

SD

0.051146

0.083763

0.073172

Co-Cr alloys exhibit material properties considered suitable for dental reconstructions, such as
high tensile (900 - 1000 MPa) and yield (640 – 700 MPa) strength, high modulus of elasticity (>
200 GPa), and high corrosion resistance, and are the most common base-metal alternative for
patients known to be allergic to nickel. They are relatively inexpensive compared to noble alloys
and somewhat easier to manipulate than titanium alloys.
In dentistry, Co-Cr alloys are commonly used for the fabrication of metallic frameworks of
removable partial dentures, as metallic substructures for the fabrication of porcelain-fused-tometal restorations and implant frameworks. The increased worldwide interest in utilizing Co-Cr
alloys for dental applications is related to their low cost, excellent biocompatibility and adequate
mechanical properties. Chemical composition of tested sample is complex including 63% Co,
24% Cr, 8% W, 3% Mo, 1% Si, ≈1% Nb and trace elements < 0.1%. As with other samples,
thermal properties can be considered as constant in measuring temperature interval.
Table 5. Thermal properties of CoCr dental alloy (temperature interval form 7 °C to 45 °C)
Measurement

Thermal conductivity
[Wm-1K-1]

Thermal diffusivity
[mm2s-1]

Thermal capacity
[MJm-3K-1]

Average

10.735

2.82825

3.79775

SD

0.01118

0.063637

0.083431

3. CONCLUSIONS
Measurements and analysis of the thermal properties of selected characteristic dental materials
were performed using the Hot Disk method on the Hot Disk TPS 2200 in accordance with ISO
22007-2 in the Laboratory for measurement of the Chair of Thermal Engineering, Department of
Materials and Metallurgy, Faculty of Natural Sciences and Engineering, University of Ljubljana.
The teeth and dental supplements are most often exposed to temperatures at an interval between
0 °C and 50 °C, which was the reason why we selected this temperature interval to perform our
measurements. We found that for all dental materials there is no significant difference in thermal
properties in this temperature interval and can be considered as constant. As expected, metallic
materials transmit heat much faster than tooth structure, while ceramics have thermal properties
similar to teeth.
With the performed measurements, we have completed the existing material quality certificates
of dental materials with their thermal properties.
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ABSTRACT
The application of nanotechnology in medicine and dentistry will bring significant advances in the
diagnosis, treatment, and prevention of disease. Various applications of nanotechnology in medicine
are responsible for development of a new branch of medicine, called nanomedicine, which shows how
it is possible to improve the understanding of pathophysiologic basis of disease, with more
sophisticated diagnostic opportunities, and more efficient therapies. In the near future, when doctors
gain access to medical robots, they will be able to quickly cure most known diseases and rapidly
repair physical injuries of our bodies, vastly extending the human health span. The manipulation with
the matter at the atomic and molecular scale enables to create materials with remarkably improved
properties. Therefore, this is extremely fast expanding area of research with huge potential in many
sectors, from healthcare to construction and electronics. In medicine, it revolutionizes drug delivery,
gene therapy, and diagnostics in clinical practice. Recently, many different systems and strategies
have been developed for drug targeting to pathological sites, as well as for visualizing and
quantifying important (patho)physiological processes. In addition, special care is paid to tissue
engineering, which shows limitless opportunities in creation of new tissues and organs.
Treatment of bone tissue injuries and diseases which have enormous significance for
surgeons, due to advances in biocompatible materials design, especially biodegradable porous
structures (scaffold) is significantly improved. The basic advantage of these scaffolds with defined
porosity and pore structure is adequate structure for cells settlement, accelerating the rate of a new /
tissue formation.

1. INTRODUCTION
Nanotechnology studies extremely small structures, though the treatment of individual atoms,
molecules, or compounds to produce materials and devices with significantly improved
properties. It assumes two kinds of materials design: one from top to down, by reducing the
size of large structures to the smallest structure, like photonics in nano electronics and
nanoengineering, and top to down or the bottom up, which involves changing individual
atoms and molecules into nanostructures and more closely resembles chemistry and biology.
Nanotechnology assumes manufacturing of materials with particle size from 0.1 to 100 nm,
which show much better various properties such as electrical conductance chemical

reactivity, magnetism, optical effects and physical strength, then bulk materials. Therefore,
they can be used in a broad range of applications and for creation of various types of
nanomaterials and nanodevices [1-4]. One of the most important applications of
nanotechnology is related to diverse areas of nanomedicine, as they are drug, protein and
peptide delivery, and applications of various nanosystems in cancer therapy such as carbon
nanotubes, dendrimers, nanocrystals, nanowires, nanoshells etc. The advancement in
nanotechnology also helps in the treatment of neuro degenerative disorders such as
Parkinson’s disease and Alzheimer’s disease, in tuberculosis treatment. The clinical
applications of nanotechnology in operative dentistry, ophthalmology, surgery, visualization,
tissue engineering, antibiotic resistance, immune response are also important. Nanomaterials
are at the leading edge of the rapidly developing field of nanotechnology, because their
unique size-dependent properties make these materials superior in many areas of human
activity. These objects are in size order of the mitochondria and DNA, or proteins with
typical size of 5 nm, as a parts of the living cells typically have size of 10 µm. Global
application of nanotechnology in the clinical practice, shows that nanomedicine has its roots
in the same basic concepts and principles as nanotechnology, following unique nanoscale
characteristics, absent at a macroscopic level [1-4].
The success of nanotechnology in the healthcare sector is influenced by the possibility
to operate at the same scale ascertain biological processes, cellular mechanisms, and organic
molecules. Historically, biomedical research has been based on two paradigms. First,
evaluation of biological behavior has been based on bulk assays that average over large
populations. Second, this behavior has then been crudely perturbed by systemic
administration of therapeutic treatments. Nanotechnology has the potential to transform these
paradigms by enabling exquisite structures comparable in size with biomolecules, which
show extraordinary chemical and physical functionality at small length scales [5, 6]. Mutated
genes, misfolded proteins, and infections caused by viruses or bacteria can lead to cell
malfunction or miscommunication, sometimes leading to life-threatening diseases [4, 7].
These molecules and infectious agents are nanometers in size and may be located in biologic
systems that are protected by nanometer-size barriers, such as nuclear pores 9 nm in diameter.
Their chemical properties, size, and shape appear to dictate the transport of molecules to
specific biologic compartments and the interactions between molecules. Because
nanomaterials are similar in scale to biologic molecules and systems, it enables very complex
repairing of damaged tissue and efficient treatment of so small biological objects, during
corresponding medical treatment [4, 7].
Nanomaterials are now designed to enable transport of diagnostic or therapeutic
agents through biologic barriers; to gain access to molecules, to mediate molecular
interactions; and to detect molecular changes in a sensitive manner. The surface of
nanomaterials is usually coated with polymers or biorecognition molecules for improved
biocompatibility and selective targeting of biologic molecules. The extremely high ratio of
surface area to volume of nanomaterials has a direct consequence to the behavior of electrons
in the nanomaterial. Also, after absorbing energy, electrons can generate light or heat when
they move between different energy levels. The behavior of electrons in nanostructures is
more constrained and depends on the size or shape of the material or on the electrons
interactions with the surface coating. The chemical composition of a nanomaterial determines
whether one or both electron characteristics (spin and energy transition) are affected, as well
as the extent of that effect [4, 7-9].
The treatments of bone tissue diseases, as well as reconstruction of bone defects
represent a great challenge for orthopedic surgeons and engineers. Commonly used
procedures in tissue engineering involve the use of stem cells or differentiated adults cells
that are plated in a biodegradable scaffold and cultured in a bioreactor, before implanting in

the defective area. Advances in design and functionalization of biomaterials and the progress
of their processing, allow obtaining of biodegradable porous structure with well-designed
architecture, characteristic for scaffold in tissue engineering. From the technological aspect,
design of such biodegradable scaffold is a great challenge in skeletal tissue engineering,
because it is suitable for settling cells and repairing of diseased tissue [4, 8-10].
Besides, there is growing need for synthetic tissue replacement materials designed in
a way that mimics complex structure of tissues and organs. Among various methods for
fabrication of implants (scaffolds), 3D printing is very powerful technique because it enables
creation of scaffolds with complex internal structures and high resolution, based on medical
data sets. This method allows fabrication of scaffolds with desired macro- and micro-porosity
and fully interconnected pore network [4, 8-10].
The synthesis and design of the specific structures in bone tissue engineering drag
delivery systems, and therapeutics is the main goal of this paper.
2. BRIEF REVIEW OF VARIOUS APPLICATIONS OF NANOMATERIALS IN OUR
INVESTIGATIONS IN NANOMEDICINE
2.1. Tissue engineering
The scientists in the field of regenerative medicine and tissue engineering investigate
new ways to apply the principles of cell transplantation, material science, and bioengineering
to construct biological substitutes that will restore and maintain normal function in diseased
and injured tissue, using sometimes therapies that involve the manipulation of individual
genes, or the molecular pathways that influence their expression, are increasingly being
investigated as an option for treating diseases. One highly sought goal in this field is the
ability to tailor treatments according to the genetic make-up of individual patients. Natural
bone surface is quite often contains features that are about 100 nm across [4, 10, 11].
The osteoblasts are the cells responsible for the growth of the bone matrix and are
found on the advancing surface of the developing bone. A real bone is a nanocomposite
material, composed of hydroxyapatite crystallites in the organic matrix, which is mainly
composed of collagen. Thanks to that, the bone is mechanically tough and, at the same time,
plastic, so it can recover from a mechanical damage [4, 10, 11].
Following these criteria, process of bone scaffold production assumed high level of
control of their macro- and micro-structural properties. Depending on strategies of tissue
engineering, numerous different methodologies of scaffold processing to optimize their
properties is developed.
Bearing in mind, that scaffold should have interconnected pores and sufficiently high
density of pores with proper morphology, size and distribution, among many methods of
designing scaffold structure, one of the most commonly used methods is the polymer matrix
(foam) that is used in our investigations as a model system for designing ceramic scaffold
structure. This method comprises applying suspension of ceramic powder through the matrix
and, after drying and solidification of the suspension, burning of polymeric foam to provide
porous ceramic with a porosity that depends on matrix. In our research, we used matrix of
polyurethane foam as a model system for obtaining and formatting internal geometry of
hydroxyapatite (HAP) scaffold. After the combustion process of the polymer phase and the
ceramic phase sintering at 1000 °C, the resulting structure of the scaffold is obtained (Figure
1) [10, 11].

a)

c)

b)

d)

Figure 1. Typical appearance of scaffold structure for bone repairing: a) and b) SEM pictures show
large number of voids and scaffold walls built of lamellas, length more then 5 μm; c) AFM show comb
like channel structure length 30 μm, width 3 μm branches with wall thickness 3-5 μm and pronounced
orientation caused by template wall orientation; d) Computed tomography of scaffold structure

For the design of the bigger part of the bone tissue in our investigations is used 3D
printing methods, because it enables fabrication of tissue grafts and artificial organs, with
high precision. Despite its huge potential in regenerative strategies, the main challenges in
future in development these equipment and strategies is related to necessity of improved
resolution, increased speed and printing that enables cells survival.
Materials used for our experiments of 3D printing has perfect biocompatibility and
scaffold design, which is necessary for support cell growth and differentiation and retain its
shape long enough to preserve scaffold integrity until solidification locks in scaffold
geometry. For design of complex scaffolds that mimic various kind of tissue, additional
research is necessary for accurate mapping of complex tissues to be able to make wellreproduced scaffolds with required structures and biological properties. Further
improvements of the printing speed and resolution are needed for „in situ” printing that will
enhance tissue regeneration and reduce patient’s recovery time. Therefore, we make our own
construction very complex 5D printers with extraordinary opportunities in exact printing
various parts of bone tissue substitute [4, 10, 11].

Figure 2. Micro CT volume reconstruction, example of porous bone scafold structure, cilinder of 10
mm in hight and 10 mm diameter. Cilinder is made by extrusion printing (FDM) and has ideal
porosity, trabecular thickness, pore diameter and connectivity of pores for bone scaffold model.

Figure 3. Typical appearance of new bone tissue after 12 weeks. Histological investigations. Massons
trichrome stain. Mag. 40x. Complete replacement of bone deffect with new formad bone (see arrow).

It was best known that by creating nano-sized features on the surface of the potential
titanium hip or knee prosthesis, the chances of its rejection is reduced, because such surface
stimulate the production of osteoblasts. It is very important fact, because titanium and
titanium based alloys are commonly used bone repairing material in orthopedics and
dentistry. These materials show a high fracture resistance, ductility and weight to strength
ratio. Unfortunately, it suffers from the lack of bioactivity, as it does not support cell
adhesion and growth well. Apatite coatings frequently suffer from thickness non-uniformity,
poor adhesion and low mechanical strength. The specific design of our plasma jet, with high
plasma speed and momentum, enable us obtaining of the apatite coatings with extremely high
adhesion, which overcome these drawbacks. In addition, a stable porous structure, shown in
figure of our ceramic coating is required to support the nutrients transport through the cell
growth. The ceramic layer of TiO2 or apatite is built from the nanobelts and honeycomb
structure, with very tiny nano details [13, 14].

Figure 4. SEM:Typical appearance of the ceramic coating on the surface of titanium implant:
nanobelts and honeycomb structure are perfect carriers for cell adhesion and proliferation

2.2. Drug delivery and therapeutics
The most promising application of nanomaterials is the preciously targeted, site-specific drug
delivery. Modifying or functionalizing nanoparticles to deliver drugs through the blood brain
barrier for targeting brain tumors can be regarded as a brilliant outcome of this technology.
For example, doxorubicin does not cross the blood–brain barrier, but its integration with
polysorbate 80 modified polybutylcyanoacrylate nanoparticles and increase its delivery to the
brain to a significant extent, because they can penetrate deep into tissues and are absorbed by
the cells efficiently. Polymer nanoparticles can be designed as drug carrier with the objective
of delivering active molecules to the intended target. For this purpose, polymers are
frequently filled with dispersed nanofillers (smaller than 100 nm). Besides, improvement of
drug absorption and bioavailability of hydrophobic drugs (paclitaxel or 5-fluorouracil)
nanoscale cavities with liposomes or encapsulated polymers assumed drug delivery with
optimum rates for desired therapeutic effect in target tissues [15, 16, 17].
Additionally, nanoparticles, such as silica nanoparticles, quantum dots, and metal
nanoparticles offered important multifunctional platforms for biomedical applications,
because they have unique properties which are adapted for different applications in the bioanalysis. Fabrication of gold nanoparticles and functionalization with organic molecules to
interact with any physiological system are more important, because they are promising
candidate for drug delivery as biomarkers of drug resistance cancer cell. Very interesting
nano-formulations are three paclitaxel-conjugated nanoparticles using Fe3O4 and gold as the
core as a new class of anticancer drugs [15, 16].

Figure 5. SEM: Typical appearance of the micro and submicro carriers on the SiO2 base used for
controlled rate of drug release in our experiments. Drug is trraped inside of small pores between
subparticles. The time of releasing is 10 days and it is possible to be theoretically predicted using our
own model of discrete kinetics.

The core particle is often protected by several monolayers of inert material, for
example silica, or silica coated with maghemite. Frequently, the core of the complex particle
is maghemite nanometric particle (superparamagnetic iron oxide particle, SPION), while the
shell is built from various polymer. These particles were object of our investigations. Beside
of them paramagnetic particles of Gd2O3 also were investigated as a imaging agents for
magnetic resonance imaging. Both of two combinations show excellent contrasts. SPION
with organic shall has a potential to be active therapeutic in destroying cancer cells. Organic
molecules that are adsorbed or chemisorbed on the surface of the particle are can be used for
this purpose. Additionally, a layer of linker molecules with reactive groups at both ends, can
be added. Small iron oxide nanoparticles (≤ 20 nm in diameter, in our case bellow 5 nm),
contain one domain that leads to a relatively large generated magnetic field. These monodomains possess perfect contrast, due to the contrast between tissues with SPIONs and those
without SPIONs is large because protons larger magnetic field, which change the frequencies
of more protons. Electrons can move between energy levels in response to an external energy
source, moving from the ground to the excited state [18-20].
They return to the ground state and emit fluorescence, the wavelength (color) of
which is determined by the distance between the two energy levels (indicated by the double
arrows), which in turn is determined by the size of the nanostructure. For some
nanomaterials, this process does not yield fluorescence but instead produces heat, as in our
case, which leads not only to the excellent contrast, but also therapeutic properties, by killing
cancer cells, by both hyperthermia and Fenton reaction [18-20].

A)

B)

Figure 6. A) HRTEM (a–c) and AFM (d) picture of ultrasmall superparamagnetic iron oxide
nanoparticles (USPIO). The most particles are bellow 3 nm, small part is sizes over 5 nm.
Hydrodinamic radius is about 50 nm. B) Dependence magnetization on the magnetic fileld for ferro
fluid at T = 50K. Solid lines are obtained by using Langevin function, inset: resulting log-normal
distribution, d=0.56 nm and d=0.94 nm. S-shape of curve show absence of coercitive field Hs and
magnetisation Ms approving superparamagnetic behavior of USPIO.

Many superparamagnetic and florescent markers are available for medical imaging
and diagnostic applications in imaging of tumors and other diseases in vivo. This system has
great potential as probes in magnetic resonance and fluorescence imaging and doxorubicin
was successfully delivered to the tumor sites and its anticancer activity was retained. Among
the broad diversity of nanoparticles, iron oxide and gold nanoparticles are the most
intensively studied. Due to the presence of surface plasmons, gold nanoparticles strongly
absorb light in the visible region, making it possible to study their size-dependent light
absorption through surface plasmon resonance (SPR). These nanoparticles are frequently
conjugated with amino acid and proteins [18-20].
The extremely interesting are also nanobot, with the shape of a star, which help to
overcome one of the challenges relating to the preciously releasing of drug delivery. Their
shape enable concentration of the light pulses used to release the drugs precisely at the top
points of the star.
Furthermore, nanoparticles can be used for fabrication of smaller less invasive
devices, which can be implanted inside the body, enabling very short time for correspondent
biochemical reaction. As compared to typical, these drug delivery nanodevices are faster and
more sensitive. In addition, as optical detection techniques are wide spread in biological
research, nanoparticles should either fluoresce or change their optical properties. These
systems are designed by using one of two major approaches: one, the bottom up and the other
top down. Bottom up produce components which are made from single molecules, which
covalent forces hold them together much stronger than the forces that hold together macroscale components. In such devices enormous amount of information could be stored. Such
kind of design (bottom up approach for nanoscale material manufacturing) is typical for using
AFM, liquid phase techniques based on inverse micelles, sol-gel processing, chemical vapor
deposition (CVD), laser pyrolysis and molecular self-assembly use. Top down manufacturing
involves the construction of parts through methods such as cutting, carving and molding, as
they are laser ablation, milling, nanolithography, hydrothermal technique, physical vapor
deposition and electrochemical method (electroplating) [4].

3. CONCLUSION
In this paper a brief rivew of nanomaterials application in medicine is given, through
numerous examples of investigations conducted by our group which is formed of leading
scientists in the field of nanomaterials application in medicine. Nanotechnology changes all
branches of medicine, like maxillofacial surgery, dentistry, healthcare, cancer therapy etc.
Current work is focused on the recent developments, particularly of nanoparticles, hollow
nanospheres, core shell structures, nanocomposites, nanoporous materials, and nanobots
which play an important role in materials development for diverse medical applications.
Furthermore, in the near future it is expected that programmable and controllable
microscale robots will be used for fabrication of nanoscale parts with nanometric precision,
allowing the medical doctors to execute curative and reconstructive procedures in the human
body at the cellular and molecular levels.
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SUMMARY
Non-metallic inclusions usually deteriorate mechanical properties and surface quality of steel
products. Presence of non-metallic inclusions might have negative affected some of the mechanical
properties of steels like ductility, toughness, anisotropy, and formability. Macroscopic method for
assessing the content of non-metallic inclusions in forged or rolled steel products is used for
determination non-metallic inclusions visible to the naked eye or with aid of a magnifying with
magnification of not more than 10 times. Only inclusions equal to or greater than 1 mm long are
taken into consideration. In this paper is given procedure for blue fracture test method applied on bar
diameter  60 mm bearing steel 100Cr6.

1. INTRODUCTION
Low alloy steel, 100Cr6 thanks to its high hardness, wear resistance, surface finishing and
dimensional precision, it is widely used to manufacture mechanical components, such as
precision bearings, automotive components (brakes, steering, line shaft), bicycle, agitators,
appliances, sliders, quick couplings, machine tool, lock mechanisms, conveyor belts, skates,
pens, pumps, castors, measurement instruments, valves. The presence of non-metal inclusions
in the steel 100Cr6 should be minimized due to the exploitation conditions of the specified
components.
2. ORIGIN AND PROPERTIES OF NON-METALLIC INCLUSIONS
During produce any type of steel, it is impossible to avoid the appearance of non-metallic
inclusions. Non-metallic inclusions can not be separated during the crystallization process
and in solid alloy act as a harmful side of the body.
Non-metallic inclusions in steels can be divided into two groups, those of indigenous and
those of exogenous origin. The former group contains inclusions occurring as a result of the
reactions taking place in the molten or solidifying steel, whereas the latter contains the
inclusions resulting from mechanical incorporation of slags, refractories or other materials
with which the molten steel comes into contact. Exogenous inclusions are usually larger than
the indigenous inclusions and, thus, non-metallic inclusions can also be divided into
microinclusions and macroinclusions. Macroinclusions are more detrimental when their
effects on the properties of steel, and especially fatigue properties, are considered 1.
Non-metallic inclusions are chemical compounds of metals (e.g. iron, manganese,
aluminium, silicon and calcium) with non metals (e.g. oxygen, sulphur, carbon, hydrogen and

nitrogen). Non-metallic inclusions form separate phases. The non-metallic phases containing
more than one compound (e.g. different oxides, oxide + sulphide) are called complex nonmetallic inclusions (spinels, silicates, oxy-sulphides, and carbonitrides).
Despite the presence of non-metallic inclusions in steels in small percentage (0.01% to 0.02
%), they have a significant effect on the properties of steels 2. They are the cause for
dangerous and serious material defects such as brittleness and a wide variety of crack
formations. However, some of these inclusions can also have a beneficial effect on steels
properties by nucleating acicular ferrite during the austenite to ferrite phase transformation
especially in low carbon steels. The properties of steels generally affected by the
non metallic inclusions include tensile strength, deformability or ductility, toughness, fatigue
strength, corrosion resistance, weldability, polishability, and machinability 3.
Some inclusions found in bearing steels have incoherent interfaces with the steel and the
stress described is that tangential to the inclusion–matrix interface. All of the inclusions listed
melt at a temperature greater than that of the steel, and are less dense compared with the steel.
Some of inclusions which are listed in Table 1, are problematic in bearing steels for a variety
of reasons. They have different thermal expansion coefficients from the matrix, in most cases
less than that of austenite. As a consequence of cooling to ambient temperatures, tensile and
compressive residual stresses develop parallel and normal to the inclusion–matrix interface.
The inclusions may be brittle, and the resulting cracks concentrate stress and hence may
propagate into the steel. Even the simple presence of an uncracked inclusion introduces a
mechanical heterogeneity which locally changes the distribution of stress. Almost all of the
common non-metallic inclusions have weak interfaces with the steel. Strain incompatibilities
during deformation processing of the steel can then lead to the formation of cavities at the
localized at the inclusion interface along the direction of the principle plastic strain 4.
Table 1. Properties of non metallic inclusions 4
Inclusion

Shape

Hardness (HV30)

e (10-6 K-1)

MnS, CaS
Al2O3
Ca aluminates
MnO-SiO2
TiC
TiN

Streaky
Aggregates
Globular
Oblong
Sharp cuboids
Sharp cuboids

150-170
≈ 2200
900-2500
> 1100
≈ 3000
≈ 2500

18.1
8.0
6.5 – 10.0
5.0
9.4
9.4

Debonding can occur during the course of fatigue. Alumina inclusions have been shown to
detach from the matrix during loading, thus concentrating stress in the surrounding matrix; in
contrast, titanium carbonnitride particles are apparently strongly connected to the matrix and
hence fracture by cleavage, leading to a different mechanism of crack initiation 4, Fig. 1.

Figure 1. (a) Detachment of matrix from spherical alumina inclusion in a push–pull fatigue test.
The cusps on the cavity are assumed to be associated with the plane of hot-rolling. (b) Similar effect
but the cavity illustrated is empty (c) Cleaved Ti(C,N) particle which maintains a bond with the
matrix. Micrographs courtesy of H. Bomas 4.

2.1. Influence of non-metallic inclusions
The presence of non-metallic inclusions in a sense represents the crack or cavity in the steel
as a metal connection interruption basis weight and acts as the internal notch. Considering the
strength of the inclusions is small and that the bond between the inclusions and the metal
barely exists [3], this means that non-metallic inclusions can only transmit insignificant
strains.
Non-metallic inclusions are no coherent with metallic matrix, they prevent dislocation
migration and serve as stress concentrators. Due to this reason, 70...100% primary
microcracks were initiated on non-metallic inclusions, inspite of only 0.1- 0.2 volume percent
of inclusions existing in steel. It was established that microcracks contours were often faithful
copies of inclusion contours, contributing greatly to crack formation in steel in process of
cyclic loading [5].
Since the latter are products of reactions within the steel, they are normal constituents of it.
Because ordinary manufacturing processes cannot entirely rid the steel of such inclusions, it
is desirable to control their kind and amount within such limits that the steel is relatively free
from those inclusions which are considered most injurious [6].
2.2. Techniques of Evaluating Macro Inclusions
Unlike micro inclusions that are dominant in steel, macro inclusions are very rare and their
detection requires more time and attention if using the conventional metallographic methods.
Very skilled SEM and LOM users waste more time on samples and in most cases these
inclusions are not even detected. With advancement in the ladle metallurgical processes, very
low oxygen contents can be achieved in steel and this has resulted to high cleanliness in steel
products. The index for macro inclusions has therefore been reduced to zero in recent years
by using both step down tests and blue fracture testing. It has becoming more and more
difficult to detect macro inclusions even though they exist in steel products. Reclamations
are received by clean steel companies each year and macro inclusions have been the
contributing factor for some failures [6].

There are few methods for determination macro non-metallic inclusions [7, 8]:
- Ultrasonic immersion test,
- Magnetic particles
- Blue fracture test,
- Step-mashined test,
- Hardness fracture test.

2.3. Makro inclusions
Operations such as deoxidation and desulfurization are done in order to obtain the correct
amounts of oxygen and sulphur in the steel. These elements contribute to the formation of
non-metallic inclusions in steel during solidification and the consequences of these inclusions
are catastrophic to the mechanical properties of the material during usage. Elements such as
Al, Si, Ca and the Rare Earth Metals (REM) are used to remove oxygen and sulphur from
steel. Micro inclusions (1-20 µm) that may formed from the reactions of these elements often
coagulate to form clusters and inclusions of bigger sizes (> 100 µm) known as macro
inclusions [9].

3. BLUE FRACTURE TESTING
Blue fracture testing of macro non-metallic inclusions may be carried out quantitatively or
qualitatively. Quantitative examination is carried out by counting the inclusions and using
one or both of the following parameters of the inclusions: length and thickness.
The distribution of the inclusions based on length is given in table 2.
Table 2. Inclusion distribution based on length [7]

Symbol
L0
L1
L2
L3
L4

Length l (mm)
No macroscopic inclusion
1.0 ≤ l ≤ 2.5
2.5 ≤ l ≤ 5
5.0 ≤ l ≤ 10
l > 10

The distribution of the inclusions based on thickness is given in table 3.
Table 3. Inclusion distribution based on thickness [7]

Symbol
T0
T1
T2
T3
T4

Thickness e (mm)
No macroscopic inclusion
0.1 ≤ e ≤ 0.25
0.25 ≤e ≤ 0.50
0.5 ≤ e ≤ 1.0
e > 1.0

Qualitative examination is carried out by comparison with the series of ten reference
diagrams, Figure 2. Account is taken of the positions of the inclusions within the section for
example core, surface or uniform distribution,

Explanation of terms:
Very short stringers: 1 to 2.5 mm
Short stringers: > 2.5 mm
Long stringers: > 5 mm

Few: ≤ 3
Several: > 3
Thick: > 0.5 mm

Figure 2. Standard diagrams for the blue fracture test method [7]

4. MATERIAL FOR TESTING
For this paper work, wrought bar diameter  60 mm bearing steel 100Cr6 was tested.
Chemical composition is given in Table 4.
Table 4. Chemical composition of bar 60 mm
Chemical composition, %
Material

100Cr6

C

Si

Mn

P

S

Cr

0.85

0.56

1.10

0.011

0.014

1.47

5. EXPERIMENTAL PART
Blue fracture testing was done at Metallographic and Mechanical laboratories of Institute
“Kemal Kapetanović” of Zenica.
5.1. Sampling of test piece
Test pieces are slices with thickness of 10 mm. The thickness being measured parallel to the
longitudinal direction. For this paper work three samples were tested. The test pieces for blue
fracture testing are given at Figure 3.

Figure 3. Test pieces for blue fracture testing

5.2. Preparation of test piece
Both sides of the test piece is prepared to get plan-parallel surfaces. At the center of the
normal side of the longitudinal axis of the rod, a groove was formed. The purpose of this
groove is to facilitate the fracture of the test piece. The groove depth is up to 2 mm. Test
pieces were heated in laboratory furnace so that at moment of starting the test, the metal is at
blue brittleness temperature (350-400 °C). After heating samples fractured with the testing
mashine AMSLER, 200 kN in the Mechanical laboratory, (Fig. 4a). Broken samples is shown
at Fig. 4b.

a)
b)
Figure 4. AMSLER - Testing mashine and broken sample

5.3. Testing procedure
One of two broken parts of test piece is examined with magnification less then to X 10 using
stereo light microscope TECHNIVAL 2. Testing results are given in Table 5. The broken
surface is compared to diagram chart given at Figure 2.
Table 5. Blue fracture testing of bar 60 mm
Sample
of
100Cr6

Thickness of nonmetallic inclusion
(mm)

Length of nonmetallic inclusion
(mm)

1
2
3

0.20
0.20
0.25

1.5
1.0
1.8

Testing
area

Total length of non-metallic
inclusion per testing area

(dm2)

0.035
0.035
0.420

4.3 mm / 0.112 dm2

In accordance to diagram chart given at Figure 2 given in standard BAS ISO 3763:2009 the
assessment is: 1.
Macro non-metallic inclusion observed on one of the test piece is given at Figure 5 .
Non metallic
inclusion

a) X10 magnification

b) X40 magnification

Figure 5. Macro non-metallic inclusion in blue fracture

6. CONCLUSION
Based on the performed treatment heating at temperature of blue fracture and samples testing
at X10 magnification, macro non-metallic inclusion, very short stringer, was detected. By the
length and thickness of the macro non-metallic inclusion were estimated at 1.
Blue fracture as a method of testing macro non-metallic inclusions is relatively simple and
reliable. The size of the detected non-metallic inclusions indicates the risk of application of
the test batch and indicates the need for further testing due to possible influence of the
presence of non-metallic inclusions on the mechanical properties of steel 100Cr6.
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SUMMARY
In this paper, a pressure vessel test is described which is viewed as an axis-symmetric structure in
order to perform an initial check of the adopted model defined by the plate-like finite elements. This
approach gives the possibility of comparing the results obtained for the stress and deformation field
with the patterns of classical elasticity theory in the case of axis-symmetrical hand-wheel shells.
Thermo-mechanical calculation of vessel pressure was performed on a computer using the finite
element method (MKE) with the KOMIPS software system. The experiment was carried out on a
vessel (reactor) under pressure in working conditions and at the cold water pressure test.

1. INTRODUCTION
The qualitative parameters derived from the condition analysis and the strength diagnostics are
efficiently used in the following activities:
 designing,
 manufacture or purchase of construction,
 reconstruction or renovation of the structure,
 extension of the remaining lifetime,
 change of working regime and
 revitalization of the construction.
In order to make a correct and precise decision about these activities, it is necessary to have a
good quality analysis and diagnostic of the strength of the construction.
The basis of the diagnostic strength of the supporting structure of the pressure vessel (reactor)
represents the computer modeling and calculation of supporting structure (KOMIPS) using
the numerical method of finite elements through the static and dynamic calculation of its
bearing elements.
KOMIPS allows [1]:
 modeling and calculation of pressure vessel construction,
 determining the actual displacement and stress image,

 findings of the actual behavior of the pressure vessel construction and its elements,
 reliable prognosis of reaction of vessel construction under pressure in exploitation,
 obtaining elements for decision making (work regime, remediation, reconstruction,
revitalization, optimization, confirmation of choice of variant solution),
 determining the causes of misbehaviours or reduction of the construction,
 estimation of exploitation life and time of reliable construction work.
Any improvement of the behavior of the structure, which can be achieved by this approach,
allows for the extension of the exploitation life of the structure and the increase of its
reliability. The choice of the best design solution for pressure vessels required a detailed
calculation of the stress and deformation condition. Thermomechanical calculation of
pressure vessel stress was performed on a computer using the finite element method (MKE)
with the KOMIPS software system.
In the first stage of the calculation the pressure vessel was observed as axis-symmetric
construction, in order to carry out the initial check of the adopted model defined by the platelike finite elements. This approach gives the possibility of comparing the obtained results for
the stress and deformation field with the classical elasticity theory patterns in the case of axissymmetric handwheel shells [1].
2. NUMERICAL ANALYSIS OF STRESS STATE OF THE VESSEL UNDER
PRESSURE
2.1. Model testing of vessel behaviour (reactor) under pressure
For the initial model, an axis-simetric construction was constructed of 1044 panel elements
(coarse model) exposed to an internal pressure of 1 MPa. The adopted unit load allows the
results to be used for any size of the given pressure using scaling and superimposition within
the linear theory.
Thanks to the axial symmetry, models of the half, quarter, and eighth pressure vessels were
used beside the entire model. The results obtained in this case show that they are identical
with the classical patterns of thin-walled cylindrical pressure vessels, with the expressions
used to calculate the normal stress on the cylindrical part to calculate [1]:

pR
...(1)
t
pR
 meridional:  m 
...(2)
2t
 circular:  c 

where is:

p - the value of inner pressure, bar,
R - middle radius of the cylinder, mm and
t - the thickness of the involucre, mm.

For the case of the vessel under pressure (reactor):

The stress results shown relate to the equivalent stress calculated on the form:
 ekv   c   m   c   m
2

2

...(3)

On the cylindrical part, far enough from the upper and lower coverlid of the reactor,
thefollowing results were obtained:
 fmax = 0.206 mm,
 ekvnumer = 12.0 MPa, what is in accordance with ekvteor = 12.16 MPa.
Figures 1 to 3 show the initial rough model, deformation field and stress [1].

Projection of the model
Figure 1. Model of the
half of the vessel
(reactor) under pressure
of 1 MPa [1]

The field of the deformation fmax = 0.206 mm

Figure 2. The half of the reactor – rough model A [1]

Equivalent stress 2 to 14.7 MPa with step
2.5 on the inside of the reactor

Equivalent stress 6 to 16.2 MPa with step
2.5 on the outside of the reactor

Figure 3. The half of the reactor - rough model B [1]

The emergence of this evenly distributed stress field enables the conclusion of the best possible
construction. If the change in the geometry of the real structure (flanges, stretching,
reinforcement) does not disturb the resulting field image of the stress field to a significant
extent, the previous conclusion can be transferred to the real construction [1].
The next step is the introduction of a real reactor geometry, which implies the introduction of
openings with flanges, the variable wall thickness around the flanges, the reinforcement and
the supporting valve with the support, Fig. 4 and 5. Here, the geometric modeling of the
substructure and their integration into the whole, as well as its deformed contour (pressure 1
MPa), is presented. The CIO reactor model has 5712 dots and a 5584 plate elements that are
exposed to a pressure of 1 MPa. As in previous cases, the introduction of real reactor
geometry into the calculation does not lead to significant changes in the stress value on the
cylindrical part of the reactor

Carrier valve and suspension

Deformation of the valve

Equivalent tension
4-10 MPa with the step 2 on the valve

Figure 4. Modeling of understructure of the skirt of the reactor – a fine model

Reactor with flanges

fmax = 0.3 mm

Equivalent stress 2-20 MPa with
step 2 on the outside of the
reactor

Figure 5. Modeling of the substructure of the reactor shell - a fine model

2.2. Plate model calculation under the influence of all relevant loads
2.2.1. Stress and deformation condition under pressure of 1 MPa
The adopted panel model for the further budget has 1485 points and 1382 elements (Figure
6). Only a quarter of the model is observed . The current and deformation state is analyzed
under a pressure of 1 MPa. In the case of a real model, cylinder tension retains their theoretical
value and shape [1].

fmax = 0.21 mm
Equivalent stress of
1-16 MPa, step 1 on the
outside of the reactor

Equivalent stress 1-11 MPa,
step 1 on the valve

Figure 6. Plate model for a quarter of a structure [1]

The highest equivalent value of 16 MPa is located in the vicinity of the reactor flange. The
symmetry of the deformation field and the stress versus the straight support is obvious.
Deformation and stress values for the work load (p = 3.44 MPa) are:





maximum deformation fmax = 0.21  3.44 = 0.72 mm,
highest stress on the cylinder ekvmax = 13  3.44 = 44.72 MPa,
the highest stress on the reactor ekvmax = 16  3.44 = 55.04 MPa and
the highest stress on the valve ekvmax = 11  3.44 = 37.80 MPa [2] .

The values of deformation and stress in case of workload in the hydro-test (p = 10.94 MPa)
are:





maximum deformation fmax = 0.21  10.94 = 2.29 mm,
highest stress on the cylinder ekvmax =13  10.94 = 142.22 MPa,
the highest stress on the reactor ekvmax = 16 10.94 = 175.04 MPa and
the highest stress on the valve ekvmax = 11  10.94 = 120.34 MPa [2] .

2.2.2. Stress and deformation condition under its own weight and hydrostatic pressure
The influence of the reactor's own weight and hydrostatic fluid pressure on the hydro-test,on the
overall deformation and stress is shown on the Figure 7 and 8 [1].

fmax = 0.09 mm

The maximum equivalent
stress on the reactor - 1MPa

Equivalent stress 0.5 - 5.5 MPa
step 1 on the valve

Figure 7. Demonstration of the reactor’s weight on the overall picture of the deformation and the stress
[1]

The obtained results of the calculation of the impact of the reactor's own weight and the
hydrostatic pressure show that these effects can be neglected in relation to the influence of the
reactor pressure effect.
The present analysis gives the possibility to conclude the following:
 the primary load is the pressure, while the influence of its own weight, hydrostatic
pressure on the hydro-test and the temperature can be ignored except in case of
significant difference in the temperature of the valve,
 there is a uniform distribution of the stress at the cylindrical part of the reactor,
 the stress distribution is uniformal in all horizontal planes (circular direction) and
 the stress distribution is approximately uniformal in all vertical planes (meridional
direction).

fmax = 0.07 mm

The maximum equivalent
stress on the reactor- 1.5MPa

Equivalent stress 2 - 8 MPa,
step 2 on the valve

Figure 8. The impact of hydrostatic pressure of the reactor onto the complete figure of deformation and
stress [1]

In this way, the validity of the model for the calculation is verified, which in the further
course of the calculation will be the basic model exposed to the action of all defined types of
loads.
2.3. Thermomechanical calculations of the stress for operating conditions and hydraulic
test conditions
As in the previous examples, the validity of the model was verified and validated, the thermomechanical stress calculation of the reactor was performed on a computer using the finite
element method with the KOMIPS software system. As an optimal solution, modeling of the
reactor design was performed using the finite element of the thin plate [8].
Considered load cases are:
 working pressure and own weight, and
 pressure at the hydro-test and its own weight
The adopted operating pressure was 25 bars, and the pressure of hydra test was 109.39
bars. Also, dynamic calculations have been made to calculate the oscillations. The calculation
model of the reactor element is given in Figures 9 to 11 .

Figure 9. The view of the reactor shell calculation model [2]

Figure 10. The view of the calculated model opening on the reactor [2]

Figure 11. Calculated model of the reactor support – skirt [2]

Figures 12 and 13 show the distribution of the stress and energy deformation of the reactor
under operating load (working pressure, own weight and temperature).

Maximum deformation 0.75 cm
Figure 12. The view of the deformation distribution of the reactor at work load [2]

Equivalent stress, kN/cm2

The energy of the deformation, kNcm

Figure 13. Display of the stress distribution and deformation energy
on the reactor at work load [2]

The reactor behavior analysis was also performed under the cold water pressure test
(CWP). Figure 14 shows the stress distribution and the deformation energy , and Figure
15 shows the deformation of the reactor under CWP conditions.

Equivalent stress, kN/cm2

The deformation energy, kNcm

Figure 14. The stress distribution and the deformation energy of the reactor in conditions of cold
water test [2]

Maximum deformation 0.25 cm
Figure 15. The reactor deformation in cold water pressure testing conditions [2]

The obtained stress values which take into account the effect of their own weight should be
taken into consideration in the amount shown. Pressure stress values are obtained by
multiplying the calculated stress gains (p = 1 MPa) with a value of 3.44. The total value of
the stress is obtained by the addition of the above mentioned values, with the notion that the
first two impacts may be neglected. Obtained stress values that take into account the impact
of their own weight:
 cylinder  eq max = 1.5 MPa and
 valve  equiv max = 8.0 MPa.
and hydrostatic pressure in the hydrostatic test:
 cylindar ekvmax = 1.0 MPa and
 valveekvmax = 5.5 MPa

should be taken in the amount shown.
Hydraulic pressure stress values are obtained by multiplying the calculated obtained stresses
(p = 1 MPa) with a value of 10.94
 ekvmax = 16  10.94 = 175.04 MPa.
Under the operating load conditions (working pressure of 25 bar), the deformation of the
reactor is relatively small and extremely favorable, ie. the reactor does not spread due to
working pressure (the support of the reactor via the so-called "skirting" is an extremely
favorable constructional solution). The stress field due to the working pressure of the reactor
is also extremely convenient, evenly distributed and very homogeneous. There are no
apparent stress concentrators. The maximum stress values are below the permissible value.
The calculated values of the stress at the load of CWP are quite high and exceed the
recommended permissible values (the ratio of the flow rate and the maximum stress obtained
must be greater than or equal to 1.5) but it is still lower than the value of the flow rate
obtained by examining the delivered samples of the new and exploited base material as well
as components of welded compound [2].
Table 1 gives a summary section of the estimated reactor parameters in working conditions and
CWP probes:
Table 1. Reactor calculation results [2]

Working load
CWP
(cold water pressure)

Maximum deformation, fmax, cm
Maximum stress,max, MPa
Deformation energy, Ed, kNcm
Maximum deformation, fmax, cm
Maximum stress, max, MPa
Deformation energy, Ed, kNcm

Reactor
0.75
42.6
606
0.25
169
28.6

3. CONCLUSION
The general conclusion of the numerical analysis is the necessity of examination of the
chosen modelby an adequate experimental method, which should be carried out from the
outside of the pressurized vessel (reactor) and which will not jeopardize the structural
integrity of the reactor itself. Measurement of the deformation and stress state of the reactor
in exploitation implies the application of the tenzometric method (metering strips) [2].
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ABSTRACT
More recently a modified stainless steels have been used to produce various structural elements that
work in complex operating conditions. Stainless steel X8CrNiS18-9 (standard EN 10088-3: 2005) is
the most commonly used austenitic stainless steel due to its good machinability. This steel has high
mechanical and working properties thanks to a complex alloying, primarily with the elements such as
chromium and nickel. The content of sulfur present in the steel from 0.15 to 0.35% improves
machinability. However, while sulfur improves machinability at the same time decreases the
mechanical properties particularly toughness.
The aim of this work is to determine the influence of boron, zirconium and tellurium on the
mechanical properties the mentioned steel. Change of mechanical properties, depending on the
chemical composition of the steel is simulated with MATLAB program.

1. INTRODUCTION
Austenitic stainless steel X8CrNiS18-9 (EN 1.4305) also known as AISI 303 stainless steel
has the best machinability of all steels of same kind.
The high content of sulfur or selenium in these steels improves their machinability. For this
reason, they are produced only in the form of beams and rods and are used primarily in mass
production of screws.
These types of steel are mainly used for less mechanically loaded parts, because their
toughness and dynamic durability are weaker than in other structural steels [1].
2. EXPERIMENTAL PRODUCTION AND PROCESSING OF STEEL X8CrNiS18-9
2.1. Melting and casting
In accordance with the program of testing at the Department for melting and metal casting of
the Kemal Kapetanovic Institute, eight melts with various contents of boron, zirconium and
tellurium were produced. The first melt was produced without the addition of alloying
elements, while in the remaining melts the contents of the noted elements were given
individually, then in combinations with two alloying elements, and the final melt with all

three alloying elements. Melting and casting of austenitic stainless steel X8CrNiS18-9 was
carried out in a vacuum induction furnace. Chemical analysis of all melt variants are given in
Table 1.
Table 1. Chemical analysis of all melt variants [2]
Chemical composition, (%)
Melt variants
C
Si
Mn
P
S
Cr
Ni
Without alloying elements
0.03 0.42 0.61 0.021 0.18 18.3 9.4
B
0.05 0.47 0.66 0.021 0.19 18.5 9.5
Zr
0.04 0.35 0.75 0.021 0.17 18.8 9.4
Te
0.05 0.40 0.80 0.010 0.16 18.9 9.3
B and Zr
0.04 0.49 0.69 0.012 0.17 18.5 9.1
B and Te
0.04 0.35 0.78 0.011 0.18 18.8 9.3
Zr and Te
0.03 0.47 0.72 0.012 0.18 18.5 8.9
B, Zr and Te
0.04 0.44 0.78 0.012 0.19 17.1 9.3

B
–
0.004
–
–
0.004
0.004
–
0.006

Zr
–
–
0.016
–
0.009
–
0.007
0.012

Te
–
–
–
0.033
–
0.039
0.040
0.042

2.2. Forging
After heat treatment, the samples were subjected to the forging on the press (three times) and
the final forging was done on an air hammer approximate to 50 mm. The mentioned plants
are located at the Department for Metal Plastic Processing of the Institute "Kemal
Kapetanović".
2.3. Rolling
After forging, the samples were subjected to a new degree of deformation by rolling. Rolling
was carried out on the SKET rolling mill (Figure 1), where the first cross-section of the
sample was reduced to □18 mm, and after the second passing through a final sample
dimensions were □14 x 50 mm. Rolling speed was 400 rpm. Figure 2 shows the all samples
after the rolling process have been performed.

Figure 1. SKET rolling mill

Figure 2. Samples after the rolling process

3. MECHANICAL TESTS
After completion of the rolling process, the preparation of the test tubes for mechanical
testing was started, and geometry of the test sample is shown in Figure 3. The results of the
tensile properties are given in Table 2.

Figure 3. Test tube for determination of tensile properties
Table 2. Test results of tensile properties afterr the rolling process [2]
Conventional
Tensile
Elongation Reduction
Melt variants
yield strength
strength
A (%)
Z (%)
Rp0,2 (N/mm2)
Rm (N/mm2)
Without alloying elements
349
670
50.0
70
B

380

661

43.0

60

Zr

321

653

51.5

63

Te

314

635

46.5

59

B and Zr
B and Te

356
296

653
631

45.5
53.5

57
61

Zr andTe
B, Zr and Te

312
338

629
632

47.5
49.5

53
62

4. STATISTICAL ANALYSIS OF EXPERIMENTAL RESULTS
In order to obtain a more complete insight into the existence of a connection between the
obtained test results and the chemical composition, data processing for the obtained values of
mechanical properties (conventional yield strength and tensile strength) was performed using
MATLAB 7.0 software package [3]. The analysis was conducted in the way that functional
dependency results of mechanical properties with the basic parameters of boron, zirconium
and tellurium content were requested.
4.1. Determination of the regression dependence of chemical composition and
mechanical properties
4.1.1. Determination of the regression curve for the conventional yield stress (Rp0.2)
The data for the observed indicators of the influence of the content of alloying elements of
boron, zirconium and tellurium on the experimentally determined values of the conventional
yield stress and tensile strength are shown in Table 3.
Table 3. Conventional yield stress and tensile strength for different values of alloying elements [2]
Melt variants
Without alloying elements

B
Zr
Te
B and Zr
B and Te
Zr and Te
B, Zr and Te

B
(%)
0
0.004
0
0
0.004
0.004
0
0.006

Zr
(%)
0
0
0.016
0
0.009
0
0.007
0.012

Te
(%)
0
0
0
0.033
0
0.039
0.04
0.042

Rp0.2E
(N/mm2)
349
380
321
314
356
296
312
338

RmE
(N/mm2)
670
661
653
635
653
631
629
632

For the data in Table 3, in the MATLAB software package, the regression coefficients were
calculated and a stepwise procedure was applied in order to determine the significance of the
impact factors and their interactions. In this way, a mathematical model was obtained (1).
Rp0.2M= 360.1315 + 3044.3869·B – 2290.7745·Zr – 1706.3718·Te + 119546.036·Zr·Te ...(1)
Table 4 gives the statistical characteristics of the given model (1).
Table 4. Statistical characteristics of the conventional yield stress Rp0.2M [3]
Rp0.2M
R2
Sey
SSreg.
SSrez.
FMi
FTabi
Condition
0.922
19.649
4947
386.1
9.612
9.12
after rolling

Significance
DA

From Table 4 it can be seen that the regression shown by expression (1) has a coefficient of
determination of R2 ˃ 0.922, and the coefficient of correlation R ˃ 0.960.
The adequacy of the model (1) is checked by Fisher criterion with degrees of freedom dfreg =
4, dfrez. = 3 and significance threshold  = 0.05. Theoretical, the critical value from the
corresponding Tabeleis Rp 0.2 (4,3,0.05) = 9.12 [4]. Since the calculated value is FM = 9.612 >
FTab.M = 9.12, the mathematical model for the conventional yield stress Rp0.2M is adequate.
Subsequent analysis required the functional dependence of the results of the conventional
yield stress and the basic parameters of the content of boron, zirconium and tellurium. Since
the regression surfaces described in (1) can not be represented in a three-dimensional space,
the regression variables are replaced by their average values. 3D models for different values
of changing variables in the given interval are presented in Figure 4, for the mean values of
the third component.

Figure 4. The functional dependence of the yield stress on the content of boron, zirconium and
tellurium [2]

4.1.2. Determination of the regression curve for the tensile strength (Rm)
For the data in Table 3, in the MATLAB software package, the regression coefficients were
calculated and a stepwise procedure was applied in order to determine the significance of the
impact factors and their interactions. In this way, a mathematical model (expression) was
obtained (2).
RmM = 669.628086 – 2009.79623·B – 1018.69371·Zr – 1042.26125·Te + 63624.7779·B·Te +
28728.9417·Zr·Te ...(2)
Table 5 gives the statistical characteristics of the given model (2).
Table 5. Statistical characteristics of the tensile strength RmM [3]
RmM
R2
Sey
SSreg.
SSrez.
FMi
Condition
0.9994
1.015
1727
1.031
670.289
after rolling

FTabi

Significance

19.30

DA

From Table 5 it can be seen that the regression shown by expression (2) has a coefficient of
determination of R2 ˃ 0.9994, and the coefficient of correlation R ˃ 0.998.
The adequacy of the model (2) is checked out by Fisher criterion, where for degrees of
freedom dfreg = 5, dfrez. = 2 and significance threshold  = 0.05. Theoretical, the critical value
from the corresponding Tabele is F(5,2,0.05) = 19.30 [4]. Since the calculated value is FM =
670.289 > FTab.M = 19.30, the mathematical model for the tensile strength RmM is adequate.
Subsequent analysis required the functional dependence of the results of the tensile strength
with the basic parameters of the content of boron, zirconium and tellurium. Since the
regression surfaces described in (2) can not be represented in a three-dimensional space, the
regression variables are replaced by their average values. 3D models for different values of
changing variables in the given interval are presented in Figure 5, for the mean values of the
third component.

Figure 5. The functional dependence of the tensile strength on the content of boron, zirconium and
tellurium [2]

5. CONCLUSIONS
The objective was to determine the influence of boron, zirconium and tellurium, on the
mechanical properties of austenitic stainless steel X8CrNiS18-9 with the addition of sulfur.
Conventional yield stress and tensile strength tests were carried out in a rolled condition and
the influence of chemical elements boron, zirconium and tellurium on the mechanical
properties were monitored.
Based on experimental research, it is possible to make the following conclusions:
 All the values of the tensile characteristics are within the limits prescribed by the
appropriate standard, or higher as in the case of elongation value, where even the
minimum value of elongation of 43% for the boron-alloyed melt significantly exceeds
the value prescribed by the standard of 35% (Table 2).
 Based on the obtained results, it can be concluded that the addition of microalloying
elements of boron (0.004 - 0.006%) and zirconium (0.007 - 0.016%) can improve the
mechanical properties of steel X8CrNiS18-9, while the effect of the tellurium is
considerably lower.
 Also, the addition of tellurium with zirconium and boron improves other properties of
steel, especially machinability.
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ABSTRACT

In the following paper results of the investigation of the “Bauschinger effect” are presented. It was
done by model which was made in ABAQUS and observed from deep rolling simulation results of
residual stresses. Later, comparison of the results are presented by variation of forces and
overlapping factor. Deep rolling (DR) is a mechanical surface treatment widely used due to its ability
to increase the fatique life of the treated components. The finite element analysis (FEA) is a
convenient tool which can be used to model the DR process and facilitate its implementation in to new
components. A central aspect in the FE modeling is the material definition and particularly presence
of the mechanical phenomenon called “Bauschinger effect”. The material used for the simulation was
a steel alloy 42CrMoS4 with mass density of 7720 kg/m3, Young Modulus of 210 MPa, Poisson’s ratio
of 0.28 and plastic hardening type was defined as a kinematic.

1. INTRODUCTION
Residual stresses are those stresses which exists in an object after application any of force or
other external loads. Those stresses remain in the material component after removal of all
loads so they are also called as a locked-in stresses no matter are we speaking about thermal
gradients or phase transformations or even about pure mechanical loading.
The most common reason of inducing the residual stresses in material are the manufacturing
processes, particularly in the aforementioned deep rolling process. All manufacturing and
fabricating processes such as casting, welding, machining, molding, heat treatment, plastic
deformation during bending, rolling or forging introduce the residual stresses into the
manufactured object [1].
Figure 1 shows the development of residual stresses during cooling of a hot ingot. In the
cooling of a large, hot ingot of a metal which shows no phase change, the difference in the
temperature between surface and the center may be enough to develop residual stresses. The
edges of hot ingot cool faster than the center. The thermal contraction of the cooler edges
produces a strain incompatibility between the edges and center of the ingot which results in
the distribution of longitudinal stresses shown in Figure 1 (b). Because hot center has a lower
yield stress, it cannot support the compressive stress established on that region what implies
that centre of the ingot shrinks to relieve some of the stress, Figure 1 (c). When the centre of
the ingot finally cools, the total contraction will be greater for the center than the edges and it
can be said that the center will be stressed in residual tension, while edges will be in
compression Figure 1(d) [2].

Figure 1. Development of residual stresses during cooling of a hot ingot. Cool portions
shown shaded, [2]

Deformation – related residual stresses or mechanical residual stresses arise appear when the
plastic deformation of the phases or the material’s grains is not homogeneous. The sources
can be the anisotropy of Young’s modulus as well as the yield stress and the work –
hardening of the individual phases [3]. Residual stresses can be either beneficial or
detrimental, depending on whether is stress tensile or compressive. Residual stresses can be
tensile and compressive. Actually, tensile and compressive stresses co-existing in the
component and they are always balancing each other (compressive stresses are counter
balancing tensile stresses). Tensile stresses are usually labeled as a positive (+) while
compressive residual stresses are labeled as a negative (-). Tensile residual stresses can have
values large enough to cause component distortion or cracking and because of that fact we
say that tensile residual stresses can initiate crack propagation while compressive stresses are
doing exactly the opposite effect, closing and slowing down the crack propagation. Also,
surface residual compressive stresses are helpful because they reduce the effects of applied
tensile stresses and they are improving fatigue strength of material [4].
Deep rolling is a mechanical surface treatment which is used because of its ability to
introduce favorable compressive residual stresses, to reduce the roughness of the treated
surface and improves the fatigue strength of a component. Deep rolling is similar to roller
burnishing when deforming and positively influencing a component's edge zone
characteristics.
This combination can improve fatigue strength up to five times and therefore significantly
increase the service life of a component. Deep rolling is especially recommended for
components which underlie dynamic stress during operation and can therefore be destroyed
by material fatigue. One of the most well known benefits of deep rolling in comparison to
other surface treatments is the great depth of the affected layer exhibiting alterations of the
work hardening state. Another benefit of this particular surface treatment is generation of
glossy surfaces with low roughness, as compared to treatment such a shot peening [5].
Residual stresses are produced whenever a body undergoes nonuniform plastic deformation
such a deep rolling. The surface fibers of a component or a plate, for example, are cold –
worked and tend to elongate, while the center of the plate is unchanged. Because the plate
must remain a continuous whole, the surface and the center of a plate must undergo a strain
agreement. The center fibers tend to restrain the surface fibers from elongating, while the
surface fibers are seeking to stretch the central fibers of the plate. The result is a residual –
stress form in the plate which consists of a high compressive stress at the surface and a tensile
residual stress at the center of the plate.
Treatments like deep rolling or shot peening have not experienced widespread industrial
applications in mass production until the first half of the last century. Actually, deep rolling

was first applied in the twenties of the last century in the U.S.A., as a surface treatment to
strengthen axles of the Ford T and in thirties, axles of trains were also subjected to the deep
rolling treatment. Significant pioneer work in deep rolling field in the U.S.A. was introduced
and carried out by Horger, while in Germany, Föppl and Thum debated about causes of
fatigue enhancement by deep rolling [6].
Deep rolling process and its applications are widely used in automobile industry, in turbo
aircraft engine and turbine blades industry.
A suitable tool to model DR process is the finite element modeling. Finite element analysis
(FEA) is computerized method used to model a part or an assembly and predict how it reacts
to forces, vibration, heat, fluid flow, and other physical effects such as mechanical stress,
fatigue, motion, etc. Finite element analysis try to predict whether a product will break, wear
out or work in the way it was designed. It is called analysis, but in the product development
process, it is used to predict behavior of a product during its usage. Element analysis
(meshing) works by breaking down a real object into a large number (thousands to even
millions) of elements, like it is shown in Figure 4. Mathematical equations help predict the
behavior of each element. A computer then adds up all the individual behaviors to predict the
behavior of the actual object [7]. Besides all previous mentioned, it is very useful when we
want to design, check a quality and optimize a product. The software which was used for
analysis was ABAQUS 6.14 version. ABAQUS includes two different modes: Standard and
Explicit. Difference between these modes is in following: ABAQUS/Standard is a finite
element analysis which employs solution technology ideal for static and low-speed dynamic
events where highly accurate stress solutions are critically important, while
ABAQUS/Explicit is a finite element analysis product that is particularly well-suited to
simulate brief transient dynamic events [8].
To describe the characteristic material behavior, the uniaxial tensile-compressive tests are
commonly used. Material behavior, which is particularly interesting for this investigation,will
be introduced and explained in the following page. The Bauschinger effect manifests itself
when a specimen is subjected to a tensile loading followed by a compressive loading; it is
often found that since the loading in tension was carried out first, the material has hardened in
tension (yield stress in-creased) but softened in compression. Figure 2 shows that the yield
stress in compression is lower than that if the tests were carried out in compression first, [9].
This means that Bauschinger effect phenomenon is reversible, for had the specimen
originally been stressed plastically in compression, the yield stress in tension would have
been decreased.The Bauschinger effect can be observed during tension–compression
conditions and is connected with a decrease of the yield stress when the loading direction is
reversed (Figure 2).

Figure 2. Schematic representation of Bauschinger effect [10]

2. FINITE ELEMENT MODELING AND SETUP
Investigation of the Bauschinger effect will be observed from DR simulation results of
residual stresses. Aforementioned residual stresses will be observed at same nodes in which
the stresses are measured and which are over yield stress in tensile and compressive direction.
The model consists of two parts:
• A target plate of length 16 mm, height 10 mm and extruded on a 24 mm in depth,
•A rigid sphere of 3.17 mm radius.
The material used for the plate was a steel alloy 42CrMoS4 with mass density of 7720 kg/m3,
Young Modulus of 210 MPa and Poisson’s ration of 0.28 and plastic hardening type was
defined as a kinematic. Plastic properties of this material are given in Table 1, and the
chemical composition of aforementioned material, regarding the standard EN 10277-5-2008
is given in Table 2 [11]. The assembly for this model is shown in Figure 3.
Table 1.Plastic properties of the material 42CrMoS4

Yield stress [MPa]
1010
1138.8

Plastic strain [%]
0
0.0521

Table 2. Chemical composition of 42CrMoS4 steel [11]

C
0.38-0.45

Mn
0.60-0.90

Si
0.40 max

P
0.035 max

S
0.035 max

Cr
0.90-1.20

Mo
0.15-0.30

Figure 3. Assembly for the model [12]

Roller was defined as a rigid body so in order to make a movement with a roller, it is
necessarily to define boundary conditions for the roller. Boundary conditions for the roller are
presented in Table 3. Target plate was encastred – “fixed to the ground” during the whole
simulation, which means that it cannot move in any direction. In a case of roller, the
boundary conditions changed during every of 6 steps in following order which are also
presented in Table 3. The DR movement or path ( positive z-direction movement, x-direction
movement and negative z-direction movement) is shown in Figure 4.

Table 3. Boundary conditions for a roller [12]

Modeling
steps
Make
contact
Apply force
+ z direction
movement
x direction
movement
- z direction
movement
Reverse
force

X

Translation
Y

X

Rotation
Y

Z

Z

-

allowed

-

-

-

-

Y = -5 N

-

allowed

-

-

-

-

Y = -1262.78 N

-

-

V=1
mm.s-1

allowed

-

-

Y = -1262.78 N

V=1
mm.s-1

-

-

-

-

allowed

Y = -1262.78 N

-

-

V=1
mm.s-1

allowed

-

-

Y = -1262.78 N

-

Allowed

-

-

-

-

-

DR Force

Figure 4. DR movement [12]

Other important and used parameters, which were not mentioned before, will be written in
following table named as Table 4. Other used parameters for the model:
Table 4. Other used parameters for the model, [12]

Ordinal number
1.
2.
3.
4.

Name of the parameter
Time incrementation
Linear bulk viscosity
Quadratic bulk viscosity
Friction coefficient

Value of the parameter
0.0001
0.06
1.2
0.1

In Table 5 it is presented informations about the mesh of the model.

Table 5. Number and type of elements for assembly [12]

Part
Roller

Number of elements
3617

Type of elements
Linear quadrilateral
elements of type R3D4

Target plate

2.820.000

Linear hexahedral elements
of type C3D8R

In a used model it is implemented global size of an elements in mesh. For a smooth mesh, it
was necessarily to define different size of elements in different areas of target plate. The most
influenced area of a target plate is the upper surface area and area just below, because the
results will be observed in those areas and that is the reason of smoother mesh in upper part
of the target plate. The result of this mesh is in total number of elements and it is 2.823.617.
3. RESULTS
In order to investigate relevance of “Bauschinger effect” in a aforementioned model, it was
necessarily to have the results of calculated residual stresses in ABAQUS. After writing
down all results from 3 different models, investigation of the aforementioned effect was
started. Difference between those three models was in overlapping value. Time period of the
x – direction movement step is defined in that way that it represents percentage of
overlapping – A, as following: the distance of the x – direction movement is labeled as a and
a had varying value, 0.18 mm, 0.36 mm and 0.54 mm. Those values represents 75%, 50%
and 25% of overlapping, because the original distance of a x – direction movement was 0.72
mm (0% of overlapping).
Results of all three models showed that in some particular nodes stress is exceeding the yield
stress in tensile and compression which was necessarily to observe. In following figures will
be presented investigated effect made in diagrams.
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Figure 5. Investigation of “Bauschinger effect” in longitudinal direction with
overlapping value of 75%
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Figure 6. Investigation of “Bauschinger effect” in transverse direction with
overlapping value of 75%
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Figure 7. Investigation of “Bauschinger effect” in longitudinal direction with
overlapping value of 50%
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Figure 8. Investigation of “Bauschinger effect” in transverse direction with
overlapping value of 50%
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Figure 9. Investigation of “Bauschinger effect” in longitudinal direction with
overlapping value of 25%
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Figure 10. Investigation of “Bauschinger effect” in transverse direction with
overlapping value of 25%

4. CONCLUSION
In order to investigate Bauschinger effect, it was necessarily to find values of residual
stresses either in tensile or in compressive direction, which are over the yield stress. There
was many sharp peaks, but it can be assumed that those peaks can be because of the nature of
the deep rolling process. Those sharp peaks can be either caused by instability of the deep
rolling process or in other hand because of meshing.
Indeed, as it can be seen in diagrams in previous pages, it is clearly that the process is
becoming more „stable“ as time is running, specially in the reverse force step. There process
became stable and as a result of that we can see almost constant value of stresses either in
tensile or compressive direction. Regarding the tensile stresses there are two „instability“
periods: first one is in the beginning of the process when DR tool starts to apply force to
surface and second one is in x-direction movement step, when DR tool changed direction of
movement. In other hand, the compressive stresses, are mostly instable until the reverse force
step, when is clearly seen that both of the stresses have almost constant values which is, in
my opinion, logical conclusion. Also it is necessarily to mention that in the last observed case
– transverse residual stresses with overlapping value of 25%, there is no presence of any
nodes which have stress value over yield stress.
So, in the end, it can be concluded that “Bauschinger effect” can be taken into account in this
process and the sharp peaks can be attributed to the instability of deep rolling simulation.
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ABSTRACT
The results of two light optical tomographies (LOT) of two-phase steels are presented and compared
in this paper. Two-phase steels show a microstructure consisting of a carbon-rich second phase and a
ferritic matrix. In this work, microstructures are compared with a martensitic and a bainitic second
phase. Tomographies are very important for material simulation and classification of different steels
in 3D.
Serial sectioning is composed of two steps that are constantly repeated until achiving required depth.
The first step is contained of polishing and etching- where a constant depth of material removal
between each section is desirable. The second step is collecting two dimensional (2D) images, after
each section. After collection, images are aligned and converted to binary images with image
processing programs and reconstructed as a virtual 3D structure. Different parameters (e.g. the
connectivity of the phase, number of particles etc.) can be measured using 3D reconstruction.

1. INTRODUCTION
In the last four decades, several new steel types have been developed and presented as a
group Advanced High-Strength Steels (AHSS). Steels in this group are multiphase steels
consist of hard phases of martensite, bainite and/or retained austenite in a ductile ferittic
matrix. One of the most important AHSS is the Dual-Phase (DP) steel. First DP steel (back in
the 1970s) showed greater formability than conventional steels and since then production of
DP steel increased every year. Great mechanical properties e.g. high ultimate tensile strength,
high work hardening rate, good ductility, uniform elongation and fatigue resistance, high
energy absorption capacity are achieved with the microstructure consisting of a ferrite matrix
and dispersed hard martensite/bainite phases. The variations of mechanical properties are
achieved by controlling carbon content and with addition of alloying elements (e.g.
manganese, chromium, vanadium, molybdenium, nickel etc.)
The simplest way to get ferittic-martensite steel (DP) is intercritical annealing of a ferriticpearlitic microstructure in two-phase field (α+γ) and then rapid cooling enabling
transformation austenite to martensite, [1, 2, 3]. Geometrical arrangement of martensite in a

martensite-ferrite dual-phase (DP) steel affects on deformation and fracture behavior, the
volume fraction of martensite and grain size. When ferrite is surrounded by honeycombed
martensite fracture mode becomes brittle, while uniform elongation is higher when martensite
is dispersed around ferrite. These variations are related to the tense incompatibility between
ferrite and martensite [4, 5].
Ferritic-bainitic steels are subgroup of the DP steels. Bainite can be obtained by isothermal
transformation at all temperatures where the formation of pearlite and proeutectoid ferrite is
slow and below the martensite start temperature. For the bainite transformation also,
imposition of slow cooling rate during controlled rolling process is suitable [1, 6].
In material science morphology of microstructure has a key role on properties of the material.
A lot of microstructural features in 2D [7] is possible to characterize using standard
microscopy instrumentation, while there are many of them that can only be measured in 3D
e.g. the true size, shape, distribution of both individual phases and their local neighborhood,
determining the connectivity between phases on networks and counting of the number of
particle per unit volume [8, 9]. Usually information obtained from 2D images are not enough
for getting real 3D microstructure properties, because of that for models, simulations and
correlations, it is very important to connect standard metallography with 3D data. One of the
most used metallographic devices is Light Optical Microscope (LOM). With this device is
possible to examine a microstructure of materials. As it is known, microstructure represents a
connection between material production and properties. In order to enhance steel desing, it is
necessarily to properly understand the influences of production conditions on the
microstructural state on the one side and the ways in which microstructures determine
material properties, on the other side. By using only 2D images, a complete dimension of
information is not taken in consideration during analyses, because they are usually performed
on 2D areas obtained by cutting through the 3D material structure [10, 11]. The effect of this
reduction of information is described below.

Figure 1. 2D cut through an unknown simple 3D structure [10]

In Figure 1 is displayed the planar structure emerging by a random cut through a simple 3D
structure. It is very difficult to deduce or even imagine the original spatial structure from
which the projection emerged and it is impossible to reconstruct it with certainty without
further information. The image has emerged from a random cut through a 3D structure of
stacked cubes that is displayed in Figure 2. The surface shown in Figure 1 is outlined.
Although artificially constructed, this example demonstrates how distorted and misleading
the view on structures can become by ignoring a spatial dimension.
In order to gain reliable information of 3D properties of microstructural constituents from 2D
analysis, it is necessary to know their general shape characteristics beforehand. The

constituents may also not have a concave geometry, because otherwise they could be cut
multiple times by a single plane and appear as separate constituents without connection. As
an additional constraint due to practical reasons, the general shape of constituents has to be
isometric, because non-isometric bodies display a much larger statistical variety of
appearances for different 2D cuts [12].

Figure 2. 2D cut through a simple 3D structure [10]

Additional to the general deficient capability of data gained from 2D structures to represent
3D properties, additional loss of information can be introduced by the utilized analysis
methods. A good example is the line segment analysis [13], which is a common technique
mainly used for the determination of the mean grain-size. It is based on the measurement of
line segment lengths, i.e. 1D measurement data.
Due to the ever tighter tolerance ranges for the material properties of modern steels, it is
therefore essential to describe the microstructures accurately. For the quantitative analysis
and classification of microstructures it is of great interest to understand the correltations of
parameters across all scales and dimensions. For example, new approaches in microstructure
classification work with methods of computer science, the data mining methods, in
combination with morphological parameters in order to achieve an objective classification of
steel microstructures [14]. 3D morphological data can be used to gain new insights into the
real structure with information of shape, distribution and connectivity of different phases.
These information will help to detect the differences of phases, esypecially in the
differentiation of martensite and bainite. Furthermore the correlations of 2D and 3D
parameters can be found and further improve the data mining models. In addition, it is also
possible to use these tomographies for simulations of material properties in material
development [15]. With the help of simulation new steels with tailored properties can be
developed more efficiently and cost-effectively.
2. EXPERIMENTAL
2.1. Material and Preparation of the samples
Samples used in this work were from steel plates with a carbon content of approximately
0.06 wt.% and two-phase microstructures consisting of a ferritic matrix and either a
martensitic or a bainitic second phase. Initially, the samples were cut so that the size of the
first sample was 3 x 2 x 9.5 mm³ and of the second sample was 2 x 2 x 10 mm³.
Before padding the samples with resin, two marks were applied to the sample in order to find
the same spot for tomography again. These were later also used to align the microscope

images (Figure 3). Resin used for this purpose is EpoFix, Struers. Padding the sample should
prevent edge rounding and make it possible to use the sample holder. To avoid air bubbles
the resin was 24 h under vacuum. Then, sample was fixed on sample holder. Previously, the
sample had to be aligned so that the microscope could capture the previously determined
image area. Before the tomography could be started the sample had to have a flat surface. For
that purpose grinding papers Si-C (320, 600, 1200, 2400 μm) were used.
The polishing suspension MasterPrep (MP) with 0.05 μm diamond grains was used on a
neoprene cloth to avoid scratches during the tomography.

1

2

Figure 3. Image of the etched martensitic structure, two marks used to align the microscope images
can be seen

2.2. Etching
For reconstruction it is important that the phases can be separated from each other in the light
microscope images, Figure 4a) and 4b).

a)

b)

Figure 4. Light optical images of the etched microstructure, a) for the martensitic sample and b) for
the bainitic sample

For this reason, the samples were etched with a modified Beraha etching solution consisting
of 3 g of potassium metabisulphite and 100 ml of deionized water to contrast the second
phase in the ferrite matrix. Beraha solution was added drop by drop between 25-40 s. The
advantage of the Beraha etching in combination with a short etching time is that no structure
appears on the matrix and the second phase objects can be nicely visualized and appear dark
in the light microscope [15].
2.3. Microscopy
After samples were prepared serial sectioning could start. Experimental setup for serial
sectioning was based on the previous thesis of J. Webel [17]. The images were made with
Leica TXP microscope with Keyence VH-Z250R optics and magnification of 500, as
presented on the Figure 3. Size of the images was 1600 x 1200 pixels with a pixel size of
409 nm x 409 nm. Stereomicroscope of the Leica TXP was removed and replaced by the
Keyence VH-Z250R optics, because stereomicroscope was on long distance from the surface
of the sample with the small magnification. The new Keyence optics had to be mounted
perpendicular to the polishing plane and could be moved above the sample for taking images.
The advantages were minimization of insertion and removal errors and considerable time
saving in the preparation of the tomography.
2.4. Serial sectioning
During the whole serial sectioning the sample was fixed on the sample holder in TXP. In this
work desired depth was 125 μm for both tomographies. The following steps were repeated
until the desired depth was reached:






Polishing,
cleaning (water, ethanol and isopropanol) and drying with pressurized air,
etching,
cleaning (ethanol and isopropanol) and drying with pressurized air,
image recording.

For the first tomography 380 cuts (one cut was contained of all these steps) were made and
243 for the second. Difference in number of cuts was mostly because of the size of the
sample, polishing force, polishing time and amount of suspension.
2.5. 3D-Reconstruction and analysis
Before 3D-reconstruction was possible these several steps had to be done:





alignment,
segmentation,
removing errors with MATLAB script,
3D-analyse and vizualisation.

First two steps were done in Software Amira and the last step in Software Mavi and Amira.
With the help of the reconstruction program Amira the images of light optical microscope
were aligned. Each image was aligned with the one below it. The image was moved and
rotated until markings in both images come to the same position. Figure 5a) shows two
consecutive LOM images of the bainitic tomography which are not aligned with each other.
The marks (dark frame) are offset to each other. The upper picture is displayed transparently
in order to be able to cover fixed markings such as marks by shifting and twisting. As shown

in Figure 5b), the superimposed view shows that the structures that have been superimposed
are uniformly grey.
In this way, aligned stacks were obtained which correctly reflect the development of the
sample structure in the volume.

a)

b)

Figure 5. a) Two consecutive LOM images of the bainitic tomography before superimposition in the
reconstruction program Amira. The brighter, transparent image 1 is superimposed on the upper slice
by moving and twisting the image 2 (transform upper slice) by superimposing the marks in both
images, b) Overlay of two consecutive LOM images from the bainitic tomography. The border of the
black frame visible in Figure 6 can hardly be seen in the superimposition

After alignment, image stacks were cropped to the desired size. In the next step, the LOM
images that represent the 3D image stack were segmented by threshold. Areas containing
martensite or bainite were white, all other areas were segmented in black. Due to Beraha
etching, the areas of the substructure were darker than the ferrite areas. Figure 6 shows the
result of segmentation with subsequent binarization as an example for the tomographies of
the two available samples. The areas of the substructure have the gray value 1 after
binarization, all other areas have the gray value 0. Artefacts of the segmented images were
removed by a MATLAB script that deleted all white objects that are only present in a single
slice.

a)

b)

Figure 6. After binarization following segmentation of the light optical microscopy images using
Amira, the areas of the substructure appear white while the surrounding ferrite matrix is displayed as
black a) for segmentation of martensitic tomography and b) segmentation of bainitic tomography

The alignment can be described as the foundation stone of the reconstruction. The sample
volume can only be realistically mapped by precisely aligning the consecutive 2D images.
This ensures that the calculations following the reconstruction can be transferred to the
original sample. The 3D analysis of the previously reconstructed data sets was carried out
with the MAVI program. Of interest were the so-called field and object parameters of the
tomographies, which contain various information such as the volume, the surface, the Euler
number of the second phase objects and much more. To determine these, the light optical
microscopy image set was loaded into the program and scaled according to the pixel size
(409 nm for x and y). Then 3D parameters: volume, surface, Euler number and number of
particles of the tomography were measured.
For visualisation the individual second phase objects of the tomography were separated from
each other in the program and labelled separately. Unconnected objects appeared in different
colors as shown in Figure 7.

Figure 7. Slice view of the bainitic tomography in Mavi. The second phase objects of the displayed
sample volume appear in different colors. Objects of the same color are connected in volume.

3. RESULTS AND DISCUSSION
Removal of the material

In order to obtain isotropic voxel, the resolution in z-direction should be in the same range as
the pixel size. For this reason, a parameter optimization study was first carried out to obtain
the desired removal rate. As shown in Figure 8, the removal is changed using varying
parameters. In the beginning, the speed of the polishing disk was 300 RPM, polishing time 2
minutes, amount of polishing suspension was 2 ml, force was 10-18 and material removal
was in average 0.249 nm (from 0 to 34th cut). In this area of the curve in the Figure 8 some
inhomogeneities can be seen. They are probably caused by wrong magnification.
In order to increase removal from 35th to 200th cut, force was increased on 15-25, but removal
still was too low, in average 0.267 nm. Then it was noticed that polishing suspension was not
applied on the right way. So with this properly applying of suspension and polishing time of
3 minutes, material removal, from 201th to 270th cut, was increased to 0.327 nm. This
removal still was not enough, so the next step was to increase speed to 400 RPM and force to
25-30. With these changes, material removal, from 271th cut to 380th cut, was in average
0.453 nm.

Figure 8. Material removal per cut, martensitic tomography

With low force removal of the material was insufficient on the other hand high force causes
scratches on the surface, so it was necessary to find optimum force range considering the type
of the steel and speed of the polishing disk. Constant amount of the polishing suspension was
very important because then amount of diamond grains on polishing disk was constant which
causes the same material removal through whole tomography. It was noticed during this
tomography also that short polishing time as a result has insufficient material removal.
The bainitic tomography was carried out with the optimized parameters (polishing time was 3
minutes, speed of the polishing disk was 400 RPM, force was in average 30 and it was used 2
ml of polishing suspension per cut). Because of these parameters, there were constant
throughout the tomography, material removal was constant, in average 0.466 nm per cut,
(Figure 9).

Figure 9. Material removal per cut, bainitic tomography

Visualization
Visualization enabled the 3D representation of the various tomography datasets. To visualize
the tomography, the images labelled by MAVI were used. Objects of the same color were
linked in volume. Figure 10a) is the visual representation of the martensitic sample and b) of
the bainitic sample. Due to the coloring, it is now visible which second phase objects are
connected. As it can be seen in Figure 10a) and 10b), rolling direction is in Z direction for
both tomographies.

Figure 10. a) Visualisation of the martensitic tomography in XZ plane and b) visualization of the
bainitic tomography in XZ plane

3D Measurements
Table 1 shows the results of the 3D measurements with MAVI for both samples.
Table 1. Analyses of the structural parameters for the first and second tomography
Martensitic
Bainitic
tomography
tomography
Total volume (μm³)
Volume/porosity
Volume/volume density
Surface/surface
Surface/surface density
Integral of Total Curvature/
Euler number
Integral of Total Curvature/Euler
density
Number of particles
Particles density

300x334x125
0.8217
0.1783
2.84E-06
231900
-18615

296x386x125
0.8062
0.1938
4.53E-06
317954
-59518

-1.53E+15

-4.21E+15

10827
8.64E-04

20132
14.09E-04

The total volume of the martensitic tomography was 12325000 μm³, and volume density was
0.1783 that means martensite had a volume fraction of 17.83% of the total volume. The
negative Euler number suggested that martensite grains have a lot of holes. For the bainitic
tomography total volume was 14282000 μm³ with a volume fraction of bainite of 19.38%
In comparison, it could be seen that bainitic tomography showed a 2% higher volume fraction
of the second phase than martensitic tomography. However, the surface area in 3D for
martensitic tomography was about twice as large as that of bainitic tomography, which also
lead to a higher surface density for this tomography. The visual impression of a finer
distribution of the second phase could be measured by the particle density parameter. Bainitic
tomography had twice as many particles as martensitic tomography and the particle density
was 63% higher for bainitic tomography.

4. CONCLUSION
In the present work, two serial sectional tomographies were performed on two micro-alloyed
steels. The first 3D microstructure tomography had a martensitic second phase with a total
volume of 300 x 334 x 125 µm3 and the second tomography had a volume of 296 x 386 x125
µm3 with a bainitic second phase. The cutting distance of the tomographies was smaller than
500 nm. For the constant removal of the material it was very important to keep all parameters
of tomography constant (speed of the polishing disk, force, time, amount of suspension etc.).
The best way to achieve that is to do few trial sections to check removal before tomography
begins. If only one parameter is changed during the tomography it will effect on the result.
One things which can also be conclude is the size of the sample that has a very important role
in the tomography. With smaller sample size, removal of the material is faster.
Visualization of the tomography illustrates the importance of 3D microstructure analysis
because single particles which can be seen in 2D actually are connected through the volume.
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ABSTRACT
The purpose of this paper is to describe the basic reasons for obtaining narrower clad layers of
CuZn10 alloy in regards to the central layer of steel strip DC04 are described. Some reasons for the
reduction of the thickness of clad layers along the side edges of the strip are also described, as well as
the change in the length of these parts with reduced thickness related to the reduction of the height of
the rolled strip. A total spreading of the three-layers strip during hot rolling was determined and also
the distance from the side edges of the strip which, after rolling, remained uncovered with the clad
layers including the parts with reduced thickness of clad layers along the side edges of the strip.

1. INTRODUCTION
Explosion welding is a solid state welding process that can be used for joining metallurgically
compatible metals but also metallurgically non compatible metals which are not possible to
be joined by any other welding techniques. A weld surface with metallurgical bond between
joined materials is produced by controlled detonation of chemical explosive [1] that is placed
on cladding metal (flyer plate). Pressure created by explosive detonation directs flyer plate to
the fixed base metal plate resulting in collides of them and bonding at their interface [2].
Because of high pressure produced by explosive detonation the metals at the interface are
locally plastically deformed and metallurgically bonded. The pressure has to be sufficiently
high and for a sufficient duration of time to achieve inter-atomic bonds [3]. Between two
metal components an electron-shearing metallurgical bond is created [4] on the way that
explosion forces bring metal surfaces into sufficiently close contact that valence electrons can
overcome the repulsive forces resulting in sharing of their orbits [5]. Heat-affected zones are

no created and there is no diffusion of the atoms of alloying element between joined metals.
Also, continuous cast structure between joined metals is not created [4, 5, 6, 7, 8].
The explosion welding process is primary used for cladding some metals with other metals
having better corrosion resistance as in the case of cladding of low carbon steel with copper
alloys. It is possible to clad by explosion welding process one or more layers onto one or both
contact sides of base metal. Since the bonded metals usually have significantly different
mechanical and physical properties they will behave differently during plastic deformation.
The basic reasons for obtaining narrower clad copper alloy layer in regards to the central
layer of steel during and after hot and cold strip rolling are described in this paper.
In the case of hot and cold rolling of the three-layer strip (Figure 1) clad layers of CuZn10
alloy will be in contact with rolls. Because of friction on contact surface between rolls and
strip, then different plasticity of clad layers and base (central) steel layer and different
resistance to deformation on room and elevated temperatures of the steel DC04 and copper
alloy CuZn10 during hot rolling and especially after cold rolling narrower clad layers will be
obtained in regards to the central steel layer (Figure 2).

Side one

Figure 1. Sample of steel (DC04) strip with CuZn10 clad
layers on both contact sides

CuZn10

Steel

Side two

Steel

Figure 2. The appearance of both strip contact sides after the hot and cold rolling

During plastic deformation by rolling a rolled workpiece is in direct contact with the rolls in
the deformation zone. Rolled workpiece is reduced in height, elongated in length and spread
in width. For such changes of the workpiece form, it is necessary to achieve an appropriate
sliding of the workpiece parts in the zone of deformation, all along the contact surface with
the rolls. A sort of resistance originated during displacement of workpiece along the surface
of the rolls is called external or contact friction. Appropriate force of resistance is called

friction force. The vector of friction force is located in the contact plane between the roll and
rolled strip and is directed to the side opposite to the action of the sliding [9].
External (contact) friction has a significant influence on the plastic deformation process. The
effect of friction is reflected in the transition of the linear stress state, when f = 0, to the
volumetric stress state when f is higher than zero in the body exposed to deformation process
(f is coefficient of contact friction) [10]. Thereby the force required for deformation increases
and the uneven material flow occurs.

I
III
II

Figure 3. Friction forces and stresses
during sample compression

Figure 4. Uneven deformation in
the compressed samples made of
multicolored plasticine [10]

The uneven flow of the material in height is
reflected in the fact that the friction forces acting
on the contact surfaces prevent a free flow of
surface layers, so they are retarded in regard to
the central layers where a friction effect is smaller
or none, depending on the height of the deformed
workpiece (Figure 3).
Since the friction forces on the contact surfaces
are oriented from the periphery to the centre, the
volumetric stress state with all sides compression
stresses occurs in the parts of the workpiece on
the contact surfaces (zone I). If a deformed
workpiece is sufficiently high, the friction force
will be lost at a certain distance from the contact
surface and there will be a linear stress state on
compression (Zone II). Due to the fact that the
workpiece is compressed, one part of the volume
has to be displaced towards the peripheral parts of
the workpiece, accordingly in zone III there is
volumetric stress state consisted of one tensile
and two compression components of stress.
Plastic deformation in zone I begins after the
completed deformation in the other zones,
therefore this zone is called a zone of aggravated
deformation or a dead zone. This triangular zone
with only small plastic deformation extends as a
wedge down into the plastic zone [11]. With
reduced height of the workpiece, the zone of
aggravated deformation is spreading more and
more through volume of the workpiece, and in the
case of small workpieces it can occupy its entire
volume [10]. The non-uniformity of the
deformation caused by contact friction at
compressed sample made of multicolored
plasticine can be seen clearly at Figure 4.
Maximum deformation occurs in the central part
of the sample [10].

2. EXPERIMENTAL PROCEDURES
Samples for hot and cold rolling were three-layers plate obtained by explosive welding. The
plates of copper alloy (CuZn10 according to the standard EN 1652) were welded to plate of
low carbon steel (DC04 steel for deep drawing according to the standard EN 10130) on both
contact sides. The dimensions of the three-layers plate obtained by explosive welding were
1200x2000 mm. Samples of nominal width 90 mm (Figure 1) were cut by water jet from the
three-layers plate. Hot rolling was performed on the light section rolling mill SKET ф370
mm (8 passes) and laboratory light section rolling mill ф250 mm (3 passes) - Table 1.
Table 1. Data related to the hot rolling of the three-layer strips

Rolling
mill

Light section
rolling mill
SKET ф370
mm

Laboratory light
section rolling
mill ф250 mm

Pass
number
Staring strip
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Cross section dimensions
after pass (mm)
Thickness

Heating regime

Width

34.80 x 89.33
26.75 x 92.66
20.54 x 93.93
14.73 x 96.46
10.66 x 99.23
8.20 x 99.66
6.10 x 99.70
5.21 x 99.73
4.35 x 100.45
3.70 x 101.00
2.90 x 101.70
2.33 x 102.33

Heating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
-

After hot rolling and recrystallization annealing but before cold rolling an oxide film from
strip surface has been removed by 7.5% sulfuric acid heated on temperature 35 – 40 oC.
Holding time of the strip in sulphuric acid was 8 minute. Cold rolling of the three-layer strip
was performed on the cold rolling mill LOMA from 2.33 mm on 1.33 mm of thickness. After
final recrystallization annealing a newly formed oxide film has been removed on the same
way as after hot rolling. At the end, an additional cold rolling was performed from 1.33 mm
on 1.30 mm of thickness with the aim of preventing a localization of deformation (local
plastic bending) of strip during its uncoiling [12] and to eliminate (upper and lower yield
stress behaviour) yield point (skin-pass rolling) [13, 14].
3. RESULTS
To perform measurement of different dimensions of the whole strip and individual layers of
the strip after any pass of hot rolling and after cold rolling the samples of 70 mm in length are
cut. The results of strip height and width measurement and values of basic deformation
parameters in absolute and relative amount in the height and width of hot and cold rolled
strips, per pass and in the total (cumulative) amount relative to the starting dimensions of the
welded strip are presented in Table 2. The results of measurement of the individual layers
dimensions of the strip are presented in Table 3. Each measurement result presented in Table
3 is the mean value of three individual measurements of the thickness on different positions
of sample cross-section while in the case of the width of the layers mean value of
measurement on three different locations along the length of 70 mm.

Table 2. Basic deformation parameters in absolute and relative amount in the height and width of hot
and cold rolled strips, per pass and in the total (cumulative) amount related to the starting dimensions
of the welded strip
Dimensions of
rolled samples
Pass
number

Height reduction

Spreading

Total
(cumulative)

Per pass

Height
h
(mm)

Width
w
(mm)

-

34.80

89.33

1.

26.75

92.66

8.05

23.13

8.05

23.13

2.

20.54

93.93

6.21

23.21

14.26

3.

14.73

96.46

5.81

28.29

4.

10.66

99.23

4.07

5.

8.20

99.66

6.

6.10

7.

absol.
(mm)

rel.
(%)

3.33

3.73

3.33

3.73

40.98

1.27

1.37

4.60

5.15

20.07

57.67

2.53

2.69

7.13

7.98

27.63

24.14

69.37

2.77

2.87

9.90

11.08

2.46

23.08

26.60

76.44

0.43

0.43

10.33

11.56

99.70

2.10

25.61

28.70

82.47

0.04

0.04

10.37

11.61

5.21

99.73

0.89

14.59

29.59

85.03

0.03

0.03

10.40

11.64

8.

4.35

100.45

0.86

16.51

30.45

87.50

0.72

0.72

11.12

12.45

9.

3.70

101.00

0.65

14.94

31.10

89.37

0.55

0.55

11.67

13.06

10.

2.90

101.70

0.80

21.62

31.90

91.67

0.70

0.69

12.37

13.85

11.

2.33

102.33

0.57

19.66

32.47

93.30

0.63

0.62

13.00

14.55

Cold
rolling

1.33

102.33

1.00

42.92

33.47

96.18

0.00

0.00

13.00

14.55

absol.
(mm)

rel.
(%)

Total
(cumulative)

rel.
(%)

absol.
(mm)

rel.
(%)

Per pass
absol.
(mm)

Starting workpiece

Table 3. Dimensions of the individual layers of the strip measured on selected samples of 70mm length

Sample
number

Height and width of
rolled samples
in mm

Thickness of the
individual layers
in mm

Width of individual layers
measured along the samples
in mm

Height

Width

Alloy
CuZn10

Steel
DC04

Alloy
CuZn10

Alloy
CuZn10

Steel
DC04

Alloy
CuZn10

1

34.80

89.33

2.990

28.887

2.923

89.33

89.33

89.33

2

26.75

92.66

2.337

22.120

2.290

92.76

93.10

92.33

3

20.54

93.93

1.810

20.600

1.733

93.10

94.76

92.70

4

14.73

96.46

1.320

12.107

1.303

94.90

97.50

94.83

5

10.66

99.23

0.967

8.813

0.883

99.00

100.13

98.40

6

8.20

99.66

0.730

6.773

0.697

98.96

100.45

98.86

7

5.21

99.73

0.450

4.320

0.443

98.26

100.86

98.16

8

2.33

102.33

0.180

1.973

0.177

99.53

102.26

98.10

9

1.33

102.33

0.098

1.138

0.094

98.40

102.30

98.26

Nine transversal samples (starting workpiece, seven hot rolled samples and one sample after
cold rolling) mentioned in Tables 3 and 4 are metallographically prepared (Figure 5) to
discover individual layers and to measure of their height. Also on these samples it has been
measured the distance from the side edges of the strip to the place in the strip with a uniform
thickness of the clad layers of CuZn10 alloy (length Ls). This Ls length includes distance
from the location on the cross section from which clad layers reduce in height and length of
strip part which is not covered by the CuZn10 clad (Figure 6). Results of measuring of this
length on both sides are presented in Table 4.

Figure 5. Cross section of the lateral edges of the selected samples
Ls
Ls

b
a
Ls

Figure 6. The method of determining the length Ls: (a) the case where there is only a
reduction of clad layer height, (b) the case where Ls include and a part of the surface
along the edge of the strip without this layer

Table 4. Measurement results of distance to the side edges of the strip from portion of the strip with
a reduced thickness CuZn10 layer together with portion of the strip without clad layers

Dimensions of rolled
samples in mm

Distances from the side edges of the strip with the complete lack of CuZn10
layer together with reduced thickness of the CuZn10 layer
Ls (mm)
Upper coated layer

Lower coated layer

Height

Width

Left side

Right side

In total

Left side

Right side

In total

26.75

92.66

4.00

5.22

9.22

4.80

3.26

8.06

20.54

93.93

8.22

5.39

13.61

3.96

6.55

10.51

14.73

96.46

9.06

8.34

17.40

8.45

8.34

16.79

10.66

99.23

7.69

8.07

15.76

7.20

5.76

12.96

8.20

99.66

6.38

5.66

12.04

6.47

4.13

10.60

5.21

99.73

5.17

3.56

8.73

4.07

4.55

8.62

2.33

102.33

4.51

3.81

8.32

4.51

3.65

8.16

1.33

102.33

2.88

3.40

6.28

2.90

2.66

5.56

Width of clad layers and
steel layer (mm)

4. DISCUSSION
During hot rolling of the strip with decreasing of the strip height, its width increases, so at
end of the hot rolling maximum width of whole strip of 13 mm is achieved (Table 2). This
spreading is spreading of the central steel layer. The width of clad layers is increased too but
in smaller degree. During cold rolling generally there is no additional spreading of steel layer.
Regarding the strip width of clad layers some measurement results indicates that width is
reduced during hot and cold rolling but in relatively small amount (Table 3 and Figure 7).
Otherwise measuring of the strip width is uncertain because of inconstant width of clad layers
(Figure 2). There are three basic reasons that determine this different behaviour in terms of
the width changing of the central steel layer and the clad CuZn10 layers.

Total thickness of the strip (mm)

Figure 7. Changing of the width of clad layers and steel layer by reducing the total
thickness of rolled strip

The most important reason is related to the uneven plastic deformation in the case of bigger
reduction of the strip height. Since the clad layers are in contact with rolls the friction forces

prevent their lateral flow whilst middle portion of the strip (steel layer) flows freely in that
direction (barrelling effect - Figure 5 except of the starting sample and sample 27x93 mm).
This happen in the case of rolling of a strip with one layer too, but in the case strip with two,
three or more layers it becomes obvious.
The second reason is related to the difference in plasticity and resistance to deformation of
the steel DC04 and copper alloy CuZn10. As a result of forming triangular aggravated
deformation zone under contact surface between the strip and rolls which extends as a wedge
down into the easy plastic deformation zone on all side edges of steel layer that are in contact
with clad layers the “ridges” are formed (Figure 5 – sample 8.2x100 mm). Because of lower
deformation resistance of clad layers they are forcibly spread on those “ridges”. Therefore,
the width of clad layers significantly increases after reducing of the total strip thickness on 8
to 10 mm (Figure 7). With additional reducing of total strip thickness the clad layers
thickness on the “ridges” becomes so small that outer parts of side edges of the clad layers
are physically separated from the three-layers strip (Figure 5 – sample 5.2x100 mm).

The ratio of thickness of the total clad
layers and total strip thickness

The third reason is related to a reduction of thickness of the individual layers with the
reduction of total strip thickness. Except plastic deformation carried out with the aim of
achieving required strip dimensions reducing of clad layers thickness is result of two
degradation processes occurred during processing of the strip. The first factor, which does
not have a strong effect, is an oxidation at elevated rolling and annealing temperature (Figure
8). Another factor that has a much more pronounced influence is an action of acid when
removing the oxide film after the recrystallization of the strip. Recrystallization annealing of
the strip were performed after hot rolling (before cold rolling) and after finished cold rolling.
As shown in Figure 8, the ratio of the sum of the thickness of the upper and lower coated
layers to the overall thickness of the strip do not change significantly during the hot
deformation. But this is not the case at removing of the surface oxide scale by sulfuric acid
when a loss of clad thickness is bigger.

Total thickness of the strip (mm)

Figure 8. Diagram of the ratio of the total thickness of CuZn10 layers and the
total thickness of the three-layer strip for different strips thicknesses

As a result of uneven plastic deformation, forming of dead zone, difference in plasticity and
resistance to deformation of steel and CuZn10 layers and forming of “ridges” the thickness of
steel layer and also clad layers is not uniform throughout the samples width. Results of
measuring of the distances Ls from the side edges (barrels) of the strip to the location from
which the clad layer thickness becomes uniform on both side of the rolled strip is presented in

Length of the part of CuZn10 layers
with reduced thickness, Ls (mm)

Table 4. The same results are presented on Figure 9. The length Ls continuously increases
with the decreasing of the hot rolled strip thickness while the height of the strip does not
achieve values of 15 mm, after which the length Ls decreases to the end of the hot rolling
(strip thickness of 2.33 mm). On thicker strips it was determined only reduction of the
CuZn10 layer thickness alongside edges of the strip, while on strips with smaller thicknesses,
the absence of clad layers on both faces of the strip was observed. The length Ls includes one
or both imperfections alongside edges of the strip. The length Ls is significantly reduced with
a reduction the strip thickness so it becomes the smallest after cold rolling. This is results of
the fact that with a reduction of the strip thickness the aggravated deformation zone takes up
more and more of the volume of the rolled bar. In any case, because of a necessity to produce
the strips with uniform thickness of clad layer it is necessary that the width of the rolled strips
is sufficiently larger than the width of the strip to be delivered after longitudinal slitting of
side edges by the circular knives, at least for the length Ls.

Total thickness of the strip (mm)

Figure 9. Dependence of the length of the clad layers part with reduced thickness
(Ls) and the thickness of rolled strip

5. CONCLUSIONS
The basic reason for obtaining unequal widths of clad layers and base central steel layer is
related to uneven plastic deformation which is caused by friction forces that prevent free
lateral flow of surface layers contacting the rolls. Uneven plastic deformation and occurrence
of the aggravated deformation zone cause forming of “ridges” alongside the edges of steel
layer because of which the side edges of clad layers forcibly spread on these “ridges”. By
significant thickness reducing of clad layers on these “ridges” the side edges of clad layers
separate from the strip. Also forming of the aggravated deformation zone causes the
occurrence of unequal thickness height of all layers throughout the samples width. Since the
resistance to deformation of the clad layers (CuZn10) is lower than the resistance of central
steel layer (DC04) along side edges of the strip the thickness of steel layer becomes higher
while the thickness of clad layers becomes smaller. Taking into account these facts and then
barrelling of the middle steel layer, general reduction of the strip thickness and the thickness
of its individual layers with increasing of amount of plastic deformation and physical loss of
the clad layers thickness because of elevate temperature oxidation and treatment of the strip
in sulphuric acid the width of clad layers is smaller than width of the steel layer. Therefore,
the width of the strip after rolling has to be bigger than width of delivering strip for Ls length
to ensure uniform thickness of clad layer after longitudinal slitting of side edges of the strip
by the circular knives.
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ABSTRACT
The great development of the industry has caused the need for systematization in the classification of
raw materials and finished products. For this reason, all industrialized countries have their own
standards, so called national standards or norms for production and delivery. With the unification of
European countries, and also for the import and export of products and raw materials, the so calledEuropean standard or EN (euro norm) took the primacy. Thus, the designation of steel according to
the EN standard has been taken into consideration, and as a standard for designation of steel and
therefore steel casting in our country, the designation according to EN standards has been taken over
by some of the methods of takeover. Thus, the European standards with the prefix BAS become
Bosnian standards.
Standards for designation of steel and steel products are basic for metallurgy and metal industry and
are very often in B&H they are translated versions of European standards.
However, any change or revision of the European standard requires the same for the BAS standards,
and in this paper will be presented the latest changes to the EN and BAS standards related to the
"Designation system for steels", i.e. changes will be shown for the basic standards, respectively EN
10027-1 and 10027-2 or BAS EN 10027-1 and BAS EN 10027-2.

1. INTRODUCTION
Standard is a general and reusable document, adopted by consensus and approved by a
recognized body, containing the rules, guidelines or characteristics of the activity or its
results and aimed at achieving the optimum degree of regulation in a given area [1].
The B&H standard BAS can be prepared on the basis of, or accepting, in full an international
standard, a European standard or other documents in the field of standardization.
Bosnia and Herzegovina, as a state, has accepted the EN standards in its entirety (from cover
to cover), and the letter designation of the Bosnian-Herzegovinian standards indicates (that
BAS EN).
Until 2007, Bosnia and Herzegovina, for the designation of steel and steel casting, existed the
so-called steel marking system, which included 2 standards and one report [2]:
- Standard BAS EN 10027-1: 2001 (Designation systems for steel - Part 1: Steel names,
principal symbols) that is identical to standard EN 10027-1: 1992,
- Standard BAS EN 10027-2: 2001 (Designation systems for steels - Part 2: Steel numbers)
which is identical to EN 10027-2: 1992 and

-

Signature BAS CR 10260: 2001 (Designation Systems for steel - Additional Symbols)
identical to CR 10260: 1998.
Standards BAS EN 10027 - 1 and BAS EN 10027 – 2 are translation of the English version of
the European standard and have the status of the Bosnian-Herzegovinian standard.
Report BAS CR 10260:1998 is a translation of the English version of the CEN (European
Committee for Standardization) report CR 10260:1998 and has the status of the BosnianHerzegovinian report.
So the two parts of the EN 10027 standard with the CR 10260 report represent a complete
steel designation system according to European standards, and if required by the national
CEN standards, which if they wish to submit a request for that.
However, at certain time intervals, all these standards are changing or supplementing, and the
new editions of European standards are adopted by our country through the Technical
Committee BAS/TC4, and through the publication of new versions of the standard adopts the
resulting changes as well as new versions of standards. Thus, in 2005, as a result of changes,
the EN 10027-1 came out, which also included the report CR 10260, which supplement was a
for EN 10027-1 and EN 10027-2. It contained additional symbols along with the principal
symbols of the steel designation according to EN 10027-1 and certain additional symbols
with the numbered steel designation according to EN10027-2, thus providing a fully
abbreviated marking of steel or steel products.
This standard was adopted as a Bosnian-Herzegovinian standard, BAS EN 10027-1:2007 in
2007, and published without translation.
2. STANDARDS FOR DESIGNATION OF STEEL AND STEEL CASTING
2.1. New edition of EN 10027-2
This European standard specifies the numbering system of designation, specify the numbers
of steel, and for marking the quality of steel. It refers to the structure of the numbering of the
steel and the organization for its registration, allocation and advertising. Such steel numbers
are complementary to steel names set out in EN 10027-1. This European standard applies to
steels specified in European standards. The application is optional for national steels and own
steels [3]. Although the area of application of the system is limited to steel, it is structured in
the way to be capable of being expanded and include other industrially produced materials.
New version of standard EN 10027-2: Designation systems for steels - Part 2: Steel numbers
are in the form of a pre-draft (pn BAS EN 10027-2: 2016) discussed at the BAS/TC4
Technical Committee at the end of 2016, and changes in the relationship on BAS EN 100272: 2001. The new version of the Bosnian standard is identical to the European standard EN
10027-2: 2015 (it replaces standard EN 10027-2: 1992) and has the mark BAS EN 10027-2:
2017 and was published on May 4, 2017.
Changes that relate to the previous version of the standard are not large and refer to the
following [4]:
- The text under item 4.3 was changed. (4 Principles) with the most important difference
that the revised steel sheet is published on the Internet and that the steel numbers deleted
in accordance with the procedure must not be re-assigned to future new steel grades, with
the note that deleted steel can be received from the European Registration Office.
- The steel numbers presented in accordance with this system has a fixed number of marks
(Chapter 5). They are more acceptable for data processing than the steel marks given in
accordance with EN 10027-1. The Technical Committee of the ECISS (European
Committee for Standardization of Iron and Steel) is responsible for the allocation of steel

numerical marks specified in European standards (A.6 to A.9). Competent national
authorities are responsible for national steel types.
- Changes related to item number 5 are: for the allocating new steel numbers with a 4 digit
sequential number it shall be ensured that the 1st two digits of the sequential number are
completely field (e.g. 1.xx99) before allocating the last two digits of the sequential
number (e.g. 1.xx9901).
Other changes in the new standard are more linguistic. The standard was published on April
5, 2017, following the usual procedure as a Bosnian-Herzegovinian, as BAS EN 10027-2:
2016 [2].
2.2.

Standard BAS EN 10027-1 and new edition of EN 10027-1

After revision of the standard EN 10027-2, which is the second part of the European standard
"Designation systems for steel", which is the first part of standard EN 10027-1 "Designation
system for steel-Part1: Steel names, principal symbols, which is also revised, in B&H is the
audit phase to be completed by end of 2017.
This standard, i.e. EN 10027-1: 1992 published as a Bosnian standard BAS EN 10027-1:
2001 was included in the audit in 2005 together with the report CR 10260: 1988, i.e.
Bosnian-Herzegovinian Report BAS CR 10260: 2001, (Designation systems for steel Additional Symbols), which previously been separated as the Report, and was published as
BAS EN 10027-1: 2007.
The previous translated version of the standard BAS EN 10027-1: 2001 consisted of seven
points (items). This part of the European standard provides rules for designation of steel
using letters and numbers symbols in relation to application and main characteristics, e.g.
mechanical, physical, chemical characteristics which ensures the shortened identification of
steel. In order to avoid ambiguity, it is necessary to supplement the main symbols established
by this European standard with additional symbols, which identify additional characteristics
of steel or steel products, e.g. suitability for use at high or low temperatures, state of the
surface, state of treatment, de-oxidation. These additional symbols are covered by circular
information (IC 101). The standard consisted of 7 points and Item 7. (Standards BAS EN
10027-1: 2001) is the most extensive and includes the following [4]:
- The initial symbol for steel castings (G),
- Steels designated according to their application and mechanical or physical properties
(group 1),
- Steels designated according to chemical composition (group 2), which includes 4
subgroups: Non-alloy steels (except free- cutting steels) with an average content of
manganese < 1%; Non-alloy steels with an average content of manganese ≥1%, Nonalloy free-cutting steels and alloy steels (except high speed steels) where the content, by
weight, of every alloying element is < 5%; Alloyed steels (except high speed) where the
content, by weight, of at least one alloying element is ≥ 5%; Alloy steels (except high
speed steels) where the content by weight of least one alloying element is ≥ 5% and High
speed steels.
- Standard, i.e. Report BAS CR 10260: 2001 consisted of 6 points.
Item 6. (Additional symbols) is the most significant and consists of:
Sub-item 6.1. Steel names, may have additional symbols added in accordance with a points
6.3. and 6.4. (15 tables),
Sub-item 6.2. Steel numbers may have additional symbols added which shall be selected from
Tables 1, 2 and 3. These symbols shall be separated from the steel number by the plus sign
(+). (Tables 1, 2 and 3 are: Table 1: Symbols indicating special requirements; Table 2:
Symbols indicating type of coating; Table 3: Symbols indicating treatment condition),

Sub-item 6.3. Steels designated according to their application and mechanical or physical
properties,
Sub-item 6.4. Steels designated according to chemical composition.
After this edition, the second edition of the standard is followed in 2007 and the standard is
identical to the European standard EN 10027-1: 2005 and replace the standards BAS EN
10027-1: 2001 and BAS CR 10260: 2001. This European standard applies to the steel listed
in European Standards (EN), Technical Specifications (TS), Technical Reports (TR) and
national standards of CEN members. The rules, given in the standard can also be applied to
non-standardized steel [5].
2.2.1. Changes of the new edition of EN 10027-1
New edition of standard pn BAS EN 10027-1: 2017 Designation systems for steels - Part 1:
Steel names are identical to European standard EN 10027-1: 2016. This standard replaces
standard BAS EN10027-1: 2007.
This new standard is more extensive than the previous standard BAS EN 10027-1: 2001
because was haw mention before, it incorporates the previous standard BAS EN 10027-1 and
the report BAS CR 10260, and there are no major changes compared to BAS EN 10027-1:
2007 (English version).
The European version of EN10027-1: 2016 consists of 7 points and 18 tables. The first three
points represent the usual allegations for standards, and the other points include the following
[6]:
Item 4. Principles, consist of the following subheading: A unique steel name; Formulation of
steel names; Allocation of steel names; Consultation;
Item 5. Reference to product standards;
Item 6. Classification of steel names;
Item 7. Structure of steel names includes 4 sub-items:
7.1. Principal symbols,
7.2. Additional symbols,
7.3. Steel designated according to their application and mechanical or physical properties and
7.4. Steels designated according to chemical composition.
Sub-item 7.1. Principal symbols are assigned to the steel according to Sub-items 7.3 and 7.4.
and if it is a steel sheet, its marking as indicated in Tables 1 to 15 is preceded by the letter G
and when the steel is produced by powder metallurgy, its mark is preceded by the letter PM
(Tables 14 and 15).
Sub-item 7.2. Additional symbols may be added to the principal symbols in accordance with
sub-clauses 7.3. and 7.4.and they are divided into two groups (group 1 and group 2, which is
used only in combination with group 1). Further additional symbols for steel products must
be accompanied by additional symbols of group 1 and group 2 and shall be selected in
accordance with sub-items 7.3 and 7.4. (Tables 16, 17 and 18) and are separated from the
previous symbol by the plus sign (+).
Sub-item 7.3. the marking of steel according to this paragraph must be carried out in
accordance with from Table 1 to Table 11 [Structural steels, Steels for pressure purposes,
Steels for line pipes, Steels for engineering, Steels for reinforced concrete, Steels for
prestressing concrete, Steels for or in the form of a rails, Flat products for cold forming

(except those in Table 9), High strength steel flat products for cold forming, Tin mill products
(steel products for packing), Electrical steels],
Sub-item 7.4. where designation of steel according to their chemical composition shall be
made in accordance with the tables from Table 12 to Table 15. [Non-alloy steels (except free
cutting steels) with an average content of Mn < 1%; Non-alloy steels with an average content
of Mn ≥ 1%; Non-alloy free-cutting steels and alloy steels (except high speed steels) where
the content, by weight, of every average alloying element < 5%; Stainless steels and other
alloyed steels (except high speed steels) where the average content by weight of at least one
alloying element is ≥ 5%; High speed steels]. The new edition of the Bosnian-Herzegovinian
Standard BAS EN 10027-1: 2018 is the translated version of standard EN 10027-1: 2016.
Examples of the designation of some steel according to EN 10027-1: 2016 are given in Table
1.
Table 1. Steel marks according to standards [6]

Steel

Standard

Steel name according to EN 10027-1

Structural steels

EN 100025-2

S235JR; S355J2; S355K2

Steels for engineering

EN 10296-1

E355K2

Electrical steels

EN 10106

M400-50A

High speed steels

EN ISO 4957

HS2-9-1-8; HS6-5-2; HS6-5-2C

3. CONCLUSIONS
Standards revisions take place over certain periods of time and when it is needed in shorter
time intervals, i.e. when a change is important and requires quick adoption. The standards for
marking steel and steel casting are the basic standards related to the metallurgy and metal
industry.
Their alignment and application enable business, data exchange and, most important, mutual
understanding between the contracting authority and the manufacturer. Knowing the
designation of steel and steel casting gives complete insight into the type and class, and often
the state of delivery and the mode of production. In addition, the mark also gives an insight
into what characteristics steel or steel casting should possess and what it is intended for.
All changes in labeling are regulated by standards, and our country has committed itself to
monitoring and adopting these changes through its standardization bodies. These two
standards, i.e. BAS EN 10027-1 and BAS EN 10027-2 got new editions by downloading and
translation versions of European standards.
4. LITERATURE
1 Zakon o Standardizaciji Bosne i Hercegovine,
www.bas.gov.ba/images/upload/pdf/institut/zakoni/zakon o_standardizaciji_bs.pdf [20.12. 2017.],
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ABSTRACT
Austempered Ductile Iron (ADI) is obtained by exactly controlled heat treatment process of nodular
cast iron. Ductile iron samples are first austenitised to dissolve carbon, then quenched rapidly to the
austempering temperature to avoid the formation of deleterious pearlite or martensite. Resulting
ausferrite microstructure consists of acicular ferrite embedded in stabile retained austenite. A new
microstructure results with capability superior to many traditional, high performance, ferrous and
aluminum alloys. Influence of heating rate on stability during working life of ADI casting, using
thermal analysis (DTA), is presented in this paper.

1. INTRODUCTION
Austempering is a heat treatment process that is applied to ferrous metals (especially for steel
and different types of iron castings). In case of steel it results in a bainite microstructure
whereas in cast irons it produces an ausferrite microstructure (acicular ferrite and high
carbon, stabilized austenite). This type of heat treatment is primarily used to improve
mechanical properties or reduce/eliminate distortion. It is developed in 1930`s by Edgar C.
Bain and Edmund S. Davenport. At the beginning it was usually applied to steel products [1,
2]. Ductile iron or spheroid graphite iron was developed during 1940s. Ductile iron with its
unique graphite morphology is a material that has hardness, tensile and impact properties
sufficient for many different application (vehicle and agriculture industry, mining, pipes,
etc.). In the second half of the twentieth century the austempering process began to be applied
commercially to cast irons. Austempered Ductile Iron (ADI) was first commercialized in the
early 1970s but serious research in field of ADI application was carried out at the end of 20th
and beginning of the 21st century [3].
The most notable difference between austempering and conventional quench and tempering
is that it involves holding the workpiece at the quenching temperature for an extended period

of time. The basic steps are the same whether applied to cast iron or steel and are as follows,
[4]:





Heating to an austenitizing temperature,
Quenching rapidly to a temperature above martensite start (austempering temperature),
Holding at a selected austempering temperature for a time sufficient to transform the
austenite to ausferrite,
Cooling at the air to the room temperature.

2. EXPERIMENTAL PART
The study objective was to determine the microstructure stability under elevated temperature
conditions of Austempered Ductile Irons. Questions have been raised as to how ADI will
change its microstructure after being exposed to elevated temperatures and on which
temperature range the microstructure change is going to happen. For elevated temperature
investigation thermal analysis method is used (DTA).
2.1. Material selection
Chemical composition of the initial Ductile iron is given in the table 1. Microstructure of the
initial Ductile iron used for ADI production is presented in Figures 1 and 2.
Table 1. Chemical composition of the base material

Composition C
%
3.29

Si
2.53

Mn
0.31

S
0.013

P
0.015

Mg
0.031

Ni
0.81

Figure 1. Microstructure of the Ductile Iron (after polishing), 100X

Figure 2. Microstructure of the Ductile Iron (3% Nital etched), 100X

Cu
0.51

Initial material was heat treated in a commercial heat treat furnaces. Austenitizing was
completed at an 870 °C in the air atmosphere for the ADI samples. Austempering was done
in a potassium nitrate salt bath. The temperature of the salt bath was 300 °C. Austenitization
time was 80 minutes and austempering time was 90 minutes. The heat treat cycle for
production of ADI samples is presented on Diagram 1.

Diagram 1. Heat treatment cycle for production of ADI samples

The microstructure ADI sample is shown in Figure 3. Microstructure consists of well-formed
graphite nodules in ausferrite matrix.

Figure 3. Microstructure of ADI sample, (3% Nital etched), 200x

2.2. Differential thermal analysis
Differential thermal analysis (or DTA) is a thermoanalytical technique that is similar to
differential scanning calorimetry. In DTA, the material under study and an inert reference are
made to undergo identical thermal cycles, (i.e., same cooling or heating programme) while
recording any temperature difference between sample and reference. This differential
temperature is then plotted against time, or against temperature (DTA curve, or thermogram).
Changes in the sample, either exothermic or endothermic, can be detected relative to the inert
reference. Thus, a DTA curve provides data on the transformations that have occurred. DTA
may be defined formally as a technique for recording the difference in temperature between a
substance and a reference material against either time or temperature as the two specimens
are subjected to identical temperature regimes in an environment heated or cooled at a
controlled rate, [5]. For the purpose of the investigation for this paper preparation three
different heating rate during DTA testing were applied, 2K/min, 5K/min and 10K/min,
respectively.

3. RESULTS
DTA diagrams of the ADI samples investigation are presented in Figures 4, 5, 6 and 7. DTA
analysis was carried out using STA 409DC equipment.

Figure 4. DTA analysis curve, (Heating rate 2K/min)

Figure 5. DTA analysis curve, (Heating rate 5K/min)

Figure 6. DTA analysis curve, (Heating rate 10K/min)

Figure 7. DTA Analysis curves (Heating rate: 2K/min, 5K/min and 10K/min)

4. CONCLUSIONS




During the heating of the ADI samples ausferrite is stable in temperature region between
room temperature and 400 °C.
Analyzing diagrams at the Figures 4-7 is easy to see that transformation (decomposition)
of the initial ausferrite microstructure happed in the temperature region above 400 °C.
Comparing temperature values of the existing peaks on the diagrams from Figure 7 can be
seen that increasing the heating rate increases temperature interval of the ausferrite
decomposition.
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ABSTRACT
Mechanical properties of the ductile iron strongly depend on its microstructure. Different
microstructural constituents result in different values of mechanical and ductile properties of ductile
iron castings. One of the possibilities to design (define) microstructure of ductile iron castings is an
application of different heat treatment processes. In this paper it is presented the influence of different
heat treatment processes on final microstructure and properties of ductile iron samples.

1. INTRODUCTION
Ductile iron is a group of ferrous materials among the cast iron family containing nodular
shape graphite particles, which is also known under the names of nodular iron or spheroidal
graphite (S.G.) iron. Ductile iron has some superior properties such as high strength, good
castability, good machinability, high toughness and low cost. It obtains its good properties by
means of its specific chemical composition, matrix and nodular graphite. Depending on the
matrix microstructure, ductility and tensile strength of Ductile iron can raise up to 18% and
1500 MPa, respectively. These good properties have made Ductile iron a strong candidate for
a vast range of the applications such as these in constructive and automotive industries.
Ductile iron is a ternary Fe-C-Si alloy with a typical C and Si content of 3.5-3.9% and 1.82.8%, respectively. During the solidification, the carbon in excess of its solubility in solid
iron forms graphite. Nodular graphite can be produced by small addition of magnesium or
rare earth elements to the cast iron during melt treatment. The big advantage of nodular
graphite is its round edges (despite the sharp edges of lamellar graphite) that not only reduces
the risk of crack initiation, but also acts as a crack arrester and increases crack propagation

resistance; thus, it promotes higher toughness, fatigue resistance and impact resistance [1, 2,
3, 4].
The final microstructure of Ductile iron highly depends on solidification conditions, chemical
composition and casting method. The majority of Ductile iron castings are produced as one of
the following types:
FERRITIC DUCTILE IRON - Graphite spheroids in a matrix of ferrite which is basically
pure iron. High impact resistance. Relatively good thermal conductivity. High magnetic
permeability. Low hysteresis loss. In some exposures, good corrosion resistance. Good
machinability
PEARLITIC-FERRITIC DUCTILE IRON - Graphite spheroids in a mixed matrix of ferrite
and pearlite. This is the most common grade of Ductile iron. Properties are between those
with “fully ferritic” or “fully pearlitic” structures. Good machinability. Usually the least
expensive Ductile iron.
PEARLITIC DUCTILE IRON - Graphite spheroids in a matrix of pearlite. Pearlite is a fine
aggregate of ferrite and cementite (Fe₃C). Relatively hard. Moderate ductility. High strength.
Good wear resistance. Moderate impact resistance. Somewhat reduced thermal conductivity.
Low magnetic permeability. High hysteresis loss. Good machinability.
MARTENSITIC DUCTILE IRON (Q&T) - In the “as-cast” condition the alloy is hard and
brittle, and seldom used. However, tempered martensite has very high strength and wear
resistance.
AUSTENITIC DUCTILE IRON They are never chosen for strength alone. The outstanding
features are good corrosion and oxidation resistance, magnetic properties, strength and
dimensional stability at elevated temperatures. (Also known as Ductile Ni-Resist).
AUSTEMPERED DUCTILE IRON (ADI) This is the most recent addition to the Ductile iron
family and represents a new group of Ductile irons, offering the design engineer a remarkable
combination of strength, toughness and wear resistance. ADI is almost double strong as the
regular ASTM grades of Ductile iron, whilst still retaining high elongation and toughness
characteristics. In addition, ADI offers exceptional wear resistance and fatigue strength, thus
enabling designers to reduce component weight and costs for equivalent, or improved
performance. The remarkable properties of ADI are developed by a closely controlled heat
treatment operation (austempering) which develops a unique matrix structure of needle
shaped ferrite (60%) and retained (high carbon) austenite.
The properties of Ductile iron highly depend on the type of matrix phase, alloying elements
and amount and shape of a graphite. Increasing the amount of ferrite in the matrix leads to
higher ductility but lower strength. In contrast, higher pearlite content causes more strength
and lower ductility. In order to minimize the amount of pearlite in Ductile iron, pearlite
promoting elements (e.g. Cu, Mn, Sn, Cr) should be minimized and ferrite promoting
elements (e.g. Si) should be increased. General shape of the graphite particles (nodularity),
the number of nodules per unit area (nodule count) and the overall graphite volume can affect
the mechanical properties. In general, higher nodularity results in higher ductility and
strength. The amount and type of alloying elements can affect the mechanical properties by
changing the matrix phase, nodularity and nodules counts. In addition, the alloying elements

can change the properties e.g. by solid solution hardening, changing the interlamellar space of
pearlite and stabilizing austenite at low temperatures [2, 3, 4, 5].
One reason for the phenomenal growth in the use of Ductile iron castings is the high ratio of
performance to cost that they offer to the designer and end user. This high value results from
many factors, one of which is the control of microstructure and properties that can be
achieved in the as-cast condition, enabling a high percentage of ferritic and pearlitic Ductile
iron castings to be produced without the extra cost of heat treatment. To obtain the advantage
of producing high quality castings as-cast, requires the use of consistent charge materials and
the implementation of consistent and effective practices regarding the melting, holding,
treating, inoculation and cooling in the mold. By following these practices, especially the use
of high purity charges and good inoculation, castings can be produced as-cast essentially free
of carbides.
However heat treatment is a valuable and versatile tool for extending both the consistency
and range of properties of Ductile iron castings, beyond the limits of those produced in the
as-cast condition. Thus, to fully utilize the potential of Ductile iron castings, the designer
should be aware of the wide range of heat treatments available for Ductile irons, and its
response to these heat treatments [5].

2. EXPERIMENTAL PART
2.1. Material for investigation
Idea for the experimental part of this paper is to explaine the influence of different heat
treatments on microstructure and mechanical properties of a Ductile iron. Three different heat
treatment processes were applayed (Annealing-Ferritizing, Normalization, and
Austempering). Initial material was non-alloyed Ductile iron with perlitic-ferritic
microstructure. Chemical composition of the Ductile iron used in this experiment was C: 3.29
wt.%, Mn: 0.31%, Si: 2.53%, P: 0.015%, S: 0.013%, Cr: 0.053%, Ni: 0.81%, Cu: 0.51%, Mg:
0.031%, Mo: 0.002%, Ti: 0.004%, Sn: 0.006%, V: 0.003%, W: 0.004%. Microstructure of
the base material is presented at the Figures 1 and 2. Average value of tensile strength of the
initial material was 696 MPa and hardness of 251HB.

Figure 1. Microstructure of the initial Ductile iron (as polished), 200x

Figure 2. Microstructure of the initial Ductile iron (as etched), 200x

2.2. Sample preparation
Samples for tensile test were cut in as cast condition. Set of three samples were prepared for
the a.m. types of heat treatment and set of three samples for as cast material testing. In total
twelve samples were prepared for complete investigation. Samples were prepared according
to the standard BAS EN 10059-1/98 (Figure 3) [6].

Figure 3. Tensile test sample

2.3. Heat treatment of the samples
Nine samples were subjected to different heat treatment processes. All nine samples were put
into the induction furnace at a room temperature and heated up together with the furnace.
After reaching 870 °C, the tepereature was held for 80 minutes. After 80 minutes of
austenitization of the samples, three of them were removed from the furnace and left to cool
to room temperature at the air, another three samples were transfered to another furnace with
the liquid KNO3 salt and held for another 90 minutes for tempering at temperature of 300 °C
and after that cooling at the air to room temperature. The remaining three samples were left at
the induction furnace to cool down to temperature of 720 °C and held at that temperature for
another 120 minutes, and at the end cooled in the furnace to a room temperature. Heat
treatment parameters for all nine samples are presented in the diagram on Figure 4.

Figure 4. Heat treatment parameters

3. RESULTS AND DISCCUSSION
3.1. Mechanical properties and metalography investigation
After heat treatment all samples were cleaned up and subjected to the mechanical properties
investigation, according to the standard BAS EN 100002:2002. Metallography samples were
cut from the samples after investigation of mechanical properties [7].
Feritization (Annealing) heat treatment
Mechanical properties after annealing heat treatment are presented in Table 1.
Table 1. Mechanical properties after annealing heat treatment

Sample
number

Tensile strength,
Rm, [MPa]

Condition

1
2
3

453
453
(Ferritization) 451

Average Tensile
strength, Rm,
[MPa]

Hardness

452

182

HB

Annealed

Microstructure of the Ductile iron samples after feritization (annealing) is presented at the
Figure 5.

Figure 5. Microstructure of the Ductile iron samples after annealing, 200x

Analyzyng the microstructure of the samples at the Figure 5, can be concluded that metalic
matrix is predominantly ferritic with very smal portion of pearlite. Heat treatment proces was
successful and according to the mechanical properties (Table 1), material can be classified as
ferritic grade of Ductile iron.
Normalizing heat treatment
Mechanical properties after normalizing heat treatment are presented at the Table 2.
Table 2. Mechanical properties after normalizing heat treatment

Sample
number

Condition

Tensile strength,
Rm, [MPa]

1
2
3

804
Normalized 838
892

Average Tensile
strength, Rm,
[MPa]

Hardness

845

555

HV10

Microstructure of Ductile iron samples after normalizing heat treatment is presented at the
Figure 6.

.
Figure 6. Microstructure of the Ductile iron samples after normalizing, 100x

Analyzyng the microstructure of the samples at the Figure 6, can be concluded that metalic
matrix is predominantly pearlitic with very smal portion of martensite. Heat treatment proces
was successful and according to the mechanical properties (Table 2), material can be
classified as pearlitic grade of Ductile iron. Presence of small portion of martensite for some
purposes is unwanted and heat treatment parameters have to be set, to avoid martensite in the
microstructure.

Austempering heat treatment
Mechanical properties after austempering heat treatment are presented at the Table 3.
Table 3. Mechanical properties after austempering heat treatment

Sample
number

Tensile strength,
Rm, [MPa]

Condition

1
2
3

1484
Austempered 1443
1442

Average Tensile
strength, Rm,
[MPa]

Hardness

1456

464

HV10

Microstructure of the Ductile iron samples after austempering heat treatment is presented at
the Figure 7.

.
Figure 7. Microstructure of the Ductile iron samples after austempering, 100x

Analizyng the microstructure of the samples at the Figure 7, can be concluded that metalic
matrix is fully ausferritic (acciculare ferrite and stable austenite). Heat treatment proces was
succsesful and according to the mechanical properties (Table 3), material can be classified as
ADI grade of Ductile iron.
4. CONCLUSIONS




Setting different heat treatment parameters it is possible to design desired microstructure
and final properties of the Ductile iron.
Changing microstructure of the Ductile iron changes mechanical and ductile properties
considerably.
Comparing the results from the Tables 1 and 3 (annealed and austempered samples) is
noticeable that tensile strength is increased for more than 300%, bearing in mind that it is
the same starting material.
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SUMMARY
This paper is concerned with carburization heat treatment. Standard carburization generally entails
several steps: carburization of the surface layer by carbon diffusion at high temperatures, subsequent
hardening and stress relief. This combination of hard surface and resistance to breakage upon impact
is useful in parts such as a cam or ring gear, bearings or shafts, turbine applications, and automotive
components that must have a very hard surface to resist wear, along with a tough interior to resist the
impact that occurs during operation. This paper present carburization in solid done on two low
alloyed steels: 17CrNiMo6 and 20CrMo5 and their properties obtained after carburization.

1. INTRODUCTION
Hardening is a process that includes a wide variety of techniques is used to improve the wear
resistance of parts without affecting the softer, tough interior of the part. This combination of
hard surface and resistance to breakage upon impact is useful in the parts such as the cams or
ring gears, bearings or shafts, turbine applications, and automotive components that must
have a very hard surface to resist wear, along with a tough interior to resist the impact that
occurs during operation. Most surface treatments result in compressive residual stresses at the
surface that reduce the probability of crack initiation and help arrest crack propagation at the
case-core interface. Further, the surface hardening of steel can have an advantage over
through hardening because less expensive low-carbon and medium carbon steels can be
surface hardened with minimal problems of distortion and cracking associated with the
through hardening of thick sections.

2. THERMOCHEMICAL TREATMENT
Thermochemical treatment of the steel is a treatment which is performed as combination
thermal and chemical activities with the aim of partial change of the chemical composition,
microstructure and properties of the surface layer.
This heat treatment results in microstructural changes based on the changes in the chemical
composition surface layer by absorption and diffusion of the elements like C, N, B, Cr, Al,
W, Si, etc.
Thermochemical processing is performed by heating parts in solid, liquid or gaseous medium,
enriching the surface layer with elements such as C, N, B, Cr, Al, W, Si and others by
diffusion of their atoms from the outside environment. The process of thermo-chemical
treatment consists from: formation of active atoms of the elements near the surface or directly
to the metal surface; contacting the atoms of the diffusing elements with the surface and
dissolving them in the grid of a metal (absorption); diffusion of absorbed atomic elements
into the depth of a metal.
Depending on the elements that diffuse in the surface layer, there are next processes
thermochemical treatment, namely:
- carburizing - carbon enrichment;
- nitriding – enrichment by nitrogen;
- carbonitriding (cyanization) - carbon and nitrogen enrichment;
- diffusion metallization – enrichment steel surface with elements, mostly metallic:
- chromizing - enrichment with chromium;
- siliconizing – enrichment with silicon;
- aluminizing - enrichment with aluminum [1].
Difference between treatment enrichment with non-metallic and metallic elements is: nonmetallic elements form interstitial solid solution with iron, and metallic elements form
supstitutial solid solution.
Thermochemical treatment is always run at elevated temperature, because the process of
diffusion is accordingly faster.
Thermochemical treatment has to achieve some advantages:
a) increase in hardness in the surface layer,
b) increase wear resistance,
c) increase dynamical strength,
d) increase resistance to oxidation at elevated temperature,
e) increase resistance to corrosion.
3. CARBURIZING OF STEELS
Carburizing is a thermochemical process in which surface layers of steel are enriched by
carbon. The final properties of the carburizing parts are obtained only after quenching and
tempering. The aim of carburizing is to obtain high surface hardness, high wear resistance
and toughness of core. High surface hardness and high wear resistance are achieved by
enriching the surface layer with carbon up to the eutectoid or hypereutectoid concentration
and quenching. High toughness of core is achieved using steel with low content of carbon
(0,10 to 0,25%). That means that because of low stability of austenite, they have low
hardenability, and after quenching kept good core toughness [1].
There are three ways of carburizing:

Carburizing

in solid (charcoal+ Na2CO3 (BaCO3))
in liquid (Na2CO3 + NaCl)
in gases (natural gas; methane-butane mixture)

Carburizing is carried out at temperatures above the point AC3 or 850-950 °C when austenite
can to disperse the highest percentage of carbon (up to 2% C), Fig. 1.
o

in gas - 940-950 C
o
in liquid - 860-890 C
o
in solid - 900-950 C

Ac3
Temperature (oC)

Ac1(727oC)
o

500 C

Time (s)

Figure 1. Diagram of thermochemical treatment in various environments [1]

3.1. Carburizing in solid
Steel parts have to be placed in the metallic box with coal rich of carbon, the top end of box
was well-closed using mixture of clay, water glass and NaCl. Boxes are made of low-carbon
steel, gray iron or heat resistance steel. In the reciprocal effect of the oxygen from the air that
is left between the coal granules, with carbon from charcoal, CO is formed (eq. 1). Since the
oxygen is the lack in the atmosphere, does not produce CO2.
2Ccoal  O2  2CO

2CO  CO2  C

… (1)

The carbon got on this way is free and penetrate into the steel surface and increases
concentration of carbon in surface layer of certain thickness. CO2 generated during treatment
reacts continuously with carbon from coal and generate new amounts of CO necessary for
formation of carbon which is able to be absorbed in steel surface.
Steel parts in boxes are placed in furnace at the temperature 600-700 °C and heated to
carburization temperature (900-950 °C). Holding time at this temperature depends on the
required depth of carburization layer. In accordance to literature [1], for achieving a layer
thickness of 0.1 mm, it is necessary to hold it for 1 hour.
Relation of time and temperature to carbon penetration (diffusion) is shown at Figure 2.

Depth of carburization layer, mm

3,556
3,048

955 OC
925 OC

2,540

O

900 C
2,032

O

870 C
840 OC

1,530
1,016
0,508
0
0

4

8

12

16

20

24

28

Carburizing time (hours)

Figure 2. Relation of time and temperature to carbon penetration 2

Depth of carburized layer is higher if temperature is higher and process time is longer.
Influence of the alloying elements on depth of carburizing layer is presented at Figure 3. The
alloying elements tend to be formed as carbides (Cr, W, Mo and Mn), and show little
influence on the increase in the depth of layer while Ni and Si reduce the depth of
cementation.

Figure 3. Influence of alloying elements on depth of carburizing layer [1]

4. EXPERIMENTAL PART

Procedures of carburization were done at Metallographic laboratory of Institute “Kemal
Kapetanović” - Zenica and BNT - Novi Travnik [3].

4. 1. Data of materials
Chemical composition of steel 17CrNiMo6 in accordance to literature [4] and steel 20CrMo5
which is not standardized [5] is presented in Table 1.
Table 1. Chemical composition
Material
17CrNiMo6
WN. 1.6587
20CrMo5
WN. 1.7264

C
0.150.21
0.180.23

Si
≤ 0.40
0.150.35

Content of element, (%)
Mn
P
S
0.50≤ 0.035 ≤ 0.035
0.90
0.90≤ 0.035 ≤ 0.035
1.20

Cr
1.501.80
1.101.40

Ni
1.401.70
---

Mo
0.250.35
0.200.30

Steel grade 17CrNiMo6 was registered as a grade in 1991 and is therefore one of the most
contemporary grades in the alloy bar market. It is characterized by high case hardness and
depth combined with excellent core strength. Recently the grade has been developed further
by slightly increasing Carbon and Manganese content and this led to the new designation

18CrNiMo7-6, which is the current official designation for this steel under Euronorm EN
10084, which supersedes DIN17210 [3, 4].
Heat treatment of steel 17CrNiMo6 in accordance to standard BAS EN 10084:2009 [6] and
steel and 20CrMo5 which is not standardized [3, 5] is given in Table 2.
Table 2. Heat treatment
Treatment
Carburizing

Tempering

Material

Temperature range (°C)

17CrNiMo6

880-980

20CrMo5

840-880

17CrNiMo6

150-200

20CrMo5

150-180

Typical mechanical properties of steel 17CrNiMo6 in accordance to literature [3, 4] and steel
20CrMo5 in accordance to literature [5] achievable in the core section of various diameters
after carburizing, hardening and tempering, are given in Table 3.
Table 3. Mechanical properties
Yield strength (N/mm2)

Tensile strength (N/mm2)

Diameter
(mm)

17CrNiMo6

20CrMo5

17CrNiMo6

20CrMo5

11

Min 835

735

1180-1420

1080-1380

30

Min 785

685

1080-1320

980-1270

63

Min 685

540

980-1270

780-1080

These two steel have got applications:
- steel 17CrNiMo6 - for heavy and highly stressed gear parts in mechanical engineering
with high toughness requirements, such as gear wheels, plate wheels, drive pinions and
worm shafts,
- steel 20CrMo5 - for components in mechanical engineering and vehicle construction with
high core strength, such as gear wheels and drive bevel gears with high tooth root
strength.
4.2. Carburization of samples
The samples were put in the box and coated with coal rich of carbon; the top end of box was
closed, Figure 4.

cover

coal

box

Figure 4. Box with coal rich of carbon

For the sample of steel 17CrNiMo6 furnace was heated to temperature of 350 °C and the box
with sample was put in the furnace and after the temperature was reached the 900 °C the time
of heating counted about eight hours, and then got it out. After the sample was cooled on air,
it was put again in the furnace for tempering, Figure 5.

Figure 5. Diagram of performed heat treatment, 17CrNiMo6 [3]

For the sample of steel 20CrMo5 furnace was heated to temperature of 900 °C and box with
sample (top end of box covered with clay to prevent oxygen introduce) was put in the furnace
of heating time of sixteen hours. After time was reached the sample was cooled on air, and
then put in the other furnace at 850 ° C, holding 15 minutes and quenching in oil, Figure 6.
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Figure 6. Diagram of performed heat treatment, 20CrMo5 [3]

4.3. Metallographic testing
Following metallographic specimen preparation steps were done before metallographic tests:
Cutting: the sample was cut into metallographic specimen from the large sample that was be
carburized by cutting machine.
Mounting: sample after cutting mounted with plastic material by automatic pressing, and
heating device.
Grinding: the mechanical preparation after mounting was finished to remove the rough
layers from the surface of the sample by manual preparation.
Polishing: Polishing is the final mechanical preparation stage in obtaining a flat, scratch-free
surface for metallographic examination, which was done by the diamante suspensions, 9 
and 3.
Etching: for etching the 2% HNO3 (NITAL) was used, that is a suitable for low alloyed
steels.
Microstructural examination was performed using light (optical) microscope OLYMPUS
PMG3, bright field, magnification 100x and 500x.
Microstructures of steel 17CrNiMo6 at carburized surface region is given at Figure 7a) and
microstructure at core of sample is given at Figure 7b).

x 100

a) carburized surface
martensite and retained austenite

x100

b) core of sample
proeutectoid ferrite, pearlite, low carbon
martensite

Figure 7. Microstructure of the carburized sample of steel 17CrNiMo6

Microstructures of steel 20CrMo5 at carburized surface region is given at Figure 8a) and
microstructure at core of sample is given at Figure 8b).

x 500

a) carburized surface
martensite and retained austenite

x500

b) core of sample
proeutectoid ferrite, pearlite and bainite

Figure 8. Microstructure of the carburized sample of steel 20CrMo5

4.4. Measuring of depth of carburized layer
Applied heat treatment should be tested using the standard BAS EN ISO 2639:2004 [7] to
determine the depth of the carburized layer.
The case-hardening depth (CD) signifies the distance from the surface of a case hardened
work piece to the point, where the Vickers hardness is generally 550 HV1 [7].
4.4.1. Hardness Tests
For hardness measurement was used the device for hardness and microhardness testing
ZWICK and light microscope for measuring carburization depth. In accordance to BAS EN
ISO 2639:2004 was performed hardness measurement in two parallel lines. Hardness value
and depth of carburization layer of treated steels are given at Figure 9.

a) 17CrNiMo6

b) 20CrMo5

Figure 9. Hardness and depth of carburization layer of steel

5. ANALYSIS OF TEST RESULTS
Steel sample 17CrNiMo6 was treated in laboratory furnace at Institute „Kemal Kapetanović“
- Zenica, while the sample of 20CrMo5 steel was treated in industrial conditions at „BNT
Holding“ - Novi Travnik. The microstructure of the carburized layer in both samples is
martensite and retained austenite. In the core of steel sample 17CrNiMo6 revealed
microstructure of proeutectoid ferrite and low carbon martensite. In the core of steel sample

20CrMo5 proeutectoid ferrite, pearlite and bainite. Steel sample 17CrNiMo6 was cooled in
water after carburization and 20CrMo5 in air, and after qunching, steel sample 17CrNiMo6
was heated at 200 °C for 2 hours and steel sample 20CrMo5 at 850 °C for 15 minutes.
Cooling to room temperature was done at the air for both samples. The achieved values of the
carburized layer depth are 1.3 mm for 17CrNiMo6 steel and 0.8 mm for steel 20CrMo5.
6. CONCLUSION
The required depth of the carburized layer is determined by the work conditions of the
machine element being carburized. According to the literature data [1, 8], carburized layer
depth in the solid material is about 0.5 to 2 mm. Effective carburized depth is achieved at
hardness of 550HV1. For the sample of 17CrNiMo6 was measured at a depth of 1.3 mm and
the sample 20CrMo5 at a depth of 0.8 mm. The difference in the depth of carburized tested
samples is in the different chemical composition and applied different carburized treatment.
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ABSTRACT
In this paper the effect of different heat treatment (recrystallization, spheroidizing and normalizing)
processes on microstructure of the steel DC04 intended for deep drawing is presented. The steel is
cladded with CuZn10 layers by explosive welding. Since the melting temperature of alloy CuZn10 is
significantly lower (melting range 1025-1045 oC) then melting temperature of steel DC04 (melting
range 1400-1500 oC) hot working temperature range of CuZn10 alloy (750-900 oC) is significantly
lower than normal hot working temperature range of DC04 steel. Because of that the deformation of
the steel should be done in alpha-gamma area. This will give a different microstructure compared to
the case when hot rolling process is performed in gamma area.

1. INTRODUCTION
Explosion welding is a solid state welding process that can be used for joining metallurgically
compatible metals but also metallurgically non compatible metals which are not possible to
be joined by any other welding techniques. A weld surface with metallurgical bond between
joined materials is produced by controlled detonation of chemical explosive that is placed on
cladding metal (flyer plate) [1]. Pressure created by explosive detonation directs flyer plate to
the fixed base metal plate resulting in collides of them and bonding at their interface [2].
Because of high pressure produced by explosive detonation the metals at the interface are
locally plastically deformed and metallurgically bonded. The pressure has to be sufficiently
high and for a sufficient duration of time to achieve the inter-atomic bonds [3]. Between two

metal components an electron-shearing metallurgical bond is created on the way that
explosion forces bring metal surfaces into sufficiently close contact that valence electrons can
overcome the repulsive forces resulting in sharing of their orbits [4, 5]. Heat-affected zones
are no created and there is no diffusion of the atoms of alloying element between joined
metals. Also, continuous cast structure between joined metals is not created [4, 5, 6, 7, 8].
The explosion welding process is primarily used for cladding some metals with other metals
having better corrosion resistance as in the case of cladding of low carbon steel with copper
alloys. It is possible to clad by explosion welding process one or more layers onto one or both
faces (sides) of base metal. Since the bonded metals usually have significantly different
mechanical and physical properties they will behave differently during plastic deformation.
Since the melting temperature of alloy CuZn10 is significantly lower (melting range 10251045 oC) then melting temperature of steel DC04 (melting range 1400-1500 oC) hot working
temperature range of CuZn10 alloy (750-900 oC) is significantly lower than normal hot
working temperature range of DC04 steel [9, 10]. Because of that the rolling of the steel
should be done in alpha-gamma area. This will give a different microstructure compared to
the cases when hot rolling process is performed in gamma area.
In the case of an ultra low and a low carbon steel, rolling process can be finished in austenite,
mixed austenite-ferrite or in ferrite (with small content of pearlite) area (Figure 1) [11]. In the
case of the rolling in austenite area (temperature above A3), depending on temperature control
it is possible to achieve recrystallized austenite needed for performing a subsequent
controlled cooling or to achieve temperature slightly above the A3 temperature enabling
conditions similar to condition for normalizing heat treatment (normalizing rolling) [11, 12].
In the case three-layers strip rolling with clad CuZn10 layers (on top and bottom of the strip)
having limited upper hot working temperature on 900 oC, the rolling of the steel as middle
layer, should start from a temperature within alpha-gamma area. Depending on chosen
temperature the quantity of alpha and gamma phase will be different (Figure 1). In any case if
it is needed to perform relatively large height reduction, the rolling process may be done only
with a higher number of passes. It means that rolling process cannot be finished in alpha gamma area because of relatively narrow temperature range. Therefore, the rolling process is
prolonged in ferrite-pearlite area, especially when the strip thickness becomes small. So after
a decrease of a temperature, the strip should be reheated.
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Figure 1. Phase transformation of 0.08% C-steel at slow cooling rate

During this reheating process microstructure formation is determined by a number of
interacting metallurgical phenomena, of which ferrite recrystallization, austenite formation
and carbon diﬀusion are the most important [13]. After starting of rolling process the
transformation of austenite to ferrite, deformations of ferrite, and diffusion of carbon due to
pearlite formation, are the most important processes.
In the case of the rolling in ferrite-pearlite area there is not significant interaction between
different metallurgical phenomena. There is only deformation of the ferrite and pearlite. The
ferrite is ductile phase and it is deformed easily. The cementite lamellae are extremely hard
and brittle therefore they fracture in small pieces during plastic deformation [14, 15].
Fragmentation of cementite lamellae accelerates their spheroidization during the large warm
deformation compared to a spheroidization during soft annealing of the undeformed lamellar
pearlite [16]. The spheroidization process is controlled by diffusion rate of carbon and the
portions of the lamellae must dissolve and that dissolved carbon must diffuse to form a
spheroid from the remaining portions of lamellae [17]. If the cementite lamellae are broken in
small pieces, the diffusion of dissolved carbon occurres on short distance and the process is
faster. The spheroidization process takes several hours (up to 20 hours) in the case of soft
annealing of an undeformed lamellar pearlite but in the case of presence of fragmented
cementite lamellae, the process is much shorter. The physical mechanism of soft annealing is
based on the coagulation of cementite particles within the ferrite matrix with the aim of a
reduction of internal energy because of globular cementite within the ferritic matrix is the
structure having the lowest energy content of all structures in the iron–carbon system [18]. In
the case of a low carbon steel, spheroidization process is performed for improving cold
formability of the steels [17, 18, 19].
2. EXPERIMENTAL PROCEDURES
Samples for rolling were three-layers plate obtained by explosive welding. The plates of
copper alloy (CuZn10 according to the standard EN 1652) were welded to the plate of low
carbon steel (DC04 steel for deep drawing according to the standard EN 10130) on both sides
(top and the bottom side) of the steel plate. Chemical composition of the particular layers is
presented in Table 1.
Table 1. Chemical composition of the steel DC04 layer and clad CuZn10 layers
Material
DC04
CuZn10

C
0.08
-

Mn
0.30
-

Si
0.03
-

Composition in wt.%
P
S
Al
Cu
0.009 0.003 0.023
89.9

Zn
10.1

Pb
< 0.01

Fe
Rem.
< 0.01

The dimensions of the three-layers plate obtained by explosive welding were 1200x2000 mm.
Samples (strips) of nominal width 90 mm were cut by water jet from the three-layers plate.
The rolling was performed on Light section rolling mill SKET ф370 mm from 34.8 mm to
4.3 mm of thickness (8 passes) - Table 2, and Laboratory light section rolling mill ф250 mm
from 4.3 mm to 2.3 mm of thickness (3 passes) - Table 3. The relative total height reduction
for the first eight passes is 87.7%, the relative total height reduction for the last three passes is
46.5%. Cumulative total height reduction for all eleven passes is 93.4%. During rolling
process on Light section rolling mill SKET ф370 mm (the first eight passes) the rolled strips
were reheated on the starting rolling temperature (850 oC) after each pass while during rolling
process on Laboratory light section rolling mill ф250 mm (the last three passes) the rolled
strips were heated on the different starting rolling temperatures with or without reheating
between the individual passes (Table 3). The strips rolled according to data given in Table 2

were used for performing each variant of the rolling presented in Table 3. The temperature
after each pass on both rolling mills and for all rolling variants were measured (Figure 2).
Table 2. Data related to the first eight passes of the strip rolling
Pass
number

Rolling
mill

Light section
rolling mill
SKET ф370
mm

Staring strip
1.
2.
3.
4.
5.
6.
7.
8.

Cross section dimensions
after pass (mm)
Thickness
Width
34.8 x 89.3
26.7 x 92.7
20.5 x 93.9
14.7 x 96.5
10.7 x 99.2
8.2 x 99.7
6.1 x 99.7
5.2 x 99.7
4.3 x 100.4

Heating regime
Heating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC
Reheating on 850 oC

Table 3. Data related to the last three passes in different rolling variants
Rolling
mill

Rolling
variant

Variant I
Laboratory
light section
rolling mill
ф250 mm

Variant II

Variant
III

Pass number

Cross section dimensions
after pass (mm)

Starting strip
9.
10.
11.
Starting strip
9.
10.
11.
Starting strip
9.
10.
11.

Thickness
Width
4.3 x 100.4
3.7 x 101.0
2.9 x 101.7
2.3 x 102.3
4.3 x 100.4
3.7 x 101.0
2.9 x 101.7
2.3 x 102.3
4.3 x 100.4
3.7 x 101.0
2.9 x 101.7
2.3 x 102.3

Heating regime
Heating on 850 oC
Reheating on 850 oC
after each pass
Heating on 850 oC
Without reheating
between passes
Heating on 700 oC
Reheating on 700 oC
before the last
(eleventh) pass

For comparison of the microstructural characteristics of the DC04 steel hot rolled from
austenitic area with the same steel rolled from alpha-gamma area and the same steel rolled
from temperature 700 oC, one strip with thickness 4.3 mm was rolled from temperature 930
o
C on Laboratory light section rolling mill ф250 mm in three passes with reheating on the
same temperature only before the last pass. The strips of all rolling variant are recrystallized
on 700 oC/60 minutes. For microstructural characterization of rolled and heat treated strips
corresponding metallographic specimens were prepared. To reveal of the microstructure all
specimens were etched by 2% HNO3.
3. RESULTS
Values of the strip temperature measured after each rolling pass are presented at Figure 2
(totally eleven passes, including the passes of the rolling variant I – Table 3). In the case of
the rolling variant II which implies three rolling passes without reheating between them the
strip temperature after the last pass was 505 oC. Starting temperature was 850 oC. In the case

of the rolling variant III which implies reheating the strip on the starting temperature 700 oC
before the last pass the strip temperature after that pass was 615 oC.

Temperature of the strip after
individual passes (oC)

Teperature before each pass: 850oC

Total thickness of the three-layers strip (mm)

Figure 2. Decreasing of the strip temperature after corresponding pass
with reducing of the total thickness of the three-layers strip.

Microstructure of the strip rolled from austenitic area (temperature 930 oC) is presented at
Figure 3. Microstructure of 4.3 mm thickness strip, rolled according to the data presented in
Table 2 is presented at Figure 4.
x500

x1000

132 HV5

Figure 3. Microstructures of the strip rolled from 930 oC; transverse section, detail (right)
x500

x500

142 HV5

Figure 4. Microstructure of 4.3 mm thickness strip rolled in eight passes with reheating
on 850 oC before each pass; longitudinal section (left), transverse section (right)

Microstructures of the strips rolled according to the rolling variants I, II and III described in
Table 3 are presented at the Figures 5, 6 and 7. Corresponding microstructures of the rolled
strips annealed on 700 oC for 60 minutes are presented on Figures 8, 9 and 10. Values of
hardness (HV5) measurements of rolled and rolled plus heat treated strips are presented at the
corresponding photos of their microstructures.
x500

x500

151 HV5

Figure 5. Rolling variant I: Microstructure of the strip rolled from 850 oC with reheating on
the same temperature before each passes; longitudinal section (left), transverse section (right)
x500

x500

179 HV5

Figure 6. Rolling variant II: Microstructure of the strip rolled from 850 oC without reheating
between passes; longitudinal section (left), transverse section (right)
x500

x500

195 HV5

Figure 7. Rolling variant III: Microstructure of the strip rolled from 700 oC with reheating on
700 oC before the last pass; longitudinal section (left), transverse section (right)

x500

x500

115 HV5

Figure 8. Microstructure of the strip rolled according to the rolling variant I and annealed at
700 oC/60 minutes; longitudinal section (left), transverse section (right)
x500

x500

103 HV5

Figure 9. Microstructure of the strip rolled according to the rolling variant II and annealed at
700 oC/60 minutes; longitudinal section (left), transverse section (right)
x500

x500

104 HV5

Figure 10. Microstructure of the strip rolled according to the rolling variant III and annealed
at 700 oC/60 minutes; longitudinal section (left), transverse section (right)

4. DISCUSSION
Microstructure obtained after rolling of the strip from austenitic area (930 oC) is very close to
the normalized microstructure since the grains are equiaxed and pearlite grains are generally
compact (Figure 3). Slightly higher hardness of this strip (132 HV5) compared to the
hardness of the steel DC04 in fully softened state (approximately 100 HV) is probably a

result of the deformation strengthening of the strip since the rolling temperature was
relatively low so the recrystallization was not completed. Rolling of the strips according to all
rolling variants described in Table 3 produces the microstructure as shown at Figure 14 very
similar to each other. The microstructures are consisted of elongated grains of ferrite and
pearlite arranged in rows parallel to the longitudinal direction of the rolled strips.

x1000

x1000

Figure 11. Microstructure of the strip rolled according to the rolling variant I before (left)
and after annealing on 700 oC/60minutes (right); longitudinal sections
x1000

x1000

Figure 12. Microstructure of the strip rolled according to the rolling variant II before (left)
and after annealing on 700 oC/60minutes (right); longitudinal sections
x1000

x1000

Figure 13. Microstructure of the strip rolled according to the rolling variant III before (left)
and after annealing on 700 oC/60minutes (right); longitudinal sections

x100

x100

Figure 14. Microstructure of the strips rolled according the rolling variant I (left) and the
rolling variant II (right); longitudinal sections

Hardness results measurements on the strips after warm rolling indicate that the highest value
of the hardness was achieved according to the rolling variant III (195 HV5) the middle
hardness value (179 HV5) was achieved according the rolling variant II, while the minimal
hardness value (151 HV5) was achieved according to the rolling variant I. Hardness (142
HV5) of the strip 4.3mm thickness with microstructure shown at Figure 4 is very close to the
hardness of the rolling variant I, because of the same thermomechanical regimes (starting
temperature 850 oC and rolling with reheating on the same temperature between each of all
passes). The differences in hardness occur as a result of the different starting temperatures of
the rolling and different manner of the reheating. Lower starting temperature of the rolling
(700 oC in variant III) gives higher hardness. Reheating between each pass on 850 oC (variant
I) gives lower hardness comparing to the rolling variant without reheating on 850 oC between
the last three passes (variant II). Being the microstructures and the forms of pearlite after
warm rolling in the strips of all variants are very similar to each other it can be concluded that
a difference in hardness is result of deformation strengthening. The deformation
strengthening is eliminated by recrystallization process. Rolling on lower temperatures slow
down recrystallization, so for the same percent of plastic deformation the strips rolled at
lower temperatures, with one or more passes, will have higher hardness then the strips rolled
at higher temperatures. Parameters of performed heat treatments are the parameters of
recrystallization annealing (700 oC/60minutes). Hardness of the strips of all rolling variants
was significantly reduced by the heat treatment especially in the case of variants II and III.
Slightly higher hardness of the heat treated strip of the rolling variant I is a probably result of
slower recrystallization because lower deformation strengthening (reheating between each
pass on 850 oC). Simultaneously with ongoing of the recrystallization processes the processes
of spheroidization of cement have taken place. The spheroidization of cementite is visible in
microstructures of all warm rolled strips, but cementite particles are still in separated pearlite
areas. On the other side after performed heat treatment the globular cementite is distributed in
ferrite without evidence of presence of the original pearlite structure (Figure 5 to 13).
5. CONCLUSIONS
Regardless of the thermomechanical conditions of the warm rolling the microstructures of the
rolled strips are similar to each other after the warm rolling and after the annealing.
Thermomechanical cycles consisted of heating in alpha-gamma or ferrite-pearlite (700 oC),
rolling, reheating on different manners to the rolling temperature and repeated rolling cause
fragmentation of cementite lamellae and their partial spheroidization inside pearlite areas.
Therefore, the recrystallization annealing for elimination of strain effects is simultaneously
the soft annealing because of the complete spheroidization of cementite in the ferrite matrix.
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ABSTRACT
In this work, industrial control technical measurements of the heat treatment of high chromium steel
(HCS) rolls is presented.
Measurements were carried out on the gas fired car bottom chamber furnace Bosio PP-KP 70/1150 in
the company Valji d.o.o., Štore, Slovenia. Temperature measurements of the individual heating zones of
the furnace, rolls surfaces, the external walls of the furnace and gas consumption were monitored
throughout the whole process of heat treatment. The temperature profile of the rolls cross-section was
calculated using computer simulation.
Periodical measurements of CO and NOx emissions were also carried out with the aim of combustion
evaluation and ecological integrity.
The successfulness of heat treatment was examined through microstructure observation, hardness
measurement and the amount of retained austenite in the heat treated rolls.

1. INTRODUCTION
Company Valji d.o.o. is a manufacturer of industrial rolls for hot and cold rolling of sheet metal
and processing of plastics and rubber. In the company strive for the development of new
materials and technologies, achieving top quality, and high production. In the paper, control
technical measurements of the gas fired car bottom chamber furnace (type PP-KP 70/1150 Bosio

d.o.o.) is presented. The furnace was introduced into production in 2008 and used for heat
treatment of various types of rolls. Due to the demanding heat treatment, the control
measurements of the furnace were performed on a batch of high chromium steel (HCS) rolls.
With additional thermocouples, temperature of distinctive areas of the roll surfaces, temperature
of individual heating zones in the furnace and temperature of the outer walls was monitored.
Temperature distribution in the roller cross-section was calculated by computer simulation
(FDM). From the point of view of cost estimation of the heat treatment, the consumption of gas
was monitored throughout the entire heat treatment process. As each energy-intensive production
is inextricably linked to the release of harmful emissions into the atmosphere, periodic
measurements of CO and NOx gas emissions were also carried out.
Rolls used for hot sheet metal rolling on continuous rolling mills are divided according to their
position (stand) in the rolling mill (Figure 1). For initial roughing stand, high chromium iron
rolls (HCI), high chromium steel rolls (HCS) or high speed steel rolls (HSS) are used. For initial
finishing stands, HSS rolls, and to a lesser extent, the HCI rolls are most commonly used, while
for the final finishing stands the rolls with the working shell made of high-alloyed nickel iron
alloy with graphite (ICDP-Indefinite Chill Double Pour) or highly alloyed nickel-iron alloy with
niobium and vanadium additions (CE-ICDP (carbide-enhanced ICDP rolls) are most commonly
used. All types of the mentioned rolls are also manufactured in the company Valji d.o.o.
2. HIGH CHROMIUM STEEL (HCS) ROLLS
High chromium steel rolls are three layer type rolls (Figure 1) with the pearlite-ferrite nodular
cast iron structure (NF 77) of the core, grey cast iron with lamellar graphite structure of
intermediate layer and high chromium steel working shell with hardened martensitic structure,
approximately 15 % of hard eutectic carbides M7C3 (M = Cr, Fe), and small amount of hard MC
and M6C primary carbides, due to vanadium and molybdenum additions. Chemical composition
of the working shell is given in Table 1.

Figure 1. Roller cross section.
Table 1. Chemical composition of HCS rolls working shell
Wt.%
C
Si Mn
Cr
Ni
Mo
V
min
1.0 0.5 0.6 10.0
1.0
1.0
0.2
max
2.0 1.0 1.2 13.0
2.0
2.0
0.5

The minimal thickness of the working shell of the HCS rolls is 70 mm. The HCS rolls have high
compressive strength and toughness and are distinguished by their high wear resistance and high
resistance to thermal fatigue. Excellent oxidation resistance at elevated temperatures and the
formation of a stable oxide film on a working surface that does not peel and prevents the hot
steel sheet from bonding to the roller surface, gives them the main advantage when used as rolls
in the first roughing stands of continuous mill lines or single reversible roughing stands.

3. MANUFACTURING
High chromium rolls (HCS) are cast through a horizontal or vertical centrifugal casting process,
in which the rotation of the mould (≈ 470 rpm) creates a sufficiently high centrifugal force to
distribute the melt along the inner periphery of the hollow cylindrical die (Figure 2).
After the preparation of the melt, roll barrel working shell is poured, followed by the
intermediate layer, which has the task to improve adherence between the core and working shell
of the roll. When solidified two-layer working shell reaches the prescribed temperature, is
transferred to the casting pit together with the die and placed vertically on the pre-prepared
mould of the lower roller neck. The mould of the upper roller neck, feeding system, and pouring
basin are installed. Temperatures of the working shell and the melt for the roller core play an
essential role when casting the core of the roller. The temperature interval in which the roller
working shell and the core are well joined is very narrow, only ± 10 °C. At temperatures too low,
the working shell and the core will not agglutinate, and at temperatures too high, excessive remelting of the intermediate layer or even working shell occurs.

Figure 2. Centrifugal casting of the working shell.

Heat treatment of high chromium steel rolls is a very time consuming process, lasting several
weeks. Rolls are slowly heated up to 970 °C, into the two phase field (γFe + M7C3). Since the
rollers are thick-walled castings with a very large mass (> 35 tonnes), it is necessary to retain the
heat several times in order to equalize the temperature throughout the roller cross-section (Figure
3).

Figure 3. Heat treatment temperature profile.

The most critical temperature interval is below 500 °C, where the steel is not yet sufficiently
plastic to compensate the thermal stresses due to unequal thermal expansion of the core and
working shell and the release of residual casting stresses. Namely, both types of stresses have the
same sign and are aggregated during the heating process, which can lead to cracks and
consequently useless roller. Austenitization takes place at a temperature of 980 °C/ 20h. During
annealing, the dendritic structure of austenite changes to a polygonal structure with surrounding
network of eutectic carbides (Figure 4).

Figure 4. Microstructure of working shell of HCS rolls. Up: before heat treatment,
bellow: after heat treatment.

These types of steels are characterized by the relatively high stability of austenite in a
temperature interval between 350 °C and 525 °C. With rapid cooling from the austenitization
temperature down to 450 °C and subsequent slow heating (10 °C/hr) up to 520 °C/12hr, the
conditions for precipitation of secondary carbides from the austenite matrix are created. In the
next phase of heat treatment, rolls are cooled to 135 °C, below the martensite start temperature
(Ms ≈ 200 ° C), and the part of the austenite is transformed into martensite. The amount of
retained austenite is still high (> 40 %) at this stage and increases with the temperature from
which the rolls are quenched and with the carbon concentration in the steel. By repeated heating
up to a temperature of 500 °C, 505 °C and 510 °C, and intermediate cooling down to an everlower temperature as in the first cooling stage, austenite is progressively transformed into
martensite, which in then tempered in the next heating step. Simultaneously, fine secondary
carbides M23C6, which help to strengthen the matrix, precipitate from retained austenite. The
final microstructure of the roll working shell consists of a tempered martensitic matrix with
uniformly distributed secondary carbides M23C6, and small amount of MC and M6C vanadium
and molybdenum primary carbides surrounded by a network of eutectic carbides M7C3.
4. EXPERIMENTAL PART
Chamber furnace Bosio, type PP-KP 70/1150 serves in the company Valji d.o.o. for the heat
treatment of cast rolls (Figure 5). Fuel for heating is Russian natural gas.

Figure 5. Furnace chamber.

The temperature in the furnace is controlled by the three thermocouples (PtRh-Pt; Type S)
mounted on the furnace ceiling. Burners (12 pcs with 270 kW, maximum gas power 330 Nm3/hr)
are installed in a horizontal line on both side walls of the furnace, and divided in three
temperature zones with individual regulation. The combustion air is preheated to a maximum
temperature of 450 °C. Insulation of oven walls: 1. Insulfrax SF layer, thickness 13 mm, and 2.
layer Fiberfrax Prismo-Block, quality Durablanket S 170/1200, thickness 300 mm.
The measurement of the surface temperature of the rolls was carried out on two equal HCS rolls,
grade CCrS NF 77 (dimensions 1200 X 2000 mm, weight of individual roller 37.5 tons), with Ktype thermocouples.
In order to prevent direct exposure to radiation, thermocouples were protected by high
temperature resistant insulating wool ISOFRAX® and refractory brick. The roll necks are lined
up due to the sagging at elevated temperatures under the influence of their own weight (Figure
6).

Figure 6. Protection against sagging.

Figure 7 shows the temperature profile on the surface of the rolls measured by the additional
thermocouples. The temperature at the roller neck surface is slightly higher, which is
understandable, since higher thermal conductivity of the roller core alloy (NF 77), smaller
diameter, and the greater thickness of the gas layer above it. A slightly higher temperature on the
lower part of the working shell is attributed to the convective influence, due to the direct flow of
flue gases from the burners. The measured temperatures of the process in the furnace, the
temperatures on the surface of the roller and the set temperature are well-matched, as no major
temperature deviations have been detected.

Figure 7. Temperatures of rolls surfaces and furnace heating zones.

The consumption of natural gas for the heat treatment of a batch (75 ton) of two HCS rolls was
18231 m3. On the basis of the measured temperatures at various areas of the outer walls and the
ceiling of the furnace, it was found, that the furnace does not have distinct thermal bridges,
indicating an uncontrolled leakage of the furnace atmosphere or degradation of the insulation.
With the finite difference method (FDM) and computer simulation, it is established that the rolls
are uniformly heated (Figure 8) throughout the cross-section with the prescribed temperature
regime, and the temperature differences between the surface and the interior of the roll are not so
significant to cause critical thermal stresses. Temperatures measured on the rolls surface were
taken as boundary conditions for internal calculated temperatures of the roller cross-section.

Figure 8. Temperature profile of the roller cross section.

Higher concentrations of CO at low temperatures in the furnace are the result of incomplete
combustion due to local flame cooling, when still incompletely reacted hot flue gasses touch the
cold pads and rolls. The auto-ignition temperature of CO is 609 °C and, as indicated in Table 1,
the CO concentration is rapidly reduced at a temperature above 600 °C. On the other hand, the
concentration of NOx with increasing combustion temperature in the furnace increases, which is
in accordance with the theory of NOx formation.

Table 2. CO and NOx concentration measurements

The main goal of the heat treatment of HCS rolls is the composition of retained austenite in the
working shell structure during tempering. The amount of retained austenite is determined by the
Feritscope® measuring device, which works on an inductive measurement of the magnetic
permeability of the alloy. The measurement is relative to the standard and the proportion of the
retained (non-magnetic) austenite acceptable low, if the measured value above 60.
Table 3. Hardness and Feritscope® measurements
Condition
Hardness (HRC)
Feritscope®
As cast
55.1
41.1
Quenched
57.7
72.5
Tempered
51.2
77.1

5. CONCLUSIONS
Standard material testing of HCS rolls and control measurements of the gas fired car bottom
chamber furnace Bosio PP-KP 70/1150 were carried out. From the product quality point of view
the heat treatment was successful. On the basis of the measured temperatures at different areas of
the outer walls and the ceiling it was found that the furnace has no distinct thermal bridges,
which would indicate an uncontrolled leakage of the furnace atmosphere or degradation of
insulation and consequently unhomogenous temperature profile in the furnace. Only minor
maintenance work has to be done on the selant between bottom car and furnace wall. By
measuring the surface temperatures on the rolls and calculating the temperature profile over the
entire cross section, we confirmed that the rolls were fully heated to the prescribed temperature.
The increase in furnace productivity due to higher heating rate at lower temperatures could
dangerously increase the risk of thermally induced roll cracking.
Regular control measurements of all production facilities contribute to quality assurance and
reduce unnecessary costs due to production failure.
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ABSTRACT
FeCrAl alloys have good oxidation resistance at elevated temperature owing to the formation of a
continuous Al2O3 surface film, which acts as an oxygen diffusion barrier. The aim of the present study
was to investigate the early stages of protective oxide layer formation and its growth on specially
prepared commercial FeCrAl alloys, Kanthal AF (K-AF) and Pyromax-C (PX-C), with higher Al and
Cr content in the surface layer. Oxidation tests were carried out by annealing at 1200 °C for 24 hours
in air atmosphere. Oxidation kinetics was recorded with thermogravimetric analysis, and oxidation
products identified by X-ray diffraction and XPS analysis. The surface morphology of the oxide scale
was studied by SEM, and the elemental distribution across the scale layer determined by EDS line
analysis. The study reveals that higher Al and Cr content in the alloy influenced the oxidation rate at
the beginning of the oxidation and promote the early formation of a protective α-Al2O3 scale.

1. INTRODUCTION
FeCrAl – based alloys are well known for their superior oxidation resistance at elevated
temperatures. This excellent property relates to the formation of thermodynamically stable

alumina scale on the surface, which protects the bulk material against rapid oxidation. In spite
of the superior oxidation properties, the lifetime of the components manufactured from
FeCrAl - based alloys can be limited, if the surface of the parts is frequently exposed to
thermal cycling at temperatures above 1000 °C. The reason for this is that the major scaleforming element (Al) is consumed in the alloy matrix during thermal cycling, due to repeated
thermo-shock cracking and reforming of the alumina scale. If the remaining aluminium
content in subsurface area is decreased beneath the critical concentration, the alloy can no
longer reform the protective scale, resulting in a catastrophic breakaway oxidation by
formation of rapidly growing iron based oxides [1]. The growth rate and adherence of the
alumina scale is highly dependent on concentration of minor alloying constituents, including
reactive elements RE (Y, Ti, Zr, Hf, etc.). The RE positive effects are: (i) improvement in
scale adherence, (ii) selective oxidation of the elements, which form the protective scale, (iii)
inhibiting the scale growth, (iv) refining the scale grains and improving its ductility [2].
Yttrium is one of the most commonly used reactive element, but its addition is limited due to
its low solubility in the alloy, which lead to the formation of undesired Y-precipitates. In
FeCrAl alloys a combination of Y and Hf or Zr may produce the best benefit, while keeping
the Y content close to its maximum solubility. It is difficult to determine the optimal
concentration of reactive elements, since it also depends on the concentration of other
impurities, particularly C and S [3]. The effectiveness of reactive elements also depends on
the mode they are added. Namely, they can be added as metallic elements or as metal oxide
dispersions. Nychka and Clarke concluded that the rate of oxidation, as well as the ratio
between Al outward diffusion and O inward diffusion, depends on the mode of RE addition
significantly [4]. Jedlinski and co-workers found out that the best method for alloying is
elemental Hf and Y additions, which decrease the scale growth rate and improve its
resistance to spalling, while Zr only slightly affects the scale growth rate and moderately
improves resistance to spalling [5, 6]. Y blocks outward diffusion of Al because it segregates
on grain boundaries [4]. On the other hand Zr rapidly incorporates into the alumina scale,
modifying its structure by reducing the oxide grain size as well as forming the Zirconia
precipitates and nano-porosity. Hf has a similar effect as Zr with the difference that it more
efficiently improves the scale resistance to spalling [7, 5]. Some authors reported that the
presence of titanium in FeCrAl alloys could play a role in the transition of alumina to αalumina and that minor addition of Ti could cause an acceleration of alumina transformation
resulting in the early formation of stable α-alumina [8].
The scope of this project was an investigation of the oxidation behaviour of two commercial
FeCrAl alloys during isothermal annealing at 1200 °C for 24 hours in air atmosphere, with
the emphasis on scale growth kinetics and its structure.
2. EXPERIMENTAL
2.1. Sample preparation
The commercial alloys, Kanthal AF (K-AF) and Pyromax-C (PX-C) were used for this
investigation. These alloys are ferritic FeCrAl alloys, produced by conventional methods of
melting and rolling into 0.7 mm thick sheets. In addition to the main alloying elements (Al,
Cr), these alloys also contain small amounts of Si, Mn, C and reactive elements (Y, Mg, Ti,
Hf). The Kanthal AF (K-AF) concentration of elements, Zr, Y and Ti is typically 680 ppm,
230 ppm and 600 ppm and for Pyromax-C (PX-C) 2100 ppm Zr, 2600 ppm Ti and 150 ppm

Hf. The content of Al and Cr is higher in Pyromax-C (PX-C) alloy with traces of Hf and Zr
reactive elements, while Kanthal AF has traces of Yttrium. The nominal chemical
composition of the alloys is shown in the Table 1.
Table 1: Chemical composition of the FeCrAl alloy
Kanthal
AF
PyromaxC (PX-C)

EL.

Cr

Al

Si

Mn

S

Ni

Ti

Mg

Zr

Hf

Y

C

Fe

wt.%

22

5.3

0.17

0.18

0.004

0.27

0.06

0.01

0.068

-

0.023

0.03

Ball.

wt.%

24.7

6.93

-

0.27

0.001

-

0.26

0

0.21

0.015

-

0.013

Ball.

The investigated materials were in the form of sheet, with dimensions 10 x 20 x 0.7 mm.
Prior the oxidation the specimens were ultrasonically cleaned in ethanol. The oxidation
process was investigated by thermobalance Netzsch STA 429 during annealing at 1200 °C for
24 h in a laboratory air atmosphere [9]. Samples were heated at a rate of 10 K/min. The
surface morphology of alumina scale and its cross-section were studied by scanning electron
microscope (SEM) with energy dispersive X-ray spectroscopy (EDS) and by X-ray
photoelectron spectroscopy method (XPS). For scale cross-section analysis, the specimens
were mounted in epoxy resin before grinding and polishing (with 1 µm diamond suspension).
3. RESULTS AND DISCUSSION
3.1. Oxidation kinetics during isothermal annealing at 1200 °C in air atmosphere
Figure 1 shows the mass gain curves obtained by themogravimetric analysis during
isothermal annealing at 1200 °C for 24 hours in the air atmosphere. The first two hours of
oxidation, when samples were continuously heated up to 1200 °C at a heating rate of
10K/min, were cut off from the diagram due to large background noise and better clarity.
During this initial transient stage, the mass gain of PX-C alloy, with higher amount of
reactive elements, is much faster than for K-AF alloy. When isothermal annealing is
established, oxidation starts to follow the parabolic regime.

Figure 1: Mass gain as a function of time for Kanthal AF and Pyromax-C alloys; annealed at
1200 °C in air atmosphere.

We have calculated parabolic rate constants Kp for an oxidation model (m)2 =Kp*t. The
parabolic rate constant of PX-C is 2.2±0,2 ∙ 10-6 mg2 cm-4 s-1 while for K-AF 5,1±0,7 ∙ 10-6
mg2 cm-4 s-1 for fist 24 h of oxidation at 1200 °C. The predicted mass gains after 24h
isothermal annealing were 0.68 mg cm-2 for PX-C and 0.77 mg cm-2 for K-AF alloy,
respectively.

Figure 2: Mass gain as a function of the square root of time for Kanthal-AF and Pyromax-C alloys;
annealed at 1200 °C in air atmosphere.

3.2. XPS analysis
Figures 3 and 4 show XPS concentration profiles across the surface layer to a depth of 50 nm,
recorded after thermogravimetric analysis. As shown in Figure 3 the scale on K-AF is made
of Al-oxide (Al2O3) with a significant presence of Mg (4-5 at.% as Mg-oxide). Minor
concentration of Zr and Ti (0.3 at.%) were also detected (not shown in the graph for better
clarity). XPS analysis of PX-C scale (Figure 4 and Figure 5) reveals the presence of Fe (~2
at.%) and Cr (~ 0,75 at.%) in the scale, which is probably due to the fact that the Al-oxide
layer was not completely homogeneous during the transient stage and the Fe-Cr-Al substrate
is partially exposed. Also Ti (~ 1.3 at.%) and Zr (~ 1 at.%) elements were found at
significantly higher concentrations than in the scale on K-AF samples. On the scale surface of
PX-C sample, also traces of elements Na, Ca, Cu and Si (< 0.2 at.%) were detected. We did
not find the presence of Mg in the scale on PX-C sample.

Figure 3: XPS profile of Kanthal AF scale; annealed at 1200 °C/24 h in air atmosphere.

Figure 4: XPS profile of Pyromax-C scale, annealed at 1200 °C/24 h in air atmosphere.

Figure 5: XPS profile of reactive elements; Pyromax-C scale, annealed at 1200 °C/24 h in air
atmosphere.

3.3. Oxide scale morphology
The scale’s composition has high impact on its surface morphology [8]. Figures 6a and 6b
show the surface of the scale on K-AF and Figures 7a and 7b surface of the scale on PX-C
alloy after oxidation at 1200 °C for 24 hours in air atmosphere. K-AF alloy scale is composed
of fine equiaxed oxide grains with a diameter of about 1 µm. Additionally, RE-rich oxide
particles with a typical size of 2-3 µm are visible. The surface is quite flat and without
cavities. Because of the presence of Y, the Al2O3 scale grows only by inward diffusion of
oxygen, while suppressed Al3+ cation diffusion hinders the scale’s lateral growth and results
in flat surface morphology [2]. The scale of the PX - C sample differs from K-AF
considerably. Outer surface layer of the scale is wrinkled and composed from small oxide
grains with a diameter of about 2 µm.

Figure 6: Surface morphology of Kanthal AF scale; annealed at 1200 °C/24 h in air atmosphere.

Figure 7: Surface morphology of Pyromax-C scale; annealed at 1200 °C/24 h in air atmosphere.

3.4. SEM cross-section and EDS analysis
The SEM observation and EDX line and spot concentration measurements (Figures 8, 9, 10,
11) of the sample surface cross sections reveal that Al diffuse from the bulk material towards
the alloy-scale interface while oxygen diffuses from the other direction into the subsurface
area of the bulk material. Cr diffusion of the bulk material is significantly slower than oxygen
and aluminium diffusion and Cr concentration gradually depletes in the subsurface area.
Oxide layer formed on the K-AF is thicker than on PX-C alloy. The thickness of the oxide
layer formed on the Kanthal AF is about 3.7 µm (Figure 12a) and on Pyromax-C
approximately 2.3 µm (Figure 12b), which is in good correlation with the mass gain
measurements that indicate higher mass gain after 24 h oxidation for the K-AF alloy.

Figure 8: SEM/EDX line concentration profile taken across the scale on Kanthal AF.

Figure 9: SEM/EDX line concentration profile taken across the scale on Pyromax-C.
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Figure 10: SEM micrographs and EDS elemental analysis of scale perpendicular cross section;
Pyromax-C; annealing at 1200 °C/24 h.
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Figure 11: SEM micrographs and EDS elemental analysis of scale perpendicular cross section;
Kanthal AF alloy; annealing at 1200 °C/24 h.

Figure 12: Scale thickness measurements (SEM); Kanthal AF (a) and Pyromax-C (b).

4. CONCLUSIONS
It is well known that high temperature oxidation resistance of FeCrAl alloys originates from a
formation of thin and continuous Al2O3 layer on the alloy surface. Oxidation of two
commercial FeCrAl-based alloys was studied during annealing at 1200 °C for 24 hours in air
atmosphere. Growth and thickness of the protective Al2O3 scale depend on Al content and the
concentration of reactive elements in the alloys.
- The scale formation in the initial stage is faster on the Pyromax-C alloy than on the
Kanthal AF alloy due to higher amount of Al, Cr and reactive elements in comparison to
Kanthal AF alloy.
- When sufficiently thick layer of scale is formed, higher concentration of Zr and Ti with a
combination of small addition of Hf in Pyromax-C produce Al2O3 scale with lower
growth rate at 1200 °C than small additions of Y, Mg, Ti and Zr in Kanthal-AF alloy.
- Further investigations will be focused on the long-term isothermal annealing and cycling
tests in order to determine the resistance against spalling of the oxide layer and
prolonged alloy lifetime.
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ABSTRACT
Shape memory alloys (SMAs) belong to the group of advanced functional materials for numerous
technical applications. Among many known Cu-based shape memory alloys, Cu–Al–Mn ternary alloys
are characterized by a combination of good shape memory properties and excellent ductility which
makes them commercially attractive.
In this work the Cu-9%Al-8%Mn alloy was prepared by induction melting of pure metals.
Microstructure of the alloy was investigated in the as-prepared state, after homogenization annealing
at 850 °C and slow cooling, and after quenching from 850 °C using SEM-EDS technique.
Transformation temperatures of the quenched alloy were investigated using DSC technique.

1. INTRODUCTION

Cu-based shape memory alloys (SMAs) show good shape memory properties, high electrical
and thermal conductivity, are easier to produce and process and have lower production cost
comparing to Ni-Ti-based SMAs [1, 2, 3].
The shape memory effect is based on martensitic transformation (MT) which represents a
diffusion less and reversible solid state phase transformation which occurs between the hightemperature austenite phase and the low-temperature martensite phase [2, 3, 4, 5, 6].
During cooling, the martensitic transformation (MT) starts at a temperature Ms (martensite
start) and continues to evolve until a temperature Mf (martensite finish) is reached. Similarly,
during the heating cycle, the reverse transformation (martensite-to-austenite) begins at the
temperature As (austenite start), and ends at Af (austenite finish) when the material is fully
austenite [2, 3].
In this work the Cu-9%Al-8%Mn alloy was prepared by induction melting of pure metals.
Microstructure of the alloy was investigated using scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS) in the as-prepared state, after homogenization annealing
followed by slow cooling and after quenching. Differential scanning calorimetry (DSC) was
used for determination of martensitic transformation temperatures.
2. EXPERIMENTAL PROCEDURE
The investigated alloy with designed composition Cu-9%Al-8%Mn was prepared by
induction melting of calculated quantities of pure copper (99.99%), aluminium (99.97%) and
manganese (99.95%) in the graphite crucible under a charcoal cover. The cylindrical shaped
ingot (20 mm diameter and 40 mm length) was produced. The sample was mechanically
grinded and polished. Etching of sample after different heat treatments was done using a
solution containing 2.5 g FeCl3x 6H2O and 1 ml HCl in 48 ml methanol. After microstructure
analysis in the as-prepared condition, sample was annealed at 850 °C for five hours, slowly
cooled inside the furnace and again subjected to the microstructure analysis. Finally, sample
was annealed at 850 °C for 1 hour, quenched in the ice water and analyzed.
Microstructure investigation of the prepared alloy sample was performed on TESCAN
VEGA3 scanning electron microscope with energy dispersive spectroscopy(EDS) (Oxford
Instruments X-act) and the measurements were carried out at 20 kV.
Martensitic transformation temperatures were studied on DSC analyzer Mettler Toledo 822e.
Measurement was performed in inert atmosphere, through 1 heating/cooling cycle from -50
to 120 °C with heating/cooling rate 10 °C/min.
3. RESULTS AND DISCUSSION
3.1. Microstructure of the Cu–9%Al–8%Mn alloy after induction melting
Microstructure of the Cu–9%Al–8%Mn alloy after induction melting was investigated using
SEM-EDS. Overall chemical composition of the investigated alloy was checked using EDS
area analysis. Designed and average overall chemical compositions of the investigated
sample obtained by EDS analysis are given in Table 1.

Table 1. Designed and experimentally determined overall composition of the investigated alloy

Sample

1

Designed composition (wt.%)

Cu
83

Al
9

Mn
8

Experimentally determined
composition with calculated standard
uncertainties (wt.%)
Cu
Al
Mn
83.1±0.4 9.0±0.2
7.9±0.1

As it can be seen from Table 1 designed and experimentally determined overall composition
of the investigated alloy are in very good mutual agreement.
Characteristic SEM micrographs under different magnifications of the investigated bulk alloy
after induction melting (as-prepared condition) are shown in Fig. 1.

(a)

(b)

Figure 1. SEM micrographs of the investigated Cu–9%Al–8%Mn bulk alloy after induction melting:
(a) magnification 500x, (b) magnification 1000x.

Average chemical compositions of identified phases determined by EDS analysis and shown
in Table 2.
Table 2. Chemical compositions of co-existing phases after induction melting determined by EDS
analysis

Alloy

Phase

Cu (wt.%)

Al (wt.%)

Mn (wt.%)

Cu–9%Al–8%Mn

Dark phase

80.6±0.3

10.4±0.3

9.0±0.1

Light phase

84.1±0.4

8.2±0.2

7.7±0.1

It can be concluded that light phase represents Cu-rich α phase and dark matrix phase
represents β phase.
3.2. Microstructure of the Cu–9%Al–8%Mn alloy after homogenization annealing at
850 °C and slow cooling
SEM micrographs of the investigated Cu–9%Al–8%Mn bulk alloy after homogenization
annealing at 850 °C for five hours and cooling inside the furnace are given in Fig. 2.
Two co-existing phases can clearly be noticed: light matrix phase with characteristic lath
structure and dark grains of precipitate phase.

(a)

(b)

Figure 2. SEM micrographs of the investigated Cu–9%Al–8%Mn bulk alloy after homogenization
annealing at 850 °C for 5 hours and slow cooling: (a) magnification 200x, (b) magnification 2000x.

Average chemical compositions of identified phases were determined using EDS analysis and
shown in Table 3. The dark phase has higher amount of copper and lower amount of
aluminium and manganese than the light matrix phase. Chemical composition of the dark
phase is almost identical to the composition of the light phase in the as-prepared sample.
Thus, it can be concluded that dark phase represents Cu-rich α phase. The exact identification
of the lath-type matrix phase should be done using additional experimental techniques such
as XRD and TEM.
Table 3. Chemical compositions of co-existing phases after homogenization annealing at 850 °C for 5
hour and slow cooling determined by EDS analysis

Alloy

Phase

Cu (wt.%)

Al (wt.%)

Mn (wt.%)

Cu–9%Al–8%Mn

Dark phase

84.5±0.3

8.1±0.2

7.4±0.1

Light phase

82.7±0.3

9.2±0.2

8.1±0.2

3.3. Microstructure of the Cu–9%Al–8%Mn alloy after quenching
Annealing of the investigated Cu–9%Al–8%Mn alloy at 850 °C in the β region followed by
quenching in the ice water induced characteristic martensitic microstructure (Fig. 3). Bright
and dark regions observable in the secondary electron (SE) mode of scanning electron
microscopy do not represent different phases. They are caused by morphology and surface
topography of the studied sample. The fine plate- or spear-like martensitic groups (most
probably β1’ martensite) are observed in the microstructure of the quenched alloy.

(a)

(b)

Figure 3. SEM micrographs of investigated Cu–9%Al–8%Mn bulk alloy after annealing at 850 °C for
60 minutes and quenching in the ice water showing martensitic structure: (a) magnification 73x, (b)
magnification 400x.

3.4. Experimental investigation of transformation temperatures for the as-quenched
alloys
DSC technique was used for investigation of martensite and reverse martensite
transformation temperatures for the Cu–9%Al–8%Mn as-quenched alloy in the temperature
range from -50 to 120 °C. Figure 4 shows DSC heating and cooling curves obtained for the
Cu–9%Al–8%Mn alloy. Martensite start temperature (Ms) was determined as the temperature
of the extrapolated peak onset while the martensite finish temperature (Mf) was determined as
the extrapolated peak endset temperature on cooling [3]. One exothermic peak was detected
during cooling run. The peak onset was at 28.9 °C(Ms) and extrapolated endset of the peak
was 10.4 °C (Mf). However, on heating related endothermic peak for reverse martensite
transformation (martensite to austenite transformation) was not identified. The reason could
be martensite stabilization. The stabilization of martensite in many copper-based shapememory alloysis recognized effect resulting in an increase of the reverse martensitic
transformation (As, Af) temperatures [3,7,8].

Figure 4. DSC heating and cooling curves for the as-quenched Cu–9%Al–8%Mn alloy

4. CONCLUSION
Microstructure and martensitic phase transformation temperatures of Cu–9%Al–8%Mn bulk
alloy were investigated in this work. Microstructure of prepared bulk alloy was investigated
in the as-prepared state, after homogenization annealing and after direct quenching into the
ice water.
Based on the obtained results following conclusions can be made:
1) Microstructure of the as-prepared Cu–9%Al–8%Mn alloy includes α and β phases.
2) After homogenization annealing at 850 °C and slow cooling microstructure of the
investigated alloy includes the lath-type phase in the matrix and large amount of
irregularly distributed α grains.
3) Direct quenching from the 850 °C into the ice water produced martensitic structure.
4) Using DSC heating and cooling runs martensitic start (Ms) and finish (Mf) temperatures
were determined to be 28.9 and 10.4 °C.
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ABSTRACT
In conducted research was made a characterisation of microstructure and powder NiCrAlY, before
and after applying on the base material. Coating was carried out by using HVOF Diamond Jet
procedure, which uses the kinetic energy of the metal particles produced by on explosion of
combustible gases. Characterisation was based on chemical analysis of metals powder particles, their
size and structural composition and testing the composition, and structure of the applied coating on
iron base alloy A286 with intermetallic strengthening. We used the classical testing methods of
composition of metal powder and coating and optical and scanning electron microscopy in
determining the phase composition. By testing with scanning electron microscopy, it was found that at
the joint is present aluminium oxide with the presence of yttrium oxide, which play a significant role
in the prevention of high-temperature oxidation of the base material. At the joint areal so analyzed
and the concentration changes in the content of alloying elements. In addition to determining the
phase composition of applied metal coating was used and x-ray structure analysis concentration
changes in the content of alloying elements.

1. INTRODUCTION
The paper describes the microstructural examination of a joint of the base material, iron base
alloy A286 with intermetallic strengthening classified according to its chemical composition
and properties according to standard SAE AMS 5528 and metallic coating marked as
NiCrAlY 4516 according to manufacturer catalog Sulzer Metco. Coating is applied using
HVOF Diamond Jet procedure. Basic material together with applied coating is designed to
operate at elevated temperatures. By testing with optical and scanning electron microscopy,
and X-ray analysis it was found that at the joint is present aluminium oxide with the presence
of yttrium oxide, which plays a significant role in the prevention of high-temperature
oxidation of the base material [1]. At the joint areal so analyzed microstructure and the
concentration changes in the content of alloying elements. It was found that after the high
temperatures affect, at the joint border are aluminum and yttrium oxide, which have an
important role in preventing high-temperature oxidation of the base material. For the stability

of the coating are important thermodynamic conditions of formation of oxide phases, which
depend on the activity of certain metals in the alloy, the partial pressure of oxygen and
affinity of metal elements to oxygen. Due to differences in affinity to oxygen between the
elements in the alloy, there is a tendency that alloy during oxidation process is covered by
thermodynamically most stable oxide. Initial formed unstable oxides, are gradually
transformed into thermodynamically stable oxide phases. The basic aim is to form a
continuous protective layer of oxide composed of phase α- (Al2O3), which is resistant to high
temperature oxidation, and which can additionally be strengthened by yttrium oxide(Y2O3).
2. EXPERIMENTAL
For the carried out tests were made samples at the plate dimensions ≠ 5X15X40 mm from
iron alloy A286 (14.35% Cr, 25.0% Ni, 2.35% Ti, 0.10% Al). The metal coating is applied to
samples by Diamond Jet procedure, using detonation gun. Metal powder NiCrAlY (64.5%
Ni, 24.5% Cr, 10.5%Al, 0.20%Y), is dosed in the charging of powder, which is, by nitrogen
flow inducted in a plasma flow, which dumps it rapidly and applies it on the sample [2].
Figure 1a) and b) shows a diagram of the Diamond Jet procedure (1a), and process of
applying coating to the sample (1b).

a) Scheme of the procedure

b) the process

Figure 1. Scheme of the procedure HVOF Diamond Jet (a) and of the process
of coating of the sample (b)

On the samples were carried out heat treatments by solution annealing at 980 ºC and
precipitation strengthening at 720 ºC during a period of 12 hours. Oxidation kinetics and
mechanism of the stabilization process of the microstructure at elevated temperatures, were
tested after oxidation in air at a temperature of 1000 ºC during a period of 124 hours. In order
to determine the mechanisms that take place in the structure of the coating and at the phase
boundaries, at high temperature, were examined microstructures in cross-section of samples
in strengthen condition, and surface of coating after oxidation. The samples were etched in a
reagent Kalling, and structure tests were performed by Scanning Electron Microscopy Joel
JSM 5610 SEM and X-ray analysis by Panalitical X Pert Pro.
3. RESULTS
To understand the mechanisms that occur in the process of deposition of coatings on the base
material, pre- tests of metal powders were performed, so as pre-tests of coating after applying
coating and heat treatment. It was found that the cast spherical particles of metal powder
whose size is about 25 μm, are made of two phases: ' - a solid solution of chromium and

nickel, and β - intermetallic phase NiAl. Structure X-ray analysis subsequently determined,
that metal coating is consisted of the same phases. After dissolving annealing β-phase
Ni1.1Al0.9 is partially transformed into ' - Ni3Al phase.
Metal coating NiCrAlY applied to the alloy, is composed of molten and partly molten
particles, oxides, pores, and broken particles (debris), showed a Figure 2a) and b) [3].

a) 3D schematic

b) Metal coating

Figure 2. Metal coating applied to the alloy, 3D schematic (a) and coating (b)

The structure of the alloy in a strengthen state is consisted of austenitic Υ-base, with a
separate coherent Υ'-phase (Ni3Al). X-ray structure analysis showed that the coating is
composed of intermetallic phase ß (Ni1.1Al0.9), and the cubic phase (Cr2Ni3), and after the
intermetallic strengthening, ß-phase (Ni1.1Al0.9) becomes Υ'- phase (Ni3Al). This means that
in the alloy and in the coating NiCrAlY, similar mechanisms of strengthening are conducted,
which is important in the selection of the coating. The boundary between the coating and the
alloy is a mechanical mixture resulted without diffusion and dissolution, and the bonding
process is carried out by mechanical activation, similar to connecting metals by explosion.
Microstructure tests were conducted by Scanning Electron Microscopy (SEM).
On SEM image (Figure 3a), we can see the microstructure of NiCrAlY coatings, joint coating
-alloy, and interfacial boundaries between the molten and infusible particles. Line EDS
analysis (Figure 3b), shows increased content of aluminum, yttrium and oxygen in the
coating, on the interphase boundaries, and especially on the border alloy-coating, and on that
basis, it can be concluded that aluminum oxide (Al2O3) and yttrium oxide (Y2O3) are formed.
The presence of yttrium, in the form of finely dispersed particles of yttrium oxide (Y2O3), can
strengthen and increase the stability of aluminum oxide (Al2O3).

a) SEM structure

b) EDS line analysis

Figure 3. SEM structure of the coating and alloy (a) and EDS line analysis (b)

Test of coating surface after cyclic oxidation annealing in air at a temperature of 1000 ºC
during a period of 124 hours, at the interphase and the phase boundaries, by EDS mapping
and linear analysis, it was confirmed even more expressive presence of aluminum oxide and
yttrium, Figure 4a), b), c), d). In the initial stage of the oxidation process, is formed a grey
oxide phase rich in chromium, predominantly on the surface of the coating, between the
debris and pore, because there is a large reactive surface which easily penetrates oxygen.
Under the grey oxide phase, on the semi-molten particles is the dark phase of alumina oxide,
which can be strengthen by yttrium oxide.

a) SEM structure

b) Aluminum

c) Yttrium

d) Line analysis
Figure 4. SEM structure of the coating surface after annealing at 1000 ºC during a period of 124
hours (a), EDS mapping analysis aluminium (b), yttrium (c) and line analysis (c)

With the presence of oxides of chromium and nickel, the coating becomes poor in aluminum
content, which speeds up formation of the grey oxide phases, which changes the
thermodynamic equilibrium, and thus improves the diffusion of aluminum towards the jointalloy-coating. Testing the structure by SEM and EDS mapping and line analysis confirmed
that grey oxide phase rich in chromium, initiates the formation of protective aluminum oxide
layer under the grey oxide phase, Figure 5a), b) and c).

a) SEM structure of the coating

b) Chromium

c) Yttrium

Figure 5. SEM structure of the coating surface after annealing at 1000 ºC during a period
of 124 hours (a) and EDS mapping analysis (b, c)

4. CONCLUSION
Metal coating NiCrAlY applied to the alloy, is composed of molten and partly molten
particles, oxides, pores, and broken particles (debris).
The structure of the alloy in a strengthen state is consisted of austenitic Υ-base, with a
separate coherent Υ'-phase (Ni3Al), and X-ray structure analysis showed that the coating is
composed of intermetallic phase ß (Ni1.1Al0.9), and the cubic phase (Cr2Ni3), and after the
intermetallic strengthening, ß-phase (Ni1.1Al0.9) becomes Υ'- phase (Ni3Al).
To form a stable protective layer against the effects of high temperatures, it is necessary to
form stable aluminum oxide (Al2O3), strengthen with yttrium oxide (Y2O3) and chromium
oxide (Cr2O3) on the interphase boundaries within the coating, and on the joint coating alloy.
It can also be concluded that on the basis of test content and distribution of alloying elements,
is defined mechanism for the formation and evolution of oxide on the coating NiCrAlY after
oxidation at 1000 ºC during a period of 124 hours.
The semi-molten particles, debris and pores in uncompact layer, result in the formation of
grey oxide mixture and the loss of the oxidation resistance of this layer.
The grey oxide phase rich in chromium, initiates the formation of a stable aluminum oxide
which is allocated on the interphase boundaries and on borders of the joint coating-alloys.
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ABSTRACT
Carburizing is a very popular method of thermochemical treatment to increase the surface hardness
of steel parts. It is achived by heating the steel at an austenite temperature in an environment of
appropriate carbon source. Carbon sources provide the corresponding so-called a carbon potential
(C potential). In the case of equilibrium state, the carbon concentration is the same in a gas
atmosphere and steel. However, a nonequilibrium state leads to carburizing or decarburising
processes. This paper presents the results of microstructure analysis of the steel 20X after carburizing
heat treatment. The microstructure analysis was performed for the initial state of the samples, after
carburizing without quenching (cooling on the air) and in the quenched state. After the heat treatment
a decarburising area at the surface of the sample is visible.

1. INTRODUCTION
Carburizing is one of the oldest methods used for increasing of the surface hardness of steel
parts. Increasing of carbon content at the surface, followed by quenching (to get martensite
microstructure) and low temperature tempering leads to very high hardness in the surface
layer (in the range of HRC 58–62) while the core stays a tough and ductile. After carburizing
the carbon content at the surface is usually in the range of 0.7-0.9 (1.0%) while the carbon
content in the core is about 0.15-0.25%. [1, 2, 3]. Carburizing is achieved by heating of steel
at the austenitizing temperature (800-1050 oC) in an environment of appropriate carbon
sources. Carbon sources could be in solid, liquid, gaseous and plasma state and it provides the
corresponding so-called a carbon potential (C potential) which is higher than the carbon
content in the steel. C potential is the maximum carbon content that can be reached during the
carburizing on the surface of steel and it is in balance with a gaseous environment at
carburazing temperature.
In the nonequilibrium condition the activity of carbon in the carburizing
atmosphere 𝑎 𝑔𝑎 is higher than the activity of carbon in the steel ( 𝑎 𝑒𝑒𝑙 . The
difference in the carbon activities leads to the desired carbon transfer into the steel. The flux

m (number of atoms M that penetrate the area F in unit time) is proportional to the carbon
activities difference:
𝑚
⃗⃗ =

𝑀
𝐹

𝑑𝑡 = −𝛽 𝑎

𝑔𝑎

−𝑎

(1)

𝑒𝑒𝑙

Where β is the carbon transfer coefficient (which is dependent on the composition of the
carburizing atmosphere and the carburizing temperature with value 1.25x10-5 cm/s for
endothermic methane-propane gas). By combining equation of Fick's first law (2) (where D is
diffusion coefficient and according to which the variation in time of the concentration
depends on the concentration gradient
𝜕𝑐
𝜕

𝜕𝑐

parallel to the x-axis)

𝜕𝑥

= −𝐷

𝜕𝑐

(2)

𝜕𝑥

and equation (1) a formula for the effect of time on the growth of the carbon diffusion depth
can be derived as follows:
𝑥 = 𝐴𝑡 =

0.79√
𝐶 −𝐶
0.24+ 𝐴𝑡 0
𝐶𝑝 −𝐶0

− 0.7

𝛽

(3)

Where the limiting carbon content CAt determines the depth At of carbon diffusion [3].
The content of carbon in the surface layer depends on the temperature, time, C potential of
the agent for carburasing and the chemical composition of the steel. It generally tends that the
carbon content in the surface layer is about 0.8% for non-alloy steels and less for alloy steels
[4]. The carbon content in the surface layer should not be higher than 1.1 % because of
forming a retained austenite and/or cementite network. The carbon content decreases from
surface to center and by measuring of microhardness from the surface to the center is possible
to determine the depth of carburized and hardened layer according to the standard BAS EN
ISO 2639:2004 [5, 6].
This paper presents the results of microstructure analysis of steel 20X after carburizing heat
treatment. The microstructure analysis was performed for the initial state of the samples, after
carburizing without quenching (cooling on the air) and in the quenched state.
2. EXPERIMENTAL
Initial material in this experiment was steel 20X according to standard GOST 4543-71. That
is a chromium steel with chemical composition given in Table 1.
Table 1. Chemical composition of steel 20X (standard GOST 4543-71) [7]

Steel
20X

C
0.17-0.23

Chemical composition, wt.%
Si
Mn
P
S
0.17-0.37 0.5-0.8 max.0.035 max.0.035

Cr
0.7-1.00

Microstructure of initial state of the steel 20X is the ferrite-pearlite microstructure, Figure 1.

Figure 1. The ferrite-pearlite microstructure of initial state (Nital, x100)

Carburizing process was performed in the atmosphere of endogas (Table 2) at 925 °C for
13.5 hours. C-potential at this temperature was 1.2. Before quenching the temperature in the
furnace was decreased to 880 °C and C-potential was 0.8. Holding time at 880 °C was 1 hour.
From the temperature 880°C steel 20X was quenched in oil. Low temperature tempering was
not performed during the heat treatment process. Diagram of the heat treatment is presented
in Figure 2. The furnace for cementation is shown on Figure 3.
Table 2. Chemical composition and other parameters of the gas atmosphere (endogas)

CO2

CH4

CO

H2

Dew point

[%]

[%]

[%]

[%]

[0C]

Temperature of
Endothermic
Generator [0C]

0.250

0.0

21.5

38.6

4.1

1000

Figure 2. Diagram of the heat treatment

Figure 3. Pit furnace for cementation made by company Bosio

3. RESULTS AND DISCUSSION
The microstructure analysis was performed for samples after carburizing without quenching
(cooling on the air) and in the quenched state. For analysis of microstructure an optical
microscope with maximum magnification of 1000x was used. Analysis of microstructure of
the sample after cooling in the air indicates presence of the decarburised layer on the surface,
Figure 4a and 4b. Under decarburised layer, cemented layer with pearlite microstrucure is
present. Center of the sample was the ferrite-pearlite microstructure.

a)

b)

Figure 4. Microstructure of surface of sample after cooling on the air: a) magnification x100 and b)
magnification x200, Nital

After carburasing and quenching in oil martensite microstructure of steel 20X is noticed,
Figure 5. On the surface plate martensite is present and in the center presence of lath
martensite is noticed. On the surface of the sample, the decarburised layer is present too.
Decarburised layer is less pronounced than in sample which was cooled in the air.

a)

b)

c)

d)

e)

f)

Figure 5. Microstructure of steel 20X after carburasing and quenching at six points from surface a) to
the center f), x500, Nital

The depth of carburized and hardened layer was determined according to the standard BAS
EN ISO 2639:2004 using Zwick equipment (device for testing hardness and microhardness)
and optical microscope Olympus PMG3. The hardness was measured in two lines with HV1
test. The case hardened depth is the perpendicular distance between the surface and the layer
having a hardness of 550 HV1 according to ISO 6507-1 [5,6]. Results of determination of the
depth of carburized and hardened layer are given in Figure 6. The depth of carburized and
hardened layer was 0.828 mm.

Figure 6. Determination of the depth of carburized and hardened layer

The depth of decarburization estimated according to standard ASTM E 1077-01 (R2005) [8]
showed that a complete decarburization was 10.1 μm, a partial decarburization was 20.4 μm
i.e. the total depth of decarburization was 30.5 μm, Table 3 and Figure 7. Determination of
the depth of carburized and hardened layer and the depth of decarburization was done on
Institute “Kemal Kapetanović” in Zenica.

Table 3. Results of measuring of the depth of decarburization

Sample

20X

a complete
decarburization
a partial
decarburization
a total depth of
decarburization

2%HNO3

The depth of decarburization
3
4
5

1

2

13.4

14.6

6.7

8.2

7.4

10.1

17.9

22.0

21.3

17.5

23.2

20.4

31.3

36.6

28.0

25.7

30.6

30.5

x150

2%HNO3

Average

x750

Figure 7. Example of decarburization

4. CONCLUSIONS
In this paper the results of analyzing of microstructure of steel 20X after carburizing process
were presented. Microstructure was martensite and the depth of carburized and hardened
layer was 0.828 mm. However, the decarburized layer was noticed on the surface of
carburized samples on both samples (cooling in the air and quenching in the oil). The total
depth of decarburization was 30.5 μm. The reason for decarburizing is a presence of a
nonequilibrium state during one period of time when the carbon concentration in steel was
higher than in the gas atmosphere. Possible reasons for that could be:
 Variation of the C potential during the process,
 Process was done in the new furnaces (there is possibility that a new retort accept a
carbon on itself),
 Blowing an oxygen probe with air,
 Possibility of moisture presence in the floor concrete of the retort.
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ABSTRACT
This study reports experimental and thermodynamic investigation of the Cu-In-Ni ternary system at
300 °C. Isothermal section of the Cu-In-Ni system at 300 °C was calculated using optimized
thermodynamic parameters for the constitutive binary systems from literature. Microstructure
analysis of selected alloy samples after long time annealing at 300 °C was carried out using scanning
electron microscopy coupled with energy dispersive spectrometry (SEM-EDS) and X-ray powder
diffraction (XRD) technique. Good agreement between thermodynamic calculations and experimental
results was observed.

1. INTRODUCTION
Nickel and nickel-based alloys are widely used in different industries such as chemical,
automotive, marine etc., for making vessels, pipes, heat exchangers, pumps, impellers,
valves, and other type of equipment [1]. Furthermore, nickel with copper forms high-quality
alloys with a variety of applications [2-11]. The most commonly used Ni-Cu alloy is Monel
[12-14], which is primarily composed of nickel (up to 67%) and copper, with small amounts
of iron, manganese, carbon, and silicon.
It is recognized that copper is a widely used material because of its high electrical and
thermal conductivity. By adding a nickel to copper, it is possible to improve the mechanical
properties and corrosion resistance of copper, while adding indium lowers its melting point.

To the extent of our knowledge, up to now, ternary Cu-In-Ni alloys have not been
investigated from the point of view of mechanical and electrical properties. Furthermore, it
can be expected that some of these ternary alloys may be excellent candidates for some of the
aforementioned applications.
The Cu-In-Ni ternary system has been previously experimentally and thermodynamically
assessed by Minic et al. [15]. In their study, Minic et al. [15] reported the liquidus surface,
three vertical sections and isothermal sections at 400 ºC and 500 ºC.
In the current study phase diagram of the Cu-In-Ni ternary system 300 ºC is evaluated. Using
SEM-EDS and XRD analyses are presented as well. The applied research procedure is similar
to that given in [16-18] and it is aimed at providing better insight into properties of alloys
which should contribute to further expansion of their application possibilities.
2. EXPERIMENTAL PROCEDURE
Nineteen ternary and three binary alloy samples (marked as a B1, B2, and B3) were prepared
from copper, indium, and nickel (99.999 at. %) from Alfa Aesar (Germany) in an induction
furnace under high-purity argon atmosphere. In general, the average mass loss during melting
of samples was about 2 mass%. Alloy samples were placed in evacuated quartz tubes and
sealed. Then alloy samples were annealed at 300 ºC for 4 weeks at high-temperature furnace
(GSL1700X, Hefei Kejing Materials Technology Co., Ltd., Hefei, China) with estimated
error of the temperature ±1 ºC. After annealing samples were quenched into a water and ice
mixture in order to retain reached phase equilibrium. Annealed samples were cut into two
parts. One part of the sample was subjected to microstructure analysis. It was prepared by the
conventional metallographic procedure without etching. Polished side of the sample was first
subjected to EDS elemental mapping to check compositional homogeneity and possible
segregation. Further, overall compositions and compositions of coexisting phases were
determined using EDS point and area analysis. Microstructure analysis was carried out on
TESCAN VEGA3 scanning electron microscope with energy dispersive spectroscopy (EDS)
(Oxford Instruments X-act).
The second part of the sample was grinded and examined using X-ray diffraction. XRD
patterns of the studied samples were recorded on a D2 PHASER powder diffractometer
equipped with a dynamic scintillation detector and ceramic X-ray Cu tube (KFLCu-2K) in a
2θ range of 5 to 75 deg with a step size of 0.02 deg. The patterns were analyzed using Topas
4.2 software and ICDD databases PDF2(2013).
3. RESULTS AND DISCUSSION
The isothermal section of the Cu-In-Ni ternary system at 300 ºC has been thermodynamically
predicted using the optimized thermodynamic parameters for the constitutive binary systems
from literature [19-21]. The parameters for the binary Cu–In a system were taken from Liu et
al. [19], for the In–Ni system from Waldner and Ipser [20], and for the Cu–Ni binary system
from Mey [21]. Calculations were performed using PANDAT software [22].
The list of phases from constitutive binary subsystems considered for thermodynamic binarybased prediction together with their corresponding Pearson symbols is given in Table 1.

Table 1. Considered phases in the Cu-In-Ni ternary system and their crystal structures
Phase name
Common name
Structure designation
Pearson symbol
LIQUID
Liquid
TETRAG_A6
(In)
A6
tI2
FCC_A1
(Cu,Ni)
A1
cF4
BCC_A2
A2
cI2
(Cu4In)
CUIN_DELTA
...
aP40
(Cu7In3)
CUIN_ETAP
B82
hP6
(Cu2In)
CUIN_ETA
B81
hP4
(CuIn)
CUIN_THETA
Cu11In9
…
mC20
CUIN_GAMMA
...
cP52
(Cu9In4)
NI3IN7
Ni28In72
…
cI40
NI2IN3
Ni2In3
D513
hP5
INNI_DELTA
(NiIn)
B2
cP2
NIIN
ˋ(NiIn)
B35
hP6
INNI_CHI_PRIME
ζˋ(Ni13In9)
…
mC44
INNI_CHI
ζ
…
…
NI2IN
Ni2In
B82
hP6
NI3IN
Ni3In
D019
hP6

The calculated isothermal section of the Cu-In-Ni ternary system at 300 ºC is presented in
Fig. 1. The alloy samples selected for experimental investigation are also marked in Fig. 1.

Fig. 1. Predicted isothermal section of the ternary Cu–In–Ni system at 300 oC with marked
compositions of the studied samples

Compositions of the selected alloy samples stretch out along three vertical sections: Cu–
In0.5Ni0.5, In-Cu0.8Ni0.2 and x(In) = 0.4 of the studied ternary system. All selected samples
marked in Fig. 1 were investigated using the same experimental techniques. Seven phase
regions were experimentally investigated. Six of the investigated regions were three-phase
regions and the remaining one was a two-phase region.
The experimental results of EDS and XRD analyses are presented in Table 2.

Table 2. Experimentally determined phase compositions and lattice parameters of phases in the
ternary Cu–In–Ni system at 300 oC
S.

1
2
3
4
5
6
7

8

9

10

11

12

13

14

15

16

17

18

Exp.
phases
(Cu)
'(NiIn)
(Cu)
'(NiIn)
(Cu)
'(NiIn)
(Cu)
'(NiIn)
(Cu)
'(NiIn)
(Cu)
'(NiIn)
(Cu7In3)
(Cu)
'(NiIn)
(Cu7In3)
(Cu)
'(NiIn)
(Cu7In3)
Ni2In3
(Cu2In)
Cu11In9
Ni3In7
(CuIn)
L
Cu11In9
Ni3In7
L
Cu11In9
Ni3In7
L
Cu11In9
Ni3In7
L
Cu11In9
Ni3In7
(Cu)
'(NiIn)
ζˋ(Ni13In9)
(Cu7In3)
(Cu)
'(NiIn)
(Cu7In3)
(Cu)
'(NiIn)
(Cu7In3)
Ni2In3
'(NiIn)

EDS analysis

XRD analysis

Exp. compositions of phases (at.%)

Lattice parameters (Å)
B

C

this work/literature

this work/literature

Cu

In

Ni

94.23±0.2
0.67±0.1
94.53±0.3
1.03±0.5
94.21±0.2
0.49±0.4
96.2±0.2
0.81±0.4
95.1±0.4
0.66±0.2
96.08±0.1
0.67±0.4
68.98±0.6
95.04±0.1
0.87±0.5
70.18±0.7
94.08±0.3
0.13±0.2
68.74±0.2
0.57±0.3
67.32±0.4
54.32±0.3
0.32±0.2
62.28±0.3
2.43±0.3
56.93±0.2
0.73±0.1
3.48±0.5
55.54±0.7
1.15±0.3
2.7±0.6
54.69±0.5
1.66±0.3
2.68±0.3
54.10±0.4
0.80±0.1
92.35±0.4
0.18±0.3
0.43±0.3
69.58±0.2
97.26±0.1
0.77±0.1
70.04±0.2
97.12±0.1
0.14±0.3
69.13±0.1
0.17±0.1
0.13±0.5

0.56±0.4
50.60±0.3
0.65±0.7
49.87±0.3
0.57±0.6
51.43±0.7
0.42±0.6
50.21±0.2
0.4±0.4
49.65±0.2
0.63±0.4
50.31±0.2
29.81±0.5
0.3±0.2
48.17±0.6
29.15±0.1
0.73±0.4
49.03±0.1
29.54±0.5
61.06±0.3
32.15±0.3
44.93±0.2
71.42±0.6
37.24±0.2
95.81±0.2
43.05±0.2
69.64±0.3
95.98±0.5
43.56±0.7
70.89±0.1
96.34±0.1
44.83±0.4
68.13±0.2
96.23±0.2
45.83±0.3
70.54±0.3
0.46±0.7
48.94±0.2
40.04±0.1
30.01±0.1
1.41±0.7
49.74±0.5
28.45±0.6
1.23±0.4
49.33±0.2
28.93±0.3
30.25±0.4
51.31±0.5

5.21±0.6
48.73±0.2
4.82±0.1
49.1±0.4
5.22±0.3
48.08±0.5
3.38±0.5
48.98±0.2
4.5±0.2
49.69±0.1
3.29±0.4
49.02±0.1
1.21±0.1
4.66±0.6
50.96±0.3
0.67±0.3
5.19±0.2
50.84±0.5
1.72±0.4
38.37±0.1
0.53±0.2
0.75±0.7
28.26±0.2
0.48±0.7
1.76±0.5
0.02±0.3
29.63±0.8
0.54±0.1
0.90±0.4
27.96±0.2
0.96±0.7
0.48±0.2
30.21±0.1
1.09±0.7
0.07±0.5
28.66±0.3
7.19±0.1
50.88±0.6
59.53±0.3
0.41±0.2
1.33±0.7
49.49±0.7
1.51±0.3
1.65±0.2
50.53±0.3
1.94±0.5
69.58±0.4
48.56±0.4

ɑ
this work/literature
3.5993(1)/3.625[30]
4.5439(7)/4.545[23]

4.3569(3)/4.353[23]

3.5986(3)/3.625[30]
4.5454(5)/4.545[23]

4.3503(5)/4.353[23]

3.5976(4)/3.625[30]
4.5465(1)/4.545[23]

4.3556(8)/4.353[23]

3.5976(2)/3.625[30]
4.5455(2)/4.545[23]

4.3505(1)/4.353[23]

3.5974(4)/3.625[30]
4.5445(5)/4.545[23]

4.3563(3)/4.353[23]

3.5967(7)/3.625[30]
4.5449(2)/4.545[23]

4.3549(7)/4.353[23]

6.7327(1)/6.733[29]
3.6021(2)/3.625[30]
4.5446(1)/4.545[23]

9.1339(1)/9.134[29]

6.7337(2)/6.733[29]
3.6009(7)/3.625[30]
4.5443(7)/4.545[23]

9.1343(2)/9.134[29]

6.7378(1)/6.733[29]
4.3857(1)/4.387[23]
4.2987(1)/4.2943[26]

9.1354(1)/9.134[29]

10.0737(7)/10.074[29]
5.2928(9)/5.295[23]
5.2387(2)/5.2328[26]

12.8139(7)/12.814[28]
9.1799(2)/9.18[24]
4.2498(1)/4.250[27]

4.3557(2)/4.3543[28]

7.3523(2)/7.353[28]

12.8187(7)/12.814[28]
9.1803(5)/9.18[24]

10.0761(8)/10.074[29]
4.3518(7)/4.353[23]
10.0765(1)/10.074[29]
4.3529(4)/4.353[23]

4.9633(9)/4.965[27]
4.3576(1)/4.3543[28]

7.3522(1)/7.353[28]

12.8112(4)/12.814[28]
9.1798(4)/9.18[24]

4.3522(5)/4.3543[28]

7.3545(7)/7.353[28]

12.8156(6)/12.814[28]
9.1799(1)/9.18[24]

4.3587(4)/4.3543[28]

7.3521(2)/7.353[28]

12.8144(2)/12.814[28]
9.1801(5)/9.18[24]

4.3527(1)/4.3543[28]

7.3555(7)/7.353[28]

8.3273(6)/8.329[25]

4.3518(9)/4.353[23]
8.9763(1)/8.977[25]

6.7343(1)/6.733[29]
3.6018(1)/3.625[30]
4.5433(6)/4.545[23]

9.1365(1)/9.134[29]

10.0712(3)/10.074[29]

6.7329(8)/6.733[29]
3.6023(7)/3.625[30]
4.5423(2)/4.545[23]

9.1339(2)/9.134[29]

6.7334(9)/6.733[29]
4.3844(6)/4.387[23]
4.5439(4)/4.545[23]

9.1355(1)/9.134[29]

3.5885(1)/3.625[30]
4.5473(2)/4.545[23]
14.6433(7)/14.646[25]

4.3518(8)/4.353[23]
10.0733(3)/10.074[29]
4.3545(1)/4.353[23]
10.0765(3)/10.074[29]
5.2977(6)/5.295[23]
4.3565(4)/4.353[23]

According to the thermodynamic calculations, (see Fig. 1) samples 1 to 6 belong to the twophase region (Cu)+ '(NiIn). The obtained experimental results for these six alloy samples
confirm the existence of this two-phase region. In all cases, the solubility of copper in
intermetallic phase '(NiIn) was found to be less than 1 at. % and thus it was negligible. Also
in the case of the solid solution (Cu), the detected solubility of In was negligible. The other
obtained results related to the identified phases were found to be the same as predicted so the
existence of all predicted regions was confirmed. Moreover, the subsequent XRD analysis
has also confirmed the presence of the same phases as were predicted by thermodynamic
calculations and determined by EDS analysis. Figure 2 shows microstructures of the six alloy
samples selected out of nineteen studied alloys. Sample 6 belongs to the two-phase region
while the rest samples 8, 9, 10, 11 and 12 are from three-phase regions. The phases identified
using the results of energy dispersive spectrometry (EDS) are marked on the presented
microstructures.

a)

b)

c)

d)

e)

f)

Fig. 2. Microstructures of the alloys analyzed using SEM-EDS technique: a) sample 6, b) sample 8, c)
sample 9, d) sample 10, e) sample 11 and f) sample 12

In microstructure of sample 6, two phases are visible, solid solution (Cu) which is a dominant
phase and binary intermetallic compound '(NiIn). Three-phase region (Cu7In3) + (Cu) +
'(NiIn) is visible at the microstructure of sample 8. The alloy samples 9 and 10 (Fig.2c and
Fig.2d) also belong to three-phase regions. As can be seen from Fig.2c the  phase is the most
dominant phase within the microstructure of sample 9 whereas Ni2In3 intermetallic
compound appears as light phase situated at its grain boundaries. The alloy sample 10
(Fig.2d) seems to have more fine-grained microstructure compared to the rest of the studied
alloy samples. In its microstructure (Fig.2d)  phase can be observed as a small, black and
round phase evenly distributed throughout the microstructure of the alloy. The samples 11
and 12 belong to the three-phase region in which liquid phase L is present
(L+Ni3In7+Cu11In9). It can be observed in Fig.2e and Fig.2f as the dark phase trapped
between intermetallic compounds. The intermetallic compound Cu11In9 appears as the darkest
phase in the microstructures of the alloy samples 11 and 12 while the Ni3In7 intermetallic
compound is the most abundant phase.
Lattice parameters of the detected phases were compared with lattice parameters from
literature [23-30]. Two XRD patterns with identified phases, one for the sample 1 and the
other for the sample 15 are shown in Figure 3, as an illustration.

Fig. 3. XRD patterns of the studied alloys: a) sample 1 and b) sample 15

From Table 2 it can be seen that the experimentally determined values of lattice parameters
for a solid solution (Cu) slightly vary for different alloy samples between 3.5885(1) Å and 3.
6023(7) Å. This discrepancy can be explained by taking into account high solubility of nickel
in solid solution (Cu) e.g. determined value of a lattice parameter for (Cu) phase in sample 15
is shifted towards the lower value and considering that lattice parameter for (Ni) phase are
a=b=c=3.499 Å [31]. It can be assumed that the obtained results may be related to the
solubility of nickel.
4. CONCLUSION
Isothermal section at 300 ºC of the Cu-In-Ni ternary system was investigated using SEMEDS and XRD analyses and computed using optimized thermodynamic parameters from
literature. Compositions of the investigated alloys were along three vertical sections Cu–
In0.5Ni0.5, In-Cu0.8Ni0.2, and x(In) = 0.4 of the studied ternary system. Experimentally
investigated microstructures and determined phase compositions of the studied alloy samples
equilibrated at 300 ºC show close agreement with the results of thermodynamic calculation.
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ABSTRACT
In the technology of bentonite mixture mold unexplored fields are the properties of a mixture of a
quartz sand fraction 0.106 mm, 0.3 mm and 0.425 mm and the possibility of stacking in horizontal
layers in the mold. The investigation is related to the layers of the following combination of sand
fractions: 0.3 / 0.106 / 0.425 mm, 0.106 / 0.425 / 0.3 mm and 0.106 / 0.3 / 0.425 mm. Examples of
good praxis in castings, smooth surface castings are bound to the use of a model mixture in the front
layer casting mold. The results of the research show a high smoothness of the surface of the oil pump
cover made in the mold of bentonite mixture from one fraction 0.3 mm of quartz sand.

1. INTRODUCTION
In the castings of the oil pump cover GI25, made in a mold of unique bentonite mixture
formed by mixed of the circular mixture and quartz sand additives, surface defects have been
observed in the visual inspection: misrun, sand inclusion, slurry inclusion, sintered sand and
cold weld. Analysis of the properties of a bentonite mixture with all quartz sand fraction in a
unique and circular mixture with and without inacol has expanded the research of a mixture
of sand fraction, 0.196 mm, 0.3 mm and 0.425 mm (with and without inacol). The quantity of
inacol is determined as the function of the number of grain sand fines. Following the
established properties of the mold mixture in the laboratory, the following class of molds are
prepared for the oil pump cover casting: unique mixture, a mixture of one sand fraction and
horizontal layers of a mixture of a one sand fraction in a mold.

2. EXPERIMENTAL
Experimental studies were conducted through the following phases:
I Quality of GI25 and the bentonite unique mixture in the foundry "Pobjeda" - Turbe.
Preparation of gray cast iron in induction furnace Inductotherm, Turkey, 1.5 t capacity,
chemical composition given in Table 1.
Table 1. Chemical composition of Grey iron 25
C

Si

Mn

S

P

Cr

Mo

Ni

Al

Co

Cu

Zn

Pb

3.49 1.94 0.72 0.08 0.04 0.179 0.132 0.048 0.007 0.010 0.203 0.002 0.01

The components of the charge are circular material, steel waste, scrap and hematite iron.
Characteristics unique mixture with a middle size of quartz sand grain 0.2 mm in the foundry are
given in Table 2.
Table 2. Properties of bentonite unique mixture in the foundry
Without inacol

With inacol

Properties

Value

Compression strengh (kPa)

113.33 Compression strengh (kPa)

Shear strengh (kPa)

39.66

Shear strengh (kPa)

48.33

Split strengh (kPa)

30.66

Split strengh (kPa)

36.33

Condensation strengh (N/cm2)

5.36

Condensation strengh (N/cm2)

5.93

Shter index (%)

44.72

Shter index (%)

42.84

Permeability

116

Properties

Permeability

Value
121

88

II Testing the properties of a mixture with a single fraction of sand and combinations of
horizontal layers of different mixtures of one fraction of sand
The results of the test of the properties of a bentonite mixture of a quartz sand fraction are
shown in Table 3; 4 and 5.

Table 3. Properties of bentonite mixture from one fraction sand - 0.435 mm
Without inacol
Properties

With inacol
Value

Properties

Value

Compression strengh (kPa)

41.6

Compression strengh (kPa)

Shear strengh (kPa)

44.3

Shear strengh (kPa)

41.5

Split strengh (kPa)

12.3

Split strengh (kPa)

10

Condensation strengh (N/cm2)

3.7

Condensation strengh (N/cm2)

3.6

Shter index (%)
Permeability

21.77
590

Shter index (%)
Permeability

60

13.04
550

Table 4. Properties of bentonite mixture from one fraction sand – 0.3mm
Without inacol
Properties
Compression strengh (kPa)

With inacol
Value
64.3

Properties
Compression strengh (kPa)

Value
60

Shear strengh (kPa)

40

Shear strengh (kPa)

57.3

Split strengh (kPa)

10

Split strengh (kPa)

10

Condensation strengh (N/cm2)

5.36

Condensation strengh (N/cm2)

5.93

Shter index (%)

44.72

Shter index (%)

13.04

Permeability

32.84

Permeability

440

Table 5. Properties of bentonite mixture from one fraction sand – 0.106 mm
Without inacol
Properties
Compression strengh (kPa)

With inacol
Value
41.6

Properties
Compression strengh (kPa)

Value
77.6

Shear strengh (kPa)

53

Shear strengh (kPa)

40

Split strengh (kPa)

12

Split strengh (kPa)

13

Condensation strengh (N/cm2)

2.8

Condensation strengh (N/cm2)

2.96

Shater index (%)

55.93

Shater index (%)

45.4

Permeability

119.3

Permeability

68.6

Testing the properties of samples with horizontal layers mixture of one sand fraction is given in the
Tables: 6, 7 and 8.
Table 6. Samples with horizontal layers of one sand fraction, combination: 0.3 / 0.106 / 0.425 mm
Without inacol

With inacol

Properties

Value

Properties

Compression strengh (kPa)

40.25

Compression strengh (kPa)

Value
42.6

Shear strengh (kPa)

17

Shear strengh (kPa)

16

Splits strengh (kPa)

18.3

Split strengh (kPa)

15

Condensation strengh (N/cm2)

3.1

Condensation strengh (N/cm2)

5.3

Shater index (%)

64.31

Shater index (%)

54.2

Permeability

190.3

Permeability

132.3

Table 7. Samples with hrizontal layers of one sand fraction, combination: 0.106 / 0.425 / 0.3 mm
Without inacol
Properties

With inacol
Value

Properties

Value

Compression strengh (kPa)

32

Compression strengh (kPa)

37.6

Shear strengh (kPa)

17

Shear strengh (kPa)

12

Split strengh (kPa)

13.3

Split strengh (kPa)

14

Condensation strengh (N/cm2)

3.46

Condensation strengh (N/cm2)

4.3

Shater index (%)

57.8

Shater index (%)

45.8

Permeability

199.6

Permeability

172.6

Table 8. Samples with hrizontal layers of one sand fraction, combination:0.106 / 0.3 / 0.425 mm
Without inacol
Properties

With inacol
Value

Properties

Value

Compression strengh (kPa)

38.3

Compression strengh (kPa)

41.6

Shear strengh (kPa)

17.3

Shear strengh (kPa)

18.3

Split strengh (kPa)

15.6

Split strengh (kPa)

15.6

Condensation strengh (N/cm2)

3.1

Condensation strengh (N/cm2)

4.4

Shater index (%)

56.6

Shtaer index (%)

44.9

Permeability

131.6

Permeability

127.3

III Analysis of castings deffects
In the "Pobjeda" foundry d.o.o. - Turbe, with the visual inspection of the oil pump cover
castings, the following defects were found: misrun (8%), sand inclusion (80%), slag inclusion
(7%), sintering sand (2%) and cold weld (3%).
Casting of oil pumpe cover are shown on Figures 1 - 6. Figures 5 and 6 are made by optical
microscope.

Figure 1. Sand fraction
0.3 mm with inacol

Figure 3. Sand fraction
0.3 mm without inacol

Figure 2. Sand fraction
0.425 mm with inacol

Figure 4. Sand fraction
0.105 mm without inacol

a)

b)
Figure 5. Surface of casting, sand fraction 0.105 mm with inacol: a) 25x and b) 60x

a)

b)
Figure 6. Surface of casting, sand fraction 0.3 mm with inacol: a) 25x and b) 60x

In the case of three different sand fractions in a mold mixture with inacol, the surface of the
casting at least roughly shows the fraction 0.105 mm, Figure 5. The free surface without a
sand inclusion, shows the fraction 0.3 mm with the addition of inacol, Figure 1 and Figure 6.
The mat print of surface oil pumpe cover casting is the case of sand fraction 0.425 mm in
mold mixture, Figure 2. Evidence of defects in castings made in a bentonite mixture mold
without the addition of inacol, sintered sand covers the casting surface in cases shown in
Figures 3 and 4, and due to high reflection the optical microscope did not give a clear picture
or a glossy print.
3. DISCUSSION
- The analysis of copression strength, shear strength, condensing strength and split strength of
different granulometric sand compositions show that the compression strength and the
condensation strength increase with the addition of inacol, whereas the shear strength and the

split strengh decrease with the addition of the inacol. The Shater index and the permeability
drop with the addition of inacol.
- The compressive strength of the bentonite mixture of sand fraction 0.3 mm is maximum,
the highest values of the Shater index shows a mixture of sand fraction 0.106 mm and the
maximum permeability of a mixture of sand fraction 0.425 mm.
- The mold/ sample formed by horizontal layers of bentonite mixtures of three different
quartz sand fraction shows the highest strength values and Shatter index for the conbination:
0.3 / 0.106 / 0.425 mm sand fractions, while the highest permeability of combination:0.106 /
0.425 / 0.3 mm sand fractions.
- Visually inspecting the surface of the oil pump cover, GI25, has the highest quality poured
into a mold mixture of sand fraction 0.3 mm inacol. There are obvious defects in the cover
surface made in a mold without inacol. In cases of three different fractions with inacol, the
surface with the least roughness shows the fraction 0.105 mm.
4. CONCLUSION
From the exploration of the properties of the bentonite mixture of quartz sand and one sand
fraction, molds are made as a combination of horizontal layers of different mixtures of
various quartz sand fractional in the production of the SL25 oil pump cover. The following
conclusions can be drawn:
- A sand fraction 0.3 mm erosion resistant mold matches the best surface of the SL25 oil
pump cover.
-The combination of horizontal layers of bentonite mixture of a one fraction of sand is 0.3 /
0.106 / 0.425 mm, without mold erosion
The concept of exploring bentonite mixture of a quartz sand fraction opens new techniques of
mold making in layers to achieve dominant properties such as Shater indexe or permeability
that are not typical of a unique mixture. The results of these researches provide a new
impetus to question the quartz sand and bentonite bonding mechanism.
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ABSTRACT
This paper describes a few examples of the recovery of manganese from steel slag and dust by using
different technologies based on acid leaching.
Reductive leaching in sulfuric acid (H2SO4) for recovery of manganese from electric arc furnace dust
(EAFD) was represented. Recovery of manganese and iron was increased with increasing in the sulfuric
acid concentration. By using different reductantcs such as oxalic acid and hydrogen peroxide were
revealed a higher manganese recovery than the other reductants. The results were showed that leaching
of manganese was accomplished at 0.31 mol/L oxalic acid concentration, 2 mol/L H2SO4, a liquid/solid
ratio of 30/1 at 70 °C and with 90 min leaching time.

1. INTRODUCTION
Slags have been long considered as valuable by-products of steel industry. Some of the
recycling alternatives used worldwide include cement incorporation, construction products,
road base and sub-base aggregates, as well as additives used for soil improvement [1].
Slags are named based on the furnaces from which they are generated. Figure 1 shows a flow
chart for the iron and steelmaking processes and the types of slag generated from each process
[2, 3].

Figure 1. Flowchart of iron and steelmaking processes [2, 3]

Steel slags are slags that arised from BOF, EAF of steel production process, as the slag from
secondary metallurgy steelmaking.
Globally annual steel slag production produced is at fifty millions ton and dumping it off is
gradually becoming a major environmental issue [4].
The steelmaking industries in the US generate 10–15 million tons of steel slag every year [5].
According to EUROSLAG, the European Association of Slag Producers and Processors, the
main use of steel slags are for road construction, cement incorporation and internal use for
metallurgical purposes [6].
EAF dust (complex material consisting mostly of metal oxides) is formed under mini-mill
steelmaking operations due to the high processing temperature (around 1600 oC). Certain
metals such as Zn, Pb, Cd, Na, Mn and Fe are volatilized and oxidized, then condensed or
mechanically carried over and finally collected as appeared as dust form.
It is estimated that the world-wide annual production of EAF dust is as high as 5 million tons,
all of which must be treated / recycled or land filled [7].
2. CHEMICAL COMPOSITION OF STEEL SLAG AND DUST
Steelmaking slag (BOF or EAF) mainly consist of [8]:




dicalciumsilicate (Ca2SiO4),
dicalciumferrite (Ca2Fe2O5) and
wuestite (Fe1 -x- y,Mgx,Mny)Oz.

The chemistry and mineralogy of slag / dust depend on material balance of feedstock and
method of production. The main chemical constituents CaO, FeO and SiO2 are given in Table
1 [9].
Table 1: Chemical composition of steel slags [9]
Chemical composition, [wt %]
Slag type

CaO

FeO

SiO2

MgO

MnO

Al2O3

BOF

47.9

26.3

12.2

0.8

0.3

1.2

EAF

24.4

34.4

15.4

2.9

5.6

12.2

Ladle

49.6

0.44

14.7

7.9

0.4

25.6

The chemical composition of EAF dust is given in Table 2. Generally, EAFD also contain
many other metals as well, in the form of different oxides, ferrites, and silicates. Further
constituents are alkali- and alkaline earth metal compounds as well as minor oxides of further
heavy metals and silica [10, 11].

Table 2: Chemical composition of EAF dust [10]

3. THE POSSIBLE TECHNOLOGY OF MANGANESE RECOVERY FROM STEEL
SLAG AND DUST
Some procedures for slag processing, are followed by:





leaching process,
a purification of the electrolyte by selective precipitation of other metals, extraction of the
first valuable metal,
dissolve separately each precipitate and
extraction of the remaining valuable metals separately.

The steel slags must be properly
conditioned (ground, heat treated or even
partially reduced etc.) in order to liberate
and make amenable the mineralogical
phases to the chemical reagents (aqueous
lixiviants). Then, if chosen and applied
properly, they can dissolve selectively the
designated components.
In this case, McIntosh and Baglin chose
ammonium carbamate to leach manganous
oxide selectively from the pre-treated
silicon steel BOF slag according to the
flowsheet shown in Figure 2 [12]. They
were able to prove experimentally that
manganese could be recovered from such
type of steel slags with ammonium
carbamate leaching up to 80 wt.% of Mn
Figure 2: Simplified flowsheet of a proposed
and 50 wt.% of Fe, where treatment of the
hydrometallurgical process to treat steelmaking
slag for the recovery of manganese by-product
slag in hydrogen prior to leaching
metal [12]
enhanced manganese extraction. All in all,
the process so developed was not profitable at that time and is so still today [12].

Another method for recovering manganese from BOF steelmaking slags was included leaching
with fluorosilicic acid (H2SiF6), where manganese and iron were extracted as soluble
manganous and ferrous fluorosilicates. Best extraction and selectivity were achieved using a
two-stage countercurrent leach. Sodium fluorosilicate (Na2SiF6) was precipitated from the
pregnant liquor and recovered as a byproduct using sodium chloride. Manganese and iron were
precipitated as hydroxide-carbonate salts with the addition of sodium carbonate to the treated
liquor. Total recoveries for manganese and iron were 73 to 83 wt.% and 67 to 70 wt.% [13].
A recovery of 98% of manganese was achieved for an ore containing 12.2% manganese, using
hydrogen peroxide (H2O2) as the reductant [14]:
MnO2 + H2O2 + 2H+ → Mn2+ + 2H2O + O2

ΔE0=0.549 V ...(1)

More than 98% of manganese was extracted from low-grade manganese ore using oxalic acid
(C2H2O4) as the reductant according to the following reaction [15]:
MnO2 + C2H2O4 + 2H+ → Mn2+ + 2H2O + 2CO2

...(2)

To recover manganese from EAF dust few methods are found in literature. Reductive leaching
is an alternative and environmentally friendly hydrometallurgical process for EAFD
dissolution.
Thus, in this work was emphasized method of manganese extraction from electric arc furnace
dust by leaching in sulfuric acid solution in the presence of different reductants: hydrogen
peroxide and oxalic acid.
The chemical composition of the sample was 24.64% Mn, 10.08% Fe, 6.47% Si, 5.87% Ca,
2.83% Al, 0.34% Mg, 0.16% Ti, 0.05% Pb, 0.04% Zn, 0.01% Cu and > 0.01% Ni. The major
phases in the sample were manganese dioxide (MnO2), silica (SiO2), iron oxide (FeO) and
calcium oxide (CaO).
The effect of H2SO4 concentration on the simultaneous leaching of manganese and iron in the
absence of any reducing agent is shown in Figure 3.

Figure 3: Effect of H2SO4 concentration on the leaching of manganese in the absence of reductants:
temperature 70 °C, leaching time 90 min, S:L 1:10 [16].

The effect of temperature on the recovery of manganese and iron in the presence of oxalic acid
(0.31 mol/L) and H2O2 (0.65 mol/L), as well as effect of liquid/solid ratio are illustrated in
Figure 4 and Figure 5.

Figure 4: Effect of temperature on the recovery of manganese and iron; oxalic acid concentration
0.31 mol/L, H2O2 concentration 0.65 mol/L, H2SO4 concentration 2 mol/L, time 90 min, S:L 1:10 [16].

Figure 5: Effect of liquid/solid ratio upon the leaching recovery of manganese; oxalic
acid concentration 0.31 mol/L, H2SO4 concentration 2 mol/L, time 90 min, temperature
70 °C [16].

4. CONCLUSION
Because of facts that some methods of recovery manganese were not profitable (e.g.
ammonium carbamate leaching) and that can be applied for some steelmaking slags but not
others, their use is required if strategically necessary.
Another alternative method of manganese extraction from EAF dust, emphasized in this work,
was performed by leaching in sulfuric acid solution without or with the addition different
reductants. Leaching of manganese was not complete in the absence of reducing reagents. By
increasing the sulfuric acid concentration from 0.5 to 2 mol/L increased the recovery of
manganese from and for iron, so 2 mol/L was taken as the optimal condition for the manganese
leaching. In the presence of oxalic acid leaching recovery of manganese increased and in this
system, oxalic acid and hydrogen peroxide act almost similar. Complete leaching of manganese
was achieved at 0.31 mol/L oxalic acid concentration, 2 mol/L H2SO4, a liquid/solid ratio of
30/1 at 70 °C and with 90 min leaching time.
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ABSTRACT
The microscope has become a more common tool in the cement industry. Evaluation of clinker using
microscopy is a powerful technique that can help improve clinker production and cement quality. The
key to using the microscopy is understanding the process of clinker production namely how raw
materials are transformed into clinker. These transformations involve chemical and physical
processes as the material passes through the rotary kiln. Clinker microscopy can provide information
about the temperature in the kiln and provide clues to improve clinker grindability, optimize raw feed
fineness or increasing 28-day strength. Regarding problems, imagine being able to help identify the
causes of poor clinker grindability or low cement mortar strength.

1. INTRODUCTION
Some of essential cement properties as setting time, hardening, heat of hydration, soundness
and strength development mostly depend on the composition of clinker phases. The
quantitative and qualitative composition of clinker phases depend on the fineness and
homogenization of the raw materials, the lime saturation factor (LSF), silica ratio (SR),
alumina ratio (AR) as well as MgO, alkali and sulphate and some minor elements (P2O5 and
F) in raw meal and fuel. It depends also on the burning temperature and residence time and
cooling rate of the clinker conditions. The chemical composition of the clinker phases, their
crystal size and shape, as well as the structure of the matrix, will control the main properties
of the cement and also will directly affect the clinker grindability and electrical energy
consumption
Portland cement clinker is produced by sintering limestone, aluminosilicate materials, iron
ore and siliceous raw materials at temperature of up to 1450 °C and emerges from a dry
process kiln in form of rounded granules and from wet process kiln as irregularly shaped
lumps, typically 3-20 mm dimensions. Generally, four main clinker phases are produces

corresponding to about 95% of the Portland cement. They emerge from the kiln not as pure
phases, but rather as impure crystals which correspond to the next phases [1]:
-

alite (tri-calcium silicate, C3S),
belite, (di-calcium silicate, C2S),
aluminate (tri-calcium aluminate, C3A),
ferrite (tetra-calcium aluminoferite, C4AF, also called brownmillerite)

The important properties of clinkers phases to evaluate include size, morphology, distribution
and reactivity to etching [2].
2. SAMPLE PREPARATION
The clinker for microscopy is preparing by crushing and then this amount of clinker sample is
screening between sieves 2.0 and 4.0 mm (Figure 1). Such clinker grain size is a
representative sample for microscopy. The clinker is then mixed with powder and curing
agent, then it brushes on by certain abrasive papers (60, 150, 220 and 400 microns) and
polished at the very fine canvas containing only aluminum pastes to get the cleanest cross
section polished sample (Figure 2). After preparing a polished section of clinker (Figure 3),
next step is etching with acetic acid (Figure 4). Etching with acetic acid helps to make clinker
minerals easier to identify and recognize clinker minerals by theirs shapes. Etching time is
from 5 to 15 seconds. It depends on concentrate of acetic. The lower the acetic acid
concentration, the longer the acetic time for etching.

Figure 1. Clinker

Figure 3. Polished clinker section

Figure 2. Brushing device

Figure 4. Acetic acid

3. CLINKER MINERALS
3.1. Alite
Alite is the main constituent of clinker. It represents usually 50-70% of the total mass (Figure
5). Because of the inclusion of foreign ions such as Mg, Al, Si or Fe originating from the raw
materials and fuels, it is not a pure compound. The inclusion of foreign ions usually has
stabilizing effect on the crystal matrix. There are only 3 of 7 various form which occur in
technical clinker. These are M3, M1 and T2 form of clinker. Alite indicates the rate of
temperature rise of the kiln charge between 1200 °C-1450 °C where C2S combines with CaO
to form C3S. Rapid heating is desirable, and it is indicated by alite crystal size from 10 to 20
μm while slow heating produces crystal size of 40-60 μm or larger. If the cooling is slower,
alite is generating with secondary belite on the edge of alite and and that alite has less
reactivity (figure 6.) Alite possesses the most hydraulic properties of all the clinker phases
and determines the strength development by creating calcium silica hydrates (C-S-H). Alite
can be colored by blue, yellow, brown and green by etching with acetic acid. Concerning
shapes of alite, there are idiomorphic, hypidiomorphic and xenomorphic. The xenomorphic
shape is the most often in the technical clinker [1].

Figure 5. Typical alite crystals

Figure 6. Slow cooling alite crystals with secondary belite on the edge

3.2. Belite
Belite (C2S) is created in the sintering process and usually comprises from 5% to 30% of the
clinker by mass (Figure 7). Up to 6% of the mass of belite is composed of foreign
constituents such as alkali metals, iron, sulfur or magnesium. Microscopic structure of belite
provides an indication of the conditions under which the clinker was burnt and cooled. The
distribution of belite in clinker is often a function of the fineness and homogeneity of the raw
meal. Belite occurs ih four forms and they develop one after the other during the cooling
process (α, α', β and ɣ). Belite forms round crystal that are usually between 15 and 40 μm in
size and which appear under microscope with intersecting lamellae or sometimes parallel
lamella, but rarely with no lamellae. These crystal structures reflect the creation of different
forms of belite during the sintering and cooling processes. The intersecting lamellae indicate
transition caused by cooling from the high-temperature form, α-belite into α'-belite at
temperature below approximately 1420 °C. During further cooling below 675 °C β-belite is
created and lamella structure remains intact [1].
The crystal size of belite increases with the time spent at sintering temperature. Overburnt
clinkers contains belite crystals of a larger size and densely sintered alite. Production clinker
primarily contains β-belite and also present α'-belite if cooling is quickly. This type of belite
hydrates at a significantly slower than alite, although in the end it can attain similar strength.
Finger-shaped belite is caused by further growth of the lamella at slow cooling rates as a
consequence of the absorption of Cao and SiO2 from the melting phase (Figure 8). Lamellae
found in belite are an indicate of an upper burn temperature of 1420 °C [1].
Belite can be colored by blue, yellow and brown by etching with acetic.

Figure 7. Typical belite crystals (with and without lamellae)

Figure 8. Finger-shaped belite crystals

3.3. Aluminate and ferrite
Other clinker minerals are also important to cement reactivity and performance. Together
with alite and belite phases, interstitial phase which is composed of aluminate (C3A) and
ferrite (C4AF) is also formed upon cooling (Figure 9). The light interstitial mass is ferrite
while the brownish mass is aluminate. The faster the cooling occurs, the finer the crystal size.
C3A phase is very reactive and it releases the greatest heat during hydration among the
clinker phases.
There is an inverse relationship between these two phases in the base material. When the C3A
content falls the C4AF content rises and vice versa. Aluminate (C3A) is present in clinker in
cubic and orthorhombic forms. The form of the C3A modification depends on the amount of
alkali input There are next modifications [1]:
1. Cubic
(0 – 1% K2O)
2. Cubic/orthorhombic (1 – 2,4% K2O)
3. Orthorhombic
> 2,4% K2O
C4AF is very slow to react and hardly contributes to the strength development and then only
at a later age.

C4AF

C3 A
Figure 9. C3A and C4AF crystals

3.4 Free lime
Most cement clinkers contain free lime in amounts up to 2% by weight. Free lime occurs in
the next cases [1]:
1.
2.
3.
4.

Inappropriate preparation of the raw meal (inhomogeneous or too coarse),
Inadequate burning (it is not combined by other oxides),
Too slow rate of cooling (partial decomposition of C3S could occur),
Too high lime saturation factor (> 100)

The round particles occur in range from a few tenths of a percent to a few percent of total
mass and it is a measure of the completeness of burning of raw meal. Free lime is strongly
hygroscopic and transforms due to the influence of humidity in air. Free lime causes lime
induced deformation by increasing in volume. This can be established by microscopic
analysis. If raw meal is not homogenized well, free lime is dispersed (Figure 10) and if there
is coarse lime in the raw meal, free lime occurs in clusters (Figure 11).

Free
lime

Figure 10. Dispersed free lime

Figure 11. Free lime in clusters

4. CONCLUSION
There is correlation between clinker microstructure, the kiln feed and burning conditions.
Besides this, clinker microstructure can reveal important information about cement
performance. Clinker microscopy is a valuable tool at the cementplant which can help to
produce good quality clinker. If there is a change in the microstructure (crystals are larger and
irregular, coarse belite clusters, secondary belite, etc.) operators can very quickly react to
modify parameter for clinker production to get better clinker reactivity. Typical physical and
chemical testings can provide very good information, but often microscope can help to
provide a complete solution.
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ABSTRACT
Clinker dust or cement kiln dust (CKD) is fine granulated material which generate during the thermal
treatment of raw meal and during the clinker cooling process. By applying different methods in
certain stages of the technological process it is possible to extract the mentioned dust. The chemical
composition of the clinker dust depends on type and composition of raw material, fuel and specific
material flow from the kiln system. Increasing the content of alkali, chlorine, sulphate and other raw
materials and fuels constituents results in significant increasing of these constituents in the kiln dust
structure. Generally it can be said that the formation of clinker dust in the kiln system is undesirable
and it is therefore necessary to periodically release the CKD from the mentioned kiln system. On this
way it is possible to use clinker dust as a cement additive. In this article has been conducted research
of using mentioned kiln dust as blast furnace cement additive where the focus was on influence of
CKD on physical-mechanical properties of cement.

1. INTRODUCTION
Clinker dust is a chemical byproduct of the cement production. More precisely, clinker dust
accrues during the clinker burning process in the kiln. The dust-polluted kiln gases are
discharged at different spots of the kiln system and dedusted in various filter systems. The
chemical composition of the clinker dust strongly depends among other factors on the raw
materials and fuels used, on the kiln system and on where the gas is discharged (within the
kiln system). The amounts of clinker dust are considerable and generally pose the question of
utilization for the cement plants.
If one looks at generation and disposal of clinker dust under the cost aspect, it becomes clear
that this dust is generated from precious raw materials with high grinding energy
consumption. Burning the thus generated kiln meal uses up a large amount of heating energy.
If the discharged clinker dust is then landfilled, this means an economic loss due to:

-

loss of precious raw materials,
loss of energy,
costs of operation, storage and transportation

Moreover, landfilling of clinker dust is not in line with environmental protection with regard
to:
- conservation of primary resources (raw materials and fuels),
- climate protection by reduction of CO2 emissions generated during burning of
limestone,
- conservation of valuable landfilling areas.
Chemical construction of clinker dust depends on a number of factors. In principle it can be
said that in different kiln systems different types of clinker dust arise. From a general point of
view the following factors are decisive:
-

Used materials: Different amounts of alkalis, chloride, SO3 and volatile heavy metals
can be transferred into the kiln system via the used raw materials and fuels. The
relative contents of these substances have significant impact on the composition of the
clinker dust. However, volatility of a salt does not only depend on the metal ion, but
also on the anion. Chlorides, for example, increase the volatility of alkalis and thus
smaller amounts can be integrated into clinker despite the same ambient conditions.

-

Temperature and retention time: The hot kiln area represents a barrier for the
volatile constituents. At a certain temperature a given amount of potassium, for
example, can be integrated into clinker and by this break the barrier. The remaining
amount vaporizes and is transported with the kiln gas in cooler areas where it
recondenses. The higher temperatures are in the sintering zone and the longer
retention times are, the higher is the barrier and consequently only few volatile
constituents can be integrated into the clinker. This supports the creation of
circulations. As extreme example white cement can be named which is burned at very
high temperatures. Consequently, the alkali content of the clinker is very low.

-

Circulations: If less volatile constituents are transferred outwards by the clinker than
moved in by the raw materials, circulations may build up and influence the burning
process (for example in kilns with cyclone preheater without bypass alkali
circulations can appear at the kiln inlet → formation of coating and blocking of the
cyclone). If alkali-contaminated dust is unlimitedly used as raw meal, outer
circulations are formed. By vaporization/sublimation in hot areas and
condensation/resublimation in cooler areas the thermal balance of the kiln is
influenced in a negative way.

The European cement standard EN 197 allows utilization of clinker dust as secondary
component in cement of up to 5%. Due to the chloride content in the dust this proportioning
cannot be attained in many cases, as the limit value of 0.1% of chloride is usually reached
with lesser quantities. Besides chloride the alkali content of clinker dust may be the reason
for a lower proportioning. This might be the case if certain requirements regarding alkali
content, heat of hydration and sulfate resistance are to be met.

The utilization in cement thus depends on the contents of chloride and/or alkalis in the clinker
dust. In some cases the contents of trace elements might also be of importance, if, for
example, the eluate of cement-containing material must meet certain requirements.
In comparison to the use in Portland cements the clinker dust’s activating effect is stronger in
CEM II and CEM III cements that contain fly ash and/or slag. It has a positive effect
especially on the early strengths. Measurements of a CEM III/A 42.5 showed an early
strength increase of up to 4 MPa after 7 days. On the other hand, there are only minor
changes as to the final strengths. This is an advantage insofar as the cement must not be
sorted into the next higher strength class.
A prolongation of the setting time (initial and final setting time) is sometimes observed when
utilizing clinker dust. The initial setting time is merely prolonged by 10-15 minutes, whereas
the prolongation of the final setting time might amount to between 40 and 80 minutes. In
some cases, however, prolongation of the processing time can indeed be of advantage.
Bhatty (1983, 1984a-c, and 1986) found that the addition of CKD with fly ash and slag
produced cement with improved strength while not impacting other properties. It was
reported that cements containing only CKD had reduced workability, setting times, and
strength. The loss of strength was attributed to alkalies in the dust. It is believed that the use
of fly ash with CKD diluted the alkalies and thus improved the strength.
Bhatty found that the use of slag may reduce the workability of the cement, but when CKD
was added, the strength increased due to the activation of the slag by the alkalies. It was
found that blended cement with high sulfate produced the greatest strength, and that the
impact of the alkali in the dust could be negated by the fly ash and/or slag. Overall, the ratios
of alkali, chlorides, and sulfates in the dust impacted the performance of the blended cements.
Researches of many studies were shown that the water for normal consistency increases with
the quantity of CKD. This is due to the presence of high amount of alkalis, sulfates, volatile
salts, and lime in cement dust, as well as the high surface area leading to high water demand.
The setting times are shortened with an increase in the quantity of CKD. This may be
attributed to the high alkalinity of the CKD that accelerates the hydration of cement.
The free lime content increases with curing time up to 7 days. This is mainly attributed to the
hydration of slag portion that begins with slow rate and increases with time. Therefore, the
consumption of the liberated lime increases with time. The hardened slag cement pastes with
the CKD give higher values of free lime than only slag cement paste. This is due to the fact
that there are two main sources of lime, the hydration of cement clinker phases and the
residual lime containing CKD. Therefore, the free lime is increased with CKD content. At a
given age, the free lime content increases with the quantity of CKD.
The compressive strength increases with curing time for all hardened cement mortars. This is
due to the continuous hydration and accumulation of hydration products in water filled pores
to form a more compact body. At a given time, the hardened slag cement mortar with 5%
CKD gives higher values of compressive strength than slag cement mortar. 5% CKD is the
optimum amount to activate the hydration of slag while the compressive strength decreases
slightly with CKD content of up to 10 mass%. It can be concluded that, the substitution of
slag cement with 5 to 10% CKD has a slight effect on the compressive strength. As the CKD
content increases up to 20 mass%, the compressive strength decreases significantly.

2. EXPERIMENTAL TECHNIQUES
For this research 18 laboratory samples were prepared with different amount of clinker and
granulated blast furnace slag while the content of clinker dust and gypsum was fixed on 4%.
Since there are three types of blast furnace cements according to standard EN 197-1 (CEM
III/A, CEM III/B and CEM III/C) it was prepared 6 samples of CEM III/A, then 6 samples of
CEM III/B and 6 samples of CEM III/C.
For each type of blast furnace cement was prepared samples with minimum, maximum and
average content of granulated blast furnace slag and clinker with and without clinker dust.
For all mentioned samples was followed the compressive strength durring the time as
physical-mechanical parameter.
Table 1 shows the content of granulated blast furnace slag, clinker, gypsum and clinker dust
for CEM III/A type of cement.

CEM III/A

Table 1. Composition of CEM III/A cement
Granulated
blast
Gypsum
furnace
(%)
slag (%)

Sample name

Clinker
(%)

Clinker
dust (%)

U 1 - CEM III/A

35.00

61.00

4.00

X

U 2 - CEM III/A

57.00

39.00

4.00

X

U 3 - CEM III/A

46.00

50.00

4.00

X

U 4 - CEM III/A

35.00

57.00

4.00

4.00

U 5 - CEM III/A

57.00

35.00

4.00

4.00

U 6 - CEM III/A

46.00

46.00

4.00

4.00

Table 2 shows the content of granulated blast furnace slag, clinker, gypsum and clinker dust
for CEM III/B type of cement.

CEM III/B

Table 2. Composition of CEM III/B cement

Sample name

Clinker
(%)

Granulated
blast
furnace slag
(%)

Gypsum
(%)

Clinker
dust (%)

U 10 - CEM III/B

20.00

76.00

4.00

X

U 11 - CEM III/B

28.00

68.00

4.00

X

U 12 - CEM III/B

24.00

72.00

4.00

X

U 13 - CEM III/B

20.00

72.00

4.00

4.00

U 14 - CEM III/B

28.00

64.00

4.00

4.00

U 15 - CEM III/B

24.00

68.00

4.00

4.00

Table 3 shows the content of granulated blast furnace slag, clinker, gypsum and clinker dust
for CEM III/C type of cement.

CEM III/C

Table 3. Composition of CEM III/C cement

Sample name

Clinker
(%)

Granulated
blast
furnace slag
(%)

Gypsum
(%)

Clinker
dust (%)

U 19 - CEM III/C

5.00

91.00

4.00

X

U 20 - CEM III/C

14.00

82.00

4.00

X

U 21 - CEM III/C

10.00

86.00

4.00

X

U 22 - CEM III/C

5.00

87.00

4.00

4.00

U 23 - CEM III/C

14.00

78.00

4.00

4.00

U 24 - CEM III/C

10.00

82.00

4.00

4.00

3. RESULTS AND DISCUSION
In the following figures (diagrams) are presented the values for compressive strength for
three types of cement in function of time. The Figure 1 refers to cement CEM III/A, while
Figure 2 refers to CEM III/B and figure 3. is related to CEM III/C.

Figure 1. Compressive strength for CEM III/A cement

Figure 2. Compressive strength for CEM III/B cement

Figure 3. Compressive strength for CEM III/C cement

4. CONCLUSION
From the presented results it can be concluded that:
-

-

-

Cement type CEM III/A has the biggest values for compressive strength during the
whole period of examination (2, 7, 28, 90, 180 and 365 days). The reason for this is
the largest quantity of clinker.
As the amount of clinker decreases and the granulated blast furnace slag increased,
the compressive strength in the early period is decreased while in the later period is
increased.
The presence of clinker dust (CKD) has positive effect on compressive strength in all
period of examination.
Clinker dust with low alkalis and chlorine content is desirable because of positive
influence on cement compressive strength.
Generally on the one hand clinker dust is the material which is necessary to release
from kiln system from time to time in order to prevent blockage of kiln and on the
other hand clinker dust with good quality is acceptable for cement production.
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ABSTRACT
This paper presents a model of molecular ultrathin (nano) crystalline film and feature research
methodology of exciton system as well as analysis of dielectric properties of these spatially very
restricted structures with perturbed fundamental parameters on surfaces. Using the two-time Green's
functions, adapted for research of symmetry breaking crystalline structures, and graphical-numerical
software, the dynamic permittivity along the direction vertical to the boundary surface of the film was
calculated. It was shown that the appearance and the presence of localized states in the surfaces and
in the boundary layers of the film depend on the thickness of the film and the changing values of
parameters in the border areas of the film. These localized states define schedule and determine the
number of (discrete and selective) resonant absorption lines in the near infrared area of the external
electromagnetic radiation, which occur in the ultrathin structure instead of continuous absorption
area in the bulk structure of the same chemical and crystallographic structure. It is important fact in
(nano)optical engineering as well as in nanomedicine, i.e. nanopharmacy – for construction of
nanomarkers, nanocarriers and nanodelivers of medical drugs.

1. INTRODUCTION
Nanostructures represent new and promising materials in wide range of possible usage. Based
on our research in ultrathin crystal structures performed so far, superlattices, Q-wires and Qdots, we will consider the materials that can act as carriers for medical drugs and tagged
substances. In that processes, apparently, interaction between nanostructure and the lightis
crucial, so we need to know the optical properties of nanostructured material in order to find
out what conditions are necessary to trigger required request (for example request for medical
drug release). The goal of multidisciplinary researches with biocompatible molecular
nanomaterials is to find the parameters and the possibilities to construct border surfaces that
will, in interaction with biological environment, create such properties of nanolayers that are
convenient and react with particular optical response when wrapped around medical drug

material, biochips and biomarkers. These layers should demonstrate controlled disintegration
of structure, better differencing dielectric properties, discrete selective luminescence and
appropriate bioporosity as all these are the requirements of contemporary nanomedicine [1].
We assume that some observed material (for example medical drug) is wrapped around with
layered structure, consisted of up to ten crystalline planes. These nanostructures are known as
ultra-thin films (UTF’s). Interaction of boundary planes (upper plane interact with
surrounding environment and lower plane interact with substrate – in our example medical
drug material) determine optical properties of the whole nanostructure. In our previous
research [2] we determine dielectric permittivity and consequently optical properties
(absorption, refraction and transparency indices) per each layer of the UTF’s. However, for
optical properties of the whole UTF’s, we need to calculate multiple processes of refraction,
absorption and reflection on every plane and determine overall optical properties.
2. OPTICAL PROPERTIES OF WHOLE UTF’s
2.1. Refraction in/at/of UTF’s
On the beginning we started to calculate refraction index of the sample with 2 parallel layers
(Figure 1), and then with 3 layers – previous + one, and consequently with generalizing
multiple refraction processes we obtain and define refraction index of the whole film with N
layers, i.e. with N+1 planes.

N

nf  

N



nz  0

1

nnz  

1

 N

 nf    N   nnz1    .
 nz  0


(1)

2.2. Absorption, Reflection and
Transparency in/at/of UTF’s
Then we observe processes of incoming of
polychromatic incoming radiation (from the
IR region) with unitary intensity, when
radiation goes from “upper” (nz = 0) to
“lower” (nz = N) boundary plane with
neglecting internal (inner-film) conversion
(Figure 2). That is possible when we neglect
all processes of multiple reflection, refraction
and absorption in/on internal planes of the
film [3, 4, 5]. Considering the fact that
refraction indices are most important (only) on
incident boundary planes (which is visible
Figure 1. Refraction processes
from the graphics on Fig. 2 enclosed), their
contribution could be neglected, especially if we are interested in absorbed and transparent
part of irradiation.
On the “upper” boundary plane (nz = 0) comes radiation beam with unitary intensity,
and here reflects part r0, absorbs κ0 and transfer τ0, where it is τ0 = 1 – r0 –κ0. Then, on first
internal plane (nz = 1) comes τ0, reflects r1τ0  0, absorbs κ1 τ0 and transfer τ1, where is: τ1 = τ0
– κ1 τ0 = (1 – κ1) τ0. Then on the next plane (nz = 2) comes τ1, reflects r2τ1  0, absorbs κ2 τ1
and transfer τ2, where is: τ2 = τ1 – κ2 τ1 = (1 – κ2) τ1. On the lower surface of the film (nz = N)
comes τ N – 1, reflects rNτ N – 1  0, absorbs κ N τ N – 1 and transfer τNτf, where is:

 f     0  1   n ,
N

z

nz  0

(2)

and in the whole film absorb:
N

 f     0      nz nz 1 ;
 nz  1   nz  nz 1 ;

nz 1

(3)

nz  1, 2,3,..., N .

Thereby must energy conservation law be valid, i.e. r0+ κf + τf 1.

Figure 2. Absorption, reflection and transparency processes

Mechanism for dielectric permittivity is based on excitons, quasiparticles created by
incident irradiation. We calculated exciton dispersion law and consequently dielectric
permittivity which describe optical response of material. Here is used method of Green’s
function for dispersion law calculation [6], and formula of Dzyaloshinski and Pitaevski [7] in
determining dynamic permittivity as a macroscopic characteristic of the crystalline film.
Overall permittivity is defined as module of complex value: ε= ε’ + i ε’’, from where is: |ε| =
(ε’2 +ε’’2)1/2, and in respect with [7]: ε 1/2 = n + iκ, from there follows:

 f     f    nf2     f2   .

(4)

For all mentioned above we have prepared and developed procedure in Wolfram
Mathematica software, with help of CorelDraw, where we carried out numerical processing
and converted corresponding graphs. Characteristic graphs on Fig. 3 and Fig. 4 show some
results of our research of representative cases for perturbed films for weaker (Fig. 3) and
heavier (Fig. 4) perturbation. In all columns of these graphs are shown dynamical optical
index spectra in relative frequency range f (43.5, 47.5) from IR spectra for the whole film!
Values d0/N and x0/N are perturbation parameters which describe intensity of boundary
perturbations for exciton energy localized on site and perturbation on transfer of exciton
energy between particular site and first neighbors. Labels “0” and “N” refer to boundary
planes in UTF’s (the first and the last plane).

Figure 3: Absorption, reflection and transparency processes

Figure 4: Absorption, reflection and transparency processes

Significant differences in dielectric response (macroscopic, but dimensionally
quantum properties) of excitons between bulk and symmetrical film-structures represent
results of this research. This is exclusive consequence from the limited dimensionality of the
film along z – axe and existence of perturbation parameters on boundary surfaces and
boundary layers. Dielectric (permittivity) and optical properties (absorption, refraction,
reflection and transparency) of the film show property of selectivity, i.e. appearance of
discrete resonant absorption peaks on exactly determined energies, where their number and

disposition strongly depend on number of the layers of the film, and perturbation parameters.
These properties give to the film advantage when compared with bulk (where dielectric
response is continual for determined energy zone), therefore in this case films could be used
as some kind of electromagnetic filter from external electromagnetic radiation. Number of
absorption peaks is lower, i.e. dominant frequencies exist which will be actually absorbed. In
region where absorption index increase – refraction index decrease, and on region where
absorption index change are refraction index singularities.
These results, as consequences of quantum-dimensionally and confinement effect, could be
used as good basis for the theory of manipulation of boundary parameters for the purpose of
obtaining targeted features of nanostructured samples in the frame of optical engineering,
which is in his early stage [8–10]. The goal is production of some different electronic, rather
– photonic nano-elements for new-generation computers, then more efficient converters of
solar energy, nano-robot elements, and ultimately production and study of nanoparticle
medical drug carriers.
3. CONCLUSION REMARKS
This paper describes theoretical investigation of specificity in microscopic and
macroscopic optical properties of exciton systems in molecular ultrathin film-structures. Most
important results of this analysis are as follows.
1) Opposite of bulk structures, where excitons may be found at any position with equal
probability, in molecular film structures probabilities to find excitons are strongly
dependent from film thickness and intensity of parameter change at border areas of the
film.
 Whether exciton will be separated at border areas of a film depends from
perturbation energy of molecules in those layers. Increase of this energy
proportionally increases probability of exciton localization at border areas, and
these excitons have higher possible energies.
 Localization of excitons between border and adjoining planes is determined by
changes of transfer energy of excitons between borders of these layers. Increase
of these parameters brings to increase of probability to find excitons in border
areas of film considered.
2) In molecular film structures, resonating peaks exist at precisely determined energies.
Number of these peaks depends on position of planes in film for which permittivity is
calculated, but also from size of perturbation parameters.
 By changing energy values for molecules at border areas, absorption zone
widens, and dominating resonating peaks are visible only at those border areas.
 By increasing vault energy of excitons in border layer of the film, symmetrical
widening of absorption zone occurs, and also quenching certain inner resonating
peaks.
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ABSTRACT
In recent decades, the interest in refractory materials which are formed without baking - by chemical
bonding - has increased significantly, as their production is less complex and more economical than
the production of classical refractory materials, which involves a long baking process. In this work,
as a chemical binder, phosphoric acid, which is intensively reacted with refractory oxides MgO, SiO2
or Al2O3, was used, and the resulting mass quickly hardened. Quartz sand of the Bukinje deposit,
Tuzla, was used as filler. In the previous researches it has been proved, and this work has confirmed,
that the chemical bond between the filler and the binder without the binding agent will not occur.
Illite-kaolinite clay from deposit Sočkovac -Gračanica, was used as a binding agent. In this paper, the
influence of the amount of phosphoric acid and clay, as an activator of binding, to the physical mechanical properties of refractory concrete was investigated.

1. INTRODUCTION
In the industry of refractory materials in the last decades, production of refractory materials
which are formed without baking - by chemical bonding, is increasing. Representatives of
these materials are definitely refractory concrete consisting of an inert refractory filler
(mulite, chamotte, quartz sand, etc.) and a binding agent of mineral or organic origin. These
concretes differ from the constructional concrete because they have high refractoriness
(above 1600 °C) and a certain amount of strength at high temperatures, which is a key
requirement for a construction material exposed to high temperatures. The interest in
refractory materials of this type in recent decades has increased, since their production is less
complex and more economical than the production of classical refractory materials, which
involves a long heat treatment process.

In the production of refractory materials without thermal treatment, as well as refractory
concrete, the phosphate binder is increasingly used. This is explained by the fact that the
phosphate bond allows the use of phosphate bonded material at high temperatures of 4001000°C without significant loss of strength, as opposed to refractory materials bound to other
binders: aqueous glass, as well as magnesium oxisulphate or oxychloride, when the strength
of the formed material at these temperatures is significantly lower. Additionally, phosphatebonded materials are more resistant to melted metals.
The simplest phosphate binder is phosphoric acid, which reacts intensively with refractory
oxides: MgO, SiO2 or Al2O3, and the resulting mass quickly hardening. The solidification of
alumosilicate products by phosphate bonding is result of the formation of acid phosphate,
their polymerization and polycondensation in the process of heating, and also the formation
of insoluble phosphates in the reaction of phosphoric acid with oxides from the refractory
filler.
There are two types of binding: acidic (through metaphosphate) and chemical binding. With
acid binding the binding temperature is low. Binding goes through a hydrogen bond, and at a
higher temperature, macromolecules are condensed by the amorphous - polymeric glass. In
chemical binding, H3PO4 or mono Al phosphate react with low alkaline or amphoteric oxides
as well as with glass (neutralization). In this case, at high temperature, a crystalline
orthophosphate that acts as a binder is formed.
The phosphate binding process is very complex. In contact with silicate materials there is a
partial replacement of silicate groups with PO43- groups in which the oxygen connecting the
phosphorus atoms is more strongly bound to oxygen in the SiO44- tetrahedrons. In addition,
PO43- ion has a high propensity for polymerization. Also, hydrogen in acid phosphates forms
additional hydrogen bonds, and it can be said that the polymerization process of phosphate
goes through hydrogen bridges.
However, previous studies have shown that the refractory filler and phosphate binder will not
achieve chemical bonding unless they are added to a binding agent. The influence of the
binding activator is more significant when it comes to the speed and degree of hardening of
phosphate-bound phosphates, and in this sense a range of solutions are offered. However, in
practice, there are serious problems in selecting the binding agent. Their chemical character
must be in correlation with the composition of the refractory mass that binds to the type of
binder. The amount of activator added to the refractory mass is also important. It has been
shown that the addition of up to 30% clay, as a binding agent, achieves chemical bonding of
refractory concrete at normal temperatures.
2. RAW MATERIAL AND PREPARATION OF SAMPLES
Commercial chemical phosphoric acid (85%, = 1.71 g/cm3) was used as chemical binder.
The quartz sand used in this test is from the Bukinje deposit, Tuzla. The chemical
composition of quartz sand produced by XRF analysis is given in Table 1, and the quartz
sand rayogram is shown in Figure 1.
Table 1. Chemical composition of quartz sand from Bukinje deposit, Tuzla (XRF)

Component
Content (%)

LOI
1.00

SiO2
95

Al2O3
1.20

Fe2O3
0.60

MgO
0.20

CaO
0.40

Figure 1. X-ray analysis of quartz sand

Quartz sandis of high purity and consists of not less than 95% alpha quartz. Impurities are
negligible. Figure 2 shows the DTA/TG quartz sand. The DTA curve shows an endothermic
change with the peak at the temperature of 569.7 ºC showing the transformation of α quartz
into quartz.
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The clay of the Sočkovac deposit, Gračanica, was added to the refractory concrete in a dry
state, particle size below 63 μm. Its chemical composition is given in Table 2, and the
corresponding X-ray diagram in Figure 3.
Table 2. Chemical composition of clay from Sočkovac deposit, Gračanica (XRF)

Component
Content (%)

LOI
4.7

SiO2
71.92

Al2O3
14.12

Fe2O3
0.98

MgO
1.46

CaO
3.70

Na2O+K2O MnO2
1.55
1.36

Figure 3. X-ray analysis of clay

Based on the semi-quantitative X-ray analysis of clay from the Sočkovac deposit, it has an
approximate mineral composition shown in Table 3.
Table 3. Mineral composition of clay (XRD)

Mineral
α quartz Kaolinite Ilite Feldsparand calcite
Content (%)
40
25
15 -20
5 - 10
The test specimens are formed in such a way that the basic grain component is well mixed
with a certain amount of clay in the powder form. Then, a certain amount of binder is added
to the solid mixture as well as (if necessary) water to achieve a slightly plastic consistency of
the mass. From this prepared, well-homogenized mass, test bodies were formed by
compressing the mass in the steel mould, Fig. 4. The prepared mass is placed in the metal
cylinder where compaction of the material is performed under the action of three impacts
with the weight of 6667 g. The weight drops from a height of 50 mm. In order to achieve
uniform strikes, a special device is used where the weight is lifted to a certain height and
freely falling on the mixture in the metal cylinder. The obtained test bodies are cylindrical
shapes with dimensions: base diameter d = 50 mm and height h = 50 mm.
Preparation and testing of samples was carried out at the Faculty of Metallurgy and
Technology, Metallurgical Institute in Zenica and Cement Factory Kakanj.

Figure 4. Sample forming device

3. RESULTS OF THE EXAMINATION
Samples were prepared with quartz sand as filler, phosphoric acid as a binder, and ilitekaolinite clay as a binding agent. The first mixture contains 80% quartz and 20% clay with 5,
10, 15 and 20 mass % of phosphate binders in regard to total dry mass. The second mixture
contain 0, 10, 20 and 30 mass % clay (rest is quartz) with 10 mas % of phosphate binder in
regard to total dry mass. The aim of this study is to determine the optimum content of: the
base component in the refractory mass; the amount of ilite-kaolinite clay and the amount of
phosphate binder. The prepared samples were dried at the temperature of 120 °C for 5 h and
then treated thermally at the temperature of 1000 °C for 5 h. Table 4 shows the contents of
the components of prepared samples. The physical properties of the prepared samples are
shown in Table 5. Figures 5 and 6 show compressive strength dependence of composition
and temperature.
Table 4. Composition of the prepared samples

Components (%)
Mixture Test sample mark
H3PO4 (85 %
Quartz sand
Clay
solution)
PGF5
80
20
5
PGF10
80
20
10
I
PGF15
80
20
15
PGF20
80
20
20
PF
100
10
PG10F
90
10
10
II
PG20F
80
20
10
PG30F
70
30
10

Table 5. Physical-mechanical properties of samples

Test sample
mark
PGF5
PGF10
PGF15
PGF20
PF
PG10F
PG20F
PG30F

Thermal
treatment

Bulk density
(g/cm3)

Apparent
porosity (%)

Compressive strength
(MPa)

120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours
120ºC/5 hours
1000ºC/5 hours

1.66
1.82
1.80
1.90
1.70
1.87
1.86
1.79
1.61
1.68
1.63
1.75
1.74
1.88
1.76
1.96

26.3
22.1
12.3
12.7
22.3
18.4
18.4
16.2
27.0
27.3
26.3
22.8
21.1
16.9
21.1
16.9

3.93
6.88
8.84
14.74
6.38
11.79
8.84
14.74
1.96
2.45
4.91
6.88
9.82
16.70
6.10
17.70

From Table 5 it can be seen that samples thermally treated at 1000 ºC have bulk density
mostly higher and apparent porosity lower than samples treated at 120 ºC as it could be
assumed.

Compressive strength, MPa
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Figure 5. Compressive strength of sample of the first mixture

From Fig. 5 it can be seen that increasing the content of phosphoric acid increases the
compressive strength. Increased temperature also increases compressive strength. Samples

with 10 and 20% phosphoric acid have the same compressive strength at both temperatures,
so that it can be concluded that higher amounts of phosphoric acid than 10% should not be
used.
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Figure 6. Compressive strength of sample of the second mixture

Figure 6 shows the compressive strength dependence of the temperature of the samples with
different clay content and the content of 85% phosphoric acid solution of 10 mass %. It can
be seen from the diagram that the sample without clay has low compressive strength which
does not change with increasing temperature. This means that without the addition of clay as
a binding agent, there can be no transition of the chemical into a ceramic bond. The diagram
also shows that the samples with increased clay content have higher compressive strength, i.e.
the sample with 30% clay and 10% phosphoric acid reaches compressive strength of about 18
MPa at 1000 °C.
With the addition only phosphoric acid to quartz sand (refractory mass without the addition
of the activating agent) the prepared samples after drying at 120 °C and annealing at 1000 °C
show very low strength. It is obvious that without the additional binder (in this case ilitekaolinite clay) the basic refractory material is not possible bonded by phosphate, or because
of the inadequate creation of a chemical bond there will be no ceramic bonding during
annealing. Also, it can be noted that the addition of 10 mass % of clay to quartz sand (quartz
sand : clay = 90 : 10) is not sufficient to activate phosphate bonding. The best results are
obtained with the refractory mass of the following compositions: quartz sand : ilite-kaolinite
clay "Sočkovac" = 80 : 20 mass %, with addition of 10 mass % of 85% phosphoric acid.

4. CONCLUSION
In this paper the influence of the amount of phosphoric acid and ilite-kaolinite clay on the
physical-mechanical properties of quartz refractory concrete was examined.


It has been shown that when increasing the binder content and increasing the temperature
of the thermal treatment, the strength of the samples is increased. However, the samples
with 10% and 20% of the binder have the same values of the compressive strengths both
at the drying temperature and at the firing temperature, and it can be concluded that the
amount of phosphoric acid of 10% is sufficient for chemical bonding.



A sample without clay (sample of 100% sand) and 10% phosphoric acid does not show
significant compressive strength increase at elevated temperature. This means that
without the addition of clay as a binding agent, there can be no transition of the chemical
into a ceramic bond.



Samples with an increase in clay supplements have a higher compressive strength, i.e. the
sample with 30% clay and 10% phosphoric acid reaches compressive strength of about 18
MPa at 1000 °C.



The best results are obtained with the refractory masses of the following compositions:
quartz sand : ilite-kaolinite clay "Sočkovac" = 80: 20 mass %, with the addition of 10
mass % of 85% phosphoric acid.
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ABSTRACT
Gypsum is added to the Portland cement clinker in the amount of 3 to 5% in the grinding phase as the
binding rate regulator. When it comes to the hydration of cement, if sufficient amount of gypsum is
added, fast cementation will not occur because gypsum by its presence reduces the solubility of
tricalcium aluminate and thus slows down rapid reaction with water. In this way the undisturbed
hydration process of tricalcium silicate and dicalcium silicate is enabled, which are the bearers of
cement hydraulics. The hydration process of cement minerals is exothermic. The heat of hydration is
not released at once, but gradually over a long period of time. Large amounts of heat, which is
released during hydration, causes certain stresses and formation of voids and cracks in cement
composite leading to reduced structural durability. In this paper is examined the influence of the
added amount of gypsum on the standard consistency, initial setting time and final setting time, and
the heat of hydration during the first 7 days of cement hydration.

1. INTRODUCTION
Portland cement is the leading cement binder which is produced by thermal treatment of
proper raw material mixture at a sintering temperature, at which a basic cement minerals are
created (tricalcium silicate, dicalcium silicate, tricalcium aluminate, and tetracalciumalumino-ferrite). Based on various studies, it has been concluded that tricalcium aluminate
(C3A) is the carrier of the cement fast-bonding phenomenon because it very quickly hydrates,
immediately after the addition of water, which results in cement fast binding. The most
effective way to slow down the initial setting time is to add gypsum (gypsum stone CaSO4 •
2H2O) which, by its presence, reduces the solubility of tricalcium aluminate and thus the rate
of its hydration, followed by the formation of calcium aluminate hydrate crystals [1].
By mixing cement with water, a hydration reaction occurs between the cement constituents
with water. The hydration of the industrially obtained Portland cement sometimes occurs
differently in relation to the hydration of certain clinker minerals. The individual constituent
hydration reactions influence on each other, and as a result of that a new chemical balance in
the liquid phase is established, all of which significantly influence the formation of hydration
products [2].
During the hydration, a certain amount of heat is released because the exothermic type of
reactions. The total heat of the cement hydration is equal to the sum of the heat that develops
during the hydration of certain clinker minerals. The hydration heat is not released at once,

but gradually over a long period of time and it is the most important tool in cement chemistry.
Large amount of the heat released during the hydration causes certain stresses and formation
of cracks in the cement composite, which leads to a reduction in the durability of the
structure. The controlled hydration heat that can be adjusted by the cement mineral
composition affects the formation of the hydration products and the cement paste density. Too
low hydration heat results in very slow formation of hydration products [3].
In ordinary construction work, the released heat during the cement hydration is not a problem
for which special attention should be paid, because this heat is lost by evaporation into the
atmosphere. However, in the construction of large-scale concrete structures, such as for
example hydro-dams, the amount of the heat developed in such a large mass can be
remarkably high, especially due to the low thermal conductivity of the concrete that prevents
heat release from the inside of the concrete mass to the surface or atmosphere. This leads to
the high temperatures in the concrete mass which can reach values above 60 °C and which
can become the cause of various destructions that can occur in even concrete mass that still
has not been hardened. Such high temperatures cause a sudden drying of the concrete mass
that is in the hydration phase, resulting in the loss of water needed to hydrate the cement
hydraulic components. If the hydration process has been completed, the high temperature on
which the large concrete mass is heated leads to sudden drying and shrinking of the
monolithic concrete mass, which results in the formation of the various cracks in the concrete
itself. This opens the entrance for possible penetration of corrosive water, thus destroying the
whole structure even further.
Therefore, for building concrete constructions of large masses, it is crucial to know the
cement characteristics in terms of the hydration heat and the heat that these cements develop
in the process of their hydration. The incorporation of the cement with unknown thermal
properties can lead to the demolition of the entire building, due to the disturbed compactness
of concrete under the influence of high heating of concrete masses and resulting cavities,
cracks, as well as the penetration of corrosive waters [4].

2. EXPERIMENTAL PART
For the preparation of cement samples, a cement clinker, produced in the Kakanj Cement
Factory, and gypsum stone from Bistrica near Gornji Vakuf, were used. X-ray fluorescence
analysis (XRF) was used for chemical analysis of raw materials. Preparation and testing of
samples was done at the Kakanj Cement Factory. Samples with a specific surface area of
3000 cm2/g and 5000 cm2/g were prepared by grinding the cement clinker and gypsum using a
laboratory ball mill. Since the specific surface areas were predetermined, during grinding after
certain time intervals a specific surface area was checked (Blaine), until the desired specific
surface area was reached. It is very difficult to obtain a precisely defined specific surface area
of all samples, but it was trying to make this difference between individual samples as small
as possible.
In order to determine the specific surface area of the samples, it is necessary to previously
determine the specific mass of the sample. The specific mass is determined by the pycnometer
method. Determination of the specific surface area was done using the Blaine's apparatus [5].
The standard consistency and the initial setting time and final setting time of cement were
determined according to the standard BAS EN 196-3 using Vicat apparatus [5].

The heat of cement hydration is determined according to the standard BAS EN 196-8, which
describes the dissolution method for determining the heat of cement hydration using a
calorimeter for dissolution (Fig. 1). The hydration heat was determined after 7 days of
hydration, and is expressed in Joules per gram of cement. The method consists of measuring
the dissolution heat in a mixture of acids of unhydrated cement and cement hydrated under
conditions prescribed by standard for a period of 7 days [5].

Figure 1. Calorimeter [5]

3. RESULTS AND DISCUSSION
Table 1 shows the composition of the tested cement samples, their designation according to
standard BAS-EN 197-1, specific masses and specific surface areas.
Table 1. Composition of tested cement samples [5]

Cement
designation
according to
standard
BAS-EN
197-1

Mass content, (%)
Clinker

Gypsum

CEM I

97

3

CEM I

96

4

CEM I

95

5

CEM I

97

3

CEM I

96

4

CEM I

95

5

Specific
mass
(g/cm3)

Specific
surface area
(cm2/g)

3.13

3070

3.12

2970

3.12

3010

3.13

5070

3.12

5060

3.12

5120

Table 2 shows the results of the X-ray fluorescence analysis (XRF) of the raw materials used
for the preparation of cement samples.
Table 2. The results of the X-ray fluorescence analysis (XRF) of the raw materials [5]

Raw material

SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

CaO
(%)

MgO
(%)

SO3
(%)

Na2O
(%)

K2O
(%)

Sum
(%)

Clinker

20.35

6.72

3.74

64.80

1.00

1.07

0.08

0.45

98.21

Gypsum

4.53

1.66

1.20

31.40

2.60

38.45

79.84

Based on Table 2, it can be concluded that the used cement clinker (Cement Factory Kakanj)
fully satisfies the standards [1] that prescribe the content of oxides of CaO (58-67%), SiO2
(16-26%), Al2O3 (4-8%) and Fe2O3 (2-5%) for Portland cement clinkers.
The gypsum has the highest content of CaO and SO3, but it can be noticed that the sum of the
present compounds in gypsum is 79.84%. The reason for this is water, which is present in the
gypsum, but was not determined by this analysis.
Table 3 and Figure 2 shows the results of testing the standard consistency of the cement
samples.
Table 3. Standard consistency of cement samples [5]

Mass content
of gypsum
(%)
3

Standard consistency (%)
(Specific surface area 3000 cm2/g)

Standard consistency (%)
(Specific surface area 5000 cm2/g)

25.0

26.8

4

24.6

27,0

5

24.3

27,2

Standard consistency (%)

Specific surface area 3000 cm2/g

Specific surface area 5000 cm2/g

28
27
26
25
24
23
22
3%

4%

5%

MASS CONTENT OF GYPSUM

Figure 2. Standard consistency of cement samples [5]

From the diagram shown in Figure 2 it can be seen that the theoretical assertion is confirmed,
on the basis of which the standard consistency of cement increases with the increase in the
cement fineness, that is, with the increase of the specific surface area, for the same chemical
composition of cement.
The standard consistency of the samples increases with the increase in the mass content of
gypsum for a specific surface area of 5000 cm2/g, while for a specific surface area of 3000
cm2/g the standard consistency decreases with the increase in the mass content of the gypsum,
which represents a certain deviation.
Table 4 and Figure 3 shows the results of testing the inital setting time and final setting time
of cement samples.
Table 4. The initial setting time and final setting time of cement samples [5]

Specific surface area 3000 cm2/g

Mass
content of
gypsum
(%)
3
4
5

Specific surface area 5000 cm2/g

Initial setting
time (min)

Final setting
time (min)

Initial setting
time (min)

Final setting
time (min)

145

185

70

80

150

195

80

95

155

205

90

105

Initial setting time (min)

Initial setting time (min)

Final setting time (min)

Final setting time (min)

250

120

200

100

TIME (MIN)

TIME (MIN)

Standard BAS EN 197-1 has prescribed that the initial setting time of cement should not be
shorter than 60 minutes (except for high strength cements of 52.5 N and 52.5 R grades, for
which the initial setting time should not be shorter than 45 minutes). Based on Table 4, it can
be seen that all samples satisfy this standard with respect to the initial setting time of cement.
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MASS CONTENT OF GYPSUM (%)
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Figure 3. The reliability of the initial setting time and final setting time of cement from gypsum
content:
a) Specific surface area 3000 cm2/g; b) Specific surface area 5000 cm2/g [5]

From the diagrams shown in Figure 3 it can be seen that the initial setting time and final
setting time of cement extend with the increase in the gypsum content. Precisely because of
this effect gypsum is used as a binding agent. It can also be seen that the initial setting time
and final setting time of cement is significantly shortened with the increase in specific surface
area of cement when compared samples with the same chemical composition.
Table 5 and Figures 4 and 5 show the results of testing the heat of cement hydration
Table 5. The heat of cement hydration [5]

Mass content
of gypsum
(%)
3

Hydration heat (J/g)
(Specific surface area 3000 cm2/g)

Hydration heat (J/g)
(Specific surface area 5000 cm2/g)

298.590

306.910

4

308.280

320.550

5

343.330

356.020

Low-heat hydration cements, according to the standard BAS EN 197-1, are cements whose
the hydration heat is less than 270 J/g and their mark is LH (low heat), while cements of very
low heat of hydration, according to this standard, are cements whose the hydration heat is less
than 220 J/g of and their mark is VLH (very low heat) [6].

350
340
330
320
310
300
290
280
270

343,33

HYDRATION HEAT (J/g)

HYDRATION HEAT (J/g)

From Table 5 it can be seen that the hydration heat for all tested samples is greater than 270
J/g, which means that with the use of only gypsum as an additive, low and very low hydration
heat cements can not be produced.
Figures 4 and 5 show the reliability diagram of cement hydration heat from gypsum content
for samples with specific surface area of 3000 cm2/g and 5000 cm2/g, and according to Figure
4, the hydration heat increases with increasing gypsum content, and according to Figure 5
samples with a specific surface area of 5000 cm2/g have a higher hydration heat when
compared with samples with a specific surface area of 3000 cm2/g with the same gypsum
content.
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Figure 4. The reliability of cement hydration heat from gypsum content:
a) Specific surface area 3000 cm2/g; b) Specific surface area 5000 cm2/g [5]
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Figure 5. The reliability of cement hydration heat from gypsum content and specific surface area of
cement [5]

4. CONCLUSION
Based on the testing of raw materials, it can be concluded that cement clinker from Cement
Factory Kakanj fully satisfies the standards that prescribe the content of oxides of CaO, SiO 2,
Al2O3 and Fe2O3 for Portland cement clinkers (these oxides form basic minerals of clinker:
tricalcium silicate, dicalcium silicate, tricalcium aluminate, and tetracalcium-alumino-ferrite).
The standard consistency of cement increases with the increase in the cement fineness for the
same chemical composition of cement. The standard consistency of the samples increases
with the increase in the mass content of gypsum for a specific surface area of 5000 cm 2/g,
while for a specific surface area of 3000 cm2/g the standard consistency decreases with the
increase in the mass content of the gypsum, which represents a certain deviation. All tested
samples satisfy standard BAS EN 197-1 with respect to the initial setting time of cement. The
initial setting time and final setting time of cement is extend with the increase in the gypsum
content, and it is significantly shortened with the increase in specific surface area of cement
when compared samples with the same chemical composition, due to the larger active surface
and therefore the faster chemical reaction. The hydration heat of cement grows with the
increase of the specific surface area of cement and with the increase of the gypsum content.
Using only gypsum as an additive, low and very low hydration heat cements can not be
produced, and additives such as fly ash and granulated blast furnace slag should be used for
these purposes.
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ABSTRACT
Successful examples of high–rise buildings in the world are obvious evidences that the use of high–
strength concrete is nowadays reality in construction worldwide. Whether focus on high–rise
buildings up to 15– 24 storeys, or the super tall high–rise buildings that are few hundred of storeys
high, high–strength concrete of different qualities is the unavoidable choice in search for structural
material. If technology development and economic efficiency opened up a gate to high–strength
concrete towards wider market, high–rise buildings for sure enhanced benefits and abilities of high–
strength concrete as commonly available structural material. Use of such environmental friendly,
structurally safe and very resistant material enabled idea and concepts of vertical cities and vertical
living. Another factor in definition of high–strength concrete is also a demand for specific strengths
or performances of concrete. In the specific case of the USA or some rapidly growing Asian countries
or cities, 95 MPa high–strength concrete is available in most of concrete plants, and at same time it is
economically and cost efficient. On the other hand, situation in Balkan area is totally opposite.
Abilities to use high- strength concrete in this area is not even adequately researched, and the top
limit of concretes’ strength may appear to be up to 60 MPa, which corresponds to relatively weak
economical and cost efficiency.

1. INTRODUCTION
It is hard to define high–strength concrete (HSC) with one unique number, or create any strict
border between conventional normal strength concrete and high–strength concrete. As long as
achieved concrete or target strength is about the same quality as the local material, curing
conditions, size and age of testing specimens, it imposes the fact that nor unique nor unified
definition of high–strength concrete is neither possible nor necessary. Another factor in
defining ranging lines of high–strength concrete is also a demand for specific strengths or
performances of concrete. In the specific case of the USA or some rapidly growing Asian
country or city, 95 MPa high–strength concrete is available in most of concrete plants, and at
same time it is economically and cost efficient [6].

On the other hand, situation in Balkan area is totally opposite. Abilities to use high- strength
concrete in this area is not even adequately researched, and the top limit of concretes’
strength may appear to be up to 60 MPa, which corresponds to weak economical and cost
efficiency. However, in different standards there are some differences in classifications of
concrete up to the characteristic compression strengths. According to BAS EN 206:2014 [12],
normal–weight and heavy–weight concretes are divided into sixteen classes according to their
compressive strengths; high– strength concrete is in range between C55/67 and C100/115.
Terms high–strength concrete and high–performance concrete were commonly used as
synonyms, which was acceptable at the early beginnings. However, in the contemporary
concrete technology, this interchangeable use of the two terms is not acceptable.
High–strength concrete commonly refers to the increase in compressive strength of concrete,
while high–performance concrete refers to the increase of all concrete’s properties, with
accent on mechanical properties, durability, workability, permeability etc. which is more than
just increase of strength.
Commonly, the periphrastic high–strength concrete is introduced as new material or as a
result of new technological development. Although such periphrasis may be taken as correct,
term high strength concrete and practice of creating high–strength concrete occurred many
decades ago. Dating back to 1950s, concrete with compressive strength of 34–35 MPa, was
considered to be high–strength concrete. However, when compared to contemporary daily
routine in concrete solutions, designed compressive strength of 34–35 MPa, at 28th day of age
is one of the most common examples of conventional or so called normal strength concrete.
More specific and more scientific approach to the subject of high strength concrete occurred
in the 1960s. Newly developed high–strength concrete with compressive strength of 41 to 52
MPa, rapidly spread through the construction sites across the USA. For high–strength
concrete technology, sixties of the last century were crucial turning point because all
experimental studies of technological development were aiming for the achievements of the
desired results.
In the early sixties, Japan was a place where the first superplasticizers were developed.
Formaldehyde condensates of beta naphthalene sulfonates, were developed by Dr Hattori.
These superplasticizers had primary function to reduce water demand in production of high–
strength concrete. Product created was named Mighty 150, which could decrease water usage
up to 30 percent. Along with superplasticizers, use of another supplementary material for
high–strength concreting developed in this period was silica fume or so called microsilica;
micro–filler in between cement particles, a by-product of Ferro–alloy industry was first
introduced by German Doctor Aignesberger.
Although invention of superplasticizers and silica fume took place in Japan and Germany,
most of the credits in HSC development for wide use went to Chicago, United States. During
the early sixties, Chicago was a place which accelerated development of high–strength
concrete and increased that day available concrete’s compressive strength of 35 MPa to 41
MPa for 40–storeys high–rise buildings. An engineering step forward pioneered the use of
high–strength concrete in Chicago on the Outer Drive East high–rise building (Figure 1 –
right).
The USA, also constructed numerous bridges, river dams, marina piers and terminals;
however their main focus was on structuring of high–rise buildings, multi–storey garages,
shopping malls etc. For instance, it was almost mandatory for high–rise buildings in Chicago
to be structured with high–strength concrete. In 1972, from previous 41 MPa, concrete’s
strength already increased to 52 MPa for structuring of 52–storey Mid–Continental Plaza. It
is important to mention that production and application of high–strength concrete used to
structure Mid-Continental Plaza, was more of an economical choice rather than a solutions.
Achievable strength of concrete and all performances of concrete were increasing year after

year with correspondence to cost efficiency, and due to the development of chemical
admixtures and other supplementary materials; the result was of 74–storeys Water Tower
Palace, in 1976. Water Tower Palace, was the world’s highest high–rise structure in that
period, designed as concrete structure reaching compressive strength of 62 MPa [6].

Figure 1. The Last Completed Super High–Rise, Burj Khalifa, 2010 (left) and the First Completed
High- Strength Concrete High–Rise, Outer Drive East 1963 (right) [13]

After all, American Concrete Institute can take all credits for the rapid development of high–
strength concrete and actual exposing of high–strength concrete to a wider market for
application in most of the high rise buildings worldwide.
Nowadays, high–strength concrete is in wide use all around the developed world, and it is
more than common to find concrete plants which can catch up with the production of
concrete with compressive strength of 95 MPa, on daily basis [6].
2. ADVANTAGES AND DISADVANTAGES OF HIGH-STRENGTH CONCRETE
High–strength concrete was developed as better and as structural material of higher quality
when compared to normal strength concrete. Therefore it has many benefits, both in
performance and cost efficiency, so HSC advantages are reduction in structural element size,
reduction in amount of longitudinal reinforcement and compression members, focusing on
slenderer columns, higher strength and better performance leads to larger spans and decrease
of total number of beams, columns etc., decreased time necessary for concrete’s formwork
due to early strength development, decrease in concrete cover due to lower permeability, long

performance under the most critical action combinations, lower creep and shrinkage with
higher resistance for freezing and thawing, increased resistance to very aggressive
environments, decreased axial shortening, buckling of supporting elements, increased
rentable space, due to slenderer and thinner elements, but also decreased number of
supporting elements due to larger spans, decreased permanent action of self–weight of
structure, decreased maintenance and repair costs and greater stiffness due to higher modulus
of elasticity with high compressive and flexural strengths.
Although high–strength concrete has many advantages as a material, it also has disadvantages
which may occur due to some impurities or even as a consequence of some advantages
mentioned above. High strength concrete disadvantages are bond strength between cement
paste and aggregate does not increases with the same acceleration as compressive strength,
high–vibration are required for better compaction, and to exclude possible segregations,
minimal concrete cover for reinforcement protection may prevent the use of maximum
benefits in reduction of element sizes, available prestressing may be inadequate for the
maximum use of high–strength concrete’s strength, high–strength concrete requires very
detailed, precise and careful material selection and does not accept any impurities and due to
low W/C ratio, high–strength concrete requires special curing and installation or placement.
There is a possibility of decrease in stiffness, whereas modulus of elasticity does not
respectively increase with concrete’s strength, therefore use of high–strength concrete may
provide slenderer elements but with lower stiffness which may lead to stability problems,
whereas solution lays in very precise choice of structural systems [6].
3. CONSTITUENTS OF HIGH-STRENGTH CONCRETE
Like a conventional normal–strength concrete, HSC also contains constituents, or in other
words raw materials. Materials which participate in high–strength concrete proportioning are:
supplementary cementitious materials, fly ash, silica fume and some other mineral
admixtures, aggregates of the best quality, and of high compressive strengths which include
dolomites, granites, quartz etc., as well as superplasticizers or some other types of chemical
admixtures.
It is important for high–strength concrete to have raw materials of the highest quality without
any compromises for marginal or lower qualities. If raw high quality materials are well
proportioned and combined, it is possible to produce high–strength concrete with long lasting
compressive strength and other mechanical properties.
Generally, all types of Portland cement proved to be suitable in production of concrete of
compressive strength up to 60 MPa at the 28th day of age. However, to achieve higher
strength with respective increase in performance and workability it is necessary to design and
study reactions between additional chemical and mineral admixture.
Along with Portland cement, use of Blended hydraulic cement in production of high–strength
concrete is common. Blended hydraulic cement is mixture of Portland cement and other
supplementary cementitious materials, also named mineral admixtures. Benefits of Blended
hydraulic cements lay in lower rate of heat development, higher strength, lower permeability,
increased durability and overall performances.
Credits for accelerating the development of high strength concrete technology go to the
mineral admixtures, usually denoted as supplementary cementitious materials (SCM). These
are the materials which developed and increased concretes’ performance and strength of both
fresh and hardened concrete. Generally, mineral admixtures are siliceous and alumina
siliceous materials which with the addition of water chemically react with calcium hydroxide
in order to perform cementitious properties. The most common types used in preparation of
high–strength concrete are fly ash, cement slag and silica fume (Figure 2), while less in use
are ultra-fly–ash, volcanic ashes, met-kaolin, diatomaceous earths and calcined natural

pozzolans. Benefits of blended hydraulic cement in lower permeability, higher strength, and
lower heat of hydration are also benefits of mineral admixture (SCM).

Figure 2. Common Mineral Admixtures – Supplementary Cementitious Materials for High-Strength
Concrete [14]

Fly ash is the most common type of SCM and by–product of combustion of pulverized coal;
it is spherically shaped and glassy residue. Fly ash is commonly added to all concretes for
higher performances. When combine fly ash and slag cement with Portland cement, it may
create concretes with compressive strengths of 70 MPa.
Silica fume or micro silica is a by–product of silicon metals and ferrosilicon alloys, generated
during reduction of quartz in the production of silicon metals and ferrosilicon alloys. This
ultra–fine non–crystalline by–product, enabled widespread of high–strength concrete and the
ability to produce ultra–high–strength concrete at all.
Generally, silica is described as grey to black dust. Silica fume is available in forms of raw
powder, water based slurry, densified or palletized. Silica fume in form of densified powder
is the most common practice of adding silica directly to concrete mix. Silica fume grains are
approximately 100 times smaller than Portland cement grains with sizes of 0.1 to 0.3 μm.
Although silica fume or micro silica has numerous advantages, its fineness may require
higher percentage of water which may cause a decrease in workability and other desired
properties if high–range water reduction admixtures are not added.
The principle of micro–filling with silica fume benefited in strengthening the bond between
coarse aggregate and concrete paste, with the ability of achieving compressive strength of
over 105 MPa. Silica fume also tends to be efficient in reduced demand of other cementitious
materials, for instance 1 kg of silica fume may replace 2 to 5 kg of cement, while the
remaining content of water.
Production of high–strength concrete would be impossible without superplasticizers such as
high–range water reducers, retarders etc. As SCM (supplementary cementitious materials/
mineral admixtures), chemical admixtures improve both fresh and hardened concrete.
Without chemical admixtures, even the ability for transport, placement and curing of
conventional normal–strength concrete would be questionable, and therefore lack of chemical
admixture in high–strength concrete would make high–strength concrete impossible.
High–range water admixtures as more common superplasticizers (HRWR) decrease W/C
ratio, but it is important to determine correct dose and type of the admixture. Thus, HRWR
increase strength, with decrease W/C ratio, while maintaining slump constant, but also
increase slump while maintaining W/C ratio.

When compared to conventional normal–strength concrete, W/C ratio in high–strength
concretes is lower varying from 0.22 to 0.40. However, it is important to analyse whether the
certain decrease in W/C ratio is necessary and whether it leads to the requested increase of
concrete’s strength and performance.
The highest percentage of concrete’s volume goes to aggregate volume. Selection of the
appropriate aggregate is very important; in high–strength concrete, the best quality and the
strongest aggregates are required. What effects aggregate is its density, grain size
composition, shape and texture of the aggregate surfaces. In high–strength concrete rough
textured and angular aggregates increase mechanical cement paste–aggregate bond and
therefore such aggregates are more workable in high–strength concrete. Trap rock, granite,
dolomite and quartzite are mineralogy types of aggregates, suitable for high-strength
concrete.
Although high–strength concrete has lower fire resistance than normal strength concrete, it
still has higher fire resistance than any other structural materials and becomes economically
efficient solution able to improve its fire resistance. [4]
According to the most of the nowadays standards, high–strength concrete and ultra–highstrength concrete are leading concretes with compressive strengths of above 50 MPa and 150
MPa respectively. Many countries are somehow limited to maximum concrete strengths up to
50–60 MPa due to lack of demand for higher performance and higher strength concretes or
because of the lower rate of development. However, areas under rapid and constant
construction and development in vertical directions, routinely produce concretes with
compressive strengths of over 80 and 100 MPa. The USA, Canada, Singapore, China,
Malaysia, UAE are countries and areas with the highest usage of high–strength concrete.
Such fact is not surprising because these are the areas with the largest construction sites
dedicated to high–rise construction and way of living. In circumstances, where daily human
habits are lifted way above the ground, safety comes first. High–strength concrete showed its
power in ensuring necessary safety in high–rise buildings, providing safety and comfortable
living environment, with its high rate of resistance to any possible structure’s daily
displacements due to wind actions, seismic actions, or high–rate of resistance in cases of
emergencies such as fire or progressive collapse, where the structure itself enables sufficient
time for safety evacuation [6].
4. HIGH-RISE BUILDINGS OF HIGH-STRENGTH CONCRETE
Possibilities in structuring of high–rise buildings out of high–strength concrete are best
described on examples of Burj Khalifa (Figure 1 - left), Petronas Twin Towers, Taipei 101
(composite structure–steel and high–strength concrete), etc. Magnificent architecture and
breath-taking heights were enabled without any concessions by virtue of high–strength
concrete. High–strength concrete in these examples showed limitless abilities in concrete
technology, and at same time provided sufficient safety to occupants and inhabitants.
Besides mentioned, there are numerous examples of high–rise buildings which represent
great examples of concrete technology development.
Eureka Tower in Melbourne, Australia, a 91–storey tall high rise building is structured as
outrigger system, and entirely erected with high–strength concrete (Figure 3). It is designed
with central core, perimeter columns, shear walls and continuous outrigger with thickness of
30 cm. This choice of high–strength concrete as structural material, decreased cross sections
of structural elements and increased rentable area of floor plans.

Figure 3. Eureka Tower Characteristic Floor Plans
26-52 Storeys (left – top), 53-65 Storeys (left – mid), 66-88 Storeys (left – bottom), Black Hatch
Stands for High–Strength Structural Elements and in 2006 (right) [15]

Another example is Baiyoke-2 Tower in Bangkok, Thailand (Figure 4), a 90–storeys high–
rise building which was designed with the desire to break the world record as the tallest hotel
and the tallest high–strength concrete building. This 90–storeys structure was constructed
with high–strength concrete, and represented turning point in concrete technology seen up to
that day in Thailand. Concrete columns, and concrete central core, as well as concrete slabs,
were built out of high–strength concrete with compressive strength of 60 MPa up to 65–
storey. Final 25 storeys were constructed out of concrete with compressive strength of 50
MPa.

Figure 4. Baiyoke Tower 2 [16, 17]

Although Europe is a few steps behind the USA, Canada, China and others in vertical
expansion, Holland, Finland, Germany, Denmark and Norway are European countries which
have practice in production and use of high–strength concrete for specific purposes in
construction of high–rise buildings.
Germany pioneered the use of high–strength concrete through the Trianon, high–rise building
in the Westend of the Frankfurt am Main, in 1992 (Figure 5).

Figure 5. Characteristic Floor Plan of Trianon Building (left–top), Schematic Scenario of Possible
Collapse (left–bottom) and Trianon Building, 1992, completed (right) [18,19]

This high–rise building with final height of 186 meters has 47 storeys above and 4 storeys
below the ground level. High strength concrete B 85, was used for four main columns 54 cm
wide and partially for shear walls. The rest of the structure was erected with concrete B 45.
The use of the high–strength concrete proved to be very economically efficient due to
reduced dimensions of structural elements and reduced demand for the further use of
reinforced steel. Concrete mixture for Trianon building contained fly ash, superplasticizer
and retarders. These concrete cube specimens taken for the compression tests showed that
average compressive strength of B85 after 56 days was 112 MPa.
Altieri Spinelli Building (Figure 6), formerly called D3 building with its 24 storeys
represents remarkable achievement in concrete technology in Europe; Altieri Spinelli
Building is part of the complex of the parliament buildings in Brussels. High–strength
concrete was used as a material for prefabricated columns in storeys that were reserved as
garaging space. Target strength for these columns was 80 MPa, which was achieved by the
addition of superplasticizers, reduced W/C ratio and the use of fly ash. Such concrete mixture
and ability for prefabrication, resulted in accelerated construction and higher economic
efficiency, smaller structural elements in this specific case of columns, left more free space
than it would have if any other material was used. [6]

Figure 6. Altieri Spinelli Building, Brussels, Belgium [20]

Successful examples of high–rise buildings mentioned and described earlier and presented in
summary in Figure 7 are obvious evidences that the use of high–strength concrete is
nowadays reality in construction worldwide.

Figure 7. Summary of the Representative HSC High–Rises [21]

5. CONCLUSION
Whether focus on high–rise buildings up to 15– 24 storeys, or the super tall high–rise
buildings that are few hundred of storeys high, high–strength concrete of different qualities is
the unavoidable choice in search for structural material.
If technology development and economic efficiency opened up a gate to high–strength
concrete towards wider market, high–rise buildings for sure enhanced benefits and abilities of

high–strength concrete as commonly available structural material. Use of such environmental
friendly, structurally safe and very resistant material enabled previously mentioned idea and
concepts of vertical cities and vertical living.
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ABSTRACT
Metallurgical coke, as a fuel and a reducing agent, also allows for the gas to go through a charge in
the blast furnace. The coke must have a strength, porosity, reactivity and a uniform granulation,
because reaction of CO2 at high temperatures in the furnace. There are various mathematical models
for the optimization of coal blend, which allow the forecasting of mechanical properties of coke in
cold conditions as well as at high temperatures and presence of blast furnace gas.
The so-called Modified Basicity Index (MBI) model is used for forecasting the following coke quality
parameters: CRI (coke reactivity index) and CSR (coke strength after reaction with CO2), based on
the content of volatile matters and ash in coal, as well as the chemical composition of coal ash.
In this paper will be given the calculation of coke quality parameters based on the mathematical
model MBI.

1. INTRODUCTION
Metallurgical coke, as a fuel and a reducing agent, is the most important and most widely
used fuel for the iron production in blast furnace. For high-volume blast furnaces, a good
leakage of gas backfilling is provided with a uniform, above 40 mm, granulation of coke. The
typical parameters of mechanical strength of coke quality are determined following
mechanical treatment in rotating drum. The strength to crush, which is evaluated by the
granulation of coke above 40 mm, is the parameter M40. Abrasion is evaluated by the
amount of low-granulation coke produced, below 10 mm, parameter M10. The typical
parameters of mechanical strength of coke quality are not reliable for the prognosis of coke
granulation change in blast furnace at high temperatures. The coke which goes through blast
furnace is exposed to destruction due to the abrasive effect of the complete backfilling, alkali,
and largely due to the reaction with CO2 at high temperatures. Above mentioned factors
individually or in a complex way condition the destruction of the coke structure, and thus the
changes of the granulation and mechanical properties, which lead to the change of gasdynamic and metallurgical-technological conditions in the work space of blast furnace. It was

found that the coke starts to change in the lower part of the furnace and that the highest
degree of coke degradation ends before entering the duct area.
Since recently, when assessing the coke quality, the parameters being examined are: CRI
(coke reactivity) and CSR (coke strength after reaction with CO2). Petrographic and volatile
composition, CBI index of equilibrium composition, SI strength index, quantity and chemical
composition of coal ash, all those properties affect coke strength after reaction with CO2.
Iron, calcium and alkaline elements in coal ash increase reactivity (CRI) and reduce the
mechanical strength (CSR) of coke. Highly reactive coke loses a higher carbon content to the
carbon dioxide gasification reaction in the upper-furnace zone, causing the coke
microstructure to weaken. This results in loss of coke resistance towards crushing forces and
breeze coke appears. Coke with higher strength, uniform granulation and low reactivity at
high temperature conditions, as presented in blast furnace, has a lower degree of crushing,
thus ensuring a good permeability in the furnace, lower specific coke consumption and a
stable blast furnace operation.

2. PETROGRAPHIC PROPERTIES OF COKING COAL
The basic petrographic components of coal are: lithotypes, microlitotypes and macerals. The
lithotypes represent microscopically visible strips of humous coals, and are divided into:
vitren, klaren, duren, fuzen. Microlitotypes represent a group of macerals (microcomponents)
divided into: vitrit, durit, klarit and fuzit. Based on their properties, microcomponents can be
classified into two technological groups: coking microcomponents (including vitrinite and
leptinite) and an inert group of fuzinite. Although fuzinite is inert, its optimum value affects
the increase of coke strength. Petrographic properties of coal are one of main factors that
influence the quality of metallurgical coke; so that the coke strength depends on the
microstructure and the composition of the coking coal [6, 8].
During coking process, coking microcomponents melt and together with inert components
form solid particles. In order to obtain the appropriate mechanical coke properties, coking
coal must represent the optimum ratio of inert and coking components. Lack of inert
components results in reduced coke strength, as during coking process separation of volatile
matter occurs leaving a blank space inside the coke structure. The same case occurs when the
amount of inert components is above the optimum value, because there is a smaller amount of
reactive components that bind the inert components [7, 9].
Physical and chemical properties of coal blend are used in order to control the coking
process, and thus to control the shape and size of the coke structure. Inert components, that
can be organic and inorganic origin, do not go through the plastic transformation as macerals
do and thus retain their shape and texture. Small inert organic components with reactive
components increase the mechanical strength of coke by reducing the reactivity (CRI) while
simultaneously increasing the mechanical strength (CSR) of coke after reaction with CO2.
The quality of metallurgical coke is satisfactory if CRI < 35% and CSR > 48%, (Japanese
standard) [10]. Greater inert components reduce the strength after the reaction and increase the
coke reactivity. Iron, calcium, magnesium and alkaline elements in coke ash increase coke
reactivity (CRI) and reduce mechanical strength (CSR) after CO2 reaction [2, 5].

3. MODELS FOR COAL BLEND OPTIMIZATION
In order to optimize the coal blend for coke production, the following coal coking properties
are used:
- degree of carbon metamorphism,
- the ratio in-between inert and active petrographic components,
- plastometric and dilatometric characteristics,
- compatibility of coals in the blend.
Models used for coal blend optimization in process of metallurgical coke production are:
 Models that use the degree of metamorphism, fluidity, or coal dilatation
characteristics. The plastic properties of coal are shown by Giesler plastometry,
where: initial softening temperature, maximum fluidity temperature, hardening
temperature and the maximum fluidity are being determined.
 Models that use the ratio of active and inert coal components. Among the most
common applications used one can find the optimization by R.G. Moses, which
according to the parameters CBI and SI defines the applicability of the blend, and
provides the coke strength prognosis in the form of isolates. CBI represents the ratio
of active components to the required ones, in corelation with the content of inert ones.
The optimal CBI value is 1. SI represents the sum of the inerts influence, with respect
to the active components. The optimal SI value for metallurgical coke is 3.5 – 4.1 for
the equilibrium index 0.6-1.5 [2].
 Mathematical models are also used for the coal blend optimization (for predicting the
mechanical properties of coke) and they are divided into two basic groups:
- a model for determining mechanical properties in cold state, such as strength
and abrasion;
- a model for determining reactivity CRI and coke strength after reaction with
CO2, CSR.
Companies engaged in coke production use mathematical models for predicting the
mechanical properties of coke, whose parameters are dependent on: the type of coal used, the
plastic properties of coal, the petrographic composition of the coal and the chemical
composition of coking coal ash.
A mathematical model that uses the amount of volatile matters in coal blend, the amount of
ash, and the chemical composition of the ash is developed by Canmeta, and is called the
Modified Basicity Index (MBI) model. Equations used for this mathematical model are given
as (1), (2) and (3) [4].
 100 xA   Na2O  K 2O  CaO  MgO  Fe2O3 
,
MBI  
 
SiO2  Al 2O3
 100  VM  


MBI – Modified Basicity Index (MBI) model
A – ash in coal, %,
VM – volatile matters in coal, %,
Na2O – sodium oxide in ash, %,
K2O – potassium oxide in ash, %,
CaO – calcium oxide in ash, %,
MgO – magnesium oxide in ash, %,
Fe2O3 – iron (III)-oxide in ash, %,
SiO2 – silicon dioxide in ash, %,

(1)

Al2O3 – aluminium oxide in ash, %.
(2)
(3)
CRI – coke reactivity;
CSR – mechanical strength after reaction with CO2.
This model gives an estimation of coke mechanical properties, based on the input parameters:
coke ash, as well as composition and the amount of ash in coke. Based on this model it is
possible to predict the CRI values, and then predict CSR values based on CRI.
4. EXPERIMENTAL PART
This paper presents basic parameters of coke quality produced in ArcelorMittal Zenica at the
Coke plant, for three different coal blends. The aim of this paper is, as follows:
- Based on the mathematical Modified Basicity Index (MBI) model to calculate coke
quality parameters (CRI and CSR) and compare them with actual laboratory values (CRI
and CSR) of coke produced.
- Whether, based on calculated values of coke quality parameters (CRI and CSR), the
expected value of parameters (CRI and CSR) after reaction with CO2 at high temperatures
in blast furnace can be predicted.
Coke production and testing of chemical-mechanical properties of coal blend and coke were
carried out in ArcelorMittal Zenica. The petrographic composition and properties of coal for
the production of coke were obtained directly from the coal producers. Physical-chemical
properties of used coals are given in Table 1 [1]
Table 1. Physical-chemical properties of coking coals

Parameters

Coal 1,
HV1
8.20
29.60
62.60
0.89
0.004
1.075
1.108
68.40
8.90

Coal 2,
HV1
7.05
33.95
58.88
0.97
0.005
0.99
0.87
64.70
8.50

Ash, %
Volatile matters (VM), %
Carbon, %
Total sulfur, %
Phosphorus, %
Vitrinite reflectance
CBI
Vitrinite, %
Inertite, %
Ash analysis, %
SiO2
53.52
55.5
CaO
1.23
1.5
MgO
1.05
1.1
Al2O3
27.31
28.5
Fe2O3
9.11
7.75
P2O5
0.11
0.09
K2O
3.20
2.7
Na2O
0.95
0.45
HV1- high, MV2- mid, LV3- low volatile coal

Coal 3,
MV2
7.40
22.00
70.60
0.94
0.007
1.2
0.891
77.90
4.20

Coal 4,
MV2
8.13
26.67
70.69
0.91
0.008
1.19
1.45
70.50
4.80

Coal 5,
LV3
7.25
17.34
77.45
1.05
0.008
1.68
3.14
76.80
6.30

Coal 6,
LV3
5.80
18.40
75.8
0.77
0.029
1.456
2.03
77.90
7.50

51.22
2.08
1.26
27.94
9.65
0.21
3.37
0.83

53.54
1.5
0.96
29.02
7.68
0.24
2.34
0.51

49.27
3.34
0.98
28.16
10.08
0.28
1.22
1.24

51.50
2.16
1.15
29.80
8.69
1.15
2.85
0.94

The Table 2 shows the percentage composition of coals in coal blend and the time period of
the production of metallurgical coke [1].
Table 2. Composition of coal blend for coking process

Coal blend composition, %
Coal 2, Coal 3, Coal 4, Coal 5,
HV1
MV2
MV2
LV3
B1
10
45
15
B2
30
20
25
B3
30
25
30
15
1
2
3
HV - high, MV - mid, LV - low volatile coal
Coal blend

Coal 1,
HV1
30

No of
days

Coal 6,
LV3

56
22
12

25

The Table 3 presents chemical and mechanical properties of produced coke, for all three coal
blends [1].
Table 3. Chemical and mechanical properties of produced coke

M10

M40

CRI

CSR

Moisture

Ash

VM

S

C

%

%

%

%

%

%

%

%

%

Coal blend

Coal blend 1

76.98 7.12 30.32 57.20

3.22

9.75

0.54

0.78 89.70

Coal blend 2

78.83 7.11 28.10 61.40

2.80

10.71

0.62

0.66 88.67

Coal blend 3

77.73 7.44 32.89 50.01

2.67

10.22

0.62

0.82 89.16

Based on the Tables 1 and 2 and formula 1, the parameters for the coal blends required for
the calculation of the values CRI and CSR are calculated, according to the mathematical
Modified Basicity Index (MBI) model, Table 4.
Table 4. Coal blend parameters

Parameters
Ash, %
VM, %
Ash analysis, %
SiO2
CaO
MgO
Al2O3
Fe2O3
K2O
Na2O
MBI

Coal blend 1
7.69
23.15

Coal blend 2
7.03
25.61

Coal blend 3
7.49
26.04

52.04
1.96
1.13
27.83
9.35
2.97
0.87
0.20

53.03
1.55
1.11
28.78
8.44
2.83
0.67
0.17

53.25
1.44
1.10
28.40
8.64
2.58
0.69
0.18

The Table 5 shows coke quality CRI and CSR parameters, calculated by using Modified
Basicity Index (MBI) model, and according to formulas (2) and (3) and laboratory values of
the same parameters for produced coke.
Table 5. Values of CRI i CSR paramters

Coke
B1
B2
B3

Calculated values %
CRI
CSR
24.57
66.38
23.14
67.21
28.58
64.06

Laboratory values, %
CRI
CSR
30.32
57.20
28.10
61.40
32.89
50.01

From the Table 5 it is clear that coke quality CRI and CSR parameters (calculated and actual
laboratory values) for the three coal blends meet the Japanese standard criteria (CRI < 35% and CSR
> 48%).

5. CONCLUSION
-

6.

Coke quality parameters CRI and CSR, both calculated and actual laboratory values, for the three
coal blends meet the Japanese standard criteria (CRI < 35% and CSR > 48%).
Coal blend 2, has the lowest value of the Modified Basicity Index (MBI) model, ash content
and also oxide content in ash – Fe2O3, CaO, MgO, K2O and Na2O.
Coal blend 2 has the most favourable calculated and actual values of coke quality paramters, CRI
and CSR.
Increased content of iron, calcium, magnesium and alkaline elements in coke ash increase coke
reactivity (CRI) and reduce mechanical strength (CSR) after reaction with CO2.
Comparative analysis of calculated and actual values of coke quality parameters CRI and CSR
confirms that it is possible, based on the Modified Basicity Index (MBI) model, to predict the
coke quality parameters CRI and CSR after reaction with CO2 at high temperatures in blast
furnace.
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ABSTRACT

Samples based on talc with 15 % of zeolite from Zlatokop, Serbia, sintered at 1200 ºC were prepared
and tested in condition of cavitation erosion. The ultrasonic vibratory cavitation set up with
stationary specimen was used. Mass loss was measured and degradation level of the samples using
image analysis and Young modulus of elasticity was monitored. Obtained results showed good
resistance to the cavitation erosion giving the possibility of future application in different conditions
where cavitation erosion is expected.

1. INTRODUCTION
Zeolite is widely used for different applications in medicine, chemical engineering,
metallurgy, removal of heavy metals from nuclear, mine and industrial wastes [1, 2 , 3, 4], in
agricultural for soil conditioner and animal feed supplement [5]. Many authors were
investigated zeolite deposits in Serbia [6, 7, 8] and their possible application.
Cavitation erosion is phenomenon which could be observed where the fluid which is
transported with some velocity is in the contact with engineering material. Cavitation
transport phenomena are well described in the literature, and mostly related to the metallic
materials [8, 9, 10, 11]. In this paper material based on talc with 15% zeolite from Zlatokop,
Serbia deposit, synthesized and sintered at 1200 °C will be investigated in cavitation erosion
conditions.
2. MATERIALS
Sample was prepared as a mixture of talc and 15 % zeolite from Zlatokop deposite. Samples
were pressed and sintered under the following conditions: raising the temperature to 1000 ºC

with a heating rate of 5 ºC/min, then heating to 1200 ºC with heating rate of 2 ºC/min with
dwell time of 1 hour; cooling of the sample was carried out within the oven.
XRD and SEM of the sample sintered at the conditions given above are given at the Figure 1.

a

b

Figure 1. XRD (a) and SEM (b) of the sintered sample

3. EXPERIMENTAL PART
Cavitation resisance was investigated according to the ultrasonic vibration method (with
stationary sample) applying water flow (5-10 ml/s) according to ASTM G32 standard [12].
Mass loss was used to determine the degradation of sample. Additionally, samples were
photographed, and image analysis was performed for determination of the surface
degradation level. Young modulus of elasticity was determined based on UPVT (ultrasonic
pulse velocity method).
4. RESULTS AND DISCUSSION
Image of the sample and mass loss during the cavitation testing are given in the Figure 2. As
can be seen, after 80 minutes degradation ring which corresponds to the area of the horn was
observed. Mass loss results indicated that during the experiment degradation of sample was
increasing almost linearly.
Aditional determination of the degradation level was applied using image analysis for surface
degradation and Young modulus of elasticity for volume degradation of the sample. Obtained
results are given at the Figure 3. According to the results, after 80 minutes the surface
degradation level reached 12.76%, while the Young modulus of elasticity decreased for 48 %
from the value before experiment.
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Figure 2. Image of the samples (a) and mass loss during testing (b)
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Figure 3. Level of degaradation (a) and Young modulus of elasaticity during the tesing (b)

5. CONCLUSION
In this paper cavitation erosion of sample based on talc and zeolite was investigated.
Different methods were used for monitoring behavior of the sample in these conditious:
- mass loss,
- image analysis for surface level degradation and
-Young modulus of elasticity measurements for volume degradation.
According to used approach, for overall insight it is recommended to apply those three
methods.
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ABSTRACT
The paper examined the conventional castables composed of a mixture of high aluminate cement with
70% Al2O3, chamotte waste with 42% Al2O3 and brick clay ,,Rapajlo“. The influence of particle size
distribution on density, porosity, water absorption, modulus of rapture and cold crashing strength
was investigated. Particle size distribution was determined by the Dinger and Funk equation, using
four different coefficient q. With the reduction of coefficient q, the amount of fine fractions is
increased and the amount of larger fractions is decreased. Two series of samples were investigated.
In the first series as the smallest fraction of all mixtures with different factor q was used high
aluminate cement and water-cement ratio 0.485. Increasing the amount of cement has led to
increasing the density and strength of castable. The increased amount of water has led to an increase
in porosity. In the second series, the amount of cement and water remained the same, a part of the
superfine fraction is replaced by clay. Replacing chamotte waste with clay leads to a slight increase
in the density and strength of the material. When a part of the cement is also replaced with clay it
slight reduce the density and strength of the material, because part of the water is placed between
sheets of clay minerals and leads to an increase in volume, and at the same time reducing the amount
of water needed for the reaction with cement.

1. INTRODUCTION
Refractory materials are an important component for all high-temperature processes. Thanks
to its properties, refractory materials are widely used in many industries such as metallurgy,
chemical, ceramic and cement industries, glass industry, petroleum industry, iron and steel
industry, non-ferrous metal industry, as well as numerous other indutrial branches. Nowadays
unshaped refractory materials, especially refractory castables and mortars, are suppressing
classic shaped refractory products. Refractory castables are composite materials of complex
blends of refractory aggregates, binders, fillers, additives and water. Physical, mechanical and
thermal properties of refractory castables depend on the density of components packing in
concrete mix [1, 2, 3, 4]. Naturally, the properties of refractory castables depend on the share
of cement and aggregate in the blend, as well as the content of reactive components. The
effect of additives is mainly focused on their influence on water content, fluidity, time of
handling and strength. Conventional refractory castables contain 15 - 30% of calciumalumina cement which introduces 3 to 8% CaO as one of the most destructive refractory
compounds in castables [5]. In order to reduce the amount of cement or water intake, a new
group of refractory castables has been developed, called defloated refractory castables. In this

group some cement fractions have been replaced by fine particles such as microsilicon (or
silicate dust), chromium oxide and reactive alumina [6].
Conventional refractory castables of different granulometric composition was studied in this
paper. In addition to the influence of the granulometric composition, the influence of the
replacement the cement part and the smallest fraction of chamotte waste with clay was
investigated.
2. EXPERIMENTAL WORK
In this experimental work the effect of the distribution of grain size on the properties of
refractory castables on the basis of chamotte waste and the influence of the replacement the
part of the cement and the finest fraction of chamotte waste with the clay was investigated.
Particle size distribution was obtained by the Dinger - Funk equation [1, 2, 3, 4]:
𝐶𝑃𝐹𝑇 =

𝑞

𝐷 𝑞 −𝐷 𝑖
𝑞
𝑞
𝐷 𝑎𝑥 −𝐷 𝑖

×

(1)

Where is:
D – particle size,
D i – minimum particle size,
D ax – maximum particle size,
q – distribution coefficient.

Coefficients q values of 0.37, 0.34, 0.31 and 0.28 are selected which, according to literary
sources, provide conventional vibratory refractory castables with a cement content of over
20%. For the minimum grain size the value of 0.3 μm was taken and the maximum was 4000
μm because the test was performed on 4 × 4 × 16 cm prisms, where the larger grain size
would be unfavorable. Seven fractions (0.3 to 75 μm, 75 to 150 μm, 150 to 300 μm, 300 to
500 μm, 500 to 1000 μm, 1000 to 2000 μm, 2000 to 4000 μm) were used for the study. Two
series of tests were carried out. In the first series, only cement and chamotte waste were used,
where the fraction from 0.3 to 75 μm consisted only of cement, since according to the
declaration the used cement has 88% particles below 63 μm. For other fractions, a chamotte
waste was used.
In the second series of tests, cement was used in the amount of 20.6% and the remainder of
the fraction 0.3 - 75 μm was clay "Rapajlo", sived on a 75 μm sive. A fraction of 75 to 150
μm was also clay "Rapajlo". Other factions were from chamotte waste. The mixtures were
made according to JUS B.C8.022 standard with a water-cement ratio of 0.485, corresponding
to a water content of 10%. Sodium hexametaphosphate was used as a deflocculant in an
amount of 0.2%.
For the preparation of castable mixtures the following raw materials were used: high alumina
cement Gorkal 70, chamotte waste (“Šamoter” d.o.o. Zenica) and clay “Rapajlo” with
chemical composition shown in table 1. DTA/TG analysis and approximate minaralogical
composition of the clay are presented in Figure 1 and Table 2. The clay is an illite-kaolinite
type with a large proportion of quartz and muscovite and a smaller amount of goethite. The
micrographs of the clay and chamotte waste particles recorded on the binocular microscope
OLYMPUS BX60 Mare shown in the Figure 2 and on the PCE-MM200 Digital Microscope
in Figure 3. It can be seen that the grains of chamotte are coarser than clay grains. The grain
size distributions of clay and chamotte waste obtained by laser method are shown in Figure 4
and Figure 5. The types and calculated quantities of materials for selected values of q are
given in table 3.

Table 1. The chemical composition of the raw materials

Component
SiO2
Al2O3
Fe2O3
TiO2
CaO
MgO
MnO
Na2O + K2O
L.O.I.

Chemical composition (wt. %)
Cement

Chamotte waste

Clay

< 0.5
69 - 71
< 0.3
< 0.3
-

49.75
42.8
1.93
1.35
< 0.01
0.12
0.04
2.84
-

67.6
12.9
6.86
0.55
0.03
0.76
3.87
7.28
DTG /(%/min)
DTA /(µV/mg)
ex min
Peak: 791.1 °C, 0.44616 µV/mg, 38.3
0.45

TG /%

Mass Change: -1.25 %
100.00

0.4
Mass Change: -0.73 % Mass Change: -3.15 %
Peak: 508.7 °C, 0.34819 µV/mg, 24.1 min

99.00

0.20
0.35

Mass Change: -6.87 %
Peak: 569.2 °C, 0.31577 µV/mg, 27.2 min

[1]

0.3
0.00

98.00
0.25
Mass Change: -6.29 %

97.00

[1]

0.2
96.00

Peak: 123.5 °C, 0.082232 µV/mg, 5.8 min
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Figure 1. DTA/TG of the clay [7]
Table 2. Approximate mineralogical composition of clay [7]

Mineral

Illite

Muscovite

Kaolinite

Goethite

Quartz

Mineral content (%)

29.5

10.8

22.6

6.8

36.6

Figure 2. Optical micrographs of the clay (left) and chamotte waste (right)

Figure 3. Optical micrographs 200X magnitude of the clay (left) and chamotte waste (right) PCEMM200 Digital Microscope

Figure 4. Particle size distribution of clay "Rapajlo": all fractions (left) and fraction 75 – 150 µm
(right)

Figure 5. Particle size distribution of chamotte waste fraction 75 – 150 µm

Table 3. The type and amount of materials

Amount of fraction [%]
q=0.37 q=0.34 q=0.31 q=0.28
20.6
20.6
20.6
20.6

Fraction
[µm]
0.3 – 75
0.3 – 75
75 – 150
150 – 300
300 – 500
500 – 1000
1000 – 2000
2000 – 4000

0
6.92
8.94
8.22
13.96
18.04
23.32

2.22
7.15
9.07
8.18
13.65
17.27
21.86

4.61
7.38
9.14
8.12
13.28
16.46
20.41

Raw material
series 2nd series
Cement
Cement
Cement
Clay
Chamotte
Clay
Chamotte Chamotte
Chamotte Chamotte
Chamotte Chamotte
Chamotte Chamotte
Chamotte Chamotte
1st

7.19
7.56
9.19
8.00
12.87
15.62
18.97

Mixing the prepared materials and filling metal molds was carried out in a laboratory
mixerfor cement paste. Afterwards the samples were left in the molds for 24 hours, and after
24 hours were demolded and placed in a container with water for 3 days. After 3 days they
were removed from the water and allowed to dry first in air for one day, and then in an oven
for another day at 110 ± 5 °C. The following properties of refractory castableswere
investigated: apparent density, apparent porosity, water absorption, cold crashing strength,
flexural strength and structure on optical microscope.
3. RESULTS AND DISCUSSION
Table 4. The results for tested castables
Coefficient
q

Bulk
density
γ[g/cm3]
I
II

Property of castable
Water
Modulus of
absorbtion
rapture
Uv[%]
σs [MPa]
I
II
I
II

Apparent
porosity
Pp[%]
I
II

Cold crashing
strength
σp [MPa]
I
II

0.37

2.2

2.25

9.2

10.05

4.3

4.46

11.06

14.7

78

80

0.34

2.22

2.24

9.4

10.17

4.64

4.53

11.35

13.7

83

79

0.31

2.23

2.23

9.7

9.99

4.71

4.47

11.93

12.9

85

64

0.28

2.24

2.21

10.5

10.9

5.0

4.95

12.6

12.2

87

61

I – castable with cement only, II –castable with clay
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Figure 6. Bulk density and apparent porosity vs coefficient q
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Figure 7. Modulus of rapture and cold crashing strength vs coefficient q

Figure 8. Optical micrographs 60X magnitude of the castable with cement and chamotte (left) and
castable with cement, chamotte and clay (right) for q 0.31 by PCE-MM200 Digital Microscope

By reducing the coefficient q in the equation for the calculation of the granulometric
composition of castable, the quantities of large fractions above 300 μm are reduced and the
fractions below 300 μm are increased (Table 3). These changes also affect the tested
properties, so that the density of the obtained castables increases slightly (Figure 6 left, blue
bars), and also increases the strength of the castables (Figures 7 blue bars). However, the
apparent porosity and absorption of water also increases. Strength increase can be explained
by increasing the amount of hydraulic binder i.e. cement.
Increasing the amount of small fraction improves the packing of the particles, and thus the
density. With the reduction of coefficient q increases the addition of cement, and also the
amount of added water. It is known that the porosity of concrete is higher the greater the
amount of water added, which is manifested by the increase in apparent porosity and
absorption of water with the reduction of coefficient q.
When the clay replaces chamotte in the fraction 75 - 150 μm (q = 0.37), a small increase in
density is obtained, because the clay in this fraction contains a lot of small particles (Figure 4
right) which provide better packing and give higher density. Fractions of clay and chamotte
were obtained by dry sieving. However, clay is very hard to sieve dry, because it is easy to
moisten while standing in the air, so its tiny particles agglomerate. Therefore, the results of
porosity and water absorption are disproportionate to the change in coefficient q.

With the addition of the clay fraction below 75 μm, the reduced density and cold crashing
strength of castables is obtained (Figures 6 and 7). The structure of clay minerals is like
sheets and when clay minerals come into contact with water, the water is placed between the
sheets and leads to increased volume or swelling so that samples with an increased amount of
clay fraction below 75 μm show a decrease in density. Reduced material density leads to
reduced cold crashing strength.
The density and modulus of rapture of the samples with clay are generally higher in relation
to non-clay samples (Figures 6 and 7). Clay below 75 μm contains more clay minerals that
with water are most likely to create a structure with a smaller number of internal defects
affecting modulus of rapture. This can be evidenced by the fact that increased apparent
porosity has increased density, probably due to decreased closed porosity. Clay bands part of
the water so that the amount of water for the reaction with the cement is reduced, which is
reflected by decreasing the cold crashing strength with increasing clay content (Figure 7).
Figure 8 shows the morphology of castables with q 0.31 and it can be seen that the matrix in
castable with clay more homogenized.
The cold crashing strength of the tested castables ranges from 61 to 87 MPa and the bulk
density from 2.2 to 2.25 g/cm3 which is better compared to some commercial castables of
similar composition (Table 5). The best results in terms of cold crashing strength, modulus of
rupture and density gives a castable in which only a fraction of 75 to 150 μm of chamotte is
replaced by clay of the same fraction.
Table 5. Strength and density of castables

Property of castable
Data source
RHI [8]
KSKM [9]
AGC [10]
SKG [11]
Tested castables

Bulk
density
γ[g/cm3]
2.26
2.0 – 2.1
2.05 – 2.15
2.1
2.2 – 2.25

Cold crashing strength
σp [MPa]
60
25
25
61 - 87

Modulus of
rapture
σs [MPa]
4
11.06 – 14.7

4. CONCLUSION
It has been shown that the decrease of factor q increases the amount of fine fractions and
decreases the amount of coarse fractions leading to an increase of density and strength of the
refractory castables. At the same time, there has been an increase in the apparent porosity and
water absorpition. Increased strength was due to the increasing the amount of cement and
increasing porosity was caused by increase in the amount of added water. The clay can be
used instead of part of the cement and the finest fraction of chamotte waste, because it
increases the modulus of rapture and density. Although the clay reduces cold crashing
strength it is still in the same range or even better than the castables which can be found on
the market.
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ABSTRACT
The physical-mechanical properties of concrete with nanosilica were experimentally studied.
Nanosilica in powder form was used as a partial replacement of cement at dosage of 3 and 6 wt.%.
The experimental results show that the compressive strengths of concretes with nanosilica particles
were all higher than those of reference concretes at ages 1, 7, 28 and 90 days. Also, at age of 28 days
flexural strength, dynamic modulus of elasticity and apparent density have been increased, while
water absorption has been decreased.

1. INTRODUCTION
A possibility of improvement cement-based composites properties by using nanoparticles has
attracted considerable attention among researchers during last decade. Numerous types of
nanoparticles are used in concrete, such as NS (SiO2), calcium carbonate (CaCO3), aluminum
oxide (Al2O3), titanium dioxide (TiO2), zinc peroxide (ZnO2) and zirconium dioxide (ZrO2).
Among these materials, nanosilica (NS) takes special attention of researchers, since it is very
similar to silica fume (microsilica), an addition highly praised by concrete manufacturers.
Applying silica fume for modification cement-based materials, has achieved great successes
in recent decades. The best examples are high performance concrete, reactive powder
concrete and so on. Due to its exceptional fineness, amorphous structure and
high silica content, silica fume is a very effective pozzolanic material [1, 2].
In recent years, NS has been introduced into cement and concrete research. NS, is also a
highly reactive pozzolan but it has much smaller particles than silica fume. Since the rate of
the pozzolanic reaction is proportional to the amount of surface area available for reaction,
the pozzolanic activity of NS is much greater than that of silica fume. Another mechanism,
by which NS can influence cement composite properties, is seeding effect. NS could provide
extra sites for the precipitation of hydration products, leading to the acceleration of early
stage hydration [3]. NS consumes calcium hydroxide (portlandite) crystals, decreases the
orientation of portlandite crystals, reduces the size of portlandite crystals at the interface and

improves the interface structure more effectively than silica fume [4, 5]. This paper reports on
the effects of nano-sized amorphous silica on the physical-mechanical properties of concrete.
2. MATERIALS AND EXPERIMENTAL PROCEDURE
2.1. Materials
The cement used in this study is Ordinary Portland Cement (OPC) CEM I 52.5 N. A
polycarboxylic ether-based water-reducing admixture is used to adjust the workability of
concrete mixtures. NS Ultrasil 7005 (Evonic Industres AG) with a Blaine fineness of 190
m2/g was used in powder form as a partial cement replacement. SEM micrograph of Ultrasil
7005 is shown in Fig. 1. Finally, crushed limestone aggregate with maximum grain size 16
mm and tap water were used for making concrete mixtures.

Figure 1. Ultrasil 7005 SEM micrograph [6]

2.2. Experimental procedure
Three concrete mixtures were made for experimental investigation. Reference mixture
incorporated only cement as a binder, and in the second and third mixtures, respectively 3
and 6 wt.% cement were replaced with NS. Since cement replacement with NS increased the
mixture water demand, the amount of superplasticizer in the mixtures with NS was increased
till it reached assumed consistency. The composition of the concrete mixtures is shown in
Table 1.
Table 1. Concrete mixes composition
Concrete component
Reference concrete
390

Concrete with 3 wt.%
NS
378.3

Concrete with 6 wt.%
NS
366.6

NS (kg/m3)

-

11.7

23.4

Water (l/m3)

170.0

170.0

170.0

Aggregate 0-4 mm (kg/m3)

1000

1000

1000

Aggregate 4-8 mm (kg/m3)

200

200

200

3

Aggregate 8-16 mm (kg/m )

800

800

800

Superplasticizer (kg/m3)

2.0

2.2

2.5

2411.0

2411.0

2411.0

Cement (kg/m3)

 (kg/m3)

Concrete consistency was tested on the fresh concrete mixes according to BAS EN 12350-2.
Concrete cube specimens of 150 mm were prepared according to standard BAS EN 12390-2.
Compressive strength of concrete cubes was tested after 1 day, 7 days, 28 days and 90 days,
according standard BAS EN12390-3.
The following tests were conducted to determine the mechanical properties of the concretes
containing NS, with respect to control mix:
- concrete consistency on the fresh concrete mixes according to BAS EN 12350-2,
- compressive strength of concrete cubes at 1 day, 7 days, 28 days and 90 days,
according BAS EN 12390-3,
- flexural strength of concrete at 28 days according to 12390-5,
- density and water absorption according to ASTM C 642,
- dynamic modulus of elasticity by ultrasonic pulse velocity method according to BS
EN 12504-4.
3. EXPERIMENTAL RESULTS AND DISCUSSION
The results of the consistency test of concrete mixtures are shown in Table 2. The same
consistency class (S2) of the three concrete mixes was obtained by adding a larger amount of
superplasticizer to the mixtures of concrete with NS (see Table 1).
Table 2. Slump of concrete mixes
Concrete mix

Slump (mm)

Reference concrete

140

Concrete with 3 wt.% NS

140

Concrete with 6 wt.% NS

135

The average compressive strengths of the specimens at different curing ages are shown in
Table 3 and in Figure 2. Three replicates were used for each test.
Table 3. Compressive strength test results
Compressive strength (MPa)
Age

1 day

7 days

28 days

90 days

Reference
concrete
Concrete with
3 wt.% NS
Concrete with
6 wt.% NS

25.4

46.6

56.3

60.4

27.4

52.3

68.2

73.5

27.8

55.2

78.3

80.6

Figure 2. Concrete compressive strength development

The percentage of increase in compressive strength compared to the reference concrete is
shown in Table 4.
Table 4. The increase in compressive strength compared to the reference concrete
The increase in compressive strength (%)
Age

1 day

7 days

28 days

90 days

Concrete with
3 wt.% NS
Concrete with
6 wt.% NS

7.87

12.23

21.14

21.69

9.45

18.45

39.08

33.44

The results of flexural strength tests are shown in Table 5.
Table 5. Flexural strength test results
Concrete mix

Flexural strength (MPa)

Reference concrete

6.97

Concrete with 3 wt.% NS

7.33

Concrete with 6 wt.% NS

7.96

The results of water absorption and apparent density tests are shown in Table 6.

Table 6. Water absorption and apparent density test results
Concrete mix
Water absorption (%)

Apparent density (kg/m3)

Reference concrete

2.82

2416.35

Concrete with 3 wt.% NS

2.13

2455.60

Concrete with 6 wt.% NS

1.83

2482.10

The results of dynamic modulus of elasticity tests are shown in Table 7.
Table 7. Dynamic modulus of elasticity test results
Concrete mix

Dynamic modulus [GPa]

Reference concrete

49.7

Concrete with 3 wt.% NS

52.4

Concrete with 6 wt.% NS

56.2

Table 3 and Fig. 2 show that replacement of cement with NS lead to increase in compressive
strength in all testing ages. Concrete samples with 6 wt.% NS had better properties than
samples with 3 wt.% NS. At 28 days concrete with 3 wt.% of NS have compressive strength
for 21.14 %, flexural strength 5.16 % and dynamic modulus 5.43 % higher than reference
concrete. At the same age concrete with 6 wt.% of NS have compressive strength for 39.08
%, flexural strength 14.26 % and dynamic modulus 13.08 % higher than reference concrete.
Test results also show that concretes with NS has increased density and reduced water
absorption relative to reference concrete.
In this investigation NS were added to mixtures in dry form. However, the strong tendency of
NS to produce agglomerates was observed and it may decrease the dispersion of the particles
in the matrix. So, it is probably possible to achieve greater improvement in mechanical
properties of concrete by using some special techniques of mixing, such as adding of NS in a
colloidal form of an aqueous suspension.
4. CONCLUSION
Based on the test results of reference concrete and concretes in which cement was replaced
by NS, it can be concluded that:






All tested properties of hardened concrete were improved by introducing the NS into
the composition of concrete mixtures.
Compressive strength, dynamic modulus of elasticity and density increase, while
water absorption of concrete decrease with increase in NS content from 3 to 6 %.
The consistency of the mixtures with NS worsened with respect to the consistency of
the reference concrete. To maintain the assumed consistency, it is necessary to add an
increased amount of superplasticizer.
Increasing strength and density and reducing water absorption and Portland's content
provide grounds for assuming that NS addition to concrete increases its durability.
However, additional tests are required to confirm this assumption.
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ABSTRACT
Parameter monitoring and testing of explosive substances under certain conditions, as well as control
of raw materials used in the production process, contributes to obtaining the finest quality product.
The aim of this paper was to test the key parameters in the process of explosive production and
compare the results with the standard (reference) values, all with the aim of optimizing the process
parameters in the production of powder explosives in PS Vitezit. The examination of mentioned
parameters was carried out in the premises of the company PS Vitezit in Vitez during the period from
October 9 to November 9 2017.
In the experimental part is analyzed the chemical composition of powdered explosive methane vitezit1(MV-1): ethereal extract, aqueous extract and residue and it was analyzed moisture and sodium
chloride content in powdered explosive (MV-1). From technical mining characteristics, it was
determined the rate of detonation transfer and the safety on ignition of methane and dangerous coal
dust.

1. INTRODUCTION
Explosive (lat. exploder - decay) is a chemical compound or mixture which under the
influence of an external impulse in the form of heat, impact and friction can cause extremely
rapid chemical reaction or explosion. This reaction is followed by the release of large
amounts of heat and the emergence of heated gaseous products at a pressure much higher
than the pressure of the environment. Because of this pressure difference, the gases are
rapidly spreading and part of the energy is turned into work, resulting in destruction.
Explosives are used for different purposes in [1]:




construction,
mining and
the most important and widespread use is in war technique.

Methanvitezit (MV-1) is a safety powder-based explosive based on trinitrotoluene (TNT).
MV-1 contains [2,3]:


ammonium nitrate (NH4NO3) which has a low temperature of explosion and with many
organic matter is able to form a paste,









sodium chloride (NaCl) which has the ability to absorb some of the energy of an
explosive disintegration and thereby lower the temperature of the explosion, which is a
very important factor for the safety of explosives due to the possibility of igniting the
methane and coal dust particles in the mines,
wood flour or wood shavings - when the explosive is detonated, the wood shavers burn
and contribute to increasing the reaction heat and reacting temperatures two to three
times and have hygroscopic properties,
spherical oil - reduces dusting during processing in colloders and to some extent protects
explosives from hardening,
carboxymethyl cellulose - it belongs to the carbide group which is so far proved to be the
most successful agent for preventing the ammonium nitrate powder detonation,
calcium stearate and zinc, aluminum oxide, clay – reduces the hardening of ammonium
nitrate in explosives,
organic and inorganic substances that will give appropriate color to explosive.

Production of methanvitezit MV-1 implies a batch process, homogenization of powdered
components (sensitizers, oxidants, fuels) into an explosive mixture where each component in
the mixture has its own characteristics.
2. EXPERIMENTAL PART
In the experimental part, the quality control of the powder explosive MV-1 was performed. The
sampling, testing and reception method is prescribed by the internal standard for sampling and
reception of explosives, and the test methods are prescribed by JUS and technical conditions.
2.1. Analyzed parameters and examination methods
The explosive mass is taken with wooden spoon from every other canister. It is not taken
from the surface, but is pushed deeper into the mass with the spit. From each bidon, is taken
one spoon into a plastic bag and it is formed a common pattern of one batch [3]. The
following parameters for the powder explosive MV-1 were investigated:






chemical composition of explosive: ethereal extract, aqueous extract and residue,
moisture content,
sodium chloride content,
testing safety on ignition of methane and hazardous coal dust and
detonation transfer.

By ether extraction, soluble substances in ether (TNT) are converted to the solution. The
obtained values for the % of ether extract should be about 12% with a deviation of ± 1. The
aqueous extract represents the total amount of all substances contained in the explosive that
dissolve in hot water (NH4NO3, NaNO3, NaCl). The obtained values for the % of aqueous
extract should be about 83% with a deviation of ± 1. Substance content after the etheric and
aqueous extract is expressed as the residue, and its composition includes: nitrocellulose,
wood flour, dyes and inert additives. Values for % of residue should be about 3% with a
deviation of ± 1. Determination of moisture content is a very important parameter because
on it depends whether the produced explosive is correct. In the period when the increasing
amount of moisture in the air occurred, producing powdered explosives had to stop because
they showed a constant moisture content more than the permissible, up to 0.6%. The etheric

extract, the aqueous extract, residue content, moisture content were determined according to
the method used in PS Vitezit [4].
In the percentage content of NaCl in the composition of safety explosives should be carefull,
because if the content of the inert salt is very high it is difficult to provide sufficient
detonation sensitivity. The uneven distribution of salt in the mixture can cause the
deterioration of the explosive properties in terms of security of ignition of methane and coal
dust. The content of chlorides in the powder explosive should range from 29 to 31%. The
content of NaCl in the methanolic powder explosive is determined by the Mohr method of
direct determination of chloride ions by titration with standard AgNO3 solution with
potassium chromate as an indicator [4].
Examination of technical-mining properties of explosives is carried out on a daily basis in the
production of explosives on special polygons owned by explosive plants [4]. Safety explosives
are used for mining in coal mines with the occurrence of methane and hazardous coal dust.
The most important requirement for these explosives is that they do not allow their
detonation to cause an explosion or ignition of methane and dangerous coal dust.

Figure 1. Trial platform [4]

Testing safety on ignition of methane and hazardous coal dust is carried out in the test
platform (Figure 1).
The detonation transfer is carried out according the standard method. The test is considered
completed when the distance in cm is determined, in which three detonation transmissions occur
in three consecutive tests. Complete transfer of detonation is controlled through a control
cartridge which also detonates, while in case of incomplete detonation the control cartridge is
only damaged and discarded [5].
3. RESULTS AND DISCUSSION
Determination of the ether extract yielded a reference value of about 12% with a deviation of
± 1%. Determination of the aqueous extract yielded a reference value of about 83% with a
deviation of ± 1%, and the reference value of the residue is about 3% with a deviation of ±
1%. On the basis of the obtained results it can be concluded that they are the same in
accordance with the given values and that there is no need for further examination.
Moisture content can be determined by using following formula [4]:
%

𝑖

𝑒

𝑒

=

−

∙

a-mass of the hour glass with sample before placing it in exicator,
b-mass of the hour glass with sample after drying when the constant mass is obtained,
m-mass of sample.

In the Table 1 it is given moisture content in powdered explosive MV-1.
Table 1. Determination of moisture content in powder explosive MV-1

Date
09.10.2017.
10.10.2017.
11.10.2017.
12.10.2017.
13.10.2017.
16.10.2017.
18.10.2017.
19.10.2017.
20.10.2017.
26.10.2017.
27.10.2017.
28.10.2017.
08.11.2017.
09.11.2017

Batch

m[g]

a [g]

b [g]

1.
2.
1.
2.
1.
2.
1.
2.
1.
2.
3.
1.
2.
3.
1.
2.
3.
1.
2.
1.
2.
1.
2.
3.
1.(from
26.10.)
1.
2.

7.7727
8.6448
8.7207
7.4364
6.9530
6.2101
6.5393
6.4896
6.9372
6.4690
8.2080
9.4873
5.8474
8.6528
8.1039
7.7849
8.6730
7.7073
7.9210
6.7621
9.6460
8.4132
7.5094
8.2835

63.7233
63.8742
63.5820
50.9393
59.7593
45.4851
59.3460
62.4426
61.1608
61.7714
66.4358
65.4322
49.3493
66.8800
75.0536
63.0862
63.5343
63.6604
60.7277
67.0045
64.9494
75.3017
46.7836
66.1291

63.7049
63.8566
63.5563
50.9102
59.7267
45.4628
59.3153
62.4254
61.1418
61.7380
66.4043
65.4092
49.3245
66.8477
75.0261
63.0513
63.5026
66.6253
60.7088
66.9873
64.92220
75.3374
46.7671
66.1128

Moisture
content
(%)
0.23
0.20
0.29
0.39
0.46
0.35
0.46
0.23
0.27
0.51
0.38
0.28
0.42
0.37
0.34
0.44
0.37
0.45
0.24
0.25
0.24
0.29
0.22
0.20

8.8348

62.3771

62.3408

0.41

7.0559
8.8659

62.0091
66.6701

61.9859
66.6498

0.32
0.22

1.
2.
1.
2.

8.7848
5.4000
6.7085
7.2445

66.5883
48.9007
53.1361
61.7744

66.5588
48.8825
53.1150
61.7463

0.33
0.33
0.31
0.39

Based on Figure 2 it can be seen that values for the moisture content are within the reference
value (up to 0.6%) and the produced explosives can be used for the foreseen purposes.

MOISTURE CONTENT (%)

referent value
moisture content (%)

Figure 2. Moisture content in powder explosive MV-1

Chloride content can be determined using following formula [4]:
%𝑁 𝐶 =

∙

∙ 5,85

a – the volume of standard solution (cm3),
G – explosive sample mass (g),
5.85- equivalent for NaCl,
F – factor of AgNO3 solution (0.9920).

In Table 2 and in the diagram in Figure 3 are shown the values for the chloride content for a
period from October 9 to November 9 2017. The obtained values are within the limits of
chloride content (the reference value is 29 to 31%) in the explosive and there are no
deviations.

Table 2. Determination of chloride content in powder explosive MV-1

Date

Batch

G[g]

a[cm ]

Chloride content in
powder
explosive(%)

09.10.2017.

1.
2.
3.
4.

2.2848
2.1306
2.2067
2.2143

11.7
11.3
11.7
11.1

29.71
30.70
30.76
30.46

1.

2.4949

12.8

29.77

2.
3.
4.

2.1443
2.1786
2.2867

11.0
11.3
11.5

29.76
30.10
29.18

10.10.2017.

3

11.10.2017.

12.10.2017.

13.10.2017.

16.10.2017.

18.10.2017.
20.10.2017.

26.10.2017.

27.10.2017.

08.11.2017.

09.11.2017.

1.
2.
3.
1.
2.
3.
4.
5
1.
2.
3.
4.
1.
2.
3.
4.
1.
2.
3.
1.
2.
3.
1.
2.
3.
4.
5.
1.
2.
3.
1.
2.
3.
4.
1.
2.
3.
4.

2.2252
2.1264
2.1131
2.2866
2.1793
2.1085
2.1809
2.2601
2.0651
2.1446
2.1938
2.2873
2.2279
2.1836
2.2374
2.1502
2.0702
2.4017
2.3259
2.1019
2.0642
2.0131
2.2170
2.2075
2.2614
2.3944
2.1982
2.1602
2.2249
2.2355
2.0627
2.1446
2.0424
2.1764
2.3816
2.2736
2.1733
2.1996

11.7
11.1
11.0
12.0
11.3
10.8
11.4
11.6
10.7
11.1
11.4
11.8
11.5
11.4
11.4
11.2
10.8
12.5
12.2
11.0
10.7
10.6
11.4
11.5
11.7
12.5
11.3
11.4
11.5
11.8
11.0
11.2
10.5
11.6
12.6
11.6
11.2
11.5

30.51
30.29
30.20
30.45
30.09
29.72
30.33
29.78
30.06
30.03
30.15
29.93
29.95
30.29
29.56
30.22
30.27
30.20
30.43
30.37
30.08
30.55
29.84
30.23
30.02
30.29
30.38
30.62
29.99
30.63
30.94
30.30
29.83
30.93
30.70
29.60
29.90
30.34

CHLORIDE CONTENT (%)

chloride content (%)
limit value

Figure 3. Chloride content in powdered explosive MV-1

Testing safety on ignition of methane and hazardous coal dust was carried out on 27.10.2017.
year in the testing halls of the company Vitezit. During examination in test hall MV-1
showed good results, ie no ignition of methane with 500 g of methanvitezit-1 explosive, but
the permissible use of this mine explosive at one mine hole is reduced by 100 g for a better
safety and amounts 400 g.
In the company PS Vitezit, Vitez 27.10.2017, the investigation of the transfer of detonation at
the learning station was carried out. The measured rate of detonation transfer should be
within the range of 2700 to 3300 m/s. When measuring the transfer of 4 cm and 3 cm there
was a transfer of detonation and the speed was within acceptable limits. When the transfer
between the cartridges at 2 cm was reduced, the speed was higher than the permissible and it
is thus concluded that it is allowed to transfer the detonation to 3 and 4 cm.
4. CONCLUSION
In this paper control of certain parameters of powder explosives was performed. The
following methods were used in the experimental part:






Determination of ethereal extract, aqueous extract and residue,
Determination of moisture content,
Determination of sodium chloride content in safety explosives,
Testing safety on ignition of methane and hazardous coal dust and
Determination of detonation transfer.

Based on the obtained results, a general conclusion can be made that powder explosives
manufactured in PS Vitezit in Vitez produced in the period from October 9 to November 9
2017 can be used for the foreseen purposes.
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ABSTRACT
Rational choice and the use of appropriate packaging materials and types of packaging influence the
preservation of the qualitative characteristics of the product as well as on the sustainability of the
packaged content [1]. Based on testing the thicknesses of different types of materials, it is possible to
make the right choice for packaging certain food products. One of the important properties of
packaging materials is its thickness. The thickness determines the physical - mechanical as well as the
protective properties of the packaging material, and the uniformity of the thickness is important for
the passage of material on the packers and the correctness of the formation of packaging units.
Quality control of five types of packaging materials was carried out exclusively by measuring their
thickness. The results of measurements are shown in this paper. Reducing the thickness, and therefore
the mass per unit, is achieved by using these modern polymer materials. In this way, we achieve the
savings of packaging material, which is justified from the economic point of view, but also from the
ecological point of view.

1. INTRODUCTION
1.1. Packaging
Packaging is the medium which accepts the product and protects it until use 2. Packaging
with the product form a single unit, which is presented to the customer, meaning that it is an
integral part of it, protects it and impartially recommends, thereby providing the necessary
information on the content and makes using it satisfaction 3. The task of the packaging is
that in all conditions of packaging and storage, protects product from mechanical, chemicalphysical, microbiological and biological changes resulting from the operation of
environmental factors and storage time 4. Presented package is partially made of plastic
material and combined packaging materials 5. Under the quality formation of packaging
units means that all connections to the primary packaging are well closed, and shall not

remain open or pores that allow the undefined free exchange of the atmosphere around
contents from the external environment.
1.2. Dried fruits
Dried fruit is dried in semi-industrial dryer-type (IVERAK), using alternately in drying of hot
air for drying. The technological process of production of dried fruit consists of:
1. Calibration.
2. Cleaning.
3. Washing.
4. Cutting.
5. Treatment with sulphur dioxide.
6. Drying.
7. Packing.
Industrial indirect mini dryer (IVERAK), that was used in this study is intended to: Drying
parcel fruit or vegetables. Capacity is 1000-1300 kg depending on the product in the forests.
The drying time of the product depends on the product and ranges from 50 0C to 80 0C.
The temperature during drying is constantly controlled. The two-way fan ensures the
uniqueness of the division in the tunnel and the uniform drying of the products in all stages.
The fan is time- and temperature-programmed with system located in the control panel. The
dryer is constructed of solid fuel. Tunnel of dryer is built of polyurethane. The dimensions of
the tunnel are: length 5.1 m, width 2 m, height 2 m. Air circulation is determined by the fan
installed on the upper side of the dryer.
2. EXPERIMENTAL RESULTS AND DISCUSSION
One of the important properties of packaging materials is its thickness. Thickness determines
the physic -mechanical properties of the packaging material and uniformity of thickness is
essential for mobility materials to packaging machine and regularity of the formation of
packaging units. Changes in the contents of measuring thickness of individual packing
material were observed after a certain period of time, as follows:15 days, 30 days, 90 days,
and 120 days, during storage at room temperature and exposed to daylight. Results are given
as the average of measurements made on four samples of the contents of the packaging unit
or bags for each position. Packaging unit which made of plastic and the combined materials
are formed with heat- seal. Thickness of the sample is made with a method according to JUS
G.S2.733 with precise electronic gauge MICRO 2000. Measurements were made at eight
positions on each sample.

3. RESULTS AND DISCUSSION
The paper used four types of packaging material, which were investigated on the impact of
packaging on the quality changes of packaged dried fruits. The bags are made of the
following materials:
1. Monomaterial, Polyethylene (PE) of thickness 95 μm.
2. Monomaterial, oriented polypropylene (OPP) thickness of 20 μm.
3. Combined packaging material, oriented polypropylene (OPP) / Polyethylene (PE)
thickness 20/50 μm.
4. Composite packaging materials, polyethylene (PE) thickness of 20/50 μm.
5. Combined packaging materials, Polyester (PET) / oriented polypropylene metalized (RIP)
met / Polyethylene (PE) 12/38/30 μm. The results of tests of thickness of the packaging
material PE (95) μm shown in the Table 1.
Table 1: The thickness of the packaging material PE (95) μm

The results obtained indicate that the packaging material PE has a satisfactory uniformity of
the thickness of the packaging material. The results indicate a good technological process of
material production. Uniformity of the thicknesses of packaging materials provides good
mobility materials to the packing machines and quality formation of packaging units.
The results of tests of the packaging material thickness meth OPP (20) are shown in Table 2.
Table 2: The thickness of the packaging material meth OPP (20) μm

The values obtained indicate a slight deviation of thickness OPP meth for packaging material
and provides good graft material to the packing machine and the formation of high-quality
packaging units. The results indicate a good technological process in materials production.
The results of tests the thickness of the packaging material OPP met /PE (20/50) microns are
shown in Table 3.
Table 3: Thickness of packaging material OPP met / PE (20/50) μm.

The values obtained indicate a small deviation of thickness OPP met / PE of packaging
materials. This small deviation results can be explained by the uneven distribution of the
adhesive at combined OPP met and PE materials. The results of tests the thickness of the
packaging material 12/38/50 (PET / OPP met / PE) are shown in microns in Table 4.
Table 4: The thickness of the packaging material 12/38/50 (PET / OPP met / PE) μm

The results do not show large variations in the thickness of the packaging material. Slight
variations than the stated values of mono materials from combination indicate on a good
combination with a uniformly applied adhesive.
4. CONSCLUSION
At the end of 120 days of storage was just concluded with the packaging material, 12/38/50
(PET / OPP met / PE) μm, that there was an appearance of mold. What leads us to the
conclusion that in the three other packaging materials there has been no change, and they can
be used as appropriate materials for the protection of dried fruit. Test results of testing
thickness indicate that there are not major deviations from the nominal values given in the
documentation of these materials. Tested quality of the material was evaluated as good in
accordance with the technical characteristics which is characteristic for the manufacturing
technology of this material.
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ABSTRACT
The main purpose of this paper was to control the quality of drinking water, which is distributed to the
city of Zenica. Sampling, methods of testing and interpretation of the results were realized in accordance
with Regulation on the hygiene of drinking water, "Official Gazette of B&H'', number: 40/10, 43/10,
30/12 [6]. JP "VIK" doo Zenica the sampling of water supply for drinking water is doing at 33 locations
in the water supply network, 3 larger reservoirs, 10 small reservoirs outside the urban zone and two
major sources. In our case, the samples of water were taken on seven different locations, in the zone of
central water supply. Sampling was performed on places with substantial consumption of water, such as:
Hospital, Zenica milk industry, Hotel Dubrovnik, Travnička street, Podurije, Metalno i Radakovo. Based
on our examination, we can conclude that the drinking water in Zenica city has very good quality.

1. INTRODUCTION
Water was always a symbol of life for all human beings. One of the basic human rights is the
right to drinking water and health safe water is very important for the preservation of human
health. Without water no living creature can survive, and fresh water is essential for all forms of
human activity. According to the total amount of water on the Earth's surface, water is one of the
most common substances. The total amount of water on earth is estimated at about 1.36 billion
cubic kilometers, of which only about 37.55 million cubic kilometers or 2.78% is fresh water,
while the remaining 97% consists of seas and oceans. According to the final water budget that is
available to a human is only 0.3% of the total volume of water on Earth [3]. By drinking water,
the human body is being supplied with certain substances, which are essential for life. The water
in its composition contains a number of chemical elements such as C, H, O, N, S, P, Ca, Mg, K,
Na, and macro-elements, and only 0.1% are trace elements: Fe, Zn, Cu, Ni, I, Mn, F, etc. The
quality of natural waters is variable, because products of human activity are constantly in
interaction with the soil, water and air and thus bring a variety of pollution. Water quality is
determined on the basis of examination of its physical, chemical and biological characteristics.

One of the most important tests is the metal content in the water and in particular heavy metals.
In the city of Zenica on seven locations which are mentioned in Abstract were tested physical
parameters such as: temperature, colour, taste, turbidity, pH value and electrical conductivity and
chemicals parameters, which include: KMnO4 consumption, ammonia, nitrates, nitrites,
chlorides, sulfates, residual chlorine and aluminum (for water in which was used as a coagulant).
Within the periodic analysis the samples were subjected to measurement of the concentration of
some heavy metals such as: manganese and lead.
2. SAMPLING AND TESTING SAMPLES OF DRINKING WATER
The main objective of sampling is to provide a representative sample for analysis. The
methodology of the water sample depends on the purpose of analysis, the type of water which is
to be analyzed, and is determined by planning. Water sample is treated in such a way that during
sampling, transport and duration of analysis the composition of the sample does not change. If
the water sample is representative, it is enough to sample it once. If the composition of the
sources changes in time, sampling is performed at specified time intervals, and if the
composition of the sources changes more in space, than in time, sampling is done at several
locations.
2.1. The purpose of sampling
The purpose of the water sampling can be:
 determination of the quality of water (measurement of the concentration of certain
components in water),
 the water quality control (monitoring one or more parameters within certain defined
values, wherein the number of sampling depends on the possibility of occurrence of
deviations from the set conditions, or if a deviation has occurred, from the length of the
state),
 identification of the sources of water pollution (determination of contamination of an
unknown source, mainly by an accidental discovery of periodic sampling).
Before any extensive sampling, it is necessary to develop a sampling plan, which should contain
the following information:
1. The sampling point, which includes creating a map to identify the location,
2. Sampling frequency,
3. Origin of samples (drinkable/tap water, water sources, water from the tanks),
4. The number of samples,
5. The approximate duration of sampling,
6. Sampling procedures,
7. Processing, and preservation of samples and therefore, planning of chemicals, laboratory
packaging and analytical equipment and
8. Data on the person who carried out the sampling.
In addition, the plan should include methods of processing the results obtained and the type of
statistical parameters to be used for each sample. Before starting the program, a preliminary
sampling is recommended [9].

By Monitoring programs of water intended for human consumption must:
 to check that the measures are in place because of the control of the risks to human health in
the entire chain of supply of water, from the basin through the abstraction, purification and
storage, to distribution, effectiveness, so that the water in the point of an alignment is safe
and clean,
 provide information on the quality of the water that is delivered for human consumption in
order to prove the fulfillment of the obligations that are set up and respect the values of the
parameters set out in the Annex and of the Regulation on the sanitary quality of drinking
water [7],
 determine the most appropriate way of reducing the risk to human health [8].
According to the Regulation [8] two kinds of the water analysis are provided, with a different
scope and the frequency: basic analysis (tracking control) and periodic analysis (audit tracking).
The purpose of tracking control is to obtain information on the organoleptic and microbiological
quality of drinking water as well as to obtain information on the efficiency of water treatment
(particularly to disinfection) which are used to determine whether to comply with the relevant
values of the parameters defined by this Regulation. This analysis includes: aluminum (when
used as a flocculant), ammonia, color, conductivity, Clostridium perfringens (only if water
comes from the water surface sources or has been affected by the water), an E. coli, the pH, the
iron (if using as an a flocculant), nitrite (if applicable chloramination), fragrance, Pseudomonas
aeruginosa (only if the water is offered for sale in bottles or containers), the flavor, the number of
colonies at 22 and 37 ° C and the turbidity of the coliform bacteria. The aim of the audit trail is
to provide the required information for determining whether all values of the parameters are in
accordance with the present Regulation [8].
2.2. Sampling points
Determination of the number and location of sampling is a very important item in any program
of sampling and depends on the ultimate goals of sampling. In determining the place of sampling
the water, it is important that the samples are representative of the water in that place. The
selected location must be safe and accessible for staff and equipment. For public water facilities
and water supply sampling is done at three levels: at the source, reservoir and from the network
itself. The sampling plan is made so as to cover the entire water system, taking into account that
samples are taken in the vicinity of buildings with high consumption, such as: schools, hospitals,
central part of the city, the tubes for main water supply of some neighbourhoods, etc. In Zenica
the sampling of water supply for drinking water is done at 33 locations in the water supply
network, 3 larger reservoirs, 10 small reservoirs outside the urban zone and two major sources.
Laboratory is internal and verified by the Ministry of Health of Zenica-Doboj Canton. In
addition, periodic follow up is done by Cantonal Public Health Institute Zenica-Doboj Canton. In
the Table 1 are given all points of sampling water in VIK Zenica, but also the reservoirs, on
which the control of drinking water is performed.

Table 1. The sampling Items of drinking water in VIK Zenica with reservoirs
Label
Location
Label
Location
Label
Location
Željezarski
T-1
Hospital
T-9
T-18
K.P.Z.
Reservoir
Home and
T-2
T-10
Tetovo
T-19
Raspotočje
family
T-3
Pehare
T-12
Trav ička
T-20
Metalno

Label

Location

T-29

Paviljon

T-30

Gornji brist

T-31

Grača ica

T-4
T-5
T-6

ZIM
Chanel
Blatuša

T-13
T-14
T-15

Broda
Čajdraš
Mokuš ice

T-22
T-23
T-24

Bili išće
Lukovo
Radakovo

T-32
T-33
I-1

Vražale
Zvečaj
Zmajevac

T-7

Željez ička S.

T-16

Podurije

T-25

Klopče

I-2

Crkvice

T-8

Hotel
Dubrovnik

T-17

Horse pipe

T-28

Hamida

R-1 i R-2

Reservoirs
Zmajevac i
Crkvice

2.3. Testing of samples of drinking water
In this paper, or its experimental part samples of drinking water were taken and analyzed from
the city water distribution network in Zenica. Sampling, testing methods and interpretation of
results were done in accordance with the Regulation on the sanitary quality of drinking water,
''Official Gazette of B&H'', No. 40/10, 43/10, 30/12 [7]. Sampling was conducted at seven
different locations within the zone of water supply of the municipality Table 2 while the analysis
of samples were carried out in the laboratory of JP "VIK" doo Zenica. Quality control of some
heavy metals was monitored in the long run. On the samples basic and periodic analysis were
carried out.
From the core of the analysis, the following physical parameters were tested: temperature,
colour, taste, turbidity, pH value and electrical conductivity, and chemical parameters, which
include: KMnO4 consumption, ammonia, nitrates, nitrites, chlorides, sulfates, residual chlorine
and aluminum (for water in which was used as a coagulant). Within the periodic analysis the
samples were subjected to measurement of the concentration of certain heavy metals such as:
manganese and lead.
Table 2. Places at which the sampling was completed and sample codes

Number
1.
2.
3.
4.
5.
6.
7.

Sample code
T-1
T-4
T-8
T-12
T-16
T-20
T-24

Place of sampling
Hospital
Zenica Milk industry (ZIM)
Hotel Dubrovnik
Travnička street
Podurije
Metalno
Radakovo

In the Table 3 the results of content specifically manganese and lead and on Diagram 1 are
presented the results of the analysis of six samples from the above locations. Determining the
concentration of manganese in the samples was performed by spectrophotometric method using
specific reagents, or ascorbic acid, an alkali cyanide and PAN indicator. For determination of the

concentration of lead, manganese and aluminum in the samples, a complex method was used,
which was conducted on a spectrophotometer HACH, USA, DR/2000th.
In Tables 4 and 5 the results of the analysis are presented of physical and chemical parameters of
samples taken from seven locations. Each point is sampled six times, three times in September
and three in October. Sampling was done at sites with greater water consumption, such as
schools, hotels, hospitals etc. As we can see in the tables, all of the results of the analysis tests of
physical and chemical parameters of the seven samples are below the permissible value,
prescribed in the Regulation. While sampling the measurement of the temperature of the water
and residual chlorine was taken at the sampling site, while the other measurements of physicalchemical correctness was made in the laboratory. Measurement of residual chlorine in the
samples was carried out by chlorine comparator and a colorimeter. Some parameters,
respectively: color, ammonium, nitrite, nitrate, sulfate, and aluminum, have been analyzed by a
spectrophotometric method. Consumption of KMnO4 and chloride concentrations were
performed by titration method. Determination of aluminum in samples is mandatory only for the
water in which the process of conditioning used an aluminum as the role of the coagulant. In our
case it is a sample T-1, that was taken in the Cantonal Hospital. Only water from the source of
Babina river goes through this stage of processing, so therefore the control of the concentration
of metals in the water of this spring is necessary.
Table 3. Results of content manganese and lead in drinking water (source VIK Zenica)
Number

Date

Allowed
values of
parameters

Year 2017

Location

Units
1.
2.
3.
4.
5.
6.

04.01.
24.01.
13.03.
21.08.
03.10.
30.10.

Hospital
ZIM
Podurije
Podurije
Metalno
Radakovo

Manganese

Lead

< 50

< 10

µg/l

µg/l

0.0
1.0
14.0
2.0
12.0
1.0

1.0
1.0
0.0
1.0
2.0
0.0

Diagram 1. The content of manganese and lead into drinking water

Table 4. The results of the physical parameters of drinking water (source VIK Zenica)
Number

Date

Allowed
values

Year 2017

Location

Units

Temp.

pH
value

Conductivity

Acceptable
for
consumers

≥6,5 i

< 2500 (on
20°C)

organoleptic

°N.T.U.

pH unit

mS/cm

Colour

Flavor

Turbidity

Acceptable
for
consumers

Acceptable
for
consumers

°C

Pt-Co

≤9,5

1.

02.09.

Hospital

20

0°

without

0.49

7.86

384

2.

09.09.

Hospital

18

0°

without

0.59

7.77

381

4.

04.10.

Hospital

16

0°

without

0.94

8.18

395

5.

07.10

Hospital

17

0°

without

0.2

8.14

407

6.

11.10.

Hospital

16

4°

without

0.76

8.12

395

8.

13.09.

ZIM

17

0°

without

0.24

7.56

291

9.

19.09.

ZIM

15

0°

without

0.46

7.54

368

10.

13.10.

ZIM

14

0°

without

0.22

8.36

295

12.

31.10.

ZIM

11

0°

without

0.36

8.07

286

13.

11.09.

Hotel D.

18

0°

without

0.21

7.52

291

14.

19.09.

Hotel D.

16

0°

without

0.44

7.63

295

15.

25.09.

Hotel D.

18

0°

without

0.85

7.58

292

18.

24.10.

Hotel D.

17

0°

without

0.53

8.2

289

19.

08.09.

Travnička

22

0°

without

0.28

7.56

290

20.

14.09.

Travnička

19

0°

without

0.23

7.6

292

21.

19.09.

Travnička

18

0°

without

0.34

7.67

394

23.

13.10.

Travnička

16

0°

without

0.28

8.34

297

24.

25.10.

Travnička

15

0°

without

0.5

8.17

281

25.

08.09.

Podurije

18

0°

without

0.29

7.56

290

27.

21.09.

Podurije

16

0°

without

0.62

7.54

286

29.

09.10.

Podurije

14

0°

without

0.27

8.16

290

30.

19.10.

Podurije

14

0°

without

0.25

8.17

296

31.

07.09.

Metalno

20

0°

without

0.15

7.52

290

32.

13.09.

Metalno

19

0°

without

0.28

7.83

290

33.

19.09.

Metalno

19

0°

without

0.25

7.63

305

35.

13.10.

Metalno

14

0°

without

0.19

8.34

295

36.

24.10.

Metalno

12

0°

without

0.31

8.2

297

38.

11.09.

Radakovo

18

0°

without

0.46

7.75

340

39.

18.09.

Radakovo

16

0°

without

0.21

7.52

381

40.

06.10.

Radakovo

16

0°

without

0.42

8.16

296

41.

12.10.

Radakovo

15

0°

without

0.26

8.14

309

42.

24.10.

Radakovo

15

0°

without

0.32

8.1

296

Table 5. Results of chemical parameters of drinking water (source VIK Zenica)
Number

Date

Allowed
values of
parameters

Year

Location

2017

Units

Consumption
KMnO4

Ammonium
Nitrites Nitrates Chlorides Sulphates
NH4+

Al

Residual
chlorine

<5

< 0,5

< 0,5

< 50

< 250

< 250

<
200

< 0,5

mg/l

mg/l

mg/l

mg/l

mg/l

mg/l

µg/l

mg/l

1.

06.09.

Hospital

4.23

0.013

0.000

3.960

7.00

26.0

40

0.25

2.

13.09.

Hospital

2.53

0.000

0.003

6.600

12.00

26.0

40

0.25

3.

20.09.

Hospital

3.13

0.000

0.003

3.960

15.00

22

30

0.25

5.

11.10.

Hospital

4.39

0.013

0.007

3.960

9.00

22

50

0.25

6.

25.10.

Hospital

4.43

0.013

0.003

3.960

11.00

24

80

0.1

8.

13.09.

ZIM

2.21

0.000

0.003

2.640

6.00

11

0.35

9.

19.09.

ZIM

4.06

0.000

0.000

3.520

9.00

18

0.35

10.

13.10.

ZIM

2.59

0.000

0

2.640

8.00

11

0.35

12.

31.10.

ZIM

2.84

0.000

0.000

2.200

6.00

12

0.4

13.

11.09.

Hotel D.

1.90

0.000

0.000

4.400

9.00

12

0.4

14.

19.09.

Hotel D.

2.32

0.000

0.000

2.640

7.00

8

0.3

15.

25.09.

Hotel D.

1.90

0.000

0.000

2.200

8.00

10

0.3

17.

13.10.

Hotel D.

2.87

0.000

0

3.080

6.00

9

0.3

18.

24.10.

Hotel D.

1.50

0.000

0.000

2.640

7.00

10

0.4

19.

08.09.

Travnička

0.86

0.000

0.000

3.080

6.00

8

0.2

20.

14.09.

Travnička

1.35

0.000

0.003

3.960

6.00

8

0.2

21.

19.09.

Travnička

2.61

0.000

0.000

3.080

8.00

10

0.3

23.

13.10.

Travnička

1.72

0.000

0

3.080

8.00

8

0.35

24.

25.10.

Travnička

2.36

0.000

0

3.080

9.00

9

0.35

25.

08.09.

Podurije

1.55

0.013

0.003

4.840

10.00

12

0.3

27.

21.09.

Podurije

1.84

0.000

0.003

2.200

7.00

12

0.25

29.

09.10.

Podurije

2.66

0.000

0.000

5.280

7.00

13

0.4

30.

19.10.

Podurije

1.50

0.000

0.000

2.200

5.00

10

0.35

32.

13.09.

Metalno

1.58

0.000

0.000

3.960

6.00

11

0.1

33.

19.09.

Metalno

2.03

0.000

0.000

2.200

9.00

12

0.1

35.

13.10.

Metalno

2.59

0.000

0

3.960

6.00

11

0.2

36.

24.10.

Metalno

2.11

0.000

0.003

2.200

8.00

11

0.3

38.

11.09.

Radakovo

3.16

0.000

0.000

3.520

9.00

19

0.35

39.

18.09.

Radakovo

3.01

0.013

0.003

3.960

11.00

28

0.35

41.

12.10.

Radakovo

1.49

0.000

0.000

3.080

10.00

14

0.35

42.

24.10.

Radakovo

2.41

0.000

0.000

3.520

7.00

12

0.4

3. CONCLUSION
Based on the controlled and analyzed samples of drinking water on the physical and chemical
parameters from seven locations listed in VIK Zenica which are: Hospital, Zenica milk industry
(ZIM), Hotel Dubrovnik, Travnička street, Podurije, Metalno and Radakovo and from obtained
laboratory results we can conclude that:
-

The analyzed samples of drinking water have chemical parameters in accordance with the allowed
values of the Regulation on sanitary drinking water "Official Gazette of B&H'', No. 40/10, 43/10,
30/12 [7].

-

The analyzed samples of drinking water have physical parameters in accordance with the
allowable values of the Regulation on the sanitary quality of drinking water ''Official Gazette
OF B&H'', No. 40/10, 43/10, 30/12 [7].
The analyzed samples of drinking water from five locations listed in VIK Zenica which are:
Hospital, Zenica milk industry, Podurije, Metalno and Radakovo concentration of lead and
manganese in accordance with the values allowed by the Regulation on the quality of water
for drinking "Official Gazette of B&H'', No. 40/10, 43/10, 30/12 [7].

-
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ABSTRACT
The paper presents the results of an analysis of the content of heavy metals (Pb, Cd, Zn, Ni, Cu and
Fe) in a leaf of green salad from six locations which gravitate towards the city of Zenica. After
sampling from the defined locations, samples of green salad were prepared for analysis in the
laboratory of the Faculty of Metallurgy, by dry digestion procedure. Analysis of heavy metals was
performed on device "Atomic Absorption Spectrophotometer, PerkinElmer AAnalyst 800", using two
techniques, flame technique and technique of graphite cuvette (TGHA). The results show that the
concentration of lead in leaf of green salad from one location exceeds the maximum allowable
concentration (MDK) defined by the national regulations of BiH. Concentrations of other analyzed
heavy metals in the leaf of green salad are below MDK at all defined locations.

1. INTRODUCTION
The green salad is from the family of Asteraceae and belongs to hyper accumulator species. It
is a one-year-old herbaceous plant of Latin name Lactuca sativa. It has a well-developed root.
As a hyperaccumulator species, green salad adopts heavy metals through roots from where
they are further transported to the leafs depending on their contents in the soil. As there is no
protection mechanism (tree), heavy metals are transported into the leafs where accumulate in
certain concentrations. In addition to adoption from the land, heavy metals comes in leafs of
green salad from the environment too. The adoption of heavy metals by plants can be active
(metabolic) and passive (non-metabolic) [1]. Passive adoption is a diffusion of the ions from
the outer solution into the endoderm of root and so are adopted the ions of lead, sulfur and
other elements. Active adoption takes place with the help of metabolic energyand flows in the
opposite direction to the chemical gradient of the concentration of elements, and in this way
are adopted: cadmium, zinc, copper and some other metals [1]. Heavy metals are classified as
essential trace elements in which they are counted Cu, Fe, Mn, Zn, Mo, Ni and potentially
toxic or non-essential elements which includes those metals that are not biogenic and act only
as toxic as Pb, Cd, Cr, Hg, and as As which belong to semimetals [2]. Lead is a heavy metal
that comes to nature primarily through exhaust gases from the car. It's not know that lead has

any essential function in metabolism, although a lead in nature can be found in all plants.
Lead is known as a major pollutant in the environment and an element toxic to plants [5].
Toxic effect of lead is reflected in processes such as photosynthesis, mitosis and water
absorption.
Cadmium is an element with very toxic effects on plants, animals and humans. The natural
content of cadmium in plants is between 0.05 and 0.20 mg/kg [3]. The greatest influence on
cadmium input into a plant is pH soil and concentration of this metal in the soil, then the
concentration of Zn in the soil,cation exchange complex of soil, content of organic matter in
the soil,as well as the texture of the land. The use of artificial fertilizers and waste sludge is
the primary reason for the increased concentration of cadmium in the soil over the last 20 to
30 years in Europe [4]. Cadmium is a metal very similar to zinc and zinc deficiency increases
the intake of cadmium in plants.
Cadmium unlike as lead is very intensely absorbed through the roots and is transported to
vegetative aboveground organs of plant [6]. General opinion is that the lead in its inorganic
form poorly and slowly adopted and transmitted to the aboveground organs of plant, but
organic compounds are very mobile and therefore often accumulate in reproductive organs of
plants [6]. If concentrations of toxic heavy metals in plants are greater than the limit values,
then they can exhibit different toxic effects, which depends on the level of concentration, the
type of metal, the organism, its ontogenetic development phase and other ecological factors.
2. EXPERIMENTAL PART
The samples of green salads were collected in March, April and May 2017 from six locations
that gravitate toward the city of Zenica. These are the following locations: Raspotočje,
Janjići, Donja Broda, Dolača, Tetovo and Brist. Samples of green salads were first washed in
water and then in distilled water. The washed samples were dried in air, then in oven at a
temperature of 105 ˚C and after which they are a chipped by crushing. For the determination
of metal content is weighed 1.000 g plant material and transferred to a platinum pot in which
was carefully burned without flames. Carbonized residue was burned in a fired furnace. The
samples were annealed for one hour at a temperature of 450 ˚C. After cooling, 5 cm3 of
distilled water and 2 cm3 of concentrated nitric acid are added to the pot, and with gentle
heating, the contents of the pot are converted into the solution. The heating was carried out
until the solution became clear. The resulting solution is then quantitatively transferred to a
volumetric flask of 25 cm3, which upon cooling to room temperature, complemented with
distilled water up to the mark and intermingled. For the purpose of testing heavy metals in the
root and the list of green salads, six metals were analyzed: lead, cadmium, zinc, nickel,
copper and iron. Analysis of heavy metals was performed on device "Atomic Absorption
Spectrophotometer, PerkinElmer AAnalyst 800", using two techniques, flame technique and
technique of graphite cuvette (TGHA). Zinc, copper, iron and nickel are analysed by flame
technique, whereas the determination of content of lead and cadmium used the technique of
graphite cuvette.
3. RESULTS AND DISCUSSION
The results of the tested heavy metals in the leaf of green salads are shown in Table 1,
converted from units mg/dm3 and g/dm3 to mg/kg, which is common for solid samples.

Table 1. The content of the tested heavy metals in the leaf of green salad
Concentration of the elements, mg/kg
Location

Pb

Cd

Zn

Ni

Cu

Fe

-

0.089

51.050

0.050

2.975

274.75

Janjići

2.028

0.019

50.975

0.475

12.175

255.00

Donja Broda

0.045

0.075

49.800

0.600

1.500

314.00

Dolača

-

0.089

36.125

0.025

3.850

210.88

Tetovo

-

0.101

42.975

-

0.875

302.00

Brist

-

0.126

40.875

0.300

0.975

187.25

Raspotočje

The highest content of lead was found in the leaf of green salads from the location Janjići and
is 2.028 mg/kg. In other samples, except for the sample collected from the location Donja
Broda, lead in the green salad list was not registered. According to the Ordinance on
maximum allowed quantities for certain contaminants in food, „Službeni glasnik BiH“,
number 37/09, maximum allowable quantity (MDK) of lead in the leaf of green salad is 0.3
mg/kg [7]. Due to the high exceeding MDK, with goal to determine entry of lead in leaf of
green salad, lead analysis was carried out and in the root of green salad from the mentioned
locations. The content of lead in the root of green salads was 0.18 mg/kg. Comparing the
concentration of lead in the leaf and root of green salad can be concluded that the main
reason for this high exceeding MDK for lead in the leaf of green salad could be
contamination of the leaf of green salad from the atmosphere. The location is near the ZenicaSarajevo highway, as well as the main road M17, so the contamination of the green salad
with lead was most likely to came from exhaust gases of motor vehicles with gasoline
engines. In support of this claim is report on the analysis of gasoline BMB 95 which is
produced in the oil refinery "Brod", where it is stated that the concentration of lead in BMB
95 is less than 2.5 mg/dm3 and that MDK is 5 mg/dm3 [8].
The highest content of cadmium was found in the leaf of green salad from the location Brist
and is 0.126 mg/kg. According to the Ordinance on maximum allowed quantities for certain
contaminants in food, „Službeni glasnik BiH“, number 37/09, the maximum allowable
quantity (MDK) of cadmium in the leaf of green salad is 0.2 mg/kg [7]. The results of the
analysis shown in Table 1 show that none of the sample does not exceed MDK for cadmium.
The highest content of zinc was found in leaf of green salad from the location Raspotočje and
is 51.050 mg/kg. The literature states that the average natural content of zinc in plants is 20100 mg/kg of dry matter [9]. Harmful effects of zinc on plants occurring when the contents of
the plants over 100 mg/kg dry matter. Based on the obtained results it can be concluded that
the content of zinc in the leaf of green salad does not exceed the limit value in any locality.
However, unlike lead and cadmium, zinc is an essential element. The necessity of Zn in the
nutrition and his deficiency in humans has been recognized in 1963. During the past 50 years,
it became apparent that zinc deficiency in humans is prevalent and that almost 40% of the
world's population suffering of Zn deficiency [10]. The recommended daily intake for Zn is
in ranges from 3 to 16 mg per day, depending on the age, gender, type of nutritions and other
factors.

The highest content of nickel was found in leaf of green salad from the location Donja Broda
and is 0.6 mg/kg. Natural value content of nickel in plants is 1-10 mg/kg [9]. Based on these
results it can be concluded that the content of nickel in the leaf of green salad does not exceed
natural value in any locality.
The highest content of copper was found in leaf of green salad from the location Janjići and
amounts to 12.175 mg/kg. The natural content of copper in plants is in the range between 1
and 12 mg/kg dry matter [11]. The average content of copper in herbaceous plants is between
2 and 20 mg/kg [9]. Based on these results it can be concluded that the content of copper in
the leaf of green salad does not exceed natural value in any locality.
The highest content of iron was found in leaf of green salad from the locality Donja Broda
and is 314 mg/kg. The average content of iron in plants is 100 mg/kg and varies within wide
limits of 50 to 3000 mg/kg [9]. Plants much more absorb iron from other heavy metals. This
shows that the adoption and accumulation of certain metals in plants depends on the type of
metal and its physiological functions [5].
4. CONCLUSION
Analyzing the content of lead, cadmium, zinc, nickel, copper and iron in a leaf of green salad
from six locations which gravitate towards the city of Zenica, results show that the content of
lead from the site Janjići exceeds MDK for almost seven times. Namely, the content of lead
in the leaf of green salad from the site Janjići is 2.028 mg/kg and MDK for lead in green
salad is 0.3 mg/kg. In other samples, except for samples collected from the locality Donja
Broda, the lead in the leaf of green salad was not registered. The location "Janjići" is near the
highway Zenica-Sarajevo, as well as the main road M17, so excessive contamination of the
green salad with lead was most likely to occur through the exhaust gases of motor vehicles
with gasoline engines. In support of this claim is report on the analysis of gasoline BMB 95
which is produced in the oil refinery "Brod", where it is stated that the concentration of lead
in BMB 95 is less than 2.5 mg/dm3 and that MDK is 5 mg/dm3 [8]. Concentrations of other
analyzed heavy metals in the leaf of green salad are below MDK at all defined locations.
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ABSTRACT
Basic raw materials for paper production are cellulose fibers and water. Water plays a major role in
the process of cellulose and paper production and it is present in almost all phases of the cellulose
fiber production process. Because of that the cellulose and paper industry is considered to be one of
the largest consumers of natural resource polluters. In the paper are analyzed the following quality
parameters of wastewater generated in cellulose and paper factory and discharged into a surface
water recipient: temperature, pH value, electroconductivity, chemical oxygen demand (COD),
biological oxygen demand (BOD5), the share of biodegradable matter in total content of organic
matter (BOD5/COD) and the content of dissolved oxygen (DO). The aim of the study was to determine
whether the values of the mentioned parameters are within the legally permitted limits and then to
determine whether wastewater from the cellulose and paper industry influence a surface water
recipient, or a living world in it. Analyzed wastewater samples were taken in the cellulose and paper
factory “Natron Hayat”, Maglaj. Wastewater from the cellulose and paper factory “Natron Hayat”,
Maglaj is discharged into the surface water recipient, the river Bosna.

1. INTRODUCTION
Wastewater means, in a wider sense, any water that has changed its physical, chemical and
biological characteristics to a greater or lesser extent after it was being used [1]. Industrial
wastewater is generated in factories and industrial plants after it is used in the production
process or washing of certain technological equipment and workspace. Depending on the
application of water in the production process and the production character, the level of
wastewaterpollution is different, as it is different character of the pollutionpresent in that
water. Pollution that is found in industrial wastewater can be: products of production, byproducts that result from chemical reactions and various residues. Depending on the
composition of the admixture and the specificity of their effect on the recipients, industrial
wastewater is divided into [2]:



water containing admixtures with specific toxic properties,
water with inorganic admixtures that don't have toxic effects – this water is often not
particularly hazardous to recipients, but contribute to the formation of sediments, reduces
the water translucency, which can have a negative impact on the life of aquatic
organisms,




water with non-toxic organic matter - organic substances found in this water are
decomposed biochemically and affect the increase of biological oxygen demand, lower
the content of dissolved oxygen and reduce water transparency and
water containing organic matter with specific toxic properties.

The wastewater from the cellulose and paper industry contains chemicals used in the process
of obtaining paper, small pieces of wood, cellulose fibers, which, if not removed, can be
caught for fish gills, melted lignin from wood, sulfur compounds and large amounts of
organic pollution. Wastewater, also contains a large amount of solids, which if not purified
and released into rivers, quickly overlap the bottom of the river destroying the fish and
aquatic world that depends on food from the bottom of the river [2]. In the cellulose and
paper industry there is black and white wastewater. Black wastewater originates from the
cellulose production process. It is dark brown and the coloration is a consequence of the
lignin presence, and this color affects the aquatic plantsphotosynthesis process. The water
from the paper sector is called white water. The black and white wastewater are drained off
by a collecting channel to the purification plant and then discharged into a surface water
recipient. The amount of wastewater discharged into the surface water recipient can vary in a
wide range. Particularly interesting is the so-called impact discharge of wastewater, which
means the discharge of a larger amount of wastewater in relatively short time.
The harmful effect of polluting substances in wastewater is usually viewed from three aspects
[2]:
1. impact on wastewater treatment,
2. impact on water recipients and
3. impact on the drainage system.
Biological oxygen demand, chemical oxygen demand and dissolved oxygen content are the
most common criteria for wastewater pollution. Pollution criteria are used to assess the
impact of wastewater on the surface water recipient, i.e. to estimate the damage that the
untreated wastewater would cause in the recipient [3].
2. EXPERIMENTAL PART
Wastewater samples for conducting the experimental part were taken once a week, in a
period of one month, in the cellulose and paper factory „Natron Hayat“, Maglaj. Samples
were analyzed at the Metallurgical Institute „Kemal Kapetanović“in Zenica, in metallurgical
chemistry department.
The experimental part contained the following steps:
1. Determination of sampling sites.
2. Sampling – wastewater sampling at the entry into the purification plant (unpurified
wastewater) to determine the quality or degree of wastewater contamination from the
cellulose and paper factory „Natron Hayat“, Maglaj and to asess the damage that
unpurified wastewater would cause in the recipient. Then, wastewater samples were taken
after purification (purified wastewater) to determine the quality of wastewater and to
estimate the effects of wastewater produced in the factory„Natron Hayat,“ Maglaj, on the
surface water recipient, the river Bosna.
3. Analysis of samples and testing the most important parameters of wastewater quality:
temperature, pH, electroconductivity, chemical oxygen demand, biological oxygen

demand, the proportion of biodegradable substances in total organic matter content
(BOD5/COD) and dissolved oxygen content.
4. Analysis of the obtained values of the examined parameters and making the appropriate
conclusions.
2.1. Analyzed parameters and examination methods
Figure 1 shows sampling sites in the wastewater treatment plant.

a)

b)

Figure 1. The sampling places of wastewater: a) at the entrance to the treatment plant; b) the output
of purified wastewater into the river Bosna [4]

COD is chemical oxygen quantity demanded for organic compounds oxidation and part of
inorganic salts, and it is expressed as mg/dm3O2. COD was examined according to the
standard JUS H.Z1.160 [4]. It is based on heating a sample at boiling temperature with a
strongly acidic solution of dichromate in the presence of a catalyst Ag2SO4. The dichromate is
added to the excess and the unused portion is determined by titration with a standard solution
of fero ammonium sulfate (Fe (NH4)2(SO4)2 · 6H2O). The amount of dichromate consumed is
calculated as the equivalent of the oxygen intake. Dichromate is reduced to equation [4]:
Cr2O72- +14H+ + 6e- → 2Cr3+ + 7H2O

(1)

HgSO4 is added, which prevents oxidation of chloride ion into chloride.
According to the regulation on conditions for discharging wastewater into the environment
and the public sewage system of Federation Bosnia and Herzegovina the limit value of
parameter COD of the wastewater that is discharged into surface water recipients is 125
mg/dm3O2 [5].
BOD is the amount of oxygen necessary to the water sample microorganisms under aerobic
conditions at a temperature of 20 °C for a certain time period of incubation, to oxidize the
organic matter in water. It was adopted that the incubation period for standard BOD
determination is 5 days, at which time, at a temperature of 20 °C, it is oxidized 60-70% of
originally present organic matter (BOD5) [3]. The BOD is also the basic indicator that serves
as an indicator of the impacts of wastewater on the receiver water where the oxygen content
is reduced. As a rule applies, that during the determination of the degree of purification of
polluted water at the plants it is necessary to achieve in the effluent such a BOD value that
will not reduce the dissolved oxygen content downstream in the watercourse. For
determination of BOD5 manometer method and device BOD SYSTEM Oxidirect, Lovibond,
shown in Figure 2 isused according to manual that comes with the instrument.

Figure 2. Device for BOD5 determination, BOD OXIDIRECT, LOVIBOND [6]

According to the regulation on conditions for discharging wastewater into the environment
and the public sewage system of Federation Bosnia and Hercegovina the limit value of
parameter BOD5 of the wastewater that is discharged into surface water recipients is 25
mg/dm3O2 [5].
Then the ratio BOD5/COD was established. The presence of biologically non-biodegradable
substances in wastewater is manifested by COD's higher value in relation to BOD.
Biodegradability can be defined by the BOD5/COD ratio. If this ratio tends to value zero, that
means that it is difficult microbiologically degradable wastewater pollution, and if this
relationship tends value one then it is a easy biodegradable microbiological pollution.
Temperature, pH, electroconductivity and dissolved oxygen content in the water sample were
determined on the Sensodirect 150 set pH/con/oxy temperature, Lovibond (Figure 3).

Figure 3. Sensodirect 150 set pH/con/oxi/ temperatura, Lovibond [7]

At higher water temperatures, the metabolism of living organisms accelerates, oxygen will be
consumed faster and the solubility of important gases will be decreased, such as oxygen, and
also water density and viscosity will be decreased. Therefore, by changing the living
conditions of the habitat, gradually will disappear organisms that need more oxygen and it
will begin anaerobic decomposition of dead organic matter. According to the regulation on
conditions for discharging wastewater into the environment and the public sewage system of
Federation Bosnia and Hercegovina the limit value of the parameter “maximum temperature
of technological wastewater” discharged into surface water recipient is 30 °C [5].
pH affects the chemical processes in the water and determines the structure of living
communities. According to the regulation on conditions for discharging wastewater into the
environment and the public sewage system of Federation Bosnia and Hercegovina the limit
value of the the parameter “pH value of the technological wastewater” discharged into the
surface water recipient is 6.5 – 9.0 [5].
Molecules of organic compounds, which do not dissociate in aqueous solution, conduct
electricity very poorly (if at all). Most of the fresh and purified water has an electrical
conductivity of 50 to 600 μS/cm.
The dissolved oxygen is the mass of oxygen molecules dissolved in the volume of water.
Without enough oxygen, life in river is not possible for most plant and animal species. The

amount of dissolved oxygen below 3 mg/dm3 is hazardous to most aquatic organisms and it is
necessary to ensure that the wastewater discharged into rivers does not reach this value, so
that there will be no deaths of the aquatic world at the site of pouring wastewater into the
river [8].
3. RESULTS AND DISCUSION
In Table 1 are given the values of the analyzed parameters.
Table 1. Quality parameters of the examined wastewater at the entry into the purification plant
(unpurified water) and before it was discharged into the river Bosna (purified water)[4]

Samples t (°C)

pH

40.7
25.0
40.5
25.0
37.8
25.6
35.4
25.0
38.8
26.3

7.68
7.30
7.50
7.46
7.60
7.15
7.20
7.10
7.70
7.44

S1
S1*
S2
S2*
S3
S3*
S4
S4*
S5
S5*

electrocondutivity
(µS/cm)
608
718
665
747
682
850
743
991
606
845

Legend: S – unpurified water; S* - purified water

COD
(mg/dm3O2)
903.24
32.87
495.6
37.18
1081.2
65.96
417.99
34.13
1353.47
35.99

BOD
(mg/dm3O2)
172
11
145
11.5
167.5
13
185
13
192.5
12

BOD5/
COD
0.190
0.335
0.293
0.309
0.155
0.197
0.443
0.381
0.142
0.333

DO
(mg/dm3O2)
2.3
6.0
3.2
6.0
3.8
5.9
4.4
5.9
3.9
5.8

The temperature of the wastewater which is discharged into water recipient satisfies a value
set by the Regulation on conditions for discharge of the wastewater into surface water bodies,
which is 30 °C. In Figure 4 it can be seen that the temperature values of unpurified waste
water are high and reach 40.7 °C.

Temperature (°C)

45
40
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t °C neprečišćene
wastewater
otpadne
vode

35
30

Purified
t °C
prečišćene
wastewater
otpadne vode

25
20
1

2

3
Samples

4

5

Figure 4. Temperature of unpurified and purified wastewater [4]

The pH of the purified wastewater which is discharged into surface water recipient satisfies a
value set by the Regulation on conditions for discharge of the wastewater into surface water
bodies, which is 6.5 - 9. In Figure 5 it can be seen that the pH values of the unpurified
wastewater are within the permitted limits.

Unpurified
wastewater
Purified
wastewater

Figure 5. pH value of unpurified and purified wastewater [4]

Electrocondutivity
µS/cm

Electroconductivity of unpurified wastewater ranges from 606 to 743 μS/cm and purified
wastewater from 718 to 991 μS/cm. The values of electrical conductivity are not very high
because it is a cellulose and paper factory, where the effluent is burdened with a lot of
organic material that poorly or not conduct electricity. From Figure 6 it can be noticed that
the electroconductivity of the wastewater that is discharged into the river Bosna is higher than
unprocessed water, since it will be reduced the organic load of wastewater after purification
which negatively influences the conductivity.
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Figure 6. Electroconductivity of unpurified and purified wastewater [4]

In Figure 7 it can be seen that the value of COD of wastewater that will be discharged into a
river Bosna is far below the limit set by the Regulation on conditions for discharge of the
wastewater into surface water bodies, and amounts 125 mg/dm3O2 [5].
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Figure 7. COD values of unpurified and purified wastewater [4]

BOD5 (mg/dm3 O2)

Figure 8 shows the values of BOD5 for unpurified and purified wastewater. Values of
BOD5of wastewater after purification are significantly reduced and these values are below the
prescribed limit of 25 mg/dm3O2.
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Figure 8. BOD values of unpurified and purified wastewater [4]

The BOD5/COD ratio (table 1) amounts from 0.142 to 0.443, which indicates that wastewater
from the cellulose and paper industry is loaded with organic hard biodegradable materials.
Figure 9 shows the values of dissolved oxygen in unpurified and purified water. Based on
Figure 9 it can be concluded that the dissolved oxygen values in unpurified wastewaterare
very low due to the large organic load of water. However, by purifying the wastewater values
will become higher. The minimum value has a sample of purified wastewater 5, and amounts
5,8 mg/dm3O2. Wastewater from the cellulose and paper factory “Natron Hayat”, Maglaj is
discharged into the river Bosna, and the river Bosna belongs to III class according to the
Regulation of categorization and classification of watercourses, where the content of
dissolved oxygen reaches about 4 mg/dm3.

Unpurified
wastewater
Purified
wastewater

Figure 9. Dissolved oxygen values in unpurified and purified wastewater [4]

4. CONLUSION
Based on the obtained values of the analyzed parameters it can be concluded that the
wastewater from the cellulose and paper industry that comes into the purification plant
(unpurified water) is heavily loaded with organic pollution and if it would be directly
discharged into the river Bosna as such would cause an ecological catastrophe. However, the
wastewater that is being discharged into river Bosna after purification has a satisfactory
quality and all the values of the examined parameters are within the legal limits. Based on
this it can be concluded that wastewater from the cellulose and paper industry after it has
been purified does not have negative impact on the surface water recipient and its living
world. The wastewater from the cellulose and paper industry from the factory „Natron
Hayat“, Maglaj, which is released into the river Bosna is wastewater that contains non-toxic
organic matter in the legally permitted limits and will not negativelly affect the surface water
recipient.
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ABSTRACT
The regulations on air quality in Bosnia and Herzegovina are based on European Union regulations
and they rely on defined limits for concentrations of certain pollutants. Although the law stipulates
that the public must be informed on the quality of environmental parameters in a clear, simple and
easily understandable manner, this is not the case in practice. In many countries, the Air Quality
Index (AQI) is used to inform the public about air quality, or the degree of pollution, which is
calculated in different ways. This paper provides an overview of several AQI models used in various
countries, as well as a suggestion for the most appropriate AQI to be used in Bosnia and
Herzegovina.

1. INTRODUCTION
The latest, 3rd version of the International Vocabulary of Metrology (VIM) [1], defines
"measurand" as the "quantity intended to be measured". In the second edition of the VIM and
in the standard IEC 60050-300:2001, a measurand used to be defined as the "particular
quantity subject to measurement". This change shifted the measurement theory towards more
practical use. Instead of focusing on theoretical background, the measurement techniques are
now focused on the intention, the real purpose of any measurement.
The reporting of the air quality measurement results uses two approaches: a) official
measurements which are precise, well-defined, deeply regulated, butt too complicated to all
but air-quality experts, and b) popular, which is less precise, but much more understandable
by general public. It is obvious that official approach defines the air quality as a measurand
from the 2nd version of VIM, while popular definition of air quality as a measurand needs to
be redefined according to the new definition. The intention to measure the air quality means
to provide the information which is easy to understand and to be used for particular actions.
The Air Quality Index (AQI) could be the solution, but AQI scales differ from country to
country because the air quality standards differ and organizations choose varying levels of
categories, which presents an obstacle for comparison, and diminishes its usability. However,
the quality of measurement data, which is questionable in Bosnia and Herzegovina, is out of
scope of this paper, and it is a completely different issue.

Figure 1. How to inform the public on air quality? What is the meaning of displayed numbers?

The regulations on air quality in Bosnia and Herzegovina are based on European Union
regulations, i.e. defined limits for concentrations of certain pollutants. Even the reactions to
increased pollution rely only on specific pollutants – the alert/alarm episodes can be declared
only when SO2 hourly averages exceed the threshold of 500 µg/m3 during 3 consecutive
hours, measured on 3 different locations, when weather conditions are stable. Extremely high
concentrations of PM10, PM2.5 or benzene are not used for any intervention measures, even
though they occur very often in Zenica, Sarajevo, Tuzla, Lukavac or other heavily polluted
Bosnian cities. Due to lack of the official data on air quality in the country, a number of civil
society initiatives were introduced, which vary in approach and data quality, and often
disinform or confuse the public. There is no official AQI adopted at the national level, and
the intention of this paper is to recommend the most appropriate AQI model to be used and
regulated in Bosnia and Herzegovina.
2. DIFFERENT APPROACHES TO AIR QUALITY INDEX
A Guidebook on Communication with the Public about Air Quality [2] states: "Air quality
indices are meant to translate individual concentration measurements of a complex mixture of
pollutants into a single figure indicating the relative quality of the ambient air. This can be
done in numerous ways and many different indices exist. An index, is often thought of as a
communication tool: "an essential simplification of complex information". AQI is
pragmatically based on calculating sub-indices for each pollutant and the worst sub-index
determines the overall AQI. The sub-indices are defined according to health-based
recommendations, and may be short-term or long-term, depending on health impact of
particular pollutants. Some air pollutants present health hazard even after short-time
exposure, and some are hazardous only after long-term exposure. However, the main purpose
is to perform action, either on polluter side (reducing emissions), or population side (avoiding
exposure, particularly at sensitive groups), therefore the measurand in this case is not only the
concentration of pollutants in the air, but also the health hazard level or response action
needed.
Plaia and Ruggieri in [3] reviewed and compared a number of different air quality indices
used worldwide, through a literature review spanning the period 1999-2009. They compared
indices from USA; Canada, United Kingdom, France, Germany, Belgium and Italy. They
concluded that differences among the indices are found in the number of index classes (and
their associated colors) and related descriptive terms, in the pollutants considered, in class
bounds, in averaging times, and in update frequency [3].
Similar research was performed by Wong et al. in [4], in order to develop the most
appropriate air quality reporting system for Hong Kong. They have shown that Asian

countries, such as Singapore, China, Thailand, Malaysia, South Korea, Taiwan, Hong Kong,
use the US model, where pollutant concentrations are transformed onto a normalized
numerical scale of 0 to 500, with an index value of 100 corresponding to the primary
National Ambient Air Quality Standard (NAAQS) for each pollutant [4]. The AQI values of
100 in the US are set to the level of the short-term (< 24 hour) NAAQS. Where a long-term
(e.g., annual) NAAQS has been established, the standard level is used as the AQI value of 50
(e.g., PM2.5). In the US, the NAAQS are defined by 4 elements: the indicator (what is
measured in the air e.g., ozone or PM2.5); the averaging time (varies from 1-hour to annual);
level and form (e.g., annual mean across 3 years or 98th percentile). The protection provided
by the standard combines these 4 elements. The authors in [4] also mentioned that some
European countries and South Africa use dynamic indices, combining short-term and longterm exposure health hazards. Finally, they tested one of two Canadian indexing models and
showed that there is a significant correlation between index values and hospital admissions
for cardiovascular and respiratory diseases that are attributable to air pollution. The Canadian
AQHI (Air Quality Health Index) model uses daily maximum of the 3-hour moving average
in the construction of the statistical model, as a compromise between timeliness (using realtime data) and the delayed, cumulative effects of continuous exposure to air pollution [4].
AQHI uses the exposure-response relationship between air pollution and health from a timeseries study of 12 major cities in Canada. Under an assumption of additive health effects of
PM2.5, NO2, and O3, the AQHI iscalculated as the sum of excess mortality risk associated
with the three pollutants, adjusted to a 1 to 10+ scale, which is subdivided into four
categories [5].
European Common Air Quality Index (CAQI) was initially introduced in 2005, which lead
Elshout, Leger and Heichto analyze in [6] how to incorporate PM2.5 data in AQI calculation.
They discussed the average PM2.5/PM10 ratio because availability of data varies: some
measure PM10, while some measure PM2.5 concentrations. WHO recommends that
PM2.5/PM10 ratio is 0.5, UK uses ratio 0.7, and CAQI widely used in Europe uses ratio 0.6.
However, in recent measurements performed in Bosnia and Herzegovina, more precisely by
the mobile measuring station in Zenica in 2011, this ratio was between 0.9 and 1.0, which
means that there were almost no differences between mass concentrations of PM10 and
PM2.5 in winter period, or more than 90% of PM10 were particles smaller than 2.5
micrometers [21].
Another thorough review and comparison of 14 different indices, used worldwide or
proposed for use by scientists, was performed in [7]. This research also suggested a set of
eight criteria for an "ideal" index. The major differences between indices were found in the
aggregation function, type and number of pollutants, number of index classes and related
descriptive terms. All issues observed lead to conclusion that there is no an "ideal" index and
that further research and action is needed.

Figure 2. Example of differences between AQI classes in various countries (excerpt from [8])

Monteiro et al. in [8] presented a case study in Portugal, where regional environmental
agencies were surveyed to check the needs for corrections of AQI used in Portugal. They
questioned the need for inclusion of PM2.5 in AQI and observed the vast differences between
AQI indices in various countries (Fig. 2). Similar researches were performed in India [9, 10]
and Turkey [11].
2.1. U.S. AQI
The first air quality index was introduced in USA in 1976, as Pollutant Standards Index
(PSI), which was calculated daily as the highest value of one of the five main air pollutants:
particulate material (PM10), ozone (O3), sulfur dioxide (SO2), carbon monoxide (CO), and
nitrogen dioxide (NO2). The PSI was revised, renamed to the Air Quality Index (AQI), and
subsequently implemented in 1999 by the U.S. EPA [7]. Mintz et al. in [12] explained the
NowCast algorithm, which tries to compensate disadvantage of 24-hour AQI averaging by
computing the most recent 12 hours of monitoring data. In such a way, a compromise was
made between the long-term and short-term exposure hazards, trying to eliminate errors
induced by rapid changes in pollution concentrations which occur during forest fires or strong
winds. This method is currently being used in US AQI calculation. The NowCast calculation
uses longer averages during periods of stable air quality and shorter averages when air quality
is changing rapidly, such as during a wildland fire event [13]. The AQI is reported for the
pollutant with the highest Ipvalue: 1-hour and 8-hour Ozone (ppm), 24-hour PM2.5 (μg/m3),
24-hour PM10 (μg/m3), 8-hour CO (ppm), 1-hour SO2 (ppb), and 1-hour NO2 (ppb) [13].
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In equation (1), Ip is the index for pollutant p, Cp is the concentration of pollutant p, BPHi is
the concentration breakpoint that is greater than or equal to Cp, BPLo is the concentration
breakpoint that is less than or equal to Cp, IHi is the AQI value corresponding to BPHi, ILo is
the AQI value corresponding to BPLo. The index is rounded to the nearest integer and the
largest Ip for each pollutant is reported as AQI, in the scale from 0 to 500, divided into 6
descriptive categories (good, moderate, unhealthy for sensitive groups, unhealthy, very
unhealthy and hazardous).

2.2. E.U. CAQI
The Common Air Quality Index (CAQI) was developed by the Citeair project in 2008, which
was co-funded by the InterReg IIIC and InterReg IVC programs in Europe.

Figure 3. Common Air Quality Index (CAQI) calculation grid used in EU since 2008 [14]

Three different indices have been developed: hourly, daily, and annual [7]. The hourly and
daily common indices have 5 levels using a scale from 0 (very low) to > 100 (very high),
based on pollutants of major concern in Europe: 1-hour NO2 (μg/m3), 1-hour and 24-hour
PM10 (μg/m3), 1-hour O3 (μg/m3), 8-hour CO (μg/m3), 1-hour and 24-hour PM2.5 (μg/m3)
and 1-hour SO2 (μg/m3) [14]. The index is also differentiated as roadside/traffic (being
representative of city streets with a lot of traffic) and city/background index, representing the
general situation of the given agglomeration based on urban background monitoring sites.
The pollutants are also divided into "core" or "mandatory" pollutants (NO2, PM10 + O3 in
city index) and "auxiliary pollutants" (PM2.5, CO + SO2 in city index).
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2.3. Air Quality Indices in Western Balkan Countries
The Croatian Environmental Protection Agency uses European CAQI as the official indicator
of air quality. Air pollution regulation in Serbia and in Bosnia and Herzegovina is also
harmonized with EU Directive 2008/50/EC on ambient air quality and cleaner air in Europe.
In order to provide more accurate information about air quality below thresholds, Serbian
Environmental Protection Agency introduced in 2011 their own index SAQI_11, with 5
classes (from "excellent" to "very polluted"). These classes are calculated for each pollutant:
1-hour and 24-hour SO2 (μg/m3), 1-hour and 24-hour NO2 (μg/m3), 24-hour PM10 (μg/m3),
24-hour CO (μg/m3), and 8-hour O3 (μg/m3) [15].

Figure 4. Air Quality Index SAQI_11 used in Serbia since 2011 [15]

3. COMPARISON OF CATEGORIES AND THRESHOLDS
It is not easy to compare a number of indices used worldwide, because of different scales,
thresholds, descriptive names, colors, pollutants, and averaging periods. We will try to make
the comparison between the 3 indices used in US, EU (Croatia) and Serbia, in order to
determine their differences and/or similarities. Such a comparison is not a straight forward
task since these categories differ. The Table 1 demonstrates how AQI's differ for a single
pollutant (PM2.5).
Table 1. U.S. AQI vs. EU AQI based on PM2.5 concentrations in µg/m3 [15, 16]
U.S.
AQI

PM2.5
EU
AQI
PM2.5

Good
(0-50)

Moderate
(51-100)

0.0-12.0

12.01-35.4

Unhealthy
for
Sensitive
Groups
(101-150)

Unhealthy
(151-200)

35.5-55.4

55.5-150.4

Very
Unhealthy
(201-300)
150.5-50.4

Hazardous

(301-400)

(401-500)

250.5-350.4

350.5-500.4

Good

Fair

Moderate

Poor

Very poor

0-10

10-20

20-25

25-50

50-800

For more thorough comparison, thresholds and data grids are used, with remark about the
difference of measurement units because U.S. EPA measures gases in volumetric (ppm/ppb)
units and PM in mass units (μg/m3). The European regulation uses only mass units (μg/m3).
Conversion cannot be performed accurately, because it depends on the molecular weight of
the pollutant, and atmospheric temperature and pressure can affect the calculation. Typically,
conversions for air pollutants are made assuming a pressure of 1 atmosphere and a
temperature of 25 °C. For these conditions, the equation to convert from concentration in
parts per billion to concentration in μg/m3 is:
concentration (μg/m3) = 0.0409 x concentration (ppb) x molecular weight

(2)

Therefore, the conversion factor for SO2 (64 g/mol) is 2.62, for NO2 (46 g/mol) it is 1.88.
Using these conversion factors, pollutants (SO2, NO2, PM10 and PM2.5) and category grids
for US EPA AQI, EU CAQI and Serbian SAQI_11 are summarized in Tables 2, 3 and 4,
respectively.
Table 2. Pollutants and category grid for US EPA AQI
AQI

Description

50
100
150
200
300
500

Good
Moderate
Unhealthy for sensitive groups
Unhealthy
Very unhealthy
Hazardous

SO2
μg/m
μg/m3
(1-hr) (24-hr)
92
197
485
799
1585
2109
3

NO2
μg/m3
(1-hr)
100
188
677
1220
2348
3100

PM10
μg/m3
(24-hr)
54
154
254
354
424
504

PM2.5
μg/m3
(24-hr)
12
35
55
150
250
350

Table 3. Pollutants and category grid for EU CAQI
CAQI

Description

25
50
75
100
> 100

Good
Fair
Moderate
Poor
Very poor

SO2
μg/m3
(1-hr)
50
100
300
500
> 500

NO2
μg/m3
(1-hr)
50
100
200
400
> 400

PM10
μg/m3 μg/m3
(1-hr) (24-hr)
25
12
50
25
90
50
180
100
> 180 > 100

PM2.5
μg/m3 μg/m3
(1-hr) (24-hr)
15
10
30
20
55
30
110
60
> 110
> 60

Table 4. Pollutants and category grid for SAQI_11
SAQI_11
1
2
3
4
5

Description
Excellent
Good
Acceptable
Polluted
Very polluted

SO2
μg/m
μg/m3
(1-hr) (24-hr)
120
50
220
75
350
125
500
188
> 500 > 188
3

NO2
μg/m
μg/m3
(1-hr) (24-hr)
50
43
100
60
200
85
400
125
> 400 > 125
3

PM10
μg/m3
(24-hr)
25
35
50
75
> 75

It is interesting to compare indices with primary standards for each pollutant [17, 18, 19],
where one can see that limit concentrations of 1-hour SO2 (200 and 350 μg/m3), 24-hour
PM10 (150 and 50 μg/m3) or 1-hour NO2 (200 μg/m3) correspond to US AQI value 100 (20%
of a maximum index), EU CAQI value 75 (75%) and Serbian SAQI_11 value 3 (75% of a
maximum index). The chart in Figure 5 shows the differences between primary national
standards for criteria pollutants, expressed in μg/m3.

Figure 5. Primary standards for air pollutants used in USA, EU, Serbia and Bosnia and Herzegovina

3.1. Comparing Air Quality Indices with values reported in Bosnia and Herzegovina
In order to check whether the Air Quality Index can be used with real data, available official
air quality reports for Bosnia and Herzegovina [20] were analyzed. The measurements from
16 locations are summarized in Figure 6, which shows annual average and maximum values
of reported concentrations of primary air pollutants in Bosnia and Herzegovina (1-year, 1hour and 24-hour averages). Table 5 shows the maximum annual averages and the maximum
values ever recorded during the 3-year period.

Figure 6. Maximum air pollutant concentrations in Bosnia and Herzegovina 2014-2016 [20]
Table 5. Air quality indices reached in Bosnia and Herzegovina in 2014-2016
1-hr SO2
1-hr NO2
24-hr PM10
24-hr PM2.5
1-year
max
1-year max 1-year
max
1-year
max
average
average
average
average
3
80
1800
33
356
58
505
114
431
μg/m
US AQI
EU CAQI
SAQI_11

40
40
1

500
> 100
5

10
15
1

120
90
4

50
100
3

500
> 100
5

180
> 100
n/a

> 500
> 100
n/a

Data from Fig. 6 and Table 5 shows that annual average concentrations of SO2 reached
80 μg/m3, and concentrations of NO2 reached 33 μg/m3, which corresponds to indices marked
as "good/low/excellent". Simultaneously, the annual average concentrations of PM10 reached
58 μg/m3,which corresponds to indices marked as "good" according to US AQI, "high"
according to EU CAQI, and "acceptable" according to SAQI_11.
Maximum recorded values of concentrations reached or exceeded the highest values of
indices in all but one pollutant (only NO2 concentrations did not exceed the maximum value
of SAQI_11 index). One must notice that SO2 and PM2.5 concentrations can be extremely
high, and such concentrations are way much higher than thresholds set in European indices. It
can mean that EU scale cannot be used under such conditions, because the index value would
almost permanently be marked as "very highly polluted". The EU scale could be used but it
may not provide a level of specificity that would be helpful given recent BiH air quality
because the "very poor" category covers such a wide range of ambient concentrations.

4. CONCLUSIONS
According to numerous comparative studies, it was already proved that air quality index
cannot be unique globally, not only because of political reasons, but also due to differences in
data availability, values reported, data collection dynamics, averaging periods and data
ranges. "Very unhealthy air" is considered as "Moderately polluted" or "Acceptable" in
different countries. There is also lack of consensus on which values of pollutant
concentrations represent health hazard, and different countries have different criteria.
Having in mind all these facts, it is not simple to choose the most appropriate AQI model for
a country. In case of Bosnia and Herzegovina, none of the observed indices is acceptable "as
is", and the new index should be developed. In order to make the most appropriate choice, I
would suggest the following:
- The real data about pollutant concentrations should be collected, during at least 3
years period, which would include the average and maximum values of
concentrations.
- The concentration dynamics should be considered, to determine are there sudden
changes in concentrations, i.e. can static data be used or time-averaging is needed?
- Although some pollutants lead to health hazard only after long-term exposure, the
most appropriate averaging period should be chosen in order to cover the episodes
when these pollutants are extremely high, even if the concentration of other pollutants
are low.
- The AQI calculation formula should be rigorously defined and officially regulated, in
order to avoid the possibility of errors and to enable automation.
- The chosen set of categories should be related to health hazard levels and
accompanied by simple and easily understandable recommendations for general
population.
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ABSTRACT
Urban environments are subject to various pollutions where, among other things, acoustic pollution.
Consequently, the study of acoustic pollution is an issue that is addressed in several aspects: economic,
political and scientific / research.
In this paper we propose a simulation model through the Matlab / Simulink software that shows the effect
of eliminating the sound noise from a sample taken from the noisy urban environment in the city of
Tirana, Albania.
The noisy signal is sampled near the city center of Tirana, during mid-day, when the acoustic pollution
levels are expected to be relatively high. Further, the sample of the received signal is placed as an input
on the simulation model. The simulation model in question consisted in standard Quadrature Amplitude
Modulation (QAM) algorithm and was considered to eliminate the signal noise that is input to this
algorithm; the output expectancy is noise output minimized by about 80% of the noise at the input signal.

The outputs generated by this model meet the expectations and is consistent with the performance of the
algorithm in question. The noise minimization through the standard QAM algorithm is up to 78.3% of
noise elimination from the sampling signal. However, the limitations of this proposal include
minimization that can be improved in higher percentages of the noise signals through other QAM
modulation constellations such as: 16-QAM, 32-QAM, 64-QAM, etc. This proposal intends to serve as
model for analytical studies of acoustic pollution for taking objective politics in reducing the level of
acoustic pollution in urban environments.

1. INTRODUCTION
The acoustic pollution is a type of environmental pollution and is ascertained as such by the
different standards that determine its levels in dB. Different countries have different standards of
noise level determination to take into account the nature of acoustic pollution [16]. The European
Union, in the context of the effects of acoustic pollution on human health, has generated some
norms that have set acceptable noise limits in urban environments and measures to be taken to
prevent the effects in question. According to "Noise Legislation, Section 9" and "Directive
2002/49/EC on the assessment of environmental noise; July 2016", the main focus of the
European Union's noise policy is to reduce noise abatement through the use of mandatory
technical standards for products. The most important legal instruments consist of a set of
directives establishing noise emission limits for certain products: motor vehicles, motorcycles,
tires, airplanes, household appliances and outdoor equipment [7, 10, 14, 15].
Following the progress of the European Union's policies, a number of scientific research were
developed in order to extract various information on the effects of acoustic pollution, simulations
that make it possible to reflect on technical aspects of acoustic pollution and the creation of
applications or devices that measure the noise in urban environments. The research in question
includes different fields of study such as health, mathematical simulations, development of
electronic devices, and so on [13, 6, 2].
Regardless of the European Union's norms and guidelines on acoustic pollution, patterns of
research conducted in the context of simulations are always in development and provide different
approaches to acoustic pollution analysis; more specifically, simulation models have been
developed in a variety of ways, such as: measuring acoustic pollution for aerospace facilities
subject to aircraft acoustic noise, measuring acoustic environments in urban environments by
cars, trucks, motorcycles, etc. [5].
Simulations of acoustic pollution analysis include different models and environments such as
Matlab / Simulink, Facsimile, Galatea, GNU Octave, NetLogo, etc. These simulation programs
have the relevant parameters and therefore give the respective performance on the modeling in
question. One of the best performing programs for acoustic pollution simulation includes, Matlab
/ Simulink and GNU Octave [16].
One of the elements to consider for the simulation of acoustic pollution is cleaning of the noise
for different uses, using different mathematical models such as amplitude modulation. In the
present study, discus acoustic pollution issues were based on the simulation through the Matlab
R2017a program. Matlab R2017 was accessed to obtain audio sample samples which were
processed through standard QAM modulation and at the output of the algorithm in question
results in an audio model against which the noise caused by the urban environment was
minimized according to a performance factor which has let space for further modulation methods
to minimize noise to an audio signal.

2. METHODOLY
The study consisted in creating a simulation model which as input has an audio signal received
from the urban environments of Tirana, Albania. The sampling is carried out through a noiselevel meter presented in the Figure 1, which had the following cross-reference Figure 1:
 Cirrus – CR:306
 Applicable Standards
a) IEC 61672:2002-1 Class
b) IEC 60651:1979 Type 2 I
c) ANSI S.1.4
 Measurement Range
a) 35 dB to 130 dB(A)
b) 40 dB to 130 dB(C)
 FrequencyWeighting
a) dB(A) & dB(C)
b) to IEC 61672:2002 – 1 Class
 Outputs
a) AC Out Max Output = 2 V
 Microphone
b) ½ pre-polarized electret condenser (Typically Typw MK:268)

Figure 1. The presentation of a noise level meter that is used to measure the noise level in Tirana

The geographic points in which the measurements are made to determine the noise level in
question are as given in the Table 1:

Table 1. The points where the noise level measurements are performed and the respective coordinates
Location

Coordinates

Sheshi “Skenderbej”

41° 19 42 N 19° 49 6 E

Sheshi “Nene Tereza”

41.3179° N, 19.8213 °E

Kryqezimi “21 Dhjetori”

41.3268° N, 19.8060° E

Laprake

41.3416° N, 19.7874° E

Piramida

41.3232° N, 19.8216° E

Hotel “The Plaza Tirana”

41.3276° N, 19.8218° E

The measurements are carried out on February 15, 2013 from 12:00-13:30 in the points of Tirana
city shown in Figure 2. The measurements are made considering that the points in mention hold
the highest level of sound as well as supposing that the time of the measurements are considered
as the time when urban noises were the highest.
The Figure 2 shows the map obtained from www.earth.google.com which gives the positions
where the measurements are made.

Figure 2. The obtained from www.earth.google.com map shows the points where noise
measurements are performed

After the noise level extraction, these data were recorded and passed to the second phase of the
research in question.
Initially, an arithmetic average is obtained that outputs the average level data in dB and this
audio signal is set as input in the algorithm developed in Matlab R2017a. The simulation is

performed through the Matlab R2017a which required a terminal equipped with at least 6 109
Bytes RAM memory and processor over 2.2*109 Hz because Matlab R2017a program included
simulations that are off video nature.
The algorithm used in the environment of the Matlab R2017a performed the function of reading
the audio file and through its structure outputs a signal that was subjected to noise clearing; the
algorithm in question is based on the constellation of the QAM module 8. Thus, in the output of
algorithm, the visual representation of the constellation according to QAM 8 and the error
margin ascertained in this method are presented [4]. Based on the methodology in question and
in the context of the use of amplitude modulation for noise minimization in urban environments,
the hypothesis we are building consists in the assumption that minimization should be at the
level of 73% -84%. This rank was related to the fact that the modulation was a standard one with
the 8 (8 QAM) constellation. Larger constellations were expected to be minimized by higher
levels and by smaller errors and this assumption opened up further possibilities for higher noise
minimization results.
3. THE RESULTS
The points, where the reflected noise levels are extracted, are processed to project an equivalent
signal as shown in the Figure below. The following Figure shows two graphs:
1. Noisy signal graph,
2. Noise-canceled graph (graphs resulting from application of algorithm 8 - QAM),

Figure 3. The noisy and clear signals

The used algorithm was 8-QAM constellation. Initially, we transmitted and received data using a
nonrectangular 8-ary constellation in the presence of Gaussian noise. Then, the scatter plot is
shown; this scatter estimated the noisy constellation and the symbol error rate (SER) for two
different signal-to-noise ratios. Consequently, random symbols are generated and we have
modulated the data by using the general functions. General QAM modulation was necessary
because the custom constellation was not rectangular. The signal is passed through an Add White
Gaussian Noise (AWGN) channel having a 20 dB signal-to-noise ratio (SNR). In the Figure 4,
we have displayed a scatter plot of the received signal and the reference constellation.

Figure 4. The results of 8-constellation QAM

Then we have determined the number of symbol errors and the symbol error ratio and repeated
the transmission and demodulation process with an AWGN channel having a 10 dB SNR. As
expected, the performance was degraded when the SNR was decreased and the minimization of
the noise was by 78.3% which is conform with our hypothesis.
4. CONCLUSIONS
In this paper, we discussed acoustic pollution issues in the context of technical handling and
simulation aspects. The noise pollution is subject to the development of protection policies
against it and research of various fields because it is a very influential aspect in human life [11].
The European Union has issued laws and norms that describe the policies of minimizing the
effects of acoustic pollution and issues standards that are followed by procedural and reporting
approach by public and private entities [7].
In our study, we developed a simulation model in Matlab R2017a which reflected a noise
reduction study method. The simulation model used the 8-QAM algorithm that minimized noise
at such a level that in our case was within the expectations assumed by the hypothesis [3].
At the entrance to the algorithm, an input was a signal under the effect of the random noise
which was an average signal taken from the measurement at different points of the city of Tirana,
Albania. Measurement of noise levels in Tirana is carried out at points and at such moments that
the ambient noise expectations are much higher than in other cases [1].
This averaged signal was put in Matlab R2017a which had the QAM algorithm environment and
the output were the initial noisy signal and the clear one; also, the relevant design of the 8-QAM
modulation constellation was represented as output [12].
This study is limited and simultaneously open in the context of further research that uses QAM
modulations of higher-level constellations or other modulation methods used to minimize noise
on a given audio signal [8, 9].

5. NOMENCLATURE















AC - Alternative Current
ANSI S.1.4 - International Standard for Sound Level Meters
AWGN - Additive white Gaussian noise
B - Bytes
CR:306 - Class 2 Sound Level Meter
dB - Decibels
Hz - Hertz
IEC 60651:1979 Type 2 I - International Standard for Sound Level Meters
IEC 61672:2002-1 Class – International Standard for Sound Level Meters
MK:268 – Type of Condenser Tool Kit
QAM - Quadrature Amplitude Modulation
SER - Symbol error rate
SNR – Signal to Noise Ration
V – Volt
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