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Dental implants are mechanical components that are used to restore the mastication (chewing) function and/or aesthetic appeal
because of tooth loss or degradation. They are affixed (screwed) into the upper or lower jaw and act as a base for single or
bridge-type tooth replacements. They are mostly manufactured from titanium alloys. The surface integrity of the manufactured
implant may have a significant effect on the functioning and success of the implant. A systematic review is described on the
effect of engineered surface integrity on the performance of titanium dental implants as regards the implant fixation, mechanical
performance, bone growth and cell response. The need for surface engineering of the implant is introduced first. This includes
the mechanical, surface-integrity and biocompatibility-required properties. This is followed by introducing and discussing the
dedicated surface-modification processes currently employed. These include: abrasive blasting, electrochemical processes,
hybrid processes and laser modification. The mechanical and biocompatible properties of an implant are the most crucial factor
for their application in biomedical use. Hence, the present review article focused on the latest improvements to dental implant
design based on the mechanical and biocompatible properties. The physical contact of an implant with respect to its surface
roughness is an important factor in dental implant design. The surface roughness of an implant on the macro, micro and nano
scales have specific effects on the implant’s contact with the surrounding tissue of the bone. In addition, the biocompitability of
titanium material is very important to develop a sustainable dental implant. Looking into the importance of the above
mechanical and biocompatible properties of bone implants, the authors review elaborately the development of titanium-based
implants with reference to the above properties.

Keywords: implants, titanium, surface roughness, systematic review, surface engineering process, hybrid process, mechanical
machining, chemical treatment

Zobni vsadki so mehanske komponente, ki se jih uporablja za obnovo funkcije `ve~enja in/ali iz estetskih razlogov zaradi
izgube ali poslab{anja zoba. Pritrjeni (privija~eni) so v zgornjo ali v spodnjo ~eljust in slu`ijo kot osnova za nadomestni zob ali
za mosti~ek. Ve~inoma so izdelani iz titanovih zlitin. Integriteta povr{ine izdelanih vsadkov lahko pomembno vpliva na
delovanje in uspe{nost vsadka. Opisan je sistemati~en pregled o vplivu in`enirske celovitosti povr{ine na zmogljivost titanovega
dentalnega vsadka glede na pritrditev vsadka, mehanske zmogljivosti, vra{~anja kosti in odziva celic. Najprej je predstavljena
potreba po obdelavi povr{ine vsadka. To vklju~uje zahtevane mehanske lastnosti, celovitost povr{ine in biokompatibilnost.
Temu sledi predstavitev in razlaga trenutno uporabljanih postopkov za namensko spremembo povr{ine. To vklju~uje: abrazivno
peskanje, elektrokemijske procese, hibridne procese in modifikacijo z laserjem. Mehanske in biokompatibilne lastnosti vsadka
so najbolj pomemben faktor pri njihovi uporabi v biomedicini. Zato ta ~lanek predstavlja najnovej{i razvoj za izbolj{anje
na~rtovanja dentalnega vsadka na podlagi mehanskih in biokompatibilnih lastnostih. Fizi~ni stik vsadka, glede na hrapavost
povr{ine, je pomemben faktor pri na~rtovanju vsadka. Hrapavost povr{ine vsadka ima na makro-, mikro- in nanonivoju
specifi~en vpliv na stik vsadka z obkro`ujo~im tkivom kosti. Poleg tega je biokompatibilnost titanovega materiala pomembna za
razvoj trajnostnih dentalnih vsadkov. Zaradi pomembnosti mehanskih in biokompatibilnih lastnosti kostnih vsadkov avtorji
prikazujejo, glede na te lastnosti, razvoj vsadkov na osnovi titana.

Klju~ne besede: vsadki, titan, hrapavost povr{ine, sistemati~en pregled, postopki spreminjanja povr{ine, hibridni proces,
mehanska, kemijska obdelava

1 INTRODUCTION

A significant portion of the population may have a
need for implant dentistry to restore the mastication
(chewing) function or aesthetic appeal after losing teeth
because of disease or mechanical trauma. Dental im-
plants are mechanical components that are affixed
(screwed) into the jawbone and act as the base for single
or bridge-type tooth replacement. They are mostly
manufactured from titanium alloys. Dentists and dental
specialists encounter various challenges regarding the
placement of implants into the jawbone structure. They

are continuously seeking new methods and alternative
materials to solve the many challenges at hand while
reducing the risks involved. Dental implants are the
nearest equivalent replacement to a natural tooth that
may be compromised by disease or trauma. A dental
implant is a metal part and therefore a foreign body as
far as the physiology of the patient is concerned. This
may lead to several difficulties such as compatibility
with the rest of the body. Successful application implies
that the dental specialist industry considers all the rele-
vant factors as related to dental reconstruction and resto-
ration. These factors may include the implant geometric
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design, mechanical performance, aesthetic appeal,
biocompatibility and osseointegration of the implant
with the bone and surrounding tissues. Dental implants
can be categorized into three widely used designs. These
are subperoisteal, transosteal and the more recent and
most popular of the three the endosseous implants. The
endosseous types are placed deep within the mandible or
maxilla, the lower and upper jawbone, respectively. Once
the implant is placed (usually screwed) within the jaw
and left to heal, the jawbone osseointegrates with the
implant to create a secure interface between jaw and
implant. Successful osseointegration, as far as mechani-
cal performance is concerned, is assessed by the implant
withstanding a certain minimum loosening torque,
usually applied with a torque wrench.

Prosthetic and implant manufacture include various
different types of designs, shapes and surface-engineered
components made from various materials. Biocompatible
materials that have been and are used include stainless
steel, carbon, platinum, titanium, silver, cobalt chrome
alloys, alumina, magnesium, sapphire, acrylic, porcelain,
calcium phosphate compounds and zirconia.

Dental and orthopedic practitioners have previously
used stainless steel and cobalt-chrome alloys for their
implants. These materials have good mechanical proper-
ties such as high strength and good corrosion resistance.
Furthermore, they have proven to be compatible with the
human body. They demonstrated clinical success in
many implant cases.1 However, titanium and its alloys
have largely superseded them because of similar and
enhanced properties. Titanium is inert and has good
biocompatibility. It resists a wide range of corrosive
agents and has a superior strength-to-weight ratio when
compared to that of steel. Today, dental practitioners
mainly use commercially pure titanium as their material
of choice. The clinical success of any biomedical ortho-
pedic/dental implant depends on the surface interaction
between the bone tissue and the implant (osseointe-
gration). Hence, the dentists/orthopaedists must make
use of an implant manufactured from a suitable material
that also has a suitable surface integrity. In general, Ti
alloys are more corrosion resistant and less toxic when
used in the human body compared to steel, Co-Cr and
tantalum.2 The fact that titanium alloys also have a lower
elastic modulus, more comparable with that of bone,
helps with the load transfer and subsequent stress profile
at the interface. Titanium-based alloys have therefore
become the material of choice for many implant
applications because of their outstanding characteristics,
such as high tensile strength, corrosion resistance, lower
modulus of elasticity, lower density and enhanced bio-
compatibility (osseointegration ability). Apart from these
applications, titanium alloys have a wide range of appli-
cations in other commercial and aerospace industries.

1.1 Required mechanical and biocompatible properties

of implant materials

The selection of a biomaterial for the intended
application of bio parts is important. The material should
have high durability without immunological rejection in
the human body’s environment and a good response with
tissue cells. The mechanical properties of the materials
should concurrently match with human bone properties
like density, tensile strength, fatigue resistance, hardness,
and a low modulus of elasticity, elongation wear resis-
tance and corrosion resistance. It is difficult to get all the
feasible properties in one material. Corrosion is the
disintegration of an implant alloy that will spoil the im-
plant material and surrounding tissues. For this reason, a
material with a greater corrosion resistance and high
strength for biomedical applications is preferred. These
materials have replaced some of the parts of the human
body, shoulders, knee, hips, elbows, and oro-dental
structure.3 Few materials are used in a very active role,
like actuators, vascular stents, heart vertebras, ortho-
dontic arch wires, etc. The authors reported that
expedient materials for biomedical implants such as
stainless steel AISI 316L, cobalt-based alloys, CoCrMo
alloys, titanium alloys, TiNi shape-memory alloys and
special alloys.2

The materials that are used for surgical implants in
biomedical are listed in Table 1. In addition, all these
biomaterials posses a higher modulus of elasticity than
the bone. Among these materials, the titanium-based ma-
terial is feasible and most appropriate for implantation.
Due to the combination of outstanding characteristics
compared to other materials such as enhanced biocom-
patibility, low modulus, high strength and good osseo-
integration.

These materials are highly non-toxic and do not
cause any allergic reaction with the human body.
Ti6Al4V is the long-term main medical alloy for implan-
tation. However, these alloys have a possible toxic effect
on the body, caused by the vanadium and aluminium.
Due to this reason, vanadium- and aluminium-free tita-
nium alloys are preferred for implant applications.4 The
surface properties of a metallic material play a role in the
spontaneous build up of a stable and inert oxide layer to
make it highly biocompatible. The responses induced by
the material in the human body and degradation of the
material are the two main factors in biocompatibility.
Commercially pure Ti materials are preferred as they
give bio-integration with the surrounding tissues, cells of
the bone and healing, bone growth, etc. Material with a
highly appropriate surface is required for the implant to
assimilate with adjacent bone. Hence, surface engineer-
ing plays a major role in the development of good
osseointegration. The success of a dental implant is
highly dependent on the chemical, physical, mechanical
and surface topography characteristics of the implants.
Surface topography plays a vital role in osseointegration
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and shorter healing time from implant placement to
restoration.2

1.2 The reason for surface modification

The biomedical applications of titanium alloys in-
clude replacement parts such as hip, knee, shoulder,
screws, nuts, plates, nails, housing devises for pace-
makers and artificial heart valves, surgical instruments
and so on.5–7 The goal of dentistry is to restore the
normal function of a patient’s speech, oral health and
aesthetics, regardless of a weakened, diseased, or other-
wise injured oral system. Although titanium alloys are
extensively used in dental-implant manufacture, failure
of the fixation may still occur because of insufficient
early osseointegration, infection, surgical trauma, or pre-
mature overloading, improper surgical placement,
fatigue and inadequate quality of the bone surrounding
the implants.8 Successful dental implantation is highly
dependent on the biochemical, physical, mechanical and
surface topography characteristics of the implant surface.
The biocompatibility of the material is important and
needless to say it must be non-toxic and should not cause
any allergic reaction with the human body. Ti6Al4V has
been extensively used for implant manufacture, but
concerns have been raised about their long-term effects
because of their vanadium and aluminium content. Due
to this reason, commercially pure titanium alloys are pre-
ferred for implant applications.4 The surface properties
of metallic materials play a significant role in the
spontaneous build up of a stable and inert oxide layer,
which is usually highly biocompatible. The response
induced by the implant material on the human body and

the degradation thereof are the two main factors that
contribute to biocompatibility. These commercially pure
titanium alloys are preferred as they are bio-compatible
with the surrounding tissue and bone cells and do not
inhibit healing and bone growth. It does, however, also
imply that a material with an appropriate surface is
required for effective osseointegration with adjacent
bone. Hence, surface engineering plays a significant role
in the improvement of the implantation process. Surface
topography has a significant effect on osseointegration
and a shorter healing time from implant placement to
restoration.2 Hence, many studies tried to optimize dental
and orthopedic implants by the modification of surface
chemistry and surface topography by using many me-
thods such as sandblasting, acid etching, electrochemical
machining and anodizing to improve the aesthetic
appearance.9 However, the surface engineering of tita-
nium improves the aesthetic appearance of the implant,
the biocompatibility of the implant, the corrosion resis-
tance, the fatigue life of the implant and to reduce the
friction between the implant and abutments. The surface
modification is also used to help osseointegration, a
faster healing time, improved bone implantation contact
and the life expectancy of titanium implants. Titanium
dentures become dimmer, weakening its aesthetic aspect
when being used for a long time in the oral environment.
With the higher demand of dental implants not only for
the restoration of oral function, such as chewing,
pronunciation and durability, but also dental aesthetics, it
is necessary to improve the titanium dental aesthetic for
practical clinical uses.

The self-colouring of the anodisation of titanium has
been patented1 and the anodisation improves the aesthe-
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Table 1: Bio-material and their mechanical properties1,4

Tabela 1: Biomateriali in njihove mehanske lastnosti1,4

Material Yield strength
(Mpa)

Ultimate tensile
strength (MPa)

Modulus
(GPa)

Elongation
(%)

Density
(g/cc)

316L steel 290 580 210 50 7.99
CoCrMo 275-1585 600-1795 200-230 8 8.3

CoCrNiMo 241 793 232 50 8.43
TiNi 195-690 895 80 25-50 6.45

CP Ti grade I 170 240 102 24 4.5
CP Ti grade II 275 345 102 20 4.5
CP Ti grade III 380 450 102 18 4.5
CP Ti grade IV 483 550 104 15 4.5
Ti-6Al-4V-ELI 795 860 113 10 4.4

Ti-6Al-4V 860 930 113 10 4.4
Ti-6Al-7Nb 880-950 900-1050 114 8-15 4.4

Ti-5Al-2.5Fe 895 1020 112 15 4.4
Ti-15Zr-4Nb-2Ta-0.2Pd 693-806 715-919 94-99 18-28 4.4

Ti-29Nb-13Ta-4.6Zr 864 911 80 13.2 4.4
Ti-13Nb-13Zr 900 973-1037 19-84 15 4.99

Ti-12Mo-6Zr-2Fe 1000-1060 1060-1100 74-85 18-22 5.0
Ti-35Nb-7Zr-5Ta 742-806 596 55 11-22 5.0

Ti-29Nb-13Ta-4.6Zr 715 911 65 22 5.0
Ti-35Nb-5Ta-7Zr-0.4O 590-1074 1010 66 21-27 5.0

Ti-15Mo-5Zr-3Al 1475 724-900 82 14 4.95



tic appearance. The uniform colours of the interference
pattern can be obtained for any large surface area. From
the practical point of view the surface treatment leads to
producing uniform colours. This surface treatment
improves the aesthetic appearance in dental implant
application and other industrial uses such as jewellery
and architectural purposes.1 The surface treatment of
titanium also improves the corrosion behaviour of the
alloy. A. Karambakhsh et al.10 have studied the effect of
anodisation on the corrosion behaviour of a commer-
cially pure (CP) titanium alloy. Anodising in sulphuric
acid greatly reduced the corrosion resistance of the
samples, which is due to the formation of a resistant
anodic film. The greater film thickness increased the
corrosion resistance. The corrosion resistance of the
implant needs to be good because specific metal ions
released from the implant can induce inflammation
reaction with the surrounding tissues. Moreover, in the
long term, it may be harmful to the human body. The
porous oxide films formed by the anodic spark depo-
sition, the porous oxide, predominantly consist of the
TiO2 phase. The crystalline structure of the film consists
of anatase and rutile. The anodic oxidation improves the
corrosion resistance of the CP titanium alloy.11

Titanium has excellent corrosion resistance, good
fatigue strength and acceptable fracture toughness, but it
has poor sliding characteristics. These alloys fail by
galling and often exhibit high and unstable friction
coefficients. To improve these properties, surface engi-
neering techniques are required, such as hard coating,
soft coating, diffusion treatment, and shot-peening.
Diffusion treatments include oxygen diffusion, nitriding
and carburizing.12 The surface modification of titanium is
also necessary to prevent the release of toxic elements
from titanium such as aluminium and vanadium, which
are known to cause toxicity.13 Porous implants have an
effect on the fatigue strength in a highly loaded appli-
cation, such as the hip joint. These alloys experienced a
drastic reduction in strength due to the porosity, and due
to the stress intensity the pores are the major sources of

weakness in the fatigue strength. To achieve a func-
tionally strong implant, a porous implant design needs to
account for these losses in metal strength. Hence, the
surface engineering of these alloys is essential.

The bulk properties of biomaterials, such as non-toxi-
city, corrosion resistance or controlled degradability,
modulus of elasticity, and fatigue strength have long
been recognized as being highly relevant in terms of the
selection of the right biomaterials for a specific biome-
dical application. The events after implantation include
interactions between the biological environment and
artificial material surfaces, the onset of biological
reactions, as well as the particular response paths chosen
by the body. The material surface plays an extremely
important role in the response of the biological
environment to artificial medical devices. In implants
made of titanium, the normal manufacturing steps
usually lead to an oxidized, contaminated surface layer
that is often stressed and plastically deformed, non-uni-
form and rather poorly defined. Such native surfaces are
clearly not appropriate for biomedical applications and
some surface treatment must be performed. Another
important reason for conducting surface a modification
of titanium medical devices is that specific surface
properties that are different from those in the bulk are
often required. For example, in order to accomplish
biological integration, it is necessary to have good bone
formability. In blood-contacting devices, such as
artificial heart valves, blood compatibility is crucial. In
other applications, good wear and corrosion resistance
are also required. The proper surface modification tech-
niques not only retain the excellent bulk attributes of
titanium and its alloys, such as a relatively low modulus,
good fatigue strength, formability and machinability, but
also improve specific surface properties required by
different clinical applications. According to the different
clinical needs, various surface modification schemes
have been proposed and are shown in Table 2.

In the following sections, the surface modification of
titanium implants to improve the bioactivity, biocom-
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Table 2: Summary of surface-modification methods for titanium implants15

Tabela 2: Pregled metod za modifikacijo povr{ine titanovih vsadkov15

Surface modification methods Modified layer Objectives
Mechanical methods:
machining, grinding, polishing, blasting

Rough or smooth surface formed by
subtraction process

Produce specific surface topographies;
clean and roughen surface; improve
adhesive in bonding

Chemical methods
acid treatment

<10 nm of surface oxide layer Remove oxide scales and contamination

Alkaline treatment ~1μm sodium titanate gel Improve biocompatibility, bioactivity or
bone conductivity

Hydrogen peroxide treatment ~5 nm of dense inner oxide and porous
outer layer

Improve biocompatibility, bioactivity or
bone conductivity

Sol-gel ~10 nm of thin film, such as calcium
phosphate, TiO2 and silica

Improve biocompatibility, bioactivity or
bone conductivity

Anodic oxidation ~10 nm to 40 μm of TiO2 adsorption and
incorporation of electrolyte anions

Produce specific surface topographies;
improved corrosion resistance; improve
biocompatibility, bioactivity or bone
conductivity



patibility, wear and corrosion resistance by the various
surface modification technologies are discussed. These
methods are classified into mechanical, electrochemical
and hybrid processes according to the formation
mechanism of the modified layer on the material surface.

2 ABRASIVE BLASTING

Abrasive blasting is one of the mechanical surface
modification methods involving plastic treatment,
shaping or the removal of materials from the surface.
The objective of this mechanical modification process is
to obtain a surface roughness, topography, removal of
surface contamination and improve its surface-adhesion
properties. The surface of titanium is abrasively sand
blasted with hard ceramic particles to increase the sur-
face roughness. Depending on the particle size to which
the surface roughness can be produced, the surface
roughness depends on the bulk material properties,
ceramic particle material, particle size, particle shape,
particle impact speed and the density of the particles.
The surface may consist of craters, ridges and particles
embedded on the surface. The surface roughness
increases with an increase in ceramic particles of size 25
μm to 250 μm of TiO2 or Al2O3. The blasted surface with

a particle size of 25 μm has a higher surface roughness
compared to machined surfaces, but smoother than 75
μm and 250 μm particles on blasted surfaces.14 The
authors also made comparisons between different
particle sizes (25μm and 75μm) of Al2O3 blasted on the
surface of titanium implants on the torque and surface
topography. They concluded that more torque is required
to remove an implant with the surface blasted with 75μm
Al2O3 particles compared to 25μm particles. It is ob-
served that the surface was blasted by different particle
sizes, such as 25 μm and 75μm of Al2O3. It was charac-
terized that two surfaces having different irregularities
and different degrees of surface roughness have a greater
surface roughness when blasted with a particle size of 75
μm (Sa-1.45 μm) compared to a surface blasted with 25
μm (Sa-1.11 μm), as shown in Figure 1. Titanium oxide
particles can be used for the grit blasting of dental
implants, which produces an average surface roughness
of 1 μm to 2 μm. Many researchers reported that the
torque force increases with surface roughness.14,15 This
indicates an improvement in the biocompatibility, cell
activity and osseointegration of the titanium implant
using the sandblasting method. The roughening of
implants by titanium plasma spraying used to produce a
rough surface of the implant can be obtained by a
process known as grit blasting, which makes use of hard
ceramic particles. The hard particle collides with the
surface of the implant at a high velocity using com-
pressed air. Different surface roughness can be obtained
from the size of the ceramic particle and the type of
particle. After blasting with a ceramic particle, cleaning
the surface of the titanium is very important due to some
of the residues of the alumina being embedded on the
surface of the implant. The alumina ceramic particle is
insoluble in acid. This does not, however, completely
remove the osseointegration difficulties of the implant. A
residue of particles may react with the surrounding tissue
cells and cause failure in the implant fixation. The
blasted surface has greater bone implant contact (BIC)
compared to a machined implant. Titanium oxide
particles can also be used for blasting the implant, which
shows an improvement in the BIC compared to a
machined surface.16 The experimental demonstration of
A. Abron et al.17, shows a higher bone implant contact in
the blasted surface implants compared to machined
surface implants. These studies confirm that roughening
of the titanium dental implants increases their
mechanical fixation to the bone, but not their biological
fixation.18–20 A. Karacs et al.21 investigated the
morphology of machined, blasted and laser-treated
surfaces of titanium. The Al2O3 blasted surface has a
unique surface morphological characteristic that
enhances the osseointegration process. Research
conducted on animals indicates a 50 % improvement in
the removal torque of an implant can be expected. The
aforementioned indicates that the sand-blasting
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Figure 1: Sand-blasted titanium surface with different particle sizes:
a) 25 μm and b) 75 μm16

Slika 1: Povr{ina titana, obdelana s peskanjem z delci razli~ne veli-
kosti: a) 25 μm in b) 75 μm16



preparation method is a promising technique for
preparing titanium dental implant surfaces.

3 ELECTROCHEMICAL PROCESS

An electrochemical process of surface modification
includes electro polishing, anodic oxidation, acid etching
and electrochemical machining. Electro polishing is a
controlled electrochemical dissolution of the surface.
The process was carried out to obtain a mirror-like
smooth surface finish that removes plastically deformed
amorphous surface layer residues due to machining.22

3.1 Anodizing

Anodizing is an electrolytic chemical oxidation
process whereby the oxide layer thickness is engineered
to the aesthetic appearance (colour) of the titanium. A
thin passive oxide layer is formed, which is usually more
stable and thicker than the natural oxide layer that is
formed when it first made contact with the air. Anodic
titanium oxide has been used in various fields of
advanced technologies and industries, e.g., an electrical
component, resistive material for friction and wear,
decorative coating, resistance to corrosion, as a reflective
material and recently as photo electrode material and as
well as to improve the aesthetic appearance of im-
plants.17,23 The anodic oxidation of the titanium surface
for implant applications is relatively inexpensive and
may produce a uniform thickness throughout the surface
area.24 The anodic oxidation is a simple and novel
method for colouring titanium to improve the aesthetic
appeal due to the high reactivity of titanium with oxy-
gen. The anodization of titanium has been patented.1

Anodization is a surface-modification technique that
has been proposed to minimize the rate of ion release
from titanium alloys. There is an alternative method to
produce surface modification that includes ion implan-
tation, chemical passivation, and plasma spraying. All
the common methods used to perform surface modifi-
cations lack the required layer thickness. However, the
plasma spraying method can produce a thick coating of
oxide layer. but is a difficult method for generating a
uniform layer on the surface when applied to porous and
non-regular substrates.25

Anodizing is an electrochemical oxidation process of
thickening the oxide layer on the surface of titanium
metals. Electrochemical anodizing is the most common
method to control the colouring of titanium.26 This
process is a surface-modification process that is efficient
in forming an uniform and stable oxide layer on the
implant surface compared to other surface-modification
processes. e.g., electrochemical, ion implantation and
heat treatment, etc.27 Titanium anodizing improves the
surface properties which increases the lubricity,
anti-galling and fatigue properties of the alloy. Because
of the aforementioned properties, anodizing is becoming
rapidly popular in treating components used in the

medical industry, especially on orthopaedic implants.
This process endows with an extensive formation of
oxide coating under controlled conditions to offer the
desired result. Due to this, it is biocompatible and non-
toxic, resulting in a drastic improvement in performance
purposes used for biomedical dental implants. The
anodizing process will be carried out with either constant
current (Galvonostat) or constant voltage (Potentiostat).
Among the other surface-modification processes, the
anodic oxidation process is easy to deposit the oxide film
on the titanium surface by means of an electrochemical
process. This process has various controlled variables
such as the type of electrolyte used, the voltage applied
across the electrodes and the current used for the pro-
cess. A change in any of these variables can affect the
surface morphology, chemical composition and film
thickness of the titanium implant.28 The thick oxide film
formed during anodic oxidation at higher applied volt-
ages leads to a high surface roughness, which provides a
high bonding strength between the oxide and the tita-
nium substrate. Moreover, the surface hardness is
improved near the oxide layer due to anodic oxidation,
which is caused by the incorporation of the oxide into
the titanium alloy.29,30 It is reported that the bioactivity of
titanium can be improved by oxide film formation on the
titanium surface by anodic oxidation. This oxide layer is
either anatase or a mixture of anatase and the rutile
crystal structure. Many researchers have reported that the
bioactivity of titanium can be improved by varying the
thickness of the oxide layer and the crystal structure. The
anodization takes place in either galvanostatic or poten-
tiostatic conditions with an increase in the voltage or
current density leading to an increase in the oxide layer
thickness. The manipulation of the oxide layer also
affects the crystalline structure surface of the implant.
The anodic oxidation process creates a porous surface
structure on the titanium surface as shown in Figure 2.
Figure 2 shows how the oxidized dental implant mor-
phology has volcano-shaped saliencies as the oxide form
on the surface as a function of the anodic voltage,
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Figure 2: Anodized dental implant surface, resembling small
volcanoes34

Slika 2: Anodizirana povr{ina vsadka, podobna majhnim vulkanom34



current, concentration of electrolyte and a change in the
temperature. The titanium oxide (TiOX), where (1<X<2)
in the general form, depending on the X values 5 crys-
talline oxides are formed such as cubic (TiO, ao = 0.424
nm), hexagonal (Ti2O3, ao = 0.537 nm), tetragonal (TiO2,
Anatase, ao = 0.378 nm, rutile, ao = 0.458 nm), and
orthorhombic (Brookite, ao = 0.917 nm). There are also
nonstoichiometric oxides and amorphous oxides. It is
commonly understood that among these oxides, only the
rutile and anatase phases are stable under normal con-
ditions. The rutile and anatase oxide layer has different
physical properties in terms of surface tension, the rutile
condition is hydrophobic, and the anatase condition is
hydrophilic. These oxide layers are the most important
structure for the osseointegration of implants. K. Kim et
al.31 studied the surface properties and biological res-
ponses of anodized samples. The anodized surface has a
porous and thick oxide layer of TiO2. This exhibits better
corrosion resistance and shows a significantly lower
water contact angle compared to machined surfaces. The
anodized surface showed enhanced alkaline phosphate
activity compared to machined surfaces. The higher
hydrophilic property and wettability is generally
favourable for biocompatibility. Increased wettability
promoted the interaction between the impact surface and
biological environment. Cell activation was more rapid
on hydrophilic surfaces. The hydrophilic surface pro-
motes the adhesion of the relevant proteins.

The anodized implant surfaces were characterized by
X-ray diffraction, as shown in Figure 3.32 It indicates
that the predominant anatase phase exists on the ano-
dized surface. When compared with the machined,
sandblasted and acid-etched surface, the main oxide
layer is rutile. With respect to surface morphology, hyd-
rophobicity was observed in the machined surface, but
the SLA and acid etched had different surface morpho-
logies. The anodized implant has volcano-like surface
porous structures, having both rutile and anatase on the
surface, as shown in Figure 3. The tissue healing process
and bone growth is quick on the anodized and acid-
etched implant surfaces compared to machined implants.
B. C. de V. Gurgel et al.33 studied the efficiency of

anodized implants on animals. Dogs were used to
perform implant testing. After 3 months the initial
trauma, each wound was inspected and defects were
observed, which measured 5 mm in height and 4 mm in
width. Anodized implants were planted inside the root
canal of the wound and were allowed to heal for an
additional 3 months. The percentages of bone-to-implant
contact and the bone density of the anodized implants
were observed to be 57.03±21.86 % and 40.86±22.73 %,
whereas the machined implants were 37.39±23.33 % and
3.52±4.87 %, respectively. Burgos et al.34 also conducted
experiments on rabbits. They observed an osseointe-
gration rate for the anodized implants of 20 % (after 7 d),
23 % (14 d) and 46 % (28 d), compared to 15 % (in 7 d),
11 % (14 d), and 26 % (28 d) for the machined surface.

Despite titanium’s biological compatibility, it is con-
sidered to be an inorganic material. This means that the
metal does not form part of the human body. It has some
properties that may require modifications to improve its
integration into the jawbone, patient comfort, satisfaction
and confidence. The potential problem in clinical appli-
cation is that titanium dentures become dim, which
impairs its aesthetic appearance after a long period of
time. There is a higher demand for implant prostheses.
This is not only for oral functions such as mastication,
pronunciation and durability, but also dental aesthetics is
also important. Several patients who have received tita-
nium dental implants have complained about the decay
of its aesthetic appearance. In most cases the gum
covering the implant is thick enough to prevent implant
visibility. But since implants have been used to replace
or insert teeth, it was found that not all patients have the
same gum thickness. Several cases have been reported
where the dark metallic colour of titanium shown
through the patient’s gums. In cases where dissatisfac-
tion was present of its aesthetic appeal, colour appear-
ance was changed by an electrochemical anodic
oxidation process which produces the interference of
colours.

Titanium has an iron-dark appearance and is visible
when it becomes exposed. In other cases the patient has
thin gums and the titanium would appear beneath the
skin. Many alternative measures have been sought ought
to improve on its aesthetics. Some materials have been
developed to replace titanium. Dentists would also use
techniques to veneer the titanium with a white material
or graft tissue over the visible part. However, mechanical
methods are unmanageable, inexact and form contami-
nant particles on the titanium implant surfaces. Similarly,
acid etching has no ability produce controllable surface
topographies and it has the potential to form residual
surface acids, which is harmful to bone growth. Implant
surfaces formed through this process are nonuniform on
the microscale or macroscale. However, osteoblast may
accustom to a nanoscale topology rather than a micro-
scale environment. As a result, more desirable methods
to modify Ti surfaces are needed to promote tissue cells
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Figure 3: XRD pattern of anodized sample33

Slika 3: Rentgenogram (XRD) anodiziranega vzorca33



and bone growth.35-37 The surface integrity of the
Ti6Al4V alloy was studied by applying different surface
treatment processes. The study focused on pickling and
anodization.38 An investigation of these processing
techniques revealed no significant changes in the micro-
structure of the implant and surface oxygen and hydro-
gen superficial content were found to be unchanged. The
roughness characteristics remained mostly unchanged.
This surface-treatment technique revealed that com-
pressive residual stresses significantly decreased and that
internal stresses were mainly located on the oxide
interface. Moreover, the fatigue resistance decreased
after the application of either pickling or anodization on
the Ti64 alloy. The effect of anodization time on the sur-
face morphology, surface roughness, and crystal struc-
ture was studied by L. Wu et al.39 The surface roughness
increased with anodization time up to 20 min, and later
dropped down, which is due to localized rapture of the
compact inner layer and nucleation of the secondary
oxide particles. The uniformity of the surface and the
relative intensity of the anatase and rutile tended to in-
crease with longer anodization times. Y. T. Sul40 studied
the electrochemical growth behaviour and surface beha-
viour of TiO2 nanotubes fabricated on TiO2 grit-blasted
screw-shaped rough titanium implants. The potenti-
ostatic anodization of blasted screw-shaped implants at
20 V in 1-M H3PO4 + 0.4 % of mass fractions HF for
30 min, 1 h and 3 h resulted in highly nanopore struc-
tures and vertical aligned nanotubes. The surface rough-
ness value decreased with the reaction time and the
results of the animal study provided significant evidence
that the nature of nanotubes have superior bone
responses compared to blasted implants. This indicates
that TiO2 nanotubes have the potential to be used in the
field of bone implant and bone tissue engineering.

3.2 Acid etching

Acid etching is a chemical process used to modify
the surface of titanium implants. It increases the reten-
tion between the implant surface and the bone by

enhancing the surface properties of the implant such as
osteoblast activity and quick bone growth. Strong acids
used for acid etching include H2SO4, HNO3, HCl and
hydrofluoric acid. These acids produce micro pits on the
titanium implant surface, as shown in Figure 4. The
acid-etching process has been used to promote the
osseointegration process beyond 3 years. There is no
need to use any external reagents that contaminates the
implant surface. The biological response of this surface
in terms of bone apposition and bone-implant contact
ratio is comparatively high. Compared to the machined
surfaces, acid-etched surfaces have a higher bone im-
plant contact.16 A significantly higher torque is required
to remove the acid-etched samples compared to the
machined implants, but a lower torque compared to
plasma-sprayed implants. The disadvantage of acid
etching is that it reduces the mechanical properties of
titanium implants, which is caused by hydrogen em-
brittlement. The presence of micro cracks is also
observed on the surface of the implants, leading to a
reduction in fatigue resistance. This hydrogen embrittle-
ment forms the brittle phase in the titanium, leading to a
reduction in ductility. The reduction in ductility leads to
the occurrence of fracture in implants.41 The influence of
the implant surface on the primary stability is
imperative.42 The surface topography and roughness
positively influences the healing process of the bone by
favouring the cellular response and cell-surface
interaction. Rough surfaces are considered to enhance
the primary stability and allow firm mechanical fixation
to the surrounding tissues.43 Figure 5 shows the primary
stability of dental implants due to different surface-
finishing techniques. The surface treatment process
significantly alters the surface-roughness parameters,
leading to a change in the cell-surface interaction, as
indicated in Figure 5. The anodized surface (Ra-1.11 μm)
has a greater surface roughness compared to the
machined surface (Ra-0.74 μm) and acid etched surface
(Ra-0.91 μm), which supports the healing process. It is
clear that the improved surface roughness of the
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Figure 5: Effect of surface treatment on torque removal34

Slika 5: Vpliv obdelave povr{ine na moment pri odstranitvi34
Figure 4: Acid etched surface of titanium35

Slika 4: S kislino jedkana povr{ina titana35



acid-etched surfaces has a positive effect on removal
torque compared to machined samples. The anodized
sample has remarkable improvement in the torque
removal force over the machined and acid etched. The
average surface roughness is highest for anodized sam-
ples, compared to other surface-treatment techniques.

M. V. D. Santos et al.43 studied the implant surface
finish and geometry on the primary stability of dental
implants. Their results showed that the maximum torque
insertion depends on the coefficient of friction between
the implant surface and the placement of the wall, the
implant design thread geometry and the
surface-treatment technique. It was also found that the
insertion torque varies as the geometry of the implants
varies. As seen from Figure 6, the torque insertion is
higher in a conical geometry compared to a cylindrical
implant. This is due to the different thread geometries.
The surface area of contact with host tissues is increased
in a conical implant. As the surface area increases, the
friction between the implant surface and the bone wall
increases, leading to a higher insertion torque. The
implants of the anodized surface have a higher roughness
and a larger coefficient of friction than the machined
one. They reported that the rough surface has greater
significant success rates compared to the smoother
surface implants. The surface treatment improves the
primary stability of the implants. The anodized implants
have a higher primary stability compared to the
acid-etched and machined implants.44

4 HYBRID PROCESS

4.1 Sand blasted and acid etched (SLA)

This consists of dual processes to obtain both the
surface roughness, as well as the removal of particles
from the implant surface. Sand blasting is beneficial for
removing the surface contaminants, roughening surfaces
to increase effective surface area and can produce
beneficial compressive residual stresses. The acid

etching chemical process changes the surface structure
and leads to the creation of a hydride layer thickness of
1–2 μm on the intermediate oxide layer and implant
surface. Titanium implants are blasted with ceramic
particles and then subsequently etched by acids. In the
sand-blasting process, peaks and craters/pits are more
commonly found. These peaks and pits can be reduced
by acid etching and small pits will be formed, which
reduces the surface roughness.45 The different etching
processes may also form the hydrides on the surface and
the replacement of oxygen by the titanium hydrides,
resulting in a slow transformation of the implant surface.
This results in a nano-meter surface roughness, and helps
in protein adhesion immediately after the implant is
placed in the human body.46 SLA increases the bone
formation and amount of growth. The dual modified
implants have improved torque removal force compared
to the single modified process, like acid etching,
machined and plasma sprayed surface.47 Several studies
have shown that SLA active implants have a better
bone-contact ratio, stability and this reduces the healing
time duration. J. K. Lee9 has studied the bone implant
contact ratio (BIC) of modified surfaces in titanium
implants. In an vivo study of dental implants they were
classified into machined surface implants, sand blasted
with large grit sizes and acid etched (SLA) surface
implants, TiO2 nano tube array surface implants and TiO2

nano tube surface implants with rhBMP-2. Histo-
morphometric analysis studies were performed and the
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Figure 7: Bone-to-implant contact ratios of machined surface, SLA
surface, TiO2 nanotube array surface, and TiO2 nanotube array surface
with rhBMP-2, (I1) machined surface implants, (I2) SLA surface
implants, (I3) TiO2 nanotube array surface implants, and (I4) TiO2
nanotube array surface implant with rhBMP-2
Abbreviations: BIC – bone-to-implant contact ratio, SLA – sandblasted
large-grit and acid-etched, rhBMP-2 – recombinant human bone morphogenetic
protein-29

Slika 7: Razmerje stika kost-vsadek pri strojno obdelani povr{ini,
SLA-povr{ina, TiO2 matrika povr{ine z nanocevkami in TiO2 matrika
povr{ine z nanocevkami z rhBMP-2; (I1) strojno obdelana povr{ina
vsadka, (I2) SLA-povr{ina vsadka, (I3) TiO2 matrika povr{ine vsadka
z nano cevkami in (I4) TiO2 matrika povr{ine vsadka z nanocevkami
in z rhBMP-2
Okraj{ave: BIC – razmerje stika kost-vsadek, SLA – peskano z debelim peskom
in jedkano s kislino, rhBMP-2 – rekombinantni morfogeni protein-2 ~love{ke
kosti9

Figure 6: Effect of implant design and surface treatment on torque
insertion46

Slika 6: Vpliv zgradbe vsadka in obdelave povr{ine na moment pri
obdelavi46



highest BIC of 29.5 % was obtained I4 followed by I3

(16.3 %), I2 (14.7 %) and I1(11.1 %) groups, as shown in
Figure 7. The bone-volume ratio was also measured
around the implant threads, which was found to be
highest in the I4 group (77.3 %) followed by I3, I2 and I1

groups (67.2 %, 53.7 %, and 66.9 % respectively). The
authors suggest that the nano tube array surfaces have
improved osseointegration properties compared to
machined and SLA-implant surfaces. TiO2 nano tube
implant surfaces have an enhanced bone formation, bone
strength and cell adhesion compared to other modified
surfaces.

4.2 Electro polished and anodized implants

The bone response in the early healing period and the
bone responses to different types of titanium surfaces
were studied. The responses of different surfaces were
analysed; the electro polished implant surface has a low
degree of bone-to-implant contact compared to the
machined implant surface after 1 week. After 3 weeks
post-implantation there were no major differences bet-
ween the machined, machined plus anodized, electro
polished and electro polished and anodized implant
surfaces, as can be seen in Figure 8. As observed from
Figure 8, after 6 weeks the electro polished implant
surfaces had less bone contact compared to the other
three groups. The electro polished plus anodized implant
shows higher bone implant contact, but has less BIC in
comparison to the machined and machined plus anodized
surfaces. The reason is that the electro polishing removes
a significant amount of material from the surface, which
decreased the diameter of the implant. The reduction in
diameter of implants caused a lower BIC ratio during the
initial healing. After 6 weeks, the electro polished sur-
faces had less bone contact, which may be due to a
slower rate of mineralization around the surfaces. This is
because the electro polished surface is smooth and the
amount of bone attachment to the implant is less
compared to the machined implants. The bone response

depends on two different types of surface roughness; the
smooth surface expresses a lower degree of bone for-
mation compared to the rough surface finish. The degree
of a rough surface is adequate to furnish an overall
response of the bone. However, the thick oxide on the
bone formation was not practical when compared to two
groups of machined implants. Thus, it seems that a com-
bination of surface topography and thick oxide present
on the electro polished plus anodized implant surfaces
are the most encouraging type of surface roughness for
bone growth and the rapid healing of interfacial tissues.48

5 LASER MODIFICATION

Laser is an emerging field in the manufacturing
micro-components of complex surfaces of micro and
nano levels. Laser surface engineering is advanced
enough to modify the surface. This method becomes
more popular method for resolving peri-implantitis. This
technology claims a noncontact, no media and conta-
mination-free method. The laser modification technique
is very suitable for selective modification of surfaces and
allows the generation of complex microstructures, this
technique makes important in geometrically complex
biomedical implants. The laser micromachining changes
the micro and nano structured surface roughness of im-
plant threads. The inner part of thread is more important
than the outer part for bone formation and growth. The
laser technique has advantage to treat only the inner part
of the thread and leave the outer part machined. The
pulsed laser melting of the titanium implant surface in a
vacuum chamber is one of the surface-modification
processes. The laser-treated surface morphology consists
of more or less periodic wavelength of peaks with
50–100 μm between the elements.16

S. Cho et al.49 studied laser treated, commercially
pure titanium screws and inserted in right tibia
metaphysics of white rabbits for 8 weeks. It was reported
that the SEM of laser treated implants demonstrated a
deep and regular honeycomb pattern with small pores
and the removal torque was 23.58 N-cm for the con-
trolled machined implants and 62.58 N-cm for the laser-
treated implants. A. Gaggl et al.50 made an comparative
study on four different dental implant surfaces treated
with machined roughness, titanium spray coating, treated
by aluminium oxide and treated by laser. It is reported
that the laser-treated surface has high purity and showed
enough surface roughness for good osteointegration and
had a regular pattern of micro pores with an interval of
10-12 μm, a diameter of 25 μm and a depth of 20 μm.
Gill et al.51 studied the influence of laser surface
modifications on the mechanical and electrochemical
behaviour of Ti and Ti6Al4V implants. When laser
modification was carried out for each metal, the
microstructural changes were observed:
a) melting zone with small grain size and martensitic

structures in aforementioned metal and
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Figure 8: Total bone contact (%): after 1 week, 3 weeks and 6 weeks51

Slika 8: Celoten stik s kostjo (%): po 1 tednu, 3 tednih in 6 tednih51



b) the heat-affected zone (HAZ) with �-phase in CP Ti
with a higher grain size and Widmanstatten structure
in Ti6Al4V.
Positive tensile residual stress was determined by

means of X-ray analysis in the zones marked by laser.
Furthermore, corrosion behaviour was studied in a
simulated body fluid at 37 °C. It was found that pitting
was observed in different zones near the HAZ, and
results showed that the corrosion resistance decreased in
the laser-treated samples, and residual stresses and the
martensitic microstructures favoured the decrease of the
corrosion-fatigue life by around 20 % in both metals
under physiological conditions. G. Romanos et al.52

studied the osteoblast attachment on titanium surfaces
after laser irradiation. It is reported that osteoblasts could
be grown in all of the surfaces. The cell density is higher
in the laser-irradiated surface than in the non-irradiated
specimens because of the cleaner effect on superficial
layer by the lasers. The laser irradiation on the titanium
surface may promote the osteoblast attachment and
further bone formation. Palmquist et al.53 made an
in-vivo study of laser modified titanium and nano-scale
surface topographic features. The authors concluded that
the torque removal significantly increased in the laser-
modified implant and of clinical importance, the nano-
structured surfaces supported long-term bone bonding
and interface strength between the titanium implant and
the bone. The removal torque is also substantially in-
creased. S. S.-Y. L. Kang et al.54 studied the biomecha-
nical properties and inter-phase responses of machined
and laser-treated stainless steel (SS) implant screws. The
laser-treated implants have a higher surface roughness
and no compromise in fracture resistance compared to
the machined one. The surface roughnesses were in-
creased due to repeated melting and solidification of the
material. The bone implant’s contact ratio was deter-
mined and there was no significant difference between
laser-treated and machined micro-screw implants.

6 CONCLUSIONS

This article discussed the surface modification
methods for titanium alloys in improving the biological
properties and friction properties of implants. Based on
the above survey, the research spotlight is especially
focused on electrochemical anodizing. It can be used for
the formation of an oxide layer on a commercially pure
Ti surface for dental implants due to the high expecta-
tions regarding their applications. The anodization pro-
cess is a simple and fast surface-modification technique
to create a nano-structured TiO2 on the Ti surface. It will
improve the cell growth on the Ti surface. The degree of
optimised geometry and surface roughness for implant
fixation is still unknown. There is a contradiction in lthe
iterature relating in-vivo and in-vitro studies with
moderate surface roughness. Some of the researchers
mentioned not only the degree of roughness is important;

the textured surface of implant is also. There is scope for
an evaluation of optimum surface roughness and surface
morphology for dental implant applications. This is
because the surface roughness plays a major role in
quality, the coefficient friction and the rate of osseointe-
gration in titanium dental implants. Aesthetics in this
regard refers to the engineering of the surface colour for
both marking and implant aesthetic reasons. There is no
literature found which investigates the sliding friction
behaviours of titanium on titanium with specific refe-
rence to the required torque for the axial preloading of
titanium screws. Very little research has been conducted
on laser surface-modification techniques that investigate
its effect on biocompatibility.

7 FUTURE SCOPE

From this research gap one can perform research on
the aesthetical appearance of dental implants by per-
forming the anodizing process. However, there is no
evidence on the statistical relationship between bone
contact and surface roughness. Also there is a lack of
appropriate measurement on the sliding friction between
the titanium on titanium implants with specific reference
to the required torque for the axial preloading of titanium
screws. Hence, more studies are required to gain knowl-
edge about the aesthetic appearance, surface topography
on the bone growth and friction between the bone and
titanium implants. The performance of titanium and its
alloys can be improved intensely by developing a
suitable surface-modification procedure that will lead to
increased aesthetic appearance and wear, and frictional
properties.

8 REFERENCES

1 J.-L. Delplancke, M. Degrez, A. Fontana, R. Winand, Self-colour
anodizing of titanium, Surf. Technol., 16 (1982), 153–162,
doi:10.1016/0376-4583(82)90033-4

2 M. Geetha, A. K. Singh, R. Asokamani, A. K. Gogia, Ti based bio-
materials, the ultimate choice for orthopaedic implants - A review,
Prog. Mater. Sci., 54 (2009), 397–425, doi:10.1016/j.pmatsci.2008.
06.004

3 M. V. Wise, D. L., Trantolo, D. J., Lewandrowski, K.-U., Gresser, J.
D., Cattaneo, Biomaterials Engineering and Devices: Human Appli-
cations, 1st ed., Humana Press, 2000. http://www.springer.com/us/
book/9780896038592

4 C. N. Elias, J. H. C. Lima, R. Valiev, M. A. Meyers, Biomedical
Applications of Titanium and its Alloys, J. Miner. Met. Mater. Soc.,
(2008), 46–49, doi:10.1007/s11837-008-0031-1

5 K. Maehara, K. Doi, T. Matsushita, Y. Sasaki, Application of Vana-
dium-Free Titanium Alloys to Artificial Hip Joints, Mater. Trans., 43
(2002), 2936–2942, doi:10.2320/matertrans.43.2936

6 M. Long, H. J. Rack, Titanium alloys in total joint replacement—a
materials science perspective., Biomaterials., 19 (1998), 1621–1639,
doi:10.1016/S0142-9612(97)00146-4

7 M. Niinomi, M. Nakai, J. Hieda, Development of new metallic alloys
for biomedical applications, Acta Biomater., 8 (2012), 3888–3903,
doi:10.1016/j.actbio.2012.06.037

M. MANJAIAH, R. F. LAUBSCHER: A REVIEW OF THE SURFACE MODIFICATIONS OF TITANIUM ALLOYS ...

Materiali in tehnologije / Materials and technology 51 (2017) 2, 181–193 191

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS



8 K. Subramani, R. T. Mathew, Titanium Surface Modification Tech-
niques for Dental Implants-From Microscale to Nanoscale, First
Edit, Elsevier Inc., 2012, doi:10.1016/B978-1-4557-7862-1.00006-7

9 J.-K. Lee, D.-S. Choi, I. Jang, W.-Y. Choi, Improved osseointegration
of dental titanium implants by TiO2 nanotube arrays with recom-
binant human bone morphogenetic protein-2: a pilot in vivo study,
International Journal of Nanomedicine, 10 (2015), 1145–1154,
doi:10.2147/IJN.S78138

10 A. Karambakhsh, A. Afshar, S. Ghahramani, P. Malekinejad, Pure
commercial titanium color anodizing and corrosion resistance, J.
Mater. Eng. Perform., 20 (2011), 1690–1696, doi:10.1007/s11665-
011-9860-0

11 H. J. Song, M. K. Kim, G. C. Jung, M. S. Vang, Y. J. Park, The
effects of spark anodizing treatment of pure titanium metals and tita-
nium alloys on corrosion characteristics, Surf. Coatings Technol.,
201 (2007), 8738–8745, doi:10.1016/j.surfcoat.2006.11.022

12 D. G. Bansal, O. L. Eryilmaz, P. J. Blau, Surface engineering to im-
prove the durability and lubricity of Ti-6Al-4V alloy, Wear., 271
(2011), 2006–2015, doi:10.1016/j.wear.2010.11.021

13 A. Vadiraj, M. Kamaraj, Fretting fatigue behavior of surface mo-
dified biomedical titanium alloys, Trans. Indian Inst. Met., 63 (2010),
217–223, doi:10.1007/s12666-010-0030-0

14 A. Wennerberg, T. Albrektsson, J. Lausmaa, Torque and histomor-
phometric evaluation of c.p. titanium screws blasted with 25- and
75—m-sized particles of Al2O3, J. Biomed. Mater. Res., 30 (1996),
251–260, doi:10.1002/(SICI)1097-4636(199602)30:2<251:AID-
JBM16>3.0.CO;2-P

15 G. Peto, A. Karacs, Z. Pászti, L. Guczi, T. Divinyi, A. Joób, Surface
treatment of screw shaped titanium dental implants by high intensity
laser pulses, Appl. Surf. Sci., 186 (2002), 7–13, doi:10.1016/S0169-
4332(01)00769-3

16 L. Le Guéhennec, A. Soueidan, P. Layrolle, Y. Amouriq, Surface
treatments of titanium dental implants for rapid osseointegration,
Dent. Mater., 23 (2007), 844–854, doi:10.1016/j.dental.2006.06.025

17 A. Abron, M. Hopfensperger, J. Thompson, L. F. Cooper, Evaluation
of a predictive model for implant surface topography effects on early
osseointegration in the rat tibia model, J. Prosthet. Dent., 85 (2001),
40–46, doi:10.1067/mpr.2001.112415

18 S. A. Novaes AB Jr, Souza SL, de Oliveira PT, Histomorphometric
analysis of the bone-implant contact obtained with 4 different
implant surface treatments placed side by side in the dog mandible,
Int J Oral Maxillofac Implant., 17 (2002), 377–83

19 M. Piattelli, A. Scarano, M. Paolantonio, G. Iezzi, G. Petrone, A.
Piattelli, Bone response to machined and resorbable blast material
titanium implants: an experimental study in rabbits, J. Oral Implan-
tol., 28 (2002), 2–8, doi:10.1563/1548-1336(2002)028<0002:
BRTMAR>2.3.CO;2

20 W.-D. Müeller, U. Gross, T. Fritz, C. Voigt, P. Fischer, G. Berger, et
al., Evaluation of the interface between bone and titanium surfaces
being blasted by aluminium oxide or bioceramic particles., Clin. Oral
Implants Res., 14 (2003), 349–356, doi:10.1034/j.1600-0501.2003.
00791.x

21 A. Karacs, A. Joob Fancsaly, T. Divinyi, G. Peto, G. Kovách,
Morphological and animal study of titanium dental implant surface
induced by blasting and high intensity pulsed Nd-glass laser, Mater.
Sci. Eng. C., 23 (2003), 431–435, doi:10.1016/S0928-4931(02)
00316-8

22 C. Larsson, L. Emanuelsson, P. Thomsen, L. E. Ericson, B.-O.
Aronsson, B. Kasemo et al., Bone response to surface-modified
titanium implants: studies on the early tissue response to machined
and electropolished implants with different oxide thicknesses,
Biomaterials., 17 (1996) 605–616, doi:10.1016/0142-9612(96)
88711-4

23 H. Badekas, C. Panagopoulos, Titanium anodization under constant
voltage conditions, Surface & Coatings Technology, 31 (1987),
381–388, doi: 10.1016/0257-8972(87)90164-2

24 A. K. Sharma, Anodizing titanium for space applications, Thin Solid
Films, 208 (1992), 48–54, doi:10.1016/0040-6090(92)90946-9

25 M. Shirkhanzadeh, Electrochemical preparation of protective oxide
coatings on titanium surgical alloys, J. Mater. Sci. Mater. Med., 3
(1992), 322–325, doi:10.1007/BF00705362

26 Z. M. Yan, T. W. Guo, H. B. Pan, J. J. Yu, Influences of Electro-
lyzing Voltage on Chromatics of Anodized Titanium Dentures.,
Mater. Trans., 43 (2002), 3142–3145, doi:10.2320/matertrans.
43.3142

27 Z. Huan, L. E. Fratila-Apachitei, I. Apachitei, J. Duszczyk, Synthesis
and characterization of hybrid micro/nano-structured NiTi surfaces
by a combination of etching and anodizing., Nanotechnology, 25
(2014), 055602, doi:10.1088/0957-4484/25/5/055602

28 H. Song, S. Park, S. Jeong, Y. Park, Surface characteristics and bio-
activity of oxide films formed by anodic spark oxidation on titanium
in different electrolytes, J. Mater. Process. Tech., 9 (2008), 864–870,
doi:10.1016/j.jmatprotec.2008.02.055

29 J. P. Schreckenbach, G. Marx, Characterization of anodic spark-con-
verted titanium surfaces for biomedical applications, Journal of
materials science: Materials in medicine, 10 (1999), 453–457,
doi:10.1023/A:1008988706980

30 A. Zhecheva, S. Malinov, W. Sha, Titanium alloys after surface gas
nitriding, Surf. Coatings Technol., 201 (2006), 2467–2474,
doi:10.1016/j.surfcoat.2006.04.019

31 K. Kim, B. A. Lee, X. H. Piao, H. J. Chung, Y. J. Kim, Surface cha-
racteristics and bioactivity of an anodized titanium surface, J. Peri-
odontal Implant Sci., 43 (2013), 198–205, doi:10.5051/jpis.2013.
43.4.198

32 C. N. Elias, Biomedical Applications of Titanium and its Alloys,
Rev. Mater., 15 (2010), 138–142, doi:10.1007/s11837-008-0031-1

33 B. C. de V. Gurgel, P. F. Gonçalves, S. P. Pimentel, F. H. Nociti, E.
A. Sallum, A. W. Sallum et al., An Oxidized Implant Surface May
Improve Bone-to-Implant Contact in Pristine Bone and Bone Defects
Treated With Guided Bone Regeneration: An Experimental Study in
Dogs, J. Periodontol., 79 (2008), 1225–1231, doi:10.1902/
jop.2008.070529

34 P. M. Burgos, L. Rasmusson, L. Meirelles, L. Sennerby, Early bone
tissue responses to turned and oxidized implants in the rabbit tibia,
Clin. Implant Dent. Relat. Res., 10 (2008), 181–190, doi:10.1111/
j.1708-8208.2007.00074.x

35 E. T. Uzumaki, A. R. Santos, C. S. Lambert, Titanium Oxide (TiO2)
Coatings Produced on Titanium by Oxygen-Plasma Immersion and
Cell Behaviour on TiO2, Key Eng. Mater., 309–311 (2006),
367–370, doi:10.4028/www.scientific.net/KEM.309-311.367

36 C. Yao, T. J. Webster, Anodization: a promising nano-modification
technique of titanium implants for orthopedic applications., J.
Nanosci. Nanotechnol., 6 (2006), 2682–92, http://www.ncbi.nlm.nih.
gov/pubmed/17048475

37 M. Sato, T. J. Webster, Nanobiotechnology: implications for the
future of nanotechnology in orthopedic applications., Expert Rev.
Med. Devices., 1 (2004), 105–14, doi:10.1586/17434440.1.1.105

38 E. Vermesse, C. Mabru, L. Arurault, Surface integrity after pickling
and anodization of Ti-6Al-4V titanium alloy, Appl. Surf. Sci., 285
(2013), 629–637, doi:10.1016/j.apsusc.2013.08.103

39 L. Wu, J. Liu, M. Yu, S. Li, H. Liang, M. Zhu, Effect of Anodization
time on Morphology and Electrochemical Impedance of Andic
Oxide Films on Titanium Alloy in Tartrate Solution, Int. J. Electro-
chem. Sci., 9 (2014), 5012–5024

40 Y. T. Sul, Electrochemical growth behavior, surface properties, and
enhanced in vivo bone response of TiO2 nanotubes on microstruc-
tured surfaces of blasted, screw-shaped titanium implants, Int. J.
Nanomedicine., 5 (2010), 87–100, doi:10.2147/IJN.S8012

41 K. Yokoyama, T. Ichikawa, H. Murakami, Y. Miyamoto, K. Asaoka,
Fracture mechanisms of retrieved titanium screw thread in dental im-
plant, Biomaterials., 23 (2002), 2459–2465, doi:10.1016/S0142-
9612(01)00380-5

M. MANJAIAH, R. F. LAUBSCHER: A REVIEW OF THE SURFACE MODIFICATIONS OF TITANIUM ALLOYS ...

192 Materiali in tehnologije / Materials and technology 51 (2017) 2, 181–193

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS



42 F. Javed, G.E. Romanos, The role of primary stability for successful
immediate loading of dental implants, A literature review, J. Dent.,
38 (2010), 612–620, doi:10.1016/j.jdent.2010.05.013

43 M. V. dos Santos, C. N. Elias, J. H. Cavalcanti Lima, The effects of
superficial roughness and design on the primary stability of dental
implants, Clin. Implant Dent. Relat. Res., 13 (2011), 215–223,
doi:10.1111/j.1708-8208.2009.00202.x

44 C. N. Eliasa, F. A. Rocha, A. L. Nascimento, P. G. Coelho, Influence
of implant shape, surface morphology, surgical technique and bone
quality on the primary stability of dental implants, J. Mech. Behav.
Biomed. Mater., 16 (2012), 169–180, doi:10.1016/j.jmbbm.2012.
10.010

45 Y. Oshida, Surface modifications; Bioscience and Bioengineering of
Titanium Materials, 2007, doi:10.1016/B978-008045142-8/50011-6

46 H. Garg, G. Bedi, Implant Surface Modifications?: A Review, J. Clin.
Diagnostic Res., 6 (2012), 319–324

47 A. M. Ballo, O. Omar, W. Xia, A. Palmquist, Implant Dentistry – A
Rapidly Evolving Practice, Implant Dent. - A Rapidly Evol. Pract.,
(2011), 19–56, doi:10.5772/706

48 C. Larsson, P. Thomsen, B. O. Aronsson, M. Rodahl, J. Lausmaa, B.
Kasemo et al., Bone response to surface modified titanium implants:
Studies on the early tissue response to machined and electropolished
implants with different oxide thicknesses, Biomaterials., 17 (1996),
605–616, doi:10.1016/0142-9612(96)88711-4

49 S. Cho, S. Jung, A removal torque of the laser-treated titanium
implants in rabbit tibia, Biomaterials., 24 (2003), 4859–4863,
doi:10.1016/S0142-9612(03)00377-6

50 A. Gaggl, G. Schultes, W. D. Mu, H. Ka, Scanning electron micro-
scopical analysis of laser-treated titanium implant surfaces – a com-
parative study, Biomaterials., 21 (2000), 1067–1073,
DOI:10.1016/s0142-9612(00)00002-8

51 F. J. Gil, L. Delgado, E. Espinar, J. M. Llamas, Corrosion and
corrosion-fatigue behavior of cp-Ti and Ti – 6Al – 4V laser-marked
biomaterials, J Mater Sci Mater Med., 23 (2012), 885–890,
doi:10.1007/s10856-012-4572-z

52 G. Romanos, M. Dent, R. Crespi, D. D. S. A. Barone, D. D. S. U.
Covani, Osteoblast Attachment on Titanium Disks After Laser
Irradiation, Int. J. Oral Maxillofac. Implant., 21 (2006), 232–236

53 A. Palmquist, O. M. Omar, M. Esposito, Titanium oral implants:
surface characteristics, interface biology and clinical outcome, J. R.
Soc. Interface., 7 (2010), 515–527, doi:10.1098/rsif.2010.0118.focus

54 S. S.-Y. L. He-Kyong Kang, T.-M. Chu, P. Dechow, Kelton Stewart,
H.-M. Kyung, Laser-treated stainless steel mini-screw implants_ 3D
surface roughness, bone-implant contact, and fracture resistance
analysis, Eur. J. Orthod., 37 (2015), doi:10.1093/ejo/cjv017

M. MANJAIAH, R. F. LAUBSCHER: A REVIEW OF THE SURFACE MODIFICATIONS OF TITANIUM ALLOYS ...

Materiali in tehnologije / Materials and technology 51 (2017) 2, 181–193 193

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS





A. PAVELKOVA et al.: ELECTROSPINNING OF BIODEGRADABLE POLYESTER URETHANE: ...
195–197

ELECTROSPINNING OF BIODEGRADABLE POLYESTER
URETHANE: EFFECT OF POLYMER-SOLUTION CONDUCTIVITY

ELEKTROPREDENJE BIORAZGRADLJIVEGA POLIESTER-
URETANA: VPLIV PREVODNOSTI RAZTOPINE POLIMERA

Alena Pavelkova, Pavel Kucharczyk, Vladimir Sedlarik
Centre of Polymer Systems, University Institute, Tomas Bata University, Tr. Tomase Bati 5678, 76001 Zlín, Czech Republic

apavelkova@cps.utb.cz

Prejem rokopisa – received: 2015-06-29; sprejem za objavo – accepted for publication: 2016-02-10

doi:10.17222/mit.2015.139

This work deals with an investigation of fabrications of nanofibres based on biodegradable polylactic-acid/polyethylene-glycol-
chain-linked copolymers, using the electrospinning technique. Crucial attention is paid to describing the effect of
polymer-solution conductivity on the morphology of the resulting nanofibres. Nanofibre systems were studied with scanning
electron microscopy and the subsequent image analysis of nanofibre diameters. Hydrolytical degradability of the investigated
copolymers was studied using gel permeation chromatography. The results show a significant effect of polymer-solution
conductivity on the quality of nanofibres.

Keywords: electrospinning, nanofibres, polylactide polyethylene glycol copolymer

To delo obravnava preiskavo izdelave nanovlaken na osnovi biorazgradljive, v verigo povezanih kopolimerov polimle~ne
kisline/polietilen glikola, z uporabo tehnike elektropredenja. Najve~ja pozornost je usmerjena v opis vpliva prevodnosti razto-
pine polimera na morfologijo izdelanih nanovlaken. Sistem nanovlaken je bil prou~evan z vrsti~no elektronsko mikroskopijo in
analizo slik premerov nanovlaken. Hidroliti~na degradacija preiskovanih polimerov je bila prou~evana z gelsko permeacijsko
kromatografijo. Rezultati ka`ejo mo~an vpliv prevodnosti raztopine polimera na kvaliteto nanovlaken.

Klju~ne besede: elektropredenje, nanovlakna, polilaktid polietilen glikol kopolimer

1 INTRODUCTION

Electrospinning products based on biodegradable
polymers have been suitable materials for innovative
tissue-engineering applications.1

Polylactic acid (PLA) is a biodegradable thermo-
plastic polymer with good properties and processability.
Nevertheless, its properties can also be limiting in some
of the applications.2 An effective way of how to improve
the PLA properties can be a modification of synthesis
using a chain-linking reaction.3 In this two-step process,
a functionalized low-molecular-weight prepolymer is
prepared first and then, in the second step, the chain
linking through the reactive chain ends with a chain-link-
ing agent (usually diisocyanate) is carried out.4

The research presented here focuses on the electro-
spinning of polyester urethane (PEU) based on
PLA/polyethylene glycol (PEG) copolymer chain linked
with diisocyanates. The morphology and characteristics
of the prepared nanofibres are correlated with the con-
ductivity of the polymer solution. Degradability of the
studied PEU was studied under abiotic conditions in a
phosphate-buffer medium.

2 EXPERIMENTAL PART

2.1 Materials

L-lactic acid, poly(ethylene glycol) (PEG, MW = 400),
hexamethylene diisocyanate (HMDI) and Tin(II)2-
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Figure 1: Scheme of the synthesis route: 1) preparation of prepolymer, 2) poly (lactic acid)-poly (ethylene glycol) chain-linking reaction
Slika 1: Shema poti sinteze: 1) priprava predpolimera, 2) poli (mle~na kislina)-poli - (etilen glikol) reakcija veri`nega povezovanja



ethylhexanoate Sn(Oct)2 (92.5–100.0 %) were purchased
from Sigma-Aldrich; phosphate buffer (PB, 0.1 mol.L–1,
pH = 7, NaH2PO4 adjusted with NaOH) and tetrahydro-
furan (HPLC-grade) were sourced from Chromspec,
Brno, Czech Republic.

The synthesis of copolymers was conducted through
a polycondensation reaction and, in the second step, a
chain-linking reaction with hexamethylene diisocyanate
(HMDI) was performed (Figure 1). In this study, a co-
polymer with a molar ratio of NCO and OH groups equal
to 3.2 was used. The preparation of the studied PEU is
described in detail in our previous work.5

2.2 Method

The molecular weight of PEU was examined with gel
permeation chromatography under the conditions de-
scribed in reference.5 A hydrolysis test was performed on
round-shaped samples (a diameter of 3.4 mm and a
thickness of 1.5 mm) fully immersed in a liquid-buffer
medium (pH = 7) at 37 °C and 55 °C.

The electrospinning process was carried out on an
in-house constructed apparatus consisting of a jet and a
target with a separation distance of 18 cm at 23 °C. The
PEU solution (12 % of the mass fraction in DMF) was
charged with DC 75 kV. The flow rate of the polymer
solution was 0.086 mL min–1. The conductivity of the
polymer solution was adjusted with citric acid and
sodium tetraborate (3:1, w/w) to 59.5, 107.9 and 150.9
μS cm–1.

The morphology of the electrospun nanofibres was
studied with scanning electron microscopy (Tescan Vega
II LMU, Czech Republic). The morphology analysis of
the nanofibres was carried out with an image analysis of
SEM micrographs using the ImageJ software.

3 RESULTS

The values of the average molecular weight (Mw) of
the studied PEU and their reduction during the degrada-
tion process at 37 °C and 55 °C are presented in Table 1.
While Mw of PEU at the beginning of the degradation ex-
periment was 300 kg.mol–1, the samples showed a 99 %
Mw reduction after 25 d.

Table 1: Molecular-weight loss of PLA-PEG copolymers during the
degradation experiment
Tabela 1: Zmanj{anje molekulske mase PLA-PEG kopolimera, med
preizkusom degradacije

Degrada-
tion time

(days)

55 °C 37 °C
Mw

(kg mol–1) \ Mw

(kg mol–1) \

0 300 9.2 300 9.2
4 42 5.6 143 7.3

11 8.0 5.1 84 6.8
25 2.3 3.2 3.0 2.5
32 2.0 2.8 1.9 1.9
52 not detected not detected 1.0 1.5

Diameter distributions of the nanofibre systems
prepared from the PEU solutions with various conduc-
tivity values, together with inserted SEM micrographs,
can be seen in Figure 2. Table 2 presents the number
(Dn), the weight average (Dw) and the polydispersity
(Dw/Dn) of nanofibre diameters.

Table 2: Effect of PEU-solution conductivity on the fibre diameter
Tabela 2: Vpliv prevodnosti raztopine PEU na premer vlaken

Conductivity
(μS cm–1) Dn (μm) Dw (μm) PDI

59.5 0.24 0.36 1.50
107.9 0.18 0.28 1.55
150.9 0.29 0.42 1.42
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Figure 2: Histogram of PEU fibre-diameter distribution and corres-
ponding SEM micrographs (inserted). The conductivity of PEU
solutions was adjusted to: a) 59.5 μS cm–1, b) 107.9 μS cm–1 and c)
150.9 μS cm–1

Slika 2: Histogram razporeditve premera REU-vlaken in njihov
SEM-posnetek. Prevodnost PEU raztopine je bila uravnana na:
a) 59.5 μS cm–1, b) 107.9 μS cm–1 in c) 150.9 μS cm–1



4 DISCUSSION

The degradation behaviour of PEU is in accordance
with the already published results.5 The kinetics of the
Mw reduction is interesting as it is strongly dependent on
the temperature. A significantly faster degradation of
PEU occurs at a temperature (55 °C) that is close to the
glass-transition temperature. On the other hand, the
degradation rate observed at 37 °C provides results com-
parable with the PLA-based polymers. The homogeneity
of the electrospun PEU nanofibres was enhanced by
increasing the conductivity of the polymer solution, un-
like in the case of low-conductivity PEU solutions where
an occurrence of the inhomogeneity of the electrospun
products was observed. A combination of nano- and
sub-microfibres was obtained for the PEU solutions with
the lowest (59.5 μS cm–1) and the highest conductivity
(150.9 μS cm–1) while a relatively narrow distribution of
nanofibre diameters was found for the PEU solution with
a medium conductivity (107.9 μS cm–1). The non-unifor-
mity of fibre diameters could have been caused by a
broad molecular-weight distribution, whose relation to
the fibre distribution was reported in the work of J.
Lyons et al.,6 though for a different type of material.

5 CONCLUSIONS

Biodegradable PEU nanofibres based on PLA/PEG
chain-linked copolymers can be easily fabricated using
the electrospinning process. The morphology of the
resulting nanofibres can be significantly influenced by
adjusting the polymer solution before the electrospinning

process. PEU can provide a product with a mixture of
nano- and sub-microfibres that can be potentially useful
for specific filtration applications.
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The article presents the results of investigations on autogenous laser welding of the new-generation advanced high-strength
steels (AHSS) Domex 960, classified as thermomechanically rolled steel by the manufacturer. There is little information about
welding this steel grade, relating only to arc-welding methods. Therefore, a modern disk laser was used for the butt-joint weld-
ing of 5.0 mm steel sheets. The results of a microstructure study, tensile tests, technological bending tests, impact-toughness
tests and also microhardness measurements showed that a low heat input during the laser welding of the new Domex 960 grade
steel is advantageous. A low heat input and thus a high cooling rate of the weld metal and the heat-affected zone (HAZ) led to
the formation of a favourable fine-grained microstructure, providing also high mechanical properties of butt joints, comparable
to the properties of the base metal. Despite the high cooling rates, there was no significant increase in the microhardness
measured across the butt joints. Moreover, a slight decrease in the microhardness was observed in the HAZ.
Keywords: laserlaser welding, disk laser, thermomechanically rolled steel, advanced high-strength steel, fine-grained steel, pro-
perties of welded joints

^lanek predstavlja rezultate preiskav avtogenega laserskega varjenja nove generacije naprednih visokotrdnostnih jekel (AHSS),
jekla Domex 960, ki so ga proizvajalci opredeljujejo kot termomehansko valjano jeklo. Malo je informacij o varjenju te vrste
jekla, nekaj le za metode oblo~nega varjenja. Za sole`no varjenje 5 mm debelih plo~evin je bil uporabljen modern diskasti laser.
Rezultati {tudija mikrostrukture, nateznih preizkusov, tehnolo{kih upogibnih preizkusov, preizkusov udarne `ilavosti in tudi
meritev mikrotrdote, so pokazali, da je ugoden majhen vnos toplote med laserskim varjenjem nove vrste jekla Domex 960.
Majhen vnos toplote in zato velika hitrost ohlajanja kovine v zvaru in v toplotno vplivani coni (HAZ), povzro~i nastanek `eljene
drobno zrnate mikrostrukture in tudi zagotavlja visoke mehanske lastnosti sole`nega zvara, v primerjavi z lastnostmi osnovne
kovine. Kljub velikim hitrostim ohlajanja, ni bilo ob~utnega pove~anja mikrotrdote, izmerjene preko sole`nega zvara. Poleg tega
je bilo v HAZ opa`eno rahlo zmanj{anje mikrotrdote.
Klju~ne besede: lasersko varjenje, diskasti laser, termomehansko valjano jeklo, napredna visokotrdnostna jekla, drobno zrnato
jeklo, lastnosti zvarjenih spojev

1 INTRODUCTION

The constant trend to increase production efficiency,
reduce energy consumption and material consumption,
improve the durability and reliability has lead to an
increasing use of advanced high-strength materials.1–8

Depending on the application, working conditions and
the type of load and wear, different metallic, bimetallic
or composite materials are used.9–12

In the case of the manufacturing of building struc-
tures such as bridges, towers, industrial buildings and
vehicles, particularly heavy vehicles such as trucks,
trailers, semi-trailers, rail vehicles such wagons and
tramcars, and also other utility vehicles and machines
such as cranes, loaders, excavators, etc., the primary
group of materials is structural steel.13–18 The reason for
this is the ease of forming and joining steel pieces,
usually with welding technologies. Moreover, the use of
high-strength steel (HSS) has been growing in the
industry for many years. The dynamic development of
high-strength steels has led to the introduction of modern

advanced and ultra-high-strength steels (AHSS and
UHSS), characterized by an extremely high yield point
and tensile strength over 1000 MPa.1–8 Steels of this type
achieve high mechanical properties thanks to a very
fine-grained structure and/or a sophisticated phase com-
position like in the case of dual-phase (DP), complex-
phase (CP) and transformation-induced plasticity (TRIP)
steels.2,6,7

A significant group of the modern structural steels
currently used in the industry includes thermomechani-
cally rolled fine-grained microalloyed steel classified by
the EN 10149-2 standard and also the quenched and
tempered low-alloy steel classified by the EN 10025-6
standard. The EN 10149-2 standard covers the thermo-
mechanically rolled fine-grained microalloyed steel with
a yield point of up to 700 MPa (e.g., S700MC). An
example of the commercial name of this type of steel is
Domex 700, manufactured by a Swedish company. On
the contrary, the EN 10025-6 standard covers the
low-alloy quenched and tempered steel with a yield point

Materiali in tehnologije / Materials and technology 51 (2017) 2, 199–204 199

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

UDK 621.791.725:669.14.018.291:621.791.053 ISSN 1580-2949
Original scientific article/Izvirni znanstveni ~lanek MTAEC9, 51(2)199(2017)



of up to 960 MPa (e.g., S960QL). An example of the
commercial name in this case is Weldox 960.

Steels of the above groups differ in the chemical
composition and manufacturing procedure, even if they
have similar mechanical properties, as shown in Table 1.
Differences in the chemical composition affect the car-
bon equivalent Ce, thus the hardenability and the asso-
ciated susceptibility to cold cracking (hydrogen crack-
ing).15,20–22 Beside the chemical composition, structural
constituents, especially the strengthening precipitations
like carbides, borides or nitrides, also influence the
requirements and specification of the welding procedure.

Table 1: Chemical composition of S700MC steel according to EN
10149-2

Tabela 1: Kemijska sestava jekla S700MC, skladno z EN 10149-2

C Si Mn Al Nb V Ti Mo B
0.12 0.6 2.1 0.015 0.09 0.2 0.22 0.5 0.005

CEV max = 0.38, CET max = 0.25

As a result of an intensive research and a dynamic
development of modern steel grades, the world’s largest
steel manufacturers now offer steels with properties that
go beyond the standards. Examples are steel grades
Weldox 1100 or Weldox 1300 classified as quenched and
tempered steel, suitable for welding. Additionally, new
steel grades, such as Domex 960, are available in the
market. The Domex 960 steel grade is classified by the
manufacturer as a thermomechanically rolled steel even
though the properties of this steel are at the level of
quenched and tempered Weldox 960.

Thus, with the introduction of new grades of steel,
the classification becomes more difficult.

The reason for this is a very sophisticated chemical
composition, the combination of individual elements and
also the sophisticated manufacturing process. It should
also be noted that the chemical composition of these
steels depends on their thickness. In addition, there are
also significant differences between individual melts of
steel. Moreover, the manufactures continue the research
of how to modify the chemical composition in terms of
the optimum combination of mechanical properties and
weldability.

Such sophisticated steels also require sophisticated
welding procedures and welding technologies.19,23 Un-
fortunately, the manufactures provide only limited infor-
mation about the welding, relating only to conventional
arc-welding processes such gas metal arc (GMA), gas
tungsten arc (GTA) or submerged-arc welding (SMAW).

At the same time, general guidelines for welding
thermomechanically rolled fine-grained microalloyed
steel grade such as Domex and low-alloy quenched and
tempered steel such as Weldox are different. Generally,
in the case of thermomechanically rolled fine-grained
microalloyed steel, it is recommended not to exceed a
certain heat input because it causes a drop in mechanical
properties and impact toughness. On the other hand, in

the case of low-alloy quenched and tempered steel, the
heat input must be within a specific range. Too high a
heat input causes a drop in the toughness, like in the case
of the fine-grained microalloyed steel. On the other
hand, too low a heat input can lead to cold cracking of a
joint. Therefore, according to the manufacturer’s instruc-
tions, the recommended cooling time t8/5 between tempe-
rature ranges from 800 °C to 500 °C is 5 s to 15 s for
Weldox 900 to 1300. As laser welding is of an increasing
importance in the industry and the conditions of laser
welding are radically different from arc welding, a
research of the laser welding of new steel grade Domex
960 was undertaken in this work.24,25

2 EXPERIMENTAL PART

The steel chosen for the investigation was the new
generation of advanced high-strength steel (AHSS)
Domex 960, recently introduced to the industry by a
Swedish company. The new grade of steel Domex 960 is
included, by the manufacturer, in the group of thermo-
mechanically rolled fine-grained microalloyed steels
covered by the EN 10149-2 standard. However, the me-
chanical properties of steel Domex 960 go far beyond the
steels specified in this standard. Additionally, details of
the manufacturing process for the new steel grade are
undisclosed. The investigated steel with the nominal che-
mical composition of 0.18 %C, 0.5 %Si, 2.1 %Mn and
0.018 %Al in % of mass fractions and balanced Fe has
the minimum yield strength of 960 MPa and the mini-
mum tensile strength of 980 MPa.

Specimens for the test involving laser welding were
cut from a 5.0 mm steel plate into coupons with dimen-
sions of 100.0 × 100.0 mm, using a 2D laser cutting
machine with a CO2 generator. Surfaces to be welded
were sandblasted and then cleaned with acetone. The
trials of welding were performed by means of a solid-
state Yb:YAG disk laser emitted in the continuous-wave
mode at a wavelength of 1.03 μm with the maximum
output power of 3.3 kW. The laser beam was focused to a
diameter of 200 μm.

First, the bead-on-plate welds were produced at the
maximum output laser power of 3.3 kW and welding
speeds of (0.5, 1.0, 1.5 and 2.0) m/min. The bead-on-
plate welds were produced to simulate the process of
butt-joint welding and to investigate the influence of
welding parameters on the penetration depth and weld
shape. Based on the bead-on-plate welding trials, the
optimum parameters for butt joints were chosen. Butt
joints were single-side autogenously laser welded at the
maximum laser power of 3.3 kW and welding speeds of
1.0 m/min and 1.5 m/min, respectively. The specimens to
be welded were mounted to a clamping device to be
protect against distortions. The weld pool was protected
by an argon flow via four cylindrical nozzles of 8.0 mm
in diameter and set at an angle of 45° to the joint surface.
The flow of argon was kept at 15 L/min. The laser beam
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was focused on the top surface of the specimens to be
welded. When the laser-welding tests were completed,
the first the visual inspections (VT) were performed
according to the procedure of quality control in welding.
Next, the metallographic and also mechanical examina-
tions were done. The examination of the structure was
carried out by means of optical microscopes (OM) and a
scanning electron microscope (SEM). The chemical
composition of the base metal was determined with a
glow discharge spectrometer (GDS). On the other hand,
mechanical tests included a technological bending test, a
static tensile test and a Charpy V-notch test.

3 RESULTS AND DISCUSSION

The trials of bead-on-plate welding with a disk laser
showed that the heat input required for a full penetration
of a 5.0 mm plate of the Domex 960 steel is at least 100

J/mm, at a laser output power of 3.3 kW and a welding
speed of 2.0 m/min. The width of a weld face produced
at the minimum welding heat input is 2.15 mm, while the
root width is 0.8–1.27 mm. In this case the depth/width
ratio is over 2.3, indicating that the laser welding mode
was the keyhole mode. Additionally, the shape of the
fusion zone (FZ) in a columnar or hour-glass configura-
tion (X shape) is characteristic for keyhole laser welding
at a high power density of the laser beam. An increase in
the heat input of laser welding, by lowering the welding
speed at a constant laser power, increases the width of a
single bead-on-plate weld and the width of the heat
affected zone (HAZ).

The visual inspections (VT) of the test butt joints
revealed a proper shape of the welds, and proper rein-
forcement of weld faces and roots. Macrographs of the
test joints showed a proper shape of the fusion lines and
no internal imperfections (Figure 1a). A high quality of
the test joints was also confirmed with microscopic
observations (Figure 1b) and mechanical tests. The tech-
nological bending test revealed no tendency to cracking
of the welded joints, both in the weld and in the HAZ,
even at the maximum angle of bending. On the other
hand, the static tensile tests showed high strength of
laser-welded joints at the level of the base metal (BM).
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Figure 2: SEM micrographs of the fracture surface of the test joint
produced at: a) the heat input of 198 J/mm and b) the heat input of 132
J/mm
Slika 2: SEM-posnetek povr{ine preloma preizkusnega spoja izdela-
nega z vnosom toplote: a) 198 J/mm in b) vnosom toplote 132 J/mm

Figure 1: a) Macrostructure of the butt joint produced at the welding
speed of 1.5 m/min, thus the heat input of 132 J/mm, b) and the
microstructure of the weld metal (FZ)
BM – base metal, FZ – fusion zone, HAZ – heat-affected zone, HAZCG –
coarse-grained region, HAZFG – fine-grained region, HAZPT – partially
transformed region, B – bainite, M – martensite, �pf – polygonal ferrite, �af –
allotriomorphic ferrite

Slika 1: a) Makrostruktura sole`nega zvara, izdelanega s hitrostjo
varjenja 1,5 m/min, vnos toplote 132 J/mm in b) mikrostruktura
zvarjene kovine (FZ)
BM – osnovna kovina, FZ – podro~je taljenja, HAZ – toplotno vplivana cona,
HAZCG – podro~je velikih zrn, HAZFG – podro~je drobnih zrn, HAZPT – delno
transformirano podro~je, B – bainit, M – martenzit, �pf – poligonalni ferit, �af –
alotriomorfni ferit



All of the tested samples broke out of the joint area in
the base metal at a tensile strength of 1093MPa – 1017
MPa. The Charpy V-notch test, performed at room tem-
perature, showed that the impact toughness of the test
butt joints is clearly lower compared to the base metal.
The results of the impact toughness determined for the
base metal were very consistent, ranging from 128 J/cm2

to 134 J/cm2. The average value was 131.3 J/cm2. The
impact toughness of the test joint welded at a heat input
of 198 J/mm was in a range of 82 J/cm2 – 98 J/cm2, at the
average value of 90 J/cm2. So, the impact toughness of
this joint is as low as 68 % of the base-metal toughness.
On the contrary, the impact toughness of the second test
joint welded at a low heat input of 132 J/mm is 70.7
J/cm2, so just 53 % of the base-metal toughness.

SEM micrographs of the fracture surfaces of the test
joints are presented in Figure 2. As can be seen, the frac-
ture surfaces indicate a typical ductile dimple fracture
mode in both cases. So, although the impact toughness
of the test joints is clearly lower compared to the base
metal, the fracture mode is ductile. The results indicate
that the impact toughness of the test butt joints depends
directly on the heat input of autogenous laser welding
within the investigated range of parameters, i.e., thermal
conditions, cooling rates and the structures of the weld
metal and the HAZ.

The cooling times t8/5 between 800 °C and 500 °C
were calculated for different heat inputs of laser welding
by means of an equation adopted for the conditions of
keyhole laser welding, as described in details in 4. For
the heat input of 198 J/mm for the butt laser welding of
the 5.0 mm steel plates, the calculated cooling time t8/5

was 1.299 s. However, the cooling time in the case of a
lower heat input of 132 J/mm was just 0.577 s. For com-
parison, in both cases, cooling times t8/5 are significantly
lower than recommended for the quenched and tempered
Weldox grade steel, being in the range of 5s –15 s. How-
ever, despite such short cooling times there was no
tendency to cold (hydrogen) cracking of the test joints
(Figure 1).

The microhardness profiles determined on the
cross-sections of the welded butt joints show a clear
increase in the microhardness values in the region of the
weld metal, i.e., the fusion zone, compared to the micro-
hardness of the base metal, which is about 370 HV0.2
(Figure 3). The microhardness distribution across the FZ
is stable and maintained in a range of 360–440, while the
mean value of microhardness in the FZ region is about
404 HV0.2. On the other hand, the distribution of micro-
hardness in the HAZ is more complex, so the HAZ can
be divided into at least two areas: the inner HAZ
adjacent to the FZ and the outer HAZ adjacent to the
BM. From the side of the base metal, roughly in the
middle of the HAZ, the microhardness decreases
gradually from 370 to the minimum value of 290–300
HV0.2 and then it rises sharply up to over 400 HV0.2 in
the inner HAZ.

The microhardness in individual regions depends
directly on the microstructure and this, in turn, depends
on the chemical composition and the tendency to hard-
ening. The GDS analysis showed that the investigated
steel contains 0.161 % C, 0.31 % Si, 1.32 % Mn, 0.15 %
Cr, 0.05 % Ni, 0.41 % Mo, 0.043 % Al, 0.01 % of V, Ti,
Cu and 0.001 % Nb. Based on the determined compo-
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Figure 4: SEM micrograph showing the structure of the base metal of
Domex 960 steel at a magnification of 5000×
Slika 4: SEM-posnetek strukture osnovne kovine jekla Domex 960 pri
pove~avi 5000×

Figure 3: Microhardness distribution on the cross-section of the butt
joint produced at the heat input of 132 J/mm
Slika 3: Razporeditev mikrotrdote po preseku sole`nega spoja, izdela-
nega pri vnosu toplote 132 J/mm

Table 2: Chemical composition of S690QL steel according to EN 10025-6
Tabela 2: Kemijska sestava jekla S690QL, skladno z EN 10025-6

C Si Mn B Cr Cu Mo N Nb Ni Ti V Zr
0.12 0.8 1.7 0.005 1.5 0.5 0.7 0.015 0.06 2.0 0.05 0.12 0.15

CEV max = 0.65, CET standard = 0.29



sition, the martensitic transformation temperature was
calculated according to the following equation: Ms (°C)
= 561 – 474 (% C) – 33 (% Mn) – 17 (% Ni) – 17(% Cr)
– 21 (% Mo). The calculated Ms temperature is 429.1 °C.
Additionally, the carbon equivalent (CET) was deter-
mined according to the following equation: CET = C +
(Mn + Mo)/10 + (Cr + Cu)/20 + Ni/40. The value of the
calculated CET is 0.343. Both the high Ms temperature
and the relatively low carbon equivalent indicate that the
hardenability of the investigated steel is not very high.

The structure of the base metal of the Domex 960
steel is shown in Figure 4. In general, the investigated
steel has a fine-grained bainitic-martensitic structure. A
closer view at the structure exhibits quite a complex
arrangement of different phases. The dominant structural
constituent is bainite with a significant amount of
needle-shaped low-carbon martensite. Beside the main
structural constituents, ferrite and also traces of retained
austenite can be identified. Additionally, small carbides
with a high dispersion can be identified in the structure.

The structure of the HAZ depends on the distance
from the fusion line and thus the thermal cycle and the
related cooling rate. The thermal conditions during the
liquid-metal solidification, especially in the HAZ, may
be estimated on the basis of calculated cooling times t8/5.
The calculated cooling times in the range of 0.6–1.3 are
very short and indicate that the solidification as well as
the cooling rates were very high under the laser-welding
conditions. The HAZ may be divided into three dis-
tinguishable regions with different structures (Figure 1a).
The first characteristic region of the HAZ is adjacent to
the fusion line. In this region, due to high temperatures, a
slight grain growth occurs. In this region, the structure is
bainitic with a higher share of ferrite compared to the
BM (Figures 1a, 5b). Next, a recrystallized fine-grained
region with fine-grained bainite as the dominant
structural constituent may be distinguished, cha-
racterized by a microhardness in the range of 380–420
HV0.2, Figure 3. Finally, a partially transformed and
tempered region with a bainitic-ferritic structure may be
distinguished (Figure 5c). A relatively high share of
ferrite in this region is responsible for a gradual
microhardness decrease to 280–310 HV0.2, as shown in
Figure 3.

The structure of the weld metal of the butt joint pro-
duced at a heat input of 132 J/mm is presented in Fig-
ures 1b and 5a. The structure consists mainly of bainite,
a smaller amount of fine martensitic islands and also of
ferrite, mainly polygonal (�pf) and allotriomorphic ferrite
(�af), as shown in Figures 1b and 5a.

4 CONCLUSIONS

The investigated new steel grade Domex 960 is
characterized by a low content of alloying elements
(microalloyed steel), thus the low carbon equivalent
(CET) is 0.343 and the relatively high temperature of
martensitic transformation (Ms) is about 429 °C. Despite
the low carbon equivalent, the base metal has a fine-
grained bainitic-martensitic structure with a microhard-
ness of 370–380 HV0.2. The calculated cooling times t8/5

under the investigated laser-welding conditions are very
short, being in a range of 0.6s –1.3 s, so significantly
shorter than the recommended values for the quenched
and tempered steel grades such as Weldox. Despite a
very rapid solidification of the weld metal and cooling,
the test joints exhibit a high tensile strength, being at the
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Figure 5: SEM micrographs showing the structure of the weld metal
of the butt joint produced at the heat input of: a) 132 J/mm, b) the
HAZ region adjacent to the fusion zone and c) the recrystallized fine-
grained region of the HAZ
Slika 5: SEM-posnetek structure zvara sole`nega spoja izdelanega z
vnosom toplote: a) 132 J/mm, b) podro~je HAZ v bli`ini podro~ja pre-
taljevanja in c) rekristalizirano drobnozrnato podro~je HAZ



level of the BM. The impact toughness of the test joints
clearly depends on the welding conditions (heat inputs).
Although the impact toughness is lower compared to the
BM, the fracture mode is ductile.
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The article presents the results of a study on the exploitation properties of flame-sprayed ceramic coatings produced from an
oxide ceramic material in the form of powder based on an aluminum oxide (Al2O3) matrix with an addition of 3 % titanium
oxide (TiO2) and also on a zirconium oxide (ZrO2) matrix with 30 % of calcium oxide (CaO) on a substrate of unalloyed
structural steel of grade S235JR. The buffer layer was produced from a metallic powder on the basis of Ni-Al-Mo. Plates with
dimensions of (5 × 200 × 300) mm and also the front surfaces of �40 × 50 mm cylinders were flame-sprayed. The buffer
coatings were produced using a RotoTec 80 torch and external specific coatings were produced with a CastoDyn DS 8000 torch.
Investigations of the coating properties were based on metallography tests, a phase-composition research, a measurement of
microhardness, a research of the coating adhesion to the substrate, the abrasive-wear resistance (acc. to ASTM G65 standard),
the erosion-wear resistance (acc. to ASTM G76-95 standard) and a thermal-stroke study. The coatings were characterized by a
high adhesion to the substrate and also high erosion and abrasive-wear resistance and the resistance to cyclic thermal strokes.

Keywords: flame spray, coating, ceramic powder, abrasive-wear resistance, erosion-wear resistance, adhesion strength

^lanek predstavlja rezultate {tudija uporabnih lastnosti plamensko nane{enih kerami~nih premazov, izdelanih iz materiala
oksidne keramike v obliki prahov na osnovi aluminijevega oksida Al2O3 z dodatkom 3 % titanovega oksida TiO2 in tudi na
osnovi cirkonovega oksida (ZrO2) s 30 % kalcijevega oksida (CaO) na podlagi iz nelegiranega konstrukcijskega jekla S235JR.
Tamponska plast je bila izdelana s kovinskim prahom na osnovi Ni-Al-Mo. Plo{~a dimenzij 5 mm × 200 mm × 300 mm in tudi
~elna stran povr{ine valjev �40 mm × 50 mm sta bili plamensko nane{eni. Tamponski nanos je bil izdelan z gorilnikom
RotoTec 80, zunanji specifi~ni nanos z gorilnikom CastoDyn DS 8000. Preiskave lastnosti nanosov so bile izvr{ene z metalo-
grafijo, preiskavo sestave faz, meritvijo mikrotrdote, preiskavo prijemljivosti nanosa na podlago, z preizkusom odpornosti na
abrazijsko obrabo, (v skladu z ASTM G65 standardom), odpornost na erozijsko obrabo, (v skladu z ASTM G76-95 standardom)
in s preizkusom na termo{ok. Zna~ilnost nanosov je bila velika oprijemljivost na podlago, tudi odpornost na erozijsko in
abrazijsko obrabo ter odpornost na toplotne {oke.

Klju~ne besede: plamensko nana{anje, nanos, kerami~ni prah, odpornost na abrazijsko obrabo, odpornost na erozijsko obrabo,
adhezijska trdnost

1 INTRODUCTION

Thermal-spraying methods have developed signifi-
cantly in the recent years by applying more and more
technically advanced heat sources and new coating
materials.1–10 At present, this technology is used in about
70 % of industrial applications for manufacturing new
parts or devices, for which high-quality workmanship
and appropriate surface properties are required. An
improvement in the operating parameters of machine and
equipment parts associated with high loads and speeds,
causing accelerated wear and the necessity of an effec-
tive regeneration, also contributed to the rapid advance-
ment in the thermal-spraying technology.

The application of flame-sprayed coatings has not
only been conducive to multifold enhancement in the
durability of the protection of steel structures against a
corrosive environment, but has also led to an extended
service life of textile machinery parts, cast moulds,
rollers for steel-industry conveyors, parts of pumps and

stirrers, plastic-injection moulders, and has also im-
proved the durability and reliability of power boilers.11

Sprayed-ceramic coatings providing excellent thermal
and electrical barriers have been manufactured more and
more often due to high corrosion, erosion and wear resis-
tance and hardness and high-temperature creep resis-
tance. Ceramic-oxide materials based on aluminium
oxide (Al2O3) and zirconium oxide (ZrO2) are especially
noteworthy. Thermal- and electric-barrier coatings
flame-sprayed with such materials are applied in multi-
ple cases, e.g., for electronic components, insulation
parts of ignition plugs and power turbines, and high-tem-
perature-resistant and heatstroke-resistant parts of com-
bustion chambers in modern car and airplane
engines.12–14

2 EXPERIMENTAL PROCEDURE AND RESULTS

The aim of the conducted investigations was to create
technological conditions of flame powder spraying and
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to compare the operating properties of ceramic coatings
produced with Al2O3- and ZrO2-based powders on the
structural unalloyed S235JR steel acc. to EN 10025-
2:2004. A powder with a content of 97 % of Al2O3 and
3 % of TiO2, and a powder with a content of 70 % of
ZrO2 and 30 % of CaO were selected for spraying. The
binding powder (the buffer layer), i.e., a Ni-Al-Mo alloy,
was employed as the primer coating.

Plates with dimensions of (5 × 200 × 300) mm and
faces of �40 × 50 mm cylinders were subjected to a ma-
nual flame-spraying operation using the two aforemen-
tioned powders. Prior to the spraying process, the
surfaces of the plates and cylinders were cleaned with
shot blasting including an abrasive blasting treatment in
conformity with the EN 13507:2010 requirements. Sur-
face shot blasting was performed using angular particles
of cast iron. The spraying process consisted of the
following operations:

– a 50–100 μm primer coating (buffer layer) including
the Ni-Al-Mo powder sprayed with a RotoTec 80
torch (Table 1);

– an approx. 500 μm external specific coating in-
cluding the powder of 97 % Al2O3 + 3 % TiO2 and
the powder of 70 % ZrO2 + 30 % CaO using a
CastoDyn DS 8000 torch (Table 2).
Following the spraying process, the plates with cera-

mic coatings were cut into samples intended for further
examinations. Adhesion tests of the coatings sprayed
onto the substrates were performed on cylindrical sam-
ples. Metallographic macroscopic examinations of the
sprayed surfaces were undertaken with a stereomicro-
scope with a magnification of 4–25 times.

Table 1: Spraying parameters of the primer coating with Ni-Al-Mo
powder
Tabela 1: Parametri pri napr{evanju podlage s prahom iz Ni-Al-Mo

Torch type: RotoTec 80
Acetylene pressure: 0.7 (bar)
Oxygen pressure: 4.0 (bar)
Distance between the torch and the sprayed
surface: 200 (mm)

12744 Preheating temperature: 40 (°C)
Change in the torch advancement angle
relative to the next coating: 90°

Table 2: Spraying parameters of the external coating with aluminium
oxide and zirconium oxide matrices
Tabela 2: Parametri pri nana{anju zunanjega nanosa z osnovo iz
aluminijevega oksida in cirkonovega oksida

Torch type: CastoDyn DS
8000

Torch tip: SSM 30

Powder flow rate:
for 97 % Al2O3 + 3 % TiO2 powder
for 70 % ZrO2 + 30 % CaO powder

2 (setting acc. to
the manual)

3 (setting acc. to
the manual)

Acetylene pressure: 0.7 (bar)
Oxygen pressure: 4.0 (bar)

Assist. gas (compressed air) pressure: 3.0 (bar)

*The required primer coating made with Ni-Al-Mo powder
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Figure 2: View after flame spraying with 70 % ZrO2 + 30 % CaO
powder: a) structure of specific external coating (C), primer Ni-Al-Mo
coating (B) and base material (A), magn. of 100×; b) structure of
external coating with microhollows and image of binding zone of
external coating with primer coating, magn. of 400×; c) structure of
primer coating over the area of deformed steel with a developed
surface line, magn. of 400×; d) structure of external coating, magn. of
400×
Slika 2: Izgled plamensko nane{enega prahu s 70 % ZrO2 + 30 %
CaO: a) struktura posebnega zunanjega nanosa (C), nanos podlage iz
Ni-Al-Mo (B) in osnovno jeklo (A), pove~ava 100×, b) struktura
zunanjega nanosa z mikro prazninami in posnetek vezivnega podro~ja
zunanjega nanosa z nanosom podlage, pove~ava 400×, c) struktura
nanosa podlage na deformiranem jeklu, z jasno linijo povr{ine,
pove~ava 400×, d) struktura zunanjega nanosa, pove~ava 400 ×

Figure 1: View after flame spraying with 97 % Al2O3 + 3 % TiO2
powder: a) structure of specific external coating (C), primer Ni-Al-Mo
coating (B) and base material (A), magn. of 100×; b) structure of
external coating and image of binding zone of external coating with
primer coating, magn. of 400×; c) structure of primer coating over the
area of deformed steel with a developed surface line, magn. of 400×;
d) structure of external coating, magn. of 400×
Slika 1: Izgled plamensko nane{enega prahu s 97 % Al2O3 + 3 %
TiO2: a) struktura posebnega zunanjega nanosa (C), nanos podlage iz
Ni-Al-Mo (B) in osnovno jeklo (A), pove~ava 100×, b) struktura
zunanjega nanosa in slika vezivnega podro~ja zunanjega nanosa na
vmesni nanos, pove~ava 400×, c) struktura vmesnega nanosa na
deformiranem jeklu z razvito linijo povr{ine, pove~ava 400×; d)
struktura zunanjega nanosa, pove~ava 400×



Metallographic microscopic examinations were
carried out on metallographic microsections perpendi-
cular to the coating, cut from the plates after flame
spraying with the powder matrix of aluminium oxide and
zirconium oxide. The structure of the examined coatings
was revealed on the microsections etched in a 4 % nitric
acid solution (HNO3) and ethyl alcohol solution
(C2H5OH). Metallographic microscopic examinations
were performed with a magnification of 100–1000×. The
grain size in the plate structure was determined with the
comparative method. The thickness of the coatings was
determined with the metallographic method in com-
pliance with ISO 1463 1997.

Table 3: Results of the hardness measurement on the cross-section of
the sample after spraying it with 97 % Al2O3 + 3 % TiO2 powder
Tabela 3: Rezultati meritve trdote na preseku vzorca po napr{enem
nanosu prahu s 97 % Al2O3 + 3 % TiO2

Test area Test point Load (N) HV hardness

External coating
(C)

(97 % Al2O3 +
3 % TiO2)

1 5.0 747
2 5.0 823
3 5.0 910
4 5.0 672
5 5.0 762
6 5.0 747

Primer coating
(B)

(Ni-Al-Mo)

7 0.1 469
8 0.1 353
9 0.1 458

Substrate
material (A)

(S235JR)

10 0.5 226
11 0.5 189
12 0.5 145
13 0.5 131
14 0.5 128
15 0.5 110

Every result was represented by the average value of
ten measurements. The results of the metallographic

microscopic examinations allowed us to evaluate the
structure of the base material, the primer coating and the
specific external coating and their thickness after the
flame-spraying operation (Figures 1 and 2).

The coating-hardness measurement was made with
the Vickers method. The examinations were carried out
in conformity with ISO 6507-1:2007. The load applied
during the hardness measurement was between 0.1 and
5 N. The hardness measurement was made at the cross-
sections of the samples with the ceramic coatings
including the powders of 97 % Al2O3 + 3 % TiO2 and
70 % ZrO2 + 30 % CaO. Fifteen hardness measurements
were made on the cross-sections of the samples, six
measurements were made on the specific external
coating (C), three on the primer coating (B) and six on
the base material (A), in the micro-areas marked in Fig-
ure 3. The results of the measurements are presented in
Tables 3 and 4.

Table 4: Results of the hardness measurement on the cross-section of
the sample after spraying it with 70 % ZrO2 + 30 % CaO powder
Tabela 4: Rezultati meritve trdote na preseku vzorca po napr{enem
nanosu prahu iz 70 % ZrO2 + 30 % CaO

Test area Test point Load (N) HV hardness

External
coating (C)

(70 % ZrO2 +
30 % CaO)

1 5.0 705
2 5.0 479
3 5.0 549
4*) 5.0 1176
5 5.0 961
6 5.0 449

Primer coating
(B)

(Ni-Al-Mo)

7 0.1 446
8 0.1 397
9 0.1 380

Substrate
material (A)

(S235JR)

10 0.5 231
11 0.5 209
12 0.5 245
13 0.5 140
14 0.5 126
15 0.5 127

* The hardness measured on oxide precipitates with a larger area
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Figure 4: Diffraction pattern of the coating flame-sprayed with 97 %
Al2O3 + 3 % TiO2 powder
Slika 4: Rentgenogram plamensko nane{enega nanosa iz prahu s 97 %
Al2O3 + 3 % TiO2

Figure 3: Diagram of hardness measurements at the cross-section of a
sample after flame spraying: C – external specific coating, B – primer
coating, A – substrate material
Slika 3: Prikaz meritve trdote na preseku vzorca po nanosu s
plamenom: C – zunanji specifi~ni premaz, B – nanos podlage, A –
material osnove



X-ray structure tests of the surfaces of the samples
after flame spraying made with an X-ray diffractometer
enabled us to determine the phase compositions of the
external specific surfaces including the powders of alu-
minium oxide and zirconium oxide on the substrate of
the primer coating created using the Ni-Al-Mo powder
and the base material of the S235JR low-carbon steel.
The results of the X-ray qualitative analysis are shown
with diffraction patterns (Figures 4 and 5). Exact exa-
minations of the structures of the coatings were carried
out with an electronic scanning microscope. Metallo-
graphic microsections were viewed with a magnification
of 250–5000×. The results of the examinations with the
scanning microscope allowed us to determine the
influence of the type of the powder used in the spraying

process on the structure of an external specific coating
and the concentration of the elements in the selected
micro-areas. The examples of observing the microstruc-
tures of the external coating and the primer coating are
shown in Figures 6 and 7.

An abrasive-wear-resistance test of the mineral-mine-
ral type of coatings involving the selected powders was
performed on samples with dimensions of 5 mm ×
25 mm × 75 mm in line with ASTM G65. The weight
wear of a sample was determined as a result of the test,
found after (100, 125, 250, 500 and 1500) revolutions of
an abrasive pressure plate. The tests results allowed us to
determine the abrasive-wear resistance of the deposited
coatings. The measurement results of the abrasive-wear-
resistance tests are presented in Table 5.

An erosion-resistance test was carried out in accord-
ance with ASTM G76-95 on the samples with dimen-
sions of 5 × 25 × 75 mm with the coatings involving the
powders of 97 % Al2O3 + 3 % TiO2 and 70 % ZrO2 +
30 % CaO. Aluminium oxide (Al2O3) powder with a
particle diameter of 45–70 μm was used as the erosion
material. The test was undertaken at a molecular velocity
of 70 ± 2 m/s, an erodent flow rate of approx. 2 g/min, a
nozzle outlet-to-sample distance of 10 mm and incidence
angles of the abrasive stream of (90, 60, 30 and 15)°.
The test lasted for 10 min. The results are presented in
Table 6.

The coating-adhesion test Rh (the stripping strength)
was determined with the stripping method involving a
static tensile test, in accordance with EN 582:1996, on
cylindrical samples with a diameter of �40 mm, flame-
sprayed with the powders containing 97 % Al2O3 + 3 %
TiO2 and 70 % ZrO2 + 30 % CaO. The face of a
cylindrical sample with a coating deposited was bonded
to the counter specimen with the Henkel Loctite Hysol
3478 A&B Superior Metal bonding agent with a tensile
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Figure 6: View of the coating after flame spraying 97 % Al2O3 + 3 %
TiO2 powder: a) structure of external coating with primer coating and
base material with visible hollows of a varied size in the external
coating of the sample; b) small amount of hollows in the external
coating in the border area with primer coating; c) structure of external
coating; d) area of base material and primer coating
Slika 6: Izgled nanosa po plamenskem nana{anju prahu s 97 % Al2O3
+ 3 % TiO2: a) struktura zunanjega nanosa z nanosom podlage in
osnovnim jeklom, z razli~nimi vidnimi prazninami razli~ne velikosti v
zunanjem nanosu vzorca, b) malo praznin v zunanjem nanosu na mej-
nem podro~ju z osnovnim nanosom, c) struktura zunanjega nanosa, d)
podro~je osnovnega jekla in osnovnega nanosa

Figure 5: Diffraction pattern of the coating flame-sprayed with 70 %
ZrO2 + 30 % CaO powder
Slika 5: Rentgenogram plamensko nane{enega nanosa iz prahu s 70 %
ZrO2 + 30 % CaO

Figure 7: View of the coating after flame spraying 70 % ZrO2 + 30 %
CaO powder: a) external coating with a small amount of hollows, b)
primer coating, c) structure of external coating, d) area of primer
coating
Slika 7: Izgled nanosa po plamenskem nana{anju prahu s 70 % ZrO2
+ 30 % CaO: a) zunanji nanos z majhnim dele`em praznin, b) osnovni
nanos, c) struktura zunanjega nanosa, d) podro~je osnovnega nanosa
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Table 5: Results of the wear tests for the coatings made of 97 % Al2O3 + 3 % TiO2 powder and 70 % ZrO2 + 30 % CaO powder
Tabela 5: Rezultati preizkusov obrabe napr{enih nanosov s prahom s 97 % Al2O3 + 3 % TiO2 in 70 % ZrO2 + 30 % CaO

Powder
composition Sample No. Revolutions

(n) Test No.
Sample weight
prior to the test

(g)

Sample weight
after the test

(g)

Mass loss
(g)

Average
mass loss

(g)

Volume loss
(mm3)

97%Al2O3+
3%TiO2

S 1.1 1500
1 75.8406 75.0086 0.8320

0.8314 207.852 75.8396 75.0086 0.8310
3 75.8395 75.0084 0.8311

S 1.2 500
1 75.0825 74.6428 0.4397

0.4387 109.662 75.0821 74.6431 0.4390
3 75.0802 74.6427 0.4375

S 1.3 250
1 75.4531 75.2617 0.1914

0.1840 92.002 75.4524 75.2618 0.1906
3 75.4517 75.2816 0.1701

S 1.4 125
1 75.8165 75.6092 0.2073

0.2074 51.852 75.8164 75.6091 0.2073
3 75.8167 75.6094 0.2073

S 1.5 100
1 73.8637 73.7352 0.1285

0.1283 32.072 73.8635 73.7351 0.1284
3 73.8634 73.7355 0.1279

70%ZrO2+
30%CaO

S 2.1 250
1 74.7266 74.0916 0.6350

0.6347 112.342 74.7263 74.092 0.6343
3 74.7262 74.0915 0.6347

S 2.2 500
1 77.6013 76.638 0.9633

0.9633 170.492 77.6014 76.6378 0.9636
3 77.6012 76.6381 0.9631

S 2.3 1500
1 76.9207 75.458 1.4627

1.4626 258.872 76.9205 75.4578 1.4627
3 76.9206 75.4581 1.4625

S 2.4 125
1 76.8146 76.1956 0.6190

0.6190 109.562 76.8148 76.1954 0.6194
3 76.8143 76.1958 0.6185

S 2.5 100
1 78.5391 77.8907 0.6484

0.6485 114.782 78.5394 77.8905 0.6489
3 78.5391 77.891 0.6481

Table 6: Mass-loss values in erosion tests for the coatings made of 97%Al2O3+3%TiO2 and 70%ZrO2+30%CaO powders
Tabela 6: Vrednosti masne izgube pri erozijskem preizkusu napr{enega nanosa iz prahov s 97 % Al2O3 + 3 % TiO2 in 70 % ZrO2 + 30 % CaO

Erodent
incidence angle

(°)

Type of powder sprayed
97 % Al2O3 + 3 % TiO2 70 % ZrO2 + 30 % CaO

Sample mass
prior to the test

(g)

Sample mass
after the test

(g)

Mass loss
(g)

Sample mass
prior to the test

(g)

Sample mass
after the test

(g)

Mass loss
(g)

90o 73.8752 73.8703 0.0049 75.9886 75.9560 0.0026
45o 73.8703 73.8485 0.0218 75.9560 75.9118 0.0442
30o 73.8485 73.8206 0.0279 75.9118 75.8640 0.0378
15o 73.8206 73.8027 0.0179 75.8640 75.8020 0.0620

Table 7: Results of the adhesion tests for the coatings made of 97 % Al2O3 + 3 % TiO2 and 70 % ZrO2 + 30 % CaO powders
Tabela 7: Rezultati adhezijskih preizkusov nanosov napr{enih s prahovi s 97 % Al2O3 + 3 % TiO2 in 70 % ZrO2 + 30 % CaO

Material of the
external coating Sample No.

Sample size Maximum
breaking load

(N)

Adhesion of sprayed coating
(N/mm2)

Sample diameter
(mm)

Cross-section
field (mm2) Rh Rh Av.

*

97 % Al2O3 +
3 % TiO2

1/1 39.4 1218.6 7614.0 6.0
6.51/2 39.0 1193.9 6418.0 5.4

1/3 39.8 1243.5 10095.0 8.1

70 % ZrO2 +
30 % CaO

2/1 39.8 1243.5 4104.0 3.3
3.32/2 39.8 1243.5 4376.0 3.5

2/3 39.5 1224.8 3735.0 3.1
*average value



strength of 17 MPa. The samples, together with the
fixing device, were placed in a tensile-testing machine
and subjected to static stretching until rupture. Tensile
test results allowed us to determine the values of the
force detaching the coatings from the substrate and cal-
culate the adhesion coefficient (Table 7).

A thermal-resistance test was carried out, in line with
ISO 14923:2003, on the samples with the dimensions of
5 × 25 × 75 mm with an external coating including 97 %
Al2O3 + 3% TiO2 and an external flame-sprayed coating
including 70 % ZrO2 + 30 % CaO. Three stages of the
test were determined as no detailed guidance concerning
this type of test was available:

– the first stage – heating to 1050 °C and slow cooling,
together with the oven, at a rate of 40 °C/h;

– the second stage – heating to 1050 °C and cooling
the samples in a stream of compressed air at a rate of
25 °C/s, the cycle was repeated ten times;

– the third stage – heating to 1050 °C and a rapid cool-
ing of the samples in water at a rate of 100 °C/s. The
test result identified the number of the cycle, after
which discontinuities and delamination were visible
on the coating surface (Figure 8).

3 DISCUSSION

After carrying out the spraying process, the visual
examinations did not reveal any sample-surface imper-
fections after flame spraying the 97 % Al2O3 + 3 % TiO2

and 70 % ZrO2 + 30 % CaO powdes. The metallographic
examinations of the microsections perpendicular to the
surface of the sample sprayed with the 97 % Al2O3 + 3 %

TiO2 powder showed that two coatings existed on the
surface of the steel, with a developed surface line: the
primer coating (B) and the external specific coating (C)
(Figure 1a). The 30–110 μm primer coating (B) con-
sisted of bright areas made of the Ni-Al-Mo alloy and
dark oxide inclusions (Figure 1c); it was observed
immediately above the base-material surface (A). A
banded structure of the base material, distinctive for the
strengthening of the steel surface during the shot blasting
of the examined material, existed in the boundary area,
along the primer coating. The external coating, sprayed
on the first buffer coatings, had a thickness varying bet-
ween 450 μm to 510 μm. The coating exhibited nume-
rous voids with different sizes and a waved line of its
external surface (Figure 1d).

After the flame spraying of the steel surface with the
70 % ZrO2 + 30 % CaO powder, the following individual
layers were identified: the primer coating (B) and the ex-
ternal specific coating (C) (Figure 2a). A banded struc-
ture with a considerable plastic deformation, existing on
the thickness of approx. 50 μm, was observed underneath
the primer coating, in the steel. The primer coating
consisted of bright areas of the elements forming the
Ni-Al-Mo powder used for spraying and also of dark
flattened oxides (Figure 2c). The coating was
50–160 μm thick. The external specific coating of about
600 μm exhibited numerous voids with a developed line
of its external surface (Figure 2d).

The specific external coating sprayed with the 97 %
Al2O3 + 3% TiO2 powder had a hardness of 671.8–909.9
HV5. The hardness of the examined micro-areas in the
primer coating was lower, i.e., 353–469 HV01. The hard-
ness of the substrate material in the boundary zone along
the primer coating was approx. 226 HV05, as confirmed
by the occurrence of a narrow heat-affected zone (HAZ)
or by steel-surface strengthening after shot blasting. The
hardness of the external specific coating after the flame-
spraying operation involving the 70 % ZrO2 + 30 % CaO
powder was different, ranging from approx. 449–961
HV5. The hardness measured on oxides with a larger
area in the coating, in the places where oxide precipitates
occurred, was even more than 1176 HV5. Different
hardness results were due to a large number of voids in
the coating. The hardness of the primer coating was from
approx. 380 to approx. 446 HV01, and for the primer
material, it was between 109–230 HV05.

X-ray structure tests allowed us to identify the phases
existing in the structure of the coating after the flame
spraying involving the 97 % Al2O3 + 3 % TiO2 and 70 %
ZrO2 + 30 % CaO powders (Figures 4 and 5). There
were mainly Al2O3, NiAl10O16 and NiAl32O49 phases;
trace amounts of Fe-� were also identified after the
spraying operation resulting in the external coating with
an aluminium matrix (Figure 4). The examinations did
not show any presence of a phase with titanium in this
coating due to its small amount in the content of the
powder for spraying (TiO2 = 3 %). The phase can be
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Figure 8: View of samples after the third stage of thermal-resistance
tests: a) surface of the sample sprayed with 97 % Al2O3 + 3 % TiO2
powder, b) cracks on the surface of the coating made of 70 % ZrO2 +
30 % CaO powder, c) delamination of the coating made of 70 % ZrO2
+ 30 % CaO powder
Slika 8: Izgled vzorcev po tretji stopnji preizkusa toplotne odpornosti:
a) povr{ina vzorca z nanosom prahu s 97 % Al2O3 + 3 % TiO2, b)
razpoke na povr{ini nanosa prahu s 70 % ZrO2 + 30 % CaO, c)
odstopanje nanosa iz prahu s 70 % ZrO2 + 30 % CaO od povr{ine



identified with X-ray tests, provided it exists in the
amount of more than 4 % of mass fraction.

Ten diffraction lines from the Al2O3 phase were
shown in the diffraction pattern, including the maximum
intensity values for planes (113), (116), (124), (030) and
(1.0.10). Four diffraction lines for planes (121), (212),
(400) and (123) of the NiAl10O16 phase and for planes
(201), (321), (332), (122) of the NiAl32O49 oxide phase
were also found. The existence of diffraction lines (100)
and (211) with a small intensity, relating to Fe-�, was
also confirmed. The presence of compound zirconium
and calcium oxides was also revealed in the structure of
the external surface obtained after the spraying operation
involving the 70 % ZrO2 + 30 % CaO powder. Ten peaks
relating to the planes of the CaZrO3 phase and four peaks
relating to the planes of the Ca0,15Zr0,85O1,85 phase occur
in a diffraction pattern (Figure 5). The existence of
peaks with a small intensity for planes (100) and (211),
derived from the Fe� steel surface, was also found.

The results of the wear-resistance test allowed us to
conclude that the flame-sprayed 97 % Al2O3 + 3 % TiO2

coating was more resistant than the coating made with
the 70 % ZrO2 + 30 % CaO powder within the tested
range of revolutions of 100–1500 (Table 5).

It was confirmed, based on erosion-resistance tests,
that the coating made with the 97 % Al2O3 + 3 % TiO2

powder exhibits a higher erosion resistance (determined
with the mass loss) than the coating made with the 70 %
ZrO2 + 30 % CaO powder, except in the case of testing it
at the angle of 90°. In the cases of the erosion tests at the
angles of (45, 30 and 15)°, the mass loss of the sample
with the 93 % Al2O3 + 3 % TiO2 coating was 0.0218,
0.0279 and 0.0179 g, respectively, while for the sample
with the 70 % ZrO2 + 30 % CaO coating, it was higher
by about 50 % (Table 6).

The substrate adherence of the flame-sprayed coat-
ings made with the 97 % Al2O3 + 3 % TiO2 and 70 %
ZrO2 + 30 % CaO powders, determined with a static-
stretching test, involving a detachment of the coating
from the substrate, showed that the adherence of the
coating made of the 97 % Al2O3 + 3 % TiO2 powder was
higher than that of the coating made of the 70 % ZrO2 +
30 % CaO powder, being 6.5 MPa and 3.3 MPa, respecti-
vely (Table 7). The difference between the tensile-
strength and adhesion values was confirmed by inhomo-
geneous microsections of the samples’ surfaces after the
tensile test.

The thermal resistance was investigated with the
method of cyclic heating the samples coated on one side
with the 97 % Al2O3 + 3 % TiO2 coating and 70 % ZrO2

+30 % CaO coating to 1050 °C and cooling them down
at rates of 40 °C/h (in an oven), 25 °C/s (air cooling) and
100 °C/s (water cooling). After heating the samples to
1050 °C and cooling them down using an oven in the
first cycle of the test, compressed air in the next nine
cycles and water after the last cycle, the coating made of
the 70 % ZrO2 + 30 % CaO powder delaminated from

the substrate and cracks were identified on it, along with
the detached coating (Figure 8c). No damages in the
form of delamination were identified for the coating
made of the 97 % Al2O3 + 3 % TiO2 powder; however,
small cracks without broken-out sections were recorded
(Figure 8a).

4 CONCLUSIONS

The following conclusions were formulated based on
the investigations performed and the outcomes obtained
and analysed:
1. Flame spraying with the 97 % Al2O3 + 3 % TiO2 and

70 % ZrO2 + 30 % CaO powders carried out within
the range of the selected parameters allowed us to
achieve high-quality ceramic coatings of approx. 500
μm applied to a steel substrate.

2. The structure of the coating flame-sprayed with the
97 % Al2O3 + 3 % TiO2 powder consisted mainly of
aluminium oxide and a small amount of the
NiAl10O16 and NiAl32O49 phases, while the coating
made of the 70 % ZrO2 + 30 % CaO powder showed
a structure of oxide zirconium phases with calcium.

3. The bonding of the primer coating made of the
Ni-Al-Mo powder with the steel substrate and of the
external coatings made of the 97 % Al2O3 + 3 % TiO2

and 70 % ZrO2 + 30 % CaO powders was of the
mechanical adhesion nature. The ceramic coatings
including the aluminium-matrix powder and zirco-
nium-matrix powder were characterised by their
adhesion to the substrate, being 6.5 MPa and 3.3
MPa, respectively.

4. The coatings achieved, consisting of the 97 % Al2O3 +
3 % TiO2 powder and 70 % ZrO2 + 30 % CaO pow-
der, exhibited the average hardness values of approx.
780 and approx. 720 HV, respectively.

5. The abrasive-wear resistance of the coating made of
the 97 % Al2O3 + 3 % TiO2 powder was higher than
the resistance of the coating made of the 70 % ZrO2 +
30 % CaO powder, and the average erosion-wear
resistance for an erodent incidence angle of less than
90° was higher by approx. 50 %.

6. The coating made of the 97 % Al2O3 + 3 % TiO2 pow-
der exhibited cyclical-heat-stroke resistance, while
the coating made of the 70 % ZrO2 + 30 % CaO pow-
der, heated and cooled in the same conditions,
revealed cracks, chippings and delamination.
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ONE-DIMENSIONAL ELASTO-PLASTIC MATERIAL MODEL
WITH DAMAGE FOR A QUICK IDENTIFICATION OF THE

MATERIAL PROPERTIES

ENODIMENZIJSKI MODEL ELASTOPLASTI^NEGA MATERIALA
S PO[KODBO ZA HITRO UGOTOVITEV LASTNOSTI MATERIALA
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Material parameters for elastic, plastic and damage behavior of low-molecular-weight epoxy resin CHS-EPOXY 520 hardened
with CHS-P 11 are identified in the paper. Uniaxial cyclic static tests were performed on specimens in line with the ASTM
standard D638 - 10 using a Zwick Roell/Z050 test machine with a BTC-Exaclbi.001 clip-on biaxial extensometer. Poisson’s
ratio and tensile strength were calculated directly from the test results. Other parameters were identified using a combination of
a one-dimensional material model, which assumes the infinitesimal strain theory and takes into account elastic, plastic and
damage behavior and the optimization method. The model is coded in Python and the values of the material parameters are
identified using the optiSLang optimization software. The optimization process uses simple design improvement and
gradient-based algorithms with the goal to minimize the difference between the force-elongation curves recorded during the
tests and those calculated with the proposed model.

Keywords: epoxy, identification, optimization, elasticity, plasticity, damage

V ~lanku so opredeljeni parametri epoksi smole z majhno molekulsko maso CHS-EPOXY 520, utrjeno z CHS-p 11, pri
elasti~nem, plasti~nem obna{anju in pri po{kodbi. Enoosni stati~ni cikli~ni preizkusi so bili izvedeni na vzorcih, ki ustrezajo
ASTM standardu D638-10, z uporabo Zwick Roell/Z050 preizkusnega stroja z name{~enim dvoosnim ekstenziometrom
BTC-Exaclbi.001. Poissonov koli~nik in natezna trdnost sta bili izra~unani neposredno iz rezultatov preizkusov. Drugi
parametri so ugotovljeni s kombinacijo enodimenzijskega modela materiala, ki predpostavlja infinitezimalno teorijo napetosti in
ki upo{teva obna{anje v elasti~nem, plasti~nem in ob po{kodbi ter metodo optimizacije. Model je kodiran v Pythonu in
vrednosti parametrov materiala so ugotovljene z uporabo optiSLang programske opreme za optimizacijo. Proces optimizacije
uporablja enostavno izbolj{anje oblike in algoritme, ki temeljijo na gradientu, s ciljem po zmanj{anju razlike med krivuljo sila –
raztezek zabele`ene med preizkusom in izra~unane z uporabo predlaganega modela.

Klju~ne besede: epoksi, identifikacija, optimizacija, elasti~nost, plasti~nost, po{kodba

1 INTRODUCTION

A model simulating one-dimensional pure tensile,
compressive or shear tests is proposed. This approach is
able to predict a one-dimensional response of materials
with elastic, plastic and damage behavior. The model is
based on the idea to reduce the computational time
necessary to identify characteristic parameters of the
tested material. The presented model is not necessarily,
or primarily, meant to be used for the final identification
of material parameters; it can only be used for investi-
gating the starting values or boundaries of the parameters
in the subsequent identifications performed using, e.g., a
finite-element model1,2 or other models.3 The model is
written in free-licensed programing language Python
using only widely used and common modules numpy,
matplotlib, os and pickle. Pre-processing of the experi-
mental results for the further identification process is
also performed in Python. The paper presents results for
pure epoxy resin; nevertheless, the model is not limited
to such type of material.

2 SPECIMENS AND THE EXPERIMENT

Nine specimens shaped according to ASTM standard
D638-10 (Figure 1) were cut from a rectangular plate
with dimensions of approx. 140 mm × 250 mm. The
specimens were made of low-molecular-weight epoxy
resin CHS-EPOXY 520 hardened with CHS-P 11. The
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Figure 1: Dimensions of the specimens
Slika 1: Dimenzije vzorcev



air from the mixture was removed with a vacuum pump
and the resin was then cured at atmospheric pressure,
which increased the quality of the epoxy resin by
reducing the number and volume of bubbles.

A ZWICK ROELL/Z050 test machine with a
BTC-EXACLBI.001 clip-on biaxial extensometer was
used for the experimental tests.

The specimens were subjected to cyclic tensile tests.
During each cycle, unloading was started every time the
elongation between the extensometer arms (the gage
area) exceeded a multiple of �l = 0.02 mm. During the
corresponding cycle, loading started when the tensile
force decreased below the multiple of 30 % of the force
at the start of the unloading. All the tests were performed
at room temperature of 22 °C. Figure 2 shows a typi-
cally cracked specimen with a rupture.

3 MATERIAL MODEL

The free-energy-function method was used for the
formulation of the model.4,5 In this paper, the free-energy
function � is proposed in the form of the sum of elastic,
plastic and damage parts:

�
�

� �	� � 
	��

��

= − + +
⎡

⎣
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⎤
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⎥∫∫

1 1

2
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where � is the density of the material; E is Young’s
modulus; D is the damage factor; �E is the elastic strain;
� P is the equivalent plastic strain; R is the hardening-
associated quantity; � is the damage variable; and B is
the damage-associated quantity. Generalized forces are
described in more detail below. The stress is calculated
in Equation (2) as:

 �
�

�
�= = −

∂
∂ E

EE D( )1 (2)

where stress  is considered as the nominal stress acting
in the whole area of the cross-section of a specimen.
Stress �D is the stress acting in the undamaged area of
the cross-section of a specimen:4
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The damage-associated energy, in this case identi-
cally equal to the strain energy density of the undamaged
material, is

Y
D
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2
2( )E (4)

The hardening-associated quantity, which defines the
plastic material behavior, is:

R( )� �
�

�
P

P=
∂
∂

(5)

And the damage-associated quantity, which defines
the damage material behavior, is:

B( )� �
�

�
=

∂
∂

(6)

The model is considered as a nonlinear material and
the infinitesimal-strain theory is used in Equation (7):

�
�

=
l

l
(7)

where � is the total strain; �l is the elongation of the
gage area and l is the original length of the gage area.
The elasto-plastic decomposition of the axial strain � is
also considered:6,7

� � �= +E P (8)

where �P is the plastic strain. The function of plasticity
decides whether the plastic flow will be present. It is
proposed in the following form:

F R RP
r

y
r

P= − = − + ≤   �( ( ))0 0 (9)

where r =  D , which implies the assumption that the

plastic flow is present only in the undamaged part of the
cross-section and that the plastic flow will occur in
tension as well as in compression; y is the yield stress
and R0 is the initial yield stress. The function of damage
is proposed in the following form:

F Y B BD
r= − + ≤( ( ))0 0� (10)

where Yr ≡ Y, therefore, as in the case of plasticity, no
distinction between the tensile and compressive damage
is considered; B0 is the energy necessary for the damage
initiation.

Rates of quantities are expressed below. Time deri-
vatives ("·") are replaced by time step changes ("�")
because all the analyses were performed as quasi-static.
The change in the plastic strain ��P is:

�� ��


�� P P
P

P sign= =
∂
∂
F

( ) (11)

where ��P is the plastic multiplier. The change in the
equivalent plastic strain �� P is:

�� �� ��P P
P

P= − =
∂
∂
F

R
(12)

The change in the damage factor �D is:

� �� ��D
F

Y
= − =D

D
D∂

∂
(13)

where ��D is the damage multiplier. The change in the
damage variable is:
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Figure 2: Cracked specimen
Slika 2: Prelomljen vzorec
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If inequalities (9) and (10) are fulfilled, the calcu-
lation of responses is simple. Otherwise, the changes of
the unknown variables (��P, �� P , �D, ��, ��P, ��D)
must be calculated. The following section shows the
solution of this problem in the presented model.

4 CALCULATION OF RESPONSES

The calculation of the unknown variables is per-
formed in several steps.

1. The so-called trial state is used. Firstly, the change
in the total strain is considered only as a change in the
elastic strain, which leads to:

� � ��trial
E E= +t (15)

where � trial
E is the trial value of the elastic strain; � t

E is
the elastic strain at the end of the previous time step and
�� is the change in the total strain in the present time
step. Trial values of the other quantities are considered
as the values at time t. The values of the plasticity and
damage functions are calculated using (9) and (10). If
the inequalities in the mentioned equations are fulfilled,
no plastic or damage quantities are changed and the trial
values of strain and stress calculated using (2) are con-
sidered as the values in time t+�t and the calculations
for the time step are finished. Otherwise the return
mapping algorithm described in step 2 is used.

2. Using relations:

�� � � � �P
trial
E E (16)

and

�� � � � �P P
trial
P (17)

and the fact obvious from relations (13) and (14) that D
= � = �D, the set of six equations from (9) to (14) can be
transformed into the set of two equations with two
unknowns (�E and D).

The first equation has the following form:

E R K n� � �E
R

P R− =0 0( ) (18)

where KR and nR are the shape parameters of the hard-
ening function. The equivalent plastic strain � P is cal-
culated as:

� � � � �P
trial
P

trial
P E Esign= + −( ) ( )E (19)

where � trial
P is the trial value of the equivalent plastic

strain. The term in the shape of the classical power law
used in Equations (9) and (18):

 �
y nR K= −0 R

P R( ) (20)

is the hardening function.
The second equation is:

1

2
02

0E B B D( ) ( ( ))�E − + = (21)

where term (B0 + B(D)) defines the damage behavior of
the material.

Equations (18) and (21) can be solved separately. The
first equation (18) needs to be solved numerically. In the
present paper, �E is obtained with the golden-section
method in the interval � ��� �trial

P
trial
P− . Other variables

can be calculated from relations (16) and (19).
The solution of the second equation (21) can be

written in the explicit form. It is not necessary to know
the exact shape of function B = B(�) = B(D) because it is
only necessary to define inverse function B–1 = B–1(Y) =
B–1(�E). Then
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where �0
E is the initial strain for the damage evolution

and B0 is assumed in the following form:
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The exact shape of D is, in this paper, proposed in the
following form:
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where Du is the ultimate damage factor, for which the
total failure of the material occurs; KB and �r are the
parameters of the damage-factor dependency defining
the position of the inflection point of the damage curve;
� f

E is the strain at which failure occurs and a1 and a2 are
the shape parameters.

3. Once the plastic strain, damage factor and all the
other variables including the stress are known, the next
time step can be solved.

The model includes 11 material parameters sum-
marized in Table 1.

The calculation of the whole analysis of the cyclic
tensile test with almost 3000 time steps is done in less
than 1 second on the machine with Intel® Core�
I7-4790, a four-core CPU, running at the frequency of
3.60 GHz using Windows 7 operating system with an
SSD disk.
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Table 1: Material parameters
Tabela 1: Parametri materiala

Parameter Units Meaning
E Pa Elastic modulus
R0 Pa Initial yield stress

Kr Pa Shape parameter of the hardening
curve

nR – Shape parameter of the hardening
curve

Du – Maximum value of damage that the
material can absorb before failure

KB – Coefficient defining the position of
the inflection point

�0
E – Initial elastic strain for damage

�f
E – Strain at which failure occurs

�r
E

– Strain defining the position of the
inflection point

a1 – Shape parameter of damage curve
a2 – Shape parameter of damage curve

5 IDENTIFICATION

Raw experimental data are pre-processed for the
further identification. Important data points such as the
maxima and minima of the loading cycles and cross
points are found (Figure 3). Averaged values of these
points serve as the target for the further identification.

In order to identify the material parameters, the diffe-
rence between numerical and experimental results is
minimized. Function r defining this difference is the
so-called total residual. It is the sum of five particular
residuals and it is minimized in the identification
process.

The first residual is the difference between tensile
curves rL:
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where superscripts E and N stand for the experimental
and numerical analysis, respectively; NL is the number

of points, in which the curves are compared (the number
of Pmax points); �li is the elongation of the specimen
related to the point Pmax and the denominator Fmax

E is the
maximum force in the target curve used as the weight
coefficient.

According to Figure 3, the target for tensile curves in
the experiment is considered as the connection of Pmax

points. Pure epoxy shows a negligible difference bet-
ween points Pmax and Pint unlike the other materials such
as textile composites, rubber, etc. In a numerical analy-
sis, if a model does not consider viscoelasticity (which is
true of the presented model) these two points coincide.
Figure 4 shows the idea of a comparison of the tensile
curves and the calculation of residual rL.

The second residual rK is the difference between the
tangents of the unload-load cycles of the experimental
data kE and numerical data kN:
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where NK is the number of the points, in which the
curves are compared; Δli is the elongation of the speci-
men related to the point Pmax and the denominator is the
maximum value of the tangent in the experiment used as
the weight coefficient. The tangents k are the first
derivatives of the straight line connecting points Pmax

and Pmin (Figure 3).
The third residual rmF is the difference between the

values of the maximum forces:
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where Fmax
N is the maximum force reached in the

numerical analysis and Fmax
E is the value from the target

function.
The fourth residual rmD is the difference between the

values of the elongations related to the points of maximal
forces:
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Figure 4: Comparison of the tensile curves
Slika 4: Primerjava nateznih krivulj

Figure 3: One unload-load cycle and important points
Slika 3: En cikel razbremenjeno – obremenjeno in pomembne to~ke



where Δl Fmax
N and Δl Fmax

E are the elongations related to
the points where force-elongation curves reached their
maxima of the force in the numerical analysis and in the
experiment.

Finally, the fifth residual rE is the difference between
the values of the force measured after brittle crack (zero
values) and the forces calculated in the numerical
analysis, subsequent to the point where the curve reaches
its maximum:
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This particular residual is used to induce the model to
get to the state where the brittle crack occurs.

Once the particular residuals are known, the total
residual can be calculated as:

r r r r r r= + + + +L T mF mD E (33)

Optimization software OptiSLang 3.2.3. was used.
Gradient and simple design improvement algorithms
were used.8

6 RESULTS

Figure 5 shows the force-elongation dependency.
Note that the deviation of the maximum forces in the
experiments is not negligible.

Considering the deviation of the experimental results,
the identified dependency shows sufficient agreement;
nevertheless, it is slightly more curved than the experi-
mental target.

Figure 6 shows the comparison of the results for the
calculated tangents of the unload-load cycles. The first
cycle was ignored because of the influence of the
inaccuracies of the experimental results for low loading

forces. The comparison of the curves is performed within
the interval where all the measured specimens provide
the necessary data. The first specimen reached its
strength limit at an elongation of about 0.25 mm. The
justification for this choice is as follows: after reaching
the mentioned elongation limit, significant jumps in the
dependence of the averaged experimental results occur
because of the disappearing data from each cracked
specimen.

Figure 7 shows the identified hardening function.
Dependency of the damage factor on the elastic strain

is shown in Figure 8. The modulus ED = E(1 – D)
occurs right before the brittle fracture and equals
3.55 GPa and the damage factor is D = 0.47 (see the gray
circle in Figure 8).

The identified material parameters including those
calculated directly from the experiment are given in
Table 2.
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Figure 7: Hardening function
Slika 7: Funkcija utrjevanja

Figure 5: Force-elongation dependency. Dots represent points Pmax .
Grey bold line is the target experiment; black bold line is the nume-
rical analysis.
Slika 5: Odvisnost sile od raztezka. To~ke predstavljajo Pmax. Siva,
oja~ana linija je cilj preizkusa, ~rna oja~ana linija je numeri~na ana-
liza.

Figure 6: Tangent of unload-load cycle vs. elongation. Grey bold line
is the target experiment; black bold line is the numerical analysis.
Dots represent tangents k for each cycle in each experiment.
Slika 6: Tangenta na cikel obremenjeno – razbremenjeno, raztezek.
Siva oja~ana krivulja je cilj raziskave, ~rna debela krivulja je nume-



Table 2: Identified parameters. Parameters with * were calculated
directly from the experimental results.
Tabela 2: Ugotovljeni parametric. Parametri ozna~eni z *, so bili
izra~unani neposredno iz eksperimentalnih rezultatov

Parameter Value Unit
E 6.64 GPa
R0 0.00 MPa
KR 149.19 GPa
nR 1.10 -
Du 0.76 -
KB 0.62 -
�0

E 0.00 %
�r

E 0.46 %
�f

E 1.17 %
a1 2.48 -
a2 6.95 -
v* 0.29 -
S* 41.67 MPa

7 CONCLUSION

A relatively simple and effective algorithm for the
calculation of the response of a material, showing elastic,
plastic and damage behavior is proposed. The plastic and
damage-flow problems are solved separately. A set of

equations is transformed into a single nonlinear equation
in the case of the plastic-flow problem and the equation
is solved with the golden-section algorithm, which is
extremely effective. The other set of equations that need
to be solved in order to calculate the damage factor is
transformed into one explicit formula for calculating the
damage factor.

An appropriate identification process is proposed and
its effectivity is shown in the case of the cyclic tensile
tests of pure epoxy resin. The function that is minimized
during the identification process is the sum of five inde-
pendent residuals, each quantifying a difference between
experimental and numerical results. These residuals
express the differences between tensile-elongation
dependencies and the values of the tangents of the
unload-load cycles, the distance between the point of the
maximum force reached in force and elongation direc-
tions and the value of the force after the brittle fracture
of the specimen is minimized. The model and the iden-
tification process are robust and time effective.
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Figure 8: Damage function. Grey circle shows the initiation of brittle
fracture and the final failure of the material.
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On the basis of long-term chemical, mineralogical and granulometric analyses it was concluded that concrete recycled materials
are usable for the production of Portland cement clinkers. However, they should be combined with high-calcium limestone,
because even the finest undersize fraction has a relatively low CaO content, usually not exceeding 10 % of mass fractions.
Furthermore, it was concluded that batching recycled materials with high-calcium limestone in a ratio of about 1:3 can produce
Portland cement clinker of the same quality as common commercial clinker. However, there is an issue with the preparation of
the cement clinker in the very low reactivity of the raw-material mixture containing high-calcium limestone and an increased
content of silica in the concrete component. In order to improve the reactivity of the raw-material mixture modifications with
fluxes for clinker production were proposed. An undersize fraction of recycled concrete of 0-8 mm and high-calcium limestone
were used to prepare the raw-material mixtures. Gypsum, CaSO4·2H2O, fluorite, CaF2, and sodium fluorosilicate, Na2SiF6 were
chosen as suitable additives. The prepared samples of raw-material mixtures were assayed for reactivity during the cement
clinker firing process using the kinetic method. After the evaluation of the obtained results, a sample modified with the most
effective grinding aid was burned in an operation rotary kiln. The effectiveness of the modifications was evaluated based on the
phase composition of the burned cement clinker and by determining the technological properties.

Keywords: Portland clinker, high-calcium limestone, concrete recycled materials, gypsum, fluorite, sodium fluorosilicate

Na osnovi dolgotrajnih kemijskih, mineralo{kih in granulometrijskih analiz je mogo~e zaklju~iti, da so reciklirani betonski
materiali uporabni za izdelavo Portland cementnih klinkerjev. Vendar pa morajo biti kombinirani z apnencem z visoko
vsebnostjo kalcija, ker ima tudi najdrobnej{a frakcija relativno majhno vsebnost CaO, obi~ajno pod 10 masnih %. Poleg tega je
mogo~e zaklju~iti, da so serije recikliranih materialov z apnencem z visoko vsebnostjo kalcija v razmerju okrog 1:3, primerne
za izdelavo Portland cementnega klinkerja, enake kvalitete kot je obi~ajen komercialni klinker. Vendar pa je vpra{anje, kako
pripraviti cementni klinker pri nizki reaktivnosti me{anice surovin, ki vsebuje apnenec z visoko vsebnostjo kalcija in pove~ano
vsebnost kremena v betonski komponenti. Da bi izbolj{ali reaktivnost me{anice surovin za proizvodnjo klinkerja, so bile
predlagane modifikacije me{anice s talili. Najdrobnej{a frakcija recikliranega betona od 0–8 mm in apnenec z veliko vsebnostjo
kalcija sta bili uporabljeni za pripravo me{anice surovin. Mavec, CaSO4·2H2O, fluorit, CaF2 in natrijev fluorosilikat, Na2SiF6 so
bili izbrani kot primerni dodatki. Pripravljeni vzorci me{anice surovin so bili z uporabo kineti~ne metode preizku{eni na
reaktivnost med postopkom `ganja cementnega klinkerja. Po oceni dobljenih rezultatov je bil vzorec, modificiran z najbolj
u~inkovitim bru{enjem, `gan v rotacijski pe~i. U~inkovitost modifikacije je bila ocenjena na osnovi sestave faz `ganega
cementnega klinkerja in z dolo~itvijo tehnolo{kih lastnosti.

Klju~ne besede: Portland klinker, apnenec z veliko vsebnostjo kalcija, reciklirani betoni, mavec, fluorit, natrijev fluorosilikat

1 INTRODUCTION

The basic raw material used in the cement industry is
limestone. It is a rock that together with dolomite con-
stitutes four fifths of all the sediments on the Earth’s
surface. For this reason its deposits may appear virtually
inexhaustible. In spite of this, the overview of limestone
mining in the second half of the 20th century alone
indicates that these large industrially-useable deposits
are soon to shrink substantially with the current accele-
rating rate of mining. However, seeing as modern society
produces a large amount of waste, such as FBC ashes
and demolition waste, the possibility arises to process
these as secondary raw-material resources for the pro-
duction of building materials. As far as demolition waste
is concerned, they are used mainly in the production of
recycled materials that are well-established today as

secondary aggregate. Only their finest, undersize frac-
tion, typically from 0 mm to 8 mm, does not find
sufficient use. It is this finest fraction that contains the
highest content of the original cement mortar whose che-
mical composition can approach that of raw materials for
clinker burning. Based on long-term, chemical-mineralo-
gical analyses at our institute, the conclusion was
reached that the recycled materials are applicable in the
burning of Portland clinkers. However, they must be
combined with high-calcium limestone. Based on
laboratory and pilot plant burning in a model rotary kiln,
the optimal batching ratio was determined at 1 : 3. This
batching delivers Portland clinker of the same quality as
common commercial clinker. Nevertheless, the issue
with obtaining clinker in this way is in the very low
reactivity of the raw-material mixture containing
high-calcium limestone and increased silica content in
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the concrete component. For this reason it is necessary to
address the improvement of reactivity of a mixture
designed this way.1–4

One option is to use fluxes or mineralizers. These
substances have the capacity to intensify the rate of
clinker formation and have positive effects on the proper-
ties of the clinker.5,6 Fluorides, sulfates, carbonates,
chlorides, alkaline and metal oxides or various com-
binations have been widely studies and their favorable
effect on the rate of clinkerization was reported.7–12

2 METHODOLOGY

The recycled material was made with recycled con-
crete of the undersize fraction of 0-8 mm and high-cal-
cium limestone; their chemical analysis is in Table 1.
The undersize fraction of recycled concrete was sorted in
a ball mill 15 w/% remainder on a 0.09 mm screen. The
high-calcium limestone was sorted in a similar way. Both
the basic raw materials were then batched at the ratio
recycled concrete : high-calcium limestone 1 : 3; this
ratio was previously determined to be optimal. After
batching and thorough homogenisation of both raw
materials, ca. 100 g samples of recycled materials were
prepared, modified by the chosen additives; i.e. gypsum,
dosed at concentration of 1, 2, and 3 w/%, fluorite, tested
at concentrations of (0.5, 1, 1.5 and 2) w/%, and sodium
fluorosilicate dosed at (0.1, 0.5 and 1) w/%. The pre-
pared samples were then tested for reactivity during
clinker firing using the kinetic method. The effectiveness
of the modifications was determined on the basis of the
phase composition of the clinker.

Table 1: Chemical composition of input components
Tabela 1: Kemijska sestava vhodnih sestavin

Component
Component content (%)

Recycled concrete
0–8 mm Limestone

SiO2 63.29 1.02
TiO2 0.38 0.05
Al2O3 9.87 0.57
Fe2O3 2.59 0.20
MnO 0.07 0.01
MgO 1.56 0.34
CaO 9.39 54.70
Na2O 1,72 0.01
K2O 3.38 0.13

loss on ignition 7.39 42.99
SO3 0.43 0.05
Total 100.07 100.07

After the reactivity had been evaluated the clinker
was burned in a laboratory model rotary kiln in an
amount of 5 kg from the raw material of the highest
reached reactivity. After burning, the clinker was put to
phase analysis by means of microscopy point integration
and X-ray diffraction analysis. Then it was sorted
together with 5 w/% gypsum in a ball mill into cement at

a specific surface of 375 m2·kg–1. The cement thus
produced was tested for basic technological properties,
i.e. granulometry, initial and final setting time and
compressive and flexural strengths.

3 REACTIVITY DETERMINATION

The kinetic method of determining raw-material
reactivity permits a separated evaluation of the influence
of mineral resources and the influence of the means of
raw-material preparation on the rate of clinker creation
in the clinkering zone of the rotary kiln. The basis of the
kinetic method is isothermal burning of the clinker at
1430 °C and its quantitative phase analysis by means of
microscopy. Based on this analysis the rate constant K of
the reaction producing alite (C + C2S = C3S) is calculated
from the kinetic Equation (1):

K . t = [1 - 3�(1 - �)]2 (1)

where:
� ….. conversion level CaO to C3S
t ….. time of isothermal burning
K ….. rate constant

For the reactivity of raw material Rm it follows
Equation (2):

Rm = K / Ks (2)

where: Ks ….. rate constant of comparative raw mate-
rial.

The reactivity of the raw material Rm thus expressed
constitutes the relative rate of isothermal formation of
clinker from the raw material at a medium temperature in
the clinkering zone of a rotary kiln. It includes the in-
fluence of all reactivity factors, which divided into
uninfluenced factors of the raw resource (mineralogical
composition and microstructure, the content of secon-
dary oxides, etc.) and influenced factors of the raw-ma-
terial preparation (composition, granulometry, homo-
geneity). The effect of the uninfluenced factors on
reactivity can be determined during the standardization
of the influenced factors, i.e., the preparation of raw
materials with the same chemical and granulometric
compositions. Because the practical implementation of
this process is very difficult, it is carried out by
calculation based on a knowledge of the mechanism and
the kinetics of clinker production. In doing so, the results
of the phase analysis of the determination Rm are used,
supplemented by a screen analysis of the raw material.
Thus, the following applies for the reactivity of the
raw-material resource:

Rz = k / ks (3)

where:
k ….. rate constant of raw the material with stan-
dardized parameters of preparation
ks ….. rate constant of comparative raw material with
standardized parameters of preparation
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The results of the determination of the phase com-
position and reactivity are shown in Table 2, Table 3 and
Table 4 for samples of the raw material with the indi-
vidual modification additives. Besides these there are
values determined for the reference sample of the raw
material without additives.

Table 2: Raw material with added gypsum
Tabela 2: Surovina z dodatkom mavca

Raw
material

Content of phase (w/%)
Reference

sample
1 %

gypsum
2 %

gypsum
3 %

gypsum
C3S 25.6 25.0 21.5 19.5
C2S 48.7 49.1 51.8 53.8
MH 17.2 16.6 17.4 16.9
Cfree 8.5 9.3 9.2 9.8
pore 35.6 37.5 37.8 38.0
C3Srov 61.5 64.2 60.4 60.8
C2Srov 21.3 19.2 22.4 22.3

Reactivity
Rm 0.18 0.15 0.12 0.10
Rz 0.25 0.23 0.18 0.14

Table 3: Raw material with added CaF2

Tabela 3: Surovina z dodatkom CaF2

Raw
material

Content of phase (w/%)
Reference

sample
0.5 %
CaF2

1 %
CaF2

1.5 %
CaF2

2 %
CaF2

C3S 25.6 35.2 38.4 40.8 42.2
C2S 48.7 42.3 38.7 39.2 36.6
MH 17.2 15.7 16.3 15.0 15.7
Cfree 8.5 6.8 6.6 5.0 5.5
pore 35.6 35.4 38.3 36.1 39.0
C3Srov 61.5 63.9 66.2 61.9 65.4
C2Srov 21.3 20.4 17.5 23.1 18.9

Reactivity
Rm 0.18 0.36 0.42 0.60 0.57
Rz 0.25 0.55 0.63 0.97 0.90

Table 4: Raw material with added Na2SiF6

Tabela 4: Surovina z dodatkom Na2SiF6

Raw
material

Content of phase (w/%)
Reference

sample
0.1 %

Na2SiF6

0.5 %
Na2SiF6

1 %
Na2SiF6

C3S 25.6 30.9 36.5 40.2
C2S 48.7 45.3 42.4 38.1
MH 17.2 16.9 16.5 16.3
Cfree 8.5 6.9 4.6 5.4
pore 35.6 34.3 36.8 39.0
C3Srov 61.5 60.0 55.9 63.0
C2Srov 21.3 23.1 27.6 20.7

Reactivity
Rm 0.18 0.30 0.59 0.55
Rz 0.25 0.43 0.89 0.85

The results presented in the tables show that the
reactivity of the raw material of the reference non-
modified sample is very low. The modification by
gypsum influenced the reactivity of the raw material in

the opposite way to what was assumed. Not only did it
not increase the reactivity, it significantly reduced it at
gypsum concentration of 2 w/%. Furthermore, an
increased SO3 content in the raw material caused an
adverse increase of belite content at the expense of alite.
On the other hand, fluorite had a very good influence on
the reactivity of the raw material. With an increased
content of this additive the values of the reactivity
increased and the maximum was reached at 15 w/%
dose. At the same time CaF2 had a positive influence on
the formation of alite and as its content increased, so did
the alite content in the clinker. Na2SiF6 also had a
positive effect on the reactivity of the raw material. The
maximum values of the effectiveness were between 0.5
and 1 w/%, but the maximum values were a little lower
than in the case of fluorite use. For a good reactivity of
the raw material, the modification by fluorite with a
concentration of 1.5 w/% was determined to be the
optimum one and thus the raw material of this com-
position was used in further testing. It should be noted
that this modification was very successful because
reactivity afforded Rm = 0.59, respectively Rz = 0.89 is
higher than, e.g., the reactivity of the raw material from
the Mokra cement factory with its values Rm = 0.52, Rz =
0.51.

4 PILOT PLANT BURNING

For pilot-plant burning the raw material with the
additive 1.5 w/% CaF2 was converted into the form of
compacted pieces by means of its homogenization with
1 % dextrin and water and subsequent processing using a
plodder machine. The thus prepared and dried pieces
were put in a model rotary kiln where they were burned
at 1550 °C. Cooling in the conditions of this burning was
performed by sudden free fall of the clinker in the air out
of the heating end of the kiln.

A qualitative representation of each phase of the
burnt clinker was observed by means of X-ray diffraction
analysis. A dominant content of alite was identified as
well as the presence of belite was apparent only through
diffraction dhkl = 0.2403 nm, diffractive lines C3A and
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Figure 1: X-ray diffraction pattern of clinker: A – alite, B – belite, C –
C3A
Slika 1: Rentgenogram klinkerja: A – alit, B – belit, C – C3A



C4AF were featureless, see the X-ray diffraction pattern
in Figure 1.

The phase analysis carried out by means of micro-
scopic point integration of the burnt sample identified it
as a clinker with a dominant content of alite, a relatively
high content of belite and C3A, and, on the other hand, a
reduced amount brown millerite a slight remainder of
free CaO (Figure 2). Alite formed hypautomorphic to
automorphic crystals with a high degree of mutual
coalescence. The average size of the alite crystals ranged
from 25 μm to 30 μm, while there were plentiful inclu-
sions of alite in belite. Belite formed the usual oval
agglomerates of grains with an average size of 15 μm to
20 μm. Free CaO occurred only sporadically in the form
of clusters of globular grains in alite areas. Quantitative
phase composition of the burnt clinker is in Table 5.

Table 5: Phase composition of burnt clinker determined microscopi-
cally
Tabela 5: Sestava faz `ganega klinkerja, dolo~ena z mikroskopom

Phase Content of phase (w/%)
C3S 55.6
C2S 25.9
C3A 12.1

C4AF 5.8
CaOfree 0.6
Total 100.0

5 TECHNOLOGICAL PROPERTIES OF THE
BURNT CLINKER

The pilot-plant burnt clinker was milled with 5 w/%
gypsum into cement with a specific surface of 375
m2 kg–1. Then it was tested for technological properties;
the results together with the results of the properties of
the reference cement are shown in Table 6. The refe-
rence cement was prepared using the same procedure as

above with commercial clinker collected in the cement
factory Mokra.

Table 6: Technological properties of alite cement
Tabela 6: Tehnolo{ke lastnosti alit cementa

Observed property Reference
sample Alite cement

Specific surface Blaine (m2 kg–1) 375 375
Water-cement ratio (%) 26.1 29.0

Initial setting time (h min) 3:05 2:05
Final setting time (h min ) 6:45 5:00

Compressive strength (MPa)
1 d 23.2 28.6
3 d 45.5 54.8
7 d 46.6 63.8

28 d 56.1 76.5
Flexural strength (MPa)

1 d 6.6 8.5
3 d 9.1 13.6
7 d 10.6 15.9

28 d 11.6 16.9

The results shown in the table indicate that at the
same specific surface of the two compared cements, the
reference cement showed a slightly lower value of
water-cement ratio. The difference is probably connected
with a slightly different phase composition of both
clinkers. It is also evident that the tested cement, com-
pared to the reference, has a shorter initial and setting
time. This difference is related to the phase composition
of the pilot-plant burnt clinker, respectively, with a rela-
tively high proportion of C3A. The compressive strength
values of the tested cement were after all the observed
hydration times higher than the reference sample’s
strength on average by 30 %, and even the flexural
strength was higher by 50 %. The main cause of this
phenomenon can probably be considered to be the higher
hydraulicity of the burnt clinker, given its modification
by fluorite.

6 CONCLUSIONS

The insufficiency of preparation and pilot-plant pro-
duction of Portland clinker based on recycled concrete
and high-calcium limestone, which lay in the low reac-
tivity of the raw material, has been removed by modi-
fying with fluorite. At a dose of 1.5 w/% of this additive
in the raw material reactivity has improved so much that
it even exceeded that of the normal raw material from the
cement factory Mokra. It can be concluded that recycled
concrete materials are utilizable for Portland cement
burning in combination with high-calcium limestone.
Because the resources of high-calcium limestone can
also be found in existing waste materials, such as sugar
factory sludge etc., their combination may represent not
only the economic benefits, but particularly in the future,
a contribution to the transition to non-waste technology
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Figure 2: Microstructure of clinker: 1 – alite, 2 – belite, 3 – C3A and
C4AF, 4 – pore
Slika 2: Mikrostruktura klinkerja; 1 – alit, 2 – belit, 3 – C3A in C4AF,
4 – pore



too, and thus contribute to the protection of raw-material
resources.
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Presented is research work concerning the possibility of applying new materials for the preparation of ceramic shell moulds.
Most of the methods for the fabrication of ceramic slurries for investment casting are based on alcohol binders. This is one of
the first researches focused on the preparation of ceramic slurries using a new, ecological method based on water-soluble
binders. The work presents the rheological properties of ceramic slurries based on silicon carbide and new binders, i.e.,
polyvinyl alcohol and two polyacrylic binders. The rheological properties of the investigated slurries were modified by the
addition of 15 % of mass fractions of the binders in the solution form. The solid phase content in the ceramic slurries was 62.5
% of mass fractions. Standard industrial parameters such as pH, density, Zhan 4# Cup viscosity and apparent viscosity
determined by a rheometer were studied. The grain size of the silicon carbide powder was determined by SEM observations.
The ceramic slurries were fabricated using a mechanical mixer, and the mixing time was 96 h. The results showed that the
ceramic slurries were stable vs. time and met standard industrial requirements. The ceramic slurries have very promising
properties and they are very promising for future shell moulds fabrication.

Keywords: ceramic shell moulds, silicon carbide, binder, rheological properties, ceramic slurries

Predstavljeno je raziskovalno delo o mo`nostih uporabe novih materialov za pripravo kerami~nih form. Ve~ina metod priprave
kerami~ne suspenzije za precizijsko litje temelji na alkoholnih vezivih. To je ena od prvih raziskav usmerjenih v pripravo
kerami~nih suspenzij, z uporabo nove, ekolo{ke metode na osnovi vodotopnih veziv. Delo predstavlja reolo{ke lastnosti
kerami~nih suspenzij na osnovi silicijevega karbida in novih veziv, kot je polivinil alkohol in dve poliakrilni vezivi. Reolo{ke
lastnosti preiskovanih suspenzij so bile spremenjene z doatkom 15 masnih % veziv v obliki raztopine. Vsebnost trdne faze v
kerami~ni suspenziji je bila 62,5 masnih %. Prou~evani so bili obi~ajni industrijski parametri kot: pH, gostota, viskoznost z
Zhan 4# Cup viskozimetrom in navidezna viskoznost, dolo~ena z reometrom. Velikost zrn silicijevega karbida je bila dolo~ena s
SEM. Kerami~na suspenzija je bila izdelana s pomo~jo mehanskega me{alnika, s ~asom me{anja 96 h. Rezultati so pokazali, da
je suspenzija ~asovno stabilna in ustreza industrijskim zahtevam. Kerami~ne suspenzije imajo obetajo~e lastnosti in so zelo
primerne za bodo~o izdelavo {koljkastih oblik.

Klju~ne besede: kerami~ne {koljkaste forme, silicijev karbid, vezivo, reolo{ke lastnosti, kerami~ne suspenzije

1 INTRODUCTION

Historically, investment-casting technology was
mainly used for the casting of tools, weapons and
ornaments. Nowadays, this technology is employed in
many important manufacturing sectors, both industrial
and artistic.1 Investment castings fabricated by the lost-
wax method are widely used in many fields of industry.
Owing to their merits, including high quality, reliability,
high Weibull modulus this method is the most popular in
aircraft turbine parts manufacturing.2 European environ-
mental regulations press the precision-casting industry
for elimination of to eliminate alcohol binders from the
moulds production process. From the beginning the
process was based on ethyl silicate binders. According to
the European regulations they should be fully replaced
by water-based binders. Water systems need to contain
polymers to improve the "green" state properties. The
application of polymer-modified binders decreases the

strength of moulds after burnout, but increases their
permeability and flexibility.3–4

In comparison with other techniques of casting, in-
vestment casting has many advantages:

• obtaining the highest dimensional accuracy and sur-
face smoothness,

• replacing expensive machining methods to fabrica-
tion precision castings,

• possibility of obtaining castings with very complex
shapes, which cannot be achieved by other methods,

• possibility of casting of any alloy (in mass production
and high volume),

• thin-walled castings can be achieved.
Disadvantages of the process:

• difficult process for mechanization and automation,
• limited casting weight substantially to 1–2 kg, parti-

cularly to 10 kg.5–7

Silicon carbide is widely used in many industrial
areas due to its properties and low cost. New research
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showed that its application in ceramic shell moulds
improves the technological parameters of the shells, such
as: mechanical strength, thermal conductivity and ther-
mal shock resistance. Shell moulds containing SiC
powder significantly shortened the process of the fabri-
cation of the final cast, reduced grain size of the castings
and improved its mechanical properties.8–11

2 EXPERIMENTAL PART AND
METHODOLOGY

The studies were carried out on silicon carbide
powder (Stanchem, Poland). In addition, three different
water-soluble binders were used i.e., polyvinyl alcohol
(26000 g/mol weight and 88 % hydrolysis content
(PVAL), Moviol, Germany), and two polyacrylic binders
with 20 % of mass fractions (PA) and 40 % of mass frac-
tions (PA2) of vinyl acrylic copolymer (Ransom & Ran-
dolph, USA) as 10 % water solution. The main binder
was a substance with nanoparticles of aluminium oxide
(Evonik, Germany). The SiC powder content in the
slurry was 62.5 % of mass fractions. SEM images of the
SiC powder were taken using a SU70 Hitachi micro-
scope (Japan). Grain size was measured on La-950
Horiba analyser (Japan). The ceramic slurries were fabri-
cated in a reactor with a mechanical mixer. The ceramic
slurries were characterized using a Zahn Cup 4#,
aerometer, plate weight test (adhesion test) and pH
meter. The plate weight test time (120 s) was elaborated
by the authors and determined the stable properties of
the researched ceramic slurries (experience from past
studies). The apparent viscosity was determined using a
DV II+ Brookfield rheometer (USA). The rheological
properties were tested in the speed range 20–200–20
min–1.

3 RESULTS AND DISCUSSION

Figure 1 presents the SEM image of the investigated
silicon carbide power. SiC was characterized by sharp-
edged particles typical for moldings powders. The

average equivalent diameter of the SiC grains was 21.9
μm.

Figures 2 to 4 presents adhesion test results of the
ceramic slurries based on SiC. As seen in all the pre-
sented graphs, the highest weight loss occurred during
the first day of the experiment. The rest of the curves
were similar. A plateau was observed at 80 s for the PA-
(Figure 2) for PA2 the plateau occured at 110 s (Figure
3) and for PVAL was also at 80 s (Figure 4). The time of
the plateau’s appearance depended on the viscosity and
density of the ceramic slurries.

Figure 5 shows the apparent viscosity of the exa-
mined ceramic slurries. The highest viscosity was exhi-
bited by a slurry with 15 % of mass fractions addition of
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Figure 4: Results of plate weight test of slurry with 15 % of mass
fractions of PVAL
Slika 4: Rezultati preizkusa adhezije suspenzije s 15 % masnih
dele`ev PVAL

Figure 1: SEM image of investigated SiC powder
Slika 1: SEM-posnetek preiskovanega SiC prahu

Figure 3: Results of plate weight test of slurry with 15 % of mass
fractions of PA2
Slika 3: Rezultati preizkusa adhezije suspenzije s 15 % masnih
dele`ev PA2

Figure 2: Results of plate weight test of slurry with 15 % of mass
fractions of PA
Slika 2: Rezultati preizkusa adhezije suspenzije s 15 % masnih
dele`ev PA



PA2, while the lowest viscosity had the slurry with 15 %
of mass fractions PVAL.

Figure 6 presents the basic rheological properties of
the ceramic slurries. The addition of 15 % of mass frac-
tions of PA2 and PVAL were inappropriate, because the
viscosity of such slurries was high. A ceramic slurry
with 15 % of mass fractions of PA met the standard indu-
strial requirements. Its viscosity had the optimal value
and slightly decreased with time. The results of the plate
weight test made on daily basis were very comparable
for all types of slurries.

Figure 7 shows the pH and density results of the exa-
mined ceramic slurries. The described properties were
stable over time, and similar for all types of slurries.

4 CONCLUSIONS

According to the work assumption, with connection
to the industrial requirements, these researches were

focused on the rheological and technological properties
of ceramic slurries based on silicon carbide powder. The
main aim of this work was to fabricate ceramic slurries
by using new water-soluble binders. The most desirable
properties from the industry point of view were exhibited
by the slurry with a 15 wt.% addition of PA binder. The
slurries with PA binder were characterized by relatively
low viscosity, the best adhesion and stability confirmed
by the plate weight test. The research conducted in this
work is the first in the world and has a very promising
future in ceramic shell moulds fabrication.
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Figure 7: Density and pH of the ceramic slurries
Slika 7: Gostota in pH kerami~nih suspenzij

Figure 6: Rheological properties of the ceramic slurries
Slika 6: Reolo{ke lastnosti kerami~nih suspenzij

Figure 5: Apparent viscosity of the ceramic slurries
Slika 5: Navidezna viskoznost kerami~ne suspenzije
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In this work, three kinds of bio-based aromatic triols were prepared based on vegetable oils. Furthermore, PUs were synthesized
using the three triols and 4,4’-methylenebis(phenyl isocyanate), 1,4-butanediol as a chain extender. The chemical structures,
molecular characteristics, and physical functionalities were studied and compared using nuclear magnetic resonance (NMR)
spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), differential scanning calorimetry
(DSC), and thermogravimetry-differential thermal analysis (TG-DTA). Results showed that the poly-(oxypropylene)-based
polyurethanes degrade in a single step, whereas the vegetable-oil-based polyurethane shows one-step decomposition. The
present study therefore suggests a feasible synthesis route for the use of the biomaterials for the production of polyurethanes.

Keywords: polymers, microstructures, functionalities

V delu so bili iz bioolj prvi~ pripravljeni trije bioaromati~ni trioli. Poleg tega so bili sintetizirani PU, z uporabo treh triol in
4,4’-metilenbis(fenil izocianata) ter 1,4-butandiola kot podalj{evalca verige. [tudirane so bile kemijske strukture, molekularne
zna~ilnosti in fizi~ne funkcionalnosti, ki so bile primerjane z uporabo spektroskopije jedrske magnetne resonance (NMR),
spektroskopijo Fourierjeve infrarde~e transformacije (NMR), rentgenske difrakcije (XRD), diferen~ne vrsti~ne kalorimetrije
(DSC) in termogravimetri~ne diferen~ne termi~ne analize (TG-DTA). Rezultati so pokazali, da poliuretan na osnovi
poli-oksipropilena razpade v enem koraku, medtem ko poliuretan na osnovi rastlinskih olj, ka`e enostopenjski razpad.
Predstavljena {tudija torej predlaga izvedljivo sintezo z uporabo biomaterialov za izdelavo poliuretanov.

Klju~ne besede: polimeri, mikrostrukture, funkcionalnosti

1 INTRODUCTION

In order to protect the environment and to reduce our
dependence on fossil fuels, a great deal of research effort
has been, and is still being, devoted to the development
of innovative technologies using renewable resources.1–7

Vegetable oils are abundant and cheap renewable re-
sources that represent a major potential alternative
source of chemicals suitable for developing safe, envi-
ronmentally products.8–10 The use of vegetable oils and
natural fatty acids as starting raw materials offers nume-
rous advantages: for example, inexpensive, abundant,
low toxicity, and inherent biodegradability, thus they are
considered to be one of the most important classes of
renewable resources for the production of bio-based
polymeric materials.11–17 Polyurethanes (PUs) form a
versatile class of polymers, which are used in a broad
range of applications, for example, as elastomers,
sealants, fibers, foams, coatings, adhesives, and bio-
medical materials. The industrial production of PUs is
normally accomplished through the polyaddition reac-
tion between organic isocyanates and compounds con-
taining active hydroxyl groups, such as polyols. Com-
paring with polyurethanes derived from petrochemical
polyols, the vegetable-oil-based polyols used to produce

polyurethanes have been the subject of many studies.9–12

Moreover, due to the hydrophobic nature of triglycerides,
vegetable oils produce PUs that have excellent chemical
and physical properties, such as enhanced hydrolytic,
high tensile strength and elongation, high tear strength,
and thermal stability.13–18

Vegetable oils are one of the most important sources
of renewable raw materials for the chemical industry and
provide versatile opportunities for a transformation to
meet specific applications. In the 1980s, H. Baumann et
al.10 mainly focused on the carboxyl group of fatty acids,
these include the hydrolysis of fats to make soaps, and
synthesis of fatty amines from fatty acids. Recently,
increasing interest in industrial and academic research
has been focused on reactions on the hydrocarbon chains
of fatty acids, especially on the double bonds of un-
saturated fatty acids. Guo et al. applied the epoxidation
of the double bonds of fatty acids, followed by
nucleophilic ring opening of the epoxide to make polyols
for producing polyurethanes.19–23

To further expand applications of the bio-based
polymeric materials, previous studies were focusing on
converting vegetable oils into useful PUs. Based on these
studies, now it has become a main research field to func-
tionalize vegetable oils by the introduction of aromatic
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co-monomers into the polymer structure, which could be
suitable in the search for new viable polymeric mate-
rials.12 The transition-metal-catalyzed trimerization of
alkyne fatty acid compounds provides an alternative
method for the preparation of highly functionalized
aromatic polyols.10,11

In the present study, we have synthesized three kinds
of bio-based aromatic triols prepared by oleic acid,
10-undecenoic acid, and erucic acid, which could be
obtained from sunflower oil, castor oil, and rapeseed oil,
respectively. PUs were synthesized by these aromatic
triols and 4,4’-methylenebis(phenyl isocyanate), 1,4-bu-
tanediol as a chain extender. The chemical structures,
molecular characteristics, physical properties, and ther-
mal properties were studied and compared using nuclear
magnetic resonance (NMR) spectroscopy, Fourier-trans-
form infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), differential scanning calorimetry (DSC), and
thermogravimetry-differential thermal analysis (TG-
DTA).

2 EXPERIMENTAL PART

2.1 Materials

The following chemicals were obtained from the
sources indicated: Oleic acid (AR, from Sinopharm)
10-undecenoic acid (from Sinopharm), erucic acid (from
Aldrich), copper (II) chloride, CuCl2 (99 %, from Sino-
pharm), palladium (II) chloride, PaCl2 (AR, from
Sinopharm), palladium on carbon, Pa/C (10 % of mass
fractions, from Aldrich), potassium hydroxide, KOH
(AR, from Kermel), n-propanol (AR, from Kermel),
dimethyl sulfoxide, DMSO (AR, from Kermel), bromine
(AR, from Xilong), chlorotrimethylsilane, TMSCl (CP,
from Sinopharm), lithium aluminum hydride, LiAlH4

(97 %, from Aldrich), 1,4-butandiol, BD (AR, from
Bodi) and 4,4’-methylenebis(phenyl isocyanate), MDI
(98 %, from Aldrich) were used as received.

2.2 Synthesis of aromatic triol 4 from oleic acid

2.2.1 Dibromide carboxylic acid

To a solution of oleic acid (10.6 g, 33.6 m/mol) in
diethyl ether (150 mL) that was cooled to 0 °C in an
ice-water bath, bromine (2.7 mL, 52.3 m/mol) was added
dropwise over 30 min. Then the ice-water bath was
removed and the solution was stirred for another 2 h at
room temperature. A saturated sodium sulfite (Na2S2O3)
solution (20 mL) was added to reduce the excess bro-
mine. The resulting organic phase was separated, washed
with brine (20 mL) and dried over anhydrous magnesium
sulfate (MgSO4). The solvent was evaporated by reduced
pressure to give a pale yellow powder 1 (yield 73 %).

IR (thin film): 3440 (OH), 1703 (C=O) cm–1.
1H NMR (CDCl3/TMS, �, 0.0001 %): 11.34 (s, 1H,

COOH), 4.23-4.14 (m, 2H, CH-Br), 2.38-2.33 (t, 2H,
CH2-COOH), 2.06-1.99 (m, 2H, CH-CHBr), 1.88-1.80

(m, 2H, CHBr), 1.64-1.56 (m, 6H), 1.35-1.25 (m, 16H),
0.88 (t, 3H, CH3).

2.2.2 Stearolic acid

The dibromide compound 1 (5.5 g, 15 m/mol) was
dissolved in DMSO (18 mL, 250 mmol). KOH (20 g,
360 m/mol) and 1-propanol (150 mL) were added. The
mixture was heated at 110 °C under reflux for 4 h. Then
the solution was poured into 2N hydrochloric acid (HCl)
(150 mL) at room temperature. The resulting organic
layer was separated, washed with brine (20 mL) and
dried over MgSO4. The solvent was evaporated under
reduced pressure to give a pale-yellow powder 2 (yield
76%).

IR (thin film): 3446 (OH), 2356 (C�C), 1712 (C=O)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 11.34 (s, 1H,
COOH), 2.33 (t, 2H, CH2-COOH), 2.12 (m, 4H,
CH2-CC), 1.26-1.62 (m, 22H), 0.88 (t, 3H, CH3)

2.2.3 Stearoyl alcohol

Stearolic acid 2 (2.4 g, 8.6 m/mol) was dissolved in
50 mL diethyl ether and added dropwise to a dispersion
of LiAlH4 (0.4 g, 10.2 m/mol) in 100 mL of anhydrous
diethyl ether. The mixture was stirred for 2 h at room
temperature, and then the excess LiAlH4 was decom-
posed by adding 20 mL of water dropwise. A 2N HCl
(30 mL) aqueous solution was added until the pH was
neutral. The resulting organic layer was separated,
washed with brine (20 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure to give a
pale-yellow oil 3 (yield 82 %).

IR (thin film): 3392 (OH), 2360 (C�C) cm–1.
1H NMR (CDCl3/TMS, �, 0.0001 %): 3.65 (t, 2H,

CH2OH), 2.14 (t, 4H, CH2-CC), 1.58-1.48 (m, 6H),
1.41-1.23(m, 18H), 0.90 (t, 3H, CH3).

2.2.4 Aromatic triols

Stearoyl alcohol 3 (1.05 g, 4.0 m/mol) was dissolved
in tetrahydrofuran (THF) (50 mL). 0.25 g of Pd/C (10 %
of mass fractions) and TMSCl (0.75 mL, 6.0 m/mol)
were added. The reaction mixture was heated at 65 °C
refluxed for 8 h. The resulting mixture was cooled to
room temperature and filtered to remove the Pd/C. The
resulting organic layer was separated, washed with brine
(20 mL) and dried over MgSO4. The solvent was evapo-
rated under reduced pressure to give a dark-yellow oil 4a
and 4b (yield 58 %).

IR (thin film): 3438 (OH), 1652 (C=C of benzene)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 3.56 (t, 6H,
CH2OH), 2.43 (m, 12H, CH2Ph), 1.49-1.20 (m, 72H),
0.83 (t, 9H).

13C NMR (CDCl3/TMS, �, 10–4 %): 136.77 (Ph-CH2),
62.94 (CH2OH), 31.94, 31.86, 29.68, 29.64, 29.57,
29.33, 29.26, 25.72, 22.68, 22.66, 14.12 (CH3).
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2.3 Synthesis of aromatic triol 4’ from 10-undecenoic
acid

2.3.1 Dibromide carboxylic acid 1’

10-Undecylenic acid (9.2 g, 50 m/mol) in diethyl
ether (150 mL) was cooled to 0 °C in an ice-water bath.
Bromine (4.2 mL, 81 m/mol) was added dropwise over
30 min. Then the ice-water bath was removed and the
solution was stirred for another 2 h at room temperature.
A saturated Na2S2O3 solution (20 mL) was added to
reduce the excess bromine. The resulting organic phase
was separated, washed with brine (20 mL) and dried over
MgSO4. The solvent was evaporated under reduced pres-
sure to give a gray solid 1’ (yield 78 %).

IR (thin film): 3433 (OH), 1705 (C=O) cm–1.
1H NMR (CDCl3/TMS, �, 0.0001 %): 11.58 (s, 1H,

COOH), 3.85-3.80 (q, 1H, CH-CHBr), 3.64-3.57 (t, 2H,
CH-Br), 2.35-2.30 (t, 2H, CH2-COOH), 2.17-2.05 (m,
3H), 1.84-1.50 (m, 3H), 1.30-1.23 (m, 8H).

2.3.2 10-Undecynic acid 2’

The dibromide compound 1’ (5.2 g, 15 m/mol) was
dissolved in DMSO (18 mL, 250 mmol). KOH (20 g,
360 m/mol) and 1-propanol (150 mL) were added. The
mixture was heated at 110 °C under reflux for 4 h. Then
the solution was poured into 2N HCl (150 mL) at room
temperature. The resulting organic layer was separated,
washed with brine (20 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure to give a
white solid 2’ (yield 63 %).

IR (thin film): 3440 (OH), 2360 (C�C), 1710 (C=O)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 11.54 (s, 1H,
COOH), 2.31 (t, 2H, CH2-COOH), 2.17-2.11 (m, 2H),
1.92 (t, 1H), 1.55-1.44 (m, 4H), 1.33-1.23 (m, 8H).

2.3.3 10-Undecyn-1-ol 3’

10-Undecynic acid 2’ (1.6 g, 8.8 m/mol) was dis-
solved in 50 mL diethyl ether and added dropwise to a
dispersion of LiAlH4 (0.4 g, 10.2 m/mol) in 100 mL of
anhydrous diethyl ether. The mixture was stirred for 2 h
at room temperature, and then the excess LiAlH4 was
decomposed by adding 20 mL of water dropwise. A 2N
HCl (30 mL) aqueous solution was added until the pH
was neutral. The resulting organic layer was separated,
washed with brine (20 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure to give a
pale-yellow solid 3’ (yield 72 %).

IR (thin film): 3335 (OH), 2358 (C�C) cm–1.
1H NMR (CDCl3/TMS, �, 0.0001 %): 3.59 (t, 2H,

CH2OH), 2.20-2.14 (m, 4H), 1.76 (t, 1H, CH-C),
1.56-1.50 (m, 4H), 1.35-1.26 (m, 8H).

2.3.4 Aromatic triols 4’a and 4’b

10-Undecyn-1-ol 3’ (0.68 g, 4.0 m/mol) was dis-
solved in n-butyl alcohol (9 mL) and benzene (150 mL).
PdCl2 (0.15 g, 0.85 m/mol) and CuCl2 (2.05 g, 12 mmol)
were added. The reaction mixture was heated at 40 °C

and refluxed for 8 h. The resulting mixture was cooled to
room temperature and filtered to remove the PdCl2 and
CuCl2. The resulting organic layer was separated,
washed with brine (20 mL) and dried over MgSO4. The
solvent was evaporated by reduced pressure to give a
dark-yellow oil 4’a and 4’b (yield 68 %).

IR (thin film): 3456 (OH), 1639 (C=C of benzene)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 6.40 (s, 3H,
Ph), 3.64 (t, 6H, CH2Ph), 2.29 (t, 6H), 1.61-1.24 (m,
42H).

13C NMR (CDCl3/TMS, �, ppm): 138.22 (Ph-CH2),
120.35 (Ph-H), 64.11 (CH2OH), 39.86, 34.35, 30.68,
29.70, 29.08, 28.54, 27.46, 24.96.

2.4 Synthesis of aromatic triol 4’’ from erucic acid

2.4.1 Dibromide carboxylic acid 1’’

Erucic acid (15.88 g, 33.6 mmol) in diethyl ether
(150 mL) was cooled to 0 °C in an ice-water bath.
Bromine (2.7 mL, 52.3 mmol) was added dropwise over
30 min. Then the ice-water bath was removed and the
solution was stirred for another 2 h at room temperature.
A saturated Na2S2O3 solution (20 mL) was added to
reduce the excess bromine. The resulting organic phase
was separated, washed with brine (20 mL) and dried over
MgSO4. The solvent was evaporated under reduced
pressure to give a gray solid 1’’ (yield 78 %).

IR (thin film): 3425 (OH), 1706 (C=O) cm–1.
1H NMR (CDCl3/TMS, �, 0.0001 %): 11.89 (s, 1H,

COOH), 4.27-4.18 (m, 2H, CH-Br), 2.35 (t, 2H,
CH2-COOH), 2.10-1.95 (m, 2H, CH-CHBr), 1.65-1.54
(m, 2H), 1.47-1.26 (m, 30H), 0.89 (t, 3H, CH3).

2.4.2 Behenolic acid 2’’

The dibromide compound 1’’ (7.5 g, 15 mmol) was
dissolved in DMSO (18 mL, 250 mmol). KOH (20 g,
360 mmol) and 1-propanol (150 mL) were added. The
mixture was heated at 110 °C under reflux for 4 h. Then
the solution was poured into 2N hydrochloric acid (HCl)
(150 mL) at room temperature. The resulting organic
layer was separated, washed with brine (20 mL) and
dried over MgSO4. The solvent was evaporated under
reduced pressure to give a pale-yellow powder 2’’ (yield
72 %).

IR (thin film): 3454 (OH), 2361 (C�C), 1705 (C=O)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 11.62 (s, 1H,
COOH), 2.37 (t, 2H, CH2-COOH), 2.15 (m, 4H,
CH2-CC), 1.69-1.23 (m, 30H), 0.90 (t, 3H, CH3).

2.4.3 Behenolic ester 3’’

To a solution of behenolic acid 2’’ (4.5 g, 12.9 mmol)
in methanol (100 mL) was added about 5 mL concen-
trated sulphuric acid. The reaction mixture was heated at

95 °C and refluxed for 3 h. The resulting organic
layer was separated, washed with brine (20 mL) and
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dried over MgSO4. The solvent was evaporated under
reduced pressure to give pale-yellow oil 3’’ (yield 62 %).

IR (thin film): 2360 (C�C), 1745 (C=O), 1170 (C-O)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 3.66 (s, 3H,
CH3-O), 2.30 (t, 2H, CH2-COOCH3), 2.13 (m, 4H,
CH2-CC), 1.68-1.20 (m, 30H), 0.88 (t, 3H, CH3).

2.4.4 Aromatic triester 4’’a and 4’’b.

Behenolic ester 3’’ (2.8 g, 8.0 mmol) were dissolved
in n-butyl alcohol (9 mL) and benzene (150 mL). PdCl2

(0.15 g, 0.85 mmol) and CuCl2 (2.05 g, 12 mmol) were
added. The reaction mixture was heated at 40 °C and
refluxed for 12 h. The resulting mixture was cooled to
room temperature and filtered to remove the PdCl2 and
CuCl2. The resulting organic layer was separated,
washed with brine (20 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure to give a
yellow oil 4’’a and 4’’b (yield 68 %).

IR (thin film): 1745 (C=O), 1641 (C=C of benzene),
1174 (C-O) cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 3.68 (s, 9H,
CH3-O), 2.54-2.43 (m, 12H, CH2Ph), 2.32 (t, 6H,
CH2-COOCH3), 1.70-1.26 (m, 90H), 0.90 (t, 9H, CH3)

13C NMR (CDCl3/TMS, �, 0.0001 %): 174.41 (C=O),
136.71 (Ph-CH2), 51.48 (CH3-O), 34.13, 33.76, 31.96,
31.46, 30.69, 30.17, 29.71, 29.52, 29.42, 29.36, 29.31,
29.10, 24.97, 22.72, 14.16 (CH3).

2.4.5 Aromatic triols 5’’a and 5’’b.

Aromatic triester 5’’ (2.1g, 2.0 mmol) were dissolved
in 50 mL diethyl ether and added dropwise to a
dispersion of LiAlH4 (0.4 g, 10.2 mmol) in 100 mL of
anhydrous diethyl ether. The mixture was stirred for 2 h
at room temperature, and then the excess LiAlH4 was
decomposed by adding 20 mL of water dropwise. A 2N
HCl (30 mL) aqueous solution was added until the pH
was neutral. The resulting organic layer was separated,
washed with brine (20 mL) and dried over MgSO4. The
solvent was evaporated under reduced pressure to give a
pale-yellow oil 5’’a and 5’’b (yield 88 %).

IR (thin film): 3430 (OH), 1465 (C=C of benzene)
cm–1.

1H NMR (CDCl3/TMS, �, 0.0001 %): 3.63 (t, 6H,
CH2OH), 2.56-2.40 (m, 12H), 1.64-1.26 (m, 96H), 0.89
(t, 9H, CH3).

13C NMR (CDCl3/TMS, �, 0.0001 %): 136.71
(PhCH2), 63.06 (CH2OH), 34.12, 32.81, 32.61, 31.96,
31.49, 30.68, 29.70, 29.51, 29.42, 29.26, 25.75, 24.97,
22.70, 22.70, 19.15, 14.13(CH3).

2.5 Synthesis of polyurethanes

Polyurethane powders were prepared by reacting
aromatic triol with diisocyanate at different molar ratios
of the OH group to the NCO group. The desired
OH/NCO molar ratio satisfies Equation (1):

M
W EW

W W EWratio

polyol polyol

PU polyol diisocyanat

=
−

/

( ) /
e

(1)

where Wpolyol is the weight of the polyol, EWpolyol is the
equivalent weights of polyol, WPU is the total weight of
polyurethane, and EWdiisocyanate is the equivalent weight
of the diisocyanate.

The equivalent weight for the diisocyanate was cal-
culated based on the molar mass and was EWdiisocyanate =
250 g/mol. The equivalent weights of aromatic triol were
determined using Equation (2):

EWpolyol

molecular weight of KOH 1000

OH Number
=

×
= (2)

=
56110

OH Number
g per mole of hydroxyl group

The weights of the polyol and diisocyanate were
calculated using the above-calculated equivalent weight.

Polyurethane elastomers are block copolymers and
their domain structure can be controlled through the
selection of the materials and their relative proportions.
The polyurethanes were prepared using a single-stage
process. In our investigation the hard-segment compo-
sition was controlled by the molar ratios of poly-
ol/diisocyanate/diol and aromatic triol used in the
synthesis.18 The molar ratios of the OH group to the
diisocyanate (NCO) group chosen for the formulations
were 0.9. The OHdiol/OHaromatic triol molar ratio used was
1.0/2.0 in each of the synthesized polyurethane samples.
After 10 min of mixing the appropriate amount of aro-
matic triols and chain extender (BD) at 75 °C,
diisocyanate at the OH/NCO ratio of 0.9 was added. The
mixture was cured for 2 h at 75 °C and then post-cured at
110 °C for 16 h.

2.6 Measurements and analysis

The X-ray diffraction (XRD) patterns obtained on an
X-ray diffractometer (type Bruker AXS D8) using
Cu-K�1 radiation at a scan rate (2�) of 0.02° s–1 were
used to determine the identity of any phase present and
the crystallite size. The accelerating voltage and the
applied current were 15 kV and 20 mA, respectively.

The Fourier-transform infrared spectroscopy (FTIR)
spectra were recorded on a Bruker Tensor 27 spec-
trometer in the range 400-4000 cm–1 using KBr disks. 1H
NMR and 13C NMR were recorded on Bruker Advance
III 300MHz spectrometers with CDCl3 as a solvent.

DSC measurements were carried out on a Diamond
DSC instrument (TA instruments, DE, USA), equipped
with a refrigerated cooling system. The samples were
heated at a rate of 10 °C/min from 25 °C to 200 °C to
erase the thermal history and cooled down to -65 °C at
cooling rate of 5 °C/min. The DSC experiments were
carried out with a liquid-nitrogen cooler under a dry-
nitrogen atmosphere.
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For thermal stability analysis, 10 mg of the dried
polyurethanes powders were used in TG-DTA thermal
analyzer (type PerkinElmer Diamond TG/DTA,
America) at a heating rate of 10 °C/min from 20 °C to
800 °C in an inert-gas atmosphere.

3 RESULTS AND DISCUSSION

3.1 Synthesis of bio-based aromatic triols

The synthesis of triol monomers from oleic acid,
erucic acid and 10-undecenoic through a cyclotrimeri-
zation reaction yielded a mixture of asymmertrical and
symmetrical molecules (Chart 1). Bio-based aromatic
triols oleic acid-based aromatic triols (O-BAT), erucic
acid-based aromatic triols (E-BAT) and 10-undecenoic-
based aromatic triols (U-BAT) were synthesized by two
different methods. Alkyne alcohol derivatives were
obtained in moderate yields from the corresponding fatty
acids by bromation, dehydrobromination, and reduction
of carboxylic acid using well-established procedures
(Scheme1). Alkyne fatty derivatives were obtained in
moderate yields from the corresponding fatty acids by
bromation, dehydrobromination, and esterification using
well-established procedures (Scheme1).9,12 Cyclotrimeri-
zation of the 10-undecyn-1-ol 3’ and behenolic ester 3’’
were carried out using PdCl2 as a transition-metal
catalyst. However, when cyclotrimerization of stearoyl
alcohol 3 was carried out under the same conditions,
some side products were slowly generated or no indi-
cation of the trimer formation was obtained. The reaction
was then carried out using Pd/C as a transition-metal
catalyst, and the expected product was obtained in
moderate yields.10,11

Transition-metal-catalyzed cyclotrimerization of
alkynes can be considered as one of the most powerful
and general methodologies used to assemble arene rings,
and a large number of transition-metal catalysts have
been developed for alkyne cyclotrimerization in organic
media.12,24–25 A simple method utilizes a heterogeneous
Pa/C catalyst in a nitrogen atmosphere with refluxing
THF as the solvent and commercial grade chlorotri-

methylsilane.10,26 Cyclotrimerization of Stearoyl alcohol
3 was carried out following this procedure, and the
symmetric and asymmetric isomers, such as aromatic
triols 4a and 4b, have almost identical IR or 13C NMR
spectra in CDCl3. The formation of the aromatic
derivative was confirmed by the appearance of the signal
at 0.013677 % in the 13C NMR spectrum corresponding
to the aromatic core. The two compounds could not be
separated by flash chromatography due to their similar
polarities. Therefore, the presence of two compounds
could not be ruled out.

The preparation of benzene derivatives via the
palladium-chloride-catalyzed cyclotrimerization of
alkynes in the presence of CuCl2 has been described as a
smooth and regioselective method.12 When the cyclo-
trimerization of 10-undecyn-1-ol 3’ was carried out using
PdCl2 and CuCl2 as transition-metal catalysts, a
1,3,5-trisubstituted benzene derivative was obtained
regioselectively in a moderate yield. The appearance of
signals at 0.000639 % in the 1H NMR spectrum and
0.012035 % and 0.013763 ppm in the 13C NMR spec-
trum confirms the formation of the symmetric product.
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Scheme 1: Synthesis of aromatic triols from oleic acid, erucic acid
and 10-undecenoic acid, respectively
Shema 1: Sinteza aromati~nih triol iz oleinske kisline, eruka kisline in
10-undekenojske kisline

Chart 1: Chemical structures of aromatic triols monomers obtained
by oleic acid, erucic acid and 10-undecenoic, respectively
Grafikon 1: Kemijske strukture aromati~nih triol monomerov, doblje-
nih z oleinsko kislino, eruka kislino in 10-undekenojsko kislino



The attempt to cyclotrimerize behenolic ester 3’’ via
Pa/C catalyst in nitrogen atmosphere with refluxing THF
as the solvent and chlorotrimethylsilane, some side
products were slowly generated. The preparation of
benzene derivatives via the palladium-chloride-catalyzed
cyclotrimerization of alkynes in the presence of CuCl2

has been described as a smooth and regioselective
method.12,27–28 When we applied the reaction to behenolic
ester 3’’, the symmetric and asymmetric isomers, such as
aromatic triols 4’’a and 4’’b, have almost identical IR or
13C NMR spectra in CDCl3. The formation of the aro-
matic derivative was confirmed by the appearance of the
signal at 0.013671 % in the 13C NMR spectrum corres-
ponding to the aromatic core. The two compounds could
not be separated by flash chromatography due to their
similar polarities. Therefore, the presence of two com-
pounds could not be ruled out. The reaction can also pro-
ceed with behenolyl alcohol. However, when cyclotri-
merization of the behenolyl alcohol was carried out in
the same conditions, a lot of side products were slowly
generated and the yields of aromatic triester 4’’a and 4’’b
were lower. So, aromatic ester derivatives were used as a
starting material for the reduction of the carboxylate
groups to synthesize two triols with primary hydroxyl
groups.

3.2 Synthesis and characterization of polyurethanes

Vegetable-oil-based polyols have been widely used to
produce segmented and non-segmented polyuretha-
nes.19–22 Segmented polyurethanes are elastomeric block
copolymers that generally exhibit a phase-segregated
morphology made up of soft rubbery segments and hard
glassy or semi-crystalline segments.23,24 The soft segment
usually consists of polyether or polyester diols, whereas
the hard segment consists of the diisocyanate component
and a low molecular weight consists of the diisocyanate
component and a low-molecular-weight chain extender.
The advantage of segmented polyurethanes is that their

segmental and domain structure can be controlled over a
considerable range through the selection of the materials,
their relative proportions, and the processing condi-
tions.12

In the study, bio-based polyurethanes were prepared
using the one-shot technique from O-BAT, E-BAT or
U-BAT, BD as a chain extender, and MDI as a coupling
agent. The bio-based aromatic triols/MDI part is consi-
dered as the soft phase, even though its glass transition is
above room temperature (Table 1). These hard segments
are polar, crystallizable and likely to form a separate
phase if the hard-segment content is high enough. The
chemical composition and hard-segment content of the
synthesized polyurethanes are also shown in Table 1.
The OH/NCO molar ratio was kept at 1.5. Reactants
were mixed at 75 °C and cured at this temperature for
2 h and post-cured at 110 °C for 18 h to give the poly-
urethanes.

Table 1: Formulations and hardness of the polyurethanes obtained
Tabela 1: Formulacija in trdota dobljenega poliuretana

Sample code Ratio
(OH:NCO)

Ratio
(Polyol/BD/M

DI)

% Hard
segment*

O-BAT-PU 0.9 1:3:3 56.9
E-BAT-PU 0.9 1:3:3 52.1
U-BAT-PU 0.9 1:3:3 67.6

*The hard-segment percentage is calculated as the w/% of BD and
MDI per total material weight

To investigate the molecular structure of polyure-
thanes WAXD and FTIR were employed. The amor-
phous character of both the asymmetric and symmetric
polyurethanes was verified by WAXD (Figure 1). All the
samples show similar WAXD curves with a broad peak
at about 2� � 22°. This broad peak is a typical charac-
teristic of amorphous polymers12,13,15–17, which confirms
that there are no crystals in O-BAT-PU, E-BAT-PU and
U-BAT-PU.
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Figure 2: FTIR spectra of: a) O-BAT-PU, b) E-BAT-PU, and c)
U-BAT-PU
Slika 2: FTIR-spektri: a) O-BAT-PU, b) E-BAT-PU in c) U-BAT-PU

Figure 1: Wide-angle X-ray diffraction patterns of: a) O-BAT, b)
E-BAT and c) U-BAT polyurethane
Slika 1: [irokokotna rentgenska difrakcija: a) O-BAT, b) E-BAT in c)
U-BAT poliuretana



The FTIR spectra for O-BAT-PU, E-BAT-PU, and
U-BAT-PU are shown in Figure 2. From Figure 2, it is
clear that the spectra are similar for the PUs prepared
from the same diisocyanate but different aromatic triols
sources. The unreacted diisocyanate (NCO group) is
clearly shown by a peak centered at 2362 cm–1. A strong
stretching band located at around 3317 cm–1 charac-
teristic of the N-H group and a stretching vibration band
centered around 1708 cm–1 characteristic of the C=O
group are present in the FTIR spectra.7,8,15 There are also
two stretching regions attributed to the C=O group. The
band centered at around 1768cm–1 corresponds to the
free carbonyl group. These results indicated that the
three kinds of PU materials undergo physical bond-
ing.16,18

3.3. Thermal stability of polyurethanes

Thermal analysis of the polyurethanes obtained was
performed to provide insights into the morphological
structure of the material. Figure 3 shows the DSC ther-
mogram for the polyurethanes. There were two
endothermic peaks at about 45–50 °C and 175–190 °C.
The glass-transition temperature of the samples
measured by DSC was 45–50 °C. The transition
appeared in the region from 45 °C to 50 °C and were
attributed to the soft-segment glass-transition tempe-
rature (Tg). The Tg value is a measure of relative purity of
the soft-segment regions; when there are hard segments
dispersed in the soft domains, the Tg is raised.12 The
addition of bifunctional components such as MDI/BD
reduces the cross-linking density, but increases the
phenyl ring content. In principle, a reduced cross-linking
density should decrease the Tg, but an increased aromatic
content should have the opposite.12 The peak in the
region from 175 °C to 190 °C was ascribed to the
melting point of hard-segment domains, which supports
the development of a phase-separated morphology and

indicates that the hard-segment content is high enough to
achieve phase separation.12

TGA is the most favored technique for the evaluation
of the thermal stability of polymers. Polyurethanes have
a relatively low thermal stability, mainly because the
presence of urethane bonds. From the DTG curves it can
be seen that in nitrogen only one process occurs during
thermal degradation. G. Lligadas et al.12 observed a
similar behavior in the case of vegetable-oil-based
polyurethanes. They showed that poly-(oxypropylene)-
based polyurethanes degrade in a single step, whereas
vegetable-oil-based polyurethane shows one-step decom-
position.4,7,15 Figure 4 shows the DTG curve and Fig-
ure 5 shows the TGA curves of different polyurethanes,
which reveals a degradation stage at temperatures bet-
ween 300 °C and 400 °C. The results are similar to the
three bio-based polyurethanes systems. That can be
associated with the decomposition of urethane bonds,
which takes place through the dissociation to diiso-
cyanate and alcohol, the formation of primary amines
and olefins, or the formation of secondary amines.16,18
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Figure 5: TGA curves of: a) O-BAT-PU, b) E-BAT-PU, and c)
U-BAT-PU
Slika 5: TGA-krivulje: a) O-BAT-PU, b) E-BAT-PU in c) U-BAT-PU

Figure 3: DSC thermograms (10 °C/min) of: a) O-BAT-PU, b)
E-BAT-PU, and c) U-BAT-PU
Slika 3: DSC-termogrami (10 °C/min): a) O-BAT-PU, b) E-BAT-PU
in c) U-BAT-PU

Figure 4: DTG curves of: a) O-BAT-PU, b) E-BAT-PU, and c)
U-BAT-PU
Slika 4: DTG-krivulje: a) O-BAT-PU, b) E-BAT-PU in c) U-BAT-PU



4 CONCLUSIONS

Bio-based aromatic triols, O-BAT, E-BAT and
U-BAT have been synthesized using two different
methods. It is demonstrated that alkyne alcohol deriva-
tives can be obtained in the moderate yields from the
corresponding fatty acids by bromation, dehydrobromi-
nation, and reduction of carboxylic acid, and alkyne fatty
derivatives can also be obtained in moderate yields from
the corresponding fatty acids by bromation, dehydro-
bromination, and esterification. Such a synthesis metho-
dology has indicated a practical feasibility of utilizing
the new bio-based aromatic triols for the production of
bio-based polyurethanes. The crystalline structure and
thermal stability of these polyurethanes have been com-
pared to their counterparts made from a similar O-BAT,
E-BAT, and U-BAT, respectively. The corresponding
polyurethane networks with hard-segment have been
further prepared by the reaction of the polyol, BD, and
MDI. The synthesized materials have been characterized
using the spectroscopic techniques, WAXD, DSC and
TG-DTA. The results have showed that it is possible to
exploit renewable resources to achieve environment-
friendly green materials.
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This paper is devoted to the study of macro-segregations on the longitudinal section of a continuously cast billet Ø 160 mm
destined for the production of seamless pipes. Its evaluation comprised a visual inspection of macro-etching, microstructure
characterisation and a quantitative X-ray microanalysis by means of an energy-dispersive X-ray microanalysis (EDX) in the
selected areas. Furthermore, segregation parameters were calculated using combustion-analysis data. The results given in this
paper present the basic information about the interior structure of a continuously cast billet. The results will be used, beside
other things, for the verification of the results of the numerical modelling of continuously cast billets.

Keywords: steel, macro-segregation, continuous casting, round billet

Ta ~lanek obravnava {tudij makro-izcej na vzdol`nem prerezu kontinuirno ulite gredice Ø 160 mm namenjene za proizvodnjo
brez{ivnih cevi. Ocena je sestavljena iz vizuelnega pregleda po makrojedkanju, iz ocene in kvantitativne rentgenske
mikroanalize s pomo~jo energijsko disperzijske rentgenske analize (EDX) izbranih podro~ij. Izra~unani so bili tudi parametri
izcejanja s pomo~jo podatkov zgorevne analize. Rezultati, prikazani v tem ~lanku, predstavljajo osnovno informacijo o notranji
strukturi v kontinuirno uliti gredici. Rezultati bodo uporabljeni, poleg drugega, tudi za preverjanje rezultatov numeri~nega
modeliranja kontinuirno ulitih gredic.

Klju~ne besede: jeklo, makro-izceja, kontinuirno ulivanje, okrogla gredica

1 INTRODUCTION

Steel crystallization occurs during the casting and
subsequent solidification of continuously cast billets.
Material solidification, the grain size, chemical hetero-
geneity and the existence of incompactness can have
negative influences on the properties of the final ma-
terial.1 A relatively big homogeneity of the distribution
of sulphur and other elements and also the absence of
thick segregate areas in the whole cross-section are due
to the fast solidification of the billet. The range and
removal of impurities are mainly connected with the
contents of phosphorus and sulphur in the steel, the steel
temperature and also the intensity of the billet cooling.2

The local chemical heterogeneity appears in the billet
axis, especially for the steels with higher contents of
carbon where the possibility of internal-hollow creation
is higher.3,4

The paper presents the results of the study of macro-
segregation on the longitudinal section of a continuously
cast billet Ø 160 mm. Samples were taken during the
casting of a high-quality billet destined for the produc-
tion of seamless pipes without the usage of the MEMS

technology. First, a visual inspection of the longitudinal
section of the billet was made for the study of macro-
segregation in a continuously cast billet. Then a micro-
structural analysis using a quantitative X-ray microanal-
ysis with the help of EDX in SEM (Quanta 450 FEG)
was carried out. The results of the microstructural
analysis were subsequently supplemented with an
analysis of the contents of carbon and sulphur with the
aim to evaluate the chosen segregation parameters for the
micro-samples taken from particular areas of macro-
etching. The obtained original results will be, beside
other things, used for verifying the results of numerical
modelling of casting continuously cast billets.

2 MACRO-STRUCTURAL ANALYSIS OF THE
BILLET

First, a visual inspection of the longitudinal section
of the billet was made for the study of macro-segregation
in the continuously cast billet, which is given in Fig-
ure 1a.

It is evident in Figure 1a that the surface area of
equiaxed crystals (the chill zone) penetrates into a depth
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of approx. 18 mm. This is followed by an area of colum-
nar crystals with a thickness of approx. 35 mm and, in
the middle of the longitudinal section, there is an area of
equiaxed grains.

In the axial area of the billet, there is shrinkage poro-
sity that is a consequence of the casting conditions
during the final period of the billet solidification. The
darker contrast in the area of shrinkage porosity is
related to the processes of chemical segregation during
the solidification.

3 MICROSTRUCTURAL ANALYSIS OF THE
BILLET

After the visual inspection of macro-etching, the
sample was cut into smaller parts, evident in Figure 1b.
The samples were prepared for a microstructural analysis
aimed at evaluating the characterisation of the micro-
structure and chemical heterogeneity using the EDX
technique. A few samples – sample 2, sample 4 and
sample 5 – were chosen for the analysis. The following
elements were chosen for the X-ray microanalysis

(EDX): silicon, phosphorus, chromium, manganese, iron
and molybdenum. The results of a semi-quantitative
X-ray microanalysis were normalized to 100 %.

The microstructure of sample 2 presenting areas of
columnar crystals is given in Figure 2. Previous auste-
nite grain boundaries are decorated with fine grains of
allotriomorphic ferrite. Nodules of the pearlite compo-
nent usually grow up along the networks of allotrio-
morphic ferrite. The microstructure inside the austenitic
grains consists of a mixture of acicular ferrite and a
small fraction of pearlite, as it is evident in Figure 3.

Subsequently, a quantitative X-ray microanalysis
(EDX) was made. A spectral RTG microanalysis of the
matrix was made in the randomly chosen areas of sample
2 and the results are given in Table 1.

Table 1: Results of the EDX microanalysis – sample 2
Tabela 1: Rezultati EDX mikroanalize – vzorec 2

Analysis
Analysed elements (w/%)

Si Cr Mn Fe Mo
1 0.30 0.72 1.01 97.47 0.50
2 0.40 0.75 1.21 97.24 0.40
3 0.36 0.78 0.90 97.66 0.30

AVE 0.35 0.75 1.04 97.46 0.40
STD 0.05 0.03 0.16 0.21 0.10

Note: AVE – arithmetic mean, STD – standard deviation

The microstructure of sample 4 in the axial area of
the billet, which shows an increased fraction of the pear-
lite component in the surroundings of the shrinkage
porosity, is shown in Figure 4. Networks of allotrio-
morphic ferrite decorate the prior austenite grain boun-
daries. Austenite decomposed into a mixture of acicular
ferrite and pearlite inside the original austenitic grains.

Fine shrinkage porosity, surrounded by narrow bands
exhibiting a limited etching response, is evident in
Figure 5. Further, an increased amount of non-metallic
inclusions (manganese sulphide) and the bainite ob-
served in these areas proves that these are the last soli-
dified areas of enriched melt where the largest segrega-
tion can be expected.
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Figure 3: Detail of the microstructure in the area of columnar crystals
Slika 3: Detajl mikrostrukture v podro~ju stebrastih kristalnih zrn

Figure 2: Microstructure in the area of columnar crystals
Slika 2: Mikrostruktura podro~ja s stebrastimi kristalnimi zrni

Figure 1: Longitudinal section through Ø 160 mm billet: a) macro-
etching of the studied billet, b) positions of the samples taken for a
microstructure characterisation
Slika 1: Vzdol`ni prerez skozi gredico Ø 160 mm: a) makrojedkana
gredica, b) polo`aj vzorcev, vzetih za karakterizacijo mikrostrukture



Results of a semi-quantitative X-ray microanalysis of
sample 4 are given in Table 2. When comparing them
with the results given in Table 1, it is evident that the
metal matrix in the studied area with a different etching
response was enriched by all the evaluated substitution
solutes and, in addition, a significant concentration of
phosphorus was found here.

Table 2: Results of the EDX microanalysis – sample 4
Tabela 2: Rezultati EDX-mikroanalize – vzorec 4

Analysis
Analysed elements (wt. %)

Si P Cr Mn Fe Mo
1 0.40 0.33 1.22 1.46 95.84 0.75
2 0.35 0.19 1.30 1.33 95.96 0.87
3 0.42 0.21 1.26 1.42 95.98 0.71

AVE 0.39 0.24 1.26 1.40 95.93 0.78
STD 0.08 0.08 0.07 0.08 0.08 0.08

Note: AVE – arithmetic mean, STD – standard deviation

The microstructure of sample 5 (the axial part of the
billet) with an increased fraction of pearlite adjacent to
the shrinkage porosity is shown in Figure 6.

Similar to sample 4, bands with a different etching
response were found in the surroundings of the shrinkage

porosity where the microstructure was made of bainite,
and a large amount of sulphide inclusions was observed,
as seen in Figure 7.

In the case of sample 5, a semi-quantitative X-ray
microanalysis was also made and its results are given in
Table 3.

Table 3: Results of the EDX microanalysis – sample 5
Tabela 3: Rezultati EDX-mikroanalize – vzorec 5

Analysis
Analysed elements (w/%)

Si P Cr Mn Fe Mo
1 0.49 0.34 1.53 1.35 95.21 1.08
2 0.55 0.22 1.27 1.49 95.75 0.72
3 0.54 0.00 1.46 1.31 95.77 0.92

AVE 0.53 0.19 1.42 1.38 95.58 0.91
STD 0.03 0.17 0.13 0.09 0.32 0.18

Note: AVE – arithmetic mean, STD – standard deviation

4 SEGREGATION PARAMETERS

On the basis of the X-ray microanalysis results, it
was decided to carry out also a carbon and sulphur
analysis of the micro-samples taken from individual
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Figure 7: Detail of the microstructure in the axial area of the billet
Slika 7: Detajl mikrostrukture na sredini gredice

Figure 5: Detail of the microstructure in the axial area of the billet
Slika 5: Detajl mikrostrukture na sredini gredice

Figure 6: Microstructure in the axial area of the billet
Slika 6: Mikrostruktura na sredini gredice

Figure 4: Microstructure in the axial area of the billet
Slika 4: Mikrostruktura na sredini gredice



areas of the macro-etching. Sample 2, sample 4 and
sample 5 were chosen for a proper analysis. The samples
were cut into the micro-samples for an evaluation of
individual areas, as seen in Figure 8.

The analysis was carried out in an ELTRA CS 2000
combustion analyser and the results obtained for indivi-
dual micro-samples are given in Table 4.

Table 4: Results of the combustion analysis of micro-samples
Tabela 4: Rezultati analize z zgorevanjem mikro vzorcev

Sample Place of
sampling

Elements (w/%) Average values
(w/%)

C S Ø carbon Ø sulphur

2
Edge

0.304 0.0083
0.301 0.0081

0.297 0.0078

Centre
0.300 0.0087

0.302 0.0087
0.304 0.0086

4
Edge

0.269 0.0071
0.278 0.0074

0.287 0.0077

Centre
0.328 0.0101

0.347 0.0098
0.365 0.0095

5
Edge

0.287 0.0089
0.285 0.0090

0.283 0.0090

Centre
0.318 0.0090

0.321 0.0098
0.325 0.0105

It is evident from Table 4 that the micro-samples
taken from the centre show higher contents of carbon, by
0.045 % of mass fractions (sample 4) and by 0.021 % of
mass fractions (sample 5), than in the area of columnar
crystals (sample 2). It can be stated, in the case of
sulphur, that its contents are in the range from 0,0074 %
to 0,0098 % of mass fractions for all the micro-samples.
On the basis of the obtained results, the micro-samples
from the central area were evaluated by means of the
chosen segregation parameters5 and their relations are
given in Equations (1), (2) and (3).

Ih
SX

XS
= (1)

where Ih – is heterogeneity index, (-), SX – standard
deviation, (-), XS – mean value, (-).

Is
MAX

XS
= (2)

where Is – is segregation index, (-), MAX – maximum
value, (-), XS – mean value, (-).

k
Isef =
1

(3)

where kef – is efficient partition coefficient, (-), Is –
segregation index. (-).

Chemical compositions of the analysed micro-sam-
ples were used for determining the segregation para-
meters, which were completed by the basic statistical
parameters, and the results for carbon are given in
Table 5, while the results for sulphur are in Table 6.

Table 5: Results of segregation parameters for carbon

Tabela 5: Rezultati parametrov izcejanja pri ogljiku

Sample Place of
sampling

Segregation parameters
Ih Is kef

2
Edge 0.019 1.024 0.977

Centre 0.020 1.020 0.980

4
Edge 0.034 1.029 0.972

Centre 0.094 1.115 0.897

5
Edge 0.010 1.012 0.988

Centre 0.048 1.044 0.958

Table 6: Results of segregation parameters for sulphur

Tabela 6: Rezultati parametrov izcejanja pri `veplu

Sample Place of
sampling

Segregation parameters
Ih Is kef

2
Edge 0.0695 1.0779 0.9277

Centre 0.0962 1.0741 0.9310

4
Edge 0.0422 1.0590 0.9443

Centre 0.1519 1.1374 0.8792

5
Edge 0.1108 1.0832 0.9232

Centre 0.1639 1.1895 0.8407

On the basis of the calculated segregation parameters
from Tables 5 and 6, the following rows were deter-
mined. Individual substitutional solutes segregate in
conformity with the decreasing value in the efficient
partition coefficient (kef):

• sample 2: Mo-Si-Mn-Cr
• sample 4: P-Mo-Cr-Si-Mn
• sample 5: P-Mo-Cr-Si-Mn

Considering the values of the efficient partition
coefficient (kef), the phosphorus in sample 5 segregates
extremely significantly, the phosphorus of sample 4
segregates significantly, while carbon, sulphur, silicon,
chromium, molybdenum and manganese segregate into
an interdendritic melt. Molybdenum segregates with the
highest intensity (kef. = 0.685) in sample 2, phosphorus
segregates with the highest intensity (kef. = 0.365) in
sample 4, phosphorus segregates with the highest inten-
sity (kef = 0.169) in sample 5, carbon segregates with the
lowest intensity (kef = 0.979) in sample 2, carbon segre-
gates with the lowest intensity (kef = 0.935) in sample 4
and carbon segregates with the lowest intensity (kef =
0.973) in sample 5.

An identical order of segregation follows from the
obtained values of the efficient partition coefficients (kef)
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Figure 8: Positions of micro-samples taken for the combustion
analysis
Slika 8: Polo`aji mikrovzorcev za analizo z zgorevanjem



and from the data index of element segregation (Is)
when, in both cases, the process is finished by carbon.

5 CONCLUSIONS

A study of macro-segregations on the longitudinal
sections of continuously cast billets Ø 160 mm was made
without the usage of the MEMS technology. The
evaluation was aimed not only at a macro-structural anal-
ysis of the longitudinal section of a billet but also at an
evaluation of the microstructure, a quantitative X-ray
microanalysis (EDX) and an evaluation of the segre-
gation parameters on the chosen samples. Based on the
results of the structure characterisation, the following
conclusions can be stated:

• macro-etching revealed three typical areas (the chill
zone, columnar crystals and the central area of
equiaxed crystals) of the structure of a cast billet. In
the axial area, there was shrinkage porosity with a
diameter of approx. 2 mm. Local changes in the
etching response in that area were explained as the
consequence of the effect of the chemical segregation
during the billet solidification.

• the microstructure of the whole section of the billet
consisted of networks of allotriomorphic ferrite
grains along the previous austenite-grain boundaries,
needles of acicular ferrite and nodules of the pearlite
component. Immediately under the billet surface and
in the centre of the longitudinal section of the billet,
higher fractions of pearlite were observed. This
proved that carbonization occurred in these areas. In
the under-the-surface areas, it was probably due to
the reaction of steel with the cast powder. In the
centre of the longitudinal section of the billet, the
microstructural changes are connected with the
effects of the chemical segregation during solidifica-
tion.

• during the microstructural analysis of the axial area
of the billet, bands with different etching responses,
together with sulphide inclusions, were found in the
surroundings of the shrinkage porosity. The last por-
tions of the segregated melt were solidified in these
areas. As a result of the chemical segregation,
austenite decomposed into bainite in these areas.

• in the areas with a modified etching response, an
enrichment due to all the substitutional solutes,
including a significant increase in the phosphorus
concentration, was proved with an X-ray micro-
analysis. Apart from phosphorus, a high degree of
segregation was proved in the cases of molybdenum,
chromium and manganese.

• on the basis of a metallographic and micro-analytic
evaluation, a carbon analysis of the micro-samples

taken from individual bands of the macro-etching
was carried out by means of a combustion analyser to
perform a complex evaluation.

• it is evident from the distribution of the maximum
and minimum values of the segregation indexes (Is)
of individual elements that the highest values were
determined (for most of the analysed elements) in the
centre of the longitudinal section of the billet. On the
contrary, the lowest values of the segregation indexes
(Is) of individual elements were found (for most of
the analysed samples) in the area of columnar crys-
tals. This confirmed the precondition that the highest
tendency to segregation can be expected along the
billet axis, while the lowest tendency to segregation
can be expected in the area of columnar crystals and
in the chill zone.

• it is obvious that phosphorus is the most segregating
element because its value of the efficient partition
coefficient (kef) is lower than for the other analysed
elements. It was proved that the segregation index for
phosphorus (Is) reached the highest values.

• the obtained results made it possible to describe and
evaluate the material properties of the continuously
cast billet Ø 160 mm, which can be used for a result
verification and solidification-model development by
means of numerical modelling.
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The research presented in this paper is aimed at studying the properties of composites designed for a redevelopment of
reinforced concrete structures where it is possible to expect an increased risk of fire, i.e., shock actions of extreme temperatures.
Such conditions may occur, for example, in transport constructions, particularly in tunnels. We have developed two recipes
(formulas) for materials based on a polymer-cement matrix and a porous filler. These materials were subjected to cyclic freezing
and de-freezing in combination with a water action. In terms of a long-term durability, we monitored the characteristics after 50
and 100 cycles. The impact of an increased humidity was not considered in this phase of the research. After testing the frost
resistance, the bodies were dried up. Then, temperature shocks of (400, 600 and 1000) °C followed. The bodies were cooled
down under control, with gradual temperature decreases. The reason for assessing the impact of these two exposure conditions
on the properties of designed materials was mainly the use of the porous filler. This filler has a favourable effect on the
temperature resistance. On the other hand, however, the frost resistance can be negatively affected in combination with water.
Studying the influence of the above two exposures was carried out using the basic physico-mechanical and also
physico-chemical methods. We also utilized analytical methods for assessing the microstructure. The structure was also
examined using an innovative imaging technique allowing a three-dimensional visual assessment, which was primarily aimed at
identifying faults of the structure.
Keywords: composite, polymer-cement matrix, cementitious supplementary material, high temperature, frost resistance,
synergic, microstructure

Namen predstavljene raziskave je {tudij lastnosti kompozitov namenjenih obnovi betonskih zgradb, kjer je mo`no pri~akovati
pove~ano nevarnost po`ara in delovanje ekstremnih temperatur. Taki pogoji se lahko pojavijo, na primer, v prometnih konstruk-
cijah, posebno v tunelih. Razvili smo dva recepta (formuli) materialov, ki temeljijo na me{anici polimer-cement in poroznega
polnila. Ti materiali so bili izpostavljeni cikli~nemu zamrzovanju in odtajanju, v kombinaciji z delovanjem vode. V smislu dolge
zdr`ljivosti, smo pregledali zna~ilnosti po 50 in 100 ciklih. Vpliv pove~anja vla`nosti v tem delu raziskav ni bil obravnavan. Po
preizku{anju odpornosti na mraz, so bila telesa osu{ena. Sledili so temperaturni {oki na (400, 600 in 1000) °C. Telesa so bila
kontrolirano ohlajena, s postopnim zmanj{anjem temperature. Razlog za ocenjevanje u~inka teh dveh pogojev izpostavitve na
lastnosti materiala, je bila predvsem uporaba poroznega polnila. To polnilo ima ugoden vpliv na temperaturno obstojnost. Po
drugi strani pa je lahko odpornost na zmrzal manj{a v kombinaciji z vodo. [tudij vpliva obeh na~inov izpostavitve je bil izveden
z uporabo osnovnih fizikalno-mehanskih in tudi fizikalno-kemijskih metod. Za ocenjevanje mikrostrukture smo uporabili tudi
analiti~ne metode. Struktura je bila preiskana z uporabo inovativne slikovne tehnike, ki omogo~a tridimenzionalno vidno oceno,
katere prvotni namen je bil identifikacija napak v strukturi.
Klju~ne besede: kompozit, me{anica polimer-cement, cementni nadomestni material, visoka temperatura, odpornost na zmrzal,
sinergija, mikrostruktura

1 INTRODUCTION

Durability of building materials is one of the key
aspects of their smooth function in a given structure.
There are many factors that could realistically affect
engineering constructions. These may include exterior
climatic conditions, the presence of aggressive media as
well as accidental exposure to high temperatures. In
practice, consequently, we can even come across situat-
ions where the structure is loaded with cyclic exposures
to water and frost followed by fire. When developed, the
building materials intended for the environments with
the said potential risks of random factors must therefore

be verified in laboratories. The primary reason is the use
of non-traditional raw materials. With regard to the
environmental situation and price, these raw materials
often come from alternative resources. Alternative raw
materials are more or less characterized by the variability
of parameters, including their composition. The choice
of suitable compositions of polymer-cement composites
destined for demanding exposure conditions is one of the
basic prerequisites of their sufficient resistance and the
expected building lifetime.

The development of cement composites for un-
favourable environments was addressed by more authors,
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for example in studies.1–7 Regarding the use of a porous
aggregate for cement composites, very interesting and
significant findings were published in study.8 Here, the
research focuses on the contact zone (or surface
transition zone) of the porous aggregates and the cement
matrix. The issue is dealt with in terms of both experi-
mental research and numerical simulation. It is shown
that this zone is less porous when using a lightweight
aggregate with a smaller thickness than in the case of
conventional dense aggregates. Depending on the water-
cement ratio and the structure of the aggregate surface
layer or aggregate porous system, this matrix/aggregate
transition zone is characterized by different parameters.
For example, this zone disappears in the case of a very
low water-cement ratio and the use of microsilica.

While exploring scientific literature and scientific
articles, we did not find any publications that would pre-
sent a research aimed at the synergistic effects of frost
and subsequent high temperatures (simulating fire) on
the composites containing a lightweight aggregate. The
issue was only addressed separately. Interesting findings
of authors dealing with the effects of high temperatures
on cement composites are presented, inter alia, in stu-
dies.9–11

The parameters of a lightweight aggregate produced
in self-firing processes from secondary energy products
are studied in article.12

2 METHODOLOGY OF THE EXPERIMENTAL
WORK

The research tested two recipes of repair materials
based on a polymer-cement composite matrix. Specific
formulations of recipes are given in the following table
(Table 1).

Table 1: Compositions of tested mixtures
Tabela 1: Sestava preizku{enih me{anic

Component Unit
Mixture

RMS RMA
Cement kg m–3 435 435
Blast furnace slag kg m–3 234 –
Fly ash kg m–3 – 234
Vinyl acetate copolymer % (wcem) 3 3
Microsillica % (wcem) 5 5
Amphibolite 0-1 mm kg m–3 837 837
Porous aggregate 1-2 mm kg m–3 632 632
Polypropylene fibres kg m–3 1,0 1,0
Water kg m–3 187* 187*

* The porous aggregate was saturated with water before preparing the
mixtures. The aggregate has a water-absorption ability of about 35 %.
So, a certain amount of water was leached from the porous aggregate
during the mixing.

The polymeric additive based on a copolymer of
vinyl acetate and ethylene in an amount of 3 % of the
cement weight was used in order to improve the cohe-
sion in the fresh as well as hardened state, and the plasti-

city of the fresh mixture. The filler was an amphibolite-
aggloporite mixture, which is an artificially produced
porous sintered aggregate (hereinafter referred to as
aggloporite).

Since these materials were fine-grained mortars, the
testing was performed on bodies with dimensions of (40
× 40 × 160) mm. The first group of these bodies was
exposed to 50 freezing cycles with a subsequent thermal
load, followed by a definition of the essential charac-
teristics according to 13–15. The second group of the
bodies was exposed to 100 freezing cycles followed by a
thermal load and an assessment of the parameters. The
exposure under the conditions of alternating freezing and
de-freezing was carried out according to 16. Cycling was
implemented so that the tests of the characteristics were
conducted after 70 d or 120 d. In these ages, we also
tested reference bodies that had been only exposed to
extreme temperatures.

The thermal exposure was carried out in steps of
(400, 600 and 1000) °C. The cooling took place
gradually in furnaces with a decreasing gradient of about
1 °C min–1. Laboratory-stored bodies were exposed con-
tinuously to about 22 °C. In addition to the basic
material properties and microstructure, the mortars were
also visually assessed.

3 RESULTS

A comparison of the achieved outputs is shown in the
graphs below (Figures 1 to 6). An emphasis was placed
on the assessment of the bulk density (designated as
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Figure 1: Bulk density and weight change of mixture RMS containing
blast furnace slag (BD – bulk density; W – weight; S70(120)-R – refe-
rence composite after 70 (120) days and thermal exposure; S70(120)-F
– composite after 70 (120) days or 50 (100) frost cycles and thermal
exposure; S70(120)-RF – difference between reference and frost-
exposed specimens)
Slika 1: Gostota osnove in spreminjanje te`e me{anice RMS, ki vse-
buje plav`no `lindro (BD – gostota osnove, W – te`a; S70(120)-R –
referen~ni kompozit po 70 (120) dneh toplotne izpostavitve;
S70(120)-F – kompozit po 70 (120) dnevih ali 50 (100) ciklih zamrzo-
vanja in toplotne izpostavitve; S70(120)-RF – razlika med referen~nim
vzorcem in vzorcem izpostavljenem zamrzovanju)



BD), weight (designated as W) and strength characteris-
tics (designated as fc – compressive strength and ff –
bending tensile strength). The courses of each recipe and
parameter are evaluated separately. Each graph always
contains a comparison of one recipe and the studied
characteristic at the ages of 70 d and 120 d. Courses of
percentage changes (parameters designated as �) of a
given characteristic due to the exposure to the alternating

freezing and de-freezing with a subsequent thermal
shock are plotted on the secondary axis (solid and
dashed curves). Furthermore (shown with a dotted
curve), the graphs indicate differences in the reference
parameters (designated as R) for the frozen (designated
as F) bodies after each temperature exposure (difference
– designated as RF).

Fluctuations of negative temperatures in combination
with a saturation of the material with water and the

T. MELICHAR et al.: CHANGES IN THE COMPOSITE STRUCTURE AND PARAMETERS AFTER AN EXPOSURE ...

Materiali in tehnologije / Materials and technology 51 (2017) 2, 243–249 245

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 5: Flexural strength of mixture RMS containing blast furnace
slag (S70(120)-R – reference composite after 70 (120) days and
thermal exposure; S70(120)-F – composite after 70 (120) days or 50
(100) frost cycles and thermal exposure; S70(120)-RF – difference
between reference and frost-exposed specimens)
Slika 5: Upogibna trdnost me{anice RMS, ki vsebuje plav`no `lindro
(S70(120)-R – referen~ni kompozit po 70 (120) dneh toplotne izpo-
stavitve; S70(120)-F – komozit po 70 (120) dneh ali 50 (100) ciklih
zamrzovanja in toplotne izpostavitve; S70(120)-RF – razlika med
referen~nim in zamrzovanju izpostavljenim vzorcem)

Figure 3: Compressive strength of mixture RMS containing blast
furnace slag (S70(120)-R – reference composite after 70 (120) days
and thermal exposure; S70(120)-F – composite after 70 (120) days or
50 (100) frost cycles and thermal exposure; S70(120)-RF – difference
between reference and frost-exposed specimens)
Slika 3: Tla~na trdnost me{anice RMS, ki vsebuje plav`no `lindro
(S70(120)-R – referen~ni kompozit po 70 (120) dneh toplotne
izpostavitve; S70(120)-F – kompozit po 70 (120) dneh ali 50 (100)
ciklih zamrzovanja in toplotni izpostavitvi; S70(120)-RF – razlika
med referen~nim in zamrzovanju izpostavljenim vzorcem)

Figure 4: Compressive strength of mixture RMA containing fly ash
(A70(120)-R – reference composite after 70 (120) days and thermal
exposure; A70(120)-F – composite after 70 (120) days or 50 (100)
frost cycles and thermal exposure; A70(120)-RF – difference between
reference and frost-exposed specimens)
Slika 4: Tla~na trdnost me{anice RMA, ki vsebuje lete~i pepel
(A70(120)-R – referen~ni kompozit po 70 (120) dneh toplotne izpo-
stavitve; A70(120)-F – komozit po 70 (120) dneh ali 50 (100) ciklih
zamrzovanja in toplotne izpostavitve; A70(120)-RF – razlika med
referen~nim in zamrzovanju izpostavljenim vzorcem)

Figure 2: Bulk density and weight change of mixture RMA
containing fly ash (BD – bulk density; W – weight; A70(120)-R –
reference composite after 70 (120) days and thermal exposure;
A70(120)-F – composite after 70 (120) days or 50 (100) frost cycles
and thermal exposure; A70(120)-RF – difference between reference
and frost-exposed specimens)
Slika 2: Gostota osnove in spreminjanje te`e RMA, ki vsebuje lete~i
pepel (BD – gostota osnove, W – te`a; A70(120)-R – referen~ni kom-
pozit po 70 (120) dneh toplotne izpostavitve; A70(120)-F – kompozit
po 70 (120) dneh ali 50 (100) ciklih zamrzovanja in toplotne
izpostavitve; A70(120)-RF – razlika med referen~nim vzorcem in
vzorci po toplotni izpostavitvi)



subsequent thermal load may lead to cracks or micro-
cracks. For this reason, one of the key included analyti-
cal methods was computer tomography (hereinafter

referred to as CT). Figures below present selected ima-
ges of the bodies loaded with a temperature of 1000 °C
including the reference bodies (Figures 7 to 9). Another
substantial analysis was electron microscopy (hereinafter
referred to also as SEM). Here, the attention was focused
on the faults of the matrix itself as well as on any
microscopic cracks, mainly in the matrix-filler interface
(Figures 9 and 10).

4 DISCUSSION

The RMS formula gave us bulk-density values (Fig-
ure 1) of 1810 kg.m–3 and 1830 kg.m–3 after 70 d or 120
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Figure 10: Microstructure of RMS, exposure temperature of 1000 °C
(without freezing), mag. 20.000×; detail of structure degradation
Slika 10: Mikrostruktura RMS, temperature izpostavitve 1000 °C
(brez zamrzovanja), pov. 20,000×; detajl degradacije strukture

Figure 8: CT image – slice of RMA, 120 days, R – reference sample,
100 freezing cycles, exposure to 1000 °C
Slika 8: CT-posnetek rezine RMA, 120 dni, R – referen~ni vzorec po
100 ciklih zamrzovanja, izpostavljen na 1000°C

Figure 7: CT image – slice of RMA, 120 days, R – reference sample
(without freezing cycles), exposure to 1000 °C
Slika 7: CT-posnetek rezine RMA, 120 dni, R – referen~ni vzorec
(brez ciklov zamrzovanja), izpostavljen na 1000 °C

Figure 6: Flexural strength of mixture RMA containing fly ash
(A70(120)-R – reference composite after 70 (120) days and thermal
exposure; A70(120)-F – composite after 70 (120) days or 50 (100)
frost cycles and thermal exposure; A70(120)-RF – difference between
reference and frost-exposed specimens)
Slika 6: Upogibna trdnost me{anice RMA, ki vsebuje plav`no `lindro
(A70(120) – R – referen~ni kompozit po 70 (120) dneh toplotne
izpostavitve; A70(120) – F – kompozit po 70 (120) dneh ali 50 (100)
ciklih zamrzovanja in toplotne izpostavitve; A70(120) – RF – razlika
med referen~nim in zamrzovanju izpostavljenim vzorcem)

Figure 9: CT picture – slice of RMS, 120 days, R – reference sample,
100 freezing cycles, exposure to 1000 °C
Slika 9: CT-posnetek rezine RMS, 120 dni, R – referen~ni vzorec po
100 ciklih zamrzovanja, izpostavljen na 1000 °C



d, respectively. Therefore, an almost negligible growth
was observed. For a proper evaluation (in terms of
requirements of normative documents), the graph (Fig-
ure 1) also contains curves characterizing the weight
loss. The course of the curves indicates that the resis-
tance to high temperatures gradually gently decreased
due to the frost cycles. After 100 cycles and exposure to
an ambient temperature of 1000 °C, we observed a
weight loss of 17.9 % while the reference material
showed a decrease of about 13.3 %. Differences between
the weight losses (RF curve, Figure 1) after 100 frost
cycles were identified as slightly higher. After exposure
to 1000 °C, however, the differences in the weight loss
(RF curve, Figure 1) after 50 and 100 cycles became
equal.

The RMA formula was characterized by bulk-density
values of 1680 kg.m–3 and 1720 kg.m–3 after 70 d and
120 d, respectively (Figure 2). As in the case of the
RMS recipe, this parameter increases very slightly. The
courses of weight decreases are different in comparison
with the RMS formula. The R and F curves can be
characterized by a more uniform and more gradual
decline than in the case of the RMS. Nevertheless, the
weight losses after 100 frost cycles followed by the ther-
mal exposure of 1000 °C are comparable for both recipes
(about 18 %), i.e., the influences of fly ash and slag are
similar (with a negligible difference of 0.3 % in favour of
the slag). The RF curves show a relatively balanced
course.

In comparison with the weight, the declines in
strength characteristics were much more noticeable. In
the case of the RMS recipe, 50 frost cycles led to a de-
crease in the compressive strength by about 21 % (from
the original value of about 47 N.mm–2) and 100 cycles
resulted in a decrease by 26.5 % (from the original value
of 48 N.mm–2; Figure 3). According to the relevant tech-
nical standard,16 the essential criterion for a decrease is
25 %; this criterion was slightly exceeded after 100
cycles. When comparing the R and F curves characte-
rizing the loss of strength due to the thermal stress or
frost stress, it is evident that the influence of the cyclic
frost was manifested by pronounced declines. The
difference between the exposures at 50 or 100 cycles is
not very noticeable. The graph clearly shows that 100
frost cycles followed by a thermal load at the age of 120
d caused a decrease in the compressive strength to
74.6 %, i.e., the residual strength of 24.4 % (or
9 N mm–2). Exposure to the temperature of 1000 °C
resulted in virtually identical residual strengths (Figure
3, RF curves).

In the RMA recipe, the trends of the compressive
strength are not so clear (Figure 4). The values show a
significant increase in the strength owing to a longer
ripening time. This was partly expected due to the nature
of fly ash because of its involvement in the hydration
process occurring after a prolonged period of time. Due
to the frost stress (without the temperature exposure), the

compressive strength decreased by 15.1 % and 27.1 %
after 50 cycles and 100 cycles, respectively. The diffe-
rence is thus slightly greater than for the RMS recipe.
The R and F curves follow a similar pattern; after the
exposure at 1000 °C, it is possible to record almost the
same values of the residual compressive strength, i.e.,
around 30 % (9–10 N.mm–2). Regarding the compressive
strength, therefore, the resistance of the composite
matrix based on fly ash can be evaluated better compared
to the case of using slag.

The bending tensile strength of the RMS recipe
reached 6.9 N.mm–2 and 7.2 N.mm–2 after 70 d and 120
d, respectively (Figure 5). Due to the frost cycles, the
strength decreased by 20 % and 25.8 % after 50 cycles
and 100 cycles, respectively (without the thermal load).
Except for the 70-day exposure to frost with a sub-
sequent thermal load, the residual strengths (after 1000
°C) ranged around the value of 40 %.

The bending tensile strength of the RMA recipe was
around 6.4 N.mm–2 after 50 cycles and 6.7 N.mm–2 after
100 freezing and de-freezing cycles. The residual
strengths after the frost cycles with a subsequent high
temperature load were determined in a range of
33–36 %. The bodies loaded only thermally retained
42–46 % of the bending strength. The results show that
the residual bending tensile strengths in the RMS and
RMA recipes do not differ significantly. Only the
courses of the RF curves are distinctly different.

The CT analysis focused on the structure degra-
dation, both in the individual components and their
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Figure 11: Microstructure of RMS, exposure to 100 freezing cycles
and then the temperature of 1000 °C, mag. 2.000×; detail of a crack
Slika 11: Mikrostruktura RMS, izpostavitev 100 ciklom zamrzovanja
in nato na temperaturi 1000 °C, pov: 2,000×; detajl razpoke



contact zones. It was found that the bodies exposed to
frost and then to high temperatures show a slightly
increased incidence of cracks. In comparison with the
bodies exposed to a high temperature without the
cyclical freezing, however, the difference was not too
pronounced. Identified cracks were located primarily in
the matrix, at the interface of the dense aggregate and the
matrix, and – to a lesser extent – in the porous aggregate
(Figures 7 to 9). As for the incidence of cracks, the
differences between the RMA and RMS recipes were
almost negligible.

The microstructural method was mainly used to
identify the matrices gradually degrading with the in-
creasing temperature (Figures 10 and 11). No diffe-
rences between the bodies exposed and not exposed to
frost were observed. Likewise, there was no significant
difference in the microstructure of the samples after 70 d
and 120 d or after 50 and 100 frost cycles. It is therefore
evident that the frost is more likely to distort the struc-
ture on the "macroscopic" scale without microstructural
changes, while the thermal exposure also supports the
decomposition of hydration complexes and possibly the
emergence of new products. This could particularly
occur in the case of fly ash, which might act as a flux if
the contents of iron or alkalis are increased.

Hydration of fly ash or its involvement in the
hydration reactions during the silica-matrix ripening
requires longer times. According to normative docu-
ments, the influence of fly ash applied to the concrete is
tested after 28 d and 90 d. In the case of a shorter time
period, it is therefore possible that the greater portion of
fly ash could act as a flux without any significant con-
tribution to shaping the silicate-matrix structure. After a
longer period, conversely, the greater portion of fly ash
could hydrate, which would theoretically reduce its
ability as a flux. Alternatively, if the ability as a flux
remained while the participation in hydration reactions
was demonstrable, the positive effect of fly ash would be
clear. In this case, however, it would be necessary to
verify the specific amounts of fly ash depending on its
chemical composition in order to avoid the melting of
the composite at a certain temperature to an extent that
would cause the loss of its carrying capacity. For this
reason, it would be appropriate to supplement the per-
formed analyses with heat microscopy.

5 CONCLUSIONS

With regard to the achieved results, we can say that
both developed recipes are resistant to the action of
extreme temperature conditions, i.e., the combination of
frost and the subsequent high temperatures. However,
this only applies to 50 frost cycles. After an exposure to
100 cycles, the limit criterion of 25 % (the minimum
residual strength of 75 %) was slightly exceeded. Frost
resistance is partially limited by the use of lightweight
porous aggregates. Within the following research, it
would be useful to focus on optimizing the composition

of recipes in terms of a long-term resistance to frost.
Taking into account the conditions of the application of
the developed materials, however, it would also be
possible to consider secondary protection, i.e., surface
treatment by painting. This could increase the resistance
to frost. It is important to find that the temperature resis-
tance was not affected to a striking extent despite the
decline in the strengths in the order of about 15–27 %
due to frost – the trend of the residual strengths.

Higher strengths (without exposures to extreme con-
ditions) were reached in the recipe containing slag, i.e.,
the RMS. In the case of the RMA recipe, a pronounced
incidence of strength characteristics was more apparent
in the longer term. The RMA recipe showed improved
temperature resistance. This is demonstrated by the de-
termined residual strengths, especially the compressive
strengths at 1000 °C, where we observed residual
strengths of almost 30 %. This fact is not so explicit in
the case of bending strengths. The benefit of the pre-
sented research, among other things, is the composition
of the recipes. It was a combination of commercially
produced (i.e., available) primary as well as alternative
raw materials – in terms of both matrix and filler.

To clarify the behaviour of fly ash in the given matrix
under extreme conditions, it would be appropriate to
include other additional analyses. Studying properties of
the developed composites under simultaneous effects of
extreme temperatures and their mechanical stress (com-
pression or tensile bending) seems to be very interesting.
This could prove whether the an increasing temperature
and the related structural changes including degradation
of the matrix or other components lead to a total loss of
the carrying capacity of the respective material before it
becomes cold.
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This study investigated the selective leaching and surface characteristics of Ti50Ni50–xFex (x = 1, 2, and 3) shape-memory alloys
using inductively coupled plasma-mass spectrometry, X-ray diffractometry, electrochemical tests and X-ray photoelectron
spectroscopy. According to our results, the concentrations of Ni and Fe ions selectively leached from each specimen were
considerably higher than that of Ti ions. Electrochemical tests revealed a gradual deterioration in the corrosion resistance of the
Ti50Ni50–xFex SMAs as the Fe content in the alloys was increased. X-ray photoelectron-spectroscopy results indicate that the
surface of each specimen is primarily made up of a passive TiO2 film. NiO and Fe2O3 oxides, which also formed on the surfaces
of the Ti50Ni50–xFex SMAs, caused a deterioration of the uniformity, undermining the protective effect of the TiO2 films,
resulting in a highly selective leaching of the Ni and Fe ions. The Ti50Ni50–xFex SMAs exhibit a number of favourable properties
compared to the other SMAs; however, high concentrations of selectively leached Ni and Fe ions may pose a risk in biomedical
applications, particularly when used as implant materials.

Keywords: TiNiFe shape-memory alloys, biomaterials, selective leaching, corrosion, X-ray photoelectron spectroscopy

V {tudiji je prou~evano selektivno izpiranje in zna~ilnosti povr{ine zlitine s spominom Ti50Ni50–xFex (x = 1, 2, in 3), z uporabo
masne spektrometrije z induktivno sklopljeno plazmo, rentgensko difrakcijo, elektrokemijskimi preizkusi in rentgensko
fotoelektronsko spektroskopijo. Rezultati ka`ejo, da je bila koncentracija selektivno izpranih Ni in Fe ionov iz vsakega vzorca
veliko ve~ja kot pa Ti ionov. Elektrokemijski preizkusi so pokazali postopno zmanj{anje korozijske odpornosti Ti50Ni50–xFex

SMA, ko je vsebvnost Fe v zlitinah nara{~ala. Rezultati rentgenske fotoelektronske spektroskopije ka`ejo, da je povr{ina vseh
vzorcev predvsem sestavljena iz pasivnih TiO2 plasti. NiO in Fe2O3 oksidi, ki so tudi nastali na povr{ini Ti50Ni50–xFex SMAs,
poslab{ajo enotnost in ogro`ajo varovalno plast iz TiO2 prevlek, kar ima za posledico bolj selektivno izpiranje ionov Ni in Fe.
Ti50Ni50–xFex SMAs vsebuje {tevilne ugodne lastnosti v primerjavi z drugimi SMA; vendar pa velika koncentracija selektivno
izpranih Ni in Fe ionov lahko predstavlja tveganje pri biomedicinski uporabi, posebno pri implantiranih materialih.

Klju~ne besede: TiNiFe zlitine s spominom, biomateriali, selektivno izpiranje, korozija, rentgenska fotoelektronska
spektroskopija

1 INTRODUCTION

Nickel-titanium shape-memory alloys (TiNi SMAs)
are widely used in advanced engineering applications
due to their favourable shape memory and superelastic
properties.1 Most TiNi SMAs further exhibit a low
cytotoxicity and a good biocompatibility2–4 and thus they
are also suitable for biomedical applications, such as
laparoscopic surgery, stents, shape-memory microvalves,
and osteosynthesis devices.5–7 It was reported that sub-
stituting Fe for Ni in TiNi SMAs induces the formation
of the R-phase during the martensitic transformation and
leads to some advanced mechanical properties superior
to those of typical TiNi SMAs.8,9

W. J. Moberly et al.10 investigated the deformation,
twinning and thermo-mechanical strengthening of
Ti50Ni47Fe3 SMAs. Their results demonstrated that cold-
worked and annealed Ti50Ni47Fe3 SMAs had a refined
subgrain size, a high yield strength, and a good ductility.
In addition, several studies reported on TiNiFe SMAs
with ultra-high internal-friction properties, which are

excellent candidates for high-damping applications.11–13

Recently, D. Wang et al.14 established a complete tempe-
rature-composition phase diagram that included the
pre-martensitic state, martensite and strain glass. They
also reported that strain glass forms in TiNiFe SMAs
when the Fe doping exceeds the critical value.

Several articles reveal that TiNiFe SMAs are
candidate materials for biomedical applications. C. Li
and Y. F. Zheng15 investigated the electrochemical
behaviours of Ti50Ni47Fe3 SMAs and found that the
surface of a Ti50Ni47Fe3 SMA mainly consists of TiO2,
which is responsible for the good biocompatibility and
anti-corrosion properties of the alloys. T. A. Tabish et
al.16 further performed an in-vivo cytotoxic evaluation of
TiNiFe SMAs and found that they do not exhibit any
appreciable cytotoxic or systematic reactions to living
systems. However, when SMAs are used as implant
materials, interactions between the alloys and the living
tissue can lead to the corrosion of the surface oxide
layer, thereby increasing the risk of metal ions being
released into the body. These metallic ions pose a
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potential health hazard capable of inducing allergic
reactions or even promoting the onset of cancer.17–19

Several researches had previously investigated the
selective leaching behaviour of TiNi and TiNiCu
SMAs20–23; however, the selective leaching of Ti, Ni, and
Fe ions released from TiNiFe SMAs has not been
studied. Therefore, this study investigated the selective
leaching and surface properties of Ti50Ni50–xFex (x = 1, 2,
and 3) SMAs using inductively coupled plasma mass
spectrometry (ICP-MS), an X-ray diffraction (XRD)
analysis, electrochemical tests, and X-ray photoelectron
spectroscopy (XPS).

2 EXPERIMENTAL PART

The Ti50Ni50–xFex (x = 1, 2, and 3) SMAs used in this
study were prepared from pure raw titanium (a purity of
99.9 % mass fraction), nickel (a purity of 99.9 % mass
fraction), and iron (a purity of 99.98 % mass fraction).
The raw materials were re-melted using conventional
vacuum arc remelting to form ingots in an argon atmo-
sphere. Each ingot was hot-rolled at 900 °C using a
rolling machine (DBR150x200 2HI-MILL, Daito Seiki
Co, Japan) to form a 2 mm plates, which were then
solution-heat-treated at 900 °C for 1 h and quenched in
water. The surface oxide layer of a plate was removed
using an etching solution of HF:HNO3:H2O at a volume
ratio of 1:5:20. Each plate was then cut into bulk samples
with dimensions of (30.0 � 4.0 � 2.0) mm for charac-
terization.

The crystallographic features of each Ti50Ni50–xFex

SMA were determined using a Rigaku IV XRD instru-
ment with Cu-K� radiation (� = 0.154 nm) at room
temperature. The selective leaching properties of
Ti50Ni50–xFex SMAs were evaluated by immersing
samples in test flasks containing 500 mL of Ringer’s
solution. Ringer’s solution was used in selective-leaching
tests because it is an isotonic solution similar to bodily
fluids and is widely used in in-vitro experiments. Each
test flask was maintained at 37 °C in an orbital shaker
incubator for 80 d. We then measured the concentrations
of the released Ti, Ni, and Fe ions in Ringer’s solution
using ICP-MS (Agilent 7500ce).

Electrochemical measurements of the Ti50Ni50–xFex

SMAs were performed using an electrochemical work-
station (ECW-5600, Jiehan) to determine the cathodic
and anodic polarization Tafel curves, where a platinum
plate was used as the counter electrode, a saturated
calomel electrode (SCE) was used as the reference
electrode and Ringer’s solution was used as the test solu-
tion. The average corrosion potential (Ecorr) and the
average corrosion current density (icorr) values of each
specimen were calculated from seven Tafel curves, for
which the maximum and minimum values were deleted.
The surface chemical composition of the Ti50Ni50–xFex

SMAs was analysed using an XPS device (Thermo
Scientific (VGS) K-Alpha) with a monochromatic Al-K�

radiation source of 1468.6 eV. The survey spectrum of
each specimen was measured over a range of 200–1200
eV in 1-eV steps. High-resolution Ti, Ni, and Fe 2p
spectra for each specimen were determined in 0.05-eV
steps. The XPSPeak 4.1 software was used for the anal-
ysis of XPS spectra.

3 RESULTS

3.1 XRD results

Figure 1 presents the XRD results of the
Ti50Ni50–xFex SMAs, where each Ti50Ni50–xFex SMA
sample exhibits diffraction peaks related to (110)B2,
(200)B2, and (211)B2 at approximately 2� = 42.2°, 61.3°,
and 77.5°, respectively. Figure 1 further reveals that all
of the Ti50Ni50–xFex SMAs used in this study were in the
parent phase at room temperature, indicating that the
surface relief, which is normally observed at the
R-phase, or the B19’ martensite of TiNi-based SMAs,
had no influence on the selective leaching.

3.2 Selective leaching behaviours

Figures 2a to 2c present the concentrations of the Ti,
Ni, and Fe ions, respectively, which were selectively
leached from the Ti50Ni50–xFex SMAs in Ringer’s solution
as a function of the immersion time. Figure 2a shows
that the concentration of the Ti ions selectively leached
from the specimens was extremely low (< 1·10–8)
throughout the 80 d of the immersion. Figure 2b shows
that the concentrations of the Ni ions selectively leached
from the Ti50Ni50–xFex SMAs were also extremely low
during the first 30 d; however, these concentrations
increased significantly to above 1.5·10–6 ppb by day 80.
This feature indicates that the selective leaching rate of
the Ni ions from the Ti50Ni50–xFex SMAs is considerably
high. As shown in Figure 2c, the concentrations of the
Fe ions selectively leached from the Ti50Ni50–xFex SMAs
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Figure 1: XRD pattern for Ti50Ni50–xFex SMAs
Slika 1: Rentgenogram Ti50Ni50–xFex SMA



were approximately 5·10–8 after 80 d. No obvious
differences in the concentration of the Fe ions were
observed among alloys with different chemical compo-
sitions. According to the results shown in Figure 2, the
concentration of the Ni ions selectively leached from
each of the specimens was considerably higher than that
of the Ti and Fe ions, indicating that Ni ions are more
easily released from the surface of Ti50Ni50–xFex SMAs
than the Ti or Fe ions.

3.3 Electrochemical properties

Figure 3 presents the selected cathodic and anodic
polarization Tafel curves obtained from Ringer’s solution
containing Ti50Ni50–xFex SMAs. The average corrosion
potential (Ecorr) and corrosion-current density (icorr) of
each sample are listed in Table 1. The Ecorr values of
Ti50Ni50–xFex SMAs gradually decreased from approxi-
mately –0.379 V to –0.433 V when the Fe content in the
alloys was increased from 1 to 3. This indicates that,
when immersed in Ringer’s solution, the Ti50Ni50–xFex

SMAs with a lower Fe content exhibit a better corrosion
resistance, superior to that of the other SMAs. Table 1
also shows that, in the presence of an elevated Fe
content, the icorr values of the Ti50Ni50–xFex SMAs
gradually increased from (3.27±0.86) × 10–7 A/cm2 to
(5.52±1.05) × 10–6 A/cm2, demonstrating a gradual
increase in the corrosion rate of theTi50Ni50–xFex SMAs
when alloys had a higher Fe content.

Table 1: The average Ecorr and Icorr values determined according to
the cathodic and anodic polarization Tafel curves from Figure 3
Tabela 1: Srednje vrednosti Ecorr in Icorr dolo~ene pri katodni in
anodni polarizaciji iz Taflovih krivulj iz Slike 3

Sample
Avg. Ecorr

(V)
Avg. Icorr

(A/cm2)
Ti50Ni49Fe1 -0.379±0.017 (3.27±0.68)×10–7

Ti50Ni48Fe2 -0.394±0.006 (3.54±0.66) ×10–6

Ti50Ni47Fe3 -0.433±0.007 (5.52±1.05) ×10–6

3.3 X-ray photoelectron spectroscopy

Figures 4a to 4c present the XPS survey spectra of
the Ti50Ni49Fe1, Ti50Ni48Fe2, and Ti50Ni47Fe3 SMAs, res-
pectively. Each specimen exhibited significant characte-
ristic peaks associated with Ti (a Ti 2p peak at approxi-
mately 460 eV), Ni (a Ni 2p peak at approximately 853
eV), O (an O 1s peak at approximately 531 eV), and
contamination C (a C 1s peak at approximately 285 eV).
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Figure 3: Cathodic and anodic polarization Tafel curves for
Ti50Ni50–xFex SMAs
Slika 3: Taflova krivulja katodne in anodne polarizacije Ti50Ni50–xFex
SMAs

Figure 2: Concentrations of: a) Ti, b) Ni, and c) Fe ions selectively
leached from Ti50Ni50–xFex SMAs
Slika 2: Koncentracije: a) Ti, b) Ni in c) Fe ionov, selektivno izpranih
iz Ti50Ni50–xFex SMA



Figure 4 also reveals an insignificant Fe 2p peak at
approximately 710 eV for each specimen.

Figures 5a to 5c present the Ti 2p XPS spectra of the
Ti50Ni49Fe1, Ti50Ni48Fe2, and Ti50Ni47Fe3 SMAs, respec-
tively. Figure 5a shows that the Ti 2p characteristic
peaks of the Ti50Ni49Fe1 SMA can be divided into four
oxidation states, Ti4+, Ti3+, Ti2+, and Ti0, corresponding to
TiO2, Ti2O3, TiO, and metallic Ti, respectively.24–26 As
shown in Figure 5a, the TiO2 peak was more prominent
than the other peaks, indicating that TiO2 was the domi-

nant oxide layer on the surface of the Ti50Ni49Fe1 SMA.
Figures 5b and 5c show that the Ti 2p XPS spectra of
the Ti50Ni48Fe2 and Ti50Ni47Fe3 SMAs were very similar
to that of the Ti50Ni49Fe1 SMA shown in Figure 5a. This
suggests that the surfaces of the Ti50Ni48Fe2 and
Ti50Ni47Fe3 SMAs were also primarily composed of a
TiO2 oxide layer.

Figures 6a to 6c present the Ni 2p XPS spectra of the
Ti50Ni49Fe1, Ti50Ni48Fe2, and Ti50Ni47Fe3 SMAs, respec-
tively. Figure 6a shows that the Ni 2p characteristic
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Figure 5: Ti 2p XPS spectra of the surfaces of: a) Ti50Ni49Fe1,
b) Ti50Ni48Fe2, and c) Ti50Ni47Fe3 SMAs
Slika 5: Ti 2p XPS spektri povr{in: a) Ti50Ni49Fe1, b) Ti50Ni48Fe2 in
c) Ti50Ni47Fe3 SMAs

Figure 4: XPS survey spectra of the surfaces of: a) Ti50Ni49Fe1,
b) Ti50Ni48Fe2, and c) Ti50Ni47Fe3 SMAs
Slika 4: XPS-spektri povr{in: a) Ti50Ni49Fe1, b) Ti50Ni48Fe2 in
c) Ti50Ni47Fe3 SMAs



peaks of the Ti50Ni49Fe1 SMA can be divided into the
metallic-Ni and NiO-oxidation states. We also observed
two small shoulders corresponding to the satellite (sat.)
peaks of the metallic Ni and NiO near the characteristic
peaks. Figures 6b and 6c show that the Ni 2p XPS
spectra of the Ti50Ni48Fe2 and Ti50Ni47Fe3 SMAs were
nearly identical to that of the Ti50Ni49Fe1 SMA,
suggesting an abundance of metallic Ni atoms on the

surfaces of Ti50Ni50–xFex SMAs. Figures 7a to 7c present
the Fe 2p XPS spectra of the Ti50Ni49Fe1, Ti50Ni48Fe2, and
Ti50Ni47Fe3 SMAs, respectively. Compared to the XPS
spectra of Ti 2p and Ni 2p in Figures 5 and 6, the
intensity of the Fe 2p XPS spectrum was relatively low.
Figures 7a to 7c show that the Fe 2p characteristic peaks
of the Ti50Ni50–xFex SMAs can be divided into Fe2O3 and
metallic Fe peaks, in which Fe2O3 is the dominant oxide
characterizing the surfaces of Ti50Ni50–xFex SMAs.
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Figure 7: Fe 2p XPS spectra of the surfaces of: a) Ti50Ni49Fe1,
b) Ti50Ni48Fe2, and c) Ti50Ni47Fe3 SMAs
Slika 7: Fe 2p XPS-spektri povr{in: a) Ti50Ni49Fe1, b) Ti50Ni48Fe2 in
c) Ti50Ni47Fe3 SMA

Figure 6: Ni 2p XPS spectra of the surfaces of: a) Ti50Ni49Fe1,
b) Ti50Ni48Fe2, and c) Ti50Ni47Fe3 SMAs
Slika 6: Ni 2p XPS-spektri povr{in: a) Ti50Ni49Fe1, b) Ti50Ni48Fe2 in
c) Ti50Ni47Fe3 SMA



4 DISCUSSION

According to the Ti 2p XPS spectra in Figure 5, the
Ti atoms near the surfaces of the Ti50Ni50–xFex SMAs
were covered mainly with a film of a TiO2 oxide. This
result can be explained with a high thermodynamic
stability of TiO2.27–30 Furthermore, the TiO2 films that
formed on the surfaces of Ti50Ni50–xFex SMAs are highly
corrosion resistant, which leads to extremely low selec-
tive leaching of the Ti ions, as demonstrated in Fig-
ure 2a. In contrast, Figure 2b shows that comparatively
higher concentrations of Ni ions were leached from the
Ti50Ni50–xFex SMAs, indicating that the selective leaching
rate of the Ni ions was much higher than that of the Ti
ions, which was, in turn, due to an abundance of metallic
Ni atoms on the surfaces of the Ti50Ni50–xFex SMAs, as
shown in Figure 6. Figure 2b also reveals that the con-
centrations of the Ni ions selectively leached from the
Ti50Ni50–xFex SMAs gradually increased with an increase
in the Fe content in the Ti50Ni50–xFex SMAs. This corres-
ponds to the fact that the corrosion resistance of the
Ti50Ni50–xFex SMAs gradually deteriorated with an
increase in the Fe content of the alloys, as revealed by
Figure 3. As shown in Figure 2c, the concentration of
the Fe ions selectively leached from the Ti50Ni50–xFex

SMAs was approximately 50 ppb, which is much lower
than that of the Ni ions. This is a direct consequence of
the fact that the Fe content in the Ti50Ni50–xFex SMAs was
below 3 atomic percent. As shown in Figure 7, this find-
ing also corresponds to the fact that most Fe atoms on
the surface of a specimen were in the form of Fe2O3

oxides, rather than metallic Fe.
A previous study found that extremely low concen-

trations of Ti and Ni ions were selectively leached from
Ti50Ni50 SMAs and attributed this to a passive TiO2

surface film inhibiting the ion movement.23 However,
during the current study, we observed high concentra-
tions of selectively leached Ni and Fe ions. This suggests
that the NiO and Fe2O3 oxides that formed on the
surfaces of the Ti50Ni50–xFex SMAs caused a deterioration
of the uniformity of the TiO2 oxide films and, therefore,
of their protective effect. Thus, despite the fact that the
Ti50Ni50–xFex SMAs exhibit a number of properties not
found in the other SMAs, the high concentrations of
selectively leached Ni and Fe ions may pose a health risk
in biomedical applications. A further surface modifica-
tion is necessary if the Ti50Ni50–xFex SMAs are to be
considered as implantation materials in human bodies.

5 CONCLUSION

All of the Ti50Ni50–xFex SMAs used in this study were
in the parent phase during the selective leaching tests.
The concentrations of the Ti ions selectively leached
from the Ti50Ni50–xFex SMAs were extremely low be-
cause the Ti atoms near the surface of the alloys under-
went oxidization to form passive TiO2 films. The con-
centration of the Ni ions selectively leached from the

Ti50Ni50–xFex SMAs gradually increased with an increase
in the Fe content in the Ti50Ni50–xFex SMAs, which can
be explained with the fact that the corrosion resistance
inversely correlated with the Fe content in the alloys.
The concentrations of the Fe ions selectively leached
from the Ti50Ni50–xFex SMAs were approximately 5×
higher than those of the Ti ions. The high concentrations
of the Ni and Fe ions released from the Ti50Ni50–xFex

SMAs were probably caused by the fact that the NiO and
Fe2O3 oxides, formed on the surfaces of the Ti50Ni50–xFex

SMAs reduced the uniformity of the TiO2 oxide films
and thereby compromised the protective effect of the
films. Selectively leached Ni and Fe ions may pose a risk
in biomedical applications; therefore, a surface modifi-
cation is required if the Ti50Ni50–xFex SMAs are to be
used as implant materials.
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X-ray phase analysis (XRD), differential thermal analysis (DTA) and X-ray fluorescence spectroscopy (XRF) of pyrite samples
in a protective (Ar) and an oxidative atmosphere (air) at different temperatures (200, 300, 500, 700) °C and times (1, 2, 4) h
were made. A graphical representation of the unit cell of magnetic pyrrhotite and diffraction patterns of the individual crystal
structures of pyrite, which occur in the sample at selected temperatures, atmosphere, and exposure times were analyzed with
X-ray diffraction software (CrystalMaker). The results show that FeS2 exhibited temperature-dependent changes in the crystal
structure that are not included in current Fe-S phase diagrams.

Keywords: Pohorje, Eastern Alps, structural changes, FeS2 pyrite, XRD, XRF, DTA

Vzorci pirita so bili analizirani s pomo~jo rentgenske fazne analize (XRD), diferen~ne termi~ne analize (DTA) in rentgenske
fluorescentne spektroskopije (XRF) po `arjenju v za{~itni (Ar) in oksidativni atmosferi (zrak) pri razli~nih temperaturah (200,
300, 500 in 700) °C in ~asih (1, 2 in 4) h. S programsko opremo (CrystalMaker) je grafi~no predstavljena osnovna celica
magnetnega pirotita. Analizirani so tudi rentgenogrami posameznih kristalnih struktur pirita, ki se pojavijo v vzorcu pri
dolo~enih temperaturah, atmosferi in ~asih `arjenja. Rezultati ka`ejo, da pirit izkazuje temperaturno odvisne spremembe v
kristalni strukturi, ki niso vklju~ene v dosedanje fazne diagrame Fe-S.

Klju~ne besede: Pohorje, Vzhodne Alpe, strukturne spremembe, pirit (FeS2), XRD, XRF, DTA

1 INTRODUCTION

Pyrite is the most common and widespread of the
sulfide minerals, found in a wide variety of geological
formations. It occurs as magmatic segregations, as an
accessory mineral in igneous rocks, in contact meta-
morphic deposits, in large hydrothermal veins and in
many sedimentary rocks. In these rocks the pyrite is
usually found associated with other sulfides or oxides
and is often mined for the gold or copper associated with
it. Despite a high Fe content (46.55 % of mass fractions),
pyrite has never been used as a significant source of iron.
Because of the large amount of sulfur present in the
mineral, it is used as an iron ore only in those countries
where oxide iron ores are not available. Iron is produced
from pyrite by roasting, causing complete oxidation and
removal of the sulfur; the latter is the reason for the
brittleness in iron and its alloys.1,2 During the early years
of the 20th century, pyrite was used as a mineral detector
in radio receivers, and is still used by šcrystal radio’
hobbyists. Pyrite detectors occupied a midway point
between galena detectors and the more mechanically

complicated perikon mineral pairs.3,4 Pyrite is a
semiconducting material with band gap of 0.95 eV.5 It
has been proposed as an abundant, inexpensive material
in low-cost photovoltaic solar panels.6 Pyrite still
remains in commercial use for the production of sulfur
dioxide, in the paper industry, and in the production of
sulfuric acid. It is also a source of sulfur, for the
production of tires, explosives, disinfectants, medicines,
ink, wood preservatives, dyes and matches.1 Pyrite is
also used as the cathode material in the Energizer brand
of non-rechargeable lithium batteries.7

Although pyrite is the principal constituent of many
ore bodies, it is absent in some high-temperature depo-
sits formed from liquids and gases, suggesting clear
dependency of the pyrite crystallization under restricted
temperature conditions.8 In this paper, the phase trans-
formation of pyrite as a function of temperature, time
and atmosphere are studied in order to clarify its stability
and changes in crystal structure in the range of 33 % of
mass fractions to 60 % of mass fractions of S in an inert
atmosphere and the path of pyrite decomposition in the
oxidative atmosphere.
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2 GEOLOGICAL BACKGROUND AND SAMPLE
LOCATIONS

The Pohorje Mountains are located at the south-
eastern margin of the Eastern Alps in north-eastern Slo-
venia. They represent ultrahigh-pressure metamorphic
terrane and are built up of three Eo-Alpine nappes that
belong to pre-Neogene metamorphic sequences of
Austroalpine units of the Eastern Alps. Structurally, the
lowest nappe represents the Lower Central Austroalpine
and consists of medium- to high-grade metamorphic
rocks, predominantly micaschists, gneisses and amphi-
bolites with marble and quartzite lenses. It also contains
several eclogite lenses and a body of metaultrabasic
rocks. The Pohorje nappe is overlain by nappe composed
of weakly metamorphosed Paleozoic rocks, mainly low-
grade metamorphic slates and phyllites. The uppermost
nappe is built up of Permo-Triasic clastic sedimentary
rocks, mainly sandstones and conglomerates. The two
latter nappes represent the Upper Central Austroal-
pine.9,10 The entire nappe stack is overlain by Early
Miocene sediments that belong to the svn-rift basin fill
of the Pannonian Basin.11 The central part of Pohorje is
occupied by granodioritic to tonalitic intrusion of
Miocene age (18-19 Ma).12,13

Pyrite mines in Zgornja Polskava are located along
the creek where several exploratory tunnels were dug in
a sequence of metapelitic rocks. The GPS geographic
coordinates of the mines are as follows: N 46°25’54.8’’,
E 15°35’40.0’’.

Pyrite crystals occur within tremolite forming more
than 50-cm-thick layers or veins in metapelitic country
rocks.14,15 These are mostly gneisses and micaschists that
formed under high-pressure and high-temperature condi-
tions of 2.2–2.7 GPa and 700–800 °C. They are medium-
grained rocks with a granoblastic texture composed
mostly of quartz, mica, biotite, garnet, kvanite, plagio-
clase and K feldspar. Metapelitic rocks in the investi-
gated area are more or less intensively limonitized.9,10,16

3 FORMATION OF PYRITE AND SAMPLE
DESCRIPTION

The samples of pyrite that were used for the analyses
were taken from the mine in Zgornja Polskava, which
was operational from 1916 to 1920. The ore was mainly
used for the production of sulfuric acid. In abandoned
mine tunnels, pyrite cubes from 2 mm to 20 mm in size
and more can still be found today.15,17 From Figure 1 it is
clear that analyzed samples are brass yellow modified
cubes with typical pyrite striations on the surface. In
places pyrite crystals are limonitized and contain rare
quartz veins. The size of the samples is approximately
(20 × 20 × 20) mm.

Pyrite forms in high-temperature veins at tempera-
tures from 300 °C to 400 °C.16 The rock around the veins
is characterized by a red color, which is due to the

presence of hematite dispersed in the sequence of
metapelitic rocks. For hydrothermal ore deposits of this
type it is characteristic that sulfides are found in the
green, gray and black layers, which alternate with the red
layer.18

The binary phase diagram Fe-S reported by Kuba-
schewski19 is shown in Figure 2. The crystal structure of
pyrite (�, �) transforms into the pyrrhotite (�, �, �) when
the sulfur concentration is decreasing or the temperature
is rising. With increasing temperature the pyrite decom-
poses into pyrrhotite (�FeS) and liquid at a temperature
of 743 °C. Because of the low boiling point of sulfur
(444.6 °C) at atmospheric pressure the free bonded
atoms evaporate (irreversible reaction). With decreasing
temperature the crystal structures of �FeS (P63/mmc)
transform to �FeS (P62c) at 315 °C and then �FeS into
�FeS (unknown crystal structure by Kubaschewski).

4 MATERIALS AND METHODS

4.1 X-ray powder diffraction (XRD)

A Philips X-ray diffractometer with a PW3830 gene-
rator was used for the XRD analyses. The patterns were
recorded with the following parameters: voltage 40 kV,
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Figure 2: Phase diagram Fe-S19

Slika 2: Fazni diagram Fe-S19

Figure 1: Analyzed samples of pyrite
Slika 1: Vzorci pirita uporabljeni za analize



current 30 mA, wavelength of light used X-ray Cu–K�
0.15418 nm, secondary graphite monochromator and
proportional counter. The angle 2� was recorded in the
range of 0° to 70°, at a rate of 1.2° 2�/min. The limit of
detection of the minerals in the sample is 1–3 %.

4.2 X-ray fluorescent spectroscopy (XRF)

A portable (field) X-ray fluorescence analyzer
NITON (model XL3t + GOLDD-900S He) was used to
determine the quantity of each element in the sample.
The method allows a quantitative analysis of more than
80 elements, from magnesium to uranium. When
measuring, we used the module "Mining". During the
measurement the sampling site was pumped with helium
gas for the better detection of light elements (Mg, Si, Al,
P). The measurement time for each sample was 210 s.

4.3 Differential thermal analysis (DTA) and differen-
tial scanning calorimetry (DSC)

DSC was performed on a STA 449 Jupiter device by
NETZSCH. All the analyses were carried out in a
protective argon atmosphere or air. The experiments
were conducted at heating/cooling rates of 10 °C/min,
according to the Heat Flux mode. In this mode the
investigative and comparative sample are heated with the
same heat source.

5 RESULTS AND DISCUSSION

The phase transformations of pyrite are defined as a
function of temperature, time and atmosphere. The
crystal structures of the phases that occur in the sample
at various temperatures and times in the presence of a
protective (Ar) or the oxidizing atmosphere (air) were
determined by means of X-ray structural analysis. The
purity of each sample was identified using X-ray fluore-
scence spectroscopy. The presence of the chemical
reactions or changes in the crystal structure was traced
by DSC. The temperatures of the heating were (300, 500

and 700) °C. At each temperature we held the samples
for (1, 2 and 4) h. The DSC experiments were carried out
according to a temperature program of 10 °C min–1 to
800 °C to trace changes in FeS2 that were not found in
Fe-S phase diagram. The crystal structure of the sample
was defined with the help of a computer program
CrystalMaker and Atlas of Crystal Structure Types for
Intermetallic Phases.20,21

5.1 Annealing pyrite in air at 300 °C

In the crystal structure of pyrite no changes occurred
after annealing at a temperature of 300 °C for 4 h. The
sample consisted of pyrite and quartz. The diffraction
pattern for the sample after annealing at 300 °C for 4 h is
shown in Figure 3.

The unit cell of pyrite is a cubic crystal lattice with a
point symmetry by Hermann-Mauguin notation (HM)
m3 (there is mirror plane in the direction of a and 3-fold
rotational axis with inversion (3) in the direction of b
axis), and a space group Pa3, that illustrates the primitive
lattices (P), a glide plane in the direction of the a axis
and the 3-fold rotational axis with the inversion (3) in the
direction of the b axis. The unit cell of �-quartz repre-
sents a trigonal crystal system with a point symmetry
(HM) 32 (which illustrates the 3-fold axis in the direc-
tion of the a axis and 2-fold rotational axis in the direc-
tion of the b axis) and the space group P3221 (primitive
lattice (P), the screw axis with the 3-fold rotation in the
direction of a axis (triad) and a 2-fold rotational axis in
the direction of the b axis).

5.2 Annealing pyrite in air at 500 °C

Already after one hour of annealing at 500 °C a
change in the crystal structure appeared. It can be seen
that the intensity of the peaks representing the crystal
structure of pyrite decreased (the amount of the crystal-
line structure of pyrite decreased) and new peaks arose,
which represented new crystal structures. With the help
of diffraction patterns it was found that along with the
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Figure 4: XRD analysis of a sample annealed at 500 °C for 4 h
Slika 4: Rentgenogram vzorca `arjenega 4 h na temperaturi 500 °C

Figure 3: XRD analysis of a sample annealed at 300 °C for 4 h
Slika 3: Rentgenogram vzorca `arjenega 4 h na temperaturi 300 °C



crystal structure of pyrite and the quartz crystal structure
of hematite (Fe2O3) and mikasaite or iron(III)sulfate
(Fe2(SO4)3) appeared. The amount of hematite increased
with the annealing time, while the amount of pyrite and
iron(III)sulfate decreased. The amount of quartz was
equal during the time of annealing. Figure 4 has the
diffraction pattern of a sample made after annealing at
500 °C for 4 h.

The unit cell of the iron(III)sulfate belongs to the
trigonal crystal system with a point symmetry (HM) 3
(3-fold rotation axis with inversion in the direction of a
axis), and a space group R3 (rhombohedral lattice R and
the 3-fold rotation with the inversion in the direction of
the a axis). The basic cell of hematite (�-hematite)
belongs to the trigonal crystal system with a symmetry
point (HM) 32 /m (which represents a 3-fold rotational
axis with the inversion in the direction of the a axis and a
2-fold rotational axis with the mirror plane in the direc-
tion of the b axis) and space group R c3 (rhombohedral
lattice R, 3-fold rotation axis with inversion in the direc-
tion of the a axis, and a glide plane in the direction of the
c axis).

5.3 Annealing pyrite in air at 700 °C

Already after one hour of annealing at 700 °C the
sample consisted of the crystal structure of hematite with
only a small amount of quartz. The temperature was so
high that the sulfur evaporated and reacted with the oxy-
gen in the atmosphere to form sulfur dioxide. Oxygen
from the atmosphere diffused into the sample and
formed hematite. Figure 5 shows the diffraction pattern
of the sample made after annealing at 700 °C for 4 h.

5.4 The X-ray fluorescent spectroscopy

Table 1 presents the weight percentages of the che-
mical elements and the relative error in the calculation of
weight fraction of the chosen elements. Presented are the
three samples that were heated to 300 °C, 500 °C and
700 °C and exposed for 4 h to air.

The sample annealed at 300 °C had about 37 % of
mass fractions of Fe, and approximately 60 % of mass
fractions of S. Due to the fact that the chemical com-
position of pyrite corresponds to 46.55 wt. % Fe and
53.45 % of mass fractions of S, it can be concluded that
some atoms of sulfur are free and bonded to the surface
of the sample. It can also be assumed that a small
amount of tremolite Ca2Mg5Si8O22(OH)2 is present (in
which one can find pyrite) and some metamorphic rocks,
specifically gneiss (location of exploratory tunnels of
pyrite), due to the presence of other chemical elements.

Table 1: Chemical composition of samples annealed at (300, 500 and
700) °C in air (X-ray fluorescent spectroscopy, w/%)
Tabela 1: Kemi~na sestava vzorcev `arjenih na zraku pri temperaturah
(300, 500 in 700) °C (rentgenska fluorescentna spektroskopija, w/%)

Tempe-
rature

Chemical element
Fe Fe Error S S Error Si Si Error

300 °C 37.49 0.14 60.77 0.13 0.01 0.02
500 °C 53.72 0.46 17.63 0.11 4.37 0.05
700 °C 71.82 0.75 0.18 0.01 6.65 0.07

Al Al Error Ca Ca Error Cl Cl Error
300 °C 0.04 0.07 0.02 0.01 0.97 0.02
500 °C 2.98 0.11 0.13 0.02 0.14 0.01
700 °C 1.03 0.06 0.19 0.02 0.23 0.01

Mg Mg Error P P Error As As Error
300 °C 0.24 0.24 0.14 0.03 0.22 0.00
500 °C 0.94 0.22 0.13 0.02 0.33 0.01
700 °C 0.00 0.11 0.12 0.01 0.07 0.01

5.5 Differential scanning calorimetry (DSC)

To determine the beginning of the phase transforma-
tions in air, differential scanning calorimetry was used.
Figure 6 has a DSC heating curve for a run carried out
using a heating/cooling rate of 10 °C/min on a sample of
pure pyrite.

Pyrite was first transformed into an iron(III)sulfide,
which then further dissociated into hematite. We believe
that the disintegration process took place according to
the following chemical reactions in Equations (1), (2)
and (3):

2FeS2(s) + 7O2(g) � Fe2(SO4)3(s) + SO2(g) (1)
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Figure 6: DSC heating curve for pyrite in air
Slika 6: DSC-krivulja segrevanja pirita na zraku

Figure 5: XRD analysis of a sample annealed at 700 °C for 4 h
Slika 5: Rentgenogram vzorca `arjenega 4 h na temperaturi 700 °C



Fe2(SO4)3(s) � Fe2O3(s) + 3SO3(g) (2)

SO2(g) + 0,5O2(g) � SO3(g) (3)

Apparently, the disintegration of iron(III)sulfide is
obviously complicated as it involves three partial reac-
tions. So, the total rate of disintegration or conversion of
iron(III)sulfide into hematite depends on the partial rate
of each individual reaction listed above.

5.6 Annealing pyrite in a protective atmosphere
(argon) at 200 °C, 300 °C and 500 °C

Annealing in a protective atmosphere at 500 °C does
not lead to the transformation of pyrite. The Figure 7
shows a diffraction pattern of a sample after annealing at
500 °C for 4 h.

5.7 Annealing pyrite in a protective atmosphere
(argon) at 700 °C

Already after one hour of sample annealing at 700 °C
it can be observed that the crystalline structure of pyrite
transformed to the magnetic pyrrhotite Fe7S8. Figure 8

has a diffraction pattern of magnetic pyrrhotite and the
corresponding unit cell as generated by CrystalMaker.
Additionally, there is the diffraction pattern of a sample
made after annealing at 700 °C for 4 h.

The basic cell of magnetic pyrrhotite Fe7S8, Figure
8c, belongs to the trigonal crystal system, point group
(HM) 3 (3-fold axis with the inversion in the direction of
the a axis), and the space group R3 (rhombohedral lattice
R, and the 3-fold axis with the inversion in the direction
of the a axis).

5.8 The X-ray fluorescent spectroscopy (argon)

Table 2 presents the weight percentages of chemical
elements and the relative error in the calculation of the
weight fraction of each element. Presented are the three
samples that were heated to (300, 500 and 700) °C and
exposed for 4 h in argon.

Table 2: Chemical composition of samples annealed at (300, 500 and
700) °C in argon (X-ray fluorescent spectroscopy, w/%)
Tabela 2: Kemijska sestava vzorcev `arjenih v za{~itni atmosferi (Ar)
pri temperaturah 300 °C, 500 °C in 700 °C (rentgenska fluorescen~na
spektroskopija, w/%)

Tempe-
rature

Chemical element
Fe Fe Error S S Error Si Si Error

300 °C 35.47 0.03 32.25 0.02 0.71 0.07
500 °C 35.41 0.07 32.12 0.01 0.78 0.11
700 °C 47.18 0.02 23.29 0.02 2.98 0.07

Al Al Error Ca Ca Error Cl Cl Error
300 °C - 0.07 0.02 0.07 0.04 0.06
500 °C 0.16 0.13 0.02 0.03 0.05 -
700 °C 0.33 0.03 0.07 0.05 0.05 -

Cr Cr Error Mg Mg Error As As Error
300 °C 0.02 0.00 - 0.09 0.08 -
500 °C 0.02 0.00 0.88 0.05 0.08 0.00
700 °C 0.03 0.00 0.01 0.00 0.00 0.00
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Figure 8: XRD analysis of a sample annealed at 700 °C for 4 h: a) diffraction pattern of magnetic pyrrhotite, b) with its unit cell and c) the
diffraction pattern of the sample
Slika 8: Rentgenogram vzorca `arjenega 4 h pri temperaturi 700 °C: a) generiran rentgenogram magnetnega pirotita, b) z osnovno celico in
c) rentgenogram `arjenega vzorca

Figure 7: XRD analysis of a sample annealed at 500 °C for 4 h
Slika 7: Rentgenogram vzorca `arjenega 4 h na temperaturi 500 °C



As can be seen from Table 2, we have a sample of
about 35 wt. % of Fe and about 32 wt. % of S. Since the
X-ray fluorescence spectroscopy cannot detect light
chemical elements, from H to Na, these could have not
been analyzed. Hence, the mass percentages of the
remaining chemical elements do not sum up 100 wt. %.
The difference can be attributed to the presence of light
elements.

5.9 Differential scanning calorimetry (DSC)

To determine the beginning of the phase transforma-
tions in a protective atmosphere we again turned to
differential scanning calorimetry. In Figure 9 the DSC
heating curve for the sample of pyrite was carried out
using a temperature program of 10 °C/min in argon.

From the heating DSC curve we can see that the
change in the crystalline structure of pyrite (Pa3) into
the magnetic pyrrhotite (R3) started at about 530 °C. The
transformation of pyrite in a protective atmosphere takes
place according to the following chemical reaction in
Equation (4):

7FeS2(s) � Fe7S8(s) + 3S2(g) (4)

6 CONCLUSIONS

Based on the results of the X-ray fluorescence spec-
troscopy, X-ray phase analysis and differential thermal
analysis, we can conclude the following:

• The largest amount of impurities in the pyrite sam-
ples was represented by quartz and some heavier
elements, but these were present with a very low
content.

• The process of pyrite decomposition in the oxide
atmosphere depends heavily on the temperature.

• The transformation of pyrite at a temperature of 500
°C takes place gradually by the formation of
iron(III)sulphate, which is further oxidized into the
crystal structure of hematite.

• At a temperature of 700 °C and the oxidizing atmo-
sphere pyrite directly decomposed into hematite after
only 1 h.

• The result of the dissolution of pyrite in a protective
atmosphere is the formation of magnetic pyrrhotite

Fe7S8. Direct transformation occurred already after
1 h of annealing at 700 °C.

• Finally, we established that pyrite is not stable up to
744 °C, as predicted by the Fe-S phase diagram, but
rather undergoes changes into magnetic pyrrhotite.
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Figure 9: DSC heating curve of pyrite in argon
Slika 9: DSC-krivulja segrevanja pirita v za{~itni atmosferi (Ar)
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Aggregates made from fly ash have been developed by means of the cold-bonding process, with the addition of Portland cement
as a binder at (10, 20, and 30) % of mass fractions, and by pouring the mixtures into moulds. After curing for 28 d the samples
were processed into aggregate by crushing and sieving. An aggregate containing a weight percentage of 10 % of cement was
additionally produced by pelletization on a granulating plate. The density, water-adsorption capacity, porosity, compressive
strengths, and frost resistance of the samples were determined. The aggregates prepared by both routes were then used to make
concrete samples, whose properties were then compared to those of conventional concrete made using limestone aggregate. The
compressive strength of the concrete made with the granulated aggregate reached 16.0 MPa after 28 d, whereas that of the
concrete made with crushed aggregate amounted to 24.1 MPa, and that of the conventional concrete was 34.6 MPa.
Keywords: fly ash, lightweight aggregates, density, compressive strength, frost resistance

Agregati izdelani iz elektrofiltrskega pepela so bili razviti s postopkom hladnega vezanja, z dodatkom (10, 20 in 30) % masnega
dele`a Portland cementa kot veziva in z ulivanjem me{anice v modele. Po 28 dnevnem strjevanju vzorcev so bili vzorci
predelani v agregat z drobljenjem in sejanjem. Sestava, ki je vsebovala 10 masnih % cementa, je bila {e dodatno peletizirana na
plo{~i za granuliranje. Dolo~ene so bile: gostota, kapaciteta absorpcije vode, poroznost, tla~na trdnost in odpornost na
zamrzovanje. Sestave, izdelane na oba na}ina, so bile uporabljene za izdelavo betonskih vzorcev, katerih lastnosti so bile
primerjane z lastnostmi obi~ajno izdelanega betona z uporabo sestave apnenca. Tla~na trdnost betona, izdelanega z granulirano
sestavo, je dosegla 16,0 MPa po 28 dneh, medtem, ko je pri betonu izdelanem iz drobljenega agregata, zna{ala 24,1 MPa, pri
obi~ajnem betonu pa je bila 34,6 MPa.
Klju~ne besede: elektrofiltrski pepel, lahki agregati, gostota, tla~na trdnost, odpornost na zamrzovanje

1 INTRODUCTION

Although, if it has a suitable composition, fly ash can
be added to cement to form a "blended cement", much of
this ash is still deposited on landfill sites, causing an
environmental burden. Apart from this, according to the
European Waste Catalogue1 fly ash is labelled as hazar-
dous waste, so that even higher costs are incurred for
landfilling. Because of these facts, more and more scien-
tists have been trying to find new ways in which such ash
could be used, e.g., for the development of alkali-acti-
vated materials, which are frequently named geopoly-
mers2,3, but also for the production of artificial aggre-
gates.4–13 Artificial aggregates can be obtained simply by
the crushing and grinding of industrial waste if the basic
starting material is bulk waste. If, however, the basic
starting material is a fine powder, such as fly ash, such
aggregate can be produced by several different routes, as
follows:
1) by high-temperature procedures, e.g., foaming and/or

sintering at elevated temperatures of approx. 1200
°C,

2) by a hydrothermal process at a temperature of approx.

250 °C (autoclaving),
3) by the cold bonding process, where consolidation

takes place at room temperature.
In the last case a binding agent needs to be added to

the mixture in order to achieve such consolidation. This
agent is usually cement and/or water glass.14–18

In the first two processes a lot of energy is consumed,
so that recently more effort has been put into investiga-
tions of cold-bonding processes.

The most common method for the preparation of
aggregates from dust waste (e.g., fly ash) is granulation
on a pelletization plate. The efficiency of granulation
depends on the fineness of the fly ash, speed and time of
rotation of the plate, as well as its inclination and the
diameter of the plate 8,12,15,19. From the point of view of
costs, another more favourable method exists, in which
there is no need for a pelletization plate, or for dry waste
powder. This alternative method consists of mixing the
raw material with a binder, and pouring the mixture into
models. After the consolidation, setting, and hardening
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processes have been completed, the samples are crushed
and sieved into different fractions.

Aggregates obtained in the above-described ways
(especially granulation) almost always have lower den-
sities. According to the definitions given in the standard
EN 13055-1:2002 20, lightweight aggregates (LWAs) are
those whose maximum particle density does not exceed
2000 kg/m3, and whose loose bulk density does not
exceed 1200 kg/m3.

For some decades lightweight aggregates have been
used in concrete instead of ordinary aggregates, mainly
because of their contribution to the improvement of
thermo-insulation properties. Apart from this, if LWAs
are used, then a reduction can be achieved in the con-
crete’s own weight, which can be important in earth-
quake-prone areas, as well as in cases where the subsoil
beneath the foundations has a low bearing capacity.
During the last decade much attention has been paid to
the role of LWAs with open porosity in the internal
curing of concrete. This is because lightweight aggre-
gates with such porosity can serve as water reservoirs,
which are available for later hydration, thus leading to
higher compressive strengths.21–23 Many authors used
lightweight aggregates made of fly ash in concreate to
investigate the strength and durability of hardened con-
crete, and the influence of a lightweight fly-ash aggre-
gate microstructure on the properties of concrete.24–29 As
expected, the compressive strength of LWAC is lower
than the one produced by natural aggregate, even though
LWAC can anyway serve as a structural concrete.25 If
fly-ash aggregate is sintered, it reaches a higher com-
pressive strength of the aggregate itself, and conse-
quently a higher compressive strength of the concrete is
achieved.26 For cold bonded (non fired) aggregate it is
also reported that chloride penetration could be some-
what higher.27 It is well recognized that by applying a
sintering process the properties of LWAs are improved
significantly,27,29 but it shall be noted that the firing pro-
cess contributes to a much higher production cost, and
on the other hand it negatively influences the environ-
mental impacts (contributing to higher CO2 footprints).

The aim of the present work was to verify the
usability of locally available fly ash (which due to the

high loss on ignition is not suitable as an additive for
cement) for the production of a lightweight aggregate,
and to compare the results of the aggregate obtained by
the granulation process to those obtained in the case
when fly ash, together with a binding agent, is first
poured into moulds and later crushed. The frost resis-
tance of such an aggregate was also tested and opti-
mised. The behaviour of both types of aggregate in the
concrete matrix was also investigated.

2 EXPERIMENTAL PART

2.1 Basic starting materials

The basic starting material that was used to develop
the investigated LWAs was fly ash, which was obtained
as a by-product in the combustion of brown Indonesian
coal. This particular type of fly ash contains only low
amounts of sulphur. The results of a chemical analysis
showed that this fly ash contains the following chemical
components in the stated mass percentages: SiO2 27.57
%, Al2O3 8.3 7%, Fe2O3 16.24 %, MgO 7.06 %, CaO
22.99 %, Na2O 0.67 %, K2O 2.67 %, and TiO2 0.5 %.
The loss on ignition amounts to 12.57 %. Because of its
chemical composition, this type of fly ash is classified,
according to EN 450-130, as an alumino-silicate fly ash.
According to the results of a mineralogical analysis, it
consists of a glassy phase (67 %), brownmillerite (9.1
%), quartz (8.3 %), lime (6.1 %), anhydrite (3.2 %),
calcite, portlandite, and hematite.

The particle size distribution was determined by
sieving the ash through sieves with diameters of 1.8 mm,
0.5 mm, 0.125 mm, 0.063 mm and 0.04 mm, as is shown
in Figure 1. Most of the particles in the fly ash were
smaller than 1 mm, 40 % of them being smaller than
0.04 mm. The Blaine finesse was determined according
to EN 196-6 and it amounted to 2989 cm2/g.

Table 1: Composition of mixtures for the preparation of the LWA
Tabela 1: Sestava me{anic za pripravo LWA

Compo-
sition Mixture Fly Ash

(g)
Cement

(g) Water (g)

PT1 90 % FA +
10 % CEM 3600 400 2000

PT2 80 % FA +
20 % CEM 3200 800 2000

PT3 70 % FA +
30 % CEM 2800 1200 2000

GT1 90 % FA +
10 % CEM 3600 400

Added as necessary
for the needs of the
granulation process

The binding agent cement CEM I was added in
different proportions, as shown in Table 1. A Cementol
Hiperplast 179 superplasticizer was also used.

For the frost-resistance improvement a commercial
air entraining admixture Cementol ETA S was added.
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Figure 1: The sieving curve corresponding to the investigated fly ash
Slika 1: Sejalna krivulja preiskovanega elektrofiltrskega pepela



2.2 Procedures for the production of the investigated
LWA

The aggregates were produced by means of two diffe-
rent methods.

The aggregate that was designated "PT" was pro-
duced from prisms, which were made by first mixing the
fly ash with the selected binder and water, and then
pouring the mixture into standard mortar moulds. After
curing in a climatic chamber at a temperature of 21 °C
and a relative humidity of 94 % for 28 d, the prisms were
crushed and then sieved into fractions of 0–1 mm, 1–2
mm, 2–4 mm, and 4–8 mm. The aggregate that was
designated "GT" was produced by the pelletization pro-
cedure31, using a rotating plate (Figure 2).

During the granulation phase the tilting angle was
fixed at 60°, the mixer speed was 48 min–1, and the
mixing time was 2 min. The fly ash had been previously
mixed with cement, and was then poured slowly onto the
plate. During the granulation process, water droplets
were added by spraying.

Both types of aggregate are shown in Figure 3a (the
PT aggregate) and 3b (the GT aggregate).

Normal-weight aggregate, i.e., dense limestone
aggregate from the La`e quarry in SW Slovenia, was
used for the preparation of the blank concrete samples.

2.3 Characterization of the investigated aggregates

The porosity, pore size distribution, apparent density,
and bulk density of the prepared aggregates were deter-
mined by means of mercury intrusion porosimetry
(MIP). Particles having a size of approximately 1 cm3 for
each of the prepared artificial aggregates were dried in
an oven for 24 h at 110 °C, and then analysed by means
of MIP Autopore IV 9500 equipment (Micrometrics).

The microstructure of the polished cross-sections of
the aggregate samples were examined using the back-
scattered electron (BSE) image mode of a low-vacuum
scanning electron microscope (SEM) using JEOL 5500
LV equipment.

The water absorption of all three types of crushed
aggregate (PT1, PT2, PT3) and of the granulated aggre-
gate was determined by measuring the dry mass mdry and
the wet mass after immersion for 24 h in water (this is
the saturated surface-dry mass msat). It was calculated
from Equation (1):

W
m m

m
=

−
⋅

sat dry

dry

100 (1)

The mechanical properties of the prisms were
evaluated according to EN 196-1:200532, whereas the
compressive strength of the granules was determined
after curing the granulates in a climatic chamber at 21 °C
and a relative humidity of 94 % for 28 d, according to
the procedure described by C. R. Cheeseman5, where
individual granules are loaded to failure between two
parallel plates. For the calculation of the compressive
strength the following Equation (2) was used:

R
F

hc

c=
⋅
⋅

2 8
2

,

π
(2)

where Fc is the load causing failure (i.e., fracture), h is
the spherical diameter of the granule, and the value of
2.8 is a shape factor.

The frost resistance of the aggregate was determined
according to EN 13055-1:2002 20 on two parallels, where
in each parallel 400 g of dry samples (mass M1) of the
fraction 4–8 mm was immersed in water for 4 h. After
that the samples were exposed to 20 cycles of freezing-
thawing, from –18 °C to +18 °C. After 20 cycles the
samples were dried and sieved through a sieve with
apertures of 2 mm. The remains on the sieve represent
the mass M2. The percentage of mass loss due to the
freezing action (F) is calculated using Equation (3):

F
M M

M
=

−
⋅1 2

2

100 (3)
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Figure 2: The granulating plate with a schematic presentation of the
granulation process
Slika 2: Kro`nik za granuliranje s shematskim prikazom procesa
granulacije

Figure 3: The final products: a) PT- made from crushed aggregate and
b) GT- made from granulated aggregate
Slika 3: Kon~ni proizvodi: a) PT – izdelan iz zdrobljenega agregata in
b) GT – izdelan iz granuliranega agregata



The mechanical properties of the prisms were deter-
mined by means of a 300-kN ToniNorm compression
testing machine.

The bulk densities and strength tests of the concrete
samples were determined on standard prisms for mortars
of (4 × 4 × 16) cm.

2.4 Preparation of the fly-ash aggregate concrete
mixes

The compositions of the concrete mixes that were
prepared from the two different types of artificial aggre-
gate (PT1-C, and GT1-C), and that of the mix made
using natural limestone aggregate (LMS-C), are shown
in Table 2.

Table 2: Composition of the concrete specimens made by different
types of aggregate
Tabela 2: Sestava betonskih vzorcev, izdelanih z razli~nimi vrstami
agregatov

Sample designation PT1-C GT1-C LMS-C
Type of aggregate crushed granulated crushed

Mass (g)
Aggregate 5188 3269 9595

Cement 1505 1505 1505
Fly ash 645 645 645

Water in the aggregate 917 1531 0
Added water 1110 769 1227

Super plasticizer 7.5 7.5 7.5
w/c ratio

w/c ratio (with water in
the aggregate) 0.94 1.07 0.57

w/c ratio (without
water in the aggregate) 0.52 0.36 0.57

The contents of the individual fractions of the aggre-
gates were determined according to the curves specified
in the standard SIST 1026:2008 33 (curve B for the
crushed aggregate, and curve A for the granulated aggre-
gate (Figure 4)).

Because of the high water absorption of the light-
weight aggregates, prior to mixing they were immersed
in water for 30 min and then drained in order to remove

the surface water. Taking into account the k-value con-
cept for the fly ash (according to EN 206: 201334), a
maximum of 30 % of the cement binder was replaced by
fly ash as an additive. Compressive strength tests accord-
ing to the standard EN 196-1:200532, as well as density
tests, were performed on hardened test specimens after
(7, 28, and 90) days. In all cases the test specimens were
cured in a climatic chamber at a temperature of 21 °C
and a relative humidity of 94 %.

3 RESULTS

3.1 Characterization of the aggregates

The densities and porosities of the investigated
aggregates, determined by MIP, are shown in Table 3.
The pore size distributions for the artificial aggregates
are shown in Figure 5.

Table 3: Density and porosity of the investigated aggregates, as
determined by MIP
Tabela 3: Gostota in poroznost preiskovanih agregatov, dolo~ene z
MIP

Sample
designa-

tion

Total
intrusion
volume
(cm3/g)

Total
pore
area

(m2/g)

Average
pore

diameter
(μm)

Bulk
density
(g/cm3)

Apperent
density
(g/cm3)

Porosity
(%)

PT1 0.3899 33.171 0.047 1.182 2.1923 46.08
PT2 0.3710 46.925 0.0316 1.258 2.359 46.67
PT3 0.3178 50.231 0.0253 1.333 2.313 42.37
GT1 0.6429 31.4 0.0819 0.9195 2.2487 59.11

If the results obtained for the aggregates PT1, PT2,
and PT 3 are compared, it can be seen that in the case of
a higher amount of added binder (cement), the density of
the aggregate is higher, and the porosity is lower. It can
be further seen, comparing GT1 and PT1, that the gra-
nulated aggregate has a lower density and higher
porosity than the crushed aggregate.

For instance the density of the granulated aggregate
was 0.9 g/cm3, whereas that of the aggregates obtained
by crushing was significantly higher, i.e., 1.2 g/cm3.
However, both of these two aggregates, i.e., PT1 and
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Figure 5: Measured pore size distribution for the two artificial aggre-
gates
Slika 5: Izmerjena razporeditev velikosti por v dveh izdelanih agre-
gatih

Figure 4: Recommended sieve curves for 0/8 mm aggregate mixtures
taken from SIST 1026:200833

Slika 4: Priporo~ene sejalne krivulje za 0/8 mm me{anico agregatov,
vzeta iz SIST 1026:200833



GT1, can be classified as lightweight aggregates accord-
ing to EN 13055-1:2002.20 The measured porosity of the
aggregate PT1 was found to be equal to 46.1 %, whereas
that of the aggregate GT1 amounted to 59.1 %.

From Figure 5 it can be seen that, in the case of
aggregate PT1, almost all the pores have sizes of less
than 1 μm, the average pore size being 0.047 μm,
whereas in the case of aggregate GT1, the pore sizes
ranged between 0.003 μm and 100 μm. The average pore
size of aggregate GT1 was 0.082 μm.

The measured water absorption of the crushed aggre-
gate was, as expected from the density of the aggregates,
less than that of the granulated aggregate. In the case of
the aggregate sample PT1 the water absorption amounted
to 38.4 % (in the case of the samples PT2 and PT3:
35.9 % and 30.7 % respectively), whereas in the case of
aggregate sample GT1 it amounted to 57.8 %. According
to these results the porosity of the aggregates can be
classified as being open. It is clear that the content of the
binder has an effect on the water absorption of the
aggregate.

The results of the tensile and compressive strength
tests performed on the aggregates are presented in Table
4. As could be expected, the results show that the crush-
ing strength increases with the binder content. The
tensile strength of the crushed aggregates (samples PT1,
PT2, PT3) ranged between 2.2 MPa and 4.6 MPa,
whereas their compressive strengths ranged between
12.6 MPa and 30.6 MPa. In the case of the granulated
aggregate granules (sample GT1) only the compressive
strength was determined, by measurements that were
performed on single granules. For this reason the value
cannot be directly compared to the values obtained in the
case of the PT samples. It amounted to 0.96 MPa.

Table 4: Crushing strengths of the aggregate samples

Tabela 4: Trdnost vzorcev agregatov pri drobljenju

Bending strength Compressive strength

Sample
designa-

tion

after 7 d
curing at

94 %
humidity

(MPa)

after 28 d
curing at

94 %
humidity

(MPa)

after 7 d
curing at

94 %
humidity

(MPa)

after 28 d
curing at

94 %
humidity

(MPa)
PT1 2.1 2.2 6.8 12.6
PT2 2.9 3.2 11.1 18.6
PT3 4.1 4.6 19.5 30.6
GT1 / / / 0.96

The results of the SEM investigation confirmed the
differences in the microstructure between the crushed
aggregate and the granulated aggregate. The microstruc-
ture of sample PT1 was found to be more homogeneous
than that of sample GT1 (Figure 6). In both figures
grains of fly ash can still be seen. In the case of sample
GT1 several smaller granules are bonded together to
form a larger granule, with large associated air pores
inside, which contributes to the higher porosity of the
granulated aggregate.

Comparing the properties of the granulated aggregate
to the properties of the crushed aggregate it can be noted
that the crushed aggregate has better mechanical pro-
perties and a lower porosity, which could be partially
ascribed to the process of pelletization (if not all the
parameters are optimal), but also to the fact that during
pelletization the w/c factor is not uniformly distributed
throughout the single granules of aggregate, which intro-
duce weak points at the microstructural level. By the
mixing, pouring and crushing process of aggregate pro-
duction a more uniform w/c and microstructure of
aggregate is obtained.

3.2 Characterization of the hardened concrete test
specimens

In Table 5, the results for the compressive and
bending strengths are presented for hardened test
specimens of the concrete mixes, which were made from
LWAC, whose preparation is defined in Table 2. The
strength of the concrete made with limestone aggregate
is higher than that of the concrete made using the
artificial LW crushed or granulated aggregate, despite the
highest water-to-cement ratio. However, when crushed
aggregate is used, the bending and compressive strengths
of the hardened concrete made from them are consider-
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Figure 6: BSE SEM images of samples: a) PT1 and b) GT1of the
investigated aggregates, shown at the same magnification
Slika 6: BSE SEM-posnetek vzorcev: a) PT1 in b) GT1, preiskovanih
agregatov, prikazanih pri enaki pove~avi



ably higher than those that can be achieved with
granulated aggregate. This is confirmed by the results
that are shown in Table 5, where, despite the much lower
water-to-cement ratio of test specimen GT1-C (0.36), the
obtained strengths are still much lower than those
corresponding to test specimen PT1-C, which had a
water-to-cement ratio of 0.52.

Table 5: Determined compressive and tensile strengths of the concrete
test specimens

Tabela 5: Dolo~ene tla~ne in upogibne trdnosti preizku{anih vzorcev
betona

Test specimen designation PT1-C GT1-C LMS-C

Tensile
strength
(MPa)

after 7 d curing at
94 % humidity 2.9 2.6 5.6

after 28 d curing at
94 % humidity 3.5 2.7 6.4

after 90 d curing at
94 % humidity 3.6 2.8 7.4

Compres-
sive

strength
(MPa)

after 7 d curing at
94 % humidity 19.0 13.5 28.7

after 28 d curing at
94 % humidity 24.1 16.0 34.6

after 90 d curing at
94 % humidity 25.3 17.1 40.5

The density of the concrete made with crushed aggre-
gate amounted to 1610 kg/m3, whereas that of the con-
crete made with granulated aggregate was 1490 kg/m3.
As expected, the density of the concrete made with
natural limestone aggregate (LMS-C) was much higher,
and amounted to 2290 kg/m3 (Table 6).

Generic values for the thermal properties can be
obtained from the standard EN 1745:201234,35 (Table A.9
for lightweight aggregate concrete, and Table A.2 for
dense aggregate concrete) – the assigned values for the
different types of concrete prepared within the scope of
this investigation are also given in Table 6.

Table 6: Density of the different types of concrete together with the
corresponding thermal properties, based on the generic values given in
the standard EN 174535

Tabela 6: Gostota razli~nih vrst betonov skupaj z njihovimi
toplotnimi lastnostmi, na osnovi generi~nih vrednosti danih v
standardu EN 174535

Sample designation PT1-C GT1-C LMS-C
Density
(kg/m3)

After 90 d
curing 1610 1490 2290

�10,dry

(W/mK)
Acc. to EN

1745 0.84 0.73 1.36

According to the properties obtained in the case of
test specimen PT1-C (a tensile strength of 3.5 MPa, a
compressive strength of 24.1 MPa, and a density of 1610
kg/m3), this type of concrete can be classified as a me-
dium-strength concrete with a low density and improved
thermal insulation properties.

SEM investigations of the concrete did not show
significant differences in the microstructures of the
concrete that had been made with crushed aggregate or

granulated aggregate (Figure 7). The observed cement
matrix is homogeneous with relicts of portlandite, and
adhered well to the aggregate. Interlocking of the cement
matrix with the porous crushed aggregate (PT1), where
the cement paste entered the crushed grains, was more
pronounced than in the case when the rounded granu-
lated aggregate (GT 1) was used.36

3.3 Determination and optimization of aggregate frost
resistance

The frost resistance of an aggregate depends to a
large extent on the pore structure of its grains. It is
well-known that aggregates with a lower porosity and a
greater proportion of fine pores possess better frost
resistance.37

The results of the tests that were performed in order
to determine the frost resistance of the investigated
aggregate indicated a significant loss of mass upon
freezing (Table 7), which was especially severe in the
case of the granulated aggregate (GT1), where the loss of
mass amounted to 96.7 %. The very high loss of mass
(96.7 %) on freezing of the granulated fly ash aggregates
could be ascribed to the very high porosity (water
absorption of 57.8 %) and the very low crushing strength
(0.96 MPa).
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Figure 7: BSE SEM-images of: a) the test specimens PT1-B and b)
GT1-B, shown at the same magnification
Slika 7: BSE SEM-posnetek preizkusnih vzorcev: a) PT1 – B in b)
GT1 – B, prikazan pri enaki pove~avi



Samples that were obtained by pouring the mixtures
into moulds, and after that crushing and sieving (they
were designated PT), resulted in a somewhat improved
frost resistance due to the lower initial porosity, as well
as better mechanical properties. However, in this case,
too, the loss of mass was significant (from 19.1 % to
31.5 %). In the case of sample PT 1 improvements in the
frost resistance were searched for in two directions. In
the first test (sample PT 1a), the fly ash was additionally
sieved onto a 0.125 mm sieve (in this way the majority of
the organic particles were removed; loss on ignition
decreased from the original value of 10.17 % to 3.3 %),
and then processed in the same way as PT 1. In second
test (sample PT 1+ ETA S) the sample of fly ash was not
additionally processed by sieving, but instead a commer-
cially available air entraining admixture (normally used
for the improvement of the frost resistance of concrete)
was added, whose mass amounted to 0.1 % of the mass
of the cement. Both approaches significantly improved
the frost resistance of the aggregate. The sieving away of
particles above 0.125 mm resulted in a mass loss of
8.1 % after freezing thawing , whereas the adding of an
air-entrapping agent resulted in a mass loss of 1.8 %
after freezing.

Table 7: Loss of mass after 20 cycles of freezing-thawing
Tabela 7: Izguba mase po 20 ciklih zmrzovanja-taljenja

Sample designation Loss of mass (%)
GT1 96.7
PT1 19.1
PT1a 8.1
PT2 31,5
PT3 25,9

PT1+ETA S 1,8

4 CONCLUSIONS

Based on the results of the performed investigations,
it can be concluded that in the case of pouring and
crushing (PT), aggregates of higher density and strength
can be obtained in comparison with aggregates that can
be obtained by granulation (GT). In the case of crushing,
polygonally shaped aggregates are obtained, which can
improve the interlocking effect with the cement matrix.

Both of the two types of investigated aggregate (PT
and GT) were highly porous (with porosities of 38.4 %,
and 57.8 %, respectively), and their porosity was of the
open type. In such cases water can be stored within the
aggregate grains, which can then be available for
subsequent hydration. Open porosity can also contribute
to a stronger interfacial zone between the aggregate and
the cement matrix.

The frost resistance of such aggregates is influenced
by their content of organic particles, but it can be signi-
ficantly improved by removing part of the organic
particles and /or by adding a commercially admixture for
frost-resistance improvement.

The application of such aggregates in concrete has
confirmed their usability in the construction sector by the

utilization of nearly 80 % of fly ash in concrete (partly as
an additive to cement, with its main share in the
aggregate).

The methodology described in the paper for the use
of fly ash could also be used for other kinds of waste
dust that are generated, for example, in the construction
industry, in agriculture, and in the refractory industry.
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Chunky graphite is one of the most deleterious graphite degenerations in thick-walled ductile-iron castings. This defect
normally appears in the thermal center of a casting and dramatically decreases the mechanical properties. Chunky-graphite
formation is primarily caused by a reduction in the cooling rate and melt composition. An addition of subversive elements (Bi,
Sb, Pb, Sn,...) associated with a small amount of Ce is known to be beneficial to avoid chunky graphite. In this study, the effects
of Bi and Ce additions at different cooling rates on the graphite morphology and mechanical properties of ductile-cast iron
EN-GJS-400-18-LT were investigated. Y-blocks with wall thicknesses of 25 mm and 75 mm and cylindrical blocks with a
diameter of 200 mm and a height of 300 mm were cast. The presence of chunky graphite in the thermal center of the cylindrical
blocks and a decrease in the mechanical properties were revealed, regardless of the presence of Bi.

Keywords: chunky graphite, cooling rate, graphite morphology, thick-walled ductile-iron castings

Grudast grafit je ena od najbolj {kodljivih degeneracij grafita v debelostenskih ulitkih iz gnetljivega `eleza. Ta napaka se
obi~ajno pojavi v toplotnem sredi{~u ulitka in mo~no zmanj{a mehanske lastnosti. Nastanek grudastega grafita je posledica
zmanj{anja hitrosti ohlajanja in sestave taline. Dodatek {kodljivih elementov v sledovih (Bi, Sb, Pb, Sn,...) v povezavi z
majhnim dodatkom Ce je poznan kot ugoden za prepre~itev nastanka grudastega grafita. V tej {tudiji je bil prou~evan vpliv
dodatka Bi in Ce pri razli~nih hitrostih ohlajanja na morfologijo grafita in mehanske lastnosti gnetljivega litega `eleza
EN-GJS-400-18-LT. Uliti so bili Y-kosi z debelino stene 25 mm in 75 mm ter cilindri~ni kosi s premerom 200 mm in visoki
300 mm. Odkriti sta bili prisotnost grudastega grafita v toplotnem sredi{~u cilindri~nih kosov ter zmanj{anje mehanskih
lastnosti, neodvisno od prisotnosti Bi.

Klju~ne besede: grudast grafit, hitrost ohlajanja, morfologija grafita, debelostenski ulitki iz gnetljivega `eleza

1 INTRODUCTION

Chunky graphite, CHG, is one of the most deleterious
graphite degenerations in thick-walled ductile-iron cast-
ings. CHG normally appears in the thermal center of
large castings, and decreases the mechanical properties,
in particular the tensile and fatigue strength and elonga-
tion. Local, cell-type accumulations of compact graphite
forms are characteristic for CHG.1 On the macro-scale, it
is optically visible on cut or machined surfaces as a
black spot. Microscopic observation shows that CHG
consists of large cells of highly branched and intercon-
nected graphite strings. A graphite nodule can usually be
observed at the end of these strings. CHG grows along
the c-axis with a spiral growth mechanism. Although the
mechanism of growth is the same as with spheroidal
graphite, its driving forces are different.2

A great number of studies have been conducted to
describe the CHG formation, but a clear understanding
of its appearance and a safe mastering of the metal
preparation to avoid CHG are not yet available.

The main causes of a CHG formation are a slower
cooling rate and the melt composition.3,4 With slower

cooling rates and increasing section thicknesses, the size
of the spherulites increases and their count per unit of
area decreases. In such zones, CHG frequently develops
as a result of graphite degeneration.1,5 A high carbon
equivalent, approx. >4.1 % of mass fractions, and in-
creasing contents of the elements such as Ni, Si, Cu, Ce,
Ca, Al, P, Mg promote the formation of CHG.1,2,6,7

The CHG formation is also affected by the presence
of low-level elements in the melt. It has been well do-
cumented that the presence of either subversive ele-
ments, such as Pb, Bi, Sb and As, or excessive RE
amounts cause the degeneration of graphite spheriods,
i.e., the CHG formation. However, the co-existence of
subversive elements and RE in appropriate ratios will
result in the retention of spheroidal graphite.8,9

It was found that small amounts of bismuth added to
the melt promote the formation of spheroidal graphite.
However, when its content exceeds the critical value, Bi
is known as a detrimental element, which can cause
degeneration of a good nodular graphite structure. This
effect was attributed to the interaction between Bi and
Mg, which blocks the spheroidization effect of Mg to a
certain extent. This negative effect of Bi is mostly
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neutralized with RE additions, especially Ce. The
interaction effect between RE and Bi is achieved with the
formation of various types of intermetallic compounds,
e.g., Bi3Ce4, BiCe3, etc. Intermetallic compounds delete
the effect of subversive elements, and also serve as
nuclei for the graphite formation.5,9,10 According to
reference11, adding 0.002–0.006 % of mass fraction of Bi
with a certain amount of Ce, increases the nodule count
and prevents the CHG formation in thick sections. But,
when the amount of RE exceeds the value required for
neutralization of the subversive elements, CHG may
form.5

In reference10, it was found that a Ce/Bi ratio of
0.8–1.1 was sufficient to achieve a complete neutraliza-
tion of the castings with a relatively long solidification
time (e.g., 3200 s), while Ce/Bi ratios in excess of 1.1
were required for the castings with very short solidifica-
tion times (e.g., 100 s).

P. Ferro et al.5 studied the effects of an inoculant se-
quence and inoculant chemical composition on a casting
heavy-section microstructure. An in-stream inoculation
with an inoculant containing RE and Bi was found to
drastically reduce the formation of CHG. This result was
attributed to the major fading resistance of such an
inoculant compared to the standard ones. They found
that Bi is suppressing or reducing the CHG formation by
reducing the undercooling, which is considered the main
reason for the CHG formation. In this case, Bi behaves in
a similar way like Sb, whose effect was confirmed by
P. Larrañaga et al.12 Bismuth also has the function to
remove the oxygen absorbed at the interface between
graphite and liquid iron, thus reducing the oxygen
absorption and preventing the formation of CHG.5

Although it is known that the correlation between the
ratio of RE/subversive elements and the appearance of
chunky graphite in thick-walled ductile-iron castings
exists, this area is still not fully investigated. More work
is needed to provide a correct balancing of the RE/Bi
ratio that would prevent the formation of chunky gra-
phite.

In the present work, the solidification behavior of
large ductile-iron blocks with or without an addition of
Bi and the same amount of Ce are compared by means of
a microstructure observation and measuring of mecha-
nical properties. Bi and Ce were supplied from different
inoculants.

2 EXPERIMENTAL PART

The test castings used in this study were Y blocks,
25 mm and 75 mm in size and cylindrical blocks with a
diameter of 200 mm and a height of 300 mm, Figure 1,
to enable the investigation of the influence of different
solidification times on the chunky graphite formation.
The thermal modulus, i.e., the relation between the vol-
ume and the cooling surface area (V/A) of a cylinder was
3.75 cm.

Two moulds (M1, M2), with the same test castings,
were produced from sodium silicate bonded sand.

With the aim to limit the number of the parameters,
all the samples were cast using the same melt. The melt
was produced in a 5.6 t capacity medium-frequency
induction furnace. The charge material consisted of grey
pig iron (Sorelmetal®), steel scrap and returns as listed in
Table 1. In order to increase the carbon and silicon con-
tent and the nucleation ability of the melt, SiC (~92 % of
the mass fractions of SiC) was added into the furnace
with the metallic charge. Once the melting was finished,
the chemical composition of the metal was adjusted
according to the carbon and silicon evaluation obtained
with a thermal analysis and spectrometric analysis
carried out on the coupon for the other elements.

Table 1: Charge materials used for melting

Tabela 1: Vlo`ki, uporabljeni za pretaljevanje

total mass
(kg)

pig iron
(kg)

steel scrap
(kg)

returns
(kg)

SiC
(kg)

5600 4026 448 1120 6
72 (w/%) 8 (w/%) 20 (w/%) 0.1 (w/%)

For both moulds, the spheroidising treatment was
carried out in a dedicated ladle with a capacity of 200 kg
by adding ~2 % of the mass fractions of the FeSiMg
alloy (44–48 % of the mass fraction of Si, 3.5–3.8 % of
mass fraction of Mg, 0.9–1.1 % of the mass fraction of
Ca, 0.5–1.2 % of the mass fraction of Al, 0.6–0.8 % of
the mass fractions of RE, and Fe bal.) using the sand-
wich method at ~1480 °C. The FeSiMg alloy was
positioned at the bottom of the casting ladle and then
covered with steel scrap before pouring the iron from the
furnace. 0.7 % of the mass fraction of Ni was also added
to the casting ladle. The source of Ni is 99.9 % of the
mass fractions of the Ni pure metal. In this type of
industrial alloy, it is not possible to sustain the requested
95 % of the mass fraction of the ferritic matrix in the
as-cast state, so it has to be heat treated. Ni is added to
assure the requested tensile strength (above 400 N/mm2)
and to improve the low-temperature ductility after the
heat treatment of this alloy.

Simultaneously with the spheroidising treatment, the
first inoculation (preconditioning) was carried out by
adding 0.2 % of the mass fraction of commercial
inoculant I1. After the treatment, slag was removed from
the melt surface and the melt was poured into the mould.
The holding time was ~3 min. The second inoculation
(in-stream) during the pouring of the mould was per-
formed by adding 0.2 % of the mass fraction of inoculant
I2, containing Ce, at ~1380 °C. The Mg recovery was
about 75 %.

In order to investigate the influence of the Bi-con-
taining inoculant in the second mould, inoculation was
additionally performed by adding commercial inoculant
I3, in the form of a block fixed with the foundry adhesive
to the bottom of the downsprue, as indicated in Figure 1.
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The chemical composition of the used inoculants is
reported in Table 2. The pouring temperature for both
moulds was 1380 °C and the pouring time was 27 s.

Just before pouring the melt to the mould, the chilled
coupon was analysed with an optical emission spectro-
meter (ARL 3460). The C and Si contents were deter-
mined from the results of the thermal analysis using the
ATAS® system. The chemical compositions are listed in
Table 3.

Each cylindrical block was afterwards sectioned
along the vertical symmetry plane to evaluate the zone
affected by CHG. As illustrated in Figure 2, the zone
affected by CHG was easily located as the darker zone in
the thermal center of the casting. Zones 1 and 2 were
from the CHG area and zone 3 was from the border of
the CHG area. Also, the samples obtained from these
zones were prepared for the metallographic analysis;
samples S1, S2 and S3 as shown in Figure 2. The
metallographic analysis was done with an optical
microscope (Olympus GX 51), equipped with a system
for automatic image processing (Analysis® Materials
Research Lab). All the metallographic parameters such

as nodularity, nodule count, nodule size, area fraction of
graphite, graphite particle size class distribution, graphite
shape classification and ferrite/pearlite ratio were
evaluated according to the Standard EN-ISO 945-1 2010.
Finally, tensile-test bars were machined out from the
core of each cylindrical block as indicated in Figure 2.

Y blocks of 25 mm and 75 mm were also machined
to obtain tensile-test bars. The samples for the
metallographic analysis of the Y blocks were collected
from the heads of the tensile-test bars.

The microstructure in the vicinity of the fracture
surface of the tensile-test bars was investigated under an
optical microscope.

The samples for the metallographic analysis were
prepared with the standard methods of grinding,
polishing and etching in 5 % nital. The microstructures
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Figure 1: Pattern used in the experiment
Slika 1: Vzorec, uporabljen pri preizkusu

Table 2: Chemical compositions of inoculants
Tabela 2: Kemijska sestava modifikatorjev

Inoculant
Chemical composition, (w/%)

Si Mg Ca Al Ce Ba RE Bi S O Fe
I1 64–70 – 1.0–2.0 0.8–1.5 – 2.0–3.0 – – – – bal.
I2 70–76 – 0.75–1.25 0.75–1.25 1.5–2.0 – – – (<1%) (<1%) bal.
I3 71.33 0.79 3.96 1.20

Table 3: Chemical compositions of the melts, (w/%)
Tabela 3: Kemijska sestava talin, (w/%)

C Si Mn P S Mg Ni
M1 3.68 1.65 0.13 0.034 0.01 0.049 0.741
M2 3.67 1.62 0.13 0.032 0.011 0.043 0.761

Figure 2: Central sections of cast cylindrical blocks M1 and M2
(zones 1, 2 and 3)
Slika 2: Sredinski del cilindri~nih kosov M1 in M2 (podro~ja 1, 2 in 3)



were analysed according to the Standard EN ISO
945-1:2008.

Tensile tests were carried out on a tensile-testing
machine (Fritz Heckert ZD-20) at room temperature on
five samples taken from the Y blocks and two samples
taken from the cylindrical blocks. The yield strength,
tensile strength and elongation were determinated
according to the Standard EN 1563.

3 RESULTS

3.1 Macro- and microstructures

Usually CHG is easily detected after sectioning a
casting. The presence of CHG is visible as a localized
darkening of the surface, often revealed without any need
of chemical etching. In Figure 2, the CHG macrostruc-
tures of the cross-sections of the cylindrical blocks are
clearly visible. CHG appeared in the thermal centers due
to the slowest cooling rates, in both blocks, with and
without Bi. The solidification time in the centre was
5140 s, determined from the results of the simulation in
the ProCAST® software. Evident differences in the
proportion of the areas affected by CHG in these two
cast blocks were observed, as shown in Figures 2 and 3.

The diameter of the area affected by CHG at the top
of zone 1 for M1 was 129 mm, and 78 mm for M2,
Figure 3. The area affected by CHG appeared in an
ellipsoid shape in the cross-section along the vertical
symmetry plane, for both blocks. The CHG zone for M1
starts 58 mm from the bottom of the block, and 87 mm
for M2, as can be seen in Figure 2.

An addition of Bi caused a significant reduction of
the CHG-affected zone, at the lower cooling rates in the
centre of a block.

The microscopic observation showed that CHG
occurred locally, having typical cell-type structures,
Figure 4. These cells were relatively large, with the
apparent diameter in the range of 0.5–1.5 mm, with a
sharp transition between the non-affected and the
affected zones, Figures 4 and 5. Inside the CHG area,
zones with spherical graphite were found. Distribution of
CHG is generally not uniform within the affected zone.

The samples with a Bi addition showed a pronounced
eutectic growth in zones 1 and 3, while in the samples
without a Bi addition, it was more difficult to distinguish
specific cells in zones 1 and 2, Figure 4. The nodules
around the CHG area in zones 1 and 2 showed a regular
shape, while in zone 3 more degenerated nodules were
found.

As can be seen from Table 4, after long solidification
times, from 3670 s to 5140 s, a significant graphite
deterioration occurred with the graphite nodularity in the
vicinity of 50 %, and a very low nodule count, below 50
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Figure 3: Cross-sections of cast blocks at the top of zone 1:
a) M1 without Bi, b) M2 with Bi
Slika 3: Prerez ulitega kosa na vrhu podro~ja 1: a) M1 brez Bi,
b) M2 z Bi

Table 4: Graphite-microstructure data for cylindrical blocks in CHG area according to EN-ISO 945-1
Tabela 4: Podatki o mikrostrukturi grafita v cilindri~nih kosih v podro~ju CHG, skladno z EN-ISO 945-1

Mould
Zone

(Figure
2)

Shape Size
Nodula-

rity
(%)

Nodule
count

(mm–2)

Area
frac. of
graphite

(%)

Size distribution
3

(max.
500 μm)

4
(max.

250 μm)

5
(max.

120 μm)

6
(max.

60 μm)

7
(max.

30 μm)

8
(max.

15 μm)

M1
1 V,III(35 %) 6 47 65 10.7 0 3 107 426 789 1284
2 V,II (35 %) 5 48 38 10.8 2 11 87 330 473 741
3 IV 6 51 47 11.1 1 8 67 392 753 1287

M2
1 V,II (40 %) 6 45 25 10.4 0 5 105 472 729 807
2 6 49 42 8.9 0 12 99 365 463 396
3 V,II (45 %) 6 40 43 10.3 0 10 135 459 788 694



nodules/mm2 (except in zone 1 of M1). The obtained
nodule count was substantially below the recommended
minimum nodule count for heavy-section castings, which
is more than 60 nodules/mm2. The results were slightly
inferior for the samples with the Bi addition. The results
of the nodule count cannot be related with the solidi-
fication time. The lowest nodule count was observed for
cylindrical block M2. With the decrease in the nodule
count for the cylinders, the size of the nodules increased,
Figure 4. Also, the Bi addition reduced the amount of
ferrite, from approx. 90 to 80 %, Table 5.

Table 5: Ferrite/pearlite ratio of cylindrical blocks in CHG area
according to EN-ISO 945-1
Tabela 5: Razmerje ferit/perlit v cilindri~nih kosih v podro~ju CHG,
skladno z EN-ISO 945-1

Mould Zone
(Figure 2)

Ferrite area
%

Pearlite area
%

M1
1 91.4 8.6
2 91.8 8.2
3 90.6 9.4

M2
1 85.3 14.7
2 81.4 18.6
3 79.8 20.2
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Figure 5: Fracture surface of a test bar (M1-2)
Slika 5: Prelom preizkusne palice (M1-2)

Figure 4: Microstructures from zones 1, 2, 3 from blocks M1 and M2
Slika 4: Mikrostrukture iz razli~nih podro~ij 1, 2, 3, iz kosov M1 in
M2

Figure 6: Microstructures of Y-blocks, 25 mm: a) M1 without Bi, b)
M2 with Bi
Slika 6: Mikrostrukturi Y-kosa, 25 mm: a) M1 brez Bi, b) M2 z Bi



In the Y blocks of 25 mm and 75 mm, CHG did not
appear, Figure 6. The nodule count of the Y blocks was
in a range from 74 to 405 nodules/mm2. The nodularity
was from 60 % to 73 %. The bismuth addition negatively
affected the microstructure regarding the nodule count,
while the nodularity was positively affected.

3.2 Tensile test

Table 6 gives the tensile-test results for the CHG area
in the cylindrical blocks. The samples containing CHG
were characterized by a significant reduction in the elon-
gation and tensile strength compared to the CHG-free
samples from the Y blocks. The samples from the Y
blocks showed elongation values in the vicinity of 18 %,
while the samples containing CHG achieved elongation
values in a range of 3.5–7.5 %. The tensile strength
values for the CHG area were reduced by 20–25 %,
while the yield strength was reduced by 10 %. Hardness
was hardly affected at all.

Table 6: Mechanical properties in the CHG area
Tabela 6: Mehanske lastnosti v podro~ju CHG

Mould Specimen Rm

N/mm2
Rp0,2

N/mm2
A5

% HB

M1
1 323 269 4.2 140
2 317 269 3.5 -

M2
1 345 249 7.5 123
2 331 259 5.5 -

The effect of the Bi addition on the mechanical
properties can be seen. In the CHG area, the Bi addition
resulted in better elongation and tensile-strength proper-
ties, while the yield strength and hardness were slightly
reduced, Table 6. In the Y blocks, the Bi addition posi-
tively influenced the elongation properties, while the
strength properties were reduced.

Visual testing of the fracture surfaces of the tensile-
test bars pointed out local dark areas of various sizes.
The macroscopic observation of CHG corresponded very
well with the microscopic observations, Figure 5. On the
fracture surface, eutectic cells of chunky graphite sur-
rounded with normal spheroidal graphite were detected.

4 DISCUSSION

High concentrations of Ce, Ca, Si and Ni are the
usual reasons of the CHG formation. Excessive Ce, in
the absence of subversive elements in heavy-section
ductile iron will almost always cause a CHG formation.
In thin-section castings, the risk of a CHG formation is
minimum due to short solidification times.

Most MgFeSi alloys contain some level of RE,
especially Ce, to promote a high nodule count, improve
nodularity and counteract the effects of anti-nodularising
elements. This is usually good for thin-section parts, but
it is a problem for the sections thicker than 50 mm.
There is a unified opinion found in the literature that an

addition of Bi (up to about 0.003 % of mass fraction) can
prevent the formation of degenerated graphite in thick-
section castings.14 To eliminate the detrimental effect of
RE, the most important task to do is to achieve the right
balance between the presence of RE and the subversive
elements.1,7 Note also that the amount of Bi required to
counteract the detrimental effect of RE (Ce) is casting
section-size dependent.

In this study the Bi addition did not totally suppress
the CHG formation, but the added amount reduced the
area affected with CHG. The amount of Bi was too low
and the presumption is that the right balance between Ce
and Bi would prevent the formation of CHG.

The microstructure analysis of the CHG area in the
cylindrical blocks showed similar results with and
without a Bi addition. The present results indicate that
the addition of Bi to heavy-section ductile-iron castings
exhibited a beneficial effect of a decreasing CHG area as
reported in other works.5,13,14

5 CONCLUSION

Based on the results obtained in this study, the
following main conclusions can be drawn:

• CHG occurred in the thermal center of a heavy-
section ductile-iron casting;

• a Bi addition has a positive influence on the CHG
suppression in thick-section areas, while maintaining
good mechanical properties in thin-section areas;

• the Bi addition also improved the tensile strength and
elongation in the CHG area;

• for the investigated section size, the addition of Bi
was too low to totally suppress the CHG formation.
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Chemical oxidative copolymerization of o-phenylenediamine -co-o/p-toluidine at different molar ratios of monomer was
performed using potassium dichromate as an oxidant. The resulting copolymers were investigated using Fourier transform
infrared spectroscopy (FTIR) and UV-visible spectroscopy. In the copolymer, the intensity of the band at 1005 cm–1 is
substantially decreased due to the -CH3 bending vibrations. A hyposochromic shift is observed in UV-visible spectroscopy. The
electrical-conductivity values obtained for the o-toluidine copolymers are higher than those for the p-toluidine copolymers.
Keywords: o-phenylenediamine, o-toluidine, p-toluidine, conductivity, chemical oxidativeness, FTIR

Izvedena je bila kemijska oksidativna kopolimerizacija o-fenilendiamina-co-o/p-toluidina pri razli~nih molarnih razmerjih
monomera, z uporabo kalijevega dikromata kot oksidanta. Nastali kopolimeri so bili preiskovani z uporabo infrarde~e
spektroskopije s Fourierjevo transformacijo (FTIR) in UV-vidno spektroskopijo. V kopolimeru je intenziteta pasu pri 1005 cm–1

ob~utno zmanj{ana zaradi upogibnih vibracij -CH3. V UV vidnem spektru je opa`en zamik v spektralnem pasu. Vrednosti
elektri~ne prevodnosti dobljene pri o-toluidin kopolimerih so vi{je kot pri p-toluidin kopolimerih.
Klju~ne besede: o-fenilendiamin, o-toluidin, p-toluidin, prevodnost, kemijska oksidativnost, FTIR

1 INTRODUCTION

Intrinsically conductive polymers have become an
efficient alternative to inorganic conductors in many
practical applications in the recent decade.1 Polyaniline,
poly toluidine, polypyrrole, poly aminopyridine, poly-
thiophene and poly phenylenediamine are examples of
conductive polymers, showing high conductivity. Poly-
aniline is an important member of the intrinsically con-
ductive polymers because of the ease of its preparation,
an excellent environmental stability, interchangeable oxi-
dation states, electrical and optical properties, economic
costs,2–4 and because they can be used for chemical
sensors,5,6 electromagnetic shielding,7 electrochemical
and corrosion devices.8–9 Polymerization of a conducting
polymer may be performed with chemical10 or electro-
chemical11 methods. Different chemical oxidizing agents
such as potassium dichromate,12–14 potassium iodate,15

hydrogen peroxide,16 ferric chloride or ammonium per-
sulphate17 can be used. The application of polyaniline is
limited because of its poor processability,18 which is true
for most conducting polymers.

A good method to obtain soluble conductive poly-
mers is the polymerization of aniline derivatives. Poly
phenylenediamine homopolymer has attracted attention

because it has been reported to be a high aromatic
polymer containing a 2,3-diamino phenazine or quino-
xaline repeat unit and exhibiting an unusually high
thermostability.19–21 In recent years, copolymerization
has been developed as one of the most essential and
alternative strategies for modifying physical and chemi-
cal properties of conducting polymers. These copoly-
mers show characteristics reasonably different from
those of the homo polymer.22,23 Thus, copolymerization
can be a convenient synthetic method and a process for
preparing new conducting materials with improved
properties. However, the conductivity and solubility of
the phenylenediamine homopolymer are low.19–21 Co-
polymerization of o-phenylenediamine with o/p toluidine
might be one of the best methods. A close analysis of the
literature shows a large number of reports on the chemi-
cal and electrochemical synthesis of polytoluidine and its
copolymer with aniline and other substituted anili-
nes.24–33 Electrochemical copolymerization of o-pheny-
lenediamine with o-toluidine has been reported.34 So far,
there has been no report on copolymerization of o-phe-
nylenediamine with o/p toluidine using the chemical
oxidative method. Toluidines are derivatives of aniline
where a – CH3 group is substituted in the aromatic ring
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at the o-, m- or p- positions. In this work, a chemical
oxidative copolymerization of o-phenylenediamine with
o/p toluidine at different molar ratios of monomer was
synthesized and characterized using FTIR, UV-visible
spectroscopy and conductivity measurements.

2 EXPERIMENTAL PART

2.1 Materials

o-phenylenediamine (o-PD), o-touidine (oT), p-tolui-
dine (pT) (ADWIC, Egypt), potassium dichromate
(K2Cr2O7), ammonium persulfate ((NH4)2S2O3) (Merk,
Germany), hydrochloric acid (HCl 32 %), formic acid
(HCOOH 98 %) and glacial acetic acid (CH3COOH 99.5 %)
(Merk-Germany), dimethylsulfoxide (DMSO) and
N,N-dimethylformamide (DMF) were used for the
UV-visible and conductivity measurements, respectively.
All the chemicals, acids and solvents were used as
received without any further purification.

2.2 Measurements

The FTIR spectra were recorded with a FTIR
8201PC (SHIMADZU) instrument using KBr pellets
techniques. For measuring the UV-visible absorption
spectra, a spectrophotometer (UV-1601 SHIMADZU)
was used. Conductivity measurements were made at
room temperature using a conductivity meter (CM-30V).

2.3 Synthesis of poly (o-phenylenediamine – Co –o/p-
toluidine)copolymer

2.3.1 Synthesis of poly o-phenylenediamine

The polymer of o-phenylenediamine was synthesized
by dissolving 1.622 g of o-phenylenediamine in 100 mL
of 0.1M HCL in a stirred ice bath to produce a homo-
genous solution. 4.413 g of potassium dichromate was
dissolved in 50 mL of 0.1M HCL and added to the first
solution for 30 min while being constantly stirred, then it
was left at room temperature for 24 h. After this the
solution was filtered, washed with acetone and distilled
water and the polymer was left to dry in an oven at 60 °C
for 24 h.

2.3.2 Synthesis of poly o- and p- toluidine

Poly (o- and p- toluidine) were synthesized with che-
mical oxidative polymerization of o- and p- toluidine in
an acidic media. 5 mL of oT was dissolved in 300 mL of
1M formic acid and kept at 0 °C; 11.4 g of K2Cr2O7 was
dissolved in 200 mL of 1M formic acid also at 0 °C and
added dropwise under constant stirring to the
(oT/HCOOH) solution over a period of 20 min. The
resulting dark green solution was maintained under con-
stant stirring for 24 h. The solution was filtered and then
washed with distilled water; the black powder of poly
o-toluidine was left to dry in air for one week, while 2.5
mL of pT was dissolved in 150 mL of 1M HCL and kept
at 0 °C; 5.7 g of K2Cr2O7 was also dissolved in 100 mL

of 1M HCL at 0 °C and added dropwise under constant
stirring to the (pT/HCL) solution over a period of
20 min. The resulting dark red solution was maintained
under constant stirring for 24 h. The solution was filtered
and then washed with distilled water, and the black red
powder of poly p-toluidine was left to dry in air for one
week.

2.3.3 Synthesis of poly (o-phenylenediamine – Co –
o-/p- toluidine)copolymer

1.54 g oPD and 0.5133 mL oT/pT were added to
150 mL of 1M glacial acetic acid in a 500 mL single-
neck glass flask at 40 °C . 13.68 g ((NH4)2S2O8) was
dissolved separately in 14 mL distilled water to prepare
an oxidant solution. The monomer solution was then
stirred and treated with the oxidant solution added
dropwise at an adding rate of one drop every three
seconds for 30 min at 40 °C. Immediately after the first
few drops, the reaction solution turned violet in the case
of oT and blackish green in the case of pT. After 1 h, the
copolymer acetate was isolated from the reaction mixture
with filtration and washed with the excess of distilled
water to remove the oxidant and oligomers. A whitish
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Figure 1: Scheme of copolymerization mechanism of poly
(o-phenylenediamine-Co-o-toluidine) copolymer
Slika 1: Shema mehanizma kopolimerizacije poli ( o-fenilendiamin in
o-toluidin) kopolimera



violet solid powder and a greenish brown solid powder
for oT and p-T copolymers, respectively, were left to dry
in the oven at 118 °C for 48 h and then dry in air for one
week. The above procedure was repeated at various
molar ratios of the monomers oT and pT at the feeds of
0.50 and 0.25 molar of oPD, respectively.

3 RESULTS AND DISCUSSION

3.1 Synthesis of poly (o-phenylenediamine – Co – o-/p-
toluidine)copolymer

Toluidines are derivatives of aniline where a –CH3

group is substituted in the aromatic ring at the o-, m- or
p- positions. Schemes in Figures 1 and 2 represent the
copolymerization mechanism of poly (o-phenylen-
ediamine-Co-o-/p-toluidine)copolymer, respectively.

3.2 FTIR spectra of poly (o-phenylenediamine – Co - o
/ p- toluidine) copolymer

Figure 3 shows the FTIR spectra of poly o-phenylen-
ediamine, poly o-toluidine and poly p-toluidine, respec-
tively.

A weak band is observed at 3326–3391 cm–1 cha-
racteristic of the –NH2 and N-H stretching, another one
is observed at 1640–1525 cm–1 assigned to the quinoid
and benzenoid phenyl ring for poly o-phenylenediamine
(Figure 3 (A), the signal due to the C-H in-plane
bending vibratio is observed at 1161 cm–1. Figure 3 (B
and C) shows the frequency peaks at (2917, 1638, 1450,
1301, 1207, 1157, 920) cm–1 that are attributed to the
C-H stretching of the substituent methyl group, C=C
stretching vibrations of quinoid rings, C=C stretching
vibrations of benzoid rings, C-N stretching vibrations of
quinoid rings, C-N stretching vibrations of benzoid
rings, C-H in-plane bending vibrations and 1, 2, 4- tri
substituted aromatic rings, respectively. The signal at
567 cm–1 is due to the C-H out-of-plane bending vibra-
tion. The peak at 3063 cm–1 in Figure 3 (B and C) is
caused by the C-H stretch modes of the substituent
methyl group. Figure 4 shows the FTIR spectra of poly
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Figure 4: FTIR spectra of poly (oPD-Co-oT) copolymer with
different molar ratios of oPD: A) 0.25, B) 0.50, C) 0.75
Slika 4: FTIR-spektri poli (oPD in oT) kopolimera z razli~nimi
molskimi razmerji oPD: A) 0,25, B) 0,50, C) 0, 75

Figure 2: Scheme of copolymerization mechanism of poly
(o-phenylenediamine-Co-p-toluidine) copolymer
Slika 2: Shema mehanizma kopolimerizacije poli ( o-fenilendiamin in
p-toluidin) kopolimera

Figure 3: FTIR spectra of: A) poly o-phenylenediamine, B) poly
o-toluidine and C) poly p-toluidine
Slika 3: FTIR-spekter: A) poli o-fenilendiamina, B) poli o-toluidina
in C) poli p-toluidina



(oPD-Co-oT) copolymer with different molar ratios of
oPD.

Most of the bands show variations in the intensity
and position. The spectra of the copolymer show the
main bands corresponding to the N-H stretching vibra-
tions and ring stretching vibrations of quinoid and
benzeoid structures. The intensity of the N-H stretching
vibrations in the region between 3470–3010 cm–1 in-
creases with the increasing oPD feed concentration,
indicating an increase in the number of primary and
secondary amino groups in the copolymer structure. The
band at 1590 cm–1 (Figure 3 (B)) and the band at 1627
cm–1 (Figure 3 (C)) correspond to the C=C stretching
vibrations of the aromatic rings. This signal is shifted to
1630 cm–1 in the copolymer, Figure 4. The intensity of
the two bands centered at 1497 cm–1 and 600 cm–1

greatly increases with the increasing oPD feed concen-
tration (Figure 4), while the 1497 cm–1 band in the copo-
lymer indicates the presence of phenazine-type structures
in the copolymer backbone. These cyclic structures in
the copolymer are either due to the presence of oPD
blocks or may result from the cyclization of the adjacent
oPD and oT units in the copolymer chain. On the other
hand, the intensity of the band at 1005 cm–1, due to the
–CH3 bending vibrations, substantially decreases in the
copolymer. This is indicative of a gradual decrease in the
oT units in the copolymer structure with the increasing
oPD feed concentration.

Figure 5 shows the FTIR spectra of poly(oPD-
Co-pT) copolymer with different molar ratios of oPD.

In general, with some exceptions, the spectral charac-
teristics of the copolymers are very similar to those of
PoPD. The intensity of the broad band, in the region of
3000–3353 cm–1 increases with the increasing oPD feed
concentration. The band corresponding to the quinoid
stretching vibrations occurs at 1616 cm–1 for the
copolymer. The intensity of this band was also found to
increase with the increasing oPD feed concentration. The

incorporation of the p-toluidine moiety in the copolymer
was indicated by the appearance of the characteristic
C-H stretching of the substituent methyl group, which
was observed as a very weak band at 2917 cm–1. As in
o-toluidine, the intensity of the band at 1029 cm–1, due to
the -CH3 bending vibrations, substantially decreases in
the copolymer.

3.3 UV-visible spectra of poly (o-phenylenediamine –
Co - o / p- toluidine) copolymer

Figure 6 shows the UV-visible spectra of poly
o-phenylenediamine, poly o-toluidine and poly
p-toluidine, respectively.

Figures 7 and 8 show the UV-visible spectra of poly
(oPD-Co-oT) and poly (oPD-Co-pT)copolymers, respec-
tively, with different molar ratios of oPD. In Figures 6, 7
and 8, for UV-visible spectra of homopolymers and
copolymers, two characteristic absorption peaks were
found at around 290 nm and in a range of 417–563 nm
corresponding to the benzene �-�* electronic transition
and n-�* electronic transition. A hyposochromic shift
from 550 nm in the o-toluidine copolymer to 450 nm in

O. MELAD, M. JAROUR: COPOLYMERIZATION OF POLY (O-PHENYLENEDIAMINE-CO-O/P-TOLUIDINE) VIA ...

286 Materiali in tehnologije / Materials and technology 51 (2017) 2, 283–288

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 6: UV-VIS spectra of: A) poly o-phenylenediamine, B) poly
o-toluidine and C) p-toluidine
Slika 6: UV-VIS spektri: A) poli o-fenilendiamin, B) poli o-toluidin in
C) p-toluidin

Figure 5: FTIR spectra of poly (oPD-Co-PT) copolymer with
different molar ratios of oPD: A) 0.25, B) 0.50, C) 0.75
Slika 5: FTIR-spektri poli (oPD in PT) kopolimera z razli~nimi
molskimi razmerji oPD: A) 0,25, B) 0,50 in C) 0,75

Figure 7: UV-VIS spectra of poly (oPD-Co-oT) copolymer with
different molar ratios of oPD: A) 0.25, B) 0.50 and C) 0.75
Slika 7: UV-VIS spektri poli (oPD in oT) kopolimera z razli~nimi
molskimi razmerji oPD: A) 0,25, B) 0,50 in C) 0,75



the p-toluidine copolymer implies a decrease in the
extent of conjugation and an increase in the band gap.
These bands correspond to the excitation transition of the
quinoid rings. It can be observed that these bands
increase when the o-phenylenediamine in the copolymer
is increased. This blue shift with the increasing o-phenyl-
enediamine in the copolymer is due to the steric effect of
the substituents, indicating a successful copolymeri-
zation.

3.4 Electrical conductivity

Table 1: shows electrical conductivity of poly (o-phenylenediamine
–Co-o/p-toluidine) copolymer at room temperature in DMF
Tabela 1: Elektri~na prevodnost poli (o-fenilendiamina in
o/p-toluidin) kopolimera pri sobni temperaturi v DMF

Polymer Conductivity (S/cm)
PoPD 2.23
PoT 1.43
PpT 2.04

P(oPD-Co-oT)25 3.39
P(oPD-Co-oT)50 3.42
P(oPD-Co-oT)75 4.65
P(oPD-Co-pT)25 1.615
P(oPD-Co-pT)50 1.878
P(oPD-Co-pT)75 1.898

It can be seen that the conductivity increases as the
amount of o-phenylenediamine increases in the copoly-
mers. In general, o-isomer gives higher conductivity
values than the other isomers; the small values of the
conductivity in the case of poly (o-phenylenedia-
mine–Co-p-toluidine) copolymer compared with the
conductivity value of o-phenylenediamine may indicate
that p-toluidine is not a good enough polymer to make a
copolymer with o-phenylenediamine.

5 CONCLUSION

The synthesis of the copolymerization of o-pheny-
lenediamine with o / p-toluidine was characterized using
FTIR and UV-Vis spectroscopy. The intensity of the
band at 1005 cm–1 that is due to the -CH3 bending
vibrations, substantially decreases in the copolymer. A
hypsochromic shift from 550 nm in the o-toluidine
copolymer to 450 nm in the p-toluidine copolymer
implies a decrease in the extent of conjugation and an
increase in the band gap. In general, ortho-isomers give
higher conductivity values than the other isomers; so the
obtained conductivity values that are higher for the
o-toluidine copolymer than for the p-toluidine copo-
lymer, indicate that p-toluidine is not a good enough
polymer able to make a copolymer with o-phenylen-
ediamine.

6 REFERENCES

1 E. Hrehorova, V. N. Bliznyuk, A. A. Pud, V. V. Shevchenko, K. Y.
Fatyeyeva, Electrical properties and fractal behavior of polyurethane
elastomer/polyaniline composites under mechanical deformation,
Polymer, 48 (2007), 4429–4437, doi:10.1016/j.polymer.2007.05.065

2 P. Wang, L. Liua, D. A. Mengistiec, B. Wen, T. Liue, C. Chuf, Trans-
parent electrodes based on conducting polymers for display applica-
tions, Displays, 34 (2013), 301–314, doi:10.1016/j.displa.2013.05.
003

3 M. Jaymand, Recent progress in chemical modification of polyani-
line, Prog.Polym.Sci., 38 (2013), 1287–1306, doi:10.1016/j.prog-
polymsci.2013.05.015

4 X. Guo, M. Baumgarten, K. Mullen, Designing �-conjugated
polymers for organic electronics, Prog.Polym.Sci., 38 (2013),
1832–1908, doi:10.1016/j.progpolymsci.2013.09.005

5 Y. Zhao, S. Si, C. Liao, A single flow zinc//polyaniline suspension
rechargeable battery, J. Power Sources, 241 (2013), 449–453,
doi:10.1016/j.jpowsour.2013.04.095

6 C. Steffens, A. Manzoli, J. E. Oliveira, F. L. Leite, D. S. Correa, P.
Herrmann, Bio-inspired sensor for insect pheromone analysis based
on polyaniline functionalized AFM cantilever sensor, Sensors and
Actuators, B191 (2014), 643–649, doi:10.1016/j.snb.2013.10.053

7 L. Wang, E. Hua, M. Liang, C. Ma, Z. Liu, S. Sheng, Liu Min, G.
Xie, W. Feng, Biosensors, 51C (2014), 201–207, doi:10.1016/j.bios.
2013.07.049

8 Y. Moon, J. Yun, H. Kim, Synergetic improvement in electro-
magnetic interference shielding characteristics of polyaniline-coated
graphite oxide/ã-Fe2O3/BaTiO3 nanocomposites, J. Ind. Eng.
Chem., 19 (2013),493–497, doi:10.1016/j.jiec.2012.09.002

9 G. Gupta, N. Birbilis, A. B. Cook, A. S. Khanna, Polyaniline-
lignosulfonate/epoxy coating for corrosion protection of
AA2024-T3, Corros. Sci. 67 (2013), 256–267, doi:10.1016/j.corsci.
2012.10.022

10 K. Gopodinova, L. Terlemezyan, Conducting polymers prepared by
oxidative polymerization: polyaniline, Progress in Polym. Sci., 38
(1998), 1832–1908

11 K. Gurunathan, A. V. Murugan, R. Marimuthu, U. P. Mulik, D. P.
Amalnerkar, Electrochemically synthesised conducting polymeric
materials for applications towards technology in electronics,
optoelectronics and energy storage devices, Materials Chem. and
Phys., 61 (1999), 173–191, doi:10.1016/S0254-0584(99)00081-4

12 P. Chowdhury, B. Saha, Indian J. Chem. Tech., 12 (2005), 671–675
13 S. M. Sayyah, A. B. Khaliel, A. A. Aboud and S. M. Mohamad, Che-

mical Polymerization Kinetics of Poly-O-Phenylenediamine and
Characterization of the Obtained Polymer in Aqueous Hydrochloric

O. MELAD, M. JAROUR: COPOLYMERIZATION OF POLY (O-PHENYLENEDIAMINE-CO-O/P-TOLUIDINE) VIA ...

Materiali in tehnologije / Materials and technology 51 (2017) 2, 283–288 287

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 8: UV-VIS spectra of poly (oPD - Co- pT) copolymer with
different molar ratio of oPD: A) 0.25, B) 0.50 and C) 0.75.
Slika 8: UV-VIS spektri poli (oPD in pT) kopolimera z razli~nimi
molskimi razmerji oPD: A) 0,25, B) 0,50 in C) 0,75



Acid Solution Using K2Cr2O7 as Oxidizing Agent, Int. J. Polym.
Sci., (2014), 1–16, doi:10.1155/2014/520910

14 O. Melad, Chemical Oxidative Synthesis and Characterization of
Poly (o-phenylenediamine) Doped With Different Acids, Eur. J.
Chem., 7 (2016) 4, 463–467, doi:10.5155/eurjchem.7.4.463-467.
1449

15 R. Hirase, T. Shikata, M. Shirai, Selective formation of polyaniline
on wool by chemical polymerization, using potassium iodate, Synth.
Met., 146 (2004), 73–77, doi:10.1016/j.synthmet.2004.06.009

16 K. Gopalakrishnan, M. Elango, M. Thamilsevan, Optical studies on
nano-structured conducting Polyaniline prepared by chemical
oxidation method, Archives of Phys. Research, 3 (2012), 315–319

17 K. Molapo, P. M. Ndangili, R. F. Ajayi, Electronics of Conjugated
Polymers (I): Polyaniline, Int. J. Electrochem. Sci., 7 (2012),
11859–11875

18 Y. Cao, P. Smith, A. Heeger, Counter-ion induced processibility of
conducting polyaniline and of conducting polyblends of polyaniline
in bulk polymers, Synth. Met., 48 (1992), 91–97

19 A. H. Premasiri, W. B. Euler, Syntheses and characterization of
poly(aminophenazines), Macromol. Chem. Phys., 196 (1995), 3655

20 H. S. O. Chan, S. C. Nig, T.S.A. Hor, J. Sun, K. L. Tan, B. T. G. Tan,
Poly(m-phenylenediamine): Synthesis and characterization by X-ray
photoelectron spectroscopy, Eur. Polym. J., 27 (1991), 1303

21 F. Cataldo, On the polymerization of p-phenylenediamine, Eur.
Polym. J., 36 (1996), 2593

22 A. Malinauskas, M. Bron, R. Holze, Electrochemical and Raman
spectroscopic studies of electrosynthesized copolymers and bilayer
structures of polyaniline and poly(o-phenylenediamine), Synthetic
metals, 92 (1998), 127–137, doi:10.1016/S0379-6779(98)80102-1

23 X. G. Li, L. X. Wang, Y. Jin, Z. L. Zhu, Y. L. Yang, Preparation and
identification of a soluble copolymer from pyrrole and o-toluidine,
Journal of applied polymer science, 82 (2001), 510–518

24 Y. Wei, R. Hariharan, S. A. Patel, Chemical and electrochemical
copolymerization of aniline with alkyl ring-substituted anilines,
Macromolecules, 23 (1990), 758, doi:10.1021/ma00205a011

25 N. Pekmez - Ozcicek, K. Pekmez, R. Holze, A.Yildiz, Increased
stability of polythiophene in the presence of aniline in acetonitrile, J.
Appl. Polym. Sci., 89 (2003), 862, doi:10.1002/app.12291

26 Y. Sahin, S. Percin, M. Sahin, G. Ozkan, Electrochemical polymeri-
zation of fluoro- and chloro-substituted anilines and copolymers with
aniline, J. Appl. Polym. Sci., 91 (2004), 2302, doi:10.1002/
app.133677

27 P. Savita, D. N. Sathyanarayana, Copolymers of aniline witho-
andm-toluidine: synthesis and characterization, Polym. Int., 53
(2004), 106, doi:10.1002/pi.1316

28 P. Savita, D. N. Sathyanarayana, Synthesis and characterization of
soluble conducting poly(o-/m-toluidine-co-o-nitroaniline), Synth.
Met., 145 (2004), 113, doi:10.1016/j.synthmet.2004.04.024

29 H. Tang, A. Kitani, S. Maitani, H. Munemura, M. Shiotanti, Electro-
polymerization of aniline modified by para-phenylenediamine,
Electrochim. Acta, 40 (1995), 849, doi:10.1016/0013-4686(94)
00370-G

30 R. Mazeikiene, A. Malinauskas, Electrochemical copolymerization
of aniline with m-phenylenediamine, Synth. Met., 92 (1998), 259

31 M. Probst, R. Holze, A systematic spectroelectrochemical investi-
gation of alkyl-substituted anilines and their polymers, Macromol.
Chem. Phys., 198 (1997), 1499, doi:10.1002/macp.1997.021980515

32 O. Melad, H. Alhendawi, M. Fayyad, Research and Reviews: J.
Material Sci., 2 ( 2014), 27–34

33 O. Melad, M. Esleem, Copolymers of Aniline with O-Anthranilic
Acid: Synthesis and Characterization, Open J. Org. Polym. Mate-
rials, 5 (2015), 31–36, doi:10.4236/ojopm.2015.52003

34 S. Bilal, R. Holze, Electrochemical copolymerization of o-toluidine
and o-phenylenediamine, J. Electroanalytical Chem., 592 (2006),
1–13, doi:10.1016/j.jelechem.2006.03.039

O. MELAD, M. JAROUR: COPOLYMERIZATION OF POLY (O-PHENYLENEDIAMINE-CO-O/P-TOLUIDINE) VIA ...

288 Materiali in tehnologije / Materials and technology 51 (2017) 2, 283–288

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS



J. KUBÁSEK et al.: THE EFFECT OF THERMO-MECHANICAL PROCESSING ON THE STRUCTURE, STATIC ...
289–296

THE EFFECT OF THERMO-MECHANICAL PROCESSING ON THE
STRUCTURE, STATIC MECHANICAL PROPERTIES AND

FATIGUE BEHAVIOUR OF PURE Mg

VPLIV TERMOMEHANSKE PREDELAVE ^ISTEGA MAGNEZIJA
NA STRUKTURO, STATI^NE MEHANSKE LASTNOSTI IN

OBNA[ANJE PRI UTRUJANJU

Jiøí Kubásek, Dalibor Vojtìch, Drahomír Dvorský
University of Chemistry and Technology, Department of Metals and Corrosion Engineering, Prague, Technická 5,

166 28 Prague 6, Czech Republic
kubasek.jiri@gmail.com

Prejem rokopisa – received: 2016-02-03; sprejem za objavo – accepted for publication: 2016-04-06

doi:10.17222/mit.2016.029

Magnesium alloys find important applications in automotive, aircraft and space industries. Magnesium itself is also a key
component in biodegradable metallic materials considered for applications in medicine. Although there are many studies that
include the mechanical behaviour of pure Mg and its alloys after different thermomechanical processing, there is a huge impact
of the processing method on the observed properties. Based on these facts, predicting the final properties is difficult. This paper
deals with the preparation of pure Mg using a classic extrusion method with a low extrusion ratio, slow extrusion rate and low
temperature. These parameters were selected to prevent an excessive grain size and to obtain optimal mechanical properties. The
prepared materials were subsequently heat treated under different conditions and the relations between the grain size, texture
strength and mechanical properties were studied. As well as static mechanical tests in tension and compression, fatigue tests
were also performed. Finally, the obtained data were fitted using the Hall-Petch relation and the results were compared with the
literature. The observed results confirmed the significant effect of processing on the mechanical properties with a strong impact
on the Hall-Petch behaviour.
Keywords: magnesium, mechanical properties, texture, Hall-Petch relation

Magnezijeve zlitine so pomembne za uporabo v avtomobilski, letalski in vesoljski industriji. Magnezij je tudi klju~na kompo-
nenta v biorazgradljivih kovinskih materialih za uporabo v medicini. ^eprav obstaja mnogo {tudij, ki vklju~ujejo mehansko
obna{anje ~istega Mg in njegovih zlitin po razli~nih termomehanskih obdelavah, je velik vpliv metode obdelovanja na opazo-
vane lastnosti. Na osnovi tega je te`ko napovedovati kon~ne lastnosti. Ta ~lanek obravnava pripravo ~istega Mg s klasi~no
metodo ekstruzije z majhnim razmerjem ekstruzije, majhno hitrostjo ekstruzije pri nizki temperaturi. Ti parametri so bili izbrani,
da se prepre~i prekomerna rast zrn in da se dose`e optimalne mehanske lastnosti. Pripravljeni material je bil pozneje toplotno
obdelan pri razli~nih pogojih in {tudirane so bile odvisnosti med velikostjo zrn, teksturo in mehanskimi lastnostmi. Razen
stati~nih mehanskih preizkusov, nateznih in tla~nih, so bili izvedeni tudi preizkusi utrujanja. Na koncu so bili dobljeni podatki
primerjani s Hall-Petchevim razmerjem in dobljeni rezultati so bili primerjani s podatki iz literature. Dobljeni rezultati so
potrdili mo~an vpliv obdelave na mehanske lastnosti, z mo~nim vplivom na Hall-Petchevo razmerje.
Klju~ne besede: magnezij, mehanske lastnosti, Hall-Petchevo razmerje

1 INTRODUCTION

Magnesium is an essential matrix element of many
materials used in the traffic industry and also of some
biodegradable materials that can be used for medical
applications. Both these groups are characterized by high
demands on the mechanical properties. These properties
are strongly affected by many material factors. One of
the very well-known factors is strengthening by grain
boundaries, which is simply described by the Hall-Petch
Equation (1):

� = �0 + k · d–1/2 (1)

In this equation "�0" and "k" are the constants
representing the intercept and the slope of the Hall-Petch
line, respectively. Magnesium as well as other metals
with hcp structures have already been the subjects of
many studies which showed that "�0" is related to the

critical resolved shear stress (CRSS) for the easy slip
system operating within the grain volume or in other
words it represents the friction stress of mobile dislo-
cations on the slip plane1,2, and "k" is related to the CRSS
for the more difficult slip/twinning systems required to
operate near grain boundaries in order to maintain the
continuity of strain3 or in other words "k" represents the
stress-concentration factor.2 Both these constants ("�0"
and "k") are texture dependent.

Material texture can be significantly affected by
different processing methods such as rolling, extrusion,
forging and of course by the parameters of those pro-
cesses.

Another Equation (2), which characterizes the depen-
dence of polycrystalline strength "�" on the critical shear
strength "�0" and the stress concentration required to
propagate slip across a grain boundary "ks" has to be
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modified if we consider textured materials since the
orientation constants relating "0" and "k" to the corres-
ponding single-crystal resolved shear stresses will be
different and depend on the intensity of the respective
textures. In such case, Equation (2) can be modified to
Equation (3), where "M" is the orientation factor relating
"0" to the CRSS for an easy slip, and "N" is the orien-
tation factor relating "k" to "ks":

 = m · (�0 + ks · l
-1/2) (2)

 = M · �0 + N · ks · l
-1/2 (3)

On the basis of the pile-up model, the Hall-Petch
slope "k" is related to the resolved shear stress "�c" for
the difficult slip system controlling plastic flow in the
grain-boundary regions, Equation (4):

k = N · kS = C · N · [m · Gb/2�a]l/2 · �c
1/2 (4)

In this Equation (4) "C" is a constant, "m*" is the
Sach’s orientation factor that takes into account the
differences in the grain-to-grain orientation, "a" is a
numerical constant depending on the screw or edge
character of the dislocation pile-up, "G" is the shear
modulus, and "b" is the Burgers vector. Therefore, "k" is
related to the CRSS for prismatic slip and the {10-10}
texture can be expected to affect the value of the slope
"k". It is evident that the material properties are strongly
texture dependent and the Hall-Petch behaviour can be
different for materials prepared by different processing
routes.

Due to the limited number of slip systems in hcp
structures, other mechanisms such as twinning also play
an important role in the deformation behaviour of
magnesium and magnesium-based alloys. It has been
shown that twin boundaries act as strong barriers to
dislocation motion.4 Therefore, in practice, the mean free
path of the dislocations should incorporate terms repre-
senting the effects of both the grain size and the presence
of any twins. Several types of single- and double-
twinning such as {1011}, {1012}, {1013}, {1011}–
{1012} and {1013}–{1012} are formed in magnesium
and its alloys,5–7 and the crystallographic relation of the
lattice rotates around the ‹1120› direction by 56°, 86°
and 64° for these types of single twinning formation.
Among these types of twinning, the {10–12}-type
(‹c›-axis tension) twins form easily at the beginning of
plastic deformation, since its CRSS is the lowest and has
a similar order as that in the basal plane.5,6 The twinning
is formed by the concentrated stress due to the dislo-
cation pile-up, as reported in 3. When the magnitude of
the stress concentration is larger than the nucleation
stress, twinning is thought to form at an adjacent grain.8

It has also been reported that twinning tends to form at
grain boundaries with lower misorientation angles,
which are characterized by a higher grain-boundary
energy in magnesium.9,10

Different methods can be used for the manufacture of
magnesium alloys with a low grain size, and different
textures are prepared during these processes. The main

examples of such methods are extrusion, ECAP (equal
channel angular pressing) and HPT (high pressure
torsion). Material prepared by original straight extrusion
has a typical texture consisting of ‹1010› and ‹1120›
fibres (i.e., basal poles perpendicular to the extrusion
axis). ECAP textures and its strength are dependent on
ECAP routes and also on the number of ECAP passes.

Final texture affects measured mechanical properties.
After extrusion, if the tensile axis lies within the basal
plane of the majority of grains, the grains are forced to
deform by either non-basal cross-glide of basal disloca-
tions or pyramidal slip of large Burgers vector ‹c+a›
dislocations.11 These hard deformation modes possess a
high critical resolved flow stress, and ultimately result in
the premature failure of properly oriented samples. In
contrast, if the basal axes are oriented close to the tensile
stress axis, there is very strong signature of the {1012}
tensile twinning [1113]. Twinning re-orients a portion of
the crystallites, and only a small plastic strain is required
to ensure that a major volume fraction of grains becomes
poorly oriented for slip or twinning. Therefore, the
anisotropy of the mechanical properties observed in
magnesium alloys with specific texture and both tensile
and compressive properties are a distinctive base on the
tests’ orientation.

The present work is focused on a classic extrusion
process with a low extrusion ratio equal to 10 and an
extrusion rate only 5 mm/min. Together with a low tem-
perature (200 °C), such conditions were selected to
obtain fine-grained structures and proper mechanical
properties.

2 MATERIALS AND METHODS

2.1 Materials

In this study, pure Mg (99.9 %) in an extruded state
was investigated. Cylindrical ingots of Mg were prepared
by melting pure Mg (99.9 %) in an induction furnace
under a protective argon atmosphere (99.996 %). The
melt was homogenised at 750 °C for 15 min and cast
into a brass mould of 100 mm in length and 20 mm in
diameter. Magnesium was directly extruded at a
temperature of 200 °C, an extrusion rate of 5 mm/min,
and an extrusion ratio of 10:1 to prepare rods of 6 mm in
a diameter. Such specimens were annealed at tempera-
tures of (200, 300 and 400) °C for different times to
prepare magnesium with different grain sizes and
properties.

2.2 Structure

The microstructure of the Mg was studied by optical
microscopy (Olympus PME3) and scanning electron
microscopy (SEM – TescanVega3 LMU) equipped with
an energy-dispersive spectrometer (EDS, Oxford Instru-
ments Inca 350) and an EBSD detector – NordlysMax
and AZtecHKL software. For SEM analysis, the samples
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were mechanically grinded using SiC abrasive papers
P180–P4000, polished by diamond pastes with 2 μm and
0.7 μm particles and etched in a 2 % Nital solution. For
EBSD additional mechanical polishing was performed
on a neutral alumina suspension (OP-AN Suspension).
Finally, samples were prepared by electro-polishing in
15 % nitric acid in ethanol at 12 V for 15 s.

2.3 Mechanical properties

The mechanical studies were performed using
Vickers hardness measurements with a loading of 5 kg
(HV5). The mechanical properties were also characte-
rised by tensile tests and compression tests (LabTest
5.250SP1-VM). For the tensile tests of the as-cast alloys,
rod samples of 4 mm in diameter and 60 mm in length
were used. The strain rate during the tensile tests was set
to 0.001 s–1. Compression tests were performed on rod
samples of 6 mm in a diameter and 12 mm height at a
strain rate of 0.001 s–1 as was used for the tensile tests.

Fatigue tests were performed on a device SCHNCK
PHG. Smooth fatigue specimens with a diameter of
6 mm and a gauge length of 18.7 mm were machined
from the extruded materials. Before the fatigue test they
were mechanically polished using progressively finer
grades of emery paper and buff-finished. The fatigue
tests were performed at a frequency of 50 Hz in labora-
tory air at ambient temperature.

3 RESULTS AND DISCUSSION

3.1 Structure

Typical examples of microstructures of pure Mg
obtained by different thermomechanical processing are

given in Figure 1. Magnesium after the extrusion at
200 °C (Figure 1a) was fully recrystallized with the
grain size ranging from 2 μm to 18 μm and with the
dominant equivalent grain diameter of 4 μm. No elon-
gated grains were observed in the structure. Different
thermal treatment leads to an obvious grain coarsening.
Figure 2 shows the distribution of grain sizes for pure
Mg treated at different conditions – extruded material
and extruded material exposed to the subsequent thermal
treatment at 200, 300 and 400 °C for 1 h and 2 h. It is
clear that the coarsening of Mg is strongly dependent on
both temperature and time. However, it seems that at
lower temperatures such as 200 °C coarsening is not so
significant with prolonged time on the temperature. At
higher temperatures (300 °C, 400 °C) the grain size is
increased significantly, also with a prolonged exposure
time. Figure 3a shows EBSD maps of pure Mg extruded
at 200 °C. The analysis was performed on the surface
parallel to the extrusion direction. As can also be seen in
Figure 4, the majority of grains is oriented in the struc-
ture with the basal planes parallel to the extrusion direc-
tion, which is a known effect of the extrusion process on
magnesium-based alloys. Texture orientation and
strength are evident in Figure 4a. A specimen subjected
to the subsequent annealing at 400 °C for 2 h was anal-
ysed using EBSD (Figures 3b and 4b) for a comparison
with the extruded Mg. The grain size ranged from 20 μm
to 160 μm and the dominant equivalent grain diameter
reached about 40 μm. It can be clearly seen that texture
was maintained similar to the extruded condition and
only texture strength was slightly reduced from 10.2 to
10 for extruded Mg and extruded + annealed Mg, res-
pectively (Figure 4). This confirms that the texture
created during thermomechanical treatment is main-
tained also during the subsequent thermal treatment.

Dynamic recrystallization is supposed to manage the
recrystallization process during the hot extrusion. In this
case, new fine grains are formed at the original grain
boundaries and subsequent nucleation occurs at the
recrystallized grains.
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Figure 1: Structure of Mg after different thermo-mechanical pro-
cessing: a) extruded at 200 °C, b) extruded at 200 °C and annealed at
200 °C for 1 h, refer to extrusion direction, c) extruded at 200 °C and
annealed at 200 °C for 2 h, refer to extrusion direction, d) extruded at
200 °C and annealed at 400 °C for 2 h, refer to extrusion direction
Slika 1: Mikrostruktura v smeri ekstrudiranja Mg po razli~nih termo-
mehanskih obdelavah: a) ekstrudirano pri 200 °C, b) ekstrudirano pri
200 °C in 1 h `arjeno na 200 °C, c) ekstrudirano pri 200 °C in `arjeno
2 h na 200 °C, d) ekstrudirano pri 200 °C in `arjeno 2 h na 400 °C

Figure 2: Grain size distribution in the Mg treated under different
conditions
Slika 2: Razporeditev velikosti zrn v Mg, obdelanem pri razli~nih
pogojih



Discontinuous and continuous dynamic recrystalliza-
tion (DDRX, CDRX) are considered for magnesium
depending on the initial grain size and also the tempe-
rature. DDRX is operative when the initial grain size of
magnesium alloys is large enough for the crystallo-
graphic slip to be heterogeneous, which is the case of the
as-cast Mg. Pure magnesium in the as-cast sate was
characterized by the grains with about 100 μm in
thickness and nearly 1 mm in length. It is known that
extrusion ratio (ER) has a significant effect on the grain
size. Although an ER equal to 10 seems to be low, it is
possible to reach a very fine-grained structure after
extrusion at 200 °C. According to the empirical Equation
(5), strain during extrusion process corresponds only to
2.3:

� = ln(ER)14 (5)

Therefore, other important factors, such as tempe-
rature and extrusion velocity, have to affect the final
grain size significantly. In this case the extrusion velocity
is only 2 mm/min. At a lower extrusion velocity, a lower
strain rate can lead according to the Zener–Hollomon
parametre to the coarsening of the structure. Moreover, it
means prolonged times at temperature during the
extrusion process and subsequent cooling, which can
also lead to the coarsening. However, a lower strain rate
also means only a smaller temperature increase in the
material during deformation, which prevents an
excessive grain growth.15

Texture development is global process that includes
slip in the basal system and also other slip systems and
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Figure 3: IPF maps of pure Mg: a) extruded at 200 °C, b) extruded at 200 °C and annealed at 400 °C for 2 h, refer to extrusion direction
Slika 3: IPF-mape pri ~istem Mg v smeri ekstruzije: a) ekstrudirano pri 200 °C, b) ekstrudirano pri 200 °C in 2 h `arjeno na 400 °C

Figure 4: Pole figures of pure Mg: a) extruded at 200 °C (max mud = 10.14), b) extruded at 200 °C and annealed at 400 °C for 2 h (max mud =
9.91), X0–Y0 area is parallel to the extrusion direction and Y0 represents the extrusion direction
Slika 4: Slike polov za ~isti Mg: a) ekstrudirano pri 200 °C (max mud = 10,14), b) ekstrudirano pri 200 °C in 2 h `arjeno na 400 °C (max mud =
9,91), X0-Y0 je podro~je, ki je vzporedno s smerjo ekstruzije, Y0 predstavlja smer ekstruzije



twinning. At low temperatures, the dominate slip system
is basal slip. Tensile twinning also plays an important
part in the accommodation of strain during the deforma-
tion, especially in the coarse-grained magnesium alloys.
Due to the fact that coarse grains are presented in the
structure especially at the beginning of deformation
process, tensile twining is favoured at this stage and
helps to reorient the grains to a basal orientation. It was
also proved that other mechanisms, such as double
twinning and shear and kink banding, also operate to
accommodate c-axis compression when non-basal slip is
limited at low temperature.16 Texture can be partially
suppressed by the slip in non-basal slip systems; how-
ever, the critical resolved shear stresses (CRSS) of
non-basal slip systems for Mg are significantly higher
compared with the basal slip system. This can be
partially compensated by stress concentration at the
grain boundaries, which is effective for the activation of
non-basal slip. A higher extrusion ratio can be partially
responsible for the activation of non-basal slip and
finally also a weaker texture. Also, a higher temperature
can lead to an easier activation of non-basal slip, which
can significantly affect the texture evolution.

The DRX process itself does not lead to the texture
change in the case of magnesium-based alloys exposed
to the extrusion or a combination of extrusion and
annealing (Figure 4); conversely, it serves to strengthen
the basal texture. Due to the low temperature of the
extrusion process, the low extrusion velocity and the
extrusion ratio, it is really difficult for non-basal slip to
be activated. There are only signs of twins in the struc-

ture, which can be responsible for a slight texture
weakening. Overall, all the samples were characterized
by similar and strong textures.

3.2 Mechanical properties

Mechanical properties in both compression and
tension were measured. Based on the conditions of
thermal treatment, magnesium is characterized by
different compressive yield strength (CYS) and ultimate
compressive strength (UCS) and also different behaviour
after the onset of plastic deformation (Figure 5). The
CYS of extruded Mg reached the maximum value of
nearly 130 MPa. After that, the deformation strength-
ening is obvious; however, the ultimate tensile strength
reaches a value as low as 190 MPa. On the contrary,
magnesium exposed to the subsequent thermal treatment
is characterized by lower values of CYS. Moreover, CYS
is decreased with increased temperatures and prolonged
times at these temperatures. When the CYS is overcome,
strong deformation strengthening take place and finally,
UCS reaches values between 240 MPa and 270 MPa
(Figure 5).

The significant strain hardening in compression for
materials with a coarse-grained structure is known and
can be ascribed to the formation of {1012} twins.8,17 The
formation of deformation twins causes a significant
strain-hardening tendency, because the twins block the
propagation of dislocations. With a decrease in the grain
size the decrease in the strain hardening is caused
because the twinning cannot develop in the same manner
as for materials with larger grains.18

The TYS and UTS increased gradually with grain
refinement (Table 1), because magnesium has a large
Taylor factor due to the lack of slip systems.19 It is also
clear that uniform elongation is decreased with sub-
sequent thermal treatment, in other words with increased
grain size.

Table 1: Mechanical properties of magnesium in different states
estimated from the tensile tests
Tabela 1: Z nateznimi preizkusi dolo~ene mehanske lastnosti magne-
zija v razli~nih stanjih

Proof stress
0.2 % (TYS)

(MPa)

UTS
(MPa)

Elongation
(%)

Mg Ex 200 °C 108±10 173±10 6.7±0.8
Mg Ex 200 °C +

200/2 h 91±8 168±7 6.2±0.8

Mg Ex 200 °C +
300/2 h 79±5 160±5 5.3±1.1

Mg Ex 200 °C +
400/2 h 72±5 150±7 3.6±0.9

Although there are many studies about the effect of
texture and related effect on the Hall Petch behaviour,
the obtained values were properly fitted by linear func-
tion, because all the samples seems to be characterized
by a very similar texture and also its strength. Figures 6
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Figure 5: Compressive curves of Mg processed by extrusion and
different subsequent heat treatments
Slika 5: Tla~ne krivulje za Mg izdelan z ekstruzijo in z razli~nimi
toplotnimi obdelavami po njej



to 8 show the Hall-Petch relations based on the com-
pressive tests, tensile tests and hardness measurements
for pure Mg. It is worth mentioning that in all cases the
deviation of different points from linear behaviour was
negligible. Based on these facts it seems that the
measured mechanical properties are dependent on the
grain size according to the Hall-Petch relation. The
obvious differences in the estimated constants for
different measurement methods are connected with
different types of mechanical loading and also texture of
the material. It is known that during the extrusion or
hot-rolling process, the basal planes are strongly oriented
parallel to the rolling direction. In the case of extrusion,
the texture strength is often weaker compared to the
rolling; however, it is still there, as can be seen from

Figure 4. The observed mechanical properties are then
strongly dependent on the direction of loading during the
mechanical testing. If the basal planes are parallel to the
axis of tension, so the directions (1010) are parallel to
the extrusion direction, the slip on basal planes is com-
plicated. Therefore, a high tensile strength is observed
along the extrusion direction.20

The flow stress of Mg strongly depends on the grain
size; although there is also a strong texture dependence
due to the large difference in critical shear stress between
the basal planes and the non-basal planes. Such diffe-
rences are decreased with increased temperature. The
effect of texture on the Hall-Petch slope or in other
words the grain size dependence of "K" is significant.21 It
is known that the misorientation of grain boundaries
affects the grain size dependence of the flow stress. As a
result, the value of "K" is lower for low-angle grain
boundaries. Based on these facts, extruded Mg is
characterized by a stronger dependence of the yield
strength on the grain size compared to the Mg with a
weaker texture.

Different works study the Hall-Petch behaviour of
Mg after different thermomechanical processing. Some
results are indicated in Figure 9. N. Ono et al.1 used
rolled Mg sheets as a starting material for a determi-
nation of the Hall-Petch relation using tensile tests. G. S.
Rao et al.3 studied the Hall-Petch behaviour on tensile
specimens from a hot rolled sheet in the longitudinal and
transverse directions and also from hot-rolled square
rods. H. Somekawa et al.8 prepared magnesium plates
using extrusion with an extrusion ratio of 10 at 200 °C.
The compression tests on these samples were performed
with the compression axis parallel to the extrusion
direction, which is the same as in the present research.
A. Yamashita et al.22 studied magnesium and magnesium
alloys prepared by ECAP with an internal angle of 90° at
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Figure 7: Experimental change of the tensile yield strength (TYS)
with the grain size
Slika 7: Spreminjanje natezne meje plasti~nosti z velikostjo zrn

Figure 8: Experimental change of the Vickers hardness (HV5) with
the grain size
Slika 8: Spreminjanje trdote po Vickersu (HV5) z velikostjo zrn

Figure 6: Experimental change of the compressive yield strength
(CYS) with the grain size
Slika 6: Spreminjanje tla~ne meje plasti~nosti z velikostjo zrn



200–400 °C. The Hall-Petch behaviour was subsequently
studied using tensile tests. Compared to our experiments,
it is seen that Mg prepared by rolling is characterized by
a higher value of 0 (Figure 9). Moreover, this value is
dependent on the intensity of the rolling, which has a
direct effect on texture strength.1, 3 The same reason can
be considered in the case of the difference between the
properties of extruded Mg. From all these studies it is
clear that there is no general Hall-Petch relation, which
could cover different conditions. Instead, it is necessary
to include grain size, texture and also other phenomena
(basal, non-basal slip and twinning), which are affected
by the grain size and texture in a general consideration
for the final behaviour of the Mg material.

In Figure 10, stress versus the number of cycles
fatigue curves are shown for two extreme states of the
studied Mg. Magnesium extruded at 200 °C is charac-
terized by an improved fatigue life. The maximum value
of the stress amplitude for a service life longer than
8×107 cycles is 30 MPa for extruded Mg and about 25
MPa for Mg with a subsequent thermal treatment at 400
°C. Such a difference is connected with grain refinement,
which is very effective for improving the fatigue
strength.23 Another fact that plays an important role
during fatigue testing is the texture. Due to the pre-
ferential orientation of the basal planes parallel to the
extrusion direction, there is an anisotropy between
hardening for tensile and compressive loading.24 During
tensile loading, twinning is very challenging due to the
initial orientation. Pyramidal ‹a› and ‹c+a› pyramidal
slips are characterized by higher values of the Schmidt
factors (0.33 and 0.49 respectively24). Also, ‹a› prismatic

slip is problematic and a value of Schmidt factor equal to
0.35 has been postulated. As a consequence, especially
basal slip with a low Schmidt factor of 0.17 takes place
during this stage. In contrast, during the compressive
step, (1012) ‹1101› twinning and also basal slip are
active. Different twin types have been observed during
cycling, although some types are presented in the struc-
ture after a number of cycles. During cycling, a harden-
ing effect was observed and more stress is concentrated
in the structure. As a consequence, more complicated
twinning processes and also non-basal slip take place
with an increasing number of cycles.25

Tension twinning occurs when the resolved shear
stress exceeds the critical resolved shear stress (CRSS).
The values of 2.2–3.0 MPa were measured for such
behaviour in a single crystal by Q. Yu et al.25 and also the
value of 2.4 MPa was published by the same author for a
different monocrystal orientation.26

Due to such limitations, complex dislocation struc-
tures are rather unlikely in magnesium under cyclic
loading.24,27 In the case of pure Mg, cyclic hardening is
expected as has already been proved in 28.

4 CONCLUSION

The present paper is focused on a study of the mecha-
nical properties of pure Mg prepared by an extrusion
process at 200 °C with an extrusion ratio equal to 10.
Our results confirmed the significant effect of both grain
size and texture on the mechanical properties. Both these
main characteristics affect the slip and twinning activity.
The anisotropy in mechanical properties is documented
by different Hall-Petch behaviour based on compressive
and tensile testing in the same direction and also by a
comparison with literature. It is shown that both 0 and k
from the Hall-Petch relation are strongly dependent on
the mechanical processing. Fatigue tests performed at
laboratory temperature confirm the increase in the
fatigue life with a decreased grain size. The effect of
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Figure 9: Hall Petch of pure magnesium after different preparation
conditions
Slika 9: Hall Petch relacija pri ~istem magneziju po razli~nih pogojih
priprave

Figure 10: Fatigue behaviour of magnesium extruded at 200 °C and
subsequently annealed at 400 °C for 2 h
Slika 10: Utrujanje magnezija, ekstrudiranega pri 200 °C in nato
`arjenega 2 h na 400 °C



texture strength can be, in this case, neglected due to the
similar texture strength of the measured samples.
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A study was conducted on the material characterization of aluminium (Al) and titanium carbide (TiC) metal-matrix composites
produced via friction stir processing. Different process parameters were employed for the welding process. Rotational speeds of
1600 min–1 to 2000 min–1, at an interval of 200 min–1 and traverse speeds of 100 mm/min to 300 mm/min, at an interval of 100
mm/min were employed for the welding conducted on an Intelligent Stir Welding for Industry and Research (I-STIR) Process
Development System (PDS) platform. The characterizations carried out include light microscopy and the scanning electron
microscopy analyses combined with Energy-Dispersive Spectroscopy (SEM/EDS) techniques to investigate the particle
distribution, microstructural evolution and the chemical analysis of the welded samples. Vickers microhardness tests were used
to determine the hardness distribution of the welded zone and tensile testing was conducted to quantify the strength of the
welded area compared to the base metal in order to establish the optimal process parameters. Based on the results obtained from
the characterization analysis, it was found that the process parameters played a major role in the microstructural evolution. A
homogenous distribution of the TiC particles was observed at a high rotational speed of 2000 min–1 and a low traverse speed of
100 mm/min. The highest hardness value was measured at the stir zone of the weld due to the presence of the TiC reinforcement
particles. The tensile strength also increased as the rotational speed increased and 92 % joint efficiency was recorded in a
sample produced at 2000 min–1 and 100 mm/min. The EDS analysis revealed that Al, Ti and C made up the composition formed
in the stir zone. The optimum process parameter setting was found to be at 2000 min–1 and 100 mm/min and can be
recommended.
Keywords: aluminium, friction stir welding, mechanical properties, metal matrix composite, microstructural evolution, titanium
carbide

V tem raziskovalnem delu je bila izvedena obse`na {tudija karakterizacije kovinskega kompozita aluminija (Al ) in titanovega
karbida (TiC) izdelanega z me{alno tornim varjenjem. Za postopek varjenja so bili uporabljeni razli~ni procesni parametri.
Rotacijski hitrosti 1600 min–1 do 2000 min–1, v razmaku po 200 min–1, in pre~nih hitrostih od 100 mm/min do 300 mm/min, v
intervalu 100 mm/min, je bilo uporabljeno za varjenje na industrijski platformi za razvoj in raziskave (PDS) sistema inteligent-
nega varjenja z me{anjem (I-Stir). Izvedena karakterizacija vklju~uje svetlobno mikroskopijo in vrsti~no elektronsko
mikroskopijo v kombinaciji z energijo disperzijsko spektroskopijo (SEM/EDS), za preiskavo porazdelitve delcev, razvoja
mikrostrukture in kemijsko analizo zvarjenih vzorcev. Za dolo~itev optimalnih procesnih parametrov je bil uporabljen Vickers
preizkus mikrotrdote, s katerim je bila dolo~ena porazdelitev trdote na podro~ju zvara, z nateznim preizkusom pa je bila
dolo~ena trdnost zvara v primerjavi z osnovnim materialom. Na osnovi rezultatov, dobljenih z analizo, je bilo ugotovljeno, da so
procesni parametri igrali pomembno vlogo pri razvoju mikrostrukture. Homogena porazdelitev TiC delcev je bila opa`ena pri
visokih hitrostih vrtenja (2000 min–1) in nizki pre~ni hitrosti (100 mm/min). Najve~ja vrednost trdote je bila izmerjena v me{alni
coni zvara zaradi prisotnosti delcev TiC za oja~anje. Natezna trdnost se je pove~ala tudi pri pove~anju hitrosti vrtenja in 92 %
skupne u~inkovitosti spoja je bila zabele`ena pri vzorcu, izdelanem pri 2000 min–1 in pre~ni hitrosti 100 mm/min. EDS-analiza
je pokazala, da Al, Ti in C povzro~ijo sestavo kompozita, ki je nastal v podro~ju me{anja. Priporo~ljiva in optimalna nastavitev
procesnih parametrov je 2000 min–1 in pre~na hitrost 100 mm/min.
Klju~ne besede: aluminij, torno varjenje z me{anjem, mehanske lastnosti, kompozit s kovinsko osnovo, mikrostruktura, titan
karbid

1 INTRODUCTION

Metal-matrix composites (MMCs) reinforced with
ceramic phases exhibit high stiffness, high elastic
modulus, improved resistance to wear, creep and fatigue,
which make them promising structural materials for the
aerospace and automobile industries compared to mono-
lithic metals. However, these composites also suffer from
a significant loss in ductility and toughness due to the

incorporation of non-deformable ceramic reinforce-
ments, which limit their application, especially where the
ductility of the material is a determinant factor in the
material selection.1 Aluminium metal-matrix composites
(AMCs) are variants of MMCs that have the potential to
replace many conventional engineering materials. AMCs
have already found commercial applications in the
defence, aerospace, automobile and the marine industries
due to their favourable metallurgical and mechanical
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properties.2–5 The metal matrix is aluminium, while the
reinforcement can be any ceramic particles compatible
with the metal matrix.

In recent years, several techniques have been reported
for manufacturing AMCs, these include; plasma air
spraying, stir casting, squeeze casting, molten metal
infiltration and powder metallurgy. These techniques
have been reported for producing bulk composites, while
high-energy laser melt injection, plasma spraying, cast
sinter and electron beam irradiation have been used for
producing surface AMCs.6,7 Nevertheless, it should be
pointed out that most of these existing processing tech-
niques for forming composites are generally based on
liquid-phase processing at high temperatures. In this
case, it is hard to avoid the interfacial reaction between
the reinforcement and the metal matrix and the formation
of some detrimental phases.1

Friction stir welding (FSW) is a solid-state welding
process developed by TWI for welding aluminium and
its alloys.8 It has been used to successfully weld alumi-
nium alloys9–11 and also used to weld other metals like
magnesium, copper and titanium.12–14 FSW is an emerg-
ing potential technique that can be employed for pro-
ducing AMCs.15–18 Since the process is a solid-state
welding process, it is envisaged to alleviate the problems
associated with interfacial reaction, the melting of
ceramics and the formation of detrimental phases during
the manufacture of AMCs.

Research studies have been reported on the friction
stir processing (FSP) of aluminium matrix compo-
sites.19–22 These studies concluded that grain refinement
was achieved using the FSP process. An improved
particle distribution and better mechanical properties
were also observed. Also reported is that the process
parameters used for welding and the tool geometry
played a major role in the final outcome. Based on the
available literature, previous research studies have been
limited to surface composites using the FSP process for a
modification of the surface properties.

In this study, AMCs were produced using FSP and
titanium carbide (TiC) particles were used as the rein-
forcement. The addition of the TiC ceramic particles is

due to its favourable mechanical properties, which
include a high melting point, favourable fracture and
tribological properties. The preference of FSP for the
production of Al-TiC composite is to avoid delamination
(a failure when laminated material becomes separated,
perhaps due to poor processing during production,
impact on service, or some other factors that may lead to
the separation of layers of reinforcement), debonding
(when two materials stop adhering to each other), incom-
patible mixing of base materials and filler materials, the
presence of porosity, inhomogeneous distribution
(clustering), the segregation of grains at boundaries, the
wetting of the particles, excess eutectic formation, melt-
ing of ceramic particles and the formation of undesirable
deleterious phase usually experienced in other techni-
ques. FSP is also advantageous due to the rapid removal
of reaction products from the interface, which enhances
further reaction

The effect of process parameters on the stir zone’s
microstructure, microhardness and tensile behaviour was
studied and the optimal process parameters were estab-
lished.

2 EXPERIMENTAL PART

2.1 Preparation, dimensions and composition of work-
pieces

Aluminium 1050 alloy sheets of dimensions 300 mm
× 200 mm × 3 mm with a smooth surface finish were
used for this research work. The chemical composition
of the aluminium as per manufacturer Material Safety
Data Sheet (MSDS) is shown in Table 1.

Before the welding process, V grooves with depth of
1.5 mm and a width of 3 mm were made on all the
aluminium sheets using a milling machine and the
titanium carbide particles were filled and compacted into
the grooves using a tool with only the shoulder, as
illustrated schematically in Figure 1.
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Figure 1: Schematic illustration of FSW of Al/TiC
Slika 1: Shematski prikaz FSW Al / TiC



2.2 FSW tool

The FSW tool used is a cylindrical H13 steel tool
hardened to 52 HRC shown in Figure 2.

A basic tool geometry was used with a tool length of
5.7 mm and a tool diameter of 6 mm. The tool shoulder
diameter is three times the pin diameter (18 mm) and
with a concave geometry to exert pressure on the work-
piece during welding.

2.3 Friction stir welding platform

The experimental setup of the samples properly
positioned and firmly clamped on the backing plate is
shown in Figure 3. The process was performed on an
Intelligent Stir Welding for Industry and Research
(I-STIR) Process Development System (PDS) at the
eNtsa of Nelson Mandela Metropolitan University, Port
Elizabeth, South Africa. Table 1 summarizes the diffe-
rent welding parameters used to produce the welds. A tilt
angle of 3° was kept constant and used for all the
different welding parameters.

Table 1: FSW process parameters
Tabela 1: FSW-procesni parametri

Weld
number

Rotational
speed

(min–1)

Traverse
speed

(mm/min)

Weld
Interface

Weld pitch
(mm/ min–1)

A1 1600 100 With TiC 0.063
A2 1600 200 With TiC 0.125
A3 1600 300 With TiC 0.188
B1 1800 100 With TiC 0.056
B2 1800 200 With TiC 0.111
B3 1800 300 With TiC 0.167
C1 2000 100 With TiC 0.050
C2 2000 200 With TiC 0.100
C3 2000 300 With TiC 0.150

D1 1600 200 Without
TiC 0.125

D2 1800 200 Without
TiC 0.111

D3 2000 200 Without
TiC 0.100

A backing plate made of mild steel was positioned
between the bed of the FSW platform and the workpiece.
The choice of the backing plate is for a proper dissipa-
tion of heat during the welding process. A supporting
sheet of the same thickness was placed underneath the
upper plate to help align and stabilize the sheets to be
joined during welding.

2.4 Metallographic sample preparation and mechani-
cal testing

Before sectioning the samples for various characte-
rizations with a water-jet cutting machine, the flashes
created during welding were removed from the weld
seams. The metallographic sample preparation was done
in accordance with ASTM E3-95 for microstructure
analyses.23 The samples were sectioned perpendicular to
the weld direction. Grinding and polishing were care-
fully done on the samples to obtain mirror-finished
samples. Keller’s reagent was used to etch the samples
for the proper observation of the grains. A DP25 Olym-
pus optical microscope and a scanning electron micro-
scope with energy-dispersive spectrometry (SEM +
EDS) were used for the microstructural analysis. To eva-
luate the mechanical properties, Vickers microhardness
and Instron tensile testing were used. The Vickers
hardness was done in accordance with the ASTM
E92-82E3 standard.24 A load of 100 g and a dwell time
of 10 seconds were used. The tensile tests were carried
out using a load cell capacity of 100 kN at a crosshead
rate of 1 mm/min. No fewer than three lap tests were
made for each process parameter. Since there is no test
standard for friction stir lap joints, ASTM E8/E8M-13a
and ASTM D100225,26 for shear strength of a single lap
joint adhesively bonded metal specimen (tension loading
of metal-to-metal) were used as the reference test
standard for the lap shear tests. Fractography was
performed on the fractured surface of the tensile samples
to determine the mode of failure.
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Figure 3: Experimental weld setup of FSW platform
Slika 3: Eksperimentalna postavitev FSW platforme za varjenje

Figure 2: FSW Tool
Slika 2: Orodje za FSW



3 RESULTS AND DISCUSSION

3.1 Weld surface visual observation

The top surfaces of the welded samples under diffe-
rent welding process parameters are shown in Figure 4.
The samples are labelled according to the designations

indicated in Table 1. The visual assessment of the weld
surfaces show no typical physical defects like worm-
holes, cracks or voids.

The shape of the weld seam is slightly convex in
nature, which is caused by the design of the tool
shoulder. A semi-circular ripple effect caused by the
action of the tool shoulder was also observed. This effect
is referred to as the wake effect. Keyholes were seen at
the end of the weld seam. The depth of these keyholes
shows the extent of the penetration of the pin from the
top to the bottom sheet. Flashes were observed for all the
process parameters used and more on the welds
produced without reinforcement particles. Most of the
flashes were located on the retreating side of the weld
due to the movement of the materials from the advancing
side of the weld to the retreating side.

3.2 Microstructural evolution

Macrostructure

Table 2 summarizes the macrostructure pictures at
the cross-section of the weld zone for different process
parameters.

From Table 2 it is clear that the process parameters
have a significant effect on the orientation of the FSP
macrostructure. As the traverse speed increased from
100 mm/min to 300 mm/min using the same tool geo-
metry, the geometry of the nugget zone changed from an
elliptical shape to a basin-like shape. It is important to
note that the formation of the basin shape is due to the
effect of thermal heat transfer from the shoulder of the
tool to the sheets. At a high traverse speed of 300
mm/min, the heat generated is lower and most of the heat
built up at the top sheet with a minimal proportion of the
heat sink into the bottom sheet. This makes the top sheet
undergo more thermal cycles by direct contact with the
tool shoulder and severe plastic deformation than the
bottom sheet, causing the basin-like shape to form. The
intense plastic deformation and high-temperature
exposure experienced at the lower traverse speed resulted
in the elliptical shape.
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Figure 5: SEM photomicrograph of TiC Powder
Slika 5: SEM-posnetek prahu TiC

Figure 4: Top view of the processed FSW welds
Slika 4: Pogled od vrha na FSW-zvare

Table 2: Macrostructural features for different process parameters
Tabela 2: Izgled makrostrukture pri razli~nih procesnih parametrih

Weld number Macrostructure Nugget shape

A1 Elliptical

A2 Basin

A3 Basin

B1 Elliptical

B2 Elliptical

B3 Basin

C1 Elliptical

C2 Basin

C3 Basin



TiC Powder

The micrograph of the TiC powder under the SEM of
the TiC powder used as the reinforcement in this
research study is illustrated in Figure 5.

The morphology of the TiC powder is irregular
shaped ball milled powder with a grain size of about 2
microns.

Microstructure

The pictorial overview of the microstructural evolu-
tion across different zones after FSP is presented in
Figure 6. All the four zones, namely the base metal
(BM) close to the heat-affected zone (HAZ), the HAZ
that is sandwiched by the BM and the thermo-mecha-
nically affected zone (TMAZ), TMAZ found on both
sides of the stir zone (SZ) and the SZ were exhibited in
the micrographs taken from the processed zones. The
BM retains its original microstructural features. The
TMAZ and HAZ were formed on both the retreating and
advancing sides of the welds. The grain structure in the
HAZ shows elongated grain growth that is slightly diffe-
rent from the base material. The temperature experienced
in the HAZ was enough to thermally activate the grain
growth, but not sufficient to plastically deform the grain.
In TMAZ, severely deformed grains are found, which are
induced by drastic plastic deformation of the SZ during
the FSP. In the SZ, the microstructure is characterized by
dynamically recrystallized fine equiaxed grains owing to

the drastic deformation induced by the sufficient stirring
during welding of the top and bottom sheets. The distri-
bution of the TiC reinforcement particles is a salient
feature observed between the top and the bottom sheets
around the SZ. At the top SZ, the presence of TiC is
negligible and scanty, but a significant distribution was
found at the bottom of the sheet. This indicates that
during the welding process, the reinforcement particles
experienced both downward and horizontal flow around
the stir zone. Grains in the upper SZ are coarser than
those in the bottom SZ. The heat during the FSP mainly
originates from the tool shoulder friction with the surface
of the top sheet. Additionally, the heat in the bottom SZ
can easily transfer into the bottom sheet and the backing
plate. Therefore, the heat cycle of the bottom SZ is
relatively lower. The grains in the upper SZ have more
time to grow due to the higher heat input.

Another observation from the microstructure is the
transition region on the advancing side (AS) and the
retreating side (RS), which is illustrated in Figure 7. On
the AS, the transition region is sharper and well defined
and on the RS, the transition region diffuses into the
parent material. On the AS, the plastic deformation
direction of the processed zone and the BM are in
opposite directions, which resulted in an enormous
relative deformation and the homogenous distribution of
the TiC particles between the BM and the processed
zone at the AS, but the BM distorted and diffused
smoothly together with the processed zone at the RS,
resulting in clustering of the reinforcement.

It can be observed that the TiC reinforcement within
the processed zone had undergone intense mixing and
stirring, resulting in breakup of the coarse TiC mor-
phology. As the rotational speed of the weld increased
from 1600 min–1 to 2000 min–1, the distribution of TiC
becomes more homogenous, as shown in Figure 8. At a
rotational speed of 1600 min–1, the particles clustered
together around the bottom sheet and at 2000 min–1, the
particles were uniformly distributed around the stir zone.

The contribution of intense deformation and high-
temperature exposure within the stir zone resulted in
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Figure 6: Microstructural evolution at different zones: A) thermo-
mechanical affected zone, B) upper stir zone, C) heat-affected zone,
D) lower stir zone E) macrostructure of the weld zone at 2000 min–1

and 300 mm/min
Slika 6: Razvoj mikrostrukture na razli~nih podro~jih: A) termo-
mehansko vplivano podro~je, B) zgornje me{alno podro~je, C)
toplotno vplivano podro~je, D) spodnje me{alno podro~je, E) makro-
struktura zvara pri 2000 min–1 in pre~ni hitrosti 300 mm/min

Figure 7: Transition zone: A) retreating side and B) advancing side
Slika 7: Prehodno podro~je: A) umikajo~a stran in B) napredujo~a
stran



fragmentation, recrystallization and the development of
refined texture within and around the stir zone at a
rotational speed of 2000 min–1. In addition, an increase
in the traverse speed caused the particles to agglomerate
in the stir zone. As the traverse speed decreased, the
grain size also decreased in the composite but increased
in the pure aluminium samples without the reinforce-
ment. This might be due to the high heat input associated
with the low traverse speed. The significant effect of
particle reinforcement on the grain size refinement of the
matrix is reported as a pinning effect. According to the
pinning effect, the grain refinement by reinforcement
particles increases with a decrease in the particle size
and an increase in the volume fraction of the particles.
Sufficient heat input and stirring are responsible for the
deformation and recrystallization of the matrix with the
reinforcement. At a higher rotational speed of 2000
min–1 and a traverse speed of 100 mm/min, a more
uniform distribution of the TiC particles was found.

Energy Dispersive Spectroscopy Results

EDS analyses were performed on all the welds with
reinforcement. The uniformly distributed particles were

confirmed to be titanium and carbon, as shown in Fig-
ure 9, which is a scan of the weld interface of the sample
produced at a rotational speed of 2000 min–1 and a tra-
verse speed of 100 mm/min.

The elemental composition by atomic weight at the
stir zone is confirmed to be 72.04 % of aluminium,
23.71 % of carbon and 4.34 % of titanium.

3.3 Microhardness Profiling

The Vickers hardness distribution is illustrated in
Figure 10. The shape of the hardness distribution is a
"W-sinusoidal". The lowest hardness value was found at
the HAZ and the highest hardness value at the SZ. The
hardness value of the SZ increased by 58 % when
compared to the base metal for sample C1. Thangarasu21

suggested four methods of hardening in FSW MMC:
• Orowan strengthening.
• Grain and substructure strengthening.
• Quench hardening resulting from the dislocations

generated to accommodate the differential thermal
contraction between the reinforcing particles and the
matrix.

• Work hardening due to the strain misfit between the
elastic reinforcing particles and the plastic matrix.
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Figure 10: Hardness profile of the FSL welds
Slika 10: Profil trdote preko FSL-zvarov

Figure 9: EDS from the weld interface at a rotational speed of 2000
min–1 and a traverse speed of 100 mm/min
Slika 9: EDS iz stika z zvarom pri hitrosti vrtenja 2000 min–1 in
pre~ni hitrosti 100 mm/min

Figure 8: SEM micrograph at a traverse speed of 100 mm/min and rotational speeds of: a) 1600 min–1 b) 1800 min–1 and c) 2000 min–1

Slika 8: SEM posnetek pri pre~ni hitrosti 100 mm/min in hitrosti vrtenja: a) 1600 min–1, b) 1800 min–1 in c) 2000 min–1



The increment in the hardness value at the SZ is
attributed to grain refinement and the presence of rein-
forcement particles. The fragmentation of larger TiC
particles gave rise to dislocation density and dynamic
recrystallization during welding, thereby producing a
finer grain size in the stir zone. These factors are respon-
sible for higher hardness values in the stir zone of welds
with the reinforcement particles. The minimum hardness
value appeared at the HAZ. This is due to the thermal
history experienced at this zone, which resulted in the
coarsening of the precipitates.

Because of the distribution and the deposition of the
TiC particles around the AS of the welded zone, the AS
size shows higher hardness values than the RS due to the
fact that materials on the RS have a shorter time to rotate
since the current flow of material is directly proportional
to the time of flow on this side.

3.4 Tensile behaviour

In order to quantify the mechanical resistance of the
FSWed joints, the ratio between the maximum trans-
ferred load by the specimens in shear test to the width of
the specimen itself was considered. In this way, the
values are shown for all the considered cases. The
average results of the three replica samples carried out
are reported. Every sample was tested to failure. The
shear fracture load per unit width of the FSWed Al with
and without the TiC composite for different process
parameters are presented in Table 3.

From the results obtained, it was found that the
maximum shear strength was observed at a rotational
speed of 2000 min–1 and a traverse speed of 100
mm/min, and the minimum was observed at a rotational
speed of 1600 min–1 and a traverse speed of 300
mm/min. Both the maximum and the minimum shear
strengths were observed when the TiC reinforcement
particles were added, but at different rotational and
traverse speeds, respectively. It can be concluded from
the results that the relationship between the fracture load

and the traverse speed is inversely proportional. An
increase in the traverse speed causes the fracture load to
decrease. A shorter reaction time and a lower reaction
temperature are associated with a higher traverse speed
and this led to a decrease in the stirring period and the
vertical movement of the material with the reinforce-
ment, thereby affecting the strength of the bonding at the
interface. It is obvious that the fracture load increases
with an increase in the rotational speed for all the
samples with reinforcement. As the rotational speed
increased from 1600 min–1 to 2000 min–1, a substantial
increase in the fracture load was observed. A higher
rotational speed generated a higher heat input because of
the higher friction heating, which resulted in more
intense stirring and mixing of the material.

It should be noted that the fracture load behaviour
that occurred in the samples without reinforcement is the
reciprocal of results obtained from the samples with
reinforcement. The absence of the ceramic particle along
the path of the weld seam exposed the weld interface to a
higher degree of thermal reaction, thereby making it
sensitive to temperature changes. As the rotational speed
increases, the temperature around the weld zone in-
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Table 3: Shear strength and joint efficiency of the welds
Tabela 3: Stri`na trdnost in skupna u~inkovitost razli~nih zvarov

Weld number Rotational speed
(min–1)

Traverse speed
(mm/min)

Weld pitch
(mm/ min)

Average shear fracture
load per unit width

(N/mm)

Joint efficiency
(%)

A1 1600 100 0.063 159 79.4
A2 1600 200 0.125 150 60.8
A3 1600 300 0.188 132 52.97
B1 1800 100 0.056 185 90.51
B2 1800 200 0.111 178 77.53
B3 1800 300 0.167 170 68.60
C1 2000 100 0.050 218 92.14
C2 2000 200 0.100 213 85.96
C3 2000 300 0.150 175 69.44
D1 1600 200 0.125 201 81.67
D2 1800 200 0.111 187 81.45
D3 2000 200 0.100 173 69.81

Figure 11: Fracture load against the process parameters
Slika 11: Odvisnost obremenitve pri poru{itvi od parametrov procesa



creases, causing a highly turbulent mixture and stirring
of the materials. Since there is no intermediate particle to
balance the temperature change, the strength of the
bonding will be compromised. However, once a suffi-
cient rotational speed is achieved, a further increase is
not beneficial to the mechanical properties for welds
produced without reinforcement particles.

Figure 11 shows the effect of the reinforcement
particles on the fracture load. As can be seen, the pre-
sence of the TiC reinforcement particles contributed an
appreciable strength change to the fracture load at a
higher rotating speed of 2000 min–1 and does not show a
remarkable improvement in the fracture load at rotational
speeds of 1600 min–1 and 1800 min–1, respectively,
instead, it had an inverse effect on the strength.

At a rotational speed of 2000 min–1, the TiC homo-
genously mixed with the Al alloy properly, thereby
forming a well-bonded matrix that yielded a higher frac-
ture strength. The presence of the ceramic particles
constrained the easy failure of the material when under
loading, thereby improving the mechanical strength of
the matrix.

Joint efficiency

To estimate the joint efficiency of the FS welds, the
ratios of the tensile strength of the lap shear specimens
were compared to the tensile strength of the base metals.
According to studies,27 the tensile strength of the lap
shear specimen is derived from the fracture load per unit
width to the effective sheet thickness (EST) as shown in
Equation (1):

Tensile strenth of
lap shear specimen

=
Fracture load per unit width

EST
(1)

The EST is defined as the minimum sheet thickness
determined by measuring the smallest distance between
any un-bonded interface and the top surface of the upper
sheet or the bottom surface of the lower sheet and it
varies with the process parameter, depending on the de-
gree of bonding that exists between the weld interfaces.
These phenomena should have apparent influences on

the bearing load of FSW lap-welded joints. Also pre-
sented in Table 3 is the joint efficiency of the processed
samples for different process parameters. From the re-
sult, the joint efficiency ranges from 52 % to 92 %. The
highest was found at a rotational speed of 2000 min–1

and a traverse speed of 100 mm/min.
The effect of the traverse speed on the EST was

studied. Figure 12 shows the graphical relationship
between the EST versus traverse speed. The traverse
speed exhibits a linear relationship with the EST. As the
traverse speed increased, the dimension of the EST also
increased, thereby reducing the area of the metallurgical
bond that exists at the processed interface. Since the
strength of the weld interface depends on the area of the
metallurgical bond during the welding process, it is
apparent that the relationship between the EST and the
overall strength of the processed zone is exponential.

Fracture behaviour

Four different modes of failure were observed at the
joint interfaces, as illustrated in Figure 13. They are the
fracture mode (FM) 1, the shear fracture that occurred
due to a lack of joint formation along the original inter-
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Figure 13: Fracture mode of the welded samples for different process
parameters
Slika 13: Na~in zloma vzorcev, zvarjenih pri razli~nih procesnih para-
metrih

Table 4: Mode of fracture for different process parameters
Tabela 4: Na~in zloma pri razli~nih procesnih parametrih

Weld number Rotational
speed (min–1)

Traverse speed
(mm/min) Fracture mode

A1 1600 100 FM 1/FM 2
A2 1600 200 FM 2
A3 1600 300 FM 1
B1 1800 100 FM 3
B2 1800 200 FM 3
B3 1800 300 FM 4
C1 2000 100 FM 3/FM 4
C2 2000 200 FM 3
C3 2000 300 FM 4
D1 1600 200 FM 3
D2 1800 200 FM 4
D3 2000 200 FM 4

Figure 12: EST against the traverse speed
Slika 12: Odvisnost med EST in pre~no hitrostjo



face of the two sheets. This led to a pseudo metallurgical
bond between the two sheets and the bond shear under
tensile loading. Fracture mode 2 occurred on the
advancing size hooking in which the crack initiates from
the tip of the hook on the AS, propagates upward along
the SZ/TMAZ interface and finally, the fracture at the
SZ. Fracture mode 3 was noticed on the retreating side
softening initiated from the hook and then linked to the
pores on the bottom plates caused by the diffusion of the
bottom plate with the backing plate. The crack follows
the sharp end of the grove to the other end. Fracture
mode 4 failure took place close to the base metal, but the
weld actually failed at the HAZ on the advancing side of
the weld. Table 4 lists the failure modes observed for
each process parameter combination.

FM 1 was found at a low rotational speed of 1600
min–1 and a high traverse speed of 300 mm/min. The
dominant fracture modes are FM 3 and FM 4.

FM 1 is observed at a a low rotational speed and high
traverse speed. This process condition is associated with
the low heat input that resulted in insufficient deforma-
tion and a flow of the material forming the pseudo weld.
The crack initiation occurs through the gap tip of the
unwelded area and went through the stir zone, making
the weld shear into two at the welded area. This usually
occurs when an insufficient metallurgical bond is formed
between the sheets.

FM 2 and FM 3 are the most dominating failure
modes. The fracture mode is similar to the normal tensile
behaviour of the aluminium alloy. The material went
through necking for a period before eventually fracturing
at the weakest zone.

The SEM images of the fracture surfaces were taken
to determine the mode of fracture. Figure 14 illustrates
the typical fractography features of the failure surfaces.

The morphology of the failure mode shows a large
number of fine dimples, which confirms the amount of
plastic flow prior to the failure under tensile loading. The
fine dimple features observed indicate that the behaviour
of the fracture is ductile, which implies that the lap joints
exhibited ductile fracture during the lap shear tests.

4 CONCLUSION

Based on the observations from the results, the
followings conclusions can be drawn:

• The microstructural evolution correlates with the
process parameters employed to produce the welds in
this study. It was found that as the traverse speed
increases, the evolving microstructure changed from
elliptical to a basin-like shape at the interface.

• The microstructure revealed that the majority of the
TiC particles were transported from the weld
interface and deposited in the bottom sheet.

• The highest tensile value of 218 N/mm and the joint
efficiency of 92 % were recorded for a weld
produced at a high rotational speed of 2000 min–1 and
a low traverse speed of 100 mm/min. This parameter
combination setting can be recommended.

• The maximum hardness occurred at the stir zone and
the minimum at the HAZ. The advancing side
exhibited a higher hardness distribution compared to
the retreating side of the welds.
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In this study, AISI 7131 (16MnCr5) case-hardened steel specimens were prepared in two groups, carbonitrided and without heat
treatment, and the specimen surfaces were coated with three different coating materials (CrN, TiAlN and TiN) as a single layer
using the physical vapor deposition (PVD) cathodic arc method. The wear behaviors of the coated specimens were tested with
the micro-abrasion method. The test results of the micro-abrasion wear tests were analyzed with Multi-Criteria Decision Making
(MCDM) techniques to determine the combination of coating and heat treatment that yields the lowest wear rate. According to
the analyses conducted with the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), Multiple Attribute
Utility Theory (MAUT) and Compromise Programming (CP) MDCM techniques, the TiAlN coating exhibited the best wear
performance. The MAUT and CP methods produced an identical ranking of the alternatives, whereas a slight deviation was
found in the ranking with the TOPSIS method. Uncoated and CrN-coated specimens exhibited the worst wear performance of
all the MCDM methods.

Keywords: wear, micro-abrasion, multi-criteria decision making, PVD coating

V {tudiji sta bili pripravljeni dve skupini jekla za cementacijo AISI 7131 (16MnCr5), karbonitrirana jekla in jekla brez toplotne
obdelave, katerih povr{ina vzorcev je bila prekrita s tremi razli~nimi nanosi (CrN, TiAlN in TiN) v enem sloju, s pomo~jo
fizikalne depozicije preko plinske faze (angl. PVD) z metodo obloka. Obna{anje vzorcev z nanosom pri obrabi je bilo
preizku{eno z mikroabrazijsko metodo. Rezultati preizkusov mikroabrazijske obrabe so bili analizirani z uporabo ve~kriterijske
tehnike odlo~anja (angl. MCDM), za dolo~itev kombinacije nanos – toplotna obdelava, ki ka`e najmanj{o hitrost obrabe. Glede
na analize, ki so bile izvedene s pomo~jo tehnike, ki je najbli`ja idealni re{itvi (angl. TOPSIS), s teorijo ve~kratne prednosti
(angl. MAUT) in s programsko tehniko (angl. CP) MDCM-kompromisov, je najbolj{o odpornost na obrabo pokazal TiAlN.
MAUT- in CP-metodi dajeta enakovredne alternative, medtem ko je bilo manj{e odstopanje ugotovljeno pri TOPSIS-metodi.
Vzorci brez nanosa in s CrN nanosom so pokazali najslab{o odpornost na obrabo od vseh MCDM-metod.

Klju~ne besede: obraba, mikroabrazija, ve~kriterijsko odlo~anje, PVD-nanos

1 INTRODUCTION

Many of the machine parts used in automotive, air-
craft and machine tools are exposed to mechanical loads
under certain conditions in which they are in contact
with their counterparts. Hence, many researches are con-
ducted to understand the tribological properties of such
parts to improve their service life and reduce the main-
tenance costs. One of the methods used to solve this
problem is the thin-film coating application. In the thin-
film coating process, the adhesive characteristics and
hardness of the coatings are improved through optimi-
zation of the coating parameters using various deposition
techniques.

In this work, the coatings (TiN, CrN and TiAlN)
widely employed in actual industrial applications were
selected and deposited by the cathodic arc-evaporation

PVD technique in order to make a comparative analysis
of their tribological performances. In general, TiN and
CrN coatings are known to be the most commonly
employed thin hard coatings,1,2 whereas TiAlN is gener-
ally used for the coating of cutting tools in special ma-
chining operations.3

TiN, CrN and TiAlN thin hard coatings exhibit diffe-
rent wear behaviors due to their differing characteristic
properties, such as friction coefficient, hardness, abrasive
wear and corrosion resistance under various service con-
ditions.3,4 Abrasive wear is one of the most commonly
known wear mechanisms and it is of great importance in
terms of the evaluation of the wear performance of
coatings and the selection of abrasive wear-resistant
coatings suitable for specific applications.5

The micro-abrasion wear-testing method is widely
used to determine the abrasive wear resistance of thin
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hard coatings.6–11 In the micro-abrasion wear test, the
most effective test parameters that affect the test results
can be classified as the rotational speed of the ball,12,13

the normal load,12 the ball sliding distance,13–14 the ball
surface condition15, the size6,16–19 and the type of abrasive
particle in the slurry.20

The coating materials may exhibit different wear per-
formances depending on various test conditions. There-
fore, it is necessary to determine the optimum test para-
meters that simulate the best service conditions. To select
the most suitable material for a specific application, the
criteria affecting the material selection should be
properly identified.21,22 The selection of suitable thin hard
coatings having the best wear performance among seve-
ral choices for a specific application can be considered as
a MCDM problem.23–24 The selection of the best method
for a given problem is yet another important issue with
no definite answer.25 A. Abrishamchi et al.26 state that the
selection of an appropriate MCDM from a long list of
available MCDM methods is a multi-criteria problem
itself. There is no single MCDM technique that can be
deemed superior for all decision-making problems.27

TOPSIS, EXPROM2 (Preference Ranking Organization
Method for Enrichment Evaluation), VIKOR (Vi{ekri-
terijumsko Kompromisno Rangiranje – Multicriteria
Optimization and Compromise Solution), ELECTRE
(Elimination and Choice Expressing the Reality), Linear
Assignment Method, and COPRAS (Complex Propor-
tional Assessment)24 are among the MCDM methods
used by researchers for optimum selection among a
variety of options in industrial problems.

A determination of the effects of the coating material
and the nitriding processes on the wear behaviour of
coating is a complex, multi-factorial problem and a
limited number of studies are available in the literature
on the use of MCDM techniques in the selection of
coating materials. The TOPSIS method was used by A.
Chauhan and R. Vaish27 for the selection of the best
alternative among hard coatings based on their hardness,
Young’s modulus, thermal expansion coefficient, H/E
and H3/E2 ratios. H. Çalýþkan et al.24 used EXPROM2,
TOPSIS and VIKOR methods to select the best coating
material among a variety of multicomponent nano-
structured boron-based hard coatings deposited using
magnetron-sputtering and ion-implementation-assisted
magnetron-sputtering methods in consideration of their
hardness, Young’s modulus, elastic recovery, friction
coefficient, and critical load. Again, the EXPROM II,
TOPSIS and VIKOR methods were used by H. Çalýþkan
et al.24 to determine the best selection among a variety of
materials for tool holders used in hard milling.

TOPSIS was developed by Hwang and Yoon (1981)28

as a value-based compensatory method in conception
and application,29 which attempts to choose alternatives
that are both closest to the positive-ideal solution and
farthest from the negative-ideal solution.30 The benefit
criteria are maximized and the cost criteria are mini-

mized by a positive-ideal solution, and the opposite
applies for the negative-ideal solution.31 TOPSIS pro-
vides a cardinal ranking of alternatives through the full
use of the attribute information without a requirement for
independent attribute preferences.32,33 The main strengths
of the TOPSIS method can be listed as its understandable
principle and easy implementation, its applicability,
which requires a collection of precise and overall infor-
mation,34 a consideration of both positive and negative
ideal solutions, the provision of a well-structured ana-
lytical framework for ranking of alternatives, and the use
of fuzzy number to deal with alternatives.35 The require-
ment of vector normalization for multidimensional
problems can be regarded as a weakness of the method.

MAUT is a systematic method for the analysis and
identification of multiple variables for obtaining a
decision on a common basis.36 In this method, a
multi-attribute utility function is derived, which requires
single utility functions and related weighting factors.37,38

For an evaluation of the performance criteria individually
in the same units, single utility functions are used as a
means to render their aggregation possible in the multi-
attribute utility function. In this procedure an objective is
set and attributes are established for the goal; a range of
attributes are set; single utility functions are derived for
each attribute; weighting factors are estimated for each
attribute; and a multi-attribute utility function is de-
rived.39

The MAUT strategy allows the decision maker to
make more objective decisions based on their experience
and the result of the analysis.

The CP method was first developed by M. Zeleny40

and later extended by A. Bárdossy, I. Bogárdi, L. Duck-
stein41 as composite programming for dealing with
problems of a hierarchical nature. CP is within the class
of distance-based, multi-criteria analytical methods,
designed to identify non-dominated solutions, closest to
an ideal solution by some distance measure.42 Its simple
structure is one of the main advantages of this method.
This is a simple and easily understandable method that
provides good performance when compared with
complicated and time-consuming methods.43

In this study the micro-abrasion wear behaviour of
single-layer CrN, TiN and TiAlN coatings was inves-
tigated using the fixed-ball micro-scale abrasion test.
Afterwards, some of MCDM techniques such as
TOPSIS, MAUT and CP, were implemented to compare
their outputs as a means to determine the thin hard
coating having the highest wear resistance. As indicated,
there are studies23–24,28 available in the literature on the
use of the TOPSIS method for the selection of the best
alternative among a variety of coating applications. In
this study the MAUT and CP methods are used to make a
comparative analysis between TOPSIS and these me-
thods. Also, among the other MCDM methods, the
TOPSIS, MAUT and CP methods were chosen for their
widespread usage,44 easy computation and for being
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within the same class of unique synthesis criterion
approaches in which different points of view are merged
into a unique functional structure for further optimiza-
tion, which in turn facilitates the solution of material
selection problems.45

2 MATERIALS AND METHODS

2.1 Substrate and coating

Test samples made of AISI 7131 (16MnCr5) steel
with a diameter of 40 mm and a thickness of 10 mm
were used as a substrate for the deposition of TiN, TiAlN
and CrN thin hard coatings. After the sample polishing
process, all the test samples were subjected to a car-
burizing process performed in accordance with the heat
treatment procedure given in Figure 1.

The substrate surface is hardened through a duplex
surface treatment, a combination of nitriding and carbu-
rizing, since most of the applied forces must be
supported by the substrate due to the thin structure of the
PVD coatings.46–48 The nitriding process can provide a
significantly high wear and adhesion resistance for
TiAlN coatings.49

Therefore, in this study, in addition to carburizing, a
nitriding process was also applied to some samples to
determine its synergistic effect on the abrasive wear
behaviour of thin hard coatings. The nitriding process
parameters are given in Table 1. The list of prepared
samples is given in Table 2. After the carburizing and/or
nitriding surface-hardening processes, polishing was
performed as the last operation before the deposition
process to remove the white layer (oxide or nitride layer)
emerging during the heat treatment and having an
adverse effect on the coating’s adhesion.50 The average
surface roughness of the polished samples was measured
as Ra = 0.02 μm after measurements conducted with a
Mitutoyo SJ 201 profilometer. Before the coating pro-
cess, the sample surfaces were washed 2 times with an
alkaline detergent using an ultrasonic washing device.
Then, the samples were washed 3 times with distilled

water, each time for a period of 30 s, and then dried with
hot air.
Table 1: Nitriding parameters
Tabela 1: Parametri nitriranja

Process type Plasma nitriding
Temperature 480 °C

Duration 10 h
Gas mixture/ratio Nitrogen-Hydrogen / 3:1

Pressure 2.5 mbar (in vacuum)

Table 2: Test sample classification
Tabela 2: Razvrstitev preizkusnih vzorcev

Coating
material Carburizing Nitriding Notation

CrN + - CrN
CrN + + CrN+N
TiN + - TiN
TiN + + TiN+N

TiAlN + - TiAlN
TiAlN + + TiAlN+N

Table 3: PVD deposition parameters
Tabela 3: Parametri PVD-depozicije

Parameter Coating material
TiN CrN TiAlN

Cathode current 70 A 70 A 60 A
Bias voltage (DC) 50–60 V 50–60 V 50–60 V
Number of cathode 6 6 8

Duration 1 h 1 h 30 min 1 h 10 min

Following the ion bombardment on the coated sample
surface, thin hard coatings were deposited on the sample
surfaces using the parameters given in Table 3 by the
cathodic arc PVD technique.

2.2 Micro-abrasion test

The micro-abrasion wear test is a widely used
method in the determination of the abrasive wear perfor-
mance of thin hard coatings. In this study, micro-abra-
sion wear tests were carried out using a fixed-ball-crater-
ing device shown in Figure 2. In micro-abrasion tests, an
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Figure 1: Process diagram of carburizing
Slika 1: Diagram poteka naoglji~enja

Figure 2: Scheme of the fixed-ball micro-abrasion test set up
Slika 2: Shema postavitve mikro-abrazijskega preizkusa s fiksno
kroglo



abrasive slurry composed of 25 g of SiC in 75 mL
distilled water for each abrasive mesh size (800, 1000
and 1200) mesh, was applied as 3 drops per minute, onto
an AISI 52100 steel polished ball with a diameter of 25.4
mm.

2.3 Multi-criteria decision making method

2.3.1 Definition of the problem and setting up

Coating materials may yield differing wear results
under different test conditions. In such situations a
determination of the best choice for a coating material
may be addressed as a multi-criteria decision making
(MCDM) problem.23,24 In this study, implementation of
MCDM methods is based on the assumption that each
wear value obtained under different conditions is a
criterion. The alternatives for the coating material are
shown in Table 4.

Table 4: Alternatives for coating material
Tabela 4: Izbire materiala za nana{anje

Alternative Material
A1 CrN
A2 N+CrN
A3 N+TiAlN
A4 N+TiN
A5 TiAlN
A6 TiN
A7 Uncoated

Table 5: Wear test factors
Tabela 5: Faktorji preizkusa obrabe

Abrasive (mesh) Load (N) Speed (r/min)
800 0,5 45

1000 1 90
1200 1,5 140

The factors for the wear test and their levels are
shown in Table 5. 27 tests were conducted with these
coating materials for three different factors. On the
assumption that the wear rate found in each test is a
criterion for a decision, our criteria can be organized as
C(Abrasive, Load, Speed). Our criteria and the test
parameters are shown in Table 6.

2.3.2 Entropy method for criteria weighting

In MCDM problems, the significance level of each
criteria cannot be the same. A weighting value must be
specified for each criterion to evaluate this significance
level. Several objective weighting methods are proposed
by researchers. One of the most prominent of them is the
entropy method. This method is based on the concept of
Entropy, which is defined as a measure of uncertainty by
Shannon.51 In the information theory, entropy is a
criterion for the level of uncertainty given by discrete
probability distribution, such that, the ones with signifi-
cantly high values exhibit higher levels of uncertainty.52

If the decision matrix with sufficient information for the
alternatives is available, then the entropy method can be
used as a tool to determine the significance rankings, i.e.,
the weighting values of the criteria.28,53–55 The method
can be summarized as follows:56–57

Let the decision matrix for a multi-criteria decision
making problem with m alternatives and n criteria be
Equation (1):
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Here, xij: is the success value of i-th alternative
according to j-th criterion. i = 1,2,...,m and j = 1,2,...,n.

Here, A and X stand for the alternative and the
criterion, respectively.

Step 1:
With the following Equation (2):
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normalized decision matrix is obtained.
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Table 6: Criteria parameters
Tabela 6: Merila parametrov

Criterion Abrasive
(mesh)

Load
(N)

Speed
(r/min) Criterion Abrasive

(mesh)
Load
(N)

Speed
(r/min) Criterion Abrasive

(mesh)
Load
(N)

Speed
(r/min)

C1 800 0.5 45 C10 1000 0.5 45 C19 1200 0.5 45
C2 800 0.5 90 C11 1000 0.5 90 C20 1200 0.5 90
C3 800 0.5 140 C12 1000 0.5 140 C21 1200 0.5 140
C4 800 1 45 C13 1000 1 45 C22 1200 1 45
C5 800 1 90 C14 1000 1 90 C23 1200 1 90
C6 800 1 140 C15 1000 1 140 C24 1200 1 140
C7 800 1.5 45 C16 1000 1.5 45 C25 1200 1.5 45
C8 800 1.5 90 C17 1000 1.5 90 C26 1200 1.5 90
C9 800 1.5 140 C18 1000 1.5 140 C27 1200 1.5 140



Step 2:
With the following Equation (3):

e
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r rj ij
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ln j = 1,2,...,n (3)

entropy value of each criterion is found. Here, ej is
the entropy value of the j the criterion.

Step 3:
The weighting values of the criteria are assigned with

Equation (4):
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3 RESULTS AND DISCUSSION

In this study, TOPSIS, MAUT and CP methods
among the MDCM methods are used with the wear
results obtained from the conducted micro-abrasion tests
for the selection of the most suitable coating material,
and afterwards the solutions proposed by each method
are compared.

First, the criteria were weighted through the imple-
mentation of the Entropy method on the decision matrix

(Table 7) consisting of the test results obtained from the
micro-abrasion tests conducted in accordance with the
test parameters given in Table 3, and then the analyses
were carried out for each of the TOPSIS, MAUT and CP
methods, as a means for the selection of the most
suitable coating material. The resulting solutions were
listed in descending order (from the most to the least
suitable) by a comparative evaluation.

The criterion weights obtained with the Entropy
method are given in Table 8.

The criteria weights were objectively determined
with the Entropy method. The criteria weights calculated
using the Entropy method are given in Table 8.
According to these results, the criterion weights of the
26th, 22nd, 25th and 19th criteria were found to be higher
than the other criteria. This arises from the fact that the
7th alternative Uncoated sample and 1st alternative CrN
coating result in relatively higher wear rates, whereas
N+CrN,TiAlN and TiN coatings result in lower wear
rates. Consequently, the coatings providing lower wear
rates under these criteria are favored over the other coat-
ings. Other criterion weights generally had approximate
values.

3.1 Analysis using TOPSIS method

The Technique for order preference by similarity to
ideal solution (TOPSIS) method developed by C. - L.
Hwang and K. Yoon28 is based on the basic concept of
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Table 7: The decision matrix for coating-material selection
Tabela 7: Matrica odlo~itev pri izbiri materiala nanosa

Material C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13
CrN 0.0097 0.0134 0.0135 0.0149 0.0195 0.0221 0.0169 0.0226 0.0267 0.0071 0.0047 0.0044 0.0050

N+CrN 0.0047 0.0061 0.0066 0.0073 0.0099 0.0106 0.0104 0.0096 0.0094 0.0016 0.0013 0.0055 0.0078
N+TiAlN 0.0060 0.0071 0.0074 0.0055 0.0067 0.0077 0.0043 0.0067 0.0123 0.0031 0.0079 0.0020 0.0054

N+TiN 0.0042 0.0060 0.0093 0.0085 0.0129 0.0161 0.0088 0.0185 0.0189 0.0015 0.0037 0.0059 0.0026
TiAlN 0.0030 0.0050 0.0073 0.0059 0.0119 0.0111 0.0073 0.0130 0.0190 0.0013 0.0024 0.0075 0.0019

TiN 0.0041 0.0059 0.0083 0.0070 0.0093 0.0130 0.0074 0.0156 0.0108 0.0042 0.0061 0.0065 0.0039
Uncoated 0.0094 0.0147 0.0147 0.0220 0.0214 0.0228 0.0196 0.0220 0.0267 0.0081 0.0102 0.0122 0.0117
Material C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27

CrN 0.0055 0.0072 0.0100 0.0064 0.0118 0.0021 0.0024 0.0013 0.0020 0.0021 0.0022 0.0024 0.0021 0.0029
N+CrN 0.0058 0.0093 0.0051 0.0036 0.0094 0.0005 0.0006 0.0009 0.0008 0.0006 0.0006 0.0005 0.0003 0.0004

N+TiAlN 0.0092 0.0026 0.0054 0.0068 0.0050 0.0003 0.0008 0.0005 0.0004 0.0015 0.0007 0.0009 0.0010 0.0005
N+TiN 0.0018 0.0117 0.0065 0.0016 0.0064 0.0009 0.0011 0.0015 0.0011 0.0014 0.0009 0.0012 0.0017 0.0012
TiAlN 0.0056 0.0054 0.0012 0.0028 0.0034 0.0015 0.0006 0.0006 0.0004 0.0004 0.0007 0.0004 0.0004 0.0007

TiN 0.0045 0.0011 0.0072 0.0092 0.0090 0.0004 0.0009 0.0012 0.0005 0.0007 0.0006 0.0006 0.0007 0.0008
Uncoated 0.0139 0.0246 0.0164 0.0166 0.0255 0.0048 0.0049 0.0024 0.0053 0.0030 0.0040 0.0055 0.0067 0.0027

Table 8: The criterion weights obtained using the entropy method
Tabela 8: Kriterijske ute`i, dobljene z metodo entropije

Criterion C1 C2 C3 C4 C5 C6 C7 C8 C9
Weight 0.0158 0.0163 0.0082 0.0245 0.0131 0.0120 0.0203 0.0126 0.0131

Criterion C10 C11 C12 C13 C14 C15 C16 C17 C18
Weight 0.0403 0.0297 0.0196 0.0279 0.0259 0.0571 0.0321 0.0414 0.0357

Criterion C19 C20 C21 C22 C23 C24 C25 C26 C27
Weight 0.0758 0.0616 0.0219 0.0866 0.0353 0.0540 0.0790 0.0922 0.0482



the selection of the alternative closest to ideal solution
and the farthest to anti-ideal solution. The consecutive
stages of this method are as follows:28,56

Step 1: Constructing the normalized decision matrix:
with the following Equation (5):

r
x

x
ij

ij

pj
p

m
=

=
∑ ( )

1

2

i = 1,2,...,m and j = 1,2,...,n (5)

Normalized decision matrix [ ]R rij= is obtained.

Step 2: Constructing the weighted normalized deci-
sion matrix, with the following Equation (6):

v w rij j ij= i = 1,2,...,m and j = 1,2,...,n (6)

Normalized decision matrix [ ]V v ij m n
=

×
is obtained.

Here, wj : j-th criterion’s weight value obtained with
the entropy method.

Step 3: Determination of ideal and negative-ideal
solutions:

If the two artificial solutions A* (ideal solution) and
A– (negative-ideal solution) are defined as follows:

{ }A v j J v j J i m
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= ∈ ∈ =

=

1 2
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i ij i ij
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= ∈ ∈ =

=

1 2

1 2{ }.., , ... ,– –v vj n

(8)

here,
{ }J j n= =1 2, , ..., in case of benefit criterion

{ }J j n' , , ...,= =1 2 in case of cost criterion

Step 4: Calculation of the separation measure:

Each alternative’s measure of separation from the
ideal solution S

i*
and from the negative-ideal solution

S
i – , is given as follows:

S v v i m
i ij j

j

n

* ( ) , , , ...,*= − =
=
∑ 2

1
1 2 (9)

S v v i m
i ij j

j

n

– ( ) , , , ...,–= − =
=
∑ 2

1
1 2 (10)

Step 5: Calculation of the relative proximity to the
ideal solution:

The relative proximity to the i-th alternative to the
ideal solution (A*) is defined as follows:

C S S S C i m
i i i i i* – * – *( ), , , ...,= − < < =0 1 1 2, (11)

Step 6: Performing the decision ranking: The deci-
sion ranking of the alternatives is performed in accord-
ance with the descending order of C

i*
values.

The weighted and normalized decision matrix,
related to the analysis conducted in accordance with the
steps defined in the TOPSIS method, is given in Table 9.
Ideal and anti-ideal solutions obtained using Equations
(7) and (8), are given in Table 10. As indicated in the
table, the highest C

i*
valued alternative stands for the

best selection in the TOPSIS method.
Positive and negative separation measures given in

Table 11 and relative proximities to the ideal solution are
calculated respectively with Equations (9), (10) and (11).
Also, the ranking of the coating materials based on the
relative proximities to ideal solution are given in
Table 11. According to this ranking, TiAlN is qualified
as the best coating material owing to its excellent
performance, which is followed by N+CrN, TiN and
N+TiAlN with similar performance values. N+TiN and
CrN resulted in low performance values, whereas the
uncoated material resulted in the worst performance
value.
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Table 9: Weighted normalized decision matrix
Tabela 9: Pretehtana normalizirana matrica odlo~itev

Material C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13
CrN 0.0091 0.0091 0.0042 0.0118 0.0069 0.0063 0.0109 0.0066 0.0070 0.0235 0.0089 0.0047 0.0083

N+CrN 0.0044 0.0041 0.0020 0.0058 0.0035 0.0030 0.0067 0.0028 0.0024 0.0053 0.0024 0.0059 0.0130
N+TiAlN 0.0056 0.0048 0.0023 0.0044 0.0024 0.0022 0.0028 0.0020 0.0032 0.0102 0.0150 0.0021 0.0091

N+TiN 0.0039 0.0041 0.0029 0.0068 0.0045 0.0046 0.0057 0.0054 0.0049 0.0048 0.0069 0.0063 0.0044
TiAlN 0.0028 0.0034 0.0023 0.0047 0.0042 0.0032 0.0047 0.0038 0.0050 0.0042 0.0045 0.0080 0.0032

TiN 0.0038 0.0040 0.0026 0.0056 0.0033 0.0037 0.0048 0.0045 0.0028 0.0137 0.0116 0.0070 0.0065
Uncoated 0.0088 0.0100 0.0046 0.0175 0.0075 0.0066 0.0127 0.0064 0.0070 0.0267 0.0192 0.0131 0.0196
Material C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27

CrN 0.0072 0.0135 0.0141 0.0121 0.0132 0.0289 0.0257 0.0080 0.0292 0.0171 0.0244 0.0304 0.0259 0.0325
N+CrN 0.0076 0.0175 0.0072 0.0069 0.0105 0.0065 0.0062 0.0053 0.0115 0.0046 0.0069 0.0058 0.0037 0.0044

N+TiAlN 0.0119 0.0048 0.0075 0.0130 0.0055 0.0038 0.0082 0.0032 0.0055 0.0127 0.0073 0.0111 0.0122 0.0051
N+TiN 0.0023 0.0220 0.0092 0.0030 0.0070 0.0128 0.0112 0.0093 0.0159 0.0114 0.0104 0.0155 0.0209 0.0133
TiAlN 0.0073 0.0101 0.0017 0.0053 0.0037 0.0206 0.0062 0.0036 0.0055 0.0030 0.0082 0.0051 0.0044 0.0073

TiN 0.0058 0.0020 0.0102 0.0176 0.0100 0.0048 0.0096 0.0073 0.0069 0.0059 0.0066 0.0070 0.0088 0.0089
Uncoated 0.0181 0.0464 0.0231 0.0316 0.0283 0.0651 0.0526 0.0149 0.0784 0.0243 0.0447 0.0696 0.0845 0.0302



Table 11: Positive and negative separation measures, relative proxi-
mities to the ideal solution and the ranking
Tabela 11: Pozitivni in negativni ukrepi lo~evanja, relativni pribli`ki
idealni re{itvi in razvrstitev

Material S+ S- C+ Sýra
CrN 0.0724 0.1104 0.6039 6

N+CrN 0.0234 0.1632 0.8747 2
N+TiAlN 0.0262 0.1610 0.8602 4

N+TiN 0.0371 0.1433 0.7946 5
TiAlN 0.0212 0.1648 0.8861 1

TiN 0.0255 0.1620 0.8640 3
Uncoated 0.1742 0.0023 0.0132 7

3.2 Analysis using MAUT method

According to the basic principle of MAUT (Multiple
Attribute Utility Theory) method, there is an U utility
function with a real value, defined over the set of suitable
alternatives, and the decision maker maximizes this.58

The procedure followed in the MAUT method is defined
in 4 steps:59–60

Step 1: Utility values are determined according to the
benefit criteria and the normalized values rij are calcu-
lated using these values:

r
x l

u lij

ij l

j l

=
−

−+

–

– , u xj i ij
+ = max , l xj i ij

– min= (12)

Similarly, the utility values are also determined based
on the cost criterion, and normalized values rij are calcu-
lated accordingly:

r
u x

u lij

l ij

j l

=
−

−

+

+ – , u xj i ij
+ = max , l xj i ij

– min= (13)

Step 2: Weighted sum of rij values gives the total uti-
lity value.

U w ri j
j

n

ij=
=
∑

1
(14)

Step 3: Decision ranking is performed. The alterna-
tive with the highest total utility value is deemed the best
alternative.

The single-attribute utility function values of the
alternatives calculated with MAUT method based on the
criteria, are given in Table 12.

MAUT multi-attribute utility function values and
their ranking are given in Table 13. As shown in Table
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Table 10: Ideal and anti-ideal solutions
Tabela 10: Idealne in neidealne re{itve

Criterion C1 C2 C3 C4 C5 C6 C7 C8 C9
A* 0.0028 0.0034 0.0020 0.0044 0.0024 0.0022 0.0028 0.0020 0.0024
A– 0.0091 0.0100 0.0046 0.0175 0.0075 0.0066 0.0127 0.0066 0.0070

Criterion C10 C11 C12 C13 C14 C15 C16 C17 C18
A* 0.0042 0.0024 0.0021 0.0032 0.0023 0.0020 0.0017 0.0030 0.0037
A– 0.0267 0.0192 0.0131 0.0196 0.0181 0.0464 0.0231 0.0316 0.0283

Criterion C19 C20 C21 C22 C23 C24 C25 C26 C27
A* 0.0038 0.0062 0.0032 0.0055 0.0030 0.0066 0.0051 0.0037 0.0044
A– 0.0651 0.0526 0.0149 0.0784 0.0243 0.0447 0.0696 0.0845 0.0325

Table 12: MAUT single-attribute utility function values
Tabela 12: Posamezni MAUT-atributi vrednosti funkcije koristnosti

Material C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13
CrN 0.0000 0.1299 0.1556 0.4352 0.1283 0.0498 0.1777 0.0000 0.0000 0.1428 0.6139 0.7683 0.6856

N+CrN 0.7483 0.8835 1.0000 0.8920 0.7841 0.8094 0.6014 0.8183 1.0000 0.9493 1.0000 0.6587 0.3997
N+TiAlN 0.5519 0.7813 0.8990 1.0000 1.0000 1.0000 1.0000 1.0000 0.8310 0.7342 0.2495 1.0000 0.6384

N+TiN 0.8212 0.8924 0.6653 0.8215 0.5769 0.4445 0.7070 0.2588 0.4521 0.9742 0.7299 0.6205 0.9282
TiAlN 1.0000 1.0000 0.9083 0.9812 0.6450 0.7784 0.8047 0.6033 0.4462 1.0000 0.8771 0.4622 1.0000

TiN 0.8332 0.9034 0.7956 0.9099 0.8235 0.6514 0.7982 0.4395 0.9160 0.5800 0.4557 0.5562 0.7969
Uncoated 0.0450 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0399 0.0000 0.0000 0.0000 0.0000 0.0000
Material C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27

CrN 0.6906 0.7401 0.4203 0.6811 0.6160 0.5904 0.5791 0.5917 0.6755 0.3393 0.5349 0.6074 0.7250 0.0000
N+CrN 0.6669 0.6501 0.7451 0.8653 0.7248 0.9560 0.9991 0.8200 0.9174 0.9229 0.9944 0.9889 1.0000 1.0000

N+TiAlN 0.3921 0.9361 0.7284 0.6518 0.9275 1.0000 0.9580 1.0000 1.0000 0.5444 0.9827 0.9071 0.8948 0.9741
N+TiN 1.0000 0.5491 0.6526 1.0000 0.8645 0.8520 0.8925 0.4780 0.8575 0.6050 0.9001 0.8378 0.7873 0.6851
TiAlN 0.6856 0.8163 1.0000 0.9198 1.0000 0.7259 1.0000 0.9622 1.0000 1.0000 0.9589 1.0000 0.9915 0.8953

TiN 0.7755 1.0000 0.6055 0.4903 0.7436 0.9834 0.9266 0.6537 0.9804 0.8625 1.0000 0.9698 0.9372 0.8410
Uncoated 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0822



13, TiAlN takes the first place with its superior perfor-
mance, followed by N+CrN, N+TiAlN and TiN with
similar performance values. N+TiN, CrN and especially
uncoated material exhibited significantly low perfor-
mances, as the highest total utility valued alternative
stands for the best selection.

Table 13: MAUT Multi-utility function and the ranking
Tabela 13: MAUT Ve~vrednostna funkcija in razvrstitev

Material Multi utility values Ranking
CrN 0.509431 6

N+CrN 0.879946 2
N+TiAlN 0.860277 3

N+TiN 0.784909 5
TiAlN 0.909513 1

TiN 0.841247 4
Uncoated 0.005178 7

3.3. Analysis using CP method

CP (Compromise Programming) is a MCDM method
developed in the 1970s by M. Zelen61 and P. – L. Yu.62

This method is based on minimization of the distance to
the ideal point f*. The Lp metric is used for the calcul-
ation of distance. The method can be summarized as
follows:63–66

Step 1: Ideal point f* and anti-ideal point f* are estab-
lished.

f f f fn
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here, xij: is the success value of the i-th alternative
according to the j-th criterion. i = 1,2,...,m, j = 1,2,...,n.

Step 2: The distance to the ideal point is minimized:
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Step 3: The alternative giving the minimal value is
the best alternative.

L1, L2 and L� are, respectively, named as the Man-
hattan, Euclidean and Tchebycheff metrics.

The optimal values obtained using the CP method
and the ranking are shown in Table 14. Given that in the
CP method the alternative giving the lowest optimal
value is the best alternative; TiAlN may be considered to
have shown the best performance by far, as the highest
total utility valued alternative stands for the best selec-
tion. N+CrN, N+TiAlN and TiN materials underper-
formed compared to the performance values of TiAlN.

The performance values of N+TiN, CrN and the un-
coated materials lined up at the bottom of the
performance list.

Table 14: CP optimal values and the ranking
Tabela 14: CP optimalne vrednosti in razvrstitev

Material Optimal value Rank
CrN 0.269379 6

N+CrN 0.070013 2
N+TiAlN 0.080999 3

N+TiN 0.120416 5
TiAlN 0.055632 1

TiN 0.089914 4
Uncoated 0.543521 7

The rankings obtained using the TOPSIS, MAUT and
CP methods are shown in Figure 3. As seen in the
figure, the MAUT and CP methods produced the
identical ranking of the alternatives, whereas there is a
slight deviation in the ranking obtained with the TOPSIS
method. However, all the methods indicate that TiAlN is
the best material, followed by N+CrN. CrN and the
uncoated materials displayed the best performances,
according to all the MCDM methods implemented in the
study.

4 CONCLUSIONS

In this study, abrasive wear tests were conducted
using the micro-abrasion wear technique on TiN, CrN
and AlTiN coatings, which were deposited on nitrided
and non-nitrided substrates with the PVD technique, then
the measured wear values were used so as to determine
the best coating selection through analyses with each of
the TOPSIS, MAUT and CP methods among the MCDM
techniques. The most suitable coating types, according to
each method, were determined and comparatively eva-
luated. The obtained results are summarized as follows:

• According to the TOPSIS method TiAlN was deter-
mined to be the coating with the best performance;
which was followed by N+CrN, TiN and N+TiAlN,
respectively. The N+TiN and CrN coatings under-
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Figure 3: Ranking of the alternatives obtained with MCDM methods
Slika 3: Razvrstitev alternativnih variant, dobljenih z MCDM meto-
dami



performed compared to other coatings; however, the
uncoated material displayed the worst performance,
with a dramatic decline compared to all the coated
materials.

• According to the MAUT method, TiAlN exhibited
the best performance. Other coatings were ranked as
N+CrN, N+TiAlN and TiN, respecively. N+TiN, CrN
and especially the uncoated material displayed re-
markable underperformances.

• The CP and MAUT methods produced the same
ranking of alternatives. In the TOPSIS method only
N+TiAlN and TiN shifted places in the ranking
differently from the CP and MAUT methods. How-
ever, all the methods indicate that TiAlN is the best
material, which is followed by N+CrN. Again, the
CrN and uncoated materials became the alternatives
with worse performances according to all the MCDM
methods.

• The highest Ci* valued alternative is deemed the best
selection in the TOPSIS method. While the highest
total utility valued alternative is the best selection for
MAUT, in the CP method the shortest distance is
favored.

• Increasing the number of MCDM methods could be
useful for a comparative analysis of the obtained
results in further studies.
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IRON MATRIX DURING DIODE-LASER SURFACE ALLOYING OF

DUCTILE CAST IRON

IN SITU SINTEZA DELCEV TITANOVEGA KARBIDA V OSNOVI
@ELEZA MED POVR[INSKIM LEGIRANJEM LITEGA @ELEZA Z

DIODNIM LASERJEM

Damian Janicki
Silesian University of Technology, Faculty of Mechanical Engineering, Welding Department, 18a Konarskiego Street,

44-100 Gliwice, Poland
damian.janicki@polsl.pl

Prejem rokopisa – received: 2015-07-02; sprejem za objavo – accepted for publication: 2016-05-03

doi:10.17222/mit.2015.198

An in-situ formation of titanium carbide (TiC) particles in an iron matrix during diode-laser surface alloying of ductile cast iron
(DCI) with direct injection of titanium powder into a molten pool was investigated. The microstructure of the in-situ
TiC-reinforced surface alloying layers (SALs) was assessed with scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDS) and X-ray diffraction (XRD). Comparative erosion tests of the as-received DCI and the SALs were
performed following the ASTM G 76 standard test method. It was found that the morphology and volume fraction of the TiC
particles directly depend on the amount of the titanium powder introduced into the molten pool, which, in turn, is strongly
affected by the laser-power level. An increase in the titanium concentration in the molten pool results in a change in the TiC
morphology, form cubic (> 2 μm in size) to dendritic (up to 10 μm in size). The maximum volume fraction of the TiC particles
in the SALs was 12 %. The SALs exhibited a noticeable increase in the erosion resistance in comparison to the as-received DCI,
especially at steep angles.

Keywords: in-situ composite, composite surface layer, TiC, laser surface alloying, ductile cast iron, erosive wear

Preiskovan je bil in situ nastanek delcev titanovega karbida (TiC) v osnovi `eleza med legiranjem povr{ine duktilnega litega
~eleza (DCI) z diodnim laserjem, z vpihovanjem titanovega prahu v staljeno kopel. Mikrostruktura povr{inskega legiranega sloja
(SAL), oja~anega z in situ nastalim TiC je bila ocenjena z vrsti~nim elektronskim mikroskopom (SEM), z energijsko
disperzijsko spektroskopijo (EDS) in z rentgensko difrakcijo (XRD). Primerjalni erozijski preizkusi med dobavljenim DCI in
SAL so bili izvedeni po ASTM G 76 standardni preizkusni metodi. Ugotovljeno je, da sta morfologija in volumski dele` TiC
delcev neposredno odvisna od koli~ine prahu titana, ki je doveden v talino, kar je posledi~no mo~no odvisno od mo~i laserja.
Pove~anje koncentracije titana v staljeni kopeli se odra`a na spremembi morfologije TiC iz kubi~ne (pri velikosti > 2 μm) v
dendritno (do velikosti 10 μm). Najve~ji volumski dele` delcev TiC v SAL je bil 12 %. SAL je pokazal ob~utno pove~anje
odpornosti na erozijo v primerjavi z dobavljenim DCI, {e posebno pri ve~jih kotih.

Klju~ne besede: in situ kompozit, kompozitna povr{inska plast. TiC, legiranje povr{ine z laserjem, duktilno lito `elezo, erozijska
obraba

1 INTRODUCTION

Ductile cast iron (DCI) is extensively used for manu-
facturing machine parts in many industries such as auto-
motive, power generation, mining, military and agricul-
tural industry.1,2 However, in some applications, there is a
need to increase the durability of machine parts by
improving their resistance to erosion.3–7 The enhance-
ment of erosion resistance of DCI can be achieved by
reinforcing its surface layer with ceramic particles (the
reinforcing phase), in particular, with an in-situ synthesis
of titanium carbide (TiC). During the in-situ fabrication
of composite surface layers (CSLs), reinforcing phases
(RPs) are formed throughout the matrix (from the melt)
due to a chemical reaction.8 As a result, the RPs are free
of contaminants and have a high coherency and a strong
interface with the metal matrix. The difficulty with the
in-situ fabrication of CSLs is related to the fact that the

distribution homogeneity and the average particle size of
an RP depend on the solidification conditions and the
fluid flow in the molten pool, so they are difficult to
control.8–10

Laser surface alloying is particularly well suited to
the needs of the in-situ fabrication of the CSLs, mainly
due to an accurate control of the molten-pool solidifi-
cation.11 Moreover, the molten pool generated during
laser processing undergoes a rapid solidification, which
provides a unique opportunity to synthesize non-equili-
brium phases.10 To date, a number of studies have
focused on the laser surface alloying of both grey and
ductile cast irons in order to improve the wear resistance.
Some studies also attempted to investigate the in-situ
formation of CSLs on a cast-iron substrate.8,9 Most of the
research, however, have been conducted using CO2 and
various types of Nd:YAG lasers. A high-power direct-
diode laser (HPDDL) with a uniform intensity distri-
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bution over the rectangular beam spot (called a flat-top
beam) is especially suited for the surface-alloying
process with direct injection of alloying powder into the
molten pool. In the above-mentioned surface-alloying
process, the flat-top beam of HPDDL and the powder
shape (the powder spot size) match the laser-beam spot
result in reducing the heat input and providing a better
control of the molten-pool solidification.12,13

The present study investigated an in-situ formation of
TiC particles during laser surface alloying of DCI with
direct injection of titanium powder into the molten pool,
using a high-power direct-diode laser (HPDDL) with a
rectangular laser beam spot and a uniform distribution of
the laser power (the flat-top beam). This study was
specifically concerned with establishing the effect of
processing parameters on the precipitation morphology
of TiC particles and its distribution throughout the iron
matrix.

2 EXPERIMENTAL PROCEDURE

The substrate material used in this investigation was a
ductile cast iron (DCI) with its chemical composition
shown in Table 1. Microstructurally, the DCI consisted
of graphite spheres with the average diameter of 35 μm
in a pearlite matrix. The substrate specimens, in the form
of 10-mm discs with a diameter of 50 mm, were ground
to a surface finish of 0.5 μm Ra and cleaned with acetone
prior to the alloying process. A commercially available
titanium powder (99.6 % purity) having a particle size
range of 45–75 μm was used as the alloying material.

The laser surface alloying (LSA) was carried out
using a high-power direct-diode laser (HPDDL) Rofin-
Sinar DL020 with the maximum output power of 2.0 kW.
The rectangular HPDDL beam spot with a size of 1.8 ×
6.8 mm and a focal length of 82 mm was focused on the
top surface of the substrate and the long beam axis was
set transversely to the traverse direction (6.8 mm wide).
The titanium powder was injected into the molten pool
using an off-axis powder injection nozzle. The powder
feed-rate accuracy of the used feeder was within 1 %.
The molten pool was protected by a shielding gas –
argon – at a flow rate of 10 L/min. The cylindrical
shielding-gas nozzle with a diameter of 20 mm was set
coaxially with the powder feeding nozzle.

The investigation of the LSA process was performed
based on the amount of titanium powder (the powder
feed rate) provided per unit length of a single-pass alloy
bead (SAB) in a range of 0.0010–0.0050 g/mm. To study
the impact of the laser-power level and the traverse speed
on the SAB geometry, microstructure and hardness, the

experiments were conducted at three laser-power levels,
1000 W, 1200 W and 1400 W, and different traverse
speeds, ranging from 0.1 m/min to 0.25 m/min. The
surface-alloyed layers (SALs) were produced with the
multi-pass overlapping alloying with an overlap ratio of
40 %. The experiments were performed without pre-
heating the substrate.

Fluorescent dry penetrant testing was used to detect
cracks of the SABs and SALs. The structure and mor-
phology of the SALs were investigated with scanning
electron microscopy (SEM) and energy-dispersive spec-
troscopy (EDS). The volume fraction of TiC was
measured using a Nikon NIS-Elements quantitative
image analysis system. The measurements were con-
ducted on cross-sections from under the surface and in
the middle areas of the SALs, over a total area of 10 mm2

for each SAL. Geometrical parameters of the SABs were
measured using an optical microscope and the Image
Analyzer software. The cross-sectional microhardness
distribution of the SALs was measured by means of a
Wilson Wolpert 401 MVD Vickers hardness tester at a
load of 200 g for a dwell time of 10 s. The X-ray
diffraction analysis of the as-received DCI and the SALs
was conducted using a PANalytical X’Pert PRO MPD
X-ray diffractometer equipped with an X’Celerator
detector and a Co-K� (� = 0.179 nm) source. The X-ray
tube was operated at 40 kV and 30 mA.

Erosion-resistance tests of the as-received DCI and
SALs were performed at impact angles of 30° and 90° in
accordance with standard ASTM G76-95. Angular
alumina powder (Al2O3) with the average particle size of
50 μm was used as the abrasive material. The impact
velocity of the abrasive particles was kept in a range of
30±2 m/s. The abrasive-particle flow rate and test period
were 2.0±0.5 g/min and 10 min, respectively. After the
erosive wear tests, the mass loss of the specimens was
measured with an accuracy of 0.01 mg.

3 RESULTS AND DISCUSSION

Cross-sectional macrographs of the single-pass
alloyed beads (SABs) produced at a traverse speed of 0.2
m/min, a powder feed rate of 0.0016 g/mm and two
levels of laser power are presented in Figure 1. Fusion-
zone cross-sectional shapes indicate that, during the
investigated LSA process, the surface-tension tempera-
ture coefficient on the molten-pool surface was positive.
In this case, the surface tension is highest at the center of
the molten pool, producing an inward fluid flow along
the surface of the molten pool.14 As a result, the SABs
have a hemispherical shape in their cross-sections. Fur-
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Table 1: Chemical composition of the investigated ductile cast iron
Tabela 1: Kemijska sestava preiskovanega duktilnega litega `eleza

C Si Mn Cu Cr Ni Ti Al Mg P S Fe
3.21 2.58 0.23 0.83 0.07 0.05 0.03 0.01 0.04 0.017 0.008 bal.



thermore, an increase in the laser-power level, leading to
a higher fluid-flow velocity in the molten pool driven by
the surface-tension gradient, results in a concave bead
profile and deeper fusion at the center. Typical dimen-
sions of a SAB were a width of approx. 5.5 mm and a
depth of fusion in a range of 0.7–1.2 mm. The fluid-flow
velocity and its pattern are also the major factors, which
determine the transfer of the alloying material in the
molten pool and thus directly affect the TiC distribution
in the alloyed layers.

Figure 2 presents the EDS line-scan analysis made at
the cross-section of a SAB produced at a laser power of
1400 W, traverse speed of 0.25 m/min and powder feed
rate of 0.0042 g/mm. The composition profiles, taken at
the mid-depth of the bead along the line parallel to the

bead surface (Figure 2a), indicated a slight titanium (Ti)
enrichment in the centre of the alloyed bead, whereas the
depth profile revealed an almost homogeneous distri-
bution of Ti (Figure 2b). It follows that this fluid-flow
pattern transfers the alloying elements quite efficiently
throughout the fusion zone, leading only to a slightly
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Figure: 3: SEM micrographs taken at the mid-sections of the SALs
produced at a laser power of 1400 W, traverse speed of 0.15 m/min
and powder feed rates of: a) 0.0010 g/mm, b) 0.0046 g/mm
Slika 3: SEM-posnetek iz sredine preseka SAL, nastalega pri mo~i
laserja 1400 W, pre~ni hitrosti 0,15 m/min in hitrosti dodajanja prahu:
a) 0,0010 g/mm, b) 0,0046 g/mm

Figure 1: Macrographs of SABs produced at a traverse speed of
0.2 m/min, powder feed rate of 0.0016 g/mm and laser-power levels
of: a) 1000 W, b) 1200 W
Slika 1: Makroposnetek SAB-ov, nastalih pri pre~ni hitrosti 0,2 m/min,
hitrosti dodajanja prahu 0,0016 g/mm in pri mo~i laserja: a) 1000 W,
b) 1200 W

Figure 4: Typical EDS spectrum of a TiC particle
Slika 4: Zna~ilen EDS-spekter delcev TiC

Figure 2: EDS line-scan analysis of the cross-section of a SAB
produced at a laser power of 1400 W, traverse speed of 0.25 m/min
and powder feed rate of 0.0042 g/mm: a) profile taken at the
mid-depth of the bead along the line parallel to the bead surface, b)
depth profile in the centre of the bead
Slika 2: EDS-linijska analiza na preseku SAB nastalem pri laserju
mo~i 1400 W, pre~ni hitrosti 0,25 m/min in hitrosti dodajanja prahu
0,0042 g/mm: a) profil, posnet na srednji globini kopeli, vzdol` linije
vzporedne s povr{ino kopeli, b) profil v globino na sredini kopeli



higher fraction of the TiC precipitation in the central area
of the alloyed bead.

Generally, the laser-power level determines the maxi-
mum amount of titanium powder that can be introduced
to a SAB, thus the concentration of titanium in the mol-
ten pool and, in consequence, the morphology and frac-
tion of TiC particles. In the cases of laser-power levels of
1000 and 1400 W, the maximum powder feed rate, which
allows the production of SABs with no internal defects,
such as porosity or microvoids, was 0.0016 and 0.0046
g/mm, respectively.

Figure 3 shows SEM micrographs of the surface
alloyed layers (SALs) produced at powder feed rates of
0.0010 and 0.0046 g/mm. Based on the EDS analysis,
the approximate concentration of Ti in these SALs was
estimated to be 3 % and 7 % of the mass fractions, res-
pectively. In turn, a quantitative analysis of the micro-
graphs of the above-mentioned SALs indicated that the
volume fraction of the TiC particles was approx. 4 % and
12 %, respectively.

Figure 4 presents a typical EDS spectrum of the TiC
particles (dark grey particles). As can be seen in Fig-
ure 3, the concentration of Ti strongly affects the shape
and size of TiC particles. With an increasing Ti concen-
tration, the morphology of TiC changes form cubic
(>2 μm in size) to dendritic (up to 10 μm in size). Fur-
thermore, the size of the TiC particles varies from the
fusion boundary to the surface of a SAL, due to the
changes in the local solidification conditions. The
smaller TiC particles observed in the fusion boundary
area (Figure 5) result primarily from the highest cooling
rate; however, as indicated by the EDS line-scan analysis
(Figure 2b), they can also be attributed to a lower
concentration of Ti in this area.

The presence of TiC particles in the SALs was con-
firmed with the X-ray diffraction analysis (Figure 6).
The X-ray diffraction pattern of a SAL, containing the
highest volume fraction of TiC, indicated that martensite
is the dominant phase. Apart from martensite, austenite
and cementite were also detected. Furthermore, a me-
tallographic examination and X-ray analysis revealed
that an increasing titanium concentration in the SALs
increases both the volume fractions of TiC and austenite,
leading simultaneously to a lower fraction of cementite.
All the SALs were free of porosity and microcracks.

The results of fluorescent dry penetrant testing
showed that the SABs were free of cracks; however,
transverse cracks were revealed in all the SALs. The
cracks propagate mainly perpendicularly to the fusion
boundary and do not affect the integrity of the SALs.

Figure 7 shows the microhardness distribution on the
cross-sections of the SALs produced at a laser power of
1400 W, traverse speed of 0.2 m/min and different pow-
der feed rates. As can be seen, the increase in the powder
feed rate slightly reduced the hardness of the SAL,
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Figure: 6: XRD pattern of a SAL produced at a laser power of 1400
W, traverse speed of 0.15 m/min and powder feed rate of 0.0046 g/mm
Slika 6: Rentgenogram SAL, nastalega pri laserju mo~i 1400 W,
pre~ni hitrosti 0,15 m/min in hitrosti dodajanja prahu 0,0046 g/min

Figure 7: Microhardness distribution on the cross-sections of the SALs
produced at a laser power of 1400 W, traverse speed of 0.2 m/min and
different powder feed rates
Slika 7: Razporeditev mikrotrdote na preseku SAL, nastalega pri mo~i
laserja 1400 W, pre~ni hitrosti 0,2 m/min in pri razli~ni hitrosti
dodajanja prahu

Figure 5: SEM micrograph of the fusion boundary area of a SAL
produced at a laser power of 1400 W, traverse speed of 0.15 m/min
and powder feed rate of 0.0046 g/mm
Slika 5: SEM-posnetek meje zlivanja podro~ja SAL, nastalega pri
laserju mo~i 1400 W, pre~ni hitrosti 0,15 m/min in hitrosti dodajanja
prahu 0,0046 g/mm



which is connected with the above-mentioned change in
the volume fractions of austenite and cementite.

The solid-particle erosion-test results showed that the
HPDD laser surface alloying of DCI, involving an in-situ
synthesis of TiC, provides a significant improvement in
the erosion resistance of the investigated DCI for both
30° and 90° impact angles. Erosion values of the SALs
at an impact angle of 90° were approx. 40 % lower than
those of the as-received DCI. In turn, for the impact
angle of 30°, the SALs exhibited a three-time higher ero-
sion resistance than for the as-received DCI. A detailed
analysis of the erosion-degradation mechanism of the
investigated in-situ composite layers is still in progress.

4 CONCLUSIONS

The HPDD laser surface alloying of DCI with direct
injection of the titanium powder into the molten pool
enables us to produce in-situ TiC-reinforced surface
alloying layers with quite a uniform distribution of TiC
throughout the matrix and the TiC volume fraction of up
to 12 %. The morphology and fraction of TiC particles
depend directly on the amount of the titanium powder
introduced into the molten pool, which, in turn, is
strongly affected by the laser-power level. With an in-
creasing titanium (Ti) concentration in the molten pool,
the morphology of the TiC particles changes form cubic
(> 2 μm in size) to dendritic (up to 10 μm in size).
Moreover, the increase in the Ti concentration increases
the volume fraction of both TiC and austenite and,
simultaneously, results in a lower fraction of cementite.
The SALs exhibited a noticeable increase in the erosion
resistance in comparison to the as-received DCI,
especially at steep angles.
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Magnesium alloys are promising materials thanks to their high specific strength and stiffness. However, their wide application is
discouraged by their low resistance to wear and very low resistance to corrosion. Plasma-spraying technology makes it possible
to prepare protective metal and non-metal coatings. In this work, 450 μm thick and 490 μm thick plasma-spray coatings of
commercially pure (CP) aluminium and aluminium alloy AlCr6Fe2 were prepared on magnesium alloy AZ91. The adhesion
strength of plasma-sprayed aluminium was about 19 MPa, while the aluminium alloy showed an adhesion strength of about
12 MPa. Plasma-sprayed coatings improved the wear resistance of the AZ91 surface up to four times.

Keywords: plasma spraying of aluminum, adhesion of coating, wear, magnesium alloy AZ91

Magnezijeve zlitine so obetajo~ material, zahvaljujo~ njihovi veliki specifi~ni trdnosti in togosti. Vendar pa njihovo {iroko
uporabo zavira majhna odpornost na obrabo in zelo slaba korozijska odpornost. Tehnologija plazemskega nabrizgavanja
omogo~a izdelavo za{~itnih kovinskih in nekovinskih nanosov. V tem delu so bili pripravljeni plazemsko nabrizgani, 450 μm in
490 μm debeli nanosi komercialno ~istega (CP) aluminija in aluminijeve zlitine AlCr6Fe2 na magnezijevi zlitini AZ91.
Adhezijska trdnost plazemsko nabrizganega aluminija je bila okrog 19 MPa, aluminijeva zlitina je pokazala adhezijsko trdnost
okrog 12 MPa. Plazemsko nabrizgani nanosi so izbolj{ali obrabno odpornost zlitine AZ91 za 4×.

Klju~ne besede: plazemsko nabrizgavanje aluminija, adhezija nanosa, obraba, magnezijeva zlitina AZ91

1 INTRODUCTION

Magnesium and its alloys have an excellent ratio of
density and strength; they are suitable for lightweight
construction in the automotive and aerospace industries,
and also for bio-medical applications due to their high
specific strength and stiffness.1,2 Magnesium and magne-
sium alloys are very susceptible to galvanic corrosion,
which can result in severe pitting, especially in a wet and
salty environment. This disadvantage can be utilized in
biomedicine for endoprosthetics, which may dissolve at
a controlled speed.3 Alloying of magnesium with alu-
minium or manganese can improve not only its mecha-
nical properties but also the corrosion resistance.
Aluminium in the contents of 4–9 % by weight can
rapidly improve the corrosion resistance thanks to the
formation of the intermetallic phase Mg17Al12, which
precipitates along the grain boundaries and serves as a
corrosion barrier.4 Magnesium and its alloys can be also
protected by a deposition of surface-protective coatings.
There are several technologies for producing protective
coatings, metal and non-metal ones (in particular the
technology of plasma spraying) making it possible to
prepare anticorrosion coatings, improving the surface
abrasive resistance as well as the hardness. In refe-
rences5–8 the authors devote their studies to the plasma-
sprayed coatings of aluminium, NiAl5 and Al2O3 on the

magnesium alloy AZ91.8 Plasma spraying of pure Al on
the AZ 91 alloy provided coating adhesion strengths of
6–12 MPa, and when spraying NiAl5 on the AZ91 alloy,
the adhesion strengths of 17–25 MPa were reported.8

This work deals with the study of mechanical properties,
the adhesion strength and the resistance to wear of the
coatings made of commercially pure (CP) aluminium
and an alloy thermally stable up to 300 °C, i.e.,
AlCr6Fe29 on the magnesium alloy AZ 91 using a hybrid
water-stabilized plasma torch WSP-H 500© which
potentially provides a rather high throughput for
spraying large areas.

2 EXPERIMENTAL PART

Two powders were used as a feedstock for plasma
spraying using a hybrid water-stabilized torch WSP-H
500© (Institute of Plasma Physics CAS, v.v.i, CZ)
operated at the power of 160 kW, namely, a commer-
cially pure (CP) aluminium powder with grain sizes from
45 μm to 90 μm and aluminium alloy AlCr6Fe2 (ICT-
Prague, CZ) with grain sizes from 80 μm to 180 μm. The
aluminium alloy powder was prepared with the atomi-
zation of the melted aluminium alloy AlCr6Fe2 using
compressed Ar and the subsequent sieving to achieve the
proper fraction. During plasma spraying, the powder in
the quantity of 110 g/min was injected with compressed
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air into the plasma jet, and the spraying distance was 330
mm. The substrates of (70 × 20 × 5) mm were
manufactured from magnesium alloy AZ91. Prior to
plasma spraying, the substrates were grit blasted with
alumina grit and degreased in acetone. The original
feedstock powder as well as both the free surface and the
metallographic cross-sections of the sprayed layers were
observed with a scanning electron microscope EVO MA
15 (Carl Zeiss SMT, D). The cylindrical specimens (the
substrate of magnesium alloy AZ91) with a diameter of
25 mm, a height of 50 mm and with an impassable
tapped screw M10 were prepared for the evaluation of
the coating adhesion strength, which was conducted in
accordance with the ASTM C 633 standard. The coating
deposition was carried out on the blasted cylinder ends
with a roughness of approximately Ra 9.5 μm, pre-
heated to 180 °C and with a target thicknesses of
approximately 500 μm. This thickness guaranteed that
the coating-adhesion test was not influenced by the glue
penetrating into the coating microstructure.10 The
counterpart, i.e., a steel cylinder of the same dimensions,
was glued with the heat-hardenable one-component
epoxy adhesive E1100S (Gupex, UK) on the plasma-
coated surface. After the heat hardening of the adhesive,
tension tests were conducted using an Instron 1362 (In-
stron, UK) electro-mechanical tensile testing machine.
The presented adhesion-strength result is the average of
six measurements.

Table 1: Average values of the adhesion strength for CP-Al and alu-
minium alloy
Tabela 1: Povpre~na vrednost adhezijske trdnosti za CP – Al in alu-
minijevo zlitino

Sample Adhesion strength
CP-aluminium coating 18.94 ± 1.29 MPa

Aluminium-alloy coating 12.15 ± 1.22 MPa

In order to obtain a compact reference sample for
abrasive-wear testing, the feedstock powders, used for

plasma spraying, were sintered by means of the spark-
plasma-sintering (SPS) technique.11 The sintering began
with evacuation of the chamber. Afterwards, the sample
was pre-loaded to 20 MPa, followed by heating with a
rate of 100 °C/min. After reaching the desired sintering
temperature of 550 °C, the sample was loaded with the
final compression pressure of 80 MPa. The dwell time at
this temperature and pressure was 5 min. After the dwell
time, the DC pulse source was turned off and the sample
was cooled down to the room temperature by free
cooling. After aeration of the chamber, the sample was
removed from the graphite tool.

The wear resistance of the samples was evaluated by
the slurry abrasion response (SAR) test following the
ASTM standard.12 The test was carried out in four
increments (runs) with the mass loss being measured at
the end of each run. The applied force was 22 N per
specimen. In the case of the studied materials, the runs
were shortened to one quarter of the standard duration
because of the relatively low thickness and resistance of
the coatings. After each run, the specimens were ultra-
sonically cleaned, dried and weighted. The slurry con-
sisted of 150 g of organic oil (the water recommended in
the ASTM standard had to be avoided because of its
reactivity with the studied materials) and 150 g of
alumina powder with a size of 40–50 μm. The accuracy
of the measurement is typically ± 5 %.12

Microhardness was measured using a Hanemann
microhardness head (Zeiss, Germany) mounted on an
optical microscope with a fixed load of 0.5 N and a
Vickers indenter. Twenty indentations made at randomly
selected spots on the cross-section of each sample were
analyzed.

3 RESULTS AND DISCUSSION

3.1 Microstructure

Figure 1 depicts the microstructures of the used
powders: a) CP aluminium and b) aluminium alloy
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Figure 2: Free surface of the layer prepared with plasma spraying:
a) aluminium powder CP-Al and b) aluminium alloy (SEM – BSE)
Slika 2: Prosta povr{ina nanosa, izdelanega s plazemskim napr{e-
vanjem: a) aluminija v prahu CP-Al in b) aluminijeva zlitina (SEM –
BSE)

Figure 1: Feedstock powder: a) aluminium CP-Al, fraction 90 + 45
μm, b) aluminium alloy AlCr6Fe2, fraction 180 + 80 μm (SEM –
BSE)
Slika 1: Izhodni prah: a) aluminij CP-Al – 90 + 45 μm frakcija, b)
aluminijeva zlitina AlCr6Fe2, frakcija 180 + 80 μm (SEM – BSE)



AlCr6Fe2. It can be seen that the used aluminium
powder on Figure 1a was of an irregular shape, most
often consisting of elongated straight or twisted particles.
The aluminium alloy from Figure 1b consisted of
regular spherical particles with the mean size of about
100 micrometers. It is also visible on Figure 2a that the
surface of the sprayed coatings is mainly composed of
irregular splats and small spherical particles. In the case
of the aluminium alloy from Figure 2b the surface is
dominantly composed of irregular splats.

Figure 3 shows the cross-sectional microstructure of
the plasma coating of CP aluminium on magnesium
alloy AZ 91. The microstructure is typical for plasma-
sprayed metallic coating sprayed in an open-air atmo-
sphere, containing splats, spherical particles and pores.
The layer was prepared using plasma spraying with the
average thickness of 448±31 μm. The plasma-sprayed
layer of the aluminium alloy on magnesium alloy AZ-91
is shown in Figure 4. The layer contains large particles
and splats because almost a double grain size of the

powder was used. The prepared layer has an average
thickness of 489±26 μm.

3.2 Adhesion testing

The average value of the tensile adhesion strength of
CP Al coating is 18.94±1.29 MPa, and the one of the
aluminum alloy is 12.15±1.22 MPa. In the case of CP Al
coatings, all samples were fractured near the coating-
substrate (Figure 5) interface in combined cohesion/
adhesion failure. In the case of Al alloy coating on
AZ91, the whole layer was detached from the surface at
the substrate-coating interface in all six measured
samples (adhesion failure of Al alloy coating, cross-
section, Figure 6). The values of adhesion strength for
CP aluminium coating ranging from 17 to 20.5 MPa are
significantly higher than in the case of the strength of Al
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Figure 6: Residue of aluminium alloy coating on AZ 91 after the
adhesion test (SEM – BSE)
Slika 6: Ostanki aluminijeve zlitine na AZ91 po preizkusu adhezije
(SEM – BSE)

Figure 4: Microstructure of the cross-section of the aluminium alloy
sprayed on magnesium alloy AZ 91 (SEM – BSE)
Slika 4: Mikrostruktura prereza aluminijeve zlitine nabrizgane na
magnezijevo zlitino AZ91 (SEM – BSE)

Figure 3: Microstructure of the cross-section of CP-Al sprayed on
magnesium alloy AZ 91 (SEM – BSE)
Slika 3: Mikrostruktura prereza nabrizganega CP-Al na magnezijeve
zlitine AZ91 (SEM – BSE)

Figure 5: Residue of CP-Al coating on AZ 91 after the adhesion test
(SEM – BSE)
Slika 5: Ostanki CP-Al nanosa na AZ91 po preizkusu adhezije (SEM-
BSE)

Figure 7: SAR test result, weight-loss dependence on the travel
distance
Slika 7: Rezultati SAR-preizkusa, odvisnost izgube te`e od dol`ine
poti



alloy coatings, and also higher than published by Maria
Parco et al.,8 who published values ranged from 6 MPa to
12 MPa for the substrate without pre-heating, and
adhesion strength of 15 MPa for the substrate preheated
to 160 °C and with a blasted surface.

The results of the wear-resistance measurement,
namely, the dependence of mass losses for path lengths
(576, 1152, 1728 and 2304) m, are plotted in the graph in
Figure 7. The results of the wear-resistance measure-
ment are in line with the expectations, i.e., the
SPS-sintered pure aluminium showed the highest wear
loss followed by the uncoated magnesium alloy AZ 91. It
is clearly visible in the graph that both plasma coatings
have an improved wear resistance of the substrate
material (AZ 91). The best results are achieved when
aluminium alloy is used as a coating, and the wear values
within the distance of 1152 m are similar to those of the
sintered aluminium alloy. The sintered aluminium alloy,
followed by the aluminium-alloy coating, are the most
resistant to wear for the whole path. The measured
roughness is listed in Table 2. The roughness is rather
high for the as-sprayed coatings but after 576 m of the
wear test, it is greatly reduced and not changed signifi-
cantly during the further wear testing. The compact
sintered aluminium alloy is tougher and more resistant to
abrasion and there is a similar effect of the plasma

spraying technology when used for improving the
abrasion resistance.

Table 2: Roughness Ra (μm) of the free surfaces of test samples before
and during the wear test
Tabela 2: Hrapavost Ra (μm) treh prostih povr{in na preizku{ancih,
pred in po preizkusu obrabe

Sample 0 576 m 1728 m 2304 m
uncoated AZ-91 2.3 1.9 2.0 2.4

CP Al-coated AZ-91 14.8 5.9 5.0 7.0
Al-alloy coated AZ-91 20.2 10.6 9.0 8.2

Table 3: Microhardness of plasma-sprayed layers
Tabela 3: Mikrotrdota plazemsko nabrizganih plasti

Sample Microhardness (HVm)
CP Al coating 65±11

Al-alloy coating 223±48
Substrate 120±42

Plasma-sprayed CP-Al, Figure 8a, has the surface
textured in the direction of the movement of the test
(deep vertical grooves). The plasma-sprayed aluminium
alloy, Figure 8b, has, thanks to its higher hardness
(Table 3), very homogeneous wear damage concentrated
only in small areas. The highest weight loss during the
wear test was shown on sintered pure aluminium and the
uncoated magnesium alloy AZ 91. Their surfaces are
displayed in Figures 8c and 8e. The surfaces are
scratched by the abrasive medium but the damage is very
homogeneous. The appearance of the surface of the
SPS-sintered aluminum alloy, Figure 8d, is similar.
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Figure 9: Details of the microstructures of plasma-sprayed layers with
indenter imprint after the measurement of microhardness (SEM –
BSE): a) aluminium alloy, b) CP-aluminium
Slika 9: Detajl mikrostrukture s plazmo nabrizganega sloja, z odtis-
kom trdote po merjenju mikrotrdote (SEM – BSE): a) aluminijeva
zlitina, b) CP-aluminium

Figure 8: Free surfaces of the samples after the measurement of
abrasion resistance: a) plasma-sprayed CP-Al, b) plasma-sprayed
aluminium alloy, c) SPS-sintered CP-Al, d) SPS-sintered aluminium
alloy, e) uncoated AZ-91 (SEM – SE)
Slika 8: Prosta povr{ina vzorcev po merjenju odpornosti na abrazijo:
a) plazemsko nabrizgan CP-Al, b) plazemsko nabrizgana aluminijeva
zlitina, c) SPS sintran CP-al, d9 SPS sintrana aluminijeva zlitina, e)
AZ-91 brez nanosa (SEM – SE)



3.3 Hardness

The hardness-measurement results are listed in Table 3
for the plasma-sprayed layers and the substrate. The
measured microhardness values are comparable with the
microhardness of the Al coatings deposited with the
cold-spray technique.13 The average microhardness of
the plasma-sprayed aluminium alloy (223 HVm) is
nearly four times higher than that of the sprayed CP
aluminium (65 HVm). In reference9 dealing with the
thermal stability of a similar alloy, a hardness of
160–195 HV is listed. Figure 9 shows micrographs of
the indents. In both cases, the coatings are very plastic,
without any cracks (in the case of a small load) initiating
from the indent corners and also without any distortion
of the adjacent pores.

4 CONCLUSION

In this work, plasma-sprayed coatings of commer-
cially pure (CP) aluminium and aluminium alloy
AlCr6Fe2 were applied on the magnesium alloy AZ 91
by means of a hybrid water-stabilized torch WSP-H
500©. Layers with a thickness of 450 μm for CP alumi-
nium and 490 μm for the aluminium alloy were prepared.
Both obtained plasma-sprayed coatings are relatively
inhomogeneous and porous. The micrographs (Figures 3
and 4) show incomplete metallurgical bonds between
individual powder particles and molten droplets (splats),
respectively. The prepared plasma coatings have a rela-
tively good adhesion, microhardness and abrasion resis-
tance in comparison with the relevant literature. Plasma
coating of CP aluminium showed the average adhesion
strength of 19 MPa, and the aluminium alloy showed an
adhesive strength of 12 MPa. During the pull-off test,
combined adhesive-cohesive fracture of the CP-alumi-
num coating occurred. In the case of the aluminium-alloy
coating, the whole layer was pulled off, leading to the
adhesion mode of failure. The results also clearly show
that the abrasion resistance of the plasma-sprayed
CP-aluminum coating is better than that of the sintered
CP aluminum. In case of the aluminium alloy, the
plasma-sprayed coating and the sintered material have a
similar abrasion resistance.
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Heat treatment is increasingly used in the heavy industry. The main advantage of this method is the achievement of the required
material and mechanical properties. Heat treatment allows for a manufacturing process, which can improve product performance
by increasing the steel strength, hardness and other desirable characteristics. The microstructure, grain size and chemical
composition of steel affect its overall mechanical behavior. Heat treatment is an efficient way to manipulate the properties of a
steel product by controlling the cooling rate. It can be expressed using the heat-transfer coefficient (HTC). The controllability of
the cooling process is very important. Mist and water nozzles may provide good controllability of the HTC. An experimental
stand was designed and built. The stand consists of a movable trolley with a test sample, which moves under a spray at a given
velocity. Sensors record the temperature history of the tested material. This experimental stand enables simulations of a variety
of cooling regimes and evaluations of the final structures of tested samples. The same experimental stand is also used for
designing cooling sections in order to determine the required heat-treatment procedures and the final structures. This paper
describes a cooling-section design procedure for obtaining the required structure and mechanical properties of rails.
Keywords: heat transfer, heat treatment, cooling, heat-transfer coefficient, spray cooling

Uporaba toplotne obdelave se v te`ki industriji pove~uje. Glavna prednost te metode je, da se dose`e zahtevane mehanske
lastnosti materiala. Toplotna obdelava omogo~a postopke izdelave, ki lahko izbolj{ajo lastnosti proizvodov s tem, da pove~ajo
trdnost jekla, trdoto in druge za`eljene zna~ilnosti. Mikrostruktura, velikost zrn in kemijska sestava jekla vplivajo na mehanske
lastnosti. Toplotna obdelava je u~inkovita pot za vplivanje na lastnosti jeklenega proizvoda s kontroliranjem hitrosti ohlajanja.
Lahko se jo izrazi z uporabo koeficienta prenosa toplote. Mo`nost kontrole postopka ohlajanja je zelo pomembna. Obvladanje
procesa ohlajanja je zelo pomembno. Vodna para in vodne {obe omogo~ajo dobro kontrolo koeficienta prenosa toplote (angl.
HTC). Na~rtovano in postavljeno je bilo eksperimentalno stojalo. Stojalo sestoji iz vozi~ka z vzorcem, ki se pomika pod {obe z
dano hitrostjo. Senzorji bele`ijo temperaturno zgodovino vzorca. Eksperimentalno stojalo omogo~a simulacijo razli~nih
re`imov ohlajanja in oceno kon~ne mikrostrukture preizku{enega vzorca. Isto stojalo je uporabno tudi kot orodje pri na~rtovanju
hladilnih odsekov za dolo~anje postopka toplotne obdelave in kon~ne mikrostrukture. ^lanek opisuje postopek na~rtovanja
odseka za izvajanje hlajenja, za zagotavljanje `eljene mikrostrukture in mehanskih lastnosti `elezni{kih tirnic.
Klju~ne besede: prenos toplote, toplotna obdelava, ohlajanje, koeficient prenosa toplote, ohlajanje s pr{enjem

1 INTRODUCTION

Heat treatment of rolled materials by hot rolling
plants has become frequent. Alloying elements are typi-
cally used to improve material properties. Heat treatment
is a different approach applied to achieve the required
material properties using fewer alloys in the steel. Heat
treatment enables the manufacture of modern steels with
a higher ratio of yield strength and elongation. The con-
trollability of the cooling process is the most important
aspect for achieving the required mechanical properties.
An appropriate cooling intensity and its duration are
chosen with respect to the continuous cooling transfor-
mation diagram (CCT) for the selected material.
Numerical simulation of the cooling follows. One task is
to determine the boundary condition (HTC – heat trans-
fer coefficient) for the simulation because various para-
meters such as nozzle type, spray distance, water
impingement density, nozzle position, nozzle overlap,
movement velocity and scales have significant influences
on the cooling intensity.1–3 Additionally, accurate ther-
mo-physical material properties are needed for simu-

lations.4 The Heat Transfer and Fluid Flow Laboratory
developed a methodology for predicting the temperature
field of heat-treated rails. This methodology is described
in this article.

2 DESIGN STRATEGY FOR THE COOLING
SECTION

Three different types of experiments were done to
predict the required cooling regime defined by the CCT
diagram. A special hardening-capacity test bench (Fig-
ure 1) was developed to find the limits of a quenched
rail. The test bench consists of a heater, a trolley with a
tested sample, a water nozzle holder and a pneumatically
driven deflector.

Each test starts with heating a rail-head sample to the
initial temperature. This temperature is held for more
than 10 min to attain the austenite structure of the entire
body. The sample is protected with an inert atmosphere
in the furnace to prevent the development of scales.
Next, the sample is moved from the heater to a position
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under the nozzle. The pneumatically driven deflector,
positioned between the nozzle and the sample, is moved
and the water sprays the top of the rail head. Each
sample is equipped with thermocouples under the surface
to detect the temperature gradient in the material. The
material hardness and its structure are observed. The
hardness values of the original (base) material and the
heat-treated material are compared because the heat-
treatment process is dependent on the quality of the
steel-making process (chemical composition, enclosures,
casting speed, etc.).5–8

If these tests are sufficient, heat-transfer tests are then
performed. A special testing bench called a linear stand
(Figure 2) was developed by the Heat Transfer and Fluid
Flow Laboratory. This bench is a six-meter long girder
with a trolley which can move the tested rail sample,
plate, etc., through the cooling section. A 25 mm thick,
flat austenitic steel plate is used for the heat-transfer
tests. It is embedded with four thermocouples positioned
0.5 mm under the sprayed surface. This plate is moved
through the spray-cooling system (2 m long) in two
directions, forward and backward.

The dependences of the heat-transfer coefficient on
the surface temperature are evaluated for various cooling
parameters (spray distance, type of nozzle, water im-
pingement density, etc.). The obtained boundary condi-
tions are used for simulations to predict the temperature

field in the rail head. The shape of the rail also has a
significant influence on the cooling intensity. Therefore,
an authentically shaped austenitic steel sample is made
and embedded with several thermocouples, positioned 2
mm under the rail surface. The length of this sample is
around 300 mm. Simulations of the rail cooling are
compared with the temperatures measured during the
austenitic rail cooling. The boundary conditions obtained
from the flat austenitic steel plate are adjusted and the
model is verified with measurements. The last step is the
verification including a full-scale, carbon-rail sample. A
sample is fixed on the trolley (the linear stand) and
moved through the cooling section. The measured and
simulated temperatures are compared and the cooling
model is verified. Finally, the hardness is measured
again. This is the most important result that shows if the
cooling regime works optimally.

3 RESULTS

The cooling strategy was described in Section 2. The
experimental steps began with the study of CCT
diagrams. Material R260 was chosen for the heat-treat-
ment tests. The hardness-capacity tests were performed
first to find the limit of the quenched material and to
choose the appropriate nozzle size with respect to the
required cooling regime. All the tested samples were
embedded with thermocouples to verify the cooling
regime. These samples were sawed after quenching and
hardness was measured along the center line of the rail
head (from the top of the surface down to the center – the
red line). An example of the cooling regime (for a
successful test) is shown in Figure 3.

The measured hardness for this sample was around
400 HV0.3 (Figure 4). The required fine pearlite struc-
ture was found using a microstructure analysis (Figure 5).
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Figure 1: Hardening-capacity test bench
Slika 1: Preizku{anje zmogljivosti utrjevanja

Figure 3: Temperature record for the rail head during a successful
static-hardness-capacity test
Slika 3: Zapis temperature glave tirnice med uspe{nim preizkusom
zmogljivosti trdote

Figure 2: Linear-stand scheme
Slika 2: Shema linearnega stojala



An appropriate choice of the nozzle and the verifi-
cation of the cooling regime using the CCT diagram
were confirmed with a static-hardening-capacity test.
The next step was to find the cooling parameters for the
moving samples (transient boundary conditions). The
linear stand was used for these tests. A 25 mm thick, flat
austenitic steel plate was used and several parameters
such as water pressure, spray distance, spray angle and

movement velocity were tested. The boundary conditions
obtained from the experiment were used to simulate the
cooling regime for a real moving rail. A full-scale rail
sample (material R260) was built and embedded with six
thermocouples positioned 2 mm under the surface (Fig-
ure 6).

M. HNIZDIL, P. KOTRBACEK: HEAT TREATMENT OF RAILS

Materiali in tehnologije / Materials and technology 51 (2017) 2, 329–332 331

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 4: Measured hardness of the rail head after the static-hard-
ness-capacity test
Slika 4: Izmerjena trdota v glavi tirnice med stati~nim preizkusom
trdote

Figure 7: Temperature record for the heat-treated full-scale sample
Slika 7: Temperatura zabele`ena na toplotno obdelanem realnem
vzorcu

Figure 5: Microstructure – close to the sprayed surface – center of the
rail-head surface
Slika 5: Mikrostruktura – blizu po{kropljene povr{ine – sredina po-
vr{ine glave tirnice

Figure 8: Measured hardness at the center line of the rail head
Slika 8: Trdota izmerjena na sredini glave tirnice

Figure 6: Full-scale carbon sample heated to the initial temperature
before entering the cooling section
Slika 6: Realen vzorec ogret do za~etne temperature pred vstopom v
podro~je ohlajanja



The first full-scale test showed that the rail shape has
a significant influence on the cooling intensity, so
additional experiments with a full-scale austenitic sam-
ple and temperature-field prediction-model tuning were
necessary to obtain the required material structure.
Finally, a full-scale, carbon-rail sample was made and it
too was embedded with thermocouples. Simulated tem-
peratures were compared to measured temperatures and
the model was verified. An example of the cooling re-
gime of a successful full-scale test is shown in Figure 7.

The measured hardness of this sample was around
400 HV0.3 (Figure 8). This corresponded to the results
from the static-hardening-capacity test.

4 CONCLUSION

The goal of this article was to illustrate a verified
methodology for rail heat treatment. The first step was to
compute a CCT diagram and determine the settings for
the optimum cooling regime to achieve the required
material structure. The accuracy of the CCT diagram was
verified with a hardening-capacity test (Jominy test). The
next step was to measure the dependence of the heat-
transfer coefficient on the surface temperature using a
flat austenitic steel plate with thermal sensors. Various
cooling parameters were tested: water pressure, spray
distance, spray angle, movement velocity and others.
These boundary conditions were used to predict the tem-
perature-field evolution in the rail. It was found that the
rail shape has a significant influence on the cooling in-
tensity. A full-scale austenitic steel rail sample (300 mm
long) was made and the cooling model was tuned using
simulation data and the temperatures measured during
the experiments with a full-scale sample. The final
design of the cooling section was made and the cooling
model was verified by measuring an authentic full-scale

carbon sample in the laboratory. The final hardness of
the heat-treated rail sample was measured and compared
with the data obtained during the hardening-capacity
test. Both of these results were around 400 HV0.3. A
fine perlite structure was found along the center line of
the heat-treated rail-head sample.
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Mechanical properties of sheet materials are affected by the strain conditions. In this study, the influence of the strain rate on the
mechanical properties of AA2139-T351 aluminium-alloy sheet materials was studied, by applying uniaxial tensile tests on these
materials at four different strain rates (0.03, 0.003, 0.0003, 0.00003) s–1. Upon analysing the obtained results, it was seen that
the elongation, anisotropy value and the load-carrying ability during the necking were reduced, while the AA2139-T351 yield
strength, tensile strength, work-hardening coefficient and work-hardening rate were not significantly affected by the increasing
strain rate.
Keywords: strain rate, tensile strength, aluminium alloys, AA2139-T351

Na mehanske lastnosti plo~evin vplivajo pogoji obremenjevanja. V {tudiji je prou~evan vpliv hitrosti obremenjevanja na
mehanske lastnosti plo~evine iz aluminijeve zlitine AA2139-T351, z uporabo enoosnega nateznega preizkusa tega materiala pri
{tirih razli~nih hitrostih obremenjevanja (0,03, 0,003, 0,0003, 0,00003) s–1. Iz analize dobljenih rezultatov sledi; raztezek,
vrednost anizotropije in nosilna sposobnost na kontrakcijo so se zmanj{ali, medtem ko se meja te~enja AA2139-T351, natezna
trdnost, koeficient utrjevanja in hitrost utrjevanja niso spreminjale pri pove~ani hitrosti obremenjevanja.
Klju~ne besede: hitrost obremenjevanja, nateznost, aluminijeve zlitine, AA2139-T351

1 INTRODUCTION

The main purpose of the current studies conducted on
the materials used in vehicles, is to observe the fuel con-
sumption when using light materials such as aluminium
and magnesium alloys and, as a result, the reduction of
the CO2 fingerprint.1 Aluminium alloys are widely pre-
ferred in the automotive and aerospace industries
because these materials have superior characteristics
such as low density, high strength and formability capa-
bilities, resource availability, high corrosion resistance,
good thermal and electrical conductivity.1–2

Tensile testing is a widely used method in order to
determine a number of mechanical properties of mate-
rials and their deformation behaviours. Many parameters
obtained from a tensile test may differ depending on the
deformation conditions of the material.3 The strain rate is
known to affect the mechanical properties of many me-
tallic materials by affecting the stress/strain relationship.2

When the studies on the effect of the strain rate on the
mechanical properties of aluminium alloys were exa-
mined, T. Ohwue et al.4 determined, by examining the
mechanical properties depending on the temperature and
strain rate of aluminium/magnesium alloys, that the
tensile strength is not affected by an increase in the strain
rate at room temperature and that the amount of elonga-

tion shows very little tendency to decrease.4 In the study
of Y. Chen et al.5 it was seen that the strain rate had no
significant effect on the tensile behaviour of the AA6xxx
and AA7xxx aluminium alloy series, that a strain-rate
increase had no significant effect on the yield strength
and that this increase only slightly improved the tensile
strength.5 In the study of O. – G. Lodema et al.6 they
determined, by examining the strain rate sensitivity of
the AA1200 and 3103 aluminium alloys, that a slight in-
crease in the tensile strength and elongation amount
occurred depending on the increase of the strain rate
although the yield strength was not affected. M. J. Ha-
dianfard et al.7 determined, at different strain rates of the
AA5182 and AA5754 alloys, that the tensile strength and
the elongation amount decreased with an increase in the
strain rate while the yield strength was not affected due
to the increase in the strain rate. F. Ozturk et al.8 deter-
mined in their study that there is a decrease in the
increase in the strain rate, the elongation amount and the
work-hardening coefficient of the 5052 aluminium alloy
at room temperature. A. L. Noradila et al.9 studied the
tensile properties and work-hardening behaviour of alu-
minium/magnesium alloys. F. Ozturk et al.10 also studied
the work-hardening and strain-sensitivity behaviour of
the high-strength steel sheet in their other study.
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Upon considering the studies in the literature, it is
seen that researches were conducted to specify the me-
chanical properties of various aluminium alloys.

A determination of the mechanical properties of
AA2139-T351 has a great importance for the aerospace
industry. In this study, the mechanical properties of the
AA2139-T351 aluminium-alloy sheet material were
studied in detail at different strain rates and the obtained
data was intended to be included into the literature.

2 MATERIAL AND EXPERIMENTAL PART

2.1 Material

In this study, the mechanical properties of the
AA2139-T351 aluminium-alloy sheet material were
examined depending on the strain rate. The chemical
composition of this material is presented in Table 1.
Moreover, microstructure photographs taken in the
rolling direction, plane direction and traverse direction
are also shown in Figure 1.

Tensile-test specimens in line with the ASTM E517
standard were used in the uniaxial tensile tests performed
in order to determine of the mechanical properties. The
cutting process was carried out on a water-jet machine to
minimize the thermal effects that could have occurred in
the sheet material during the preparation of the test spe-
cimens. Also, the notch effect that could have occurred
during the strain was eliminated by polishing the side
surfaces of the test specimens.

2.2 Experimental study

The mechanical properties of the AA2139-T351
aluminium-alloy sheet material depending on the strain
rate at room temperature were determined by using a
mechanical strain meter and an Instron 5500 tensile
meter. According to the standard ASTM E517, the ten-
sion tests at four different strain rates (0.03, 0.003,
0.0003, 0.00003) s–1 were performed on the specimens

with a sheet thickness of 1.6 mm in two different rolling
directions (rolling direction, traverse direction). The
average values were determined by repeating the tests
three times for each parameter in order to reduce the
margin of error. The yield strength, the tensile strength,
the work-hardening coefficient, the total elongation and
the anisotropy values were determined as a result of
these tests, by obtaining true stress/true strain curves
depending on the strain rate. In addition, the strain-rate
sensitivity, work-hardening rate and load capacity on
necking were examined.

3 RESULTS AND DISCUSSION

3.1 Tensile-test results

The change in the mechanical properties of the sheet
material was determined by performing the tensile tests
at the (0.03, 0.003, 0.0003, 0.00003) s–1 strain rates. The
data obtained from the tensile test are given in Table 2.
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Figure 2: Yield strength – strain rate relation
Slika 2: Odvisnost meja plasti~nosti – hitrost obremenjevanja

Figure 1: Microstructure of the AA2139-T351 alloy
Slika 1: Mikrostruktura zlitine AA2139-T351

Table 1: Chemical composition of AA2139-T351 sheet-metal material, in mass fractions (w/%)
Tabela 1: Kemijska sestava materiala plo~evine AA2139-T351, v masnih odstotkih (w/%)

Material Cu Mg Ag Mn Si Fe Ti Zr Sn Ni Cr Al
2139-T351 4.80 0.43 0.31 0.27 0.06 0.06 0.06 0.03 <0.01 <0.01 < 0.01 Bal



The strain rate/yield strength relationship of the
AA2139-T351 aluminium alloy is shown in Figure 2.
When Figure 2 is examined, the yield strength between
the minimum (0.00003 s–1) and the maximum (0.03 s–1)
strain ratios is determined to be approximately between
332 MPa and 334 MPa in the rolling direction and bet-
ween 265 and 268 MPa in the traverse direction. The
strain rate and the yield strength are shown to vary to a
very small extent. Therefore, the yield strength of the
AA2139-T351 aluminium alloy is not affected by the
increase in the strain rate. This outcome is found to be in
compliance with the results from the studies conducted
by Y. Chen et al.,5 O. – G. Lodema et al.6 and M. J. Ha-
dianfard et al.5–7

Table 2: AA2139-T351 tensile-test results
Tabela 2: Rezultati nateznih preizkusov AA2139-T351

Dire-
ction

Strain
rate

Yield
strength

Tensile
strength

R
value

Elon-
gation

Harden-
ing coef-

ficient
Rolling 0.03 333.9 502.4 0.730 16.3 0.156
Rolling 0.003 334.9 499.5 1.078 16.2 0.170
Rolling 0.0003 332.7 497.1 1.097 17.2 0.168
Rolling 0.00003 334.0 498.2 1.116 17.3 0.169
Traverse 0.03 266.5 473.4 0.990 15.5 0.179
Traverse 0.003 266.3 475.0 1.052 15.8 0.189
Traverse 0.0003 268.0 476.2 1.198 16.7 0.189
Traverse 0.00003 267.3 480.1 1.219 16.5 0.188

The amount of the tensile strength of a material is an
extremely important parameter for the selection of the
materials in engineering applications. The strain rate/ten-
sile strength relationship is given in Figure 3. The tensile
strength was determined to be 497–502 MPa in the
rolling direction and 473–480 MPa in the traverse direc-
tion in the quasi-static strain-rate tests. The tensile
strength was seen to be effected by the strain rate in a
very small range. While the tensile strength was not

affected by an increase in the strain rate in the study of T.
Ohwue et al.,4 a small increase in the tensile strength was
found to occur in the studies of Y. Chen et al.5 and O. –
G. Lodemo et al.6 Upon increasing the strain rate, the
tensile strength of the material was found to reduce
slightly depending on the occurring failure mechanisms
in the study of M. J. Hadianfard et al.7 The shift me-
chanisms may be delayed, especially in the soft matrix
phase (�), due to an increase in the strain rate. In this
case, the tensile strength of the material is thought not to
significantly increase with the increasing strain rate
because it may cause a premature rupture of the pre-
cipitates when the occurring tensile stress directly affects
the precipitates.

The amount of elongation of the sheet-metal ma-
terials is extremely important in terms of sheet-metal
forming processes. The elongation behaviour of a mate-
rial under a desired amount leads to tear formation on the
sheet metal before the sheet metal is formed as desired.
The amount of elongation is known to decrease with an
increase in the strain rate.7–8 Figure 4 shows the elon-
gation behaviour of the AA2139-T351 aluminium alloy
depending on the strain rate. The maximum elongation
occurred at the two lowest strain rates (0.00003 s–1 and
0.0003 s–1) in the rolling direction. The elongation
capability of the material was reduced with the increase
in strain rate.

The material gains strength through the hardening
occurring depending on the dislocation pile-up in the
internal structure of the material during the strain of the
sheet-metal materials. The strain rate may affect the dis-
location pile-up and, consequently, the material strength.
Upon examining the relationship between the work-hard-
ening coefficient and the strain rate in Figure 5, a slight
reduction in the work-hardening coefficient is observed
in the results obtained from the maximum strain-rate
parameter (0.03 s–1), while no change in the low strain
rates is observed. When the overall results are examined,
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Figure 3: Tensile strength – strain rate relation
Slika 3: Odvisnost natezna trdnost – hitrost obremenjevanja

Figure 4: Elongation – strain rate relation
Slika 4: Odvisnost raztezek – hitrost obremenjevanja



the work-hardening coefficients obtained in the traverse
direction are seen to be higher than the results obtained
in the rolling direction. In the study of F. Ozturk et al.,8 a
very slight reduction in the coefficient of work hardening
was seen to occur with an increase in the strain rate and
the work-hardening coefficient was determined to
change in a very small range depending on the strain
rate.8–9

When the planar anisotropy value in Figure 6 was
examined, the anisotropy value was found to decrease
with an increase in the strain rate. The decrease in the
amount of elongation due to an increase in the strain rate
supports this conclusion.

In the scope of the study, the sensitivity rate between
the strain-rate values used in the tests for the
AA2139-T351 aluminium-alloy sheet material was
determined. For this purpose, the lowest strain rate of

0.00003 s–1 was selected as the reference value and it
was calculated according to the formulas shown in
Equation (1). When Figure 7 was examined, it was seen
that the strain-rate sensitivity was reduced as long as the
rate range was decreased. When the maximum strain rate
is applied, the decrease in the strain-rate sensitivity is
thought to adversely affect the plastic deformation since
the decrease in the strain-rate sensitivity adversely
affects the plastic deformation in Equation (1):

m (�)
( ))

( ))
�



�
=

d(ln

d(ln
(1)

In this study, the work-hardening rate was used to
show the ability of the AA2139-T351 aluminium alloys
for work hardens after the occurrence of plastic defor-
mation. Work hardening occurs due to the dislocation
movements and dislocation generation against the crystal
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Figure 5: Hardening coefficient – strain rate relation
Slika 5: Odvisnost med koeficientom utrjevanja in hitrostjo obreme-
njevanja

Figure 8: Work hardening rate – true stress relation in the transverse
direction
Slika 8: Odvisnost: hitrost deformacijskega utrjevanja – prava nape-
tost v pre~ni smeri

Figure 6: Anisotropy – strain rate relation
Slika 6: Odvisnost: anizotropija – hitrost obremenjevanja

Figure 7: Strain rate sensitivity – strain rate relation
Slika 7: Odvisnost: ob~utljivost na hitrost obremenjevanja – hitrost
obremenjevanja



structures of alloys.9 The change in the work-hardening
rate due to the strain rate is shown Figures 8 and 9. The
work-hardening rate was determined to decrease with the
increasing stress in the rolling direction. It is possible to
interpret this case as a decrease in the work-hardening
rate with the increase in the amount of strain. When the
work-hardening-rate values obtained in the traverse
direction and the rolling direction are compared, a higher
amount of the work-hardening rate is found in the tra-
verse direction than in the rolling direction. The reason
for this is thought to be the fact that the work-hard-
ening-coefficient result obtained for the traverse direc-
tion is higher than that obtained for the rolling direction
although very close tensile-strength values are obtained.

The behaviour of the material strain due to reaching
the maximum tensile strength up to fracture is referred to
as the necking.10

The load-carrying capacity of a material during its
necking behaviour depending on the strain rate was

studied in the current study. Upon analysing the rela-
tionship between the load-carrying capacity and the
strain rate in Figures 10 and 11, the fracture behaviour
of the material was found to occur early with the
increasing strain rate in the direction of rolling, and the
load capacity of the material during the necking was
determined to decrease with the increasing strain rate.
The materials with a high tensile strength were seen to
show their fracture behaviour earlier in the study of F.
Ozturk et al.8 When the traverse-direction and rolling-
direction losses of the load-carrying ability during the
necking were compared, the earlier fracture was deter-
mined to occur in the rolling direction having a higher
tensile strength.

4 CONCLUSIONS

It was found that the semi-static strain rates, the yield
strength, the tensile strength and the work-hardening
coefficient of the AA2139-T351 aluminium alloy are not
significantly affected by the strain rate. The amounts of
the elongation and anisotropy (r) tend to decrease with
an increase in the strain rate. The material shows a
negative strain-rate sensitivity. The work-hardening rate
was found not to be significantly influenced by the strain
rate. The load-carrying ability during the necking
decreased slightly with the increase in the strain rate.
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Figure 9: Work hardening rate – true stress relation in the rolling
direction
Slika 9: Odvisnost: hitrost utrjevanja – prava napetost v smeri valjanja

Figure 11: Rolling-direction loss of the load-carrying ability during
the necking
Slika 11: Zmanj{anje nosilnosti v smeri valjanja od napetosti v vratu

Figure 10: Transverse-direction loss of the load-carrying ability of the
neck strain
Slika 10: Zmanj{anje nosilnosti v pre~ni smeri od napetosti v vratu
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The paper addresses an analysis of the influence of the batch grain size and air flow through a shaft furnace on the transfer
coefficient from the air to the batch and the time for heating the batch to the required temperature. The stated influence was
experimentally investigated on a reduced shaft-furnace model at three air-flow amounts, 48.8 m3 h–1, 56.3 m3 h–1 and 72 m3 h–1,
and three varying grain sizes of the used batch: 4–8 mm, 8–10 mm and 10–12 mm. The influence of the stated parameters upon
the evenness of the velocity field of the air along the cross-section of the furnace was also monitored in two selected horizontal
planes in order to obtain information about the air velocity in the vicinity of the wall of the model furnace and at distances of
1.5 cm, 3.5 cm and 5.0 cm from it.
Keywords: batch grain size, heat-transfer coefficient, velocity field

^lanek obravnava analizo vpliva zrnatosti vlo`ka in pretoka zraka skozi ja{kasto pe~ na koeficient prenosa iz zraka na vlo`ek in
na ~as segrevanja vlo`ka na potrebno temperaturo. Navedeni vpliv je bil eksperimentalno preiskovan na pomanj{anem modelu
ja{kaste pe~i, pri treh pretokih zraka 48,8 m3 h–1, 56,3 m3 h–1 in 72 m3 h–1 ter pri treh razli~nih zrnatostih vlo`ka: med 4–8 mm,
med 8–10 mm in med 10-12 mm. Opazovan je bil tudi vpliv omenjenih parametrov na enakomernost hitrostnega polja zraka po
preseku pe~i v dveh izbranih horizontalnih ravninah z namenom, da bi dobili informacijo o hitrosti zraka blizu stene modelne
pe~i in na razdaljah: 1,5 cm, 3,5 cm in 5,0 cm od nje.
Klju~ne besede: zrnatost vsipa, koeficient prenosa toplote, hitrostno polje

1 INTRODUCTION

Using various technical devices, it is necessary to
examine the intensity of the heat exchange between two
substances – most often between a gas and a solid sub-
stance. The heat-exchange intensity is represented by a
heat-transfer coefficient and it takes place via conduc-
tion, convection, flow and radiation.1–2

Metallurgical furnaces currently represent a compli-
cated mechanised and automated equipment and equally
complicated procedures taking place within. The thermal
regime of such industrial aggregates is very complicated
and it therefore requires appropriate attention.

Several authors focus upon the heat transfer in vary-
ing metallurgical furnaces and compare their results
obtained experimentally with the results from numeric
simulations.3–5

2 EXPERIMENTAL PART

2.1 Description of the heat exchange in a layer of a
shaft-furnace batch

The heat exchange in a batch layer of shaft furnaces
and similar furnace aggregates is provided by direct
contact between the gas medium and the batch. The heat

in the batch layer is mainly transferred via radiation and
convection.6–8 The radiation component is present to a
lesser extent than the convection component. When
heating a batch, gas radiation is influenced by the small
dimensions of the channels created between individual
grains of the batch material and the low concentration of
heteropolar gases. In practice, heat exchange via radi-
ation only takes place at high batch temperatures.

Heat exchange via conduction also takes place bet-
ween individual pieces of the batch. However, this heat
exchange is negligible.

The gas-flow velocity has a decisive effect during the
heat exchange between a flowing medium and a batch.9

An analysis of convection during the heat transfer from
the heated air to the batch was carried out on a "cold
model". This means that a simulated batch formed of
crushed chamotte at an ambient temperature was ex-
posed to a flow of heated air with a known temperature
and known volume. The influence of the grain size of the
batch and the air flow upon the intensity of the heat
exchange between the air and the batch was monitored
and represented by the heat-transfer coefficient from the
air to the batch.10
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2.2 Experimental model furnace

An experiment focusing upon obtaining the informa-
tion necessary to determine the heat-transfer coefficient
was carried out on an equipment representing an iso-
thermal model of a shaft furnace. A diagram of the
model is on Figure 1 and an image of the experimental
equipment during the measurement is on Figure 2. The
basic parameters of the model are given in Table 1. The
model has a double insulation in the lower part con-
sisting of perlite and chamotte flour. The insulation in
the upper part of the model consists of just chamotte
flour. The brickwork comes into direct contact with the
batch and the flowing air. The bottom of the model is
formed of a graduated grid, on which the batch is placed.
Below the grid, there is pipework, through which the air,
heated in a recuperator, is transported to the furnace
model.

Table 1: Basic parameters of the model
Tabela 1: Osnovni parametri modela pe~i

Height of the model furnace (mm) 856
Inner diameter of the model
furnace (mm) 110

Height of filling (mm) 488
Gas medium air
Batch crushed chamotte
Batch density (kg m–3) 1900
Batch grain size (mm) 4–8 8–10 10–12
Void fraction of the batch (1) 0.55 0.61 0.623
Air flow (m3 h–1) 48.8 56.3 72

The air flow was measured using a gas meter and its
pressure using a U-tube manometer. The measurement of
the temperature of the batch and air was carried out
using K-type (NiCr-Ni) contact thermocouples. The ther-
mocouples were led to terminal boards from where an
electric signal was transported to the data logger.

Recording and storing the data was provided by com-
puter software.

Before starting the measurement itself, air at an
ambient temperature was blown into the furnace using a
fan in order to stabilise the temperature in the batch. The
air flow and grain size changed during the experiment.
The temperature of the batch material and the tempera-
ture of the flowing air were measured along the height of
the model during the experiment.

A scheme of the furnace model with the appropriate
equipment and measurement devices is shown on Fig-
ure 3.

3 DETERMINATION OF THE HEAT-TRANSFER
COEFFICIENT

Balance equations were used for determining the
heat-transfer coefficient. The amount of delivered heat Q
was stated using Equation (1):

Q Q c t t m c t tV= ⋅ − ⋅ = ⋅ −( ) ( )’ ’’ ’’ ’
vz vz m m m� (1)

The heat-transfer coefficient related to the total vol-
ume of the model furnace can be determined from

Equation (2):

Q V t= ⋅ ⋅ ⋅� �V LSΔ (2)

M. ^ARNOGURSKÁ et al.: DETERMINING THE HEAT-TRANSFER COEFFICIENT IN AN ISOTHERMAL MODEL ...

340 Materiali in tehnologije / Materials and technology 51 (2017) 2, 339–344

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 3: Scheme of a model furnace
Slika 3: Shema modela pe~i

Figure 1: Furnace model with the thermocouple distribution
Slika 1: Model pe~i z razporeditvijo termoelementov

Figure 2: Image of the experiment equipment during the measurement
Slika 2: Pogled na eksperimentalno napravo med merjenjem



For the logarithmic mean temperature difference
�tLS, Equation (3) is used:

Δ
Δ Δ

Δ
Δ

t
t t

t

t

LS =
−’ ’’
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’’ln

(3)

whilst t t tvz m
’ ’’ ’− = Δ is the temperature difference of the

air and the batch at the inlet to the model and
t t tvz m

’’ ’ ’’− = Δ is the temperature difference of the air and
the batch at the outlet of the model.

By comparing Equations (1) and (2), we obtain the
formula for the heat-transfer coefficient related to the
volume of the furnace model:

�
�V

mm c t t

V t
=

⋅ −
⋅ ⋅

( )’’ ’
m m

LSΔ
(4)

3.1 Conditions for calculating the heat-transfer coeffi-
cient

For a batch grain size of 10–12 mm and the lowest air
flow of 48.8 m3 h–1 logarithmic mean temperature diffe-
rence �tLS was determined from Equation (3) under the
following conditions:

t vz
’ .= 2721 °C tm

’’ .= 2615 °C

t vz
’’ .=160 9 °C tm

’ .=1014 °C

The volume of the shaft furnace model with a filling
height of h = 0.488 m and an area of S = 0.0095 m2

represents value V = 0.0046 m3.
The weight of the batch for the monitored volume

was determined using Equation (5)4:

m V= ⋅ ⋅ −� ��(1 (5)

The calculated weight is 3.32 kg.
The value of the volume heat-transfer coefficient is

38 963 W m–3 K–1.
Figures 4 and 5 show the development of the heat-

transfer coefficient depending upon the time with three

different flows and batch grain sizes of 10–12 mm and
4–8 mm.

The air-flow velocity is related to the flow. With three
different air flows (48.8 m3 h–1, 56.3 m3 h–1 and
78 m3 h–1), it can be seen that the heat-transfer coefficient
�V grows with the growing flow (Figure 5). The higher
the air flow, the higher is the value of the heat-transfer
coefficient and the time necessary for heating the batch
shortens.

Figure 6 shows the development of the heat-transfer
coefficient for the batch grain size of 10–12 mm in
relation to time, with the air flow of 48.8 m3 h–1 in three
places along the horizontal plane of the furnace. The
distances of the places from the furnace wall were
1.5 cm, 3.5 cm and 5.5 cm. The horizontal plane was
fictitiously placed at a height of 288 mm on the furnace.
Figure 7 shows the development of this coefficient along
the same plane and in the same places but with a smaller
batch grain size (4–8 mm). The most marked difference
in the heat-transfer-coefficient value is at the distance of
the measured place of 1.5 cm from the wall where, for
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Figure 6: Development of the heat-transfer coefficient in relation to
time with a grain size of 10–12 mm and air flow of 48.8 m3 h–1

Slika 6: Spreminjanje koeficienta prenosa toplote glede na ~as za
zrnatost vsipa 10–12 mm in pri pretoku zraka 48,8 m3 h–1

Figure 4: Development of the heat-transfer coefficient in relation to
time with three varying flows and a grain size of 10–12 mm
Slika 4: Spreminjanje koeficienta prenosa toplote glede na ~as, pri
treh razli~nih pretokih zraka in zrnatosti 10–12 mm

Figure 5: Development of the heat-transfer coefficient in relation to
time with three varying flows and a grain size of 4–8 mm
Slika 5: Spreminjanje koeficienta prenosa toplote glede na ~as, pri
treh razli~nih pretokih in zrnatosti 4–8 mm



example, with the flow of 48.8 m3 h–1 and the batch grain
size of 4–8 mm (Figure 7), the heat-transfer coefficient
is 17000 W m–3 K–1. With the same flow and the same
distance from the wall, this coefficient increases with an
increase of the batch grain size to 10–12 mm (Figure 6),
by about 62 %. At the distance of 5.5 cm from the wall
and under the same conditions (the grain size of 4–8 mm,
the flow of 48.8 m3 h–1) the coefficient is 4200 W m–3 K–1

and with the grain size of 10–12 mm, it is almost 46000
W m–3 K–1. This represents an approximately 9-fold in-
crease in the value of this coefficient.

It can be seen from Figures 6 and 7 that the smaller
the batch grain size, the greater is the hydraulic resist-
ance of the batch, and the air in the direction of the flow
only partially passes through the centre of the model. For
this reason, the flow is more intensive in the very close
vicinity of the wall of the furnace model. The flowing air
therefore delivers less heat to the batch than in the case
of a lower hydraulic resistance, where the air passes
through the cross-section of the furnace more evenly –
this is the case with a larger batch grain size.

With a greater air flow and the largest batch grain
size used in the experiment (10–12 mm), there was a
more even distribution of the air flow along the cross-
section of the model furnace (Figure 8). With the grain
size of 4–8 mm, the air flow was again more intensive
close to the wall (Figure 9).

In order to verify the air-flow conditions along the
cross-section of the batch in the model furnace, a
calculation was carried out using the numeric method in
the ANSYS_CFX program. The solution was expected to
confirm or deny the nature of the flow and the distribu-
tion of the air-velocity field along the cross-section of
the furnace. The used edge conditions of the solution
were identical to the conditions in the real experiment.

Figure 10 shows the distribution of the velocity
along the cross-section of the model furnace with the air
flow of 48.8 m3 h–1, grain sizes of 4–8 mm and
10–12 mm, and with the batch height of 280 mm. Fig-
ure 11 shows the distribution of the velocity along the
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Figure 9: Development of the heat-transfer coefficient in relation to
time with a grain size of 4–8 mm and air flow of 72 m3 h–1

Slika 9: Gibanje koeficienta prenosa toplote glede na ~asa pri zrnatost
vsipa 4–8 mm in pretoku zraka 72 m3 h–1

Figure 7: Development of the heat-transfer coefficient in relation to
time with a grain size of 4–8 mm and air flow of 48.8 m3 h–1

Slika 7: Spreminjanje koeficienta prenosa toplote glede na ~as pri
zrnatosti vsipa 4–8 mm in pretoku zraka 48,8 m3 h–1

Figure 10: Air-velocity profile along the cross-section at a height of
batch of 280 mm and air flow of 48.8 m3 h–1

Slika 10: Hitrostni profil zraka po pre~nem prerezu pe~i, pri vi{ini
vsipa 280 mm in pretoku zraka 48,8 m3 h–1

Figure 8: Development of the heat-transfer coefficient in relation to
time with a grain size of 10–12 mm and air flow of 72 m3 h–1

Slika 8: Spreminjanje koeficienta prenosa toplote glede na ~as pri
zrnatosti vsipa 10–12 mm in pretoku zraka 72 m3 h–1



cross-section of the furnace, at the same batch height, the
selected grain sizes and at the higher air flow (78 m3 h–1).

At the air flow of 72 m3·h-1 and the batch grain size
of 4–8 mm, the air-velocity field is displayed in the
vector shape on Figure 12a. Figure 12b shows the
velocity field at the same flow and the grain size of
10–12 mm. Figure 12b documents a more even distri-
bution of the air-velocity field than in the case of using a
smaller batch grain size.

4 RESULTS AND DISCUSSION

The influence of the flow upon the heat-exchange
intensity is shown on Figures 4 and 5. With the grain
size of 10–12 mm and air flow of 78 m3 h–1, the heat-
transfer coefficient was about 50 % higher compared to
the flow of 48.8 m3 h–1. With the grain size decreased to
4–8 mm and the same flow of 78 m3 h–1, this coefficient
decreased by about 63 %. The maximum value of the
heat-transfer coefficient for both flows was reached in
approximately the same time of heating the batch which
was about 4 min.

The heat exchange in the batch along the cross-
section of the model furnace has a varying intensity. This
is related to the structure of the batch and the amount of
the air flow. For example, at the distance of 1.5 cm from
the wall, the flow of 48.8 m3 h–1 and the batch grain size
of 4–8 mm (Figure 7), the heat-transfer coefficient is
about 17000 W m–3 K–1. At the same flow and the same
distance from the wall, this coefficient increases with an
increased batch grain size of 10–12 mm (Figure 6) to a
value of 60000 W m–3 K–1, i.e., by about 2.5 times.

Higher air flows influence heat exchange more in-
tensively. With the same distance from the wall (1.5 mm),
the air flow of 72 m3 h–1 and batch grain size of 4–8 cm
(Figure 9), the heat-transfer coefficient is circa
58000 W m–3 K–1. With the same air flow and at the same
distance from the wall, the heat-transfer coefficient
increases more than threefold with the batch grain size

increased to 10–12 mm (Figure 8), i.e., to a value of
192000 W m–3 K–1.

The influence of the distance of the investigated
location of the batch upon the heat-transfer coefficient is
more pronounced with a lower batch grain size. For
example, for the air flow of 72 m3 h–1 and grain size of
4–8 mm, the heat-transfer coefficient has a value of
21000 W m–3 K–1 if the distance from the furnace wall is
5.5 cm. At the same distance from the wall and the grain
size of 10–12 mm, the value of the coefficient remains
the same as for the distance of 1.5 cm, i.e., 192000
W m–3 K–1. It is clear from the above that the air velocity
along the cross-section of the furnace is distributed more
evenly with a greater batch grain size. The same result
was confirmed by calculating the flow conditions using
the numeric simulation.

5 CONCLUSION

The value of the coefficient of the heat transferred
from the flowing air into a batch depends upon several
factors. Important roles are played by the batch grain
size, the fact of how evenly it is distributed, the input
temperature of the flowing air and the amount of the air
flowing through the batch layer. Most of the heat
transferred to the batch at a given temperature of the
flowing air was reached with the largest grain size. In
order to achieve an intensive heat transfer with a lower
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Figure 12: Air flow along the whole cross-section of the furnace with
an air flow of 72 m3 h–1

Slika 12: Kro`enje zraka po celotnem pre~nem prerezu pe~i, pri
pretoku zraka 72 m3 h–1

Figure 11: Air-velocity profile along the cross-section at a height of
batch of 280 mm and air flow of 72 m3 h–1

Slika 11: Hitrostni profil zraka po pre~nem prerezu pe~i, pri vi{ini
vsipa 280 mm in pretoku zraka 72 m3 h–1



batch grain size, it is necessary to ensure a higher flow of
the heated air and an even distribution of the batch. With
a smaller grain size, it is very complicated, or even
impossible, to ensure that the hydraulic resistance of the
batch does not increase. This always results in the
changes in the direction of the input air flow to the batch
layer and the flow is directed towards the furnace wall,
where it leaves the model furnace without any significant
transfer of heat to the batch. This is documented with the
outputs of the numeric simulation.
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Nomenclature

�V heat-transfer coefficient related to the
volume of the model W m–3 K–1

c specific heat capacity of the air J m–3 K–1

cm specific heat capacity of the batch J kg–1 K–1

� void fraction 1
�tLS logarithmic mean temperature

difference °C
m batch weight kg
Q amount of heat delivered J
QV air flow m3 s–1

� chamotte density kg m–3

tvz’ air temperature at the inlet to
the furnace °C

tvz’ air temperature at the outlet from
the furnace °C

tm’ batch temperature at input °C
tm’’ batch temperature at output °C
� time s
V volume of the model shaft furnace m3
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The paper describes experimental work performed on the laser metal deposition (LMD) of titanium carbide powders on a pure
titanium substrate. The understanding the effect of LMD processing parameters is vital in controlling the properties of the final
product fabricated from the LMD process. The objective of the study is to characterize the influence of the laser scanning speed
of the metal deposition of titanium and titanium carbide powders on a pure titanium substrate. Microstructural results showed
that the substrate is characterized by two-phase morphology; alpha and beta phases. The deposit zone microstructures showed
that the grains are of continuous columnar in nature. The heat-affected zone region grain areas appear to decrease with
increasing in scanning speed for different samples at different scanning speeds. The height of samples was observed to decrease
with an increase in the scanning speed. The microhardness results showed that the hardness of the deposits is greater than the
hardness of the substrate. Wear-resistance performance results showed that the coefficient of friction of the substrate is greater
than the coefficient of friction of the deposit samples. Similarly, the wear volume loss of material of the substrate is higher than
the deposits. The deposit contains titanium carbide and, as such, this powder has improved the wear resistance performance of
the substrate.
Keywords: titanium, lasers, metal deposition, scanning speed

^lanek opisuje eksperimentalno delo pri laserskem nana{anju (angl. LMD) prahu titanovega karbida na podlago iz ~istega
titana. Upo{tevanje u~inkov LMD procesnih parametrov je klju~no za kontrolo lastnosti kon~nega proizvoda, izdelanega z LMD
postopkom. Namen {tudije je dolo~iti vpliv hitrosti skeniranja laserja na nana{anje prahu kovinskega titana in titanovega karbida
na podlago iz ~istega titana. Rezultati mikrostrukturne karakterizacije so pokazali, da je za podlago zna~ilna dvofazna
morfologija; alfa- in beta faza. Mikrostruktura nane{ene plasti je pokazala, da so zrna obi~ajno stebraste strukture. Zrna v
podro~ju toplotno vplivane cone se zmanj{ujejo z nara{~anjem hitrosti skeniranja, pri razli~nih vzorcih in razli~nih hitrostih
skeniranja. Vi{ina vzorcev pri razli~nih hitrostih skeniranja, se je zmanj{evala z nara{~anjem hitrosti skeniranja. Rezultati
mikrotrdote so pokazali, da je trdota nanosa ve~ja od trdote podlage. Obna{anje pri obrabi je pokazalo, da je koeficient trenja
podlage ve~ji kot pa koeficient trenja nanosa. Izguba materiala zaradi obrabe je ve~ja pri podlagi kot pa pri nanosu. Nanos
vsebuje titanov karbid, zato je ta prah pove~al obrabno odpornost podlage.
Klju~ne besede: titan, laserji, nana{anje kovine, hitrost skeniranja

1 INTRODUCTION

Titanium and its alloys are becoming widely used
engineering materials, most especially in the aerospace,
biomedical and chemical industries, due to its impressive
mechanical properties such as, high-strength-to-weight
ratio, high-temperature strength and excellent corrosion
resistance.1,2 However, the use of titanium in severe wear
applications is limited due to its poor tribological pro-
perties.3,4 Titanium alloys are very expensive to replace
when damaged during their service life as a result of
their high cost.

The Laser Metal Deposition (LMD) technique is
efficient, cost effective, and environmentally friendly
used for repairing or modifying components that were
worn during service by improving its surface properties.3

The technique can be used for modifying the surfaces of
titanium alloys using powder metals such as, ceramics,
metals and alloys, composites and intermetallics, for

improving its wear resistance, medical biocompatibility,
corrosion and oxidation resistance.5

Several processing parameters such as laser power,
scanning speed, powder rate, or gas flow rate are im-
portant during LMD.6,7 However, the efficiency of the
LMD process is affected by the processing parameters
which, in turn, affect the physical, microstructural, and
microhardness profiling properties. Understanding the
effects of these processing parameters during the LMD
process, assist on controlling the resulting material pro-
perties. Although several studies have been performed to
understand the effect of laser process parameters on the
LMD process, only few attempts have been made to im-
prove the wear properties of commercially pure titanium.

This study presents the effect of scanning speed on
the microstructure and the wear of the resulting deposit
using the LMD technique.
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2 EXPERIMENTAL PART

LMD of titanium (average particle size of 60 μm) and
titanium carbide (average particle size of 200 μm)
powders on the surface of 99.6 % pure titanium substrate
(75 mm × 75 mm) was achieved using a Kuka robot, 4.4
KW Nd-YAG laser deposition machine. The experimen-
tal setup consisted of the following subsystems operating
in a control system: the laser beam attached to the robot
arm, dual powder feeding system hoppers (for the
titanium and titanium carbide powders), and the control
unit. The deposition was performed using a laser focal
length of 195 mm and a beam diameter of 2 mm. Figure 1
is a schematic diagram of the Kuka robot system used in
the LMD process.

At the beginning of the experiment, a pre-test inspec-
tion is performed to eliminate factors that might affect
the results. The substrate was sand blasted and then
rinsed in acetone to clean the surface before the depo-
sition process. After sand blasting, the powders were
deposited on the surface of the substrate.

Six samples were prepared, each at a different laser
scanning speed. The scanning speeds were varied from
0.3 m/min and increased with an increment of 0.2 m/min
until 1.3 m/min. The experimental matrix is presented in
Table 1. The laser power and powder volume flow rate
for the powders were kept constant at 1200 W and
0.3 min–1, respectively.

The cladding powders were shielded by argon gas at
a flow rate of 2 L/min while depositing on the surface of
the substrate. The oxygen level was kept in the 10 min–1

level using a glove box. The deposition process was

achieved by feeding the powders onto the melting pool
on the surface of the substrate.

Table 1: Experimental matrix
Tabela 1: Matrika preizkusov

Samples Scanning speed
(m/min)

Ti powder flow
rate (min–1)

TiC powder
flow rate (min–1)

A 0.3 1.7 0.3
B 0.5 1.7 0.3
C 0.7 1.7 0.3
D 0.9 1.7 0.3
E 1.1 1.7 0.3
F 1.3 1.7 0.3

Microscopic examination was performed on the laser
deposit, to examine the defects that might affect the pro-
perties of the materials. Characterization was performed
in accordance with the ASTM E3-11 standards for pre-
paring the samples.

Small pieces of samples for each scanning speed
were cut from the substrate, cleaned, mounted using
polyfast resin. The substrate was grinded to achieve a
smooth surface, using silicon carbide paper (320 grit),
MD-largo and DiaPro. Polishing was done using
MD-Chem cloth with OP-S mixture as the suspension.
Each sample was etched for 25 s using Nital solution.

The microstructure and the surface topography of the
substrate were observed using an optical microscope
(Olympus BX51M). Microhardness was performed using
a Vickers testing machine (EMCOTEST®), and a test
load of 500 g/f was used. Ten indentations were applied
per sample and the average diagonal values of the sam-
ples were recorded. The micrograph of the wear scars
was observed under the TESCAN scanning electron
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Figure 1: Kuka robot system used for laser deposition process
Slika 1: Kuka robotski sistem, uporabljen pri postopku nana{anja z laserjem



microscope (SESCAN) equipped with an Oxford Instru-
ments energy-dispersive X-ray spectrometer (EDS).

A dry sliding wear test was performed on the depo-
sited surfaces to investigate the wear resistance of the
substrate at different laser scanning speeds, according to
ASTM G133-05 standard using a pin-on-disk tribometer
(by Cert). The sample was preloaded with a tungsten
carbide ball of diameter 10 mm at 25 N force for the 10
s, and then loaded with the same force 25 N for 1000 m.
The coefficient of friction, lateral force, horizontal force
and carriage position were plotted against time for 1000
seconds. The wear volume loss of material on the
substrate is calculated from Equation 1:
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3 RESULTS AND DISCUSSION

3.1 Effect of speed on laser metal deposition

Figure 2 shows the physical appearance of the
deposits on the substrate after LMD of the titanium
carbide powders. The thicknesses of the layers varies
with scanning speeds. At a low scanning speed the
thickness appears to be bigger and wider than the
thickness at a high scanning speed. Observed the texture
of the surface at lower scanning speed appears more
rough compared to the surface texture at higher scanning
speeds. This is probably due to more powders were
melted on the surface of the substrate, thus enhancing the
surface texture. The microstructure of the laser deposit
was observed to be relatively homogeneous. The depo-
sits were generally free from cracks but pores were
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Figure 4: Morphology of the samples with deposit height
Slika 4: Morfologija vzorcev z vi{ino nanosa

Figure 3: a) Morphology of sample A, b) enlarged deposit zone and
diffusion zone, c) enlarged heat-affected zone
Slika 3: a) Morfologija vzorca A, b) pove~ano podro~je nana{anja in
podro~je difuzije ter c) pove~ano toplotno vplivano podro~je

Figure 2: Physical appearance of the deposits
Slika 2: Fizi~ni izgled nanosov



observed (Figure 4), caused by gas produced from the in
situ, entrapped within the molten pool during the depo-
sition process.4,8

Figure 3a shows the morphology of sample A and
Figure 3b the enlarged view of the deposit zone and
diffusion zone, at scanning speed of 0.3 m/min. The
deposit zone, diffusion zone and heat-affected zone
(HAZ) were observed in Figure 3. The deposit zone is
the layer of powder deposited on the substrate. The
diffusion zone is the mixture of the deposition powder
and the substrate material resulting after the laser metal
deposition process. The HAZ is the portion on the
surface of the substrate altered by heat during the
deposition process. The deposit zone and diffusion zone
appear to have a similar grains structure characterized by
the grains of the beta phase. The deposit zone and the
diffusion zone are all characterized by the grains of the
beta phase. From the microstructure, it can be noticed
that the deposit zone grains are of a continuous columnar
nature, confirming the beta phase. As the laser scanning
speed increases the alpha phase is noticed to be
developing.

With the other samples, the deposit zone region is
noticed to be decreasing with an increase in the scanning
speed. This is a result of heat received by the region
during deposition, which cause microstructural changes
in that region. As the scanning speed increases the time it
takes for the laser to complete the deposit decreases. It
can also be observed that as the scanning speed increases
the grains appear to be decreasing and more regions of
alpha phase are appearing on the microstructures of the
samples.

The grains on the heat-affected region appear to be
characterized by beta phase, similar to that observed by
R. M. Mahamood et al.9 Generally, at a low laser scann-
ing speed, there is a good bonding between the substrate
material and the deposit powder.9 The material of sample
A is fully dense compared to material of the sample
scanned at a high laser scanning speed. The optical
micrograph of the other five samples is shown in Figures

4b to 4f). Comparing Sample A and sample F in Figure
4f, it can be noticed that areas of HAZ are different. For
sample F the area is very small and for sample A the area
is large.

The area of the HAZ appears to decrease as the
scanning speed increases. The HAZ region of sample B
is characterized by a microstructure with grains less that
the grains of sample A. As the scanning speed increases
the melt pool gets bigger and the solidification becomes
slower, causing the materials of the substrate to melt
deeper, causing the substrate to mix more of its material
with the deposit material, thus, the deposit height de-
creases.10

The HAZ area of sample F where the scanning speed
is 1.3 m/min is characterized with fewer refined grains
formed in that area compared to the HAZ of sample A
where the scanning speed is 0.3m/min. This is caused by
heat received by the area, which cause microstructural
changes in that area.

The deposit zone of sample A was measured to be
129.88 μm. The heights of the other samples (B–F) were
105.4 μm, 93.96 μm, 59.16 μm, 55.08 μm and 59.20 μm
respectively. Comparing measured heights of all samples
and height of sample A it can be seen that the height
decreases with increase in scanning speed.

K. K. SOBIYI et al.: THE INFLUENCE OF SCANNING SPEED ON THE LASER METAL DEPOSITION ...

348 Materiali in tehnologije / Materials and technology 51 (2017) 2, 345–351

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 7: Graphical representation of coefficient of friction (COF)
with time
Slika 7: Grafi~na predstavitev koeficienta trenja v odvisnosti od ~asa

Figure 5: Microhardness profile of sample A at a scanning speed of
0.3 m/min
Slika 5: Profil mikrotrdote vzorca A pri hitrosti skeniranja 0,3 m/min

Figure 6: Graphical representation of average hardness for all the
samples
Slika 6: Grafi~na predstavitev povpre~ne trdote za vse vzorce



Figure 5 shows a graphical representation of the
microhardness profile measured across the section of the
sample A from top to bottom. The first three hardness
measurements were taken on the deposit zone region, the
next three measurements were taken on the HAZ region
and the last three measurements were taken on the sub-
strate material region. From the graphical representation
of the microhardness profile results, it can be observed
that the hardness increases initially and then later
decreases towards the substrate. The higher hardness
experienced at the transition between the deposit and
HAZ zone can be attributed to possibly better
crystallization of the grains in this zone. Similar was
observed with the other five samples. This shows that the
addition of titanium carbide powder improves the
mechanical properties of the substrate, and the heat
generated by the laser affects the mechanical properties
of the substrate.

Figure 6 shows the experimental average microhard-
ness for all six samples. From the graphical represen-
tation of the results it can be noticed that the average
hardness increased with an increase in the scanning
speed. At a higher scanning speed there is rapid solidifi-
cation of the deposit, which reduces the time taken for
the melt pool to solidify, thus promoting higher hardness.

3.2 Wear resistance behaviour

In Figure 7, the experimental coefficient of friction
for sample A and the substrate are shown for the dry
sliding wear resistance tests. From the graphical repre-
sentation of the results it can be noticed that the
coefficient of friction of the substrate is higher than the
coefficient of friction. Similar result was obtained for all
the other samples investigated.

The titanium wear resistance is found to be very poor
compared to the deposit layer as a result of its high
coefficient of friction and higher chemical affinity with
the tungsten carbide ball used for the wear test thus it is
expected for the substrate material to have a high wear
volume loss of material.10,11 The coefficient of friction of
the deposits of all other samples is lower than the one of
the substrate resulting from the melted TiC particles on
the surface. Titanium carbide powder was used as a
reinforcement in this study.

In Figure 8, the average coefficient of friction at in-
creasing scanning speed corresponding to the individual
samples is shown for the dry sliding wear performance
testing. The graphical representation of the results shows
that the coefficient of friction increases with an increase
in the scanning speed; as a result, sample A has a smaller
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Figure 10: SEM morphology of sample A wear scar: a) low magni-
fication, b) high magnification
Slika 10: SEM-morfologija podro~ja obrabe vzorca A: a) pri majhni
pove~avi, b) pri ve~ji pove~avi

Figure 8: Graphical representation of average coefficient of friction
Slika 8: Grafi~na predstavitev povpre~ja koeficienta trenja v odvisno-
sti od ~asa

Figure 9: Graphical representation of wear volume loss
Slika 9: Grafi~na predstavitev volumske izgube pri obrabi



coefficient compared to sample F. Consequently, the
substrate is observed to have the highest coefficient of
friction.

Figure 9 shows the experimental wear volume loss at
different scanning speeds. The figure shows a higher
volume of material removal from the surface of the
substrate compared to the volume loss of material of the
samples at different scanning speeds. The titanium wear
resistance is very poor, so it is expected that the substrate
material will have a high wear volume loss of material.
On the deposit the wear volume loss will be at a mini-
mum level as the deposit layers contain titanium carbide
powder melted on the surface of the substrate. The pre-
sence of titanium carbide reinforced composite layer
improved the wear resistance of the substrate.

Figure 10 shows the SEM micrograph of sample A at
low and high magnifications. From the figure, a large
scar was observed, with the appearance of large width
and long length, which is an indication of wear on the
surface of the sample. Un-melted particles of titanium
carbide powder were also observed on the surface of the
substrate, as shown in Figure 10a.

The morphology of wear scars for all other five sam-
ples are at higher magnification is shown in Figure 11.
Surface defects such as pits and wear debris were
observed along the wear tracks; an indicating abrasive
and adhesive wear mechanism which is coupled with
severe plastic deformation around the edges of the wear
scars.

4 CONCLUSION

The study investigated the characterization of the
influence of the laser scanning speed of LMD for tita-
nium and titanium carbide powders on a titanium alloy
substrate.

The results obtained through the characterization of
the influence of the laser scanning speed of the laser
deposition for titanium and titanium carbide powders has
shown that the laser process parameters have an effect on
the material properties of components subjected to the
LMD process. The microstructure of each sample of
different laser deposition scanning speeds showed that
the HAZ region increased with an increase in the scann-
ing speed and the heights of the deposits were observed
to be different for different laser scanning speeds of the
powder particles.

The microhardness results showed that different
zones on the substrate have different hardness properties.
The hardness decreases from the deposit zone, HAZ and
from the HAZ to the substrate. The microhardness was
found to increase with an increase in the scanning speed
for all the samples investigated. This was a result of the
time taken by the laser to interact with the substrate
material. These results showed that at a lower scanning
speed the laser interacts with the material for a long
period of time, which takes longer to solidify the
deposits, which in turn affects the results of hardness.
This shows that at a lower laser scanning speed the
degree of mixing for the substrate material with the
deposited powder is proper.

The results of the wear resistance performance
behavior of the samples at different scanning speeds and
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Figure 11: SEM images of wear tracks at 2000×: a) sample A at 0.3 m/min, b) sample B at 0.5 m/min, c) sample C at 0.7 m/min, d) sample D at
0.9 m/min, e) sample E at 1.1 m/min, f) sample F at 1.3 m/min
Slika 11: SEM-posnetki sledov obrabe pri 2000× pove~avi: a) vzorec A pri 0,3 m/min, b) vzorec B pri 0,5 m/min, c) vzorec C pri 0,7 m/min, d)
vzorec D pri 0,9 m/min, e) vzorec E pri 1,1 m/min in f) vzorec F pri 1,3 m/min



the substrate indicates that the wear volume of material
removed from the surface of the substrate is higher than
the wear volume of the material removed from the depo-
sit surface. The coefficient of friction of the substrate
was observed to be higher than the coefficient of friction
of the samples at different scanning speeds. The depo-
sition of titanium carbide showed that the volume loss of
material from the substrate could be reduced. Titanium
carbide improved the wear resistance of the component.
The SEM analysis showed that at a low laser scanning
speed some powder particles are completely melted on
the surface of the substrate.
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