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Aluminum can be absorbed through the digestive system from water and drinks and the food that contains natural traces and
processed food or the food cooked in aluminum cookware. Some studies show that the people exposed to high levels of
aluminum may develop kidney, bone and brain diseases. Aluminum foil (AlFeSi) is daily used as packaging for food and drugs
stored in the refrigerator where an electric motor induces a magnetic field of a few microteslas. The purpose of this work is to
study the corrosion behavior of various aluminum packaging foils and the effect of a weak magnetic field on the morphology
and the corrosion kinetics in the 0.3 % and 3 % of mass fractions of NaCl solutions. The mean results for various aluminum
packaging foils show that localized corrosion is controlled by the electrochemical potentials of different phases constituting the
aluminum foil and the concentration of the precipitates from the other phases. The morphology and the corrosion kinetics of
aluminum packaging foil in the 0.3 % and 3 % of mass fractions of NaCl solutions are different with and without an application
of a weak magnetic field. Electrochemical tests applied to cheese packaging paper show that the introduction of a magnetic field
decreases the polarization resistance, the potential of passivation and the value of the open-circuit potential at the beginning of
the corrosion; however, its passivation-current density increases at the beginning of the corrosion. The values of the open-circuit
potential with and without a weak magnetic field are the same after thirty days of corrosion.

Keywords: aluminum packaging foil, weak magnetic field, aluminum alloys, corrosion, passivation

Aluminij se lahko absorbira v prebavni sistem iz vode in pija~ in iz hrane, ki vsebuje naravne sledi ter obdelane hrane ali hrane,
kuhane v aluminijasti posodi. Nekatere {tudije ka`ejo, da ljudje izpostavljeni visokemu nivoju aluminija, lahko zbolijo na
ledvicah, kosteh in mo`ganih. Aluminijeva folija (AlFeSi), ki se dnevno uporablja kot embala`a za hrano in zdravila, se hrani v
hladilniku, kjer elektromotor inducira magnetno polje jakosti nekaj mikroteslov. Namen {tudije je predstavitev korozijskega
obna{anja razli~nih aluminijevih embala`nih folij in vpliv {ibkega magnetnega polja na morfologijo in kinetiko korozije v 0,3 %
in 3 % raztopini NaCl. Rezultati ka`ejo, da je pri razli~nih aluminijevih folijah lokalna korozija kontrolirana z elektrokemijskim
potencialom razli~nih faz, ki sestavljajo aluminijevo folijo in s koncentracijo izlo~kov drugih faz. Morfologija in kinetika koro-
zije aluminijevih embala`nih folij v 0,3 % in 3 % raztopini NaCl, sta razli~ni pri prisotnosti ali odsotnosti {ibkega magnetnega
polja. Elektrokemijski preizkusi, izvr{eni na ovojni foliji za sir, so pokazali, da prisotnost magnetnega polja na za~etku korozije
zmanj{a polarizacijsko odpornost, potencial pasivacije in vrednost potenciala odprtega kroga, vendar pa gostota pasivacijskega
toka nara{~a. Vrednost potenciala odprtega kroga je po tridesetih dneh enaka, ob prisotnosti ali odsotnosti {ibkega magnetnega
polja.

Klju~ne besede: aluminijeva embala`na folija, {ibko magnetno polje, aluminijeve zlitine, korozija, pasivacija

1 INTRODUCTION

Aluminums, when combined with various elements
and subjected to various thermomechanical treatments,
exhibit considerable advantages, such as good mecha-
nical properties. However, the use of these alloys does
not remove any disadvantage; for example, various types
of corrosion can appear. These alloys are used as packag-
ing for foodstuffs, drugs, and in the kitchen utensils for
short, average or long durations because of their low
density, good formability and excellent corrosion resis-
tance in the air environment.1–3 The corrosion resistance
of aluminum is directly related to the formation of an
alumina oxide or hydroxide on the material surface,
inducing a relative passivation of these alloys. This resis-
tance is limited to the environments where these oxides
are slightly soluble at the pH values of 4–9.1

Aluminum alloys are sensitive to localized corrosion
in aggressive environments containing chlorides such as
food and drugs. Several theories on localized corrosion
were closely connected to the passive oxide-film rupture.
In aluminums, localized corrosion appears when
aggressive ions such as chlorides break the protection by
locally attacking the passive layer. The chlorides
generate the corrosion surrounding the defect oxide film
in surface heterogeneities, such as crevices, precipitates
and intermetallic particles.4–8 These heterogeneities
create a distribution of cathodic and anodic areas across
the alloy surface and then various forms of localized
corrosion take place.5

Aluminum of the first fusion contains 0.1 % iron,
which is higher than the limit solubility of iron in
aluminum at room temperature. Moreover, only few
products are elaborated from aluminum of the first
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fusion, while great quantities of recycled-aluminum
alloys are used in the manufactured products. This
increases the iron content in aluminum alloys, so iron
phases are formed.9

An iron phase is cathodic and nobler than aluminum;
its presence in an aluminum alloy affects the kinetics of
the aluminum anodic dissolution and makes it a signifi-
cant factor of the localized aluminum-alloy corrosion.9

The richer the phases are in iron, the more they become
favorable sites for cathodic reactions and their surround-
ings are adequate positions for anodic reactions and
localized corrosion.

Others impurities are soluble in aluminum because
their solubility limits are higher than their concentrations
in aluminum.

The presence of different intermetallic precipitates in
aluminum-matrix alloys increases the mechanical pro-
perties and their susceptibility to corrosion.10

Aluminum alloys used for kitchen utensils come
from recycled worn parts of cars, aircraft, gutters, wires,
drink cans, etc. Their chemical analysis revealed the
presence of heavy elements such as Cd, Co, Cr, Pb, Ni
and Zn. These utensils can contaminate man’s food chain
and lead to a bio-accumulation of heavy metals in the
vital parts of the human body such as liver, kidneys,
spleen.11–12 When the concentration of these elements is
higher than their solubility limit, they modify the electro-
chemical potential of the material surface by generating
new intermetallic particles or joining the chemical com-
positions of the existing intermetallic particles.

Magnetic fields are powerful scientific tools for
metal-deposition or dissolution studies. The presence of
a magnetic field improves the mass transfer of an elec-
trochemical system, the quality of the deposit and the
influence of the corrosion phenomena.13

Aluminum foil is daily used as packaging for food
and drugs stored in a refrigerator where an electric motor
induces a magnetic field of a few microteslas.14

The purpose of this study is to examine the corrosion
phenomena of various aluminum foils intended for food
and drug packaging and aluminum kinetic dissolution.
The effect of a week permanent magnetic field on the
morphology and corrosion kinetics of an aluminum foil
in a NaCl solution is also examined.

2 MATERIALS AND METHODS

Various aluminum packaging foils were tested in our
experiments using light microscopy, scanning electronic
microscopy, X-ray diffraction and corrosion tests.
Batches of aluminum foil intended for cheese, chocolate,
drug and foodstuff packaging in rolls were used as
samples.

The nominal chemical composition of different alu-
minum packaging paper is given in Table 1.

The corrosion measurements were undertaken at
room temperature. Samples of 1 cm2 (Ø = 11.28 mm)
were immersed in chloride sodium solutions of the 0.3 %
and 3 % of mass fractions of NaCl. The four-electrode
method was used. A saturated calomel electrode (SCE)
was used as the reference electrode. The two auxiliary
electrodes were in graphite.

Open-circuit potential and current potential were
obtained by means of an EGG-Princeton 263 poten-
tiostat. Before determining the layout of the polarization
curves, the working electrode was polarized at –0.8 V. To
obtain the polarization curves, we applied a potential that
evolved to ascending values, passing from the cathodic
domain towards the anodic domain. The samples in-
tended for electrochemical tests, microscopic examina-
tion and X-ray diffraction were not polished in order to
keep the surface of the aluminum foil appropriate for its
daily use.

The microstructures and surface morphologies of
corroded and non-corroded samples were characterized
with light microscopy and scanning electron microscopy
(Philips Esem-XL30, tungsten filament). Prior to
microscopic characterization, the corroded samples were
rinsed with distilled water and dried in desiccators.

The chemical composition of the aluminum foil sur-
face was characterized with a JEOL JSM 6460LA micro-
scope coupled with an EDS JEL 1300 microprobe.

The corrosion tests were carried out by immersing
the aluminum packaging-foil samples in the 0.3 % and
3 % of mass fractions of NaCl solutions at pH = 7 with
and without a week permanent magnetic field (42 mT).
A magnet with a ring shape was positioned near the
sample surfaces. The same distance was kept between
the working electrodes and the magnet for all samples.

Micro-hardness measurements were taken with a
Zwick Roell ZHV 1M tester. The HV scale, under a load
of 5 g was chosen for this testing. Five measurements
were taken for each sample.
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Table 1: Chemical compositions of various packaging foils
Tabela 1: Kemijska sestava razli~nih embala`nih folij

Elements/Aluminum
packaging foil for: Al Si Fe Mg Cu Mn V Cr Ti Zn Other

domestic use 99.344 0.208 0.253 0.040 0.038 0.035 0.020 0.012 0.006 0.004 0.040
drug 98.100 0.700 0.820 0.050 0.095 0.014 0.020 0.022 0.050 0.086 0.043

chocolate 99.271 0.300 0.150 0.035 0.025 0.022 0.033 0.005 0.040 0.026 0.093
cheese 98.300 0.630 0.575 0.083 0.072 0.026 0.011 0.016 0.042 0.076 0.169



The X-ray spectrum was obtained with a Bruker AXS
D8 Advance diffractometer.

3 RESULTS AND DISCUSSION

The Vickers micro-hardness results obtained for
several batches of aluminum packaging foil for cheese
(Table 2) show the changes between the batches. This
means that the mechanical and chemical properties of the
aluminum foil surface change from one batch to
another.7,15 Consequently, the morphology and corrosion
kinetics are expected to differ from one batch to
another.7,15

Table 2: Hardness measurements of aluminum packaging foils
Tabela 2: Meritve trdote aluminijevih embala`nih folij

Sample of the cheese
aluminum packaging foil 1 2 3

Vickers micro-hardness
(25 °C) 16.2 19.4 14.8

The aluminum packaging foil under light and
scanning electron microscopy reveals an aluminum
solid-solution matrix, intermetallic particles and or preci-
pitates (Figures 1 to 3). The microstructure of a
non-polished aluminum drug-packaging foil shows the
presence of furrows oriented in one direction (Figure
1d). Except for certain batches of aluminum cheese-
packaging foil, no furrows were observed (Figures 1a to
1c). This is probably due to the wear of the rolling mills
during the manufacture of aluminum cheese-packaging
foil. The furrows on the surface constitute corrosive-
solution storage zones that induce differential aeration.
This phenomenon causes changes in the morphology and
the kinetics of corrosion and increases the dissolution of
aluminum and other anodic metals. Several precipitates
were seen in the aluminum drug-packaging foil (Figure
2).

The thermomechanical history varies between
different aluminum foils. On the surface perpendicular to
a rolled surface, the grains appear to be small for all the
aluminum foils (Figure 3). The aluminum packaging
foils do not have the same thickness and the same grain
size (Figure 3). The X-ray spectrum of the aluminum
packaging foil intended for drugs (Figure 4) and the
texture-calculating method of Muresan et al.16 show the
presence of a pseudo-texture because the rates of the
(220 and 311) plans exceed 50 %. This is probably due
to the mechanical treatments (cold rolling) during its
elaboration. This can influence the corrosion phenomena
and support an oriented corrosion with privileged plans.
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Figure 3: Perpendicular face of rolled aluminum foil for: a) domestic
use, b) chocolate, c) cheese and d) drugs
Slika 3: Pre~ni presek valjane aluminijeve embala`ne folije za: a)
gospodinjstvo, b) ~okolado, c) sir in d) zdravila

Figure 1: Microstructure of the aluminum packaging foil: a) for
domestic use, b) for chocolate, c) for cheese, d) for drugs
Slika 1: Mikrostruktura aluminijeve folije: a) za gospodinjstvo, b) za
~okolado, c) za sir, d) za zdravila

Figure 2: Micrographs of scanning electron microscopy (SEM) show-
ing the structure of aluminum: a) for domestic use, b) for chocolate, c)
for cheese, d) for drugs
Slika 2: SEM-posnetki z vrsti~nim elektronskim mikroskopom
(SEM), ki ka`e strukturo aluminija: a) za gospodinjstvo, b) za ~oko-
lado, c) za sir, d) za zdravila



The corrosion investigation has been studied in the
presence and absence of magnetic field (Table 3, Figure
5 and 6).

3.1 Corrosion morphology of aluminum packaging foil

In order to correlate the accelerated electrochemical
tests with the real corrosion phenomena of aluminum
packaging foil, long-term tests involving an immersion
in the 0.3 % of mass fractions of NaCl solution were
realized. Figure 5 shows the corroded surfaces of
various aluminum packaging foils intended for domestic
use, chocolate, cheese and drugs under an light micro-
scope after 30 d of the immersion in 0.3 % of mass
fractions of NaCl at room temperature. On various
aluminum packaging foils, a local destruction of the
passive film was observed, having a localized-corrosion
appearance. No apparent corrosion was observed on

domestic aluminum packaging foil (Figure 5a). The
surfaces of the aluminum packaging foils intended for
chocolate and drugs appear to be more corroded (Fig-
ures 5b and 5d). The corrosion of the packaging foil for
drugs is oriented according to the privileged direction
(Figure 5d). The corrosion on the aluminum packaging
foils seems to be more controlled by the precipitate and
intermetallic-particle densities (Figures 1, 2 and 5).

The electrochemical responses of these alloys are
related to the precipitates and intermetallic particles
distributed heterogeneously on the surface, to the impu-
rities in the aluminum packaging foils and to the chloride
ions in the solution (Figures 5 and 6).

Table 3: Corrosion potential and polarization resistance of the
aluminum packaging foil for cheese in the presence and absence of the
magnetic field for a sample area of 1 cm2 in a 0.3 % of mass fractions
of NaCl medium

Tabela 3: Korozijski potencial in polarizacijska upornost aluminijeve
embala`ne folije za sir ob prisotnosti in odsotnosti magnetnega polja
za vzorec s povr{ino 1 cm2 v 0,3 % raztopini NaCl

Sample
Corrosion
potential

(mV)

Polarization
resistance

(k�)
Presence of a weak magnetic field
after 1 h of immersion –560 4

Presence of a weak magnetic field
after 30 d of immersion –220 20

Absence of the magnetic field
after 1 h of immersion –645 20

Absence of the magnetic field
after 30 d of immersion –135 33

Other authors observed the presence of the AlSiFe,
AlFe, AlFeMn, and AlSi phases in alloys with the com-
positions similar to the alloys presented in this study.17–19

Okeoma Kelechukwu et al.18 observed the AlFeMn and
MnFe particles in the AA8011 aluminum alloy
containing 0.1 % of Mn used as a packaging foil. They
noticed that the presence of the Fe and Si elements in the
material support the precipitation of the dispersoids and
decreases the solubility of Mn in a solid solution. They
also noticed that the precipitation of Mn and other inter-
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Figure 6: Microstructures of other batches of aluminum packaging
after 8 d of immersion in a 3 % of mass fraction of NaCl solution: a)
in the absence of the magnetic field, b) in the presence of a weak
magnetic field
Slika 6: Mikrostrukturi drugih serij aluminijevih folij po 8 dneh
namakanja v 3 % raztopini NaCl: a) v odsotnosti magnetnega polja, b)
ob prisotnosti {ibkega magnetnega polja

Figure 4: X-ray spectrum of the aluminum packaging foil for drugs
Slika 4: Rentgenogram aluminijeve embala`ne folije za zdravila

Figure 5: Microstructures of various aluminum packaging foils for:
a) domestic use, b) chocolate, c) cheese and d) drugs, after 30 d of
immersion in a 0.3 % NaCl solution in the absence of the magnetic
field
Slika 5: Mikrostruktura razli~nih aluminijevih embala`nih folij za:
a) gospodinjstvo, b) ~okolado, c) sir in d) zdravila, po 30 dneh nama-
kanja v raztopini 0,3 % NaCl v odsotnosti magnetnega polja



metallic particles definitely causes changes in the mor-
phology and electrochemical stability of the material
system. Sanders Jr. et al.17 noticed that AA8xxx foils
containing manganese in the order of 0.5 % promote the
formation of (Fe, Mn)Al6 intermetallic particles with the
average diameter of 0.1 1.5 μm. Paes et al.20 observed the
formation of (Fe, Mn)Aln and (Fe, Mn, Si)Aln in the
AA8006 material. Mondolfo21 reported the presence of
the Al3Fe and AlFeSi phases in the AA1050 aluminum.
Allen et al.22 reported three phases in 1xxx-series alumi-
num foils such as FeAl3, �-FeSiAl5 and �(AlFeSi).

After immersing the aluminum material in a corro-
sive environment, nobler phases in the aluminum matrix
such as AlSiFe, AlFe, and AlSi23 promote the dissolution
of aluminum in the matrix and the elements less noble
than aluminum. However, AlxFeyMnz phases can promo-
te the dissolution of aluminum in the matrix if the iron
concentration in a phase is much higher than the man-
ganese concentration, while on the contrary AlxFeyMnz is
dissolved if the iron is nobler than the aluminum matrix
and manganese is less noble than the matrix.23–25 In such
cases the behavior of intermetallic particles depends
principally on the potential difference between the
intermetallic-particle phase and the matrix.25

During cold working, precipitates and intermetallic
particles are fractured and redistributed in bands along
the rolling direction.26 The particles that contain copper
and iron represent cathodic particles compaed to the
matrix, supporting the matrix dissolution and the ones
that contain magnesium or/and manganese represent
anodic particles compared to the matrix, which dissolve
preferentially.26 The presence of the cathodic particles
increases the susceptibility to a localized corrosion.10

Iron- and copper-rich phases are catalytic sites for catho-
dic reactions and the sites for pits nucleation.

Using scanning electron microscopy after 30 d of
immersion, localized attacks were observed on the
surfaces of several aluminum foils (Figures 7a to 7d),
together with the destruction of the oxide-protective film,

probably due to the pitting and dissolution of aluminum
due to the chloride adsorption to the surfaces, thus
facilitating an aluminum oxidation of the A13+ ions.27 We
observed the traces of aluminum oxide Al2O3 on the
packaging foil for domestic use after the immersion
(Table 4). All the aluminums made from the primary or
recycled aluminum contain iron. Ambat et al.9 showed
that the presence of a small concentration of iron in
aluminum alloys leads to a localized corrosion due to
pitting. Our results (Figure 7) are in good agreement
with Ambat et al.9 The presence of chloride ions has a
harmful effect on the passive-layer formation. It leads to
an instability of passivation causing a localized corro-
sion. The material structure, composition and defects,
and the oxide structure, composition and thickness have
very significant influences on the aluminum-packaging-
foil corrosion.

Table 4: EDS analysis of a foodstuff foil in a roll (aluminum for
domestic use)
Tabela 4: EDS-analiza navite folije za `ivila (aluminij za doma~o
uporabo)

Before
corrosion

Ele-
ment

Energy
(keV)

Concen-
tration in

mass
fractions

(w/%)

Concen-
tration in
amount

fractions
(x/%)

Error
(%)

Al 1.486 100.00 100.00 0.38
O – 0 0 –

After 3
months
of corro-
sion

Zone
1

Al 1.486 95.96 93.68 1.97
O 0.525 4.04 6.62 5.60

Zone
2

Al 1.486 93.79 89.96 1.93
O 0.525 6.21 10.4 5.30

The corrosion microstructures of the cheese alu-
minum packaging foil in the 3 % of mass fractions of
NaCl solution after 8 d of immersion with or without a
weak magnetic field are compared. The effect of a weak
magnetic field on the morphology corrosion was
observed. In the case of the absence of the magnetic
field, the corrosion is located only in certain areas on the
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Figure 7: Morphologies of the corrosion of various aluminum packaging foils after 30 d of corrosion in a solution of 0.3 % of mass fractions of
NaCl in the absence of the magnetic field: a) for domestic use, b) for chocolate, c) for cheese, d) for drugs
Slika 7: Morfologija korozije razli~nih aluminijevih embala`nih folij po 30-dnevni koroziji v raztopini 0,3 % NaCl in ob odsotnosti magnetnega
polja: a) za gospodinjstvo, b) za ~okolado, c) za sir, d) za zdravila



corroded-material surface, but with the samples corroded
under a weak magnetic field, the corrosion affected a
more significant area (Figure 6). At room temperature,
iron is ferromagnetic; this characteristic can explain
some changes in the morphology and the corrosion
kinetics under a weak permanent magnetic field. Several
authors: Devos et al.28 and Nikoli}29 showed that an
imposed magnetic field equal to or more than 0.3 T in
the study of Devos et al.28, and equal to 39788 A/m in the
study of Nikoli}29 causes various effects, in particular, on
the morphologies and structures of deposed metals or
alloys. However, the magnetic field used was not
permanent and the intensity of the field was not weak.
The authors attribute these effects to the Lorentz force of
electrolytic processes; this force affects the migration of
ions and induces a convective flow of the electrolyte
close to the electrode surface. This idea can also explain
the obtained results and the difference between the
corrosions with and without a weak magnetic field
because the ion migration and the convective flow affect
the corrosion phenomena.

Aluminum-packaging-foil environment (food and
drugs) is rich in oxygen, acid and salt. Localized corro-
sion attacks occur due to galvanic coupling between the
nobler particles and the more active aluminum-alloy
matrix, and between the less noble particles and the other
nobler phases (the aluminum matrix and nobler parti-
cles). A cathodic reaction of the oxygen and hydrogen
reduction occurs on the cathodic precipitate surface:10,30

O2 + 2H2O + 4e– ⎯ →⎯ 4OH–

2H+ + 2e ⎯ →⎯ H2

The main anodic process, which happens in parallel
with the cathodic reaction, is the dissolution of the
aluminum matrix:10

Al ⎯ →⎯ Al+3 + 3e–

In the concave environment, we observed the pitting
of some aluminum packaging foil; the dissolution of
intermetallic particles with a round shape can explain
this observation that was also well discussed by Seri30. If
the less noble intermetallic particles are dissolved, they
enter the corrosion solution. If this solution is food or a
drug, it becomes toxic.

The investigation of the surface composition of the
aluminum packaging foil before and after three months
of corrosion in the 0.3 % of mass fractions of NaCl
solution, using an EDS analysis, revealed that the surface
of the aluminum foil for domestic use (foodstuff packag-
ing in a roll) was not varnished because the concentra-
tion of aluminum was 100 % before the corrosion (Table
4). After three months of the packaging-foil corrosion,
an aluminum oxide film was developed because the
oxygen concentration was increased (Table 4). The EDS
analysis of the foils intended for drugs, cheese and
chocolate show that the foils were varnished, but the
varnish film did not completely cover the aluminum

surface because the analysis before the corrosion showed
the presence of aluminum on the surface (Tables 5 to 7).
Part of the varnish dissolved after three months of the
corrosion in the 0.3 % of mass fractions of NaCl solution
as the analysis also showed an increase in the aluminum
concentration on the surface (Tables 5 to 7). Thus, the
aluminum surface became partially naked. This situation
is almost the same as in the case of the aluminum for
domestic use (Table 4).

Table 5: EDS analysis of a foil for drugs
Tabela 5: EDS-analiza folije za zdravila

Aluminum
foil before
corrosion

Ele-
ment

Energy
(keV)

Concen-
tration in

mass
fractions

(w/%)

Concen-
tration in
amount

fractions
(x/%)

Error
(%)

Al 1.486 15.05 7.86 0.31
O 0.525 25.33 22.30 0.70
C 0.277 59.54 69.81 0.17
Cl 2.621 0.08 0.03 0.42

Aluminum
foil after 3
months of
corrosion

Al 1.486 31.60 17.64 0.68
O 0.525 10.81 10.18 3.11

C 0.277 57.58 72.19 1.25

Table 6: EDS analysis of a foil for cheese
Tabela 6: EDS-analiza folije za sir

Aluminum
foil before
corrosion

Ele-
ment

Energy
(keV)

Concentra-
tion in
mass

fractions
(w/%)

Concen-
tration in
amount

fractions
(x/%)

Error
(%)

Al 1.486 0.68 0.37 0.13
O 0.525 43.98 40.73 0.24
C 0.277 43.85 54.09 0.11
Cl 2.621 11.49 4.80 0.16

Aluminum
foil after 3
months of
corrosion

Al 1.486 52.61 17.64 3.61
O 0.525 13.38 10.18 3.94

C 0.277 34.01 72.19 1.10

Table 7: EDS analysis of a foil for chocolate
Tabela 7: EDS-analiza folije za ~okolado

Aluminum
foil before
corrosion

Ele-
ment

Energy
(keV)

Concentrati
on in mass
fractions

(w/%)

Concen-
tration in
amount

fractions
(x/%)

Error
(%)

Al 1.486 23.96 18.20 0.16
O 0.525 04.96 6.36 0.46
C 0.277 30.43 51.93 0.58
Cl 2.621 40.65 23.50 0.23

Aluminum
foil after 3
months of
corrosion

Al 1.486 81.44 69.53 1.62
O 0.525 1071 15.42 4.57

C 0.277 7.87 15.06 9.06
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3.2 Kinetics of the corrosion and the dissolution of the
aluminum packaging foil

The results considered (Figure 8) show differences
between the corrosion kinetics for different aluminum
packaging foils. For an open-circuit potential, the taken
measurements present a high degree of dispersion of
values. The initial open-circuit potential, the passivation
open-circuit potential and the passivation time are diffe-
rent for different aluminum packaging foils. The diffe-
rences are due to the chemical compositions of the ma-
trices and the presence of different kinds of precipitates
and intermetallic particles in the alloy matrices, and the
differences between the chemical compositions of
different foils and the thermomechanical-treatment histo-
ries of the samples.

A complete electrochemical study of the aluminum
packaging foil with and without a weak magnetic field
was carried out only for the aluminum packaging foil
intended for cheese, because cheese has to be preserved
in a refrigerator. The open-circuit potential at the immer-
sion time of the aluminum packaging foil for cheese is
–0.62 V in the absence of the magnetic field and –0.638
V in the presence of a weak magnetic field (Figure 9).
The presence of a weak magnetic field seems to influ-
ence the corrosion kinetics in the first moments of
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Figure 10: Polarization curves of the aluminum packaging foil for
cheese in a 0.3 % of mass fractions of NaCl solution: � presence of a
weak magnetic field 1 h after the immersion, � absence of the mag-
netic field 1 h after the immersion, � absence of the magnetic field 30
d after the immersion,� presence of a weak magnetic field 30 d after
the immersion
Slika 10: Polarizacijske krivulje aluminijeve embala`ne folije za sir v
raztopini 0,3 % NaCl: � prisotnost {ibkega magnetnega polja 1 h po
potopitvi, � odsotnost magnetnega polja 1 h po potopitvi, � odsotnost
magnetnega polja po 30-dnevnem namakanju, � prisotnost {ibkega
magnetnega polja po 30-dnevnem namakanju

Figure 8: Open-circuit potential in the absence of the magnetic field
for aluminum packaging foils for: � drugs,� domestic use, � choco-
late, � cheese
Slika 8: Potencial odprtega kroga ob odsotnosti magnetnega polja pri
aluminijevi embala`ni foliji za: � zdravila,� gospodinjstvo, � ~oko-
lado, � sir

Figure 11: Magnifying-glass effect of polarization curves of the
aluminum packaging foil for cheese in a 0.3 % of mass fractions of
NaCl solution: � presence of a weak magnetic field 1 h after immer-
sion, � absence of the magnetic field 1 h after immersion, � absence
of magnetic field 30 d after immersion,� presence of weak magnetic
field 30 d after immersion
Slika 11: Pove~an izsek polarizacijske krivulje aluminijeve embala`ne
folije za sir v 0,3 % raztopini NaCl: � prisotnost {ibkega magnetnega
polja 1 h po namo~itvi, � odsotnost magnetnega polja 1 h po namo-
~itvi, � odsotnost magnetnega polja 30 dni po namo~itvi, � prisot-
nost {ibkega magnetnega polja 30 dni po namo~itvi

Figure 9: Corrosion-free potential of the aluminum packaging foil for
cheese in a 0.3 % of mass fractions of NaCl solution: � absence of the
magnetic field, � presence of a weak magnetic field
Slika 9: Korozijski prosti potencial aluminijeve embala`ne folije za
sir v raztopini 0,3 % NaCl: � odsotnost magnetnega polja, � prisot-
nost {ibkega magnetnega polja

C



immersion. The magnetic-field effect appears more
visible later. The open-circuit potentials of the aluminum
packaging foil for cheese with and without a magnetic
field converge towards the same potential value of –0.03
V at the stationary regime and after 122 h of immersion
(Figure 9).

Figure 10 represents polarization curves of the
aluminum packaging foil intended for cheese and Figure
11 represents the magnifying-glass effect of the polari-
zations curves in the absence and presence of a weak
magnetic field after 1 h and after 30 d of immersion. The
presence of a weak magnetic field seems to increase the
potential of corrosion at the beginning of corrosion and
decrease it after 30 d of immersion (Figures 10 and 11;
Table 3), but the passivation-current density seems to be
increased at the beginning of corrosion in the presence of
a magnetic field (Figures 9 and 10). We also observed
that the presence of a weak magnetic field decreases the
polarization resistance at the beginning and after 30 d of
corrosion (Table 3), and decreases the passivation po-
tential at the beginning (Figures 10 and 11). Thus, a
weak magnetic field modifies the corrosion kinetics and
aluminum-packaging-foil dissolution as soon as the
corrosion starts. This result is in good agreement with
the work of Devos et al.31, except that the minimum
magnetic field applied by Devos et al.31 was a few
hundreds of mT.

The corrosion kinetics of aluminum packaging foils
in the 0.3 % of mass fractions of NaCl solution (Figures
8 to 10) compared to the work of Seri30 who studied the
Al1.4%Fe aluminum alloy, is different. This dissimilarity
is due to the difference between the chemical
compositions of the alloys or to the disparity between the
surface residual stresses.7

4 CONCLUSION

Based on the study combining microscopy, X-ray
diffraction, electrochemistry tests of aluminum packag-
ing foil and the EDS results, the following conclusions
were made:

• Various aluminum packaging foils underwent a loca-
lized corrosion in a 0.3 % of mass fractions of NaCl
solution, showing that the morphologies and the
corrosion kinetics are different for different foils,
depending on the chemical composition of the sur-
face.

• The application of a weak magnetic field modifies
the morphology and the kinetics of corrosion,
decreasing the polarization resistance, the passivation
potential and the corrosion potential at the beginning
of corrosion. However, it increases the density of
passivation current 1 h after the immersion of the
cheese aluminum packaging foil, increases the
corrosion potential after 1 h of corrosion and de-
creases the corrosion potential after 30 d of corro-
sion.

• X-ray diffraction results show the presence of a
textured structure with a preferential orientation.

• The passivation of the aluminum packaging foil in-
tended for cheese takes place after 122 h of corrosion
in the absence and the presence of a weak magnetic
field.

• The food packed in aluminum packaging foil can be
contaminated by the aluminum metal.

• The EDS results show the presence of aluminum
oxide on the surface after three months of corrosion.
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A coating system composed of the AlTiCrN film covered with diamond-like carbon (DLC)-based lubricant, deposited on a
hot-work tool-steel substrate was the subject of the research. The AlTiCrN and DLC layers were deposited with a cathodic arc
and the PACVD technology on the X40CrMoV5-1.
A HRTEM investigation showed an amorphous character of the DLC layer. It was found that the tested AlTiCrN layer has a
columnar character with fine crystallites. Based on the XRD analysis, the fcc type of the crystal structure was proposed for this
layer. Combined studies including SEM, AES and ToF-SIMS confirmed the chemical composition and layered structure of the
coating. The chemical distributions of the elements inside the layers and at the interfaces were analyzed with the SEM and AES
methods. It was shown that an additional layer of Cr and AlTiN is present between the substrate and the AlTiCrN coating. In
sliding dry-friction conditions, the friction coefficient for the investigated elements is set in the range of 0.02–0.03. The
investigated coating revealed a high wear resistance. The coating demonstrated a good adhesion to the substrate.

Keywords: AlTiCrN film, DLC film, TEM, SEM, AES, ToF-SIMS, chemical composition, tribological properties

Predmet preiskave je bil sestavljen sistem AlTiCrN plasti, pokritih z diamantu podobnim ogljikom (DLC)- kot mazivom, ki je
bil nane{en na podlago iz orodnega jekla, za delo v vro~em. AlTiCrN in DLC plasti so bile nane{ene s tehnologijo katodnega
ARC in PACVD na X40CrMoV5-1.
HRTEM-preiskava je pokazala amorfne zna~ilnosti DLC plasti. Ugotovljeno je bilo, da ima preiskovana plast AlTiCrN stebrasta
drobna kristalna zrna. Na osnovi XRD analize je za to plast predlagana ploskovno centrirana kubi~na (fcc) kristalna zgradba.
Kombinirane SEM, AES in ToF-SIMS {tudije so potrdile kemijsko sestavo in plasti v zgradbi nanosa. Razporeditev kemijskih
elementov v plasteh in na stiku je bila analizirana s SEM in AES metodami. Ugotovljeno je, da je dodatna plast Cr in AlTiN
prisotna med podlago in AlTiCrN nanosom. Pri pogojih suhega drsenja je bil koeficient trenja postavljen v obmo~je med
0,02–0,03. Preiskovan nanos je pokazal veliko odpornost na obrabo in dobro oprijemljivost na podlago.

Klju~ne besede: plast AlTiCrN, plast DLC, TEM, SEM, AES, ToF-SIMS, kemijska sestava, tribolo{ke lastnosti

1 INTRODUCTION

Rapid advancements in modern industries, including
plastic fabrication, mostly depend on the capabilities of
the surface engineering.1,2 A wide range of the currently
available types of coatings and deposition technologies is
a result of a growing demand, in the recent years, for
modern-material surface-modification and protection
methods. Currently, from among a myriad of the techni-
ques enhancing the tool life, the CVD (chemical vapour
deposition) and PVD (physical vapour deposition)
methods are playing an important role in industrial
practice.3 An innovative approach in the surface treat-
ment is the application of hybrid technologies providing
a broad range of the types of the associated processes,
allowing the fabrication of a whole array of materials
with unique properties for precisely defined applications,

unachievable with the standard surface-treatment me-
thods.4,5

The coatings produced with the PVD technique are
recognised as one of the very interesting premium
technologies for modifying and protecting tool surfaces,
due to the possibility to synthesize the materials with
unique chemical and physical properties. One of the
most effective and universal coatings of this type is the
AlTiCrN hard coating. AlTiCrN coatings were deve-
loped for wet and dry machining, as well as forming due
to the stability of their mechanical characteristics at
elevated temperatures.6,7 Diamond-like carbon (DLC)
films showed a considerable potential for wear-resistant
coatings due their low friction coefficients and a good
wear resistance, particularly under dry-friction condi-
tions. Their beneficial tribological properties come from
smooth surfaces and good tribochemistry, leading to the
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formation of graphite-rich layers acting as a solid lubri-
cant.8–10 DLC films have been produced with various
deposition techniques such as PACVD (plasma-assisted
chemical vapour deposition), magnetron sputtering, PLD
(pulsed-laser deposition) etc.

The aim of this work is to examine the microstruc-
ture, mechanical and tribological properties of the
AlTiCrN+DLC coating system.

2 EXPERIMENTAL DETAILS

The examinations were made on the X40CrMoV5-1
hot-work tool steel covered with the AlTiCrN+DLC
coating. The AlTiCrN film was deposited with the catho-
dic-arc technology (coating machine PLATIT PL1000).
Coating depositions were carried out in an Ar and N2

atmosphere. Cathodes containing pure Cr and the AlTi
alloy (67:33 amount fractions) were used for the coating
deposition. To improve the adhesion of the coatings, the
Cr and AlTi cathodes were started to burn and form the
Cr and AlTiN adhesion layer. The DLC topcoat was
deposited using acetylene (C2H2) as the gas precursor in
a PLATIT �300+DLC unit. The DLC layer was pro-
duced with the PACVD. The deposition conditions are
summarized in Table 1.

The cross-sections of the deposited coatings were
mapped with a SUPRA 35 scanning electron microscope
(SEM). Detection of secondary electrons was used for
generating fracture images with a 4 kV bias voltage.

Table 1: Coating-deposition parameters
Tabela 1: Parametri nana{anja plasti

Parameter AlTiCrN DLC
Working pressure (Pa) 2.5 2.0

Substrate bias voltage (V) –50 –500

Target current (A) Cr – 140
AlTi – 120 –

Process temperature (°C) 430 220

The diffraction and thin-film microstructures were
tested with a TITAN 80-300 ultrahigh-resolution scann-
ing/transmission electron microscope. The thin cross-
section lamellas for TEM observations were prepared
with the focused-ion-beam (FIB) technique using a
Quanta 200i instrument with gallium ions.

Raman spectroscopy was used to identify the sp3/sp2

bond ratio and the chemical bond of the DLC film.
Raman measurements were performed at room tempe-
rature with an inVia-Raman microscope (Renishaw) with
a 514.5 nm Ar+ laser and a resolution of 1 cm–1.

X-ray diffraction studies of the analyzed coatings
were carried out on an X’Pert PRO system made by the
Panalytical Company using the filter radiation of a cobalt
anode lamp. The phase identification of the investigated
coatings was carried out in the Bragg-Brentano geometry
(XRD) and in the grazing-incidence geometry (GIXRD).

The measurements of the stresses of the analyzed
coatings were made with sin2� on the basis of the X’Pert
Stress Plus program. In the method of sin2� based on the
displacement effect of diffraction lines for different �
angles, appearing in the stress conditions of the materials
with a crystalline structure, a silicon strip detector was
used at the side of the diffracted beam. The sample
inclination angle � towards the primary beam was
changed in the range of 0°–75°.

The layered structure of the coating was tested with a
depth-profile measurement performed with the ToF-
SIMS method. Time-of-flight secondary-ion mass-spec-
trometry (ToF-SIMS) experiments were performed using
a TOF.SIMS 5 (ION-TOF GmbH, Munster, Germany)
reflection-type spectrometer equipped with a bismuth-
liquid metal-ion gun. A focused high-energy primary-ion
beam (pulsed 30 keV Bi+ ions at an ion current of ~1 pA)
was aimed at the sample surface at an angle of 45°
relative to the surface normal causing the emission of
secondary ions. Secondary-ion spectra and distribution
maps were collected by rastering the ion beam across
areas of 300 μm2 × 300 μm2 in a m/z range of 1–800 u.
For the depth profiling, an etching Cs gun (2 kV, 100
nA) was also used in the alternating mode with the
analysis bismuth gun. The raster of the analysis beam
(300 μm2 × 300 μm2) was centred inside the etching one
(500 μm2 × 500 μm2).

The chemical composition of the cross-section of the
coating was tested with the Auger electron spectroscopy
(AES) method. The measurements were carried out with
a PHI 5700/660 Physical Electronics spectrometer. A
Xe+ ion gun was used to create a crater through all the
layers of the sample. Then, the obtained crater was
analyzed with scanning electron microscopy (SEM) and
Auger electrons (AES). The chemical distributions of
particular elements in the coating were tested along the
selected line across the crater using Auger electrons. The
atomic concentration of the main elements of the coating
was calculated from the Al, Ti, Cr, N, Fe, O and C Auger
lines using the MULTIPAK software (version 9.5.0.8,
Ulvac-phi, Inc.).

The adhesion of the coating to the substrate material
was verified with a scratch test on a CSM REVETEST
device, by moving the diamond indenter along the exa-
mined specimen surface with a gradually increasing
load. The tests were made using the following parame-
ters: a load range of 0–100 N, a load-increase rate
(dL/dt) of 100 N/min, the indenter sliding speed (dx/dt)
of 10 mm/min, and the acoustic-emission detector
sensitivity (AE) of 1. The critical load LC2, causing a loss
in the coating adhesion to the material, was determined
on the basis of the values of the acoustic emission (AE)
and the recorded friction force (Ft) as well as the
observations of the damage developed during the scratch
test on a LEICA MEF4A light microscope.

The friction coefficient and the wear rate of the
coating were determined with a ball-on-disc test. The
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tests were carried out on a T-01M (ITE) device with the
following parameters: a sliding speed of 0.2 m/s, a
normal load of 20 N, an Al2O3 counterpart of a 10 mm
diameter, a sliding distance of 1000 m, a temperature of
22 °C (±1 °C) and a relative humidity of 30 % (±5 %).
To determine the wear rate of the coating (kvc) and the
wear rate of the counterpart (kvb), the procedure proposed
by Wänstrand et al.11 was used.

3 RESULTS AND DISCUSSION

3.1 Surface and structural studies of the coating

The cross-section of the investigated coating is
presented in Figure 1. The coating presents a compact
structure; there is no trace of any coating delamination.
The morphology of the DLC layer is characterized by a
dense microstructure. A columnar structure is noticed
only for the AlTiCrN layer. A clear boundary line is visi-
ble between the AlTiCrN and DLC layers. The adhesion
layer between AlTiCrN and the steel substrate is not as
well defined but still visible on the SEM image. The
measured thickness values of the DLC and AlTiCrN
layers and the adhesion layer are approximately 1.9, 1.2
and 120 nm, respectively.

Subsequently, for the coating structure characteri-
zation, TEM and HRTEM microscopes were used. The
images, presented in Figure 2, were obtained from se-
lected regions. The bright-field images (Figure 2a) and
the HRTEM micrograph (Figure 2b) show an amor-
phous character of the DLC films. As expected, the elec-
tron-diffraction patterns obtained show a considerable
broadening of diffraction rings (the inset image in
Figure 2a).

A structural study of the DLC coating was carried out
with the Raman spectroscopy. Figure 2c shows a Raman
spectrum, decomposed into two Gaussian line shapes. In
the current study, the Raman spectra of the DLC layer
reveal two broad bands, located at 1403 cm–1 and 1572

cm–1, designated as the D and G peaks, respectively, typi-
cally observed in diamond-like carbon coatings.12

A columnar structure of the AlTiCrN layer was ob-
served (Figure 3a). In addition, it was also found that the
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Figure 3: AlTiCrN film: a) TEM bright-field image and electron-
diffraction pattern, b) HRTEM micrograph, c) GIXRD spectra at an
incidence angle of � = 3°
Slika 3: AlTiCrN nanos: a) TEM-posnetek svetlega polja in uklon
elektronov, b) HRTEM-posnetek, c) GIXRD-spektri pri vpadnem kotu
� = 3°

Figure 1: SEM fracture image of the AlTiCrN+DLC coating depo-
sited on the steel substrate
Slika 1: SEM-posnetek preloma AlTiCrN+DLC nanosa na podlagi iz
jekla

Figure 2: DLC top layer: a) TEM bright-field image and electron-
diffraction pattern, b) HRTEM micrograph, c) Raman spectra of DLC
layer
Slika 2: DLC vrhnja plast: a) TEM-posnetek svetlega polja in uklon
elektronov, b) HRTEM-posnetek, c) Ramanski spektri DLC plasti



layer features a compact structure with a high homoge-
neity (Figure 3b). Fine grains were observed in the big
columnar grains of this film, and within one column, the
grains are similarly oriented.

On the basis of the results of the GIXRD pattern for
the AlTiCrN film, presented in Figure 3c, four reflexes
(111), (200), (220) and (311) are shown, corresponding
to interplanar spacings of (0.239, 0.207, 0.146, 0.125)
nm, respectively, which are characteristic of the CrN
cubic phase. The rate of the intensity of the detected re-
flexes indicates the presence the fcc-type crystal struc-
ture for the AlCrTiN layer.

Two subzones – Cr and AlTiN (Figure 4a) – can be
differentiated for the transition zone between the hard
AlTiCrN layer and the substrate material. Figure 4b
presents the electron-diffraction pattern and HRTEM
micrograph obtained for the AlTiN film deposited bet-
ween the substrate and the AlTiCrN layer.

3.2 Chemical composition of the coating

The chemical composition of the coating can be
recognized from Figure 5, where the result of the
ToF-SIMS depth profile is presented. The distribution of
the intensity for H+, O+, N+, C+, Ti+, Cr+, Al+ and Fe+ ions
confirmed a layered structure of the test sample. Three
different uniform layers can be distinguished. An
analysis of the molecular signals of carbon and hydrogen
ions indicates that the first layer can be linked with the
outermost hydrogenated DLC layer of the coating. The
molecular signals of C+ and H+ drop rapidly when the
second layer containing Al, Ti, Cr and N is exposed. The
second layer corresponds to the PVD-grown AlTiCrN
film. The molecular signals of the Al+, Ti+, Cr+ and N+

ions are roughly constant throughout the width of this
layer although, at the interfaces of DLC/AlTiCrN and
AlTiCrN/substrate, some changes can be observed in the
depth profiles of the selected Al+, Ti+, Cr+ ions.

Additionally, at the interface of DLC/AlTiCrN a
small signal from the oxygen ions was detected. An
increase in the counts of Ti+, Cr+ and Al+ in the transition

zone of DLC is associated with the border-exposure
values of the elements at the start of the deposition,
suggesting the presence of an additional layer composed
of the Al, Ti and Cr atoms. However, the increase in the
counts in the transition zone may also be related with the
specific conditions of the deposition process. The ob-
served increase in the Cr counts in the transition region
between AlTiCrN and the substrate confirmed the
presence of the adhesion layer. However, a clear depth
profile of the Cr signal observed before the visible maxi-
mum and the increase in the Al and Ti counts suggested
the presence of another additional layer, detected in
Figure 4a.

In the region of the substrate, the signals of Fe and Cr
were detected at a stable level. A small signal of carbon
was also detected for this part of the tested coating. The
small counts observed in the case of the nitrogen ions are
a result of a small cross-section of the positive ionization
process for the nitrogen ions. The presented analysis of
the Tof-SIMS measurement is compared with the AES
results in the next section of this article. It is noted that
the distribution of the particular elements in the structure
of the sample was obtained during the Cs sputtering pro-
cess in ultra-high vacuum conditions. Hence, it is the real
composition of the coating without the presence of
adsorbates.

In order to obtain the information about the chemical
distribution and atomic concentration of the coating, a
study combining SEM and AES was performed. At the
beginning, a crater area was obtained using the sputter-
ing method (the sputtering process was described in
detail in the experimental-detail section) on all the layers
of the coating. The size of the crater was about two milli-
meters. Next, particular surface parts of the crater area
were analyzed with Auger electron spectroscopy (AES).
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Figure 5: ToF-SIMS depth profile of the tested coating obtained for
positive ions
Slika 5: ToF-SIMS globinski profil preiskovanega nanosa s pozitivni-
mi ioni

Figure 4: a) Structure of the transition zone between the AlTiCrN
layer and substrate material, b) TEM bright-field image and elec-
tron-diffraction pattern of the AlTiN interlayer
Slika 4: a) Struktura prehodnega podro~ja med AlTiCrN plastjo in
podlago, b) TEM-posnetek svetlega polja in uklona elektronov v
AlTiN vmesni plasti



In Figure 6a, a SEM image of the coating interface,
obtained with the sputtering process, is presented. Auger
differentiation spectra (Figure 6b) were obtained from
the marked points of the SEM photography. The top
spectrum containing only a C KLL signal was detected
from the outermost DLC layer. The middle spectrum
contains the signals corresponding to the Al KLL, Cr
LMM, Ti LMM and N KLL Auger transitions. A small
signal of carbon contamination occurred at a kinetic
energy of 279 eV. The obtained results are in agreement
with the ToF-SIMS study, where carbon was also de-
tected in the AlTiCrN layer (Figure 5). The spectrum
recorded for the substrate area consists of groups of
peaks corresponding to the oxygen and iron Auger tran-
sitions. The presence of oxygen in the substrate of the
coating is a result of the adsorption process involving the
residual gases of the tested sample, taking place during
the long measurement. The adsorption process is dis-
cussed together with the analysis of the line-profile
results.

In Figures 7a and 7b the results of the chemical
distribution of particular elements, detected along the
marked line on the attached SEM picture are presented.
It should be noted that the x-axis on the SEM image and
the line-profile curves represent the dimensions in the
lateral plane, not in the depth of the coating. Three
different areas can be distinguished on the top images in
Figures 7a and 7b. The first, dark region between 0 μm – 200 μm represents the DLC film. The next, light-gray

area corresponds to the AlTiCrN layer between 200 μm –
300 μm. The last, light region corresponds to the sub-
strate.

The chemical distributions of carbon, oxygen and
iron obtained along the marked line are presented in
Figure 7a. The concentrations of carbon and oxygen in
the DLC region are about 98 % and below 2 %, rapidly
decreasing to 5 % and 2 % in the AlTiCrN layer, res-
pectively. However, an increase in the oxygen signal to
about 15 % is clearly visible at the DLC/AlTiCrN inter-
face. A similar result was obtained with the ToF-SIMS
method (Figure 5). The presence of small amounts of
carbon and oxygen in the AlTiCrN layer and the steel
substrate can be explained as the presence of a thin
adsorbate layer on the analyzed surface. This layer was
created due to the adsorption of the residual gases from
the analysis chamber. The amount of the adsorbate layer
increased during the measurement and different parts of
the coating had various adhesion coefficients. Hence, the
chemical distributions of carbon and oxygen in the sub-
strate area, i.e., the increases in the concentrations
observed for these elements are due to the increase in the
adsorbate layer and it is not related with the real
chemical structure of the substrate.

The distributions of the concentrations of Al, Ti, N
and Cr in the AlTiCrN area are presented in Figure 7b.
The levels of atomic concentrations of aluminum, chro-
mium, titanium and nitrogen are almost stable and are
about 12 %, 8 %, 10 % and 60 %, respectively. An
increase in the atomic concentration of Cr to a value of
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Figure 7: SEM images and chemical distributions of: a) iron, carbon
oxygen, b) aluminum, chromium, titanium and nitrogen, at the DLC –
AlCrTiN – substrate interface
Slika 7: SEM-posnetka in porazdelitev vsebnosti: a) `eleza, ogljika in
kisika ter b) aluminija, kroma, titana in du{ika, na stiku med DLC –
AlCrTiN – podlago

Figure 6: SEM image of the cross-section of the test coating: obtained
with the argon-sputtering process. The Auger differentiation spectra,
recorded for various parts of the area, are marked as points 1, 2 and 3.
Slika 6: SEM-posnetek pre~nega prereza preizku{anega nanosa: pri-
dobljen z jedkanjem z argonom. Augerjevi diferencirani spektri zapi-
sani iz razli~nih podro~ij so ozna~eni kot to~ke 1, 2 in 3.



15 % is observed in the transition zone between DLC
and AlTiCrN. This suggests that an additional layer of
chromium exists in the interface area, i.e., CrN. Increases
in the atomic concentrations to 15 % for titanium, to 8 %
for aluminum and to 64 % for nitrogen are visible in the
transition zone between AlTiCrN and the substrate.

On the other hand, the atomic concentration of chro-
mium in this area rapidly drops to nearly zero. This may
be due to the presence of additional layer AlTiN in the
interface. Further, the concentration of chromium rapidly
jumps from zero to about 5 % in the transition zone,
which may suggest the presence of the second additional
layer of chromium. Both of these layers may constitute
an adhesion layer presented in Figures 1 and 4a. In the
substrate area, the atomic concentrations of Al, Ti and N
decreased to zero; only a small signal of chromium was
detected. These results are in agreement with the data
from Figure 5 (Tof-SIMS) where, apart from iron, chro-
mium ions were also recorded on the substrate.

3.3 Mechanical properties

The measurements of the stresses within the analysed
layers were performed with the sin2� method. The values
of the stresses could only be determined for the AlTiCrN
layer due to an amorphous character of the DLC layer.
The "negative" slope of the line acquired during the
measurements of the stresses indicates that internal com-
pressive stresses exist in the AlTiCrN coating (Figure 8).
Depending on their values, the internal stresses may
positively or negatively influence the coating/substrate
material system, which directly relates to the service life
of the tools coated with protective layers. The com-
pressive stresses produced for the analysed layers im-
prove the cracking resistance and enhance the coating
adhesion to the substrate. The tensile stresses, though,
accelerate the coating-destruction process with an exter-
nally load applied.

Critical load values LC1 and LC2 were determined
using the scratch-test method with a linearly increasing
load, characterizing the adhesion of the investigated
coatings to the steel substrate. The load at which the first

coating defects appear is known as the first critical load,
LC1. The first critical load, LC1, corresponds to the point,
at which the first damage is observed (Figure 9a); the
first appearance of microcracking, surface flaking out-
side or inside the track without any exposure of the sub-
strate material – the first cohesion – indicates a failure
event. The second critical load, LC2, is the point, at which
a complete delamination of the coating starts; the first
appearance of cracking, chipping, spallation and delami-
nation outside or inside the track with an exposure of the
substrate material – the first adhesion – indicates a fail-
ure event (Figure 9b). The investigated coating shows
relatively high values of the critical load. The first failure
occurs at a value of ~28 N. The second critical load, LC2,
occurs at 67 N.

To determine the tribological properties of the
AlTiCrN+DLC coating, an abrasion test under dry-slid-
ing friction conditions was carried out using the ball-
on-disk method. Figure 10 presents a graph of friction
coefficient μ including its changes obtained during the
wear tests in relation to the Al2O3 counterpart. The fric-
tion curve is in the initial transitional state of an un-
stabilized course, during which the friction coefficient is
reduced along with the growth of the sliding distance
until it obtains the stabilized state, which normally
occurs after a distance of about 150 m. Under dry-fric-
tion conditions, after the wearing-in period, the friction
coefficient recorded for the associations tested is sta-
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Figure 10: Dependence of the friction coefficient on the sliding dist-
ance during the wear test for the AlTiCrN+DLC coating
Slika 10: Odvisnost koeficienta trenja od dol`ine poti drsenja med
preizkusom obrabe AlTiCrN+DLC nanosa

Figure 8: Changes in interplanar-spacing value d of reflex (200) of the
AlTiCrN layer in the function of sin2�

Slika 8: Sprememba vrednosti razdalje d odboja (200) plasti AlTiCrN
v odvisnosti od sin2�

Figure 9: Scratch-failure images of the AlTiCrN+DLC coating at: a)
LC1, b) LC2

Slika 9: Posnetka raze v AlTiCrN+DLC nanosu pri: a) LC1, b) LC2



bilized in a range of 0.02–0.03. No case of a complete
coating wear-through occurred because the maximum
wear-in depths were below the thickness values. The
coating and the counterpart examined show a low wear.
The values of the wear rate of the coating kvc and the
counterpart kvb were recorded to be 3.30 × 10–7 mm3/N m
and 4.53 × 10–9 mm3/N m, respectively. The microhard-
ness of the AlTiCrN film is 3400 HV and the one of the
DLC is 1650 HV.

4 CONCLUSION

The AlTiCrN+DLC coating was successfully depo-
sited on the X40CrMoV5-1 hot-work tool-steel sub-
strate. A columnar microstructure of the coating, without
any visible delamination, was observed with the scann-
ing electron microscope. The investigation indicates the
occurrence of a transition zone between the substrate
material and the coating, which improves the adhesion.
This is evidenced by the high values of the critical load
LC2 of the coatings analysed. It was observed that the
AlTiCrN film has a nanostructure with fine crystallites.
The tests using TEM confirmed an amorphous character
of a low-friction DLC layer. A phase-composition ana-
lysis of the DLC layer with the Raman-spectroscopy
method showed the presence of bonds distinctive for
diamond (sp3) and graphite (sp2), typically observed in
diamond-like carbon coatings. Under dry-friction con-
ditions, the friction coefficient for the associations tested
is within a range of 0.02–0.03 for the investigated coat-
ing. According to the XRD pattern of AlTiCrN, fcc
phases only occurred in the coating. Negative (com-
pressive) internal stresses exist in the tested coating,
substantially influencing the growth of tribological and
strength properties, including the coating adhesion to the
substrate. A chemical-composition analysis carried out
with the AES method revealed an equilibrium concen-
tration of nitride and metallic elements forming the
AlTiCrN layer. The DLC film is composed of carbon and
hydrogen.
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Analytical solutions are much less computationally intensive than numerical ones, and moreover, they are more accurate
because they do not contain numerical errors; however, they can only describe a small group of simple heat-conduction prob-
lems. A numerical simulation of heat conduction is often used as it is able to describe complex problems, but its computational
time is much longer, especially for unsteady multidimensional models with temperature-dependent material properties. After a
discretization using the implicit scheme, the heat-conduction problem can be described with N non-linear equations, where N is
the large number of the elements of the discretized model. This set of equations can be efficiently solved with an iteration of the
line-by-line method, based on the heat-flux superposition, although the computational procedure is strictly serial. This means
that no parallel computation can be done, which is strictly required when a graphics card is used to accelerate the computation.
This paper describes a multidimensional numerical model of unsteady heat conduction solved with the line-by-line method and
a modification of this method for a highly parallel computation. An enormous increase in the speed is demonstrated for the
modified line-by-line method accelerated on the graphics card, and the durations of the computations for various mesh sizes are
compared with the original line-by-line method.

Keywords: heat conduction, numerical simulation, multidimensional numerical model algorithm, acceleration, parallelization,
graphics card

Analiti~ne re{itve so mnogo manj ra~unsko intenzivne kot numeri~ne, poleg tega pa so bolj natan~ne, ker ne vsebujejo nume-
ri~nih napak, vendar pa lahko opisujejo samo majhno skupino enostavnih problemov prevajanja toplote. Numeri~na simulacija
prevajanja toplote se pogosto uporablja, ker je sposobna opisati kompleksne probleme, vendar pa je ~as izra~una mnogo dalj{i,
{e posebno pri nestabilnih ve~dimenzijskih modelih, z lastnostmi materiala, odvisnimi od temperature. Po diskretizaciji z
uporabo implicitne sheme je mogo~e problem prevajanja toplote opisati z N nelinearnimi ena~bami, kjer je N veliko {tevilo
elementov diskretiziranega modela. Ta sklop ena~b je mogo~e u~inkovito re{iti s pribli`kom metode vrsta za vrsto, ki temelji na
predpostavki toka toplote, ~eprav izra~un poteka serijsko. To pomeni, da ni mogo~ vzporedni izra~un, kar je striktna zahteva,
kadar se uporablja grafi~no kartico za pohitritev izra~una. Ta ~lanek opisuje ve~dimenzijski numeri~ni model nestabilnega
prevajanja toplote, kar je bilo re{eno z metodo vrsta za vrsto in s pospe{itvijo modifikacije te metode na grafi~ni kartici. Trajanje
izra~una je primerjano z osnovno metodo vrsta za vrsto pri razli~nih dimenzijah mre`e.

Klju~ne besede: prevajanje toplote, numeri~na simulacija, ve~dimenzijski model algoritma, pospe{itev, paralelizacija, grafi~na
kartica

1 INTRODUCTION

Although the computational power of modern
computers continues to rapidly increase year by year,
numerical simulations can last several hours or days for
detailed numerical models where high accuracy is
required. The computational time becomes even longer
when the models are used for inverse computations,
where thousands of direct-heat-conduction computations
can be required. Computations of the boundary
conditions (such as the surface temperature, the heat
flux, and the heat-transfer coefficient) for continuous
casting1–2, heat treatment3, hot rolling4–6 and different
types of spray cooling7 using ill-posed inverse methods8,9

are typical applications.

Many very fast algorithms have been developed, but
they are often used strictly in a serial fashion10,11 and
cannot be efficiently used by modern multicore pro-
cessors, as they require parallel processing. It has been
shown that a seemingly lesser algorithm can be much
more efficient because it allows parallel processing12–15

that is absolutely necessary for the use of the maximum
computational power of modern processors, where
thousands of tasks can be computed at the same time.
The time when a personal computer’s central processing
unit (CPU) was able to compute only one thread at a
time is over. Today, CPUs often compute from 4 to 16
threads at the same time.16,17 New graphics processing
units (GPUs)18,19 allow scientific computing in double
precision, which is necessary for numerical heat-con-
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duction computations and the GPUs can run more than
2800 threads at the same time. When looking at the
computational power, a GPU has over 2500 Giga FLoat-
ing-point OPerations per Second (GFLOPS) in double
precision, while a CPU has only 70 GFLOPS. However,
to use all of the computational power of a GPU a highly
parallel computational algorithm is required.

After the discretization of a heat-conduction problem
(HCP) using the implicit scheme, the HCP can be des-
cribed with a set of linear equations A·T = B for constant
material properties where T is the unknown temperature
in the model and A is a very large sparse square matrix
for large models. The A matrix has dimensions of N·N
where N is the number of the nodes in the entire model.
For example, a 3D model with 100 nodes in each dimen-
sion has an A matrix of 106 times 106 consisting of 1012

values. It is necessary to compute the huge inverse
matrix A–1 and store this inverse matrix in the computer
memory to compute the T vector. Furthermore, for a
temperature-dependent model, the computation must be
iterated because matrix A and vector B change with a
better estimate of the final T vector. However, there is a
different approach, often called the line-by-line method,
which requires much less computer memory, although
the computation procedure is strictly serial10 and does
not allow for parallel processing.

2 LINE-BY-LINE METHOD FOR HCP

A two-dimensional (2D) problem can be discretized
into an orthogonal mesh.20 One equation is necessary for
each control volume represented by one temperature. An
explicit, implicit, or Crank-Nicholson differencing sche-
me for the time domain can be used. The focus here is on
the implicit scheme because the explicit one is condi-
tionally stable. When writing the heat-flux equation for
each control volume, all the equations can be rearranged
into the matrix form of A·T = B where T is the vector of
nodal temperatures. The inverse matrix A–1 must be
computed to solve this set of equations.21 This approach
is very inefficient and unstable for the models with many
control volumes. The stability problem arises from the
rounding of the values during a large number of ope-
rations because the computers use only a limited number
of decimal places to store these values.

Patankar10 described an approach called the line-by-
line method to overcome the problem with an inverse
matrix. This method uses the principle of the heat-flux
superposition. The domain is solved by iterating two
steps for a 2D model and by iterating three steps for a 3D
model. The 2D model is partitioned into lines in the first
step and into columns in the second step (Figure 1). The
first line is solved separately, then the second one and so
on until all the lines are finished. Each line j (where j =
1..M) is solved using an implicit scheme and the most
up-to-date temperatures for lines j–1 and j+1 are used to
include vertical heat fluxes for line j to ensure the fastest
convergence to the final solution. This means that the
temperatures for line j–1 are those only computed for
this line and the temperatures for line j+1 are those com-
puted during the previous iteration. A similar process is
performed with columns in the second step. This
approach leads to M matrices CjTj = Dj and N matrices
EiTi = Fi where Cj and Ei are tridiagonal matrices. This
set of equations can be solved very fast using the direct
TDMA method.11 These two steps (computations of rows
and columns) are repeated until the desired accuracy of
the computed temperature field is attained.

The problem with the original line-by-line method is
that line j can only be computed when line j-1 has
already been finished. Neither does the TDMA method11

allow parallel processing, which is strictly required by a
GPU. However, parallel processing can be enabled with
a simple modification. The temperatures from the pre-
vious iterations for both line j–1 and j+1 can be used
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Figure 2: Structure of the 2D model used for testing and non-uniform
discretization: 1) silver solder Ag40, 2) thermocouple shield Inconel
600, 3) eletrical insulation MgO, 4) K-thermocouple, 5) stainless steel
1.4301
Slika 2: Zgradba 2D modela, uporabljenega za preizkus in spremen-
ljiva diskretizacija: 1) srebrova spajka Ag40, 2) termoelement Inconel
600, 3) elektri~na izolacija MgO, 4) K-termoelement, 5) nerjavno jek-
lo 1.4301

Figure 1: Line-by-line method for a 2D problem
Slika 1: Metoda vrsta za vrsto za 2D problem



when line j is being computed. However, this modifica-
tion significantly slows down the speed of convergence.

3 EXAMPLE OF PARALLEL PROCESSING

GPU acceleration was tested on a 2D computational
model (Figure 2) which is often used for the inverse
computation of boundary conditions (the cooling inten-
sity of a spraying header on a work roll during hot roll-
ing).6 This represents a cut of a shielded K-thermocouple
soldered with a silver solder in a slot made on the surface
of stainless steel. The actual circular geometry of the
shielded thermocouple is simplified in this example to
the equivalent square geometry so that the model can be
easily refined by dividing the control volumes. Because
the geometry is symmetrical, only one half is used for
the model. All sides are insulated except for the upper
one, where a time-dependent heat flux is applied (Figure
3). The applied heat flux represents the heat flux from
the real cooling measurement during one rotation of a
heated roll. The roll is hollow with an outer perimeter of
2 m and a wall thickness of 25 mm. The velocity of the
outer surface of the roll during the rotation is 2 m/s. One
rotation lasts for 1 s. The sampling frequency is 300 Hz.
The starting temperature is 400 °C. The temperatures
computed on the surface and in the center of the ther-
mocouple are shown in Figure 3.

When the computation is accelerated, the GPU is
used as a co-processor. Only the most computationally
intensive sections that can be processed in parallel are
run on the GPU, rather than the whole program. The
main program is run on the CPU and the most compu-
tationally intensive tasks are sent to the GPU using Open
Computing Language (OpenCL).22 In this case, three
procedures are accelerated on the GPU: 1) the comput-
ing-material properties for the actual temperature; 2) the
TDMA method for solving a set of equations; 3) the

estimation of the attained accuracy of the computed
temperature field. The first and the third functions are
well suited for parallelization. Each node can be com-
puted in a separate thread. This means that the total
number of nodes determines the maximum number of
parallel threads. Function 2 is not as well suited for
parallelization. The maximum number of parallel threads
is the number of rows M in the first stage and the number
of columns N in the second stage.

The durations of the computations for functions 1
and 2 are listed in Table 1 for different numbers of
nodes. These are the net values without the time required
for preparing the tasks, data, and for launching. Table 2
includes the results from the entire simulation of one
rotation during the roll cooling. The values for the CPU
were obtained using the original line-by-line method,
computed in one thread, while the values for the GPU
were obtained using the modified line-by-line method,
accelerated on the GPU. The desired accuracy was 1 °C
for the whole simulation in all the nodes. An Intel Core
i5-2500K23 was used for the CPU and an AMD Radeon
HD 797024 was used for the GPU.

Table 1: Computations on CPU and GPU for one iteration
Tabela 1: Izra~unana CPU in GPU za eno ponovitev

Nodes Mat. properties (μs) TDMA M+N(ms)
X Y CPU GPU CPU GPU
32 107 51 19 5 1.1
92 107 147 20 17 1.5

182 212 605 24 72 3.1
362 422 2532 57 293 6.4
722 842 10220 191 1152 12.3

1442 1682 41479 726 4611 16.0

4 DISCUSSION

The test example showed that the GPU acceleration
makes sense for the models with many nodes (the more
nodes the better). For a very fine mesh (800 rows and
800 columns), results can be obtained almost 11 times
faster when using the GPU acceleration. For a very small
number of nodes, the original method used only by the
CPU can be even faster. This is caused by a relatively
slow communication between the CPU and GPU, which
is necessary for the acceleration on the GPU. An explicit
scheme was also tested because it is more suitable for
parallel processing. However, it was found that it is 164
times slower on the CPU than an implicit scheme due to
its conditional stability, which requires a 6000× higher
sampling frequency.

The numbers of iterations for steps 1 and 2 of the
line-by-line method for 2D are listed in Table 2. It is
clear that the original method (the CPU column) needs
approximately half the number of iterations required by
the modified method (the GPU column) to reach the
same 1 °C accuracy. However, the model introduced here
has a very slow convergence rate because the silver
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Figure 3: Computed temperature history for the thermocouple, for the
surface above the thermocouple (corner (0;0)) and the used heat flux
Slika 3: Izra~unana zgodovina temperature v termoelementu, na po-
vr{ini nad termoelementom (vogal (0;0)) in uporabljeni tok toplote



solder used has an approximately five-time higher
thermal conductivity than stainless steel. In the models
where materials with similar thermal conductivities are
used, the number of the necessary iterations is much
smaller.

The computational time required for one node in one
iteration for the CPU is almost independent of the
number of nodes and lasts for about 0.2 μs. The situation
is completely different for the acceleration using the
GPU (it decreases). However, the total time divided by
the product of the number of iterations and the sum of
lines and columns is almost constant (3.8 μs). A similar
situation exists for the TDMA M+N function in Table 1
because this function is the longest during the compu-
tation. The time/(iter.*(M+N)) is almost constant because
there are not enough parallel threads to fully utilize the
GPU. There are only about 800 threads and the GPU can
process over 2000 threads. The increase in TDMA M+N
for a higher number of nodes is caused by a larger
tridiagonal matrix to be solved but not by a higher
number of tridiagonal matrices to be solved.

5 CONCLUSION

It was found that for the models with a high number
of computational elements the acceleration on a GPU
card can speed up 2D heat-conduction calculations by
almost eleven times. For a model with a small number of
nodes, it is better to use a CPU and the original line-
by-line method. The AMD 7970 starts to be fully utilized
when there are more than 32,000 threads. The GPU
acceleration will be even more useful for 3D models
where there may be more parallel threads for the TDMA
function.
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In this paper, studies are presented that characterize a bulk amorphous Fe61Co10Ti3Y6B20 alloy. Samples were fabricated in two
forms: as a rod of 1 mm in diameter and as a tube of 1 mm in the outer diameter. The investigated material was obtained using
the injection method, whereby the liquid alloy was injected into a copper mould. Using an X-ray diffractometer, a scanning
electron microscope and computer tomography, the microstructures of these rapidly cooled samples were studied. Based on the
obtained results, it was found that both the rod and the tube were fully amorphous. The cross-sections of the broken rod and tube
were characterized by a mixed rupture consisting of smooth chevron and river patterns. This shows that there are regions of
different ductility distributed throughout the volume of a sample. Three-dimensional images of the investigated materials,
obtained with computer tomography, allowed the determination of the contribution of the pores (and their size) to the total
volumes of the samples. The investigated alloy is a ferromagnetic material exhibiting good soft-magnetic properties such as a
high saturation magnetization, a high magnetic permeability and a low value of the coercive field. The technique of injecting the
liquid alloy into a copper mould, combined with the suction-casting method, can be used to produce toroidal cores that exhibit
highly promising properties for a successful application in the construction of electric motors.

Keywords: bulk amorphous alloys, X-ray diffractometry, electron scanning microscopy, computer tomography, saturation
magnetization, coercivity

^lanek prikazuje {tudijo zna~ilnosti masivne amorfne zlitine Fe61Co10Ti3Y6B20, katere vzorci so bili izdelani na dva na~ina: kot
palica premera 1 mm in kot cev z zunanjim premerom 1 mm. Preiskovani material je bil izdelan z vbrizgavanjem, saj je bila
talina vbrizgana v bakreno kokilo. Mikrostrukture hitro strjenih zlitin so bile prou~evane s pomo~jo rentgenskega difraktometra,
z vrsti~nim elektronskim mikroskopom in z ra~unalni{ko tomografijo. Na podlagi dobljenih rezultatov je bilo ugotovljeno, da
sta palica in cev popolnoma amorfni. Presek prelomljene palice in cevi ima me{an prelom, ki sestoji iz gladkih povr{in in
stopnic v obliki re~ic. To pomeni, da so razli~na podro~ja duktilnosti razporejena po volumnu vzorca. Trodimenzionalne slike
preiskovanih materialov, dobljenih s pomo~jo ra~unalni{ke tomografije, omogo~ajo dolo~itev dele`a por (in njihovih velikosti) v
celotnem volumnu vzorcev. Preiskovana zlitina je feromagnetna in ima dobre mehko magnetne lastnosti, kot so: visoko
nasi~enje pri magnetizaciji, visoka magnetna permeabilnost in majhna vrednost koercitivnega polja. Tehniko vbrizgavanja
teko~e litine v bakreno kokilo, v kombinaciji z livno metodo z vsesavanjem, se lahko uporabi za izdelavo toroidnih jeder, ki
imajo dobre lastnosti za uspe{no uporabo pri konstrukciji elektromotorjev.

Klju~ne besede: masivne amorfne zlitine, rentgenski difraktometer, vrsti~ni elektronski mikroskop, ra~unalni{ka tomografija,
nasi~ena magnetizacija, koercitivnost

1 INTRODUCTION

The 21st century could be called the šage of miniatu-
rization and proliferation of the cutting-edge techno-
logy’. Currently, the rapid development of subassemblies
for electronic devices is on the increase, featuring
increasingly compact physical dimensions. Of particular
importance are the component parts for miniature
motors, targeted at specialist applications. The magnetic
material used in micro-motors should have a good
coefficient of fulfilment and, of course, excellent magne-
tic and mechanical properties.1–6 Bulk amorphous alloys
include highly promising materials for electrical-engi-
neering applications.7–10 Conventional amorphous alloys,
manufactured in the form of a strip (ribbon), cannot be

used for the construction of micro-motors because the
strip shape is not suitable for the application.

Through the selection of the right chemical compo-
sition for an alloy, the amorphous state can be obtained
using a relatively slow cooling rate (102 K/s – 100 K/s).11

This feature has been utilized in the production of the
so-called bulk amorphous alloys. The bulk amorphous
alloys consist of many components (more than three
chemical elements). In order to obtain a high value of the
glass-forming ability (GFA) the atomic radii of the main
alloy components must vary by more than 12 % and
these components should be characterized by the nega-
tive mixing heat.11 Moreover, the bulk amorphous alloys
are characterized by a wide range of the so-called
super-cooled liquid region, �Tx ( = Tx – Tg), where Tx is
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the crystallization-onset temperature and Tg is the glass-
transition temperature.12 Due to the facts that the bulk
amorphous alloys consist of many components of va-
rious atomic radii and are obtained using a slow cooling
rate, their density is higher than that typical of the
classical amorphous alloys. The relatively slow cooling
rate, used in the manufacture of the bulk amorphous
alloys, yields a more relaxed structure in the resulting
as-cast state.

This paper presents the results of the studies of the
microstructure and magnetic properties of the
Fe61Co10Ti3Y6B20 bulk amorphous alloy in the forms of a
rod and a tube.

2 METHOD

The samples used in the investigations were produced
of high-purity elements (greater than 99.95 % of amount
fraction), using a combination of the injection- and
suction-casting methods. The molten liquid was sucked
into a water-cooled, copper die. The initial material was
melted by arc melting (current range: 240–300 A; volt-
age: 80 V) under a protective atmosphere of inert gas. In
addition, immediately prior to the suction process, pure
titanium was re-melted in order to avoid a sample oxi-
dation.

The structure and microstructure of the resulting
material were investigated by means of an X-ray
diffractometer (Bruker Advanced D8), scanning electron
microscope (SEM – Zeiss, Supra 35) and computer
tomograph (Bruker, SkyScan 1172 Micro-CT). X-ray
diffraction patterns (Cu-K�) were taken in a 2-theta
range from 30° to 120°, with a measurement step of
0.05° and time per step of 2 s. Images of the surfaces of
the samples were obtained using the SEM, with a
constant electron-acceleration voltage of 25 kV and the
maximum magnification of 12 × 103. A three-dimensio-
nal visualization of the scanned samples was performed
using the SkyScan software (Bruker). This kind of
equipment is commonly used in amorphous and nano-
crystalline materials investigations.13 The X-ray para-
meters such as the voltage, the type of filter, the
exposure time and the pixel size were optimized in order
to obtain the best image contrast. The X-ray tube voltage
was 100 kV and the current was 100 μA. The X-ray

projections were obtained at 0.3° intervals with a
scanning angular rotation of 360° and 6 frames were
averaged for each rotation. The obtained resolution
yielded a pixel size of 2.38 μm. In addition, ring artefacts
were reduced through the selection of the
random-movement amplitude of 50. The exposure time
was 1200 ms. The images were reconstructed and
analysed using the Bruker NRecon and CTAn software.
DataViewer (Bruker) and CTVol (Bruker) were used to
reveal the microstructural features of the samples. Static
hysteresis loops were taken by means of a Lake Shore
7301 vibrating-sample magnetometer (VSM), using a
magnetic field of up to 2 T.

3 RESULTS AND DISCUSSIONS

In Figure 1, X-ray diffraction patterns, obtained from
the powdered alloy samples, are presented. A wide maxi-
mum, typical for the amorphous materials, can be ob-
served on the X-ray diffraction patterns at 2� 	50°.
Figure 2 shows SEM images of the investigated
samples. Images showing the cross-sectional structures
of the investigated samples are presented in Figure 3.

Figure 3a corresponds to the rod sample and reveals
a visible mixed rupture, consisting of a smooth cleavage,
a poorly developed chevron and river patterns. This is a
sign of a varying degree of the structural relaxation of
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Figure 3: SEM images of the surfaces of the: a) rod and b), c), d) tube
for the Fe61Co10Ti3Y6B20 alloy
Slika 3: SEM-posnetki povr{ine palice: a) palica in b), c), d) cevka iz
Fe61Co10Ti3Y6B20

Figure 1: X-ray diffraction patterns for the Fe61Co10Ti3Y6B20 alloy
Slika 1: Rentgenogram zlitine Fe61Co10Ti3Y6B20

Figure 2: SEM images for the investigated samples: a) rod of a 1 mm
diameter, b) tube of a 1 mm diameter
Slika 2: SEM-posnetka preiskovanih vzorcev: a) palica premera 1 mm,
b) cev premera 1 mm



the rod-shaped sample. Similar patterns were observed
across the whole of the surface of the rod sample (Fig-
ure 3a). The cross-sectional images obtained for the
tube-shaped sample (Figures 3b to 3d) were more
inhomogeneous and different characters of the ruptures
were observed for different sections of the tube. In Fig-
ure 3b, a well-developed band can be observed, dividing
the regions of smooth and scale-like breakthroughs. At
the top of this band, and situated perpendicularly to it,
fine and poorly developed scales are visible. In another
area of the investigated tube-like sample (Figure 3c), a
band separating the regions of the smooth cleavage was
also observed, with well-developed scales that are pa-
rallel to each other. In the lower part of the band deter-
mining the border of the scales, numerous breakthroughs
appeared, indicating the direction of the created scale-
like structure. In Figure 3d, the cross-section of the tube
(with the parallel band of well-developed scales) can be
seen. However, the character of this breakthrough is not
typical. A further expansion of the scale-like structure is
limited by the areas that feature different degrees of
stress, and, as a result, double-graded scales can be ob-
served.

On the basis of the SEM investigations, it can be
stated that the quenching time (and, related with this, the
cooling speed) has a significant influence on the struc-
tures of the breakthroughs featured in the investigated
samples. The microstructures of the investigated rod- and
tube-shaped samples are shown, with a 3-D visualisation,
in Figures 4 to 6. On the basis of computed-tomography
investigations of the rod-shaped sample of
Fe61Co10Ti3Y6B20 alloy, it was found that its structure is
uniform and free from defects in the form of pores; this
is in agreement with the results of the SEM investiga-
tions (Figure 3a).

M. NABIALEK et al.: MAGNETIC PROPERTIES AND MICROSTRUCTURE OF A BULK AMORPHOUS ...

Materiali in tehnologije / Materials and technology 50 (2016) 2, 189–193 191

Figure 7: 3-D microstructure of the tube (in grey) with pores
Slika 7: 3-D mikrostruktura cevi (siva barva) s porami

Figure 4: Three different cross-sectional views of the rod microstruc-
ture: a) coronal, b) transaxial, c) sagittal
Slika 4: Trije razli~ni prikazi mikrostrukture preseka palice: a) koro-
nalni, b) transaksialni, c) sagitalni

Figure 6: Three different cross-sectional views of the tube micro-
structure with open pores: a) coronal, b) transaxial, c) sagittal
Slika 6: Trije razli~ni prikazi mikrostrukture preseka cevi z odprtimi
porami: a) koronalni, b) transaksialni, c) sagitalni

Figure 5: Three different cross-sectional views of the tube microstruc-
ture: a) coronal, b) transaxial, c) sagittal
Slika 5: Trije razli~ni prikazi mikrostrukture preseka cevi: a) koro-
nalni, b) transaksialni, c) sagitalni



The microstructure of the tube was found to be
mostly continuous (Figure 5) but there were some open
and closed pores (Figure 6) that were visualized in 3-D
(Figure 7). The volume-equivalent sphere diameter of
the pores (Figure 8) revealed that there were only five
pores of a volume of 0.0170 % in the range of 23 μm –
63.7 μm (Figure 9). The largest quantity of the pores
(19) was in the range of 3.8 μm to 17 μm, but the volume
was only 0.0014 % (Figure 9). In addition, various
breakthrough structures, related with the varying thick-
ness of the tube, can be observed in the SEM images
(Figure 6).

The microstructure of the rod was continuous. To
analyse the rod thickness, the distribution of maximum
intensity projection (MIP) was used (Figure 10a). The
differences, related to the main diameter (1082.2 μm),
and their distribution are shown in Figure 10b. To cal-
culate the thickness distribution of the rod, this area was
divided into eight parts (Figure 10c) and analysed
(Figure 11). The average shell thickness was found to be
47.4 μm.

The measurements of the šmagnetization versus mag-
netic field’ were performed on the rod- and tube-shaped
samples of the Fe61Co10Ti3Y6B20 amorphous alloy (Fig-
ure 12). The static hysteresis loops were found to have
the shapes typical for the ferromagnetic materials that
exhibit soft-magnetic properties. The saturation-magne-
tization values for the rod- and tube-shaped samples of
the investigated alloy were found to be almost identical,
both being approximately 1.17 T. Moreover, the investi-
gated alloys are characterized by low values of coer-
civity: 0.37·10–4 T and 0.25·10–4 T for the tube- and
rod-shaped samples, respectively.
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Figure 12: a), b) Static hysteresis loops, c), d) inserts with the origin
of M-H system
Slika 12: a), b) Stati~ne histerezne zanke ter c), d) vlo`ki iz M-H
sistema

Figure 9: Ratio of the volume of the pores to the total volume
Slika 9: Razmerje volumna por glede na celotni volumen

Figure 10: Microstructure of the rod: a) maximum intensity pro-
jection, b) differences for the main diameter (in white) and their
distribution (in grey), c) thickness distribution divided into 8 parts
Slika 10: Mikrostruktura palice: a) projekcija najve~je intenzivnosti,
b) razlika med glavnim premerom (bela barva) in njihova razporeditev
(siva barva), c) razporeditev debeline, razdeljene na 8 delov

Figure 8: Volume-equivalent sphere diameter of the pores
Slika 8: Volumenski ekvivalent kroglastega premera por

Figure 11: Rod thickness distribution divided into 8 parts (Figure 7c)
Slika 11: Razporeditev debeline palice, razdeljene na 8 delov (Slika
7c)



4 CONCLUSIONS

The utilization of the combined injection-casting
method, which features the suction casting of a molten
alloy into a copper die, facilitated the fabrication of a
bulk amorphous Fe61Co10Ti3Y6B20 alloy. In the case of the
investigated alloy, the most important application para-
meters are the good soft-magnetic properties, attained
whilst preserving the amorphous structure. Elements Ti
and Y were used as the components facilitating the
amorphicity of the alloy. It is commonly known that the
addition of a small quantity of titanium (up to 5 % of
amount fraction), or a similar addition of yttrium, to the
Fe-based alloys improve their glass-forming ability (an
increase in �Tx); however, usually this has a negative
impact on the soft-magnetic properties. As demonstrated
in this work, despite the addition of these components
(3 % of amount fraction of Ti and 6 % of amount frac-
tion of Y), the bulk amorphous Fe61Co10Ti3Y6B20 alloy is
characterized by good soft-magnetic properties; i.e., a
high value of the saturation magnetization (1.17 T) and
low values of coercivity (0.37·10–4 T and 0.25·10–4 T for
the tube and rod samples, respectively).

When carrying out a computer-tomography investi-
gation of the rod-shaped sample of the Fe61Co10Ti3Y6B20

alloy, no pores were observed in the structure. However,
during the production of the tube-shaped sample, pores
were found in the volume of the sample. The volume-
equivalent sphere diameter of the pores indicated that
there were only five pores within a range of 23–63.7 μm
with a volume of 0.0170 %. The largest quantity of the
pores was within a range of 3.8 μm to 17 μm, but their
volume comprised only 0.0014 %. The presence of the
pores within the volume of the tube-shaped sample
caused only a minor deterioration of the magnetic pro-
perties in comparison with the rod-shaped sample (an
increase in the coercivity). Despite this, the material can
be used for the magnetic cores in micromotors, for
applications involving miniature devices.

By regulating the technical parameters of the produc-
tion process, it was possible for the rod- or tube-shaped
samples to be obtained. On the basis of the performed
investigations, it can be stated that a variation in the
quenching speed of the molten alloy has a substantial
influence on the structure, the microstructure and some
of the magnetic properties of the investigated material.
Hitherto, the bulk amorphous alloys have been produced
mainly in the forms of rods and plates. The creation of
bulk samples in the form of closed rings is a major
technological step. During the production process, an
additional problem was the appearance of the pores in
the volume of the tube, which had deleterious effects on
the durability and soft-magnetic properties of the investi-
gated alloy. Given an appropriate chemical composition,
these rings could be used in the construction of the
magnetic cores in electronic and electric microdevices.

The results of the investigations presented in this
paper demonstrate that changes in the structural stresses
and quenching speed of the molten alloy have a major

influence on the value of the coercivity, which is a
measure of the energy required for demagnetizing the
material. Despite a minor increase in the value of the
coercivity for the tube-shaped sample, the material
formed in this shape can be used for the magnetic cores
of micromotors in miniaturized devices.
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The presented study deals with the effects of different processing parameters during injection moulding on the morphological
structure through the thickness of the injection-moulded samples and, consequently, on their mechanical properties. In this
work, tensile bars of an isotactic polypropylene were injected under different conditions such as the flow rate, the melt tempe-
rature and the mould temperature. The morphological structure of the samples was investigated with polarized light microscopy
using thin cross-sections cut perpendicularly to the flow direction. The fountain flow in the mould cavity influenced the
crystallization kinetics and the presence of three distinct crystalline zones was observed; namely, the highly oriented
non-spherulitic skin, the shear-nucleated spherulitic intermediate layer and the inner core composed of spherulites with a low
orientation. The results showed that the flow rate has the highest influence on the thickness of the oriented skin layer. The
mechanical properties of the tensile samples demonstrated that the larger thickness of the two outer skins provides the higher
tensile strength. The same effect was also confirmed with a microhardness test where the skin layer was harder than the inner
spherulitic core.

Keywords: skin-core structure, polypropylene, morphology, tensile strength, microhardness

Predstavljena {tudija obravnava vpliv razli~nih procesnih parametrov pri vbrizgavanju na morfologijo strukture, zaradi debeline
vbrizganih vzorcev, in posledi~no na njihove mehanske lastnosti. V tem delu so bile natezne palice izotakti~nega propilena
vbrizgane pri razli~nih pogojih, kot so: hitrost te~enja, temperatura snovi in temperatura kokile. Morfolo{ka struktura vzorcev je
bila preiskovana z mikroskopijo s polarizirano svetlobo, z uporabo tankih rezin, odrezanih pravokotno na smer toka. Lijakasto
litje v votlini orodja je vplivalo na kinetiko kristalizacije in opa`ena je bila prisotnost treh razli~nih kristalnih podro~ij, in sicer:
mo~no orientirana ne-sferulitna skorja, s stri`enjem nukleirana sferulitna vmesna plast in notranje jedro, sestavljeno iz
sferulitov, brez orientacije. Rezultati so pokazali, da ima hitrost toka najve~ji vpliv na debelino skorje. Mehanske lastnosti
nateznih preizku{ancev so pokazale, da ve~ja debelina dveh zunanjih skorij zagotavlja vi{jo natezno trdnost. Enak u~inek je bil
potrjen tudi s preizkusom mikrotrdote, kjer je bila plast skorje bolj trda kot pri notranjem sferulitnem jedru.

Klju~ne besede: struktura skorja-jedro, polipropilen, morfologija, natezna trdnost, mikrotrdota

1 INTRODUCTION

It is well known that the internal morphological
structure of a semi-crystalline polymer is strongly depen-
dent on the processing parameters during the injection
moulding.1–3

The injection of a molten polymer into a relatively
cold mould immediately leads to a frozen layer of the
polymer at the cavity wall. Then, the melt flow inside
takes place between two frozen layers. This mechanism
is called the fountain flow. The molecules at the flow
front are elongated before their deposition on the cold
cavity and, because of the rapid solidification, the sur-
face layer shows a high degree of molecular orientation.
In the centre of the flow, the material has more time to
relax and crystallize, although even here the shear flow
also generates orientation.4 The internal morphology
displays a strong structural heterogeneity through the
cross-section of a sample thickness. This structural deve-

lopment consequently affects the mechanical properties
of the final components.5

Many studies about injection-moulded polypropylene
(PP) have shown that at least two regions are noticeable
through a specimen thickness.6,7 The first frozen surface
layer is called "the skin", whereas the zone in the middle
of the cavity is called "the core". Between them, there is
an intermediate zone, sometimes called "the shear zone"
due to the fountain flow, as can be seen in Figure 1.

Previous research was first focused on the effects of
both the melt and mould temperatures or the holding
pressure on the molecular structure; then, on the influ-
ence of the injection speed on the skin thickness and
mechanical properties.8–10 However, only a few papers
deal with the microhardness of the skin and the core
structure in correlation with the tensile properties.

This paper describes the effects of different process-
ing parameters during injection moulding such as the
melt and mould temperatures and the injection speed on
the thickness of the skin layer and the mechanical pro-
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perties of the samples with different morphological
structures as well as the microhardness of the skin and
core.

2 EXPERIMENTAL WORK

2.1 Material and sample preparation

Throughout this study, the isotactic polypropylene
with the commercial name PP HD 601 CF, provided by
Borealis, was used. This material is characterized by the
melt flow index of 8.0 g/10 min (230 °C/2.16 kg, ISO
1133).

The tensile bars, shown in Figure 2, were injection
moulded under different processing conditions (Table 1)
from PP pellets using an Arburg Allrounder 370S
injection-moulding machine (Germany) with a screw
diameter of 20 mm.

Table 1: Processing conditions of injection moulding
Tabela 1: Pogoji procesiranja pri vbrizgavanju

Parameters Value Units
Melt temperature 190, 220 °C

Mould temperature 20, 90 °C
Injection speed 10, 60, 150 mm/s

Injection pressure 55 MPa
Holding pressure 45 MPa

Holding time 5 s

2.2 Morphological structure

The morphological structure of the injection-moulded
specimens was characterized with an Olympus polarized
light microscope at a 100× magnification. 30-μm micro-

tome samples were cut with a Leica RM225 rotational
microtome in the centre of the tensile bars, perpendicular
to the flow direction.

2.3 Mechanical properties

The tensile properties of the specimens were deter-
mined using a ZWICK 1456 testing machine at 25 °C;
the crosshead speed was 50 mm/min. A total of 10 speci-
mens obtained under two different processing conditions
were tested, and the average value was reported.

The microhardness of the core and skin was investi-
gated with a CSM Micro-Combi Tester using a Vickers
pyramidal intender according to EN ISO 6507-1. The
applied force was 0.5 N and it was maintained for 90 s;
the loading and unloading rate was 1 N/min. All the
samples were measured at 25 °C and the elastic modulus
(EIT) was calculated from the unloading curve using the
Oliver and Pharr method.11 For the measurement of the
spherulitic core, tensile samples were cut, with a Buhler
IsoMet 4000 cutter, to the thickness of 1 mm. Then, the
samples were polished in several steps to ensure smooth
surfaces.

3 RESULTS AND DISCUSSION

3.1 Skin-core morphology

Figures 3 and 4 illustrate cross-sectional views of
different morphological structures on the surface and in
the middle of an injection-moulded tensile sample.

As can be seen, the morphological structure changes
through the thickness of the injected samples. On the
surface, there is a highly oriented non-spherulitic skin
layer, which changes into a micro-spherulitic structure at
a certain depth from the surface. This means that in this
intermediate transition area a large number of spherulites
are nucleated. On the other hand, towards the centre of
the sample, the spherulites have a larger size due to a
different temperature profile in the cooling stage.
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Figure 3: Non-spherulitic surface-layer "skin"
Slika 3: Ne-sferulitna povr{inska plast "skorja"

Figure 2: Dimensions of tensile specimens
Slika 2: Dimenzije nateznih preizku{ancev

Figure 1: Morphological structure:7 A – non-spherulitic skin, B –
intermediate zone, C – inner spherulitic core
Slika 1: Morfologija strukture:7 A – ne-sferulitna skorja, B – vmesno
podro~je, C – notranje sferulitno jedro



Figure 5 shows the thickness of skin layers depend-
ing on the process parameters.

As can be seen, the thickness of the surface layers
varies from 124 μm to 416 μm and is mostly influenced
by the injection speed. With a lower speed, the thickness
of the skin is higher because the melt front of the mate-
rial has more time for relaxation and has a greater
tendency to be cooled down. With lower mould or melt
temperatures, the skin layer also becomes larger. In the
case of the highest injection speed, when the mould is
filled within 1 s, both the mould and melt temperatures
have a negligible effect on the skin thickness.

In comparison with the tensile-bar thickness (2 mm),
the largest skin layer, at both sides, occupies more than
40 % of the total sample thickness and this percentage
can have an important influence on the mechanical pro-
perties, while the thickness of the skin layer of a thicker
injection-moulded component has a minor effect.

The spherulite size in the core and the quantity of the
intermediate phase, affected by the shear stress, also
influence the total tensile strength and must be taken into
consideration.

3.2 Tensile properties

A tensile measurement was performed for two series
of the samples injected under different processing con-
ditions; sample A with a larger skin, where the thickness
of both skin layers was approximately around 0.83 mm
in the cross-section perpendicular to the flow direction
and sample B with the total thickness of both skins of
around 0.25 mm.

The process parameters for each series of the samples
were as follows:

A: F = 20 °C, T = 190 °C, v = 10 mm/s
B: F = 90 °C, T = 220 °C, v = 150 mm/s

where F is the mould temperature, T is the melt tem-
perature and v is the injection speed.

Figure 6 illustrates the difference in tensile-stress
progress for samples A and B. The obtained results are
listed in Table 2, where E is the Young’s modulus, 
max is
the maximum nominal stress and �
max is the strain at

max.

Table 2: Tensile properties
Tabela 2: Natezne lastnosti

Sample E/MPa sd/MPa 
max/MPa sd/MPa �
max/% sd/%
A 1787 85.90 35.55 0.32 7.79 0.31
B 1476 22.21 34.67 0.38 9.52 0.19

As can be seen, sample A with the larger skin layers
demonstrated the higher tensile strength and Young’s
modulus, while the elongation at 
max was a bit smaller
than for sample B. This means, that highly oriented mo-
lecules of the surface layer have better mechanical pro-
perties in the flow direction, except for ductility.

The results indicate that the processing condition
during injection moulding play an important role, parti-
cularly for the thin-walled products, where the thickness
of the skin layer influences the final mechanical proper-
ties of the injected components.
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Figure 6: Stress versus strain curves of samples A and B
Slika 6: Krivulji napetost-raztezek vzorcev A in B

*F – mould temperature, T – melt temperature, v – injection speed
Figure 5: Thickness of both skin layers of the samples
Slika 5: Debelina obeh povr{inskih plasti na vzorcih

Figure 4: Spherulitic-core structure
Slika 4: Struktura sferulitnega jedra



3.3 Microhardness properties

A microhardness test for the skin and core was
carried out on sample A and Figure 7 demonstrates the
correlation between the force and the penetration depth.
The obtained results for the microhardness are shown in
Table 3, where HIT is the indentation hardness, EIT is the
indentation modulus and CIT is the indentation creep.

Table 3: Microhardness values
Tabela 3: Vrednosti mikrotrdote

Sample HIT/MPa sd/MPa EIT/GPa sd/GPa CIT/% sd/%
Skin 107.47 3.97 2.1527 0.47 13.36 0.275
Core 92.911 3.52 1.3083 0.51 10.31 0.314

As can be seen, the measured values in Table 3 as
well as the penetration depth showed a difference in the
microhardness of the highly oriented skin layer and the
spherulitic core.

The indentation hardness (HIT) of the skin is higher
than that of the core by about 14 MPa, the indentation
modulus (EIT) is higher by about 0.8 GPa and the creep
(CIT) is at approximately the same level. The same trend
was confirmed with the tensile test, where a higher
strength was demonstrated for the samples with larger
skin layers.

4 CONCLUSION

In this study, it was confirmed that the injection-
moulding process parameters influence the internal
morphological skin-core structure of isotactic PP. In
particular, due to a decrease in the injection velocity, the
thickness of the surface-skin layer became larger.

Another significant effect was also exhibited by the
mould and melt temperatures; but at a high injection rate,
when the mould cavity was filled within 1 s, the
influence of these parameters was not significant and the
thickness of the skin layers remained substantially
constant.

Mechanical testing showed that the samples with a
larger skin-core effect had a higher tensile strength and
Young’s modulus, while the ductility of the samples was
decreasing. The same results were obtained from the
microhardness, where the skin structure was harder than
the spherulites in the centre of the sample.

This influence on the mechanical properties is
important especially for the thin-walled products. On the
other hand, in the case of thicker samples, the skin-core
effect has a negligible influence.
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The thermomechanical processing of a nickel-based superalloy is the way to considerably influence the grain size. A uniform
coarse-grain size increases the creep strength and the crack-growth resistance. In this work, the processing for achieving a
uniform recrystallized-grain structure with a variation in the thermomechanical parameters is investigated.
The MoNiCr alloy is intended for modern designs of nuclear reactors, in which molten fluoride salts are used as the coolants in
the primary and/or secondary circuit. It represents a material alternative with a high corrosion resistance in the area of fluoride
salts and it has very good creep properties in the temperature range of 650–750 °C as well.
The manufacture of vessels and fittings from the MoNiCr alloy requires the mastering of the technology for forming this
high-alloyed material. The key step seems to be the transition of the cast state of the material to the state of a cast recrystallized
microstructure with homogenous fine grains. A particular stress condition is, besides the temperature, very important during hot
forming. Nickel alloys are able to accept a significantly higher deformation level if the compressive stress prevails.
A forming process involving the compression state of stress increases the probability that the material will reach, without
failure, a level of deformation that allows recovery and recrystallization processes. A particular deformation process was carried
out on a physical simulator. The preceding cold deformation essentially accelerates the recrystallization process of a deformed
cast structure.
Keywords: recrystallization, nickel alloys, physical simulation

Termomehanska obdelava superzlitine na osnovi niklja je na~in, s katerim lahko mo~no vplivamo na velikost kristalnih zrn.
Enakomerna velikost velikih zrn pove~uje odpornost na lezenje in ovira rast razpok. V tem delu je s spreminjanjem parametrov
termomehanske predelave preiskovana predelava za doseganje enakomerne rekristalizirane mikrostrukture.
Zlitina MoNiCr je namenjena modernemu konceptu nuklearnih reaktorjev, v katerih se uporablja staljene fluoridne soli, kot
sredstvo za hlajenje v primarnem in/ali sekundarnem tokokrogu. Predstavlja alternativni material z visoko korozijsko odpor-
nostjo v podro~ju fluoridnih soli in ima hkrati zelo dobro odpornost na lezenje v temperaturnem podro~ju 650–750 °C.
Izdelava posod in prirobnic iz zlitine MoNiCr zahteva obvladovanje tehnologije preoblikovanja tega visoko legiranega
materiala. Klju~ni moment izgleda je preoblikovanje litega stanja materiala do stanja rekristalizirane mikrostrukture s homo-
genimi, drobnimi zrni. Pri vro~em preoblikovanju je poleg temperature pomembno tudi stanje napetosti. Nikljeve zlitine so
sposobne veliko ve~je deformacije, ~e prevladujejo tla~ne napetosti.
Preoblikovanje s tla~nimi napetostmi pove~uje verjetnost, da bo material brez poru{itve dosegel tak nivo deformacije, ki omo-
go~a procese poprave in rekristalizacije. Proces deformacije je bil izvr{en na fizikalnem simulatorju. Nadaljnja hladna deforma-
cija ob~utno pospe{i proces rekristalizacije deformirane lite strukture.
Klju~ne besede: rekristalizacija, nikljeve zlitine, fizikalna simulacija

1 INTRODUCTION

Superalloys are nickel-, iron-nickel-, and cobalt-
based alloys generally used at temperatures above about
540 °C. The alloys that can be used even at higher tem-
peratures are continuously investigated thanks to their
excellent mechanical and corrosion properties.1 The
iron-nickel-based superalloys form an extension of the
stainless-steel technology and are generally wrought. A
large number of alloys were invented and studied; many
were patented. However, many alloys were winnowed
down over the years; only a few are extensively used.2

Due to their excellent creep resistance, the nickel-based
superalloys are used in the power industry, especially for
power engineering. The current nuclear-power engineer-
ing is mostly represented by the light water nuclear
reactor that uses low-enriched uranium in the form of

uranium dioxide as its fuel. However, the current use of
the uranium raw material is low, in most cases it ranges
between 3 % and 5 %. A limited number of reactors use
mixed uranium-plutonium fuel that increases the primary
use of the uranium raw material. The research of the
fourth-generation reactor system deals with the way of
how to prevent a non-economical use of uranium.3

The fourth generation of reactors is generally divided
into two types: thermal and fast reactors. The thermal
reactors use a moderator to slow down the neutrons
emitted by fission, making them more likely to be cap-
tured by the fuel. A fast reactor directly uses the fast
neutrons emitted by fission, without a moderation. These
new reactors are designed with the following objectives
in mind:3,4

• Enhanced nuclear-reactor safety
• Increase in the nuclear-reactor energy efficiency
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• Closure of the nuclear-reactor fuel cycle
• Reduction in the fuel-radioactivity level
• Disposal of the used fuel

It appears that the waste management is the major
concern regarding the existing once-through cycle
because of the limited availability of the repository space
worldwide. Closed fuel cycles of recycling reactors
allow some of the fuel to be reused. An improvement in
the reactor performance can be achieved if the thermal
and fast reactors are operated in a coupled mode. An
increase in the fuel burnup of the thermal reactors can
improve the management of the produced actinides by
burning them in situ. With a transmutation, the relative
toxicity of the radioactive waste decreases considerably
(Figure 1).4

An increase in the nuclear-power-plant energy
efficiency is possible by increasing the output coolant
temperature in the reactor. This can be achieved if a
coolant other than water is used. Sodium, lead, gases,
supercritical water and other media are under considera-
tion. One of the concepts of the fourth-generation reac-
tors is a molten-salt reactor where molten fluoride salt is
considered for the primary and also for the secondary
circuit. The main advantage of this reactor is a high
efficiency (a high level of the nuclear-fuel usage), but the
main disadvantage is the environment of the molten fluo-
ride salt with a temperature of 700–800 °C. A suitable
material for fittings and vessels must have an extreme
corrosive and creep resistance in this environment. It is,
nevertheless, necessary to make moulded plates and
pipes that must be bent and hermetically joined together
– they must be welded to the shape of the final fittings.
The formation of semi-finished products from cast ingot
is one of the technologically most complicated opera-
tions during the manufacture of vessels and fittings.

Many studies stated that nickel-based superalloys
with high Mo and low Cr contents are generally superior
with respect to the high-temperature corrosion resistance
in fluorine environments.5

The main microstructure parameter that affects the
mechanical properties is the grain size. It greatly influ-
ences the strength, the creep, the fatigue-crack initiation

and the growth rate. A uniform coarse-grain size in-
creases the creep strength, the crack-growth resistance
and the ductility. On the contrary, a uniform fine-grain
size provides a high low-cycle fatigue life and high
tensile and yield strengths.6

Usually the microstructure of a nickel superalloy
after hot working consists of large and fine grains and is
not uniform. Irrespective of whether the microstructure
is coarse grained or fine grained it should be uniform for
further annealing processing. Previous studies found that
hot working followed by cold working and then by the
annealing process is the best way to achieve a uniform
recrystallized microstructure.7

The inability of the nickel-based superalloys to dyna-
mically recrystallize during forging leads to difficulties
during the forging at the highest temperatures close to
the temperature of solidus. Even more, such high tem-
peratures can lead to hot cracking on grain boundaries.
This can be caused partially by the presence of low-melt-
ing impurities on the grain boundaries and also by the
oxidation, which occurs much faster through the grain
boundaries than within the grains. High-temperature oxi-
dation is much promoted by the main solid-solution
strengthening element – molybdenum. Therefore, the
forging temperature has to be kept in the interval below
the hot cracking and above the point that ensures
dynamic recrystallization.

The strain rate is the second important parameter of
forming. A high strain rate does not bring enough time
for "self-healing" processes in the crystal lattice and
usually strengthening takes place in the microstructure.
This also leads to cracking during forming.

2 EXPERIMENT DESCRIPTION

An experiment was carried on the MoNiCr nickel
superalloy, developed by COMTES FHT Inc. regarding
its application in molten-salt reactor circuits. The
chemical composition of this alloy is shown in Table 1.

Table 1: Chemical composition of the experimental alloy in mass
fractions (w/%)
Tabela 1: Kemijska sestava preizkusnih zlitin v masnih dele`ih (w/%)

Ele-
ment Mo Cr Ti Fe Mn Nb Al W Ni

w/% 15.81 6.82 0.03 2.32 0.04 0.01 0.26 0.06 base

The experiment was focused on an evaluation of the
influences of various thermomechanical processes on the
behaviour of the processed samples and their microstruc-
tures. At first, an evaluation of the strain-deformation
characteristics of the samples made from the material in
the as-cast state was performed. A similar evaluation of
the strain-deformation characteristics was also made on
the samples in the as-cast state, with a preceding hot
deformation (while alternating the strain) (Figure 2).

Further experiment consisted of the following steps:
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Figure 1: Relative toxicity of the nuclear waste in repository4

Slika 1: Relativna toksi~nost nuklearnih odpadkov na odlagali{~u4



• Evaluation of the influence of thermomechanical
processing (heat deformation) on recrystallization

• Evaluation of the influence of cold deformation on
recrystallization.

A strain-deformation characterisation and thermome-
chanical processing were carried out on the samples
whose shape is represented on Figure 3. These samples
were tested on a simulator of heat-deformation cycles
(Figure 3). This simulator was used in the previous
studies for similar purposes.8 In the device, the body of a
sample is heated by resistance heating to the controlled
temperature. In the case of the experimental focus on the
evaluation of the thermomechanical processing, a sample
is loaded with cycles of tensile and compression defor-
mation. Each partial compressive deformation was
higher than the preceding tensile deformation. The total
logarithmic degree of deformation for a sample was
approximately 0.5–2.5.

In the case of the experimental focus on the evalua-
tion of cold forming, cold deformation preceded high-
temperature deformation – upsetting. Table 2 shows an
overview of the performed ways of the treatment.

After the thermomechanical processing, all the sam-
ples were cut in the longitudinal direction and they

underwent the standard metallographic preparation
(grinding and subsequent polishing). The microstructure
was revealed by etching in Marble’s reagent and docu-
mented on a Nikon light microscope. An image analysis
of the recrystallized-grain fraction was performed by
means of the NIS-Elements software.

Table 2: Processing of the samples with cold deformation and the
subsequent cyclic hot deformation
Tabela 2: Obdelava vzorcev s hladno deformacijo, ki ji je sledila
vro~a cikli~na deformacija

Embedded deformation
Hot Deformation at 1200 °C

0.3 0.7 1.1

Cold Deformation
(at room

temperature)

0.05 CD0.05-
HD0.3

CD0.05-
HD0.7

CD0.05-
HD1.1

0.25 CD0.25-
HD0.3

CD0.25-
HD0.7

CD0.25-
HD1.1

3 RESULTS AND DISCUSSION

3.1 Strain-deformation characteristics of the as-cast
state

The tensile test was made on the samples in a
temperature range of 1050–1250 °C. As they were in the
cast state, the ductility was very low up to the breaking
limit of Ag (Figure 4). Even with the cyclic deformation
prior to the tensile test, it did not reach the value suffi-
cient for the development of a massive recrystallization.
Figure 5 shows the microstructure near the fracture of a
sample treated in this way at 1200 °C. Before the tensile
test, the sample was loaded with the preceding hot
deformation (by alternating the strain). The deformation
was not sufficient for the development of a massive
recrystallization. Recrystallization only takes place at the
boundaries of the large grains of the cast structure.

3.2 Thermomechanical processing – cyclic loading and
its influence on the microstructure

The samples were subjected to the loading with
cycles of tensile and compression deformation. The
amount of deformation was increased in steps. It is
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Figure 2: Example of cyclic heat deformation prior to the heat-tensile
test – 10 °C/s at 1200 °C, 15 s, 10 mm × 0.5 mm, 1 mm/s
Slika 2: Primer cikli~ne toplotne deformacije pred vro~im nateznim
preizkusom – 10 °C/s pri 1200 °C, 15 s, 10 mm × 0,5 mm, 1 mm/s

Figure 4: Stress-strain curves of the samples heated with resistance
heating at 1050–1200 °C
Slika 4: Krivulje napetost-raztezek za vzorce, ogrevane z uporovnim
gretjem pri 1050–1200 °C

Figure 3: a) Shape of an experimental sample, b) simulator of
heat-deformation cycles – servo-hydraulic mechanical testing system
MTS complemented by resistance heating
Slika 3: a) Oblika preizku{anca, b) simulator toplotnih deformacijskih
ciklov – servo hidravli~ni mehanski preizkusni sistem MTS, dopolnjen
z uporovnim ogrevanjem



evident that the increase in deformation (see Figure 6 for
the applied deformation) led to an increase in the volume
of recrystallized grains. At lower deformation, recry-
stallization occurs only at the boundaries of the grains,
but with higher deformation, it extends into the grains
(Figures 7 to 11).

A modelling of the graduation of embedded deforma-
tion was performed by means of the DEFORM software
for a numerical simulation. Figure 12 shows the distri-
bution of the effective strain in a sample after the last
step.
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Figure 10: Microstructure after deformation � 	1.9
Slika 10: Mikrostruktura po deformaciji � 	1,9

Figure 7: Microstructure after deformation � 	0.5
Slika 7: Mikrostruktura po deformaciji � 	0,5

Figure 6: Deformation of particular samples
Slika 6: Deformacija posameznih vzorcev

Figure 5: Microstructure of a sample near the fracture area after the
tensile test performed at 1200 °C
Slika 5: Mikrostruktura vzorca blizu preloma po nateznem preizkusu,
izvr{enem na 1200 °C

Figure 9: Microstructure after deformation � 	1.4
Slika 9: Mikrostruktura po deformaciji � 	1,4

Figure 8: Microstructure after deformation � 	0.9
Slika 8: Mikrostruktura po deformaciji � 	0,9



3.3 Cold working of the samples prior to hot deforma-
tion

It was stated in the introduction that cold deformation
of nickel superalloys promoted recrystallization during
the following hot processing. An acceleration of the
recrystallization process is obvious already in the case of
a relatively small plastic deformation.

The volume fraction of the recrystallized micro-
structure with the highest cold deformation of a sample
after the highest hot deformation is about 90 %.13

3.4 Experimental forging

Experimental forging was carried out on a rectangu-
lar-shaped piece made from ingot. The dimensions of the
sample were 45 mm × 45 mm × 125 mm (Figure 14a).
The sample was gradually heated (Figure 14b) to a
forging temperature of 1170 °C.

Due to a rather quick natural cooling of the sample
during the forging, only three reduction blows were
applied in one forging step, immediately followed by

further reheating of the sample. The first forging ope-
ration before upsetting rounded the edges because sharp
corners are usually the source of cracking. After that, the
sample with dimensions of about 47 mm in diameter and
about 150 mm in length was subjected to the upsetting to
a height of about 90 mm and a diameter of about 60 mm.
The last forging operation was drawing. The final shape
of the forged sample was rectangular, with two diffe-
rently reduced parts (Figure 15). These two parts were
subjected to a microstructure examination.

The microstructure of both parts shows a uniform
distribution of the grains with no traces of the as-cast
structure (Figures 16 and 17). Sample A shows a pre-
sence of small recrystallized grains (5 μm – 10 μm)
around the boundaries of larger grains (Figure 17b).
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Figure 14: a) Sample for open-die forging on a hydraulic press, b)
heating of the sample before forging
Slika 14: a) Vzorec za prosto kovanje na hidravli~ni pre{i, b) postopek
ogrevanja vzorca pred kovanjem

Figure 13: Influence of the size of cold and hot deformation on the
share of the recrystallized structure
Slika 13: Vpliv stopnje hladne in vro~e deformacije na dele` rekrista-
lizirane strukture

Figure 12: Effective-strain distribution in a sample after the last
tensile-compression cycle. The calculated value of deformation is �
	2.5.
Slika 12: Razporeditev efektivnega raztezka v vzorcu po zadnjem
natezno-tla~nem ciklu. Izra~unana stopnja deformacije je � 	2,5.

Figure 11: Microstructure after deformation � 	2.5
Slika 11: Mikrostruktura po deformaciji � 	2,5



The microstructure was also subjected to a grain-size
measurement. The grain size was measured by means of
image-analysis software NIS-Elements – module D.

Table 3: Grain size according to ASTM E 112
Tabela 3: Velikost zrn po ASTM E 112

Sample Near the surface – G
(ASTM E 112)

Centre – G
(ASTM E 112)

A 5.5 5.0
B 6.5 6.5

3.5 Further processing – annealing

The obtained uniform microstructure had to be
further processed with high-temperature annealing. It is
necessary to obtain a uniform coarse-grained microstruc-
ture for ensuring good creep strength and crack-growth
resistance. Figures 18a and 18b illustrate the grain
growth after the annealing at 1300 °C. Particular grain
size shows Table 3.

4 CONCLUSION

The following facts were found during the research
of the nickel-based-superalloy recrystallization beha-
viour:

• The warm strength of the monitored alloy is very
high. Even at 1200 °C it significantly exceeds 100
MPa. The ductility at the maximum stress is very
low. After reaching the maximum stress, the material
is further deformed but the first cracks start to arise.
When the deformation continues a neck is not
formed.

• It was found that the minimum deformation level for
the start of the recrystallization during the hot work-
ing is �	2.5. Only such a high strain level ensures
the recrystallization within the cast grains.

• The recrystallization process is significantly accele-
rated by the preceding cold forming. The structure
was perfectly recrystallized after �	0.25 cold defor-
mation followed by �	1.1 hot deformation.

• The microstructure examination after an intense
experimental forging showed a good distribution of
the recrystallized grains within the whole cross-sec-
tion with respect to the compliance of the forging
temperature.

• A coarse-grained microstructure for a good creep
resistance can be obtained with the annealing at 1300
°C for 12 h.
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Figure 17: a) Microstructure of part A – near the surface, b) micro-
structure of part A – in the centre
Slika 17: a) Mikrostruktura v delu A – blizu povr{ine, b) mikrostruk-
tura v delu A – v sredini

Figure 18: a) Grain growth after annealing at 1300 °C for 1 h, 2 h and
12 h, b) comparison of the microstructures of the samples after
annealing for 2 h and 12 h at 1300 °C
Slika 18: a) Rast zrn po `arjenju na 1300 °C 1 h, 2 h in 12 h, b)
primerjava mikrostrukture vzorcev po `arjenju 2 h in 12 h na 1300 °C

Figure 16: a) Microstructure of part B – near the surface, b) micro-
structure of part B – in the centre
Slika 16: a) Mikrostruktura v delu B – blizu povr{ine, b) mikrostruk-
tura v delu B – v sredini

Figure 15: Forged sample after the final forging operation
Slika 15: Kovan vzorec po kon~ni operaciji kovanja
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Direct heat-conduction problems are those whose boundary conditions, initial state and material properties are known and the
entire temperature field in a model can be computed. In contrast, an inverse problem is defined as the determination of the
unknown causes based on the observation of their effects. The inverse heat-conduction method is often used for problems where
the boundary conditions cannot be measured directly but are computed from the recorded temperature history inside the model.
A very effective method for solving this difficult problem is the sequential Beck approach. To stabilize this inverse problem, a
proper regularization parameter must be used. For this method, the regularization parameter is the number of the forward time
steps that stabilize the inverse computation. This paper describes two methods for computing the number of the recommended
forward time steps for nonlinear heat-conduction models with temperature-dependent material properties. The first method is
based on tracking the sensitivity (at the interior point of a measurement) to the Dirac heat-flux pulse on the surface. The second
method determines the number of the forward time steps from the residual function computed from the heat fluxes obtained
from the inverse computation. The stability and noise (in the results) of several variants of these methods are compared. The
results showed that the first method is much less computationally intensive and gives a slightly higher value of the number of
forward time steps than the second method.

Keywords: inverse heat-conduction problem, Beck approach, number of forward time steps

Neposredni problemi prevajanja toplote so tisti pri katerih so poznani robni pogoji, za~etno stanje in lastnosti materiala ter
mo`nost izra~una temperaturnega polja znotraj modela. Nasprotno pa je inverzni problem definiran kot dolo~anje nepoznanih
vzrokov na osnovi opazovanja njihovih vplivov. Metoda inverznega prevajanja toplote se pogosto uporabi pri problemih, kjer se
robni pogoji ne morejo neposredno izmeriti, temve~ se jih izra~una iz zabele`enega poteka temperature znotraj modela. Zelo
u~inkovita metoda za re{evanje tovrstnega problema je sekven~ni Beckov pribli`ek. Za stabilizacijo tak{nega inverznega
problema se mora uporabiti ustrezen regulirni parameter. Pri tej metodi je regulirni parameter {tevilo priporo~enih ~asovnih
korakov, ki stabilizirajo inverzni izra~un. ^lanek opisuje dve metodi za izra~un {tevila priporo~enih ~asovnih korakov za
nelinearni model prenosa toplote, s temperaturno odvisnimi lastnostmi materiala. Prva metoda temelji na iskanju ob~utljivosti,
na notranji to~ki merjenja, do Dirac utripa toplotnega toka na povr{ini. Druga metoda dolo~a {tevilo vnaprej{njih ~asovnih
korakov iz preostale funkcije izra~unane iz toplotnih tokov, ki so dobljeni z inverznim izra~unom. V rezultatih je primerjana
stabilnost {uma pri ve~ variantah teh metod. Rezultati so pokazali, da je prva metoda mnogo manj ra~unsko intenzivna in daje
rahlo ve~jo vrednost {tevila predhodnih ~asovnih korakov kot druga metoda.

Klju~ne besede: problem inverzne toplotne prevodnosti, Beckov pribli`ek, {tevilo vnaprej{njih ~asovnih korakov

1 INTRODUCTION

Heat-conduction problems are often solved in engi-
neering applications during simulations. The problem is
well known as a direct task. The effect (the temperature
field in time) is computed from the causes (the known
initial and boundary conditions). Complex direct prob-
lems can be solved using many numerical methods such
as FDM,1 FVM,2 FEM.3 The situation is opposite for an
inverse heat-conduction problem and it is a much more
complicated problem. The causes (e.g., the boundary
conditions) are determined from the observation of the
effects (the temperature record in several points). There
are some computational methods dealing with this in-
verse problem, including the Beck approach,4 Tikhonov

regularization5 and neural networks.6 We focus on the
sequential Beck approach in this paper.

The basic idea of the sequential approach is to solve
the entire task step by step in time. The measured
temperature at an interior point at times tn, tn+1,..,tn+Nf is
used to compute the heat flux on the boundary at time tn,
where Nf is the number of forward time steps (the regu-
larization parameter). A computation of Nf temperature
fields using a direct task is performed for two different
values of constant heat fluxes in each time step. The
temperature responses from these two direct tasks are
compared to the measured temperature. The new value
of the heat flux at time tn is computed. The choice of an
appropriate value for Nf is essential for practical compu-
tations. A small value leads to instability and a large
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value smoothes sudden changes in the boundary condi-
tions. Thus, the appropriate value of this parameter is
essential.

2 IMPACT OF THE NUMBER OF FORWARD
TIME STEPS ON THE COMPUTED RESULTS

The main function of parameter Nf is to guarantee the
stability of the computation of this difficult problem. The
stability increases with an increasing value of Nf. In Fig-
ure 1, three results for Nf = 13, 20, 30 are compared to
the correct heat-flux record, which was used to generate
the input temperature record for the inverse task. The
noise was also added to this temperature record (a stan-
dard deviation of 0.05 °C). A large oscillation of the
computed heat flux for a low value of Nf is obvious. This
is mainly due to the added noise in the input data. The
noise reduction in the input data is more effective for
larger values of Nf (Figure 1). This effect indicates that
the use of a large Nf is recommended. Unfortunately,
increasing Nf has two effects. First, the computation cost
is proportional to Nf. A higher value of Nf results in a
longer computational time. Second, a large Nf value
smoothes the computed results. Abrupt changes as well
as the maximum values of the ideal heat flux (Figure 1)
are significantly reduced when Nf increases. For Nf =30,
the computed maximum heat flux is less than 50 % of
the ideal heat flux for this test case.

3 METHODS

The appropriate value of forward time steps is diffe-
rent for each computational model. Two types of me-
thods are described in this article to determine its
amount. The first, newly proposed, method is based on
the temperature response. The idea is to compare two
temperature responses at an interior location (usually a

thermocouple position) to two Dirac pulses of heat flux
that are the same but shifted in time by one time step
(Figures 2 and 3). The first temperature response is com-
puted for the Dirac pulse applied from time step zero to
time step one and the second temperature response is
computed for the Dirac pulse applied from time step one
to time step two. The computed difference between these
two temperature responses is shown in Figure 4. The
computed curve provides an idea of how the information
about the changes in the boundary condition is delayed
from time step zero to time step two and spread over the
time. This curve shows the distribution of the informa-
tion about the temperature response. This is the informa-
tion about what happened at the beginning of the
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Figure 3: Temperature response
Slika 3: Temperaturni odziv

Figure 1: Influence of Nf on the inverse heat-conduction problem
Slika 1: Vpliv Nf na problem inverzne toplotne prevodnosti

Figure 2: Heat-flux pulses in the subsequent time steps
Slika 2: Sunki toplotnega toka v poznej{ih ~asovnih korakih

Figure 4: Difference between temperature responses
Slika 4: Razlika med temperaturnimi odzivi



simulation (from time step zero to time step two) at the
boundary of the computational model.

For practical computations, it should be noted that
both temperature responses are the same except for the
time shift, which is one time step. In addition, the tem-
perature response difference �Tn = Tn – Tn–1 corresponds
to the numerical derivation except for the multiplication
by constant c (Equation (1)):

T T c T c
T T

tn n

n n− = ⋅ = ⋅
−

−
−

1

1
d

Δ
(1)

where c = �t.
The shape of the temperature response to the Dirac

pulse depends on many parameters. The most important
are the material properties (density, thermal conductivity
and thermal capacity), the distance of the thermocouple
from the boundary, the thermocouple type, the material,
and the thermal resistance between the thermocouple and
the material.

The number of forward time steps (forward time t,
respectively) is taken from the derivation of the tempe-
rature response D(t) so that D(t) meets a certain criterion.

For example, tDmax is the time when D(tmax) is maxi-
mal. tDmax,p%,1 and tDmax,p%,2 are the times when the deri-
vation of the temperature response reaches p % of its
maximum. An example for p = 60 % is shown in
Figure 5.

The second estimation method for determining the
number of forward time steps can be done with a
repeated computation of the inverse heat-conduction
problem by changing Nf. The sum of the residuals
R = 
(Q’i – Qi)2 is evaluated from each inverse task
where Qi is the computed heat flux and Q’i is the correct
heat flux from the test task. An example of how R is
dependent on Nf is shown in Figure 6 and the Nf,min value
(Nf when R is minimal) can be found here. The value of
Nf (slightly larger than Nf,min) is taken as an estimate for
the number of forward time steps. The Nf,min value is not
used due to the risk that a small shift of the estimated Nf

value to the left (to a smaller value) can rapidly increase
the R value (Figure 6). An analogical application of the

search for the optimum regularization parameter in a
Tikhonov digital filter is described by Woodbury.7

4 DISCUSSION

The first method described is much less computa-
tionally intensive than the second one because the first
method needs only one direct computation instead of
many inverse (and therefore much more complicated)
computations. Each method provides a different value of
forward time steps Nf. It is not easy to say which value is
better. Generally, this depends on what is more essential
for each application. The larger value of Nf smoothes the
results but the average values for certain time intervals
are correct. A small value of Nf can result in heat fluxes
that better fit true values, but the results include more
oscillation than would be expected in reality. The choice
of the appropriate testing function in the second method
also significantly influences the computed value of Nf.
Two examples of the testing functions and the obtained
Nf value are shown in Figure 7.

The comparison of the inverse computations per-
formed with Nf,Dmax = 37, Nf,Dmax,60%,2 = 65 (from the first
method) and Nf,1 = 24, Nf,2 = 18 (from the second
method) is shown in Figure 8. The curve for
Nf,Dmax,60%,1 = 23 is not plotted because it is almost the
same as that for Nf,1 = 24. These inverse computations
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Figure 7: Two examples of testing functions and obtained Nf,min,
using the second method
Slika 7: Dva primera preizkusnih funkcij in dobljen Nf,min pri uporabi
druge metode

Figure 5: Example of tDmax and tDmax,60%,1–2

Slika 5: Primer za tDmax in tDmax,60%,1–2

Figure 6: Residual chart for Nf values
Slika 6: Grafikon ostankov za vrednosti Nf



were made for the 1D inverse heat-conduction problem
with thermally dependent material properties. The tem-
perature record from the real measurements was used.
Therefore, the correct heat-flux function is unknown.

The heat-conduction problem is described with diffe-
rential Equation (2):

∂
∂

∂
∂

2

2

1T

x

T

t
=

�
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where T is the temperature, t is the time and x is the
coordinate. The boundary conditions for (Equation (3))
cooled and insulated surfaces are:4
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The test sample was made from a thick stainless-steel
plate (L = 10 mm). One side (x = 0) of the sample was
cooled down by water and the other side (x = L) was
insulated. A thermocouple was placed under the cooled
surface (x = 2 mm).

The curves for Nf = 37 and Nf = 24 (Figure 8) appear
to be acceptable. The curve for Nf = 65 is too smooth.
The curve for Nf = 18 begins to be unstable and the com-
puted heat flux is less than zero for some points, which is
physically impossible in this experiment.

5 CONCLUSION

Two methods for determining the number of forward
time steps Nf for the sequential Beck approach were
described. The first method (based on the derivation of
the temperature response to the Dirac heat-flux pulse) is
computationally much less intensive. The choice of
Nf = Nf,Dmax is acceptable for most applications. For some
similar tasks, it may be better to use Nf,Dmax,p% with the
same suitable value of p.

The second method, which is computationally very
intensive, can be useful when the shape of the heat-flux
curve is known and the appropriate testing function can
be used. The obtained values of Nf were smaller than
those computed using the first method and the computed
heat fluxes showed more oscillation.
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Herein, the electrodeposition of BaTiO3 and PbO2 on Ti using the layer-by-layer method under different current densities (CDs)
and times, was investigated. The weight difference in the deposited BaTiO3 explains the BaTiO3 weight decrease by one order
with the increasing CD from 0.025 A cm–2 to 0.125 A cm–2 and also follows the same trend during the PbO2 deposition. The
PbO2 deposition at different CDs demonstrates that the deposited PbO2 weight increases by one order with the increasing CD.
Also, cyclic voltammetry results explain the low and moderate deposition CDs and the time suitably shows the PbO2 redox
behavior. According to SEM and XRD, a CD of 0.05 A cm–2 affects the formation of crystalline BaTiO3 and PbO2 more than
higher or lower CDs. Finally, the BaTiO3 and PbO2 layer-by-layer electrode electrodeposited at a moderate CD showed a better
stability than the electrode including only PbO2. The use of BaTiO3 is promising for the stability of the PbO2 electrode
preparation.

Keywords: BaTiO3, PbO2, electrodeposition, layer by layer, electrode stability

Preiskovana je bila elektrodepozicija BaTiO3 in PbO2 na Ti, z uporabo metode plast na plast, pri razli~nih ~asih in gostotah toka
(CD). Razlike v te`i BaTiO3 razlo`ijo nara{~anje te`e BaTiO3 za red velikosti zaradi nara{~anja CD, od 0,025 A cm–2 do 0,125
A cm–2. Podoben trend je bil opa`en tudi pri nana{anju PbO2. Pri nana{anju PbO2, razli~ni CD ka`ejo nara{~anje te`e
nanesenega PbO2 za red velikosti z nara{~anjem CD. Tudi cikli~na voltametrija razlo`i majhen in srednji CD in ~as ustrezno
ka`e redoks vedenje PbO2. SEM in XRD z 0,05 A cm–2 vodita nastanek kristalini~nega BaTiO3 in PbO2 bolj kot vi{ji in ni`ji
CD. Kon~no se ka`e bolj{a stabilnost elektrode elektronane{enega BaTiO3 in PbO2 plast na plast pri zmernih CD, kot pa pri
PbO2 elektrodi. Uporaba BaTiO3 je obetajo~a za stabilnost priprave PbO2 elektrode.

Klju~ne besede: BaTiO3, PbO2, elektro nana{anje, plast na plast, stabilnost elektrode

1 INTRODUCTION

PbO2 clearly emerges as an attractive material used as
an anode for a direct oxidation of organic compounds
due to its high oxygen-evolution potential, low price,
relative stability under the high positive potentials
required, stability at high temperatures and ease of pre-
paration.1–3 Its high overpotential for O2 evolution allows
the application of potentials to about 2.0 V versus a satu-
rated calomel electrode (SCE) in an acidic medium
without vigorous O2 evolution.4 The PbO2 electrodes
have some disadvantages, i.e., they corrode at high rates
under reducing conditions and in some acids, and they
have poor mechanical properties. Its composites with
various oxides (e.g., Al2O3, RuO2, and TiO2) are
known4–6 for a high catalytic activity and stability.
Among many ways of preparation, such as the sol-gel
technology, the plasma-chemical method, etc., the
electrochemical synthesis is the most promising method,
easy to implement, allowing the technological para-
meters to be varied smoothly for a better control of the

composition and properties of the resulting composi-
tes.4–6

The �- and �-types of PbO2, applied layer by layer on
metal anodes have been widely used in electrolysis.7,8

Generally, titanium is not a viable substrate for practical
electrodes in electrodepositing non-ferrous metals. Alu-
minum is relatively cheap and has a good conductivity.
The electrode material obtained by electrodepositing
lead dioxide on an A1 substrate has huge market pros-
pects. A stress-free intermediate �-PbO2 coating is pro-
duced with electrodeposition from an alkaline lead bath9

and it plays the role of the binder on the top �-PbO2

coating, improving the service life of the electrode. A
non-conducting ceramic material has also been used as
the substrate to achieve a high stability of PbO2 with the
fluorine resin as the co-dopant on the upper layer.10

In the present investigation, perovskite-type BaTiO3

is applied to Ti as the lower layer using the hydrothermal
electrodeposition method. As the top/upper layer, PbO2

is to applied. The effects of the thickness of both layers
are controlled with the current density and the deposition
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time to achieve the electrode stability and activity. Thus,
the main work of this paper deals with the layer-by-layer
deposition of BaTiO3 and PbO2 and its influence on the
PbO2 electrode stability and electrochemical application
as a sandwich-type electrode.

2 EXPERIMENTAL DETAILS

2.1 Electrodeposition

Electrolysis was performed using a DC power supply,
BS 32C (0–100 V, 0–50 A) from the Korea Switching
Company, Korea, using the constant-current mode (the
galvanostatic mode). Before the electrolysis start, the
anode was initially immersed in the electrolyte for 1 min
to stabilize its surface state. The deposition was per-
formed in two steps: in the first step, BaTiO3 was formed
as the lower coating on a pretreated Ti electrode at 65 °C
using a current-density range of 0.025–0.125 A cm–2 for
15–60 min. The BaTiO3 deposited electrode was washed
after its deposition in hot ammonia water adjusted to pH
11 to minimize the BaCO3 formation. It was then rinsed
in purified Millipore water and cleaned in ethanol with
an ultrasonic cleaner for 1 min. Then, �-PbO2 was
deposited as the upper layer using a current-density (CD)
range of 0.025–0.125 A cm–2 for 15–60 min in a 0.1 M
HNO3 medium at 65 °C.

2.2 Analysis

Cyclic-voltammetry (CV) measurements were per-
formed using a VersaSTAT3 from Princeton Applied
Research, USA. The electrochemical cell was a three-
electrode cell with a working electrode, a platinum-plate
counter electrode and an Ag/AgCl reference electrode.
The working electrode was prepared with the electro-
deposition method. Scanning electron microscopy of the
prepared PbO2 electrodes was carried out with Zeiss
EVO MA10 to investigate the surface morphology of the
films. The XRD patterns of the as-prepared PbO2 sam-
ples were obtained from an X’PERT-PRO X-ray
diffractometer with Cu-K� radiation (� = 0.1540598
nm). The electrolysis was done using a DC power supply
from KSC, Korea, with an applied CD of 0.3 A cm–2 in 1
M H2SO4.

3 RESULTS AND DISCUSSIONS

3.1 Selection of deposition conditions

As the CD and time are the key factors to control the
deposition, the initial work was done to identify the
suitable deposition time and CD for the first and second
layers of BaTiO3 and PbO2, respectively. First, the
BaTiO3 layer was deposited using four different CDs of
(0.025, 0.05, 0.1, 0.125) A cm–2 with four different
durations such as (15, 30, 45, 60) min, by keeping the
PbO2 (the second layer) deposition parameters (CD =
0.05 A cm–2, 30 min duration) constant. As mentioned in

the experimental section, the BaTiO3 and PbO2 deposi-
tions were done in different solutions and the obtained
results are tabulated in Table 1. It is seen from the 1st

row and 4th column of Table 1 that the weight of the
deposited BaTiO3 shows no consistency with different
deposition times (15–60 min) within a single CD (0.025
A cm–2); a similar inconsistency is also shown for the
PbO2 deposition, the 5th column. However, with the in-
creasing CD during the BaTiO3 deposition from 0.025 to
0.125 A cm–2, shown in the 1st to the 4th rows, the
deposited BaTiO3 weight is reduced by one order from
0.01 to 0.001 (the 5th column).

Table 1: Deposited-electrode weight difference in each step of:
1) BaTiO3 and 2) PbO2 at different current densities and times

Tabela 1: Razlika v masi nane{ene elektrode za vsako stopnjo:
1) BaTiO3 in 2) PbO2 pri razli~nih gostotah tokov in ~asih

BaTiO3 coating PbO2 coating Electrode weight
difference (g)

CD@

(A cm–2)
Time
(min)

CD@

(A cm–2)
Time
(min) BaTiO3 PbO2

0.025

15

0.05

30 0.0222 0.2837
30 0.0181 0.2929
45 -0.0034 0.3043
60 0.024 0.3041

0.05

15

0.05

30 -0.0027 0.0649
30 0.0052 0.2681
45 0.0055 0.2969
60 -0.0087 0.2997

0.1

15

0.05

30 0.0094 0.0908
30 0.0054 0.0217
45 -0.0089 0.0338
60 -0.0076 0.0800

0.125

15

0.05

30 0.0032 0.0702
30 -0.0372 *
45 0.0629 *
60 0.0397 0.0456

0.025 30 0.025

15 0.0159 -0.0318
30 0.0091 -0.0133
45 0.0084 0.1065
60 0.0167 0.4092

0.025 30 0.05

15 -0.0594 0.2779
30 0.0105 0.2188
45 -0.0180 0.0140
60 -0.0065 0.5551

0.025 30 0.1

15 0.1020 0.1611
30 -0.0423 0.3547
45 -0.0137 0.4100
30 -0.0362 0.2384

0.025 30 0.125

15 * *
30 * *
45 * *
60 * *

*Dissolution of electrode, @CD = current density, lower than the
original weight

In a similar way, the deposited PbO2 weight also
decreases by one order with the increasing CD (the 6th

column – from 0.1 to 0.01). At the same time, the results
are different if the PbO2 deposition CD is varied at a
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fixed CD and time of the BaTiO3 deposition (5th to 8th

rows of Table 1) where the weight of BaTiO3 is main-
tained constant but the deposited PbO2 weight is
increased by one order with the increasing CD (the 6th

column of the 5th to 8th rows in Table 1). It is maintained
on the basis of the results that the formation of BaTiO3

on the Ti electrode influenced further deposition of
PbO2, which means that the conductivity was lower
when BaTiO3 completely covered the electrode due to
the dielectric properties of BaTiO3. A similar trend
applied to the PbO2 deposition carried out at a high CD
and a fixed, low CD of the BaTiO3 deposition where a
complete dissolution of the deposited film was observed.

Further, through a CV analysis, the electron-transfer
behavior of the deposited electrode can be inferred on
the basis of PbO2 redox properties. Figure 1a shows the
PbO2 redox response to the effects of various CDs and

times of the BaTiO3 deposition, where no redox peaks
for PbO2 are observed except for two CD variations in
the BaTiO3 deposition: 0.025 (45 min) A cm–2 and 0.05
(45 min) A cm–2. In all the remaining conditions, only a
charge transfer like the CV response is observed. In the
case of the variation in the PbO2 deposition, 60 min and
0.025 A cm–2 or 0.05 A cm–2, CD only shows redox
peaks that resemble PbO2,11 as shown in Figure 1b.
Under another two conditions, a CD of 0.1 A cm–2 over
45 min and 60 min deposition times, the PbO2 deposition
indicates a low oxidation current. All the remaining
conditions show a charging current like the CV response
without any redox peaks as not enough PbO2 is exposed
on the electrode surface. This is well correlated with the
deposited weight of PbO2 in the 1st, 2nd and 7th rows of
the 6th column of Table 1, where only the deposited
PbO2 weight is higher than in the other conditions.

3.2 Morphological characterization

SEM images of the BaTiO3 and PbO2 deposited at
different conditions are depicted in Figure 2. The first
layer of BaTiO3 shows no distinctive difference in the
SEM image and it looks almost like a needle structure in
micrometer size, as shown in Figure 2a. Both layers
deposited at 0.025 A cm–2 show a densely deposited
PbO2 layer (Figure 2b). There is a defect in the PbO2
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Figure 1: CV results for electrodeposited BaTiO3/PbO2 using
different current densities and times in a 0.1 M phosphate buffer
solution at a scan rate of 20 mV s–1: a) variation in BaTiO3 deposition
current density and time with fixed current density and time (0.05
A cm–2, 30 min) of PbO2 deposition, b) variation in PbO2 deposition
current density and time with fixed current density and time (0.025
A cm–2, 30 min) of BaTiO3 deposition
Slika 1: Rezultati cikli~ne voltametrije elektro nane{enega BaTiO3/
PbO2, pri uporabi razli~nih gostot tokov in ~asov, v 0,1 M fosfatni
puferski raztopini pri hitrosti skeniranja 20 mV s–1: a) spreminjanje
gostote toka in ~asa nana{anja BaTiO3 od stalne gostote toka in ~asa
(0,05 A cm–2, 30 min) pri nana{anju PbO2, b) spreminjanje gostote
toka in ~asa nana{anja PbO2 pri stalni gostoti toka in ~asa (0,025 A
cm–2, 30 min) nana{anja BaTiO3

Figure 2: SEM images of BaTiO3 and PbO2 electrodes, deposited at
different CDs and times: a) BaTiO3

0.1(45 min), b) BaTiO3
0.025(30 min)/

PbO2
0.025(60 min), c) BaTiO3

0.025(30 min)/PbO2
0.1(60 min), d) BaTiO3

0.05(45 min)/
PbO2

0.05(30 min), e) BaTiO3
0.1(45 min)/PbO2

0.05(30 min)

Slika 2: SEM-posnetki BaTiO3 in PbO2 elektrod, nane{enih pri raz-
li~nih CD in ~asih: a) BaTiO3

0,1(45 min), b) BaTiO3
0,025(30 min)/

PbO2
0,025(60 min), c) BaTiO3

0,025(30 min)/PbO2
0,1(60 min), d) BaTiO3

0,05(45 min)/
PbO2

0,05(30 min), e) BaTiO3
0,1(45 min)/PbO2

0,05(30 min)



coating if the PbO2 deposition CD increased to 0.1
A cm–2 (Figure 2c). The film cracking is more dominant
if both layers were deposited at a CD of 0.05 A cm–2

(Figure 2d). The film cracking is more enhanced if the
BaTiO3 layer was deposited at 0.1 A cm–2 (Figure 2e).
When both layers were deposited at a low CD of 0.025
A cm–2, there is a smooth layer with smaller particles.

Figure 3a shows the XRD patterns of the BaTiO3

deposited electrodes using different CDs and times with
a fixed PbO2 deposition. With the applied CD of 0.05
A cm–2, the BaTiO3 peak reflections are less intense at 2�
values of about 31.03, 38.58, 41.88, and 55.47 (VRC#
01-075-0213) along with the Ti reflections. Additionally,
BaCO3 also appeared on the surface, with a 2� peak at
about 23.85 (VRC# 00-044-1487) that might have
occurred after the deposition of BaTiO3 due to high pH.12

The BaTiO3 peak intensity increased when the deposition
CD increased to 0.1 A cm–2 as shown on curve b in
Figure 3a. The lowest CD (0.025 A cm–2) caused a
decrease in the crystallinity of BaTiO3, which turned to
the amorphous phase; see a broad peak between 2� of

20–35 on curve c of Figure 3. In the case of the PbO2

deposition, the deposited electrode using various CDs
and times shows peaks for the PbO2 formation (VRC#
01-076-0564) as shown in Figure 3b. The only
difference found is a peak-intensity decrease at a 2�
value of about 28.49 when the PbO2 is deposited at 0.1
A cm–2 and 0.05 A cm–2 (60 min and 30 min) on the top
of the BaTiO3 deposition using the 0.025 A cm–2 and 0.1
A cm–2 CDs in the 30 min and 45 min durations (Figure
3b, curves b and d).

It is evident from the results that the 2� of 28.49
belongs to the �(111) plane13, whose peak intensity is
reduced, which means that the �-PbO2 formation is
predominant at this given condition. As seen on curve b
in Figure 3a, the BaTiO3 formation is more prominent at
the 0.05 A cm–2 CD, which means that the BaTiO3

concentration increases the �-PbO2 formation during the
PbO2 deposition. It is well known that the �-PbO2

formation enhances the catalytic activity tremendously.14

3.3 Stability analysis

In order to apply the prepared electrodes, the
selectively prepared electrodes obtained their stability in
1 M H2SO4 due to an enhanced CD of 0.3 A cm–2, as
depicted in Figure 4. An electrode that was prepared at a
CD of 0.05 A cm–2 (45 min) for BaTiO3 and at 0.05
A cm–2 (30 min) for the PbO2 deposition showed a 3.9 V
cell voltage up to 110 h (Figure 4, curve a); and after the
potential sharply increased to 22 V the prepared elec-
trode was decomposed. In the case of the increase in the
BaTiO3 deposition at the CD of 0.1 A cm–2 when the
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Figure 4: Electrolysis of different electrodes in 1 M H2SO4 at
accelerated current density of 0.3 A cm–2: a) BaTiO3

0.05(45 min)/
PbO2

0.05(30 min), b) BaTiO3
0.1(45 min)/PbO2

0.05(30 min), c) BaTiO3
0.025(30 min)/

PbO2
0.025(60 min), d) BaTiO3

0.025(30 min)/ PbO2
0.1(60 min), e)

PbO2
0.025(60 min)

Slika 4: Elektroliza razli~nih elektrod v 1 M H2SO4 pri pospe{eni
gostoti toka 0,3 A cm–2: a) BaTiO3

0,05(45 min)/PbO2
0,05(30 min), b)

BaTiO3
0,1(45 min)/PbO2

0,05(30 min), c) BaTiO3
0,025(30 min)/PbO2

0,025(60 min),
d) BaTiO3

0,025(30 min)/PbO2
0,1(60 min), e) PbO2

0,025(60 min)

Figure 3: a) XRD patterns of current-density and time variation
(mentioned in the figure) of BaTiO3 deposition, b) XRD patterns of
BaTiO3/PbO2 prepared at various current densities and times: a)
BaTiO3

0.025(30 min)/PbO2
0.025(60 min), b) BaTiO3

0.025(30 min)/
PbO2

0.1(60 min), c) BaTiO3
0.05(45 min)/PbO2

0.05(30 min), d) BaTiO3
0.1(45 min)/

PbO2
0.05(30 min)

Slika 3: a) Rentgenogram spreminjanja gostote toka in ~asa pri
nana{anju BaTiO3, b) rentgenogram BaTiO3/PbO2, pripravljenega pri
razli~nih gostotah toka in ~asih: a) BaTiO3

0,025(30 min)/PbO2
0,025(60 min),

b) BaTiO3
0,025(30 min)/PbO2

0,1(60 min), c) BaTiO3
0,05(45 min)/ PbO2

0,05(30 min),
d) BaTiO3

0,1(45 min)/PbO2
0,05(30 min)



other conditions stayed the same, the decomposition of
the electrode occurred at around 40 h, which means that
the stability was reduced with the increasing CD (Figure
4, curve b).

In the case of the lowest CD (0.025 A cm–2) used for
both the BaTiO3 and PbO2 depositions for 30 min and 60
min, respectively, the stability increased to 180 h (Figure
4, curve c). By keeping the BaTiO3 CD of 0.025 A cm–2

and changing the PbO2 CD to 0.1 A cm–2 over 60 min,
the stability of the prepared electrode tremendously
decreased to 20 h, as observed in Figure 4, curve d.
Finally, only the PbO2 electrode deposited at the CD of
0.025 A cm–2 in 60 min, showing a stability of 48 h
(Figure 4, curve e) explains a high influence of the
BaTiO3 layer on the stability of the PbO2 electrode.

4 CONCLUSIONS

We successfully investigated an electrodeposition of
BaTiO3 and PbO2 on Ti using the layer-by-layer method
under different conditions. The weight measurement
confirms that the BaTiO3 and PbO2 formation is opti-
mum at a moderate CD of 50 A cm–2 and a deposition
time of 30–45 min. In addition, CV results confirm the
same finding through the redox behavior of PbO2. SEM
and XRD results further prove that a moderate CD leads
to crystalline BaTiO3 and �-PbO2 rather than �-PbO2.
The layer-by-layer deposition of BaTiO3 and PbO2

makes PbO2 more stable than it would be if there was
only PbO2. A further application of the selectively pre-
pared electrode is in progress.
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In this study, an amorphous Fe-Ni-W/Ni bilayer was successfully electroplated on a Zr-based bulk metallic glass (BMG), and
the deformation behaviour of the bilayer-coating-confined BMG was investigated. The findings show that the macroscopic
plasticity of the BMGs was enhanced from 1.3 % to 10.7 %. More importantly, bilayer-confined BMGs have a large plateau of
the serrated flow with an insignificant decrement before failure. When characterizing the serrated flows of both uncoated and
bilayer-confined BMGs by introducing absolute values of stress raises/drops, smaller amplitudes of stress drops as well as a
larger stress-drop frequency during the plastic-deformation stage were found in the bilayer-confined BMGs. The origin of the
increased stable plastic flow was discussed, and it is mainly attributed to the enhanced confinement caused by the introduction
of the amorphous layer. The findings are significant for enhancing the macroscopic plasticity of the BMGs and for
understanding the deformation mechanism of the serrated plastic flow in geometrically confined BMGs.

Keywords: plastic flow, bulk metallic glass, amorphous Fe-Ni-W coating, geometric confinement

V {tudiji je bilo uspe{no elektroplatirano amorfno, dvoplastno steklo Fe-Ni-W/Ni, na masivno kovinsko steklo (BMG) na osnovi
Zr. Hkrati je bilo preiskovano obna{anje dvoplastnega BMG pri deformaciji. Ugotovitve ka`ejo, da se je makroskopska
plasti~nost BMG pove~ala z 1,3 % na 10,7 %. [e bolj pomembno je, da ima dvoplasten BMG visok plato nazobljenega dela
krivulje z nepomembnim zmanj{anjem pred poru{itvijo. Pri karakterizaciji nazob~anega poteka pri obeh; nepokritem in pri
dvoplastnem BMG, z vpeljavo absolutne vrednosti narastka in padca napetosti, so bile dobljene manj{e amplitude padca
napetosti kot tudi ve~ja pogostost padca napetosti med plasti~no deformacijo dvoplastno omejenega BMG. Razlo`en je izvor
pove~anja stabilnega plasti~nega toka, ki se ga pripisuje okrepitvi, ki jo povzro~i amorfna plast. Ugotovitve so pomembne za
pove~anje makroskopske plasti~nosti BMG in za razumevanje deformacijskega mehanizma nazob~anega plasti~nega toka v
geometrijsko omejenem BMG.

Klju~ne besede: plasti~ni tok, masivno kovinsko steklo, amorfna Fe-Ni-W plast, geometrijska omejenost

1 INTRODUCTION

In recent years, due to the extraordinary mechanical
properties of bulk metallic glasses (BMGs), such as the
high strength and high elastic strain, there has been a
growing interest in exploring the application potential of
BMGs as structural materials.1–6 It is known that plastic
deformation occurs mainly in thin shear bands, and a
sharp drop in viscosity in deformation zones facilitates a
propagation of the existing shear bands, resulting in the
final catastrophic failure of BMGs.1,7 Macroscopically,
the initiation and propagation of shear bands are mani-
fested in serrated plastic flows in the stress-strain
curves.8–11 The serrated flow can be characterised as
repeating cycles of elastic loading and unloading where
the loading can be classified as elastic deformation and
the unloading is caused by an inelastic displacement
from a localized shear-band propagation.8–12 In order to
increase the plasticity of a material, the nucleation of the
shear bands must be encouraged and the propagation
inhibited to avoid catastrophic failure of the shear bands,
i.e., a sudden drop in the load in the flow serrations.13

Over the years, geometric confinement has been
proven effective in improving the plasticity of
BMGs.14–18 For example, by electroplating a single
coating layer of Ni, the plasticity of a nominally "brittle"
Fe-based BMG was increased from 0.5 % to 5 %.16 In
2012, Chen et al.17 reported an improvement in the
plasticity of a Zr-based BMG using a Cu/Ni bilayer
coating, in which the soft Cu coating absorbs the loading
stress while the hard Ni layer imposes a confining effect.
The bilayer coating successfully increased the plasticity
of the as-cast Zr-based BMG from 1.3 % to 11.2 %.17

The disadvantage, however, turns out to be a significant
drop in the plastic-flow stress upon reaching a 7 % ma-
croscopic plasticity. Similar phenomena can also be
found in single Ni or Cu layer confined BMGs.17

In a recent work, by applying a MG/Ti bilayer on a
Zr-based BMG, Chu et al.19 managed to significantly
increase its bending plasticity, as compared with the
uncoated BMG, the BMGs coated with a single layer of
MG or a single layer of Ti. It was shown that the bilayer
is capable of absorbing the deformation by initiating a
large number of tiny shear bands, which may provide a
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possible way to further suppress the propagation of the
shear bands in BMGs in order to achieve a more stable
plastic flow.19 In the present study, an amorphous
Fe-Ni-W/Ni bilayer was successfully electroplated on a
Zr-based BMG and a more stable plastic flow was
achieved.

2 EXPERIMENTAL WORK

As-cast Zr57Cu20Al10Ni8Ti5 (amount fractions, x/%)
BMG specimens of a 2-mm diameter were prepared by
sucking an arc-melted mixture of high-purity raw
materials into a copper mould. The electronic plating of
an amorphous Fe-Ni-W coating on the BMGs was first
carried out using an electrolyte with the composition
shown in Table 1, which is a modification of the one
from20. The pH value of the electrolyte was kept at 8,
with the current set at 50 mA for 24 h. The amorphous
nature of the as-cast BMG specimens and the Fe-Ni-W
coating was confirmed using an X-ray diffractometer
(XRD), and the composition of the amorphous Fe-Ni-W
coating was examined using an energy-dispersive X-ray
spectrometer (EDS).

Table 1: Electrolyte composition for the amorphous Fe-Ni-W layer
deposition
Tabela 1: Sestava elektrolita pri nana{anju plasti amorfnega Fe-Ni-W

Component Concentration/mol L–3

Iron sulphate 0.20
Nickel sulphate 0.05

Sodium tungstate 0.13
Citric acid 0.29

After the Fe-Ni-W layer plating, a nickel layer was
electroplated onto the existing Fe-Ni-W layer using
Watt’s electrolyte, containing nickel sulphate, nickel
chloride and boric acid.21 The anode and cathode in this

step were a pure-nickel sheet and an MG-coated spe-
cimen, respectively, and the current was set at 30 mA for
3 h. Both electroplating experiments were carried out at
room temperature and the solution was constantly stirred
with a magnetic rod to keep the electrolyte homogeneous
during the entire electroplating process. The distance
between the cathode and anode was kept constant, at
about 30 mm. Compressive tests of both uncoated and
coated specimens were conducted at room temperature
on a MTS 810 materials-testing system at a strain rate of
1·10–4 s–1, using an extensometer (model 632.13F-20) to
measure the strain. The Vickers-hardness data of the
as-cast BMGs and the amorphous Fe-Ni-W coatings
were obtained using a VH5N-B hardness tester.

3 RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the as-cast
BMG specimens and the electroplated Fe-Ni-W coat-
ings. The results show two broad peaks, confirming the
amorphous nature of the Zr57Cu20Al10Ni8Ti5 specimens
and the Fe-Ni-W coating. The EDS results show that the
composition of the amorphous Fe-Ni-W coating is
Fe29.23Ni28.90W41.87. A light image of the cross-section of a
bilayer-confined BMG is shown in Figure 2. The
thicknesses of the amorphous Fe-Ni-W layer and the Ni
layer were found to be 75.28 μm and 20.39 μm, respec-
tively. It can be seen that the bilayer coating has a good
appearance and the two layers are embedded together
with no visible microcracks at the interface.

Figure 3 illustrates the compressive stress-strain
curves for the uncoated and bilayer-coated BMGs. When
compared with the uncoated BMG, although the
bilayer-confined BMG has a smaller yield strength, its
macroscopic plasticity is enhanced from 1.3 % to
10.7 %. When comparing the results obtained in this
experiment with those obtained by Chen et al. using a
similar Cu/Ni bilayer-confined BMG17 both specimens
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Figure 2: Light image of the amorphous Fe-Ni-W/Ni bilayer-coated
BMG
Slika 2: Svetlobni posnetek BMG, pokritega z amorfnim dvoplastnim
Fe-Ni-W/Ni nanosom

Figure 1: XRD patterns of the Zr57Cu20Al10Ni8Ti5 BMG and the
amorphous Fe-Ni-W coating
Slika 1: Rentgenogram BMG Zr57Cu20Al10Ni8Ti5 in amorfnega
Fe-Ni-W nanosa



show similar plasticity values, but the current plateau-
stress level for the amorphous Fe-Ni-W/Ni coated BMG
is notably higher than for the Cu/Ni coated BMG. It is
obvious that the amorphous Fe-Ni-W/Ni coated speci-
men has a much wider plastic-deformation range with a
relatively stable plastic flow, and an insignificant decre-
ment in the plastic-flow stresses when compared with the
as-cast BMG and the BMGs coated with a single layer of
Ni or Cu, or coated with a Cu/Ni bilayer.17

It is well known that a stress increase during the
plastic flow of BMGs is correlated with the arrest of the
propagating shear bands. However, when a shear band is
initiated and starts to propagate, there is a corresponding
displacement burst, which is linked to a stress decrease.22

Repeated stress increases and decreases result in serra-
tions as the plastic flow proceeds. Such successive serra-
tions are recognized as arising from an emission of new
shear bands and a propagation of the existing ones.17 To
obtain detailed information on the serrated flow between
the uncoated BMG and the bilayer- confined BMGs, five
ranges (as indicated by the rectangles in Figure 3) of the
stress-strain curves were magnified and shown in Fig-
ures 4 and 5, respectively.

Since the bilayer-confined BMG specimen has a
much larger plasticity, two plastic ranges were magnified
in Figure 5. As shown in Figures 4 and 5, during the
elastic ranges, the stress increases linearly with time,
while during the plastic ranges, serrated flows are clearly
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Figure 3: Compressive stress-strain curves for the uncoated and
bilayer-coated BMG specimens
Slika 3: Krivulje napetost-raztezek pri tla~nem preizkusu BMG, brez
nanosa in z dvoplastnim nanosom

Figure 5: Flow serrations of the bilayer-coated BMG
Slika 5: Nazob~an potek krivulje pri BMG z dvoplastnim nanosom

Figure 4: Flow serrations of the uncoated BMG
Slika 4: Nazob~an potek krivulje pri BMG brez nanosa



observed for both kinds of BMG specimens. However,
the amplitude of the serrated flow in the bilayer-confined
BMGs is much smaller compared to that of the uncoated
BMG. The serrated flow of the BMGs is found to be
related to the shear-band propagation and termination,
dissipating the plastic-deformation energy.23,24 A smaller
amplitude indicates that the rapid avalanching of the load
in a specimen was significantly confined.25

Flow serrations are the result of intermittent sample
sliding and the formation of shear bands along the
principal shear plane.8,17 To characterise the flow
serrations, an absolute value of the stress raises/drops

(|�
s| = |
n+1 – 
n|, where 
n+1 and 
n are two neighbour-
ing values of the stresses on the stress-strain curves) was
introduced. Detailed statistical results of the |�
s| values
of the selected ranges from Figures 4 and 5 are shown as
histograms in Figures 6 and 7, respectively. It can be
seen that, in the plastic ranges, the uncoated BMG shows
a large stress drop of up to 60 MPa (Figure 6), while the
bilayer-confined BMG has a relatively smaller stress
drop, no larger than 35 MPa (Figure 7).

The smaller amplitudes of the stress drops indicate
that the specimen has a smaller axial displacement dur-
ing the avalanches8 and that it can more easily self-orga-
nize to a critical state to obtain enhanced macroscopic
plasticity.25 Moreover, the number of the stress drops for
the bilayer-confined BMGs is larger than for the un-
coated BMG specimen (due to the vibration of the
testing machine, only stresses larger than 12 MPa were
determined here),25 illustrating the initiation of more
shear bands in the bilayer-confined BMGs.

A serrated flow can also be explained as a cycle of
elastic-energy accumulation (stress raise) and release
(stress drop): a larger serration magnitude corresponds to
a higher elastic-energy density. As discussed earlier, the
serrations obtained for the bilayer-confined BMG are of
a small amplitude and a larger frequency, and their
corresponding elastic energies are not dense enough for
the shear bands to propagate through the cross-section of
the specimen.9,10 A large number of small serration flows
is a good indicator that the bilayer-confined specimen
can release the elastic energy in multiple small bursts
rather than releasing all the stored energy in one shear
band, thus extending the plastic deformation stage in a
more stable manner without a large decrease in the
stress.

Several studies have shown that the geometric con-
finement is able to significantly affect the plastic
flow.14–17 The process of electroplating can cause a resi-
dual stress at the interface between the coating and the
BMG.26 During the elastic loading, a mismatch in
Poisson’s ratio of the BMG and the coating leads to a
confining stress on the BMG, and the maximum geome-
trical confining stress after reaching the yield strength
can be estimated using formula 
max = 
yln(b/a),27 where

max, 
y, a and b denote the maximum confining stress,
the yield strength of the bilayer coating, the inner diame-
ter and the outer diameter of the specimen, respectively.

By replacing part of the Ni coating with an amor-
phous Fe-Ni-W coating, the large yield strength of a
Fe-based BMG enables larger confining stresses on the
BMG matrix.28 Upon loading, the shear bands start pro-
pagating on the surface of the uncoated BMG and defor-
mation occurs through the primary shear band, leading to
a catastrophic failure. When the bilayer coating is in the
place, it inhibits the rapid propagation of single shear
bands, causing them to branch out instead.17 The enlarge-
ment of the confined stress arrests the propagation of the
shear bands, preventing the catastrophic failure from the
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Figure 7: Statistical results of the number of stress loads/drops for the
bilayer-confined BMG
Slika 7: Statisti~ni rezultati {tevilnih obremenitev/razbremenitev pri
BMG z dvoplastnim nanosom

Figure 6: Statistical results of the number of stress loads/drops for the
uncoated BMG
Slika 6: Statisti~ni rezultati {tevilnih obremenitev in razbremenitev pri
BMG brez nanosa



avalanches and resulting in a stable plastic flow before
the failure.16,25

Recently, many studies have reported that the inter-
face can induce the initiation of more smaller shear
bands and the corresponding increased interactions
(branching and arresting) between the shear bands that,
in turn, increase the plasticity of a coated specimen.16,19

Besides the confining effect, the outside nickel layer is
also found to be effective at hindering the propagation of
the shear bands, dissipating the stored elastic energy in
the core BMG.16 Moreover, since the hardness of the
Fe-Ni-W coatings (measured as 647 HV) is much larger
than the hardness of the BMG specimen (about 442 HV),
the inner Zr-BMG layer may act as the softer phase, ini-
tiating the shear bands, and the outer amorphous
Fe-Ni-W layer may act as the harder phase, inhibiting
the propagation of the shear bands.29,30

The complicated mechanisms for the initiation and
propagation of the shear bands (intermittent sliding) in
the bilayer-confined BMGs may need further verifica-
tion; however, the corresponding serrated flow shown in
the stress-strain curves, without much decrease in the
loads, distinctly illustrates the stable plastic flow in the
bilayer-confined BMGs. This provides a feasible route
for achieving a stable plastic flow in the BMGs for indu-
strial applications and guidance in understanding the
plastic-deformation mechanism in geometrically con-
fined BMGs.

4 CONCLUSIONS

An amorphous Fe-Ni-W/Ni bilayer was successfully
applied onto a Zr-based BMG through electroplating.
The bilayer-confined BMG exhibits greatly enhanced
macroscopic plasticity before failure, without much
decrease in the loads during the serrated-flow stage. The
statistical results of the flow serrations show that the
bilayer-confined BMG has smaller amplitudes and larger
frequencies of stress decreases. The enhanced stability of
the plastic flow in the bilayer-confined BMGs may be
mainly due to the large confining effect caused by the
amorphous layer. The present work not only proposes a
feasible route to achieve a more stable plastic flow in
BMGs but also gives more insight into the plastic-defor-
mation mechanisms of geometrically confined BMGs.
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In this study, the composition of a brake friction material was experimentally investigated with respect to the effects of the
proportions of organic (cashew dust) and ceramic (ZrSiO4 and Fe2O3) based ingredients on the tribological properties. The
tribological properties of the friction materials were evaluated using a Chase-type friction tester. The effect of the ingredient
proportions on the wear resistance and friction stability were obtained in relation to the test temperature and the number of
brakings. A scanning electron microscope was used to study the effect of braking on the sliding surface of the friction material.
Results showed that the complementary nature of the organic- and ceramic-based ingredients provided the optimum friction
behaviour, such as the coefficient of friction stability and the wear resistance.
Keywords: sliding friction, brakes/clutches, wear testing, electron microscopy

V {tudiji je bila eksperimentalno preiskovana sestava materiala za torne zavorne obloge, glede na razmerje organskih (prah
indijskih ore{~kov) in kerami~nih sestavin na osnovi ZrSiO4 in Fe2O3 ter na tribolo{ke lastnosti. Tribolo{ke lastnosti tornih
materialov so bile ocenjene z uporabo preizku{evalca trenja vrste Chase. Vpliv razmerja sestavin na odpornost proti obrabi in
stabilnost trenja je bil ugotovljen glede na temperaturo preizkusa in {tevilo zaviranj. Vrsti~ni elektronski mikroskop je bil
uporabljen za {tudij u~inka zaviranja na torni povr{ini tornega materiala. Rezultati so pokazali, da komplementarna narava
sestavin na organski in kerami~ni osnovi, zagotavlja optimalno obna{anje pri trenju kot sta koeficient stabilnega trenja in
odpornost na obrabo.
Klju~ne besede: drsno trenje, zavore/sklopke, preizku{anje obrabe, elektronska mikroskopija

1 INTRODUCTION

In a brake system, the energy input begins as a driver
presses the brake pedal, is then mechanically, hydro-
pneumatically, electrically or with a hybrid method
transmitted to the other components and ends at the
disc/drum brakes. This kinetic energy is mostly distri-
buted as the heat resulting from the friction between the
brake friction material and the disc/drum interface.1

Thus, the design and material characteristics of the
friction material, the disc/drum material where friction is
generated and energy transformation occurs are
important for the brake system. Especially brake friction
materials are crucial for the stopping distance and noise
propensity of a vehicle.2,3

A commercial friction material generally contains
more than ten ingredients including metallic-, organic-,
ceramic-, polymeric-based powders or fibre materials in
a thermoset polymeric matrix. The understanding of the
synergistic interaction between the ingredients has lar-
gely relied on hands-on experiences and systematic
studies of friction materials for the optimum brake per-
formance.4 In particular, hard ingredients used as abra-
sives in brake friction materials, with a relatively high

hardness control the level of the friction force and
remove pyrolyzed friction films at the sliding interface.5

The amount of abrasive is limited in vehicle brake pads
because it does a lot of damage to the disc.6 The abra-
sives used in commercial brake friction materials are
generally ceramic-based, in various sizes and forms of
oxides and silicates, such as zircon, alumina, quartz,
magnesia, etc. The organic ingredients of the friction
composites such as resin, cashew dust, aramid pulp, etc.,
are softer than the ceramic ones and responsible for the
fade (a decrease in the braking efficiency or coefficient
of friction with an increase in the average temperature of
the braking surface) which is an extremely undesirable
feature.7

From references list, it is seen that only a few studies
report about the synergistic effect of the organic- and
ceramic-based ingredients in friction materials and their
roles in the brake performance.8 On the other hand,
individual effects of organic- and ceramic-based ingre-
dients were extensively investigated.8–11 The purpose of
the present investigation is to investigate the organic- and
ceramic-based ingredients together, with regard to the
tribological characteristics of a brake friction material.
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2 EXPERIMENTAL WORK

2.1 Material preparation

The brake friction materials used in this study are
non-asbestos organic (NAO) materials and the propor-
tions of the ingredients are given in Table 1, including
the average densities of the finished products. Friction-
material specimens were manufactured by mixing, hot
pressing, and sintering. The ingredients were weighed
and mixed in the given proportions in a plough shear
mixer for 10 min. Aramid fibbers were added initially,
followed by other pulpy materials and finally by
powdery materials. The manufacturing parameters were
chosen according to the study of Ertan and Yavuz.12 The
mix was moulded at 150 °C under a pressure of 7.5 MPa
for 5 min in a steel die. Heat treatment was carried out in
a mechanical convection oven at 165 °C for 12 h. The
total amount of ZrSiO4, Fe2O3 and cashew dust was not
changed and was set as 15 % of mass fractions for all the
specimens.

2.2 Friction testing and microstructure analysis

Friction and wear performances were conducted
using a Chase-type friction tester (Figure 1), according
to the national standard of the Society of Automotive
Engineers (SAE) J661, determining the friction coeffi-
cient, the friction force, the wear loss and the types of
wear. Gray cast iron with a 280-mm diameter and a hard-

ness of 210 HB was used as the counterpart. The applied
load was exerted on the specimen in the holder with a
closed-loop servo system and the maximum hydraulic
pressure was 540 N. The speed was held constant at
411 min–1 and controlled by a variable speed drive.

The test procedure consisted of a burnishing stop, the
fade and recovery tests. The test procedure began with
the baseline-I operation of 20 applications. This was
followed by the fade-I test at constant speed and load,
where the frictional force was recorded continuously at
28 °C intervals while the drum temperature rose to
289 °C. Then, the drum was cooled to 93 °C and the fric-
tional force was recorded continuously at 56 °C intervals
during the recovery-I test. This was followed by the
baseline-II, fade-II and recovery-II test, similar to the
first one, but with the temperatures going up to 345 °C.
The wear test, which consisted of 100 applications, was
conducted at the end of the testing.

The weight of the pads for each sample was
measured before and after the friction test, and the spe-
cific wear was determined with the mass method follow-
ing the standard of TSE 555 (1992)13 and calculated with
the following Equation (1):

�
� �

= × ×
−1

2

1 1 2

R f n

m m

m

(1)

where � is the specific wear rate (cm3/N m), R is the
distance between the centre of the specimen and the
centre of the drum (m), n is the number of revolutions of
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Figure 1: Chase-type friction tester
Slika 1: Preizku{evalna naprava trenja, vrste Chase

Table 1: Ingredients of the friction materials investigated in this work (in mass fractions, w/%)
Tabela 1: Vsebnosti tornih materialov, preiskovanih v tem delu (v masnih dele`ih, w/%)

Ingredients A1 A2 A3 A12 A13 A23 A123
Ceramic-based abrasives ZrSiO4

Fe2O3

10
2

3
9

3
2

6.5
5.5

6.5
2

3
5.5

6
4

Organic friction modifiers Cashew dust 3 3 10 3 6.5 6.5 5
Reinforcements 25 25 25 25 25 25 25
Binders 10 10 10 10 10 10 10
Lubricants 20 20 20 20 20 20 20
Fillers 30 30 30 30 30 30 30
Density (g/cm3) 2.13 2.11 1.80 2.03 2.01 1.95 2.05



the rotating disk, m1 and m2 are the average weights of a
specimen before and after the test (g), � is the density of
the brake lining (g/cm3) and fm is the average friction
force (N). The densities of the specimens were deter-
mined with the Archimedean principle in water, and the
density calculations were repeated five times for each
specimen after the sintering.

The friction surfaces after the testing were analysed
using a scanning electron microscope (Fa. LEO 1455
VP). For all the observations, the samples were carefully
cut from an actual-size brake pad in order to avoid any
modification of the friction surface, with a sample size of
2 cm × 2 cm × 1 cm.

3 RESULTS AND DISCUSSION

Experimental observations were made to determine
the effects of the ceramic and organic constituents on the
changes in the COF related to the temperature, the ave-
rage COF, the braking number and the specific wear rate.
The friction test results for the A1, A2 and A3 specimens
are given in Figure 2, showing that the COF was gener-
ally decreased at elevated temperatures. For all the
specimens, it is seen that the COF continued to increase
until 150 °C. The explanation of this behaviour is that
the growth of hard particles in the brake material gene-
rated a large shear strength and the maximum COF at
150 °C.

After this temperature, the COF started to decrease.
This behaviour can be explained with the destruction of
the resin structure and the loss of the local binding
properties as well as the formation of the friction film on
the surface, called the fade. A compaction of the wear
debris generated at the friction interface accounts for the
formation of the friction film.14,15 After 250 °C the COF
exhibited a stable change, with the increasing tempera-
ture, in the A1 and A3 specimens, but the COF stability
of the A2 specimen containing a high proportion of
Fe2O3 was the lowest, especially at elevated tempera-
tures.

The abrasive effect of the Fe2O3 powders increased
the wear rate (Figure 2b) and the wear debris were built
at the friction interface and formed a friction film. This
friction film reduces the contact between the pad and the
disc. This film (with loosened debris, a stable friction
level, and low wear rates) can be maintained at various
temperatures, as long as it is not destroyed.16 These
results were confirmed with the microstructure analysis
given in Figure 3. The areas covered with a disconti-
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Figure 2: Friction test results for A1, A2 and A3 brake-pad materials: a) COF depending on the test temperature (°C), b) the average COF at
elevated temperatures and specific-wear rates
Slika 2: Rezultati preizkusov trenja A1, A2 in A3 materialov zavorne plo{~ice: a) COF v odvisnosti od temperature preizkusa (°C), b) povpre~je
COF pri povi{anih temperaturah in specifi~ne stopnje obrabe

Figure 3: SEM micrographs of the worn surfaces of the brake-pad
specimens after the friction test: a) A1-general, b) A1-detailed, c)
A2-general, d) A2-detailed, e) A3-general and f) A3-detailed
Slika 3: SEM-posnetki obrabljene povr{ine vzorcev zavornih plo{~ic
po preizkusu trenja: a) A1-splo{no, b) A1-podrobno, c) A2-splo{no, d)
A2-podrobno, e) A3-splo{no in f) A3-podrobno



nuous friction film on the friction surface are shown in
Figures 3a and 3b.

The brake pads containing more Fe2O3 powders than
ZrSiO4 and cashew dust show an unstable friction beha-
viour and a low fade resistance, and the areas covered
with the friction film on the friction surface are increased
(Figures 3c and 3d). The surface of brake pad A2 is very
rough and exhibits large, locally delaminated friction-
film regions. Several reasons may explain these differen-
ces, some of which are merely physical, such as the
particle-size distribution and the hardness.17

The average COF of A3 at elevated temperatures
(between the 165–345 °C) was very high (Figure 2b).
The abrasive proportion in this brake pad was minimum.
The SEM images indicate very thin and locally delami-
nated friction-film regions on the surface of the specimen
(Figures 3e and 3f) that do not reduce the contact bet-
ween the pad and the disc. As shown in Figure 2b,
sample A3 exhibited a high wear rate. The increase in
the wear rate of sample A3 is associated with the tem-
perature sensitivity of the organic-based cashew dust
(Figure 3e).

When both the ZrSiO4 and Fe2O3 amounts were
increased in a mixture (A12), the average COF at ele-
vated temperatures (between the 165–345 °C) exhibited
the lowest value (Figure 4b). The decrease in the COF
and a high wear rate (Figure 4), therefore, appeared due
to the low fade resistance and the large friction-film
regions at the sliding interface (Figures 5a and 5b). The
degradation of the organic particles and the increased
abrasive effect caused a decrease in the COF at elevated
temperatures. When the worn surfaces of A12 were exa-
mined, the areas covered with the friction film were
larger and thicker than in the cases of the other speci-
mens. The friction-film areas were locally delaminated
from each other. These areas decreased the average COF
and the stability of the friction material because a
friction film reduces the contact between the pad and the
disc.18 The abrasive effect of the ceramic particles caused
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Figure 4: Friction-test results for A12, A13, A23 and A123 brake-pad materials: a) COF depending on the test temperature (°C), b) the average
COF at elevated temperatures and specific wear rates
Slika 4: Rezultati preizkusov trenja A12, A13, A23 in A123 materialov zavornih plo{~ic: a) COF v odvisnosti od temperature preizkusa (°C), b)
povpre~ni COF pri povi{anih temperaturah in specifi~ne stopnje obrabe

Figure 5: SEM micrographs of the worn surfaces of the composites in
the Chase test machine: a) A12-general, b) A12-detailed, c) A13-ge-
neral, d) A13-detailed, e) A23-general, f) A23-detailed, g) A123-ge-
neral, h) A123-detailed
Slika 5: SEM-posnetki obrabljene povr{ine kompozitov v Chase pre-
izku{evalni napravi: a) A12-splo{no, b) A12-podrobno, c) A13-
splo{no, d) A13-podrobno, e) A23-splo{no, f) A23-podrobno, g)
A123-splo{no, h) A123-podrobno



an increase in the wear rate. Therefore, the maximum
wear rate was obtained for sample A12.

The brake pad with a high relative amount of ZrSiO4

and cashew dust (A13) has a stable COF at elevated
temperatures, but the values are not so high. This result
can be explained with the lubricating effect of the
cashew dust and the stable friction behaviour of ZrSiO4.
The friction-film formation is more homogeneous and
locally delaminated than in the case of A12 (Figures 5c
and 5d). However, the wear rate is lower than that of
A12.

When Figure 5e is examined, it is seen that the areas
covered with the friction film increased and the stability
decreased with the increasing amounts of Fe2O3 and
cashew dust. The abrasive effect of Fe2O3 decreased the
stability and eliminated the cashew-dust lubrication
effect. The COF exhibited an unsteady change, espe-
cially at elevated temperatures, as shown in Figure 4a. It
can be observed that large, locally delaminated friction-
film regions formed on the surface of sample A23. A low
wear rate with the increased amount of Fe2O3 and
cashew dust is associated with the strong and durable
friction film (Figures 5e and 5f).

Sample A123 exhibited the highest fade resistance
among the brake-pad samples due to its stable COF
changing with high values. When the worn surface of
this sample is examined, it can be seen that the friction
film was barely formed on the friction interface (Figure
5g). The synergistic effect of the ceramic- and organic-
based constituents is clearly seen from the wear rate
(Figure 4b). The wear rate for this sample is the lowest
among the tested samples. This optimum tribological
behavior of the A123 brake-pad material can be ex-
plained with a combination of the stable friction
behavior of ZrSiO4, the aggressive behavior of the high
COF of Fe2O3 and the lubricating effect of the cashew
dust.

The COF change related to the number of brakings
can be seen in Figure 6. From the literature review, it is
observed that the number of braking applications has the
strongest effect on the friction-interface temperature.19

Consequently, the COF change decreases with the
number of brakings. The stability of the COF is slightly
reduced after the 50th braking. It can be seen that A1,
A13 and A123 exhibit high and stable COFs, while A3,
A12 and A23 exhibit low and unstable COFs.

4 CONCLUSION

The friction characteristics of the brake pads
including organic (cashew dust) and ceramic (ZrSiO4 and
Fe2O3) based ingredients in different combinations were
examined. The results showed that the organic and
ceramic ingredients used as abrasive and friction modi-
fiers have strong synergistic effects providing the ave-
rage COF, the friction stability and the wear resistance.
The friction film on the brake-pad material was mainly
affected by the proportions of the ceramic-based ingre-
dients. Increasing the cashew-dust proportion increased
the average COF in the specimens. The wear resistance
of a brake pad was decreased with an increase in the
ceramic ingredients. On the other hand, an addition of a
certain amount of cashew dust greatly improved the wear
resistance. This complementary nature of the organic and
ceramic ingredients provided the optimum friction beha-
vior. In this study, the best friction behavior was obtained
in the brake-pad material with the proportions of the
ingredients close to the composition of specimen A123
(6 % ZrSiO4, 4 % Fe2O3 and 5 % cashew dust).
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In this research, the Taguchi technique was applied to determine the optimum process parameters for the electrical discharge
machining (EDM) of a titanium alloy with an added surfactant. The surfactant added to the dielectric fluid played an important
role in the discharge gap, increasing the conductivity and suspending debris particles in the dielectric fluid, reducing abnormal
discharge conditions of the machine and improving the overall machining efficiency. The performance characteristics were the
material-removal rate (MRR) and the surface roughness (SR), which were experimentally explored for various input parameters
such as the discharge current, the pulse-on time, the pulse-off time and the surfactant concentration in the dielectric fluid. The
optimum setting of the parameters was verified through planned and conducted experiments and analysed using the Taguchi
technique. Further, a multi-response optimisation was carried out, maximising the MRR and minimising the SR, using the Grey
relational analysis (GRA). It was observed that the pulse-on time, the discharge current, the pulse-off time and the surfactant
concentration contribute significantly to the multi-response optimisation. Conformation test results showed an improvement in
the MRR by 20.69 % and in the SR by 11.09 %. A scanning-electron-microscope (SEM) analysis was conducted to study the
recast layer that evolved during the electrical discharge machining process and the topography of surfaces was also observed.
Keywords: surfactant, Ti-6Al-4V alloy, Grey-Taguchi method, material-removal rate, surface roughness, recast-layer thickness

V ~lanku je uporabljena Taguchi metoda za dolo~anje optimalnih parametrov procesa povr{insko aktivne elektroerozije (EDM)
na titanovi zlitini. Povr{insko aktivne snovi, dodane dielektri~ni teko~ini, igrajo pomembno vlogo pri razelektritveni re`i, kar
pove~a prevodnost in ustavi delce v dielektri~ni teko~ini, zmanj{a neobi~ajne razelektritve pri obdelavi in na splo{no pove~a
u~inkovitost obdelave. Zna~ilnosti zmogljivosti sta hitrost odstranjevanja materiala (MRR) in hrapavost povr{ine (SR), ki sta bili
eksperimentalno uporabljeni za razli~ne vhodne parametre, kot je: tok razelektritve, trajanje impulza, trajanje prekinitve in kon-
centracija povr{insko aktivne snovi v dielektri~ni teko~ini. Optimalna postavitev parametrov je bila preizku{ena z na~rtovanimi
preizkusi in analizirana s Taguchi metodo. Izvr{ena je bila optimizacija z ve~ odgovori, to je maksimiranje MRR in mini-
miziranje SR s pomo~jo uporabe Grey relacijske analize (GRA). Ugotovljeno je, da tok razelektritve, trajanje pulza, ~as brez
pulza in koncentracija povr{insko aktivne snovi, mo~no prispevajo k optimizaciji. Rezultati potrditvenih preizkusov so pokazali
izbolj{anje MRR za 20,69 % in SR za 11,09 %. Z vrsti~nim elektronskim mikroskopom (SEM) je bila izvr{ena analiza (SEM)
pretaljenega sloja, ki se je razvil med postopkom elektroerozije, opazovana pa je bila tudi topografija povr{ine.
Klju~ne besede: povr{insko aktivne snovi, Ti-6Al-4V zlitina, Grey–Taguchi metoda, hitrost odstranjevanja materiala, hrapavost,
debelina nataljene plasti

1 INTRODUCTION

The usage of and demand for the Ti-6Al-4V alloy is
on an increase day by day because of its high strength,
low weight ratio, high corrosion resistance, resistance to
high temperature and high toughness. This makes it the
appropriate alloy for surgery, medicine, aerospace, the
automotive industry, chemical plants, pressure vessels
and power generation. It is used to manufacture propeller
shafts, riggings and other parts of boats. It is also used to
create artificial hips, pins for setting the bones and other
biological implants due to its excellent biocompatibility.
Its application also includes aircraft-turbine components,
aircraft structural components, aerospace fasteners and
high-performance automotive parts.1,2

Ti-6Al-4V is one of the materials difficult to machine
due to its properties. It chemically reacts with almost all

cutting-tool materials. Its low thermal conductivity and
low modulus of elasticity reduce the machinability.3 Low
cutting speeds, high feed rates, a huge quantity of cutting
fluids, sharp tools and a rigid set-up are essential for the
conventional machining of Ti-6Al-4V. This makes its
conventional machining uneconomical. EDM is one of
the advanced manufacturing processes, with which a
Ti-6Al-4V alloy can be machined economically and
efficiently.4

In modern manufacturing industries, EDM is one of
the most popular non-conventional machining processes,
used to produce dies, moulds or process ceramics, etc.
Tough and hard metals that are generally used in the
industries, such as aerospace, automotive and surgical
applications, can be machined easily using EDM, taking
into account various material properties, such as the elec-
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trical and thermal conductivity. EDM is a thermoelectric
machining process, in which the electrode and the work-
piece do not come into direct contact, which eliminates
the mechanical residual stresses and chatter or vibration
problems during the machining.5 In an EDM process, the
dielectric fluid plays a vital role, affecting the material-
removal rate and the surface integrity of the machined
surface. The vital tasks of the working fluid are trans-
porting sediment particles, enhancing the discharge-ener-
gy density of the plasma zone and cooling the electro-
des.6 It has been noticed from a wide literature survey
that most of the researchers focused on reducing the sur-
face roughness and increasing the material-removal rate
using kerosene, water and water-oil emulsions of diffe-
rent materials. Very few researchers studied the effect of
a surfactant added to EDM. A scarce amount of research
work was done on the surfactant added to the EDM oil in
the conventional EDM of the titanium alloy.

A surfactant is added into the dielectric fluid for a
better circulation in the discharge gap and to avoid parti-
cle agglomeration (debris and tar). During the machining
process, surfactant molecules enter the discharge gap,
thereby breaking down the voltage easily, reducing the
insulating strength by increasing the discharge gap and
passage and ensuring an even discharge distribution
during the machining process. As a result, the process
becomes more stable, thereby improving the machining
efficiency, reducing the surface roughness and increasing
the material-removal rate.7–9

A considerable amount of work on EDM of titanium
alloy Ti-6Al-4V was reported by the researchers. Chen et
al.10 compared the influences of kerosene and distilled
water. It was noticed that the material-removal rate was
increased and the relative electrode-wear rate was
decreased when distilled water was used as the dielectric,
when compared to kerosene. Ho et al.11 investigated the
use of a powder-metallurgy (PM) compacted electrode. It
was observed that the PM electrode was more alloyed
than the solid electrode. The thickness of the recast layer
was increased when the PM electrode and positive
polarity were used.

Hascalik and Caydas12 analysed the effects of copper,
graphite and aluminum electrodes. The material-removal
rate was increased in the case of the graphite electrode
and the surface roughness was reduced with the alumi-
num electrode, compared to other electrodes. Caydas and
Hascalik.13 developed a model of the electrode wear and
recast-layer thickness using the response surface metho-
dology. It was observed that the values predicted by the
model reasonably matched the experimental values.
Fonda et al.14 studied the effects of the properties of
Ti-6Al-4V on EDM. It was observed that the optimum
duty factor was 7 % as far as the productivity and quality
of an EDMed surface were concerned.

Abdulkareem et al.15 analysed the effect of cryogenic
cooling on the copper-electrode wear and the surface
roughness of Ti-6Al-4V. It was observed that the

electrode wear reduced remarkably and the surface finish
improved due to cryogenic cooling. Bozdana et al.16

compared the performance of brass-copper tubular
electrodes with copper electrodes. It was observed that
the material-removal rate increased with decreased elec-
trode wear when brass electrode was used, as compared
to the copper electrode. Khan et al.17 developed a single-
order mathematical model for correlating the parameters
and performance characteristics during EDM. It was
observed that as the peak current increased, the surface
roughness increased. The combination of a high-peak
current and long pulse-on time deteriorated the surface
roughness. Rahman18 developed an artificial-intelligence
model to predict the optimum parameters. It was found
that the developed model was within the limits of
tolerable errors with respect to experimental results.
Kolli and Kumar19 investigated the effects of the additi-
ves added to the dielectric fluid on the EDM of a tita-
nium alloy. Their experiments were conducted by
varying the concentration of the additives and the
discharge current to measure their effects on the MRR,
SR and TWR. It was observed that the MRR increased
with an increase in the discharge current and the
surfactant concentration.

Multi-response optimisation has become an increas-
ingly important area in the modern manufacturing
industry to satisfy the customer’s strict requirement for
the overall quality improvement in the process and ma-
chined components, Jeyapaul et al.20 and Kao et al.21

considered the Taguchi method and the grey relational
analysis to optimize the multiple-performance characte-
ristics of the EDM of the Ti–6Al–4V alloy. Kerosene
was taken as the dielectric fluid and electrolytic copper
as the electrode. It was observed that the optimized
parameters increased the MRR by 12 %, EWR by 15 %
and SR by 19 %, when applying the GRA technique.
Tang and Du22 employed the multi-objective optimiza-
tion technique for the grey EDM of the Ti-6Al-4V alloy.
In this study, tap water was used as the dielectric fluid
and tungsten copper as the electrode of a 10 mm dia-
meter. The input process parameters included the dis-
charge current, the open-circuit voltage, the lifting time,
the pulse-on time and the pulse-off time. The machining
performance parameters like the EWR, the MRR and the
SR were estimated. The authors concluded that when the
multi-optimization technique was included in the
Taguchi method it increased the machining performance
parameters, i.e., the MRR by 2 %, the EWR by 59 % and
the SR by 4 %.

Lin et al.23 applied the Grey-Taguchi technique to
optimise the EDM parameters for a titanium alloy with
kerosene as the dielectric fluid. The effects of the pro-
cess parameters such as the peak current, the pulse-on
time, the pulse-off time and the gap voltage on their
performance parameters like the electrode depletion
(ED), the MRR and the overcut were studied. It was
observed from the final results that the discharge current
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and the pulse-on time were the most significant para-
meters of the EDM using the Grey-Taguchi method. In
addition, it was mentioned that the Grey-Taguchi method
is highly suitable for the optimization of the ED, the
MRR and the overcut.

In this experimental study, the dielectric fluid with an
added surfactant used for the electrical discharge
machining of a titanium alloy was investigated and the
characteristics were optimized with the Grey-Taguchi
technique. The process parameters such as the discharge
current, the pulse-on time, the pulse-off time and the
surfactant concentration were varied. The optimum
setting of the parameters was verified through the
planned experiments, conducted and analysed with the
Taguchi technique. The material-removal rate (MRR) and
the surface roughness (SR) were considered as the
performance characteristics. Further study was carried
out to observe the influence of the process parameters on
the presence of the recast layer on the machined surfaces
using SEM and also to observe the topography of
surfaces.

2 EXPERIMENTAL SET-UP

The experiments were performed on a Formatics
EDM-50 die-sinking machine mounted on a custom-built
dielectric-cycling system. The electrode was fed down-
wards, under the DC servo control, into the workpiece.
Surfactant-added (Span 20) spark-erosion 450 EDM oil
was used as the dielectric fluid for the machining, used
in die-sinking machines for a high machining speed and
a good surface finish. The surfactant was added in a
certain amount into the dielectric fluid and continuously
stirred in order to maintain a uniform distribution. The
homogenously mixed dielectric fluid was pumped into
the machining region using side flushing. Surfactant che-
mical properties are presented in Table 1. The experi-
ments were conducted with a reverse-polarity electrode.
A electrolytic copper with a diameter of 14 mm and a
length of 70 mm was selected as the electrode. A
workpiece with a length of 100 mm, a width of 50 mm
and a thickness of 5 mm was employed. Each experiment
was conducted for 30 min.

Prior to the machining, the workpiece and the
electrode were cleaned and polished. The workpiece was
firmly clamped in the vice and immersed in the dielectric
fluid. The die-sinking EDM-machine experimental
set-up is shown in Figure 1 and the titanium-alloy che-
mical composition and properties are shown in Tables 2
and 3. The weight of the workpiece and the electrode
tool was measured using a digital weighing balance

M. KOLLI, K. ADEPU: OPTIMIZATION OF THE PARAMETERS FOR THE SURFACTANT-ADDED EDM ...

Materiali in tehnologije / Materials and technology 50 (2016) 2, 229–238 231

Figure 1: Modified experimental set-up
Slika 1: Spremenjen eksperimentalni sestav

Table 2: Chemical composition of Ti-6Al-4V alloy
Tabela 2: Kemijska sestava Ti-6Al-4V zlitine

Ele-
ment C Al V N O Fe H Ti

% Max.
0.014 6.07 4.02 0.00360.1497 0.03 0.0115 Bal-

ance

Table 3: Properties of Ti-6Al-4V alloy
Tabela 3: Lastnosti zlitine Ti-6Al-4V

Property Values
Hardness (HRC) 32–34
Melting point (°C) 1649–1660
Density (g/cm3) 4.43
Ultimate tensile strength (MPa) 897–950
Thermal conductivity (W/m K) 6.7–6.9
Specific heat (J/kg K) 560
Mean coefficient of thermal expansion
(W/kg K) 8.6 × 10–6

Volume electrical resistivity (� cm) 170
Elastic modulus (GPa) 113–114

Table 4: Experimental settings
Tabela 4: Eksperimentalne nastavitve

Working parameters Description
Workpiece material Ti-6Al-4V
Size of work piece 100 × 50 × 5 mm
Electrode material Electrolytic copper
Size of electrode � 14 × 70 mm
Electrode polarity + ve (reverse polarity)
Dielectric fluid Spark erosion 450 EDM oil

+ surfactant
Discharge open voltage 110 V
Discharge gap voltage 65 V
Flushing pressure 0.75 MPa
Machining time 30 min

Table 1: Surfactant properties
Tabela 1: Lastnosti povr{insko aktivnih snovi

Property Quantity
Chemical formula C18H34O6

Molecular weight 346.47 (g/mol)
Density 1.032 g/mL at 25 °C (L)
Flash point > 230 °F (110 °C )
Relative index n 20/D1.4740 (L)
HLB value
Water content

8.6
< 1.5 (%)

Acid value 4–8
Heavy metal 9.5–10.0 (L/%)
Saponification value 158–170



(manufactured by CITIZEN) before and after the ma-
chining to calculate the MRR. The surface roughness of
the machined workpieces was measured using Handysurf
equipment. The range of each factor was taken based on
the capability of the machine and the data from the
literature, and preliminary experiments were conducted
to that effect.19,24,25 The process parameters and experi-
mental conditions considered are listed in Tables 4 and
5, respectively.

Table 5: Process parameters
Tabela 5: Parametri procesa

Symbols Control factors Level 1 Level 2 Level 3 Units

A Discharge
current (Ip)

10 15 20 A

B Pulse-on time
(Ton)

25 45 65 μs

C Pulse-off time
(Toff)

24 36 48 μs

D
Surfactant

concentration
(SC)

0.25 0.50 0.75 g/L

2.1 Taguchi method

The Taguchi method is very effective when dealing
with responses influenced by many parameters. It is a
simple, efficient and systematic approach for deter-
mining optimum process parameters. It is a powerful tool
for designing experiments, drastically reducing the num-
ber of experiments required for modelling and opti-
mising the responses. Also, it saves lot of time and
reduces the experimental cost. The Taguchi method is
devised for process optimization and identification of the
optimum levels of the process parameters for given res-
ponses.26–28 In Taguchi method, the experimental values
of various responses are further transformed to the
signal-to-noise (S/N) ratio. The response that is to be
maximized is called the šhigher the better’ response and
the one that is to be minimized is called the šlower the
better’ response. The Taguchi method uses the S/N ratio
to measure the deviation of a response from the mean
value. S/N ratios for šhigher the better’ and šlower the
better’ characteristics are calculated using Equations (1)
and (2), respectively:
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where � denotes the S/N ratio of experimental values, yi

represents the experimental value of the ith experiment
and n is the total number of experiments. In the present
study, the Taguchi method was applied to experimental
data using the MINITAB 16 software. The number of
process parameters considered under this study is four
and the level of each factor is three. The degree of free-
dom of all four factors is eight. Hence, the L9 (34) ortho-

gonal array is selected. Each condition of the expe-
riment was repeated three times in order to reduce the
noise/error effects. The quality characteristics of the
MRR and the SR of the titanium alloy, evaluated for all
the experimental results are listed in Table 6. The
optimum element combinations were verified using the
statistical analysis of variance (ANOVA).

2.2 Grey relational analysis (GRA)

The Grey relational analysis (GRA) was initially
introduced by Dr. Deng in 1982. GRA has uncertain
relations between one main factor and multi-input factors
in a given system. It is an impact-measurement method
of the grey-system theory.29 The Taguchi method, along
with GRA, is applied to optimize the EDM process
parameters with multi-performance characteristics,
which include the following steps:
1. Identifying the performance characteristics and EDM

process parameters to be evaluated.
2. Finding out the number of levels for further EDM

control parameters.
3. Selecting the suitable OA layout (orthogonal array).
4. Conducting OA-layout experiments.
5. Normalizing the experimental results, i.e., the

measured features of the performance characteristics
ranging from 0 to 1, usually known as the Grey
relational generation.

6. Calculating the Grey relational co-efficient (�) based
on the experimental results.

7. Obtaining the grey relational grade for selected per-
formance parameters by averaging the corresponding
grey relational coefficients.

8. Analysing the experimental results by using the Grey
relational grade and statistical ANOVA.

9. Selecting the optimum level of EDM process para-
meters for maximizing the overall Grey relational
grade.

10. Verifying the optimum EDM process parameters
through the conformation test.
During the Grey relational generation, the mate-

rial-removal rate (MRR) corresponding to the higher the
better (HB) criterion can be expressed as:

x k
y k y k

y k y ki

i i

i i

( )
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( ) ( )
=

−
−

min

max min
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The surface roughness (SR) should follow the smaller
the better (LB) criterion, which can be expressed as:
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y k y k
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However, if a definite target value is to be achieved,
the original sequence is normalised in the following
form:

{ }x k
y k OB
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where OB is the target value.
Alternatively, the original sequence can be simply

normalised using the most basic methodology, i.e., the
values of the original sequence are divided by the first
value of the sequence:

x k
y k

yi

i

i

( )
( )

( )
=

1
(6)

where xi(k) is the value after the grey relational gene-
ration (data processing), yi(k) is the original sequence,
max yi(k) is the largest value of yi(k) for the kth response,
and min yi(k) is the smallest value of yi(k), being the
desired value.29,30 The ideal sequence of responses is
yi(k) (k = 1, 2, 3…., m).

Further, during the data pre-processing, the Grey
relational coefficient is calculated to express the relation-
ship between the ideal and actual normalised experi-
mental results. The Grey relational coefficient can be
expressed as follows:
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�
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Δ Δ
Δ Δ0
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where �0i(k) is the deviation sequence of the reference
sequence xi(k) and the comparability sequence yi(k).

�0i = x k x ki0 ( ) ( )− = difference of the absolute value

between x0(k)and xi(k);
� = distinguishing coefficient (0 ~ 1)

Δ min
min min ( ) ( )= ∀ ∈ ∀ −j i k x k x ki0

Δ max
max max ( ) ( )= ∀ ∈ ∀ −j i k x k x ki0

After obtaining the Grey relational coefficient, its
average is calculated to obtain the grey relational grade.
The Grey relational grade (�) is defined as follows:31
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n
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=
∑1

1
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The GRA also indicates the degree of influence that
the comparability sequence can exert over the reference
sequence. Therefore, if a particular comparability
sequence is more important than the other comparability
sequence for the reference sequence, then the Grey rela-
tional grade for that comparability sequence and the refe-
rence sequence is higher than the other Grey relational
grade.31,32 With this technique, both the comparability
sequence and the reference sequence are of equal
preference.

3 RESULTS AND DISCUSSION

3.1 Effects of the parameters on the MRR

Table 6 shows the values of MRRs and their S/N
ratios. Table 7 has the corresponding ANOVA results
where the contributions of individual parameters are
calculated. It can be observed that the discharge current
with a contribution of 90.51 %, the pulse-on time with a

contribution of 7.95 % and the surfactant with a con-
tribution of 1.01 % significantly affect the MRR at the 95
% confidence interval, but the pulse-off time makes an
insignificant contribution to the MRR.

Table 6: Experimental layout L9 (34) OA and results for S/N ratios for
MRRs and SRs
Tabela 6: Eksperimentalna postavitev L9 (34) OA in rezultati razmerja
S/N, MRR in SR

Ex. no (A) (B) (C) (D) MRR S/N
ratio SR S/N ratio

1 10 25 24 0.25 1.108 0.893 2.51 –7.958
2 10 45 36 0.50 1.260 2.010 2.75 –8.786
3 10 65 48 0.75 1.461 3.292 3.19 –10.076
4 15 25 36 0.75 1.755 4.887 2.65 –8.464
5 15 45 48 0.25 1.917 5.652 3.57 –11.053
6 15 65 24 0.50 2.216 6.911 3.66 –13.271
7 20 25 48 0.50 2.321 7.315 3.23 –10.184
8 20 45 24 0.75 2.514 8.008 4.22 –12.465
9 20 65 36 0.25 2.530 8.062 4.48 –13.029

Table 7: ANOVA of means for MRRs
Tabela 7: ANOVA sredstva za MRR

Parameters
Degree of
freedom

(DF)

Sum of
squares (SS)

Mean sum
of squares

(MSS)

% contri-
bution

A 2 50.835 25.417 90.51
B 2 4.466 2.233 7.95
C 2 0.292 0.146 0.53
D 2 0.571 0.285 1.01

Total 8 56.164 100.00

The main response plot of the S/N ratio in Figure 2
shows that the MRR increases with an increase in the
discharge current. It indicates that the discharge current
is the leading impact factor for the MRR. The discharge
current mainly influences the discharge density available
in the discharge gap. To improve the discharge current,
spark energy is increased, which results in a higher
discharge density. This eventually heats the workpiece,
thus increasing the MRR at increased discharge-current
conditions.21 The pulse-on time controls the pulse
duration of the time, for which the current is supplied to
the flow per cycle. The pulse-on time increases with an
increase in the MRR. Due to higher discharge energy on
the workpiece, more material is melted and evaporated in
the machined zone. During the pulse-off time, no
material is removed from the workpiece as there is no
current supply to the workpiece and the existing material
on the machined surface of the workpiece is removed.33

Another observation from the present experiment is
that an increase in the surfactant concentration increases
the MRR. The conductivity of the dielectric fluid is
increased by adding non-polar surfactant, which results
in a shorter bridging time and a higher electrical-dis-
charge efficiency, which finally results in an increase in
the MRR. An addition of the surfactant to the EDM oil
retards the agglomeration of debris, carbon dregs due to
electrostatic forces or Van der Waals forces during ma-
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chining. After that the dielectric-fluid behaviour in the
inter-electrode gap is changed, minimizing the bridge
effect that leads to a better distribution of discharge
energy, resulting in an overall increase in the MRR.34,35

3.2 Effects of the parameters on the SR

The average values of the SR for each experiment and
their respective S/N ratio values are presented in Table 6.
Figure 3 shows SR response curves, representing
individual effects of discharge current, pulse-on time,
pulse-off time and surfactant concentration. The ANOVA
results tabulated in Table 8 show the contributions of the
discharge current (52.89 %), the pulse-on time (39.61 %)
and the concentration of surfactant (6.07 %), reducing
the SR considerably. It is found that the discharge current
has a leading impact on the SR. It is observed from
Figure 3 that an increase in the SR takes place with an
increase in the discharge current. The explanation for

this can be that an increase in the discharge current
causes a corresponding increase in the spark energy,
which results in the formation of deeper and larger
craters and which, in turn, results in an increased surface
roughness. The SR increases with the increasing pulse-on
time due to the fact that at a constant supply of current,
the increase in the pulse-on time is proportional to the
increase in the spark energy; subsequently, the melting
boundary becomes wider and deeper and hence there is
an increase in the SR value.36

Table 8: ANOVA of means for SRs
Tabela 8: ANOVA sredstva za SR

Parameters
Degree of
freedom

(DF)

Sum of
squares (SS)

Mean sum
of squares

(MSS)

%
contribution

A 2 13.138 6.569 52.89
B 2 10.707 5.353 39.61
C 2 0.389 0.194 1.53
D 2 1.500 0.750 6.07

Total 8 23.878 100.00

The pulse-off time is the least important factor and
shows the smallest contribution as far as the SR is con-
cerned. This is due to the fact that no material is removed
from the workpiece as there is no supply of the discharge
current. It is observed that the pulse-off time increases
with an increase in the SR. An increase in the surfactant
concentration increases the surface roughness. This may
be due to the fact that an increase in the surfactant con-
centration increases the dielectric conductivity, causing
the spark energy to be more concentrated, which results
in increased surface roughness. On the other hand, an
increase in the surfactant concentration causes an
increase in the dielectric conductivity and, at the same
time, the dielectric fluid is mixed with the debris and tar
particles accumulated in the machining gap.35,37,38

3.3 Multi-response optimisation of the parameter com-
bination for the MRR and the SR based on the
GRA

Normalisation of the experimental data using Equa-
tions (3) and (4) is performed and considered in the
range between 0–1. The normalised data and the devi-
ation sequence for each of the responses are listed in
Table 9. A higher value of the response indicates a better
performance and the higher normalised values that are
equal to 1 depict the best performance. Hence, all the
experimental values presented in Table 6 are substituted
in Equations (3) and (4) to get the normalised values
shown in Table 9. Typically, larger values of the MRR
and smaller values of the SR are desirable for any
machining operation. Thus, in the present work, the
selected criterion for the MRR is the larger the better and
for the SR it is the smaller the better.

These normalised-sequence values (data-processing
values) are then substituted in Equation (5) and the Grey
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Figure 2: Main-effect plot for MRR
Slika 2: Diagram glavnega u~inka MRR

Figure 3: Main-effect plot for SR
Slika 3: Diagram glavnega u~inka SR



relational coefficient with the weights of � MRR = 0.5
and � SR = 0.5 is calculation using Equation (6). The
grey relational grade is calculated using Equation (7) and
the responses are presented in Table 10. Thus, the
multi-criteria optimisation problem was transformed into
a single equivalent objective function using the Grey-
Taguchi relational analysis. The higher the value of the
Grey relational grade, the closer to the optimum value is
the corresponding factor in the combination. Table 11
suggests that the highest value of the Grey relational
grade was achieved for experiment no. 4. This result
indicates that the best combination of the parameters for
multiple responses among the nine experiments is
A2B1C2D2.

Table 10: Deviation sequences (Grey relational generating)
Tabela 10: Odkloni sekvenc (Grey relacijsko generiranje)

Number
Deviation sequences

MRR (�i ) 1 SR (�i ) 2
Ideal sequence 1 1

1 1 0.0000
2 0.8931 0.1218
3 0.7518 0.3452
4 0.5450 0.0711
5 0.4311 0.5381
6 0.2208 0.5838
7 0.1470 0.3655
8 0.0113 0.8680
9 0.0000 1.0000

A Grey-relational-response graph is shown in Figure
4 and its ANOVA analysis is shown in Table 12. The
most significant factors contributing to the multiple res-
ponses are the discharge current (33.79 %), the pulse-on
time (34.59 %), the pulse-off time (22.28 %) and the
surfactant concentration (9.34 %). The results of Figure
4 indicate that the optimum parameter combination for
these multiple responses is obtained for A3B1C2D1.

3.4 Confirmation test

Conformation experiments were conducted for the
optimum parameter combinations to verify the improve-
ment in the responses. The results of the conformation
experiments are compared with the outcome of the initial
data and the predicated parameter combination based on
the GRA (M. Kolli, A. Kumar19). Table 13 shows the
results of the conformation experiments using the opti-
mum surfactant-added EDM-process parameters ob-
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Table 11: Grey relational coefficient and grade for each performance
Tabela 11: Grey relacijski koeficient in dose`ena stopnja za vsako
izvajanje

Number

Grey relational
coefficient Grey relational grade

MRR SR Average
value Rank

1 0.3333 1.0000 0.6667 4
2 0.3589 0.8041 0.5815 6
3 0.3994 0.5916 0.4955 9
4 0.4785 0.8756 0.6770 1
5 0.5370 0.4817 0.5093 8
6 0.6937 0.4614 0.5775 7
7 0.7728 0.5777 0.6753 2
8 0.9780 0.3655 0.6717 3
9 1.0000 0.3333 0.6667 5

Table 12: ANOVA of means for Grey relational analysis
Tabela 12: ANOVA sredstva za Grey relacijsko analizo

Parameters
Degree of
freedom

(DF)

Sum of
squares (SS)

Mean sum
of squares

(MSS)

% con-
tribution

A 2 3.267 1.633 33.79
B 2 3.343 1.671 34.59
C 2 2.154 1.077 22.28
D 2 0.903 0.451 9.34

Total 8 9.667 100.00

Figure 4: Process-parameter effect on Grey relational grade
Slika 4: U~inek parametrov procesa na Grey relacijski razred

Table 9: Sequence of each performance characteristic after data
pre-processing
Tabela 9: Zaporedje vsake lastnosti po predobdelavi podatkov

Number
Deviation sequences

MRR (larger the
better)

SR (smaller the
better)

Ideal sequence 1 1
1 0 1.0000
2 0.1069 0.8782
3 0.2482 0.6548
4 0.4550 0.9289
5 0.5689 0.4619
6 0.7792 0.4162
7 0.8530 0.6345
8 0.9887 0.1320
9 1.0000 0.0000



tained using the GRA-Taguchi method, i.e., the initial
data with combination A2B1C2D3 and the optimum com-
bination A3B1C2D1. It is observed that the MRR increased
from 1.755 to 2.213 mm3/min. However, the SR was
obtained in a considerable range. The corresponding
percentage improvements in the MRR and the SR are
20.69 % and 11.07 %, respectively.

Table 13: Results of the conformation experiment
Tabela 13: Rezultati preizkusa skladnosti

Observed values Orthogonal
array

Optimum combination
level of machining

parameters
Prediction Experiment

Levels A2B1C2D3 A3B1C2D1 A3B1C2D1

MRR 1.755 – 2.213
SR 2.65 – 2.98

Grey relational grade 67.70 69.18 70.45

3.5 Recast-layer thickness

The EDM process is very complex due to rapid local
heating causing an increase in the local temperatures,
exceeding the melting point of the material, where

melting/vaporization is followed by rapid cooling and
also by random attacks of the sparks. This results in
surface damage in the form of cracks and generation of
high thermal stresses exceeding the fracture strength of
the material. It is also observed from Figure 5 that the
RLT decreases significantly with the surfactant added to
the dielectric fluid. The addition of the surfactant to the
dielectric improves its conductivity and lowers its
viscosity, resulting in a smoother flow of the dielectric in
the inter-electrode gap. As a result, the increase in the
dreg-removal rate leads to improved flushing conditions.
At the same time, an increase in the surfactant concen-
tration in the dielectric results in a uniform distribution
of discharge energy, which lowers the amount of the heat
energy penetrating into the work surface and reducing
the thickness of the recast layer.

3.6 Surface micrographs

Figure 6 shows SEM micrographs of the machined
surfaces with and without the surfactant in the dielectric
fluid. It is observed that the EDM process produces
complex surfaces covered with globules of debris, large
and small melted drops, pocket marks and cracks of
various sizes. During the EDM process, some particles
were eroded and attached to the material surface and the
molten material was expelled randomly from the
machining gap. As it can be seen from the figure, the
surface structure is uneven. The size of the molten drops
depends on the surfactant concentration, which is
associated with a low SR of the machined sample as
shown in Figure 6b.

As discharge current is applied to the machining
zone, equal-intensity discharge energy strikes the metal
surface and a large quantity of the molten and flushed
metal is suspended in the electrical-discharge gap, which
results in a deterioration of the SR. Other reasons for a
better surface finish of the machined surface are lower
and smaller craters, cracks produced during the machin-
ing and generation of fewer micro-cracks because of the
intense impulsive forces and stresses due to the
equal-discharge energy.36

4 CONCLUSION

This paper presents an effective approach for the
optimisation of the surfactant-added EDM of a titanium
alloy. The process parameters were the discharge current,
the pulse-on time, the pulse-off time and the surfactant
concentration; the multi-optimization Grey-Taguchi
approach was used. Based on the experimental results of
the present study, the following conclusions are drawn:

• The MRR at the optimum condition (i.e., A3B3C3D3)
increases with the increase in the discharge current
(20 A), the pulse-on time (65 μs) and the surfactant
concentration (0.75 g/L). As the pulse-off time
increases from 24 to 36 μs, the MRR decreases, while
beyond 36 μs the MRR increases.
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Figure 6: SEM micrographs of the machined samples: a) without
surfactant and b) with the optimum GRA surfactant
Slika 6: SEM-posnetka obdelanih vzorcev: a) brez povr{insko aktivne
snovi in b) z optimalno povr{insko aktivno snovjo GRA

Figure 5: SEM micrographs of cross-sectional view of EDMed recast
layer with surfactant and without surfactant: a) without EDM oil, b)
with GRA surfactant at optimum conditions
Slika 5: SEM-posnetki pre~nega prereza z EDM preoblikovano
plastjo s povr{insko aktivno snovjo in brez povr{insko aktivne snovi:
a) brez EDM olja, b) s povr{insko aktivno snovjo GRA pri optimalnih
pogojih



• The optimum condition for the SR was observed at
A1B1C2D1 having lower values of the discharge
current (10 A), the pulse-on time (25 μs) and the
surfactant concentration (0.25 g/L). It was observed
that the SR is directly proportional to the discharge
current, the pulse-on time and the surfactant
concentration.

• The optimum combination of the surfactant-added
EDM parameters and their levels for the multi-perfor-
mance characteristics of the surfactant-added EDM
process are A3B1C2D1, the discharge current of 20 A,
the pulse-on time of 25 μs, the pulse-off time of 36 μs
and the surfactant concentration of 0.25 g/L.

• All the process parameters significantly affect the
multi-performance characteristics of the surfactant-
added EDM process. However, the machining
performance of the MRR significantly increases from
1.755 mm3/min to 2.213 mm3/min. The percentage
contributions of various process parameters like the
discharge current, the pulse-on time, the pulse-off
time and the surfactant concentration are (33.79,
34.58, 22.28 and 9.34) %, respectively.

• Fewer micro-cracks and even craters on the work-
piece surface machined by EDM are formed when a
surfactant is added to the dielectric fluid.
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High-alloyed white-cast-iron materials are commonly used in the manufacturing industry due to their high wear resistance. The
aim of this research is to determine the cutting tool and the optimum cutting conditions required for the metal cutting of these
materials. In this study, it is proposed to determine the wear and the tool life utilizing the Taguchi optimization method when
hard turning the Ni-Hard 4 material, the alloyed cast iron, with cutting tools produced with powder metallurgy (PM) and to
improve the performance of the cutting tools. A series of 18 experiments were conducted on a CNC turning machine, using the
cutting process parameters such as the cutting speed, the feed and the depth of cut, based on the Taguchi L9 orthogonal design of
experiments. Uncoated cutting tools were utilized to perform these experiments. PM cutting tools with WC grain sizes of 0.8 μm
and 1.25 μm were selected for the hard-turning experiments. The flank wear of the cutting tools was examined with SEM. Then,
the life of each cutting tool was identified based on the cutting length. The performance of the cutting tools in terms of the wear
and the tool life was determined with the Taguchi method based on the obtained data. The results of this study contributed to the
hard turning of the Ni-Hard 4 material that is mostly employed in the as-cast condition in the manufacturing industry due to its
high hardness. The optimum cutting conditions were determined by means of the Taguchi method.
Keywords: hard turning, cutting tools, wear, Taguchi method

Mo~no legirano belo lito `elezo se uporablja v predelovalni industriji zaradi velike odpornosti proti obrabi. Namen raziskave je
poiskati rezalno orodje in optimalne pogoje rezanja, potrebne za rezanje teh materialov. V {tudiji je predlagano, da se dolo~i
obraba in zdr`ljivost orodij, z uporabo Taguchi metode, optimizacija pri stru`enju materiala Ni-Hard 4 legiranega litega `eleza z
rezalnimi orodji, izdelanimi po postopku metalurgije prahov (PM), da bi izbolj{ali zmogljivost rezalnega orodja. Serija 18-ih
preizkusov, z uporabo procesnih parametrov, kot so: hitrost rezanja, podajanje in globina reza, na podlagi Taguchi L9

ortogonalne postavitve preizkusa, so bile izvr{ene na CNC stru`nici. Za te eksperimente so bila uporabljena rezalna orodja brez
prevleke. Za preizkus te`kega stru`enja so bila izbrana PM rezalna orodja, z velikostjo zrn WC med 0.8 μm in 1.25 μm. Obraba
boka rezalnega orodja je bila preiskovana s SEM. Zdr`ljivost vsakega orodja je bila dolo~ena na podlagi dol`ine stru`enja.
Rezultati {tudije se nagibajo k te`kem stru`enju materiala Ni-Hard 4, ki se ga ve~inoma uporablja v predelovalni industriji v
litem stanju, zaradi velike trdote. Optimalni pogoji rezanja so bili dolo~eni s pomo~jo Taguchi metode.
Klju~ne besede: te`ko stru`enje, rezalna orodja, obraba, Taguchi metoda

1 INTRODUCTION

In today’s industry, customers expect low costs, short
machining times and competitiveness, so the develop-
ments in the material science have to involve new and
flexible manufacturing technologies. Especially, some
mechanical parts used in cement, concrete, machine-
manufacturing and ceramic industries are very difficult
to machine because of their high hardness. Based on
modern technologies1,2 such as hard turning, milling and
drilling, it is possible to cut high-alloyed cast iron
materials. High-alloyed cylindrical cast-iron materials
can be machined with different methods. Hard turning is
preferred for these kinds of materials due a faster,
low-cost and high-quality process. The hard-turning
process has advantages like short set-up times, short
process steps, a better surface quality, a lower wear rate

and a longer tool life. In addition, it is not necessary to
use the cutting fluid for alternative metal-cutting me-
thods.3 Several studies4–6 have been performed to inve-
stigate and develop the microstructure and mechanical
properties of Ni-Hard 4, so far known as the high-alloyed
white-cast iron. Its main alloying elements are 7–11 %
Cr, 5–7 % Ni and 2.5–3.2 % C. Researchers have studied
the wear resistance, heat treatments and the influence of
the alloying elements on cast iron.4–6

The tool wear and the tool life are two important
problems encountered in the hard-turning processes.
There are many investigations, focused on diminishing
these problems. Some of them7–9 try to determine the
wear rate and the tool life of the AISI 52100, AISI D2
and AISI H11 steel materials during hard turning. Most
frequently, experiments were carried out on cubic boron
nitride (CBN) tools under various cutting conditions.
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Some other researchers10–12 measured the wear on CBN
tools and polycrystalline cubic boron nitride (PCBN)
tools after the hard turning of the AISI 52100 steel ma-
terials. They examined the performances of the cutting
tools with respect to the tool life using mathematical mo-
dels depending on the Taylor rule. In two group studies,
the tool wear was investigated with a light microscope
and SEM. Lin et al.13 and Khrais and Lin14 examined the
hard turning of the AISI 1040 material by employing
uncoated and coated WC-Co tools under wet and dry
cutting conditions. They classified the wear mechanisms
and types of the WC-Co tools coated with PVD AlTiN
and AlCrN with a light microscope. They also deter-
mined the effects of the coatings on the wear and tool
life at five different cutting speeds and VBmax = 0.6 mm.

Özel et al.15 and Arsecularatne et al.16 performed
experiments to identify the wear, tool life and material-
removal rate when hard turning the AISI D2 steel mate-
rial with PCBN and ceramic tools under dry conditions.
Mathematical models were developed based on the
Taylor rule (the formula) to obtain the cutting conditions
providing the longest tool life and the largest material-
removal rate. Costes et al.17 investigated the machining
of the Inconel 718 material, utilizing CBN cutting tools
in wet conditions. According to this study, the adhesion
and diffusion are the most dominant mechanisms for the
wear in different cutting conditions.

Unlike the studies mentioned above, Thamizhmanii
and Hasan18 and Yiðit et al.19 reported about experimen-
tal results predicting the tool wear and life during the
hard turning of gray and spheroidal graphite cast iron
with various cutting tools based on the Taguchi optimi-
zation method. Several researchers20–23 used the Taguchi
method for different materials and cutting tools in the
hard-turning process to find the optimum cutting
conditions versus the minimum tool wear and to prolong
the tool life. Other researchers24,25 were focused on the
surface roughness, cutting forces and tool wear during
the hard turning of high-alloy white cast iron in different
cutting conditions, employing CBN inserts. Yücel and
Günay26–28 conducted investigations on the machinability
of the high-alloy white cast-iron material, Ni-Hard 4.
They studied the tool wear, tool life, surface roughness
and cutting forces during the hard turning with ceramic
and CBN tools based on the Taguchi optimization
method.

In this study, a total of 18 hard-turning experiments
based on the L9 orthogonal array design were performed
on the Ni-Hard 4 material, which has a high wear resis-
tance and which is not supposed to be machinable. The
as-cast material was turned on a CNC machine without
the cutting fluid. Uncoated cutting tools (WC-Co) with
two different grain sizes (0.8 μm and 1.25 μm) were
utilized in the hard-turning experiments. After each
experiment, each cutting tool was investigated for the
wear and specific cutting lengths with a light microscope
and SEM. The optimum cutting conditions that provide

the lowest wear rate and the longest tool life were
determined with the Taguchi optimization method. Thus,
the aim was to develop the cutting performance of the
tools for the hard turning of a cast-iron material.

2 TAGUCHI METHOD

The Taguchi method, developed by Dr. Genichi Ta-
guchi, is a technique to determine the optimum combi-
nations of the process conditions widely used in engi-
neering and manufacturing industry. This method is also
a powerful tool for improving and designing high-quality
systems. Therefore, industries are able to reduce the time
of the product development without increasing the
costs.30

The Taguchi method is divided into three categories:
the system design, the parameter design and the tole-
rance design. Among these, the parameter design is the
most important and used category for improving the
performance characteristics without increasing the costs.
The Taguchi method solves the problems by integrating
the orthogonal array design, the signal to noise (S/N)
ratio and the analysis of variance (ANOVA). The ortho-
gonal array is used to create a special design determining
the whole parameter space with a small number of
experiments. The S/N ratio is employed to analyze the
experimental results obtained from the orthogonal array
design. The S/N ratio has three performance characteri-
stics, in Equation (1) to (3) to obtain the optimum
process conditions: the smaller-the-better (S/N)SB, the
larger-the-better (S/N)LB and the nominal-the-best
(S/N)NB. ANOVA is applied to identify which process
conditions significantly affect the performance characte-
ristics. A confirmation test was conducted to verify the
accuracy and efficiency of the desired values achieved
for the optimum process conditions:31–33
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where yi is the observed value from the experiments, y is
the average of the observed values from the experi-
ments, n is the number of the experiments and s2y is the
variance of y. The steps required for applying the
Taguchi method are illustrated in Figure 1.

3 EXPERIMENTAL PROCEDURE

3.1 Materials

Cast irons are called low-alloy cast-iron materials
(36-55 HRC) if the amount of carbon is below 4 % or
high-alloy cast-iron materials (47-65 HRC) if this
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amount is above 4 %.4 In this study, the Ni-Hard 4
material, a high-alloy cast iron, is used to perform the
turning experiments. It is a commercial name of high-
alloy white cast iron, which has a high wear resistance
(58-65 HRC). Its microstructure mainly includes M7C3

type (M = Fe, Cr) carbides and a martensitic matrix (Fig-
ure 2). It can be used in the as-cast form or after having
been hardened and tempered with heat treatments. In this

study, the material was used in the as-cast condition.
This material is used in the as-cast condition in the
cement and machine industries as well as in the mining
sector.4 The material was melted and alloyed in a
high-frequency induction furnace with a neutral pot and
poured in a sand mold with a cylindrical form and
solidification dimensions of Ø 40 mm × 120 mm. The
chemical composition of the cast material is given in
Table 1.

Table 1: Chemical composition of Ni-Hard 4 alloy (in mass fractions,
w/%)
Tabela 1: Kemijska sestava zlitine Ni-Hard 4 (v masnih dele`ih, w/%)

Elements ASTM A 532 Ni-Hard 4 (sample)
Carbon (C) 2.6–3.2 2.89
Silicon (Si) 1.8–2 1.43

Chrome (Cr) 7–11 9.22
Nickel (Ni) 4.5–6.5 6.15

Molybdenum (Mo) 0–0.4 1.03
Manganese (Mn) 0.4–0.6 0.91

Phosphor (P) max. 0.06 0.25
Sulfur (S) max. 0.10 0.16
Iron (Fe) Balance Balance

The cross-section of the machined material was pre-
pared for microstructural examinations. It was etched
with the Beraha II solution for about 5 s and then exa-
mined with a Zeiss light microscope and a Jeol JSM
6060 SEM as illustrated in Figures 2a and 2b. The com-
ponents of the microstructure were determined with a
RigakuSA HS3 XRD diffractometer. The XRD analysis
result is given in Figure 2c.

The microstructure of the Ni-Hard 4 material consists
of a martensitic matrix and M7C3 primary-eutectic car-
bides (Table 2). The primary-carbide rate in the micro-
structure was estimated to be about 20 %. The hardness
of the material was measured as 55 HRC with a Zwick/
ZHR instrument.

Table 2: EDX microanalysis results for points 1 and 2, (in mass frac-
tions, w/%)
Tabela 2: Rezultati EDX-mikroanalize za to~ki 1 in 2 (v masnih dele-
`ih, w/%)

Analysis C Si Cr Fe Ni Mo W
1 – (M7C3) 4.3 – 28.7 66.9 – – –
2 – (Martensite) 1.6 1.9 4.0 82.7 5.6 1.9 2.1

3.2 Cutting conditions

A series of 18 hard-turning experiments based on the
Taguchi L9 orthogonal array design were carried out on
the Ni-Hard 4 material using nine different tools without
the cutting fluid. Initially, cutting conditions were selec-
ted on the basis of the user experience and tool cata-
logues. In this study, the speed (n), the chip thickness
(hex) and the feed rate (Vf) were calculated with Equation
(4) to (6) utilizing the cutting conditions shown in Table
3:
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Figure 2: Light and SEM micrographs and XRD analysis of Ni-Hard
4 material
Slika 2: Svetlobni in SEM-posnetek ter XRD analiza materiala
Ni-Hard 4

Figure 1: Application of the Taguchi method
Slika 1: Uporaba Taguchi metode
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where;
n = spindle speed, (rev/min)
Dc = workpiece diameter, (mm)
Vc = cutting speed, (m/min)
fn = feed rate, (mm/rev)
Kr = entering angle, (45°)
hex = maximum chip thickness, (mm)
ap = depth of cut, (mm)

Nine experiments were performed for each cutting
tool (Table 3) and the wear of the cutting tools was
examined with a light microscope and SEM. In addition,
the performances of the cutting tools were examined in
terms of the powder-grain size. In these experiments, a
Johnford CNC turning machine, 3500 min–1, 12.5 kW,
with a feed rate of 2500 mm/min was employed. Figure
3 shows four different steps applied during the hard-turn-
ing experiments.

Table 3: Hard-turning process parameters
Tabela 3: Parametri procesa trdega stru`enja

Levels
Cutting conditions

Vc (m/min) fn (mm/rev) ap (mm)
1 100 0.05 0.1
2 150 0.075 0.2
3 200 0.1 0.3

Table 4: Cutting tools for turning experiments
Tabela 4: Rezalna orodja za preizkus stru`enja

Cutting tools
(Uncoated)

Tool code
BS 710 BS 610

Grain size (WC) (0.8 μm) (1.25 μm)

The cutting tools given in Table 4 are hard-metal
tools with two different WC grain sizes, sintered with
cobalt (Co), (94 % WC and 6 % Co). These tools were
broken to observe the grain-size distributions and bond-
ing characteristic between WC and Co. Broken surfaces
were examined at a single magnification as shown in
Figures 4a and 4b. Figure 4 shows that the cutting tool
with fine grains (0.8 μm) is more homogenous than the
one with coarse grains (1.25 μm). In addition, the poro-
sity rate between the WC grains in Figure 4a is higher
than the one in Figure 4b. Cutting-tool manufacturers
usually use a certain amount (5 % – 10 %) of course
grains added to fine grains to improve the cutting-tool
performance.13,14

3.3 Wear measurement of the cutting tools

The wear was investigated with a light microscope
and SEM after each experiment planned with the L9

orthogonal array design by stopping the CNC turning
machine at (250, 500, 750 and 1000) mm. The numerical
value of the wear rate was calculated using the CLE-
MEX program equipped with a light microscope. The
wear rate was not allowed to exceed VB = 0.6 mm in
accordance with the ISO standards. Moreover, the wear
rate for the largest cutting length (1000 mm) and the
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Figure 4: SEM comparison of grain sizes for cutting tools: a) BS 610,
b) BS 710
Slika 4: SEM-primerjava velikosti zrn rezalnih orodij: a) BS 610, b)
BS 710

Figure 3: Hard-turning experiments
Slika 3: Preizkusi trdega stru`enja



shortest tool life were used to determine the optimum
cutting conditions with the Taguchi optimization method.

The tool wear at the edges of the BS 610 and BS 710
cutting tools for a depth of cut of (0.1–0.2–0.3) mm, at a
cutting speed of 100 m/min and a cutting length of
250 mm is shown in Figures 5 and 6, respectively. The
abrasive wear increases as the depth of cut increases.
Also, it can be observed that some material is adhered to
the cutting edge (the adhesive wear) throughout the
hard-turning experiments. In addition, some partial frac-
tures and micro-cracks occurred due to the forces

affecting the cutting edge. These failures indicate that the
cutting tool was forced considerably during the hard-
turning process.

4 ANALYSIS OF EXPERIMENTAL RESULTS
AND DISCUSSION

4.1 Wear and tool life

Figure 7 displays the flank-wear values obtained
with nine experiments conducted with the BS 710 cutt-
ing tool. In Figure 7, the smallest flank wear is obtained
for experiment 1 (Vc = 100 m/min, fn = 0.05 mm/rev, ap =
0.1 mm) whereas the largest flank wear is observed for
experiment 3 (Vc = 200 m/min, fn = 0.05 mm/rev, ap = 0.3
mm).

Figure 8 illustrates the flank-wear values obtained
with nine experiments conducted with the BS 610 cutt-
ing tool. In Figure 8, the smallest flank wear is obtained
for experiment 8 (Vc = 150 m/min, fn = 0.1 mm/rev, ap =
0.1 mm) whereas the largest flank wear is observed for
experiment 3 (Vc = 200 m/min, fn = 0.05 mm/rev, ap =
0.3). It can be seen that the flank wear of each type of
the cutting tools generally increases with the increasing
cutting length. On the other hand, for experiment 1, the
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Figure 7: Change in the wear rate versus the cutting length (BS 710)
Slika 7: Sprememba hitrosti obrabe v odvisnosti od dol`ine rezanja
(BS 710)

Figure 6: SEM micrographs of wear surfaces (BS 610)
Slika 6: SEM-posnetki obrabe na povr{ini (BS 610)

Figure 5: SEM micrographs of wear surfaces (BS 710)
Slika 5: SEM-posnetki obrabe na povr{ini (BS 710)

Figure 8: Change in the wear rate versus the cutting length (BS 610)
Slika 8: Sprememba hitrosti obrabe v odvisnosti od dol`ine rezanja
(BS 610)



flank wear of the BS 610 cutting tool is greater than that
of the BS 710 cutting tool.

4.2 Taguchi analysis

The Taguchi method integrates orthogonal arrays, the
S/N ratio and ANOVA to analyze and evaluate numerical
results.29–32 The hard-turning experiments were per-
formed according to L9 (33) orthogonal arrays. L9 (33)
has 9 rows corresponding to the number of hard-turning
experiments (8 degrees of freedom) with 8 columns at
three levels. The hard-turning experiments based on the
Taguchi orthogonal array design were conducted by
means of three cutting conditions, namely, the cutting
speed (Vc), the feed (fn) and the depth of cut (ap). The
wear values obtained with the experiments and their S/N
ratios calculated with Equation (1) for each of the two
cutting tools (BS 710 and BS 610) are given in Table 5.

Table 5: S/N ratios for the wear values
Tabela 5: Razmerje S/N pri vrednosti obrabe

Experiment
number

Wear results (μm) S/N ratios (dB)
(BS 710) (BS 610) (BS 710) (BS 610)

1 188.2 276.6 -45.49 -48.84
2 197.2 394.1 -45.90 -51.91
3 501.3 459.7 -54.0 -53.25
4 163.7 311.4 -44.28 -49.87
5 361.6 449.4 -51.16 -53.05
6 284.0 255.5 -49.07 -48.15
7 332.5 402.1 -50.44 -52.09
8 211.6 174.5 -46.51 -44.84
9 319.4 355.9 -50.09 -51.03

In order to determine the optimum turning conditions
providing the smallest wear value, it is required to cal-
culate the average-response values for the cutting condi-
tions at different levels. For this purpose, an average-res-
ponse table involving the wear values and their S/N ratios
is created in Table 6. The values in the average-response
table are calculated by averaging the S/N ratios for each
cutting condition at different levels for experiments 1 to
9.

Table 6: Average-response table for the wear values
Tabela 6: Tabela povpre~nega odgovora pri vrednosti obrabe

Cutting
condi-
tions

Parameter levels
BS 710 BS 610

I II III I II III
Vc -46.74 -47.86 -51.05 -50.26 -49.93 -50.81
fn -48.46 -48.17 -49.01 -51.33 -50,36 -49.32
ap -47.02 -46.76 -51.87 -47.27 -50.94 -52.80

In this study, the ANOVA was performed using Mini-
tab to identify which three cutting conditions significant-
ly affect the wear.33 Table 7 shows the ANOVA results
for the wear. In Table 7, the statistical significance of
three cutting conditions for the wear was evaluated by
the F-test. The F-value (tabulated) at the 95 % confi-

dence interval controlling the three cutting conditions is
F0.05, 2, 8 = 4.46. The percentage contributions of the three
cutting conditions to the wear for the two cutting tools
are given in Table 6. As can be seen from this table, the
most significant cutting condition is the depth of cut (ap).

Table 7: ANOVA analysis results
Tabela 7: ANOVA analiza rezultatov

Cutting conditions
Percentage contribution (%)
BS 710 BS 610

Vc 35.238 1.56
fn 1.13 9.1
ap 62.8 84.7

The optimum cutting conditions providing the
smallest wear value were determined by selecting the
largest S/N ratios for each cutting condition at three
levels as given in Table 6. Also, the final confirmation
test for the two cutting tools was carried out in the
optimum cutting conditions providing the smallest wear
value. Each confirmation test was repeated at least three
times. The improvement rates were calculated by com-
paring the results of the confirmation test and the initial
values in Table 8. Thus, the optimum cutting conditions
providing the best cutting-tool performance were deter-
mined with the Taguchi analyses without carrying out a
high number of hard-turning experiments.

Table 8: Confirmation tests
Tabela 8: Preizkusi za potrditev

Cutting
tools

Optimum
cutting

conditions

Initial
values
(dB)

Calculated
values
(dB)

Confirma
tion tests

(dB)

Impro-
vements

(%)

BS 710 Vc(I), fn(II),
ap(II)

-45.686 -44.565 -44.280 3.2

BS 610 Vc(II),
fn(III), ap(I)

-50.554 -45.853 -46.510 8.7

5 CONCLUSIONS

In this study, hard-turning experiments were con-
ducted on the Ni-Hard 4 material utilizing two different
cutting tools (BS 610 and BS 710) under dry conditions.
The following results were obtained:

• The optimum cutting entering angle is selected as Kr

= 45° by trying a few experiments.
• During the hard-turning experiments performed with

the BS 610 and BS 710 cutting tools, the wear rate on
the cutting edge increases as the cutting length, the
cutting depth and the cutting speed increase.

• At a cutting speed of 200 m/min, for experiments 3, 6
and 9, the wear rate of the BS 710 cutting tool is
larger than that of BS 610. This situation shows that,
in the case of excessive force, WC coarse grains
display a better performance than fine grains.

• At a low cutting speed (100 m/min), the BS 710 cutt-
ing tool has a better performance than BS 610. For a
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longer tool life, hard turning should be performed at a
low cutting speed and with fine-grain cutting tools.

• The optimum cutting conditions providing the lowest
wear and the longest tool life were determined by
means of the Taguchi analyses. Improvements of 3.2
% and 8.7 % were obtained for both cutting tools,
respectively.

• According to the ANOVA analyses, the depth of cut
(ap) is the most important turning parameter for both
cutting tools.

• Finally, the machinability of the material, which is
very difficult to cut and whose cutting conditions are
not widely known, were examined experimentally
and numerically.

• In future, the cutting forces, the tool wear and the
surface texture will be investigated by measuring the
cutting forces and surface roughness in turning or
milling processes.

Acknowledgements

The authors would like to thank Uður Yücel at the
University of Kocaeli and ARMEKSAN, Machine Part
Industry Corporation. This study was supported by the
Scientific Research Project Unit of the Kocaeli
University (KOU-BAP-2012/72).

6 REFERENCES

1 G. Boothroyd, W. Knight, Fundamentals of machining and machine
tools, Marcel Dekker Inc., USA 1989, 129–151

2 M. Akkurt, Machine Tools, Metal cutting principles and technology,
Birsen Publication, Istanbul 1985, 49–60

3 W. König, G. Ackershott, R. Komanduri, H. K. Tönshoff, Machining
of hard materials, Annual CIRP, 3 (1984), 417–427

4 J. M. Radzikowska, Metallography and microstructures of cast iron,
ASM handbook 9, ASM international, Materials Park, Ohio, USA
2006, 555–588

5 R. Correa, A. Bedolla-Jacuinde, J. Zuno-Silva, E. Cardoso, I. Mejía,
Effect of boron on the sliding wear of directionally solidified high-
chromium white irons, Wear, 267 (2009), 495–504, doi:10.1016/
j.wear.2008.11.009

6 C. Xiang, L. Yanxiang, Effect of heat treatment on microstructure
and mechanical properties of high boron white cast iron, Materials
Science and Engineering A, 528 (2010), 770–775, doi:10.1016/
j.msea.2010.09.092

7 I. Ucun, K. Aslantaº, Investigation of cutting performance of solid
carbide tool in turning hardened AISI 52100 tool steel, 5th Inter-
national Advanced Technology Symposium, IATS’09, Karabük,
Turkey, 2009, 200–255

8 Y. K. Chou, C. J. Evans, M. M. Barash, Experimental investigations
on CBN turning of hardened AISI 52100 steel, Journal of Materials
Processing Technology, 124 (2002), 274–283, doi:10.1016/S0924-
0136(02)00180-2

9 G. Poulachon, B. P. Bandyopadhyay, I. S. Jawahir, S. Pheulpin, E.
Seguin, Wear behavior of CBN tools while turning various hardened
steels, Wear, 256 (2004), 302–310, doi:10.1016/S0043-1648(03)
00414-9

10 G. Poulachon, A. Moisan, I. S. Jawahir, Tool-wear mechanisms in
hard turning with polycrystalline cubic boron nitride tools, Wear, 250
(2001), 576–586, doi:10.1016/S0043-1648(01)00609-3

11 Y. Huang, T. G. Dawson, Tool crater wear depth modeling in CBN
hard turning, Wear, 258 (2005), 1455–1461, doi:10.1016/j.wear.
2004.08.010

12 Y. Huang, S. Y. Liang, Modeling of CBN tool crater wear in finish
hard turning, International Journal of Advanced Manufacturing Tech-
nology, 24 (2004), 632–639, doi:10.1007/s00170-003-1744-5

13 Y. J. Lin, A. Agrawal, Y. Fang, Wear progressions and tool life
enhancement with AlCrN coated inserts in high-speed dry and wet
steel lathing, Wear, 264 (2008), 226–234, doi:10.1016/j.wear.2007.
03.007

14 S. Khrais, Y. J. Lin, Wear mechanisms and tool performance of
TiAlN PVD coated inserts during machining of AISI 4140 steel,
Wear, 262 (2007), 64–69, doi:10.1016/j.wear. 2006.03.052

15 T. Özel, Y. Karpat, L. Figueira, J. P. Davim, Modeling of surface
finish and tool flank wear in turning of AISI D2 steel with ceramic
wiper inserts, Journal of Materials Processing Technology, 189
(2007), 192–198, doi:10.1016/j.jmatprotec.2007.01.021

16 J. A. Arsecularatne, L. C. Zhang, C. Montross, P. Mathew, On ma-
chining of hardened AISI D2 steel with PCBN tools, Journal of
Materials Processing Technology, 171 (2006), 244–252, doi:10.1016/
j.jmatprotec.2005.06.079

17 J. P. Costes, Y. Guillet, G. Poulachon, M. Dessoly, Tool-life and wear
mechanisms of CBN tools in machining of Inconel 718, International
Journal of Machine Tools and Manufacture, 47 (2007), 1081–1087,
doi:10.1016/j.ijmachtools.2006.09.031

18 S. Thamizhmanii, S. Hasan, Analyses of roughness, forces and wear
in gray cast iron, Journal of Achievements in Materials and Manu-
facturing Engineering, 17 (2006), 401–404

19 R. Yiðit, F. Findik, E. Çelik, Performance of multilayer coated car-
bide tools when turning cast iron, Turkish Journal of Engineering and
Environmental Sciences, 33 (2009), 147–157, doi:10.3906/muh-
0904-6

20 Y. ªahin, Comparison of tool life between ceramic and cubic boron
nitride (CBN) cutting tools when machining hardened steels, Journal
of Materials Processing Technology, 209 (2009), 3478–3489,
doi:10.1016/j.jmatprotec.2008.08.016

21 W. H. Yang, Y. S. Tarng, Design optimization of cutting parameters
for turning operations based on the Taguchi method, Journal of Ma-
terials Processing Technology, 84 (1998), 122–129, doi:10.1016/
S0924-0136(98)00079-X

22 A. Hasçalik, U. Çaydaº, Optimization of turning parameters for
surface roughness and tool life based on the Taguchi method,
International Journal of Advanced Manufacturing Technology, 38
(2008), 896–903, doi:10.1007/s00170-007-1147-0

23 B. L. Gopalsamy, B. Mondal, S. Ghosh, Optimisation of machining
parameters for hard machining: Grey relational theory approach and
ANOVA, International Journal of Advanced Manufacturing Tech-
nology, 45 (2009), 1068–1086, doi:10.1007/s00170-009-2054-3

24 J. Zhou, M. Andersson, Effects of lubricant condition and tool wear
in hard turning of novel-abrasion-resistance (N-AR) cast iron, Mate-
rials and Manufacturing Processes, 22 (2007), 865–870, doi:10.1080/
10426910701448925

25 E. Sayit, K. Aslantas, A. Çiçek, Tool wear mechanism in interrupted
cutting conditions, Materials and Manufacturing Processes, 24
(2009), 476–483, doi:10.1080/10426910802714423

26 E. Yücel, M. Günay, Modeling of cutting force when turning high-
alloyed white cast irons (Ni-Hard 4), 3rd National Metal Cutting
Symposium, Ankara, Turkey, 2012, 489–495

27 M. Günay, E. Yücel, Application of Taguchi method for determining
optimum surface roughness in turning of high-alloy white cast iron,
Measurement, 46 (2013), 913–919, doi:10.1016/j.measurement.
2012.10.013

28 E. Yücel, M. Günay, Modelling and optimization of the cutting
conditions in hard turning of high alloy white cast iron (Ni-Hard 4),
Journal of Mechanical Engineering Science, 227 (2013), 2280–2290,
doi:10.1177/0954406212471755

D. KIR et al.: DETERMINATION OF THE CUTTING-TOOL PERFORMANCE OF HIGH-ALLOYED ...

Materiali in tehnologije / Materials and technology 50 (2016) 2, 239–246 245



29 H. Öktem, Optimum process conditions on shrinkage of an injected-
molded part of DVD-ROM cover using Taguchi robust method,
International Journal of Advanced Manufacturing Technology, 61
(2012), 519–528, doi:10.1007/s00170-011-3750-3

30 G. Taguchi, Introduction to quality engineering, Asian Productivity
Organization, Tokyo 1986

31 G. Taguchi, S. Chowdhury, S. Taguchi, Robust engineering, 1st Ed.,
McGraw-Hill, New York, USA 2000

32 W. Yuin, W. Alan, Taguchi methods for robust design, 1st Ed., ASME
Press, New York 2000

33 Minitab User Manual, Release 15, Making data analysis easier, Mi-
nitab Corp., McGraw-Hill Companies, Massachusetts, USA 2007

D. KIR et al.: DETERMINATION OF THE CUTTING-TOOL PERFORMANCE OF HIGH-ALLOYED ...

246 Materiali in tehnologije / Materials and technology 50 (2016) 2, 239–246



M. PUCHNIN et al.: USE OF THE ABI TECHNIQUE TO MEASURE THE MECHANICAL PROPERTIES ...
247–252

USE OF THE ABI TECHNIQUE TO MEASURE THE
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The effects of the chemical composition on the microstructure and mechanical properties were investigated using automated
ball-indentation tests, scanning electron microscopy and energy dispersive X-ray analysis. It was observed that the mechanical
properties change with the presence of the eutectic and varying excess content of elements. In this work, the
automated-ball-indentation (ABI) technique was compared with the standard mechanical tests. The ABI method is based on
controlled multiple indentations into a polished surface by a spherical indenter under load. The indentation depth is
progressively increased to the maximum, user-specified limit, with intermediate partial unloading. This technique allows to
measure the yield strength, stress-strain curve, strength coefficient and strain-hardening exponent. For all these test materials
and conditions, the ABI-derived results were in very good agreement with those obtained with the conventional, standard test
methods.

Keywords: Al-alloys, microstructure, mechanical properties, ABI tests

Vpliv kemijske sestave na mikrostrukturo in mehanske lastnosti je bil preiskovan z avtomatskim preizkusom vtiskovanja krogle,
z vrsti~no elektronsko mikroskopijo in z energijsko disperzijsko rentgensko analizo. Opa`eno je bilo, da se mehanske lastnosti
spreminjajo s prisotnostjo evtektika in s spreminjanjem vsebnosti prese`nih elementov. V prispevku je bila preverjena metoda
avtomatskega vtiskanja kroglice (ABI) z obi~ajnimi mehanskimi preizkusi. ABI metoda temelji na kontroliranih ve~kratnih
vtiskih kroglastega vtiska~a v polirano povr{ino. Globina vtiskov progresivno nara{~a do maksimalne, z uporabnikom dolo~ene
meje, s takoj{njo vmesno razbremenitvijo. Ta tehnika omogo~a merjenje meje plasti~nosti, krivulje napetost-raztezek,
koeficienta trdnosti in eksponenta napetostnega utrjevanja. Za vse pogoje preizku{anja materiala so dobljeni ABI rezultati
skladni z rezultati, dobljenimi iz obi~ajnih metod preizku{anja.

Klju~ne besede: Al-zlitine, mikrostruktura, mehanske lastnosti, ABI preizkusi

1 INTRODUCTION

The growing demand for more fuel-efficient and
ecological vehicles to reduce energy consumption and air
pollution is a challenge for the automotive and aircraft
industries. The characteristic properties of aluminum,
high strength-to-weight ratio, good formability, good
electrical mass conductivity, unique corrosion behavior
and recycling potential make it the essential material for
the applications such as fuel-efficient transportation
vehicles, building construction, and food packaging.1

Si in Al-alloys improves the corrosion resistance of
the alloys. An addition of Si to composites significantly
affects the diffusion of Mg and Si in an Al liquid. Also,
when Si is used together with Mg, they create heat-treat-
able alloys. An extra Si content in Al-Mg2Si-Si compo-
sites leads to an increase of the solidification range. The
aspect ratio of the eutectics and the size of primary

particles decrease with the increasing Si content in
Al-Mg2Si composites.2,3

Mg in Al-alloys increases the weldability, improves
the corrosion resistance and decreases the weight of
alloys. An addition of Mg to aluminium alloys can in-
crease the hardness and strength of the materials.4 An
extra amount of Mg in the Al-Mg2Si system moves the
eutectic point to a lower Mg2Si concentration. Several
authors5–8 maintain that an excess of Mg in Al-Mg2Si
alloys can promote the formation of primary Mg2Si. It
also shows that increasing the Mg addition decreases the
volume fraction of the �-Al matrix and increases the
volume fraction of the Al-Mg2Si eutectic.

Fe is the most common impurity found in Al. Fe re-
duces the grain size of an alloy, but decreases its hard-
ness and strength, and also increases the brittleness. Mn
improves the corrosion resistance and decreases the
negative effect of Fe.9,10
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The main objective of this paper is to investigate the
influence of the chemical composition on the mechanical
properties and structures of Al-alloys.

The determination of the mechanical properties of
materials with non-conventional techniques has been an

active area of research for a long time. Among some
non-destructive methods for determining the mechanical
properties of materials, a semi-destructive type of test-
ing, called automated ball indentation (ABI), has been
developed. The automated-ball-indentation technique is
used to measure material properties when a tensile test
cannot be applied: in welded parts with a continuous
property variation, in brittle materials with an unstable
crack growth during preparation and specimen testing, in
samples with a high porosity and in the parts of the
present structural use.11,12

2 MATERIALS AND METHODS

The chemical compositions of the evaluated alloys
are shown in Table 1 and Figure 1.

All the alloys were prepared in an electric-resistance
furnace using graphite crucibles. High-purity Al
(A99.997), AlMg50, AlSi25 and AlMn26 were used as
master alloys. The melt with a temperature of 720
°C ± 5 °C was being degassed under an argon atmo-
sphere for 10 min.

Hardness was measured using a Brinell-hardness
testing machine (EMCOTEST M4C ) with a ball dia-
meter of 2.5 mm and a load of 62.5 kg; where the load
time was 10 s. Microhardness tests were performed on a
polished non-etched specimens using a LECO M-400-
G1 microhardness tester, HV0.05 with the standard
indentation time.

Tensile tests were performed using a testing machine
(INSTRON 5582, USA) according to the EN ISO 6892-1
standard. Tensile samples were also prepared according
to this standard.

Indentation tests were performed with a special
device (patent CZ 304637 B1), which is capable, due to
its design, of continuous recording of the load and inden-
tation depth of the used indenter. The system includes a
recording device, an analog-to-data converter, a PC with
software, and an Instron 5582 tensile-testing machine as
the force-producing mechanism. The maximum load
indentation was 2.5 kN and the indenter diameter was 5
mm. Plane-parallel samples were used for the ABI
testing.
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Table 1: Nominal composition of alloys, in mass fractions (w/%) (Al–bal.)
Tabela 1: Nominalna sestava zlitin, v masnih dele`ih (w/%) (Al-ostalo)

Alloys Mg Si Mn Fe Ti Cu Zn Comment
AlMg6Mn (M3) 6.0 0.4 0.6 0.3 0.1 0.1 0.1 Al-1Mg2Si-5Mg

AlMg7SiMn (MS1) 7.0 1.0 0.6 0.02 0.1 0.05 0.05 Al-3Mg2Si-5Mg
AlMg7Si2Mn (MS2) 7.0 2.0 0.6 0.02 0.1 0.05 0.05 Al-6Mg2Si-3Mg
AlMg5Si2Mn (M59) 5.0 2.0 0.6 0.02 0.1 0.05 0.05 Al-6Mg2Si-1Mg
AlMg7Si3Mn (MS3) 7.0 3.0 0.6 0.02 0.1 0.05 0.05 Al-9Mg2Si-1Mg
AlMg7Si4Mn (MS4) 7.0 4.0 0.6 0.02 0.1 0.05 0.05 Al-10.5Mg2Si-0.5Si
AlMg7Si5Mn (MS5) 7.0 5.0 0.6 0.02 0.1 0.05 0.05 Al-10.5Mg2Si-1.5Si

AlSi7Mg (S1) 0.3 6.9 0.02 0.2 – 0.05 0.05 Al-7Si

Figure 1: Equilibrium-phase diagrams
Slika 1: Ravnote`ni fazni diagrami



3 RESULTS AND DISCUSSION

3.1 Microstructure investigation

Figure 2 presents the polished microstructures of the
samples. The microstructures of all the samples consist
of primary Al grains (the light areas) and the
(Al)+(Mg2Si) eutectic (grey). The preferential morpho-
logy of �-Al is a globular-rosette morphology and Al
grains are surrounded by eutectic colonies. The
(Al)+(Mg2Si) eutectic has a lamellar morphology. Pri-
mary Mg2Si crystals have a regular polyhedral shape and
are located in the centers of the eutectic colonies.

3.2 Element distribution in a-Al grains

The �-Al matrix of the Al-Mg-Si-Mn alloys contains
Mg, Si and Mn. It is known that the solubility of Mg in
Al amounts to 1.4 % and the solubility of Si is 0.4 % at
room temperature.10

In the investigated alloys, the Mg and Si contents in a
solid solution change with an alteration of the Mg/Si
ratio in the alloys (Table 2). The stoichiometric compo-
sition of Mg2Si is 66.7 % of amount fractions of Mg and
33.3 % of amount fractions of Si (the Mg/Si at. ratio is
2.0, and its weight ratio is 1.73:1). The Mg content is
considered to be in excess when the ratio is more than 2,
and the Si content is in excess when the ratio is less than
2. For all the alloys, the Mn content in the -Al solid
solution is ~0.5 % of mass fractions. The existence of an

insignificant peak of oxygen in the EDX spectrum is
explained with the tendency of Al and Mg silicides to
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Figure 2: Microstructures of as-cast state of Al-Mg-Si-Mn alloys: a) AlMg6Mn (M3), b) AlMg7SiMn (MS1), c) AlMg7Si2Mn (MS2),
d) AlMg7Si3Mn (MS3), e) AlMg7Si4Mn (MS4), f) AlMg7Si5Mn (MS5), (according to the Table 1). The names of phases: 1. Matrix of �-Al,

2. Primary Mg2Si phase, 3. Eutectic of Al-Mg2Si, 4. �-Al15(Mn,Fe)3Si2, �-Al5(Mn,Fe)Si, 5. �-Al4Si2(Mn,Fe).
Slika 2: Mikrostruktura zlitin Al-Mg-Si-Mn, v litem stanju: a) AlMg6Mn (M3), b) AlMg7SiMn (MS1), c) AlMg7Si2Mn (MS2),
d) AlMg7Si3Mn (MS3), e) AlMg7Si4Mn (MS4), f) AlMg7Si5Mn (MS5), (glede na Tabelo 1). Imena faz: 1. Osnovna �-Al, 2. Primarna Mg2Si
faza, 3. Evtektik Al-Mg2Si, 4. Mn-faza Al6(Mn,Fe), �-Al15(Mn,Fe)3Si2, �-Al5(Mn,Fe)Si, 5. Si-Mn faza �-Al4Si2(Mn,Fe)

Table 2: Average composition of �-Al solid solution in Al-Mg2Si
alloys measured with EDX

Tabela 2: Povpre~na sestava trdne raztopine �-Al v Al-Mg2Si zliti-
nah, izmerjena z EDX

Alloy Mg/Si
ratio

Chemical composition (w/%)
Mg Al Si Ti Mn Fe

MS1 (AC)
7.0

5.8 93.2 0.2 0.2 0.5 <0.1
MS1 (ST) 5.9 93.1 0.2 0.2 0.5 <0.1
MS1 (AA) 5.9 93.2 0.1 0.2 0.5 <0.1

MS2 (AC)
3.5

3.5 95.5 0.2 0.2 0.5 <0.1
MS2 (ST) 3.9 95.1 0.2 0.2 0.5 <0.1
MS2 (AA) 3.7 95.4 0.1 0.2 0.5 <0.1

MS3 (AC)
2.2

2.5 96.3 0.3 0.3 0.5 <0.1
MS3 (ST) 2.4 96.5 0.2 0.3 0.5 <0.1
MS3 (AA) 2.4 96.6 0.2 0.3 0.4 <0.1

MS4 (AC)
1.8

2.1 96.6 0.5 0.3 0.4 <0.1
MS4 (ST) 1.3 97.0 0.8 0.3 0.5 <0.1
MS4 (AA) 1.3 97.0 0.8 0.3 0.5 <0.1

MS5 (AC)
1.4

1.5 96.6 1.1 0.3 0.4 <0.1
MS5 (ST) 0.8 95.8 1.4 0.3 0.5 <0.1
MS5 (AA) 0.8 96.9 1.4 0.3 0.5 <0.1

AC – as cast state, ST – after solution treatment (570 °C, 60 min), AA
– after artificial aging (at the point of maximum mechanical proper-
ties)



oxidation. The average composition of the -Al matrix for
all the samples is presented in Table 2.

The solution treatment increases the concentration of
Mg and decreases the concentration of Si (Table 2) in
the solid solutions in the MS1 and MS2 alloys (the alloys
with an excess Mg concentration). The artificial aging
leads to a further reduction in the concentration of Si (it
is connected with a small amount of Si in the alloys and
the tendency of Mg to form the Mg2Si compound), but
the concentration of Mg is back to the initial values.

The situation is different in the MS3, MS4, MS5
alloys. During the solution treatment, taking 60 min, the
amount of Mg reduces and the amount of Si increases in
these alloys. The increase in the concentration of Si in
the solid solution is connected with the dissolution of
Mn-containing phases. Aging does not significantly
change the chemical composition of �-Al (Table 2).

3.3 Mn- and Si-containing phases

Due to a poor solubility, Fe with Si and Al in the
Al-Mg-Si alloys constitute acicular-shaped intermetallic
inclusions, which reduce the mechanical properties of
the alloys. The investigated alloys are additionally doped
by 0.6 % Mn to neutralize the negative effect13–15 of the
Fe-containing phase. As it is shown by other studies, an
addition of 0.6 % of mass fraction of Mn in the alloy
with a nominal composition of Al-7Mg-3Si improves its
mechanical properties. Thus, the tensile strength and
yield strength of the alloy with the Mn addition increase
on average by 30 %.

Some authors13 reported that in the alloy with a nomi-
nal composition of Al-7Mg-5Si (w/%), the Al-Mg2Si
eutectic and Al-Si eutectic are formed. However, the
Al-Si eutectic was not detected in the alloy with a nomi-
nal composition of Al-7Mg-5Si-Mn (Figure 2f). There-
fore, the excess Si with Mn and Fe form several types of
the Mn-phase in the submitted alloys.

The morphologies of all the types of the Mn-contain-
ing phases observed in the MS-series are shown in
Figure 2. These phases can be identified as Al6(Mn,Fe),
�-Al15(Mn,Fe)3Si2, �-Al5(Mn,Fe)Si, �-Al4(Mn,Fe)Si2.
The first two types are found in the alloys with the ratio
of Mg/Si greater than 2 (M3, MS1, MS2, MS3, M59).
Phases � and � are found in the alloys with the ratio of
Mg/Si lower than 2 (MS4, MS5). The �-phase is un-
stable and it disintegrates during the heat treatment.15–17

3.4 Eutectic

The EDX spectra of the lamellas excluding Al from
the quantification showed a composition very close to
the stoichiometry of Mg2Si. The EDX spectra of inter-
lamellar spacing show high concentrations of Mg and Si.
With the increase in Mg and Si, the Al-Mg2Si eutectic
volume fraction grows bigger.18

With the addition of extra Mg into the Al-Mg2Si
system, the eutectic point moves towards the corner with

a lower Mg2Si concentration and the volume of the
Al-Mg2Si eutectic increases.

With the addition of extra Si into the Al-Mg2Si
alloys, the eutectic point moves to a higher Al concen-
tration and the volume of the Al-Mg2Si eutectic in-
creases. In the AlMg7Si5Mn alloy (with 1.5 % of mass
fractions of excess Si and 0.6 % of mass fractions of Mn)
the volume fraction of the Al-Mg2Si eutectic reaches its
maximum.

3.5 Reproducibility of the results of classical tests and
ABI tests

Figure 3 represents the dependencies of the inden-
tation-depth load, recorded in the ABI study. They show
how the material behaves in the research process, which
consists of three parts: the load, the holding at the
maximum force and the unloading. The growing part of
the curve describes the process of loading. This process
has elastic and elastic-plastic sections.19 Then, after the
holding at the maximum force for 10 s, the unloading
process begins. The waning part of the curve describes
the process of unloading. The point where the curve
intersects with the x-axis corresponds to the plastic
indentation depth (hp). The difference between the plastic
depth and the depth of the maximum load (hmax) corres-
ponds to the elastic depth (hs).

For the results validation, the data obtained with the
ABI method were compared with the data obtained with
the classical methods (Table 3).

The hardness was calculated with Equation (1) and
Equation (2)20 was used to determine the tensile strength
(Rm):

HB
P

Dh
=

π
(1)

R c HBm = ⋅ (2)

where: HB – Brinell hardness, P – load (kN) (Figure 3),
D – diameter of indenter (mm), h – indentation depth
(mm) (Figure 3), ñ – coefficient of uncertainty for the
presented series of alloys with a value of 2.8.20
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Figure 3: ABI indentation curves
Slika 3: ABI krivulje vtiskovanja



The methodology from the reference20, Equations (3)
and (4), was used to determine the yield strength (Rp0.2):

R c HM
c P

ap0.2 = ⋅ =
⋅

π 2 (3)

a Dh h= − 2 (4)

where: c – coefficient of uncertainty (2.8), HM – Meyer
hardness, a – contact radius (mm).

The differences between the two curves given in the
diagrams (Figure 3) may be related to the following
parameters taken into account in Equation (1):
1. The difference in the value of the load (P), which

leads to a change in the indentation depth.
2. The difference in the hardness of the materials (HB).

Figure 3 shows the indentation curves of the alloys
with a difference in the amount of one component (Mg,
Si, Mg2Si). The results of the ABI tests are shown in
Table 3.

The calculation of the standard deviation shows that
the hardness value is determined with a sufficiently high
accuracy. The average deviation is about 2–3 %. The
tensile strength (defined by the HB values) has a good
accuracy (its average deviation is 3–5 %).

The values of the average standard deviation of the
yield strength are quite high (9–16 %), but in some tests
the accuracy is 1 %. This can be explained in the
following manner: the load, at which the deformation is
detected in the track (0.2 %) is about 100 N and the
measurement device determines the load with an accur-
acy of 24 N – 50 N. This is sufficient for the deter-
mination of the total hardness, but it is not enough for
the determination of the hardness at the load of P0.2. It is
planned to increase the accuracy of the determination of
this and other parameters.

3.6 Influence of the chemical composition on the me-
chanical properties

As it can be seen from Table 3, the mechanical pro-
perties of the cast Al-Mg2Si alloys do not increase with
the growth of the Mg content (Figure 3b, alloys MS2
and M59 – alloys with similar values of Mg2Si and diffe-
rent values of Mg). Similar results of the Mg behavior in
Al-alloys were obtained in another study.21

An analysis of the literature data3,13 showed that the
mechanical properties of the Al-Mg2Si-Si alloys with an
increased amount of Si are improved. However, in these
works the mechanical properties are given after the heat
treatment of the alloys. In the considered series of alloys,
extra Si with Mn forms a metastable acicular-shaped
�-Al4(Mn,Fe)Si2 phase, which deteriorates the properties
of the alloys in the as-cast state, and this phase dissolves
during the homogenization process.

As can be seen in Table 3, the hardness and the
tensile strength of the cast Al-Mg2Si alloys can relate to
the size and morphology of the eutectic and primary
Mg2Si phase (M3 and MS1, M59 and MS3 are alloys
with similar values of Mg and different values of Mg2Si).
Hence, the mechanical properties grow with the
increasing volume fraction of Mg2Si. Similar results
were obtained in a reference study.6

4 CONCLUSIONS

The comparison of the results obtained with classical
and ABI methods shows the following:

• The differences in the values of the hardness and
tensile strength, obtained with different methods, do
not exceed 5 % (with the standard error for such
measurements of 10 %).
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Table 3: Comparison of the results obtained with classical methods and ABI method
Tabela 3: Primerjava dobljenih rezultatov s klasi~nimi metodami in z ABI metodo

State Method S1 M3 M59 MS1 MS2 MS3 MS4 MS5

As-cast
state

HB, ABI 72 65.0 82.3 83.6 83.9 89.4 70.0 66.2
HB* 75 65.0 81.0 84.0 86.8 87.8 71.1 69.0

Rp0.2, (MPa), ABI 180.2 145.6 166.4 194.1 134.4 223.9 145.5 124.8
Rp0.2, (MPa)* 182.5 130.0 155.5 169.4 155.3 203.5 137.9 123.5

Rm, (MPa), ABI 201.6 179.5 226.1 229.5 230.5 245.6 192.4 182.0
Rm, (MPa)* 205.1 180.0 219.9 199.4 223.1 239.8 185.6 163.5

ST 1 h,
570 °C

HB, ABI – – 73.0 79.1 70.5 73.1 71.1 78.7
HB* – – 71.0 77.5 69.6 73.2 71.1 75.5

AA
(1 h,

570 °C +
1.5 h,
75 °C)

HB, ABI 90.0 – 93.6 83.6 80.9 99.5 100.4 107.3
HB* 90.0 – 96.1 82.2 79.6 100.7 101.9 113.7

Rp0.2, (MPa), ABI 194.1 – 155.4 194.1 145.6 179.2 224.0 233.0
Rp0.2, (MPa)* 171.9 – 175.3 174.2 164.2 200.6 227.1 200.8

Rm, (MPa), ABI 243.0 – 257.1 229.7 222.4 273.1 275.8 294.7
Rm, (MPa)* 256.9 – 256.3 226.2 222.1 262.4 264.9 280.7

* – Classic methods



• The error of the yield-strength measurement is
greater than 10 % (and varies from 1 % to 16 %).
This problem can be solved by increasing the
sensitivity of the device at low values of the load.

• The analysis of the results of the hardness and tensile
tests shows the following:

• Excess Mg does not have a significant effect on the
mechanical properties of the alloys.

• Metastable �-Al4(Mn,Fe)Si2 phases are formed in the
alloys with excess Si. This leads to a degradation of
the mechanical properties.

• The main strengthening phase in the as-cast state of
the studied alloys is the Al-Mg2Si eutectic.
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The feasibility of iron-zinc intermetallic-phase preparation by spark-plasma sintering (SPS) was investigated. The samples were
prepared with a combination of powder metallurgy, where the powder was prepared in evacuated quartz tubes, and a sintering
process using SPS. Since the Fe-Zn intermetallic phases are mostly used for hot-dip galvanized steels, the knowledge of the
properties of individual intermetallic phases is vital for a better understanding and even further optimization of galvanization
processes. The main aim of the article is to compare the phase composition of the initial powder with the SPS samples using
X-ray diffraction. Furthermore, the hardness and microstructure were investigated as well.

Keywords: Fe-Zn intermetallics, spark-plasma sintering, diffusion annealing, phase composition, hardness

Preu~evana je bila izvedljivost priprave `elezo-cink intermetalnih faz s sintranjem v iskre~i plazmi (SPS). Vzorci so bili
pripravljeni s pomo~jo metalurgije prahov, kjer so bili prahovi zaprti v evakuirane kvar~ne cevi, ki mu je sledil postopek SPS.
Ker se Fe-Zn intermetalne faze ve~inoma uporablja pri vro~em cinkanju jekel, so lastnosti posamezne faze pomembne za bolj{e
razumevanje in celo za optimiranje procesa galvanizacije. Glavni namen ~lanka je primerjava sestave faz s pomo~jo rentgenske
difrakcije v za~etnih prahovih in SPS vzorcih. Preiskovani sta bili tudi trdota in mikrostruktura.

Klju~ne besede: Fe-Zn intermetalne zlitine, sintranje z iskre~o plazmo, difuzijsko `arjenje, sestava faz, trdota

1 INTRODUCTION

Hot-dip galvanized coating is one of the most
common protection surfaces of low-alloy steels as it
offers a good corrosion protection under normal atmo-
spheric conditions. During a hot-dip galvanizing process,
iron-zinc diffusion coating grows on the surface of gal-
vanized steel. This coating consists of a specific inter-
metallic formation, in which the iron content decreases1

towards the galvanized steel giving rise to a sequence2 of
Fe-Zn intermetallic phases. These new phases are joined
with the substrate and with each other by a system of
elementary intermetallic bonds.3 Individual phases are
different in composition, structure, morphology, thick-
ness and mechanical properties.4

Both the composition and the thickness of the coating
depend on impurity elements concentrations in the gal-
vanized steel, composition and temperature of the galva-
nized zinc bath, time of submersion, thickness of galva-
nized profiles, mechanical and thermal processing of the
galvanized steel and the cooling process after the coating
deposition.2 There is an unevenly thick layer of galva-
nized zinc, or the so-called � phase representing the
substitutional solid solution of iron in zinc, on the sur-
face. The �-phase layer fosters the galvanizing process
by facilitating the formation of specific intermetallic gal-
vanized layers. These layers provide a good protection

against the corrosion and an increased resistance to wear
because the intermetallic phases are harder than the �
phase.2

With respect to the mechanical properties of interme-
tallic phases, the microhardness and compressive
strength5,6 have mostly been analysed. According to
single-crystal hardness studies,7 the highest hardness is
achieved by � and �1 phases. The results of the studies
clearly prove that the �1 phase is the hardest phase in the
hot-dip galvanized coating. It has also been shown6 that
the compression strength and hardness decrease with the
increasing hardness, hence, the � and �1 phases are rela-
tively fragile. Both � and �1 phases do not experience
plastic deformation after exceeding the yield stress;
instead a brittle fracture occurs.2 On the other hand, it is
possible to plastically deform the � phase up to the elon-
gation of 2.2 %.8 For the � phase, the elongation is only
0.5 %.9 The values of the microhardness and compressi-
ve strength for each Fe-Zn intermetallic phase are shown
in Table 1.

In our contribution, we have striven to analyse the
hardness of the � and � phases, i.e., one brittle and one
ductile phase, prepared by spark-plasma sintering.10 The
preparation of the powders for individual intermetallic
phases is relatively complicated. We took the path of
sealing the powder in an evacuated quartz ampoule
followed by a diffusion annealing process.11,12
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Table 1: Mechanical properties of Fe-Zn intermetallic phases
Tabela 1: Mehanske lastnosti Fe-Zn intermetalnih faz

Phase Formula Hardness, HV Stress-strain condition
� Zn 52 –
� FeZn13 208 ductile (�= 0.5 %)
� FeZn10 358 brittle
�1 Fe5Zn21 505 brittle
� Fe3Zn10 326 ductile (�= 2.2 %)

2 EXPERIMENTAL PART

The Fe-Zn intermetallics were prepared with the
powder-metallurgy technique. First of all, iron powder
(iron-powder, Sigma Aldrich, particles size < 150 μm,
purity of mass fractions of 100 % Fe) and zinc powder
(zinc powder, AlfaAesar, the median particle size of 6–9
μm, purity of mass fractions of 99 % Zn) were mixed
under appropriate conditions of the atomic ratio. These
mixtures (� and �) were compressed with 50 kN using a
Heckert FPZ 100/1DO universal loading machine, into
forms with a diameter of 10 mm. The obtained samples
were sealed into pre-evacuated quartz ampoules. The
sealed samples were diffusion annealed at 50 °C, below
their thermal stability, as shown on Figure 1. The
duration of diffusion annealing was 12 h and the heating
rate was 5 °C/min.

After the diffusion annealing, the powder was re-
moved from the quartz tubes and sintered with the rapid
SPS technique. Each sample was made from 9 g of the
specific phase powder. The temperature rate was 100
°C/min; 100 °C bellow the maximum sintering tempera-
ture, the temperature rate decreased to 50 °C/min. After
the maximum temperature of the sintering was achieved,
a force of 60 MPa was applied to the samples and the
holding time was 5 min. The values measured during the
sintering process are in Figure 2.

Powder X-ray diffraction (PXRD) was employed to
ascertain the phase compositions of the feedstock mate-

rials and sintered samples. The samples were mounted
onto the x, y, z positioning stage of a D8 Discover
diffractometer in the Bragg-Brentano geometry,
equipped with a 1D LynxEye detector (Bruker AXS,
Germany) and inspected with Cu-K� radiation. After the
identification of crystalline phases, the CIFs (crystallo-
graphic information files) were taken from the ICSD (the
Inorganic Crystal Structure Database) and the COD (the
Crystallography Open Database) containing 13 and 2
files for the Fe-Zn systems, respectively. The obtained
PXRD patterns were subjected to the Rietveld analysis in
the TOPAS 4.2 software. Utmost care was taken to
follow the guidelines for measuring and data eva-
luation.13

The microstructures of the sintered samples were
observed with a scanning electron microscope, Carl
Zeiss SMT, EVO MA 15. Hardness measurements were
performed on polished surfaces using Innovatest Nexus
with a Vickers indenter with a force of 0.1 kg, i.e,
HV0.1, and a dwell time of 10 s according to EN ISO
6507-1. The hardness was tested twelve times in diffe-
rent places across the lengths of the polished surfaces.

3 RESULTS AND DISCUSSION

In Figure 3, both the � powder after the diffusion
annealing and its sintered sample contained only two
phases, i.e., zincite (ZnO) and the � phase. The � phase
is bcc with the � Cu5Zn8 brass type and I m43 space
group. Concerning the stoichiometry, Brandon et al.14

indicate that it is Fe3Zn10 (ICSD code 2094), Belins15

give Fe13Zn39 (ICSD code 150198) and Johansson et al.16

give Fe4Zn9 (ICSD code 103708). Employing the CIFs
for all these four stoichiometries, we obtained virtually
the same refined lattice parameter of a = 0.8972 nm, but
the correspondence between the structural model and the
measured data was the best for the Fe13Zn39 stoichio-
metry. The result of the Rietveld refinement of the �
feedstock powder is in Figure 4. When comparing the
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Figure 2: Courses of the temperature (full lines) and changes in the
samples’ thickness (dotted lines) during SPS of both samples
Slika 2: Potek temperature (polni ~rti) in spremembe v debelini
vzorca (prekinjeni ~rti) med SPS obeh vzorcev

Figure 1: Detail of phase diagram Fe-Zn defining intermetallic phases
created by hot-dip galvanizing2

Slika 1: Detajl faznega diagrama Fe-Zn, ki dolo~a intermetalne faze,
nastale pri vro~em cinkanju2



diffraction patterns from the viewpoint of profile
analysis, the sintered sample exhibited markedly smaller
crystallite sizes whose average value was 30 nm, as
determined with the Rietveld refinement. This result is
mirrored by the broader diffraction profiles of the sin-
tered-sample PXRD pattern. The microstructure of the
metallographic specimen of the sintered sample is in
Figure 5.

For the � feedstock powder and the sintered sample,
the PXRD patterns contain a fairly large number of
reflections, which have the same 2� positions, but are
significantly broader for the sintered sample, as seen in
Figure 6. During the phase identification, the presence
of zincite and hexagonal phase of the Fe-Zn system was
established in both patterns. There are only two phases
with such a structure, one in the ICSD with code
15019915 and one in the COD with code 2105806.17 Of
these two, the former leads to a better fit; however, the fit
was not satisfactory for the lower 2� range where the
used CIFs indicated the presence of more reflections
than observed. Since both CIFs are relevant for the
so-called �1p phase, the results of the Rietveld refinement
thus indicate that the present phase is �1k. The micro-
structure of this sintered sample, which can be seen in
Figure 7, is notable by a higher intergranular porosity

when compared to the � phase of the SPS sample. More-
over, while there are clearly visible particles of zincite
(dark grey areas) in Figure 7, the oxide in the � phase of
the SPS sample is mostly seen around the Fe-Zn inter-
metallic grains.

The microhardness results are summarized in Figure
8 and they, indeed, show that the � phase is generally
about 10 % harder than the � phase, as indicated in
Table 1. The obtained hardness values of the � phase fall
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Figure 3: PXRD patterns of � feedstock powder and sintered sample.
Vertical shift was introduced to make the features of both patterns
distinguishable.
Slika 3: Rentgenograma prahu � surovca in sintranega vzorca. Verti-
kalni zamik je izvr{en zaradi prikaza obeh diagramov.

Figure 6: PXRD patterns of the � feedstock powder and sintered
sample. Vertical shift was introduced to make the features of both
patterns distinguishable.
Slika 6: Rentgenograma prahu � surovca in sintranega vzorca. Verti-
kalni zamik krivulj je izvr{en zaradi bolj{e preglednosti krivulj.

Figure 4: Result of Rietveld refinement of the feedstock powder. Dots
are the measured data and the line is the fit. The grey curve at 0 inten-
sity is difference between measured data and fit; Rwp = 3.98. Informa-
tion about the quantitative presence of both phases in the top-right
corner is in mass fractions (w/%).
Slika 4: Rezultati Rietveld udrobnjenja prahu � surovca. Izmerjeni
podatki so to~ke, ~rta so prilegajo~i se podatki. Siva krivulja pri inten-
ziteti 0 je razlika med izmerjenimi in prilegajo~imi podatki; Rwp =
3,98. Podatki o kvantitativnem prikazu so v zgornjem desnem kotu v
masnih dele`ih, (w/%).

Figure 5: Microstructure of the � phase of the spark-plasma-sintered
sample
Slika 5: Mikrostruktura faze � v vzorcu, sintranem v iskre~i plazmi

Figure 7: Microstructure of the � phase of the spark-plasma-sintered
sample
Slika 7: Mikrostruktura � faze vzorca, sintranega v iskre~i plazmi



within a comparatively broad range from 330 HV to 460
HV, which is probably due to the porosity. However, the
values above 400 HV are substantially higher than so far
indicated for this phase.

The preparation of the pure Fe-Zn intermetallic
phases, from the phase-composition point of view, can
facilitate a better understanding of their properties. By
using diffusion annealing in the pre-evacuated quartz
ampoules and rapid sintering during the SPS process,
compact samples with around 10 % of mass fractions of
zincite were obtained, with the remaining material being
either the � or � phase. However, the zincite phase was
already in the material after the diffusion annealing and,
hence, the sintering process did not changed the phase
composition. Moreover, the diffraction-profile analysis
shows that a significant grain- or crystallite-size refine-
ment took place during the SPS process. Concerning the
presence of zincite and its effect on the hardness,
microhardness mapping of the sintered samples’ surfaces
will be performed in our next study.

4 CONCLUSIONS

By applying diffusion annealing and spark-plasma
sintering of Fe-Zn intermetallics, compact samples were
obtained. After 5 min of sintering at 500 °C and 600 °C
of the � or � Fe-Zn phases, respectively, no change in the
phase composition was observed and only the grain-
refinement phase took place. The level of zincite, or
ZnO, remained the same, at around 10 % of mass
fractions. Hence, spark-plasma sintering is a viable way
of obtaining a system, where only one Fe-Zn inter-
metallic is present.

The measured hardness of individual compact
samples verifies the fact that the brittle � phase is
generally about 10 % harder than the ductile � phase. As
for their microstructures, the brittle phase exhibits a
higher intergranular porosity.

Acknowledgments

This research has been supported by Czech Science
Foundation, Project GA ^R No P105/12/G059 and

Author Z. Author Z. Pala acknowledges the support of
the Czech Science Foundation through project number
14-36566 Gentitled Multidisciplinary research centre for
advanced materials.

5 REFERENCES

1 C. Housecroft, A. G. Sharpe, Inorganic Chemistry, 4th Ed., Prentice
Hall, 2012, p. 1256

2 A. R. Marder, The metallurgy of zinc-coated steel, Prog. Mater. Sci.,
45 (2000) 3, 191–271, doi:10.1016/S0079-6425(98)00006-1

3 F. A. Cotton, G. Wilkinson, C. A. Murillo, M. Bochmann, Advanced
Inorganic Chemistry, 6th Ed., Wiley, 1999, p. 1376

4 N. N. Greenwood, A. Earnshaw, Chemistry of the Elements, 2nd Ed.,
Butterworth-Heinemann, 1997, p. 1600

5 N. L. Okamoto, M. Inomoto, H. Adachi, H. Takebayashi, H. Inui,
Micropillar compression deformation of single crystals of the
intermetallic compound �-FeZn13, Acta Mater., 65 (2014), 229–239,
doi:10.1016/j.actamat.2013.10.065

6 N. L. Okamoto, D. Kashioka, M. Inomoto, H. Inui, H. Takebayashi,
S. Yamaguchi, Compression deformability of � and � Fe–Zn inter-
metallics to mitigate detachment of brittle intermetallic coating of
galvannealed steels, Scr. Mater., 69 (2013) 4, 307–310, doi:10.1016/
j.scriptamat.2013.05.003

7 G. F. Bastin, F. J. J. van Loo, G. D. Rieck, New compound in the
iron-zinc system, Zeitschrift für Met., 65 (1974) 10, 656–660

8 X. Hu, T. Watanabe, Relationship between the Crystallographic
Structure of Electrodeposited Fe-Zn Alloy Film and its Thermal
Equilibrium Diagram, Mater. Trans., 42 (2001) 9, 1969–1976,
doi:10.2320/matertrans.42.1969

9 X. Hu, G. Zou, S. J. Dong, M. Y. Lee, J. P. Jung, Y. Zhou, Effects of
Steel Coatings on Electrode Life in Resistance Spot Welding of
Galvannealed Steel Sheets, Mater. Trans., 51 (2010) 12, 2236–2242,
doi:10.2320/matertrans.M2010239

10 Z. A. Munir, U. Anselmi-Tamburini, M. Ohyanagi, The effect of
electric field and pressure on the synthesis and consolidation of
materials: A review of the spark plasma sintering method, J. Mater.
Sci., 41 (2006) 3, 763–777, doi:10.1007/s10853-006-6555-2

11 P. R. Munroe, B. Gleeson, The development of Fe–Zn intermetallic
compounds in solid Fe/Zn and Fe/Zn–Al diffusion couples during
short-term annealing at 400 °C, Mater. Sci. Eng. A, 264 (1999) 1–2,
201–209, doi:10.1016/S0921-5093(98)01089-2

12 J. Mackowiak, N. R. Short, Metallurgy of galvanized coatings, Int.
Met. Rev., 24 (1979) 1, 1–19, doi:10.1179/imtr.1979.24.1.1

13 L. B. McCusker, R. B. Von Dreele, D. E. Cox, D. Louër, P. Scardi,
Rietveld refinement guidelines, J. Appl. Crystallogr., 32 (1999) 1,
36–50, doi:10.1107/S0021889898009856

14 J. K. Brandon, R. Y. Brizard, P. C. Chieh, R. K. McMillan, W. B.
Pearson, New refinements of the {�} brass type structures Cu5Zn8,
Cu5Cd8 and Fe3Zn10, Acta Crystallogr. Sect. B, 30 (1974) 6,
1412–1417, doi:10.1107/S0567740874004997

15 C. H. E. Belin, R. C. H. Belin, Synthesis and Crystal Structure
Determinations in the � and � Phase Domains of the Iron–Zinc
System: Electronic and Bonding Analysis of Fe13Zn39 and FeZn10,
a Subtle Deviation from the Hume–Rothery Standard?, J. Solid State
Chem., 151 (2000) 1, 85–95, doi:10.1006/jssc.2000.8626

16 A. Johansson, H. Ljung, S. Westman, X-Ray and Neutron Diffraction
Studies on Gamma-Ni, Zn and Gamma-Fe, Zn, Acta Chem. Scand.,
22 (1968), 2743–2753, doi:10.3891/acta.chem.scand.22-2743

17 N. L. Okamoto, K. Tanaka, A. Yasuhara, H. Inui, Structure refine-
ment of the delta1p phase in the Fe-Zn system by single-crystal
X-ray diffraction combined with scanning transmission electron
microscopy, Acta Crystallogr. B Struct. Sci. Cryst. Eng. Mater., 70
(2014) 2, 275–282, doi:10.1107/S2052520613034410

P. POKORNÝ et al.: Fe-Zn INTERMETALLIC PHASES PREPARED BY DIFFUSION ANNEALING ...

256 Materiali in tehnologije / Materials and technology 50 (2016) 2, 253–256

Figure 8: Microhardness results for the sintered-sample polished sur-
faces
Slika 8: Rezultati meritve mikrotrdote polirane povr{ine sintranih
vzorcev
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The method of coating with silicon from the liquid phase (also called the hot-dip method) was presented by several authors who
indicated that this was an effective and inexpensive technique capable of producing Ti-Al-Si layers on titanium and
titanium-alloy substrates that are rich in ternary phases. The present study examines the effects of the preparation conditions on
the structure and properties of the layers. These layers provide excellent protection from high-temperature oxidation, even at a
temperature of 950 °C. It was proved with SEM and X-ray analyses that the original �2 ternary phase almost completely
decomposed into pure Ti5Si4 and TiSi silicides at the temperature of 950 °C. The formed layer, consisting of silicide sub-layers,
exhibited superior protective properties in high-temperature applications.
Keywords: TiAl6V4, silicides, high-temperature oxidation, liquid-phase siliconizing

Metodo prekrivanja s silicijem iz teko~e faze (v~asih imenovano hot-dip metoda) je predstavilo ve~ avtorjev, ki so potrdili, da je
to u~inkovita in poceni tehnika, s katero je mogo~e izdelati Ti-Al-Si plasti na podlagi iz titana in titanovih zlitin, ki vsebujejo
ternarne faze. Predstavljena {tudija preiskuje vpliv pogojev priprave na strukturo in lastnosti plasti. Te plasti zagotavljajo
odli~no za{~ito pred visokotemperaturno oksidacijo, celo pri temperaturi 950 °C. S SEM in z rentgensko analizo je bilo
dokazano, da se prvotna ternarna faza �2, pri temperaturi 950 °C, skoraj v celoti razgradi v ~isti Ti5Si4 in TiSi silicid. Nastala
plast, ki jo sestavlja ve~ podplasti je pokazala odli~ne za{~itne lastnosti pri visokotemperaturni uporabi.
Klju~ne besede: TiAl6V4, silicidi, visokotemperaturna oksidacija, silikoniziranje v teko~i fazi

1 INTRODUCTION

Protective layers based on silicide-aluminide phases
prepared from the liquid phase were studied by various
authors1–4 and were shown to exhibit the potential of
acting as protective layers where titanium and its alloys
are used in high-temperature applications.5–13 The prin-
ciple of the method is based on the high affinity of
silicon and aluminium to titanium. During the immersion
of titanium and its alloys in the aluminum melt com-
prising silicon, a reaction forming a Ti-Al-Si phase at the
interface takes place. The temperature of the melt and
the silicon content in the melt have effects on the kinetics
of the growth of the interface layers as well as on their
phase composition. These layers provide an excellent
barrier to the diffusion of both oxygen and nitrogen at
high temperatures. In high-temperature applications, the
layers composed of silicide-aluminide phases cannot be
compared with silicides but may offer superior mecha-
nical properties at both high and low temperatures.

The major phase present in these layers, the �2 phase,
was first described by Brukl et al.14 as Ti(AlxSi1-x)2 where
x is in the range from 0.15 to 0.3, and further charac-
terized by Schubert et al.15 with the orthorhombic
structure and a space group (Cmcm). Layers rich in this

phase exhibit an excellent oxidation resistance. During
the course of oxidation, a compact film rich in SiO2 is
formed on the surface of a layer, which substantially
mitigates oxygen diffusion. This work is focused on the
study of the changes in the phase composition during a
high-temperature oxidation of the layers formed by the �2

phase.

2 EXPERIMENTAL WORK

The substrate material used in the presented work
was the most common titanium alloy, TiAl6V4. Speci-
mens were manufactured as cylinders of 10 mm in
diameter and 6 mm in height. They were ground using
P180–1200 SiC emery papers. Then they were polished
with diamond pastes up to 1 μm. This was followed by
degreasing in acetone in an ultrasonic apparatus, rinsing
with distilled water, and drying with compressed air. An
alloy melt of AlSi20 % of mass fractions was prepared
by melting aluminum (99.5 % purity) with silicon
(99.99 % purity). To ensure the required homogeneity,
the melt was agitated for 30 min and then kept at 650 °C.
Then the oxide surface layer was raked off and the
TiAl6V4-alloy specimens were immediately introduced.
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The melt was agitated again and the specimens were held
in the melt for 60 min. At the end of the process, the
samples were removed from the bath and air-cooled. The
microstructure of the cross-sections of the samples was
observed by a scanning electron microscope, EVO MA
15 (Carl Zeiss SMT, Germany, SEM).

The specimens used in the oxidation experiments
were treated in 15 % HCl to remove the residues of
solidified melt. The specimens were subjected to cyclic
oxidation in an electric-resistance furnace at the
temperatures of 850 °C and 950 °C for 144 h in air. The
results were expressed as weight gains due to oxidation
versus oxidation duration. After the oxidation the
specimens were mounted in metacrylate resin, ground
polished and studied with SEM. A phase analysis was
performed with a D8 Discover diffractometer (Bruker,
Germany); diffracted Cu-K� radiation was detected with
a 1D LynxEye detector.

3 RESULTS AND DISCUSSION

3.1 Microstructure

The temperature applied in the coating process has a
significant effect on both the growth rate of the layers
and on the layer quality. From previous experiments13,
the temperature of 650 °C was chosen as the highest
temperature for this process. Up to this temperature, the
layer is formed only by Ti-Al-Si ternary phases.

The microstructure of the layers prepared by
immersion in the AlSi20 melt (with solid silicon) at the
temperature of 650 °C for 1 h (Figure 1) is compact,
non-porous and free from any cracks and fissures. The
thickness of the layer reaches approximately 55 μm. The
chemical composition across the layer is constant –
11.2 % Al (in amount fractions, x/%), 55.6 % Si, 31.9 %
Ti, and 1.3 % V. This chemical composition corresponds

to the �2 phase that occurs as the main product of the
liquid-phase siliconizing process.

According to the phase analysis, the major phase
present is TiAl0.3Si1.7 also known as the �2 phase, shown
in Figure 2. This phase was already identified by the
authors who studied the preparation of layers from
silicon-rich melts.

3.2 Oxidation resistance

The oxidation resistance of the prepared layer was
evaluated with cyclic-oxidation tests. The results of the
oxidation at 850 °C are presented in Figure 3. The plot
represents the weight gains as a function of the oxidation
duration. The weight of the scales delaminated from the
samples was added to the reported weight. The uncoated
samples of titanium and TiAl6V4 alloy were used as the
references. The weight gain of the TiAl6V4 alloy
(0.0986 g/cm2 after 144 h) is almost 64 times higher than
that of the specimen coated with a protective Ti-Al-Si
layer. It is clearly seen that the surface layer provides a
considerable protection to the alloy when exposed to the
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Figure 2: XRD pattern of a cross-section of the layer prepared in
the AlSi20 melt
Slika 2: Rentgenogram pre~nega preseka plasti, pripravljene v talini
AlSi20

Figure 1: Microstructure of the cross-section of a layer prepared in
the AlSi20 melt, at the temperature of 650 °C for 1 h
Slika 1: Mikrostruktura preseka plasti, pripravljene v talini AlSi20,
1 h pri temperaturi 650 oC

Figure 3: Cyclic-oxidation curves of coated TiAl6V4, uncoated
TiAl6V4 and Ti at 850 °C
Slika 3: Krivulje cikli~ne oksidacije TiAl6V4 s prekritjem, TiAl6V4
brez prekritja in Ti, pri 850 °C



air at high temperatures. The character of the kinetic
curve shown in Figure 3 indicates that the greatest
weight gain is reached during the first 24 h. After that,
the weight of the tested sample remains almost constant.
When taking into account that the testing temperature is
much higher than the applicability limits of titanium
alloys and the protection Ti-Al-Si layers, it can be stated
that the proposed surface treatment provides an excellent
protection.

The results of the cyclic oxidation at the temperature
of 950 °C are summarized in Figure 4. Uncoated tita-
nium exhibited an enormously high oxidation rate at the
areas where the oxide scales were peeling off from the
surface. In the case of the TiAl6V4-alloy specimens, the
weight gains were also high. The oxidation kinetic curve
does not exhibit a purely parabolic character, mainly due
to a massive delamination of the surface oxide scales.
The weight gain after 144 h of oxidation was almost 58
times higher in the case of the TiAl6V4 alloy (0.150
g/cm2) than in the case of the specimen coated with a
protective layer (0.00257 g/cm2). The high oxidation
resistance of the layers is attributed to the formation of
compact silicide sub-layers, as will be discussed bellow.

3.3 Microstructure and phase analysis of the layers
after the oxidation

After performing the oxidation experiments, the
changes in the microstructure of the layers were exa-
mined with a scanning electron microscope. The micro-
structure of the cross-section of an as-oxidized layer
after the exposure at 850 °C for 144 h is shown in Figure
5. It can be seen from the microstructure that the layer
structure was subjected to considerable changes. The ini-
tially formed layer decomposed into several sub-layers.
Chemical microanalysis results and results of the X-ray
phase analysis indicate that two new sub-layers were

formed, constituted by Ti5Si4 silicide, probably also con-
taining the TiSi phase, detected with the phase analysis.
These layers are followed by an inhomogeneous and
porous layer, composed of ternary Ti-Al-Si phases. The
SEM-EDS results revealed that the �2 phase is present,
together with the other ternary phases, more enriched in
aluminum. It is suggested that, in analogy to the struc-
ture of the layer oxidized at 950 °C, the initially present
silicide-aluminide layer decomposes yielding thermo-
dynamically stable silicides, whose subsequent growth
acts as the driving force of aluminium diffusion into the
substrate and toward the layer surface. This assumption
is also supported by the presence of the original Ti-Al-Si
phase with a higher aluminum content. This topmost
sub-layer hinders the diffusion of aluminum.

The progressive weight gain experienced during the
oxidation process indicate that in the early stages the
weight gain is minimal, probably owing to the aluminum
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Figure 6: SEM micrograph of the cross-section of the layer prepared
in the AlSi20 melt, after the oxidation at 950 °C for 144 h
Slika 6: SEM-posnetek preseka plasti, pripravljene v talini AlSi20, po
oksidaciji 144 h na temperaturi 950 °C

Figure 4: Cyclic-oxidation curves of coated TiAl6V4, uncoated
TiAl6V4 and Ti at 950 °C
Slika 4: Krivulje cikli~ne oksidacije TiAl6V4 s prekritjem, TiAl6V4
brez prekritja in Ti, pri 950 °C

Figure 5: SEM macrograph of the cross-section of the layer prepared
in the AlSi20 melt, after the oxidation at 850 °C for 144 h
Slika 5: SEM-posnetek preseka plasti, pripravljene v talini AlSi20, po
oksidaciji 144 h na temperaturi 850 °C



diffusion toward the surface and its subsequent oxida-
tion. After that, the oxidation rate is close to the experi-
mental error of the measurement. This may be related to
the fact that aluminum cannot diffuse easily within a
spongy surface structure. The cross-section of the layer
oxidized at 950 °C for 144 h is displayed in Figure 6. In
this case, there were substantial changes to the layer
structure as well. A new layer was formed, composed of
several sub-layers. With the chemical microanalysis and
X-ray analysis, it can be clearly demonstrated that the
original �2 phase decomposed yielding silicide sub-
layers.

The layer located close to the substrate is constituted
by the Ti5Si3 silicide, which is more enriched in titanium.
This layer is compact and homogeneous, with a thick-
ness of approximately 45 μm. The next layer is a thin
intermediate layer composed of nearly pure aluminum
(with TiAl determined with the phase analysis). The
layer after this one is an inhomogeneous and rather po-
rous layer of TiSi silicide with a thickness of approxi-
mately 40 μm. This layer probably also contains particles
of TiSi2 silicide that can be observed in the microphoto-
graph, but failed to be precisely detected with the SEM
microanalysis. The presence of this silicide was con-
firmed with the XRD phase analysis. This silicide layer
gradually turns into an inhomogeneous layer containing
a great number of pores, in which Al and Ti oxides as
well as residues of the original Ti-Al-Si phase were
detected by means of a semi-quantitative chemical analy-
sis. Most probably, this is related to the spongy surface
of the prepared layers, as shown in Figure 1. This also
makes oxygen diffusion easier and facilitates its oxida-
tion on the layer surface. It can be assumed that at such a
high temperature, the original silicide-aluminide phase
tends to decompose yielding thermodynamically stable
TiSi, Ti5Si4 (Ti5Si3 has a similar diffraction pattern), and
TiSi2 silicides, which were detected as the major consti-
tuents with the X-ray phase analysis.

The growth of the silicides causes aluminum to
diffuse along the layer/substrate interface and, primarily,
to diffuse toward the surface where it is subsequently
oxidized. This assumption is also supported by the pre-

sence of a thin aluminum layer between the two silicide
sub-layers, detected in the layer structure after the oxida-
tion at both temperatures (850 °C and 950 °C). It can be
assumed that the considerable resistance to high-tempe-
rature oxidation can be attributed mainly to the presence
of the sub-layer constituted by the Ti5Si4 silicide. Diffe-
rent chemical compositions of the two sub-layers can be
observed, which remain constant across the entire width
of the newly formed sub-layers. Vanadium is uniformly
distributed across the entire thickness of the layer.

The layers obtained with the oxidation at 850 °C and
at 950 °C were subjected to a phase analysis. After the
oxidation at the temperature of 850 °C (Figure 7), two
major phases were detected. They were ternary silicide-
aluminide phases having significantly higher aluminum
contents than the original �2 phase. The minor phases
included TiSi and TiAl. It was reported2 that the inter-
metallic phases of TiAl and TiSi were formed due to the
reaction of the substrate (Ti-Al alloy) with the ternary
phase of Ti-Al-Si in accordance with the following
Equation (1):

Ti-Al + (Ti-Al-Si) � TiAl + TiSi (1)

The achieved results suggest that nuclei of the TiSi
phase were formed and continued to grow within the ori-
ginal layer. Due to this process, aluminum was pushed
out and allowed to diffuse, producing aluminum-en-
riched Ti-Al-Si phases.

This assumption was confirmed by the presence of
aluminum in the substrate near the layer/substrate inter-
face, by the large quantities of aluminum found on the
layer surface and by the presence of the thin intermediate
layer at the interface between the silicide sub-layers. At
the temperature of 950 °C these changes proceeded more
rapidly and caused a nearly complete decomposition of
the original layer formed by the �2 phase. The phases
detected with the X-ray analysis at this high temperature
included TiSi, TiSi2, TiO2 and the silicide-aluminide �2

phase as the dominant phase (Figure 8).
The minor phases detected were Ti5Si4 and Al2O3.

These analyses corresponded well with the micro-
analyses performed with SEM-EDS. Due to the forma-
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Figure 8: XRD pattern of the cross-section of the layer prepared in
the AlSi20 melt, oxidized at 950 °C for 144 h
Slika 8: Rentgenogram pre~nega preseka plasti, pripravljene v talini
AlSi20, po oksidaciji 144 h na temperaturi 950 °C

Figure 7: XRD pattern of the cross-section of the layer prepared in
the AlSi20 melt, oxidized at 850 °C for 144 h
Slika 7: Rentgenogram pre~nega preseka plasti, pripravljene v talini
AlSi20, po oksidaciji 144 h na temperaturi 850 °C



tion of the thermodynamically stable TiSi and Ti5Si4

(Ti5Si3 has a similar diffraction pattern) silicides, the oxi-
dation rates were considerably lower, as can be con-
cluded from the data in Figure 5.

4 CONCLUSIONS

The liquid-phase silicon-aluminium coating process
can be adopted to produce compact and homogeneous
surface layers constituted by the ternary phase
TiAl0.3Si1.7. Such layers are prepared from the AlSi20
melt, at a temperature of 650 °C with the resulting thick-
ness of 55 μm. The layers prepared in the present study
provide outstanding protection from cyclic high-tempe-
rature oxidation, at both 850 °C and 950 °C in air. In the
early stages of the oxidation, there is a gradual increase
in the weight gain, but after about 30 h of exposure the
weight gains are almost too low to be detected on the
specimens used. The analyses of the as-oxidized layers
indicate that the original layer decomposes, yielding
compact and homogeneous sub-layers constituted solely
by the Ti5Si3 and TiSi silicides. Due to the formation of
these silicide sub-layers, a considerable oxidation resis-
tance is reached, allowing the use of titanium alloys in
high-temperature applications. The present study demon-
strates that highly resistant protective layers suitable for
high-temperature applications can be prepared using a
simple and cost-effective technique.
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In this work, AISI 316 steel was plasma-paste borided in a gas mixture of 70 % H2 – 30 % Ar using a mixture of 30 % SiC +
70 % B2O3 as a boron source. The samples were treated at temperatures of (700, 750 and 800) °C for (3, 5 and 7) h. The
morphology of the formed boride layers was examined by light microscope and scanning electron microscope coupled to an
EDS analyser. The borides present in the boride layer were identified by means of XRD analysis. The boron-activation energy
for the AISI 316 steel was found to be equal to 250.8 kJ mol–1. This value for the energy was compared to the literature data. A
regression model based on a full factorial design was used to estimate the boride layers’ thicknesses as a function of the boriding
parameters: time and temperature. A comparison was made between the values of the boride layers’ thicknesses estimated from
the regression model with those given by an empirical relation. In addition, an iso-thickness diagram was plotted to predict the
boride-layer thickness as a function of the processing parameters. This iso-thickness diagram can serve as a simple tool to select
the optimum values for the boride layers’ thicknesses for a practical utilisation in industry for this kind of steel.

Keywords: plasma paste boriding, kinetics, borides, transition zone, activation energy, regression model

V tem delu je bilo jeklo AISI 316 borirano s plazmo v me{anici plinov 70 % H2 – 30 % Ar, z uporabo me{anice (30 % SiC +
70 % B2O3), kot vir bora. Vzorci so bili obdelani pri treh temperaturah (700, 750 in 800) °C v trajanju (3, 5 in 7) h. Morfologija
nastale boridne plasti je bila preiskovana s svetlobnim mikroskopom in z vrsti~nim elektronskim mikroskopom, opremljenim z
EDS analizatorjem. Boridi v borirani plasti so bili identificirani z rentgensko analizo. Aktivacijska energija bora v jeklu AISI
316 je bila 250,8 kJ mol–1. Ta vrednost je bila primerjana s podatki iz literature. Za dolo~anje debeline borirane plasti v
odvisnosti od parametrov boriranja (~as in temperatura), je bil uporabljen regresijski model, ki temelji na upo{tevanju faktorjev.
Izvr{ena je bila primerjava debeline borirane plasti, dolo~ene z regresijskim modelom in primerjava s tisto, ki je bila dolo~ena
empiri~no. Za napovedovanje debeline borirane plasti je bil postavljen diagram enake debeline v odvisnosti od procesnih
parametrov. Diagram enake debeline je uporaben kot enostavno orodje pri izbiri optimalne debeline borirane plasti, za prakti~no
uporabo v industriji za to vrsto jekla.

Klju~ne besede: plazma boriranje s pasto, kinetika, boridi, prehodno podro~je, aktivacijska energija, regresijski model

1 INTRODUCTION

The boriding process is widely used in industry
because of its broad application range.1 This thermo-
chemical treatment is generally performed in the range
700 °C to 1050 °C. The boriding process results in a
metallic boride layer of about 20 μm – 300 μm thickness.
The boriding treatment can be carried out in solid, liquid,
gaseous or plasma media.2-5 Due to their relatively small
size and very mobile nature, boron atoms can diffuse into
the surface material to form hard borides. In the case of
ferrous materials, the boriding treatment leads to the for-
mation of either a single layer (Fe2B) or a double-layer
(FeB+Fe2B) with a definite composition. The boride-
layer thickness is determined by the temperature and
treatment time. The characteristics of this boride layer
depend on the physical state of the boron source used,
the boriding temperature, the treatment time, and the
chemical composition of the material to be borided.6-9

In order to lower the boriding temperature and the
process time, ion-implantation boriding10, and plasma-
assisted boriding11 have been employed. Although the
plasma boriding process has an advantage over the
powder- or paste-boriding process, the use of expensive
gases such as B2H6 and BCl3 for the plasma-boriding
process poses a major problem related to their toxicity.
To overcome this problem, an alternative was recently
proposed by using the plasma paste boriding (PPB)
process. This recently developed method uses inert gases
such as hydrogen, argon and nitrogen, making it very
advantageous.5

The objective of this work was to investigate the bo-
riding kinetics of AISI 316 steel by plasma paste borid-
ing. The boron-activation energy for the AISI 316 steel
was also estimated basing on our experimental results.
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2 MATERIALS AND METHODS

In this study the AISI 316 austenitic steel used for the
plasma paste boriding has the following chemical com-
position given in Table 1.

Table 1: Chemical composition of AISI 316 stainless steel (in mass
fractions, w/%)
Tabela 1: Kemijska sestava nerjavnega jekla AISI 316 (v masnih
dele`ih, w/%)

C Cr Mo Mn Si Ni P S Fe
0.08 16 2 2 0.75 10 0.045 0.03 balance

The samples had a cylindrical shape and were 20 mm
in diameter and 5 mm in height. The surfaces of the AISI
316 steel were mechanically polished in sequence with
(600, 800, 1200 and 2400) grit wet SiC emery paper,
followed by fine polishing with an alumina slurry. The
samples were cleaned in alcohol before the plasma paste
boriding. In this study, a mixture of powder (30 % SiC +
70 % B2O3) constituting a boron source was applied,
where silicon carbide (SiC) was used as a catalyst for the
B2O3 paste. The plasma paste boriding was carried out in
a dc plasma system, which is described in detail in the
work by Gunes et al.5 Argon gas is important for the
plasma system. It is used to change the plasma para-
meters such as the electron temperature and the electron
density, which influence the production of active species
by inelastic collisions, plasma reactions and plasma
surface interactions. During the plasma paste boriding,
H2 gas plays an important role. Borax reacts with active
hydrogen (H+) in a glow discharge. Atomic boron was
produced through the decomposition of the boron
hydride (BxHy) from the paste, and this atomic boron
became the active boron, B+1, within the molten borax or
in the glow discharge. Finally, this active boron B+1

diffused and reacted with the Fe to form the boride layer.
The samples of AISI 316 austenitic steel were plasma
paste borided at (700, 750 and 800) °C for (3, 5 and 7) h

in a gas mixture of 70 % H2 – 30 % Ar under a constant
pressure of 10 mbar. The temperature of the samples was
measured by means of a chromel–alumel thermocouple,
placed at the bottom of the treated samples. After the
plasma paste boriding process, each borided sample was
cleaned in an ultrasonic bath with alcohol. The treated
samples were chemically etched using a chemical solu-
tion consisting of 20 mL glycerine, 10 mL HNO3 and 30
mL HCl. The morphology of boride layers was observed
using a light microscope (Olympus Vanox AHMTS) and
a LEO 1430 VP model Scanning Electron Microscope
(SEM). The values of boride layers’ thicknesses were
taken as averages of at least 10 measurements.

The presence of different borides formed in the bo-
ride layer was confirmed by means of an XRD analysis.
This analysis was carried out using a Philips X-ray
diffractometer with Cu-K� radiation (�Cu = 0.154 nm).
The distribution of alloying elements was analysed by
energy-dispersive X-ray spectroscopy (EDS) from the
surface towards the substrate.

EDS line analyses were performed to determine
which element accumulated across the boride layer and
the transition zone.

3 RESULTS AND DISCUSSION

3.1 Observation of the morphology of the boride layers

Figure 1 shows the etched cross-sections of boride
layers formed on the surfaces of AISI 316 steel at
different temperatures and for various treatment times. It
reveals the formation of a bilayer configuration com-
posed of FeB and Fe2B. A transition zone exists in all the
optical micrographs due to the accumulation of un-
dissolved elements beneath the boride layer. The
morphology of the boride-layer/transition-zone interface
exhibited a flat diffusion front due to the effects of the
main alloying elements such as Cr, Mo and Ni. This fact
can be explained by the reduction of the active boron
flux in the diffusion zone by the presence of these ele-
ments. It is clear that the thicknesses of the boride layer
and the transition zone are affected by the process para-
meters (time and temperature). For instance, the boride
layer’s thickness reached a value of 10.4 μm at 750 °C
for 7 h, while its corresponding value was 5.11 μm at a
temperature of 700 °C during 7 h of treatment. Further-
more, some precipitates (i.e., chromium carbides) were
also observed along the austenitic grain boundaries
revealed by the chemical etchant composed of 20 mL
glycerine, 10 mL HNO3 and 30 mL HCl.

Figure 2 gives the cross-sectional views of micro-
structures of borided AISI 316 steel. The FeB and Fe2B
layers are discernable from a difference in contrast. The
inner layer Fe2B is clearer than the outer layer of FeB.
The transition zone is also observed on the all SEM
images. It is clear that the obtained boride layers are
compact and continuous. The smooth morphology of the
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Figure 1: Light micrographs showing the microstructures of boride
layers formed on the AISI 316 steel for different boriding parameters:
a) 700 °C for 7 h, b) 750 °C for 7 h, c) 800 °C for 3 h, d) 800 °C for 5 h
Slika 1: Svetlobni posnetki mikrostruktur boriranih plasti na AISI 316
jeklu, pri razli~nih parametrih boriranja: a) 700 °C, 7 h, b) 750 °C, 7 h,
c) 800 °C, 3 h, d) 800 °C, 5 h



boride-layer/transition-zone interface is observed in
Figure 2.

Figure 3 shows the SEM image (for the EDS analy-
sis) of cross-sections of the boride layer formed on AISI
316 steel at 800 °C for a treatment time of 3 h. The EDS
line scan taken perpendicularly from the surface of the
borided sample at 800 °C for 3 h showed a qualitative
distribution of different elements along the boride layer
and the transition zone. It indicates the precipitation of
metallic borides inside the boride layer and an accumu-

lation of certain elements (such as Cr, C and Mo) in the
transition zone (Figure 3b). In particular, molybdenum
has a lower tendency to dissolve in the boride layer and
tends to concentrate in the diffusion zone.12 In addition,
the boride layer thickness was found to increase with the
boriding temperature.

3.2 XRD analysis

Figure 4 gives the XRD pattern recorded at the sur-
face of the borided AISI 316 steel at 800 °C for 3 h of
treatment. To confirm the presence of iron and metallic
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Figure 3: Cross-section of the borided AISI 316 steel at 800 °C for a
treatment time of 3 h: a) SEM image of the cross-section of a borided
sample for EDS analysis, b) EDS line scan across the borided zone, c)
EDS spectrum of the selected zone (Figure 3a)
Slika 3: Presek jekla AISI 316, boriranega pri 800 °C, v trajanju 3 h:
a) SEM-posnetek preseka borirane plasti za EDS-analizo, b)
EDS-linijska analiza skozi borirano podro~je, c) EDS-spekter v izbra-
nem podro~ju, ki ga ka`e Slika 3a

Figure 2: SEM micrographs of the cross-sections of boride layers
formed on the AISI 316 steel for different boriding parameters: a) 750
°C for 5 h, b) 750 °C for 7 h, c) 800 °C for 3 h
Slika 2: SEM-posnetki preseka borirane plasti, nastale na AISI 316
jeklu pri razli~nih parametrih boriranja: a) 750 °C, 5 h, b) 750 °C, 7 h,
c) 800 °C, 3 h



borides, the corresponding files taken from the JCPDS
database13 were used.

The iron borides (FeB and Fe2B) were identified as
well as the presence of metallic borides as precipitates
within the boride layers such as CrB, Cr2B and Ni3B. In
addition, Cr and Ni tend to dissolve in the boride layer
and form independent metallic borides (CrB, Cr2B and
Ni3B).

3.3 Estimation of the boron activation energy

The growth kinetics of boride layers is controlled by
the boron diffusion into the substrate. The boride-layer
thickness varies parabolically14–17 with the process time
given by Equation (1):

u k t= ' (1)

where u is the boride-layer thickness (in μm), k’ is a
parabolic growth constant (in μm s–1/2) at a given tem-
perature, D is the diffusion coefficient of boron in the
boride layer, and t is the boriding time. The time depen-
dence of the boride layer thickness for increasing
temperatures is given in Figure 5. It is clear that the
boride layer varies linearly with the square root of time,
which proves that the growth kinetics of the boride layer
is governed by the diffusion phenomenon of boron
atoms inside the substrate.

The relationship between the parabolic growth con-
stant k’ (in μm s–1/2) and the boriding temperature T in
Kelvin, can be expressed using an Arrhenius-type equa-
tion as follows:

k k D
Q

RT
' exp= −⎛

⎝
⎜ ⎞

⎠
⎟

0 (2)

where D0 is the diffusion coefficient of boron extrapo-
lated at a value of 1/T = 0. The Q parameter is the
activation energy that indicates the amount of energy
(kJ mol–1 ) required for the reaction to occur, and R is
the ideal gas constant (R = 8.314 J mol–1 K–1). Taking
the natural logarithm of Equation (2), we obtain Equa-
tion (3):

ln( ' ) ln( ) ln( )k k D
Q

RT
2 2

0= + − ⎛
⎝
⎜ ⎞

⎠
⎟ (3)

The activation energy Q can be easily deduced from
the slope of the curve relating ln (k’2) to the inverse of
the temperature. Figure 6 provides the temperature de-
pendence of the natural logarithm of the square of the
parabolic growth constant k’2.

The reported values for boron-activation ener-
gies4,18–25 for borided steels are listed in Table 2 together
with the value of the boron-activation energy (250.8
kJ mol–1) estimated from this work. However, these
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Figure 4: XRD pattern obtained at the surface of borided AISI 316
steel at 800 °C for 3 h of treatment
Slika 4: Rentgenogram, dobljen na povr{ini jekla AISI 316,
boriranega 3 h na 800 °C

Figure 6: Temperature dependence of the square of the parabolic
growth constant
Slika 6: Odvisnost temperature od kvadratnega korena paraboli~ne
konstante rasti

Figure 5: Evolution of the boride layer thickness versus the square
root of time for increasing temperatures
Slika 5: Rast debeline borirane plasti pri nara{~ajo~i temperaturi v
odvisnosti od kvadratnega korena iz ~asa



values for the boron-activation energies for different
steels depended on various factors such as: the boriding
method, the chemical composition of the base steel, the
nature of the boriding agent, and the mechanism of
boron diffusion. For the paste plasma boriding of AISI
316 steel, the high activation energy shown in Table 2 is
ascribed to the formation of FeB, Fe2B, CrB, Cr2B and
Ni3B phases in the boride layer. The obtained value of
the boron-activation energy (250.8 kJ mol–1) from this
work, can also be interpreted as the required barrier to
allow boron diffusion inside the steel substrate. Thus, the
diffusion phenomenon of boron atoms can occur along
the grains boundaries and also in the volume to form the
boride layer on the AISI 316 steel.

Table 2: Values of boron-activation energies obtained in the case of
borided steels using different methods
Tabela 2: Vrednosti aktivacijske energije bora, dobljene pri boriranju
jekel z razli~nimi metodami

Material Boriding
method Q (kJ mol–1) References

AISI 304 Salt Bath 253.35 18
AISI H13 Salt bath 244.37 18
AISI 4140 Paste 168.5 19
AISI H13 Powder 186.2 20
AISI 1040 Powder 168 21
AISI440C Powder 340.4 22
AISI 316 Powder 199 23

AISI 51100 Plasma 106 24

AISI 304 Plasma Paste
Boriding 123 4

AISI8620 Plasma Paste
Boriding 124.7–138.5 25

AISI 316 Plasma Paste
boriding 250.8 This work

3.4 Prediction of the boride-layer thickness with a re-
gression model

A full factorial design with two factors at three le-
vels26 was used to predict the boride-layer thickness as a
function of the boriding parameters (time and tempera-
ture).

Using this approach, Equation (4) was obtained as
follows:

u T t

tT T

= − − +

+ + +

761.50 2.0856 11.763

0.015825 0.001435 0.2 108333t 2
(4)

where t is the boriding time (h) and T is the temperature
in degree Celsius.

Table 3: Comparison between the experimental values of the boride-
layer thicknesses and those given by Equation (1) and the regression
model (Equation 4) in the temperature range 700–800 °C
Tabela 3: Primerjava eksperimentalnih vrednosti debeline borirane
plasti z vrednostmi iz ena~be (1) in iz regresijskega modela (ena~ba
4), v temperaturnem obmo~ju 700–800 °C

T
(°C)

Time
(h)

Predicted
(FeB+Fe2B)

Layer thickness
(μm)

Equation (1)

Predicted
(FeB+Fe2B)

Layer thickness
(μm)

Equation (4)

Experimental
(FeB+Fe2B) layer

thickness
(μm)

700 3 3.59 3.34 3.30
700 5 3.92 4.32 4.20
700 7 5.11 5.11 5.84
750 3 5.72 7.15 6.60
750 5 7.63 9.23 8.50
750 7 10.40 10.92 9.45
800 3 15.02 14.20 15.13
800 5 18.51 18.34 18.16
800 7 22.86 21.70 24.00

Table 3 compares between the experimental values
of the boride layers’ thicknesses and the predicted values
using Equations (1) and (4) in the temperature range 700
°C – 800 °C. A good agreement was observed between
the simulated values of the boride layers’ thicknesses and
those obtained experimentally. Equation (1) can be used
to plot the iso-thickness diagram shown in Figure 7. The
iso-thickness diagram can serve as a simple tool to select
the optimum value of the boride-layer thickness for a
practical use of the plasma paste borided AISI 316 steel
in industry. As a rule, thin layers (e.g., 15 μm – 20 μm)
are used to protect against adhesive wear (such as chip-
less shaping and metal stamping dies and tools), whereas
thick layers are recommended to combat abrasive wear
(extrusion tooling for plastics with abrasive fillers and
pressing tools for the ceramics industry). In the case of
low-carbon steels and low-alloy steels, the optimum
boride-layer thicknesses are between 50 μm and 250 μm.

4 CONCLUSIONS

In this work AISI 316 steel was plasma paste borided
in a gas mixture of 70 % H2 – 30 % Ar using a mixture
of 30 % SiC + 70 % B2O3. The boride-layer/transition-
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Figure 7: Iso-thickness diagram describing the evolution of the
boride-layer thickness as a function of the boriding parameters (time
and temperature)
Slika 7: Diagram enakih debelin opisuje razvoj debeline borirane
plasti v odvisnosti od parametrov boriranja (~as in temperatura)



zone interface had a smooth morphology with a boride
layer thickness ranging from 3.3 μm to 24 μm.

The boride layer formed on the surface of the AISI
316 was composed of FeB, Fe2B, CrB, Cr2B and Ni3B
phases. This result was confirmed by XRD analysis and
a transition zone was also visible beneath the boride
layer. The boron-activation energy for the AISI 316 steel
was estimated to be 250.8 kJ mol–1. This value was inter-
preted as the required quantity of energy to stimulate the
boron diffusion in the preferential direction (0 0 1). This
value of the boron-activation energy was comparable to
values found in the literature.

In addition, an iso-thickness diagram describing the
evolution of the boride-layer thickness as a function of
the boriding parameters was proposed. It can serve as a
simple tool to select the optimum boride layer thickness
according to the practical use of borided AISI 316 steel.
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In the present study the effect of the boriding process on the adhesion and wear properties of AISI H10 steel has been
investigated. The boride layer was characterized by light microscopy, X-ray diffraction and the Vickers microhardness. The
X-ray diffraction analyses of the boride layers on the surface of the steels revealed the existence of the compounds FeB, Fe2B,
CrB, Cr2B and MoB. Depending on the chemical composition of the steel, the boride-layer thickness on the surface of the AISI
H10 steel was found to be 63.72 μm. The hardness of the boride compounds formed on the surface of the steels ranged from
1648 to 1964 HV0.05, whereas the Vickers hardness value of the untreated steel was 306 HV0.05. The wear tests were carried out
in a ball-on-disc arrangement under dry-friction conditions at room temperature with an applied load of 10 N and with a sliding
speed of 0.3 m s–1 for a sliding distance of 1000 m. It was observed that the wear rate of the borided and non-borided AISI H10
steels ranged from 3.15 mm3/N m to 62.84 mm3/N m.
Keywords: AISI H10, boriding, microhardness, adhesion, wear rate

V predstavljeni {tudiji je bil preiskovan vpliv postopka boriranja na adhezijo in obrabne lastnosti jekla AISI H10. Borirana plast
je bila karakterizirana s svetlobno mikroskopijo, z rentgensko difrakcijo in z merjenjem mikrotrdote po Vickersu. Analiza z
rentgensko difrakcijo borirane plasti na povr{ini jekel je odkrila prisotnost spojin: FeB, Fe2B, CrB, Cr2B in MoB. Odvisno od
kemijske sestave jekla je bila debelina borirane plasti na povr{ini jekla AISI H10 okrog 63,72 μm. Trdota borovih spojin, ki so
nastale na povr{ini jekel, je bila med 1648 HV0,05 do 1964 HV0,05, medtem ko je bila Vickers trdota neobdelanega jekla 306
HV0,05. Izvr{eni so bili preizkusi obrabe z napravo s kroglico na plo{~i pri pogojih suhega trenja pri sobni temperaturi z uporab-
ljeno obremenitvijo 10 N, s hitrostjo drsenja 0,3 m/s pri dol`ini drsenja 1000 m. Hitrost obrabe boriranega in neboriranega jekla
AISI H10 je bila v obmo~ju od 3,15 mm3/N m do 62,84 mm3/N m.
Klju~ne besede: AISI H10, boriranje, mikrotrdota, adhezija, hitrost obrabe

1 INTRODUCTION

Boriding is a thermochemical treatment in which
boron atoms diffuse through the surface of metallic sub-
strates. As boron is an element of relatively small size it
diffuses into a variety of metals, including ferrous, non-
ferrous and some superalloys.1–5 The boriding process
provides a high surface hardness as well as good wear
properties in terms of adhesion, abrasion, and surface
fatigue. The boriding treatment is carried out by heating
substrates in the temperature range 973 K –1323 K for a
period of time ranging from 0.5 h to 12 h. The boron is
supplied to the material surface by a solid, liquid,
gaseous or plasma medium.6–9

The wear and friction behaviors of borided steels are
broadly dependent on the following surface and boriding
conditions: boriding time and temperature, chemical
composition, mechanical properties, physical structure,
lubricant, surface roughness, etc. As a result of these
conditions, the life of machine components may be
affected. The efficiency, durability and reliability are
improved by reducing the friction and wear rate through
certain materials, surface modifications and lubri-
cants.10,11

Boriding is used in numerous applications in indu-
stries such as the manufacturing of machine parts for
plastics and food processing, packaging and tooling, as
well as pumps and hydraulic machine parts, crankshafts,
rolls and heavy gears, motor and car construction. The
wear behavior of borided steels has been evaluated by a
number of investigators.12–16 However, there is no infor-
mation about the friction and wear behaviors of borided
AISI H10 steel. The main objective of this study was to
investigate the effect of the boriding process on the wear
behavior of borided AISI H10 steel. The structural,
Daimler-Benz adhesion and tribological properties were
investigated using light microscopy, XRD, SEM, EDS,
microhardness tests and a ball-on-disc tribotester.

2 EXPERIMENTAL PROCEDURES

2.1 Boriding and characterization

The AISI H10 steel contained w (C) = 0.32 %, w (Cr)
= 3.15 %, w (Mo) = 2.90 %, w (V) = 0.65 % and w (Mn)
= 0.40 %. The test specimens were cut into Ø 25 mm ×
8 mm discs, ground to 1200 G and polished using a
diamond solution. The boriding heat treatment was
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carried out in a solid medium containing an Ekabor-II
powder mixture placed in an electrical resistance furnace
operated at temperatures of 1123 K and 1223 K for 2 h
and 6 h under atmospheric pressure. The microstructures
of polished and etched cross-sections of the specimens
were observed under a Nikon MA100 light microscope.
The presence of borides formed in the coating layer was
confirmed by means of X-ray diffraction equipment
(Shimadzu XRD 6000) using Cu–K� radiation. The
hardness measurements of the boride layer on steel and
an untreated steel substrate were made on the cross-
sections using a Shimadzu HMV-2 Vickers indenter with
a 50 g load.

The Daimler-Benz Rockwell-C adhesion test was
used to assess the adhesion of the boride layers. This
well-known Rockwell-C indentation test is prescribed by
the VDI 3198 norm, as a destructive quality test for
coated compounds.17–20 The principle of this method is
presented in the upper-right-hand part of Figure 1.18 A
load of 1471 N was applied to cause coating damage
adjacent to the boundary of the indentation. Three
indentations were conducted for each specimen and
scanning electron microscopy was employed to evaluate
the test.

2.2 Friction and wear

To perform the friction and wear of the borided
samples a ball-on-disc test device was used. In the wear
tests, WC-Co balls of 8 mm in diameter supplied by H.
C. Starck Ceramics GmbH were used. Errors caused by
the distortion of the surface were eliminated by using a
separate abrasion element (WC-Co ball) for each test.
The wear experiments were carried out in a ball-on-disc
arrangement under dry-friction conditions at room
temperature with an applied load of 10 N and with
sliding speeds of 0.3 m s–1 for a sliding distance of 1000
m (track diameter 0.015 m). The wear tests were made
with an 8-mm diameter WC–Co ball with a Young’s
modulus of 598 GPa. The maximum compressive contact
pressure in the central point of the contact area was
calculated from the Hertzian equation.21 According to the

Hertzian equation, the maximum contact pressures of
2824 MPa (for disc Ed = 325 GPa and vd = 0.26, for ball
Eb = 598 GPa and vb = 0.22) were obtained at a normal
load of 10 N. Before and after each wear test, each
sample and abrasion element was cleaned with alcohol.
After the test, the wear volumes of the samples were
quantified by multiplying the cross-sectional areas of the
wear by the width of the wear track obtained using a
Taylor-Hobson Rugosimeter Surtronic 25 device. The
wear rate was calculated with the following Equation
(1):

W
Wv

MSk = (mm3/N m) (1)

where Wk is the wear rate, Wv is the worn volume, M is
the applied load and S is the sliding distance. Friction
coefficients depending on the sliding distance were
obtained through a friction-coefficient program. The
surface profiles of the wear tracks on the samples and
the surface roughness were measured using a Taylor-
Hobson Rugosimeter Surtronic 25. The worn surfaces
were investigated using scanning electron microscopy
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Figure 2: The cross-section of borided AISI H10 steel: a) 1123 K – 2
h, b) 1123 K – 6 h, c) 1223 K – 2 h, d) 1223 K – 6 h
Slika 2: Presek boriranega jekla AISI H10: a) 1123 K – 2 h, b) 1123 K
– 6 h, c) 1223 K – 2 h, d) 1223 K – 6 h

Figure 1: The principle of the VDI 3198 indentation test
Slika 1: Na~elo VDI 3198 preizkusa vtiskovanja



(SEM), energy-dispersive X-ray spectroscopy (EDS)
and a Nanovea ST-400 non-contact optical profiler.

3 RESULTS AND DISCUSSION

3.1 Characterization of the boride coatings

The cross-section light micrographs of the borided
AISI H10 steel for temperatures of 1123 K and 1223 K
for 2 h and 6 h are shown in Figure 2. As can be seen,
the borides formed on the AISI H10 substrate have a
saw-tooth morphology. It was found that the coating/
matrix interface and the matrix could be easily

distinguished and the boride layer had a columnar struc-
ture. Depending on the boriding time and temperature,
the boride-layer thickness on the surface of the AISI H10
steel ranged from 12.86 μm and 63.72 μm (Figure 3).

Figure 4 shows the XRD pattern obtained from the
surface of the borided AISI H10 steel at 1123 K and
1223 K for treatment times of 2 h and 6 h. The XRD
patterns show that the boride layer consists of borides
such as MB and M2B (M=Metal; Fe, Cr). The XRD
results showed that the boride layers formed on the H10
steel contained the FeB, Fe2B, CrB, Cr2B and MoB
phases (Figures 4a and 4d).

Microhardness measurements were carried out on
cross-sections from the surface to the interior along a
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Figure 3: The thickness values of the boride layers with respect to
boriding time and temperatures
Slika 3: Vrednosti debeline boriranih plasti glede na ~as in tempera-
turo boriranja

Figure 4: X-ray diffraction patterns of borided AISI H10 steel: a) 1123 K – 2 h, b) 1123 K – 6 h, c) 1223 K – 2 h, d) 1223 K – 6 h
Slika 4: Rentgenska difrakcija boriranega jekla AISI H10: a) 1123 K – 2 h, b) 1123 K – 6 h, c) 1223 K – 2 h, d) 1223 K – 6 h

Figure 5: The variation of hardness depth in the borided AISI H10
steel
Slika 5: Spreminjanje trdote v globino pri boriranem jeklu AISI H10



line (Figure 5). The microhardness of the boride layers
was measured at 10 different locations at the same
distance from the surface and the average value was
taken as the hardness.

The boride-layer hardness of the sample borided at
1223 K for 6 h was found to be 1964 HV0.05, the boride-
layer hardness of the sample borided at 1223 K for 2 h
was 1816 HV0.05, the boride-layer hardness of the sample
borided at 1123 K for 6 h was 1765 HV0.05, while the
boride-layer hardness of the sample borided at 1123 K
for 2 h was 1648 HV0.05. On the other hand, the Vickers
hardness values were 306 HV0.05, for the untreated AISI
H10 steel. Figure 5 shows that increasing the boriding
temperature and treatment time increases the boride-
layer hardness. When the hardness of the boride layer is
compared with the matrix, the boride-layer hardness is
approximately five times greater than that of the matrix.

3.2 Rockwell-C adhesion

A standard Rockwell-C hardness tester was em-
ployed in this study. The damage to the boride layer was

compared with the adhesion-strength quality maps
HF1–HF6. In general, the adhesion-strength quality
HF1–HF4 defines sufficient adhesion, whereas HF5 and
HF6 represent insufficient adhesion.15 SEM micrographs
of the indentation craters for the samples borided at 1223
K for 6 h are given in Figure 6. There were radial cracks
at the perimeter of the indentation craters without flaking
and the adhesion of the boride layer on the sample bo-
rided at 1223 K for 6 h was sufficient. The adhesion-
strength quality of this boride layer is related to HF1.

3.3 Friction and wear behavior

Table 1 shows the surface-roughness values of the
borided and non-borided AISI H10 steel.

The surface roughness of the sample borided at 1123 K
for 2 h was found to be 0.34 μm, the boride-layer
hardness of the sample borided at 1123 K for 6 h was
0.39 μm, the boride-layer hardness of the sample borided
at 1223 K for 2 h was 0.45 μm, while the boride-layer
hardness of the sample borided at 1223 K for 6 h was
0.52 μm. On the other hand, the surface-roughness value
was 0.09 μm for the untreated AISI H10 steel. Table 1
shows that increasing the boriding temperature and
treatment time increases the surface-roughness values.
For the AISI H10 steel it was observed that the surface-
roughness values increased with the boriding treatment.
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Figure 8: SEM micrograph and cross-sectional surface of the worn-
out surfaces of the non-borided AISI H10 steel: a) non-borided, b)
cross-sectional surface (CS)
Slika 8: SEM-posnetek in presek obrabljene povr{ine neboriranega
jekla AISI H10: a) neborirano, b) presek povr{ine (CS)

Figure 7: The wear rate of non-borided and borided AISI H10 steel
Slika 7: Hitrost obrabe neboriranega in boriranega jekla AISI H10

Figure 6: SEM micrograph of VDI adhesion test on AISI H10 steel
Slika 6: SEM-posnetek VDI preizkusa adhezije na jeklu AISI H10



Gunes22 and Sahin23 reported that the surface-roughness
values increased with an increase in the boriding tem-
perature.

Table 1: Surface-roughness values of the non-borided and borided
AISI H10 steel

Tabela 1: Vrednosti hrapavosti povr{ine neboriranega in boriranega
jekla AISI H10

Unborided
Borided

1123 K –
2 h

1123 K –
6 h

1223 K –
2 h

1223 K –
6 h

0.09 0.34 0.39 0.45 0.52

Figure 7 shows the wear rate of the non-borided and
borided AISI H10 steel. Reductions in the wear rates of
the borided steels were observed according to the
non-borided steels. Due to the hardness of the FeB and
CrB phases, the steel showed more resistance to wear.
The lowest wear rate was obtained in the AISI H10 steel
borided at 1223 K for 6 h, while the highest wear rate
was obtained in the non-borided AISI H10 steel. The
wear-test results indicated that the wear resistance of the
borided steels increased considerably with the boriding
treatment and time. It is well known that the hardness of
the boride layer plays an important role in the improve-
ment of the wear resistance. As shown in Figures 5 and
7, the relationship between the surface microhardness
and the wear resistance of the borided samples also
confirms that the wear resistance was improved with the
increasing hardness. This is in agreement with reports of
previous studies.9,23–25 When the wear rate of the borided
steel is compared with the non-borided steel, the wear
rate of the borided steels is approximately five times
lower than that of the non-borided steels.

Table 2: The friction coefficients of the non-borided and borided AISI
H10 steel

Tabela 2: Koeficienti trenja neboriranega in boriranega jekla AISI
H10

Unborided
Borided

1123 K –
2 h

1123 K –
6 h

1223 K –
2 h

1223 K –
6 h

0.64 0.38 0.44 0.48 0.53

The SEM micrographs of the worn surfaces of the
non-borided and borided AISI H10 steel are illustrated in
Figures 8 and 9. Figure 8a shows the SEM micrographs
of the wear surfaces of the non-borided AISI H10 steel.
In Figure 8a, the worn surface of the non-borided steel
was rougher and coarser wear-debris particles were pre-
sent. The wear region of the borided steel, debris,
delamination wear, surface grooves and cracks on the
surface can be observed (Figure 9). There were micro-
cracks, abrasive particles and small holes on the worn
surface of the boride coatings. In the wear region of the
borided AISI H10 steel, there were cavities probably
formed as a result of layer fatigue (Figure 9) and cracks
concluded in delaminating wear. Figure 9 show the wear

surfaces and the cross-sectional surface (CS) of a wear
mark obtained from the wear region by analyzing
multiple profilometry surface line scans using a Nanovea
ST-400 non-contact optical profiler. It was observed that
the depth and width of the wear trace on the surfaces of
the samples decreased with an increase in the boriding
temperature and time (Figure 9). Figure 9 shows the
EDS analysis obtained from Figure 9g. Fe-based oxide
layers formed as a result of the wear test. The spallation
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Figure 9: SEM micrographs and cross-sectional surface of the
worn-out surfaces of the borided AISI H10 steel: a) 1123 K – 2 h, b)
1123 K – 2 h CS, c) 1123 K – 6 h, d) 1123 K – 6 h CS, e) 1223 K – 2
h, f) 1223 K – 2 h CS, g) 1223 K – 6 h, h) 1223 K – 6 h CS, i) EDS
analysis
Slika 9: SEM-posnetki in preseki obrabljene povr{ine boriranega jekla
AISI H10: a) 1123 K – 2 h, b) 1123 K – 2 h CS, c) 1123 K – 6 h, d)
1123 K – 6 h CS, e) 1223 K – 2 h, f) 1223 K – 2 h CS, g) 1223 K – 6
h, h) 1223 K – 6 h CS, i) EDS-analiza



of the oxide layers in the sliding direction and their
orientation extending along the wear track were
identified. When the SEM image of the worn surfaces of
the non-borided sample is examined, it can be seen that
the wear marks in Figure 8a are larger and deeper.

4 CONCLUSIONS

In this study, wear behavior and some of the me-
chanical properties of the boride layer on the surface of
borided AISI H10 steel were investigated. Some of the
conclusions can be drawn as follows:

• The boride-layer thickness on the surface of the AISI
H10 steel was obtained, depending on the boriding
time and temperature, 12.86 μm – 63.72 μm;

• The multiphase boride coatings that were thermo-
chemically grown on the AISI H10 steel were
composed of the FeB, Fe2B, CrB, Cr2B and MoB
phases;

• The surface hardness of the borided steel was in the
range 1648 HV0.05 – 1964 HV0.05, while for the
untreated the steel substrate it was 306 HV0.05;

• The lowest wear rate was obtained in the steel
borided at 1223 K for 6 h, while the highest wear rate
was obtained for the non-borided steel;

• The wear rate of the borided steel was found to be
approximately five times lower the wear rate of the
non-borided steel;

• As a result of boriding, the low surface hardness of
the AISI H10 steel was improved.
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In this study tapping operations were carried out using taps of different diameters and with different cutting parameters on AISI
304 austenitic stainless steel. The cutting performances of the taps were determined according to the cutting torques created
during the threading and the depth of cut for each cutting feed (Q). With the aid of the obtained experimental data the solution
suggestions to the problems in the threading operations for AISI 304 steel were developed. As a result it was specified that the
increasing amount of cutting in each pass directly affected the cutting torque. It was determined that there was a tendency to
decrease the cutting torque with the increasing depth of cut for each cutting feed. The best tool-life results for an M5 tap were
obtained at a 5-mm Q value, whereas for M6 taps it was at a 3-mm Q value.
Keywords: tapping, AISI 304, machinability

V {tudiji je bilo izvedeno vrezovanje notranjih navojev z uporabo navojnega vreznika z razli~nimi premeri in razli~nimi nivoji
vrezovalnih parametrov v avstenitnem jeklu AISI 304. Zmogljivosti vrezovanja navojnih vreznikov so bile dolo~ene glede na
moment, ki je nastal med vrezovanjem navojev v globino, za vsako hitrost podajanja pri vrezovanju (Q). S pomo~jo dobljenih
eksperimentalnih podatkov so bili postavljeni predlogi re{itev problemov pri postopku vrezovanja navojev pri jeklu AISI 304.
Pokazalo se je, da pove~anje vrezovanja pri vsakem prehodu neposredno vpliva na moment pri vrezovanju. Ugotovljeno je, da
se zmanj{uje moment vrezovanja s pove~anjem globine reza pri vsakem podajanju pri vrezovanju. Najbolj{a zdr`ljivost orodja
pri M5 vrezniku je bila dose`ena pri vrednosti Q = 5 mm, pri vrezniku M6 pa pri vrednosti Q = 3 mm.
Klju~ne besede: vrezovanje notranjih navojev, AISI 304, strojna obdelava

1 INTRODUCTION

The need for stainless steels in industry is increasing
day by day along with technological developments.
Several types of stainless steels are used, especially in
the manufacturing of the storage tanks, pressure vessels,
heat exchangers and stainless pipes used in the petro-
chemistry, chemistry and food industries. One of the
ways of increasing the strength of stainless steel is to in-
crease the content of the main alloying elements, such as
chrome and nickel, and to decrease the carbon content.
In recent years, rapid improvements in technology have
led to an increase in the expectations from the new me-
thods used in the manufacturing of materials.1,2

The high tensile strength of stainless steels is the
main cause of their poor machinability. The distance
between the yield and rupture points of stainless steels is
more than that of normal carbon steels. Therefore, a
higher cutting force is needed for the machining of stain-
less steels compared to normal carbon steels. The poor
machinability of austenitic stainless steels stems from
their low heat conductivity and high work-hardening
properties.3 In the turning operations of AISI 304 and
AISI 316 austenitic stainless steels, TiC/TiCN/TiN-

coated cutting tools lead to lower cutting forces than
those for TiC/TiCN/Al203-coated cutting tools. In a study
in the literature, it was specified that the cutting speed
did not cause any significant change in the cutting for-
ces, while it affected the surface roughness significantly.4

In the turning process for AISI 304 stainless steel, at
high cutting speeds exceeding the 150 m/min, the tool
wear and the surface-roughness values were decreased
with the increasing of the cutting speed.5

The cutting tools should provide the suitable cutting
parameters required for maximum efficiency. In the
threading process, the selection of the correct tap and the
necessary parameters (feed, revolution, cooling liquid
etc.) are of importance in terms of the threading quality
and the economy of production. Incorrect tap selection
causes increased costs and time loss. In Germany, in the
machine manufacturing industry, the total time spent for
threading is equal to 22 % of the total machining time.6

The operation steps between the cutting tool and the
material during tapping are complicated compared to
other cutting tools. The selection of the correct tap and
the cutting conditions is a necessity for the efficient use
of the tap. In a study, it was emphasized that higher
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forces occurred on the coatings having a lower wear
resistance, in contrast with the higher wear-resistant
coatings. In the tapping, the TiCN-coated taps exhibited
excellent abrasive and adhesive wear resistances.7 It was
specified that during the tapping of deep holes with
small-diameter taps, the reason for frequent tool break-
age was the higher torque during threading.8 The lowest
cutting torque in the tapping operations was obtained
under dry-cutting conditions.9 It was stated that the cutt-
ing liquids containing fluorine formed a lubricant film
layer between the tool and workpiece interface, which
led to an increase in tool life by preventing build-up-
edge formation on the tool and thus the cutting forces
could be decreased by about 18 %.10 The thread pre-
cision of CBN-coated taps exhibited improvements in
the tapping torque and tool life. The tool life and
tapping-torque resistances of CBN-coated taps provided
better results compared to conventionally coated taps.11

In some studies, estimation models were also developed
to predict the torque occurring during the tapping.9–13

As can be seen from the literature, the tapping of
AISI 304 stainless steel is a difficult process owing to its
poor machinability. Tapping is a complicated operation
and this makes it difficult to solve the problems in this
field. There have been limited studies carried out to de-
termine cutting torque, tool life and tool wear regarding
the tapping processes.

2 MATERIALS AND METHOD

Tapping a deep hole in the rigid tapping mode may
be difficult due to chip sticking on the tool. In such
cases, the peck rigid tapping cycle is useful. In this study,
the peck rigid tapping operation was carried out using
the Tapping cycle (G84). The chip breaking command of

G83 and the depth of cut for each cutting feed (Q) in
each pass are entered into G84 and in this way the cutt-
ing tool can break the chip during the tapping operation.
The sample program used is given as follows:
G84 X25. Y25. Z-20. R5. Q5. F203.64 S255.

At the end:
• The effect of different cutting parameters on the

cutting torque,
• The effect of the addition of the Q value to the G84

command on the cutting torque,
• The effects of Q values added to the G84 command

on the tool life were determined.
• The materials and equipment that are used in the tests

are listed below.

2.1 Experimental method

The chemical composition of the AISI 304 austenitic
stainless steel used in the tests is given in Table 1.14

The test samples were prepared as prismatic plates
with a size of 100 mm × 80 mm × 15 mm. A mold was
designed to fix the test samples to the dynamometer. In
the tapping tests, 63 holes were drilled in each sample.
The distribution of holes on the upper surface of the
samples is given in Figure 1. By taking into considera-
tion the hardness distribution around the drilled hole, the
symmetrical placing of holes on the piece was done
carefully.

The cutting forces and moments were measured
using a KISTLER 9272 A type dynamometer. The dyna-
mometer was fixed to the vertical machining center and
thus the three cutting forces (Fx, Fy, Fz) and the moment
(Mz) could be measured simultaneously. A fixing die and
a workpiece were placed on the dynamometer to perform
the cutting tests properly. In the designed system, the
force data is taken from the workpiece by direct contact
between the workpiece and the dynamometer (Figure 1).

The tap types and forms are given in the technical
data in Figure 2.

Drills with diameters of Ø4.2 and Ø5.0 mm were
used for the drilling of the tapping holes. In the tests, for
the purpose of preventing the taps experiencing excess-
ive cutting torques, a tapping cap and a safety tap holder
were used.

The wear and material adhesions on the cutting tools
were examined by using an AM413ZT Polarized Digital
Microscope at 50 × magnification (Figure 3).

In this study, four different cutting speeds (4-6-8-10
m/min) and four different Q (3-5-8-20 mm) values were
used to determine the suitable cutting parameters under
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Figure 1: Drawings of the samples used in the tests and the experi-
mental setup
Slika 1: Risba vzorcev, uporabljenih pri preizkusu in eksperimentalni
sestav

Table 1: Chemical composition of AISI 304 austenitic stainless steel14

Tabela 1: Kemijska sestava avstenitnega nerjavnega jekla AISI 30414

Chemical composition
C Mn Si P max S Cr Ni N

�0.07 % �2.00 % �1.00 % 0.045 �0.015 % 17.50–19.50 % 8.00–10.50 % �0.11



dry-cutting conditions. Taps with different diameters
were used to evaluate in detail the effects of the cutting
parameters mentioned above on the tapping process. By
considering these parameters and studies in the literature,
appropriate values in the cutting-tool catalogs were taken
into consideration.

2.2 Tapping and measurement of the cutting torque

In the tapping process, a rotating torque (cutting
torque) is produced. The most effective factor in the
tapping process is rotation torque (Figure 4). There are
some factors affecting this, i.e., chip angle, chamfer
length, tap form, work piece material, cutting liquid, etc.
A wider chip angle decreases the cutting torque, but at
the same time decreases the strength of the tap. The main
purpose of using the cutting liquid (emulsion, cutting oil,
etc.) during tapping is to decrease the friction between
the cutting tool and the workpiece. One of the main
reasons for heating and cutting torques as a result of
friction is the chip squeezing in the tap channels. To
prevent this chip squeezing, an appropriate tap form
must be selected in accordance with the workpiece and
hole type, and in this way the chip in the tap channels is

removed. In Figure 4, during the tapping process,
graphical and experimental measurements of the torque
are shown:
1. zone) beginning of cut to full contact of all chamfer

teeth,
2. zone) cutting torque of the tap that is now cutting

with all its chamfer teeth,
3. zone) breaking the machine spindle to a stop,
4. zone) bBeginning reversal of the spindle to contact of

the tooth back with the chip root left standing by the
next cutting tap tooth,

5. zone) shearing off the chip root,
6. zone) squashing back the chip root remains in place

after the shearing off of the chip root (size depending
on the chamfer relief angle of the tap and on the rear
cutting angle of the tap tooth),

7. zone) sliding friction between tap and workpiece.

3 RESULTS AND DISCUSSION

In this study, the type of tap and cutting parameters
were considered as the input, whereas cutting torque
(moment) (Mz), which is very important among the
cutting forces, was considered as the output. The change
of cutting torque (depending on the Q values) that is
created during threading under dry-cutting conditions at
different cutting speeds with the M5 tap is given in Fig-
ure 5.

From Figure 5 it is clear that the increase in the
values of Q led to a decrease in the cutting torque. The
highest cutting-torque values for all cutting speeds were
measured for the Q value of 3 mm. The reason for this is
the formation of a discontinuous cutting operation and
the insufficient heat in the cutting area for the deforma-
tion of the material.3 The second largest cutting-torque
values were obtained for the Q value of 5 mm. For the Q
value of 8 mm, 4 % and 8 % increases were calculated
for the 8 m/min and 10 m/min cutting speeds compared
to the Q value of 5 mm. At the cutting speeds of 4 m/min
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Figure 4: Graphical and experimental measurement of the cutting
torque during tapping16

Slika 4: Grafi~ni prikaz eksperimentalnih meritev momenta pri vrezo-
vanju notranjih navojev16

Tap
Tap shape

(Form DIN
371)

Mouth type Helical
channel Material

Drill
diameter

(mm)

M 5 × 0.8 Form B
(3.5-5 Thread) Oblique Flat HSS-E

(Normal) 4.2

M 6 × 1.0 Form B
(3.5-5 Thread) Oblique Flat HSS-E

(Normal) 5.0

Tap l1 (mm) l2 (mm) d2 Ø (mm) a (mm) l3 (mm)

M 5 × 0.8 70 13 6 4.9 8
M 6 × 1.0 80 15 6 4.9 8

Figure 2: Technical data of M5 and M6 taps
Slika 2: Tehni~ni podatki za M5 in M6 navojne svedre

Figure 3: Examined zones of the cutting tools through a digital micro-
scope
Slika 3: Preiskovana podro~ja rezalnega orodja, prikazana z
digitalnim mikroskopom



and 6 m/min, the cutting torque decreased in comparison
to that of the Q value of 5 mm. The lowest cutting-torque
values were obtained by increasing the Q value to 20 mm.
This was attributed to the formation of sufficient heat for
cutting in the cutting area due to the lower heat conduc-
tivity of the AISI 304 material.5,15 The continuous cutting
operation provided an easier chip removal. The angular
slope at the cutting mouth makes the chip removal easier.
In this way, there is no chip accumulation and the tap can
make the cutting operation easy. The number of cham-
fers is 4–5 threads and this decreases the moment distri-
buted to the threads, ending up with a lower cutting
moment.9,16,17

The change of cutting torque depending on the Q va-
lues that emerged during threading under dry-cutting
conditions at different cutting speeds with the M6 tap is
given in Figure 6.

For the M6 tap from Figure 6 it is clear that the in-
crease in the values of Q caused a decrease in the cutting
torque. When changing the Q values from 3 mm to 5 mm
an increase was observed, after which the tendency to
decrease continued. The highest cutting-torque values
were obtained with a Q value of 5 mm. The reason for
this was attributed to an inappropriate cutting speed/feed

ratio. In addition, the discontinuous formation of the
cutting operation caused insufficient heat for the material
deformation.11 The second highest cutting-torque values
were seen for the Q values of 3 mm and 8 mm. When Q
was 20 mm the lowest cutting-torque values were ob-
tained. This was explained by the formation of sufficient
heat for cutting in the cutting area due to the lower heat
conductivity of the AISI 304 material.3,5,15 The angular
slope at the mouth of the cutting tool and the continuous
cutting operation made the chip removal easier. Thus, the
tap worked easily and there was no chip pile-up. The
chamfer of the tap along with 4–5 threads led to a de-
crease in the moment, which was distributed to the
threads and caused the cutting moment to have lower
values.18,19

Tool-life tests were carried out at an 8 m/min cutting
speed (average speed). Graphics were drawn by calcul-
ating the distance of the cutting tool as the cutting-tool
life. The distance of the cutting tool was calculated by
multiplying the workpiece thickness by the number of
threaded holes. Tapping processes were repeated until
the breaking of each cutting tool and obtaining the
excessive chip build-up-edge.

Figure 7 shows that in the tool-life tests with the M5
tap the shortest tool life came out to be 60 mm at the
lowest and highest Q values. The best tool life was deter-
mined to be 200 mm for the 5 mm Q value. When the
cutting-tool life for the M5 tap is examined, it is seen
that the tool life decreases with an increasing Q value.

As seen from Figure 8 the chip build-up-edge values
on the cutting tools are the most important factor affect-
ing the tool life.11,13,18 In stainless steels, higher ductility
makes the machinability difficult. In tapping, the mate-
rial build-up-edge to the cutting mouths causes squeez-
ing. As a result of these squeezes there are breakages in
the cutting tools (Figure 8d).

When Figure 7 is examined for the M6 tap, the effect
of Q value is clearly seen. The longest tool life for a
3 mm Q value was 255 mm. The tool life decreased with
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Figure 5: Change of cutting torque (depending on the Q values) at
different cutting speeds with the M5 tap
Slika 5: Spreminjanje momenta pri vrezovanju (odvisno od vrednosti
Q) pri razli~nih hitrostih rezanja z navojnim svedrom M5

Figure 7: Change of tool life for M5 and M6 taps depending on the Q
values
Slika 7: Spreminjanje zdr`ljivosti M5 in M6 navojnega svedra v
odvisnosti od vrednosti Q

Figure 6: Change of cutting torque (depending on the Q values) at
different cutting speeds with the M6 tap
Slika 6: Spreminjanje momenta pri vrezovanju (odvisno od vrednosti
Q), pri razli~nih hitrostih rezanja z navojnim svedrom M6



an increasing Q value. The second best tool life (240
mm) was obtained for a 20 mm Q value.

From Figure 9 it is clear that all of the cutting tools
were broken due to tool squeezing. The main reason for
the breaking of the tools was the build-up-edge of the
chip. The ductile structure of the AISI 304 material pro-
vides the build-up-edge formation at the cutting mouths
of the taps. The filling of cutting mouths makes the cutt-
ing operation difficult and causes breakage of the cutting
tool.11,13

When Figure 7 was examined for the M5 and M6
taps, it was seen that the best tool-life results were ob-
tained with the M6 taps. The effect of Q value was seen
clearly for both the cutting tools. The best tool-life
results for the M5 tap were obtained for a 5 mm Q value,
and for a 3 mm Q with M6. The best results from the
point of view of cutting torques were not obtained at
these values mentioned above, but this did not affect the
tool life significantly. As a result, in threading with
small-scale taps under suitable conditions, it can be said
that the Q value can be used.

4 CONCLUSION

The results obtained from this study are summarized
as below:

• The cutting-torque values for each of the depth of cut
and cutting feed (Q) values have been determined.
This was the case for both cutters. A high cutting
torque was obtained with the lowest and highest Q
values.

• The most important factor affecting the tool life was
the build-up-edge formation on the tools. In the tapp-
ing operation, the build-up-edge chips on the cutting
mouths caused squeezing, which resulted in break-
ages of the cutting tools.

• Tapping operations were carried out using the M5
and M6 taps on the AISI 304 austenitic stainless
steel. It was specified that an increase of the depth of
cut for each cutting feed (Q) directly affected the
cutting torque. The Q value affecting the tool life was
determined.
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In this research, the chemical synthesis and densification behavior of Ag/ZnO metal-matrix composites were investigated. The
initial precipitates were obtained by adding ammonium carbonate solution to silver and zinc nitrate solutions. The precipitates
consisted of silver and zinc carbonates. The thermal behavior of the precipitates was studied using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). The TGA curve showed three distinguishable mass-loss stages, related to
the evaporation of physically adsorbed water and also the decomposition of silver and zinc carbonates into silver and zinc
oxides, respectively. The mass-loss stages were associated with three endothermic reactions. According to the thermal-analysis
results, the precipitates were calcined at 600 °C. The compressibility behavior of the synthesized Ag/ZnO powders was
evaluated using the Heckel, Panelli and Ge models. The compaction data of the powders was best fitted to the Heckel equation.
The synthesized powders were sintered at 930 °C. The results showed that by increasing the cold-compaction magnitude prior to
sintering, the sinterability of the powders was enhanced. The microstructural evaluation of the synthesized composites carried
out with a scanning electron microscope (SEM) confirmed a fine and homogenous dispersion of ZnO within the silver matrix.
Keywords: Ag/ZnO composites, densification, thermal analysis, sintering

V raziskavi je bilo preiskovano obna{anje Ag/ZnO kompozita na kovinski osnovi pri kemijski sintezi in zgo{~evanju. Za~etni
izlo~ki so bili dobljeni z dodatkom raztopine srebrovega in cinkovega karbonata v raztopino amonijevega nitrata. Izlo~ki so bili
sestavljeni iz srebrovega in cinkovega karbonata. Toplotno obna{anje izlo~kov je bilo posneto s termogravimetri~no analizo
(TGA) in z diferen~no vrsti~no kalorimetrijo (DSC). TGA krivulja je pokazala stopnje ob~utne izgube mase, ki so bile povezane
z uplinjanjem fizi~no adsorbirane vode in tudi z razgradnjo srebrovega in cinkovega karbonata v srebro in v cinkov oksid.
Stopnje izgube mase so bile povezane s tremi endotermnimi reakcijami. Na podlagi rezultatov termoanalize so bili izlo~ki
kalcinirani pri 600 °C. Stisljivost sintetiziranega Ag/ZnO prahu je bila dolo~ena z uporabo Heckel, Panelli in Ge modelov.
Podatki za kompaktiranje prahov so se najbolje ujemali s Heckel ena~bo. Sintetizirani prahovi so bili sintrani pri 930 °C. Rezul-
tati so pokazali, da pove~evanje obsega zgo{~evanja pred sintranjem pospe{uje sposobnost prahu za sintranje. Ocena mikro-
strukture sintetiziranega kompozita z vrsti~no elektronsko mikroskopijo (SEM) je potrdila drobno in homogeno razporeditev
ZnO v osnovi iz srebra.
Klju~ne besede: Ag/ZnO kompoziti, zgo{~evanje, termi~na analiza, sintranje

1 INTRODUCTION

Silver-matrix particle-reinforced composites are used
in several types of electrical contacts with different
applications such as starting switches, oil- and air-circuit
breakers, relays and thermostat controls. The properties
of the contact depend on the characteristics and volume
fraction of the reinforcement(s). Various non-refractory
and refractory metals and hard materials like iron, tungs-
ten, molybdenum, tungsten carbide and zinc oxide are
used as the reinforcement for this group of metal-matrix
composites. Silver-matrix composites are made with the
melt-cast method or manufactured with powder-metall-
urgy (P/M) processes.1 The conventional P/M method,
applied as the manufacturing process includes cold com-
paction and sintering of silver and reinforcing consti-
tuent powder blends.1,2

The magnitude of the cold-compaction pressure and
sintering temperature significantly affects the final sint-
ering density and other physical properties of the powder

compacts. Recently, it has been shown that a fine and
homogenous dispersion of the reinforcement within the
matrix phase leads to the desired electrical advantages
like the arc stability and also a reduction of the arc-ero-
sion rate of a contact.3 Different methods like mechani-
cal milling4,5, mechanochemical6 and chemical precipita-
tion7 were applied to synthesize the particle-reinforced
silver-matrix composites with a fine dispersion of the
reinforcing phase.

In this research, a synthesis of Ag/ZnO powders via
the chemical-precipitation process was investigated.
Also, the effect of the cold-compaction pressure magni-
tude prior to the sintering on the solid-state sinterability
of the synthesized powders was studied. Furthermore,
the compressibility behavior of the synthesized powders
was evaluated using the Heckel, Panelli-Ambrosio and
Ge models:8,9

ln
1

1−
⎛
⎝
⎜ ⎞

⎠
⎟

D
= KP + B1 (Heckel equation) (1)
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lg ln
1

1−
⎛
⎝
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⎠
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⎣⎢
⎤
⎦⎥D

= K ln P + B3 (Ge equation) (3)

where D is the relative density, P is the cold pressure
and B1, B2 and B3 are the constants.

2 EXPERIMENTAL WORK

Silver and zinc nitrate were used as the precursors. In
order to synthesize the 8 % of mass fractions of Ag, ZnO
powders, silver and zinc nitrate solutions were made in
distilled water separately. A 0.5 molar solution of ammo-
nium carbonate was added to the prepared solutions drop
by drop. Subsequently, the prepared solutions containing
the precipitates were mixed and the prepared mixture
was stirred vigorously for 3 h at 50 °C. In order to
determine the appropriate calcination temperature of the
obtained precipitates, the thermal behavior of the
precipitates was investigated using simultaneous thermal
analysis (STA) up to 800 °C with a heating rate of 10
°C/min in air atmosphere. On the basis of the STA result,
the precipitates were calcined at 600 °C for 2 h. The
calcined powders were characterized with the X-ray
diffraction (XRD) technique. The calcined powders were
cold compacted with (100, 200 and 300) MPa in a 10
mm diameter cylindrical die and sintered at 930 °C for 2
h in air atmosphere. The microstructures of the powders
and the sintered composites were evaluated with
scanning electron microscopy (SEM).

3 RESULTS AND DISCUSSION

Figure 1 shows the microstructure of the initial
precipitates. According to this figure, the particles have
cylindrical and polygonal shapes. One of the advantages
of the applied precipitation process was the use of
chemical precursors that did not contain sodium. This
agent was used due to the agglomeration of the synthe-

sized precipitates. However, in order to decrease the
agglomeration degree of the particles, the synthesized
compounds should be washed for several times, which is
a time consuming process. The XRD pattern of the
precipitates is shown in Figure 2. According to the XRD
pattern, the precipitates consisted of silver and zinc
carbonates.

The TGA, DTG and DSC curves of the initial pre-
cipitates are shown in Figures 3a and 3b. According to
the TG and DTG curves, the mass loss of the precipitates
occurred up to 600 °C and above this temperature no
detectable mass change is seen in the TGA curve. This
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Figure 1: SEM image of the initial precipitates
Slika 1: SEM-posnetek za~etnih izlo~kov

Figure 3: a) TGA and DTG curves of the initial precipitates, b) DSC
curve of the initial precipitates
Slika 3: a) TGA- in DTG-krivulji za~etnih izlo~kov, b) DSC-krivulja
za~etnih izlo~kov

Figure 2: XRD pattern of the initial precipitates
Slika 2: Rentgenogram za~etnih izlo~kov



observation shows that the volatile constituents, such as
carbon dioxide, evaporated completely due to the heating
of the initial precipitates at 600 °C. Also, according to
the DSC curve, the decomposition of the precipitates was
due to three endothermic reactions at (197, 226 and 346)
°C. So, the appropriate calcination temperature of the
initial precipitates was 600 °C.

The XRD pattern of the calcined precipitates is
shown in Figure 4. This pattern confirms the formation
of Ag and ZnO during the calcination that was due to the
decomposition of silver and zinc carbonates, respec-
tively. The SEM image of the calcined powders is shown
in Figure 5. As it is observed, the particles were agglo-
merated due to calcination at 600 °C. Furthermore, it
seems that the heat treatment of the initial precipitates
and also the evaporation of the volatile compounds led to
considerable microstructural changes of the precipitates
during the calcination.

The result of the XRD analysis is in good agreement
with the theoretical weight-loss measurements of the
precipitates during the calcination that can be calculated
using the thermogravimetric curve. According to the
TGA curve, the total weight loss during the calcination is
24 %. The theoretical weight loss of the sample can be
calculated considering the XRD analysis of the initial
and calcined precipitates as shown below:

Ag2CO3, ZnCO3 � Ag, ZnO

% total weight loss =
2

3

m m

m m
Ag ZnO

Ag CO ZnCO2 3

+

+
	74 % (4)

100 – 74 = 26 % (theoretical weight loss)

where m is the molar weight of the constituent.
The difference between the theoretical calculations

and experimental data (2 %) may be due to the evapo-
ration of the physically adsorbed water during the first
weight-loss stage of the sample. According to the TGA
curve, the weight loss of the precipitates during the first
stage is 1.5 %, which is too close to the difference value.
The second stage of the weight loss in the TGA curve
corresponds to the decomposition of zinc carbonate to

zinc oxide. The corresponding weight loss of the sample
during the second stage is about 10.5 %, which is in
good agreement with the theoretical calculation:

Ag2CO3, ZnCO3 � Ag2CO3, ZnO

% weight loss of the second stage =

=
2

3

m m

m m
Ag CO ZnO

Ag CO ZnCO

2 3

2 3

+

+
	12 % (5)

The third weight-loss stage in the TGA curve corres-
ponds to the decomposition of silver carbonate to silver.

The cold-compressibility behavior of the synthesized
powders was investigated using the Heckel, Panelli-Am-
brosio and Ge models. Three plots were drawn: a plot
was drawn with ln(1/1–D) along the y-axis and P along
the x-axis (the Panelli-Ambrosio model – Figure 6); a plot
was drawn with ln(1/1–D) along the y-axis and P along
the x-axis (the Heckel model – Figure 7); and a plot was
drawn with lg(ln(1/1–D)) along the y-axis and lg P along
the x-axis (the Ge model – Figure 8). Based on the R2

values, it can be declared that the compaction data of the
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Figure 6: ln(1/1–D) versus the square root of uniaxial-pressure com-
paction magnitude P (the Panelli-Ambrosio equation)
Slika 6: Odvisnost ln (1/1–D) od kvadratnega korena nihanja tlaka pri
enoosnem stiskanju P (ena~ba Panelli-Ambrosio)

Figure 4: XRD pattern of the calcined precipitates
Slika 4: Rentgenogram kalciniranih izlo~kov

Figure 5: SEM image of the calcined powder. The powder particles
are agglomerated.
Slika 5: SEM-posnetek kalciniranega prahu. Delci prahu so aglome-
rirani.



synthesized powders was best fitted to the Heckel
equation.

As mentioned before, the synthesized powders were
sintered at 930 °C, which is below the melting points of
silver and zinc oxide. In other words, the powder com-
pacts were sintered in the solid state. As it is known,
during the solid-state sintering, the main mechanism for
the densification and elimination of microstructural
porosities is the diffusion of atoms. However, it can be
declared that in the case of powder blends, the con-
stituent with a relatively low melting point has a larger
effect on the overall densification, which is due to the
relatively low activation energy for the diffusion of
atoms. So, in the case of the Ag/ZnO powders, the
dominant mechanism for the consolidation of the powder
compacts is the diffusion of silver atoms during the
sintering process. It is worthy to note that the melting
points of zinc oxide and silver are 961.8 °C and 1975 °C,
respectively.

Figure 9 shows the relative green and sintered
densities versus the cold compaction prior to the sinter-
ing. On the basis of the obtained results, the samples that
were cold compacted at 300 MPa had the highest final

sintered relative density among the specimens. Accord-
ing to Figure 9, by increasing the cold-compaction
pressure, the difference between the green- and final
sintered-density values of the powder compacts was
increased. However, the slope of line (1) is higher than
that of line (2) in Figure 9. This observation implies that
the cold-compaction pressure has a significant effect on
the densification of the powder compacts during the
solid-state sintering.

The difference between the relative sintered- and
green-density values at each compression is shown in
Figure 10. It seems that there is a logarithmic relation-
ship between the difference value and the cold-compac-
tion pressure. The value of correlation coefficient R2 for
the corresponding logarithmic curve is very close to
unity. Based on the derived equation (y = 0.0622 ln x –
0.2447), it can be concluded that if the cold-compaction
pressure of the powders is below 38 MPa, no detectable
densification will occur during the solid-state sintering
(y = 0). More investigations should be done in this
regard.
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Figure 9: Green and sintered relative densities of the powders versus
the magnitude of cold compaction prior to sintering
Slika 9: Zelene in sintrane gostote prahov v odvisnosti od hladnega
stiskanja pred sintranjem

Figure 7: ln(1/1–D) versus uniaxial-pressure compaction magnitude
(P) (the Heckel equation)
Slika 7: Odvisnost ln(1/1–D) od nihanja enoosnega tlaka pri stiskanju
(P) (ena~ba Heckel)

Figure 10: Difference between the relative sintered- and green-density
values at each compression
Slika 10: Razlika vrednosti relativne sintrane in zelene gostote pri
vsakem stiskanju

Figure 8: lg(ln(1/1–D)) versus uniaxial-pressure compaction mag-
nitude (lg P) (the Ge equation)
Slika 8: Odvisnost lg(ln(1/1–D)) od nihanja enoosnega tlaka pri
stiskanju (lg P) (ena~ba Ge)



The sinterability (�) of the synthesized powders is
determined with the following Equation9:

� = (ds – dg) / (dth – dg) (6)

where dth, dg and ds are the theoretical, green and sin-
tered densities, respectively.

Figure 11 shows the sinterability of the powder
compacts at different cold-compaction pressures. As it is
observed, by increasing the cold-compaction pressure
prior to sintering, the sinterability of the powder com-

pacts was enhanced. So, it can be concluded that the
magnitude of the cold-compaction pressure has a signi-
ficant influence on the atomic diffusion during sintering.
By increasing the cold-compaction pressure of the
powder compacts, the plastic deformation of the powder
particles led to an increase in the dislocation density
within the microstructures of the particles.

Increasing the number of dislocations, which are one
of the main diffusion paths for the diffusion of atoms,
may facilitate atomic diffusion during the solid-state
sintering. However, the annealing of the cold-worked
powder particles during the solid-state sintering process
leads to the annihilation of dislocations within the micro-
structures of the particles. So, it can be concluded that
the positive effect of dislocations on the atomic diffusion
is more important at the initial stage of the sintering
process than at the intermediate or final stages.

SEM micrographs of the synthesized composites are
shown in Figure 12. These figures also show an elemen-
tal-map analysis of the composites that were cold
compacted at 300 MPa prior to the sintering. The micro-
structures of the composites consist of the silver matrix,
the zinc-oxide reinforcement and also porosities (Fig-
ures 12a to 12c). Figures 12d and 12e show the silver
and zinc map analyses of Figure 12c. The white regions
in Figures 12d and 12e are the silver and zinc oxide
regions, respectively. It can be stated that the porosities
mainly exist at the interface of silver and zinc oxide.
However, by increasing the cold-compaction pressure,
the size and volume fraction of the porosities were
reduced. According to Figure 12, the samples that were
cold compacted at 200 MPa and 300 MPa prior to the
sintering contain silver regions within the bulk of the
ZnO reinforcements. This fine dispersion of the consti-
tuents within the microstructures of the sintered speci-
mens enhances the homogeneity of the synthesized
composites.

4 CONCLUSION

In this study, Ag/ZnO composites were synthesized
via a chemical precipitation process. Silver and zinc
carbonates were used as the precursors. The initial pre-
cipitates contained silver and zinc carbonates. The calci-
nation of the precipitates at 600 °C occurred due to the
decomposition of the carbonates and the formation of
desired powder constituents, i.e., silver and zinc oxide.
The compressibility-behavior investigations confirmed
that the most accurate model for describing the com-
pressibility behavior of the synthesized powders was the
Heckel equation. Furthermore, the results showed that by
increasing the cold-compaction pressure prior to sinter-
ing, the density of the synthesized composites was
increased.
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Figure 12: SEM images of the sintered composites cold compacted at:
a) 100 MPa, b) 200 MPa and c) 300 MPa prior to sintering, d) silver
map analysis of Figure 12c, e) zinc map analysis of Figure 12c
Slika 12: SEM-posnetki sintranih kompozitov, ki so bili hladno
stisnjeni pri: a) 100 MPa, b) 200 MPa in c) 300 MPa pred sintranjem,
d) analiza razporeditve srebra na Sliki 12c, e) analiza razporeditve
cinka na Sliki 12c

Figure 11: Sinterability (�) of the powder compacts at different
cold-compaction pressures
Slika 11: Sposobnost sintranja (�) vzorcev, stisnjenih pri razli~nih
tlakih v hladnem
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The quality production technology for the WNr. 1.8504 steel was developed. The aim of the work was to achieve the required
internal micro-purity and determine the effects of different production technologies on the qualitative parameters of forged-steel
pieces. Firstly, polygonal ingots weighing 1600 kg were produced, using the metallurgical units, in a controlled-atmosphere
induction-melting furnace (IM) without vacuum treatment, and in a vacuum and pressurized induction-melting furnace (VPIM)
with vacuum treatment. The ingots were subsequently reshaped by open-die forging into bars with a rectangular cross-section.
The effect of the ingot-production technology was evaluated by comparing the forged-steel pieces in terms of their purity,
macrostructure and microstructure.
Keywords: vacuum, inclusion, aluminium, steel

Izvr{en je bil razvoj kakovostne proizvodne tehnologije jekla W.Nr. 1.8504. Namen je bil dose~i `eleno notranjo mikro~isto~o in
ugotoviti vpliv razli~nih tehnologij proizvodnje na kvalitativne parametre odkovkov. Najprej so bili izdelani poligonalni kovani
ingoti z maso 1600 kg, z uporabo naslednjih metalur{kih agregatov: v indukcijski talilni pe~i s kontrolirano atmosfero (IF) brez
vakuumskega rafiniranja in v vakuumski ter indukcijski talilni pe~i (VPIM) s povi{anim tlakom in z vakuumskim rafiniranjem.
Nato so bili ingoti s prostim kovanjem preoblikovani v palice s pravokotnim prerezom. Vpliv tehnologije proizvodnje ingotov je
bil ocenjen s primerjavo odkovkov z vidika ~istosti, makro in mikrostrukture.
Klju~ne besede: vakuum, vklju~ki, aluminij, jeklo

1 INTRODUCTION

Aluminium is primarily used in steel as a deoxidising
agent as well as an alloying element. In a melt, alumi-
nium occurs in the dissolved form, in a solid solution as
aluminium metal, aluminium oxide Al2O3 and, in an
interaction with nitrogen, also as aluminium nitride
AlN.1 An increased aluminium content in steel reduces
its formability due to the mechanical effect of its pre-
cipitates, and alternatively also due to its local ferrite
affecting the structural state. An increased concentration
of strongly ferrite generating aluminium may occur in
the vicinity of dissolved AlN particles. AlN is separated
in steel in the form of acicular crystals, usually on the
grain borders. The quality of WNr.1.8504 (hereinafter
referred to as the "steel") is, with regard to its chemical
composition, intended for surface nitration. Nitration is a
saturation of the steel surface with nitrogen that creates
hard nitrides with the alloying elements Al, Cr, Ti and V.
Figure 1 shows an example of a nitrated steel layer. The
process of nitration takes place at temperatures of 500 °C
– 540 °C for about 50 h2, when the nitrated steel layer

achieves a 0.3 mm thickness in 30 h, and a 0.5 mm thick-
ness in 50 h. The process depends on the temperature,
pressure, chemical composition of the steel and atmo-
spheric composition.

Materiali in tehnologije / Materials and technology 50 (2016) 2, 287

UDK ISSN 1580-2949
MTAEC9, 50(2)287(2016)

Figure 1: Example of a nitrated steel layer2

Slika 1: Primer nitrirane plasti na jeklu2



Nitrogen is thus an element that creates AlN nitrides
with Al in steel, which are very hard and non-malleable.
On the steel surface, it creates a hard, abrasion-resistant
area. AlN nitrades inside the steel are non-malleable
inclusions that impair the micro-purity of the steel. This
work is concerned with the elimination of AlN inclu-
sions from the WNr. 1.8504 quality steel with a high Al
mass content of 0.8 % – 1.1 %. The chemical compo-
sition of the steel according to the standard3 and the
chemical compositions of the monitored and evaluated
melts and forged pieces are shown in Table 2.

An important step in the elimination of the AlN-type
inclusions with a high aluminium content from steel is
the reduction of the nitrogen content to the minimum
level.

1.1 Nitrogen in steel

Nitrogen in steel not only reacts with iron but also
with other dissolved elements, forming a wide variety of
compounds. These are dominated by nitrides, but carbo-
nitrides, oxynitrides, cyanonitrides, complex binary
nitrides and other phases of variable compositions can
occur as well. Their existence depends on a number of
factors, such as the composition of the steel, the melting
method, the temperature, the pressure, the thermal treat-
ment, etc.4 In our case, aluminium nitrides form under
the liquidus temperature and re-dissolve in the steel at
temperatures of 900 °C – 1100 °C, where the dissolution
rate is a function of the material temperature and struc-
ture.5 Increased frequency and size of, for example, the
AlN particles may lead to the generation of inter-
crystalline steel fractures. The effects of the elements on
the solubility of nitrogen in molten iron at a temperature

of 1600 °C and a nitrogen pressure of 100 kPa are pre-
sented in Figure 2.4

Surface-active elements such as sulphur and oxygen
hinder the removal of nitrogen from the molten steel
during vacuuming (nitrogen diffusion in argon bubbles
during bubbling) and from the vacuum above the steel
surface. If reducing the nitrogen content, e.g., to a
required value below 40 ppm, very low values of sulphur
and oxygen need to be ensured at the same time. See
Figures 3 and 4 for a graphic illustration of this depen-
dence.6

2 SOLUBILITY OF NITROGEN IN STEEL

The solubility of nitrogen in steel and the effects of
individual elements are described in detail in a previous
paper.7 The transition of nitrogen in steel is governed by
Sievert’s law, which presupposes its atomic dissolution.
The dependence of the nitrogen content in an iron melt at
pressure is described with relationship (1):

[ ] { }%N Fe
N

N
N

rel.
= ⋅

K

f
p

2
(1)
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Figure 4: Nitrogen removal by tank degassing as a function of sulphur
content6

Slika 4: Zmanj{anje vsebnosti du{ika pri odstranjevanju plina v ko-
mori, kot funkcija skupne vsebnosti `vepla6

Figure 2: Effects of elements on the solubility of nitrogen in molten
iron at a temperature of 1600 °C and a pressure of 100 kPa4

Slika 2: Vpliv elementov na topnost du{ika v staljenem `elezu pri
1600°C in tlaku 100 kPa4

Figure 3: Nitrogen removal by tank degassing as a function of the
total oxygen content6

Slika 3: Zmanj{anje vsebnosti du{ika pri odstranjevanju plina v ko-
mori, kot funkcija skupne vsebnosti kisika6



where:
KN is the equilibrium constant of the dissolution process

(% mass) maximum,
fN is the nitrogen activity coefficient in iron melt1,

{ }pN
rel.2

is the relative partial nitrogen pressure above

iron melt.1

The equilibrium constant KN expresses the nitrogen
solubility in iron under standard conditions, i.e., its

maximum content under a pressure of 0.1 MPa{ }pN
rel.2

= 1 a fN = 1. The temperature dependence of nitrogen
solubility is expressed with equation (2):

[ ]lg . lg %K
TN FeN= − − =

188
1246 (2)

and the adequate dependence of the reaction-free en-
thalpy on the temperature is expressed with relationship
( 3):

ΔG T0 3600 2386= + . (J) (3)

As it is clear from equation (2), the solubility of ni-
trogen at a temperature of 1600 °C is 450 ppm, but it
drops significantly when the melt solidifies. It slightly
increases in iron �, and then drops in iron � to approxi-
mately 15 ppm at 600 °C.

The nitrogen solubility in steel is significantly
affected by the presence of alloying elements, parti-
cularly in highly alloyed corrosion-resistant steels. The
effect of alloying elements is manifested in the value of
active coefficient fN:

[ ]lg %f eN N
X

FeN= ∑ (4)

This effect can be expressed by means of interaction
coefficients eN(1873K)

X . The temperature dependence of the
interaction coefficients expressing the effects of elements
on the nitrogen activity was described by Chipman and,
according to the author8, it is expressed with relation (5):

e
T

eTN( , K)
X

N(1873K)
X= −⎛

⎝
⎜ ⎞

⎠
⎟ ⋅

3280
0 75. (5)

Therefore, the dependence of the nitrogen solubility
on the temperature can be expressed with equations (6)
and (7):

[ ] { }lg % lg lg lgN steel N N N
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= − +K f p
1

2 2
(6)
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An improvement of the calculation is, especially for
highly alloyed steels (e.g. CrNi steels) conditioned not
only by the knowledge of the first values of the inte-
raction coefficients but also of the second values and the
cross-interaction coefficients, see equation (8):

[ ] [ ] [ ]
[ ][ ]

lg % lg % %

% %

N N X

X Y

steel Fe N
X

N
X, Y

= − ⋅ −

− ⋅

∑
∑

e

e

2

(8)

For significantly corrosion-resistant steel alloys,
these values are quoted by, e.g., Buzek in its paper8, see
Table 1.

Table 1: Values of interaction coefficients 1, 2, and cross-interaction
coefficients8

Tabela 1: Vrednosti interakcijskih koeficientov 1., 2. in navzkri`nih8

X (% mass) eN(1873K)
X rN(1873K)

X rN(1873K)
X, Y

Cr –0.0468 +0.00034 –
Nb –0.0667 +0.00019 +0.00136 (Cr-Nb)
Mo –0.0106 – +0.00002 (Cr-Mo)
Ni +0.0107 – –0.00041 (Cr-Ni)
Si +0.047 – –0.00149 (Cr-Si)

1.3 Elimination of AlN from WNr.1.8504 quality steel

Elimination of the AlN inclusions from steel
commenced with the evaluation of standardly produced
steel with production-technology adjustments. The ob-
jective of the work was a reduction of the nitrogen con-
tent and thus the occurrence of AlN in the final product.
In MMR, ingots were produced in an atmospheric
induction-melting furnace (hereinafter referred to as the
IF) with a nominal batch weight of 1750 kg, and in a
vacuum and pressurized induction-melting furnace
(hereinafter referred to as the VPIM), in which vacuum
degassing (VD) at a pressure of 40 Pa (a), or vacuum
oxygen decarburisation (VOD) can be carried out by
means of an oxygen-argon nozzle.

One polygonal ingot for forging, V2A, was produced
from each melt, weighing approximately 1650 kg. With
every melt, the ingot was filled from the bottom through
the casting system. The ingots were forged by open-die
forging into bars of the following dimensions: 140–160
× 90–110 mm.

The melts were produced and found as follows:
Melt 1 – Production of the melt in the IF with casting on

an atmospheric casting bed under a protective argon
atmosphere.

Melt 2 – Production of the melt in the VPIM, vacuum
refined with VD, with casting on an atmospheric
casting bed under a protective argon atmosphere.

Melt 3 – Production of the melt in the VPIM, vacuum
refined with VD, with casting under a protective
argon atmosphere in a cofferdam.
The chemical compositions of the melts and the

forged pieces of the evaluated melts are listed in Table 2.
All the melts and forged pieces featured the required
standardised chemical composition. The content of
nitrogen in the forged piece from Melt 1 was 132 ppm.
This amount was reduced to the value of 108 ppm,
through the VD process, in the pieces forged from Melts
2 and 3.
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Elements of C, S, N were determined with the ther-
mochemical method using equipment LECO CS 230 and
LECO TCH 600. Metal samples were melted in an
induction (for C and S) or resistor (for N) furnace in a
gas stream. The gas was analysed for the absorption of
infrared radiation (for SO2 and CO2) and the change in
the thermal conductivity was measured (for N2). Ele-
ments Si, Mn, P, S, Cr were determined with an X-ray
spectrometry apparatus, ARL ADVANT’X IntelliPower
THERMOFISHER SCIENTIFIC. The method of seque-
ntial X-ray fluorescence spectrometry is based on the
excitation of characteristic X-rays of the elements pre-
sent in a sample using an X-ray lamp. The Al element
was determined on Optima 3000SC PERKIN ELMER.
The analysed sample was dissolved in acids and
transferred into the solution, and then it was measured
using optical emission spectrometry with inductively
bounded plasma.

The pieces forged from all the melts were subjected
to non-destructive ultrasound testing according to SEP
1921/84 Group 3, Class C/c. All the forged pieces fully
conformed to the evaluation.

The work further presents an evaluation of the
micro-purity of the pieces forged from Melts 1 to 3,
according to ASTM E45-10, method A. This method
classifies the inclusions by their shape and light reflec-
tivity only, so their chemical composition plays no role.
For the above reason, a spectral microanalysis was also

performed with a scanning electron microscope JEOL
JSM-5510, equipped with an energy-dispersive analyser
from Oxford Instruments, with which the chemical
compositions of the inclusions were determined. Last but
not least, the work presents an evaluation of the forged
pieces’ macrostructures.

1.4 Micro-purity of the pieces forged from Melt 1 in
the IF

First of all, micro-purity was evaluated on the pieces
forged from Melt 1 in the IF. Very coarse inclusions, spot
D (oxidic inclusions), were observed in the specimens
that often exceeded the allowed limit of 12 μm, specified
in the classification of these inclusions. The biggest
inclusion achieved the size of 49 μm; the spot-D (oxidic)
inclusions were not quite standard, i.e., globular. They
featured a rather sharp-edged shape with s variable size.
Then there was a smaller quantity of specimens with the
inclusions arranged in lines, often in combination with
sulphides that were, using the relevant standard etalon,
evaluated as the B type – line Al2O3. A very low number
of slightly shaped A-type inclusions were then observed
in some places, exceeding the thickness of 6 μm that is
specified for the coarse A-type inclusions. Examples of
non-metallic inclusions are shown in Figures 5 and 6;
see Figures 7 and 8 for the chemical compositions of the
most frequent inclusions.

V. KURKA et al.: INCREASING MICRO-PURITY AND DETERMINING THE EFFECTS OF THE PRODUCTION ...

290 Materiali in tehnologije / Materials and technology 50 (2016) 2,

Table 2: Chemical compositions of standardised3 WNr. 1.8504, the melts and forged pieces (% mass)
Tabela 2: Kemijska sestava normiranega3 jekla WNr. 1.8504, taline in odkovkov (% mase)

1.8504 C Si Mn P S Cr Aldiss. Albound Altotal N

Standard
min 0.30 0.15 0.60 – – 1.20 – – 0.800 –
max 0.37 0.35 0.90 0.035 0.035 1.50 – – 1.100 –

Melt 1
melt 0.33 0.30 0.81 0.017 0.006 1.39 – – 1.20 –

forged piece 0.33 0.30 0.82 0.012 0.007 1.42 1.08 0.02 1.10 0.0132

Melt 2
melt 0.33 0.27 0.70 0.015 0.007 1.44 – – 1.11 –

forged piece 0.34 0.26 0.73 0.011 0.008 1.45 1.07 0.02 1.09 0.0108

Melt 3
melt 0.35 0.24 0.76 0.018 0.007 1.47 – – 0.97 –

forged piece 0.35 0.23 0.77 0.010 0.007 1.48 0.94 0.02 0.96 0.0108

Figure 6: Non-metallic inclusions in the piece forged from Melt 1;
magnified 330×
Slika 6: Nekovinski vklju~ki v odkovku iz taline1. Pove~ava 65

Figure 5: Non-metallic inclusions in the piece forged from Melt 1;
magnified 65×
Slika 5: Nekovinski vklju~ki v odkovku iz taline 1. Pove~ava 65 x



Table 3 shows the results of the micro-purity eva-
luation; the table also includes the largest inclusion
found in the tested metal specimens.

1.5 Micro-purity of the pieces forged from Melt 2 in
the VPIM through the VD process and casting
under Ar atmosphere

During the examination of the polished state, most
often non-metallic inclusions of D- and A-type com-
plexes were observed in the tested chains, as shown in
Figures 9 and 10. Oval inclusion particles were often
locally dispersed in the metallic matrix in the forged
pieces, sometimes achieving a diameter of 48 μm. The
results of the micro-purity evaluation of Melt 2 are
shown in Table 3.

Locally occurring complex non-metallic particles on
the tested specimen surfaces were classified into groups
with the closest shape similarity. The majority of the
tested inclusions were observed to be globular particles
(D type) or elongated sulphides (A type). Small-scale
tiny lines of B-type inclusions were observed in the
forged-piece matrix as well.

The microanalysis detected the chemical composi-
tions of the most frequent inclusions of the AlN type, as
shown in Figure 11, the MnS type, as shown in Figure
12, or the complex AlN-MnS type inclusions, as shown
in Figure 13.
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Figure 8: EDX spectrum of non-metallic Al2O3 particles in the piece
forged from Melt 1
Slika 8: EDX spekter nekovinskih delcev Al2O3, v odkovku iz 1.
taljenja

Figure 7: EDX spectrum of non-metallic AlN particles in the piece
forged from Melt 1
Slika 7: EDX spekter nekovinskih delcev AIN, v odkovku iz 1.
taljenja

Figure 11: EDX spectrum of non-metallic AlN particles in the piece
forged from Melt 2
Slika 11: EDX spekter nekovinskih delcev AIN, v odkovku iz taline 2

Figure 10: Non-metallic inclusions in the piece forged from Melt 2;
magnified 330×
Slika 10: Nekovinski vklju~ki v odkovku iz taline 2. Ppove~ava 330x

Figure 9: Non-metallic inclusions in the piece forged from Melt 2;
magnified 65×
Slika 9: Nekovinski vklju~ki v odkovku iz taline 2. Pove~ava 65x



1.6 Micro-purity of the piece forged from Melt 3 in
VPIM through the VD process and casting in the
cofferdam under Ar

As in the previous cases, the presence of a high
amount of coarse inclusions was detected in this forged
piece; due to their shape, these inclusions were classified
as D-type inclusions (oxidic inclusions). Their size
significantly exceeded the admissible diameter of up to
12 μm specified for the D-type inclusions. The occur-
rence of these inclusions was frequent and they achieved
the size of up to 50 μm; however, their shape was not
typically globular but rather angular, as shown in
Figures 14 and 15. The occurrence of oxidic inclusions
in a line arrangement was less frequent.

Besides the oxidic inclusions, A-type inclusions were
observed in the specimen, or complexes of these inclu-
sions, the occurrence of which was relatively frequent.
The results of the non-metallic inclusion evaluation are
listed in Table 3. The microanalysis revealed that, unlike
in Melt 2, AlN-type inclusions were the most frequent in
Melt 3, as shown in Figures 16, 17 and 18.
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Figure 14: Non-metallic inclusions in the piece forged from Melt 3;
magnified 65×
Slika 14: Nekovinski vklju~ki v odkovku iz taline 3. Pove~ava 65 x

Figure 15: Non-metallic inclusions in the forged piece in Melt 3;
magnified 330 times
Slika 15: Nekovinski vklju~ki v odkovku iz taline 3. Pove~ava 330x

Figure 16: EDX spectrum of non-metallic AlN particles in the piece
forged from Melt 3
Slika 16: EDX spekter nekovinskih delcev AIN, v odkovku iz taline 3

Figure 13: EDX spectrum of non-metallic AlN-MnS particles in the
piece forged from Melt 2
Slika 13: EDX spekter nekovinskih delcev AlN-MnS, v odkovku iz
taline 2

Figure 12: EDX spectrum of non-metallic MnS particles in the piece
forged from Melt 2
Slika 12: EDX spekter nekovinskih delcev MnS, v odkovku iz taline 2



1.7 Macrostructure evaluation

The macrostructures of the forged pieces were
revealed by etching in 10 % HNO3. Unequally distributed
insignificant segregations of a darker contrast were
revealed in the specimen of the piece forged from Melt
1, as shown in Figure 19. More or less uniform macro-
structures of the surfaces were observed for the spe-
cimens forged from Melts 2 and 3, as shown in Figures
20 and 21.

V. KURKA et al.: INCREASING MICRO-PURITY AND DETERMINING THE EFFECTS OF THE PRODUCTION ...

Materiali in tehnologije / Materials and technology 50 (2016) 2, 293

Table 3: Micro-purity evaluation according to the ASTM E45-10 standard, method A, and the largest D-type inclusions found in the pieces
forged from Melts 1 to 3
Tabela 3: Vrednotenje mikro~isto~e po standardu ASTM E45-10, metoda A in najve~ji najdeni vklju~ki vrste D v vzorcih iz odkovkov iz taline 1
do 3

Specimen
Maximum contamination, method A Maximum

dimension of
D-type inclusionType A sulphides Type B aluminates Type C silicates Type D oxides

Fine Coarse Fine Coarse Fine Coarse Fine Coarse μm
Melt 1 1 1 2 2 2 2 49
Melt 2 2 2 2 1 – – 2 2 48
Melt 3 2 1 2 – – – 2 2 50

Figure 18: EDX spectrum of non-metallic AlN particles in the piece
forged from Melt 3
Slika 18: EDX spekter nekovinskih delcev AIN, v odkovku iz taline 3

Figure 17: EDX spectrum of non-metallic AlN particles in the piece
forged from Melt 3
Slika 17: EDX spekter nekovinskih delcev AIN, v odkovku iz taline 3

Figure 21: Macrostructure of the piece forged from Melt 3
Slika 21: Makrostruktura odkovkov iz taline 3

Figure 20: Macrostructure of the piece forged from Melt 2
Slika 20: Makrostruktura odkovkov iz taline 2

Figure 19: Macrostructure of the piece forged from Melt 1
Slika 19: Makrostruktura odkovkov iz taline 1



2 CONCLUSION

The objective of the presented work was to increase
the inner purity of a WNr. 1.8504 high-quality forged
piece. For this reason, three production technologies
(melts) were evaluated in this work.

As the performed analysis of the chemical com-
positions and non-destructive ultrasound tests indicate,
the atmospheric induction furnace and the vacuum and
pressurized induction-melting furnace with casting out-
side and inside the cofferdam are suitable for the produc-
tion of this material.

However, from the macrostructural point of view, the
production of melt in the atmospheric induction-melting
furnace proved to be unsuitable.

With respect to the micro-purity determined with the
microanalysis of the detected particles and nitrogen
content in the forged pieces, none of the three techno-
logies can be applied to achieve a reduced content of
mostly AlN inclusions. The production technology for
Melt 3 in the VPIM, with the VD process and the casting
in the cofferdam under a protective argon atmosphere,
eliminated the portion of oxidic and complex inclusions
but not the AlN inclusions.

The experiments showed that vacuum degassing
(VD) helps to reduce the Al content. The content of
nitrogen was reduced by 24 ppm, from 132 ppm (the
steel made in the IF) to 108 ppm (the steel made in the
VPIM). Based on this fact, the authors are preparing
another experiment that will eliminate the nitrogen
content using vacuum oxygen decarburization (VOD)
because the melt is mixed better with VOD than with

VD. VOD includes a more efficient degassing process
because, generally, a high oxygen content in a melt
decreases the solubility of nitrogen. For this process, a
newly manufactured oxygen-argon nozzle will be used.
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