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INVESTIGATION OF DIFFERENT ABLATION TIMES ON THE FORMATION OF
ZINC OXIDE NANOPARTICLES SYNTHESIZED BY LIQUID-PHASE PULSED
LASER ABLATION TECHNIQUE
Dr. Suha I. Al-Nassar1 , Ass. Prof. Dr. Adel K. Mahmoud1. Ass. Prof. Dr. Zainab F. Albawi 2
College of Engineering, Diyala University, Iraq1
Laser Institute for Postgraduate Studies, Baghdad University, Iraq2
E-mail: adel_alkayali@yahoo.com, dr.eng.adel@uodiyala.edu.iq
Abstract: This work was focused for studying the effect of ablation time on the producing ZnO nanoparticles by Liquid –Phase Pulsed
Lase Ablation (LP-PLA) of Zn metal plate in the aqueous environment of cetyl trimethyl ammonium bromide (CTAB) with molarity (10-2 M)
using Q-Switched Nd:YAG pulsed laser has wavelength= 1064 nm, Rep. rate= 10 Hz, Pulse duration =6 ns and laser energy 170 mJ. The
effect of ablation time on the optical and structure of ZnO was studied is characterized by UV-visible absorption. UV-visible absorption
spectrum has four peaks at 219, 232,242,249 nm for ablation time (5, 10, 15, and 20 min) respectively, our results show that UV–visible
spectra show a blue shift in the presence of CTAB with decrease the ablation time and blue shift indicated to get smaller size of
nanoparticles. The blue shift in the absorption edge indicates the quantum confinement property of nanoparticles. Also FTIR transmittance
spectra of ZnO2 nanoparticles prepared in these states show a characteristic ZnO absorption at 435–445cm−1.
Keywords: ZINC OXIDE NANOPARTICLES, CTAB SOLUTION, LIQUID –PHASE LASER ABLATION.

and pigments has pulled zinc oxide into the focus of various
scientific and engineering research fields.

1. Introduction
The properties of nanoparticles show great differences in
electric, optical, magnetic and chemical properties from the bulk
material of which they are made [1].

Zinc oxide nanoparticles can be synthesized in a myriad of
ways, including physical vapor deposition, an organometallic
precursor method, via precipitation solvothermal and hydrothermal
methods, and sol–gel methods such as sol–gel combustion However
pulsed laser ablation of solids in solution (PLAL) has been shown
to be an effective, flexible and efficient technique for preparing
various types of high purity nanoparticles without surface
contamination by residual anions and reducing agents. Many reports
in the literature show that significant effort is put into adapting this
technique in such a way that particle size and shape can efficiently
and accurately be controlled. Such as li. Fojtik and Henglein (1993)
and Cotton et al (1993, 1996) have used several liquids as ablation
media to produce colloidal solution of nanoparticles [2, 9].

Among all of the reported physical and chemical routes to
produce nanomaterials, Liquid –Phase Pulsed Lase Ablation (LPPLA) represents one of the most important techniques for preparing
various kinds of nanomaterial. This technique has been proven an
effective and simple technique for preparing metal, metal oxide,
metal peroxide nanoparticles and it has many advantages.
Compared to the other conventional physical methods and chemical
methods are as follows: (1) inexpensive equipment for controlling
the ablation atmosphere, (2) simplicity of the procedure, and (3) the
minimum amount of chemical species required for synthesis
compared to the conventional chemical process [1-3].

This paper was devoted on Synthesis of ZnO nanoparticles
using PLA of Zn plate in 10-2 M aqueous solution of CTAB
synthesis and studies the effect of ablation time in controlling the
size and stability of generated ZnO NPs in CTAB solution. ZnONPs were characterized by FTIR, UV–vis spectroscopy, and uv –
visible in order to evaluate absorption spectra, particle size and size
distribution, and overall composite structure.

Generating NPs through (LP-PLA) technique passes through
three fundamental steps. Firstly plasma generates due to extreme
heating during the interaction of laser with matter. Secondly, the
ultrasonic adiabatic plasma expand leads to quick cooling of the
plume region and hence to the formation of nanoparticles clusters.
Finally after plasma extinguishing the formed nanoparticles clusters
encounter and interact with the solvent and surfactant molecules in
the surrounding solution. Those processes involve the nucleation
and phase transition of nanocrystals [3]. During these steps,
nucleation of the target atoms takes place and, as a result, the fine
nuclei stick together, in other words the mechanisms involved in the
nucleation and phase transition of nanocrystals [4, 5].

2. Experimental works
Zinc nanoparticles were produced by pulsed laser ablation of a
piece of zinc metal (Fello Co., Inc.; 99.9%) in an aqueous solution
of CTAB using distilled water as a solvent, A zinc metal plate was
placed on the bottom of an open glass vessel filled with 10 mL of
aqueous solution.

The concept of producing oxide using laser irradiation of metal
targets in water was demonstrated in 1987 where iron and tantalum
oxides were formed on target surfaces in water using a Q-switched
ruby pulsed laser by using a third harmonic of a pulsed Nd:YAG
laser PLAL of Ti in water and SDS solution [6]. Sasaki et al [7]
have synthesized TiO2 in both deionized water and sodium dodecyl
sulfate (SDS) solutions and they have explained crystallinity of the
nanoparticles strongly depended on the SDS concentration in the
solution. The metal oxide nanoparticles have many applications in
nonlinear optics, optoelectronics, biomedical engineering, electrooptical devices and chemical catalysts [8].

A schematic diagram of the laser based set-up for synthesis of
nanoparticles is depicted in (Fig. 1) using a pulsed Nd:YAG laser
(type Surelite Continuum Laser at Kocaeli University Laser
Technologies Research and Application Center (LATARUM)) was
used to generate laser pulses with wavelength of 1064 nm, full
width at half maximum (FWHM) of 6 ns, and repetition rate of
10 Hz and with maximum pulse energy of 170 mJ was vertically
irradiated onto a Zn plate placed in the aqueous solution. The
collimated beam at 1064 nm is tightly focused on the target sample
using a convex lens in order to get sufficient laser fluence for the
ablation. The laser beam is focused via a 100 mm focal length
focusing lens to a minimum spot size at a solid Zinc target.

Zinc oxide is promising semiconductor material with unique
properties of UV emission, optical transparency, electric
conductivity, and piezo electricity due to a wide band gap (3.37 eV)
and large exciton binding energy (60 meV) at room temperature
even compared with other semiconducting nanoparticles [2]. Its
potential for advanced applications in lasers, as bio-imaging agent,
in biosensors and as drug delivery vehicles, in ointments, coatings

Cetyltrimethyl ammonium bromide (CTAB) solution was added
to the solution to control the size and/or prevent the aggregation of
the products. The ablation was performed at different irradiation
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times (5, 10, 15 and 20 min) to study the effect of the ablation time
on the properties of the prepared nanoparticles.

Table 1: Effect of different time ablation on UV-Visible absorption peak
(_λ= 1064 nm, E= 170mJ)

After using different time of laser irradiation time, a grey
colloidal solution of oxide-based nanomaterials was obtained. A
magnetic stirrer rotator was placed in the solution rotates at 600 rpm
to ensure uniform irradiation on target and the movement of water
that can enhance ablated particle diffusion also to disperse the
produced NPs. Before starting the experiment the Zinc target was
cleaned by ultrasonic cleaning device then wiped with acetone and
ethanol solvents.
The prepared ZnO-NPs were initially characterized using a
number of tests were done to characterize the produced zinc oxide
NPs, UV-visible extinction spectrum of the colloidal solutions was
recorded using a spectrophotometer type spectrophotometer type
Varian Cary-55 UV-Visible with 1 cm optical path cell in order to
study the optical absorption/transmission properties of nanoparticledispersed suspensions, NPs Size, Other analytical techniques such
as (FTIR) spectroscopy (The PerkinElmer Spectrum 100 Series FTIR spectrometer) are also used to study the adsorption of organic
species on the ZnO nanoparticles. FTIR spectra were measured at
room temperature with the spectrometer using the KBr Pellet
technique [10]. Samples were lyophilized, gently mixed with 300
mg of KBr powder and compressed into discs at a pressure of 40
MPa for 5min, range of 400–4000 cm−1 to know the chemical
bonding of the produced nanoparticles.

UV-Vis
absorption peak
wavelength (nm)

Sample code

Ablation time
(minutes)

S1

5

219

S2

10

232

S3

15

242

S4

20

249

On the other hand, fine bobbles were formed in front of target
S3 after first 15 min of ablation. These bobbles apparently
prohibited the laser energy to be absorbed by target, which could
easily be realized by extremely diminished noises of impacts. The
absorption bands centered at about peaks at 219, 232,242,249 nm
for ablation time (5, 10, 15, and 20 min) respectively.
According to the (Fig. 2) the Plasmon band of the colloidal
ZnO2 is shifted to blue shift (smaller wavelength) with decreases
the ablation time , These observations reflect the formation of small
ZnO particles, but by increasing the ablation time , the optical
absorption reveals a broad band with a long tail toward the longer
wavelengths, indicating the formation of inhomogeneous sizes and
particle coagulation shift in wavelength of maximum optical
extinction and they exhibited a weak peak in infrared region that
originates from elongation and agglomeration of nanoparticles[12].

Fig.1 The set up experiment of nanosecond laser ablation [11]

Fig. 2 UV–visible absorption spectra of ZnO nanoparticles prepared in
four ablation time of (λ = 1064 nm, E = 170 mJ/pulse, CTAB)

3. Results and Discussion

The increase of absorption peak wavelength by time, which
account for increase of nanoparticles concentration. Synthesis of
more nanoparticles in higher ablation times was previously reported
for other elemental nanoparticles in both gas and liquid
environment1. One can easily deduce that increase of the
nanoparticles concentration by ablation time seems to be non-linear,
indicating the reduction of ablation rate in higher ablation times.
Decrease of the ablation rate by time was also reported by Mahfouz
et al. when Ni nanoparticles were synthesized by laser ablation in
distilled water.

In the experiments of this research work, laser ablation of the
zinc target in CTAB solution at different time of ablation was
investigated, this process accompanied by the production of a
plasma plume, visible to the eye, near the target surface also the
change of color of ZnO colloidal solution to grey color indicates
that nanosized colloidal particles have produced. The Shape and the
size distributions of ZnO nanoparticles in different time of ablation
were characterized by many inspections such as (UV-visible and
FTIR). The Effect of different time of ablation on UV–visible
absorption peak are presented in Table I according to this table a
blue shift in the presence of CTAB with decrease the ablation time
and blue shift indicated to get smaller size of nanoparticles .

Also, Fourier transform infrared (FTIR) spectra were measured
at room temperature with an FTIR spectrometer using the KBr
pellet technique. FTIR measurements are essential to confirm the
formation of crystalline ZnO nanocrystals and to identify any
adsorbed species onto the surface of nanoparticles.

Fig. 2 displays the absorption spectra of ZnO produced in four
ablation times (λ = 1064 nm, E = 170 mJ/pulse). It was obvious that
colors of liquids were changed differently within the process.
During the laser ablation in (samples S1), prepared colloid became
opaque slowly, and finally, it tended to grey color after 5 min of
ablation, after that the samples S2 became grey faster than the first
sample, in l sample S3 , it tended to milky color after ablation for 10
min.

Samples were lyophilized gently mixed with 300mg of KBr
powder and compressed into discs at a force of 13kN for 5min using
a manual tablet presser. FTIR spectrum was recorded in the spectral
range of 400–4000cm−1.
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Technique, Journal of Materials Science and Engineering B 3 (6)
( 2013), p. 364-368.
[5] R.K. Swarnkar, S.C. Singh and R. Gopal, Optical Characterizations Of
Copper Oxide Nanomaterial , International Conference on Optics and
Photonics, Chandigarh, India, 30 Oct.-1 Nov.( 2009) .
[6] Z Liu1, Y Yuan, S Khan, A Abdolvand, DWhitehead, M Schmidt and
L Li, Generation of Metal-Oxide Nanoparticles using ContinuousWave Fibre Laser Ablation in Liquid, Journal Micromech. Microeng.,
19 (2009), p. 1-7.
[7] Sasaki T, Liang C, Nichols W T, Shimizu Y and Koshizaki N,
Fabrication of Oxide Base Nanostructures using Pulsed Laser
Ablation in Aqueous Solutions, Applied Physics, 79 (2004), p.14891492
[8] S. Faramarzi, M. R. Jalilian-Nosrati, S. Barcikowski, Fabrication of
ZnO nanocomposites by picomin.ond laser ablation of zinc in
tetrahydrofuran solution of thermoplastic polyurethane, Journal of
Theoretical and Applied Physics ,4-1 (2010), p.9-16.
[9] Reza Zamiria , Azmi Zakariaa,1 , Hossein Abbastabar Ahangarb ,
Majid Darroudic, Ali Khorsand Zakd , Gregor P.C. Drummen,
Aqueous starch as a stabilizer in zinc oxide nanoparticle synthesis via
laser ablation, Journal of Alloys and Compounds 516 (2012), p.41– 48
.
[10] Q.A., M.A. Gondal, Z.H. Yamani, T.A. Saleh, Spectroscopic
characterization approach to study surfactants effect on ZnO2
nanoparticles synthesis by laser ablation process ,Applied Surface
Science 256 (2010), p. 4661–4666.
[11] Suha I. Al-Nassar, Study the Effect of Molarity on the Synthesis
Nanoparticles by Liquid-Phase Laser Ablation Technique,
International Journal of Advanced Engineering and Nano Technology
(IJAENT) ISSN: 2347-6389, 2 (6 )(2015),p.7-10.
[12] A. BALADI, effect of laser wavelength and ablation time on pulsed
laser ablation synthesis of al nanoparticles in ethanol, 2nd
International Conference on Ultrafine Grained & Nanostructured
Materials UFGNSM) International Journal of Modern Physics:
Conference Series Vol. 5 (2012), p.58–65 .

The FTIR was found to be very useful for understanding
bonding between Zn-O atoms or molecules. In Fig. 3 the spectra
show a characteristic ZnO absorption at 435–445cm−1 for the
nanoparticles produced in the absence and presence of surfactants.
There are also other bands at 1040–1070cm−1 present in the spectra
which may arise from the O–O bands, the absorption peaks at 3408
and 2924 cm_1 are attributed to O–H stretching vibration from
ZnOH species and C–H stretching vibration, respectively. The free
O–H stretching bond at 3408 cm_1 arises due to reaction of ZnO
nanoparticles and hydroxyl group these results are consistent with
that reported in the literature [2, 9].

Fig. 3 FTIR spectra of ZnO nanoparticles prepared in CTAB Media
(λ = 1064 nm, E = 170 mJ/pulse)

4. Conclusions
This research work has successfully produced Zinc oxide
nanoparticles by pulsed laser ablation of Zinc target in CTAB, to
study the effect of ablation time, laser ablation was carried out for 5,
10, 15 and 20 minutes in constant conditions (λ=1064 nm, E=170
mJ/pulse, in CTAB). UV-visible absorption spectrum has four
peaks at 219, 232,242,249 nm for ablation time (5, 10, 15, and 20
min.) respectively, our results show that UV–vis spectra show a
blue shift in the presence of CTAB with decrease the ablation time
and blue shift indicated to get smaller size of nanoparticles It was
seen that higher ablation times resulted in more ablated mass and
lower ablation rate. Absorption of laser energy by primarily
synthesized nanoparticles may be responsible for efficiency
reduction in higher ablation times (10-20 minutes), which also leads
to occurrence of fragmentation and size reduction of nanoparticles.
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ELECTRONIC, ELASTIC AND VIBRATIONAL PROPERTIES OF
Cu2TMAl(TM=Sc, Ti, Cr) FROM FIRST-PRINCIPLES CALCULATIONS
Prof. Dr. Uğur G.1, M.Sc. Bozan İ. 1,
Faculty of Science,Department of Physics, Gazi University 06500, Teknikokullar, Ankara, Turkey 1
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Abstract: The structure, electronic, elastic and vibrational properties of the Cu2TMAl (TM=Sc, Ti, Cr) Heusler compounds have been
investigated in detail by employing an ab initio pseudopotential method and a direct method within a generalized gradient approximation
(GGA-PBE) of the density-functional theory (DFT) scheme. Calculated lattice parameter values are in excellent agreement with recent
experiments. In the present study, Cu2ScAl and Cu2TiAl does not show any magnetic moments, whereas the Cu2CrAl has magnetic moment of
2.95 µB per formula unit. From electronic band structures we have found that these compounds have a metallic nature. The elastic constants
Cij are computed using the total energy variation versus strain technique. The calculated elastic constants and bulk modulus are reported
and compared with earlier available theoretical calculations. Phonon frequency for Cu2TMAl (TM=Sc, Ti, Cr) Heusler compounds have
been computed and plotted along with high symmetry directions.
Keywords: DENSITY FUNCTIONAL THEORY, ELECTRONIC STRUCTURE, VIBRATIONAL PROPERTIES

1. Introduction
Table 1: Calculated convergence parameters (Ecut, k-point) and lattice
constants (ao) for Cu2TMAl (TM=Sc, Ti, Cr) alloys.

The Heusler compounds are ternary intermetallics with a 2:1:1
stoichiometry and the chemical formula X2YZ. They consist of two
transition metals (X, Y) and a main group element (Z). In a halfmetallic ferromagnet the minority band is semiconducting with a
gap at the Fermi level, implying complete spin polarization at the
Fermi surface. Recently, several groups have studied the structural,
elastic and electronic properties of Cu2TMAl (TM=Sc, Ti, Cr, Hf,
Zr) Heusler alloys employing different theoretical and experimental
methods [1-5], and this has helped to increase the literature
available for these alloys. Theoretically, Pang et al. [1] have
calculated the structural, electronic and elastic properties of
Cu2TMAl (TM=Sc, Ti, Cr) compounds in the pressure range of 0100 GPa, using the Cambridge serial total energy package
(CASTEP) code. The electronic properties of Cu2TiAl have been
studied using the projected augmented-wave method [5]. The aim
of this paper is to provide a comparative study of the structural,
elastic, electronic and phonon properties of Cu2TMAl (TM=Sc, Ti,
Cr) Heusler compounds, using the density functional theory.

Cu2ScAl

Cu2TiAl

Cu2CrAl

344

360

360

5x5x

6x6x6

7x7x7

This work

6.211

6.033

5.943

Experiment [3]

6.199

6.01

5.509

6.243

6.053

5.891

Ecut(eV)
k-point
5

a0
(Å)

other [1]

Table 2: The calculated elastic constants Cij (in GPa) and Bulk modulus (in
GPa).

2. Computational Methods
To perform the calculations, we have used density-functional
theory (DFT) as implemented in the code MedeA-Vasp [6, 7].
Exchange-correlation effects were described through the
generalized gradient approximation, within the Perdew-BurkeErnzerhof (PBE) [8] formalism. With the electronic self-consistency
threshold of 10-5 eV/cell, relaxation proceeded until forces on atoms
became smaller than 0.02 eV/Å. For the calculation of elastic
constants, the elastic tensor is determined by performing finite
distortions of the lattice and deriving the elastic constants from the
strain–stress relationship.The phonon dispersion relations were
obtained using Phonon code [9].

Cu2ScAl

Cu2TiAl

3. Results and Discussion
Table 1 summarizes all theoretically and experimentally
convergence parameters (Ecut and k-point) and lattice constant (a0)
of Cu2TMAl (TM=Sc, Ti, Cr). In general, our results are in good
agreement with experiments and previous theoretical calculations. It
is observed that the lattice constant of Cu2TMAl (TM=Sc, Ti, Cr)
increases with increasing atomic radius of the TM atom.

C11
(GPa)

C12
(GPa)

C44
(GPa)

B
(GPa)

This
work
other
[1]

136.22

97.30

86.14

110.27

155.252

78.727

75.987

104.235

This
work

153.87

121.99

106.28

132.62

144.486

124.338

97.943

131.054

157.02

120.83

110.20

132.89

142.944

145.874

105.331

144.898

other
[1]

Cu2CrAl

The calculated values of elastic constants and Bulk modulus are
given in Table 2 along with the available experimental and
theoretical results [1] and [3]. The calculated bulk modulus agree
well with previous theoretical [1] report for the compounds of
interest. Our calculated elastic constants satisfy the cubic stability
conditions, meaning that C12 < B < C11 .

This
work
other
[1]
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Using the optimized lattice constants, spin polarized
calculations on the electronic and magnetic properties of Cu2TMAl
(TM=Sc, Ti, Cr) have been performed. Total magnetic moment was
calculated to be 2.95 µB for Cu2CrAl .The results for the electronic
spectra are in good agreement with the existing calculations
reported in the literature [1]. Fig. 1 displays the spin resolved
electronic band structure and total density of states of Cu2TMAl
(TM=Sc, Ti, Cr). Fig. 1 is evident the metallic character of these
considered Cu2TMAl (TM=Sc, Ti, Cr) alloys because of the finite
density of states at the Fermi level.

4. Conclusion
The band structure and density of states histograms are plotted
which reveal the metallic nature for all the three compounds. The
calculated elastic constants satisfy the mechanical stability
criterion.The phonon frequencies in several lines of high symmetry
of the Brillouin zone, were obtained and discussed.
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Fig. 1 The spin resolved electronic band structure and total density of
states of Cu2TMAl (TM=Sc, Ti, Cr). Solid red and blue lines are
corresponding to spin up and down states, respectively.

Since the unit cell contains four atoms, there are 12 vibrational
phonon modes for any chosen q point. However, transverse
branches are degenerate along certain high-symmetry directions.
For Cu2TiAl and Cu2CrAl, gaps exist between optical and optical
phonon branches. The absence of any imaginary or negative
vibrational mode confirms its dynamical stability.

Fig. 2 Calculated phonon dispersions of Cu2TMAl (TM=Sc, Ti, Cr).
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Abstract: We present ab initio calculations of the structural, electronic structures, elastic, thermodynamic and vibrational properties of
the Ir3Hf compound in the L12 structure. The calculated lattice constants, bulk modulus, and first-order pressure derivative of the bulk
modulus are reported for the L12 structure and compared with the earlier values. The elastic constants (C11, C12 and C44) in L12 phase for
Ir3Hf compound is calculated using the energy-strain method. The calculated elastic constants satisfy the mechanical stability criterion.
Electronic band structures and partial and total densities of states have been derived for Ir3Hf. The band structures show metallic character;
the conductivity is mostly governed by Ir 5d states. The phonon-dispersion curves and phonon total density of states based on the linearresponse method have been investigated for this compound. Temperature variations of specific heat capacity in the range of 0–1000 K are
obtained using the quasi-harmonic model.
Keywords: DENSITY FUNCTIONAL THEORY, ELECTRONIC STRUCTURE, VIBRATIONAL PROPERTIES

In addition, they have computed electronic and phonon density of
states using VASP-PAW code.
The phonon properties are important to understand the micro
structure of the lattice dynamics. The knowledge of the phonon
spectrum plays a significant role in determining various material
properties such as phase transition, thermodynamic stability,
transport and thermal properties. The full phonon properties of Ir3Hf
have not yet been studied by using any theoretical or experimental
method.

1. Introduction
Ir-based intermetallic compounds are of great interest due totheir
high melting point, good mechanical properties, and thermal
stability at high temperatureand excellent oxidation resistance at
elevated temperatures [1–4]. L12 intermetallic compound Ir3Hf
widely used in the automobiles, space power applications [5] and
interest in their high temperature applications is increasing. The L12
intermetallic compound Ir3Hf has aroused the interest of many
researchers both experimentally and theoretically because of their
high strengths and high melting points, and the coherent structures
[6-11], mechanical [5, 12], structural [11, 13-17], thermal [9, 10,
17], thermodynamic [6, 8, 18, 19], elastic and electronic properties
[11, 13, 19], microstructure [20, 21], phase diagrams (stability) [5,
6, 14, 17] and oxidation [20, 21] of Ir3Hf has been studied by many
research groups, employing different experimental and theoretical
methods. Kontsevoi et. al. [13] have investigated the mobility and
structural properties in Ir3Hf and Ir3Nb with L12 phase in the
framework of modified Peiels-Nabarro (PN) model with first
principle generalized stocking fault energetic calculated by using
FLAPW. The morphology evolation of Ir-Nb-Hf system have been
measured by Huang et al. [21] with the microstructure observation,
using SEM, composition map-analysis by EPMA, and phase
determination using X-ray diffraction (XRD) pattern. YamabeMitarai et al. [18] investigated using compression tests between 196 and 1200 C0 of Ir3Nb in the L12 phase. They observed that the
strength degreased with increasing temperature from -196 to room
temperature while the strength increased with increasing
temperature between room temperature to 800 C0. Gu et al. [10]
investigated the ultra high temperature deformation properties of
directional solidified (DS) and polycrystalline (PC) L12 Ir3Nb
compound. Their results show that directionally solidified (DS)
compound has higher creep resistance and large creep life than
polycrystalline compound under experimental conditions. Terada et
al. [9, 17] measured by using employing the laser-flash method
thermal conductivity and thermal expansion in the temperature
range from 300 to 1100 K for IrHf compound. Their measurements
indicated that Ir3Hf and Ir3Nb compounds have large conductivities
and smaller temperature coefficients. The elastic constants and
other mechanical parameters of Ir3Hf compound has been
calculated using Vienna ab initio simulation package (VASP) by
Gong [11]. A first-principle calculation on the electronic structures
of the Ir3Hf L12 intermetallic compound has been studied by
several groups [11, 13, and 19]. The electronic structures for Ir3Hf
compound in the L12 phase has not been studied in detail so far in
the available literature. Liang and Gong [19] have studied the
temperature dependence heat capacity, thermal expansion
coefficient, elastic constants, and lattice misfit for Ir3Hf compound.

2. Computational Methods
The Quantum-ESPRESSO software package [22] is used in the
present calculations based on DFT [23, 24]. Ultrasoft
pseudopotentials were used, and the cut-off energy for the plane
wave basis set was 40 Ry. The electronic exchange-correlation
energy was treated under generalized gradient approximation
(GGA) parameterized by Perdew–Burke–Ernzerhof [25]. Selfconsistent solutions of Khon–Sham equations were obtained by
employing a set of 60 k-points within the irreducible part of the
Brillouin zone. Eight dynamical matrices were calculated on a
4×4×4 q-point mesh to obtain complete phonon dispersions and
vibrational density of states. The dynamical matrices at the arbitrary
wave vectors were evaluated using the Fourier deconvolution on
this mesh. Specific heat at constant volume versus temperature was
calculated using the quasi-harmonic approximation (QHA) [26].
Elastic constants were obtained by calculating the total energy
as a function of volume-conserving strains that break the cubic
symmetry. Bulk modulus B, C44, and shear modulus c = (C11-C12)/2
were calculated from hydrostatic pressure e = (δ, δ, δ, 0, 0, 0), triaxial shear strain e = (0, 0, 0, δ, δ, δ) and volume-conserving
orthorhombic strain e = (δ, δ, (1+δ)−2-1, 0, 0, 0), respectively [27].

3. Results and Discussion
The ground state properties of Ir3Hf compound were studied
using their calculated total energies. The calculated total energies
were fitted to the Murnaghan equation of state [29] to obtain
equilibrium lattice constant and other structural properties. In Table
1, the equilibrium lattice constant (a), the static bulk modulus at
zero pressure (B), the first order pressure of bulk modulus (dB/dP)
are compared with early results. The electronic band structures of
Ir3Hf compound are obtained using the generalized gradient
approximation (GGA) along the higher symmetry direction, and are
shown in Fig. 1, in which EF = 0 is taken. The character of the band
states for Rh3Hf compound has been identified by calculating their
total and partial densities of states (DOS) (in Fig. 2). It is seen that
there is no gap at the Fermi level and the total density of state
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(DOS). This exhibits normal metallic behaviour with bands crossing
the Fermi level along various directions, which results in a finite
DOS at the Fermi level, as shown in Fig. 2. The results indicate that
the predominant contributions of the density of states at the Fermi
level come from the Ir 5d states for Ir3Hf compound. From the
calculated total DOS of Ir3Hf compound, it can be seen that there is
one peak below the Fermi level. This peak is centered 3 eV, which
is mainly dominated by the Ir 5d state and Hf 5d state.

Fig. 4 shows the calculated specific heat capacity at constant
volume (Cv) of Ir3Hf compound as a function of temperature. The
Cv increases rapidly in the range 0–500 K before it starts to
saturate. The calculated specific heat capacity Cv is very close to
the Dulong-Petit limit [30] at high temperature, which is commonly
satisfied with all solids at high temperatures. For all materials, the
Cv functions flatten out as the temperature increases above 300 K.
The optic and acoustic modes have large effects on the heat
capacity.

Figure 4. The specific heats at constant pressure versus
temperature of Ir3Hf compound.

Figure 1 Electronic band structure of Ir3Hf in the L12 structure.

Table 1 Calculated lattice constants (in Å), bulk modulus, pressure
derivative of the bulk modulus and second order elastic constants (all in
GPa) for Ir3Hf in the L12 structure.
Ref.
Ir3Hf

a(Å)

B (GPa)

C11

C12

C44

This Work

3.983

262.608

516.617

389.612

762.03

VASP-GGA [11]

3.97

270

403

203

205

Exp. [20]

3.93

-

-

-

-

Exp. [21]

3.933

-

-

-

-

4. Conclusion
The structural, elastic, electronic and phonon properties of
states of Ir3Hf compound have been studied. Pseudopotential
method was used in the framework of the density functional theory
(DFT) with the generalized gradient approximation (GGA). We
have also studied the mechanical properties of these compounds.
The elastic constants have been calculated using the approach, the
energy-strain method. Band structure and density of states diagrams
confirm the metallicity of Ir3Hf compound in the L12 phase. Phonon
dispersion curves and their corresponding total and projected
densities of states for Ir3Hf compound in the L12 phase were
calculated for the first time in the framework of the densityfunctional perturbation theory. It is found that the heat capacity,
internal energy and entropy increase with temperature, but free
energy exhibits different trend.

Figure 2. Total and partial densities of states of Ir3Hf in the L12 structure.

The calculated phonon dispersion curves for Ir3Hf compound along
the high-symmetry directions and the phonon density of states are
illustrated in Fig. 3. The primitive cell of Ir3Hf compound contains
three atoms, leading to a total of 9 phonon branches. Due to the
symmetry, the distinct number of phonon branches is reduced along
the principal symmetry directions Γ -X and M-R-Γ. All phonon
frequency this material is positive that there are no phonon branches
with dispersion that dip toward the zero frequency. This indicates
that the both of the materials are dynamically stable.
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CHARACTERIZATION OF MECHANICAL ALLOYED Ni-Ti POWDERS
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Abstract: Ni-Ti system is an interesting binary system having different intermetallic compounds. NiTi is the one of them having
commercial importance because of its shape memory and superelastic characteristics. In this study, effect of mechanical alloying was
studied against milling time to observe powder state changes and phase formations. 35Ni-65Ti, 45Ni-55Ti and 50Ni-50Ti compositions in
Ni-Ti binary system were selected, It was possible to obtain different intermetallic compounds in Ni-Ti binary system by mechanical alloying
of initial Ni-Ti powders. It is also observed that, particle size and distribution measurements, XRD phase analysis, density measurements
and morphological evaluation of the mechanical alloyed powders can be used for the determination of optimum conditions for obtaining
desired level of alloying and final product
Keywords: NiTi, SHAPE MEMORY ALLOYS, MECHANICAL ALLOYING

density of the powders showed a slight decrease after 1 h MA and
continuous increase was observed with increasing milling time.

1. Introduction
Ni-Ti system is an interesting binary system having different
intermetallic compounds. NiTi is the one of them having
commercial importance because of its shape memory and
superelastic characteristics. Because of its importance many studies
were performed related to mechanical alloying of Ni-Ti system [13], amorphization of the system [4-5], effect of atmosphere [6-7],
and effect of sintering of mechanical alloying powders [8]. In this
study effect of composition on mechanical alloying behavior of in
Ti rich portion of the Ni-Ti system was studied [9].

2. Experimental
Commercial Ni (99,8 %, - 325 mesh) and Ti (99,5 %, - 325
mesh) powders were selected as starting materials for this study.
Powder mixtures having 35Ni-65Ti, 45Ni-55Ti and 50Ni-50Ti
compositions (all in weight %) were prepared via powder state
mixing using initial powders. The powder mixtures were
mechanical alloyed using SPEXTM 8000M mixer/mill at 1200 rpm.
All powders were milled against time and powder mixtures were
kept and weighed in glow box under Ar gas. Stainless steel milling
media and vials were used and ball to powder ratio (BPR) was
selected as 10:1 for all mechanical alloying experiments. In order to
control the fragmentation behavior of the powders 2 % stearic acid
added to all experimental sets as process controlling agent. After
mechanical alloying experiments all powders were opened under Ar
gas again and packed and kept in the glow box for further use.
Characterization of both initial Ni, Ti powders and mechanically
alloyed powder mixtures were performed with the use of following
equipment; Laser particle sizer, He-gas pycnometer, XRD and
SEM-EDS.

Fig. 1 Particle size distributions of mechanical alloyed 35Ni-65i powder
mixtures against time.

3. Results and Discussion
35Ni-65Ti
Particle size distributions of the mechanical alloyed powders were
given in Fig. 1. In addition to these distributions, average particle
sizes of the mechanical alloyed powders are given in Fig. 2. As it
can be followed from these figures, the average particle size of the
system was continuously changed with increasing milling time and
particle size distributions of the milled powders showed narrower
or wider range fluctuations.
In Fig. 3 micrographs of the mechanical alloyed powders were
given. As it can be seen from these figures, composite powder
formation starts by 2 hours MA and considering both the chemistry
and size of the granules 8 hour MA is sufficient for obtaining
homogeneous granules. In Fig. 4, pycnometer densities of these
powders were given. As it can be followed from this figure, initial

Fig. 2 Average particle size of MA’ed 35Ni-65i powder mixtures against
time.
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powders started around same mechanical alloying time. Ti2Ni
phase formation was detected after 2 h MA, NiTi phase was
detected after 4 h MA and formation of Ni4Ti3 phase observed after
8 h MA. In parallel to this minor oxide formation in Ti was also
detected for the 8 h MA powders.
45Ni-55Ti
Particle size distributions of the mechanical alloyed powders in
45Ni-55Ti system were given in Fig. 6. In addition to these
distributions, average particle sizes of the mechanical alloyed
powders are given in Fig. 7. Similar to 35Ni-65Ti system the
average particle size of the system was continuously changed and
particle size distributions of the powders showed narrower or wider
range fluctuations.

Fig. 3 SEM micrographs of MA’ed 35Ni-65i powder mixtures against time.

Fig. 6 Particle size distributions of mechanical alloyed 45Ni-55Ti powder
mixtures against time.

Fig. 4 Pycnometer density of MA’ed 35Ni-65i powder mixtures against
time.

XRD results showing present phases of the MA powders are given
in Fig.5.

Fig. 7 Average particle size of MA’ed 45Ni-55Ti powder mixtures against
time.

In Fig. 8 micrographs of the mechanical alloyed powders in 45Ni55Ti system were given. Similar to 35Ni-55Ti system composite
powder formation starts by 2 hours MA and considering both the
chemistry and size of the granules 8 hour MA is sufficient for
obtaining homogeneous granules. In Fig. 9, pycnometer densities of
these powders were given. As it can be followed from this figure,
initial density of the powders showed a slight decrease after 1 h MA
and continuous increase was observed with increasing milling time.
However, higher density of the powders were observed for each
case
As it can be seen from Fig. 10, individual Ni and Ti peaks were
started to disappear after 4 h MA and in parallel to this
amorphization of the powders started around same mechanical
alloying time. Ti2Ni phase formation was detected after 4 h MA,
NiTi B2 and NiTi hgx phases were detected after 4 h MA and
formation of Ni4Ti3 phase observed after 8 h MA. In parallel to this,
minor oxide formation in Ti was also detected after 4h MA
powders.

Fig. 5 XRD graphs of MA’ed 35Ni-65i powder mixtures against milling
time.

As it can be seen from Fig. 5, individual Ni peaks were started to
disappear after 4 h MA and in parallel to this amorphization of the
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50Ni-50Ti
Particle size distributions of the mechanical alloyed powders in
50Ni-50Ti powder system are given in Fig. 11. In addition to these
distributions average particle size of the mechanical alloyed
powders are given in Fig. 22. Similar to previous systems studied
the average particle size of the system was continuously decreased
and after particle size distributions of the milled powder showed
some fluctuations and some minor bimodal distribution is observed
after 4h MA.

Fig. 8 SEM micrographs of MA’ed 45Ni-55Ti powder mixtures against
time.
Fig. 11 Particle size distributions of mechanical alloyed 50Ni-50Ti powder
mixtures against time.

Fig. 9 Pycnometer density of MA’ed 35Ni-65i powder mixtures against
time.
Fig. 12 Average particle size of MA’ed 50Ni-50Ti powder mixtures against
time.

In Fig. 13 micrographs of the mechanical alloyed powders in 50Ni50Ti
system were given. Unlike to other systems studied,
composite powder formation starts after 4 hours MA, but
considering both the chemistry and size of the granules 8 hour MA
is not sufficient for obtaining homogeneous granules. In Fig. 14,
pycnometer densities of these powders are given. As it can be
followed from this figure, initial density of the powders showed a
relatively big decrease after 1 h MA and then continuous increase
was observed with increasing milling time. However, higher density
of the powders were observed for each case

Fig. 10 XRD graphs of MA’ed 45Ni-55i powder mixtures against milling
time.
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4. Conclusions
Below results are mentioned as conclusion of this study.
- It is observed that, particle size and distribution measurements,
XRD phase analysis, density measurements and morphological
evaluation of the mechanical alloyed powders can be used for the
determination of optimum conditions for obtaining desired level of
alloying and final product.
-It was possible to obtain different intermetallic compounds in
Ni-Ti binary system by mechanical alloying.of initial Ni-Ti
powders. Independent from the inital compositions of powder
mixtures all thermodynamically stable compounds were observed
in time. On the other hand, their ratio and first formation time
during milling is related to many other parameter which activates
solid state diffusion in this binary system.
-Although many precautions were strictly obeyed, system is
very sensitive to oxidation especially for prolonged milling times.
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Abstract: First-principle calculations of structural, electronic, magnetic and elastic properties Os2YPb (Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn) are presented, using the pseudo-potential plane waves method within the local density approximation (LDA) and the gradient
generalized approximation (GGA) for the exchange and correlation potential. Results are given for lattice constant, elastic constant and bulk
modulus. Our results of the electronic band structure and density of states show that these compounds are conductors. We have also
presented phonon spectrum for Os2YPb (Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn).
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Table 1: Calculated convergence parameters (Ecut, k-point), lattice
constants (ao) and total magnetic moment (Mt) for Os2YPb (Y=Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn) alloys.

1. Introduction
Heusler alloy [1] with chemical formula X2YZ (X=Os Y=Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Z=Pb) was used. The fullHeusler structure consists of four penetrating fcc sublattices with
atoms at X1(0.25, 0.25, 0.25), X2(0.75, 0.75, 0.75), Y(0.5, 0.5, 0.5),
and Z(0, 0, 0) positions which results in a L21 crystal structure
having space group Fm-3m. There have been numerous
investigations of the Heusler alloy, while less attention has been
paid to the Os2-based Heusler alloy. Knowledge of the phonon
spectrum plays a significant role in determining various material
properties, such as phase transition, thermodynamic stability,
transport and thermal properties. The phonon frequencies of
Os2YPb (Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) alloys are
calculated for the first time using the density functional theory.

GGA-PBE

Ecut(eV)

2. Computational Methods

LDA

The present density functional theory calculations were
performed using the MedeA-Vasp code [2, 3]. Results using both
the generalized gradient approximation (GGA) [4] and the local
density approximation (LDA) [6] for the exchange correlation are
examined. Plane waves were used as basis function with the cutoff
energy between 270–420 eV, depending on the alloy. With the
electronic self-consistency threshold of 10-5 eV/cell, relaxation
proceeded until forces on atoms became smaller than 0.02 eV/Å.
For the calculation of elastic constants, the elastic tensor is
determined by performing finite distortions of the lattice and
deriving the elastic constants from the strain–stress relationship. For
the phonon dispersions the Phonon code and a supercell size of
2 × 2 × 2 was used [6].

a0 (Å)

k-point

Mt(μB)

This work

Other[7]

This work

Other[7]

Os₂ScPb

342,483

7x7x7

6,544

6,541

0,0000

0,0000

Os₂TiPb

335,026

6x6x6

6,419

6,425

0,0000

0,0000

Os₂VPb

365,187

9x9x9

6,359

6,377

0,0065

1,04

Os₂CrPb

353,353

6x6x6

6,343

6,361

2,0376

2,09

Os₂MnPb

418,285

14x14x14

6,298

6,363

0,0096

3,10

Os₂FePb

326,818

8x8x8

6,279

6,367

0,0003

4,20

Os₂CoPb

356,396

5x5x5

6,277

6,289

0,0189

0,00

Os₂NiPb

328,828

6x6x6

6,296

6,309

1,1353

1,07

Os₂CuPb

376,696

7x7x7

6,339

6,359

1,3628

1,07

Os₂ZnPb

337,603

5x5x5

6,388

6,408

0,0000

0,0000

Os₂ScPb

277,057

6x6x6

6,408

0,0000

Os₂TiPb

304,939

6x6x6

6,304

0,0000

Os₂VPb

307,237

6x6x6

6,251

0,0089

Os₂CrPb

338,833

8x8x8

6,205

0,0068

Os₂MnPb

314,485

5x5x5

6,232

3,0423

Os₂FePb

297,445

6x6x6

6,218

3,4956

Os₂CoPb

297,542

6x6x6

6,158

0,0000

Os₂NiPb

299,276

8x8x8

6,176

0,0000

Os₂CuPb

334,283

6x6x6

6,223

0,0000

Os₂ZnPb

307,299

6x6x6

6,268

0,0000

The calculated GGA and LDA band structure for Os2YPb
(Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) alloys along some high
symmetry directions in the first BZ are given in Fig. 1. The
calculated electronic structures clearly revealed the metallic nature
of all materials.

3. Results and Discussion
Os2YPb (Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) Heusler
alloy of the convergence parameters (Ecut and k-point) and lattice
constant (a0) and total magnetic moment (Mt) was calculated and
the results are listed in Table 1. Our results are consistent with
previous theoretical predictions [7]. The calculated elastic constants
and Bulk modulus of Os2YPb (Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn) alloys are listed in Table 2. To the best of our knowledge, no
experimental values for the elastic constants of these alloys have
been appeared in the literature, so our results can serve as a
prediction for future investigations.

Figure 2 shows the calculated phonon dispersion curves of
Os2YPb (Y=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn). As expected for
L21 crystal structure with four atoms in the primitive cell, the
phonon dispersion curve exhibits 12 branches, three acoustic (1
longitudinal (LA) and 2 transverse (TA)) and 9 optical branches.
The absence of any imaginary or negative vibrational mode for
Os2YPb (Y=Ti, Cr) confirms its dynamical stability. The phonon
band structure for Os2YPb (Y=Sc, V, Mn, Fe, Co, Ni, Cu, Zn)
shows that it is dynamically unstable.
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Table 2: The calculated elastic constants Cij (in GPa) and Bulk modulus (in
GPa).
C11

C12

C44

B (GPa)

Os₂ScPb

232,73

145,35

110,86

174.48

Os₂TiPb

328,18

161,32

87,35

216.94

Os₂VPb

325,10

184,25

84,32

231.20

LDA

GGA-PBE

GGA

Os₂CrPb

301,31

186,54

122,88

224.80

Os₂MnPb

307,18

208,27

100,88

241.24

Os₂FePb

327,58

217,92

112,39

253.14

Os₂CoPb

247,31

208,65

44,30

221.54

Os₂NiPb

175,45

134,42

64,56

148.10

Os₂CuPb

237,80

192,54

78,71

207.63

Os₂ZnPb

239,91

170,52

-41,70

193.65

Os₂ScPb

285,75

187,54

125,99

220.28

Os₂TiPb

388,93

194,24

102,59

259.14

Os₂VPb

326,77

241,49

45,13

269.92

Os₂CrPb

364,74

245,40

136,68

285.18

Os₂MnPb

324,91

224,21

100,78

257.78

Os₂FePb

305,53

214,89

72,32

245.10

Os₂CoPb

313,36

279,64

71,05

290.88

Os₂NiPb

294,38

253,50

51,10

267.13

Os₂CuPb

268,72

235,67

-38,59

246.69

Os₂ZnPb

289,32

206,73

13,30

234.56

GGA

LDA

LDA

Fig. 2 Calculated phonon dispersions of Os2YPb (Y=Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn).

4. Conclusion
We have calculated the bulk properties of Os2YPb (Y=Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Zn) using both LDA and GGA for
functional exchange-correlation. We have found that the GGA
approximation yields larger lattice constants and a smaller bulk
modulus compared to LDA. The L21 crystal structure of Os2YPb
(Y=Ti, Cr) is found to be stable, according to the phonon
calculation.
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INFLUENCE OF NON-METALLIC INCLUSIONS ON THE STRENGTHENING OF
STEELS UNDER LASER ACTION
ВЛИЯНИЕ НЕМЕТАЛЛИЧЕСКИХ ВКЛЮЧЕНИЙ НА УПРОЧНЕНИЕ СТАЛЕЙ ПРИ
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Abstract. Melting and crystallization of non-metallic inclusions in contact with steel matrix during laser treatment was
investigated. It was shown that laser action is the method of local change of inclusion structure in the surface fused layers and
also of the properties of non-metallic inclusion surface. Peculiarities of steel matrix saturation with elements of non-metallic
inclusions during different regimes of laser action were investigated. It was shown the role of that process in the formation of
local structure of steel matrix near non-metallic inclusions. That allows to realize possibility of transformation of the non-metallic
inclusions how sources of inside local alloying of steel matrix. It was fixed that in local areas of steel matrix the liquation
strengthened zones were formed. They represent different types of composite layers: gradiental zones with cascade and “spot”
distribution of elements and nanohardness, dispersal zones with different types of microphases and nanophases, “tunnel” zones,
and also zones with combine structure. It was shown the role of non-metallic inclusions in development of micro heterogeneous
strengthening of steels under laser treatment.
KEYWORDS: NON-METALLIC INCLUSIONS, STEEL, STRENGTHENING, LASER TREATMENT

1.Introduction.
Steels contain non-metallic inclusions which influence on
the character of strengthening during laser quenching. In
the process of laser treatment non-metallic inclusions are
fully or partly melted down or are remained hard, in
reference [1]. In spite of short-term treatment the energy of
laser radiation turns out sufficient for melting of the highmelting and low-melting inclusions, and also for the
development of mass transfer processes which lead to
enrichment of steel matrix with the elements of inclusions
and also transfer of matrix elements to the surface zone of
inclusions. Areas of steel matrix near non-metallic
inclusions are the strongly oversaturated solid solution [1].
In steel matrix near non-metallic inclusions the relaxation
processes including speed
local shear-rotational
deformation and elements of return and recrystallization
are occured. The character of steels strengthening depends
on the types of non-metallic inclusions and steel matrix,
speed transformations which flow in steel matrix. Also it
depends on the phase, deformation and high temperature
hardening, dissolution of carbides and microchemical
heterogeneity. The goal of this investigation was to
research the processes of melting, dissolution,
crystallization of non-metallic inclusions in hypernonequilibrium conditions and the influence of nonmetallic inclusions on the peculiarities of structural
changes in steel matrix and its strengthening under laser
treatment.

2. Materials and Procedures
Specimens made of wheel steel R7, 08Yu, 08T, 08Kp,
08Ch18N10T,ShCh15, NB-57, 12GS, E3 were irradiated
by laser in GOS-30M installation with an excitation voltage
of 2,5kV and pulse energy of 10, 18, 25 and 30J at heating
rate of 105 oC/s and cooling rate of 106 oC/s with action
time of (1,0, 2,5, 3,6, 4,2 и 6,0).10-3s. Non-metallic
inclusions were identified by metallographic, X-ray
microspectral and petrographic methods [1]. Distribution of
elements and nanohardness of steel matrix near nonmetallic inclusions were determined.

3. Results and discussion
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Under laser action the initial structure of inclusion-steel
matrix boundaries transits into unstable equilibrium highenergy condition that cause development of the dissipation
processes connecting with aspiration of system inclusionmatrix to the state with minimum of free energy. In the
result of the system inclusion-matrix transits to the state of
unstable equilibrium which determines structure and
properties of laser-quenched interphase boundary.
Processes of melting, fusion and dissolution of non-metallic
inclusions and also of the melting of steel matrix play the
great role in transformation of inclusion-matrix boundaries
under laser action. Probability of melting, fusion and
dissolution of inclusions depends on their type. Different
non-metallic inclusions after partial or full melting under
laser treatment of steels are shown on Fig. 1, 2. Evidently
melting of the high-melting inclusions (oxides Al2O3,
Cr2O3, SiO2, TiO, MnO.Al2O3, MgO.Al2O3, MnO.Cr2O3,
TiCN)
starts in zones being near steel matrix. Lowmelting inclusions (silicates MnO.SiO2, FeO.SiO2, sulfides
FeS, FeS-(Mn,Fe)S, (Mn,Fe)S) as a rule have in time for
melting fully for the small time of laser action. Owing to
heterogeneity of laser radiation the section of temperature
field in action zone is heterogeneity too, see [1], therefore
inclusions of one type can to experience different degree of
melting in action zone. Dissolution of inclusions in the
moment of laser action can not accompany or can
accompany with melting. Steel matrix in the contact with
inclusions melting or remain hard, that connects with
heterogeneity of energy and heat fields [1]. Depth of
dissolution zone in inclusion depends on laser treatment
regime: more impulse energy W and time of action τimp
more depth of dissolution zone.In the moment of laser
action process of dissolution or melting of non-metallic
inclusion happens owing to disordered transitions of atoms
of inclusion over boundary with molten steel matrix.
Mechanism of super-speed dissolution and melting of
inclusions connects with mutual mass transfer of atoms
(inclusion ↔ matrix) across interface boundaries which are
melted also. Abnormal mass transfer across inclusionmatrix boundaries are accompanied by means of electrons
exchange between inclusions (donors) and steel matrix
(acceptor), see [2]. Electromagnetic field inducing in the
time of laser radiation influence on the conditions of mass
transfer. Definite forces action on the components of alloy

under this field and direction of these forces depends on
magnetic properties of components of alloy. Action of
forces causing with electromagnetic field promotes of mass
transfer of components of inclusions and steel matrix which

a

possess of different magnetic properties (magnetic
moments). Thus electron interaction between inclusion and
steel matrix is got complicated owing to electromagnetic
interaction between atoms of contacting phases.

b

c

Figure 1. Dissolution and melting of non-metallic inclusions in steel 60G under laser action: a - Al2O3, b - MnO·SiO2, c MnO·SiO2-MnO·SiO2; х500х6

а

b

Figure 2. Bands of rapid crystallization in non-metallic inclusions : a - (Fe,Mn)S, steel R7, b - MnO·Al2O3, steel 08Uy; х500
Mass transfer of components from steel matrix to
the surface layer of inclusion can to accelerate the process
of dissolution or melting of inclusion if solubility of these
elements in inclusion is sufficiently great. Variation of
chemical composition on the surface of inclusion and
advance of solubility limit of matrix elements realizes the
conditions for transition of surface layer of inclusion into
liquid state with minimum energy expense on the break of
interatomic bonds. Evidently that perhaps connected with
distortion of inclusion lattice with the atoms of steel matrix
and also with appearing of high-density of crystalline
defects and considerable stresses in surface layer of
inclusion. Thus in hyper-nonequilibrium conditions of laser
action the zone with high-density of vacancies and
dislocations in surface layer of inclusion contacting with
melted steel matrix is formed. According to dislocation
theory of melting, for example, [3], regions of this zone
imagining heavy distortion areas with practically
disordering lattice perhaps the nucleuses of liquid phase.
Atoms with the most breaching electron configurations
present in heavy distortion area on the surface of inclusion
(nucleus of liquid phase). It is one can to determine critical
size of nucleus of liquid phase in surface layer of inclusion.
Energy Edisor of heavy distortion area of spheroidal shape
on the surface of inclusion is determined:
Edisor = (4π/3). (1 – V / V0). r3 .Q,

(1)

where r – radius of nucleus, V / V0 – an increment in
volume of inclusion owing to transition of its areas into
It is possible to imagine the decrease of surface
energy owing to contact interaction of inclusion and steel
matrix in the moment of inclusion melting is enough
considerable in order to system inclusion-interphase
boundary-matrix is remained thermodynamically unstable
after laser action. Realization of such mechanism of
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heavy distortion state, Q – energy which is absorbed
owing to transition of inclusion areas into heavy distortion
state.
Sequence of heavy distortion areas on the surface of
inclusion and also of movement of interphase inclusionliquid matrix boundary under process of melting one can to
present by next image. On the surface of inclusion
saturating with elements of steel matrix the heavy
distortion areas (areas of melting ) are formed. Then they
transition into liquid steel matrix completely dissolving in
matrix and saturating local areas with the elements of
inclusion. Position of inclusion-steel matrix boundary is
changed, it is curved in the function of mutual mass
transfer. In the moment of the transition of heavy
distortion area of inclusion into liquid state the surface area
S is changed and energy of interphase inclusion-liquid
matrix boundary Eipb is:
S = π/4 . r2 . (V/V0)2/3; Eipb = 4π. r2 . (V/V0)2/3 . σh-l

(2)

where σh-l – stresses on the boundary between hard heavy
distortion area of inclusion and liquid steel matrix
Such mechanism of contact melting and dissolution
of non-metallic inclusion and inclusion-matrix boundary in
molten steel matrix in nonequilibrium conditions is
energycally excused since surface layer of inclusion being
in stress state with rise energy is substituted for liquid
phase with less energy.

melting and dissolution of non-metallic inclusions is
determined with value of stresses creating in surface layers
of inclusions. Apparently in the conditions of high-speed
laser action
it is possible practically non-activated
transformation of heavy distortion area on the surface of

inclusion into liquid state owing to formation of liquid
phase nucleuses under origin of big stresses.
In the conditions of impulse laser action the
relaxation processes in surface layer of inclusion do not
have a time for development practically therefore time
essential for achievement of quasiequilibrium conditions on
interphase inclusion-steel matrix boundary is considerably
increased. Inner stresses in surface layer of inclusion
control the development of melting process which takes
place in limited volume owing to preservation of contact
between inclusion and steel matrix. Elementary act of
stresses relaxation causes simultaneous activation of
considerable quantity of the inclusion atoms in disordering
process similar of melting. In non-metallic inclusions grain
boundaries must to dissolve more quickly than body of
grains.
It is possible the realization of mechanism of laser
melting (dissolution) of inclusions accounting fact that
many of inclusions have nanophase structure [1], with big
extent and volume part of grain boundaries. Owing to
formation of heavy disordered surface layer
in such
inclusions in the conditions of mass transfer of liquid steel
matrix the melting (dissolution) of grain boundaries takes
place probably and nanograins of inclusion with disordered
structure depart into molten steel matrix.
Non-metallic inclusion melting or fusing from its
surface is been in molten steel matrix and local
micrometallurgical bath
is formed. In this bath
hydrodynamics flows in the conditions of vortex thermocapillary mixing are appeared that causes movement of
inclusion. This carries in the elements of convective mass
transfer of components of the inclusion and steel matrix
into common process of abnormal high-speed mass
transfer. Anisotropy of surface properties of inclusion (or
its phases) must to influence on the speed of laser
dissolution. Probability of mass transfer from inclusion into
steel matrix across interface boundary is more than less of
interatomic bonds are broken, or than less of efficiency of
space filling of atomic plane. Non-metallic inclusions with
powerful anisotropy of surface properties must to have
more high speed of dissolution. Process of melting of
inclusion is accompanied with high-speed redistribution of
forces of interatomic bonds in profit of different types f
atoms having favourable relationships of electronegativities [4]. It is known a big difference of electronegativity of components causes intensification of bonds
between heterogeneous atoms and allows to explain
advantage mass transfer of some components from the
inclusion into steel matrix or in reverse direction. Stability
of non-metallic inclusion under contact interaction with
liquid steel matrix depends on the degree of deflection of
system from quasi-equilibrium state in the moment of laser
action or on the difference of chemical potentials of
components in inclusion and steel matrix. Metastable
inclusions (or their phases) are more sensitive for contact
interaction with liquid steel matrix under laser action. That
connects with the free energy. It is more decrease by
dissolution of metastable phase than by dissolution of
stable phase. Further investigation of thermodynamics
performances of components of inclusion and steel matrix
and their influence on the character of processes of contact
interaction in zone of inclusion-matrix boundary will
allows to influence on this interaction under laser action.
After laser quenching from liquid state the areas of
laser crystallization in surface layer or in all volume of
inclusion are formed. Ultrasmall grainess, columner shape
of grains, zones of shear are characteristics of these areas
(see Fig. 2). In the time of laser melting the high degree of
nonequilibrium of liquid phase, bifurcation of melt and also
transition from laminar to turbulent flow of liquid are
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appeared that ensure gradient of oscillation pressure on the
inclusion-matrix boundary (liquid if inclusion and steel
matrix were melted, or semi-liquid if steel matrix was hard)
controlling convective and abnormal flows of mass
transfer. Considerable stresses appearing in thin surface
layer of inclusion and steel matrix in the result of local heat
flashes of laser radiation, see [3], together with action of
reactive forces of recoil owing to ejection from the zone of
treatment of liquid allows to high-temperature deformation
of liquid interlayers continuing under crystallization during
cooling. In some non-metallic inclusions being homophase
before laser action phase decay in process of
nonequilibrium crystallization was happened. That
connects with mixing of liquid under action of
hydrodynamics forces and temperature gradients. In
inclusions disperse particles of second phase or interlayers
of different chemical compositions were appeared. The size
of these new phases do not depends on energy of impulse
practically but it is increased with increase of the time of
laser action.
Except homophase non-metallic inclusions of
oxides, nitrides, sulphides, silicates there are different
heterophase inclusions in steels having various nature and
structure [1]. The first one are inclusions “high-melting
phase (ph2) surrounding with low-melting cover (ph-c1)”
with interphase boundary ph-c1↔ph2. The second one are
inclusions “phases ph1, ph2 are beside” with interphase
boundary ph1↔ph2. The third one are “eutectics” with
interphase boundaries eu1↔eu2. And the fourth one are
“dispersed phases (d2) in non-metallic matrix (ph-m1)”
with interphase boundaries ph-m1↔d2. Examining the
processes of high-speed melting and crystallization of
heterophase inclusions under laser action it is necessity to
note their common signs and also peculiarities connecting
with different structure of these inclusions.
Investigation of high-speed melting and
crystallization of heterophase inclusions discovered variety
of processes happening in inclusions and steel matrix near
inclusions when in the moment of melting
micrometallurgical bath is formed and melting of inclusion
phases and steel matrix are interacted. Melting of
inclusions and both interphase boundaries inclusion-matrix
ph-c1↔m and inside inclusions ph-c1↔ph2 connects with
formation of heavy disordered areas on surface of
inclusions (nucleus of melting) and abnormal mass transfer
as the process of melting of homophase non-metallic
inclusions.
Both phases of inclusions “high-melting phase
surrounding with low-melting cover” in the moment of
laser action are melted but the behavior of their phases is
differ with degree of melting. Low-melting sulphide or
silicate cover is melted fully, high-melting phase of oxide
or nitride is melted partly or fully (Fig. 3, a, b). On the
surfaces of both phases mutual saturation was discovered
and interphase boundaries inside inclusions are not legible.
Low-melting cover of inclusion has interaction with both
steel matrix and high-melting phase of inclusion, so it can
to dissolve different atoms on the both sides and it can to
accelerate process of dissolution or melting if solubility of
elements in sulphide or silicate is sufficiently great. On
surface of high-melting phase of oxide or nitride saturating
with elements of low-melting cover the heavy disordered
areas are formed which pass into liquid low-melting phase.
Since in the conditions of laser action the relaxation
processes in surface layers of both phases of inclusion
“high-melting phase surrounding with low-melting cover”
are not have time for happen the time for the achievement
of quasiequilibrium conditions on both interphase
inclusion-matrix boundaries ph-c1↔m and interphase
boundaries inside inclusions ph-c1↔ph2 is increased

considerably. Inner stresses in surface layers of both phases
of inclusion control the development of melting process
which happens in limited volume owing to preservation of
contact between phases of inclusion and also between lowmelting cover and steel matrix. Elementary act of stresses
relaxation causes activation and drawing in considerable
Both phases of inclusions “phases are beside” in
the moment of laser action are fully or partly melted. If the
both phases are high-melting they are fused or partly
melted (Fig. 3, c, d). Liquid phases are mixed under
convective flows in micrometallurgical bath that is
accompanied with interaction of components of both
phases of inclusion and steel matrix across both interphase
inclusion-matrix boundaries ph1↔m and ph2↔m and also
across interphase boundaries inside inclusions ph1↔ph2. If
the both phases are low-melting they are fully melted in the
moment of laser action . Liquid phases are mixed and
supersaturated liquid solutions are formed then they are

a

number of atoms of both phases of inclusion to the process
of disordered similar melting. After high-speed melting of
inclusions “high-melting phase surrounding with lowmelting cover” happens the hyper-nonequilibrium
crystallization connecting with formation of microphases,
nanophases and sometimes of amorphous phases.
crystallized with high speed and zones of liquation are
formed too. If the phases of inclusion have very different
temperatures of melting they show different behavior in the
moment of laser action. Analysis discovered mutual mass
transfer between each phase of inclusions and steel matrix
and between both phases of inclusions “phases are beside”.
Change of chemical composition on the surfaces of both
phases of inclusions “phases are beside” and achievement
limit of solubility of elements creates the conditions in each
phase for transition of surface layer to liquid state with
minimum expenditures of energy on the break of
interatomic bonds.

b

d

e

c

f

Figure 3. Dissolution and melting of heterophase non-metallic inclusions “high-melting phase surrounding with low-melting
cover” (a, b), inclusions “phases are beside” (c, d), inclusions “eutectics” (e, f) under laser action; x500
Inclusions of “eutectics” containing both lowmelting and high-melting phases after high-speed
crystallization in the conditions of laser action were
investigated. They had regular colony structure in the initial
state. In the most of them such structure was not kept after
laser action. Evidently transformation of type of eutectic
was happened. Regular colony structure was transformed
into abnormal eutectic without regular distribution of
components (Fig. 3, e, f). According to reference [5],
abnormal eutectics are formed in conditions when
conjugational growth of crystals of eutectic phases do not
possible and also when eutectic is formed with highentropy phases. It is evidently the absence of possibility for
conjugational growth of crystals of eutectic phases in the
conditions of laser action. For the structure of abnormal
eutectics the presence of phase areas with different shape
chaotically disposing in inclusion is typical. Abnormal
eutectic structures after laser action with energy of impulse
Wpulse 10…25 J were observed. In the resort of Wpulse 30 J
together with abnormal eutectics the sulphide and silicate
eutectics inclusions with amorphous structure were
observed. Some inclusions have signs of colony structure.
Various of structures of inclusions of “eutectics” is
explained with differences of nature of eutectic phases and
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also with heterogeneity of laser radiation promoting
appearance of different conditions of their crystallization.
Steel matrix under laser melting is saturated with elements
of phases of inclusions of “eutectics” independently on the
type of inclusion.
Investigation of inclusions “dispersed phases are in
non-metallic matrix” was shown the both phases in the
moment of laser action are melted fully or partly. Their
behavior is differed from with degree of melting. If both
phases ph-m1 and d2 are high-melting that phase ph-m1 is
fused or melted in dependence on temperature regime.
Dispersed phase d2 as a rule have time to melt (or to
dissolve) fully in the matrix phase ph-m1 0f inclusion.
Under action of convective flows in micrometallurgical
bath the liquid phases of inclusion are mixed though often
remnants of phase d2 are shown. If both phases of inclusion
are low-melting they are melted and mixed. The
oversaturated liquid solutions are formed and crystallized
with big speed. In such inclusions the zones of liquation are
observed connecting with presence of traces of sojourn of
former dispersed phase d2. If phases of inclusion have
different temperatures of melting that low-melting phase
ph-m1 (sulphide, silicate) is melted in the moment of laser
action but high-melting phase d2 (oxide, nitride) can to

melt fully or partly. In the time of happens the interaction
of components of phase ph-m1 of inclusion with metal
matrix of steel promoting the saturation of areas near
inclusion with elements of phase ph-m1 of inclusion and
also with elements of dispersed phase d2 being in surface
area of inclusion. That promotes the rise of level of
chemical inhomogeneity of saturated zones in steel matrix
in the difference from analogous processes happing under
melting of the first and second types of heterophase
inclusions. In inclusions after rapid crystallization the
heterogeneous distribution of elements is observed
connecting with presence of traces of dispersed phase d2
and also with formation of liquation zones revealing with
special micro-spectral analysis. In inclusions “dispersed
phases are in non-metallic matrix” the zones of laser
crystallization with liquation causing owing to the mixing
of components of both phases in the moment of melting are
formed. In non-metallic matrix of some inclusions the areas
with regular distribution of raised and reduced
concentration of elements of both phases of inclusion were
discovered. Analysis of these areas bears witness about
possibility of the rate decomposition of liquid or solid
solution. For inclusions “dispersed phases are in nonmetallic matrix” after speed crystallization the appearance
of ultra small variation in grain size, formation of nanostructure state and also of amorphous and mixed
amorphous-nanocrystalline structures are typical. Among
inclusions “dispersed phases are in non-metallic matrix”
more tendency for amorphization have silicate phases of
non-metallic matrix since owing to the interaction of
elements of both phases of inclusions in the moment of
melting the complicated silicate systems are formed. These
silicate systems solidify under speed cooling as amorphous
silicate glasses. Moreover inclusions containing phases
with B, Ni, Si are subjected to amorphization.
Thus laser action represents method of local change
of structure and properties of heterophase non-metallic
inclusions.
In the laser strengthening zone of steels we can fix some
defects relating to non-metallic inclusions: structural
inhomogeneity, brittle cracks and voids, geometrical
disruption of strengthening case, sections of oxidation [1].
During laser treatment there are some alterations in nonmetallic inclusions and steel matrix. The behavior of nonmetallic inclusions in steels under laser treatment depends
on their type. High-melting non-metallic inclusions (oxides
Al2O3, Cr2O3, SiO2, TiO, MnO.Al2O3, MgO.Al2O3,
MnO.Cr2O3, TiCN) are melted or remained hard during
laser treatment. Low-melting non-metallic inclusions
(silicates MnO.SiO2, FeO.SiO2, sulphides FeS, FeS(Mn,Fe)S, (Mn,Fe)S) are melted and spread over a surface
under shock wave. The components of inclusions penetrate
into steel matrix and saturate it [6]. The motive force of the
atoms exchange across interphase boundary is difference of

a

b

the chemical potentials of elements containing in the
inclusion and steel matrix. Coefficients of diffusion of
lattice atoms (of the iron) and of the substitutional atoms
near temperatures of steel melting exceed of equilibrium
values are of order, coefficients of the interstitial atoms
increase some more under laser action [7]. In the conditions
of rapid cooling the atoms of elements passing from
inclusion to the steel matrix are fixed in solid solution.
Zones of steel matrix near inclusions represent solid
solution oversaturated with elements of non-metallic
inclusions.
Values of microhardness of the steel matrix near
non-metallic inclusions and of coefficient Ki depend on the
state of inclusion and steel matrix in the moment of laser
action. Values of Hμi and Ki are maximal when all types of
inclusions and steel matrix are melted, they are decreased
in the cases of melting of steel matrix and hard inclusions
and also they are minimal in the cases of hard inclusions
and steel matrix. Evidently the state of inclusion and steel
matrix determines the degree of saturation of steel matrix
with elements of inclusion. Values of Ki are about
1,44…1,86. Special influence of inclusions consists of
saturation and oversaturation of local areas of steel matrix
with elements of inclusions and of the origin of thermal
stresses and also of the localization of relaxation processes
having high-speed character.
It is essential to take into account peculiarities of
laser treatment: considerable energy of impulse, short-lived
time of action, big speed of heating and cooling leading to
rapid structural and phase transformations. Laser action is
similar to micro-explosion, for example [7]. In shock waves
the huge pressures are arisen that leads to plastic relaxation
and mass transfer. Under pressure of shock compression
the normal stresses exceed yield point. Manifolding of
vacancies and dislocations and also dislocation reactions
happens. Density of dislocations in zones of laser action is
about 109…1012 sm-2.
Relaxation of stresses in the zone of laser action
is realized owing to plastic shears and rotations and also
owing to twinning. The results of these processes are slip
lines of a few systems, deformation torchs and
“whirlwinds”, twins of a few systems, zones of dumping
having signs of high-speed deformation. Microplastic
processes of relaxation of stresses are localized near nonmetallic inclusions (Fig. 4, a). Since in zone of laser action
the temperature of steel matrix is risen and also happens the
high-speed recrystallization processes having dynamic
character and defining with type of steel and its initial state.
It is possible polygonization (Fig. 4, b) and also primary
(Fig. 4, c), collective and secondary recrystallization
accompanying with splitting of grain boundaries and
formation of special grain boundaries. Non-metallic
inclusions promote nucleation of recrystallized grains.

c

Figure 4. Zones of relaxation of stresses near non-metallic inclusions in low-carbon steels after laser action; х500; c –х1000
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Analysis of oversaturated areas of steel matrix
near non-metallic inclusions was shown that their structure
is heterogeneous. There are a few versions of their structure
revealing owing to heat etching under laser action (fig. 5).
It may be one zone, or two zones, or three zones; in nonmetallic inclusions the surface zone may be absebt or may
be one zone or two zones. Quantity of oversaturated zones
in steel matrix did not depends on the type and state of nonmetallic inclusions in the moment of laser action but
depends on the regime of laser treatment: when impulse
energy was higher and action time was bigger the tendency
of multy-layers forming was bigger too. This is caused with
activation of mass transfer owing to the rise of energy of
laser impulse and increase of possibility of its realization at
increase of the action time. Oversaturated areas of steel

a

matrix near non-metallic inclusions are differed with
distribution of chemical elements. At presence of one
oversaturated zone near inclusion the gradual decrease of
quantity of elements of non-metallic inclusion with
removing from the inclusion was observed. At presence of
the two or three oversaturated zones in each of them the
gradual decrease of quantity of elements of non-metallic
inclusion with removing from the inclusion was observed
but quantity of elements in the second zone was less then in
the first zone and also quantity of elements in the third zone
was less then in the first and second zones. Thus at
presence of a few oversaturated zones in steel matrix the
cascade of elements concentration in zones of interaction
between inclusion and steel matrix with gradual decrease
of the quantity of elements in each zone were observed [6].

b

d

c

e

Figure 5. Zones of interaction between non-metallic inclusions and steel matrix under laser action: a, e - SiO2 steel E3; b, c FeS-(Fe,Mn)S, steels 08kp and NB-57; d TiCN, steel 08Т; - х500х6
Results of distribution of nanohardness of steel
matrix were shown that its value ( H in) near non-metallic
inclusions (one oversaturated zone or first zone) is more
bigger then in the distance from non-metallic inclusions
(Table 1). Its value depends on the chemical composition
and structure of steel defining degree of strengthening
under laser action. In the first (or sole) oversaturated zone
values of ( H in) in 1,45…1,8 time bigger (coefficient Ki)
then in steel matrix in the distance from inclusion. In the
second and third oversaturated zones values of
nanohardness lower then in the first zone but exceeds
values of H n in the distance from non-metallic inclusions
accordingly in 1,25…1,64 and 1,1…1,3 time. Thus cascade
of nanohardness values with the removal from non-metallic
inclusions was observed. Value of nanohardness of steel
matrix in all oversaturated zones near non-metallic
inclusions and value of coefficient Ki depends on the state
of non-metallic inclusion and steel matrix in the moment of
laser action. Values of H in and Ki are maximum with the
fusion of non-metallic inclusions and steel matrix, they are
decreased with the fusion of steel matrix near hard nonmetallic inclusion and they are minimum in the cases of
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hard condition of non-metallic inclusion and steel matrix.
This connects with phenomenon of maximum saturation of
liquid steel matrix with the fusion or full melting of nonmetallic inclusions [1]. In cases of fusion of oxides,
sulphides, silicates in the moment of laser action
nanohardness of steel matrix near non-metallic inclusions
bigger then near hard non-metallic inclusions and values of
coefficient Ki in all oversaturated zones increase. Saturation
of steel matrix with elements of non-metallic inclusions and
their fixing in the solid solution promotes increase of H in
and Ki values. Degree of steel matrix saturation in the
second and third zones less then directly near non-metallic
inclusions (in the first zone) that is confirmed with
difference of H in and Ki values. Dependence of
nanohardness of the first (or sole) oversaturated zone of
steel matrix near non-metallic inclusions has nonmonotonic view for all laser action time (Table 1). This
evidence about existence of certain ranges of laser beam
energy values that correspond to maximum strenghtening
of local layers of steel matrix.

Table 1.
Values of nanohardness of steel matrix near near non-metallic inclusions ( H in) and far from them
and action time 3,6. 10-3 s

Inclusion, steel

Al2O3,
MgO·Al2O3,, R7
SiO2, R7
MnO·SiO2
2MnO·SiO2, NB-57
TiN, TiCN, 08Т
Al2O3,
MnO·Al2O3, 08Yu
FeO,
FeO-MnO, 08kp
FeS-(Fe,Mn)S,
NB-57

Condition of inclusion
in the time of laser
action

Condition of steel
matrix in the time of
laser action

х 10,
МПа

fusion

liquid

620

hard

liquid
hard

620

liquid
hard, fusion
hard/
fusion
liquid/
fusion
liquid

liquid
liquid
hard
liquid
liquid
hard
liquid

748
280
286
260
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1

in zones
2

3

1100
1085 942
744
1080 858
960
1130 1050
1260 950 810
502
380
450
385 340
520
450
460
320
415
1220 1100 840
1120
-

liquation strengthened areas represent different types of
composite layers. Gradiental zones with cascade and “spot”
distribution of elements and nanohardness, dispersal zones
with different types of strengthened nanophases, “tunnel”
zones, and also zones with combine structure were formed.
Melting of inclusions under laser action is corresponded with
change of their structure and phase composition.

5. Literature.
1.

2.

3.

4.
5.

6.

4. Conclusions.
Mechanism of melting of non-metallic inclusions and
inclusion-matrix boundaries under contact laser melting with
steel matrix in the conditions of abnormal mass transfer
connecting with formation of zones with high dislocation
density and also with electron and electro-magnetic
interaction between inclusion and steel matrix was proposed.
That allows to create the possibilities for the influence on the
inclusion-matrix boundaries and also on the chemical and
phase composition of surface layer of non-metallic inclusions.
Peculiarities of structure of non-metallic inclusions after
speed crystallization were investigated. And also the
peculiarities of formation of the contact interaction zones in
steel matrix in the conditions of abnormal mass transfer from
inner sources (non-metallic inclusions) under laser treatment
were investigated. These zones connecting with origin of the

H in, х 10, МПа

H n,

748

Main factor of laser strengthening of local areas of
steel matrix is its microalloying from inner sources - nonmetallic inclusions. Creation of cascade of oversaturated
zones near inclusions by formation of local liquational
strengthened areas is formation of layers composite near nonmetallic inclusions. Structure of these zones maybe singlephase (oversaturated solid solusions) but often dispersal
microphases and nanophases – “satellite” particles are
observed (see Fig. 4, a, d). Chemical composition of
“satellite” particles connects with initial inclusion but slightly
differs from it thanks to participation of elements of steel
matrix in their formation [3]. For example, near inclusion
Al2O3 in steel R7 “satellite” particles MnO·Al2O3 ,
(Fe,MnO)·Al2O3 were observed. Process of “satellite”
particles formation is connected with abnormal mass transfer
in the moment of inclusions and steel matrix melting then in
steel matrix areas enriching by elements of inclusions and also
containing of complexes (clusters) of former nano-graines of
non-metallic inclusions are formed. Local areas of the type of
metallic emulsion smelts are formed. They are “freezed” by
abrupt cooling and clusters of former nano-graines of nonmetallic inclusions are crystallized into “satellite” particles.
And also process of “satellite” particles formation maybe
connects with decrease of solubility of elements of nonmetallic inclusions in areas of enrichment of liquid or hard
steel matrix by abrupt cooling. In the result in steel matrix
near initial inclusions composite structure with dispersal
particles are formed.

H n under impuls energy 25J
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ABSTARCT: Nanomaterials can be combined or modified with other materials allowing the development of a great variety of composite
nanomaterials and nanohybrids with new structural and functional characteristics. This article aims to show the advantages of hybrid
nanomaterials as transduction, amplification and labeling elements for the construction of electrochemical biosensing platforms. Special
attention will be paid to the used of graphene-based hybrid nanomaterials for biosensing.
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nanosized materials. The most important characteristic is their high
surface area-to-volume ratio, which determines their unique
optical, electroconductive, and magnetic properties. This high
surface area favor the large modification of nanostructured
electrode surface with chemical receptors and electrocatalysts, but
also allows the immobilization of large biomolecule loadings,
causing a noticeable increase in the sensitivity of the resulting
sensors and biosensors, respectively. As well electroconductive
nanomaterials can decrease proteins-nanomaterial distance in
biosensors, favoring the direct electron transfer between the redox
center of some biomolecules and the bulky electrode material
through tunneling mechanisms.

1. INTRODUCTION
1.1. Electroanalytical chemistry and application of
nanomaterials
Electroanalytical chemistry is an area of Analytical Chemistry
that use the relationship between chemical phenomena involving
charge transfer (e.g. redox reactions, ion separation, etc.) and the
electrical properties associated to these phenomena, for some
analytical determination. It has been empowered with the progress
of microelectronics, computer science, software engineering, microand nano- lithography, surface chemistry, microfluidics, materials
chemistry and nanotechnology .
The rational of using nanomaterials in electroanalytical chemistry is
well justified by many structural and functional properties of these
1.2. Hybrid nanomaterials
It is accepted that nanomaterials are a special type of materials sized
between 1 nm and 1 µm in at least one dimension. Several authors
have intended to define hybrid nanomaterials.[Yamada et al, 1989;
Gómez-Romero & Sanchez, 2004; Ashby & Bréchet, 2003;
Hagiwara & Suzuki, 2000]. Finally it agreed that hybrid

nanomaterials are not a simple mixture of the starting component
materials. Accordingly, the resulting properties of such nanohybrids
are not only the sum of the individual contributions of the
component phases, but the role of the inner interfaces could be
predominant [Sánchez et al., 1994 New J Chem].

Fig. 1. Examples on the structural differences between nanohybrids involving (A) or not involving chemical bonds (B) and nanocomposites
(C).
With the aims to provide a precise description of these important
class of materials, which is based on the previous concepts of
Hagiwara and Suzuki [4], we could define hybrid nanomaterials as
the intentional combination of at least a nanomaterial with one or
more materials, at an atomic or nanometer-level of mixture,
complimenting each other to have new or improved functions and
properties which component materials did not possess.
Nanohybrids can be classified according to their component
materials in: i) inorganic-inorganic, ii) organic-organic, and iii)
organic-inorganic hybrid nanomaterials, being the later the most

commonly described in literature. Examples of all these families of
nanosized hybrids have been largely employed in electroanalytical
chemistry
1.3. Hybrid nanomaterials in electroanalytical biosensing
technology
The ultimate goal in electrochemical biosensor technology is to
design highly specific, robust and cost-effective analytical devices
for the accurate and reproducible detection of the great variety of
chemical and biochemical compounds with practical interest.
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biomolecules on the sensing interface. In addition, the
hydrophilic/hydrophobic patterns of such nanohybrids can be
programmed, in advance, to provide analytical biomolecules with a
suitable microenvironment for their adequate biochemical function
and molecular stability.
2. Electrochemical aspects of graphene (G) and graphene oxide
(GO).
Since its discovery in 2003, graphene has emerged as a new and
versatile material for electroanalytical applications [Brownson &
Banks, 2010; Pumera et al., 2010; Gan & Hu, 2011]. This wonder
material is a million times thinner than paper, stronger than
diamond, more conductive than copper. However, graphene is
highly hydrophobic, low soluble in water and many organic
solvents, and tends to form irreversible agglomerates through strong
π–π stacking and Van der Waals interactions. Moreover, the
absence of chemical functional groups in graphene limits either the
easy grafting of chemical receptors, the stable and large
immobilization of biomolecules and the modification with organic
and inorganic materials through covalent linkages to form advanced
nanohybrids.
Chemical derivatization of graphene is helping to overcome these
disadvantages. However, the possibility to generically tailor the
chemical properties of graphene is limited by its delicate structure,
often yielding nanomaterials with poor electroconductive
characteristics. For this reason, the intention to prepare soluble and
highly functionalized graphene derivatives with low modification of
its basal structure, have received considerable attention. Many
synthetic approaches commonly use graphene oxide (GO), a water
soluble derivative that can be easily prepared by oxidative treatment
of graphite, as starting material. GO mainly consists of graphenelike sheets, with hydroxyl and epoxide groups on the basal planes
and carbonyl and carboxyl groups at the sheet edges. In addition to
the carbon structure of graphene, these oxygen functionalities in GO
can be selectively used as anchoring point for chemical
modification in order to prepare graphene-based hybrid
nanomaterials (Fig. 3).

Fig.2. Schematic presentation of a biosensor
To achieve this objective, it is imperative the assembly of
sophisticated sensing surfaces having high and specific analyte
recognition capacity, and able to ensure the electrocatalytic
transformation of the target compound and the fast occurrence of
electron transfer processes at the sensing interface.
As previously mentioned, hybrid nanomaterials with inorganicinorganic, organic-organic and organic-inorganic composition can
be tailor-made prepared. Moreover, the number of possible
combinations of materials for the synthesis of such nanohybrids
with super-functions or new functions is huge. Inorganic building
blocks can be composed of nanoparticles, nanotubes, salts and
metal complexes, inorganic polymers and layered materials such as
clays, xerogels and layered double hydroxides. On the other hand,
the number of possible organic building blocks is immeasurable.
These novel hybrid nanomaterials can be prepared through different
approaches including direct chemical transformation, template and
sol-gel synthesis, intercalation, self-assembly and hydrothermal
synthesis.
Nanohybrids technology gives us the possibility to design a great
variety of novel materials able to provide specific chemical
functionalities, accurately arranged at the material surface, for the
controlled, stable and oriented immobilization of the analytical

Fig. 3. Examples of covalent functionalization chemistry of graphene or GO. I: Reduction of GO into graphene. II: Covalent surface
functionalization via diazonium reaction (ArN2X). III: Functionalization of with sodium azide. IV: Reduction of azide functionalized GO with
LiAlH4. V: Functionalization of azide functionalized GO through click chemistry (R–ChCH/CuSO4). VI: Modiﬁcation of GO with long alkyl
chains by the acylation reaction. VII: Esteriﬁcation of GO VIII: Nucleophilic ring-opening reaction of GO. IX: Functionalization of GO with
organic isocyanates. (According to Loh et al. 2010).
GO and its derivatives can be easily reduced by chemical, thermal,
photothermal, and electrochemical methods, restoring in high yield
the structural and electrical conductivity properties of graphene.
Graphene and GO have been employed as 2D material component
for the preparation of many hybrid and composite materials for
sensing and other purposes [Marques et al., 2011]. As a recent
example, Yu and co-workers have prepared an amperometric sensor

for
dopamine
by
using
a
nanohybrid
of
poly(vinylpyrrolidone)/reduced graphene oxide as transduction surface
[Yu et al., 2014].
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described. It is based on the electrostatic layer-by-layer assembly of
four-generation ethylenediamine core polyamidoamine G-4
dendrimers on glassy carbon electrodes coated with a graphene
oxide-carboxymethylcellulose hybrid nanomaterial. This modified
surface was further employed for the covalent immobilization of
tyrosinase through a glutaraldehyde-mediated cross-linking. The
enzyme electrode was used for the amperometric detection of
catechol in the 2 – 400 nM range. The biosensor showed excellent
analytical performance with high sensitivity of 6.3 A/M and low
detection limit of 0.9 nM. The enzyme electrode retained over 93%
of the initial activity after 40 days of incubation at 4ºC.

3. Preparation of hybrid reduced GO nanomaterial
for biosensing platforms.
Reduced graphene nanoparticles have been prepared from graphene
oxide in a two-step covalent modification approach. Graphene
oxide was first enriched with reactive epoxy groups by anchoring
(3-glycidyloxypropyl)trimethoxysilane at the hydroxyl groups
located on the nanocarbon basal plane. Modified graphene oxide
was further cross-linked and partially reduced by treatment with the
fourthgeneration ethylenediamine core polyamidoamine G-4
dendrimer producing graphene nanoparticles with crumpled paperlike morphology. This graphene derivative was employed as a
coating material for glassy carbon electrodes and the nanostructured
electrode was tested for the preparation of electrochemical
biosensors by immobilizing the enzyme tyrosinase through crosslinking with glutaraldehyde. This bioelectrode showed excellent
electroanalytical behavior for catechol with a fast response in about
6 s, linear range of 10 nM to 22 mM, sensitivity of 424 mA M-1, and
low detection limit of 6 nM. The enzyme biosensor also showed
high stability when stored at 4ºC under dry and wet conditions. (E.
Araque et al.2013).

Fig. 6. FE-SEM images of GO (A), GO-CMC (B), PAMAM/GOCMC (C) and Tyr/PAMAM/GO-CMC (D)

Conclusions
The application of hybrid nanomaterials in electroanalytical
chemistry has all advantages cited above for the nanomaterials.
However, these relevant functional properties of nanomaterials can
be tuned, in an unimaginable fashion, by rational combination with
other materials. This fact opens an exciting door for sensor and
biosensor technology, which is well supported by the advances in
other areas such as surface science, organic and inorganic synthesis,
polymer and biomolecular chemistry and nanotechnology.
Nanohybrids technology gives us the possibility to design a great
variety of novel materials able to provide specific chemical
functionalities, accurately arranged at the material surface, for the
controlled, stable and oriented immobilization of the analytical
biomolecules on the sensing interface. In addition, the
hydrophilic/hydrophobic patterns of such nanohybrids can be
programmed, in advance, to provide analytical biomolecules with a
suitable microenvironment for their adequate biochemical function
and molecular stability.

Fig. 4 FE-SEM images of PAMAM-Sil-rGO (A) and Tyr/PAMAMSil-rGO (B).
A hybrid nanomaterial was synthesised by covalent attachment of
O-carboxymethylcellulose to reduced grapheme oxide. Graphene
oxide was first anchored with (3-aminopropyl) triethoxysilane
moieties to provide reactive primary amino groups at the basal
plane. Periodate-oxidised O-carboxymethylcellulose was further
covalently attached to this aminated nanomaterial through reductive
alkylation with NaBH4. Stable aqueous dispersions were obtained
with the resulting hybrid nanomaterial, which was used to coat
glassy carbon electrodes. Furthermore, the enzyme tyrosinase was
covalently immobilised and the nanostructured enzyme electrode
was successfully employed for the amperometric detection of
catechol in the 20 nm–56 mm range. The biosensor showed
excellent analytical performance with a high sensitivity of 270
mAm-1 and a low detection limit of 0.2 nm. [Elena Araque,[a]
Reynaldo Villalonga,*[a, b] Maria Gamella,[a] Paloma MartinezRuiz,[c] Alfredo Sanchez,[a] Valentin Garcia-Baonza,[d] and Jose
M. Pingarron*[a, b] ChemPlusChem 2014, 00, 1–9, DOI:
10.1002/cplu.201402017
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Abstract: The present study aims to determine the optimum temperature regime for oxy-nitrocarburizing of AISI D2 steel in order
to ensure high mechanical properties of both diffusion and compound zones. The examined samples are quenched and high temperature
tempered in advance, thus having a hardness equivalent up to HRc 54-55 before saturation. The vacuum oxy-nitrocarburizing is held at
temperatures of 500 ºС, 550 ºС and 590 ºС for 4 hours in a cycling gas flow rate. The proportion of NH3 and CO2 gases used is 90:10 volume
fractions. The results of the examination are based on the analysis of X-ray diffraction patterns, cross-section microstructures and
measurements of micro-hardness values on the surface and in depth of the diffusion zone. The core hardness of the substrate is also measured
after the vacuum process for the purpose of establishing a possible hardness decrease after the oxy-nitrocarburizing process. Conclusions
have been drawn in relation to the practice.
Key words: oxy-nitrocarburizing, tool steel, XRD, microstructure, microhardness, ε-Fe2-3(N,C), Fe3O4

1. Introduction

2. Materials and methods
AISI D2 (1.2080, Х12, Cr12, X210Cr12) tool steel samples
with average size Ø 20 x 10 mm were used as substrates for
vacuum ONC. Before the ONC process, the AISI D2 samples
were austenitized at 1050°C during 20 minutes and subsequently
quenched in oil and high temperature tempered at 540°C for 1.5
hours. After the heat treatment, the surface hardness measured by
Rockwell indentor, load of 150 kgf, amounted up to HRc 54-55.
Before the thermo-chemical process, the steel samples were
polished, lapped and degreased. The vacuum process was carried
out in industrial equipment for 4 hours at 500°C, 550°C and
590°C in NH3 and CO2 atmosphere (ratio 90:10 vol. %,
respectively) in a cycling gas flow rate. The pressure in the
vacuum chamber was 8.104 Pa for the first 3 hours and 1x105 Pa
during the last 1 hour [7]. The cooling off was carried out in the
NH3 atmosphere till 400°C and after that in N2 in air.
The microstructure was etched by 4%-solution of HNO3 in
ethyl alcohol (nital reagent). Optical microscopy (Olympus
BX41M) profiles were employed to determine the characteristics
and thickness of the carbonitride layer and diffusion layer. X-ray
diffractometer URD-6 using Fe Kα radiation operating at 30 kV
and 20 mA in the angle range of 30° - 120° (2θ), 2θ step scan of
0,05° with a counting time of 2 s and NaI detector with pulse
discrimination was used to determine the phase composition..
Conventional Bragg-Brentano diffraction geometry was used.
The diffraction patterns for each compound were analyzed by
PCPDFWIN JCPDS, v.2002. The cross-sectional microhardness
measurements were made by PMT-3 microhardness tester under
a load of 0.1 kg.

AISI D2 is a popular high-carbon and high-chromium steels
that is characterized by high wear resistance, compressive
strength, hardenability with minimum amount of dimensional
change and good tempering resistance [1]. However, the
continuous industrial processes and corrosive environment
trigger different negative effects leading to shortening of the
service life of the piece. The thermochemical treatment of this
material is an attractive alternative which allows at temperature
below 600 °C, the hardness, wear and fatigue as well as corrosion
resistance to be enhanced. A review of various studies of gas
nitriding of AISI D2 steel at temperature between 525 – 540 °C
[2], pulse-plasma nitriding at 450 - 550°C [1], salt bath
nitrocarburizing at 480 - 580°С [3], plasma nitrocarborizing at
550 ºC [4] of different durations shows that the result of the
thermochemical treatment depends greatly on the process
conditions. Under optimum conditions the introduced treatment
of the tool steel provides high core strength with high case
hardness and decrease in the corrosion rate values that is an
excellent combination for applications involving severe impact or
very high unit loading.
The thickness and the structure of the compound layer
considerably affects the performance of the die. Compared to
nitriding, thick compound layers can be produced by
nitrocarburising, with short treatment times, using carbon dioxide
as the carbon bearing component of the mixture, thanks to the
high oxygen potential [5]. Owing to this rapid compound layer
development, the CO2 layers are also highly porous. The
generated porosity causes loss in surface hardness, depleted
flexibility and embrittlement of the surfaceas as a result. The
porosity of the surface compound layer could be reduced when
the ONC process is held at vacuum condition where the iron
nitrides formation is delayed over time, while the chromium
nitrides are thermodynamically stable [6]. The vacuum oxynitrocarburizing (ONC) is a cycling gas flow process that
combines the advantages of the conventional gas saturation
process together with complied modern requirements for highly
effective, environmental and safety technologies at a lower cost.
The material behaviour, however, also depended on the particular
substrate under investigation and the praticular process
conditions. In order to establish the optimal processing conditions
that promote the generation of surfaces with better hardness, the
role of temperature during vacuum ONC of AISI D2 tool steel is
studied in the present work.

3. Results and discussion:
3.1. Microstructure
The low-temperature treatment changes slightly the primary
heat-resistant (Cr, Fe)7C3 and microstructural alterations due to
carbide-nitride transformation are not observed (fig. 1 a). The
core microstructure consists of internal tempered martensitic
matrix and chromium carbides in it. The surface morphology of
the sample (fig. 1 b) shows nuclei of the incomplete nascent
compound zone with semispherical like shape. Such phenomenon
has been reported previously by other authors [1] during plasma
assisted nitriding of AISI D2 steel.
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Chromium nitrides
Chromium nitrides
Compound layer
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Diffusion layer
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(Fe,Cr)7C3

(Fe,Cr)7C3

Diffusion layer
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d)
Fig. 1. Oxy-nitrocarburized steels’ microstructure images, etched with Nital reagent: a) 500 °C (cross section); b) 500 °C (top surface);
c) 550 °C (cross section); d) 590 °C (cross section).
In the diffusion layer of the ONC sample at 550 ºC,
there are striped primary (Cr, Fe)7C3 carbides as well as some
finer (Fe,Cr)3C, Fig. 1 c. The compound layer has heterogeneous
structure composed of the ductile superficially located ε-Fe32(N,C) and complex nitrides and carbonitrides that are integral
part of the underlying sublayer. In the diffusion layer these
complex Cr-, N- and C-containing structures show distinct
lamella-like shapes. The transformed area that contains lamellas
of nitrides/carbonitrides does not cover the entire heavily etched
with nital diffusion layer but about a half of it. There is a
tendency for the nitrides to form mainly at those grain boundaries
that are parallel to the surface, where the compressive stress is
lower.
At higher temperature (590 ºC) the carbonitride phases
of the diffusion layer are deep rooted in the substrate (fig. 1. d).
The faster precipitation kinetics allow the the dissolution of
carbides and formation of carbonitrides to occur deep in the
diffusion layer where the coarse, whiter looking phases coalesce
and become spherical. This separation of the nitride-carbonitride
location can be associated with higher nitrogen content in the
near-surface zone as compared with the near-core zone. The
larger primary carbides are converted into nitrides/carbonitrides
only near to the surface.
The compound layer of both 550 and 590 ºC treated
samples looks dense with barely perceptible surface porosity. By
the increase of temperature up to 590°C, the effect on the
thickness of compound layer is very minimum.The compound
layer depth at 550 and 590 ºC, that is considerably shallow, is an
indication of its controlled formation at low pressure conditions.

3.2. Phase composition
The effect of temperature on reflections´ intensity of Fe-Cr,
ε-Fe2-3(N,C), the chromium carbides, nitrides and Fe3O4 phases
due to variations in relative phases’ content on the surface is
clearly seen on fig. 2. The low temperature treated sample is
characterized by α-Fe and (Fe,Cr)7C3 phases, small quantity of εFe2-3(N,C) and magnetite. It is well established that the
heterogeneous nucleation of ε-Fe2-3(N,C) is stabilized by both
higher carbon content and higher content of alloy elements in the
steel [8, 9]. The vacuum ONC treatment promotes the occurrence
of ε-Fe2-3(N,C), fast forming CrN and Fe3O4 for both 550 and
590 ºC temperatures. On the surface of the steel the carlsbergite
type (CrN) chromium nitride with fcc lattice is formed and
according to Fe-Cr-N isothermal phase diagram, it is stable at
550 ºC. At higher temperatures the transformation of the
tempered martensite results in a phase separated mixtures of bcc
carbon-nitrogen Fe-Cr and carbides/carbonitrides. In addition, the
reflection intensity of the iron nitride phases decreases with the
increase of the process temperature.
Besides the nitride formation and carbide
decomposition, the different temperature can play a role in the
surface oxidation. The oxidizing agents in the NH3-CO2 gas
mixture are CO2 and H2O. At temperatures 500-590 ºC, the
relation between H2 molecule (produced by the ammonia
dissociation) and CO2 follows the homogenous water-gas
reaction:
(1)
CO2 + H2 ↔ CO + H2O
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CrN

Fe-Cr

(Fe,Cr)7C3

ε-Fe2-3(N,C)

Fe3O4

Fig. 2. XRD pattern for ONC AISI D2 samples at 500, 550 and 590 ºC.
In contrast to oxygen molecule, the water steam has
significantly lower oxygen pressure. This low gas phase
oxidizing potential makes the formation of Fe2O3 (with higher
percent by mass oxygen) on the surface more unlikely to occur
[10]. At lower temperature the oxidation takes place on both of
the Fe-Cr and ε-Fe2-3(N,C) phases. According to the Fe-O phase
diagram, at temperature below 575 ºC the Fe3O4 is the
thermodynamically stable state, while at t > 575 ºC the wustite
phase Fe0,947O could be formed. If FeO phase is initiated on the
surface at t > 575 ºC, it decomposes according to the reaction (2)
[11]:
4FеО → Fe3O4 + Fe
(2)
This is the reason for which FeO is not registered on the surface
of the ONC at 590 ºC sample.
It is observed that the nitride oxidation is useful to
increase the corrosion resistance of the material because it fills
and seals the surface microporosity [12]. However, the increased
oxidation speed at 590 ºC could explain the decreased ε-Fe23(N,C) content because the oxidation process consumes the iron
from the nitrides layer. The higher the temperature, the lower the
thermodynamic free energy of interaction of the nitrides with
oxygen. It follows that the nitrides are converted to oxides
according to the reactions [13]:
Fe3N + 4CO2 ↔ Fe3O4 + 4CO + [N]
(3)
(4)
Fe3N + 4H2O ↔ Fe3O4 + 4H2 + [N]
The released nitrogen atoms could participate in further
diffusion in the sublayers with smaller nitrogen content (at slow
cooling) or recombine to N2 that usually participates in formation
of pores and later on channels.
In the alloy steels the magnetite composition is
complex (Fe,Me)3O4 [14] ((Fe,Cr)3O4 in the particular case) and
is thought to have higher ductility and hardness than Fe2O3 and
anti-friction properties [15] similar to those of Fe3O4. As
chromium atoms participate in the compound layer formation, the
oxygen diffusion will then decrease with the increase of Cr
content and the oxidation will be displaced nearer the surface
[16].

depth in the diffusion zone. The ONC process at 550 ºC promotes
the highest increase of the hardness (1310HV0,1) due to the
hindered nitrogen diffusion. For the account of the thinner case
depth, the high chromium content allows the nitrogen to
accumulate near to the surface where coherent chromium nitrides
and carbonitride phases develop. Within 50-60 μm the hardness
gradually decreases and after that slowly declines.
Simultaneously, the core hardness is not changed.

Fig. 3. Distributions of the microhardness values in depth after
vacuum ONC at different temperatures.
The case-core interference of high temperature (590 ºC)
treated sample seems quite diffuse and the surface hardness of
the ONC steel is significantly lower than at 550º C. The
pronounced decrease in hardness values suggests the
discontinuous coarsening of the structure. Further, the hightemperature process decreases the core hardness which would not
be desirable for the workpieces.

Conclusion

3.3. Hardness

In the present work, the effect of temperature on
surface properties of vacuum ONC AISI D2 tool steel was
analyzed. In regards to the temperature of the vacuum ONC, the
process held at 500 ºС for 4 hours does not result in dense
compound layer formation due to the slow diffusion rate. The

Figure 3 shows the effect of ONC temperature on the
hardness of the compound and diffusion layer of the AISI D2
samples. At 500 ºC process temperature the minimal increase of
hardness underneath the surface corresponds to the reaction front
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highest hardness values of the compound (1310 НV0.1) and
diffusion (933-720 HV0.1) layers are obtained at 550 ºС while the
core hardness is maintained at tempered condition. The relatively
shallow case depths obtained reflect the retarding effect of
increased chromium content on the penetration of nitrogen. The
increase in temperature over 590 ºC causes diffusion layer to
become thicker but with lower hardness. These findings indicate
that when vacuum ONC is carried out after quenching and high
temperature tempering of AISI D2 steel, it is not necessary to
increase the temperature above 550 ºC to obtain higher surface
hardness values. Under nonequilibrium thermodynamic
conditions prevailing in the particular ONC process, an
excessively thick and overaged compound layer does not occur.
The evolution of the crystalline phases as a consequence of the
process temperature shows that the ε-Fe2-3(N,C) monophase
content decreases with the increase of temperature up to 590 ºC.
The temperature over 550 ºC impairs the overageing of the core.
The compound layer of both 550 and 590 ºC treated samples
shows limited near-surface porosity effect. At 590 ºC the
compound layer acquires duplex structure - ε-Fe2-3(N,C)
apparently covered by compact, low-friction, single-phase
magnetite (Fe,Cr)3O4. The wear, adhesion and corrosion
resistance properties of the surface structures is to be examined.
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POLYVINYLCHLORIDE/GRAPHENE OXIDE (PVC/GO) COMPOSITES
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Abstract: In this study, the thermal and structural changes were observed in polyvinylchloride / graphene oxide (PVC/GO) composites in
different amounts of 0.1, 0.3, 0.5 and 1 wt.%. To this aim, GO was prepared from natural graphite by Hummers method. XRD results of GO
indicated that the interlayer distance increased from 0.33 nm to 0.88 nm. Energy Dispersive Spectroscopy (EDS) analysis results showed
that oxygen content increased from 22.59 % to 47.95 % after the oxidation process. These features suggested that the GO sample, mainly
oxygen-containing functional groups, was oxidized. PVC/GO composites were prepared by colloidal blending. XRD results of all composites
indicated the GO layers well-dispersed in polymer matrix. SEM analysis revealed that the composites with 0.1 and 0.5 wt. % GO filler
exhibited a uniform composite with highly porous and micro porous morphology respectively. TGA and DSC analysis showed that the use of
minimum amount of GO in PVC matrix did not provide an important improvement on the thermal stability of the examined composites.
Keywords: COMPOSITE, GRAPHENE OXIDE, PVC.

golden yellow immediately (Fig. 1 a). Finally, the mixture was then
filtered and washed several times with 3 % HCl and DI water until
pH 7 and dried at 65ºC for 12 h to obtain GO powder. There are
plenty of oxygen-containing functional groups in its graphitic
backbone: carboxyl (COOH) and carbonyl (-C=O) groups at the
sheet edges and epoxy (C-O-C) and hydroxyl (-OH) groups on the
basal plane [10] (Fig. 1 b).

1. Introduction
The innovations in modern technology pave the way for
growing demand on advanced polymer-composite materials.
Especially PVC is a universal polymer due to its easy processing,
low cost, good physical, chemical and corrosion properties. Today,
the annual production volume of PVC is more than 30 million
worldwide and more than 50 % of this material is used in
construction sector. In recent years, PVC has taken the place of
wood, concrete and clay. In addition, it has some additional
application areas such as flooring, cable insulation, roof tiles,
packaging material, bottle and medical products [1]. However, PVC
has several disadvantages such as poor processability, thermal
stability and weatherability. Moreover, PVC without plasticizers or
fillers is typically brittle and is not suitable for use in many fields
[2-3]. Commonly, graphene derivatives such as graphene oxide
(GO), reduced graphene oxide (RGNO), modified graphene oxide
(MGNO) and multi-layer grapheme (MLG) are widely used as
fillers for polymer composite materials. The easy synthesis and
solution processability of GO as an inexpensive filler material is
used to product polymer composites [4]. Recently, the improvement
in thermal, electrical and mechanical properties of PVC matrix with
graphene derivatives has been reported in many literatures [2, 5-8].
However, studies on the PVC/GO composite are scarce. Deshmukh
and Joshi (2014) prepared PVC/GO composite films with an
interconnected network of macro-pores morphology by using
colloidal blending method, and they reported that the strong
interaction between PVC and GO increased thermal stability of the
composites [4].
The objective of this work is to synthesis, thermal and structural
characterization of PVC/GO composites with the use of minimum
amount of fillers. The present study examines the structural
properties and thermal behavior of PVC/GO composites in the
minimum amount of filler.

(a)
(b)
Fig. 1 (a) Oxidation of graphite to graphene oxide and (b) chemical
structure of graphene oxide [11].

PVC/GO composites were prepared by a colloidal blending
method. PVC (1gr) was first dissolved in Tetrahydrofuran (THF) at
70 °C and was cooled to room temperature. GO powder was
separately dispersed in THF at 25ºC. The two solutions were stirred
for 2 h at 60ºC. The resulting homogeneous dispersion was poured
into glass petri dish and kept in an oven at 60 °C for slow
evaporation of the solvent to get PVC/GO composite. The GO
content in the PVC/GO composite was varied from 0.1–1 wt. %
(Table 1).
Table 1 : Ratios and codes of GO in the composites
GO Content
Samples
(in weight %)
PVC/GO-0.1
0.1
PVC/GO-0.3
0.3
PVC/GO-0.5
0.5
PVC/GO-1
1

2. Experimental Details
All chemicals and reagents were of analytical grade in the
experiments. All solutions were prepared using deionized (DI)
water. GO was prepared from natural graphite (45µm nominal
particle size) by the Hummers method [9]. Graphite (1 g) was
mixed with 69 mL of concentrated H2SO4 and the mixture was
stirred in an ice bath for around 30 min. After homogeneous
dispersion of the graphite powder in the solution, KMnO4 (8 g) was
added slowly to the solution in an ice bath and the reaction mixture
was stirred for 15 min. under a reaction temperature of 20ºC. Then
the ice bath was removed and the mixture was stirred at 35ºC
overnight to form thickened paste. Afterward 70 mL of de-ionized
water was added slowly into the reaction solutions to avoid the
reaction temperature rising to a limit of 98 ºC. After 2 h of vigorous
stirring, 12 mL of 30 % H2O2 was added and the color turned

Structural analyses of the composites were carried out by FTIR
spectra (Spectrum 100, Perkin Elmer) in the range of 4000–400
cm−1 and X-Ray Diffraction (XRD, PAN analytical, Empyrean) in
the range of 10–60°. The surface morphology was examined by a
Scanning Electron Microscopy (SEM, Supra 40VP, Zeiss).
Thermogravimetric analysis (TGA, STA 409, Netzsch) was
performed by heating the samples from 25°C to 800°C at a rate of
1°C min-1 in a nitrogen atmosphere. Differential Scanning
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Calorimetry (DSC, STA 409, Netzsch) analysis was performed by
heating the samples from 20°C to 600°C.

composite with low doping amount (0.1 wt %) of GO showed
continuous and compact structure with highly porous (Fig. 4d). As
shown in Fig. 4e, the SEM image of the PVC/GO-0.3 composite
showed that GO exhibited a crumpled structure in the form of thin
sheets in a random manner closely associated with each other. Pores
and cavities with 4-5 µm in size were observed on the PVC/GO-0.5
composite with 0.5 wt. % GO (Fig 4f) due to polymer growing in
the pores and galleries of GO [4]. In Fig. 4g, the SEM image of
PVC/GO-1 composite indicated a low degree of agglomeration of
GO.

3. Results and Discussion
FTIR spectra of GO and PVC/GO composites were represented
in Fig.2. The broad peak at 3214 cm-1 and a peak at 1720 cm-1 in the
FTIR spectrum of GO could be assigned to O-H stretching vibration
and the carbonyl (C=O) stretching vibration, respectively. The
peaks located at 1160 cm-1 and 1040 cm-1 belong to epoxy C-O
stretching vibration and the stretching vibration of alkoxy C-O
functional groups, respectively [12-13]. These results suggested that
the GO sample was oxidized and presented mainly oxygencontaining functional groups. For the PVC/GO composites, the
characteristic C–H in phase and out of phase stretching vibrations
bands can be observed at 2911 cm-1 and 2859 cm-1, respectively.
The peaks at 1426, 1252, 956, 834, 611 cm-1 in the FTIR spectra of
PVC/GO composites were attributed to the CH2 deformation, CHrocking, trans CH wagging, C-Cl stretching and cis CH wagging
vibration, respectively [8-14]. Obviously, there was no marked
difference in the FTIR spectra for all composites (Fig. 2). This
result was attributed to the low amounts of added GO. Deshmukh
and Joshi [4] reported that FTIR spectra of PVC/GO composites
exhibited an increase in the broadness of the peak in the region
1000–1500 cm-1 at higher loading of GO (2.5 wt.%).

Fig.4 SEM images of (a) GF, (b) GO, (c) PVC, (d) PVC/GO-0.1, (e)
PVC/GO-0.3, (f) PVC/GO-0.5, (g) PVC/GO-1 (magnification 5000X).

TGA weight loss and derivative thermograms for the PVC and
PVC/GO composites with different GO content were given in Fig. 5
and thermal parameters were summarized in Table 2.
Fig.2 FTIR spectra of GO and PVC/GO composites

Fig. 3 showed XRD patterns of the pristine graphite (GF) and
prepared GO and PVC/GO composites. The crystalline GF had a
sharp characteristic peak at 2θ=26.4º. The corresponding interlayer
distance was observed to be 0.33 nm. After oxidation, the
diffraction peak shifted to 9.9° indicating that the interlayer space
increased to 0.88 nm [13]. The increase in the interlayer distance
from 0.33 nm to 0.88 nm was due to oxygen-containing functional
groups intercalated within the layered structure. The results show
that the reflection shape of PVC/GO composites is almost exactly
the same because of the low X-ray diffraction intensity of PVC and
low amounts of added GO [6]. These results of all composites
indicated the GO layers well-dispersed in polymer matrix, as shown
in Fig 3.

Fig. 3 X-ray diffraction patterns of GF, GO and PVC/GO composites.

Fig. 4 showed the SEM images of the GF, GO, PVC and
PVC/GO composites. It could be seen clearly from the SEM image
of Fig. 4a that GF had a thin plate stacked structure [15]. GO
presented a worm-like structure randomly aggregated [16-17] (Fig.
4b). According to EDS results of the GF and GO, oxygen content
increased from 22.59 atom % to 47.95 atom %. When compared to
the straight surface of neat PVC shown in Fig. 4c, the PVC/GO-0.1

Fig.5 TGA and DTG curves of (a) PVC, (b) PVC/GO-0.1, (c) PVC/GO-0.3,
(d) PVC/GO-05 and (e) PVC/GO-1.
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Table 2 : Thermal parameters for the PVC and PVC/GO composites
(20 °C/min heating rate, under nitrogen atmosphere).
Sample
T (°C) range
Weight loss at
Residue at
600°C (%)
600°C wt.
T1
T2
(%)
PVC
296
452
84
16
PVC/GO-0.1
292
464
86
14
PVC/GO-0.3
297
457
83
17
PVC/GO-0.5
293
469
86
14
PVC/GO-1
276
470
88
12

PVC started to degrade at low temperatures of about 153°C.
PVC and its composites showed two stages of decomposition. The
first weight loss was observed in 296°C for the neat PVC,
corresponding to the loss of HCl [6] (Fig. 5 a). For the composites,
the first weight loss (T1) in the range 292–276°C was attributed to
the elimination of oxygen containing functional groups of GO [4]
(Fig.5 b - e). The decomposition temperatures of the PVC,
PVC/GO-0.1, PVC/GO-0.3 and PVC/GO-0.5 composites were
about same (Table 2) (Fig.5 b-d). This means that the GO plays
little role in improving the thermal stability of the PVC. When
compared to the neat PVC, the first thermal decomposition
temperature of the PVC/GO-1 composite in Fig.5 a and e reduced
to 276°C. It showed lower stability because the GO layers act as a
reinforcing particulate filler attracting Cl. Therefore, the C–Cl
bonds in PVC were weakened at this temperature [5-6]. The low
thermal stability of the PVC/GO-1 composite was mainly attributed
to the weak interactions between the GO and PVC [2]. As shown in
Fig. 5 b-e, no weight loss from 290 to 470°C was observed, which
indicates the stability of the composites at this temperature. The
second major weight loss (T2) was observed between 457 and
470°C for all composites in Fig.5 b-e, which was much shorter than
the previous stage. For all PVC/GO composites, the mass loss
during this degradation stage was little increased compared to the
neat PVC (Table 2), which indicated that the dispersion of GO
layers partially prevented the formation of volatile aromatic
compounds along with a decrease of carbonaceous residue [6]. This
result is consistent with those of the graphene/PVC composites
reported in literature [2].
The resultant DSC thermograms were presented in Fig.6 and the
quantified results were summarized in Table 3. From the data, it
could be observed that the neat PVC exhibited glass-transition
temperature (Tg) at around 59°C. However, the PVC/GO
composites showed a different behavior with the value of Tg shifted
below 59°C (Table 3) [7]. Reducing of glass transition temperature
provides an easier relaxation of molecular chain [18]. As shown in
Fig. 6, DSC thermograms of the neat PVC and composites exhibited
endothermic transition peaks. The peak temperature of melting
occurred at about 300°C for all the PVC/GO composites, indicating
that the addition of GO had little effect on the melting point of the
composites (Table 3).
As given in Table 3, the addition of 0.1 wt. % GO produced an
increase of 62.9 J/g in enthalpy. This could well be explained by the
reinforcing effect of GO sheets leading to improved thermal
stability. Moreover, this result demonstrated the compatibility of
TGA and DSC curves of the PVC/GO-0.1 composite. When the GO
content is increased to 0.3 and 0.5 wt. %, the melting enthalpy
decreased to some extent. However incorporating 1 wt. % GO into
PVC matrix leds to a 29.81 J/g decrement in the value of enthalpy
compared to the neat PVC and the composites with 0.1, 0.3 and 0.5
wt.%, which shows the existence of weak interaction between the
polymer and the filler [18]. Also, TGA results (Table 2) and SEM
images (Fig 4) supported the decrease in the enthalpy of the
PVC/GO-1 composite.

Fig. 6 DSC curves of the neat PVC and PVC/GO composites.
Table 3 : Glass-transition temperature and melting parameters of the neat
PVC and PVC/GO composites.

Samples
PVC
PVC/GO-0.1
PVC/GO-0.3
PVC/GO-0.5
PVC/GO-1

Glass transition
temperature
(Tg°C)
59
56
53
54
55

Melting
temperature
(Tm°C)
302
299
303
294
303

Enthalpy
ΔH(J/g)
58.66
62.9
57.24
55.41
29.81

4. Conclusion
In this study, FTIR, XRD and EDS results showed that GO was
successfully synthesized from natural graphite by Hummers
method. PVC/GO composites with dispersion in THF had been
synthesized by colloidal blending method using minimum amount
of GO. XRD results of all composites indicated the GO layers welldispersed in PVC matrix. No changes was observed in XRD
patterns and FTIR spectrums of all composites with addition of
small amounts of GO to PVC matrix. However, the composites had
a different morphological structure compared with the neat PVC.
The SEM images showed that the composites with 0.1 and 0.5 wt.
% GO filler exhibited a uniform composite with highly porous and
micro porous morphology, respectively. TGA and DSC results
showed that there was a good interaction between the GO and PVC.
However, the addition of small amounts of GO into PVC matrix has
not manifested an important improvement on thermal properties of
the composites. All results of this study revealed that the structural
changes of the PVC/GO composites must had influenced their
mechanical properties. Therefore, the mechanical properties of
these composites will be examined in a future work.
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Abstract: This paper examines the influence of the graphite morphology on the high temperature abrasive wear behavior of vermicular
and nodular cast irons, having same hardness. Wear tests were conducted on a 240-mesh Al2O3 abrasive paper at various temperatures in
between 25 and 450 °C. The results showed that in all cases, the nodular cast iron exhibits a higher wear resistance than the vermicular cast
iron. Generally the examined vermicular and nodular cast irons exhibit the highest resistance to abrasion at 150°C.
Keywords: ABRASIVE, CAST IRON, HIGH TEMPERATURE, WEAR.

1. Introduction

total weight loss of VCI at room temperature

Cast irons having desirable properties such as excellent
castability, high wear resistance, ease of machining are relatively
low cost when compared with alloy steels with similar mechanical
properties [1-3]. Cast irons can be divided into gray cast iron,
vermicular cast iron and nodular cast iron by their different graphite
shapes. Vermicular cast iron (VCI) and nodular cast iron (NCI) are
widely used in demanding applications (cylinder heads, exhaust
manifolds and brake parts) for which the temperature and wear are
usually localized at the surface of machine parts [4, 5].

RWR=

total weight loss of other samples at other
temperature

After the wear tests, worn surfaces of the samples were
examined by a Scanning Electron Microscope (SEM) and a stylus
profilometer. The roughness-measurement length was 2 mm for
average-surface-roughness (Ra) and maximum-roughness-depth
(Ry) determinations, in units of microns. The parameters Ra and Ry
are the average absolute deviation of the roughness irregularities
from the mean line and the largest value of the maximum peak to
valley height parameters along the assessment length, respectively
[7]. In order to understand the mechanism of material removal
during wear testing, the subsurface hardness and cross-sectional
micrograph of the worn surface were examined with microhardness
under a load of 25 g and OM examination, respectively.

It is well established that the properties and performance of any
type of cast irons depend highly on the graphite type. The variations
in graphite morphology cause the significant changes in total
material loss through abrasion [6]. The understanding of the
graphite´s role together with the matrix on the mechanical and
physical properties of cast irons is still limited. There is no doubt
that the mechanical behaviour of cast irons is a cooperative action
between the matrix (ferritic, pearlitic or ferritic/pearlitic) and the
graphite (flake, vermicular, mellable or nodular) under high
temperature loading.
To address the need for operation in high temperature abrasive
wear conditions, this study aims to determine the wear behaviour of
two different classes of cast irons identified as VCI and NCI.

2. Methods and Procedures
The material used in the present study was VCI and NCI cast
irons. The average hardness value of the VCI and NCI cast irons
was 200 HB, which was measured five times by Brinell hardness
tests using a load of 187.5 kg and 2.5 mm steel ball. The
microstructural examinations were made on a Nikon model Optical
Microscope (OM) after preparing the VCI and NCI cast irons in the
standard manner and etching with 2 % Nital.

Fig. 1 Schematic view of the high temperature abrasive wear tester utilized
in this investigation.

3. Results and Discussions
The VCI cast iron presents ferrite in its microstructure, besides
pearlite, vermicular (worm-shaped) graphite and traces of nodular
graphite (Fig. 1 a). As shown in Fig. 1 b, the microstructure of the
NCI cast iron consists of a pearlitic matrix with ferritic rings of
varying thicknesses surrounding the graphite nodule size of 19.5
µm, which had a good nodularity. The Brinell hardness of the VCI
and NCI cast irons was also similar, independently of the different
graphite morphology.

A schematic illustration of the high temperature abrasive wear
testing machine used in this study is shown in Fig. 1. Wear tests
were performed under a normal load of 10 N, by rubbing the
samples machined into cylindrical shape of 6 mm in diameter and
20 mm in length, on an Al2O3 abrasive paper with a fineness of 240
mesh. Sliding speed of the belt was 0.5 m/s. During the wear tests,
samples that were rubbing on the abrasive papers were moving
perpendicular to the sliding direction so that they always passed
over fresh abrasives. Total sliding distance of the samples on the
abrasive papers was 8.4 m. Weight loss values were measured by
means of a 0.1 mg precision scale. The abrasive wear test was
carried out at various temperatures in between 25 and 450 °C. The
effect of wear environment temperature on the abrasive wear
behaviour of the VCI and NCI cast irons is analyzed on the basis of
Relative Wear Resistance (RWR):
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deformation than NCI cast irons (Figs. 5 and 6). It is supposed that
when alumina abrasives reach the leading edge of the graphite
flake, the width and depth of the scratch suddenly are increased due
to the low hardness and low abrasion resistance of graphite flakes.
Ra and Ry values (Fig. 6) for the wear scars of the VCI and NCI cast
irons exposed to wear increased when the testing temperature was
increased to 300 °C. Interestingly, the Ra and Ry values decreased at
temperature of 450°C as a result of penetration of abrasive particles.

(a)

(b)
Fig. 2 Low and high magnification OM micrographs of the (a) VCI and (b)
NCI cast irons.

The variation of the relative wear resistance experienced by the
VCI and NCI cast irons is provided in Fig. 3 as a function of
temperature. The NCI cast irons presented higher wear resistance
than VCI cast irons when tested at 25, 150 and 300°C. However, the
wear resistance of the VCI cast iron tested at elevated temperature
(450°C) is slightly higher than that of the NCI cast iron. The highest
relative wear resistance was obtained for the VCI and NCI cast
irons at the temperature of 150 °C. Microhardness measurements in
the subsurface cross-section proved that this temperature
corresponds to the beginning temperature of strain aging beneath
the worn surface (Fig. 4). The improvement in the wear resistance
of the VCI and NCI cast irons tested 150°C can be related to the
strain aging phenomena of the subsurface layer during the wear test
(Fig. 3). The trend displayed in the wear resistance has been
observed in Celik’s results [8]. Above 150°C, the wear resistance
diminished as a consequence of its low subsurface hardness at 300
and 450 °C (Fig. 3). It can be concluded from Figs. 3 and 4 that
when the temperature reaches up to 450°C, the abrasive particles
penetrate and abrade the matrix.

Fig. 5 High magnification SEM micrographs showing the morphology of the
worn surfaces of the VCI and NCI cast irons abraded on a 240-mesh Al2O3
abrasive grains at room (25°C) and at elevated temperatures (up to 450°C).

Fig. 3 The effect of test temperature on the relative wear resistance of the
VCI and NCI cast irons abraded on a 240-mesh Al2O3 abrasive grains.

(a)

(b)
Fig. 6 Variation of (a) Ra and (b) Ry values with wear environment
temperature.

Fig. 4 The effect of test temperature on subsurface hardness of the VCI and
NCI cast irons abraded on a 240-mesh Al2O3 abrasive grains.

VCI cast irons exhibit rougher worn surfaces and deeper
abrasive groves accompanied by a high degree of plastic
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Fig. 7 shows OM micrographs of cross-section of worn surfaces
of the VCI and NCI cast irons after the wear test of 8.4 m travel
distance. Fig. 7 illustrates that strong cracking had occurred under
the worn surface of the VCI cast iron. The notch effect is higher for
the VCI cast iron compared with that of the NCI cast iron with the
same hardness, because thick flake graphite removal produces high
stress concentration in the VCI cast iron [9, 10].
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Fig. 7 Cross-section observations of the damaged cast irons under the worn
surface after chemical etching.

4. Conclusion
Effect of graphite morphology on high temperature abrasive
wear properties of VCI and NCI cast irons has been investigated
and the following conclusions may be drawn:
1. The results showed that the VCI cast iron presented greater
wear losses than the NCI cast iron at any temperature applied.
2. The use of thick flake graphite cast iron for high temperature
abrasive conditions increased a risk of damage. In abrasive working
conditions, spheroidal graphite cast iron should be used, which is
more crack resistant.
3. Formation of strain aging of the subsurface layer during wear
process at 150 °C was contributed to increase in the wear resistance
of the VCI and NCI cast irons. Above 150 °C, the wear resistance
and subsurface microhardness of the VCI and NCI cast irons
decreased with an increase of testing temperature.
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