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Abstract: Biotechnologies could supply inexpensive, environment friendly and effective materials for new nonstandard and concurrent 
solutions. The present work’s focus was on acquiring new physical data for application in electronics and medicine of biogenic materials 
obtained due to the metabolism in laboratory conditions of iron-oxidizing bacteria from the genus Leptothrix. Powders and coatings on glass 
samples were under investigation. XRD and Raman Spectroscopy analysis of the data collected show that the Fe2+-depending from the 
growth media could transformed into Fe3+ or Fe2.5+ in the form of two types of oxides/hydroxides such as magnetite (Fe3O4) and 
lepidocrocite (ɣ-FeOOH), all with nanostructured morphology. Biotechnology for obtaining one biogenic iron phosphate hydroxide (ferrian 
giniite) - (Fe5(PO4)4(OH)3.2H2O) was also developed. The ferrian magnetic material is dispersed in the walls of biogenic tubular structures. 
The average particle's size and crystalline structures of bio-products were investigated. Results based on PPMS measurements on the 
magnetic properties were reported. The new biogenic materials showed superparamagnetic behaviour and high sensitivity to 
electromagnetic radiation and have real potential for application in electronic and information technologies. 

Keywords: IRON OXIDES/HYDROXIDES BIOMATERIALS, IRON-OXIDIZING BACTERA, LEPTOTHRIX, BIO-MAGNETIT, BIO-
LEPIDOCROCITE, BIO-FERRIAN GINIITE, SUPERPARAMAGNETIC BIO-PARTICALS 
 

 

1. Introduction 
Molecular electronics, biosensors and biocomputers are 

scientific areas which demonstrate extremely fast progress in the 
last decade. Nanosized biogenic iron oxides/(oxy)hydroxides are 
promising alternative to polymers applied in molecular electronics 
and reveal new perspectives. Biotechnologies could supply 
inexpensive, environment friendly and effective materials for new 
nonstandard and concurrent solutions. Superparamagnetic iron 
oxide hybrid nanoparticles having high bio-compatibility have been 
used “in vivo” experiments in NMR, for better contrast, repair of 
tissue. The first patent for artificially preparation of nanosized 
biogenic tubes [1] appeared in 2012. A large part of Earth’s 
sedimentary iron deposits can be attributed directly or indirectly to 
microbial activity [2]. Microorganisms, so called Fe-oxidizing 
bacteria (FeOB) are able to oxidize Fe2+ and form Fe3+ bioproducts. 
Ones of the bacteria competing with the kinetically more favorable 
abiotic Fe2+ oxidation are those from the group Sphaerotilus – 
Leptothrix. As a result of the bacteria-mediated iron oxidation, 
red/orange microbial mats are formed, which comprise iron 
(oxy)hydroxides in a polysaccharide matrix in the specific form of 
tubular sheaths, with the exact composition of the sheaths yet to be 
fully determined. The question about the function of the iron 
oxidation by the bacteria is still open for debate due to the lack of 
sufficient information and difficulties with their cultivation under 
laboratory conditions.  

The present work’s focus was on acquiring new physical data 
for application in electronics and medicine of the biogenic material 
obtained due to the metabolism in laboratory conditions of FeOB 
from the genus Leptothrix. Depending on the media for cultivation 
used, we obtained different iron-containing nanostructured 
materials with crystalline identification as lepidocrocite, magnetite 
and ferrian giniite. Powders, coatings and bio-micro tubes from 
these materials were under investigation.  

2. Materials and Methods  
The procedure for sample preparation under laboratory 

conditions is outlined in Fig 1. 

In this research we used a pure culture of the bacteria from the 
genus Leptothrix isolated from a natural stream in Vitosha 
Mountain, located at altitude of 1783 m [3, 4].  Two types of growth 
media for obtaining desired biogenic oxides and tubular structures 
(sheaths) were used: Adler’s medium (АM) [5] and Silicon Iron 
Glucose Peptone medium (SIGP) [6] and Fernbach, Roux and 
Erlenmeyer flasks for the cultivation under static conditions. The 
cultivation is described in detail by Angelova R. et al. [3, 4]. The 
specific shape of the selected vessels provides a high volume and 
surface for aeration of the culture fluid in order to allow the bacteria 
to grow. The flasks were inoculated (10% v/v) and cultivated at a 
temperature of 20 °C. The additional iron source (iron cuttings) was 
added in each growth medium. The iron source for AM and SIGP 
media was ammonium iron (II) sulfate ((NH4)2Fe(SO4)2·6H2O) and 
ferrous sulfate (FeSO4·7H2O), respectively. 

 Biotechnology for obtaining of a biogenic iron phosphate 
hydroxide (ferrian giniite) - (Fe5(PO4)4(OH)3.2H2O) was developed 
based on the laboratory cultivated Leptothrix bacteria in SIGP with 
Pb(NO3). The technology is growing up to the pattent documents 
and will be called provisory SIGPP.  

To characterize the biogenic materials obtained we used X-ray 
diffraction, Raman spectroscopy and TEM imaging. The magnetic 
measurements were performed on a Physical Properties 
Measurement System (PPMS) up to 1 T. All samples were obtained 
after 40 days of cultivation, filtering and drying of the biomass at 
room temperature, excluding the method for obtaining ferrian 
giniite, which the cultivation period was 14 days. 
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Fig. 1 Schematic illustration of the preparation and characterization 
procedure of the investigated materials [14] 

3. Results and Discussion 
Choosing modified Adler’s medium was a decision based on 

assessing the results from the quantity of biomass obtained in 
grams, in connection with the growth time in days, with these media 
showing the best results. In order to achieve any type of application, 
the quantities of iron-bearing material obtained biotically have to 
compete with those obtained inorganically. Figure 2a) shows SEM 
images of FeOB cultivated in AM. The typical morphology of cells 
can be seen with shape characteristic of the genus Leptothrix. 
Hollow sheaths were revealed by SEM and light microscopy only in 
SIGP medium. However, none of the samples investigated 
contained the typical Leptothrix sp. hollow sheaths, as revealed by 
numerous SEM and light microscopy observations, even under 
longer periods of cultivation. This confirmed some previous 
investigations, which concluded that these bacteria, in most cases, 
lose their ability to form iron-containing sheaths when they have 
been cultivated in vitro [6, 5]. The cultivation in AM did not lead to 
the formation of such structures, but we were able to prepare 
sufficient quantities of biomass with ochre coloring obviously 
containing various types of iron oxides/(oxy) hydroxides. 

The cultivation in SIGP medium gives the possibilities due to 
the metabolism of Leptothrix sp. to obtain submicron and nanosized 
sheaths. The cultivation in SIGPP medium allows to form tubular 
structures with nanosized spheres of a biogenic iron phosphate 
hydroxide (ferrian giniite) - (Fe5(PO4)4(OH)3.2H2O) discreetly 

dispersed in the sheath walls. The typical sheaths structures are 
illustrated in Fig. 2b). 

 

  

 

   
               a)                                                   b) 
Fig. 2 SEM of bacteria from the genus Leptothrix cultivated in a) Adler's 
medium: panoramic view and b) tubular structures obtained after cultivation 
in SIGP medium. 
 

The biogenically derived materials from the cultivation were 
characterized by XRD. Figure 3a) presents XRD spectra of samples 
obtained from AM. The analysis of the spectra reveals that the 
phase composition is mixed. For the material collected from the 
AM-cultivated Leptothrix strain, it was as follows: lepidocrocite (γ-
FeOOH) – 60 %; magnetite (Fe3O4) – 22 % and goethite (α-
FeOOH) – 18 %. The average size of all particles was calculated 
independently, all of them being on the nanometer scale. It was as 
follows: lepidocrocite particles – 30 nm; magnetite particles – 
24 nm and goethite particles – 12 nm.  

                                                                                                                           
a)                                                        b)            

Fig. 3a) XRD spectra of biogenic material obtained in AM after cultivation 
of Leptothrix bacteria and inserted a TEM image of the powder obtained 
and b) Optical microscope photographs of the bacteria-derived material 
deposited on glass slides from AM.  
 

Glass slides from AM (see Fig. 3b) with different biofilms 
depending on the growth media used were prepared from FeOB 
cultivated for 40 days by three drop-wise depositions of collected 
and filtered biomass. Each layer was dried at room temperature. 
Thus prepared, the samples were examined by Raman micro-
spectroscopy using a LabRAM HR Visible single spectrometer 
equipped with a microscope and a Peltier-cooled CCD detector. The 
633-nm He-Ne laser line was used for excitation. The Raman 
measurements were performed at room temperature.  

Raman spectra of the material are systematized in Table 1 
depending in AM growth medium used, the corresponding iron by-
products detected and their positions in the Raman signal. We have 
to note that a strong luminescence signal was also present during 
the measurements arising from all samples containing iron 
oxides/(oxy) hydroxides, which greatly impeded our investigation. 
It stretched over the whole spectral range (100 to 3400 cm-1) of the 
spectra obtained.  

Table 1: Raman scattering data of the biogenic material from AM.  
Growth 
medium 
(sample) 

Raman peak positions 
detected in sample* 

(cm-1) 

Assigned iron 
oxides/hydroxides** 

Adler’s 
medium 
(AM) 

221, 254, 312, 350, 
381,465, 530, 650 lepidocrocite (γ-FeO(OH)) 

310, 540, 670 magnetite (Fe3O4) 

*   The prominent peaks positions in the Raman signals detected are shown 
in bold. 
** The assignment of spectra is on the basis of literature data [9,10,11]. 
Since, to the best of our knowledge, Raman studies on biogenic material 
have not been performed before, the comparison was made with data for 
natural and synthetic minerals, corrosion products etc. 

Obtaining enriched cultures 

Isolation and storage of pure cultures 

Identification of the isolates by classical taxonomy 

Confirmation of the taxonomic status of isolates by  
molecular methods (PCR detection assay) 
 

Double-culturing under same conditions and growth 
media with pure cultures for obtaining tubular 
structures and biogenic oxides 

Analysis of the biogenic oxides obtained: 

Optical microscopy 

SEM and TEM 

X-ray Diffraction (XRD) 

Magnetic measurements 

Raman spectroscopy 

Sampling, processing of the biomass harvested, analysis of the 
natural samples for the presence of iron-oxidizing bacteria 
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The single broad band at 670 cm-1 is well-known feature of 
magnetite (Fe3O4). Magnetite’s other two very weak bands at 310 
and 530 cm-1. Magnetite is a ferrimagnetic material with iron in a 
mixed valence state. Its structural formula can be written as 
(Fe3+)A[Fe2+Fe3+]BO4, where “A” and “B” are magnetite’s 
tetrahedral and octahedral sublattices. Its appearance in the AM 
sample to the amount of around 22 % (as calculated from the XRD 
spectra) of the entire iron-bearing mass cannot straightforward be 
explained yet. One possible scheme for its formation can be 
deduced from a small very weak spectral feature, which is not, by 
any means, characteristic for lepidocrocite. The band at around 460 
cm-1 is a fingerprint for only one iron-bearing compound, namely, 
ferrous hydroxide Fe(OH)2. It cannot be ruled out that these small 
traces of Fe(OH)2 are of biogenic origin, because the mechanism of 
the reactions involving the hydrogen peroxide (H2O2) derived from 
the Leptothrix sp. metabolism and the nutrition present are not fully 
understood, especially on the interface bacterial wall/iron source. 
Only some tips elevated higher of the biomass level are colored 
differently from reddish-brown and also in the fact that the 460 cm-1 
peak is present in the lepidocrocite spectra only. Such small areas 
with concentrated Fe(OH)2 can act as centers for nucleation of 
magnetite. It is more thermodynamically stable than the hydroxide 
and it evolves most probably via the scheme described by Herane 
M. et al.[11]. In the scheme summarized there, the formation of 
magnetite passes through an intermediate phase – green rust, which 
is unstable in air. No Raman peak positions of goethite were 
detected, although the XRD spectra of the sample show that it was 
present, with nearly 18 % of the volume. In our opinion, this is due 
to the specifics of the Raman spectroscopy probing having to do 
with the laser beam being focused on spots with diameter below 
50 µm in a search for a flat surface. On the other hand the XRD data 
showing the good crystallinity of the lepidocrocite detected and that 
the goethite is in poor crystallinity state and really could speak for 
the trace of him in mix with the lepidocrocite. Material obtained 
from the AМ exhibited a strong response to a weak DC magnetic 
field, indicative of the magnetite-phase leading role regardless of its 
lower content. The magnetic properties were investigated by PPMS. 
For the AM sample, we measured magnetic hysteresis up to 2 T at 4 
and 300 K; they are presented in Fig. 4 a) and b). The coercive 
fields Hc are 73 and 14 Oe at 4 and 300 K, respectively. 
Magnetization values more typical for magnetite, rather than any 
antiferromagnetic or paramagnetic material, can be seen. The result 
shows superparamagnetic behavior of the AM sample at room 
temperature (300 K - see the inserted Fig.4b). The main contributor 
to the magnetic behavior of the biogenic product is the nanosized 
magnetite. The existence of a “none-zero” low coercive - Fig. 4b) 
field of 14 Oe could be due to the presence of a small amount of 
magnetite particles with a diameter larger than the 
superparamagnetic limit (30 nm) for this kind of particles or small 
contribution from the antiferromagnetic particles. The remanent 
magnetization (MR) is higher for the lower temperature. 

 
 

a)                                                   b)                                                                   
Fig.4 Hysteresis loops M(H) of AM sample at a) 4 K and b) 300 K. 
 

The sediment from AM sample was dried at 200oC up to 2 
hours. Figure 5a) shows the thermal analysis of the AM sample 
heated up to 1000oC at air with velocity 10oC/min. Strong 
endothermic effect was observed in the interval 200–370оС which 
has summary character including: (i) dehydration, (ii) chemical 
transformation of γ-FeOOH → γ-Fe2O3 in the interval 180–300оС 
and (iii) burn out of the organic mass - the high level of the weight 
losses in the sample. Obviously after annealing could awaiting two 
ferrimagnetic phase in the powder, respectively magnetite Fe3O4 

(bulk Ms=93 emu/g) and maghemite γ-Fe2O3 (bulk Ms=73–
74 emu/g). Magnetic measurements show that the ferrimagnetic 
phase increases with 71% (inserted Ms in Fig. 5b). The magnetic 
investigations show that the powder keeps their superparamagnetic 
behavior. The superparamagnetic nature of the AM biogenic 
product makes it a perfect candidate for a magnetic component in 
biocompatible ferrofluids [12], as the currently used Gd-based 
contrast agents are also paramagnetic in nature. 

 
  a)                                                            b) 

Fig. 5a) DTA, TG and DTG investigation of AM samples and b) Hysteresis 
loop of annealed AM powder. 
 

In the SIGP medium as a result of the bacterial metabolism 
submicron and nanosized sheaths have been formed (Fig. 6). The 
XRD pattern (Fig. 6) of the tubes obtained from the modified 
SIGPP medium shows a single-phase crystalline structure of the 
inorganic inclusions of a biogenic iron phosphate hydroxide 
(ferrian-giniite) - (Fe5(PO4)4(OH)3.2H2O). The ferrian magnetic 
material is discreetly dispersed in the walls of these biogenic tubular 
structures. In the scientific literature the magnetic data of this bio-
material are very limited.  

 
 
Fig. 6 XRD spectra of biogenic material from SIGPP sample after 
cultivation of Leptothrix bacteria and an inserted image of the typical 
tubular structures obtained after cultivation in SIGP medium. 
 

Magnetic measurements (Fig. 7a) show a typical ferrimagnetic 
behavior of the sample with tubular structure. In contrast to the 
crystals of ferrian-giniite obtained by convenient chemical 
technologies [13] this bio-product has a weak hysteresis behavior 
which is probably defined by the nanosized dimension of the 
particles. 

Figure 7b) presents the fitted data of the magnetic saturation 
with an applied magnetic field H=1T and inserted the hysteresis 
behavior at 1T where the curve goes down up to inverse point. 
Investigation by PPMS from 4 K up to 80 K show the 
superparamagnetic hysteresis loops typical for a single domain 
magnetic particles.  After 80 K the magnetic moment abruptly rise 
but without saturation till the maximum of applied magnetic field.  

 
                a)                                              b) 

Fig. 7 Magnetic properties of SIGP sample: a) Superparamagnetic M(H) up 
to 80 K and b) Non-saturated magnetic moment up to 10 T. 
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4. Conclusions 
Bionanotechnology was employed to produce biogenic 

nanosized iron oxide powders and nanotubes containing magnetic 
nanoparticles due to the cultivation of the bacteria from the genus 
Leptothrix under laboratory conditions. The transformation of Fe2+ 
to Fe3+ due to bacterial metabolism in the powders was around 78 
%, with the rest being found to be in a mixed 2,5 valance state in 
magnetite. The average size of all particles was calculated 
independently and found to be on the nanometric scale. The 
magnetic measurements results showed a superparamagnetic 
behavior of the iron oxide/hydroxide powders at room temperature 
(300 K). The main contributor to the magnetic behavior of the 
biogenic product is the nanosized magnetite and after annealing to 
200oC the ferrimagnetic mix from Fe3O4 and γ-Fe2O3. In the SIGPP 
sample as a result of the bacteria metabolism submicron and 
nanosized tubes has been formed with the inorganic inclusions in 
the walls of a biogenic iron phosphate hydroxide (ferrian giniite) - 
(Fe5(PO4)4(OH)3.2H2O). The understanding of the structural and 
magnetic properties of these materials is important for fundamental 
research, but also could suggest some development of potential 
applications in magnetoelectronics and information technologies. 
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The results of investigations of the structure and the elastic characteristics of the aluminum-matrix composites of Al-TiC system, 
produced by hot forging in accordance with different technological schemes are presented. It is shown that the materials obtained by hot 
forging differ in appreciable anisotropy, which is characterized by the elongation of the particles of the matrix phase in the direction normal 
to forging force. Hereupon the resulting values of both normal elasticity modulus and shear modulus in the plane normal to the direction of 
the deforming force during hot forging, are of 12-15% higher than the corresponding characteristics in the direction of deformation. For all 
of the above manufacturing processes the elastic characteristics of the investigated aluminum-matrix composites exceed by 40-70% 
(depending on the direction of sounding) the Young modulus of aluminum, and the respective characteristics of the shear modulus are higher 
by 8-15%. 

Keywords: ALUMINUM-MATRIX COMPOSITE, HOT FORGING, MODULUS OF ELASTICITY, STRUCTURE, 
ANISOTROPY. 

 
 

Introduction 
 
Aluminum-matrix composites have a wider application in 

automotive, aviation and aerospace industries owing to the 
unique combination of high strength and low specific gravity, 
high modulus of elasticity, and good friction characteristics [1-3]. 

SiC, Al2O3, TiC and TiB2 are the most often used 
strengthening ceramic additions to the aluminum alloys. Torralba 
J. M. et al. [1] consider that among the above mentioned 
additions, TiC is the most catching as it possesses high hardness 
and modulus of elasticity, and low specific gravity. Lattice 
parameters of particles of transition metal carbides, especially 
TiC, are the closest to those of aluminum solid solution. 

As a rule, strengthening particles are introduced into the 
aluminum-matrix composites through mechanical mixing with 
aluminum powder (by powder metallurgy methods) or their 
direct introduction into aluminum liquid followed by mixing (in 
case of casting redistribution) [1]. 

However, such methods do not allow one to realize in full 
measure possibilities of dispersed strengthening due to 
unsatisfactory wetting of TiC particles with aluminum because of 
the oxide layers present on their surface. 

At creation of such materials, the method of introducing 
strengthening phases into the liquid or powdered mixture based 
on aluminum and using master alloys is considered more 
acceptable, in particular, from the Al-Tі-C system synthesized by 
іn-sіtu reaction at thermal synthesis of bricks from the mixture of 
Al, Ti, and C powders followed by hot pressure treatment of 
sintered bars [3-7]. At the same time, to provide homogeneous 
distribution of strengthening phase particles through the product 
volume it is necessary to realize the schemes of intense plastic 
deformation at the stage of powder mixture preparation or at the 
following pressure treatment of sintered bars [7-9]. 

Evidently, when the content of strengthening particles in the 
matrix alloy is equal, the degree of the particles conglomeration 
(uniformity of their distribution through the volume), and the 
character of anisotropy, which as a rule occurs after additional 
pressure treatment of sintered bars, would have significant effect 
on the properties of the matrix alloy. One of the effective 
methods of mediate evaluation of the mentioned material 
parameters is determination of elastic characteristics using 
acoustic, in particular, impulse ultrasonic methods [10-11]. 

In this connection, the object of the research is to investigate 
the influence of prior treatment of powder mixtures and the 
scheme of hot forging of compressed powder bars on the degree 
of anisotropy of forged material and the values of elastic 
characteristics in two orthogonal planes. 

Materials and research methods 
 
To synthesize master alloys of the Al-Tі-C system, aluminum 

(20 mass %), titanium (64 %) and carbon (16 %) powders were 
mixed in a drum mixer and porous bricks were compressed from 
this mixture under pressure of 500 MPa. Thermal synthesis was 
realized in a sealed chamber filled with commercially pure argon 
in a furnace of indirect induction heating at 900 oC for 1 h. 

The bricks from the synthesized master alloy were milled in a 
planetary mill for 5 min. to obtain the powder with maximum 
particle size equal to 80-100 µm which was used as a component 
of the blend to produce aluminum-matrix composites. 

Initial bars for hot forging of experimental composite 
samples were obtained by two technological schemes. 

According to the first technological scheme, aluminum 
powders and 15 mass % of master alloy were mixed in a drum 
tumbler for 1 h. In the second scheme, aluminum powders and 
master alloy were mixed in ethanol in a planetary mill for 7.5 
min. The ratio of powder mass and milling balls was 1:5. 

In the sequel for both schemes, the produced powdered blend 
was compressed under pressure of 550 MPa, the bars were heated 
in a vertical laboratory furnace in argon to the temperature of 600 
0С for 10-15min and subjected to hot forging on a crank press in 
a semi-enclosed die. 

As the initial bars for forging were used two types of 
compressed specimens: cylindrical one (41 mm in diameter) and 
the one in the form of a hollow cone with the same diameter in a 
base (fig.1). After forging the forged specimens had the form of a 
two-dimensional cylinder with diameter 43 mm and ∼9.5 mm in 
height. The part of bars before hot forging was sintered at 600oC 
in argon for 1 h. 

To evaluate elastic characteristics of composites, the 
respective templates were cut from the obtained forged 
specimens. The microstructure of the obtained master alloys and 
composites was studied using a metallographic microscope XJL-
17AT and an electron microscope Jeol Superprob-733. The 
specimens were etched with 40% NaOH solution. 

Hence four types of forged material produced by different 
technological schemes (Table 1) were used as the specimens for 
the evaluation of elastic characteristics of the obtained material. 

Acoustic methods of nondestructive testing were employed to 
evaluate the elastic characteristics and the degree of anisotropy in 
the forged material produced by different technological schemes. 
The methods are based on measuring elastic wave velocity, 
namely, the method of radio-frequency pulse with discrete delay 
[11] combined with measuring elastic wave velocity and 
attenuation coefficients for longitudinal and transverse waves at 
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frequencies of 5 and 1 MHz, correspondingly. It is taken into 
consideration that the wave velocity is functionally connected 
with elasticity and density of the material. Characteristics of the 
above-mentioned parameters in different planes of a hot-forged 
specimen can be served as a qualitative criterion of the degree of 
anisotropy in the produced material. 

 

 
 

Fig.1. Appearance of preforms for hot forging at different 
thechnological schemes 

Table 1 
Technological schemes for specimen preparation 

No. Method 
of mixing  Form of initial bar Prior sintering of bars  

1 Drum 
tumbler Cylinder Without sintering 

2 Planetary 
mill Cylinder Without sintering 

3 Planetary 
mill Hollow cone Without sintering 

4 Planetary 
mill Cylinder Sintering at 600 0С 

Hypotheses for transversal isotropy in the material were 
taken when choosing the model connecting the experimentally 
measured parameters and elastic characteristics. Transversely 
isotropic media are characterized by uniformity of properties in 
different directions only in the planes oriented in a certain 
manner (planes of isotropy). In other directions in the medium, in 
particular, in the direction perpendicular to the plane of isotropy, 
these properties have different values [12-13]. In the case of 
transversely isotropic medium, the condition of the material is 
described by five elastic characteristics and, correspondingly, by 
five elastic wave velocities. If the X axis is perpendicularly 
directed to the plane of a plate (in the direction of application of 
load at forging), and the Y and Z directions are considered 
equivalent, they would contain the waves related to the direction 
of forging (X axis) as follows (fig. 2): the longitudinal wave Vxx  
and transverse elastic waves (Vyx and Vzx) can propagate in the 
direction of the X axis; the longitudinal wave Vуy=Vzz and two 
transverse elastic waves Vyz=Vzy and Vyх=Vzх can propagate in 
any direction perpendicular to the X axis (the first index indicates 
the direction of impulse wave propagation, the second one – the 
direction of wave polarization). 

Then the relation between the experimentally measured 
elastic wave velocities, Vіj, density, ρ,and corresponding elastic 
characteristics, Cіj, has the form [12-13]: 

 
Cxx=ρ(Vxx)2;  Cxy=Cxz=ρ(Vxy)2;  Cyy=Czz=ρ(Vyy)2;  Cyz=ρ(Vyz)2;  

Cyx=ρ(Vyх)2                                       (1) 
 

To evaluate the elastic characteristics from (1), rectangular 
parallelepipeds ∼6 mm high and ∼28,0 mm of transverse 
dimensions were cut from the forged materials produced by the 
respective technological schemes, and subjected to sounding in 
two perpendicular directions (fig.3). 

 

 
Fig.2. Geometry of elastic wave propagation in transversal isotropic 

medium 

  
    a        b 

Fig.3. Schemes of sounding the specimens in different directions: 
a – parallel to the forging stress; b – perpendicular to the forging 

stress 
 

Results and discussion 
 

Microstructure of the specimens produced from the mixture 
of aluminum powder and master alloy by hot forging the porous 
bars are characterized by the presence of two distinct phases: the 
base is an aluminum matrix in which the strengthening phase is 
distributed. This phase constitutes agglomerates of TiC dispersed 
particles of size 1.0-2.5 µm (fig.4). 

Comparative analysis of microstructures of the hot forged 
specimens produced by mixing the blend components in a mixer 
of drum tumbler type and by milling in a planetary mill has 
revealed that significant agglomeration of master alloy 
component particles is observed (fig.4, a,b) in the structure of the 
materials from the first group, whereas in the case of milling the 
mixture in a planetary mill (fig. 4, c,d) the carbide phase particles 
are distributed through the volume considerably more uniformly. 

The materials produced by hot forging from the green bars 
possess more distinct texture with characteristic matrix phase 
particles elongated in the direction perpendicular to the 

application of forging stress (fig. 5,a), whereas the degree of 
anisotropy in the materials produced from sintered bars is 
considerably lower (fig. 5, b). Considerable difference in the 
character of carbide component distribution in the composites 
produced from sintered and green bars is noteworthy. For the 
material produced from green bars, carbide conglomerates are 
mainly arranged in the form of thin interlayers along the 
boundaries of matrix phase particles elongated in the transverse 
direction. In the case of initial sintered bars, the carbide phase 
particles are distributed on the section surface more uniformly. 
At forging the cone bars, the scheme of the stressedly-deformed 
state of which is characterized by higher values of gradients of 
tensors of strain rates, the influence of sintering on the character 
of the intergrain parts of the composite structure (fig. 5, c,d) is 
substantially graded. In this case, the orientation of the material 
yield trajectory reveals considerable gradients of shear strains at 
forging (area of whirl yield) (fig. 5, c, d) compared to forging the 
cylindrical specimens (fig. 5, a, b). 
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Fig. 4. SEM images of hot forged composites produced from powder mixtures by mixing in a drum tumbler (a, b)  

and in a planetary mill (c, d) 
 

The results of sounding the specimens of the produced 
composites with the use of impulse ultrasonic methods have 
allowed one to evaluate  the values of longitudinal and transverse 
elastic wave velocity in two orthogonal planes (parallel and 
normal to the forging direction) and calculate respective elastic 
characteristics from relations (1) (fig. 6). 

As seen in fig.6, appreciable structural anisotropy (fig. 5) in 
hot forged specimens also appears in their elastic characteristics 
in different directions: the values of both normal coefficient of 
elasticity (fig. 6, a), and modulus of shearing (fig. 6, b) in the 
plane perpendicular to the direction of deforming force 
application at forging (Cyy and Cyx) exceed the respective 
characteristics in the direction of deformation (Cxx and Cxy) by 
12-15 %.  

This effect results from anisotropic features of hot forged 
specimens. The anisotropy makes itself evident in the fact that 
conglomerates of TiC, which has considerably higher coefficient 
of elasticity (∼494 GPа [14]) compared to that of the aluminum 
matrix phase (66-70 GPа [15]), are mainly elongated in the 
transverse direction and thus form peculiar “sound tracks” in the 
direction normal to that of active stress application at forging. 
Such a structure is the most characteristic of the specimens 
produced from cylindrical bars (fig. 5, a, b) and provides higher 
values of coefficient of elasticity for these specimens (No 2) 
compared to those of the specimens produced from conical bars 
(No 3). For the structure of the bars forged from the conical ones 
(fig. 5, c), anisotropy manifests itself to a smaller extent, and 
carbide phase particles are distributed on the section surface more 
uniformly. This fact is responsible for somewhat lower values of 
the coefficient of elasticity for the specimens from this series (No 
3). 

Prior sintering the bars for forging (specimen No 4) has an 
insignificant effect on the elastic characteristics of hot forged 
materials. 

Comparison of the values of the coefficients of elasticity for 
the specimens produced from the initial mixtures (No 1) and 
from the mixtures after mechanical activation in a planetary mill 
(No 2-4) has revealed that the values for the latter are appreciably 
higher both in the longitudinal and in the transverse directions 
(fig. 6, a). This fact is associated with the considerable distinction 
in the structure between the composite produced from untreated 
blend with significant agglomeration of master alloy component 
particles (fig. 4, a, b) and the materials which were produced 
from the blend milled in a planetary mill, and in which the 
carbide phase particles are distributed through the volume much 
more uniformly (fig. 4, c, d). 

It should be noted that despite the above-considered 
technological schemes, the elastic characteristics of the 
investigated aluminum-matrix composites exceed Young 
modulus of aluminum by 40-70 % (depending on the direction of 
sounding), and the respective values of modulus of shearing are 
higher by 8-15 %. 

Along with elastic characteristics, inelastic ones of the 
material also characterize indirectly the quality of interparticle 
contacts and the structural homogeneity. For impulse methods, 
the measure of inelasticity is coefficient of attenuation of a plane 
elastic wave in material at a certain frequency. When passing 
through the medium, the wave attenuates and its amplitude 
lowers with the distance from exponential law: 

                                              (2) 
where а is coefficient of attenuation. Ultrasound attenuation is 
determined by the decrease in the ultrasonic wave amplitude 
which requires for passing the length of the specimen. 
Coefficient of attenuation is calculated by a formula (2). Fig. 7 
illustrates oscillograms of signals of an elastic wave passing 
through specimen 1 and 3 times. 
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                                                                      c                                                                                    d 

Fig. 5. Microstructure of forged materials produced by hot forging cylindrical (a, b) and cone (c, d), green (a, c) and sintered (b, d) 
bars 

 

 
                                                         а                                                                                                   b 

Fig. 6. Elastic characteristics of the specimens produced by different technological modes 
 
 
As seen in fig.7, b, composite No. 1 produced from the 

blend without milling demonstrates the highest coefficient of 
attenuation. Milling the initial blend in a planetary mill 
(specimen No 2) and the scheme with high gradients of shear 
strains (area of whirl yield) (initial bars have the form of a hollow 
cone, specimen No 3), in comparison with forging of cylindrical 
specimens, brings about the considerable decrease in the degree 

of agglomeration of the strengthening phase particles and, thus, 
not only the increase in coefficient of elasticity, but also the 
appreciable reduction in coefficient of attenuation. Prior sintering 
the bars before hot forging (specimen No 4) also contributes to 
the decrease in coefficient of attenuation owing to the improved 
conditions for interparticle binding at sintering [16]. 
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                                                   а                                                                                                  b 

Fig. 7. Oscillograms of two successive echo pulses (a) and coefficients of attenuation for the specimens produced by different 
technological schemes (b) 

 
 

Conclusions 
 
1. The materials produced by hot forging possess appreciable 

anisotropy characterized by elongation of matrix phase particles 
in the direction perpendicular to the application of forging force. 
In this case, the degree of anisotropy in the materials produced 
from green bars is notably higher than that of hot forged sintered 
composites. 

2. Structural anisotropy in hot forged specimens manifests 
itself in their elastic characteristics in different directions: the 
values of both normal coefficient of elasticity and modulus of 
shearing in the plane perpendicular to the direction of deforming 
force application at forging exceed the respective characteristics 
in the direction of deformation by 12-15 %. 

3. Comparison of the values of the coefficients of elasticity 
for the specimens produced from the initial (untreated) powder 
mixtures and from the mixtures after mechanical activation in a 
planetary mill has revealed that the values for the latter are 
appreciably higher both in the longitudinal and in the transverse 
directions. This fact is associated with the considerable 
distinction in the structure between the composite produced from 
untreated blend with significant agglomeration of master alloy 
component particles and the materials which were produced from 
the blend milled in a planetary mill, and in which the carbide 
phase particles are distributed through the volume considerably 
more uniformly. 

4. For the considered technological schemes, the elastic 
characteristics of the investigated aluminum-matrix composites 
exceed Young modulus of aluminum by 40-70 % (depending on 
the direction of sounding), and the respective values of modulus 
of shearing are higher by 8-15 %. 
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1. Introduction 
Thermal expansion of solids is a general property of con-

densed materials. It is based on the fundamental principle of con-
densed matter structure: on the asymmetry of the attractive forces 
between particles (atoms), constituting macroscopic bodies. Where-
as the distance between the particles is determined by force balance, 
potential minimum in the balance point stays asymmetric, therefore, 
with temperature increase, the particles are displaced towards the 
flat side of the potential well. 

From thermal expansion research one can obtain infor-
mation about inter-atomic forces as well as estimate anisotropy and 
anharmonicity of the inter-atomic interaction in solids. Accurate 
measurement of the temperature coefficient of thermal expansion is 
required for fundamental studies in solid state physics (e.g. point 
defect formation). 

The thermal expansion usually is described by Thermal Ex-
pansion Coefficient (TEC). In it’s turn, TEC may be formalised by 
one of possible ways: 

α  =  dL / L dT (differential) 

αav = ∆L / L ∆T (averaged over temperature interval) 

β = dV / V dT (volume expansion coefficient) 

First one is used preferentially in scientific research, the se-
cond variant of TEC is more convenient for practical purposes, e.g. 
in industry, and the last concerning the relative volume expansion. 
The physical dimension of TEC is K-1. The various authors may 
assume different variant of  

TEC formalisation and this should be take into account. 

Coefficient of thermal expansion is related to the other 
thermodynamic parameters, including heat capacity, that follows 
from the Gruneisen’s relation [1] 

   (1)  

where β – is volumetric coefficient of thermal expansion; 

γ - Gruneisen parameter, describing Debye temperature varia-
tion with volume change; 

V - molecular volume 

Cv - heat capacity at constant volume 

-  - isothermal compressibility. 
 

Temperature dependence of thermal expression coefficient 
can be determined from the expression above. In Gruneisen approx-
imation γ does not depend on temperature, whereas x and V vary 

slow with temperature, which means that dependence of TEC on 
temperature is mostly determined by course of temperature of heat 
capacity. Therefore coefficient of thermal expansion tends to zero 
as Т→0 K, and tends to a constant value for higher temperatures. In 
some cases, structural and phase transitions can cause a sharp 
change of sample dimensions.  

Magnitudes of TEC for the most materials vary within a 
factor of ten at room temperature as a result of the general laws for 
the condensed matter interaction pattern. Proximity of TEC values 
of various materials and their weak dependence on the history and 
purity of material emphasize the fundamental character of the quan-
tity and also its relation to general material parameters and the 
structure of material. Therefore, thermal expansion is an important 
and informative parameter of the solid, which is related to the ther-
modynamical parameters (Helmholtz energy, enthalpy) and the 
structural parameters (phonon spectrum, lattice anharmonicity, 
defects) of the material. 

On the other hand TEC should be taken into account when-
ever one deals with wide range of temperatures: from cryogenics to 
solid state technology. For instance, coefficient of thermal expan-
sion of the material for the  telescope mirror has to be controlled up 
to 10-8 K. Dilatometer data is also required for vacuum and solid 
state electronics, where different materials junctions are used, for 
building heterojunctions in optoelectronics, because normal opera-
tion of heterojunction devices are limited by strain accumulation 
due to materials TEC mismatch. These and other applications re-
quire high precision TEC determination in a wide range of tempera-
tures. 

2. The apparatus and method of measurements 
Coefficients of thermal expansion for modern artificial ma-

terials, including custom made ones, in contrast, can vary over a 
wide range between 0.01 106 and 50 10-6 K-1. There are many types 
of dilatometers dealing with different scientific and practical prob-
lems of materials. Any of those dilatometers has got its constructive 
and operating features. Different TEC determination technique is 
used for different purposes. 

It can be problematic to take into account all of the entities 
that influence the TEC measurement precision. Therefore for cali-
bration of dilatometers special standard reference materials (SRM) 
with different physical properties are used. 

Typically, a dilatometer should be calibrated using materials 
similar to those to be studied in specific measurements. Using simi-
lar kinds of materials provides realistic examination under near-real 
conditions in order to minimise possible side effects contributing to 
the measurement uncertainty. This explains the necessity to find 
suitable reference materials for TEC standards with different TEC 
values and various physical properties. 

The TEC measurement includes measurements of sample 
length, elongation and interval of the temperature change. Methods 
of measurements for SRM certification have to provide accuracy, 
comparable with the highest accuracy achievable for every kind of 
measurements. 
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Typically, a dilatometer should be calibrated using materials 
similar to those to be studied in specific measurements. Using simi-
lar kinds of materials provides realistic examination under near-real 
conditions in order to minimise possible side effects contributing to 
the measurement uncertainty. This explains the necessity to find 
suitable reference materials for TEC standards with different TEC 
values and various physical properties. 

The TEC measurement includes measurements of sample 
length, elongation and interval of the temperature change. Methods 
of measurements for SRM certification have to provide accuracy, 
comparable with the highest accuracy achievable for every kind of 
measurements. 

In Russia values TEC of SRM materials have been obtained 
using high precision interference dilatometers from “D.I.Mendeleev 
Institute for Metrology”, that provide standard deviation of the TEC 
value up to 0,5.10-9 К-1  in 100 degree temperature range [2]. Stabil-
ity of the properties of the reference materials and standards is 
given special attention, with highest priority to the TEC values 
stability. 

Measurements in VNIIM dilatometers are based on analysis 
of the interference fringe pattern. Special algorithm is used for 
interferogram processing, that provides detection of phase shift 
value up to 10-3 [3]. At fig 1. the test sample  with  the interference 
plates is shown along with the experiment monitor screenshot, 
displaying current interference pattern and experiment data record. 

Fig1. Left:  sample under investigation with the 
interferometric plates; Right: Experiment monitor view shows 
interferometric pattern and the real-time plot of experiment param-
eters. 

The technique, mention above, allowed to develop a set of 
standards with different physical properties for use in a wide range 
of temperatures between 90 and 1800 K to meet all customer re-
quirements. As a rule, the reference materials have to be clear, 
chemically inert and homogeneous, neither changing their proper-
ties with time, nor having any phase transitions in the given temper-
ature range. Platinum, copper, single crystalline aluminum oxide, 
molybdenum, aluminum, different sorts of fused silica, multi-alloys 
are used for that purpose. The TEC values of those materials, de-
pending on the temperature, are shown in fig 2. 

Fig.2 TEC value for various materials as a fanction of temperature 

 

3. Results 
Recent years the samples made of the specially oriented 

single crystalline sapphire, imitating the LEC of corundum ce-
ramics, are the most popular [4]. 

Single crystal sapphire is an anisotropic crystal. The crystal 
belongs to a trigonal syngony, to a space group 3m. The TEC 
value along the crystal axis of Al2O3 differs from that for the 
transverse direction  (α- = 5.62  10 –6 K-1; α¦ = 6.44  10-6 K-1 in 
the temperature range 20-1000C). Length gauge made of sap-
phire do not change there dimensions during thermal cycling. 
So, the properties of crystal sapphire make it a multipurpose 
reference material. It does not undergo any phase traditions in 
the temperature range to 2000 K.  

Nowadays the push-rod dilatometers for high temperature 
TEC measurement are spread worldwide. Those dilatometers 
are produced by the world’s leading corporations. They have a 
kinematics system made of aluminum oxide ceramics. To de-
termine the uncertainty of the dilatometer’s own extension, TEC 
reference materials should be the same as that of the kinematics 
system or to have TEC value as close as possible. However ce-
ramic length standards do not meet requirements on accuracy, 
because their properties are less repeatable than those of single 
crystal. A single crystal standards with the length axis aligned at 
the angle of 590 to the crystal C axis are the best for this pur-
pose, as their TEC value is close to TEC of corundum ceramics. 

On the other hand that kind of orientation toughens the 
requirements for the sample orientation with respect to the crys-
tal C axis. To achieve TEC standard uncertainty value of 5.10-8 

К-1, alignment accuracy of ± 2о is required for 59° alignment. 
Production and wide spread of these standards became possible 
because of successful cooperation with the material scientists 
from Russian Academy of Sciences who developed the growth 
method of profiled sapphire single crystal. 

 Next figure 3 show the investigation results. The data 
shown are the TEC of single crystal sapphire for various orien-
tations. Along with the data from D.I.Mendeleev institute the 
NIST data are also shown for comparison.  

 

 
Fig.3  Dependence of TEC of single crystal sapphire for dif-

ferent orientations. The two curves for 590 orientation are the 
data from NIST and from D.I.Mendeleev Institute. 

It can be seen that scattering of the single crystal TEC 
data from different authors with regards to the data in this paper 
fall within uncertainty range of the dilatometer used. 

Alumosilicate based pyroceramics CO-115M (Lyt-
carino, Russia), can be provided as another example of thor-
oughly studied ultraslow TEC material. This ceramics include 
the nanocrystals of  β - spodumene, β - silica and β - eucryptite 
as a phase, reducing TEC of initial glass. Transparency of alu-

14



mosilicate is achieved by thermal treatment, when crystalline 
dimensions become significantly smaller than wavelength. 

Alumosilicate TEC measurements were performed using the 
Institute’s high precision interference dilatometers according to the 
measurement technique, providing average TEC measurement 
standard deviation in the hundred degree range of 0,2.10-8 ÷ 0,5.10-8 
К-1 [5]. More than 30 slabs of this material have been studied. Fig. 4 
shows typical temperature dependencies of TEC for –60 ÷ 100 оС 
temperature range. One can see that the material almost do not 
change it‘s size around room temperature. 

 

Fig. 4 Temperature dependence of expansion of the CO115-M 
alumosilicate samples. 

The special attention was drawn to homogeneity of ma-
terial. Test samples were cut out of different parts of the block: 
upper part, middle, lower part, edge and center. Figure 5 illus-
trates TEC scattering within the slab. 

 

Fig. 5 Homogeneity of  TEC inside the CO115-M alumosilicate 
slab 

 

Low TEC value and time stability of CO115M alumosil-
icate allowed to use this material for producing the mirror of the 
Southern African Large Telescope, and also in metrology as 
low TEC reference material [6] (Fig.6). 

4. Conclusions 
D. I. Mendeleyev Institute for Metrology has resources for 

precise TEC measurements, develops and supplies reference 
materials with certified properties. 

Everybody is welcome to collaboration. 

  

Fig. 6. 10-meter mirror of SALT assembly. Mirror elements 
made of ultralow TEC material. TEC value and material inho-
mogeneity was supervised by D.I. Mendeleyev institute for Me-
trology. 

 

5. References 

[1] E. Gruneisen, Handbuch der Physik, 1926,10, 1. 

[2] A. I. Pokhodun, T. A. Kompan, N. A. Sokolov, et al  
“The Upgraded State Primary Standards for Units of Thermo-
physical Quantities”, Izmeritelnaya Tekhnika, No. 8, 55 (2009) 

[3] T.A. Kompan, A.S. Korenev, A.Ya. Lukin, “An auto-
matic system for dilatometric measurements with the multipar-
ametrical data processing from the of interference pattern field”, 
Izmeritelnaya Tekhnika, No. 6, 31 (2001) 

[4] Kompan T., Korenev A.,  Lukin A., Antonov P.,V. 
Krymov “Profiled single cristal sapphire – new reference mate-
rial dilatometry " Bulletin of the Russian Academy of Sciences: 
Physics, 2004, v. 68, № 6, p.895-898  

[5] Kompan T., Korenev A.,  Lukin A. “Investigation of 
Thermal Expansion of a Glass-Ceramic Material with an Extra-
low Thermal Linear Expansion Coefficient”, International Jour-
nal of Thermophysics 2008, Volume 29, Number 5, p. 1896-
1905. 

[6] O. Ponin, A. Sharov, I. Galyavov, T. Kompan, J. Swieg-
ers, A. Swat, in Proc. of SPIE “Large Ground-Based Tele-

scopes”, SPIE, Bellingham, 2003 v.. 4837, part 1, pp. 795-804. 

 

 

 

 

 

 

 

 

 

 

15

http://www.springerlink.com/content/104882/?p=b8e592f114d546e1a426ed0c1b195d02&pi=0
http://www.springerlink.com/content/104882/?p=b8e592f114d546e1a426ed0c1b195d02&pi=0


THE INFLUENCE OF WELDING TIME ON MECHANICAL PROPERTIES OF 
RESISTANCE SPOT WELDED TWIP STEEL SHEETS 

 
Hakan AYDIN1, Mumin TUTAR1, Ali BAYRAM1 

Uludag University, Engineering Faculty, Mechanical Engineering Department, Turkey1 

hakanay@uludag.edu.tr 

Abstract: This paper presents an analysis of the welding time effect on the mechanical properties of resistance spot welded 
TWIP980 steel sheets. Optical microscopy, microhardness measurements across the welded joints, and tensile shear tests of 
the joints were conducted to evaluate the quality of the joints. With welding time increasing, a macro expulsion cavity occurred 
in the FZ. The NS increased with increasing welding time up to 300 ms, and above 300 ms it decreased. On the other hand, the 
indentation depth increased almost linearly with increasing welding time. The hardness values in FZ and HAZ were lower 
than that in the BM. The lowest hardness values were observed in the HAZ. However, higher welding time led to higher 
hardness in HAZ. The tensile shear load, tensile shear deformation and failure energy of the joints increased with increasing 
welding time, but above 300 or 350 ms, these values decreased. 
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1. Introduction 
Innovative TWinning-Induced Plasticity (TWIP) steels are 

frequently used for car body manufacturing to reduce the vehicles 
weight and to improve passenger safety. TWIP steels, which have 
a fully austenitic microstructure due to their high manganese 
content of 17% to 24% and a significant percentage of carbon, 
have highly desirable mechanical properties exhibiting both high 
strength and large ductility in a sheet forming1. The deformation 
mechanism of the TWIP steel involves twinning as well as 
dislocation slip2,3.  

The use of metal sheets in the automotive applications 
inevitably involves welding4. Resistance spot welding (RSW) is 
an effective way to join metal sheets. However, important 
changes occur in mechanical and metallurgical properties of the 
spot welded area and heat affected zone (HAZ) during the RSW 
process due to the welding thermal cycle5. In the previous studies 
concerning the RSWed TWIP steels, Razmpoosh et al.6 
investigated the resistance spot weldability of a Fe–31Mn–3Al–
3Si TWIP steel and reported that due to the expulsion 
phenomenon, optimum welding parameters for the experimental 
TWIP steel were shifted to lower values. Spena et al.7 studied on 
dissimilar resistance spot welding of TWIP and Quenching and 
Partitioning (Q&P) steel grades and stated that the weld spots 
predominantly failed at the TWIP side. Spena et al.8 also 
examined the effects of the main important process parameters on 
the mechanical and microstructural properties of resistance spot 
welded TWIP sheets and reported that the tensile shear samples 
mainly failed by interfacial fracture mode, while partial thickness 
with pull out fractures were observed in the samples when a high 
welding current and clamping force were used. Ashiri et al.9 
studied on liquid metal embrittlement of Zn-coated TWIP steel 
welds and obtained liquid metal embrittlement-free welds which 
is able to extend the weldable current range of TWIP steels. Saha 
et al. [10] investigated the HAZ liquation crack and segregation 

behavior of the resistance spot welded TWIP steel and reported 
that cracks had less/no significant effect on the static cross-tensile 
strength (CTS) and the tensile-shear strength (TSS). Yu et al. 
[11] studied on improvement of weldability of 1 GPa grade 
TWIP Steel and found that larger nugget size (NS) and higher 
tensile shear strength were obtained in constant power control 
welding than constant current control welding. 

It is important to study the welding behavior of the resistance 
spot-welded joints of TWIP sheet steels since these steels are 
gaining popularity in the modern automotive applications. The 
aim of the present research is investigating the microstructural 
and mechanical properties of resistance spot welded TWIP980 
steel at different welding time. 

2. Materials and Procedures 

In this study, high-Mn (TWIP980) steel of 1.3 mm thickness 
was used. This steel has the following composition (wt.%): C, 
0.28; Mn, 15.6; Si, 1.06; Al, 1.89; Cr, 0.564; Ti, 0.1; and Fe, 
balance. The 0.2% proof strength, ultimate tensile strength and 
elongation of TWIP980 steel used in this investigation are 640 
MPa, 982 MPa and 46%, respectively. The bulk specimens were 
cut into sample for tensile-shear test using laser cutting machine 
with the dimensions 50 mm x 20 mm.  

The specimens were cleaned properly with ethanol to remove 
dirt, oil, oxide and surface scale before welding. Welding was 
performed by overlapping the sheets using MFDC resistance 
spot-welding machine connected to ABB robot arm (Fig.1). Cu 
alloy electrodes with tip diameter of 6 mm were used. The spot 
welds were performed with welding times of 200 ms, 250 ms, 
300 ms, 350 ms and 400 ms while keeping the weld current and 
electrode force constant at 12 kA and 3 kN, respectively. 

 

 

 

Fig.1 The welded tensile shear test sample. 
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The spot welded joints were cross sectioned through the weld 
nugget center using an electrical-discharge cutting machine. The 
microstructure was revealed using both Nital (%3) and Na2S2O5 
solution (10 g Na2S2O5 in 100 ml H2O), respectively. The optical 
microscopic studies were carried out by a Nikon DIC microscope 
under polarized light with a Clemex image analysis system. The 
NS of the welds was measured through the fractured specimens 
using Mitutoyo digital caliper. The Vickers microhardness 
measurement was carried out with a load of 200 g for HAZ and 
base metal (BM) and 500 g for fusion zone (FZ) due to the coarse 
dendritic structure in FZ, and loading time 10 s. The tensile shear 
tests were performed with a fully computerized UTEST-7014 
tensile testing machine using a constant strain rate of 3.33x10-3 s-

1.  

3. Results and Discussion 
Optical microscope was used to analyze the microstructural 

changes (Fig.2). There is typically one phase present in the 
microstructure of TWIP steels, face centered cubic (fcc). Fig. 2a 
shows that the microstructure in the BM mainly consists of fine 
grained austenite including mechanical twins, with evident bands 
in the rolling directions. Austenite becomes significant larger in 
the HAZ than in the BM, as seen in Fig. 2b. This is due to the 
grain growth was not restricted by the formation of any phases, 
such as ferrite and martensite, during thermal cycles. The FZ is 
full of a columnar dendritic austenitic microstructure (cast 
microstructure), as shown in Fig. 2c. 

 

 

 

 

Fig.2 Microstructural changes from the BM to the FZ via optical microscopy observations. (a) BM, (b) transition zone between FZ and BM, (c) FZ. (The joint 
with welding time of 300 ms). 

Interdendritic micro-pores formed as a consequence of 
solidification shrinkage could be observed in FZ of all samples, 
as shown in Fig.3. On the other hand, a macro expulsion cavity in 
FZ were not seen in all samples (Fig.4). This macro cavity results 
from the molten material loss in the FZ with the expulsion 
phenomenon during RSW process. In this context, the spot welds 
made with the higher welding time (the extensive expulsion 
phenomenon with the higher heat input) exhibited more 
commonly this macro expulsion cavity in FZ than those made 
with the lower welding time (Fig.4).  

The NS increased with an increase of welding time up to 300 
ms, as shown in Fig. 5a. When the welding time reached 350 ms, 
the NS of the spot welded joint dropped instead owing to the 
excessive expulsion. On the other hand, the indentation depth of 
the spot welded joints increased almost linearly with increasing 
welding time owing to the enhanced expulsion phenomenon 
during RSW process with higher heat 

input (Fig.5b).  

 

 
 
 
 
 
 
 
Fig.3 Interdendritic micro-pores in FZ. (The joint with welding time of 300 ms). 

 

 

 

 

 

Fig.4 The effect of welding time on the formation of a expulsion cavity: a) 250 ms, b) 350 ms. 
The microhardness was measured on the FZ, HAZ and BM as 

shown in Fig. 6a, which was performed on a vickers hardness 
measurement device. BM hardness of TWIP980 steel sheets was 
about 260 HV0.2. It can be seen that the microhardness of FZ and 
HAZ for all joints was always lower than that of BM. The 
softening in the weld zone (FZ and HAZ) can be attributed to the 

significantly larger grains in the weld zone, segregation of the 
alloying elements in these zones and lower carbon percentage in 
the FZ due to the decarburization during RSW process12-14. HAZs 
of the joints had the lowest hardness values, which increased with 
welding time. However, any relationship between the hardness 
values in FZ and welding time was not obtained. 

HAZ 

BM 

FZ 

a) b) c) 

a) 

b) Expulsion cavity 

17



 

 

 

 

 

 

 

Fig.5  NS (a) and indentation depth (b) of the resistance spot-welded TWIP joints versus welding time. 
In the tensile shear tests, all resistance spot-welded TWIP 

joints exhibited a full button pull-out failure mode referring to 
higher deformation energy, in which fracture occurs in the HAZ 
at the around of the spot weld. The effect of welding time on the 
tensile shear load, tensile shear deformation and failure energy 
absorption capacity of the spot welded joints is shown in Fig. 6b. 
The tensile shear load increased with an increasing of the 
welding time at initial stage and reached the maximum value at 
the range of 250-300 ms of welding time. This increase could be 
attributed to the increase of the NS owing to the higher heat input 
with increasing of welding time. Then, with an increasing of 
welding time from 300 ms to 400 ms, the tensile shear load of the 
spot-welded joints decreased almost linearly (Fig. 6b). This 
decrease could be associated with the decrease of NS and 
increase of the indentation depth with excessive expulsion due to 

the overheating of welding zone with increasing welding time15. 
The tensile shear deformations of the spot welded joints 
increased with increasing welding time up to 350 ms (Fig. 6b). 
Then, the tensile shear deformation dramatically decreased at the 
welding time of 400 ms owing to the decrease of NS and increase 
of the indentation depth. The failure energy absorption capacity 
of the spot welded joints was determined as the area under the 
tensile-deformation curve up to the peak load (Fig. 7). The failure 
energy increased with increasing welding time up to 300 ms, and 
then it decreased with increasing welding time (Fig. 6b). This 
behavior is more consistent with the tensile shear loads than the 
tensile deformation values of the joints. The results suggested 
that the welding time has an obvious effect on the tensile shear 
load bearing capacity and failure energy absorption of the spot 
welded joint. 

 

 

 

 

 

 

 

 
Fig.6 The effect of welding time on the hardness of welding zone (a) and on the tensile shear properties and failure energy absorption capacity of the 

resistance spot-welded TWIP980 joints. 

 

 

 

 

 

 

Fig.7 Tensile shear curves of the resistance spot-welded TWIP980 joints with different welding time. 

b) a) 

b) a) 
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4. Conclusions 

The conclusions derived from this study can be given as 
follows: 

• Higher welding time could lead to the formation of a 
macro expulsion cavity in FZ. 

• Up to 300 ms, the NS of the spot welded joints 
increases with an increase of welding time. Above 300 
ms, the NS decreases with increasing of welding time.  

• The indentation depth of the spot welded joints 
increases almost linearly with increasing welding time. 

• The hardness in the weld zone (FZ and HAZ) of the 
resistance spot welded TWIP980 steel sheets is lower 
than that of BM. HAZ of the joints had the lowest 
hardness and HAZ hardness relatively increases with 
increasing of welding time. However, there is not any 
relationship between the hardness values in FZ and 
welding time. 

• The maximum joint strength is at the welding time of 
250 ms and 300 ms. Above 300 ms, the joint strength 
decreases almost linearly with an increase of welding 
time. 

• The tensile-shear deformation increases with increasing 
welding time of up to 350 ms. But, the tensile shear 
deformation dramatically decreases at the welding time 
of 400 ms. 

• The failure energy increases with increasing welding 
time up to 300 ms, and above 300 ms, it decreases with 
increasing welding time. 
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Abstract. This paper presents the results of preliminary corrosion tests of samples from commercially pure titanium Grade 4 with a coarse-
grained (annealed) and ultrafine-grained structure after severe plastic deformation, as well as of samples processed by microarc oxidation 
and with an ion-plasma coating. The effect of microstructure on the corrosion of the material under study is shown. A comparative 
evaluation of the corrosion rate is performed. 
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1. Introduction 
 
Owing to a great interest in the production of high-strength 

implants for medical applications from commercially pure (CP) 
titanium, one turns, more and more often, to the technologies based 
on severe plastic deformation. These technologies enable producing 
a high-strength state due to the the formation of an ultrafine-grained 
(UFG) structure that contributes to a significant enhancement of 
mechanical and functional properties [1, 2].  

Promising is the use of high-strength long-length materials 
with a UFG structure [3], in particular, from CP Ti [4] which can be 
used for the production of medical implants that are, in particular, in 
frictional contact in saline medium.  

Relatively recently, studies focused on a comparative 
evaluation of the corrosion resistance of materials with a coarse-
grained and UFG structure were initiated [5]. For instance, it was 
demostrated in [6] that in the investigated materials (low- and 
medium-carbon steels), having a UFG structure after severe plastic 
deformation (SPD) processing by equal-channel angular pressing 
(ECAP), an increase in corrosion resistance is observed. It may be 
assumed that a similar effect should be expected for CP Ti as well.  

There are known works on the fabrication of semi-products 
from CP Ti for medical applications, having a UFG structure, 
processed by SPD [7-9] followed by deposition of coatings from 
titanium nitride [7, 8] and diamond-like carbon with zirconium [9].  

At the current stage of research, an express evaluation has been 
performed, of the corrosion properties of CP Ti, depending on the 
structural state and the presence of a coating on the surface of the 
investigated material in the coarse-grained (CG) and UFG states.  
 

2. Material and Research Procedure 
 

As the material for the study, CP Ti Grade 4 was used, with a 
CG structure in the annealed condition, and with a UFG structure in 
the SPD-processed condition. Fig. 1 shows the principle of the SPD 
technique employed to process the material.  

The SPD processing of the material was conducted at a 
temperature of 400оС in 6 processing cycles, with rotation of the 
billet by 90о around its axis after each cycle. Fig. 2 shows the 
produced long-length samples from CP Ti Grade 4.  

 

 
 

Fig. 1 Principle of the ECAP-Conform technique for the fabrication 
of long-length semi-products 

 

 
 

Fig. 2. CP Ti samples after SPD processing 
 
After SPD processing, specimens with a length of 25 mm were 

cut out from the produced rods, for the deposition of ion-plasma 
coating and surface treatment by microarc oxidation. One specimen 
was left uncoated. In a similar manner, specimens were prepared 
from the annealed samples having a CG structure.  

Corrosion tests were performed by immersion in 3.5% sodium 
chloride aqueous saline solution. Fig. 3 shows the diagram of the 
unit used to perform the corrosion tests.  

The immersion tests were carried out in a waterproof 
thermostat during 28 hours at a temperature of 40±0.2оС. 
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Fig.3. Principle of the immersion tests 
 

Metallographic studies were performed, using optical and 
transmission microscopes.  

 
3. Research Results 

 
Given below are the results of the metallographic studies. Fig. 

4 shows an example of microstructure transformation as a result of 
SPD processing. 

 

 
 

Fig. 4. Transformation of the material's microstructure as a result 
of SPD processing: a) coarse-grained structure of the material in 
the inital state; b) ultrafine-grained structure of the material after 

SPD processing 
 

As a result of metallographic studies, it has been established 
that in the initial state the microstructure of CP Ti represents an 
equiaxed structure with a mean grain size of 30 µm. The 
deformation processing by ECAP leads to an efficient grain 
structure refinement, with the mean grain size equal to 0.2 µm. 

As was already noted above, before conducting the corrosion 
tests, an ion-plasma coating of TiC composition was deposited on 
the surface of some specimens, and some specimens were processed 
by microarc oxidation. As a result of the processing by microarc 
oxidation of specimens with different microstructures, an oxide film 
of TiO composition was formed on the surface of CP Ti. When 
studying the film formed through the use of either technology, it 
was established that its thickness was 3±0.3 µm.  

The results of the corrosion tests are given in table 1. 
Table 1  

Results of corrosion tests 

  Specimens 
 
 
 
 
Mass, g  

Coarse-grained structure (CG) Ultrafine-grained structure (UFG) 

Uncoated Ion-plasma 
coating 

Microarc 
oxidation Uncoated Ion-plasma 

coating 
Microarc 
oxidation 

Initial mass 9.003 8.960 8.436 9.185 9.133 8.787 

28 hours 8.993 8.958 8.435 9.182 9.132 8.786 

Mass loss, % 0.11104% 0.02232% 0.01185% 0.03266% 0.01095% 0.01138% 

 
For the sake of visualization, the results of the corrosion tests 

are presented in the form of a bar chart in fig. 5. 
 

 
 

Fig.5. The results of comparative corrosion tests: CG denotes the 
coarse-grained material after annealing; UFG denotes the 

ultrafine-grained material after SPD processing 
 

As can be seen from the preliminary results of the corrosion 
tests (fig. 5), the type of the applied coating (ion-plasma deposition 
and microarc oxidation) has practically no effect on the extent of 
corrosion damage. The differences between them fall within the 
statistical error. This may indicate a rather high protective 
capability of both coating types. At the same time, it is noted that 
the uncoated material after SPD processing in the UFG state has a 
considerably lesser degree of corrosion damage, as compared with 
the initial (annealed) state with a coarse-grained structure. The 
corrosion rate of the uncoated specimens from CP Ti Grade 4 in 
two structural states was evaluated. Fig. 6 shows the variation of 
mass loss depending on the time that the specimens were held in the 
3.5% NaCl saline solution. 
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Fig. 6 Corrosion rate of CP Ti Grade 4: 1 denotes the CG structure 
after annealing; 2 denotes the UFG structure after SPD processing 

 
As can be seen from this graph the specimens with a CG 

structure (curve 1) exhibit a much higher corrosion rate, as 
compared to the specimens with a UFG structure (curve 2) in the 
accepted time interval. The variation of mass loss for the CG 
material in the selected time range has a practically linear character. 
In contrast, for the specimens with a UFG structure there is 
observed an area with a small slope of the curve, which indicates a 
decrease in the corrosion rate. In addition, it is noted that for the 
specimens with a CG structure, the start of the corrosion process is 
recorded after the first hour of testing, whereas for the specimens 
with a UFG structure, the first signs of the starting mass loss are 
observed only after five hours of testing.  

Presumably on the material with UFG structure in connection 
with more advanced and extended total grain boundary these layers 
form a dense, almost impermeable barrier, due to which corrosion is 
strongly inhibited or completely stopped. Passivation is carried out 
chemically or electrochemically. In the latter case, conditions are 
created when metal ions under the influence of current pass into a 
solution containing ions, the ability to form very slightly soluble 
compounds. This assumption requires further study of the corrosion 
behavior of commercially pure titanium with different 
microstructure in an aqueous solution of sodium chloride using 
electrochemical methods with the formation of anodic and cathodic 
curves. 

These observations require more detailed investigations to 
study the mechanism of corrosion damage of CP Ti with different 
microstructures.  

 
4. Conclusions 

 
1. The type of the applied coating (ion-plasma deposition and 
microarc oxidation) has practically no effect on the extent of 
corrosion damage of the CP Ti specimens. 
2. It has been established that the UFG structure of CP Ti 
produced as a result of SPD processing contributes to a decrease in 
the corrosion rate and an enhancement in the corrosion resistance. 
3. The material under study (CP Ti) without any coating after 
SPD processing in the ultrafine-grained state has a considerably 
lesser degree of corrosion damage (approximately three-fold) as 
compared to the initial (annealed) state with a coarse-grained 
structure. 
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The effect of metal phase composition in the Fe-based + (2 % glass) powdered composites on the basic mechanical and 

tribological properties of the composites, made by means of sintering and hot forging, have been investigated. As a basis for the metallic 
phase of the composite the mixtures of iron powders with additives of graphite, B4C, BN and Cu at different ratio were used. It was shown 
that at sintering of metal-glass material the reaction of glass phase with  oxides on the surface of iron powder particles takes place, resulting 
in a change of glass phase chemical composition. The results of materials mechanical properties investigations had  shown that the highest 
strength properties and hardness have the composites with the content of the initial powder mixture of 5% Cu and 2% B4C, while the best 
tribological properties  have the composites with 2% B4C, 5% Cu and 1% BN. 

Keywords: Fe-GLASS COMPOSITE, SINTERING, HOT FORGING, FRICTION, POWDER, STRENGTH, HARDNESS, 
TRIBOLOGICAL PROPERTIES. 

 
 

Introduction 
One of the major advantages of powder metallurgy is a 

capability for manufacturing of pseudoalloys, whose synthesis by 
conventional casting techniques is almost impossible. 

A prime example of such materials are the metal-glass 
composites, that consist of relatively plastic metal matrix in 
which the glass inclusions are uniformly distributed [1]. These 
composites showed high efficiency as the tribological materials 
when used for the manufacturing for the parts of friction units 
that operate in diverse and complex mediums (for instance - 
without lubrication, in vacuum, in abrasive-carrying medium, 
etc.). Having relatively high hardness and wear resistance, the 
glass when combined with ductile metal, is an effective 
component of tribological composites. 

Manufacturing of this kind of materials is impossible by 
casting owing to the large difference in melting points of metal 
and glass, the coagulation and segregation of the latter by density 
during the melting process. At the same time, in case of powder 
metallurgy techniques, in the process of sintering of metal-glass 
material the glass phase interacts with iron oxides on the surface 
of the powder particles, that enhances the adhesive bond strength 
between the components of the mixture. Furthermore, a change in 
the chemical composition of the glass phase takes place with 
separation therein of solid chemical compounds that increase the 
tribological properties of the material due to formation of 
substantially heterogeneous composite structure. 

In most publications devoted to investigations of structure 
and properties of metal-glass materials, as starting materials to 
obtain composites with glass the mixtures of unalloyed iron and 

carbon powders were used. Besides, as our previous studies had 
shown [1], the optimum content of the glass phase in the glass-
metal composite that provides relatively high durability at a 
stable value of the friction coefficient and relatively high strength 
characteristics, is about 5÷7 % (wt.). At the same time, 
obviously, we can expect an increase in the basic physical and 
mechanical properties and performance of materials by 
modifying of metal matrix phase with appropriate additives that 
enhance both tribological characteristics when using the 
composite as the friction material. 

Thereby, the aim of this article was to investigate the effect 
of some additives in the composition of the initial powder 
mixture and technological schemes of metal-glass composites 
manufacturing on features of structure, basic mechanical and 
tribological characteristics of the latter. 

 
Materials and methods of the experiment 

In the investigations of interaction of iron with glass phase 
during sintering powders used glass of two kinds were used - 
pane and "Pirex". Their chemical composition is presented in the 
table. 1. Glass particle size was 75÷80 microns. 

As the metallic phase of the powder mixture iron powder 
with a particle size of 80-160 microns of industrial purity was 
used. The glass content in the mixture was 15 % (wt.). 

The initial powder mixtures were pressed on the hydraulic 
press at different compression pressures in order to obtain 
different initial porosity of the preforms - from 10 to 30 %. 
Sintering of the preforms was realized in the medium of 
hydrogen at temperatures of 700, 800, 900, 1000 and 1100 0C. 

 
Table 1 

Chemical composition of the used glasses 
Kind of the glass Склад скляної фази, % tsubsidence, 

0С SiО2 Na2O CaO MgO Al2O3 B2O3 K2O 
Pane 71,5 15 8,5 3,5 1,5 -- -- 530 

“Pirex” 80 4 -- -- 2 12 1 620 
 

For investigations of mechanical and tribological 
characteristics of metal-glass composites initial mixture for 
synthesis of metal-glass composites were prepared from a 
mixture of iron powder and 5 % (wt.) pane powder with a particle 
size of 40 microns, obtained by grinding the sheet glass in a 
rotary mill. As anti-score additives powders of graphite and 
boron nitride were used. To increase the hardness and the friction 
parameters of materials boron carbide was added in a powder 
mixture, and for improving the strength and thermal conductivity 
of the base material copper powder was used. 

Options of the studied compositions of raw powder 
mixtures, which are used in the experiment, are presented in the 
table 2. 

The powder mixture obtained by mixing of the powders, the 
performs were compacted at a pressure of 700 MPa which were 
processed by two different technological modes: 

- presintering in hydrogen at 800 0C for 1 hour, then second 
compaction at a pressure of 700-800 MPa and subsequent 
sintering at 1100 0C; 

- sintering at 1100 0C, then hot forging on screw press from a temperature of 1100 0C (in argon). 
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Table 2  
Mixture compositions for manufacturing of metal-glass composites  (%, wt.) 

Elements Mixture, No.  
30 31 32 33 34 35 36 37 

Glass 5 5 5 5 5 5 5 5 
С 2 -- 2 -- -- 2 2* -- 

Cu -- -- -- -- 5 5 -- 5 
B4C -- 2 -- 2 2 -- -- 2 
BN -- -- 1 1 1 -- -- -- 
Fe 93 93 92 92 87 88 93 88 

* Carbon was used in granules with size of 1-1,5 mm. 

Tribological properties of the materials were determined in 
terms of the butt end friction without lubrication at sliding speeds 
of 4, 8 and 12 m/s and a load of 1.5 and 2.1 MPa. As a counter 
body 0,65 % C – 1 % Mn steel, hardened to 52 ÷ 55 HRC was 
used. During the test, the coefficient of friction and wear rate 
were estimated. 

 
Experimental results and their discussion 

Results of the study of glass particles saturation with base 
metal during sintering had shown that glass particles changes the 
color, that denotes on their active saturation with metal ions. 

The results for investigation of iron and silicon content in 
glass particles depending on the sintering temperature is shown 
on fig. 1. 

As can be seen from the figure, with increasing of sintering 
temperature saturation of glass with metal increases. Significant 
effect on the saturation of glass with Fe makes the kind of the 
glass and its melting temperature. Thus, in hte glass-metal 
samples with "Pireks" glass its satiation with metal and reduction 
of silicon content in the glass is less intensive than in the pane 
glass. This is because the "Pireks" glass has a higher viscosity at 
the same temperatures than pane glass, hereupon the contact 
between glass and metal deteriorates and mobility of melt glass 
reduces. 

 

 
   a                        b  

Fig. 1. Effect of sintering temperature on the average content of iron 
(a) and silicon (b) in glass phase of sintered composite:  

1 – pane;  2 – «Pirex" glasses 

 Fig. 2. Effect of sintering temperature on microhardness of glass 
phase for Fe-glass composites  with pane (1) and "Pirex" (2) 

glasses 

 

 
Increase of sintering temperature assists the growth of the 

intensity of base metal ions dissolution in the glass. As a 
consequence of changes in glass chemical composition of 
sintered Fe-glass materials the increase in the average 
microhardness of glass particles takes place. With increasing of 
sintering temperature the microhardness values of glass particles 
increases too (fig. 2).  

Examination of sintered samples microstructure has shown 
the effect of formation of  crystalline phase in glass particles (fig. 
3), that usually starts from the surface of a particle. The columnar 
crystals, formed in the surface layer, with increasing of sintering 
temperature and exposure time grow deep into the glass. 

Analysis of results for evaluation of strength and hardness of 
sintered and hot forged metal-glass materials (fig. 4) had showed 
that almost for all of the investigated composites values of these 
characteristics increase when used boron carbide in material 
composition (samples No. 31, 33, 34 and 37) as a result of boron 
carbide dissociation when heated to temperatures that exceed 
1050 ÷ 1100 0C [2]. The use of copper in the initial powder 
mixture  (samples 34, 35 and 37) increases the hardness and 
strength of the materials too due to formation of solid solution 
after sintering. Infusion in the mixture of boron nitride (samples 

32, 33 and 34) leads to the desired effect of reduction of the 
composites strength and hardness because the latter is virtually 
insoluble in the iron-carbon alloy during sintering, but presenting 
itself the antiwelding solid lubricant leads to a significant 
decrease of level of adhesion force between the friction material 
and the material of the counter body that supports the smooth 
friction and reducing wear of the friction surfaces. 

The using of hot forging had leaded to expected significant 
increase in both strength and hardness of the samples compared 
to the same materials composition produced by sintering without 
forging. 

 
The results of investigations of the sintered composites 

tribological characteristics had showed that the best wear 
properties had the materials which included boron carbide in the 
initial powder mixture (No. 31, 33, 34 and 37) due to synthesis of 
solid boride phases in the sintering process [2].  Among them the 
best wear properties had the composites alloyed with copper (No. 
33, 34 and 37) (fig. 5,a). The single-valued influence of boron 
nitride according to wear characteristics was not revealed. 

For all the compositions of alloys wear rate increase 
with increasing of sliding speed from 4 to 12 m/s was 
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established. Increasing of contact friction pressure from 1.5 to 2.1 
MPa  also leads to a certain increase in the degree of wear level 
(fig. 5,b). 

Analysis of the evaluation of friction coefficients (fig. 5,c) 
showed a significantly lower dependence of this parameter on the 
composition of the initial powder mixture, but much more 
sensitive compared to the characteristic of wear proof properties 

dependent on sliding speed. As can be seen from the presented on 
fig. 5,c data, if the sliding speeds of 4-8 m/s friction coefficient is 
in the range of 0,35-0,44 (higher values correspond to lower the 
sliding velocity), then with increasing of slip velocity to 12 m/s 
values of the friction coefficient is reduced to 0.28-0.36. 
Increasing contact pressure to 2.1 MPa very little effect on the 
behavior of the friction coefficient (fig. 5,d). 

 

        
                                                          a                                                           b 

Fig 3. Types of glass crystals, synthesized at sintering of metall-glass composites  
with pine (a) and "Pirex" (b) glasses 

 
        a) 

 
                     

b) 
Fig. 4. Bending strength (a) and Brinelle hardness (b) of sintered and hot forged materials, manufactured from powder mixtures of 

different compositions (see table 1)  
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a) 

            
          b) 

 
c) 
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         d) 

Fig. 5.Tribological properties of sintered and repressed materials manufactured from powder mixtures of different compositions; contact 
pressure: a, c - 1,5 MPa; b, d - 2,1 MPa 

 
In case of using of hot forging for production of the metal-

glass composites a similar regularities with respect to the effect 
of the initial powder mixture composition on the wear resistance 
of the material (fig. 6,a) was observed. At the same time, 
comparison of the absolute values of wear rate indicates that hot 
forging allows to reduce substantially (for some compositions by 
more than half) the wear rate of materials in comparison with 

analogous compositions obtained by sintering and cold 
repressing. 

Unlike the wear resistance, the values of friction 
coefficient of hot forged composites small differ from these 
properties of sintered and repressed material of similar 
composition.   

 

           

              
a) 

 
            b) 
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          c) 

           
        d) 

Fig. 6. Tribological properties of hot forged materials manufactured from powder mixtures of different compositions; contact pressure: a, c - 
1,5 MPa; b, d - 2,1 MPa 

 
Conclusions 

1) The highest values for the mechanical properties of the 
sintered and hot forged composites have the materials made of 
powder mixtures containing 5% glass, 5% copper and 2% of 
carbide former components of mixture (graphite, boron carbide). 

2) The results of investigations of the tribological properties 
of metal-glass composites leads to the conclusion about the 
perspectives of their use as a friction material for use in a wide 
range of sliding speeds. 

3) Modification of the metal matrix phase with boron 
carbide provides significant improvement of wear resistance of 
the material and stable coefficient of friction in the range of 0,27-
0,42. 

4) The use of hot forging promotes significant increase in 
wear resistance of the material compared with sintered and 
repressed but little effect on variation of friction coefficient. 
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Abstract  
 
This work is a continuation of the HUPER development, as in this study hydrophilization was performed by different types of cement (grey 
cement and medical cement). It was established that alkaline hydroxides in the cement “milk” composition traditionally perform the 
preselected role of a hydrophilizer. Water was used as a second dispersing component, which can not only homogenize the composition of 
the prepared composite material. A third component was introduced (water glass), which was studied due to its dispersing role towards the 
resin/cement/water system. Mechanical strength characteristics (mostly impact characteristics) characterizing the shape, dimensions and 
integrity of the operational product were studied based on the obtained composition in various proportions of components.  
 
KEYWORDS: hydrophilization, resin/mineral disperse system, cement, water glass. 
 
1. Introduction 
The development of composites based on hydrophilized unsaturated 
polyester resin (HUPER) could be accomplished not only by 
methods described in previous works [1-5] but also with different 
types of cement (Sulfate-resistant blastfurnace cement and medical 
cement). The addition of cement affects the curing behavior 
compared to the unmodified resin, which is important for tracing 
the polymerization. The investigation of mechanical indices of the 
compositions obtained is another essential task in terms of their 
main purpose as polymer/silicate composites. Some literary sources 
review the role of cement as a supplement demonstrating the 
various advantages of modified resins: for obtaining artificial stone 
[6]; possibilities for producing repair materials [7]; for strength and 
elasticity modulus optimization [8]. Cement-based composites were 
also obtained as cement was used as a filler in a fiberglass/polyester 
resin matrix in view of sea-water resistance [9]. 
The purpose of this work is the development of UPER-based 
compositions in view of their application as composite materials – 
polymer concrete, fiberglass, etc. 
 
2. Materials and methods 
 
2.1. Materials 
We used: 
Resin of type Vinalkyd 550 PE-R (Orgachim Resins – Ruse) 
containing 35% styrene and 65% unsaturated polyesters, which is a 
condensation product of propylene glycol and maleic anhydride. A 
50% solution of cyclohexanone perodxide (CHP) in 
dibutylphthalate was used as a curing initiator, and a 10% solution 
of cobalt naphthenate (CN) in styrene was the accelerator. 
Medical two-compound zinc phosphate cement in the form of 
powder, ADHESOR® - „SpofaDental“ (MC). 
Sulfate-resistant blastfurnace cement CEM III A-S 42.5 N SR – 
Devnya Cement, town of Devnya (SC). 
Sodium silicate solution (Water glass - WG) – BEKO Water Glass 
and Detegrents Factory, town of Troyan 
 
 
 

 2.2. Methods 
Methods for obtaining compositions based on unsaturated polyester 
resin (UPER) hydrophilized with different types of cement (SC and 
MC) have been developed at fixed amount of water compared to 
cement (50%) in the presence or absence of WG, at fixed CN/CHP 
ratio compared to resin. 
Charpy impact strength tests have been performed to test pieces 
using Ceast 6545/000, Great Britain. A test piece fixed next to its 
ends as a horizontal beam is hit by a single pendulum impact. The 
impact direction is in-between the supports holding the test piece at 
fixed speed of 50 mm/min. The impact energy absorbed by the test 
piece is reported. 
Test pieces were tested for pressure strength by dynamometer 
Instron 4203, Great Britain. The test piece is pressure loaded at a 
fixed rate of strain of 50 mm/min, until destroyed.  
 
3. Results and discussion 
Polymeric compositions have been developed with various 
quantities of SC at a constant cement to water ratio (2:1), the same 
amount of UPER curing in the presence of  CN/CHP redox system 
(table 1). A composition without SC was produced for comparison. 
The polymerization of UPER was traced in the presence of different 
percentage of SC compared to resin. It was found that with increase 
in its amount, within the range from 10% to 40%, the maximum 
temperature gradually decreased from 140 to 60 ˚C (fourfold 
decrease). The kinetics of the polymerization process of UPER in 
the absence of SC shows that the unmodified resin has the highest 
curing temperature and the least gelation time (fig.1). 
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Table 1. Data on the obtaining of composites based on UPER 
hydrophilized with different quantities of SC. Quantities: UPER – 
30 g, CN – 0.5 ml, water – 50% vs. SC quantity, CHP – 1 ml  
 

Composition 
No. 

SC quantity 
%  

Time 
[τ, min] 

Temperature 
T max., ˚C] 

1 - 9 154 

2 12.82  14 139.5 

3 21.50  22 124.5 

4 27.78  27 101 

5 32.52  30 84.5 

6 36.23  35 70.5 

7 39.21  37 61.5 
 

 
 

Fig. 1. Kinetics of the polymerization process, where curve 1 – 0% 
SC, curve 2 – 12.82% SC, curve 3 – 21.5% SC, curve 4 – 

27.78% SC, curve 5 – 32.52% SC, curve 6 – 36.23% SC, curve 7 – 
39.21%  SC (according to Table 1) 
 
The impact and pressure strengths of the compositions in table 1 
have been studied as shown in fig. 2 and fig. 3, respectively.  
Fig. 2 shows that the increased percent content of SC results in 
increase of the impact strength compared to the zero sample, as 
such dependency is of extremal nature – at about 22 ±2% and 
35±2% SC reaches maximums and at 27±2% and 35± % SC reaches 
minimums. 
 

 
 

Fig. 3 shows the change in the pressure strength according to the SC 
quantity, where the most significant increase is at 15% SC. Further 
increase in the cement quantity does not lead to significant increase 
in that inedx, while the high value trend is preserved. 
 

 
 
Fig. 3. Data on the pressure strength when changing the SC quantity 

(according to Table 1). 
 
The influence of a third component (WG) was studied and for that 
purpose, compositions at fixed amount of SC (21,5%) were 
developed. The respective composition in the absence of WG was 
produced for comparison (No. 1, table 2). 
 
Table 2. Data on the obtaining of composites based on UPER 
hydrophilized with the same quantity of SC when changing the 
amount of WG. Quantities: UPER – 30 g, CN – 0.5 ml, SC – 
21,5%,  water – 50% vs.  SC quantity, CHP – 1 ml  
 

Composition 
No. 

WG quantity 
% 

Time 
[τ, min] 

Temperature 
[T max., ˚C] 

1 - 22 124.5 

2 2.52 42 97.5 

3 4.91 41 90.5 

4 7.18 35 99.5 

5 9.36 39 83.5 

6 11.43 39 75.5 

 
The kinetics of polymerization processes was traced according to 
the WG content and the strength indices of such compositions  and 
certain main conclusions were made concerning the obtained result. 
Those conlcusions will be presented in our following works. 
 
Polymeric compositions have beem also developed with different 
quantities of MC (MC:water=2:1), at a fixed amount of UPER and 
redox  system (table 3). 

Fig. 2. Data on the impact strength when changing the SC quantity 
(according to Table 1). 
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Table 3.  Data on the obtaining of compositions based on UPER 
hydrophylized by different quantities of MC. Quantities: UPER – 
30 g, CN – 0.5 ml, water – 50% compared to MC quantity, CHP – 1 
ml  
 

Composition 
No. 

MC quantity 
%  

Time 
[τ, min] 

Temperature 
[T max., ˚C] 

1 - 9 154 

2 12.82  21 148 

 3 21.50  34 122.5 

4 27.78  39 109.5 

5 32.52  46 96 

 6 36.23  92 68 

7 39.21  94 59 
 
The polymerization of UPER in the presence of different percentage 
of MC compared to resin was traced.  
In that case, it was found that the change in MC, in quantities from 
10 to 40% (analogically to SC), affects to a greater extent the 
maximum temperatures (they decrease almost three times), while 
the curing time increases four times similarly to SC. 
 

 
 

Fig. 4.  Kinetics of the polymerization process, where curve 1 – 0% 
MC, curve 2 – 12.82% MC, curve 3 -  21.5% MC, curve 4 – 

27.78% MC, curve 5 – 32.52% MC, curve 6 – 36.23% MC, curve 7 
– 39.21% MC (according to Table 3) 

 
The impact and pressure strengths of the compositions in table 3 
were studied and are shown in fig. 5 and fig. 6, respectively.  
Fig. 5 demonstrates that the change in that mechanical index goes 
minimums and maximums, as the zero sample was also used for 
that purpose (in the absence of MC according to composition No. 1 
from table 3). It follows from fig. 6, that the pressure strength grows 
proportionately to the increase of MC up to 22±2%, and on 
subsequent increase of MC up to 40% the mechanical index 
decreases on the background of slightly attentuating extrema. 

 
 

 
 

Fig. 5.  Data on the impact strength when changing the MC quantity 
(accordong to Table 3) 

 

 
 

Fig. 6.  Data on the pressure strength when changing the MC 
amount (according to Table 3) 

 
The data on the influence of the third component, WG, when 
developing composities with MC, are shown in table 4.  
 
Table 4.  Data on the obtaining of composites based on UPER 
hydrophilized with the same quantity of MC when changing the 
WG amount. Quantities: UPER – 30 g, CN – 0.5 ml, MC – 21.5%,  
water – 50% compared to the SC quantity, CHP – 1 ml  
 

Composition 
No. 

WG quantity  
% 

Time 
[τ, min] 

Temperature 
[T max., ˚C] 

1 - 122.5 34 
2 2.52 58 113 

3 4.91 31 114.5 

4 7.18 35 100 

5 9.36 50 83 

6 11.43 43 66.5 
 
The kinetics of polymerization processes of such compositions was 
traced and the impact and pressure strengths were studied. Those 
results shall be presented in the future. 
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4. Conclusion 
 
There are alternating maximums and minimums and it is 
determined by different factors, polyemrization first; moreover, 
there may be emulsion of cement milk in the resin, as at higher 
concentrations, there will be emulsion of resin in the cement milk, 
respectively. Therefore, phase inversion could be expected at higher 
concentrations. It can be assumed that the emulsion containing 
drop-shaped cement milk cures before the resin and vice versa, 
where cement cures slowly, resin cures first. It could be expected 
that interpenetrating polymer/silicate networks have been obtained. 
In such cases, curves necessarily follow minimums and maximums 
and when the curves are of the right Gaussian character, it would 
mean that polymer-silicate mechanical blends were obtained. At the 
same time, although the polymer and silicate are two different 
skeletons, they are interconnected because each resion molecule has 
turned into soap. And the soap moistens and interacts with cement, 
which does not inhibit the resin polymerization. Indeed, we have a 
lot of mazimums and minimums and very complex processes are 
under way, apparently depending on the polymerization process 
activity, sample compositions and structure formation processes. 
The completion of the polymerication process puts an end to resin 
curing and cement curing. 
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EFFECTS OF MECHANICAL ALLOYING TIME AND ANNEALING TEMPERATURE 
ON THE PHYSICAL PROPERTIES OF Al - WC COMPOSITE POWDERS  
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Abstract: In this study, mechanical alloying (MA) of Al-WC powder system was studied to produce aluminium composite powders having 
finer tungsten carbide fraction in aluminium matrix. For this purpose, elemental mixtures of 70 wt. % aluminium (Al) powder and 30 wt. % 
of tungsten carbide (WC) powder were mechanical alloyed for the duration of 2, 4 and 8 hrs. MA’ed powders then annealed at 300 ºC, 
400ºC and 500ºC for 2 hours under inert atmosphere. Apparent densities of powders were measured in order to characterize both 
mechanical alloyed and annealed powders. Compressibility of the powders was determined by green density measurements after pressing. 
Microstructural characterizations were conducted with X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. Strain 
rates and crystallite sizes were measured according to fundamentals parameter approach (FPA) by applying Lorentzian function using 
software TOPAS 4.2. 

Keywords: COMPOSITE POWDERS, Al-WC SYSTEM, MECHANICAL ALLOYING, ANNEALING, COMPRESSIBILITY 

 

1. Introduction 
Application of high reinforcement volume fractions, obtaining 

nano/fine particle size, homogeneous distribution of the particles 
throughout the metal matrix are the main advantages of powder 
metallurgy in order to manufacture metal matrix composites 
(MMCs) [1-3]. In addition, during mechanical alloying (MA) 
technique, the effects of particle size and amount of carbide 
addition were examined and finer hard particles inside of Al matrix 
in the presence of high WC amount were observed by the authors 
[4].  It was also reported by Meyers that ultrafine grain size and 
high volume fraction of interface have a great impact on the 
mechanical properties of nanocrystalline materials [5].  

In this sense, metal matrix composites (MMCs) have been 
investigated, developed and applied for various industries due to 
their unique properties provided by the incorporation of nano/fine 
hard particles [6].  Among the various kind of MMCs, hard particle 
reinforced Al-based MMCs are a great of interest owing to their 
significant mechanical properties which can be possible to be 
tailored in order to meet specific requirements in particular for 
aerospace and automotive applications [7, 8].  However, it was 
shown that nano particles of hard phase may cause to agglomeration 
and clustering which leads to difficulties processing nanocomposite 
and decrease the mechanical properties especially when a high 
volume fraction of the reinforcement is applied [9-11]. Therefore, 
compressibility and flowability examinations by using various 
approaches were performed in order to analysis of on-going 
sintering behaviors of incorporated powders produced via MA [6, 
12-18] 

In this study, the effects of mechanical alloying (MA) time 
and annealing temperature on the physical properties of Al - WC 
composite powders are aimed. The motivation of this study is 
related with the results of our previous findings during mechanical 
alloying of Al-WC and Cu-WC systems [4, 19].  

2.  Experimental Procedure  
In this study, Al (Alfa Aesar, -325 mesh, 99.5% purity) and WC 

powders (Alfa Aesar, -325 mesh, 99.5% purity) were used. 
Elemental Al and WC powders were blended to constitute the 
composition of Al –30 wt. % WC (hereafter called as Al30WC). 
Blended powders were mechanically alloyed (MA’ed) for 2, 4 and 8 
h using a Spex™ Duo Mixer/Mill 8000D with a speed of 1200 rpm 
in a tungsten carbide (WC) vial with WC balls having a diameter of 
6.35 mm (1 = 4 inches). The vials were sealed inside a Plaslabs™ 
glove box under purified Ar gas (99.995% purity) to prevent 
oxidation during MA. The ball-to-powder weight ratio (BPR) was 
10:1. Apparent densities were carried out according to Arnold 
density measurement. Powders were annealed for 2 hours at 200oC, 
300oC and 400oC using LinnTM furnace under H2 atmosphere. The 
powder mixtures were uniaxially pressed in steel dies at 2 tons 

compaction pressure to obtain cylindrical samples of 6 mm 
diameter using MSE ForceMaster 9110 press machine with the 
speed of 50 mm/sec. In order to perform microstructural and 
crystallographic examinations, Bruker™ D8 advance X-ray 
diffractometer (XRD) with CuKα radiation (λ=1.542 Å) was 
utilized. Crystallite size and strain rates were estimated according to 
fundamentals parameters approach (FPA) by applying Lorentzian 
function in TOPAS 4.2 (Bruker AXS) software. 

The crystallite size was calculated by applying the modified 
Scherrer’s [20] formula based on the XRD peak broadening 
obtained from XRD data:  

       (1)  

Strain rates, which the strain broadening is calculated by 
following equation: 

       (2)  

3.  Results and Discussion  
Theoretical density of Al30WC was calculated as 3.59 g/cm3. 

Apparent densities of the MA’ed powders were given in Table 1.   

Table 1. True densities of MA’ed powders 
Powder Milling Time 

(h) 
Apparent Density 

(g/cm3) 

 
Al30WC 

0 0.95 
2 0.99 
4 1.18 
8 1.49 

   
Al30WC  

annealed at 
200oC 

2 1.45 
4 1.38 
8 1.19 

   
Al30WC  

annealed at 
300oC 

2 1.39 
4 1.37 
8 1.36 

   
Al30WC  

annealed at 
400oC 

2 1.55 
4 1.55 
8 1.36 

 

The apparent density is expected to be between 30% and 60% 
of theoretical density for spherical particles [21]. However, the 
results were obtained even below 60 % of theoretical density of 
Al30WC which was discussed as a result of particles in irregular 

33



shape and production of fine carbide particles. Besides, as shown 
from the Table 1, fluctuation in apparent density values was 
observed by increasing MA time before annealing. This was also 
thought to be result of small/fine particle existence due to high 
interparticle friction. However, apparent density of all annealed 
powders decreased by increasing MA time. Because powders 
formed by milling are hard, irregular, and exhibit poor flow and 
packing characteristics, so that annealing affected the density values 
by deagglomerating particles containing brittle fractions, 
significantly. 

Figure 1 shows the XRD patterns of the 8h MA’ed powders. All 
the detected peaks are characteristic of the Al (ICDD No: 04-0787) 
and WC (ICDD No: 89-2727). Peak intensities decreased by time as 
presented in the figure.  

 
Figure 1. XRD patterns of 8h MA’ed powders 

 
Figure 2. XRD patterns of MA’ed powders after annealing at 

different temperatures 

Peaks belong to Al and WC powders can be seen clearly from 
the Figure 2 after annealing at various temperatures. Despite there is 
not any significant change in peak intensity and broadening 
observed, the peaks have become sharper and narrower by 
annealing temperature. Peak intensities increased for all powders 
after annealing. One can say that atomistic rearrangement and 
relieving of residual stress of lattice has caused this situation which 
is also good agreement with crystallite size and strain rates 
summarized in Table 2. Crystallite sizes increased and strain rates 
decreased after annealing for all powders as it was expected.  It 
should be noted that high temperature of annealing (400oC) was 
more effective on the removal of residual strains inside the 
powders.  

Green densities of before and after annealed 8 h MA’ed 
powders are illustrated in Figure 3. As shown from the figure, green 
densities were found closer to theoretical density and increased by 
increasing MA time for annealed powders. On the other hand, as a 
result of high deformation rate, non-heat treated powders have a 
reverse situation. The green density of powders decreased by MA 
which is considered to be result of plastically deformed particles 
formed in irregular shape. In addition, one should be noted that high 
temperature was more effective on compaction comparing to lower 
ones. These results are also in good agreement with compressibility 
graphs of powders given in Figure 4. Sharp change in line 
(displacement-force graph) was observed for non-heat treated and 
annealed at 200oC powders. However, the compaction seemed to be 
performed without any obstacle and initiated at the beginning for 
the powders annealed at 300oC and 400oC. This situation was 

considered as result of stress-relieving of particles that saturated for 
fracturing and became to the balance between fracturing and cold-
welding.  

 

Table 2. Crystallite size and strain rates (%) in Al peaks and 
before and after annealing against milling time. 

Sample 
MA 
time 
(h) 

Annealing 
temperature 

(oC) 

Crystallite 
size (nm) 

Strain 
(%) 

Al30WC 

 
      2 

- 89.1 0.3324 
200 142.7 0.1736 
300 144.5 0.1734 
400 199.6 0.1264 

    

4 

- 79.4 0.4469 
200 139.9 0.1778 
300 133.2 0.1892 
400 138.8 0.1651 

    

8 

- 85.0 1.2901 
200 156.1 0.1620 
300 154.1 0.1628 
400 154.0 0.1563 

 
 

 
Figure 3. Green densities of 8h MA’ed powders before and 

after annealing at different temperatures. 

 
Figure 4. Compressibility of 8h MA’ed Al30WC powders a) 

only milled, b) annealed at 200oC, c) annealed at 300oC, and d) 
annealed at 400oC. 

Scanning electron microscope (SEM) back scatter images of 
non-heat treated and annealed 8h MA’ed powders were given in 
Figure 5.  From the Figure 5a, the particles were seemed to be more 
agglomerated and the gaps between the particles were observed 
larger in distance comparing to annealed powders shown in Figure 
5b. This was concluded as a consequence of reducing internal 
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stresses and increasing ductility of metallic alloys (here Al). It was 
seen that the number of separate WC particles increased after 
annealing which affects the flowability of Al matrix. The reason to 
this phenomena was considered to be result of deagglomeration of 
brittle compounds after anneling.   

 

 
Figure 5. SEM images of 8h MA’ed a) non-heat treated and b) 

annealed at 400oC powders.  
 

4.  Conclusions  
 

In this study, the physical properties of mechanical alloyed Al 
reinforced with 30 % WC powders were investigated. According to 
results of the experiments these conclusions were obtained: 

 
 
1. Higher green density values were obtained for annealed 

samples compared to non-heat treated counterparts. 
Annealing clearly improved the compressibility of the 
mechanical alloyed powders. Since the compressibility of 
powders increased by increasing annealing temperature an 
optimization will be necessary for different systems.  

2. Contrary to compressibility, the strain value decreases 
after annealing, and the annealing at 400oC was found 
more appropriate than the other lower temperatures 
studied. 

3. It should be noted that with increasing annealing 
temperature, crystallite size of MA’ed powders increases 
simultaneously.  
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Abstract: In this study, ZnO/C and NiO/C composite nanopowders were synthesized via spray drying subsequent thermal decomposition. 
Citric acid was used as a carbon source in spray drying slurry containing zinc acetate or nickel acetate powders. Spray drying conditions 
like inlet temperature, feed rate and drying air flow rate were adjusted 200 oC, 3 ml/min. and 800 ml/min, respectively. The composites were 
composed of amorphous carbon and nanopowders ZnO and NiO by thermally decomposing at 300 oC for 4 h in Ar atmosphere of spray 
drying powders. The synthesized nanopowders of powder state characterization were performed. SEM examinations demonstrated that the 
morphologies of ZnO/C composite nanopowders have spherical structures with dents and wrinkles on their surfaces are promoted with the 
addition of carbon. It was observed from XRD results that synthesized powders had hexagonal wurtzite structure for ZnO/C nanopowders 
and face centered cubic structure for NiO/C nanopowders. The existence of carbon into the composite nanopowders was detected by EDS 
and Raman microanalyses. The carbon doping was increased surface areas and decreased crystallite sizes.  

Keywords: ZnO/C, NiO/C, SPRAY DRYING, THERMAL DECOMPOSITION, RAMAN SPECTROSCOPY 

 

1. Introduction 
ZnO and NiO are direct large band gap (3.37 eV and 3.6 eV, 

respectively) semiconductors, which have been commonly 
investigated due to theirs low cost, nontoxic, nature friendly, high 
photosensitivity and high stability properties [1-3]. Carbon (C) can 
be used as a good organic matter and ZnO and NiO nanopowders 
with doping C are found to display high chemical stability, high 
mechanical strength, superior photocatalytic properties, remarkable 
optical and electronical properties compared to pure ZnO and NiO 
[4, 5]. Meanwhile, the carbon doped materials with large specific 
surface area can be preferred for many potential applications, 
including lithium-ion batteries [1], fuel cells [6], supercapacitors [7] 
and photocatalyst [8].   

ZnO and NiO nanoparticles have been synthesized from 
aqueous solutions of different zinc and nickel salts (acetate, nitrate 
or sulfate), respectively. The widely used carbon sources are citric 
acid, glucose, sucrose, polyvinyl alcohol [9-12]. ZnO/C and NiO/C 
systems have been successfully synthesized a few methods such as 
thermal decomposition, pyrolysis, sol-gel and chemical vapour 
deposition [10-12]. The homogeneous and uniform distribution 
represent a considerable challenge to obtain well-dispersed ZnO/C 
and NiO/C composite nanopowders. Thermal decomposition 
method could remain incapable of synthesizing homogeneously 
ZnO/C and NiO/C composite nanopowders. As a preliminary 
process, spray drying, which is transformed from feed slurry to a 
dry granule by spraying into hot medium, can be used 13, 14]. 
Spray drying and subsequent thermal decomposition combination 
was successfully applied to prepare anode material for lithium ion 
batteries [13, 15, 16]. There are not sufficient studies in the 
literature on synthesizing of ZnO/C and NiO/C composite 
nanopowders by spray drying and subsequent thermal 
decomposition in argon (Ar) atmosphere. 

In the present work, we investigated the synthesis of ZnO/C 
and NiO/C composite nanopowders by spray drying and subsequent 
thermal decomposition processes. The characterization of these 
composite powders was conducted using scanning electron 
microscopy (SEM), energy dispersive spectroscopy (EDS), nano-
particle size distribution (Nano-PSD), specific surface area 
measurement (BET), X-ray diffractometer (XRD), raman 
spectroscopy, apparent and true density measurements.  

2.  Experimental Procedure  
Zinc acetate dehydrate (Zn(CH3COO)2 · 2H2O Alfa AesarTM), 

nickel acetate dehydrate (Ni(CH3COO)2 · 4H2O  Alfa AesarTM) 
and citric acid (C6H8O7, Sigma AldrichTM) all in  powder form 
were selected as starting materials. Aqueous solutions of 0.5 M zinc 

acetate (hereafter Zn(Ac)2) and 0.5 M nickel acetate (hereafter 
Ni(Ac)2) were separately prepared by dissolving it in distilled water 
(50 ml). For the preparation of samples having carbon, 0.3 M citric 
acid (hereafter CA) was added into the zinc acetate solution and 
stirred to obtain homogeneous and stable solutions at 80 oC for 1 
hour.  Both prepared solutions were spray dried prior to thermal 
decomposition using a laboratory-scale Büchi brand Mini Spray 
Dryer B-290. Spray drying conditions like inlet temperature, outlet 
temperature, feed rate and drying air flow rate were adjusted 200 
oC, 110 oC, 3 ml/min. and 800 ml/min, respectively. The composites 
were composed of amorphous carbon and ZnO or NiO 
nanopowders by thermally decomposing at 300 °C in Ar 
atmosphere of spray drying powders. Thermal decomposition 
experiments of spray dried granules were realized in a muffle type 
furnace with a heating rate of 2 °C/min and 4 h dwell time at peak 
temperature and then the samples were furnace cooled. A 
supplementary flow chart is given in Figure 1 to summary the 
experimental details.  

 
Figure 1. The flow chart showing the applied procedure for 

prepared samples. 

A variety of characterization techniques were applied adter 
synthesis. In order to examine particle morphology, SEM 
observations and EDS microanalyses were carried out for all 
synthesized nanopowders using QuantaTM FEG 250. Particle size 
measurements of the powders were conducted using MicrotracTM 
Stabino Particle Size Distribution. The specific surface area of the 
synthesized nanopowders prepared in this study was measured 
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using the Brunauer–Emmett–Teller (BET) method via 
QuantachromeTM Autosorb-1 MP device. For this purpose, all 
samples were outgassed for at least 12 h at 80 °C prior to the 
adsorption measurements. XRD analyses were performed using 
Bruker D8 Advance in 2θ mode, Cu anode at 40 kV and 35 mA. 
Measurements were scanned from 20° to 80° with a step size of 
2°/min on the 2θ. Raman spectroscopy was recorded on a JY HR-
800 (Jobin Yvon HoribaTM). The apparent and true densities were 
measured with Arnold density measurement kit and helium 
pycnometer (MicromeriticsTM, Accupyc 1330), respectively. 

3.  Results and Discussion  
In our previous study [13], we successfully synthesized 

nanosized particles using spray drying and subsequent thermal 
decomposition processes in consequence of decomposition reaction 
of zinc acetate into ZnO.  In this study, similar processes were used 
and ZnO/C and NiO/C were synthesized by utilizing citric acid as a 
carbon source. The SEM images of the synthesized ZnO and ZnO/C 
nanopowders are given in Figure 2. While ZnO nanoparticles 
(Figure 2a) had rod-like structures, doping with carbon (Figure 2b) 
led to mostly spherical structures with wrinkles on their surfaces. 
The chemical composition of the ZnO/C composite nanopowders 
was determined by EDS, as displayed in Fig. 2c, in order to 
showing the presence of the Zn, O and C elements. EDS analysis of 
the ZnO/C composite nanopowders confirmed the existence of 
carbon and the content of carbon in the composite can be calculated 
to be ~17 wt%.  

  

 
(a)                                             (b) 

 
(c) 

)                                             (b)  

Figure 2. SEM micrographs and the synthesized nanopowders:  
a) ZnO, b) ZnO/C and c) EDS microanalyses of ZnO/C. 

As seen in the Figure 3, NiO nanoparticles formed rod 
structures, whereas NiO/C composite nanoparticles have spherical 
structures with small dents and wrinkles on their surfaces. Dents 
and wrinkles on the surfaces were formed using citric acid during 
spray drying. It was previously reported in the article by Özgüven 
et. al [17] that high solvent evaporation rates may lead to collapse 
of particles. It is very clear that the addition of carbon plays a key 
role for change of morphology. EDS miroanalysis of the NiO/C 
composite powders is shown in Figure 3c, which demonstrates the 
existence of elements of Ni, O and C. The peaks of NiO were 
observed, indicating that the carbon in the composite powders is 
amorphous. EDS analysis of the NiO/C composite nanopowders 
confirmed the existence of carbon, the content of which in the 
composite is about 7.5 wt.%. 

Particle size and the surface area measurements of the 
synthesized nanopowders are given in Table 1. While the particle 
size measurements for ZnO and ZnO/C nanopowders were 306 nm 
and 235 nm respectively, in order of similar values for NiO and 
NiO/C nanopowders were 414 nm and 330 nm. Both in ZnO and 

NiO systems, the decrease in particle size with doping carbon were 
observed. It was found that the BET surface area was 18.50 and 
25.91 m2/g for the ZnO nanopowders and the ZnO/C composite 
nanopowders, respectively. The BET surface area was found to be 
23.12 and 136.0 m2/g for the NiO nanopowders and the NiO/C 
composite nanopowders, respectively. On the other hand, an 
increase in BET values was observed due to the effect of carbon 
doping.  

  V     

  
(a)                                             (b) 

 
(c) 

Figure 3. SEM micrographs and the synthesized nanopowders:  
a) NiO, b) NiO/C and c) EDS microanalyses of NiO/C. 

Theoretical density of ZnO and NiO are 5.61 g/cm3 and 6.67 
g/cm3, respectively. Apparent and true densities of the synthesized 
nanopowders are given in Table 1. When the apparent densities for 
ZnO and ZnO/C nanopowders were 0.42 g/cm3 and 0.79 g/cm3 
respectively, in order of true density values for ZnO and ZnO/C 
nanopowders were 5.58 g/cm3 and 5.22 g/cm3. Also for NiO and 
NiO/C nanopowders, the apparent densities were 0.65 g/cm3 and 
0.98 g/cm3 and true densities were 5.58 g/cm3 and 5.22 g/cm3, 
respectively. Both in ZnO and NiO systems, the decrease in true 
densities with doping carbon were observed. ZnO and NiO 
nanopowders exhibited poor flow and packing characteristics due to 
formation rod-like and irregular structures. The synthesized 
composite nanopowders doping with carbon led to mostly spherical 
structures and certainly improved the packing behaviors. 

Table 1. Physical properties of the synthesized nanopowders. 
Sample Particle 

Size 
(nm) 

Specific 
surface area 

(m2/g) 

Apparent 
Density 
(g/cm3) 

True 
Density 
(g/cm3) 

ZnO 306 18.50 0.42 5.58 

ZnO/C 235 25.91 0.79 5.22 

NiO 414 23.12 0.65 6.61 

NiO/C 330 136.0 0.98 6.15 

Fig. 4a presents the XRD patterns of ZnO and ZnO/C 
nanopowders by thermal decomposition of the spray dried powders. 
The intense peaks of ZnO having good crystalline qualities were 
confirmed.  The peaks originated from (100), (002), (101), (102), 
(110), (103), (200) and (112) may be indexed. Characteristic ZnO 
peaks which is good agreement with the JCPDS card no. 70-8070 
(wurtzite hexagonal phase) was detected as major phase. [13]. The 
position of the peaks was slightly shifted toward higher angles due 
to carbon doping.  Moreover, the peaks intensity of ZnO/C 
composite nanopowders decreased compared to ZnO nanopowders.  

Fig. 4b shows the XRD patterns of the NiO and NiO/C 
nanopowders by thermal decomposition of the spray dried powders. 
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XRD patterns showed five diffraction peaks at 2θ of 37.12o, 43.16o, 
62.77o, 75.30o and 79.29o, which are referred to (111), (200), (220), 
(311), (222) planes of face centered cubic NiO phase [1, 2]. No 
characteristic peaks of carbon or any impurity peaks were observed 
via XRD, indicating that the synthesized nanopowders were 
composed of a single ZnO or NiO phase.  

 
(a) 

 
(b) 

Figure 4. XRD patterns of the synthesized nanopowders by 
thermal decomposition of the spray dried powders: a) ZnO, b) 

ZnO/C, c)NiO and d) NiO/C. 

Table 2 shows that the average crystallite sizes (D) were 
calculated by Debye-Scherrer’s equation [5, 13] from the highest 
intense peaks (101) and (200) of ZnO and NiO, respectively:  

                                           (1) 

where β is the corrected half-peak width of the experimental sample 
(FWHM), θ is Bragg angle, λ = is the X-ray wavelength (1.54˚A), 
and k is the shape factor of value 0.9. The crystallite size of the 
synthesized samples by thermal decomposition of the spray dried 
powders were estimated. As it can be seen from Table 2, the 
crystallite size decreased with carbon doping, as 2θ value increased. 
According to XRD parameters, the carbon doping was increased 
surface areas and decreased the crystallite sizes of ZnO and NiO 
nanopowders, which is quite similar to the findings of Bechambia et 
al. [5]. Besides, crystallite sizes decreased and strain rates increased 
as it was expected.   

Table 2. XRD parameters of the synthesized samples by 
thermal decomposition of the spray dried powders. 

Sample 2θ hkl Crystallite size 
(nm) 

Strain 
(%) 

ZnO 36.71 (101) 28.1 0,0014 
ZnO/C 36.78 (101) 25.9 0,0007 

NiO 43.50 (200) 89.2 0.0173 
NiO/C 43.61 (200) 83.7 0.0092 

Raman microanalysis is an important technique in the 
characterization of ZnO/C and NiO/C composite nanopowders. 
Raman spectrum of ZnO/C composite nanopowders is presented in 
Figure 5.  Two broad peaks at about 1340 and 1590 cm–1 were 

obviously observed, which could be marked as the defect induced 
line (D) and the graphitic line (G) bands of carbon, respectively [18, 
19].  The small peak at about 420 cm-1 may be referred to Zn–O 
stretching of ZnO [19]. This result indicates that the Sample 1 is 
ZnO/C composites. Some amount of carbon existed and 
incorporated into ZnO and NiO structures, as evidenced by EDS 
(Figure 2c and 3c) and Raman (Figure 5) microanalyses. 

 
Figure 5. Raman spectroscopy of the synthesized ZnO/C 

composite nanopowders. 

4.  Conclusions  
The effects of the citric acid addition on the morphology of the 

ZnO and NiO nanopowders synthesized via spray drying and 
subsequent thermal decomposition processes have been investigated 
in the present study. Based on the obtained results, following 
conclusions can be drawn: 

 
1. Microstructural characterizations by SEM revealed that 

the synthesized ZnO and NiO nanopowders have rod-like 
structures and composite nanopowders, in which spherical 
structures with dents and wrinkles on their surfaces are 
promoted with the addition of carbon. 

2. XRD patterns of the synthesized ZnO and ZnO/C 
nanopowders revealed the presence of a single wurtzite 
ZnO phase. The characteristic peaks of face centered 
cubic phase NiO was detected for the synthesized NiO 
and NiO/C nanopowders.  

3. The carbon doping was increased surface areas and 2θ 
value, as the crystallite sizes and strain rates of ZnO and 
NiO systems decreased.  

4. The existence of carbon into ZnO/C and NiO/C composite 
structures was evidenced by EDS and Raman 
microanalyses.  
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Abstract: Wear, is one of the most important failure type which reduces the service lifetime and increases the maintenance cost of 
machines. In addition, wear is directly related with surface properties and friction characteristics. So, researchers focus on various surface 
treatments to reduce the wear and its cost. Plasma nitriding is one of surface treatment which forms a few hundred micron diffusion zone 
and a surface inter-metallic phases with moderate surface hardness. PVD coating is another method which ensures ultra-hard and a few 
micron surface layers. In the present study, AISI H13 hot work tool steel substrate was surface treated with various methods, such as plasma 
nitriding, PVD coating and duplex treatment. Effects of the treatments on the surface roughness, hardness were investigated. Additionally, 
microstructural analysis was performed to present the effect of treatments on the surface microstructures. Furthermore, friction 
characteristics were investigated using ball on disk testing machine and wear tracks were discussed using optical microscopy. 

Keywords: PLASMA NITRIDING, PVD COATING, DUPLEX TREATMENT, FRICTION 

 

1. Introduction 
Wear, is one of the most important factor that effects the service 

lifetime, occurs due to relative motion of contacting components. 
Plasma nitriding (PN) and physical vapour deposition (PVD) are 
mostly used to enhance the wear resistant of steels. While the PN 
forms different zones (white zone, nitriding zone) which are very 
thick compared to PVD, the PVD forms only a few microns thick 
layer, which is harder than PN, on the surface of steel. PVD coating 
on a relatively soft base material causes an inconsistency related 
with hardness values. Therefore, to form a transition zone makes the 
service time longer. These techniques have some 
advantages/disadvantages on each other. So, application of these 
techniques together is a way to eliminate the disadvantages of each 
[1–5] 

In this study, PN and PVD applied on AISI H13 steel with 
different combinations. Friction characteristics were obtained via 
ball on disk test. Effect of the surface treatments on surface 
hardness also measured. Additionally, microstructural examinations 
and microhardness measurement were performed 

2. Material and Method 

The chemical composition of AISI H13 steel used as base 
material can be seen in Table 1. Prior to all surface treatments as-
received steel was heat treated using the schedule given in Fig. 1. 
PN parameters were given in Table 2. Two different PVD coatings 
were selected and application was made by Oerlikon Balzers and 
Ionbond Tinkap. Information about PVD coating were presented in 
Table 3. Nomenclature of the samples produced using different 
treatments were given in Table 4. 

Table 1. Chemical composition of hot work tool steel used in this study 
DIN AISI C Si Mn Cr Mo V 

1.2344 H13 0,39 1,00 0,40 5,30 1,40 0,90 
 

 
Fig. 1. Tempering heat treatment schedule 

Table. 2. PN parameters 

Temperature Time Gas Ratios Pressure 

500 ⁰C 10 h H2/N2 (¼) 250 Pa 

Table. 3. PVD coatings 

 
Coating 

thickness(µm) 
Friction 

coefficient 

Micro 
hardness 

(HV) 

Coating 
color 

Ionbond 
(CrN) 1-4 0,40 2400-2600 Silver 

Oerlikon 
Balzers 
(TiAlN) 

depend on the 
application 0,30-0,35 3300 Purple- 

Gray 

Table. 4. Nomenclature of samples 

Specimen  Treatment 
S00 As received 
S10 Tempered 
S11 Tempered + PVD (CrN) 
S12 Tempered + PVD (TiAlN) 
S20 Tempered + PN 
S21 Tempered + PN + PVD (CrN) 
S22 Tempered + PN + PVD (TiAlN) 

To reveal the effect of PN on surface roughness, all samples 
were polished after tempering to obtain a certain surface roughness. 
Surface polishing was also carried out before PVD coating to 
enhance the bonding capability of PVD layer. Samples were 
analyzed optically for microstructural changes and possible defects 
using a Nikon DIC microscope with a Clemex image. Vickers 
microhardness measurements were performed on a DUROLINE-M 
microhardness tester. Ball on disk testing machine was used to 
compare friction characteristics of different treatments. Friction 
speed and load were 4.45 mm/s and 5.82 N, respectively. Maximum 
and mean Hertz contact pressure was calculated as 1.76 GPa and 
1.16 GPa, respectively. 

3. Result and Discussion 

Surface roughness of different heat treated samples were 
measured and given in Fig. 2. While PN and CrN PVD coating on 
tempered sample decreased the surface roughness slightly, PVD 
TiAlN coating increased. Similar to this findings, the difference of 
the surface roughness of CrN and TiAlN coating was reported by 
Björk et al.[6]. Although Batista et al. [7] reported that duplex 
coating occurred higher surface roughness, in the present study, no 
important difference was observed. It can be related with polishing 
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procedure after PN. In addition, duplex treatment increased the 
surface hardness in both case.  

 
Figure 2. Surface roughness of samples 

All obtained microstructures can be seen in Fig 3. As tempered 
sample contained martensitic microstructure with carbides of 
elements such as Cr, Mo and V. Plasma nitrided samples shows 
different zones including white zone and nitrided transition zone. 
Diffusion zone measured as 100 µm roughly. CrN PVD coating 
formed 1-2 µm thick non-uniform layer, while TiAlN PVD coating 
formed 3-5 µm thick uniform layer. It should also be noted that 
TiAlN PVD coating had a interlayer to enhance the adherence on 
coating layer on substrate. 

  
a   b 

  
c   d 

  
e   f 

Figure 3. Obtained microstructures of samples a)S10 b)S20 c)S11 
d)S12 e)S21 f)S22 

The surface hardness values of the investigated samples are 
presented in Fig. 4. It can be seen that the untreated sample had a 
hardness of 227 HV0.025. The surface hardness of the tempered 
sample reached 616 HV0.025 because of the formation of tempered 
martensite. The micro hardness profile of plasma nitrided sample 
shown in Fig.5. The combination of tempering and plasma nitriding 
processes increased the surface hardness of the untreated material to 
1059 HV0.025, as a result of the formation of the compound layer 
containing extremely hard iron nitrides. According to DIN 50 
190/3, nitriding depth defined as the depth which shows 50 HV 
higher hardness that base metal. The nitriding depth calculated as 
160 µm. The surface hardness of the TiAlN coating on the plasma 
nitrided layer reached 3320 HV0.025, which was approximately 
around 15 times that of the untreated substrate and 3 times that of 
the plasma nitrided layer. Similarly, the surface hardness of the CrN 
coating on the plasma nitrided layer showed a significant increase 
(2424 HV0.025), specifically, approximately 11 times that of the 
untreated substrate and 2 times that of the plasma nitrided layer. 

0
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S00 S10 CrN TiAlN  
Figure 4. Microhardness values of samples 

 
Figure 5. Microhardness profile of plasma nitrided sample 

Friction coefficient change versus distance can be seen in Fig. 
6. Friction coefficient values starts from a specific value related 
with surface conditions created by heat treatment. After a while, due 
to activated wear mechanisms (abrasive and fatigue wear in this 
study) friction coefficients increased and reached a specific value. 
PVD coated samples exhibited better performance than plasma 
nitrided sample, while duplex treated samples showed the best 
performance. TiAlN PVD coated samples exhibited superior 
behavior over CrN PVD coated samples. Taktak et al. [8] reported 
that PN decreased the friction coefficient. Additionally, as can be 
seen from the change of friction coefficient graphs, applied load did 
not crack the coating layers when the load placed on the sample. 
Wear track was formed by wear mechanisms. 

Optical micrographs of wear tracks were presented in Fig. 6. 
The width of the wear tracks are in accordance with friction 
characteristics. The mostly worn sample, as can be easily predict, 
was tempered one. While, plasma nitrided sample shows excessive 
wear, PVD coated and duplex treated samples show almost no wear. 

 
Figure 5. Friction coefficients of tested samples 
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Figure 7. Optical micrographs of wear track of samples a)S10 b)S20 
c)S11 d)S12 e)S21 f)S22 

4. Conclusion 

The present study was focused on the friction characteristics of 
AISI H13 tool steels treated with duplex treatmens. From this 
investigation, the following conclusions can be derived. 

• The use of a plasma nitriding process on the tempered 
H13 steel increased its surface hardness to approximately 
4.7 times that of the untreated substrates and 
approximately 1.8 times that of the tempered samples. 

• The use of a plasma nitriding process prior to PVD 
coating played an important role in the increase of the 
surface hardness. Surface hardness of the TiAlN-coated 
sample was approximately 15 times higher than that of 
the untreated substrates and approximately 3 times than 
that of the plasma nitrided layers. However, the surface 
hardness of the CrN-coated sample was approximately 11 
times higher than that of the untreated substrates and 
approximately 2 times greater than that of the plasma 
nitrided layers. 

• PN enhanced friction properties of tempered steel while 
PVD coated samples exhibited better performance than 
plasma nitrided samples. 

• TiAlN PVD duplex treatment exhibited the best 
performance among all treatments. 
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SPARK PLASMA SINTERING OF β-SiAlON–BN COMPOSITES 
 

СПАРК-ПЛАЗМЕННОЕ СПЕКАНИЕ КОМПОЗИТОВ НА ОСНОВЕ β-SiAlON–BN 
 

Nefedova E.1, Ph.D. Grigoryev E.1, Fokin D1, Ph.D. Smirnov K2 
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Abstract: Investigated was the spark plasma sintering (SPS) of β-SiAlON/0–30 wt % BN ceramic composites. The raw materials (β-
Si5AlON7 and BN powders) were prepared by infiltration-mediated combustion synthesis (CS). Experimentally established were the 
following process parameters for SPS of composites with high relative density (>95 %) and flexural strength of 250–300 MPa: (a) heating 
rate 50 deg/min, (b) maximum temperature 1650–1750°C, (c) and holding time 5 min. 
 
KEYWORDS: COMBUSTION SYNTHESIS, SPARK PLASMA SINTERING, CERAMIC COMPOSITES, SIALONS, BORON NITRIDE 
 

1. Introduction 
 

Solid solutions of β-Si3N4 of general formula Si6–zAlzOzN8–z (z = 
0.0–4.2) are known for their excellent hardness, strength, and 
wear/corrosion resistance, which explains their wide use in various 
engineering applications such as refractory materials, in bearings, 
and in cutting instruments [1]. On the other hand, ceramics 
containing hexagonal BN (h-BN) exhibit good electroinsulating 
properties combined with high thermal conductivity and corrosion 
resistance at exceeding low wettability with melts of different 
metals and non-metals [2]. Addition of h-BN to ceramic composites 
is known to improve their thermal shock resistance, machinability, 
and tribological properties [3–5]. BN-containing composites, β-Si6–

zAlzOzN8–z–BN, are highly promising for metallurgical applications 
such as tubes for metal pouring, pipe heaters, nozzles, dozer units, 
annular breakers, buckets, crucibles, lining plates, thermocouple 
casing, sensor level gages, etc.  

Combustion synthesis (CS) is a convenient technique for 
production of SIALON powders with desired composition, particle 
size, and morphology [6–8]. Spark plasma sintering (SPS) is a 
newly developed process that allows pulsed direct current to pass 
through the die and sample to heat them. Compared with 
conventional hot pressing, SPS allows higher heating rates and a 
very short holding time. SPS has been widely proven as a rapid and 
effective densification method for various materials [9, 10].  

In this context, it seemed interesting to apply the combination 
of these advanced techniques to fabrication of high-density β-
SiAlON–BN ceramic composites with improved functional 
properties.  

 
2. Experimental procedure  

 
Infiltration-mediated SHS of β-Si5AlON7 and BN powders in 
nitrogen gas was carried out by the following schemes:  
 
4.5Si + Al + 0.5SiO2 + 3.5N2 → β-Si5AlON7  (1) 
B + 0.5N2 → BN     (2) 
 

Green mixtures also contained some amount of diluents, β-
Si5AlON7 and h-BN respectively, in order to improve extent of 
conversion. Commercial powders of Si (mean particle size d < 10 
µm), Al (d = 20–50 µm), SiO2 (d < 10 µm), B (d = 1 µm), and 
home-made powders of β-Si5AlON7 (d ~ 5 µm) and h-BN (d ~ 2 
µm) were used in our experiments. Aliquot amounts of the above 
powders were dry milled for 1–2 h in a mill with Si3N4 milling 
balls. Combustion was performed in a 2-L vessel at P(N2) = 8–10 
MPa.  

Mixtures of combustion-synthesized β-Si5AlON7 and h-BN 
powders also containing 0–8 wt % commercial Y2O3 powder as a 
sintering aid were intermixed in a high-energy planetary steel-ball 
mill. Ball milling time (800 rpm, ball/mill ratio 10 : 1) was 5 min. 
The milled powders (about 0.5 g) were placed into a graphite die 
10.4 mm in inner diameter and sintered in a Labox 625 SPS facility 

under vacuum (gas pressure below 10 Pa). The pieces of carbon 
paper and carbon felt were put between the powder and graphite 
die to exclude the high temperature reaction during sintering, as 
well as to easily get the sample out of the graphite die after 
sintering. The heating rate was 50 deg/min. The sintered compacts 
were heated from room temperature to 600°C without applied load 
and then to 1550–1800°C at a compressive stress of 50 MPa. The 
compacts were held at a desired temperature for 5 min before the 
power was turned off. Temperature monitoring during sintering 
between 600°C and final sintering temperature was carried out 
using an optical pyrometer, focused on a hole on the surface of the 
carbon die.  

The particle size distribution of milled powders was 
determined with Fritsch Analysette 22 device. The BET was 
characterized by N2 sorption using a Sorbi-M surface area analyzer. 
The raw powders and sintered compacts were characterized by 
XRD (DRON-3.0) and SEM (JEOL 6610L). Sample densities were 
determined by hydrostatic weighing. Flexural strength (σf) was 
measured for bending a thin disk on a ring base in a universal 
testing machine Instron-5966.  

 
3. Results and discussion 

 
According to XRD and SEM results, the raw powders of β-
Si5AlON7 and BN did not contain impurity phases and were present 
largely as agglomerates. Their SEM images are given in Fig. 1. The 
specific surface (s) of as-synthesized β-Si5AlON7 and h-BN 
powders was 1.3 and 9.8 m2/g, respectively. 
 

 
Fig. 1. SEM images of raw β-Si5AlON7 (a) and h-BN (b) powders. 

 
After ball milling, the s values increased by a factor of 4–6 

(Table 1). The size distribution of h-BN-containing mixtures 
exhibited an additional peak around 20–60 µm, thus indicating the 
formation of secondary huge agglomerates from initially fine 
particles. 

Table 1.  
Specific surface s (m2/g) of as-synthesized and ball-milled powders 
 β-

Si5AlON7 
β-
Si5AlON7/10% 
BN  

β-
Si5AlON7/20% 
BN  

β-
Si5AlON7/30% 
BN  

As-
synthesized  

1.27 2.14 2.99 3.85 

Ball-milled  4.83 7.62 14.36 22.8 
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The sintering of undoped β-Si5AlON7 was accompanied (Fig. 
2) by marked increase in sample shrinkage around 1400°С probably 
die to formation of SiO2 and Al2O3 eutectics. Upon further increase 
in T, The relative density of sintered ceramics gradually grows from 
75 to 87% (Fig. 3). Our SEM results suggest that at T = 1550°C the 
particles remain practically unchanged and the formation of bottle 
necks gets started at higher temperatures. According to XRD data, 
the ceramics sintered above 1750°C exhibit the presence of AlN 
formed upon thermal decomposition of β-Si5AlON7. This is also 
evidenced by some increase in gas pressure in the reactor observed 
above 1600°C and caused by the release of gaseous decomposition 
products, N2 and SiO. Note that the release of gaseous products was 
observed only for sintered materials with ρrel < 87%. In case of 
denser materials having no open porosity, the decomposition of β-
Si5AlON7 was completely suppressed. 

 
Fig. 2. Linear shrinkage ∆h/h0 for β-Si5AlON7 as a function of 

temperature T for Tmax = 1600 (1), 1650 (2), 1700 (3), 1750 (4), and 
1800°C (5). 
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Fig. 3. Relative density ρrel as a function of Tmax for: (■) β-

Si5AlON7, (▼) β-Si5AlON7–Y2O3 (2.5 wt %), (●) β-Si5AlON7–
Y2O3 (5 wt %), (∇) β-Si5AlON7–BN (10 wt %), (□) β-Si5AlON7–

BN (20 wt %), (○) β-Si5AlON7–BN (30 wt %).  
 

Figure 4a shows relative density ρrel as a function of 
temperature T for β-Si5AlON7 and β-Si5AlON7–Y2O3 ceramics. The 
addition of Y2O3 is seen to improve the efficiency of sintering for T 
> 1400°С, that is, after the formation of liquid eutectics with oxides. 
A density close to theoretical can be attained upon addition of 5 wt 
% Y2O3 (Fig. 3), which agrees with our previous results [11] on 
sintering SHS-produced β-SiAlON powders in furnace under 
pressure of nitrogen gas.  

The addition of h-BN also facilitates SPS but by another 
mechanism: h-BN improves the compactibility of sintered powder 
mixtures. Under a compressive stress of 50 MPa at 600°C, the 
initial value of ρrel exceeds 0.80 for the compact containing 30 wt % 
h-BN, and 0.6 for that of undoped β-Si5AlON7 (Fig. 4b). In parallel, 

an increase in h-BN content suppresses the consolidation processes 
related to the formation of liquid eutectics. At 30 wt % h-BN (curve 
4 in Fig. 4b), an increase in ρrel above 1400°С becomes 
insignificant even in the presence of Y2O3. 
 

 

 
Fig. 4. Relative density ρrel as a function of temperature T for: (a) 

β-Si5AlON7 (1) and β-Si5AlON7–Y2O3 (5 wt %) (2); and (b) β-
Si5AlON7 (1), β-Si5AlON7–BN (10 wt %) (2), β-Si5AlON7–BN (20 wt 

%) (3), and β-Si5AlON7–BN (30 wt %) (4); Tmax = 1650°C.  

 
Fig. 5. Fracture surface of sintered ceramic composites: (a) β-
Si5AlON7–Y2O3 (5 wt %), (b) β-Si5AlON7–BN (10 wt %), (c) β-

Si5AlON7–BN (20 wt %), and (d) β-Si5AlON7–BN (30 wt %); Tmax = 
1750°C.  
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As is seen in Figs. 5b–d, small flaky h-BN particles are 
uniformly distributed over the surface of larger β-Si5AlON7 
particulates. At BN = 30 wt %, the h-BN particles unwettable with 
oxide melts fully isolate β-Si5AlON7 particles apart (Fig. 5d). It is 
clear that in such and similar systems the contribution from liquid-
phase processes in consolidation cannot be important. In case of 10 
and 20 wt % h-BN, the processes associated with formation of 
liquid eutectics are more or less pronounced, so that high relative 
density (close to theoretical one) can be attained even in the absence 
of Y2O3.  

 

 
Fig. 6. Flexural strength σf as a function of: (a) relative density ρrel 
of β-Si5AlON7–BN ceramics and (b) their BN content (ρrel = 0.95–

0.98). 
 

Figure 6a illustrates flexural strength σf as a function of ρrel 
for β-Si5AlON7–BN ceramics. This parameter (ρrel) is used as a 
measure for strength parameters of sintered ceramic composites. 
Our results well agree with those reported for similar ceramic 
composites prepared by other techniques [12–14]. SPS method 
affords to produce ceramic composites with higher relative density 
and flexural strength (250–300 MPa). In our case, the flexural 
strength of synthesized ceramics was found to depend on the BN 
content only slightly (Fig. 6b).  

 
4. Conclusions 

 
High-density β-SiAlON–BN (0–30 wt %) ceramic composites with 
improved strength properties were prepared by spark plasma 
sintering of SHS-produced β-Si5AlON7 and BN powders. Thus 
obtained machinable ceramics seem promising for fabrication of 
machine parts and items operating in severe conditions of strong 
thermal shock and corrosion-active media.  
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Abstract : The evaluation of fatigue limit - 1−σ  for AlSi7Mg, AlCu6Mn aluminum alloys is frequently encounter in material testing. In 
this method there is necessity of manufacture of test-tube from tested material or detail and made tension test.. There is destructive 
method. For many details there is not acceptable. Calculated in the usual ways fatigue limit appear only their statistical averaging 
between a number of structural factors indicating the influence. In material testing there is interest to non-destructive evaluation of 
fatigue limit 1−σ   for the specimens and details. In this paper is lock at possibility for non-destructive evaluation of fatigue limit 1−σ  by 

means measure velocities of propagation of longitudinal and transversal ultrasonic waves - LV and TV in tested materials and details. 
 
KEY WORDS: NON-DESTRUCTIVE EVALUATION OF FATIGUE LIMIT, ALLUMINIUM ALLOYS, VELOCITIES OF 
PROPAGATION OF ULTRASINIC WAVES 

1.Introduction                                                                                                       

 Destruction of fatigue in aluminum alloys can  occur in 
an area of elastic deformation. Even adding modifiers 
and higher plastic limit leads to destruction without 
structural changes and a clear boundary-σ-1. Under the 
action of cyclic stresses brittle fracture occurs. Fatigue of 
material, ratio is dependent on the dimensions of the 
dendrites (Solid solution of Si in Al). 

2. Structure of aluminum castings alloys and 
ultrasound  

Aluminum alloys AlSi7Mg, AlCu6Mn have a structure 
shown in Figure 1. There are α-matrices and Si eutectic 
in the form of fiber in inter dendritic field. Phases of 
Gine-Preston after heat treatment of Mg2 Si, θ-Al2Cu. By 
the relationship (1) are defined: Grain size- AlD : about 
AlSi7MgSr [Popov] .It was receive  (24 ÷ 35) μm and 
silicon eutectic - (1,2 ÷ 4,0) μm. . It is  AlCu6Mn alloy, 

the grain size CuD  is in the range (29,03÷132,86)μm. 

The relationship between AlD and acoustic 

characteristics ( )LTL VV α;; is [1] 

(1)      ( ) ..; 4fVVW TL ( )3AlD - = 0    

where ( )TL VVW ; = 







+ 553

42 32
1125

.4

TLL

T

VVV
Vπ

and

( )LTL VV α;;  is respectively longitudinal and transversal 
velocity and attenuation in ultrasonic wave propagation 
ASTM E 494: 2010. 

 

3.Empirical correlations  

The materials science used to dependence. [2]  

(2)       HB19.01 ≈−σ   

where: HB is Brinell’s  hardness. 

This article consider   the microstructure’s factors   as to 
destruction of fatigue. The fatigue of the grain size- AlD  
of the Al- phase. In literature [3] is given depending

( )D1−σ . It is shown explicitly. 

(3)        Rσ = iRσ + RK . ( ) 2/1−
D ; R = - 1 

where iRσ ; RK  - material constants. To obtain explicit 
constants in (3) for cast aluminum alloys AlSi7MgSr, 
AlCu6Mn considering the relationship: 
a) Hol-Petch’s relstionship  [4] 

(4) ( ) 2/1)(
0

−
+= DK Al

yS σσ  

αL

 
US sensor 

       
 

K=1  
K=2 
K=3 
K=4 
K=5 

 

∑
=

=
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15
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k
KAl DD  

AlD  - average 
value  of dendrites 

 
 α ’s  dendrites - ( Al solid 
phase ). Eutectic at grain 
boundaries- ( )SiAl +    

Microstructure of 
AlSi7Mg, AlCu6 

Fig.1. 
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where: )(
0

Alσ =50MPa )( Al
yK =8.5 MPa.mm1/2. 

b) From Solution of Businesq’s  problem [5] 

(5)     ( )HBνϕτ ≈max  
 

where 2

2

)/(1
)/(5.0

LT

LT

VV
VV

−
−

=ν ; 

( ) [ ]






 +++−= 2/1)1.(2).1(

9
2).21(

2
1 ννννϕ    

c) Tresca’s condition for plasticity [2] 
 
(6)     2/max Sστ =  

 
Therefore there is relstionship  
 
(7)      ( )HBS νϕσ ≈  
 
4. Derivate ot relationship ( )AlD1−σ  
 
From equations (2) and (7) follows 

( ) ( )νϕ
νϕσ

σ 11 19.019.0 −− ==
HB
HB

S

 and therefore 

(8)         =Sσ ( )νϕ
σ

1
1

19.0 −
−  

 
After substitution (8) in (4) it was obtained   

( )νϕ
σ

1
1

19.0 −
− = )(

0
Alσ + )( Al

yK ( ) 2/1−
AlD and  

 (9)       1−σ = )(
0

~ Alσ  + )(~ Al
yK ( ) 2/1−

AlD   

where )(
0

~ Alσ = ( )νϕ
σ )(

019.0 Al

; )(~ Al
yK = ( )νϕ

)(19.0 Al
yK

 

5.Conclusion 
 
In this paper the relationships (7) ( )HBS νϕσ ≈  and  

(9) ( )AlD1−σ  are obtain.  

The material constants in (9) are ≡iRσ )(
0

~ Alσ  and 

≡RK )(~ Al
yK . Because there is ( )TL VV ;νν =  then 

coefficients are  

)(
0

~ Alσ = ( )TL
Al VV ;~ )(

0σ ; )(~ Al
yK = ( )TL

Al
y VVK ;~ )( .  

It is non-destructive evaluation of material constants. 

iRσ ; RK . 

6.Измерване на LV  и TV  

За измерване на величините  LV  и TV  се използват  
ултразвукови осезатели с пиезопластини (ПП) X - 
срез и фиг.2., Y- срез, фиг.3. на ф-ма PANAMETRICS 
– САЩ  

  

Фиг.2. Фиг.3. 

За измерване на величините st TL µ,,  се използва 

ултразвуково устройство US Key ( ф-ма LECOEUR 
ELECTRONIQUE, Франция). Точността на 
измерване на времето на st TL µ,, е 0.01 sµ . 

 Фиг.4. 
. 

 

.   Фиг.5. 

Микрометър Digimatic Micrometer (MITUTOYO, 
Япония).  Обхват 0-30 mm. Този микрометър, 
единствен в света, измерва с точност на отчета 
0.0001 mm и точност на измерването S∆ mµ5.0± . 

Величините  LV  и TV  се изчисляват от 
зависимостите, съгласно ASTM E 494-2010 
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(10)    ( ) st
mmlV

TL
TL µ,

,.2
,

, =  

където mml, - делелина на измервания образец, 

st TL µ,, - сътветно времена на разпространение на 

надлъжни и напречни ултразвукщови вълни. 

Използвя се доверителен интервал за TLV , е [3] 

(11)   
TLVTL SnT

n
V

,
);(1 2/1

, α





±  

Използва се толерантнен интервал за TLV , е [3] 

(12)   
TLVTL SnT

n
V

,
);(11

2/1

, α





 +±  

Където TLV , и 
TLVS
,

са съответно средна стойност и 

стандартно отклонение за измерената скорост, n – 
брой на измерванията, );( αnT - разпределение на 

Стюдънт при вероятност α−=1Pr . 
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CoO/Al2O3, CuO/Al2O3 AND NiO/Al2O3 CATALYSTS FOR PHOTODEGRADATION 
OF MALACHITE GREEN DYE UNDER UV-IRRADIATION  
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Abstract: CoO, CuO or NiO supported on Al2O3 photocatalysts were prepared by impregnation and then calcination at 400oC for 3 
hours. The obtained samples were physico-chemically studied by Powder X-ray diffraction analysis, X-ray photoelectron spectroscopy and 
Scanning electron microscopy. The photocatalytic oxidative degradation of aqueous solution of Malachite Green (MG) dye as pollutant 
using CoO, CuO or NiO supported on Al2O3 under UV irradiation was tested. The results determined that the highest degree of degradation 
of MG dye after 120 minutes was achieved using NiO/Al2O3 photocatalyst (82%) than that the other materials CuO/Al2O3 (64%), CoO/Al2O3 
(59%) and Al2O3 (50%). The calculated apparent rate constants increasing in the order: Al2O3 (2.7x10-3 min-1)<CoO/Al2O3 (3.9x10-3 min-

1)<CuO/Al2O3 (4.1x10-3 min-1)<NiO/Al2O3 (8.4x10-3 min-1).  

Keywords: NiO, CuO, CoO, Al2O3, MALACHITE GREEN, PHOTOCATALYST, DEGRADATION  

 

1. Introduction 
Latest industrial development has ameliorated living standards 

but due to insufficient environmental monitoring, the continuous 
discharge of many industrial pollutants (organic compounds derived 
from synthetic dyes and etc.) is causing major environmental 
problems. Since these pollutants are carcinogenic at trace levels for 
aquatic and non-aquatic organisms, a wide range of remediation 
techniques as: biological, physical, and chemical methods have 
been applied for water decontamination [1-4]. Photocatalysis is 
widely used to describe the process based on a series of light-
induced redox reactions occurring when a semiconductor (e.g. TiO2, 
ZnO, SnO2, WO3), interacts with light in order to generate reactive 
species. This can lead to the photodegradation of the dye pollutants 
[2]. The challenge for the recent researchers is to create new and 
effective photocatalysts, applying appropriate synthesis methods by 
modifying the structure or properties of supports (to achieve more 
active sites, which may promote the reaction with the reactants) and 
introduce other elements homogeneously distributed on the support 
[5]. Non-reactive solid supports such as alumina may significantly 
control the photochemical reactivity of adsorbed molecules due to 
electronic interaction between the molecules and the surfaces [6]. 
The excellent dispersing ability of the alumina surface is much 
more pronounced in the supported photocatalysts [7]. Al2O3 was 
used as a catalyst for the photomineralization of hazardous organic 
molecules [2, 8]. Introduction of some transition metals, such as Cr, 
V, Fe, Cu, Mn, Co, Ni, Mo etc. may lead to higher catalytic activity 
[4]. Karunakaran et al. (ref. [6]) concluded that the presence of a 
semiconductor like (TiO2, ZnO, CuO and other) with Al2O3 
(insulator) lead to synergism between them, which improved their 
photocatalytic performance. The iron oxide supported on alumina 
was studed in photo-assisted Fenton degradation of different textile 
dyes [5]. 2-phenyl-4-(1-naphthyl) quinolinium supported on silica–
alumina photocatalyst was examined for H2O2 production [9]. The 
impact of surface of Al2O3/TiO2 [10] and Al2O3–Fe2O3 catalysts 
[11] on the photodegradation of organic pollutants was discussed in 
details. Cobalt oxide as photocatalyst was applied for reaction of 
photocatalytic water-splitting [12]. Cobalt oxide supported on 
carbon was used for degradation reaction of Methyl Orange [13]. 
Properties of CuO–CoO/Al2O3 catalysts were investigated for NO 
reduction by CO [14]. CuO was used as semiconductor 
photocatalysts for the degradation of dyes [15]. Films of CuO [16] 
and nickel oxide powders [17] were evaluated as photocatalysts for 
degradation of Rhodamine B dye. Photocatalytic activity of pure 

CuO for H2 evolution reaction was discussed in [18]. Many 
researchers had anticipated the reaction of CuO on different 
adsorbents like activated alumina in wastewater treatments [15]. 
Series of NiO photocatalysts have been investigated in the 
degradation of Methylene Blue [19].  

The present paper deals with synthesis of CoO/Al2O3, 
CuO/Al2O3 and NiO/Al2O3 powders, prepared by impregnation of 
previously prepared alumina containing support. They were 
physicochemically characterized and tested in the photodegradation 
of Malachite Green dye under UV-irradiation. 

 

2. Experimental 
2.1. Synthesis of the samples  

The Al2O3 powder was prepared after precipitating aluminium 
hydroxide. Then it was mixed with bentonite in respect to obtain 
composite Al2O3: bentonite (90:10) and compressed in tablets. The 
powder was calcined at 800oC for 8h to obtain γ-Al2O3 (the 
composite material was synthesized at University of Chemical 
Technology and Metallurgy, Sofia, with assistance of Assoc. Prof. 
Nikoleta Kassabova). In order to obtain photocatalytic systems, 
with active phase NiO, CuO or CoO were used the corresponding 
water solutions of: Ni(NO3)2.6H2O, Cu(NO3)2.3H2O and 
Co(NO3)2.6H2O calculated to give 10 wt % content with respect to 
Ni, Cu or Co amount. The carrier was impregnated with the 
aqueous nitrate solutions under heating and constant 
electromagnetic stirring. Than the samples were dried at 100 оС and 
after that calcined at temperature 400 оС for 3 hours. The prepared 
photocatalysts was named as: Al2O3 as P1; CoO/Al2O3 as P2; 
CuO/Al2O3 as P3; NiO/Al2O3 as P4. 

 

2.2. Powder X-ray diffraction analysis (PXRD) 

The powder X-ray diffraction patterns were recorded on a 
Bruker D2 Phaser diffractometer within the range of 2θ values 
between 5º and 75º using Cu Kα radiation (λ = 0.154056 nm) at 40 
kV. The phases were determined by using of JCPDS database 
(Powder Diffraction Files, Joint Committee on Powder Diffraction 
Standards, Philadelphia PA, USA, 1997). 
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2.3. Scanning electron microscopy (SEM) 

SEM studies were performed on a JSM – 5510 JEOL scanning 
electron microscope. For morphology observations of the samples 
the accelerating voltage 10 kV was used. 

 

2.4. X-ray Photoelectron spectroscopy (XPS) 

The XPS analyses were performed on a Kratos AXIS Supra 
with a monochromatic Al X-ray source. Each analysis started with a 
survey scan from 0 to 1200 eV pass energy of 160 eV at steps of 1 
eV with 1 sweep. For the high resolution analysis the number of 
sweeps was increased, the pass energy was lowered to 20 eV at 
steps of 100 meV. The X-ray Photoelectron spectroscopy method 
was used for the investigation of the surface states of Cu;Co;Ni 
loaded photocatalysts over precursor Al2O3:bentonite. The C1s, 
O1s, Al2p, Si2p, Co2p, Cu2p as well as Ni2p photoelectron lines 
were recorded and the obtained spectra were discussed. The surface 
concentrations of the constituent elements in the investigated 
catalysts have been calculated, too.  

 

2.5. Photocatalytic investigations 

Synthesized samples were investigated for period of 2 hours in the 
oxidative degradation of Malachite Green (MG) dye in a semi-batch 
photocatalytic reactor. UV light irradiation was used with power 18 
W and мaximal emission at 365 nm. In the beginning of the process 
the concentration of MG dye solutions was 5 ppm (λmax = 615 nm) 
accordingly, with catalyst loading 1g/l. Before switching on the UV 
illumination investigated systems were equilibrated in the dark for 
about 30 min. All activity tests were run out at a constant stirring 
rate using continuous air flow at room temperature. To examine the 
photocatalytic activity of materials, sample aliquots of the 
suspension have been taken out of the reaction vessel at regular 
time intervals (powder was separated from the aliquot solution by 
centrifugation). The absorbance of investigated solutions was 
measured on UV-1600PC Spectrophotometer (wavelength range 
from 200 to 800 nm). The degree of degradation is estimated using 
dependence (C-Co/Co)x100, where Co and C are initial 
concentration before turning on the illumination and residual 
concentration of the dye solution after illumination for selected time 
interval. 

 

3. Results and discussions 
Figure 1 illustrates Powder X-ray diffraction patterns of the 

investigated materials. The presence of γ-Al2O3 (PDF-29-1486), 
SiO2 (PDF-87-2096) were established in all the samples – P2, P3 
and P4. Additionally CuO (PDF-44-0706) for P3 and Co3O4 (PDF-
42-1467) for P4 samples are observed in the PXRD spectra.  

The Survey spectra are shown in Figure 2 for the illustration of 
the constituent elements in the catalysts. The position of O1s and 
Al2p photoelectron peaks at 531.5 eV and 74.5eV, respectively 
indicate that the support of the studied catalysts is Al2O3. The small 
quantities of silicon on their surfaces have been detected, also. The 
binding energy of Si2p peak at around 103.2 eV, is typical for SiO2. 
This is in coincidence with the XRD results.  

The binding energies of Ni2p, Cu2p as well as Co2p photoelectron 
peaks and the shape of the peaks shows that the loaded elements 
exist on the surface as oxide, NiO, CuO and CoO as well. 

It should be mentioned, that the calculated quantity of Ni, Cu 
and Co is different and follow the order Cu>Ni>Co although the 
equal quantity used during the synthesis of the final catalyst.  

Figure 3 presents SEM pictures of the three samples: A) P4; B) 
P3 and C) P2 at two different magnifications (x 1.000 and 8.000).  

 

 
 

Fig. 1 PXRD patterns of CoO/Al2O3, CuO/Al2O3 and NiO/Al2O3 
photocatalysts.   

The SEM observations of NiO supported photocatalyst (Figure 
3A) revealed typical layered material. The micrographs presented 
“plates-like” structures joined in aggregate. In the bigger 
magnification morphology observations of the sample P4 also 
demonstrated presence of bulk aggregates with irregular shape and 
also smaller particles on them. 

The SEM images of CuO/Al2O3 (Figure 3B) were consistent 
from “flake-like” pieces and other bigger particles, with different 
sizes, and thin ones stuck to their surface. In the bulk and between 
the different stones were observed fibrous particles. In the larger 
augmentation it can be seen that the investigated material in some 
places also revealed porous “spider web-like” structure. 

 

 
 

Fig. 2 XPS of NiO/Al2O3, CoO/Al2O3, CuO/Al2O3 samples. 

The SEM photographs of CoO/Al2O3 sample (Figure 3C) 
showed aggregates with almost smooth surface, maybe it was flip 
off between two grains. It also composed of different little particles 
like flakes, tiny spots situated on angular species. Some of the 
broken off pieces had pores. Consequently the pictures also exposed 
dissimilar pores, according to size, between the particles. On the 
major magnification common nature of P2 sample displayed that 
separate grains were sintered. 
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Fig. 3 SEM pictures of samples: A) P4; B) P3 and C) P2 at different 
magnifications. 

 
Photocatalytic activities of investigated catalysts were tested for 

degradation of textile dye Malachite Green under UV-light 
illumination. The results of dark period before switch on the lamp 
showed that the absorption capacity of alumina containing support 
is lower than the supported materials. Absorption increases slightly 
with adding of active phase CoO, CuO or NiO and it is in the 
following order: P1<P2<P3<P4 (Figure 4). Figure 4 also represents 
the degradation degree of the MG dye solution, the supported 
photocatalysts P2÷P4 showed better extent of degradation of MG 
dye then the support P1.  
 

 
Fig. 4 Degradation degree of the MG dye solution under UV-A illumination 
over investigated samples; where Co is initial concentration of the dye, C is 
the dye concentration after illumination. 
 

On Figure 5 is shown degree of degradation of P1÷P4 catalysts 
after 120 min time of illumination, which varied in the range of 
59÷82% for impregnated systems and 50% for the support. Among 
the investigated photocatalysts NiO/Al2O3 showed the highest 
photocatalytic performance, which is 35% enhancement in 
comparison to this of Al2O3 sample.  

It can be seen from Figure 6 that the reaction course of MG dye 
degradation as a function of the time of illumination of investigated 
photocatalysts, follows pseudo first order kinetics. The apparent rate 
constants k is estimated using logarithmic linear dependence: –
ln(C/C0) = k.t. The values of rate constants and degree of 

degradation of MG dye for 120 minutes illumination are given in 
Table 1. Apparent rate constants of supported photo-catalysts were 
(3.9÷8.4 x10-3, min-1), while for the support was (2.7 x10-3, min-1). 
Increasing of absorption was in accordance with enhancement 
degree of degradation and apparent rate constants. 

 

 
 

Fig. 5 Degree of degradation of the MG dye solution after 120 min under 
UV-A illumination over investigated samples. 
 
Table 1: Apparent rate constants and degradation conversion degrees 
(120min) of investigated photocatalysts regarding MG dye. 
 

Samples k x10-3,min-1 Degradation, % 
 

P4 8.4 82 
P3 4.1 64 
P2 3.9 59 
P1 2.7 50 

 
In our previous work we found out that alumina based samples, 

which contain α-Al2O3, ө-Al2O3 and Ca3Al2O6 showed 29% 
photocatalytic degree of degradation of Reactive Black 5 textile dye 
and after mechanochemical activation the degree of degradation 
increased up to 40% [20]. Some researchers reported the existence 
of unusual synergism when an insulator is present along with a 
semiconductor like TiO2, ZnO, ZnS, Fe2O3, CdO, CuO and Nb2O5 
[6]. Probably, in our case CuO, CoO and NiO supported on γ-Al2O3 
composites show synergistic photocatalytic effect and as result of it 
comes the enhanced dye photodegradation degree. 

 

 
 

Fig. 6 Reaction course as a function of the time of illumination –ln (C/C0) of 
the alumina supported photocatalysts.  
 

In conclusion we can state that all active semiconducting phases 
(CoO, CuO or NiO) exert considerable catalytic photodegradation 
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of MG dye, whereupon NiO/Al2O3 photocatalyst is superior to the 
other two systems. In this case both the alumina and the 
semiconductor particles are likely to be present in the agglomerates. 
This could lead to the transfer of holes from the illuminated 
semiconductor to the dye molecule, adsorbed on the Al2O3 surface, 
resulting in effective separation of the electron-hole pairs and 
higher rate of photoreaction. 

 

4. Conclusions 

The NiO/Al2O3, CuO/Al2O3 and CoO/Al2O3 photocatalytic 
systems were synthesized by impregnation method. The SEM 
pictures showed particles and aggregates with sizes around 0.2÷80 
µm. The materials were tested as catalysts for photodegradation of 
toxic pollutant Malachite Green dye under UV light. Photocatalytic 
degradation of MG dye on Al2O3 samples was 50%. In the case of 
NiO, CuO and CoO supported Al2O3 photocatalysts the degradation 
rate increases to some extent due to the synergism between 
insulating support and semiconducting oxide. The best 
photocatalytic efficiency was manifested by the NiO supported on 
γ-Al2O3 (degradation rate 82%), which correlates with its highest 
adsorption capacity and respectively specific surface area.  
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Abstract: Polymers are used in every walk of life now-a-days. They are not even hundred years old but playing significant role in every 
sector of life such as sports, defense, medical, automobile, electrical, agricultural etc. In the beginning, polymers were considered as 
excellent insulators but conductive polymers are available now. Polymers have good water resistance but some polymers are good absorber 
of water. The present article deals with monitoring the changes in the mechanical properties of composites with polymer matrix. The 
composite was formed from the PA matrix and glass fibers. The mechanical properties, impact strength (Charpy) and  
micro-hardness (Vickers) were evaluated on samples of the composite before and after UV radiation on the sample.  
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1. Introduction 
The mechanical behavior of polymers is dependent on many 

factors, including polymer type, molecular weight, and test 
procedure. Modulus values are obtained from a standard tensile test 
with a given rate of crosshead separation. In the linear region, the 
slope of a stress-strain curve will give the elastic or Young' s 
modulus E. Polymeric material behavior may be affected by other 
factors such as test temperature and rates. This can be especially 
important to the designer when the product is used or tested at 
temperatures near the glass transition temperature where dramatic 
changes in properties occur [1, 2,]. 

The term fillers refers to solid additives that are incorporated 
into the plastic matrix. They are generally inorganic materials and 
can be classified according to their effect on the mechanical 
properties of the resulting mixture. Inert or extender fillers are 
added mainly to reduce the cost of the compound, while reinforcing 
fillers are added to improve certain mechanical properties such as 
modulus or tensile strength. Although termed inert, inert fillers can 
nonetheless affect other properties of the compound besides cost. In 
particular, they may increase the density of the compound, reduce 
the shrinkage, increase the hardness, and increase the heat 
deflection temperature. Reinforcing fillers typically will increase 
the tensile, compressive, and shear strengths, increase the heat 
deflection temperature, reduce shrinkage, increase the modulus, and 
improve the creep behavior. Reinforcing fillers improve the 
properties via several mechanisms. In some cases, a chemical bond 
is formed between the filler and the polymer, in other cases, the 
volume occupied by the filler affects the properties of the 
thermoplastic. As a result, the surface properties and interaction 
between the filler and the thermoplastic are of great importance. A 
number of filler properties govern their behavior. These include the 
particle shape, the particle size and distribution of size, and the 
surface chemistry of the particle. In general, the smaller the particle, 
the greater the improvement of the mechanical property of interest 
(such as tensile strength). Larger particles may give reduced 
properties compared to the pure thermoplastic. Particle shape can 
also influence the properties. For example, plate-like particles or 
fibrous particles may be oriented during processing. This may result 
in properties that are anisotropic [3]. The surface chemistry of the 
particle is important to promote interaction with the polymer and to 
allow for good interfacial adhesion. It is important that the polymer 
wet the particle surface and have good interfacial bonding so as to 
obtain the best property enhancement. Examples of inert or extender 
fillers include china clay (kaolin), talc, and calcium carbonate. 
Glass spheres are also used as thermoplastic fillers. They may be 
either solid or hollow, depending on the particular application. Talc 
is a filler with a lamellar particle shape. Carbon black is used as a 
filler primarily in the rubber industry, but it also finds application in 
thermoplastics for conductivity, UV protection, and as a pigment. 
Fillers in fiber form are often used in thermoplastic. Types of fibers 

include cotton, wood flour, fiberglass, and carbon. Table 1 shows 
the fillers and their forms [4,5]. 

Table 1: Forms of various fillers 

Spherical Lamellar Fibrous 
Sand/quartz 

powder Mica Glass fibres 

Silica Talc Asbestos 
Glass spheres Graphite Wollastonite  

Calcium 
carbonate Kaolin Carbon fibers 

Carbon black  Whiskers 
Metallic oxides  Cellulose 

  Synthetic fibers 
    

2. Experimental methods and materials  
As an experimental material was used a composite of polymeric 

matrix (PA + PAI) and filler (glass fiber). The glass fiber strand 
have manufacturing marking GF 672, fiber diameter is 10 μm and 
the fiber length of 4 mm. They were supplied by three types of 
composite to be different in filler loading (10 %, 20 % and 30 %). It 
is a modern material that should be used in interior and exterior of 
cars. It should also resist UV radiation due to the addition of UV 
stabilizers. The experimental implementation of mechanical and 
thermal tests, samples in the form of rods and paddles which were 
produced from the granules of the polymer injection molding 
technology.  

Testing degradation of polymeric materials is one of the most 
important tests to the lifetime of  polymer product. Ageing tests can 
be either in real conditions of use of the polymer in a particular 
application, or using artificial accelerated ageing conditions. 
Accelerated ageing methods provide test results significantly faster  
natural aging tests. Testing is based on exposing test bars to man-
made climate. After a fixed interval of exposure changes are 
detected in end points (aesthetic, physical, electrical, etc.). The 
apparatus for man-made weather ageing (Fig. 1) ensure continued 
maintaining of artificial climatic conditions (day and night cycles, 
changing humidity, drought and wet, etc.) [6,7]. 

 

 
Fig. 1 SolarBox 1500 E with flooding 
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A source of light radiation guarantees a radiant flux of radiation 
intensity 550 W m-2. The source of light is a xenon arc lamp, but 
other sources of radiation are allowed too. The device must be 
equipped with a thermometer built into the black panel, which 
senses the temperature of the black panel. The black panel 
temperature of exposure time was selected at 65 °C, the liquid phase 
lasted for 102 minutes and the wet phase for 18 minutes. If it 
necessary wetting by distilled or deionised water can be applied. 
The numbers of man-made climate factors that simultaneously 
affect the test bars is selected by the test program. Test runs 
continued for a period fixed in the testing program. The duration of 
the test was  750 hours. 

3. Results and discussion  
The test samples were evaluated by the selected mechanical 

parameters (impact strength - Charpy and  micro-hardness - 
Vickers) regarding the effects of UV radiation. The same 
parameters were assessed after 1 run, 750 hours of UV radiation 
acting on the sample. The test also included  evaluation of the 
structure and changes in the structure before and after UV 
irradiation.  

Samples for the structure test were embedded in Bakelite in the 
first step and then cut and polished. Grinding of the samples was 
carried out using the device Struers Tegra Pol-15 under a program 
designed for polyamides. SiC abrasive paper with grain size 500, 1 
200 and 4 000 was used for grinding.  Each grit sandpaper was used 
to grind the sample for 1 minute. Grinding was followed by 
polishing using Mol plate for 3 minutes. This was followed by 2 
minute polishing with Nap-B, and finally polishing was finalized 
using wet disc and Chem-OP-S (diamond slurry) for 1 minute. 
The samples prepared in the above-mentioned way were evaluated 
for  structure changes by light microscope Neophot 32.  

The test took place at a temperature of 23 ° C (23 ± º2C). The 
hammer, which rotates about its axis was placed in the initial 
position and the shift indicator is set to the scale also pointed 
position. In the lowest position the hammer and also the place with 
the fastest speed on two supports placed sample without a notch. At 
the moment of the breakout indicator sample is transferred to a 
certain amount, which is read directly the value of the energy 
needed to puncture the sample. The samples were appropriately 
adjusted before the measurement such that the surface is smooth 
and unnotched. The samples had the following parameters: width: 
10 mm, thickness: 4 mm and a length of 80 mm. Results of 
measurements are shown in Figure 2. 
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Fig. 2 Effect of UV radiation on the change of impact strength 

The results show that the impact resistance to the most impact 
volume of glass fibers, wherein the amount of the impact strength 
values increase. The values of impact resistance by the action of UV 
radiation halved. One of the important properties of the polymer 
material, and the impact strength, which is a combination of 
strength, plasticity, and durability of the material. When polymers 
mechanical resistance is dependent on the speed with which a force 
is applied to the material. At lower speeds the polymer occurs to a 
relatively large deformation, while at higher speeds has a brittleness 
of the material, because the mechanical energy is not enough to 
dispose the material. Because of this feature, the polymer is 

gradually becoming a better design choice for a variety of 
applications.  

Microhardness testing was carried out using equipment ZHVμ 
Micro Vickers. This durometer allows the measurement in the range 
of 0.01 to HV HV2 with motor load variations to the steps 10, 25, 
50, 100, 200, 300, 500, 1000, 2000 (gf). The model is controlled by 
a PC software High Definition (HD) device includes 4 lenses of the 
microscope's built, the sliding base that allows you to move in the x, 
y, z. The image is captured by the camera and evaluated software 
where digital screen displays the results. The test force can be 
selected on the control panel, load change takes place automatically. 
The software for the conduct of the test, and the processing is able 
to completely control the parameters of the contamination of the test 
sample, view the progress of force and depth of the indentation with 
respect to time, and the like. An important feature in this case is the 
ability to directly evaluate the microhardness (HV) of the material. 

Test conditions: 

- The temperature of the experiment is from 10 ° C to 30 ° 
C. 

- Load force used must be to measure the micro hardness 
less than 2 N. 

- The test specimen is placed on the test solid, a solid 
support so as to not move during the test. 

- The load is perpendicular to the sample surface, without 
shocks and vibrations. 

- The period from the beginning of loading for achievement 
test force shall not be less than 2 seconds and longer than 
8s. 

- Duration of the test force is in the range of 10 to 15 
seconds. 

Results of measurements are shown in Figure 3. 
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Fig. 3 Microhardness HV 

In practice, very often enhanced hardness is an important 
complementary method to determine the mechanical properties 
of materials. Hardness can be defined as material resistance 
against penetration of a foreign body into its surface. The 
hardness of not one of the physical quantities, the resulting 
value is dependent on the complex surface properties of the 
material and the conditions in which measurements are taken. 
Measurement of hardness and polymer composites, and has 
specific differences in contrast to other materials. Since 
polymeric materials have a certain proportion of elastic 
deformation, and can be said to plastics in general, "flexible", 
not all methods are suitable for measuring the hardness.  

From the measured results show that the total 
microhardness depends mainly on the amount of glass fibers. 
For materials with a hardness of 30% it is the highest, but 
where it also depends on it, at which point exactly 
measurement made, whether it is the place where is worth 
more glass fibers, or is this polymer matrix. The largest 
differences in microhardness are especially at 10% volume 
glass fibers, that is where most of the matrix to which the UV 
radiation is the most evident effect and microhardness reduced 
to a small extent. 
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The experiment also included evaluation of the structure of the 
composite PA + GF before and after UV irradiation by a  electron 
microscope (SEM). Used accelerating voltage should exceed 30 kV, 
and magnification was 1000x. We monitored homogeneity of the 
composite, the manner of distribution of glass fibres in the polymer 
matrix, and cracking caused by UV radiation.  

   

a) 10 % GF b) 20 % GF c) 30 % GF 

Fig. 4 Composite structure with different filler content, 0 hrs.  UV  

 

Observation of each image can be seen the amount and 
distribution of glass fibers in a polymer matrix, fiber and detail 
violation occurrence holes after removal fibers (Fig. 4b, 5b). 

   
a) 10 % GF b) 20 % GF c) 30 % GF 

Fig. 5 Composite structure with different filler content, 750 hrs.  UV 

 

The distribution of individual fibers is uneven, with the 
increased volume join together and form clumps. Fracture leads to 
an overall majority tearing fibers, as evidenced by the longer of 
pulling the fibers. The individual glass fibers after removal from the 
matrix, leaving regular oval holes (Fig. 4a, 5a), with a higher 
volume of glass fibers is made up of holes. Progressively with 
increasing volume of the fibers, but they have the irregular shaped 
holes (Fig. 5b). 

The fibers in the smaller volume of draw out completely by the 
matrix, due to poor adhesion at the interface. At a higher volume of 
glass fiber matrix, however, the pieces remain stuck on a train (Fig. 
4c, 5c). For prolonged UV exposure cracks appear, which gradually 
spread, as is well. The actual fracture of the sample also varies, 
whereas the 10% fiber volume is almost equal to, the volume of 
30% is irregular and the surface of the polymer matrix layer. 

4. Conclusions 
Based on the experiments performed on composite PA + PAI 

with different content of the filler (GF) we can conclude:  

• By measuring the micro hardness of the material is 
confirmed that the increasing volume of glass fibers 
increases the microhardness, the UV light had almost 
no effect on its value. Little effect was seen only in 
the sample containing 10% glass fiber where UV 
treated aggressively to die and caused a reduction in 
its hardness. 

• In examining the impact strength material with an 
increasing volume of glass fibers increases. After UV 
irradiation, this value clearly decreased, although the 

figures are volatile and vary. This is due to the partial 
cross-linked polymer by the action of UV radiation. 

• From the observation of the morphology of the 
composite show that the increased volume of glass 
fibers, the fibers form clusters and their distribution is 
uneven. Fracture, and irregularities are formed on the 
surface of the laminate of the matrix observed. The 
combination of UV radiation and higher glass fiber 
content rise to cracks, which gradually spread matrix. 
This caused a degradation of the matrix and the 
peeling in the form of flakes. 
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Abstract: Austenitic stainless steels are widely used for various industrial, construction and biomedical application because of their high 
resistance to uniform corrosion and suitable mechanical properties. However, they are prone to local corrosion in aggressive halides 
environments. In contrast of corrosion resistance research in chloride containing environments, there have been few investigations into the 
effect of fluorides on passivity breakdown and pitting corrosion of stainless steels. This article focuses on the effect of fluoride added to 
chloride solution on corrosion resistance of AISI 316L stainless steel. Evaluation is based on results of exposition immersion tests performed 
in 0.9 % NaCl, 0.9 % NaCl + 0.05 % NaF and 0.9 % NaCl + 0. 5 % NaF solutions (42 days) and on results of cyclic potentiodynamic 
polarization tests performed in the same solutions.  
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1. Introduction 
Despite their high resistance to uniform corrosion, austenitic 

stainless steels are prone to local pitting corrosion in halides 
containing environments. This corrosion form is typical for 
passivating metals and alloys. Aggressive ions present in solution 
can penetrate through the weakened places of surface passive film 
and cause its local breakdown and initiation of the pitting corrosion 
[1-3].  

Chlorides are the most common aggressive anions present in 
industrial environments. However, often they are not the only 
aggressive components but tend to be mixed with fluorides. In 
contrast of corrosion resistance research in chloride containing 
environments, there have been few investigations into the effect of 
fluorides on passivity breakdown and pitting corrosion of stainless 
steels. Moreover, the results obtained are inconsistent and do not 
lead to the same conclusions [4-8].  

The authors [4] studied corrosion resistance of unspecified 
stainless steel wires in artificial saliva with 0.05 and 0.2 wt. % 
fluoride additions. Based on the potentiostatic and potentiodynamic 
tests the authors found that the addition of fluoride decreased the 
corrosion resistance of all archwires tested. Contrary to these 
conclusions the authors [7] studied resistance of austenitic stainless 
steel (alloy 22) to local corrosion and they described inhibitive 
effect of fluoride anions at the concentration ratio of fluoride to 
chloride anions higher than two. The authors [8] evaluated the 
pitting behavior of AISI 304 stainless steel in neutral chloride 
solutions. It has been confirmed by potentiodynamic measurements 
that fluoride anions inhibit the chloride induced pitting corrosion 
but promote the uniform dissolution of the steel [8]. 

AISI 316L is Cr-Ni-Mo austenitic stainless widely used in 
various industrial and biomedical applications. This paper deals 
with the effect of fluoride anions (0.05 % NaF and 0.5 % NaF) 
added to chloride solution (0.9 % NaCl) on the pitting corrosion 
resistance of the above mentioned steel. Evaluation of the corrosion 
resistance is based on the results of exposure immersion tests 
(microscopic observation of attacked surfaces, mass losses of 
specimens) and on the results of the cyclic potentiodynamic 
polarization tests. Results of immersion tests were evaluated on the 
bases of corrosion rates calculated from corrosion losses during 
immersion and by morphology of pitting. Results of 
potentiodynamic polarisation tests were evaluated by pitting 
potentials.  

2. Experimental material 
AISI 316L stainless, steel with chemical composition listed in 

Table 1, was used as an experimental material. 

Table 1: Chemical composition of experimental material (wt. %) 
Cr 

16.79 
Ni 

10.14 
Mo 
2.03 

Mn 
0.82 

N 
0.05 

C 
0.02 

Si 
0.31 

P 
0.03 

S 
0.001 

Fe 
balance 

Microstructure of experimental material (optical metallographic 
microscope Neophot 32) in longitudinal section is shown in Fig. 1. 
It is created by polyedric austenitic grains with observable twins, 
which could be created by annealing or by rolling. Parallel lines 
arose by the rolling during the technologic process. Observed 
microstructure contains numerous carbides. (Mo, Cr)23C6 carbides 
[9] are localized along the above mentioned lines. 

 
Fig. 1 Microstructure of AISI 316L stainless steel in longitudinal 

section (Kalling's etch) 

3. Experimental conditions and methods 
0.9 % (0.15 M) NaCl solution was used as the basic corrosion 

environment for both immersion and potentiodynamic polarisation 
tests. The basic solution was applied without fluoride and with two 
additions of sodium fluoride: 0.05 % NaF and 0.5 % NaF. All 
solutions were pH neutral, their specific conductivities are listed in 
Table 2. 

Table 2: Composition and specific conductivities of solutions  

Composition [wt. %] Specific conductivity χ  
[mS.cm-1] 

0,9 %  NaCl 15.44 
0,9 %  NaCl + 0,05 %  NaF 16.32 
0,9 %  NaCl + 0,5 %  NaF 24.4 

 

Immersion tests 

The specimen’s shape for immersion tests was rectangular (30 
mm x 80 mm x 1.5 mm). The specimen surface was not treated 
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(mechanically or chemically) only the edges were grinded by 
abrasive paper grain 600. The grease was removed by diethyl ether.  
The specimens were weighted out with accuracy ± 0.000 01 g 
(Mettler Toledo XS 205). Immersion tests were 42 days and they 
were carried out at elevated ambient temperature 37 ± 0.5 °C. The 
group of three parallel specimens was tested for each solution. After 
exposure the specimens were carefully brushed, washed by de-
mineralized water, freely dried up and weighted out again [10, 11].  

Pitted surfaces of specimens after immersion tests were 
observed by the optical microscope NIKON AZ 100. Average 
corrosion rates (g.m-2.day-1) were calculated from corrosion losses 
(g.m-2) during the immersion tests. 

Cyclic potentiodynamic polarization tests 

Cyclic potentiodynamic polarization tests were carried out in a 
three electrode cell of corrosion measuring system (VoltaLab 10 
with VSP unit). Potentiodynamic polarization curves were obtained 
by the EC-LAB SOFT software. Potential between the sample and 
the electrolyte has been settled for 10 minutes before the 
polarization. Scan range was -0.3V – 1.2V vs the open circuit 
potential and the scan rate was 1mV/s. The surface of working 
electrode AISI 316Ti of 1 cm2 area was not mechanically treated, 
only rinsed with diethyl ether before measurement. The saturated 
calomel electrode (SCE) was applied as the reference electrode and 
platinum foil as a counter electrode. All experiments were carried 
out at ambient temperature of 37 ± 0.5 °C. At least five experiment 
repeats were carried out for all specimens. 

4. Experimental results and discussion 
Tested specimens were locally damaged by pitting during 

immersion test. The corrosion failure was not visible to the naked 
eye it was visualized at a microscopic observation. As can be seen 
(Fig. 2), the pit’s shape is generally irregular, pit’s size varies.  
Edges of corrosion pits seem to copy austenitic grains and it points 
to possibility of combination of two forms of corrosion attack, 
pitting and intergranular corrosion [1-3, 9]. There is no marked 
difference between pits appearance according of fluoride content 
(Fig. 2), but the damaged area of specimens with the highest content 
of fluoride seems to be slightly smaller than in the other two cases.   

 a) 

 b) 

 c) 
Fig. 2 Typical shapes of pits after 42-days immersion test: a) 0.9 % NaCl, 

b) 0.9 % NaCl + 0.05 NaF, c) 0.9 % NaCl + 0. 5 NaF  

Average corrosion rates calculated from corrosion losses during 
the immersion tests in dependence on the fluoride content in 
solution are shown in Fig. 3. As we can see, average corrosion rates 
decrease with the increase of fluoride content. However the 
corrosion rate based on the corrosion loss cannot be generally 
considered as the essential factor of evaluation of pitting corrosion 
resistance because of non-uniform, local character of pitting. 
However, it helps make an idea about probable changes in the 
pitting corrosion kinetics [2, 10]. 

 
Fig. 3 Average corrosion rates in dependence on fluoride content 

Cyclic potentiodynamic polarization curves enable 
determination of the pitting potential (Ep), which is an important 
electrochemical characteristic of the passive film quality and of the 
resistance to pitting. When the potential reaches this critical value, 
current density suddenly increases, denoting the breakdown of the 
passive film and the beginning of stable pit growth. The shift of Ep 
to more positive values on the polarization curve means the rise of 
stability to pitting [1, 2, 10, 11]. 

Cyclic potentiodynamic curves of the tested steel in three 
experimental solutions are shown in Fig. 4.  

 
Fig. 4 Cyclic potentiodynamic curves of AISI 316L working electrode in 

dependence on fluoride content in solution 
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Curves are of typical lope shape with clearly observable pitting 
potential (located in the point of strong increase of current density). 
The pitting potentials Ep in dependence on fluoride content, are 
compared Fig. 5. Ep values (it means the resistance of passive film) 
increase with growing fluoride content in solution. The obtained 
results are consistent with authors [8], who consider fluorides the 
inhibitors of pitting corrosion in neutral chloride solutions. 

 
Fig. 5 Comparison of the pitting potentials (Ep) in dependence on 

fluoride content in 0.9 % NaCl solution 

A fluoride inhibitive effect on local corrosion of stainless steel 
could be based on formation of stable metal-fluoride complexes 
(with higher equilibrium constants than for metal-chloride 
complexes) [7, 12] which may strengthen the surface passive film 
and prevent its breakdown. 

5. Conclusions 
Based on the results of performed experiments can be 

concluded: 

• A surface of AISI 316L stainless steel was attacked by local 
pitting corrosion during 42 days immersion test in all 
experimental solutions. A corrosion failure was not visible 
to the naked eye it was visualized at a microscopic 
observation. 

• Observed corrosion attack was reflected in mass losses 
during immersion tests. Average corrosion rates calculated 
from mass losses decreased with increase of fluoride 
content in solution. 

• According to the pitting potential values determined from 
cyclic potentiodynamic curves, resistance of tested stainless 
steel to pitting corrosion increases with the growing fluoride 
content in 0,9 % NaCl solution. 
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Abstract: The article is devoted to an up-to-date material for heat and sound insulation. A technology for production of granulated  foam 
glass from glass waste is developed based on horizontal model of machine for foaming, tempering and cooling granules.  Mechanical and 
thermo-physical indicators for obtained foam glass are investigated. 
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1. Introduction 
The foam glass is widely used in the form of blocks, plates, 

grain of different sizes, components for thermal insulation in 
construction, shipbuilding, in machines, aggregates as well as for 
sound insulation, filters and others. [1]. 

The foam glass exceeds the alternative materials (foam-
diatomite, ceramic-perlite, perlite cement bond, vermiculite, 
concrete, mineral wool, glass wool, polystyrene, polyurethane, 
ceramic fibers) in thermal conductivity, mechanical strength, 
moisture absorption. It is applicable in construction, shipbuilding, 
chemical industry, nuclear industry, military industry and other 
economic sectors. 

2. Production of granulated foam glass 

A technology for production of granulated foam glass used for 
construction of roads, bridges, roof coverings, insulation for 
foundations of buildings and insulation for pipelines transporting 
fluids laid in the ground, is in process of development at the 
IMSETHC-BAS, Sofia. 

The subject of the development is creation and testing of 
technology based on the horizontal model for receiving pieces of 
foam glass granules (50÷100) mm, [2]. Its implementation requires 
purposeful activity in the following areas: 
-     Establishing the optimum batch compositions, binding additives 

and pressure by rolling to obtain granules of foam glass; 
- Formation of granules of different burden compounds; 
- Development and testing heat-technical characteristics of the 

process, forming granules and foaming components; 
- The way for evenly feed  the granulated mixture on the 

conveying belt, position 8 (Fig.1);  
- Identifying the main characteristics of the horizontal installation: 

the rate of heating and cooling in the technological areas  (speed 
of belt movement; type and thickness of the coating on the 
border granulated foam glass and metal surface of the conveyor 
belt, aiming high performance and quality of the final product); 

- Development of design documentation for additional modules to 
horizontal installation for production of foam glass,  [3, 4, 5]; 

- Development of modules to a horizontal installation; 
- Conducting technological experiments for settings of the 

installation and putting into operation an experimental station 
for production of granulated foam glasses;  

-   Investigating the physical and mechanical characteristics of the 
obtained granulated foam glasses. 
 
 
 

 
Fig.1 General view of model of horizontal installation  for 

production of granulated foam glass: 
1. Adoption station; 2. Submission dosing device for grains; 3. 
Control panel; 4. Heat and foaming section of the furnace; 5. Vent-
hole of temperature station; 6. Tempering sections of the furnace; 7. 
Rear station; 8. Conveying belt; 9. Clean modular device; 10. 
Receiving module finished granules; 11. Control panel; 12. Coated 
modular device. 

Fig. 2 shows a preliminary graphics of "the law" for heating the 
material in the process of obtaining granulated foam glass in 
horizontal installation. 

 

Fig. 2 Law for the heating the material in the furnace 

The dosed on the conveyor belt unfoamed granules enter the 
working space of the blowing module (furnace with operating 
temperature, which is adjusted to set values depending on the 
granules composition). The parameters of blowing module (length) 
and the speed of the belt movement (20÷30 cm/min) allow a certain 
point on the moving conveyor belt to stay in the furnace for     
(6÷10) min. The granules with an initial diameter                      
(5÷10 or 10÷14) mm, increase their diameter 2,5 times. The 
stabilizing module of the furnace is with circulating air which 
lowers the temperature of foamed granules from 580◦C to 300◦C, at 
that lowering the temperature granules stay for (15÷20)min, 
followed by cooling to a temperature (60÷70)◦C at which 
temperature they enter the receiver. 
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3. Preparation of granules from burdening 
compounds A, B and C for the Study of physical-
chemical and thermo-physical properties of the 
finished granulated foam glass [6] 

Raw material is processed to fractions of 85 % under 63 μm 
sieve and 15 % fraction (63÷100) μm. Using part of the glass 
powder having specific surface of (5500-6000)cm2/g micro-granules 
of three compositions were prepared, by passing the mixture of glass 
powder and blowing agent through a series of sieves: 

А/ Mixture containing 100 % powder from household glass 
waste fraction under 63 μm – 85 % fraction (63÷100) μm - 15% 
with 1 % glycerin and 3 %  water glass  with module 1,2÷1,3 over 
100 % and granulated with water glass with  module  0,6÷0,8; 

B/ Mixture containing 100 % powder from household glass 
waste, fraction under 63 μm - 85% and fraction (63÷100) μm and    
5 % CaCO3 over 100 % granulated with water-glass with module        
(0,8 ÷ 1,0); 

C/ Mixture containing 100 % powder of glass waste - fraction 
under 63 μm - 85% and fraction (63 ÷ 100) μm, 15% with added     
1 % glycerin, 3 % water glass with module (1.2÷1.3) and 11 % 
Al2O3 - fraction below 50 μm, granulated with water glass with a 
module (0.6 ÷0.8). 

Granules from compositions A, B and C are manufactured using 
disk granulator. The granules of each composition are separated by a 
set of sieves on fractions: (2÷4; 4÷6; 6÷8; 8÷10, 10÷12, 12÷14 and 
14÷16) mm. These are the raw materials which physicochemical and 
thermo-physical properties were tested. Experimentally is 
determined the time of placing the granulated mixture until the time 
at which optimum foaming is achieved without a process of 
overheating and occurrence of unwanted deformations, i.e. spoiling 
the spherical form. In cyclic entering into the furnace of cold 
granules from burdening compound, initial temperature of 800ºC 
decreases to (770÷780)°C. At this temperature begins process of 
foaming. This process continues with increasing temperature up to 
800ºC. The time for this increase matches with the time for passing 
of the overall technological process, approximately (5÷8) min, 
depending on the glass granules size. The tempering is carried out as 
foam glass granules pass to another zone of the furnace or at 
(600÷610)°C for (2÷4)min and then – to zone for cooling to room 
temperature. 

 
4. Preparation of samples for conducting physical-

chemical, physical-mechanical and thermos-physical 
tests 

Foam glass granules with volumes, which allowing elaboration 
of samples with suitable dimensions are prepared from compositions 
A, B and C.  

For testings as compressive strength and flexural strength the 
sizes of specimens comply with the requirements of BDS EN 60068 
(MIL STD-810-G): cubes, cylinders and rectangular prisms, with 
proper form and defined dimensions. To determine the heat 
conduction are made plates with dimensions (140 x 140 x 50) mm 
with parallel and flat surfaces. 

For measuring the coefficient of linear thermal expansion are 
made cylinders with diameter of 7 mm and length 100 mm from the 
three compositions A, B and C. 

5. Tests for determination of compressive strength, 
bending strength, heat conduction, water absorption, 
of compositions A, B and C [7] 

 
5.1 Compressive strength - determined using a tensile / pressure 

testing machine, as the sample is evenly loaded with a force 
perpendicular to its surface. 

The samples are cubes with length edge of 40 mm. The average 
values of measured compressive strength of compositions A, B and 
C are given in Table 1. 

(1)  𝛔Н =  P / S0,  
where:  𝛔Н  - compressive strength, [MPa]; P - maximum 

pressure force, [N]; S0 - cross-section of the test sample, [mm2]. 
 
5.2 Bending strength - since the samples have rectangular 

section, the bending strength is calculated by the formula: 
(2)   σог = 3PL / 2bh2,  
where: σог - bending strength, [МРа]; P – maximum load of the 

sample, [N]; L - the distance between axises of rollers, [mm];           
b - width of the test specimen, [mm]; h - thickness of test specimen, 
[mm]. 

For each composition are made 5 samples with length:                
l =100 mm, width: b = 30 mm and height:  h = 15 mm. The results 
for compositions A, B and C are presented in Table 1. 

 
5.3 Factor of heat conduction – it is calculated by the formula: 

(3)   λ = Q.a /s. τ (t1 – t2), [W/(m.K)], 

 where: Q - the quantity of transferred heat, [W]; a - distance 
between the end surfaces of the sample, perpendicular to the 
direction of the heat flow, [cm]; s - cross-section of the test sample 
[cm2]; τ - time, [s]; t1, t2 - temperatures of the end surfaces, [C0], 
whereupon t1 > t2. 
The data for the measuring factor of heat conduction are given in 
Table 1. 
 

5.4 Water absorption – it is calculated by the formula: 

(4)   B = (g1 – g0) / g0 .100, [%],  

where: B  -  water absorption, [%];  g1 – weight of the saturated 
with water sample, [g];  g0 - weight of the dry sample, before the 
saturation of the sample with water, [g]. 

Saturation of samples (with a volume of about 5 cm3) is carried 
out as pieces of foam glass granules were placed in boiling water for 
1 hour. During boiling is restored evaporated water. The test data 
are given in Table 1. 

 

Table 1 

Staff Compress
live 

strength, 
MPa 

Bending 
strength, 

MPa 

Factor of 
heat 

conduction, 
W/(m.K) 

Water 
absorption, 

% 

А 4.41 1.76 0.09 0 ÷ 4 

B 5.39 2.16 0.12 8 ÷ 9 

C 4.90 1.96 0.10 2 ÷4 
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Abstract: The objects of this study are galvanically deposited Zn and Zn-Ni-P coatings additionally treated (passivated) in environmentally 
friendly Cr(III)-based composition for obtaining of conversion films (CF). The aim of this treatment is to improve the corrosion-resistant 
properties of the coatings.  

The elemental composition and surface morphology of the newly obtained systems “galvanic coating/conversion film” are investigated 
with EDS and SEM analyses. 

Protective properties of the conversion films are defined with potentiodynamic polarization curves and polarization resistance 
measurements in a model medium containing chloride ions (5% NaCl) which leads to appearance of local corrosion.  
            
Key words: ELECTRODEPOSITION, ZINC; Zn-Ni-P АLLOYS, CORROSION, CONVERSION FILM 
 
1. Introduction 

Zinc alloys including also Zn-Ni and Zn-Fe are widely 
employed in different industrial areas due to their well known 
physical-mechanical and corrosion resistant properties which are 
better expressed compared to the pure zinc coatings [1,2,3]. 

It is established that Zn-Ni alloys containing 10-15 wt.% Ni 
characterize with good corrosion resistance as well as with forming 
and welding properties [4-8]. In addition, these alloys may be a 
good alternative of the already obsolete cadmium coatings the latter 
being toxic and expensive [1,9,10]. Due to their improved 
parameters more of the zinc alloys find wide practical application 
especially in the automotive industry [11-14]. 

With ever increasing demand concerning the corrosion 
resistance in the industry it is necessary to look for new ways for 
obtaining of coatings with improved protective characteristics. 
According to several literature sources the co-deposition of P with 
Zn-Ni or Zn-Fe alloys can lead in general to better corrosion 
resistance but also to changes in the microstructure, to reduction of 
the residual stresses and to better adhesion of the coating [15, 
16,17]. 

Another way for better corrosion resistance of the zinc and its 
alloys is their additional chemical treatment (immersion for a 
definite period of time) in special solutions for obtaining of 
conversion films (CF). Previously, some of the most widely used 
conversion coatings in industry were those containing Cr (VI) 
compounds. They characterize with high corrosion resistance, good 
adhesion to the paint and varnish coatings, low price [18,19] and 
demonstrate the so called “self-healing effect” [20]. However, their 
application is restricted due to their high toxicity and environmental 
pollution [21-23].  

During the last decades several types Cr(VI)-free conversion 
films have been investigated aiming at their application in the 
automotive and other industries. These coatings are based on Cr(III) 
compounds which  are easily accessible, non-carcinogenic and safer 
work [24,25]. 

The aim of the present investigation is to elaborate an 
environmentally friendly composition and to investigate the 
possibility for obtaining of CF on zinc and ternary zinc alloys (Zn-
Ni-P) as well as to characterize their protective properties. 
 
2. Experimental. 
2.1. Electrochemical deposition. 

Zinc galvanic coatings are electrochemically obtained 
from electrolyte with following composition: ZnSO4.7H2O, NH4Cl, 
H3BO3, additives – AZ-1 and AZ-2, рН value 4.5-5.0, ambient 
temperature of 22 oC,  current density Dk = 2 A/dm2. 

The electrochemical deposition of Zn-Ni-Р alloys is 
realized from sulfate-chloride electrolyte with a composition: 
NiSO4.7H2O, NiCl2.6H2O, ZnCl2, β - alanine and phosphorus-
containing compounds. 

The electrodeposition is carried out in a thermostatically 
isolated electrolytic cell with a volume of 400 ml with circulation. 
The samples are deposited at cathodic current density of 2 and 5 
А/dm2 and pH values 2 and 4, respectively. The deposition time 
varies between 10 and 30 minutes and the working temperature was 
40 0C. Non-soluble Ti-Pt meshes are used as anodes and steel plates 
with sizes 1x10x20 mm (4 cm2) as substrates. 

 
2.2 Conversion films (CF). 
The electrodeposited coatings of zinc and Zn-Ni-P alloys 

are additionally treated in a solution for chemical passivating 
containing: Cr(III)-based compound, HNO3, P - containing additive. 
The pH value of the composition was 1.2 and the time for 
immersion - 40 s. 
  

2.3. Scanning electron microscopy (SEM). 
The chemical composition and surface morphology of CF 

obtained on zinc and its alloys before and after corrosion treatment 
are investigated with scanning electron microscope JEOL – JSM 
6390 coupled with EDS device.  
 

2.4. Corrosion investigations.  
 2.4.1.Potentiodynamic polarization (PDP) curves. 
The PDP tests are carried out for two ternary Zn-Ni-Р 

alloy types with following compositions, wt.%:  
Zn – 89.6;       Ni – 10.4;        P - 0; 
Zn – 74.7;       Ni – 20.0;       P – 5.3;  
The investigations are realized at room temperature by 

using of VersaStat 4 (PAR) unit in a tri-electrode electrochemical 
cell with 250 ml volume and scan rate of 1 mV/s. Pt plate is used as 
a counter and saturated calomel electrode (SCE) is used as a 
reference electrode.  

Before the beginning of the test the samples are 
temporized for a 10 minutes period at open circuit potential (OCP).  
 

2.4.2.Polarization resistance (Rp). 
One of the main criterions for the protective ability of the 

galvanic coatings is the polarization resistance (Rp) whose value is 
inversely proportional to the value of corrosion current according to 
Stern-Gerry equation [26]. The higher Rp values correspond to 
greater protective ability and lower corrosion rate as well.  
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The experiments are carried out by using of „Corrovit” 
unit in a tri-electrode electrochemical cell with a Luggin-capillary 
for minimizing the ohmic resistance of the corrosion medium in 
potential interval of ± 25 mV concerning the corrosion potential. 
Also here, the samples are temporized at OCP for 10 minutes.  

 
2.5. Corrosion medium. 
Model corrosion medium used for the experiments is 5% 

NaCl solution with pH ~ 6.3. The results from the electrochemical 
investigations are in average of 5 samples per type i.e. for each 
measurement 5 replicatesof Zn or its ternary alloys .  

 
3. Results and discussion. 
3.1.Potentiodynamic polarization. 
Figures 1а) and 1b) demonstrate the PDP curves of the 

ternary alloys Zn 89,6Ni10,4P0 and Zn74,7Ni20P5,3 with and without CF 
on the surface. In addition, the presented curves are compared to 
those of the pure Zn (with and without conversion film) and to the 
curve of low-carbon steel sample.  

It can be observed from both figures that the corrosion 
potential of the Zn-Ni-P alloys (with and without CF on the surface) 
is more positive compared to this of the Zn (curve1, Fig. 1a and 1b) 
and more negative compared to this of the steel substrate (curve 4), 
i.e. they will play the role of anodic (sacrificial) coatings and will 
protect the steel.  

 
 
 
 

      
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Potentiodinamic polarization curves of Zn and ternary 
ZnNiP alloys:1a – without conversion film; 1b – with conversion 
film; 

 
It can be registered from Fig. 1b) that the presence of the 

conversion film on zinc and Zn-Ni-P alloys leads to decreasing of 
the slope of the anodic curves which correspond to slowdown of the 
dissolution process rate under anodic polarization.   

Tables 1 and 2 show the corrosion potential values and the 
corrosion current densities of Zn and Zn-Ni-P alloys with and 
without CF on the surface. It is obvious that the corrosion current of 

the zinc coating is the highest one (11,7 µA/cm2) which means that 
its corrosion rate is the greatest. The lowest corrosion current 
densities show Zn with conversion film (0,95 µA/cm2) and Zn 
89,6Ni10,4P0  ternary alloy with CF (1,65 µA/cm2), respectively.  
 
Table. 1 Corrosion parameters for Zn and Zn-Ni-P alloys 
without CF 

 
 
Table. 2 Corrosion parameters for Zn and Zn-Ni-P alloys with 
CF 

 
 

3.2. Polarization resistance (Rp). 
Figure 2 demonstrates the polarization resistance data for 

Zn and Zn-Ni-P ternary alloy coatings (with and without CF, 
respectively) measured during a prolonged period of time. Very 
important criterion for the protective ability of the coatings in that 
case is the moment of the appearance of the so called “red rust” 
spots.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Polarization resistance measurements of Zn and ternary 
Zn-Ni-P alloys without and with CF  

 
For the demonstrated period of time (240 days) it is 

obvious that the Rp of the pure galvanic zinc (curve 6) distinguishes 
with the lowest values and the first “red rust” spots appear after 73 
days of immersion. The ternary alloy Zn 89,6Ni10,4P0 (curve 2) show 
the first “red rust” spots after 87 days and show higher Rp values 
compared to the zinc.   

The presence of conversion film on the zinc (curve 5) 
leads to a slight increase of the Rp values but no “red rust” can be 
registered during the whole 240 days period. The polarization 
resistance data show that after treatment in the chromite solution the 
ternary Zn 89,6Ni10,4P0 alloy (curve 1) lasts in the corrosion medium 
about 240 days and the Rp values of the alloy are several times 
higher compared to the zinc and Zn74,7Ni20P5,3 alloy (curves 3 and 
4, respectively).  

According to curves 3 and 4 the first “red rust” spots can 
be registered after 25 days immersion independent on the presence 
or absence of CF. This means that in that case the passive film does 
not lead to improved protective ability of these alloys.  

Type coating Corrosion 
potential 

(mV) 

Corrosion current  
density (µA/cm2) 

Zn -1087 11,7 
Zn 89,6Ni10,4P0 -1025 4,3 
Zn 74, 7Ni20P5,3 -993,0 7,31 

 
Type coating 

Corrosion 
potential 

(mV) 

Corrosion current 
density (µA/cm2) 

Zn +CF -1047 0,95 
Zn 89,6Ni10,4P0 + CF -978,8 1,65 
Zn 74, 7Ni20P5,3 + CF -931,2 8,7 
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4. EDS analysis and SEM.  
SEM images clearly demonstrate that the reason for the 

abovementioned phenomenon can be the incompact layer of 
corrosion products which forms during the test period in the model 
medium of 5% NaCl (Fig. 3f). Passivated zinc and Zn 89,6Ni10,4P0 
alloy coatings distinguish with a more compact barrier film 
appeared during the corrosion treatment (Fig. 3b and 3d) which 
additionally decrease the corrosion process rate and improve the 
protective properties of these systems.    

 
 
 

 
a) Zn + CF 

 
 
 
 
 

b) Zn + CF (after corrosion treatment) 

 
 
 
 
 
c) Zn 89,6Ni10,4P 0 + CF 

 
 

 
 
 
 
 
 

 
 

d) Zn 89,6Ni10,4P 0 + CF (after corrosion treatment) 

 
 
 
 
 
                       e) Zn 74, 7Ni 20P5,3 + CF 

 
 
 
 

 
                      f) Zn 74, 7Ni 20P5,3 + CF (after corrosion treatment) 

 
 

 
Figure 3. Surface morphology of passivated Zn coating and ternary 

Zn-Ni-P alloys before аnd after corrosion treatment in 5% NaCl 
 

The EDS data show that the chromium content of the 
alloy Zn89,6Ni10,4P0 after treatment in the solution for chemical 
passivating based on Cr(III) compounds is 0,2 wt %. The other 
alloy sample and the zinc have several times higher chromium 
amount – about 2,7 wt %. SEM analysis of Zn89,6Ni10,4P0 sample 
with CF lead to the conclusion that the surface of the coating is 
cracked (Fig. 3c) while for the other investigated alloy these cracks 
are almost absent. Zinc sample with CF does not practically show 
any cracks. 

Most probably, like in the case of conversion films based 
on Cr(VI) compounds, the presence of a such net of cracks improve 
the protective properties of the film while the greater P content 
makes them worsen.  

 
5. Conclusions. 
A relatively harmless composition for chemical treatment of 

zinc and its alloys based on Cr (III) compounds is developed.  
After chemical treatment in that solution the surfaces of zinc 

and ternary Zn-Ni-P alloys are covered with conversion films. The 
latter are characterized by using of EDS and SEM analyses.  

Corrosion investigations with potentiodynamic polarization 
curves in a model corrosion medium of 5% NaCl show that Zn and 
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Zn89,6Ni10,4P0 alloy with CF show better protective ability compared 
to the samples without CF. 
 Polarization resistance data demonstrate that the corrosion 
behavior (protective ability) of the Zn74,7Ni20P5,3  are worsen 
compared to these of the usual electrodeposited zinc independently 
on the presence or absence of CF and in that case the film does not 
lead to improvement of the protective ability. On the contrary, even 
more deterioration of the protective characteristics can be observed. 
The most probable reason is the higher P content and the more 
incompact film of corrosion products with less pronounced barrier 
properties.  

Best protective ability in the model medium demonstrates 
Zn89,6Ni10,4P0  alloy with CF. 

Finally, it can be concluded, that the elaborated composition 
for obtaining of environmentally friendly CF is perspective 
concerning the prolonged service life of the zinc and Zn-Ni-P 
coatings in corrosion media leading to appearance of local 
corrosion.    
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Abstract: In this paper was investigated the formation of complex diffusion boride layers on metastable austenite Cr-Mn-N steel 

powder method. Calculate the value of the diffusion coefficient in different physical – chemical conditions and the thermodynamic potential 
chemical reactions. Defined phase composition layers obtained on the metastable austenite Cr-Mn-N steel. It is established that the 
application of an external magnetic field (EMF) leads to a redistribution of the proportion boride phases in the surface layers, changes the 
period of crystal lattice and increasing the diffusion coefficient. 

KEYWORDS: BORIDING, BORON LAYER, STRUCTURE, DIFFUSION, FRICTION, MICROSTRUCTURE, MICROHARDNESS, 
WEAR RESISTANCE, MAGNETIC FIELD. 

 
1. Introduction 
 
Austenite Cr-Mn-N steel refers to wear resistant 

steel in which metastable austenite during operation 
undergoes a phase change to create ε - martensite [1]. 
However, in the demanding conditions of intense loading 
at hydroabrasive wear in different corrosive 
environments, such as hydraulic gate fittings parts with 
Cr-Mn-N steel, a problem improvement operational 
characteristics [1]. An effective method is the use of 
chemical heat treatment (CHT) using boron and other 
saturation elements. CHT allows creating on the surface 
of the material structure, which is composed of highly 
rigid boride phases [2]. However, diffusive 
multicomponent boriding quite energy consuming 
process, therefore to reduce energy consumption 
necessary to use methods for intensification the process 
saturation. One of these methods is the application of an 
external magnetic field (EMF), the so-called magnetic 
thermo chemical treatment [3,4].  

To solve this problem, we used a complex diffusive 
saturation of the surface layer of  
Cr-Mn-N steel boron or boron and copper at 
simultaneous action of EMF. 

The aim of this work was to study diffusive boride 
coatings and coatings obtained after saturation with boron 
and copper on Cr-Mn-N steel, obtained in different 
physical - chemical conditions, namely: conducting 
saturation without the use of an external magnetic field 
(TMF), and at simultaneous application.  

. 
 

2. Materials and Experiment 
Processes borating and complex saturation with 

boron and copper performed powder method in a special 
at a temperature of 975 °C during 2, 4, 5 and 6 hours 
using fusible valves. Saturation steels boron or boron and 
copper performed in powder mixtures on the basis of 
technical boron carbide B4C with the addition of powders 
Cu2O, as a source of copper and fluoroplast as activating 
additions. 

To create a magnetic field coil (solenoid) used, 
which consisted of 635 windings tires aluminum alloy, 
the size of 10x20 mm; the current strength – 60 A; the 
magnetic induction – 35 mT. For magnetic thermo 
chemical treatment in coil placed high temperature 
furnace with crucible and packed in them saturated 
mixture for boriding with samples of Cr-Mn-N steel. 

Investigation of the structure of boride coatings on 
Cr-Mn-N steel performed on microsections subjected a 
high temperature etching at 400°C at excerpt 30 minutes 
in the furnace with followed by cooling to room 
temperature in air.  

Microstructural studies coatings and measuring the 
thickness of diffusion layers was carried out on 
metallographic microscope Axio Observer A1m, Zeiss, in 
the range the increase 100...1000. 

Microhardness measurements were carried out on the 
equipment PMT – 3 no less than 15 – 20 fields of view at a 
load of 0.49 – 0.98 N. Measuring accuracy microhardness 
was – ±300 MPa. 

Research of the chemical composition of coatings 
performed microrengenospectral analysis on electronic 
scanning microscope – SEM 106 with increasing in 2000 
time, accuracy – 0.01% by weight.  

Phase composition, quantitative analysis phase, the 
periods of the crystal lattice, volume of elementary lattice 
phase, regions of coherent scattering in boride coatings 
were analyzed for X-ray diffractometer Ultima-IV of 
Rigaku (Japan), in the copper Kα monochromatic 
radiation. 

Testing of coatings on the wear resistance 
performed on friction machine [5]. 

 
3. Results and discussion 
 
X-ray analysis metastable austenite Cr-Mn-N steel 

with diffusion coating established that at boriding without 
using EMF in the surface layer of  
10 - 15 microns formed phase FeB, (Fe,Cr)B and CrB 
(Fig. 1, a). Diffusion layers analysis boride coatings 
obtained without action EMF shown next phase 
composition, after removal of 15 microns detected phase 
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FeB, (Fe,Cr)B, CrB and Fe2B (Fig. 1, b); after removal of 
20 microns - (Fe, Cr) B, CrB and  
Fe2B (Fig. 1, c). 

At the study coatings obtained by complex saturation 
with boron and copper without action EMF was 
established following phase composition: in the surface 
layer of 10 - 15 microns - FeB, (Fe,Cr)B and Cu (Fig. 2, a); 
after removal of 15 microns - FeB,  
(Fe,Cr)B and CrB (Fig. 2, b); after removal  
of 15 microns - FeB, (Fe,Cr)B, CrB and Fe2B (Fig. 2, c). 

In the result layered analysis it was found the next 
phase composition coating obtained by complex 
saturation with boron and copper from the surface: FeB, 
Cu → (Fe,Cr)B → CrB → Fe2B. 

                                                                                                                         
Fig.1: Diffraction pattern taken from the surface of 

metastable austenite Cr-Mn-N steel with boride coatings 
obtained after boriding without using EMF, duration 
saturation 5 h: a – initial state coatings (after 
saturation);b – after removal of 15 micron coating;  
c – after removal of 20 micron coating 

 

 

 
    

Fig.2: Diffraction pattern taken from the surface of 
metastable austenite Cr-Mn-N steel with boride coatings 
obtained after complex saturation with boron and copper 
without action EMF, duration saturation 5 h: a – initial state 
coatings (after saturation);b – after removal of  
15 micron coating; c – after removal of 15 micron coating. 
Diffraction peaks Cu correspond crystallographic planes: 
(111) (200) (220) (311) 

 
At overlay EMF observed an increase thickness of 

boride coating and particular phase FeB. In the result on 
diffraction pattern of the surface layers boride coatings 
obtained after boriding in conditions activity EMF fixed 
availability phase FeB, (Fe,Cr)B and CrB (Fig. 3, a). 
After removing 12 micron coating was found next phase 
composition: FeB, (Fe,Cr)B, CrB and Fe2B (Fig. 3, b). 
Removing yet 15 microns showed no change in the phase 
composition (FeB, (Fe,Cr)B, CrB and Fe2B) (Fig. 3, c). 
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Fig.3: Diffraction pattern taken from the surface of 
metastable austenite Cr-Mn-N steel with boride coatings 
obtained after boriding in conditions of action EMF, 
duration saturation 2 h: a – initial state coatings (after 
saturation); b – after removal of 12 micron coating; c – 
after removal of 15 micron coating  

After complex saturation boron and copper in 
conditions of action EMF, since formed coating 
greater thickness than at boriding, then on  the 
diffraction pattern fixed phases FeB and Cu  
(Fig. 4, a). After removing 10 micron coating was 
found next phase composition: FeB, (Fe,Cr)B and Cu 
(Fig. 4, b), and after the removal yet 15 microns fixed 
phases FeB, (Fe,Cr)B, CrB and Cu (Fig. 4, c). 

 
Fig.4: Diffraction pattern taken from the surface of 

metastable austenite Cr-Mn-N steel with boride coatings 
obtained after complex saturation with boron and copper 
in conditions of action EMF, duration saturation 2 h: a – 
initial state coatings (after saturation);b – after removal 
of 10 micron coating; 
 c – after removal of 15 micron coating. Diffraction peaks 
Cu correspond crystallographic planes: (111), (200), 
(220), (311), (222) 

 
Overlay ZMP leads to an increase of separate 

layers boride phases and redistribution of quantitative 
correlation of phases in the surface layers and 
changes of crystal lattice periods (Table.). At 
complex saturation with boron and copper volume 
fraction of copper in the surface layer based on the 
results X-ray diffraction studies amounted to 2%, 
while chemical - heat treatment with this overlay 
ZMP amount of copper in the surface phase 
component FeB increased to 5%. 
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Boride phases which are formed in the magnetic 
field have a lower volumes elementary crystal lattice (see 
Table.) and crystallites (coherent scattering region). 

 
Table. Parameters of the crystal lattice phase, 

coherent scattering region and quantitative phase 
analysis surface of metastable austenite Cr-Mn-N steel 
after boriding and complex saturation boron and copper 
in different physical – chemical conditions 

 
In the process of forming boride coatings and 

coatings obtained after saturation with boron and copper 
occurs mass transfer between the surface material and an 
active gas environment, which is formed in the reaction 
space in during chemical reactions. These reactions can 
take place simultaneously or sequentially, not only in the 
volume of active gas phase, but at the interface of 
processed material, as well as within the latter. These 
reactions significantly affect the progress of the formation 
of coatings. 

Of experimental studies preceded the definition of 
basic chemical reactions that take place in a closed 
reaction environment by means of thermodynamic 
analysis. As the initial components used boron carbide 
powder, copper oxide and teflon, and heat exposure 
which, in a closed reaction space leads to the passage of a 
large number of chemical reactions. 

It was calculated more than 100 oxidation - 
restoration reactions that take place in the complex 
saturation steel boron or boron and copper. To determine 
the thermodynamic possibility of chemical reactions, 
calculated change in the thermodynamic potential 
chemical reactions at different values of temperature 
using HSC 5.1 CHEMISTRY. 

In the result of research were singled groups 
reactions exchange type, in which the thermodynamic 
probability formation of interaction products is much 
higher than from other reactions (Fig. 6) 

 
1. 14Fe + B2O3 + 3B4C = 14FeB + 3CO(g) 
2. 28Fe + B2O3 + 3B4C = 14Fe2B + 3CO(g) 
3. 42Fe + 2B2O3 + 6B4C = 14Fe2B + 14FeB + 6CO(g) 
 
4. 7Cr + B2O3 + 3B4C = 7CrB2 + 3CO(g) 
5. 14Cr + B2O3 + 3B4C = 14CrB + 3CO(g) 
6. 70Cr + 3B2O3 + 9B4C = 14Cr5B3 + 9CO(g) 
7. 91Cr + 5B2O3 + 15B4C = 14Cr5B3 + 14CrB + 7CrB2 + 

15CO(g) 
 
8. 7Mn + B2O3 + 3B4C = 7MnB2 + 3CO(g) 
9. 14Mn + B2O3 + 3B4C = 14MnB + 3CO(g) 
10. 28Mn + B2O3 + 3B4C = 14Mn2B + 3CO(g) 
11. 49Mn + 3B2O3 + 9B4C = 14Mn2B + 14MnB + 7MnB2 

+ 9CO(g) 
 
12. 3Cu2O + 2Fe = 6Cu + Fe2O3 
13. 3Cu2O + 2Cr = 6Cu + Cr2O3 
14. 2Cu2O + Mn = 4Cu + MnO2 
15. 7Cu2O + B4C = 14Cu + 2B2O3 + CO(g) 
 
16. 13,86Fe + B2O3 + 3B4C + 14Cr = 12,6Fe1,1Cr0,9B0,9 + 

3CO(g) 
17. 14Fe + B2O3 + 3B4C + 14Cr = 14FeCrB + 3CO(g)  

As shown in Fig. 5 and Fig. 6, the thermodynamic 
probability formation boride phase FeB, Fe2B, CrB, 
FeCrB increases with increasing temperature as 
evidenced by the decrease Gibbs free energy. 

 

 
                        a                                         b 

 
                        c                                        d 
 

Fig.5: The dependence change of the free energy of 
formation boride phases from temperature:a - Fe,  
b - Cr, c - Mn, d - Cu2O Cu2O (1 - 15 - number of 
thermochemical reactions). 
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Boriding 
without 
action 
EMF 

FeB 4,176 5,554 3,007 70 19 1214 ±27 
FeCrB 14,619 7,287 4,213 449 11 122 ± 10 
CrB 2,994 7,820 2,895 68 69 174 ± 35 

Boriding 
in 

conditions 
of action 

EMF 

FeB 4,106 5,558 2,947 67 24 554 ± 14 
FeCrB 14,537 7,316 4,211 448 20 37,3 ± 8 

CrB 2,959 7,664 2,951 67 56 113,5 ± 8 

Complex 
saturation 

with 
boron and 

copper 
without 
action 
EMF 

FeB 4,105 5,540 2,950 67 76 1251 ± 41 
 

FeCrB 14,520 7,370 4,142 443 22 
 

255 ± 9 

Cu 3,615 3,615 3,615 47 2 
 
 
- 

Complex 
saturation 

with 
boron and 
copper  in 
conditions 
of action 

EMF 

FeB 4,086 5,504 2,950 66 46 
 

197 ± 15 

Cu 3,614 3,614 3,614 47 5 

 
572 ± 81 
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Fig.6: The dependence change of the free energy of 

formation boride phase temperature Cu2O 
 (3, 7, 11, 15 - the number of thermochemical reactions) 

 
Using original function Crump obtained from Fick 

diffusion equation for one-dimensional task, was 
calculated diffusion coefficients B and Cu at during 
boriding and complex saturation boron and copper 
without using EMF and with its simultaneous  
action [5]. 

Established that the diffusion boriding without 
action EMF boron diffusion coefficient varies from 
2,4 ∙ 10-7  cm2/s in the surface layers  
(5 - 15 micrometers) to 1,1 ∙ 10-8 cm2/s in layers, on the 
border with matrix (50 microns). Overlay magnetic field 
leads to an increase in the diffusion coefficient and 
boriding of simultaneous action EMF it varies from 1,3 ∙ 
10-6  cm2/s to 2,2 ∙ 10-7 cm2/s. 

Also calculated diffusion coefficient of 
copper at complex saturation boron and copper 
without action EMF and it simultaneous action. 
Established that the diffusion coefficient of copper 
at complex saturation boron and copper without 
action EMF varies from 7,8 ∙ 10-11 cm2/s to  
8,8 ∙ 10-12 cm2/s, while the imposition of a magnetic 
field leads to an increase diffusion coefficient of 
copper in the surface layer of material, while 
diffusion coefficient varies from 4,1 ∙ 10-10 cm2/s to 
2,8 ∙ 10-11 cm2/s. 
 
 

4. Conclusions 
 

At simultaneously saturation metastable 
austenite Cr-Mn-N steel boron or boron and copper 
on the surface is formed coating, which is composed 
with borides FeB, FeCrB, CrB and Fe2B, and at 

complex saturation with boron and copper also is 
probable presence in the diffusion layer copper 
accumulations. According to Fig. 5 (d) Cu2O can 
react with Fe, Cr, Mn, B4C with form atomic Cu, 
and which diffuses into the surface layers of 
diffusion boride coating. 

Layers X-ray analysis found the phase 
composition boride coatings and coatings obtained 
at complex saturation with boron and copper on 
metastable austenite Cr-Mn-N steel without and in 
conditions of action EMF. Found a correlation 
between the phase composition boride phases and 
thermodynamic calculations course of chemical 
reactions at diffusion boriding and complex 
saturation with boron and copper steels. Applying 
an external magnetic field leads to an increase layers 
boride phases in the coating. Observed the increase 
quantitative content phase FeB and on the 
diffraction pattern surface layers boride coatings 
obtained after boriding in conditions of action EMF 
fixed phase FeB, (Fe,Cr)B and CrB, and after 
complex saturation with boron and copper in 
conditions of action ZMF - FeB and Cu. It is 
established that the use of EMF leads to an increase 
diffusion coefficients of boron and copper in order.. 

  
5. References 

 
[1]  Чернега С.М. Кавітаційна стійкість 

метастабільної аустенітної сталі 
40Х18Г15АФЛ легованої азотом / 
С.М.Чернега, І.Ф. Кірчу, А.П. Величко // 
Вісник Національного технічного університету 
України «Київський політехнічний інститут». 
Серія машинобудування. – К.: НТУУ «КПІ». – 
2011. – Т2, 61. – C. 152 – 154. 

 [2]   Малинов Л.С. Экономнолегированные сплавы с 
мартенситными превращениями и упрочняющие 
технологии / Л.С. Малинов, В.Л. Малинов. – 
Харьков: ННЦ ХФТИ, 2007. – 352 с. 

[3   Чейлях А.П. Использование термоциклической 
обработки для регулирования метастабильности 
аустенита и повышения свойств сталей и чугунов / 
А.П. Чейлях // Вестник Приазовского 
государственного технического университета: сб. 
науч. тр. – Мариуполь,  2000. – Вып. 10. – С. 88 – 93. 

[4]   Малинов Л. С. Износостойкие марганцовистые стали с 
метастабильным аустенитом / Л. С. Малинов,                 
В. Л. Малинов // Металлургические процессы и 
оборудование. – 2014. – № 2. – С. 19 – 25. 

[5]       Николаев Л.А. Физическая химия / Л.А. Николаев, 
В.А. Тулупов. – М.: Высшая школа, 1967. – 467 с. 

 

70



COMPARATIVE ANALYSIS OF STATIC AND DYNAMIC ELASTIC MODULUS OF 
POLYMER CONCRETE COMPOSITES 

 
СРАВНИТЕЛЕН АНАЛИЗ ЗА СТАТИЧНИЯ И ДИНАМИЧНИЯ МОДУЛ НА ЕЛАСТИЧНОСТ ПРИ 

ПОЛИМЕРБЕТОННИ КОМПОЗИТИ 
 

Assoc. Prof. Eng. Popov I. PhD., M.Sc. Sabev S. 
Faculty of Mechanical Engineering - Technical University of Sofia, branch Plovdiv, Bulgaria 

ilgepo@abv.bg,  sabi_sabev@abv.bg 
 

Abstract: The article presents a comparative analysis of the quantitative values obtained from the experimental tests, of the 
static and dynamic modules of elasticity (Young's modulus) of gamma polymer-concrete composites. The same will be used as 
constructive material for parts and body elements. Standard test methods are applied. The values of the elastic parameters of 
the tested polymer-concrete composites are necessary as input data for the various engineering analysis softwares. 

  
Keywords: POLYMER CONCRETE COMPOSITES, DYNAMIC ELASTIC PROPERTIES, COMPARATIVE ANALYSIS, DYNAMIC MODULES.    

 

1. Introduction 
For the quantitative assessment of the elastic properties of the 

actual materials, the so called elastic properties are applied, which 
are determined by experiment. They are of important practical 
significance for calculating the elements and structures of strength 
and hardness, by the various software products for engineering 
analysis.     

The elastic properties include the elasticity modulus Е
(Young’s modulus), the modulus of tangential elastic deformation 
G  (Culon modulus), Poisson’s ratio  µ , and the modulus of 
comprehensive pressure K . They are interrelated; where two of 
them are independent, and thus assumed as basic. Most often in 
practice, the elasticity modulus  Е  and the shear modulus G  are 
determined experimentally, while Poisson’s ratio µ and the modulus 
of comprehensive pressure  K  are calculated on their basis, by well 
known mechanical formulae [1].    

The elastic properties have a certain physical meaning, and for 
the traditional materials they are assumed as constants. For 
polymers and polymer composites it is found experimentally that 
the values of the elastic properties determined in the cases of static 
loading differ considerably from the values determined by the 
dynamic methods. This difference for some composites can be 
significant, [5].     

Subject of the study of this article are 15 thermoreactive, quasi-
isotropic, viscoelastic polyester polymer concrete composites, made 
in the Laboratory for testing and studying metal-cutting machines, 
at Technical University of Sofia, Plovdiv Branch [6]. The same will 
be used as structural material for bodies and body parts of 
production machines.    

Subject of study of this work are: the elastic properties of the 
range of polymer concrete composites. 

 
2. Theoretic prerequisites  
It is well known the method for determining experimentally the 

static Young’s modulus on the basis of the standard ASTM C 580 - 
02 (2012), [4]. The core of the method consists of testing by three-
point bending of the experimental samples, where the cross sections 
of the sample “girder” are characterized by normal tensions of the 
bending moment, Fig. 1. Loading the samples with focused static 
force, we measure the sagging  f  at the loading point.   

Within the limits of proportionality, where Hooke’s law 
is valid, we can properly write the following:     

               

3

48 y

Plf
EJ

=

    

(1)
 

 
Fig. 1. Diagrams for bending  

where:  
P  -  is a focused static force;   

yEJ  - hardness of bending; 

 E – linear deformation modulus; 

yJ - moment of inertia  versus the central inertia axis  y; 

l - distance between the supports. 
From (1) we express the force P :  

 3

48
. ,yEJ

P f
l

=      (2) 

The inertia moment for rectangular section is:  
 

3.
12y

b hJ =                    (3) 

where:  
b - is the width of the sample section; 
h  - height of the sample section.  

We can write the following after substituting of (3) in (1) 
and (2) : 

    
3

34
Plf
Ebh

=              (4)     

  
3

3

4 .EbhP f
l

=           (5)  
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The functional relation between the loading force P  and 
sagging (deformation) f of the sample body looks as shown 
on Fig. 2.   

 
Fig. 2. Functional relation between P and  f   

 
For the points a and c within the proportionality limits of 

the dependence of P from f, we can write the following: 

                     
3

3

4 .a a
EbhP f
l

=  ,            (6)     

 
3

3

4 .c c
EbhP f
l

=                     (7)
  

3

3

4 . ( )a c a c
EbhP P f f
l

− = −
            

(8) 

From (8) we draw the dependency relation for Young’s 
static modulus – E: 

 
3

3

( )
4 ( )

a c

a c

P P lE
bh f f

−
=

−
            (9) 

 
The dynamic elastic modulus is determined on the basis 

of the standard ASTM E1876 - 09 [3] by the equation: 
 

2 3 3
10.9465( / )( / )d fE mf b L t T=                       (10) 

where: 
dE - is Young’s dynamic modulus;   

m - girder’s weight; 
b -  width of the girder; 
L - length of the girder; 
t  - thickness of the girder; 

ff - fundamental resonance frequency at bending;  

1T  - geometric correction coefficient. 
The fundamental resonance frequency at bending is 

measured according to standard. [3]. This is shown on Fig.3  
 
 

 
Fig. 3. Setting for measuring the vibrations at bending  
 
The geometric correction coefficient 1T  we determine 

depending on the ratio L/t, as follows: 
 

L/t > 20      -   2
1 [1.000 6.585( / ) ]T t L= +                     (11) 

 
L/t < 20, then the value of 1T  is calculated by:  
 

2 2 41.000 6.585(1 0.0752 0.8109 )( / ) 0.868( / )1
2 48.340(1 0.2023 2.173 )( / )

2 21.000 6338(1 0.1408 1.536 )( / )

Т t L t L

t L

t L

µ µ

µ µ

µ µ

= + + + − −

+ +
−

+ + +

(12) 

If Poisson’s ratio µ  is unknown, we have to assume its 
initial hypothetical value 0µ . Subsequently, it can be 
determined by an iteration procedure based on calculation of 
the dynamic shear modulus Gd, according to the algorithm 
shown on Fig.4.  
 

 

Fig. 4. Algorithm for determining Poisson’s ratio  
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Fig. 5.  Measurement of the vibrations of torque 

The dynamic shear modulus dG  is calculated by the 
following equation:   
 

24( / )[ / (1 )]d TG Lmf bt B A= +                 (14) 
where: 

Tf - is the fundamental resonance frequency at torque. It 
is measured according to the standard [3]. This is shown on 
Fig. 5.   

A and B are correction empiric coefficients for width and 
thickness.    
 

2 6

/ /
/ ( / ) 2.52( / ) 0.21( / )

b t t bB
t t b t b t b

+
=

− +
                   (15) 

 
2 3

2

[0.5062 0.8776( / ) 0.3504( / ) 0.0078( / ) ]
[12.03( / ) 9.892( / )

b t b t b tA
b t b t

− + −
=

+
  (16) 

 
In the case of isotropic behavior of the material, 

Poisson’s ratio is calculated, by the relation: 
 

( / 2 ) 1d dE Gµ = −                    (17) 
 

 
 

Fig.6. Experimental setting for determining the static modulus 
 
 

3. Results from the experiments  
The experimental samples are with the shape of a 

rectangular parallelepiped (girder type) with dimensions  
30x30x350 mm, in compliance with the common 
standardized norms. The number of polymer concrete 
composites is 15, of which a total of 45 bodies are made (3 
pieces of each composite). 

The stand for determining the static modulus of linear 
deformation E  at bending is shown on Fig. 6. The 
experimental setting for determining the dynamic modulus 

dE  is shown on Fig. 7.  The frequencies ff
 
and Tf  are 

determined by the frequency ranges, obtained from impulse 
excitation of the samples, Fig.8 and 9.  

 
Fig. 7. Experimental setting for determining ff

 
and Tf  

 

 
Fig. 8. Frequency range  for ff  sample 3.2 

 

 
Fig. 9. Frequency range for Tf  sample 3.2 
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The obtained experimental results for the average values 
of the modules of linear deformation for each experimental 
polymer concrete composite, after calculation, are presented 
in Table 1.     

 
Average module values                           Table 1 

sa
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№ E [Pa] E d  [Pa]

re
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re
nc

e  
%

1 23,9E+9 33,7E+9 29,05%

2 19,2E+9 28,9E+9 33,58%

3 36,8E+9 42,3E+9 13,09%

4 19,5E+9 29,0E+9 32,93%

5 16,7E+9 25,0E+9 33,26%

6 12,2E+9 19,3E+9 36,50%

7 15,1E+9 23,7E+9 36,25%

8 14,1E+9 22,3E+9 36,86%

9 17,4E+9 24,5E+9 28,84%

10 16,2E+9 26,7E+9 39,20%

11 15,8E+9 24,4E+9 35,26%

12 13,8E+9 22,1E+9 37,60%

13 18,3E+9 27,8E+9 33,96%

14 25,8E+9 34,3E+9 24,72%

15 16,3E+9 24,3E+9 32,88%  
 

 

Fig. 9. Histogram of the static and dynamic modules  
 

The results of the articles may be summarized as 
follows:  

The quantitative values of the elasticity modules of 15 
different polymer concrete composites are obtained. In 
determining the static modulus E by the method of three-
point bending, the saggings if  and loadings iP  are measured 
experimentally.  

 
 
 
 

In determining the dynamic modulus, the fundamental 
bending ff  and torque  Tf  frequencies of the tested samples 
were measured with the help of the experimental modal 
analysis, within their frequency ranges.     

A comparative analysis was carried out of the values of 
the static and dynamic composite elasticity modules. The 
composite with maximum values of the modulus was 
determined.   

The opportunities for obtaining credible information 
about the modules for this type of composites, on the basis of 
the proposed methodology and measurement equipment, are 
real and adequate.   

 
4. Conclusions 
Analyzing the obtained values of the static and dynamic 

Young’s modules, we reach to the conclusion that the values 
of the dynamic modules are higher with 30÷40%. This can 
be explained with the occurring relaxation processes with a 
wide range of relaxation periods. Even in mechanical 
oscillations with considerable frequency, relaxation 
processes occur in polymer concrete composites with 
relaxation periods that are shorter than the oscillation period. 
These relaxation processes cause an aftereffect expressed in 
further deformation that is as smaller, as the greater is the 
frequency of the mechanical oscillations.    

Composite no.3 has maximum values of the modules E
and dE . 
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Abstract:  The paper studies the results of investigation of VNx thin films obtained by the ion-beam-assisted deposition (IBAD) 

technique in a specially designed experimental test-bench. The data on the electron microscopic examination of the nanoporous structure of 
the films and the measurements of their electrophysical and absorption/desorption characteristics are reported and discussed. The results 
make possible the application of nanoporous VNx   thin films as promising material for use as the hydrogen storage. 
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1. Introduction 
 
At present, more than 50% of energy consumption is provided 

by irreplaceable carbon-containing products, namely, gasoline and 
gas. Therefore, the need is becoming clearer each day, to find 
additional sources, which could slow down the use of carbon 
energy.  First of all it concerns to the motor fuel. 

Over the past decades hydrogen has been regarded as the most 
suitable replacement for gasoline. This is because the released 
energy at the reaction of the hydrogen with oxygen ions is almost 
three times more than the energy released at the combustion of 
gasoline, methane or methanol. The major problem hampering the 
development and use of electrical plants operating on hydrogen fuel 
is the absence of the material that can accumulate the large 
quantities of hydrogen. In the early 21st century, the US 
Department of Energy (DOE) formulated the basic requirements for 
fuel systems of light duty vehicles [1]. In particular, the minimum 
amount of hydrogen that can be accumulated in the storage must be 
not less than 6 wt. %. of the total mass of the storage system. 

In addition to the requirements for the absorbed hydrogen 
mass, there are limitations on the functional parameters determining 
the operation of the fuel cell, namely, the temperature and pressure. 
The polymeric proton exchange membrane (PEM) is seen as 
playing a role of electrolyte in the solid fuel cell. It is its 
performance that determines the ranges of the operating 
temperatures (300-400K) and pressures (0.1-3.0 MPa), within 
which the hydrogen absorption/desorption processes should take 
place. And it is these restrictions do not allow using the traditional 
porous materials and hydride structures for the hydrogen storage 
[2]. The interaction between hydrogen molecules and the surfaces 
of pores in the porous materials are carrying out at the expense of 
the weak Van der Waals forces (physical adsorption). The heat of 
adsorption varies depending on the material in the range of 3 – 7 
kJ/mol. As a result, the hydrogen release at room temperature is not 
more than 2 wt. % H2 [3]. The hydrogen in hydrides is in atomic 
state and forms the chemical compounds with the atoms of the 
crystal lattice. The chemical adsorption heat for conventional 
polycrystalline structures is greater than 50 kJ/mol, which makes 
difficult the hydrogen desorption of from hydrides at temperatures 
less than 500K [4].   To ensure a hydrogen release in the 
temperature range of 300-400K  the desorption heat should be in the 
range of 27-50 kJ/mol. 

In the mid-1980s for the improving of the thermodynamic and 
kinetic characteristics of hydride structures the reactive mechanical 
milling process (RMM) was developed and implemented.  With this 
method,   the hydride phase production occurs during the grinding 
of the powder mixture in a hydrogen atmosphere [5].  If   hydride 
phase formation process is to be completed the long grinding times 

(hundreds of hours) and hydrogen pressure of 1.0-3.0 MPa [6] must 
be provided. 

 The entire process of hydride phase formation in metals and 
alloys can be divided into several stages: the physical adsorption of 
hydrogen molecules on solid state surface; their dissociation; 
overcoming the surface barrier by hydrogen atoms; their diffusion 
into the depth of material; and the chemical compound formation. It 
follows that, if the hydrogen amount absorbed by "massive" 
material are determined by its structure, the kinetic and 
thermodynamic characteristics of the absorbent largely depend on 
how quickly the hydrogen atoms can overcome the surface barrier 
of 50 nm-thickness. Therefore, it is not surprising that along with 
the study of "massive" solid-state hydrogen storage, the processes 
of hydrogen absorption by the thin film structures  constantly draw 
great attention since the 1980s  (see,  e.g., [7-10]). 

Hydrides based on vanadium, relatively light transition metal, 
are considered promising for use as the solid hydrogen storages. 
Total hydrogen amount accumulated there in reaches 2.1 wt. %. At 
the same time, the number of hydrogen atoms absorbed by VH2 
substantially greater than, for example, in the popular hydride 
MgH2 (11,2  in VH2 compared to  2,3 in  MgH2, atoms/cm3, ×1022) 
[11]. 

V-H system is characterized by the existence of following 
phases: α-solid solution; β-(VH0.45-VH0.95), and γ-VH2. There is the 
β + γ phase mixture in the VH1.0-VH2.0 concentration range. Due to 
the existence of several V-H phase varying in crystal structure, 
several plateau responsible for the transition from one phase to 
another should be observed in P-C-T diagrams. The first plateau 
corresponds to the transition from the α-solid solution to β-phase.   

 
(1)                                 2V(α) + ½H2 ↔ V2H(β) .                             

 
Total amount of the accumulated hydrogen reaches 0.7 wt. %.  

β-phase is stable at a pressure of 0.1 MPa and at room temperature. 
Therefore, the destruction of β-phase has never been observed at 
room temperature. 

The second plateau corresponds to the transition from the β-
phase to the γ-phase. 

 
(2)                             VH(β) + ½H2 ↔ VH2(γ).                            

 
This γ-phase is unstable at the atmospheric pressure. P-C 

diagram of VH2 hydride at 45°C is characterized by quite wide 
plateau corresponding to the pressure of 0.4-0.5 MPa [11]. 
Consequently, only about half of the possible amount of hydrogen 
absorbed by vanadium can be used practically. 

Success in creating the appropriate hydrogen storage using the 
vanadium hydride   primarily depends on whether it will be possible 
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to improve the gravimetric capacity up to 7.6 wt. % of H2 while 
improving the thermodynamics of desorption processes. Solutions 
to this problem are displayed in Fig. 1. They are as follows: the 
creation of a nanocrystalline structure and the introduction of 
catalyst additive into grains lattice (the improvement of the 
thermodynamic and kinetic characteristics); stabilization of the 
hydride phase by means of VNxHy complex hydride formation and 
the creation of additional traps for hydrogen (gravimetric 
capacitance increase). 

 
 
Fig.1  Pressure-concentration constitution diagram for hydride VHx. 

(Summarized data from [12]). Dot line is related to the state when this 
hydride may be used as hydrogen storage. The receipts for this state 
achievement are shown. 

 
The paper presents the results of study of the structure, 

electrophysical and absorption/desorption characteristics of VNx 
films obtained by the ion-beam-assisted deposition technique. 

 
2.  Experiment procedure 
 
Nanocrystalline porous VNx thin films were obtained by 

evaporation of vanadium from the electron beam crucible at the 
simultaneous irradiation by the mixed beam of nitrogen and helium 
ions with an energy of 30 keV (IBAD technique). The ratio between 
the deposition rate of vanadium atoms and ion implantation of the 
gas ions was equal to 0.5 atom/ion. The film deposition was carried 
out on the substrates of silicon and sapphire at 200°C. The structure 
of the films deposited on silicon has been studied by means of 
transmission electron microscope JEM 100CX and scanning 
microscope JSM 7001F. The films deposited on sapphire were  used 
for the examination of their electrophysical properties, absorption 
and desorption of hydrogen. 

To measure the total amount of absorbed hydrogen special 
test-bench consisting of two vacuum chambers, separated by a 
valve, whose volumes correspond as 1:10, was designed [13, fig.2]. 
For the saturation by hydrogen the film was placed in a small 
chamber that was pumped out to a high vacuum. The film on the 
substrate was heated to 200°C. Then the chamber was filled with 
hydrogen to a pressure of 0.1 MPa, the heating was turned off, and 
the film was maintained at 20°C during 1 hour. During the 
hydrogen desorption investigation a valve between the chambers 
was opened, and the chambers were pumped out up to the pressure 
not worse than 10-3 Pa. Then the valve connecting two chambers 
with the high-vacuum pump was closed and annealing took place. 
The amount of hydrogen released at annealing process was 
determined from the vacuum transducer readings.  Measured 
pressure was recalculated to the amount of hydrogen molecules as 
well as the number of hydrogen weight percents relatively to the 
mass of the film. 

 
3. Results and discussion  
 
In contrast to the PVD, CVD and MS techniques the surface 

layer of the film at the ion-beam-assisted deposition contains 

inhomogeneous zone in which the number of generated defects and 
the concentration of implanted gas increases successively from the 
film surface into the depth of the zone. The length of this zone is 
determined by the depth of the ion path in the substance that is used 
for the bombardment of the deposited material. For nitrogen ions 
with energy of 30 keV the length of the inhomogeneous zone is 
about 60-70 nm [14]. Due to the presence of such zone the process 
of film structure formation in IBAD technique is not limited by the 
generation stage only. The final structure is formed at a film 
thickness more than 70 nm. 

Fig. 2 a, b shows the transmission and scanning electron 
microscopy data for VNx films, respectively. It is seen that the films 
consist of grains of irregular shape distributed in the space in 
arbitrary way (Fig. 2, a). The grains with a diameter of 15-30 nm 
dominated. Also the cylinder-shaped grains with the height less than 
80 nm and diameter of 20-25 nm are observed. The Fig. 2, b shows 
that the grain boundaries contain a large number of nano-pores with 
size that varies in the range of 3-5 nm. This result confirms our data 
on the structure of nano-porous hydrogen storages reported and 
published earlier [13, 15, 16]. 

 

 
                                                                                              a 

 b 
 
Fig.2 Scanning (a) and transmission (b) electron microscopic images 

of VNx films  
 
Taking into account the structural irregularity of VNx films, 

the change of resistivity in the absorption and desorption processes 
can provide the important information about the pores state and 
kinetics of the hydrogen release from them. For multicomponent 
materials the presence of gas-containing pores in such structure 
leads to the appearance of additional conduction mechanism which 
is either in the occurrence of thermionic conduction electrons due to 
emission from the gaseous impurities (nitrogen, oxygen) located on 
the pore surfaces and/or in their volume, or due to the tunneling 
effect. Consequently, the resistivity of material, which pores in 
whole or in part are filled with gas, will be less than that for the 
material with vacuum pores. For this occasion the electrical 
resistivity of material will be determined by the scattering of 
electrons by phonons, and boundaries of the nano-grain and nano-
pores. 
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Fig. 3 shows the corresponding dependences of VNx film 
resistance on annealing temperature. It is seen that resistance 
decrease   in the temperature range of 20-60°C is observed.  It is 
typical for the films having a negative temperature coefficient of 
resistance. Further temperature increase causes an intense increase 
in resistance. 

 
 

 
Fig. 3 Changes in electrical resistance of VNx films saturated with 

hydrogen during heating and cooling 
 
At a temperature of 260°C the resistance of VNx films is more 

than 104 times greater than the resistance of the hydrogen-saturated 
samples. In the cooling process resistance remains unchanged up to 
180°C, and then decreases. The final value of resistance is by 15-
20% less than the resistance of the films saturated with hydrogen. 

Fig. 4 shows the hydrogen desorption curves indicating that the 
change in resistance of the films during annealing is uniquely 
related to the amount of hydrogen absorbed by them. 

 
Fig. 4 Dependences of the hydrogen amount in the annealing 

chamber during the initial annealing and reheating of VNx-Hy film. 
Reheating was performed after evacuation from the chamber of hydrogen 
remaining after the primary heating and cooling. 

 
It was observed that the inflections of the primary annealing 

curve are correlated with the inflections in the dependence of the 
film resistance on the heating temperature (Fig. 3). Therefore, as the 
hydrogen release occurred, an increasing number of pores appears 
in the film; and the scattering of electrons on them leads to the 
gradual increase in resistance of the film. Reduce of (V, Ti)Nx film 
resistance during cooling corresponds to the received data on  
hydrogen absorption from the atmosphere inside the chamber and  
filling  the open pores by  hydrogen. 

 
4. Conclusion  
 
The results of this study indicate that use of IBAD technique 

ensures   not only the controlled formation of nanoporosity with 
prescribed characteristics but also   embedding this nanoporosity 
into the nanocrystalline structure of matrix. The material produced 
by this technique is capable to accumulate hydrogen at low 
pressures and room temperature in amounts required for real-works 
application. The availability of narrow channels in form of grain 
boundaries provides high diffusion mobility that allows 

accumulating the hydrogen and releasing it from material within a 
short period of time, and also creates conditions for the retention of 
molecular hydrogen in pores at room temperature.  
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Abstract: This article has experimental nature. The values of the dynamic elastic modulus (Young’s modulus) of gamma 
polymer concrete composites are determined quantitatively. The tested samples have the form of a rectangular parallelepiped 
(type bar). 

The dynamic Young’s modulus of the samples is determined by the method of the experimental modal analysis. Impact 
excitation was applied for expressing the resonance frequencies in the tests of bending and twisting the sample. The test results 
were processed with regression analysis.  

Keywords: POLYMER CONCRETE COMPOSITES, DYNAMIC MODULUS OF LINEAR DEFORMATIONS, REGRESSION ANALYSIS.  
 

1.  Introduction  
Polymer concrete composites are more frequently used as 

structural material for bodies and body parts of production 
machines, due to their good strength and deformation properties, as 
well as damping properties [7].  Generally until this moment, the 
elastic properties of these materials were studied in static tests. One 
of the advanced methods for determining their dynamic elastic 
properties is the method of the experimental modal analysis.    

 Compared to the static tests, the method of the experimental 
modal analysis [4] has a number of advantages, the most important 
of which are that it does not involve destruction, provides accurate 
results and is very mobile. 

Subject of the study in this publication are gamma polymer 
concrete composites, developed and made in the Laboratory for 
testing and studying of metal cutting machines at Technical 
University – Sofia, Plovdiv Branch. The experimental samples have 
the form of rectangular parallelepiped (type bar) with dimensions   
30x30x350 mm. The subject of the study of this work is the 
quantitative determination of the elastic modules of gamma 
composites. For this reason, the theory of Timoshenko [2] was 
applied, regarding the vibration behavior of prismatic bars, and the 
standard ASTM E1876-02 [1].   

 
2. Theoretic prerequisites  
 The dynamic Young's modulus is calculated by the 

following equation [1]: 
2 3 3

10.9465( / )( / )d fE mf b L t T=                       (1) 
where: 

dE - Young’s modulus,;  
m - weight of the bar; 
b - width of the bar; 
L - length of the bar; 
t  - thickness of the bar; 

ff - fundamental resonant frequency of bar in flexure; 

1T  - geometric correction coefficient.  
The fundamental resonance frequency at bending is 

measured according to the standard. It is measured at the end 
conditions shown on Fig.1, i.e. positioned on two supports 
located at the two ends of the sample, at a distance of 22% of 
its length L [3].   

If L/t > 20, then the influence of the geometric 
parameters of the sample is considered as minor, and 1T  may 
be calculated directly by the equation (2): 

2
1 [1.000 6.585( / ) ]T t L= +                        (2) 

If  L/t < 20, the value of 1T  will be calculated by the 
following equation: 

 

1
2 2 41.000 6.585(1 0.0752 0.8109 )( / ) 0.868( / )

2 48.340(1 0.2023 2.173 )( / )
2 21.000 6338(1 0.1408 1.536 )( / )

Т t L t L

t L

t L

µ µ

µ µ

µ µ

= + + + − −

+ +
−

+ + +   

(3) 

 
As Poisson’s ratio µ  is an unknown value until this 

moment, then in calculating 1T  from the formula (3) an 
estimated value is assumed for 0µ . Subsequently, the ratio 
may be determined by the iteration procedure after 
calculating the dynamic shear modulus Gd, according to the 
algorithm shown on Fig.2. 

 
Fig. 1. Setting for measuring the vibrations at bending  

 
Fig. 2. Algorithm for determining Poisson’s ratio  
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Fig. 3.  Measurement of the vibrations of torque 

 
 The dynamic shear modulus dG  is calculated by the 

following equation:   
 

24( / )[ / (1 )]d TG Lmf bt B A= +             (4) 
where: 

Tf  - is the fundamental resonance torque frequency, 
Fig.3.   

A and B are correction empirical coefficients for width 
and thickness. 

 

2 6

/ /
/ ( / ) 2.52( / ) 0.21( / )

b t t bB
t t b t b t b

+
=

− +
                 (5) 

 
2 3

2

[0.5062 0.8776( / ) 0.3504( / ) 0.0078( / ) ]
[12.03( / ) 9.892( / )

b t b t b tA
b t b t

− + −
=

+
  (6) 

 Poisson’s ratio is calculated on the basis of the ratio 
of isotropic behavior of the material:  

( / 2 ) 1d dE Gµ = −                              (7) 
The experimental results for the dynamic modules of the 

linear dE  and cross dG  deformation of the polymer concrete 
samples are obtained by impulse excitation, Fig.4.  The 
frequencies ff

 
and Tf  are determined by the frequency 

ranges, obtained from impulse excitation of the samples, 
Fig.5 and 6. 

The measuring equipment includes: microphone by the 
company "Аudio-technica" - АТ2031, power hammer, and 
specialized software "Spectra PLUS". On the grounds of the 
obtained reports for the frequency ranges, the data we are 
interested in are defined and presented in Table 1.  

 
3. Processing of results  
The experimental polymer concrete composites are 

multicomponent systems with interdependent and bilaterally 
limited components due to which the regression models 
represent the so called aligned (canonical) polynomials.   

The mathematical and statistical processing is made with 
the software product MINITAB 17. For the mathematical 
description of the target function ŷ  - (the module of linear 
deformation E ) an aligned model of third power of the 
following type is used: 

 

1 2 1

1 1 1 1 1 1

ˆ
q q q q q q

i i ij i j ijl i j l
i i j i i j i l j

y b x b x x b x x x
− − −

= = = + = = + = +

= + +∑ ∑ ∑ ∑ ∑ ∑
   

(8)
 

 
Таблица  1                                                           Module  values   

Sa
m

pl
e 

№ f f  

[Hz]
f t

 [Hz]
m 

[kg]
G d 

[Pa]
E d 

[Pa]
µ

1.1 931 3243 0,738 1,43E+10 3,37E+10 0,176
1.2 928 3250 0,735 1,43E+10 3,33E+10 0,163
1.3 933 3235 0,737 1,42E+10 3,38E+10 0,187
2.1 872 3029 0,726 1,23E+10 2,90E+10 0,183
2.2 870 3021 0,725 1,22E+10 2,89E+10 0,184
2.3 873 3032 0,718 1,22E+10 2,88E+10 0,183
3.1 973 3384 0,738 1,56E+10 3,68E+10 0,180
3.2 966 3381 0,733 1,54E+10 3,60E+10 0,165
3.3 972 3378 0,731 1,54E+10 3,63E+10 0,182
4.1 870 3081 0,729 1,28E+10 2,90E+10 0,138
4.2 864 3078 0,732 1,28E+10 2,87E+10 0,124
4.3 873 3085 0,727 1,28E+10 2,91E+10 0,143
5.1 825 2908 0,701 1,09E+10 2,51E+10 0,149
5.2 823 2903 0,703 1,09E+10 2,51E+10 0,147
5.3 818 2897 0,704 1,09E+10 2,48E+10 0,138
6.1 730 2618 0,682 8,62E+09 1,91E+10 0,110
6.2 738 2637 0,676 8,66E+09 1,94E+10 0,118
6.3 734 2621 0,680 8,61E+09 1,93E+10 0,119
7.1 802 2874 0,701 1,07E+10 2,37E+10 0,111
7.2 796 2854 0,700 1,05E+10 2,33E+10 0,110
7,3 800 2868 0,694 1,05E+10 2,34E+10 0,110
8.1 788 2722 0,685 9,36E+09 2,24E+10 0,196
8.2 785 2712 0,688 9,33E+09 2,23E+10 0,196
8.3 792 2742 0,687 9,52E+09 2,27E+10 0,191
9.1 798 2838 0,708 1,05E+10 2,37E+10 0,128
9.2 808 2878 0,713 1,09E+10 2,45E+10 0,125
9.3 808 2876 0,716 1,09E+10 2,46E+10 0,126

10.1 832 2978 0,734 1,20E+10 2,67E+10 0,114
10.2 835 2980 0,728 1,19E+10 2,67E+10 0,120
10.3 827 2971 0,732 1,19E+10 2,63E+10 0,106
11.1 814 2854 0,701 1,05E+10 2,44E+10 0,161
11.2 811 2834 0,698 1,03E+10 2,42E+10 0,169
11.3 817 2864 0,701 1,06E+10 2,46E+10 0,161
12.1 773 2762 0,706 9,93E+09 2,22E+10 0,118
12.2 768 2743 0,708 9,82E+09 2,20E+10 0,119
12.3 772 2758 0,704 9,87E+09 2,21E+10 0,118
13.1 857 2957 0,717 1,16E+10 2,77E+10 0,199
13.2 851 2953 0,729 1,17E+10 2,78E+10 0,185
13.2 849 2947 0,723 1,16E+10 2,74E+10 0,184
14.1 938 3215 0,740 1,41E+10 3,43E+10 0,215
14.2 942 3217 0,745 1,42E+10 3,48E+10 0,224
14.3 927 3204 0,738 1,40E+10 3,34E+10 0,195
15.1 814 2854 0,696 1,05E+10 2,43E+10 0,161
15.2 809 2831 0,705 1,04E+10 2,43E+10 0,165
15.3 817 2850 0,693 1,04E+10 2,43E+10 0,173
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Fig. 4. Experimental setting for determining ff

 
and Tf  

 
Fig.5. Frequency range for ff  sample 3.2 

 
Fig. 6. Frequency range for Tf  sample 3.2 

 
The data in Table 1 is processed and the following 

regression model was obtained: 
 

1 2 3 4 1 2

1 3 1 4 2 3 2 4

3 4 1 2 3 1 2 4

1 3 4 2 3 4

663 1252 255 45 9735
8509 1071 6059 1854
616 11988 13391
14193 5012

ˆ x x x x x x
x x x x x x x x

x x x x x x x x
x x x x x x

y = + − + − −
+ − − − −
+ + + +
− +       

(9) 

 
Model adequacy: 

The coefficient of determination is calculated, 
namely 2 98,96%R = , while the corrected coefficient of 
determination has the following value 2 98,53%adjR = . In 

order to check the significance of 2R  a value has been 

calculated, having Fisher’s distribution:  
2

2

0,7604 227,97
0,0033

R

rez

sF
s

= = =
          

(10) 

In Table [5] with Fisher’s distribution ТF  was calculated 
with significance level 0,05α =  and degrees of freedom 
 13Rv = ;  31rezv = : 

            

( 0,05 ;13 ;31 ) 2,01ТF F= =                     (11) 
 

As (131,1 2,01)ТF F> >  a conclusion can be made that 
2R  is significant.  

In order the coefficient to be significant, the following 
have to be valid | | ( ; )T rezi t vt α≥ . In Table [6] with 
Student’s distribution, with level of significance 0,05α =  
the following was reported    ( 0,05;31) 1,695Tt = = . On the 
basis of a comparison of Tt  with the values of Table [6], the 
conclusion can be made that almost all coefficients are 
insignificant with the exception of one. 

The analysis of the residuals is made by means of the 
charts of standardized residuals, Fig.7.  

 
Table 2                            Quote from the report 

 
 

The analysis of the residuals is made by means of the 
charts of standardized residuals, Fig.7.  

Fig. 7 clearly shows the presence of 3 mistakes: 
Observation №25, №26 and №27. The experimentally 
measured values of the controllable parameter are:  

25 2,370y = , 26 2,450y =  and 27 2,460y = ,  while the 
forecasted values of the model are: 25,26,27 2,562y = . The 
difference is significant and respectively the standardized 
residual is 25 3,49d = − , 26 2,04d = −  and 27 1,85d = − . This 
provides us grounds to eliminate observations №25, №26 
and №27 to process the data again.  

 

 

 
  

Fig. 7. Graphs residues 
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After their elimination the following regression model is 
obtained: 

1 2 3 4 1 2

1 3 1 4 2 3 2 4

3 4 1 2 3 1 2 4

1 3 4 2 3 4

622 1206 171 43 9386
7784 1010 6431 1787
502 12977 12951
13203 5451

ˆ x x x x x x
x x x x x x x x

x x x x x x x x
x x x x x x

y = + − + − −
+ − − − −
+ + + +
− +    

(12)

 
 

Model adequacy: 
The coefficient of determination is calculated 

2 99,83%R = , while the corrected coefficient of 
determination has the following value 2 99,75%adjR = . In 

order to check the significance of 2R  a values was 
calculated, having Fisher’s distribution:       

 

  
2

2

0,7028 1222,93
0,005

R

rez

sF
s

= = =     
              

(13) 

 
In Table [5] with Fisher’s distribution ТF was calculated 

with level of significance 0,05α =  and degrees of freedom 
 13Rv = ; 27rezv = :   

( 0,05 ;13 ;27 ) 2,38ТF F= =
            

(14) 
 

As (131,1 2,38)ТF F> >  a conclusion can be 
made that 2R  is significant.  

In order the coefficient to be significant, the following 
have to be valid | | ( ; )T rezit t vα≥ . In Table [6] with 
Student’s distribution, with level of significance 0,05α =  
the following was reported    ( 0,05;27 ) 1,703Tt = = . On the 
basis of a comparison of Tt  with the values of Table [6], the 
conclusion can be made that almost all coefficients are 
insignificant with the exception of one. 

The analysis of the residuals is made by means of the 
charts of standardized residuals, Fig.8.  

 
Table 3                                         Quote from the report 

 
 
The analysis of the residuals is made by means of the 

charts of the standardized residuals, Fig.8.  
The analysis of the residuals does not show disruption of 

the prerequisites for the regression analysis. On Fig. 8  it can 
be seen that all residuals are within the range  0,05± . 
Therefore a conclusion can be made that there are no gross 
errors.   

 

  
 

Fig. 8. Graphs residues 

 
4. Conclusion 
The results from the current study can be 

summarized as follows:   
Experimental setting was created for determining the 

dynamic Young’s modulus - dE , the dynamic shear module - 

dG  , and Poisson’s ratio - µ, by testing the experimental 
samples according to the impulse method of excitation of 
their dynamic system.  

Regression mathematicostatistical models are deduced 
(by using the software product  MINITAB.17), which 
adequately and well describe the functional relation between 
the target functions  - elastic modulus dE  and the 
components of the polymenr concrete composite.    
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FORMATION OF NEAR-NANO SIZE TiB2-TiN-Al2O3 POWDER BY SHS 
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Abstract: Formation of TiB2, TiN and Al2O3 powder mixtures were obtained through self-propagating high-temperature synthesis (SHS), 
starting from TiO2 + BN + Al mixtures.  As a diluent, NaCl was added in 0-40 wt% range to the starting mixture in order to refine the size of 
the formed particles. Thermochemical calculations were performed by Factsage software. The products were subjected to XRD, SEM and 
particle size analyses. Intended reaction products were obtained in the TiB2, TiN and Al2O3 system according to XRD analyses, with no cross 
reaction products. The crystallite size of the products decreased with the increasing amount of NaCl according to the broadening of the 
peaks on the XRD patterns of the products. Particle size measurements revealed that near-nano size particles were formed. A decrease in the 
adiabatic temperature was calculated, a decrease in the velocity of the SHS wave front was observed and a decrease in the particle size of 
the obtained products was measured as a result of the increase in the diluent amount. 

Keywords: TiB2, TiN, Al2O3, near-nano particles, SHS 

 

1. Introduction 
Titanium nitride, titanium diboride and aluminum oxide are 

significant ceramic materials. They possess some attractive 
properties such as high hardness, wear and oxidation resistance and 
high melting points [1,2]. The attention on the ultrafine or near-
nano size ceramic particles and on the sintered articles comprising 
of these particles is principally due to the ability of sintering at 
lower temperatures and to higher densities. This is achieved as a 
result of the increased surface area of the near-nano size powder as 
compared to micron-scale powder. The mechanical properties of the 
sintered objects comprising nano or near-nano size particles are 
reported to be superior [3]. 

In SHS, a loose pellet of reactants is formed and it is ignited on 
one surface. As a result of the high exothermicity of the reaction, 
the heat wave propagates along the pellet, until all of the reactants 
are consumed.  SHS has some advantages as compared to other 
solid state synthesis methods such as mechanochemical synthesis 
since reactions take place in a very short time in SHS, generally 
cheap starting materials such as oxides are utilized, there is no need 
for a high temperature furnace, the heat input is very low and the 
method is rather easy. Carbides, nitrides and borides, as well as 
composite powders have been obtained by SHS previously [4-10]. 

In fact it is not a simple process to obtain sub-micron or near-
nano size particles via SHS. This is mainly due to the fact that 
products reach high temperatures, which results in rapid grain 
growth. Utilization of diluents is a generally accepted approach in 
reducing the size of the formed particles by SHS. Salts, such as 
NaCl have been used in various studies in the literature [3]. 

The aim of the present study is to form TiN–TiB2–Al2O3 
powder mixture by SHS and to refine the grain size by addition of 
NaCl to the reactants. 

 

2. Experimental Procedure 
Reactant mixture was composed of TiO2, BN and Al powder.  

Amounts of the constituents of the reactant mixture were calculated 
according to the stoichiometry of Reaction (1). NaCl was added into 
the reactant mixture at amounts in 0-40 wt % range. The reaction 
system was subjected to thermochemical analysis with Factsage 
software. Possible stable phases can be predicted by this software as 
a function of the system variables. 

3TiO2 + 2BN + 4Al + X NaCl = TiB2+ 2TiN+ 2Al2O3 + X NaCl 

(1) 

The reactant mixture was mixed thoroughly in a mortar and 
pestle. The reactant mixture was compacted in a steel die in the 
form of a pellet having 10 mm diameter and about 10 mm height. 
The density of the pellet was about 40 % of the theoretical density. 
SHS experiments were conducted in a combustion chamber which 
was made of stainless steel.   

The pellet was placed in the combustion chamber under an 
ignition coil which was made of Cr-Ni resistance wire. The 
chamber was vacuumed and then filled with argon. The ignition coil 
was heated rapidly with electric current and the pellet was ignited 
from one end. The reaction wave proceeded along the pellet until all 
of the reactants were converted into products. The products were 
ground in a mortar, NaCl was removed by dissolving in water and 
centrifuging, and the obtained powder was subjected to XRD, SEM 
and particle size analyses. 

 

3. Results and Discussion 

3.1. Thermochemical Analyses 
The reaction system was subjected to thermochemical analyses 

and the adiabatic temperature of Reaction (1) was calculated as a 
function of NaCl diluent amount in the reactants. The results are 
presented in Figure 1 where the arrows indicate the investigated 
molar ratios of NaCl in Reaction (1). 

The adiabatic temperature was 2050 oC when no NaCl was 
used, which is equal to the melting temperature of Al2O3. It 
decreased to 1490 oC when X=1.36 and it was the same for more 
additions of NaCl. 

Possible phases in the system as a function of NaCl amount, as 
predicted by Factsage software are presented in Figure 2. Al2O3, 
TiN and TiB2 are the expected reaction products.  It can be seen that 
Al2O3 is in liquid state when no NaCl was used and up to about 
X=0.2 mol NaCl according to Reaction (1); and it is in solid form at 
higher NaCl addition amounts. NaCl is in gaseous form up to X=1.5 
mole NaCl amount and then it coexists with NaCl in liquid form. 
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Fig. 1 Adiabatic temperature of Reaction (1) as a function of NaCl amount 
in the reactant mixture. 

 

 
Fig. 2 Possible phases in the system as a function of NaCl amount, predicted 
by Factsage software. 

 

3.2. XRD Analyses 
XRD patterns of the products obtained by using 10, 20, 30 and 

40 wt% NaCl additions in the reactant mixture are presented in 
Figure 3. It can be seen that the expected reaction products were 
obtained with all the compositions. Mixture having NaCl addition 
higher than 40 wt% could not be ignited. 

The peaks pertaining to TiB2 and TiN broaden with increase in 
the NaCl amount in the reactant mixture. This indicates that the 
crystallite size of TiB2 and TiN become smaller with the increase in 
the NaCl amount. On the other hand, peaks of Al2O3 seem to be not 
affected from the increase in NaCl amount. This may be due to 
lower melting point of Al2O3 as compared to TiB2 and TiN. 

 

 
Fig. 3 XRD patterns of the products obtained by using 10, 20, 30 and 40 
wt% NaCl additions in the reactant mixture. 

 

 

3.3. SEM Examinations 
SEM micrographs of the products obtained from the mixtures 

containing no NaCl, 10 wt% NaCl and 40 wt% NaCl are presented 
in Figure 4 (a), (b) and (c), respectively. The particles in the 
reaction products obtained without NaCl addition are larger than 
those obtained with NaCl additions. It was seen that particle size 
decreases with increase in NaCl amount. 

 

 
 

 
 

 
Fig. 4 SEM micrographs of  the products obtained from the mixtures 
containing (a) no NaCl, (b) 10 wt% NaCl and (c) 40 wt% NaCl. 
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3.4. Particle Size Analysis 
Particle size distribution plot of TiB2 + TiN + Al2O3 product 

mixture obtained from the reactant mixture containing 30 wt% 
NaCl is presented in Figure 5. It can be seen that almost all of the 
particles were smaller than 1 micrometer. Most of the particles were 
around 200-300 nm, indicating that they are near-nano size 
particles. 

 

 
Fig. 5 Particle size distribution plot of TiB2 + TiN + Al2O3 product mixture 
obtained from the reactant mixture containing 30 wt% NaCl. 

 

It was demonstrated that utilization of diluents is an 
effective tool for obtaining near-nano particles by SHS. Use 
of salts can be stated to be more advantageous than using 
products as diluents. The effect of NaCl in reducing the size 
of the formed particles in SHS may be the decrease of the 
attained temperature, separation of the formed particles from 
each other and prevention of bulk diffusion. 
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A POSSIBILITY OF USING DUCTILE IRON IN THE RAILWAY 

INFRASTRUCTURE AND TRACK 
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 Abstract 

The high-strenght complex of the spheroidal graphite cast irons makes  them  a suitable constructive material 

,which can compete with the forged carbon and low-alloy steels. In this article it is considered the possibility of 

using cast details from ductile iron in the railway transport instead of details made from steel. 

KEY WORDS: DUCTILE CAST IRON, FASTENING IN RAILWAY TRANSPORT 

 
In recent years there has been a continuous trend of 

growth of the relative share cast iron with spheroidal 

graphite (CHSG) in the cast Fe-C alloys. The carried 

out practical  and experimental studies, constantly 

affirm the superior qualities of this material. Proven 

its advantages CHSG of years used in the automotive, 

agricultural machinery, mining, water-supply and 

sewerage and other industrial areas. The high range of 

static and dynamic strength characteristics makes it a 

construction material competing successfully with the 

forged carbon and low-alloy steels. A similar trend 

was seen in the highly conservative railway industry. 

Due to the high requirements to the quality and safety 

of the products and the assemblies in the railway 

transport, the entering of new materials and the 

change of already established ones happens slowly, 

after numerous tests and trials.The national and 

company standards change themselves difficult and 

the innovations must prove their advantages in short 

terms to be able to get a chance to get into the field of 

vision of the large companies in the branch. Only they 

have the potential to force a change in the status quo. 

Because of this reason ductile cast iron for decades on 

end  gradually proves and  shifts steel as a main 

constructional material in the railway industry. 

 

  
   EN GJS 400-18 LT         EN GJS 400-15 

 

 

 

 

 

 

 

       EN GJS 500-7   EN GJS-600-3 

 

Figure 1 Typical structures of grades CHSG used  in 

the railway industry 

The high strength characteristics of CHSG in 

comparison with the other cast irons due to the 

favorable spheroidal shape of the graphite obtained in 

the course of the primary crystallization of castings. 

This form provides a lower boundary surface 

compared to lamellar one of gray cast iron for an 

equal volume, and reduces stress concentration factor. 

Spheroidization of graphite is obtained by 

modification of cast iron in the liquid state. Different 

alloys with rare earths are often used for improving 

the properties or obtaining a particular effect.  

   Depending on their chemical composition and 

cooling rate CHSG can be with different structure of 

the metal matrix: ferrite, ferrite-pearlite and pearlite. 

Figure 1 shows the typical structures of the most 

common grades of ductile cast iron used in the 

railway industry. 

   Ductile cast iron is superior in mechanical 

indicators gray cast iron and cast irons with 

vermicular graphite, and is a real alternative of cast 

and forged steels [1]. The analysis of the nature of the 

relationship of tensile strength with the other 

mechanical properties shows that with an increase of 

strength of CHSG proportionally increases the yield 
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strength. For CHSG the relation Rp0.2 / Rm is within 

0.6-0.75, while for the cast steels is 0.55-0.6. As 

higher is the value of Rm, so higher is the fatigue 

strength of the material, both harmonic and impact-

cyclic loads. This is due to the high reliability of the 

ductile cast iron, in different operating conditions. 

Table. 1 shows the mechanical properties of the most 

commonly used ductile cast irons in the railway 

sector.                                                                                                                                      

Table1 

Strength characteristics of the most commonly 

usedductile cast irons in railway transport  according 

EN1563.2012. 

 

Grade Rm, 

MPa 

Rp 

0.2, 

MPa 

А5 

% 

HB 

Kgf/mm
2
 

EN GJS 400-15 400 250 15 135-180 

EN GJS 400-18 400 250 18 130-175 

EN GJS 400-18 LT 400 240 18 130-175 

EN GJS 500-7 500 320 7 170-230 

EN GJS 600-3 600 370 3 190-270 

EN GJS 700-2 700 420 2 225-305 

 

The main advantages of CHSG compared to steel are 

brought to: 

- a lower temperature of casting  reduces (almost 2 

times) the energy costs for its production; 

- much better casting properties than these of steels 

and lower requirements to the mould; 

-CHSG have a lower density of 8-10% compared to 

the steels and this allows to make  castings of the 

same order lighter; 

- the lower shrinkage of cast iron - (1.1 -1.2)% against 

(0.8-2)% of the steels, enables designers to design 

castings with smaller allowances for machining and in 

this way to save metal and to reduce the cost of 

machining; 

- as an important advantage of CHSG is improved 

castability, which is almost two times higher than that 

of the steel. 

           Generally CHSG castings used in the railway 

industry can be classified in two main directions: 

   -  Railway infrastructure and railway (Railway 

infrastructure and track); 

   -     And rolling stock (Railway rolling stock). 

        In the first group - Railway infrastructure and 

track fall rail clamps for mounting to the sleepers and 

castings used for arrows and drive mechanisms for 

them, as well as elements for fixing to the contact 

system. 

The intermediate rail clamp is the most important 

element of the superstructure of the railway track. It 

interacts with the rolling stock and ensures the 

reliability and substantially determines the value in 

building and costs during the operation. There is a 

wide variety of rail clamps and numerous patents. But 

despite this diversity of varieties of rail clamps they 

can be classified and grouped in several key 

attributes: 

-A rail clamp for sleeper joist (using ribbed pad of 

steel or cast iron) or a rail clamp without sleeper joist 

(with a fixed iron anchor or with a polymer pad with 

an elastic element). 

-According to the characteristics of the pressing 

element (terminal): solid; elastic lamellar; elastic 

spring. 

-According to the type of attachment to the sleeper: 

bolt; anchor; screw dowel. 

    Fig.2 Rail clamp type "K". 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

1. Terminal bolt 2. Terminal 3. Isolating sleeve 

4. Connecting bolt, 5.Washer , 6 .Underrail 

seal 7. Rubber seal 8. Cast iron pad 9. Flat 

washer, 10. Elastic washer.    

 

 

In Europe mainly the rail clamps are type "K" with a 

stiff or elastic clamping element, and pulled taut to 

the sleepers with anchor bolts and coach screws, or 

elastic type without sleeper joist [2]. By mid-70s were 

used mainly steel ribbed pad, made by rolling. With 

the improvement of foundry technology in developed 
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countries, began production and operation of the cast 

rib pads of CHSG. In Germany, Deutsche Bahn (DB) 

accepted a standard defining the production of pads of 

GJS 600-3, while in France, Belgium and the 

Netherlands GJS 500-7 has its way. 

Figure 2 shows a scheme of a rail clamp type 

"K" for concrete sleepers. The attachment of the pad 

is carried out by two or four bolts that are placed in 

the reinforced concrete sleeper. The metal pad 8 with 

two high boards is placed on the rubber seal 7 and is 

attached to the sleeper by the bolts 4. The rail is 

placed on an underrail seal 6 which also serves as a 

shock absorber. It is attached to the pad with the solid 

terminals 2 by clamping bolts 1. Under the nuts are 

placed flat 9 and elastic washers 10. 

The main element of the clamp is the cast 

iron pad. It takes the load from the rail and distributes 

forces on the sleeper and the supporting elements. 

Fig. 3 shows the most commonly used type pad with 

four holes for fixing and a horizontal underrail  site. 

In building of sections with curves are  used inclined 

underrail sites with ratios 1:20 and 1:40. 

                                      

Fig. 3 Cast pad of cast iron for rail clamp “K”. 

The main advantages of cast pads of CHSG over the 

rolled steels consist in the fact that after casting and 

cleaning the casting of iron is finished state ready for 

use. The steel pads are cut to a certain width from the 

rolled profile, after that holes are drilled for 

connection of the pad to the sleeper and a groove with 

a complicated shape is milled for the bolt fixing the 

rail with a clamping element. Namely the need for 

further machining of steel pads makes them 

expensive, and makes cast of CHSG pads to be 

preferred. On the other hand, the specific properties 

of CHSG provide additional advantages. Within the 

same range of the tensile strength, CHSG have a 

higher yield strength. For the steel the compressive 

strength is practically equal to that of the tensile 

strength, while for the ductile cast iron the 

compressive strength is almost twice higher than the 

tensile strength. In conditions of compressive stresses 

under which the ribbed pads are put, the advantage of 

the cast iron becomes apparent. It is essential and the 

ability of CHSG to extinguish vibrations arising 

during the operation. That is why cast iron rib pads 

are preferred in the realization of railway sections in 

tunnels, bridges and residential areas. 

The rail clamp "K" has its disadvantages. 

The transmission of the lateral forces directly to the 

screws of the pad that is not fixed in the concrete 

leads to the breaking of the dowels and mechanical 

damages of the screws. The width of the track-gauge 

of the straight sections and especially in the turns is 

unstable. Rubber pads do not provide the necessary 

elasticity and vibration damping. The heavy weight 

and its combination with high costs for routine 

maintenance lead to high life-cycle cost of the rail 

clamp. 

In order to avoid the above mentioned 

problems the British company "Pandrol" creates a 

anchor fastening Figure 4) with an elastic element 

that doesn’t need a ribbed metal pad under the rail. 

1. Elastic spring, 2 Isolator, 3. Anchor. 

        Fig.4  Rail clamp of  "Pandrol" company. 

87



 
 

The company selects ductile cast iron grade 

GJS 500-7 for making of the anchor. The anchor 3 is 

concreted into the sleeper and is clamped in it. The 

force is taken from the elastic element 1 that is 

separated from the rail by an insulator 2. The great 

advantage of this fastening over these with pads is the 

lack of threaded connections and therefore no need 

from a periodic maintenance of tightening. The spring 

is easy for disassembly and replacement, including by 

fully automated machines. As a major shortcoming of 

this fastening it is pointed out the breaking and 

loosening of the anchors in loaded sections such as 

curves with a small radius (below 300 m). 

In order to eliminate the shortcomings of the 

company "Pandrol" development in the Russian 

Federation has been created a similar anchor 

construction of rail fastening ARF - fig.5 [3]. It was 

tested on a laboratory road route of BNIIZHT and 

used in many parts of the railway network in Russia. 

Its construction includes: 

Anchor 1 and 2 firmly concreted  in the sleeper 5, pad 

6 under the rail 3, two spring terminals 8 ,rubber pad 

under the terminal 9, angular electrical insulators 10. 

1.and 2. Anchor with corrugated fasteners, 3. Rail 4, 

Bracket, 5. Concrete sleeper, 6. Underrail seal, 7. 

Monoregulator of stresses, 8. Spring terminal ,. 

Terminal seal, 10. Insulating seal, 11. Holder, 12. 

Spacer 

 Fig. 5 Anchor rail fastening ARF. 

In contrast to the classical "Pandrol" and the other 

anchor constructions in which there are two light 

anchors for one assembly, in the ARF a large anchor 

is used. This solution improves the conditions for 

interaction of the contact concrete- anchor and 

increases reliability of the sleeper. On the other hand, 

the heavy anchor of cast iron GJS 500-7 increases the 

weight and the cost of the construction. 

The position of the rail in height is adjusted 

by an eccentric monoregulator 7. Rotating it in one of 

the four possible positions, it provides the standard 

compression of the terminal depending on the wear of 

the pad and the other elements of the fastening. 

ARF increases reliability and safety of the 

railway track, providing a much better retention of the 

track. In the construction of the anchor rail fastening 

has fewer parts and therefore every kilometer of the 

way spent 15 tons metal less. ARF allows also better 

regulation of the way in height. A big disadvantage is 

the cost of the rail fastening. It is 10% more 

expensive than the traditional ones. ARF is certified 

and included in the Register of Federal railway 

transport since 2005. The rail fastening ARF  is 

recommended for the  performance of the high-speed 

main line Moscow-Saint Petersburg [4]. 

Over the past decade  superstructure time 

comes a new trend of replacing of the traditional 

metal rail fastenings with polymer with an elastic 

element. The main characteristic of these new 

systems is their low cost and easy installation. The 

main developments belong to the Vossloh company. 

After the expiry of their license, they gained 

popularity in all national railway networks. Naturally, 

the process of replacement is long and comes across 

the same difficulties as entered the cast iron in the 

railway infrastructure in the leading European 

countries. What is clear, that the cast iron ribbed pads 

will be the main element of the railway track in the 

curves with small radius, where the polymers don’t 

bear the loads and show many defects. The railway 

security system is much more important than the 

lower price. Underlay fastenings so far don’t have 

alternative and in their installation on wooden 

sleepers, which continue to be used in all countries in 

Europe. During the construction of the railway track 

sleepers from plastic and recycled materials 

increasingly enter. These sleepers also require the use 

of cast-iron ribbed pads. 

Conclusion: Castings of ductile cast iron 

have their place in the superstructure of the railway 

track. Their good mechanical properties and their 

economic advantages over the steel ones ensure their  

successful implementation over the next decade. The 

competition from the alternative materials and the 

88



 
 

stant pursuit of innovations in railway industry are 

stimuli for the foundries to optimize their technology 

and production in order to maintain and increase their 

market share. 
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Abstract: As a result of recent technological developments required material quantities used during production and characterization related 
research and development studies are decreasing. In addition to that, cost of many nanosized powders and fibers are quite high and these 
kind of high surface area powders easily contaminate the surfaces they contact. Apparent density is very important physical property for 
many materials in powder form and plays a key role especially for their potential use of particulate materials in different areas. The 
apparent density value of a powder can be calculated using different standardized methods. Arnold meter is one of them and it requires to be 
filled a specific volume, by a free flowing test sample in powder form. In this study, standard Arnold meter kit was miniaturized to be able 
perform the test with lesser amount of powder to be tested. Test results are discussed using atomised Fe powders which were sieved to 
different particle size fractions. 
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Abstract. Melting and crystallization of eutectic non-metallic inclusions was investigated. It was shown that under laser action the initial 
structure of eutectic  inclusion-steel matrix boundaries transits into unstable equilibrium high-energy condition that cause development of the 
dissipation  processes connecting with aspiration of system inclusion-matrix to the state with minimum of free energy. In the result of the 
system eutectic inclusion-matrix transits to the state of unstable equilibrium which determines structure and properties of laser-quenched 
interphase boundary. Processes of melting, fusion and dissolution of eutectic non-metallic inclusions and also of the melting of steel matrix 
play the great role in transformation of inclusion-matrix boundaries under laser action. 
KEYWORDS: EUTECTIC NON-METALLIC INCLUSIONS, STEEL, STRENGTHENING, LASER TREATMENT 
 
1.Introduction. Most of inclusions of “eutectics” are low-
melting and both their phases must to melt almost 
simultaneously. But eutectics with high-melting phases exist too, 
see [1]. Inclusions of eutectics are differed from  heterophase 
non-metallic inclusions “high-melting phase surrounding with 
low-melting cover” and “phases are beside”  with the presence of 
more dispersed phases and more branching net of interphase 
boundaries eu1↔eu2 inside inclusions. Molten inclusions 
“eutectics” is been in molten steel matrix and micrometallurgical 
bath is formed. Hydrodynamics flows in the conditions of vortex 
thermocapillary mixing and temperature gradients are origined 
and that causes displacement of inclusion phases. In the result of 
high-speed melting of inclusions “eutectics” heavy oversaturated 
liquid solution or two liquid solutions on the base of inclusion 
and steel matrix differing by concentration heterogeneity are 
formed. In such liquid systems nonbalanced mass transfer is 
happened that suppresses of cooperative growth of phases and 
formation of cooperative structures of non-metallic inclusion. 
The goal of this investigation was to research the processes of 
melting, dissolution, crystallization of eutectic non-metallic 
inclusions in hyper-nonequilibrium conditions and the influence 
of these 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. Eutectic non-
metallic inclusions were identified by metallographic, X-ray 
microspectral and petrographic methods, see [1]. Distribution of 
elements and nanohardness of steel matrix near inclusions were 
determined. 
3. Results and discussion. Most of inclusions of 
“eutectics” are low-melting and both their phases must to melt 
almost simultaneously. But eutectics with high-melting phases 
exist too, see [1]. Inclusions of eutectics are differed from  
heterophase non-metallic inclusions “high-melting phase 
surrounding with low-melting cover” and “phases are beside”  
with the presence of more dispersed phases and more branching 
net of interphase boundaries eu1↔eu2 inside inclusions. Molten 
inclusions “eutectics” is been in molten steel matrix and 
micrometallurgical bath is formed. Hydrodynamics flows in the 
conditions of vortex thermocapillary mixing and temperature 
gradients are origined and that causes displacement of inclusion 

phases. In the result of high-speed melting of inclusions 
“eutectics” heavy oversaturated liquid solution or two liquid 
solutions on the base of inclusion and steel matrix differing by 
concentration heterogeneity are formed. In such liquid systems 
nonbalanced mass transfer is happened that suppresses of 
cooperative growth of phases and formation of cooperative 
structures of non-metallic inclusion. 

Evidently under laser melting and contact interaction of 
eutectic inclusion with liquid steel matrix advantageous the 
dissolution (melting) of interphase boundaries eu1↔eu2 must to 
happen. Just distribution of surface tensions in the zone of 
contact interaction when heavy disordered state in surface areas 
of eutectic phases is created and diffusive composition equalizing 
do not happened the heavy nonequilibrium conditions and 
thermodynamic stimulus for rapid simultaneous or selective 
dissolution of phases of inclusion are appeared. Besides since 
speed of mass transfer and degree of saturation of eutectic phases 
with elements of steel matrix (in first turn with iron) is different. 
That phase of inclusion with more degree of saturation by iron is 
dissolved more quickly. 

Inclusions of “eutectics” containing both low-melting and 
high-melting phases after high-speed crystallization in the 
conditions of laser action were investigated. They had regular 
colony structure in the initial state. In the most of them such 
structure was not kept after laser action. Evidently transformation 
of type of eutectic was happened. Regular colony structure was 
transformed  into abnormal eutectic without regular distribution 
of components (Fig. 1, a, b). According to reference, see [2], 
abnormal eutectics are formed in conditions when conjugational 
growth of crystals of eutectic phases do not possible and also 
when eutectic is formed with high-entropy phases. It is evidently 
the absence of possibility for conjugational growth of crystals of 
eutectic phases in the conditions of laser action.  For the structure 
of abnormal eutectics the presence of phase areas with different 
shape chaotically disposing in inclusion is typical. Abnormal 
eutectic structures after laser action with energy of impulse Wpulse 
10 – 25 J were observed. In the resort of Wpulse 30 J together with 
abnormal eutectics the sulphide and silicate eutectics inclusions 
with amorphous structure were observed. Some inclusions have 
signs of colony structure (Fig. 1, c). Various of structures of 
inclusions of “eutectics” is explained with differences of nature 
of eutectic phases and also with heterogeneity of laser radiation 
promoting appearance of different conditions of their 
crystallization. Steel matrix under laser melting is saturated with 
elements of phases of inclusions of “eutectics” independently on 
the type of inclusion. 
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                                                  a                                             b                                              c          
 

Figure 1. Dissolution and melting of heterophase non-metallic inclusions of “eutectics” under laser action; x2000 
 

Contact dissolution and melting of phases eu1 and eu2 of  
inclusions “eutectics” and also of interphase boundaries 
eu1↔eu2, eu1↔m, eu2↔m in molted steel matrix in 
nonequilibrium conditions under laser action is energetically 
excused because surface layers of both phases of inclusion being 
in stress state with high energy are replaced with liquid phase 
with less energy. Decrease of surface energy owing to contact 
interaction of eutectic phases and steel matrix and also owing to 
interaction of phases eu1 and eu2 of inclusion in the moment of 
melting is rather considerably that system “phase eu1 of 
inclusion” – “boundary eu1↔eu2” – “phase eu2 of inclusion” – 
“interphase boundaries eu1↔m, eu1↔m” – “steel matrix” was 
thermodynamics instable after laser action. Realization of such 
mechanism of melting and dissolution of inclusions of 
“eutectics” is determined with value of stresses creating in 
surface layers of both phases of inclusion. Evidently owing to 
formation of big stresses in surface layers of matrix and  both 
phases of inclusion “eutectics” in the conditions of high-speed 
laser action it is possible nonactivated transformation of heavy 
disordered surface layers of both phases of inclusion into liquid 
state with formation of liquid phase. 

Consistency of formation of heavy disordered areas on 
the surface layers of both phases of inclusion “eutectics” and also 
movement of interphase boundaries is shown on Fig. 2. In the 
moment of melting (dissolution) of eutectic type of inclusions the 
both their phases must to dissolve practically simultaneously. 
Evidently owing to contact interaction of inclusions with liquid 
steel matrix advantage melting (dissolution) of interphase 
boundaries of eutectics takes place.  On Fig. 2 surface tensions on 
interface boundaries are shown. Distribution of surface tensions 
in zone of contact interaction then heavy disordered state in 
surface areas of eutectic phases is formed and diffusive 
equalizing of composition do not has time for happen the heavy 
nonequilibrium conditions are created and thermodynamics 
stimulus for rapid simultaneous or selective dissolution of 
inclusion phases is appeared.   

 
 
 
 

        
a                                            b                                            c 

 
Figure 2. Schemes of laser melting of  inclusions of “eutectics”: σi-l  – stresses on boundary between hard heavy distortion  area of inclusion 
and liquid steel matrix, σ1,2

i-l  – stresses between eutectic inclusion and molten steel matrix, σ1
i-l and σ2

i-l  - surface tensions between phase eu1 
and  phase eu2 of inclusion and  molten steel matrix accordingly, σeu1-eu2 - surface tensions between phase eu1 and  phase eu2 of inclusion, 
σ1,2

l-l - stresses between molten eutectic inclusion and molten steel matrix, 1 – inclusion-matrix boundary, 2 – initial position of inclusion-
matrix boundary 

 
Under quenching from liquid state in both phases of 

inclusion the zones of high-speed crystallization with columner 
shape of grains and liquation are formed. Silicate and sulphide 
inclusions of “eutectics” were inclined for amorphization. 
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. It may be one zone, or two zones, or 
three zones. In non-metallic 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 non-metallic 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 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 (Fig. 3, a - d).  

Near inclusions of “eutectics” the formation of 
saturated zones of steel matrix is controlled with both phases eu1 
and eu2 which are the sources of alloying of steel matrix and are 
differed from the heterophase non-metallic inclusions “high-
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melting phase surrounding with low-melting cover” and “phases 
are beside” with more degree of dispersivity (Fig. 3, c). In the 
results near inclusions of “eutectics” with regular colony 
structure or structure of abnormal eutectic the composite 
liquation zones of a few types are formed: the cascade type of 
layer composites with “splashes” of quantity of elements 
passaged from the phases of eutectic; the layer-“spot” type of 
composite with columnar or “tunnel” structure and “splashes” of 
quantity of elements passaged from the phases of eutectic; 
dispersed type that connects with formation of “satellite” 

particles; complicated  layer-dispersed composite with cascade 
distribution and “splashes” of quantity of chemical elements. 
Characteristic sign of saturated zones is high degree of 
dispersivity of the phase and structural components and also 
presence of the “splashes” of quantity of elements passaged from 
the phases of eutectics. In addition to the saturated zones of the 
“spot” and layer-dispersed types have other morphology namely 
columnar or “tunnel” character connecting with presence of 
initial dispersed directed colony structure of eutectics.  

 

       
                                                a                                            b                                             c 

 

                
                                                     d                                                                          e 

 
Figure 3. Zones of interaction between heterophase non-metallic inclusions and steel matrix under laser action: a – d - х500х6 
 

 

4. Conclusions. Mechanism of melting of eutectic 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 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 microphases and 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.  
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Abstract: In this article, graphene nanoplatelets (GN) were used as nanofiller and twin-screw extrusion process was applied to synthesis 
of Polyamide 6 / Graphene Nanoplatelets (PA6/GN) nanocomposites. Fourier-Transform Infrared spectroscopy (FTIR), X-Ray Diffractions 
(XRD), and Thermogravimetric analysis (TGA) were used to characterize the resultant structure. According to the results of FTIR and XRD 
measurement, α phase dominated in neat PA6, while the γ phase also could be observed at PA6/GN nanocomposites. Compared with the 
neat PA6, the PA6/GN nanocomposites exhibited better improvement in thermal analysis results due to the new and dominant crystal form. 

Keywords: PA6, GN, TWIN SCREW EXTRUSION, CRYSTALLINE FORM, NANOCOMPOSITES. 

 

1. Introduction 
Graphene with attractive thermal properties, large specific surface 
area and low cost has attracted intense attention for various 
application areas [1 - 3]. All these positive features make it 
excellent candidate as filler for polymer nanocomposites [4]. But 
dispersion of graphene in the polymer matrix has always been 
extremely challenging, so new methods are tried out to obtain 
intercalated or exfoliated polymer nanocomposites [5]. Recently, a 
large number of papers have described the dispersion and 
exfoliation of graphene oxide (GO) and reduced graphene oxide 
(RGO) in the polymer matrix composites [6 - 8]. These researches 
had shown that PA6/GO or PA6/RGO polymer nanocomposites 
demonstrated remarkable physical, thermal and mechanical 
properties. However, very dangerous chemicals were used for 
synthesis of GO and RGO. Specially, hydrazine hydrate used to 
form RGO is highly toxic and unstable [9]. Thus in this paper, 
Graphene Nanoplatelets (GN), a candidate material for the 
application in thermal management [10-11], were used as nanofiller 
without using any chemical. Polyamide-6 (PA6) is an important 
group of the thermoplastic with several advantages such as good 
processability, solvent and chemical resistance. However, its 
thermal properties need to be improved [12- 14]. The improvement 
in thermal, mechanical and other properties of polymer composites 
with GN has been reported in many literatures [2, 3, 5, 15-18], but 
only a study on GN based PA6 nanocomposites is found [19]. The 
objective of this paper is to fabricate PA6/GN nanocomposites and 
investigate the effects of GN loading content on the structural and 
thermal properties of the PA6/GN nanocomposites without using 
any dangerous chemical.  

2. Experimental Details 
GN particles in this study were GRAFEN- IGP2 nanoplatelets 

(Grafen Chemical Industries, Turkey). These nanoparticles consist 
of short stacks of graphene layers having a lateral dimension of ∼5 
µm and a thickness of ∼ 5–8 nm. Melt blending of PA6 and the GN 
was carried out in a co-rotating twin screw extruder (Thermoprism 
TSE 16 TC, L/D 24) at a screw speed of 100 rpm and barrel 
temperature profile of 230-230-230-230-230°C, followed by 
granulation (3–5 mm long and 3 mm in diameter) in a pelletiser and 
drying. Prior to extrusion, the PA6 polymer and GN were 
dehumidified in a vacuum oven at 90°C for a period of 24 h. The 
GN content in the PA6/GN nanocomposites was varied from 1 – 4 
wt. % (Table 1). The nanocomposite mixture for structural 
characterization studies were molded using a laboratory scale 
plunger type injection-molding machine (Microinjector, Daca 
Instruments) at a barrel temperature of 200 °C and mold 
temperature of 30 °C. Figure 1 presents the neat PA6 and PA6/GN 
nanocomposite plates used in the present study.  

 

 

Table 1: Ratios and codes of GN in the composites. 

Samples GN Content  
(in weight %) 

PA6/GN1 1 

PA6/GN2 2 

PA6/GN4 4 

 

 
Fig. 1 Digital image of neat PA6 and PA6/GN nanocomposite. 

Fourier Transform Infrared spectroscopy (FTIR) analysis was 
performed by using IR-spectrometer (PerkinElmer 100). The 
spectra were analyzed from 4000 cm-1 to 400 cm-1. The X-ray 
diffraction (XRD) patterns were obtained with a PAN analytical, 
Empyrean X-ray diffractometer using CuKα radiation. Samples 
were scanned from 10° to 50° with a scan speed of 2°/min. 
Thermogravimetric Analysis (TGA) curves were measured by using 
a STA 409, Netzsch analyzer from room temperature to 600°C with 
heating rate of 20°C/min. and a nitrogen flow rate of 100 mL/min.  

3. Results and Discussions 
FTIR spectra of the neat PA6 and PA6/GN nanocomposites 

were represented in Fig.2. The FTIR spectrum of the neat PA6 
showed peaks at 3296 cm-1, 2934 cm-1 and 2864 cm-1 which 
correspond to the N–H bending vibration in primary amine [20], C–
H in phase and C–H out of phase stretching vibrations [12], 
respectively. The bands at 1635 cm-1 and 1538 cm-1 were assigned 
to C=O amide I [21] and N–H and C–N combination amide II 
stretch [20], respectively. The α form crystal exhibiting 
characteristic peaks at 1476 cm-1 and 1416 cm-1 could be attributed 
to CH2 scissors vibration. The band corresponded to vibration of 
amide III and CH2 wag was observed at 1373 cm-1 and the band at 
1201 cm-1 corresponded to CH2 twist-wag vibration [22]. The 
characteristic CO–NH in plane vibrations bands could be observed 
at 959 cm-1 and 929 cm-1 [23]. The γ form showing characteristic 
peaks at 1437, 1372-1239, 976, 725 cm-1 in the PA6/GN 
nanocomposites was attributed to the CH2 scissors vibration, CH2 
twist-wag vibrations, CO–NH in plane vibrations and amide V [22], 
respectively. The reflection shape of the neat PA6 was similar to 
PA6/GN nanocomposites and no new peak was formed. This 
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situation showed that there was no chemical interaction between 
PA6 matrix and GN nanoparticles because GN had not any 
functional groups. 

 
Fig. 2 FTIR spectra of neat PA6 and PA6/GN nanocomposites. 

XRD experiments were conducted to examine whether the 
addition of GN caused a change of PA6 crystal structure. Fig. 3 
showed XRD patterns of the neat PA6 and PA6/GN 
nanocomposites. PA6 exhibited polymorphic structures containing 
two types of crystal form: monoclinic (α) and pseudo-hexagonal (γ). 
The representative diffraction peaks observed at 2θ=20.4° and 21.8° 
corresponded to α and γ crystalline phases of the neat PA6 [24-25], 
respectively. As shown in Fig.3, α phase was the dominant 
crystalline phase for the neat PA6 [26]. Also, all nanocomposites 
showed two peaks at 2θ=20.1° and 22.1°, corresponding to α and γ 
crystalline phases. When compared to the neat PA6, the diffraction 
peak corresponding to α-form crystal phase was observed only as a 
less pronounced shoulder at all GN contents. However, the peak of 
γ form crystal phase in the PA6/GN nanocomposites grew more 
obvious. Especially, the PA6/GN1 nanocomposite had most intense 
crystalline γ phase peak. However, referring to Fig. 3, in addition to 
the two reflections as seen in the PA6/GN nanocomposites a other 
reflection was also detected at 2θ=26° which was related to the GN 
[10]. According to these results, GN did not dispersed 
homogeneously into PA6 matrix, but these nanoparticles changed 
crystal structure of all nanocomposites. Gong et al. [27] reported 
that the diffraction peaks of α-form crystals of modified graphene 
based Nylon-6 (PA6) composites become weaker with the 
increasing graphene content. Oneill et al. [8] showed that 
functionalized graphene oxide (GO) and functionalized reduced 
graphene oxide (rGO) could promote the formation of γ phase 
crystals in the PA6 matrix. 

 
Fig. 3 XRD patterns of neat PA6 and PA6/GN nanocomposites. 

The TGA and Derivative thermograms (DTG) curves of the 
neat PA6 and PA6/GN nanocomposites were shown in Fig. 4, and 
TGA data were listed in Table 2. From DTG curve, the initial 
weight loss for all samples in the temperature ranges of 207–217°C 
reflected loss of moisture from the nanocomposites because they 
had hydrophilic structure and hence some amount of water could be 
present in the PA6 matrix through hydrogen bonding [13]. The 

second weight loss was observed at 465°C for the neat PA6, 
corresponding to the volatilization of monomer and chain 
fragments, as reviewed in the literature [28]. The major weight loss 
(T2) was observed in between 450 and 500°C for all 
nanocomposites in Fig.4 b - d. Referring to Table 2, it was observed 
that the addition of GN caused an increase in the degradation 
temperatures (T2) and residue mass i.e. char at 600°C of the 
nanocomposites compared to the neat PA6. These results showed 
that GN filled PA6 nanocomposites had much higher thermal 
stability than the neat PA6 [29].  

 

 

 

 
Fig.4 TGA and DTG curves for (a) neat PA6, (b) PA6/GN1,                 

(c) PA6/GN2 and (d) PA6/GN4 nanocomposites. 
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Table 2:  TG data of neat PA6 and PA6/GN nanocomposites. 

Sample 
DTG Peak (°C) 

T1              T2 

Residue at 600°C 

wt. (%) 

PA6 217          465 1.95 

PA6/GN1 215          469 3.99 

PA6/GN2 207          469 5.78 

PA6/GN4 216          467 5.09 

4. Conclusion 
PA6/GN nanocomposites were successfully prepared by twin-

screw extrusion process. When compared to the neat PA6, the 
structural and thermal properties of the nanocomposites were 
improved by the addition of GN. The γ phase crystal structure in the 
PA6/GN nanocomposites was shown to be dominated by FTIR and 
XRD results. TGA analysis results showed that degradation 
temperatures (T2) and residue mass i.e. char at 600°C of PA6/GN 
nanocomposites were higher than those of the neat PA6. These 
values indicated that the GN filled PA6 nanocomposites were more 
thermally stable than the neat PA6. Thus, twin-screw extrusion is a 
promising method to prepare PA6/GN nanocomposites without 
using more harmful chemicals. 
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Abstract:  

In this study, the tribocorrosion behavior of the materials utilized in manufacturing of biomedical implants (Ti-6Al-4V and Co-Cr alloys) 
was studied in a laboratory simulated artificial saliva (SAS) solution by using a linear reciprocating ball-on-plate tribometer with an 
integrated electrochemical cell. The open circuit potential (OCP) and the friction coefficient were monitored during the reciprocating ball-
on-plate test. During the OCP tribocorrosion tests, the generated wear debris was transferred into the SAS and increased its optical density 
of the solution along with large scatters in the OCP potential and friction coefficient. In accordance with its poor tribocorrosion 
performance, Ti-6Al-4V alloy provided a large amount of wear debris transfer into the SAS along with the heavy metal attachment to the 
contact surface of the alumina ball and heavy fluctuations in the OCP potential and friction coefficient values during the sliding. This 
suggests that the Co-Cr alloy has a higher load bearing capacity than the Ti-6Al-4V alloy. 

Keywords: BIO-BASED MATERIALS, Co-Cr, Ti-6Al-4V, TRIBOCORROSION TEST. 

 

1. Introduction 
Titanium (Ti) and cobalt chrome (Co-Cr) metal alloys are the 

most attractive metallic materials for biomedical applications 
(dental implants and orthopedic prostheses) essentially because 
these alloys generally present good biocompatibility, good 
mechanical properties, good corrosion resistance combined with 
low inflammatory potential [1]. However, poor tribocorrosion 
behavior of metallic biomaterials in the body fluids has continued to 
be a major concern [2]. Besides, the presence of particulate 
corrosion and wear products in the tissues adjacent to the implant 
can cause various osteoblast integrity issues, which may lead to 
reduction of osseointegration [3 - 5]. Hence, selection of a metal 
implant needing both excellent resistance to corrosion, and 
mechanical properties that satisfy the tribological stresses placed on 
it during function in a fluid system is indispensable.  

In the present investigation, I have conducted a comparative 
study on the tribocorrosion behavior of Ti-6Al-4V and Co-Cr alloys 
for biomedical applications, and thereby suggests an appropriate 
material for biomedical implants. 

2. Methods and Procedures 
The tribocorrosion behavior of the Ti-6Al-4V and Co-Cr alloys 

was studied in simulated artificial saliva (SAS) solution by using a 
ball-on-disk reciprocating tribometer coupled with a three electrode 
electrochemical cell, which is illustrated in Fig. 1. The Ti-6Al-4V 
and Co-Cr alloys were served as the working electrode (WE), the 
saturated calomel electrode (SCE) was the reference electrode (RE) 
and the platinum electrode was the counter electrode (CE). 
Reciprocating sliding wear tests were performed in a reciprocating 
mode with a 1.7 cm s-1 sliding rate under 10 N applied load for 45 
min. The counter body was an alumina ball with 10 mm diameter. 
The choice of alumina ball as the counter body was made because 
of its high hardness, high wear resistance, chemical inertness and 
electrical insulating properties. The ball holder was made of a 
polymeric material to prevent the corrosion effects. During the test, 
alloy with an area of 2 cm2 was exposed to the corrosive electrolyte. 
The wear scars were also evaluated by a Scanning Electron 
Microscopy (SEM). Finally, contact surfaces of alumina balls were 
examined using an Optical Microscope (OM). After the OCP 
tribocorrosion tests, microhardness measurements were performed 
in the wear scar and on the unworn surface of alloys by using the 
Shimadzu HMV microhardness tester with a Vickers pyramid 
indenter under indentation load of 100 g.  

 
Fig. 1 Schematic representation of reciprocating tribometer coupled 

with electrochemical cell. 

By the end of the OCP tribocorrosion tests, optical densities of 
SAS solution were measured using a UV-Spectrophotometer. 
Freshly prepared SAS was analysed as the reference to evaluate the 
optical densities of solutions After the spectrophotometric 
measurement of freshly prepared SAS solution by using fix visible 
light (wave length: 250 nm), the data obtained was automatically 
adjusted to zero in order to determine the optical densities of the 
SAS solutions utilized in the OCP tribocorrosion tests [4]. 

3. Results and Discussions 
The evolution of the open circuit potential (OCP) with time 

before, during, and after the sliding are given in Fig. 2 for Ti-6Al-
4V and Co-Cr alloys, together with the friction coefficient values 
obtained during the sliding. When rubbing is started, the OCP shifts 
to more cathodic values (-858 mV vs SCE in Ti-6Al-4V alloy, -550 
mV vs SCE in Co-Cr alloy) when compared to the initial potential 
(-257 mV vs SCE in Ti-6Al-4V alloy, -391 mV vs SCE in Co-Cr 
alloy). When the evolution of OCP is considered (Fig. 2 a), it can be 
seen that the Co-Cr alloy presented a smaller drop on the potential 
on the onset of the sliding as compared to the Ti-6Al-4V alloy. 
During the sliding, the OCP of Co-Cr alloy maintains at around       
-550 mV, which nobler than Ti-6Al-4V alloy (in between -850 mV 
and -950 mV). Thus, the OCP drop and fluctuation reflect the extent 
of depassivation caused by the counter ball [5]. Once rubbing stops, 
depassivation in the wear scar ceases and the OCP recovers the 
initial value established before rubbing. Similar behavior has also 
been reported in the literature [6]. On the other hand, Fig. 2 b shows 
the evolution of the friction coefficient with sliding distance for the 
Ti-6Al-4V and Co-Cr alloys under the lubrication of saliva solution. 
As shown in Fig. 2 b, the Ti-6Al-4V alloy showed friction 
coefficient values in the range of 0.4 – 0.6 with relatively large 
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fluctuations; however the friction coefficient of the Co-Cr alloy 
reached a steady state value of about 0.42 with minor fluctuations 
and its friction coefficient was slightly lower than the Ti-6Al-4V 
alloy. The considerable scatters in the OCP potential and friction 
coefficient values were evident for Ti-6Al-4V alloy through out the 
testing period (Fig. 2), which can be attributed to the abrasive effect 
of wear products removed from the worn surface [5, 6]. 

 
(a) 

 
(b) 

Fig. 2 The evolution of the (a) OCP and (b) friction coefficients 
monitored as a function of sliding distance during the OCP tribocorrosion 
tests. 

Fig. 3 presents representative SEM images of the worn surfaces 
of the Ti-6Al-4V and Co-Cr alloys at the end of the OCP 
tribocorrosion tests. It is clearly seen that the width of the wear scar 
of Co-Cr alloy was narrower than that of the Ti-6Al-4V alloy. The 
wear scar of Ti-6Al-4V alloy showed a combination of abrasive and 
adhesive wear mechanism as evidenced by the scratches with a very 
large plastic flow over the entire scar length and microcrack 
perpendicular to the sliding direction (see the arrow in Fig. 3 a). 
This large plastic flow resulted in work hardening as confirmed by 
the microhardness values listed in Table 1. According to the 
difference in microhardness values obtained inside and outside of 
the wear scar after the OCP tribocorrosion test (Table 1), the extent 
of hardening for the Ti-6Al-4V alloy was higher than the Co-Cr 
alloy. This hardening mechanism may also contribute to the 
formation of the microcrack on the worn surface of Ti-6Al-4V 
alloy. Similar behaviour was reported by Doni et al. [6] for Ti-6Al-
4V/alumina ball tribo-pair immersed in an 8 g/l of NaCl solution. In 
comparison, the worn surface topography of the Co-Cr alloy was 
characterized by a mild abrasive wear mechanism (Fig. 3 b). 
Therefore, it can be said that the differences on the wear 
mechanisms of both alloys could be attributed to the differences in 
hardness and repassivation kinetics inside the wear scar. 

During the tribocorrosion test for the Ti-6Al-4V alloy, 
noticeable amounts of wear debris in the SAS solution were 
detected even with a naked eye. As illustrated in Fig. 4, the wear 
debris generated from Co-Cr alloy was very few as compared to the 
Ti-6Al-4V alloy in accordance with its better tribocorrosion 
performance. 

 

Table 1: Microhardness values measured after tribocorrosion 
tests at OCP. 

Alloys 
Microhardness (HV0.1) 

Outsidea Insideb 
Ti-6Al-4V  355±14 416±6 
Co-Cr 516±14 525±8 

       aOutside – Measurements made outside of the wear track. 
       bInside – Measurements made inside of the wear track. 

 
 
 
 
 
 

 
 
 
 
 
 

 
Fig. 3 SEM pictures of the wear tracks after the OCP tribocorrosion 

tests of the (a) Ti-6Al-4V and (b) Co-Cr alloys (low and high 
magnifications). 

 

 
Fig. 4 The variation of optical density of SAS solution utilized in the 

OCP tribocorrosion tests. 

The alumina balls were investigated using OM to identify 
possible damage (Fig. 5). Wear of Ti-6Al-4V alloy caused 
darkening at the contact surface of the alumina counter ball (Fig. 5 
a). This behavior could be related to the accumulation of wear 
debris in the SAS solution. On the other hand, some material 
transfer from the Co-Cr alloy was observed on the alumina ball 
(Fig. 5 b). 

 

Microcrack 
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Fig. 5 OM images of the alumina balls after sliding against the            

(a) Ti-6Al-4V and (b) Co-Cr alloys. 

4. Conclusion 
In conclusion, the Ti-6Al-4V alloy showed relatively poor 

tribocorrosion performance and caused heavy surface damage on 
the alumina counter ball with increasing the coefficient of friction. 
The wear debris generated from Ti-6Al-4V alloy led to an increase 
optical density of the SAS solution along with heavy fluctuations in 
the OCP potential and friction coefficient values through out testing 
period compared to the Co-Cr alloy. However, considering the 
implants applications, the Ti-6Al-4V alloy was found to be the best 
candidate with relatively low elastic modulus and outstanding 
biocompatibility in comparison to Co-Cr alloy. Thus, surface 
modifications of this alloy for the load bearing applications are very 
important for achieving further developed biocompatibility and the 
second removal surgical operation can be avoided. 
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