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ABSTRACT 

 
The ferro-niobium composite layers in cobalt matrix were obtained by 

cathode depositing from electrolyte solutions on steel base. The electrolyte included 

in its composition cobalt sulphate and cobalt chloride, boric acid was also added 

for pH stabilization. The ferro-niobium, powder with granulation smaller than 5μm, 

niobium content of 98% and 2% iron, were introduced into the electrolyte with 

20g/L concentration. Electrodepositing was performed at different current 

densities: 615A/m2, 570A/m2, 458A/m2 and the result was layers of cobalt and 

composite from ferro-niobium particles in cobalt matrix, with thickness varying 

between 50 – 90μm. Corrosion resistance was assessed by linear voltammetry test 

watching the corrosion behavior depending on composition and structure of 

deposited layers. The potentiodynamic polarization curve was analysed for 

composite layers compared with cobalt layers. From Tafel curves was determinated 

the corrosion rate for each type of coatings.  

 
KEYWORDS: electrodeposition, corrosion resistance, ferro-niobium, cobalt 

 
1. Introduction 

 

Improved characteristics of cobalt layers can be 

made by the deposition of nickel or tungsten cobalt 

alloy [1] or cobalt matrix composite coatings [2]. 

This paper propose to obtain corrosion-resistant 

materials, consisting of a sheet steel support with low 

carbon content, covered by electrochemical method 

with a layer of cobalt where ferro-niobium particles 

were introduced. 

The aim of this work was to determine the 

influence of current density on the kinetics of the 

cathodic reaction as well as composition, layers 

thickness and corrosion resistance of Co/ferro-

niobium composite coatings. The paper describes the 

possibilities of electrocodeposition of ferro-niobium 

particles with cobalt matrix. Also, in this work, a 

comparative study is made of the corrosion 

electrodeposited cobalt and cobalt-ferro-niobium 

coatings.  

The amount of embedded phase in the 

composite depends on the type bath-metal-particle 

combination and is governed mainly by the powder 

concentration in the plating bath, current density and 

agitation rate [2].  

 

2. Experimental procedure 
 

Composite coatings in cobalt matrix were 

electrodeposited from solution containing: 300 g/L 

CoSO4·7H2O, 50 g/L CoCl2·6H2O, and 30 g/L H3BO3 

[3]. Suspensions contained ferro-niobium technical 

particles (98%Nb) at concentrations of 20 g/L.  Size 

of the particles was smaller than 5 μm. To wet and 

distributed uniformly the particles in the electrolyte, 

the suspension was agitated with a magnetic stirrer 

with a rotation rate of 1500 rpm. Cobalt and 

composite ferro-niobium in cobalt matrix layers was 

made on steel support with chemical composition 

shown in Table 1. 

Table 1. Chemical composition of steel support, in % 
 

C S Mn P S Al Ti V Ni Cr Mo 

0.025 0.015 0.210 0.013 0.010 0.046 0.002 0.001 0.008 0.025 0.001 
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Prior to the electrodeposition, the steel surfaces 

were polished, degreased in 100g/L NaOH, 50g/L 

Na2CO3 and 10g/L Na2SiO3 solution at 900C, washed 

in distilled water, pickling in 15% HCl solution, 

finally rinsed again with distilled water [4]. The steel 

support samples as substrates and two graphite 

anodes were used. All electrodes were in a vertical 

position in the cell. The conditions for the 

electrochemical process was: time 60 min; pH 5; 

concentration of FeNb particles in bath solution was 

20g/L and current density of 615A/m2 (code samples 

S1, S4), 570 A/m2 (code samples S2, S3) and 458 

A/m2 (code samples S5).  

Composite coated samples were heat treated at 

1150 0C for one hour to remove hydrogen and 

stimulate diffusion processes between particles and 

matrix [5].  

The chemical composition of the layers, 

determined by X ray diffraction is presented in Table 

2. 

 
Table 2. Chemical composition of the layers 

 

Chemical composition in gravimetric percentage 
Code 

Co Nb Fe other 
S1 99,01 0 0.70 bal 

S2 98,87 0 0.64 bal 

S3 80,2 0.17 19.64 bal 

S4 77.37 0.35 22.28 bal 

S5 51.81 0.97 46.32 bal 

     

The aspect of the different areas of the two types 

of coatings, cobalt and cobalt-ferro-niobium, shows 

that niobium particles in the composite material 

determined finishing texture, increase compactness, 

uniformity, reduce ridges dendrites and inter-dendrites 

space (Figure 1 and 2). 

  

Fig. 1. Cobalt layer; 

current density: 570A/m2; 50X 

Fig. 2. Co/ferro-niobium composite layers; 

current density: 570A/m2; 50X 

  

Layer thickness of cobalt layers and composite 

coatings layers was measured by optical microscopy. 

It was established that the thickness increases when 

current density increases, as shown in Figure 3. 

 
Fig. 3. Layer thickness variation with current density 
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The corrosion behaviour was carried out with 

potentiostat type VOLTAMASTER 4 (PGP 201). A 

three electrode system with an electrochemical cell 

volume of 100mL was used to perform the 

experiments. The auxiliary electrode was a platinum 

sheet and the reference electrode was saturated 

electrode calomel (SCE).  

The working electrode was the experimental 

samples which has an electro active area of 1cm2. 

Before the experiments, the samples was degreased in 

acetone and alcohol, rinsed with distilled water and 

then, dried in air. Linear voltammetry curves of the 

codeposited layers were measured from -1000 mV 

toward the anodic direction of 500mV, with scan rate 

of 50mV/min. The corrosion behaviour of 

codeposited films has been observed by introducing 

them in corrosive environments: 0.1N HCl solution.  

The Tafel curves were used as a method to 

study corrosion behaviour.  

From the anodic and cathodic polarization 

curves the main electrochemical parameters of the 

corrosion process were obtained: corrosion potential 

Ecorr, corrosion current density icorr, polarization 

resistance Rp and corrosion rate Vcorr, automatically 

calculated by specialized computer software – Table 

3. 

 

Table 3. Electrochemical parameters of the corrosion process 
 

Code icor Rp E vcor  
 [μA/cm2] [Ωcm2] [mV] [μm/y] 

S1 16.1084 709.62 -446,3 0.357 

S2 13.6000 613.04 -408,4 0.301 

S3 15.0000 597.91 -431.1 0.331 

S4 9.7476 1170 -447.5 0.216 

S5 4.1946 3000 -328.9 0.093 

 
The polarization curves for cobalt coatings and 

Co/ferro-niobium composite coatings obtained at 

570A/m2 current density, are shown in Figure 4. In 

Figure 5 are shown the polarization curves of cobalt 

coating and Co/ferro-niobium composite layers 

obtained at 615A/m2 current density. The polarization 

curves of Co/ferro-niobium composite layers obtained 

at different current density are shown in Figure 6.  

  

 

Fig. 4. Polarization curves of cobalt coatings and Co/ferro-niobium composite coatings, obtained at 

570A/m2 current density 

 
Polarization measurements in 0.1N HCl indicate 

similar results of corrosion resistance for cobalt and 

ferro-niobium particles in cobalt matrix obtained in 

some conditions for electrodeposition. 

As show in Figure 6, the corrosion resistance of 

Co/ferro-niobium composite layers increases with 

niobium content from the layers. 
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Fig. 5. Polarization curves of cobalt coating and 

Co/ferro-niobium composite coatings obtained at 

615A/m2 current density 

Fig. 6. Polarization curves of Co/ferro-niobium 

composite layers obtained at different current 

density 
 

3. Conclusion 
 
- Composite thin films which consist of ferro-niobium 

particles in a cobalt matrix were deposited on a steel 

substrate using the electrocodeposition method. 

- The surface morphology of the cobalt-ferro-niobium 

coatings is different from the pure cobalt coatings. 

The presence of niobium particles in composite layers 

determined the finish texture, uniform ridges 

dendrites and diminishing interdendrites space. 

- The thickness of the layer increases non-linearly 

with increasing current density. The best value of 

thickness corresponds to composite coatings obtained 

at 615A/m2.  

- Polarization measurements in 0.1N HCl indicate a 

similar results of corrosion resistance for cobalt and 

ferro-niobium particles in cobalt matrix obtained in 

some conditions for electrodeposition. 

- Generally, the corrosion resistance of cobalt-ferro-

niobium composite layers increased with niobium 

content from composite layers. 
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ABSTRACT 
 

In the paper the obtaining of nitinol by pressing and sintering of a mixture of 

nickel and titanium powders is presented. The fabrication of NiTi alloys by powder 

metallurgy allows avoiding the usual problems related to classical casting 

obtaining methods (problems related to defects caused by segregation or excessive 

growth of the grains), it also assures an exact control of the chemical composition 

and offers the possibility of manufacturing a variety of components very close to 

their final shape. 

Although the advantages of manufacturing products by powder metallurgy are 

certain, the first research presented in this paper in the case of nickel and titanium 

powders have showed some unwanted aspects related to powder metallurgy 

processing which are yet to be resolved, that is, the high oxide content, the high 

content of secondary phases, also the difficulty of obtaining dense materials. The 

main conclusion is that it is imperative to do the sintering in a protecting system (if 

possible in vacuum), because of the high content of oxygen observed in the 

measured sintered products. 

 
KEYWORDS: powder metallurgy, Ti powder, Ni carbonil, NiTi, sintering, 

X-ray diffractometry, SEM 
 

1. Introduction 
 

Nitinol is a group of materials defining the 
alloys of the Ni-Ti family situated around the 
stoichiometric concentration (50% Ni). Nitinol, the 
material discovered in 1959, at the Naval Ordnance 
Laboratory (now Naval Surface Warfare Center) is 
the first commercial name which became the most 
known in time and accepted with the same name in 
the materials science, after the binary Ni-Ti system 
that it belongs to [1][2]. 

The first experiments related to shape memory 
phenomenon (pseudo-elasticity, simple shape 
memory effect, double ways shape memory effect, 
vibration damping effect, pre-martensitic effects etc.) 
have been made on monocrystals. Because 
monocrystals are easier to obtain on copper based 
alloys, these were the experimental materials which 
allowed, in the 70’s, to establish the microstructural 
origin of the shape memory phenomenon, and also 

the connection between those and the martensitic 
transformation [3].  

The special properties of the shape memory 
alloys make them extremely important in present, 
through their extraordinary usage potential in high 
tech domains as biomedical technologies, 
nanoelectronic systems, microelectronic systems or 
the complex bio and optoelectromechanical ones [4]. 

The technology of obtaining sintered products is 
fundamentally different from the classical 
metallurgical technologies, where the semi-products 
are manufactured through casting of melted metals 
and alloys, which, afterwards, are subjected to 
mechanical processing (forging, lamination, dye 
pressing etc.); thus getting to the end product involves 
a big number of difficult operations, expansive and 
long lasting.  

In powder metallurgy the products are usually 
obtained without ever having the materials in liquid 
phase. 

-  9  -
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The complexity of powder metallurgy stands in 
the interaction between three necessary factors in 
order to make the end product. These factors are: 
powder, pressing and sintering. A high level of 
knowledge of the relationship between these 
ingredients is of utmost importance in order to make 
components with high resistance and in order to carry 
on requests regarding quality and costs. Recently, two 
new processing method using powder metallurgy 
named MARFOS (mechanically activated reactive 
forging synthesis) and MARES (mechanically 
activated reactive extrusion synthesis) have been 
studied in order to produce raw NiTi alloys, being 
considered promising technologies for producing raw 
intermetallic compounds [5]. 
 

2. Experimental results 
 

The samples analyzed in this paper were made 
according to the diagram shown in Figure 1, starting 
from raw materials from metallic powders of nickel 
and titanium. From the homogenized mixture of the 
two types of metallic powders were realized by 

compression products that undertook afterwards a 
sintering process. 

 

 
 

Fig. 1. Processing scheme of the nitinol samples 

obtained from metallic powders 
 

 

Fig. 2. Characterization of the nitinol samples obtained by sinterring the mix of the metallic powders 

(according to the process presented in fig. 1) 
 

 
The nitinol samples made after mixing, 

homogenizing, compressing and sinterring the 
powders had a complex characterization in order to 
understand the nature of the resulted phases after 
diffusion (Figure 2). 

2. Results and Discussion 
The investigation through X-ray diffraction 

(XRD) presented in Figure 3, was made in order to 
identify the phases that came out after the diffusion 
processes in the sintered compressed products from 
the powder mix. 

 

 
Fig. 3. Phases detected (by XRD) 

The samples characterization sintered from mixing 
powders of Ni and Ti 

SEM 
scanning  

electron microscopy

XRD  
Phases detected 

(X-ray diffraction)

SPECTROSCOPIE IR 
 chemical analysis (oxygen and nitrogen 

measurements) 
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One can notice that if, after the pressing step the 
phases were Ni and Ti, after the sinterring step inter-
metallic compounds and oxydic phases were formed: 
NiTi, Ti2Ni, Ni3Ti,  Ni2 Ti4 O, TiO, NiO. Analyzing 
the binary equilibrium diagram Ti-Ni (Fig. 4), that 

gives back the areas of the phasic stability for the Ti-
Ni alloys from liquid state to the environment 
temperature, one can notice that similar phases are 
being formed after invariant reactions (except for the 
oxydic ones). 

 

 
 

Fig. 4. Scheme of the Ti-Ni binary phase diagram 

 
The invariant transformations that take place of 

Ti-Ni binary phase diagram are:  
 

- three eutectic reactions:  
iNTiL 2Ti5.24 11

+β↔  

360 iTiNTiNiL +↔  

( )8538.80 NiTiNiL +↔  

- one peritectic reaction: 
iNTiTiNiL 233 ↔+  

- one eutectoid reaction: 
( ) ( ) ( )7533.3325.49 TiNiiNTiNiTi +↔  

 

  
a) b) 

 

 

 
 

Total area of Fig. 5a 

Fig. 5. The SEM microstructure of the sintered products from Ni-Ti powder mix (a, b) 
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The explanation of forming the oxydic phases 
was cleared out after making the spectral analysis, 
chemical analysis (oxygen and nitrogen 
measurements). Oxygen and nitrogen contents (wt%) 
(LECO - The ONH836 Oxygen/Nitrogen/Hydrogen 
Elemental Analyzer is designed for wide-range 
measurement of oxygen, nitrogen, and hydrogen 
content of inorganic materials, ferrous and non-
ferrous alloys, and refractory materials using the inert 

gas fusion technique). As-pressed: oxygen 0.280.03; 
nitrogen 0.0410.007. As-sintered: oxygen over 15 (IR 

cell saturated); nitrogen 2.5490.358.  
The results of the SEM analysis of the sintered 

compressed products in the given conditions are 
presented in Fig. 5. 

Figure 6 presents the chemical composition of 4 
zones with different microstructures resulted during 
sintering after diffusion.  

 

3  
a) 

  
Area marked as 1 in Fig. 6a Area marked as 2 in Fig. 6a 

  
Area marked as 3 in Fig. 6a Area marked as 4 in Fig. 6a 

 

Fig. 6. SEM results sintered material 
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3. Conclusions 
 

The processing of Ni and Ti metallic powders of 
through technologies specific to MP lead to forming 
some materials known as nitinol. 

The nitinol obtaining technology must be 
improved as the XRD, spectral and SEM analysis 
highlighted in the sampled obtained after sintering 
similar inter-metallic compounds with those from the 
binary system Ti-Ni (NiTi, Ti2Ni, Ni3Ti) and also 
oxydic phases (Ni2 Ti4 O, TiO, NiO). 

The main conclusion of the present study is that 
it is required that the future sintering step to be made 
in a protection system (preferably vacuum) due to the 
high levels of oxygen detected in the sintered 
samples. 
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ABSTRACT 

 
The paper is focused on modification of surfaces properties by laser cladding. 

To follow the corrosion behavior in different media of laser cladding layers made of 
nickel based alloy Ni - Cr - B - Fe - Al. It was studied using the potentiodynamic 
method. Elasto – plastic behavior of the assembly base material - deposited layer 
was monitored by using sliding indentation, in dry friction conditions. It was 
determined the bearing capacity of surfaces.  

 
KEYWORDS: laser cladding, microstructure, potentiodynamic method, 

sliding indentation 
 

1. Introduction 
 

Laser cladding is predominantly used to obtain 
highly resistant layers to wear and corrosion Laser 
cladding was defined as a process used to melt, with a 
laser beam on a substrate, a material having different 
physical and mechanical properties. In order to 
maintain the original properties of the material 
deposited, only a very thin layer of the substrate must 
be melted to obtain the minimum dilution (0.5 - 3%) 
of the metallurgical bond of the additional material 
with the substrate.  

Both structure and properties depend on the 
melting temperatures of the support and the material 
deposited, the chemical composition and they may 
vary by applying various thermal regimes and 
granulation of the powder added [1, 2].  

Thus it was found that by altering the power 
density, duration of laser action, feed speed, powder 
feed speed, granulation and powder density, the 
complex of physical – mechanical properties within 
the superficial layers of preset size. Also a good 
quality of the layers deposited implies lack of cracks, 
of porosity, good bond with the substrate and a low 
dilution of the material covering the substrate and 
minimum roughness. 

Corrosion is a real calamity for facilities and 
equipment in all industry sectors, causing premature 
removal from service, interruptions, damaging for the 
production processes and especially the loss of huge 
amounts of metal.  

Thus, in parallel with the development of 
industry there is concern for the study of corrosion 

processes and the development of new methods of 
corrosion protection. 

To provide a complete characterization of the 
laser claddind layers with Ni alloys, corrosion 
behavior was studied using the potentiodynamic 
method (polarization curves plotting) for determining 
the corrosion potential (Ecor), maximum corrosion 
current intensity (Icor) and polarization resistance (Rp). 

The potentiodynamic tests aim to plot the 
polarization curves by varying the current density 
according to the potential. Proportionality between 
potential and current density arises from the overlap 
of the two cathodic and anodic processes, both 
obeying the logarithmic laws. In a corrosion process, 
the two reactions occur on the same metal surface, 
equipotential so that the  experimental measurements 
will give values that correspond to the potential and 
anodic and cathodic current densities, i.e. mixed 
values. Mixed potential and corresponding current 
intensity are also called corrosion potential, and 
corrosion current density, respectively. 

The potentiodynamic method implies 
modification of the electrode potential continuously 
at a preset scanning speed. The sliding indentation 
test is today widely used, esspecially by the coating 
industry and by coating development laboratories, as 
well as in research for evaluating the tribological 
properties of coatings and other hard surfaces. In the 
sliding indentation test, an indentor (in this case a ball 
bearing) is pressed by a normal force on the 
workpiece surface, while being pushed by a force 
tangential to it. 

A material behaviour within an elasto-plastic  
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range depends on: construction parameters (shape, 
dimensions) and operating parameters (kinematics, 
energy, environmental) of the contact; the surface 
layer parameters - microgeometry, metallurgical 
characteristics (chemical composition, purity, 
microstructure) and mechanical parameters (hardness, 
tension) [6]. 

It was found [7, 8, 9, 10, 11] that the value of 
the hertzian stress at which plastic deformation occurs 
in contact increases with the surface hardness. Also, 
the larger the frictional forces, the lower the plastic 
deformation where the seizing tendency occurs. 

The choice of surface hardening processes, 
suitable to a certain material, is an important way to 
increase the bearing capacity of the contacting surface 
and reduce the tendency of seizing. Thus laser 
cladding with alloy Ni - Cr - B - Fe - Al constitutes an 
effective way to increase the surface hardness that 
directly affects their behavior to plastic deformation. 

Characterization of the surface layers can be 
highlighted by an installation with a point contact 
sphere-plane which provides a sliding indentation in 
dry friction conditions. The evolution of the plastic 
deformation of the material tested when applying 
various normal forces led to the determination of the 
bearing capacity. 

According to the literature [1, 2, 3, 4] with the 
surface hardened materials transition from elastic to 
plastic deformation is continuous, so that the strain at 
the beginning of the plastic deformation (δp= 0.1 to 
10 μm) can be expressed with an acceptable 
approximation by Hertz's equations. 

For the point contact sphere-plane, the features 
are: 

- Hertzian pressure: 
 

3/1

23

2*

max
R

EF6
P ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅π

⋅
=                                  (1) 

where: F – normal force, E*  - reduced elasticity 
module, R – indentor radius, Pmax max pressure at 
Hertzian contact 
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5
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2
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1

E
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E

1 ν−
+

ν−
=              (2) 

where: ν1 , ν2 - Poisson coefficients, E1, E2, 
elasticity modules of the indentor and surface being 
tested. 

 
The present study is focused on the corrosion 

behavior in different media of laser cladding layers 
made of nickel based alloy Ni - Cr - B - Fe - Al, and 
of the elasto – plastic behavior  of some laser cladded 
samples with alloys of Ni - Cr - B - Fe - Al (code A  

and B) and the base material (code Mb) made from 
steel improved 1C45, SR EN 10083-1: 2007.  

There were determined the pressures where the 
elasto – plastic transition is initiated for the three 
samples analyzed. 

 
2. Experimental conditions 

 
„Alliages Speciaux 7569 Alliajes Frittes, 

France” powder, with the following chemical 
composition 8.9%Cr; 4.5%Fe; 5.1%B; 2.4%Al; 
0.6%Cu; rest Ni [5, 6], was used for cladding.  

Grain fractions in the 80-90μm range were 
screened separately in order to be used as addition 
material. The powder had a spherical shape which 
provided a fluid flow of addition material through the 
injection system. Before the addition material feeding 
into the system tank, the power was dried at 110oC 
temperature for 15 minutes. 

Cladding was performed on a 1C45, SR EN 
10083-1:1994 steel sample in refined conditions.  

Lab experiments were performed by a Laser GT 
1400W (Romania) type CO2 continuous wave 
installation with x-y-z coordinate running table and 
computer programmed running, provided by powder 
injection system on the laser melt surface, which 
exists at S.C. UZINSIDER ENGINEERING Galaţi.  

For laser cladding a 1.8 mm diameter laser 
beam was used, with 1150 W power, 7.5 mm/s 
sweeping speed, which cladded parallel overlapped 
stripes with 1.5 mm cross travel pass. Addition 
material flow was 105 mg/s. Final thickness of the 
cladding layer was 2.07 mm resulted by 4 layers 
overlapping. 

Determining susceptibility to corrosion was 
achieved at room temperature (24°C) using a Voltalab 
21 system connected to a computer using a 
VoltaMaster 4 software for exprimental data 
processing.  

The potentiostate is connected to the 
electrochemical cell by three electrodes: reference 
electrode, auxiliary electrode and working electrode. 
In the experimental determinations, as reference 
electrode was used a saturated calomel electrode 
Hg/Hg2Cl2/saturated K2SO4, (SCE=+241 mV/EHS), 
and as auxiliary electrode (counterelectrod) a 
platinum electrode.  

The working electrode, that is the laser cladding 
samples on nickel base has been previously prepared, 
polished, made shiny and degreased in accordance 
with ASTM G1 standard. To study only the behavior 
of the laser deposited layers non treated areas were 
covered with a protective lacquer. Also, the surface 
submerged into solution was measured and data were 
entered in the program. 
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Thus the polarization curves were obtained by 
means of which the corrosion behavior of Ni based 
alloy by laser cladding was assessed. Elasto – plastic 
behavior of the assembly base material - deposited 
layer was monitored by using sliding indentation, in 
dry friction conditions. There were determined the 
pressures where the elasto – plastic transition is 
initiated for the three samples analyzed. 

3. Experimental results and discussions 
 

Corrosion testing of each sample began with 
monitoring the corrosion potential (open potential 
circuit - OCP) after immersing samples in the test 
solution until it reached a stationary value.  

Table 1 shows the results of corrosion of the 
laser deposited layers on Ni alloy base. 

 
Table 1. Results of corrosion of the laser deposited layers on Ni alloy base. 

 

Parameters achieved 
E (i=0) Rp Icor Ba Bc Corossion Initial mass Final mass 

Corrosion 
environ-

ment [mV] [Ω.cm2] [mA/cm2] [mV/dec.] [mm/year] [g] 

NaOH, 1N -342.3 245.66 0.03821 34.9 - 56.8 0.01304 2.7709 2.7687 

NaCl, 3% -965.7 315.55 0.22932 438 - 269 0.07826 2.9564 2.9527 

HCl, 1N -505.3 24.65 0.45619 55.70 - 48.4 0.15569 2.8068 2.8016 

H2SO4 1N -472.8 6.18 2.066408 82.5 - 45.7 0.70525 2.7687 2.7417 
Note: E – corrosion potential; Rp – polarization  rezistance; Icor – intensity of corrosion current; Ba, 

Bc – correspond to constants Tafel for anodic and cathodic reaction. 
 

From Table 1 it may be noted that laser 
cladding layer based on Ni alloy is corrosion resistant 
in environment 1N NaOH and H2SO4 1N presents the 
lowest resistance therefore it causes the highest 
corrosion rate. The corrosion caused by Cl- ions is 
weaker than that caused by SO4

2 ions therefore in 
these cases a lower rate of corrosion is reported. 
Polarization resistance Rp is representative for the 
degree of protection of layer deposited on the the 
steel surface. The higher the polarization resistance, 
the more resistant the alloy and lower the Icor. Thus 
we can see that the polarization resistance is higher in 
NaOH and NaCl environments and Icor is lower which 
indicates that coating with Ni based alloy resists 

corrosion in these environments, a fact also visible 
from the values of the corrosion rate. 

Corrosion potential and corrosion current 
intensity characterize the general corrosion resistance. 
The more electropositive corrosion potential values 
and the lower the Icor values of the corrosion current 
intensity, the higher the overall corrosion resistance. 
We can therefore conclude that the deposit features 
good behavior in NaOH environment.  

The polarization curves provide additional 
information on the corrosion behavior of these laser 
deposited layers. 

Fig. 1 shows the Tafel curve resulting from 
corrosion in NaOH 1N. 
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Fig. 1. The Tafel curve - NaOH, 1N environment 
 

Analyzing Fig. 1 we can see that in this solution 
a general corrosion may occur. On the alloy surface 
no protective passive layer is formed.  

Fig. 2 shows the Tafel curve resulting from 
corrosion in NaCl 3%. Fig. 2 shows that the nickel 
based deposition resists corrosion on a wide range of 
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potential. This may undergo localized corrosion 
(pitting) caused by the chloride ions.  

Fig. 3 illustrates the Tafel curve resulting from 
corrosion in HCl 1N. Looking at Fig. 3 it can be 
noticed the presence of widespread high-speed 
corrosion can be noticed. 

Fig. 4 illustrates the Tafel curve resulting from 
corrosion in H2SO4 1N. Fig. 4 reveals a general 
corrosion. Analyzing Figures. 1, 2, 3, 4 it may be 
noticed that the laser cladding with Ni-alloy layer is 
corrosion resistant in environment 1N NaOH and in 
H2SO4 1N environment features the lowest resistance. 
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Fig. 2. Tafel curve - NaCl, 3% environment 
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Fig. 3. Tafel curve - HCl, 1N environment 
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Fig. 4. Tafel curve - H2SO4 , 1N environment 
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Porosity and inclusions may play an important 
role on the corrosion behavior when they are frequent 
and high enough. Inclusions facilitate formation of 
micro-corrosion cells on the surface of the sample 
which worsens its resistance to corrosion. If 
inclusions are high enough local corrosion will occur. 
Influence of porosity on the layer corrosion resistance 
consists of a long process and their effect at the 
beginning of corrosion is not important until 
porosities are not penetrating. The presence of 
porosity can weaken the cohesion forces within the 
layer, resulting in a greater mass loss under the action 
of the electrolyte. In principle, the lower the number 
of defects on the surface, the greater its resistance to 
corrosion. Data presented in the literature [3, 4, 5] 
indicate that corrosion of the Ni-base alloy coating 
occurs first around the particles that were not melted 
during deposition and around defects such as pores, 
inclusions and micro cracks, being followed by its 
propagation along the paths formed by pores, micro 
cracks or lamellar structure, further causing 
exfoliation.  

Adjusting the coating parameters to reduce the 
electrochemical non uniformities or the pore coating 
may increase the layer resistance to corrosion. 

Microstructures of the mark sample and the 
layers subject to corrosion layers are presented in 
Figures 5, 6, 7, 8, 9. 

Fig. 5, 6, 7, 8, 9 indicate the presence of a 
columnar dendritic fine structures of the deposit 
containing nickel-based solid solution and Eutectic 
colonies of borides (NiB, Ni2B, CrB, Cr3B4 and FeB), 
the main hardening phase being CrB. 

The presence of corrosion at the boundary of the 
grain could also be observed in some areas. 

To determine the bearing capacity were made 
series of marks on each specimen. For this type of 
testing, the mobile tribo-element (ball) is subject to 
two forces: one normal on the fixed tribo-element and 
one tangential to its surface. Initially the normal force 
is applied, the ball making a plastic deformation, and 
then the tangential one resulting a trace in the form of 
an elongated groove. 

 
a 

 
b 

Fig. 5. Microstructure of the laser cladding layer on Ni based alloy, mark sample;  
a- layer base, b-layer cross section (x500). Electrolyte attack, solution 50% HNO3 

 
a 

 
b 

Fig. 6. Microstructure of the laser cladding layer, subjected to corrosion in NaOH, 1N; 
a - layer base, b - layer cross-section (x500). Electrolyte attack, solution 50% HNO3 
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a b 
Fig. 7. Microstructure of the laser cladding layer, subjected to corrosion in NaCl, 3%;  

a - layer base, b - layer cross-section (x500). Electrolyte attack, solution 50%HNO3 

a b 

Fig. 8. Microstructure of the laser cladding layer, subjected to corrosion in HCl, 1N;  
a - layer base, b - layer cross-section (x500). Electrolyte attack, solution 50% HNO3 

a 

 
b 

Fig. 9. Microstructure of the laser cladding layer, subjected to corrosion in H2SO4, 1N;  
a - layer base, b - layer cross-section (x500). Electrolyte attack, solution 50% HNO3 
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The indentor speed is 0.2 mm/s, diameter φ 
12.675mm, is made from Rul 1 (SR EN ISO 683-
17:2002), hardened and annealing steel. After each 
test, the ball bearing has been replaced and degreased. 
Before carrying out any test, the sample surfaces have 
been degreased with alcohol, to provide conditions 
for dry friction. The normal forces FN, used for 
indentation were: F1 = 2.886kN; F2 = 4.330kN; F3 = 
5.773kN; F4 = 7.216kN. Roughness Ra, as measured 
by a roughness gauge Surtronic 3+, is Ra ≈0.210μm 
for all surfaces. Max. pressures obtained by relation 
(1) for the normal forces used are given in Table 2. 
The graphical representation of the variation of 
plastic deformation of the depth profile depending on  

Hertzian pressure Pmax in Figure 10 shows the higher 
behavior of laser deposited layers to plastic 
deformation. 

For the experimental data obtained, there were 
determined regression curves showing the 
dependence of plastic deformation given by the Hertz 
pressure under dimensionless form on the bearing 
capacity values for δp/R< 0.001, where δp is the trace 
depth, and R the indentor radius. 

Table 3 provides the regression coefficients for 
the materials investigated which allowed for the 
determination of the max pressure when elasto-plastic 
transition is initiated. 

 
Table 2. Maximum pressure obtained for the normal strains applied 
 

Pmax Normal force, FN  
[MPa] [kN] 

5773.529 2.886 
6609.550 4.330 
7274.611 5.773 
7836.247 7.216 
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Fig. 10. Variation of plastic deformation of the depth profile depending on Hertzian pressure 

 
Table 3. Determination of the max pressure when elasto-plastic transition is initiated 
 

Coefficients Sample 
code 

Function 
a b c d 

Pmax 
[MPa] 

MB y=(a+bx)/(1+cx+dx2) 185896.2 -73.287 30643.098 3.083 2536.56 
A y=(a+bx)/(1+cx+dx2) 101921.62 -20.880 -5772.622 0.560 4881.09 
B y=(a+bx)/(1+cx+dx2) 1357861.8 -257.846  -29288.481 1.174 5266.16 

 
Thus the graphical representation of the relative 

plastic deformation variation δp/R according to the 
hertzian pressure Pmax in Figure 11 shows the 
maximum bearing capacity of the laser cladded 
layers.  

Analyzing Figure 11 it appears that plastic 
deformation is initiated at 4881.09MPa maximum 
pressure for the sample code A, to 5266.16MPa for 
sample code B (which features higher hardness) and 
to 2536.56MPa for base material (MB).  
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Thus the bearing capacity is increased by over 
100% in laser cladding. The efficiency of the laser 
cladding in increasing the bearing capacity and the 

extension of elasticity range of steel 1C45 becomes 
obvious. 
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Fig. 11. Variation of the relative plastic deformation acc.to Hertz pressure  
for the samples code A, B, MB 

 
4. Conclusions 

 

By multi-layer deposition with beam laser in 
continuous wave it can be achieved thick compact 
layers of nickel alloy resistant to wear and corrosion, 
from the Ni-Cr-B-Fe-Al system with good adherence 
to the substrate by a low dilution layer. 

The research on the behavior of laser deposited 
layers with the nickel alloy base in different corrosive 
environments revealed that the layer is corrosion 
resistant in environment 1N NaOH, and 3% NaCl, 
while in H2SO4 1N environmental it features the 
lowest resistance and the highest corrosion rate. The 
corrosion caused by Cl- ions is weaker than that 
caused by SO42- ions and the rate of corrosion is 
lower. 

It was noted that the presence of porosity and 
inclusions affect corrosion behavior. Thus adjusting 
the deposit parameters to reduce or eliminate 
electrochemical non uniformities or pores may 
increase the layer corrosion resistance. 

Experimental research on sliding indentation 
test revealed the following conclusions: 

 laser cladding is an efficient way to move 
the elasto-plastic transition at higher contact 
pressures; 

 with increased layer hardness and normal 
force, the friction coefficient decreases, and the 
material can be used at higher pressures;  

 with increase layer hardness the  trace depth 
is reduced; plastic deformation is initiated at the 
maximum pressure of 4881.09 MPa with sample code 
A, to 5266.16 MPa for the sample code B (which has 
higher hardness) and to 2536.56 MPa for the base 

material (MB). Thus the bearing capacity is increased 
by 92.42% at the sample code A and to 107.61% for 
sample code B, as compared with the sample code 
MB. 
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ABSTRACT 
 

Phosphate conversion coatings are used on the galvanized steel. By forming a 
thin protective film on the surface of the steels this treatment enhances corrosion 
resistance. This paper presents studies on phosphate passivation solutions. The 
results of treatments for different treatment times and more compositions were 
analyzed in terms of layer thickness, structural aspects, adherence, and continuity 
of films. Corrosion resistance was assessed by the linear voltammetry test. Active-
passive curves were analysed and compared with unpassivated galvanised samples. 
For each passivation solution experimented Tafel curves were drawn and corrosion 
rates were determined. The optimal passivation conditions were settled as function 
on obtained results. 

 
KEYWORDS: galvanized steel, phosphate conversion coatings, corrosion 

behaviour 
 

1. Introduction 
 

The phosphate-based conversion is a method 
used to protect the metal against corrosive 
environments. This is one of the chemical conversion 
methods and involves a surface modification that 
increases the passivation tendency of zinc coated 
steel. By forming a physical barrier on the surface of 
galvanizing steels the appearance of the “storage 
stain” or “white rust” is inhibited.  

These are more attractive alternatives to 
chromate conversion treatments that involve the use 
of chromic acid containing Cr6+ species. The 
chromate conversion coating based on Cr6+ presents 
environmental and health risks and was banned by the 
EC today. There are numerous restrictions of 
hexavalent chromium bearing chromate conversion 
coatings as top-coat of zinc coated steel [1, 2]. As a 
result, environmentally friendly chromate free 
passivation treatments were developed. As potential 
alternatives to hexavalent chromium, molybdates, 
tungstates, permanganates, vanadates, rare earth 
elements (especially cerium) and organic compounds 
were studied [3-7]. 

The phosphating is a common chemical 
conversion treatment that is applied to enhance 
corrosion resistance [8-10]. It is preferred because it 
is economical, demonstrates speed of operation and 
ability to afford excellent corrosion resistance, wear 

resistance, adhesion and lubricative properties. For 
the first reliable record of phosphate coatings applied 
to prevent rusting of iron and steel (a British patent of 
1869 [11]), numerous developments have taken place. 
Certain factors influenced the processes and, as a 
consequence, the formation of a stable and uniform 
coating for corrosion protection remains a challenge. 
To improve the quality of conversion coatings the 
works have been concentrated on the study of process 
parameters and their optimization. [12]. The structure 
and composition of the phosphate deposition is 
influenced by numerous factors. Working 
temperatures, the degree of agitation of the bath and 
the concentrations of the constituents in the 
phosphating bath are the most important parameters 
that affecting the process. On point of economical 
view to achieve the coating formation in a practicable 
time a wide variety of acceleration methods 
(chemical, mechanical, electrochemical) for the 
immersion processes must be applied as an alternative 
to Cr(VI) post treatment. The addition of specific 
compounds to the phosphating baths has also its own 
influence on phosphating. A wide variety of 
phosphating compositions are available and new 
types of phosphate coatings were developed in 
respect to the regulations imposed by the 
environmental pollution control. For example, the 
molybdate–phosphate system was introduced by Tang 
et al. for corrosion protection of galvanized steel [13, 
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14]. In this paper a passivation treatment based on 
phosphate stabilization was analysed. The quality of 
the phosphating deposition was analysed by some 
characteristics. Coating thickness and coating 
porosity were observed. The stability of the 
phosphate coating as an important property was 
characterized in terms of the electrochemical 
behaviour of the zinc layer in phosphate passivation 
solutions. 

 

2. Experimental results and discussion 
 

The hot dip galvanized steel sheet has been 
passivated by total immersion of samples into zinc 
phosphating solution.  

Its chemical composition is given in Table 1. 
The phosphating was carried out at variable times: 10, 
15, 20, 30 and 60 seconds respectively.

Table 1. Chemical composition of the pasivation coating  
 

Zinc dihydrogen 
phosphate 

Fluotitanic  
acid 

Molybdate 
diamonium Code 

[g/L] 
P1 1.0 0.25 0.25 
P2 2.0 0.5 0.5 
P3 4.0 1.0 1.0 
P4 6.0 1.5 1.5 

 
For fastening of the conversion coating the 

samples were heated at 1200C. The thickness of the 
deposition has been quantified in terms of weight per 
unit area (as g/m2). This has been determined by 
weighing of the samples before and after immersion 
into solution and drying of the passivating layer. The 
thickness of the layer depends on the chemical 
composition of the solution and the immersion time 
as show the results in Figure 1. The thickest layers are 
obtained for samples treated in the passivating 
solution code P4 and the thinnest for those immersed 
in the solution code P1. The thickness of the zinc 
passivating layers varies between 1 and 3g/m2. From 
this point of view the zinc passivating solutions P2 
and P3 are optimal. The phosphating coatings were 
examined by optical microscopy (Figure 2). For the 
sample immersed in solution code P2 and 10 seconds 
for treatment time, uniform layers were obtained. 
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Fig. 1. Thickness of layer depending on the 
immersion time and composition of the 

passivating solution 

 

    
5%, 10 s 5%, 20 s 10%, 10 s 10%, 20 s 

    
20%, 10 s 20%, 10 s 30%, 10 s 30%, 20 s 

 

Fig. 2. Appearance of the surface of samples depending on passivating conditions (X500) 
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The corrosion behaviour was carried out with a 
potentiostat. The linear voltametry i=f(E) method was 
applied from -2000mV toward the anodic direction of 
1000mV with a scan rate of 100 mV/min  

The corrosion behaviour of the layers has been 
observed by introducing them in corrosive 
environments, 3%NaCl solution. A three electrode 
system with an electrochemical cell volume of 

100mL was used to perform the experiments. The 
auxiliary electrode was a platinum sheet and the 
reference electrode was calomel. The working 
electrode was the experimental samples which has an 
electroactive area of 1cm2.  

Before the experiments, samples was degreased 
in acetone and alcohol, rinsed with distilled water and 
then, dried in air.  

 

 

Fig. 3. Schematic representation of cyclic voltammogram 
 

The electrochemical evaluation of corrosion 
resistance of phosphate coatings can be done by 
analysing the curve of polarization of the metal in 
question. This allows potential electrochemical 
separation in the areas of: immune, active, active-
passive, passive, transpassive and oxygen evolution 
as shown schematically in Figure 3. The corrosion 
process takes place in the active zone were the metal 

passes into corrosive media as ions by the reaction 
M→Mn+. In this interval the current density is 
increased up to a critical value (icrt) and then start to 
decline until the passivating potential (Epass). The 
passivation is the result of formation of corrosion 
products film in accordance with the corrosion 
reaction M→MxOy. In the transpassive region, the 
oxide film starts to dissolve oxidatively [15]. 

  

         
a)                                                                           b) 

          
c)                                                                        d) 

Fig. 4. Anodic polarization curves obtained for zinc phosphate coated steel compared  
with galvanized sample 
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Figure 4 presents the anodic polarization curves 
obtained for zinc phosphate coated samples compared 
with an untreated hot dip galvanized steel sample. It 
should be noted that all of the four solutions ensure 
for material a lower active zone than for zinc. Also 
this is valid for the critical potential (Ecrt.), 
respectively: Ecrt.P2˂ Ecrt.P3˂ Ecrt.P1˂ Ecrt.P4˂ Ecrt.Zn. 

Sample 2 (Figure 4b) is the most rapidly 
passived (Epass≈-1100mV) compared with the 
galvanized sample (Epass≈-1050mV). 

From the experimental data obtained from 
measurements we chose the Tafel method to study the 
corrosion behaviour.  

 

The analysis of the graphical representations 
made it possible to determine the electrochemical 
parameters of the corrosion process: corrosion 
potential Ecorr, corrosion current density icorr, 
polarization resistance Rp and corrosion rate Vcorr, 
(Table 2). 

 

Table 2. Electrochemical parameters of the corrosion process 
 

Icor E (i=0)  Rp  Vcor 
Code 

[mA] [mV] [kΩ.cm2] [mm/y] 

Zn 31.300 -1392.1 0.30166 0.366 

P1 16.2355 -1374.4 1.15 0.190 

P2 8.2595 -1328.0 1.01 0.097 

P3 12.9615 -1335.0 0.53508 0.152 

P4 15.7984 -1344.0 0.64429 0.185 

     
Figure 5 shows the Tafel curves in case for each 

sample studied. The Ecorr potential was shifted to 
most negative values. The passivated sample into 
solution code P2 has the most negative Ecorr value 
potential, thus confirming the highest corrosion rate 
value. 

 
Fig. 5. Tafel curves for galvanized sample and 

respectively for passivated samples  
 

3. Conclusion 
 

Surface quality of the passivated galvanized 
steel is important for the corrosion behavior of the 
coating. The passivated surfaces show a yellow-green 
appearance for solutions code P1, and green for code 
P4.  

Microscopic appearance for high immersion 
times has shown a continuous and thin layer. 

Layer thickness is high for solution code P4, 
minimum for the solution code P1, medium for 
solution code P2 and P3. For each solution the layer 
thickness increases at the immersion time. 

In all solutions tested, result coatings more 
resistant to corrosion in seawater compared with 
galvanized steel. 

The highest rate of corrosion corresponds to 
passivating solutions P2, P3 and P4; the best being the 
solution P2. 
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ABSTRACT 
 

The paper focuses on review investigations of electrodeposition processes of 

metallic coatings containing dispersed nanosized particles. The nanosized particles, 

suspended in the electrolyte by agitation and/or use of surfactants, can be electro-

co-deposited with the metal. The inclusion of nanosized particles can give (i) 

increased microhardness and corrosion resistance, (ii) modified growth to form a 

nanocrystalline metal deposit and (iii) a shift in the reduction potential of a metal 

ion. Many operating parameters influence the quantity of incorporated particles, 

including current density, bath agitation (or movement of work piece) and 

electrolyte composition. High incorporation rates of the dispersed particles have 

been achieved using (i) a high nanoparticle concentration in the electrolyte solution, 

(ii) smaller sized nanoparticles; (iii) a low concentration of electroactive species, 

(iv) ultrasonication during deposition and (v) pulsed current techniques. 

Compositional gradient coatings are possible having a controlled distribution of 

particles in the metal deposit and the theoretical models used to describe the 

phenomenon of particle co-deposition within a metal deposit are critically 

considered. 

 
KEYWORDS: metal–matrix composites (MMCs), nano composites, coating, 

functional composite, nano particles 
 

1. Introduction 
 
The number of publications dealing with 

obtaining functional matertials has considerably 
increased lately. In addition, to the increased number 
of publications in this area, a comprehensive review 
of the mechanism and process of electrodeposition of 
nano composite layers is necessary. 

In this case the purpose of this pape is to addres 
the need for reviewing the publications in the 
literature. Composite layers in cobalt matrix may 
provide properties comparable or even better 
(hardness, corrosion resistance and abrasion 
resistance) than other composite layers especially for 
high temperature applications. The objective of this 
paper is to investigate the parammeters for obtaining 
nanocomposite layers in cobalt matrix. There are few 
reports in the literature on the preparation of 
composite layers in cobalt matrix by using inert 
particles incorporation namely carbides - SiC [1, 2, 3] 

oxides (Cr2O3, [4], ZrO2 [5, 6], CeO2 [7] lantanides 
[7]). 
 

2. Electrochemical method 
 

Nanocomposite layers with unique properties 
may be produced by different methods [8].  

The most widely used method of obtaining 
composite materials is electrochemical co-deposition 
as it features clear advantages in comparison with 
other similar methods (chemical deposition by 
evaporation, electrochemical deposition by 
evaporation, plasma spraying vaccumm spraying) 
(Table 1) [9].  

The electrochemical co-deposition is easier to 
apply because it requires simple facilities and low 
cost reactants as compared with the other methods; 
therefore the basic advantage of this method is 
efficiency. Table 1 lists a number of nanostructures 
materials obtainable by electrodeposition [9]. 
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Table 1. Various types of nanostructured materials which may be produced  

by electrodeposition methods [9]. 
 

Methods of electrodeposition Nanoparticles in a metal deposit 

Direct current (DC) 
 

Pulsed direct current (PDC) 

Single metal deposit and nanoparticles 

 

Pulsed reverse current (PRC) 
 

Potentiostatic (P) 

Alloy deposit 

 

Pulsed potentiostatic (PP) 

Multilayer deposit 

 
 

Nanocomposite structures have long been 
known for their properties due to extremely fine 
microstructures [8]. Functional surfaces of improved 
and extremwely complex optical, magnetic, 
mechanic, chemical and tribological properties are 
attractive for industrial and biomedical applications 
[8, 10]. Electrodeposition is a method involving co-
electrodeposition of metal, nonmetal or polymer 
particles into the metal layer under the effect of an 
electric field. Thus, the co-electrodeposition of 
various metal matrices such as Ni and Zn, with a 
large variety of powders from hard carbides like SiC, 
oxides ZnO, has been intensively studied by Abdel 
Aal & al. [8]. During this process, particles are 
suspended in a solution of conventional electrolyte, 
captured in the metallic matrix producing composite 

layers. Moreover, the degree of particles inclusion 
depends on the nature of used particles (size, shape), 
and the working conditions (current density, 
temperature, pH of solution, deposition time, 
concentration of the particles used in the electrolyte 
solution) [8]. 

Functional surfaces are considered 
nanocomposite layers when one of the sizes of the 
components is of nanometric order, of typical 
dimensionsa below 100 nm. There is a variety of 
nanometric particles, ranging from 1nm to 100nm, 
that have successfully been incorporated into metallic 
matrrix by electrodeposition [9].  

Particles such as oxides of Al2O3 [12, 13, 14, 
15], ZrO2 [16, 17], TiO2 [18, 19], CeO2 [20, 21] or 
carbides like SiC [1, 2, 3]. 

 
 

Fig. 1. Mechanism of particle co-deposition in a  

metallic metallic matrix adapted acc to (Low 2006) [9] 
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The inclusion of dispersed particles into a metal 
matrix has been a scientific novelty and composite 
layers feature quite interesting properties. The 
inclusion of the disperse phase into composite layers 
implies a complex interaction (Fig. 1) of the particles 
with the hydrodynamic electric field with the metal 
crystal growth surface and depends on the electrolyte 
concentration [11]. The metallic matrices most widely 
used are Ni [23, 24, 28, 29, 30, 31, 56], Cu [15], Zn 
[10], Co [1, 2, 3]. In spite of all these also attractive 
are metallic alloys such as Ni-Zn, Ni-Co [25], [26]. 
Obtaining functional surfacs by electro-co-deposition 
requires stable suspensions, ceramic particles 
positively charged. It is extremely important to 
prevent particles clustering in suspension so as to 
ensure a controlled deposition and an even 
distribution of particles in the composite layers. The 
most investigated composite systems have been Ni-
SiC due to their potential technological applications 
[23-31]. Taking into account the wide variety of 
metals that can be used; the process of co-electro-
deposition makes it possible to produce a wide range 
of composite layers which, unlike pure metallic 
layers, feature improved physical, chemical and 
electro-chemical properties [11, 27, 31]. The use of 
composite layers starts back in 1950 on automotive 
engines [4] which progressively develop [11]. In 
1970 and 1980, researches have focused on the need 
to produce layers of improved mechanical properties, 
to increase steadiness to corrosion and wear. In the 
90s’ new areas emerged, such as electrocatalysis 
associated with an increased interest in particle sizes. 
In his work, Musiani comments upon the new 
applications reached by the process of 
electrodeposition [32]. The concentration of the 
particles incorporated into the electrolyte solution is 
the essential parameter to successfully obtain 
composite layers, as they determine to a great extent 
the properties of the composite layers such as 
corrosion and wear resistance, corrosion protection to 

high temperatures as compared with the 
corresponding values of the pure metals or alloys 
[32]. Another essential factor is the even distribution 
of particles in metallic matrix [33]. It should, 
however, be underlined that the morphological and 
structural characteristics of the metallic matrix are 
strongly affected by the presence of nanoparticles 
[11]. The future of these materials strongly depends 
on the capacity of producing them by low cost 
reliable procedures. The co-electro-deposition method 
meets part of these requirements since it is an 
economical and less costly technique than other 
preparation procedures. These are some of the reasons 
why this method has become so popular [4, 11, 32]. 
The processing temperature (room temperature) 
reduces to a minimum the chemical reactions and the 
interdiffusion between substrate and composite 
layers. The layer thickness can be accurately 
controlled by monitoring the time, the current density 
and the bath composition (pH) which can be adapted 
as shown by Bicelli & Co in 2008 [34]. Therefore the 
structure, morphology and properties of the 
composite layers are fundamentally affected by the 
electrodeposition parameters such as electrolysis 
conditions (composition and the electrolytical bath 
stirring speed, presence of additives, temperature, pH) 
[11] and the particle properties (type, size, shape, 
concentration and dispersion into the electrolytical 
bath) [9, 27, 32]. 

 
3. Mechanism of co-electro-deposition of 

inert particles in a metallic matrix 
 
Much information on the electrodeposition 

mechanism is obtained from the literature. Co-
deposition mechanisms for inert particles co-
deposition into the metallic matrix have been 
developed by means of micrometric – sized particles 
[9, 27, 35].  

 
 

Fig. 2. Electrodeposition process proposed by Guglielmi, adapted after [36] 
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The first proposed model was reported in 1962 
by Whithers followed by the model advanced by 
Martin & Williams in 1964 [35]. But the first model 
applied even today is the model of Guglielmi [36] 
who regards the deposition process as a succession of 
two phases: a slight electrochemical adsorbtion phase 
and a strongly chemical phase. The physical sense of 
both phases has not been assigned a clear 
mathematical expression yet and the model fails to 
consider the issues related to the electrolyte stirring 
(Fig. 2), a model verified for particles of SiC and 

TiO2 in Ni matrix and for alumina particles in Cu 
matrix. 

The model proposed by Celis & co (1987) [37] 
makes use of the concept of probability to describe 
the amount of particles to be incorporated at a given 
current density and implies the existence of some 
stages of incorporation of particles into the metallic 
matrix: (i) reduction of ions at cathode, (ii) adsorbtion 
of particles onto the cathode This model has been 
validated by examining the (Al2O3) particles in Cu 
matrix [37].  

 

 
 

Fig. 3. Electrodeposition process proposed by Celis, Buelens et al.  

adapted for the system Co/ZrO2 after [37] 

 
Out of the experimental results reached 

accounting to this model, we mention: Ni-AZY [38], 
Ni-SiC [22, 29, 30, 31], Ni-TiO2 [19], CeO2-SiO2/Ni-
W-P [40], Ni-Al2O3 [41, 42, 43, 44, 48], Ni-SiO2 [45, 
46], Ni-Co/SiC [38] and Ni-MoS2/Al2O3 [47], Cu-
CeO2 [49], Co-ZrO2/CeO2 [50], Ni-CeO2 [51]. 

However, the interaction particle-electrode, 
their relative importance and attraction force is still an 
issue for further discussions. On these principles 
focused Vereecken and collaborators [52] who stated 
that the transport of particles up to the surface of a 
substrate is controlled by difussion and the influence 
of the particle gravity force is represented by the 
different current densities used to obtain composite 
layers.  

More recently, in 2007, Lee and Talbot [11] 
proposed a model by which it can be found the 
amount of nanoparticles incorporated into a kinetic 
process and the mass transfer in the electro-chemical 
deposition region which is consistent with the 
experimental data provided on the system Cu-Al2O3. 

Nowadays, the models used to describe particle 
inclusion are limited to certain conditions and 

empirical studies in laboratory are still very important 
in this respect. Future models describing the process 
of particle co-electro-deposition in a metallic or non 
metallic matrix shall need special attention to be 
focused on: characteristics and properties of 
nanoparticles (composition, dimension, density, 
crystallographic structure), along with the operating 
parameters during the co-electrodeposition process 
[11].  

The validity of the theoretical models of 
incorporation underlying the inclusion of particles 
into a metallic matrix requires special attention 
because the electrochemical process of co-electro-
deposition is not fully understood yet [11, 27, 32]. 

 

4. Process parameters 
 
The amount of particles incorporated into the 

metallic matrix (metal or alloy) is the most important 
parameter taken into account when such functional 
surfaces are being obtained. As shown in previous 
sections, composite properties are determined to a 
large extent. In order to obtain a composite of 
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exceptional properties, the effect of the process 
parameters on the content of the particles should 
therefore be known. Besides the practical meaning of 
these effects, also a necessary condition is to 
understand the mechanism of particle co-deposition. 

In the long run it has been found that there are 
many, direct or indirect process parameters which 

affect the content of particles in the composite layers 
[9, 37, 53, 54]. 

A large variety of particles (micro and 
nanometrice dimensions) has successfully been 
incorporated by co-electro-deposition. Table 2 shows 
a number of types of particles included into a metallic 
matrix by co-electro-deposition. 

 
Table 2. Inclusion of other types of particles into metal deposits by electrodeposition 
 

Nanoparticles Metallic matrix Substrate Ref. 
SiC Ni steel [55, 56, 57] 
SiC Ni-Co Cu [22, 58] 

CeO2 Cu steel [21] 
Al2O3 Ni, Co steel [59, 60] 

CeO2, L2O3 Co steel [7, 61] 
ZrO2 Cu steel [62] 
TiO2 Zn steel [63] 
CeO2 Ni steel [64] 
Al2O3 Ni steel [41, 66] 
SiC Co steel [3] 
ZrO2 Co steel [67] 

 
The inclusion of nanometric particles into metal 

layers depends on process parameters including the 
particle characteristics, concentration [11, 68, 69], 
type, shape dimension, electrolyte composition 
(concentration of electrolytes, additives, temperature, 
pH) [11], curent density [9, 11, 27, 32] and electrodes 
geometry (disc, plate or other variants), stirring speed 
[11]. 

Composition of the electrolyte is known as an 
important factor which influences the process of co-
electro-deposition [7, 9, 11]. However, an accurate 
image of the effect of the experimental parameters is 
often hard to get. In most recent papers reported it is 
suggested the existence of three global factors to be 
identified as affecting the co-deposition, namely (1) 
density of the applied current, (2) type and 
concentration of particles and (3) electrolyte stirring 
speed [9, 11, 27, 32]. 

 
5. Current density 

 

There is a variety of techniques to be used, such 
as direct current, pulse current and reverse pulse 
current. In electrodeposition, the method most widely 
used to obtain nanocomposites, the most important 
parameter is the current density. This technique is 
based on the concept that inclusion of nanoparticles 
occurs simultaneously with the reduction reaction on 
the metal layer surface. Hong-Kee Lee [70] 
researches the effect of SiC particles of micro and 
nanometric sizes in a Ni matrix.  

Taking into account the effects of the deposition 
parameters, pH of the depostion bath, the current 

density and the stirring speed, the particle 
concentration, some authors notice two different 
effects of the current density:  

1) a small or zero influence of the current 
density on the number of particles incorporated; 

2) others say that a significant effect takes place 
along with the presence of one or more particles 
stirring speed depending on the current density 
resorted to (Ni-SiC) [71]. 

It has been found that the degree of inclusion of 
the disperse phase decreases with increased current 
density for the systems Cu-ZrO2 [62], Ni-Al2O3 [41, 
66], and also that an increased current density leads to 
a higher inclusion of the dispersed phase in the 
metallic matrix [1] for the systems  Ni-TiO2 [7], Co-
SiC [72]. The current density also was found to affect 
the amount of alumina nanoparticles in the Ni matrix 
electrodeposited [73]. 
 

6. Electrolyte stirring 
 
Particles to be included into a metallic matrix 

should be carried away from the solution to further 
reach the cathode surface [1, 9, 27, 32] According to 
the literature [74] it becomes obvious that the 
electrolyte stirring speed enables particle transport 
and an increased stirring speed results in a larger 
amount of particles being incorporated [9, 11]. In 
spite of this, Hovestad &Co (1995) [27] reported that 
a too high electrolyte stirring speed decreases the 
particle co-deposition, because a too high speed 
makes the particles collide and thus remove the 
particles from the cathode surface before inclusion.  
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Therefore, all researchers have made use of a 
certain type of electrolyte bath stirring and sometimes 
[9, 11, 27, 32, 75] have mixed the electrolyte particles 
before experiments so as to reach a stable suspension. 
The electrolyte mixture help the clustered particles 
separate and homogenous deposits be obtained, 
containing finely dispersed and well distributed 
particles [11].  

The effects of such a parameter on co-electro-
deposition should be accounted for by the fact that 
particles affect suspension stability. Beside particles 
conveyance, stirring is also used to keep particles in 
the suspension. 

Suspension stability increases with reduced 
degree of inclusion of particles (θ), which in the case 
of spherical particles is given by Stokes law [27]. 

ϑ= 2grp
2(ρp-ρe)/9η    (1) 

with: v - rate of incorporation of the particles, g - 
acceleration due to gravity (g = 9,81 m/s2), rp - 
particle radius (m), ρp - particle density (kg/m3), ρe - 
density of the solution (kg/m), η - viscosity 
(expressed in kg/m s). 
 

Suspension stability directly depends on the 
particles size and density which is different for each 
particular type of particles. Moreover, density and 
viscosity of the electrolyte are determined by the 
elements of the bath and temperature [11, 27]. 

The basic purpose of the electrolyte stirring 
speed is to keep the particles in suspension and 
prevent their settlement or foating in the electrolytic 
solution. Stirring may be reached through air 
bubbling, by electrolyte recirculation or by means of 
a laboratory magnetic stirrer [9, 11, 27]. 

 

7. Bath composition 
 

Although these parameters are less investigated 
than particle properties, current density or stirring 
speed, the electrolyte composition is also an 
important parameter in the co-electro-deposition 
process [9, 11, 27, 32]. From the researches it is 
found that the composite layers the easiest to obtain 
are those in matrix of Ni, Fe, Zn, the more difficult to 
obtain are those based on Ag, while the most difficult 
are those related to chrome (due to the higher 
hydrogen current output and the presence of a 
cathodic film on these metals) [4]. A certain 
electrolyte compsition and certain electrolysis 
conditions facilitate inclusion of the dispersed phase 
into the matrix or its removing (ex: Cu-Al2O3: easier 
to obtain from base electrolytes) [4].  

 

8. pH of plating baths 
 

Investigations [27, 32, 74, and 75] on the effect 
of the bath pH provide comparable results. Particle 
inclusion drastically decreases in acid electrolyte 

solutions (pH from 2 to 3) and stays almost constant 
or slightly decreases over this level [11, 27].  

- electrolyte pH plays an essential role in 
making composite coatings especially in case of 
particles interaction with the matrix being formed due 
to the variation of the dispersed phase as a result of 
the excess ions of OH- or H3O

+, and interaction of the 
hydrogen which gets separated [11, 27, 74, 75]. 

 
9. Additives 

 

In order to incorporate particles into the metallic 
matrix, an important role is played by additives [11, 
27, 76, 77]. By adding small amounts of monovalent 
cathions such as tetra-etilen pentamina (TEPA), 
alanina, etilendiamino tetraacetic acid (EDTA), 
gelatin, dodecil sodium sulphate [64] favourise 
particle co-deposition. Inclusion of nanoparticles of 
TiO2 in a Zn matrix [75] is improved by adding cetyl-
trimethyl-ammonium bromide which is an anionic 
tension active agent. 

Kanagalasara Vathsala [27] adds a surfactant 
(SDS) in the electrodeposition bath to stabilize the 
suspension of ZrO2 particles. Tension activators 
improve the suspension stability by increasing the 
moistening of the particles in suspension thus 
providing a better adhesion to the cathode surface 
[27]. The moistening capacity of the particles is not a 
major problem in co-deposition but there are 
additional advantages when using cationic tension 
activators [27, 76]. These cationic tension activators 
provide a positive degree of inclusion of the particles, 
prevents clustering and electrostatic attraction at the 
cathode. Similarly, by using a tension activator agent, 
H. Gül & Co [65] have made Ni coatigns containing 
about five times more particles of alumina (Al2O3), as 
compared with other exeperiments. The disadvantage 
of using tension activators is that these are 
incorporated in the deposit [65]. 

 
10. Conclusions 

 
Co-electrodeposition of inert particles in a 

metallic matrix is a suitable technique of making 
functional layers. Especially in this field it provides a 
good alternative to other techniques and makes it 
possible to produce functional surfaces of unique 
properties. Many independent parameters influence 
the process of co-deposition.  

An accurate classification of the effect for each 
parameter is hard to obtain as these are often different 
and in some cases even contradictory. Particle 
concentration, current density and stirring speed seem 
to be the most meaningful parameters. Most 
researchers suggest that the mechanism of growing 
the codeposited layers plays an important role and 
this calls for further investigations. 
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The mechanism of co-electrodeposition implies 
transportation of particles to the cathode surface by 
means of the stirring speed and inclusion into the 
metal takes place by reducing the ions adsorbed. The 
attempts to develop models capable of predicting the 
mass of particles inclusion under experimental 
conditions have failed so far. Nowadays, models 
involving detailed descriptions of particles 
transportation and particles interactions with the 
cathode provide a promising perspective of obtaining 
functional surfaces. 

A number of co-electro-deposition techniques 
(DC, PVD, etc) have been used to include particles of 
nanometric dimensions in metallic matrix. Such 
techniques made it possible to obtain functional 
surfaces featuring a wide range of properties which 
are clearly better than those of pure metals or alloys. 

In some cases (DC), it has been shown that this 
method is inferior to PVD for making 
nanocomposites. Benefits of these procedures include 
surface nanostructures, increased degree of inclusion 
into the metallic matrix and selectively, the particles 
size. 

Inclusion of nanometric particles may provide a 
growth of the metallic crystalls forming a deposit of 
nanocrystalline metal. Inclusion of nanometric 
particles may increase microhardness and corrosion 
resistance. 

The different theoretical methods that describe 
the dispersed phase behavior in a metallic matrix 
require special attention; the experimental studies are 
carried out on current densities, mass transport, and 
degree of inclusion of nanoparticles. 

Co-electro-deposition of particles is 
significantly better by decreasing the pH and adding 
additives into the electrolytes. Inclusion of particles 
in a metal matrix results in functional surfaces with 
physical, chemical or mechanical properties 
depending on thickness.  

Now the process of co-electro-deposition of the 
nanoparticles is still in progress but has already 
shown certain advantages for various applications. 
This technology of functional surfaces has a great 
potential for further developments in industry and 
biomedicine. 
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ABSTRACT 

 
This paper aims to study bulk severe plastic deformation processes capable to 

produce ultrafine grain and also nanostructured 3D materials, interesting for 
processing in current industry. Samples of copper alloy were solution treated and 
then were subjected to repetitive Equal Channel Angular Pressing at room 
temperature in 1 to 8 passes, using route C. Severely deformed specimens were 
studied after each deformation pass. Their microstructural evolution and 
mechanical properties were investigated. Optical microscopy progression is 
evaluated on each separate ECAP pass. It is well known that although copper is a 
deficient resource it is used to the same extent as aluminum, a rich resource on the 
earth’s crust. This research signs up in the category of new technologies for 
obtaining bulk metallic nanostructures that allow more judicious use of copper 
alloys by the substantial improvement of properties of use. 

 
KEYWORDS: SPD, ECAP, UFG, in bulk nanomaterials, coopper, 

microstructural evolution 

 
1 Introduction 

 
Ultrafine grain materials and much interesting 

materials with nanoscale dimensions nowadays are a 
challenge for researchers and also an issue up to date. 
Special attention is given now to study how to obtain 
massive nano materials. In bulk nanostructures have 
all three dimensions at the nanometric scale (3-D). 
Numerous methods have been developed for the 
manufacturing of nanomaterials. Severe plastic 
deformation is remarkable way for metallic massive 
material. In this approach it can be obtained 
crystalline grain size varies from less then 100 nm or 
up to 200 nm until 500 nm for ultra-fine grained in 
bulk metallic materials [1-3]. 

Since the 80s when Ruslan Valiev developed 
equal channel angular extrusion, this type of top-
down methods, investigations using this method have 
exploded. Since then has tried producing massive 
material with three dimensions at the nanoscale by 
ECAP. Equal channel angular pressing or extrusion 
(ECAP or ECAE) have been defined that a process 
used to applied severe plastic deformations (SPD) to 
processed materials with the target of improving their 
mechanical properties by reducing the grain size. 
ECAP uses a die where there are cut two channels, 
equal in cross-section, intersecting at an inner angle 

denoted in literature with Φ, which is generally close 
to 900. The sample is pressed around a sharp corner. 
ECAP introduce large plastic strains in metals and 
their alloys to reduce grain size, using repetitive 
pressing. The final ECAP products have nanometric 
grains or ultrafine grains, but keep the cross section 
and shape like initial sample. Therefore the ECAE 
process allows the achievement of very refined grains 
as a consequence of the shear deformation that that 
takes place in the billet when crossing the intersection 
between channels. ECAP is based on increasing the 
free energy of polycrystalline alloys initial coarse 
grain, thru introduction high density of defects, 
especially dislocations [4]. 

The advanced materials science has got in 
central topics getting an optimal combination of 
properties of hardness and plasticity simultaneously. 
The interest increasingly higher in all used or 
potential severe plastic deformation methods of grain 
refinement is related to the fact that homogeneous 
pore-free polycrystals with ultrafine grain can be 
achieved currently. In this way ECAP is far one of the 
most promising SPD methods due to its potential for 
industrial exceeding the limits [5].  

The properties of bulk nanostructured or UFG 
alloys differ very much from those polycrystalline 
with the same average chemical composition, massive  
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with micrometer scale. In case of ECAP, the grain 
size of the final product can be varied by controlling: 
die designed angles (Φ and ψ the outer angle), 
pressure, number of successive passes, processing 
route. Two of the most important contribution are 
processing route and die angle because of slip process 
during ECAP. They are mostly reflected in the 
contributions of newly activated slip systems and 
reversed slip systems at the pass-to-pass processing, 
[6] different for each route applied. 

In the present work we studied technical pure 
copper, which especially occur the grain size and 
influence of deformation, often deviates from simple 
shear, due to the existence of friction, strain 
hardening of material, or die design. 

ECAP are feasible process for bulk 
nanostructure or ultrafine grain materials for copper 
alloys, whose performance increased spectacular by 
severe deformation. That allows more judicious use 
of copper alloys in the industries. 

 
2. Experimental 

 
This study was carried out on a technical pure 

copper, supplied as rolled billets 10 mm x10 mm and 
cut at 10mmx10mm x50mm. The billets were pressed 
in ECAP die with channel section 10mm x10 mm. 
The specific die angles, inner Φ 900 and outer Y 130 
determine effective strain 1.07 in one pass [7].  

Specimens were pressed via route C at room 
temperature. After first pressing the ECAP die was 
rotated and the specimen was pressed back in the 
vertical channel. Then specimen was pushes without 
extraction 8 passes, only with die rotates. The 
constant pressing was employed using a 20 tf press. 
Before pressing the samples were lubricated with a 
suspension of graphite in mineral oil to reduce 
friction. The speed of pushing plunger was 17.3 
mm/s. Similar ECAP process was conducted to obtain 
specimens with 1, 2, 3, and 8 passes, equivalent 
strain: 1.07, 2.14, 3.21, respectively 8.56.  

Following the ECAP procedure were obtained 
eight samples, with different equivalent strain. The 
samples were used for investigations after severe 
plastic deformation. The force variation in both 
processes, ECAP respectively direct extrusion was 
monitored with Hottinger Spider 8 system and force- 
stroke data was recorded. 

Micro-Vickers hardness measurements were 
made on center and margin ECAP samples in 
longitudinal section using a digital instrument 
400DAT2 NAMICON, fitted with of accuracy optical 
and electrical systems. HV0.05 measurements were 
made using 50gf pressing force, pressing for 30 
seconds, five determination for every sample on 
center and 2-3µm on margins. 

The optical microscopy study has been carried 
out using a microscope Olimpus BX45 with digital 
image resolution at higher magnifications 
Metallographic samples were processed in 
longitudinal section for ECAP deformed samples and 
attacked to specific reagent, ferric chloride. 

 
3 Result and discussion 

 
3.1. Variation of force in ECAP process 

Variation of the extrusion force in equal 
channels angular pressing specifics looks in 
concordance with similar observation on copper 
ECAP severe deformation.  

When the first layer of material leave the plan 
shear zone of die, force increases until it reaches a 
maximum. From the moment force tends to reduce 
until a value that maintain during deformation 
appearance a plateau, after which suffers slump in the 
finish zone of deformation. In figure 1 is presented 
force versus time of deformation plot for effective 
plastic strain 8.56 at eight pass. 

Maximum force is between 93.646kN and 
46.823kN. The maximum value was obtained on 
sample after first ECAP step. In this case of copper 
force trend is decreasing pass to pass. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Variation of force in the eighth pass of ECAP process - effective plastic strain 8.56 
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Variation of force is consistent in the sense that 
after reach its peak force tends to form a plateau and 
after all sample cover decrease. In ECAP process 
force increased continuously until the maximum is 
achieved then take places a small decreasing 
variation. To the end of ECAP process force became 
almost constant. After all billet lives zone of 
deformation, force decreases dramatically to zero. 
Entire process takes place in about 25 until 30 
seconds. 

 

3.2. Microhardness 
Micro-Vickers hardness measurements values 

are presented in Figure 2. Were taken into account the 
values of severely plastically deformed ECAP 
samples with different degrees of deformation and 
measured values in center and at 2 3µm from margin. 
Note that all samples ECAP increase value of 
microhardness with each repeated deformation. 
Hardness value increased by 1.66 times from 78MPa 
for sample in initial state to 130MPa for sample after 
eight ECAP passes, in center billets. Same increase 
took place at the edge samples. 

At low temperatures, the increasing of grains 
boundaries behave as slip barriers, their area being far 
increased than in micrometric grains bulk alloys. In 
case of nanomaterials are specific a high density of 
imperfections and dislocations with different 
settlement at grain boundaries.  

That affects significantly the mechanical 
properties. Due to their reduced grain size, increase 
numbers of atoms on surface, nanomaterials are 
expected to become more ductile at the same 
temperature then coarse grained polycrystalline alloys 
with the same composition. More of that, ultrafine 
grained materials (100–500 nm) exhibit increased 
yield strength along with good ductility in 
comparison to nanograined materials. It has been 
correlated changes in strain hardening behavior with 
change of grain sizes [2, 3]. 

Severe plastic deformation leads to an advanced 
finishing structure. As a consequence hardness 
increases with increasing deformation. Note that the 
true deformation degree threshold value 8.56 above 
which plastic deformation by ECAP have still effect 
on mechanical properties. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Micro hardness versus number of ECAP passes (middle and top of X plane) 
 

3.3. Study microstructure of technically 

pure copper severely plastically deformed 

samples by ECAP 
 

In the investigation were studied by light 
microscopy copper specimens.  

The specimens were observed in initial state and 
also after severe plastic deformation by ECAP 
process, with 1, 3 respective 8 passes by route C. 
Metallographic samples were processed in 
longitudinal section.  

In the initial state in the sample are highlighted 
undistorted structure consists of a coarse-grained α 

solid solution and rarely fine intermetallic compounds 
precipitated [Fig.3]. 

The specimens in initial state were solubilized 
prior to severe plastic deformation.  

After solubilization the microstructure of 
specimens present only equiaxed grains with 
dimensional inhomogeneity, polyhedral shaped, with 
straight edges and numerous twins homogenously 
distributed specific to fcc crystallographic cell. Grain 
size is about 35μm but is observed also finer grain as 
10μm. Grain uniformity is quite obvious. On grains 
boundaries are evident preferential nucleation of fine 
precipitates black colored.  
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Fig. 3. Optical micrography of copper as received 

 
Microstructural aspect of copper after plastic 

deformation by ECAP method for each successive 
passages 1, 3, 8 of processing using route C are given 
in Figures 4-8.  

On the outer surface of the sample which is in 
contact with the mold, especially in entrance area 
mold took place texturing in longitudinal section of 
solid solution α. The phenomenon of distorted 
appeared even the material is not yet in deformation. 
Crystalline grains are slightly deformed. Intermetallic 

compounds are observed such as dark particles. 
Texture is only because friction with the mold walls.  

Prior to severe deformation, all rectangular 
samples were lubricated all over longitudinal contact 
with the mold.  

One possible reason is the effect of friction 
texture appearance that can not be completely 
excluded. We strongly believe that at least at 
beginning of severe deformation process friction is an 
important factor to be considered. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Optical micrography Copper in entry area of inner channel 
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Fig. 5. Optical micrography Copper after one pass ECAP 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Optical micrography Copper after three passes ECAP at the output of channel 

 
Copper micrographs after one pass ECAP 

disclose a significantly refinement of grains size and 
also modification of shape. The new structure is 
excessive elongated. The grains boundaries have 
lamellar aspect with parallel strings. The refinement 
and elongation is due to increasing density of 
dislocations. The ECAP process is based, like all 
severe plastic deformations, on high density of 
dislocations, Fig. 6. 

The shape of grains is more and more elongated 
as the number of passes increased. The grains size is 
finer and finer. The aspect of grains is corrugated. 
Waving of the grains is a phenomenon that 
accompanies severe plastic deformation figures 6 and 

7. In the microstructures of samples after eight passes 
ECAP it can be observed only flow lines. The grains 
boundaries no longer distinguished by OM it can be 
seen fiber of deformation, Figs. 8 a, b, c, d. 

The plastic deformation took place almost 
monotonically in share plan. The share plan is at the 
intersection between inner channel and outer channel. 
The solid solution grains begin to refined and 
corrugated from firs pass of deformation. The 
deformation is produced by successive shear of grains 
that are already refined in previous passes. The 
structure of SPD samples present aligned bands more 
refiner which highlighted only flow lines in the eighth 
passes.    
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Fig. 7. Optical micrography Copper after three passes ECAP central area 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. OM Copper after eight passes ECAP. Longitudinal section of sample: a) left side, b) central 
area at superior edge, c) central area, d) right side 
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As the degree of deformation increases in the 
microstructure of samples, it can be observed 
significant differences, regarding to the internal 
structure. In the first step microstructure are elongate, 
after each pass the structure became finer and 
afterwards ultrafine. The grains boundaries become 
increasingly less visible, only the fiber flow appears 
evident. The fiber structure is compressed in 
transversal direction and is rotated in extruded 
direction. Central area of samples from picture 9 c, d 
and e highlighted parallel fiber lines which make an 

angle of 650 to the vertical direction of extrusion. The 
aspect of microstucture is uniform and ultrafine. In 
OM can be seen only alginate bands to shear plan. 
Inside solid solution it can be observed the same 
refining of insoluble particles dark colored. Same 
authors consider that part of these particles can be 
dissolved in solid solution because of thermal effect 
in severe deformation by ECAP.    

The microstructure aspect of samples after eight 
passes route C is one very dense with flow lines at 
650 in all volume. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 

Fig. 9. OM Copper after eight passes ECAP in central area 1000X and detail 2000X 

 
The grain size finishing and also fibrous texture 

was determined by increasing deformation degree by 
ECAP process. Extruded samples after eight passes 
ECAP deformations by route C, have only fiber lines 
(Fig. 9). 
 

4. Conclusions 
 

Severe Plastic Deformation processes leads to 
ultrafine grained microstructure even nanostructure. 
These processes works at high pressure (GPa) and 
high deformation degrees.  

Characteristic for SPD are an intense share 
process in transverse section of sample and 
unchanged shape of metal volume (ECAP particular 
case). The initial grains are divided in finest subgrains 

by slipping and rotation on various systems of sharing 
bands.   

The equivalent strain is different for different 
materials and deformation conditions. Generally the 
equivalent strain is achieved in successive passes 
generally more than one.  

For example in aluminum case are necessary 5 
passes on route C as opposed to copper which need 
more than 8 passes. True strain starts from 1.07 after 
firs pass and goes to 5.35 after five passes.  

That determines a change of grains shape.  
The grains became elongated sometimes 

corrugated then are reduced gradually until gets 
simply flow lines. After eight passes for copper we 
can see only flow lines with fibrous aspect and dense 
surface. 
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Ana DONIGA 

,,Dunarea de Jos” University of Galati  
email: ana_doniga@yahoo.com 

 
ABSTRACT 

 
The paper presents the results of the laboratory research on the chemical 

composition and crystallographic texture in 3% Si steels and their influence on the 
level of magnetic losses in the final sheet. 

The magnetic properties have been estimated by means of the core losses 
observed on samples taken from the three steels after the secondary annealing. 

It has been noticed that the microalloyed Nb steel showed the highest 
percentage of Goss texture in the final sheet and the lowest values of the magnetic 
losses of the three steels under study. 

 
KEYWORDS: inhibitor phase, Goss texture, core losses 

 
1. Introduction 

 
The particles of the secondary phase are in the 

silicon steel either as inclusions proceeded from steel 
making for example: Si02 AL203; FeO, or as 
inhibitors of the grains - growth: AlN; TiN; NbN; 
NbC, MnS and so on. 

By their size, shape and distribution, these 
secondary phases control grain-size growth during 
secondary recrystallization, which will influence the 
Goss texture level (110) [100], and therefore the core 
magnetic losses, the main characteristics of the 3% 
steel grade. The secondary recrystallization takes 
place when a certain grain-size is built-up, that 

exceeds a critical diameter and has a different 
crystallographic orientation than that of the matrix. 

In a layer near the surface of the cold rolled 
strip, the grains of (110)[100] texture are building up 
that are including the adjacent grains if these have 
same or similar orientation to this component. These 
are forming “the embryo" or "the potential nuclei" for 
the secondary recrystallization. [1] 
 

2. Experimental materials and procedures 
 

Within this study, three steels of different 
chemical composition have been investigated, as 
highlighted in Table 2. 

 
Table 1. Chemical composition of investigated steels 

 

Chemical composition (%) Steel 
grade C Si Mn S P Al Nb 

A (MnS) 0.004 3.04 0.08 0.015 0.009 0.002 0.09 

B (AlN) 0.004 3.02 0.07 0.020 0.013 0.007 - 

C (NbCN) 0.003 3.04 0.07 0.022 0.009 0.01 - 

  
Steel A originated from a commercially 

produced continuous cast slab, typical for the silicon 
steel produced in industrial conditions. The inhibitor 
phase in this steel is MnS. Steels B and C are 
laboratory melts of about 50 kg produced in a vacuum 
induction furnace with a pressure of 60 bar, where 
either AIN or Nb (C,N) have been selected as 
inhibitor phase in addition to MnS. The bulk chemical 
composition of the laboratory heats was similar to 
steel A of industrial production. For the study of the 

secondary phases and their influence on the Goss 
texture, the specimens were taken from the hot and 
cold rolled strips, after primary annealing, and from 
the finished strip, after annealing of the secondary 
recrystallization [2]. 

The texture was determined by a reflection 
method and the volume fractions of the various 
texture components by an inverse pole figure method. 
Furthermore, torque measurements were used to 
confirm these findings. The core losses of the 
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transformer sheets from the laboratory studies were 
determined for inductions of 0.5, 1.0 and 1.5 T using 
single strip samples of 30 mm width and 180 mm 
length, and were compared with data from industrial 
production. 
 

3. Results and discussions 
 

3.1. Hot rolled samples 
All specimens showed a rather high amount of 

silicate inclusions, often in the form of stringers. 
Furthermore, steel A contained also elongated 
manganese sulphides and the two laboratory heats B 
and C exhibited complex globular inclusions, 
identified as (Ca, Al, Mn) oxy-sulfides. Besides these 
inclusions, which had a size of a few micrometers, 
fine particles of < 100 nm were also found.  

These particles were identified by X-ray 
diffractometry as MnS in steel A, A1N in steel B and 
both, NbC and NbN, in steel C. 

The severity of the Goss texture in the hot rolled 
samples also depended on the processing conditions. 
Figure 1 shows that a finish rolling temperature of 
10000C was most favourable to achieve a high 
amount of the (110)[100] orientation, especially when 
the higher cooling rate was applied.  

The observed reduction in the volume fraction 
of the Goss texture with higher finish rolling 
temperatures than 10000C is according to 
expectations.  

The lower volume fraction of the Goss texture 
obtained after finish rolling at 9000C is probably 

caused by a certain transformation from α into γ-iron 
at this temperature. 

                                                                                          Finish rolling temperature (°°C) 
 

Fig. 1. Influence of hot rolling conditions on the volume fraction of Goss texture 
 

3.2. Cold rolled sheet 
In all three cold rolled and annealed steels the 

volume fraction of the Goss texture was higher than 
in the hot strip material. It also increased with longer 
annealing time and in most cases was higher with a 

higher annealing temperature. However, for the 
longest annealing time and the highest annealing 
temperature tested in this study, not necessarily the 
highest volume fraction of the Goss texture was 
obtained, Figure 2 [3]. 

 

      Annealing temperature (°°C) 
 

Fig. 2. Volume fraction of the Goss texture after 1st recrystallisation annealing 
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Samples, annealed by recrystallisation at 9200C 

for 5 min were further cold rolled by 50 %. Then the 
second primary recrystallisation plus decarburisation 
heat treatment and finally the secondary 
recrystallisation annealing were carried out. Figure 3 
shows that the absolute value of the Goss texture 

exhibited more than double the volume fraction 
compared to the observation after the first 
recrystallisation treatment. Furthermore, the Goss 
orientation increased with higher annealing 
temperature and longer annealing time and the 
ranking of the three steels became more pronounced.  

 

                                                                Annealing temperature (°°C) 
 

Fig. 3. Goss texture development during secondary recrystallisation 

 
Steel C, based on Nb(C,N) as inhibitor phase 

showed a (110)[100] volume fraction of more than 
75% already at the lowest annealing condition tested, 
i.e. at 9000C for 2 h, and also exhibited the highest 
value with 88.5%. On the other hand the second best 
steel B, based on the A1N technology required an 
annealing temperature of 11500C to obtain a volume 
fraction of more than 75% of the Goss texture. This is 
a clear indication of the effective role of Nb(CN) in 
controlling the grain size which has been drastically 
reduced after decarburisation, during the first 
recrystallisation allowing the Goss texture to grow 
easily. On the other hand the dissolution of A1N 
particles obviously needs higher temperatures than 

necessary for Nb(CN) and thus is in agreement with 
the solubility products.  

These results confirm that the both the Goss and 
the cube texture, which are present already in the hot 
rolled material, are stable orientations and were not 
reduced during cold rolling and primary 
recrystallisation and the (111)[112] orientation rotates 
during the secondary recrystallisation to the desired 
(110)[001] texture component […]. 

 

3.3. Core losses 
The measurements results obtained with 

transformer sheets of laboratory trials were compared 
with industrial production data in Figure 4 [4].  

 

                                              Induction in Tesla 

 

Fig. 4. Core loss of steels A, B, C as a 
function of secondary recristallization 

temperature and induction 
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An inspection of Fig. 4 revealed first that 

Niobium microalloyed silicon transformer steel in 
which the niobium carbo-nitrides are the inhibiting 
second phase has also the lowest core losses, 
followed by the silicon steel in which the inhibiting 
second phases are AlN and MnS. This is in good 
agreement with the higher volume fraction of the 
(110)[001] Goss texture of the niobium bearing steel 
developed during the secondary recrystallization high 
temperature anneal. 

 

4. Conclusions 
 

From solubility product considerations, 
Nb(C.N) could be a suitable inhibitor phase. The 
characteristic features of an inhibitor phase are the 
control of the grain size during the first and second 
primary recrystallization and permitting the formation 
of a high volume fraction of the Goss texture during 
the secondary recrystallisation annealing. 

Since niobium also forms carbides, this element 
might add to ageing stability of the final product, 
which is not possible by other elements that are 
typically applied. A two stage cold rolling schedule 
with an intermediary recrystallisation treatment was 
necessary to obtain a sharp the Goss texture. In this 
case a higher annealing temperature and longer 
holding time during the secondary recrystallisation 
were favourable for the Goss texture maximisation 
and the Nb(C,N) variant again gave the best results. 
Furthermore, the dissolution kinetics of this inhibitor 
phase opened the possibility to obtain the desired 
texture already at lower annealing temperatures. 

Consistent with the highest volume fraction of 
Goss texture, the core losses were lowest with the 
Nb(C,N) inhibitor phase compared to variants with 
A1N or MnS. 

Silicon steel processed via a single stage rolling 
schedule and total deformation being not higher than 
80% will also exhibit relatively low core losses when 
using niobium microalloying, as a result of the 
already high level of Goss texture component 
obtained after the hot rolling operation. This is a 
technology that can be applied to electrical industry 
steel sheets manufacturing. 

The relatively high volume fraction of Goss 
texture already existing in the hot rolled material and 
the effective behaviour as inhibitor phase makes 
niobium an interesting alloying element for 
optimising grain oriented electrical sheet. 
Confirmation of these laboratory results in industrial 
production is foreseen. 
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ABSTRACT 

 
A promising way to use biomass for the production of heat, electricity and 

other biofuels is through biomass gasification. In the gasification process, the 
chemical energy of the solid fuel is converted into the chemical and thermal energy 
of the gas produced. The paper presents the energy and exergy analysis results 
concerning a biomass gasification process. The use of exergy efficiency gives a 
clear picture of the quality of energy conversion of biomass into product gas. 
Energetic efficiency values are higher than the values obtained by the exergetic 
efficiency analysis. 

 
KEYWORDS: biomass, energy, exergy, efficiency, gasification 

 
1. Introduction 

 

Because of the continuous rise of the cost of 
fossil energy resources, biomass looks as one of the 
most promising and viable alternatives, being 
classified as the third energy source after coal and oil. 
It is renewable and neutral concerning carbon dioxide 
emission issue. Biomass resources include wood and 
wood waste, agricultural crops and their waste by-
products, municipal solid waste, residues from agro-
industrial and food processes, aquatic plants such as 
algae and water weeds [1]. 

A promising way to use biomass for production 
of heat, electricity and other biofuels is through 
biomass gasification. In the gasification process, the 
chemical energy of the solid fuel is converted into the 
chemical and thermal energy of the gas produced [2]. 
Gasification is partial thermal oxidation which results 
in a high proportion of gaseous products (CO2, water, 
CO, hydrogen and gaseous hydrocarbons), solid 
products (small quantities of char), ash and 
condensable compounds (tars and oils). The gas 
produced is easier and more versatile to use than the 
original biomass. The oxidant or gasifying agents can 
be air, pure O2, steam, CO2 or their mixtures. Air is a 
cheap and widely used gasifying agent. This oxidant 
contains a large amount of nitrogen which lowers the 
heating value of the gas produced.  

The heating value of the gas produced will 
increase if pure O2 is used as the gasifying agent, but 
the operating costs will also increase due to O2 
production costs. If steam is used as the gasifying 

agent, the heating value and H2 content of the gas 
produced can be increased. The use of CO2 as the 
gasifying agent is promising because of its presence 
in the gas produced. CO2 with a catalyst can 
transform char, tar and CH4 into H2 and CO, thus 
increasing H2 and CO contents. A mixture of steam or 
CO2 and air or O2 can be used as the gasifying agent, 
and the partial combustion of biomass with air /O2 
provides the heat required for gasification [3]. The 
choice between gasifying agents depends more on the 
required gas compositions. For steam gasification, the 
gas produced contains mainly methane and carbon 
dioxide and for air gasification the main product 
gases are hydrogen, carbon monoxide and nitrogen. 

The gasification process consists of the 
following steps: pre-heating, drying, pyrolysis, char 
gasification, char-oxidation and ash formation. 
Different gasifiers are employed in the gasification 
process: fixed bed, moveable bed and fluidized bed. 

The objective of this paper is to determine the 
energetic and exergetic efficiencies of the biomass 
gasification process. To provide an efficient and 
effective use of fuels, it is essential to consider the 
quality and quantity of the energy used to achieve a 
given objective. According to the first law of 
thermodynamics, energy can never be lost. Energy 
conversion processes do not have energy losses, 
except for losses from the process system into the 
environment. The second law of thermodynamics 
should also be considered. Energy conversion 
processes are accompanied by an irreversible increase 
in entropy, which leads to a decrease in exergy 
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(available energy). Thus, even though the energy is 
conserved, the quality of energy decreases because 
energy is converted into a different form of energy 
from which less work can be obtained [4]. 

Exergy is the expression for loss of available 
energy due to the creation of entropy in irreversible 
systems or processes. The exergy loss in a system or 
component is determined by multiplying the absolute 
temperature of the surroundings by the entropy 
increase. While energy is conserved, exergy is 

accumulated. The use of exergy efficiency gives a 
clear picture of the quality of energy conversion of 
biomass into product gas. The following results 
depending on the moisture content in the biomass and 
gasification temperature are presented: compositions, 
higher heating values, physical and chemical exergies 
of the product gas, and energy and exergy based 
efficiencies [2]. The fuels were characterised by 
means of the higher heating value (HHV), elemental 
analyses and energy density (Table 1).  

 
The higher heating value, in [MJ/kg], was calculated by the following equation: 

dbdbdbdbdbdb A0211.0N0151.0O1034.0S1005.0H1783.1C3491.0HHV −−−++= [MJ/kg]  (1) 

where dbC , dbH , dbO , dbN , dbS and dbA  represent carbon, hydrogen, oxygen, nitrogen, sulphur and ash 
contents expressed in mass percentages on dry basis. 
 

Table 1. Fuel properties 
 

Ultimate analysis (wt% of wet fuel with ash) Higher heating 
value, HHV 

Energy 
density Fuel 

sample C H N S O Moisture Ash 
[kJ/kg] [GJ/Nm3] 

Acacia 
wood log 

49.6 6.0 0.9 0.1 33.8 5.4 4.2 20793.11 14.97 

Sawdust 50.0 5.9 1.8 0.0 33.6 6.0 2.6 20845.66 15.78 

 
 

2. Energy and exergy calculations 
 
The energy distribution of the biomass 

conversion process can be obtained from the energy 
balance [5]: 

losses
IN OUT

kH QH
j

+=∑ ∑                                  (2) 

where ∑
IN

jH  and ∑
OUT

kH  are enthalpy flow of 

all entering and leaving material streams, 
respectively, and lossesQ  is the energy lost during the 

gasification process. 
 

steammoisturebiomassbiomassdryair
IN

j HHHHH +++=∑
                                                                                  (3) 

steamcarbondunconvertedry,gasproduced
OUT

k HHHH ++=∑
                                                                                  (4) 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⋅= ∑

IN
jlosses HfQ                                         (5) 

This energy balance is responsible for the 
determination of the temperature of the system for a 
given air-to-fuel ratio, or the other way around. 

The exergy balance of the biomass conversion 
process can be represented in the following form: 

 

∑∑ +=
OUT

k
IN

j IEE                                            (6) 

where ∑
IN

jE  and ∑
OUT

kE  are exergy flows of 

all entering and leaving material streams, 
respectively.  
 

steammoisturebiomassbiomassdryair
IN

j EEEEE +++=∑  

                                                                                  (7) 

steamcarbondunconvertedry,gasproduced
OUT

k EEEE ++=∑
                                                                                  (8) 

The difference between all entering exergy 
streams and that of leaving streams is called 
irreversibility (I), and it is given by the following 
equation [6]: 

 

gen0STI =                                                        (9) 

where genS is the rate of entropy generation. 

 
The reference state was taken as 0t = 25°C and 

0p = 0,1013MPa. 

For the exergy flow the amounts of chemical 
exergy and physical exergy are considered: 

phch EEE +=                                                (10) 
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The standard specific chemical exergy of a pure 

chemical compound chε  is equal to the maximum 

amount of work obtainable when a compound is 
brought from the environmental state, characterized 
by the environmental temperature 0T  and 

environmental pressure 0p , to the dead state, 

characterized by the same environmental conditions 
of temperature and pressure, but also by the 
concentration of reference substances in standard 
environment. The specific chemical exergy of the 
mixture is determined by: 

i
i i

i0i,chiM.ch xlnxRTx∑ ∑+ε=ε              (11) 

The specific physical exergy can be calculated 
as: 

( ) ( )000ph ssThh −−−=ε                              (12) 

where h and s are enthalpy and entropy of a 
system at given temperature and pressure, and 0h  

and 0s  are enthalpy and entropy of a system at the 

environmental temperature and pressure. 
 

( ) ∫=−
T

T p0
0

dTchh                                        (13) 

( ) ∫ ∫−=−
T

T

p

p

p
0

0 0
dp

p

R
dT

T

c
ss                        (14) 

 
3. Energy and exergy efficiencies 
 
The energetic efficiency of a gasification 

process can be determined as: 

biomass

gas

LHV

LHV
=η                                             (15) 

where gasLHV  and biomassLHV  are the net 

heats of combustion (lower heating values) of gas and 
biomass, respectively. 

 

The exergetic efficiency of a gasification 
process is the ratio between the chemical exergy of 
the gas produced and the biomass feed: 

biomass,ch

gas,phgas,ch

ε

ε+ε
=ψ                                     (16) 

The specific chemical exergy of the biomass is 
calculated from the correlations for technical fuels 
using the LHV , calorific value of sulfur, sC , and 

mass fractions of organic material, orgz , sulphur, sz , 

water, wz , and ash, Az , in the biomass: 

( ) ( )
ash,chAwater,chw

SS,chsorgorgbiomass,ch

z

CzLHVz

εε+ε+

+−ε+⋅β=ε
 (17) 

β  is the chemical exergy coefficient and 

defined for solid hydrocarbons fuel (for O/C < 2) as 

+
−

+−+
=β

C/O4124.01

)C/H0531.01(C/O3493.0C/H0160.0044.1

C/O4124.01

C/N0493.0

−
+                                                      (18) 

where C, H and O are the solid compounds of 
the species in the wood; their proportions are given in 
Table 1. 

 

4. Results and discussion 
 

The energetic efficiencies are shown in Figure 1. 
which shows are a comparison between the results 
obtained for acacia wood logs and sawdust 
gasification. The highest value for energy efficiency 
is obtained from burning sawdust.  

The value of energy efficiency is influenced 
primarily by the boiler load, the operating conditions 
and then by the fuel type. As observed, efficiency 
ratios are higher than the values obtained by the 
exergetic efficiency analysis. This could be explained 
by the fact that the β  factor used to calculated the 

exergy input of the biomass is higher than 1 and thus, 
decreases the final efficiency value. 

                          
                         

                 Fig. 1. Energy efficiency                                                 Fig. 2. Exergy efficiency     
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The exergy contained in the biomass is 
converted by gasification into the chemical and the 
physical exergy of the produced gas, and part of the 
exergy of the biomass is lost due to process 
irreversibilities. The exergetic efficiency shows the 
ratio between the exergy of useful gasification 
products and the feedstock exergy. This way different 
fuels can be compared based on the degree of 
utilization of their chemical exergy. Figure 2 shows 
that the exergetic efficiency is higher for sawdust than 
for acacia wood logs. The exergetic efficiencies of 
gasification process are lower than the energetic 
efficiencies. 

The moisture content in the biomass is the main 
problem related to the gasification process. If it is too 
high, then there will not be enough energy (low 
temperatures) to start up the process. To take place, 
gasification needs temperature above 800K. 

The moisture content is responsible for an 
increase in the destruction of exergy inside the reactor, 
as a result of an increase of the energy required to 
evaporate the moisture. Despite the increase in H2 
formation, the influence of thermal losses is similar to 
that of moisture. It reduces the energy available in the 
process and increases exergy destruction (heat 
transfer to the environment). Prins et al. [4] state that 
the main source of exergy destruction, in the 
gasification and oxidation processes, is the presence 
of chemical reactions. Following them, heat transfer 
between products and reactants is a second major 
source of exergy destruction. In this sense, pre-
heating air and/or biomass might reduce such 
destruction, due to lower temperature differences 
between products and reactants. However, this 
reduction is quite small if compared with the increase 
of exergy destruction due to moisture or thermal 
losses [5]. 

 

5. Conclusions 
 

In order to substitute fossil fuels by renewable 
fuels, solid biofuels could replace coal as a 

gasification feedstock. Biomass is a resource which is 
paid more attention these days and it is classified 
energy as third energy resource after coal and oil. The 
gasification process appears to offer attractive 
technology and friendly to utilize biomass in energy 
generation.  

This paper shows the results of the energetic 
and exergetic analyses of the biomas gasification 
process. The exergy contained in the biomass is 
converted by gasification into the chemical and the 
physical exergies, of the producedgas, and part of the 
exergy of the biomass is lost due to process 
irreversibilities. The exergetic efficiency of the 
gasification process is lower than its energetic 
efficiency. 
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ABSTRACT 

 
Since the metals deposited in the teeth during formation and mineralization 

processes are to a large extent retained, human teeth receive a considerable 
attention as indicators of heavy metal exposure. The objective of the present work 
was to assess the relationship between the concentration of lead from the hard 
dental tissues of schoolchildren's deciduous teeth and the prevalence of dental 
caries. In 2008, a cross-sectional study was conducted on 157 children: 90 children 
from an industrial urban area (44 boys and 46 girls), mean age 7.66±0.6 years and 
67 children from a reference area (31 boys and 36 girls), mean age 7.75±0.6 years. 
For dental status evaluation there were determined mean values and standard 
deviation for the following parameters: the number of caries free children, the 
prevalence index (Ip), the decayed, missing, filled teeth/surfaces (dmft/s index) and 
the Significant Caries index (SiC30 and SiC10). A correlation was made between 
these indices and the heavy metals concentrations from the temporary teeth 
collected from the two areas, the data being obtained from Politechnica University, 
Bucharest, our partner in a CNMP project. Statistical analyses were performed 
using the SPSS program.  

 
KEYWORDS: heavy metals, caries experience, primary teeth 

 
1. Introduction 

 

The subject of this paper – the consequences of 
the action of heavy metals on human teeth – brings to 
attention a topic that is probably not very commonly 
known within the technical world, but which could 
well be an interesting subject for interdisciplinary 
research.  

It is common knowledge that disturbing actions 
of environmental factors during tooth formation 
(odontogenesis) may induce anomalies of dental hard 
tissues, known as tooth development anomalies [1-4]. 
These anomalies are evident at the moment of tooth 
eruption or become noticeable shortly afterwards and 
show that the subject was submitted to the negative 
influences of environmental factors during tooth 
formation [5,6].  

It seems out of all environmental factors, heavy 
metals (lead-Pb, cadmium-Cd, magnesium-Mg, zinc-
Zn and cooper-Cu) have a great impact on tooth 
formation and mineralisation, taking into account 

their capacity of accumulation in time in heavy dental 
tissues [7-10].  

Like in a bone, calcium can be partially 
substituted by a small amount of heavy metals [11-
15]. This process is well known and may also take 
place in a tooth structure [15]. This is rather a 
complex process that is affected by various factors 
including the chemical form of the metal and its 
binding sites, age, gender, genetic inheritance and 
environmental quality [16,17]. Thus, the levels of the 
metals in teeth can be used to estimate especially the 
long-term environmental exposure [18]. 

During the last years, the dynamic behavior of 
dental structures from areas with heavy metal risk 
became the subject of some papers mainly for 
evaluating environmental effects on vulnerable 
groups of children, as their exposure and 
susceptibility are greater than those of adults. Studies 
conducted in Bahrein upon 280 primary teeth found 
toxic concentration of lead in 35% of the teeth of the 
studied children.  
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The level of lead in the teeth was not influenced 
by the child’s sex, nationality, area of residence or 
socio-economic status [19]. Studies conducted in 
Germany reported higher levels of lead in children 
living in urban areas, compared to those from 
suburban/rural areas. The highest concentrations were 
found in children living in the smelter area and in 
those whose parents are lead-workers. The same 
studies reveal that lead level depends on the period of 
time the subject spent in the lead-smelter area as well 
as on the degree of local environmental pollution, in 
essence on the lead content of the atmospheric dust 
fall-out around children’s home [20, 21]. 

Various studies on the consequences of high 
levels of lead in the teeth reported possible 
connections with a higher level of caries [3, 22]. 
However, there is no convergence of opinions on the 
matter. Because of the divergences in the literature 
and scarcity of data on this subject among Romanian 
communities, an epidemiological investigation was 
made in order to determine the relationship between 
the concentration of lead present in the enamel of 
Romanian schoolchildren's deciduous teeth and the 
prevalence of dental caries. The two target groups 
were selected from an industrial area, an urban area  
with high pollution, and from a reference area, a rural 
area from the mountain region of Romania.  

 
2. Material and methods 

 
An epidemiological, cross-sectional study was 

conducted upon first and second grade schoolchildren 
attending random schools from those towns. Sample 
1 consisted of 90 children from Bucharest (44 boys 
and 46 girls), mean age 7.66±0.6 and median age 7.75 
years. Sample 2 consisted of 67 children from 
Pătârlagele (31 boys and 36 girls), mean age 7.75±0.6 
and median age 7.75 years (Figures 1, 2 and Table 1). 
The 6-7 years old is one of the ages recommended by 
WHO for children oral health evaluation because at 
this age primary dentition is in total functionality. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1. Sample 1- Age and sex distribution 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Sample 2- Age and sex distribution 
 
Written consent was obtained from the local 

public health authorities of the cities included in the 
study, from the local administration authorities and 
from the school authorities. The school authorities 
obtained the written informed consent from the 
parents of the recruited children. 

The clinical examination was carried out in the 
school classes, using plain mouth mirrors, ball-ended 
dental probes under natural optimal light. Standard 
infection-control protocols were followed [23]. 

The World Health Organization (WHO) criteria 
were used for the caries diagnosis and registration [6]. 
Dental caries was diagnosed at the caries into dentine, 
using a visual method without radiography, fibre-
optic transillumination, or compressed air. Enamel 
and precavitated lesions were excluded. The data 
were registered on individual charts: the presence and 
distribution of caries, fillings and missing teeth due to 
caries.  

For caries experience evaluation there were 
determined: 

- the number of caries-free children;  
- the prevalence index (Ip); 
- the dmft/dmfs indices – the sum of the number 

of teeth/surfaces decayed, missing/extracted or filled 
because of decay.   

After the data were gathered and centralised, we 
analised if there are any differences regarding the 
heavy metals concentration in the primary teeth 
belonging to the children born and raised in the two 
urban areas (Bucharest and Patarlagele). The primary 
teeth, extracted due to their exfoliation, were 
collected by the dentists from the local school dental 
clinic, in the same year whith the examination. The 
heavy metals concentration were determined by the 
Politechnica University, Faculty of Applied 
Chemistry and Materials Science, our partner in a 
CNMP (National Centre of Management Programs) 
project. In this project, the "Carol Davila" University 
of Medicine and Pharmacy Bucharest, represented by 
the Paediatric Dentistry Department, provided the 
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primary teeth that were analysed, those teeth being 
collected during the exfoliation period.  

The primary teeth belonged to all morphological 
types (incisors, canines and molars), were sound teeth 
and also decayed teeth.  

Data were analyzed by using the statistical 
package SPSS v. 16.0. Associations of variables were 
tested by means of ANOVA unifactorial tests and 
Independent sample t-test at the 5% level of 
significance. 

For heavy metal level determination an ELAN 
DRC-e induced plasma coupled spectrophotometer 
was used (ICP-MS). This method is a type of mass 
spectrometry that is highly sensitive and capable of 
the determination of a range of metals and several 

non-metals at concentrations below one part in 
1012 (part per trillion) [24-26].  

 

3. Results 
 

3.1. Caries experience 
The prevalence index, Ip, had very high values  

for both samples, in the urban area being 80%. The 
dmft index was 4.21±3.43, and the dmfs index 
8.83±8.31 (Table 1). 

For the second sample, the Ip was 82.5% the 
dmft index was 7.09±4.15, and the dmfs index was 
16.31±11.9 (Table 1).  
The differences between the data were statistically 
significant (p<0.05).  

 
Table 1. Caries experience indices for both samples  

 
 
 

 
    

 
 
 
 
 

 
 
 
 

3.2. Heavy metals concentration  

in primary teeth 
Our results were compared with those reported 

by the Department of Bioengineering and 
Biotechnology. The amount of heavy metals was 
determined for the extracted primary teeth, for each 
sex and for enamel and dentine. The tables below 
present the mean values obtained by our partner, 
because they calculated the concentrations for each 
kind of teeth (molars, canines and incisors).  

 

The heavy metal concentrations were generally 
higher in Bucharest than at Patarlagele.  

Regarding the heavy metal concentration for 
both sexes, the values were higher for the boys than 
for the girls.  

Taking into consideration the concentration of 
the two layers, enamel and dentine, the amount of 
heavy metals from the enamel was higher than the 
dentine, although those metals are normally deposited 
mostly in the dentine [26]. 

Table 2. Heavy metal concentration in enamel-boys [26] 
  

 
 
 
 

Table 3. Heavy metal concentration in enamel-girls [26] 

 

Index Sample 1 Sample 2  

Ip 
(%) 

80 82.5 SS 

Caries free 
(%) 

20 17.5 SS 

dmft 4.21±3.43 7.09±4.15 SS 

dmfs 8.83±8.31 16.31±11.9 SS 

Mn Cu Zn Cd Pb Hg 
Area 

[ppm] 
Urban 30.5 44.03 36.13 57.21 38.32 29.6 
Rural 24.04 45.5 25.7 37.16 15.6 10.74 

Mn Cu Zn Cd Pb Hg 
Area 

[ppm] 
Urban 42.5 56.16 51.06 38.14 38.56 28.16 
Rural 11.05 53 5.95 46.5 5.2 9.35 
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Table 4. Heavy metal concentration in dentin-boys [26] 
 

 

Table 5. Heavy metal concentration in dentin – girls[26]

 
In order to see if there is an association between 

the caries experience and the heavy metal 
concentration, the ANOVA test was used.  

No statistical association was found between 
caries experience and the amount of heavy metals in 
these teeth (Table 6, p>0.05).  

 

Table 6. ANOVA test results 
 

 
 
 
 
 
 
 

4. Discussion 
  
There are few studies in Romania regarding the 

impact of heavy metals on hard dental tissues. In this 
respect, the purpose of our study was to analyze if 
there is any correlation between the heavy metal 
content in the enamel and dentine of primary teeth 
and caries prevalence from a polluted area and a 
reference area.   

Based on human and animal studies, a number 
of 6 types of elements have been proposed in the 
literature, depending on their cariogenicity. This 
proposal which summarized the cariogenic effect of 
many of the minerals included in the cariostatic group 
some elements like F and P, and placed various heavy 
metals, such as Mn, Sn and Zn, in the range of middle 
cariostatic [27-29].  Other elements like Al, Ni and Fe 
are treated as caries inert, while some other 
aggressive heavy metals, like Cd and Pb are defined 
as caries promoting. 

No defined reference values exist in the 
literature for the concentrations in dental enamel that 
would reflect a condition of lead poisoning or, 
furthermore, would relate to enamel defects and 
caries.  

The studies in the Brazilian literature have 
established reference values only for blood and have 
reported the importance of verifying lead levels as a 

routine examination. However, blood measurements 
indicate acute lead contamination, thus differing from 
dental enamel, which indicates past contamination 
[30].  

The heavy metal content in the deciduous teeth 
was higher in children's primary teeth from the 
polluted town than the reference area.  

The heavy metal content was bigger in enamel 
than in dentine.   

Nonetheless, no relationship was found between 
any of the lead concentrations analyzed in the present 
study and caries experience in the deciduous teeth, 
but there is a correlation between these concentrations 
and local pollution.  

It is needed to point out that there are many 
factors, including nutrition and socio-economic 
problems which may affect the caries experience and 
oral health in general and therefore a correlation is 
very difficult to be established. 

Our results are in agreement with previous 
studies made in Piracicaba, Sao Paulo, on preschool 
children, which also found no correlation between the 
heavy metal content in high polluted areas and caries 
experience or enamel hypomineralisation [29]. 

Also in Poland no data was found that would 
give evidence of a relationship between the Cd, Cr, 
Cu, Fe, Mg, Zn, K, Ca and Mg concentrations in the 
decayed tooth roots and the sound teeth [29]. 

Mn Cu Zn Cd Pb Hg 
Area 

[ppm] 
Urban 26.46 33.48 26.17 39.55 16.5 12.45 
Rural 10.07 34.72 10.05 22.1 2.1 5.42 

Mn Cu Zn Cd Pb Hg 
Area 

[ppm] 
Urban 35.7 45.84 41.7 28.24 16.64 17.2 
Rural 9.7 45.05 5.2 39.15 4.95 8.25 

Correlated parameters ANOVA-p 
Mn 0.56 
Cu 0.72 
Zn 0.85 
Cd 0.76 
Pb 0.32 
Hg 0.25 
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5. Conclusions 
 
Many studies on this topic are needed, with 

focus on children from the same social category or 
other polluted areas in order to see if there is a 
correlation between caries experience and heavy 
metals. 
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ABSTRACT 
 

Water pollution is defined as the change in the water composition that is 

harmful to human health, unsuitable for economic use or reactive and that can 

cause damage to the aquatic flora and fauna. In the appreciation of the World 

Health Organization, appreciation, approximately 2/3 of illnesses are due to 

polluted water, and the main pollutants come from industry. The paper presents an 

analysis of the technical systems used for raw water decanting with a view to 

making it drinkable. 

 
KEYWORDS: raw water, clarifier, sonic, ultrasonic, efficiency 

 

1. Introduction 
 

Through their process wastewater, mining and 

metallurgy industries are the main source of 

pollutants, such as lead, zinc, copper, cadmium, 

arsenic, mercury and others. Heavy metals generally 

act on living organisms as toxic substances, causing 

inhibition of cellular enzymatic processes or causing 

numerous other physiological disorders.  

Process wastewater is potentially dangerous for 

the environment, because of direct or indirect 

chemical reactions. Some process waters are already 

biologically degraded process and thus require 

immediate oxygen demand. 

The most harmful substances in industrial 

wastewaters are organic substances, suspended 

substances, toxic substances and heavy metals. 

The efficiency, of the wastewater treatment is 

defined by the relation: 

b = ((M-m) / M) * 100 

where M is the initial concentration of the 

substance and m, its concentration after treatment. 

Efficiency is usually calculated for suspended 

substances, organic substances (expressed in CBO5), 

oxygen O2, pH and toxic substances [1]. 

 
2. Unconventional water treatment 

technologies 
 

The conventional water treatment technology 

involves successive stages of settling, chemical 

treatment filtration with material consumption, high 

energy and labor, aspects that determined more and 

more it replacement with more modern performative 

techniques. 

Classic technologies present a number of 

disadvantages, reason for seeking alternative 

solutions to conventional processes, to eliminate these 

drawbacks and, in particular, to ensure a higher water 

quality. 

Analyzing the technical systems for raw water 

decanting in view of making it drinkable, we can 

deduce that the most convenient solution is to use 

vertical clarifiers specific to the treatment of small 

and medium water flows (required municipalities 

below 10,000 inhabitants) which can be equipped 

with gas-dynamic sonic generators. 

Concurrent processing with acoustic waves and 

aeration of technological is a liquids scientific novelty 

in the raw water treatment processes. Another novelty 

could be the coexistence with the helps of gas-

dynamic sonic generators of two simultaneous 

processes: clarification (decantation) and disinfection. 

In the specialized bibliography it is recommended 

that the operating mode of ultrasonic systems to be 

intermittent. Using the sound and ultrasounds gas-

dynamic generators can be beneficial to the process of 

aeration too because these devices enhance the 

diffusion of oxygen into the water and accelerate the 

chemical reactions between water and coagulant. 

Based on the analysis of types of generators the best 

can be considered the Lavavasseur generator type, 

which is stable in operation and can provide airflow 

sufficient working small working pressures (up to 0.5 

bar - specific pressure turbochargers existing in water 

plants) to provide raw water aeration processes [3, 6, 

7]. 
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3. Sonic decantation device 
 

Given the fact that decanters are uncovered 

devices which retain suspended substances 

gravimetrical sediment from the raw water to be 

treated, they are located upstream the filters. 

The number of settlers in operation is at least 2 

units. 

Vertical decanters (Fig. 1) can be circular or 

square shaped in plan, where the water movement is 

inverted, vertically. They are used for low flow rates, 

maximum daily flow less than 10,000 m³ and 

diameters up to 10 m. 

The working methodology in experimental 

research was as follows: 

- develop a new method for calculating the gas-

dynamic generators with two resonators and flat jet; 

- developing the method for calculating the 

experimental vertical settler combined with 

accelerator type - ascending with the possibility to 

equip the sonic gas-dynamic generator; 

- establish working arrangements for 

installations where the water flow is constant in the 

experimental decanter (raw water flow of 0.9144 m
3/h 

of raw water upward speed of 0.145 mm/s); 

- establishing the flow solution of the 

coagulating agent (a dose of 40 - 60g/m³ aluminum 

sulphate Al2 (SO4)3); 

- establishing the intermittent working cycle of 

the sonic generator, depending upward speed of water 

and the capacity of the experimental decanter 

(effective operating of the time sonic generator of 60 

minutes, alternating with rest periods of 5, 10, 15 or 

20 minutes) diving depth generator in the reaction 

chamber (0, 0.5, 0.75, 1 m) and the generator 

placement to the chamber (axial or tangential to the 

wall - central); 

- adoption of existing methods of acoustic 

measurements. 

The preliminary tests of the experimental sonic 

decanter showed the maximum effect of sonic 

treatment at a distance of 40 mm from the central axis 

of the reaction chamber, almost tangential to the wall 

(cylindrical) chamber [2]. 

 

 

Fig. 1. Experimental sonic decanter: 

1 - decanter wall; 2 - mixing 

chamber; 3 - reaction chamber;  

4 - sonic generator; 5 - Line pipes for 

raw water, 6 - working air duct of the 

generator; 7 - coagulant pipe;  

8 decanted water-collection;  

9 - sludge collector; D, H – diameter, 

respectively, decanter height;  

h - generator depth. 

 
4. Influence of sonic generator operating 

mode with two resonators on physico-
chemical and bacteriological quality 

parameters of raw water 
 

Based on the experiments, the optimal ratio was 

determined between the period of operation of the 

generator and the rest period: trap = 5min/15 min, set 

in an operating cycle of one hour, which is the 

average turbidity of Tx = 2.56 NTU, and is lower than 

that obtained in the classical decanter (value between 

4.2 and 4.8 NTU), which proves that the sonic 

decanter is more effective with 36.415% compared to 

a traditional decanter. 

Due to the bi-acoustic frequency field (sonic 

frequency of 10.76 kHz ultrasonic frequency of 

21.520 kHz), the following results were obtained: 

- decrease of amount of water oxydisability 

(oxydisable organic substances) by 1.5 times 

compared to that obtained by conventional 

technology and 1.826 times compared to the raw 

water; 

- reduction aluminum ions content in water of 

1.66 times compared with traditional technology; 

- decrease from 110 mg/L to 100 mg/L sulfate 

ion content in some water sonic decanted compared 

with classic decanting. 

When replacing the sonic generator with an 

aerator in the experimental decanter, it was observed 
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that the value of oxydisability of the water decanted is 

more than 1.3 times compared to water treatment with 

generator.  

This confirms that in parallel with the aeration 

through bubbling, occurs the water degassing due to 

cavitational processes. The influence of sonic 

generator operating mode with two resonators on 

parameters of microbiological quality of raw water 

was also studied: aerobic mesophilic bacterial number 

(mesophilic), the probable number of coliform 

bacterias (total coliforms), the probable number of 

thermotolerant coliform (fecal coliform), and the 

probable number of faecal streptococcus.  

The sonic treatment of water has a significant 

bactericidal effect. In all experiments it was observed 

that the bacteriological indicator values are "0". No 

matter the effective functioning of sonic generator 

(from cyclical variations) or the immersion depth of 

sonic generator. The microorganisms, the behavior 

under the influence of the ultrasonic generator, 

depend on cavitation.  

Thus, if the germs and streptococcus are 

destroyed by pressure waves produced by sonic 

waves, then total and fecal coliforms are resistant to 

sonic waves but destroy themselves at the cavitational 

bubble implosion (the so-called phenomenon "hot 

spot"). Due to the acoustic bi - the frequency field 

(sonic frequency of 10.76 kHz and 21.52 kHz 

ultrasonic frequency, the overall level of 112.32 dB 

acoustic intensity), there is total destruction of 
microorganisms in water [4,5]. 
 

5. Evaluation of synergistic effect of the 
raw water sonic treatment 

 

Suspension and the any type of impurities that 

may interact chemically are those which count in the 

calculation that underlies the decanters efficiency. 

Both water used in industrial processes and for 

drinking should have the turbidity, as small as 

possible, depending on the decantation level.  

Based on measurements made at the 

experimental stand with a sonic decanter, decant 

water turbidity was determined at different doses of 

coagulant sulfate aluminum 4 mg/L (10%), 8 mg/L 

(20%), 12 mg/L (30%), 20 mg/L, (50%), 24 mg/L, 

(60%), 32 mg/L (80%). 

As shown in Fig. 3, the lowest turbidity values 

are obtained for sonic treatment, water turbidity 

increasing with dose escalation to 10 mg/L (in 

solution: 50 mL/L) coagulant, then decreasing to 20 

mg/L (in solution: 100 mL/L), after which the dose 

does not influence turbidity any more. 

As shown in Figure 3 and Table 1 the lowest 

dose at which the control turbidity coincides with the 

sample turbidity is 0.2 mL/L of aluminum sulphate 

solution. 
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Fig. 2. Turbidity variation depending on the 

dose of aluminum sulphate: Ts - turbidity at 

sonic treatment; Td - turbidity to classic 

decanter; Tab - raw water turbidity; D-dose of 

aluminum sulphate. 

 
Table 1. Variation of average turbidity values (control and working) depending on dose values of 

coagulant solution (aluminum sulphate) 
 

Coagulant dose solution 
Average turbidity 
value - working 

Average turbidity 
value - martor Indicators 

[mL/L] [NTU] 

5 15.1 4.2 

4 14 4.1 

3 12 3.8 

2 6.4 4 

1 5.9 4 

0.8 6.1 3.9 

0.6 7.4 3.8 

0.4 5.9 4 

0.2 3.9 4 

Values 

0.1 5.2 3.9 
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Analysis of synergetic effect of sonic treatment 

on coagulant dosage was revealed by reducing the 

dose of coagulant required in the water treatment 

process. Based on experiments made in the sonic 

decanters with different doses of coagulant effective 

results were obtained for dose reduction with 50% 

aluminum sulfate and aluminum polihydroxiclorure 

dose with 40%. 
 

6. Technical and economic efficiency 
system of the sonic raw water treatment 

 

In water treatment plants for drinking water it is 

used during decanter, decanters batteries, in most 

cases of an even number of decanters, minimum 2 

(double). We believe that the experimental sonic 

decanter is part of a battery of 4 such decanters 

required for treatment plants that supply a city (or a 

territorial administrative unit) of more than 10,000 

inhabitants. 

The price of a cubic meter of raw water (water 

of the Danube) purchased from "Apele Romane" 

National Company is considered to cost € 0.0148. 

The price for a cubic meter of drinking water in 

Braila, for the analyzed period, is 0.788 €. 

The data presented in Table 2 show that the 

more we approach the area of the Danube flowing 

mouth into the Black Sea the more the price of 

drinking water from this source increases.  

Implicitly, the closer the Danube approaches the 

flowing mouth, the more loaded it is and machining 

process requires additional costs, which are reflected 

in increasing doses of chemicals used: coagulants 

(aluminum sulfate, aluminum polyhidroxiclorure, 

polyelectrolytes) and disinfectants (chlorine). 

 

Table 2. Price of a cubic meter of drinking water (obtained by treating raw water from river water) in 

different Danube areas 
 

Zone Giurgiu Alexandria Craiova Calarasi Braila Tulcea 
Price, lei/m3 2.74 2.75 3.062 3.137 3.31 3.844 

 
For waters from deep sources, the expenses with 

greatly reduced the use of chemicals decrease very 

much even below 10%, but increase on additional 

equipment to remove sand and various metals 

existing in deep water. 

To treat raw water during the settling stage, 

aluminum sulfate (the treatment plant in Braila), 

aluminum polyhidroxiclorure (treatment plants in 

Chiscani and Gropeni) are used as coagulants, and 

one polyelectrolyte coagulation as an adjuvant. 

To establish the effectiveness of modern 

methods of treating raw water with ultrasonic waves 

two specific situations are taken into consideration in 

which the type of decanters is different: 

- sonic decanter using the bi-frequential gas-

dynamic generator; 

- classic decanter, where the aluminum sulfate is 

used as coagulant, and polyelectrolyte 

(polyacrylamide anionic) as an adjuvant. 

 
Profit is calculated by taking into account 

certain formulas in the economic sphere, as follows: 

Price-sales function: p (x) = a – b · x 

Income function: R(x) = p(x) · x = (a – b · x) ·x 

p(x) = price according to quantity; x = amount; 

R(x)  = profit. 

Profit function: π = R(x) – C(x) = (p·x) – C(x) = 

(p·x) – (AVC·x) - F 

 

where: π = profit; p(x) = price according to 

quantity; x = quantity; AVC = average variable costs; 

MC = marginal cost; F = total fixed costs 

⎜⎜
⎜

⎝

⎛

⎟
⎟

⎠

⎞
−=

∂
∂

η xip

i
p

xi

R 1
1                                   (1) 

where: ηxip is the price elasticity. 
 

In case of threshold, there are 2 situations: 

a) the costs are covered (breakeven point): 

 π = R – C = 0 

b) critical amount of income (breakeven 

quantity): x = 

cp

C

v

f

−
 

where: x = quantity; cv = cost per piece, 

variable; Cf = fixed costs total; p = price per piece (x). 

Cost is calculated using the formula [120]: 

Ctuf = 
∑
i=1

m

C
hi

Q
j

,                                              (2) 

where: Ctuf = total unit cost; Ch = finished 

production expenses; Q = quantity of finished 

products; i = item calculation; j = object calculation. 

To calculate the effective efficiency of the sonic 

decanter plant, it is following are considered: Va, - 

volume of water decanted within an hour, m³; nd - 

number of decantation units; ng - number of sonic 

generators; τ - time of turbocharger operations, min; 

nt - number of operation of the turbocharger in an 

hour; to - time necessary to 1 m³ of water decantation 

in the sonic decanter, h; Pt - acting electric power 

turbocharger; Ce - the cost of electricity, Euro/kW·h;  
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Ccg - the cost of coagulant (aluminum sulfate), lei/kg; 

Cp - coagulation adjuvant (polyelectrolyte) cost, 

lei/kg; CCl - disinfectant (chlorine) cost, lei/kg; Cg - 

sonic generator cost, Euro/pc; CaCl -chlorination unit 

cost, USD/pcs; Cx - general expresses sonic treatment 

of raw water, lei; dx, - the optimum dose of coagulant 

for sonic decanter, mg/L; dc - average dose of 

coagulant used in a classic decanter, mg/L; Mx - 

decanted mass coagulant in sonic decanter, kg; Mc - 

coagulant mass used in classic decanter, kg; Mp - 

polyelectrolyte mass (coagulation adjuvant - 

flocculation) used in classic decanter, kg. 

 

1. The calculation begins by determining 

electricity consumption (Wo) necessary to sonic 

decantation of water within one hour: 

W0 = 
nτ

to
Pt

1⋅
⋅ , kW                                   (3) 

where: P
t
 = 3kW; τ = 5 min; n

t
 = 3, t0 = 1h = 60 

min. 

Results: W0 = 0.75 kW. 
 

2. Electricity costs for sonic decanters of 1 m³ 

of fresh water which decants within 1 h is: 

C
0
 = C

e
· W

0
 · t

0
  = 0.0107 €,                         (4) 

where: C
e
 = 0.014 €/kW·h; W

0
 = 0.75 kW ; t

0
 = 

1h. 

 

3. Sonic electric energy cost of raw water 

settling in the 4 units dams, within 1 h is: 

C
4
 = C

0
, €                                                     (5) 

where C
0
 = 0.0107 €. 

 

4. Amount of coagulant (aluminum sulfate) 

used in the process of sonic decanters of 1 m³ of fresh 

water is 

Mx =  dx / 1000 = 0,02 kg,                              (6) 

where dx =dc / 2 = 20 mg/L. 

 

5. Amount of coagulant (aluminum sulfate) 

used in the raw water pond SOIC within 1 h is: 

M4x = 4 · Mx, kg                                            (7) 

where: Mx = 0.02 kg. 

 

6. Daily expenses for settling sonic raw water 

from the treatment plant (4 units tailings) are: 

Cz = (M4x · Ccg + C4) · 24 = 0.6035 €          (8) 

where: M4x is 0.08 kg and the Ccg is 0.3 € / kg. 

 

7. General annual expenses for sonic raw 

water decanter under the above conditions are: 

Cz = (M4x · Ccg + C4) · 24 = 0.6035 €          (9) 

where: Cz = 0.6035 €; Cg =  100 €/pc. 

 

8. Annual profit obtained by sonic treatment of 

raw water in comparison with a classic treatment, as a 

treatment stand: 

Pf = {[( Mc · Ccg + MCl · CCl) · 4 · 24] · 365 + 

Mp · Cp + CaCl · 1 buc.}– Cx, €                             (10) 

or Pf = Cgen – Cx = 355.24  €  

where: Mc = 0.04 kg; Ccg = 0.3 €/kg;  

 

MCl  = 0.00416 kg;  CCl = 0.388 €/kg 

Mp = 10 kg (mean consumed in a year); 

Cp = 3.214 €/kg 

CaCl = 476.2 € / pcs (average market) 

Cx = 620.3 € 

Cgen = 975.53 € (annual costs for treating raw 

water classic). 

 

9. Sonic decantation efficiency (annual) in 

comparison with traditional decanting within the 

treatment stand is: 

E f  = 100 - 
100⋅

P f

C gen = 36.415 %,            (11) 

where: Pf  = 355.24 €. 

 
The cost of water treatment by the classic 

method is 2.67% from the water cost (ie € 0.02 from 

0.788 € - price for 1 m³ drinking water in Braila) due 

to sonic decantation efficiency (Ef = 36.415%) the 

cost of water treatment by the sonic method 

represents 0.67% of the drinking water and the price 

obtained will be 0.772 € / m³. 

 
7. Conclusions 

 
We determined the ratio between the period of 

the generator operation and the break period = 

5min/15 min, set in an operating cycle of one hour at 

which the average turbidity value = 2.56 NTU being 

of the Tx and is lower than that obtained in the classic 

decanter (value between 4.2 and 4.8 NTU), which 

proves that the sonic decanter is 36.415% more 

effective compared with a traditional decanter. 
The analysis of the synergetic effects of sonic 

treatment on coagulant dosage was revealed by 

reducing the dose of coagulant required in the water 

treatment process. Based on experiments made on the 

same decanter with different doses of coagulant, 

effective results were obtained for dose reduction the 

(by 50% aluminum sulfate and by 40% aluminum 

polyhidroxyclorure). 
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Fig. 2. Turbidity variation depending on the 

dose of aluminum sulphate: Ts - haze at sonic 

treatment, Td - turbidity to settle fever;  

Tab - raw water turbidity, D-dose of 

aluminum sulphate 

 

Table 1. Variation of average values of turbidity (control and working) solution function  

coagulant dose values (aluminum sulphate) 
 

Coagulant solution 
dose 

Average value of 
working turbidity 

Average value of 
reference turbidity Indicators 

[ml/l] [NTU] 

5 15.1 4.2 

4 14 4.1 

3 12 3.8 

2 6.4 4 

1 5.9 4 

0.8 6.1 3.9 

0.6 7.4 3.8 

0.4 5.9 4 

0.2 3.9 4 

Values 

0.1 5.2 3.9 

 

In the final price of water distribution to users, 

water treatment represents a very small percentage 

(less than 3%), but in the case of the sonic water 

treatment it becomes lower than 1%, which shows the 

efficiency and profitability of this new raw water 

treatment technology for obtaining drinking water 

compared to the conventional technology. 
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ABSTRACT 
 

Solar energy is one of the most abundant resources energy available in the 

world. Solar collectors have evolved in the last decades, but still they haven’t 

reached very high efficiencies.  

The collector efficiency is dependent on the temperature of the plate which in 

turn is dependent on the nature of the fluid flow inside tube, solar isolation, ambient 

temperature and top loss coefficient, the emissivity of the plate and glass cover. 

This paper presents the test results of three different solar collectors and compares 

their efficiency. 

 
KEYWORDS: heat transfer, solar collector, solar energy, system efficiency, 

thermal performance 
 

1. Introduction 
 

Solar energy is one of the most available, 
cleanest and cheapest energy of all sources on the 
surface in the world.  

Because of that and of the global shortage of 
fossil energy source and environmental pollution, it 
became increasingly favorable.  

Scientists ask themselves how we can get hold 
of solar energy such that it can be stored and 
transported from the sun and the uninhabited region 
of the earth’s sunbelt to the world’s industrialized and 
populated zones. 

This question has motivated them to find 
methods to capture solar energy even if it happens to 
be a cloudy or rainy day, good enough reason for 
increasing its potential utilization.  

Recently they have found a method [2] who 
converts solar energy into solar fuels. In what 
follows, we will analyze several types of solar 
collectors producing heat. 

2. Models of collectors 
 

2.1. Collectors without concentration  

of solar radiation 
A flat-plate collector is shown in Fig.  1. When 

solar radiation passes through a transparent cover and 
impinges on the blackened absorber surface of a 
high absorptive, a large portion of this energy is 
absorbed by the plate and then transferred to the 
transport medium in the fluid tubes to be carried 
away for storage or use. 

Glazing: one or more sheets of glass or other 
diathermanous (radiation-transmitting) material. 
Tubes, fins, or passages: helping to conduct or direct 
the heat transfer fluid from the inlet to the outlet. 

Absorber plates: flat, corrugated, or grooved 
plates, to which the tubes, fins, or passages are 
attached. The plate may be integral with the tubes. 

Headers or manifolds: to admit and discharge 
the fluid. 

Insulation: to minimize the heat loss from the 
back and sides of the collector. 

Container or casing: to surround the 
aforementioned components and keep them free from 
dust, moisture. 
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The evacuated tube collector (Fig.2) uses 
liquid–vapors phase change materials to transfer heat 
at high efficiency. These collector works by 
converting energy into tubes.  

They have a heat pipe (a highly efficient 
thermal conductor) placed inside a vacuum-sealed 

tube. The pipe is made of copper, contains a small 
amount of fluid (e.g. methanol). The vacuum 
envelope reduces convection and conduction losses, 
so the collectors can operate at higher temperatures. 

These types of collectors can reach higher 
values of temperature than flat-plate collectors. 

 

 
 

 
2.2. Collectors with concentration solar 

radiation 
Dish/Engine systems use an array of parabolic 

dish-shaped mirrors (stretched membrane or flat glass 
facets) to focus solar energy onto a receiver located 
at the focal point of the dish (Fig. 3). The fluid in the 
receiver is heated to 750˚C (1,382˚F). 

 

 
 

Fig. 1. Flat-plate collector

 

  
 
 

Fig. 2. Evacuated tube collector and the process of natural circulation flow in 

a water-in-glass tube 
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Collector Parabolic Trough systems use 
parabolic trough-shaped mirrors to focus sunlight on 
thermally efficient receiver tubes that contain a heat 

transfer fluid (Fig. 4). This fluid is heated to 390˚C 
(734˚F) and pumped through a series of heat 
exchangers to produce superheated steam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
These types of collector have reflective inner 

walls that are used to augment the solar flux 
concentration of the primary concentrator.  

Higher concentration ratio imply lower heat 
losses from smaller receiver, and consequently, 
higher attainable temperatures on the receiver.  

 

The power flux concentration can be increased 
by a factor ρ (sinΦrim)-1 for 2-D CPC and ρ (sinΦrim)-2 
for 3-D, where Φrim is the angle of the primary 
concentration system and ρ is the inner wall total 
hemispherical reflectance of the CPC. 

3. Principles of solar energy  
concentration 

 

This conventional method, of parabolic-shaped 
mirrors, presupposes collecting solar energy from a 
large area and delivering it onto a small one. A 
parabola focuses rays parallel to its axis into focal 
point. The angle focusing on extremities is 
approximated at θ=0.0093 radian. It considers that the 
focal length ƒ is perfectly positioned and the rim 
angle Φrim is aligned to the sun, and the reflection of 
the rays at the focal plane forms a circular image 
centered at the focal point (Fig. 6).  

 
 
 
 

 
Fig. 4. Solar parabolic trough collector                          Fig. 5. Schematic of a 2-D, 3-D  

                                                                                                              compound 

 

 
 

Fig. 3. Solar dish engine system 
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The diameter is:  

( )rimrim cos1cos

f
d

θ−θ
θ⋅

=                          (1)  

 

When the dish is aligned toward the sun, the 
reflection of the sun rays at the focal plane forms a 
circular image centered at the focus of diameter d. 

 
 

Fig. 6. Concentration of sunlight by a parabolic dish of focal length f and rim angle Φrim 

 
On this circle, the radiation flux intensity is 

maximum and uniform in the paraxial solar image 
(the “hot spot“). It decreases for diameters larger than 

qf ⋅  as a result of forming elliptical images. The 

theoretical concentration ratio C at the hot spot is 
defined as the ratio of the radiation intensity on the 
hot spot to the normal beam insulation, where C - 
solar flux concentration ratio, θ - angle subtended by 
the sun at the earth’s surface.  

rim
2

2
sin

4
C φ

θ
≈                                          (2) 

 

For a rim angle of 45˚ the theoretical peak-
concentration ratio exceeds 23,000 suns, where 1 sun 
refers to the normal beam isolation of 1kW/m2. The 
thermodynamic limit for solar concentration is given 

by the factor 000,46sin 2 ≈φ−  suns.  

 
4. The efficiency of solar collectors 

 
The table below presents the performances of 

different types of solar collectors described above [5]. 

Table 1. Solar energy collector 
 

Motion Collector type 
Absorber 

type 
Concentratio

n ratio 

Indicative 
temperature range 

(˚C) 

Stationary 
Flat plate collector (FPC) 

Evacuated tube collector (ETC) 
Flat 
Flat 

1 
1 

30-80 
50-200 

Single-axis tracking 
Linear Fresnel reflector (LFR) 

Parabolic trough collector (PTC) 
Tubular 
Tubular 

10-40 
15-45 

60-250 
60-300 

Two-axes tracking Parabolic dish reflector (PDR) Point 100-1000 100-500 
 

The efficiency of a solar collector is shown 
below: 

 

( ) ( )
%,

kE

TTK
ADF ai

t ⎥⎦
⎤

⎢⎣
⎡

⋅
−

−⋅=η                   (3) 

 
where: Ft - is heat transmission factor, D·A – 

transmission-absorption product for incidence angle, 
K - overall heat loss coefficient, Ti - fluid inlet 
temperature, Ta - ambient temperature, E - solar 
radiation on a horizontal surface, k – collector 
concentration ratio. 

The absorption coefficient must be larger and 
the transmission coefficient must be smaller.  

The heat transmission factor represents real 
useful heat which might be obtained in the collector if 
the absorbing medium would have the fluid inlet 
temperature.  

This is:  
( )
( )[ ]aiac

iep
t TTkEA

TTcm
F

−−

−⋅
=                              (4) 

where: m – mass flow working fluid;  
cp - specific heat; Ac - heat exchanger surface 

area; Ea - solar radiation absorbed. 
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The table presents the efficiency of flat-plate 
collector, evacuated tub collector and parabolic 
trough collector.  

As seen in Figure 7, the better efficiency and the 
higher performance have been observed for vacuum 
tube collectors and parabolic trough collectors and 
retain high efficiency even at higher collector inlet 
temperatures. 

 
5. Conclusion 

 
The paper compares several of the most 

common types of collectors. The various types of 
collectors described include flat-plate, evacuated tub 
collector, dish engine and parabolic trough.  

The thermal analysis method of collectors is 
presented to evaluate their performances.  

The application areas described in the paper 
show that solar energy collectors can be used in a 
different places where are not fully developed, could 
provide financial benefits, and can be used whenever 
possible and in terms of environmental protection.  
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ABSTRACT 

 
This paper presents a method for the improvement of the lining life of the BOF 

converter by slag coating, under nitrogen pressure. Own slag coating of converter 
lining is put in practice after steel tapping. Dolomite blocks are used like standard 
wear converter lining. Nitrogen blowing for own slag coating is carried out by 
oxygen lance. After steel tapping without slag, the converter is tilt in blowing 
position and the oxygen lance is let down in the lowest position. The nitrogen is 
blown under 10-12 barr pressure and 450-500 Nm3/min rate, for 3 minutes. By this 
slag coating technology the performance of refractories has been improved from 
about 370 heats per campaign in reference year to about 800 heats per campaign at 
the end of two years of experiments, and therefore refractory consumption 
decreased from 5.25 kg/t under 3.00 kg/t and the cost of converter refractories 
decreased by 0.24 $/t. Another variant for improvement of the BOF converter lining 
life was the use of magnesia bricks for selective lining areas (trunion rings area and 
charging mouth). The own slag coating technology has been used also. In the case 
of this variant, the lining life of converter has been improved to about 800 heats per 
campaign at the end of two years of experiments and so the refractories 
consumption decreased under 2.45 kg/t. Because of the higher price of magnesia 
bricks and of the lower price of dolomite blocks, the cost for converter refractories 
has decreased only by 0.02$/t. 

 
KEYWORDS: BOF converter, refractories, lining life, magnesia bricks, 

dolomite blocks 

 
1. Control system for own slag coating 

 
There are only to ways in order to remain on the 

steel manufacture market: quality improvement and 
cost reduction. One of the ways for cost reduction is 
to increase the lining life of converters. The nitrogen 
blowing by oxygen lance in the lowest position, at a 
pressure of 4-16 barr and a rate of 450-500 Nm3/min. 
The converter lining sketch for dolomite variant and 
for magnesia bricks variant is shown in Fig. 1. As it 
can be seen, magnesia bricks have been used for 
selective lining areas only (trunion rings area and 
charging mouth). The control system for own slag 
converter coating is shown in Fig 2. 

The chemical composition of the converter slag 
at tapping is presented in Table 1. 
 

 
 

Fig.1. Converter lining sketch
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Table 1. Chemical composition of converter slag, [%] 
 

CaO Si0 MgO Al2O3 MnO P2O5 Fe 
53-55 14-16 1.5-1.8 0.4-0.6 5.3-5.7 2.1-2.4 17.1-17.7 

 

 
 

Fig. 2. Control system for nitrogen blowing 
 
After the steel from the converter and the using 

of slag free tapping system, the converter is tilt in 
blowing position and the oxygen lance is let down in 
the lowest position. Then the quickly closing valve 
for nitrogen is shut of and the lance valve also. The 
nitrogen is blowing for 3-4 min under 10-12 barr 
pressure and 450-500 Nm3/min rates. 

So the slag is spreading in radial and vertical 
direction onto the vessel refractories by the nitrogen 
spurts that come out from the nozzle of lance. The 
nitrogen has no negative reaction with slag and the 
lining of converter.  

During cooling process the dreading slag is 
flowing on the converter lining. In this process the 
slag is “frozen” on the most used lining areas that are 
the coolest ones. So the coating of converter lining is 
obtained for the next heat.  

After the first tests of own slag coating 
technology, the using cycle of nitrogen blowing was 
stabilized (Table 2). 

Table 2. Cycle of nitrogen blowing for own slag 
coating 

 

Stage converter 
campaign [heats] 

Nitrogen blowing 
regime 

1-50 
Without nitrogen 

blowing 

50-150 
One nitrogen 
blowing/24h 

150-300 One nitrogen blowing/8h 

After 300 One nitrogen blowing/3h 

 
The own slag coating technology has the 
following advantages: 
a) decreasing of the gunning masses; 
b) increasing of the lining life; 
c) decrease of the perforating risk for 

cylindrical area of the vessel. 
 

2. The technological results of own slag 
coating technology 

 
Figures 3, 4 and 5 present the results of the lining 

life (number of heats/campaign) for the three 
converters. As it can be seen, by slag coating 
technology, the lining life has increased from about 
370 heats at the beginning to about 800 heats at the 
end of the experiments. The average values of the 
lining life for every converter and for the steelmaking 
shop are presented in Fig 6. The average increasing of 
the lining life in the first two years of own slag 
coating technology was about 160 heats/years (from 
370 to 668 – Table 3). These average lining life 
values are used in the steelmaking shop for the 
economic estimation of the improvement of slag 
coating technology. 
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Fig. 3. Evolution of lining life (heat/campaign) 
for converter no. 1 – first year 

Fig. 4. Evolution of lining life (heat/campaign)  
for converter no.1 – second year 
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Fig. 5. Evolution of lining life (heat/campaign) 

for converter no.2 – first year 
Fig. 6. Evolution of lining life (heat/campaign)  

for converter no.2 – second year  
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Fig. 7. Evolution of lining life (heat/campaign)  
for converter no.3 – first year  

Fig. 8. Evolution of lining life (heat/campaign)  
for converter no.3 – second year 
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Fig. 9. Evolution of average lining life  
(heat/campaign)  

1 – the first year of experiments; 2 – the second year of experiments;  
3 – reference year 

 

Table 3. Evolution of average lining life (heat/campaign)  
 

 Conv. 1 Conv. 2 Conv. 3 Steelmaking 
Reference year    370 

The first year 554 597 528 560 

The second year 715 606 682 668 
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Fig. 10. Dolomite consumption (dolomite variant) 
 

 
 

Fig. 11. Dolomite and magnesia consumption (selective lining areas variant) 
 

 
 

Fig. 12. Evolution of specific cost for refractories 
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In the first and second years of experiments two 

types of lining were used: one of dolomite blocks 
only and another of magnesia bricks for selective 
lining areas (trunion rings area and charging mouth). 
So it was necessary to analyse the influence of the 
own slag coating technology on every type of lining. 
In figures 7 and 8 present the evolution of the 
dolomite and the magnesia specific consumptions 
relative to the reference year, when own slag coating 
technology was not used at all.  

It can be observed that dolomite consumption 
decreased with 2.47kg/t for the dolomite blocks only 
variant and with 2.85kg/t for the magnesia bricks 
selective lining areas variant, but for this last variant 
there is a supplementary consumption of 0.42kg 
magnesia bricks/t.  

From this reason it was necessary to analyse 
these two variants from an economic viewpoint. 

3. The economical results 
 

The refractories specific consumptions and 
costs have been used for economic calculations in the 
case of the two variants.  

The results are presented in Table 4 and Fig. 10. 
It can be observed that, using the own slag coating 
technology, the specific cost of the refractories was 
diminished from 0.5$/t liquid steel to 0.27$/t for the 
dolomite blocks only variant.  

That means a 0.24$/t gross profit. In the case of 
the magnesia bricks selective lining areas variant, the 
profit is only 0.02 $/t only. 

These economical results have been determined 
by the very low cost of dolomite blocks and a the 
high cost of magnesia bricks. So, until now, the best 
variant is dolomite lining and own slag coating 
technology. 

 

Table 4. Specific cost of refractories, [$/liquid steel, t] 
 

Lining variant 
Year 

Dolomite 
Magnesia selective 

areas 
reference 0.51 0.51 

second 0.32 0.49 

third 0.27 0.49 

 

4. Conclusions 
 

Using the slag coating technology the 
performance of the refractories has been improved.  

The lining life of the converter has been 
improved from about 370 heats in reference year to 
about 800 heats per campaign at the end of the two 
years of experiments and therefore the dolomite 
refractories consumption decreased from 5.25kg/t 
under 3.00kg/t.  

The cost for converter refractories decreased by 
0.24$/t. 
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ABSTRACT 
 

The HfO2 thin-film is a very promising gate dielectric material for last 
generation transistors. The paper presents the thermal decomposition of hafnium 
ethoxide used as molecular precursor for obtaining hafnia thin films. The 
investigated molecular precursor is a mixture of Hf3O(OC2H5)10 and 
Hf4O(OC2H5)14 moisture sensitive amorphous powder. 

The thermal decomposition of hafnium ethoxide precursor was investigated by 
TG-DTG-DSC analysis from room temperature to 6000C in nitrogen atmosphere at 
5K/min. The composition of gas products resulted during pyrolytic decomposition 
has been studied by Fourier Transformation Infrared Spectroscopy (FTIR) and 
Mass Spectroscopy (MS). In the gas products, hydrogen, methyl, ethyl, vinyl, 
hydroxyl groups, acetic aldehyde and acetylene were identified. From mass 
spectroscopy and FTIR data results that the loss of ethoxy groups from the 
molecular precursor occurs in the decomposition steps between 200 and 375oC. 
That suggests that in different steps, ligands from different coordination spheres are 
lost. 

 
KEYWORDS: Hf-ethoxide, thermal behavior, dielectric thin films 

 
1. Introduction 

 
Hafnium dioxide (HfO2) is a high temperature 

refractory material with very good dielectric 
properties [1]. The stoichiometric hafnium oxide has 
stable monoclinic structure. Heated at temperatures 
higher than 1700oC, it transforms into the tetragonal 
structure. Further heating at about 2700oC allows the 
further transformation into the cubic polymorphic 
form having the fluorite structure. A wide range of 
applications of HfO2 such high-k gate electronic 
devices based on TFT [2- 5] as well as near-UV laser 
AR, dielectric mirror designs and waveguide [6] 
require thin film material. HfO2 thin films and 
coatings can be prepared by various methods, as 
atomic layer deposition [8–11], pulsed laser 
deposition [12–14], chemical vapor deposition [15–
17], radio frequency sputtering [18–20], plasma 
oxidation of  Hf film [21] and sol–gel routes [22–34].  

For MOCVD the preferred precursors are Hf t-
butoxide and Hf ethylmethylamide for reasons of 
volatility. The great interest for using sol-gel method 

for preparation of films for multiple application fields 
is due to low fabrication costs with respect to other 
methods, advanced control of doping and the 
possibility of obtaining materials having a 
predetermined structure by modification of the 
elaboration parameters. The preparation of HfO2 
coatings by sol–gel method has been reported using 
different routes and precursors. Nishide et al. [22], 
Shimada et al. [23], Yu et al. [24], Shimizu et al. [25, 
26] have prepared HfO2 using HfCl4 in ethanol as 
starting material. Takahashi and Nishide [27] and 
Nishide et al. [28] worked also with HfCl4 but in 
water, hafnium hydroxide being an intermediate 
compound peptized with formic/oxalic acid. Blanc et 
al. [29] used the same Hf-source but in 1-methoxy 2-
propanol. Aoki et al. [30] used Hf(OBut)4 
toluene/ethanol solution as a hafnium precursor. 
Goncalves et al. [31] used HfOCl2 in ethanol as 
starting material. From the thermal decomposition of 
hafnium molecular precursors, nano size hafnium 
oxide or HfO2-polymer hybrid thin films, can be 
obtained at low temperatures. The sol–gel preparation 
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of HfO2 thin films starting from Hf-ethoxide has been 
previously reported by several authors [6,33-34]. 
Villanueva-Ibanez et al. dissolved Hf(OC2H5)4 in 
ethanol, in the presence of acetyl acetone [6]. 
Zaharescu et al. successfully prepared HfO2 coatings 
on silicon wafer by sol–gel route from Hf-ethoxide, 
Hf-pentadionate and Hf-chloride precursors [34]. The 
films prepared from ethoxide and pentadionate 
precursors were homogenous and uniform with 
respect to their thickness before as well after 
crystallization. For this latter route, a nanoporosity 
was present in the quasiamorphous films as well in 
the crystallized ones. The molecular structure of Hf-
oxo-ethoxide has been investigated by some authors 
[35], but the simple structure Hf(OEt)4 has not been 
characterized.  

In this paper we report the thermal behavior of 
hafnium ethoxide. A better understanding thermal 
behavior is very important to control the 
decomposition steps at different temperatures, and 
consequently the microstructure and properties of the 
obtained oxide films. 

 
2. Experimental details 

 
Hafnium ethoxide precursor was purchased 

from Multivalent Ltd. UK. The thermal analysis 
(about 10 mg samples weight) was carried out in dry 
nitrogen atmosphere using an Q5000 IR thermal 
analyses and a Q20 Differential Scanning 
Calorimeter, from Thermal Analysis Instruments, in a 
platinum crucible, at 5K/min rate up to 600oC. For the 
chemical composition of the gas products resulted  

during thermal decomposition of hafnium 
ethoxide, simultaneous thermogravimetric (TG-
DTG), differential scanning calorimetry (DSC), 
Fourier transformation infrared spectroscopy (FTIR) 
and mass spectrometry (MS) analysis were 
conducted, using a NETZSCH simultaneous thermal 
analysis instrument coupled with FT-IR spectrometer 
QMS 403C and FTIR Spectrometer Vertex 70. 

 

3. Results 
 
Figure 1 shows the results of simultaneous TG-

DTG-DSC data for precursor decomposition and the 
Gram Schmidt mass spectrometry curve of gas 
products resulting during this decomposition. The very 
complex decomposition process of hafnium ethoxide 
with mass change up to 375°C can be observed, with 
at least four important endothermic peak 
accompanied by release of gaseous products. The 
thermal decomposition begins with small mass loss 
processes (about 5% on TG curve) at ~ 85 and 155°C 
characterized by endothermic effects (DSC curve), 
accompanied by two small peak for released gaseous 
substances (curve Gram Schmidt). Extensive 
decomposition occurs between 160° and 340°C (with 
weight loss of ~70%) and intense endothermic DSC 
peaks at 280 and 356°C. From the DTG curve, one 
can observe that the most intense process is between 
225° and 325°C, were the alkoxide losses the major 
weight percent (~60% of the hole mass loss). 

The decomposition ends with an endothermic 
DSC peak at 356°C, accompanied by 10% of mass 
loss. 

 
Figure 2a reveals that the process with the 

highest mass loss and endothermic peak at 280°C is 
carried out with a much higher reaction rate 
(maximum rate of 7.5%/min) than the other 
decomposition steps. In the same time, Figure 2b 

shows that for this process (step 3) the thermal effect 
relative to the amount of substance decomposed is 
much lower than for the others steps. This means that 
the intermediate compound that decomposed at 280°C 
is less stable than the compound resulting from its 

Fig. 1. Experimental results of experimental curves recorded simultaneously  
during TG-DTG-DSC-MS analysis of hafnium ethoxide in dried nitrogen. 

Gram Schmidt 

Gram Schmidt 

TG 

TG

DTG

DSC 
DSC

DTG 

155oC 280oC

357.7oC 

-  74  -



FACULTA
T

E
A

D
E

M
E

TA
LURGIE, ŞTIINŢA M

AT
E

R
IA

L
E

L
O

R
Ş

IM
EDIU

FONDATĂ
1976

 

 
THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI. 

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 3 – 2012, ISSN 1453 – 083X 

 
 

decomposition and is less stable than the initial sample.   

0 100 200 300 400 500 600

20

40

60

80

100

Temperature
0
C

M
a

s
s
/%

Δm=24.46%

-8

-6

-4

-2

0

2

280
0
C

356
0
C D

T
G

/(%
/m

in
)

153
0
C

0 100 200 300 400 500 600

20

40

60

80

100

Temperature
0
C

M
a
s
s
/%

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Δm=24.46%

356
0
C

280
0
C153

0
C

D
S

C
/(m

W
/m

g
)

86
0
C

 
Fig. 2. TG -DTG curves (a) and (TG-DSC) curves (b)  

 
In the range of room temperature (RT) to 

~100°C, an evaporation process (2% weight loss) is 
observed. From 100° to 170°C other mass loss 
process (4% weight loss) occurs, very probably, the 
evaporation of some adducts existing in the sample of 
two alkoxides mixture. Between 170° to 375°C, the 
hafnia ethoxide clusters decompose with the 
formation of hafnium oxide and the release of 

different organics, as can be observed from the mass 
spectroscopy data (Fig. 3).  

The gaseous products evolved during thermal 
decomposition were identified from mass 
spectroscopy (Fig. 3) and FTIR spectra (Fig. 4), such 
as: hydrogen, methyl, ethyl, vinyl, hydroxyl groups, 
acetic aldehyde and acetylene (Table 1).  
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Fig. 3. Mass spectra of gas products of thermal decomposition of hafnium ethoxide,  main peaks (a) and 
enlargement of smaller peaks (b). 

 
 

From FTIR spectra, one can conclude that, for 
the most important decomposition peaks (steps), the 
evolved gas correspond to the following chemical 
species: in the range of 893 – 950cm-1 the banding 
vibration of =C–H and =CH2 (usually sharp) from the 
vinyl group, at 1750 cm-1 the stretching vibration for 
C=O from aldehyde, at 2973cm-1 and 1382cm-1 are 
the asymmetric vibrations of CH3 in alkanes, at 
1163cm-1 the vibrations of –CH2 in alkanes, at 
2315cm-1 is located the band of O=C=O and –H–
C=O, and at 3250cm-1 are located the vibration of OH 
groups. The MS curves in Figure 3 confirm a 

decomposition process starting at 700C, in which the 
components are eliminated until 3750C. 

Taking into consideration the results previously 
discussed, the decomposition steps of the molecular 
precursor sample are:  

- an evaporation process (4% weight loss), in 
the range of RT~100°C; 

- the evaporation of some amount of adducts 
existing in the precursor sample, between 100-170°C; 

- the main decomposition of cluster with the 
lost of majority of ethoxy groups and formation of 
other smaller clusters, between 200-320°C; 
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- the final decomposition of the clusters with 
the loss of last ethoxy groups and formation of 
hafnium oxide, between 320 - 375°C; 

- the elimination of CH3-CH2 and CH2=CH· 

radicals is demonstrated by both MS and FTIR 
spectra; 

- for a better understanding of the 
decomposition mechanism of  Hf-ethoxide molecular 
precursor, additional characterization of  
intermediaries products of the thermal decomposition 
steps mentioned before will be perform, using NMR 
and FTIR analysis methods. 

 
 
 

Table 1. TGA-DTG-DSC data of hafnium 
ethoxide decomposition 
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Fig. 4. FTIR absorption spectra of gas products 
resulted from thermal decomposition of hafnium 

ethoxide  
 

Conclusions 
 

The thermal decomposition of hafnium ethoxide 
precursor was investigated by TG-DTG-DSC analysis 
from room temperature to 6000C in nitrogen 
atmosphere, coupled with Fourier transformation 
infrared spectroscopy and mass spectrometry analysis 
of gas products.  

Hafnium ethoxide molecular precursor 
decompose in four steps below 3560C, and can be 
used for sol-gel synthesis of HfO2 polycrystalline thin 
films or hybride nanocomposite thin films. From 
mass spectroscopy and FTIR data results that the loss 
of ethoxy groups from the molecular precursor occurs 
in the decomposition steps between 200 and 375oC. 
That suggests that in different steps, ligands from 
different coordination spheres are lost. 
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