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PROPERTIES OF SLAGS IN THE SYSTEM CaO-MgO-Al2O3-SiO2, 
IMPORTANT IN DEOXIDIZATION AND DESULPHURIZATION OF 

LOW CARBON ALUMINIUM KILLED STEELS  
 

Petre Stelian NITA 

Faculty of Metallurgy, Materials Science and Environment, 
”Dunarea de Jos” University of Galati 

email: pnita@ugal.ro 
 

ABSTRACT 
 

Properties of refing slags belonging to the system CaO-MgO-Al2O3-SiO2 are 

important in simultaneous or succesive refinig treatment processes in the ladle and 

other refing metalurgical reactors. The efficiency of treatments depends upon the 

values of physicochemical properties of treatment slags which become important 

technological parameters. Surface tension of slags and interfacial tension in teh 

system slag steel also, viscosity and density are important in managing refining 

processes which must be correctly evaluated  as values and influence exerted by 

modification of slag composition, mainly by sulphur content. 

 
KEYWORDS: CaO-MgO-Al2O3-SiO2 system, surface tension, interfacial 

tension, viscosity, density, sulphur solubility 
 

1. Introduction 
 

In the analysis of the dynamical effects at steel-
slag interface during the desulphurization process, 
usually only the surface tension of steel, the 
interfacial tension steel-slag effects and the steel side 
of the interface are taken into account. It is a reality 
that the influences due to the contribution of solutal 
effects in slag, seems to be un-approached and 
sometimes even neglected. Many special 
characteristics appear from the particularities of the 
slags used in deoxidization and desulphurization of 
the low carbon and/or low alloyed steels. Possible 
contributions of slags to the dynamic effects are due 
to special nature and properties of refining 
desulphurizing slags and sometimes to the properties 
of the steel, which form the interface. For sustaining, 
besides the criteria classically used to appreciate the 
possibility that certain dynamic effects as the 
Marangoni convection occur, it must be 
supplementary considered the lower solubility of 
sulphur in slags, taken into account as 
thermodynamically homogeneous liquid solutions, 
coupled with the fact that, at industrial scale, the 
amounts of desulphurizing slags are usually between 
8-14kg/tone of steel [1]. While in steel the 
desulphurization under slags leads to a suphur content 
decreasing by about 0.01-0.02% mass, in the same 
time, in the desulphurization slag, the sulphur content 

increases about one hundred times faster up to 
contents of 1-2%mass [1]. When desulphurization 
reaction takes place in a non uniform manner on the 
whole interface, due to different conditions, higher 
concentrations of sulphur in slag locally appear, 
overcoming the limits corresponding to the existence 
of the thermodynamically and physically 
homogeneous liquid solutions and the whole panel of 
conditions are changed. Therefore an extended 
analysis of such properties as surface and interfacial 
tension, viscosity and density of slags in the 
mentioned system could contribute to obtaining an 
improved image and perception of the conditions 
leading to performances.  

 

2. Influence of the sulphur content on the 
surface and interfacial tension in CaO-

Al2O3-CaS slags at 1873K 
 
The only available experimental reported data, 

covering a wider range of compositions, are those 
reported in the ref.[2][3] for surface tension in the 
system CaO-Al2O3-CaS and interface tension 
between the same slags and a liquid steel of a 
specified grade. It must be mentioned that the paper 
[2] is focused on the influence of sulphur in the 
system CaO-Al2O3-CaF2, but this research includes 
points without CaF2. From them, two sets of data 
have been extracted as selected points from the 
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graphical representation given in ref. [3], mainly 
taking into consideration their coincidence with the 
chemical compositions of slags used in practical 
activities of steel desulphurization and refining. They 
have been used to generate different statistical 
dependence relations, finally being selected those 
having the highest value of the determination 
coefficient R2.  

The regression equations serve to study the 
comparative behavioral trends of the respective 
quantities using computed values, not only the 
impression due to visual aspects, but especially as 
their values. This procedure will be very useful for 
the purpose of the present paper. In the legend of 
figures presented in the present paper, both the 
regresion relations and determination coefficients are 
given. As it is shown, in each case R2=1 or it is closed 
to this value.  

According to the initial composition of the 
slags, in % mass, they will be nominated as slag A (or 

C/A=1.5) at initial composition of 60% CaO-
40%Al2O3 and slag B (or C/A=1) at initial 
composition of 50%CaO-50%Al2O3. They are 
presented in the form of dependences upon the 
concentration of sulphur, and the sulphur content is 
calculated in the sense of the procedure used during 
the reported experiments, consisting in additions of 
different percentages of CaS to such slags. 

In fig.1 are presented the dependences of the 
surface tension of both mentioned slags upon the 
sulphur content (in % mass) at 1873K. In fig.2 are 
presented the dependences of the interfacial tension 
between the two mentioned slags and a steel grade 
H52-3 at a fixed composition of the steel (0.11%C; 
0.44%Si; 1.32%Mn; 0.022%P; 0.035%S; 0.0045%O; 
0.0115%N) [2].  

It is evident a similar influence exerted by 
sulphur content up to 2.5%mass, on surface tension 
dependences (fig.1) and the ratio K(fig.3) in the case 
of both slags, A and B.  
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Fig. 1. Dependence of the surface tension  upon the 

sulphur content in CaO-Al2O3- CaS slags at 1873K.

—— C/A=1.5 σA=2.1217(%S)2-22.922(%S)+563 

(R2=1); 

– – – C/A=1 σB=1.4781(%S)2-22.159(%S)+546 

(R2=1) 

Fig. 2. Influence of the sulphur content in slag  

on the interfacial tension between CaO-Al2O3- 

CaS slags and a low carbon steel  

(H52-3 grade) at temperature of 1873K; 

 —— C/A=1.5, (σinterf.A=0.7353(%S)2-

25.504(%S)+1284.8);  

– – –  C/A=1, (σinterf.B =0.7928(%S)2-

31.548(%S)+1316.5) 

 
In fig.4 are represented dependences of the 

surface tension variations of the slags A and B 
obtained based on the partial molar surface tension of 
each slag upon the mole fraction of sulphur in slags, 
compared to the predictions made using the general 
statistic relation deduced and presented in ref. [4] 
based on the relation given in ref. [5]. In the fig.4, 
besides the similarity of the trends, consisting in a 
parabolic type dependence and therefore in the 
existence of a minimal value at a specific sulphur 
concentration, on each curve, it is obvious the 

difference between the predicted values in the cases 
of the slags A and B, belonging to CaO-Al2O3-CaS, 
and the predicted values using the general statistic 
relation.  

This means that all effects connected to this 
quantity are less intensively influenced in the 
particular cases of slags A and B than those obtained 
with the general statistical averaged relation. It can be 
noticed also that the dependences of the products 
XS∂σ/∂XS for slags A and B are practically 
superposed in the range of sulphur concentration 

-  6  -
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lower than XS≤0,015.The value of the interfacial 
tension at 1873K, between CaO-Al2O3 slag and iron 
decreases from 1238mN/m for a ratio C/A=1 
decreases to 1200mN/m at C/A=1.5[6]. A slight 
increasing to the value 1250mN/m results from the 

ref. [7] at C/A=1.5 and iron containing 0.1%C. At 
1843K from the ref. [8] it results, at 0.1%mass carbon 
content in iron, an interfacial tension about 
1300mN/m, between this alloy and a slag of 50% 
CaO-50%Al2O3.  
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Fig. 3. Ratio(K) between the interfacial tension 

and the surface tension in the system CaO-

Al2O3- CaS at 1873K, upon the sulphur content 

in slags; 

—— C/A=1.5(K1.5= -0.0051(%S)2+ 

+0.0425(%S)+2.412); 

– – –  C/A=1(K1= -0.0076(%S)2+ 

+0.0489(%S)+2.282) 

Fig.4. Dependence of the surface tension 

decreasing ( Xs∂σ/∂XS) upon the sulphur content 

(XS)  in CaO-Al2O3- CaS at temperature of 1873K. 

——  C/A=1.5(XS∂σ/∂XS= 55778XS
2- 

-2498XS+0.2919); 

······ C/A=1(XS∂σ/∂XS =28894XS
2- 

-2226.3XS+0.3045); 

— · — · according to ref. [3] 
 

Many difficulties are due to the atypical 
behaviour of the system CaO-Al2O3, which is proven 
to be in a way ”out of rules” in many respects, 
making difficult the including of the system in a 
general model of establishing the quantities 
contributing to viscosity, density, and even to the 
surface tension. 

 

3. Viscosities in CaO-Al2O3-CaS slags,  
at 1873K 

 

Despite the presumed simplicity due to the 
number of components, the viscosity values in the 
system CaO-Al2O3 are not accurate enough as the 
experimental or predicted values using models. Some 
trials to establish the general trend of the viscosities 
in the CaO-Al2O3 system, have led to finding a 
decreasing one and another one, of increasing value 
with the increasing of the CaO content. 

In ref.[9], in a systematic experimental research, 
at a slag composition of 50% CaO-50%Al2O3 it was 
obtained the value 0.23Pa.s.  

From the relations established in the [10], it 
results the value η=0.1956Pa.s at a close composition 
of 51.5%CaO+ 48.5%Al2O3 and the value 
η=0.199Pa.s at a composition of 49.5% CaO +50.5% 

Al2O3. Using Urbain model, a value 0.4396Pa.s is 
obtained. 

In slag 60%CaO-40%Al2O3 a value 
η=0.1184Pa.s is obtained by extrapolating at 1873K a 
statistic relation (lgη=23.10-7T2-0.010556T+ 10.776, 
R2=1), established in the present study, based on data 
obtained in ref.[1], on the interval 1973-2073K. From 
ref.[10], at a relatively close composition (55.5% 
CaO-43.5%Al2O3-1% SiO2) a value η=0.162Pa.s is 
obtained. Using Urbain model, a value η=0.2735 Pa.s 
is obtained. The values obtained using the Riboud 
model are much lower than the lower experimental 
value, in case of both compositions of slags. 

There are not data concerning the influence of 
the sulphur content on the viscosity in slags  based on 
the simple CaO-Al2O3 system. Some trends of 
influence result from data in other systems. In the 
system CaO-CaS-SiO2, at 1873K and ratios of mole 
fractions representing (XCaO+ XCaS)/ XSiO2=1.5-2, at 
contents of XCaS=0.02-0.1, there are not sensible 
influences of the sulphur content [11][12]. At 1773K, 
in a complex system CaO-SiO2-Al2O3-MgO-MnO-
CaS, at basicity index 
b=%massCaO/%massSiO2=1.3, the replacing of 
about 3%CaO by CaS leads to increasing of the 
viscosity by about 10% (from 0.3 to 0.33Pa.s) and at 
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b=1.43, the replacing of about 6%CaO by CaS leads 
to decreasing of the viscosity with about 16% (from 
0.38 to 0.32Pa.s)[13]. The presented data lead, by a 
certain similitude, to the acceptance of a low 
influence of the sulphur content on the viscosity, in 
the system CaO-Al2O3-CaS at 1873K, up to 6% CaS. 

 

Densities in CaO-Al2O3 system, at 1873K 
In slags 50% CaO-50%Al2O3, values 2710kg.m-

3[14], 2750kg.m-3 [15][16] and 2870kg.m-3 [17] have 
been found as points in diagrams[12]; in ref.[18], a 
value of 2710kg.m-3 is given also. For slag 60% CaO-
40%Al2O3, a value 2685kg.m-3 is given [11][19]. 

 

Sulphur solubility in slags and its influence 
From data presented before it results that the 

major effect, during the desulphurizatin of the steels 
using slags based on the oxydic system CaO-Al2O3, is 
the decreasing of the surface tension of the slag and 
of the interfacial tension between the slag and the 
mentioned low carbon steel, due to the increasing of 
the sulphur content of the slag. In the industrial 
practice only rarely the final sulpur content is higher 
than 2%mass. At each temperature in the range of 
interest, a certain value of the sulphur capacity CS’ 
corresponds to each chemical composition of the slag, 
at equilibrium with metallic bath and therefore, there 
is a limit of solubility of sulphur; up to this limit the 

sulphur forms with the other components of slag fully 
liquid slags. The content of sulphur overcoming the 
solubility limit will precipitate in slag as CaS, which 
will float in the slag as cristals, as it was observed 
experimentally [20].  

The limits of CaS solubility in CaO-Al2O3 slags 
are given by the relation in fig.5 and can be 
transformed in the corresponding limits of sulphur 
solubility. For the considered CaO-Al2O3 slags, the 
limit of sulphur solubility is 2.092 % mass at C/A=1.5 
and 1.46% mass at C/A=1.  

It follows that all effects taking into 
consideration the chemical composition of the slag 
must be analyzed under the consideration of the 
effects due to CaS precipitation as crystals in the slag. 
In ref.[20] it is mentioned that the CaS precipitation 
inhibits the generation of interfacial convection.  

Using the effects of the chemical composition 
shown in fig.3 and fig.5 this could be explained by 
the strong lowering of the sulphur content in the 
liquid surrounding the CaS precipitated crystals and 
the corresponding lowering of the product XS∂σ/∂XS 
which gives a measure of the maximal surface tension 
decreasing which could contribute to the interfacial 
convection evaluated as Marangoni effect.  

This can be seen also in fig 4. where at lower 
sulphur contents the decrease of the surface tension is 
more important than at higher sulphur contents.  

y = 3,4717Ln(x) + 3,2989

R2 = 0,9997

3

3,5

4

4,5

5

5,5

0,95 1,05 1,15 1,25 1,35 1,45 1,55

Ratio C/A

C
aS

, %
m

as
s

 
 

Fig. 5. Solubility limit of CaS in slags CaO- Al2O3 at 1873K, as function of the ratio  

C/A =(%mass CaO)/(%mass Al2O3), according to experimental values of sulphur solubility from 

ref.[2]. The equivalent relation of the solubility of sulphur in slag is (%S)=1.5428Ln(C/A)+1.466 

 
4. Conclusions 

 

The present values of physico-chemical 
properties of slags in the system CaO-MgO-Al2O3-
SiO2 are important by their values and influence 
exerted by sulphur content in refining processes of 
deoxidization and desulphurization which occur 
simultaneously and subsequantly during steel 
treatment in ladle reactors and other refining reactors. 
Based on several values of important quantities and 

parameters influenced by these properties, the 
processing route and parameters of treatment could be 
better established to obtain an optimized maximal 
efficiency in steel refing processes at industrial scale. 
All these are possible only based on correct 
evaluations of the properties presented. Because of 
some important differences of values found in the 
literature, it is necessary to improve and to establish a 
standard procedure for measurements of slag 
properties and not only. 
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ABSTRACT 

 
The goal of this document is to promote a sequence of bulk-deformation 

processes able to produce ultrafine grain and also nanostructured wires with 

adequate length to be interesting for processing in metallurgical industry. Samples 

of aluminum Al 1100alloy (98.41 % Al) were subjected to repetitive Equal Channel 

Angular Pressing at room temperature in 1 to 4 passes. Severe deformed specimens 

were cold classical plastic deformed in wires. Microstructural evolution and 

mechanical properties were investigated. Optical microscopy progression is 

evaluated through a sequential interrupted process on each separate ECAP pass. 

The XRD studies reveal the influence of SPD on grain refinement of samples. A 

simply and new technology for obtaining intermediary products UFG and 

nanocristalline wires was developed. 

 
KEYWORDS: SPD, ECAP, UFG, in bulk nanomaterials cold extrusion, 

aluminum alloys, microstructural evolution 

 
1. Introduction 

 

On October 18, 2011 the European Commission 
adopted the following definition of a nanomaterial: a 
natural material, made accidentally or manufactured, 
containing particles in the free, the aggregate or the 
agglomerate states and where 50% or more of the 
particles have size distribution, one or more 
dimensions, the size range 1 nm - 100 nm [1]. Under 
certain conditions described by the legislator, the 
percentage may drop below 50%.  

In bulk nanostructures have all three dimensions 
at the nanometric scale (3-D). These categories of 
massive solids are nanometer-scale grains.  

Severe plastic deformation are an important 
approach for manufactured metallic material in bulk, 
whose crystalline grain size varies from less then 100 
nm or up to 200 nm for ultra-fine grained massive. 
The use of severe plastic deformation (SPD) for the 
processing of bulk ultrafine-grained and 
nanostructured materials is now extensive [2, 3, 4]. 

One of the successful top-down methods 
producing massive material with three dimensions at 
the nanoscale is ECAP (Equal Channel Angular 
Pressing). ECAP was first implemented in the 80s in 
the Soviet Union. ECAP uses a die where two 
channels are cut, 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 introduces 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 of the initial sample. ECAP is based on 
increasing the free energy of polycrystalline alloy 
initial coarse grain, through introduction of high 
density of defects, especially dislocations [5]. 

The properties of bulk nanostructured or UFG 
alloys differ very much from the polycrystalline ones 
with the same average chemical composition, massive 
with micrometer scale. Properties of nanomaterials 
depend on two very important factors: grain size and 
the number of atoms on the surface or in close 
proximity to the surface. In the case of ECAP, the 
grain size of the final product can be varied by 
controlling: die designed angles (Φ the inner angle 
and ψ the outer angle), pressure, number of 
successive passes, processing route. All factors 
described are impact in microstructure and 
homogeneity developments during process.  

The properties of bulk nanomaterials depend on 
grain size distribution, boundary thickness and local 
chemical composition.  

In the present work we studied an aluminum 
alloy, which especially displays the size and 
distribution influence of intermetallic compounds.  
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ECAP is a feasible process for bulk 
nanostructure or ultrafine grain materials. A major 
limit of method is represented by dimensions of 
deformed material. This paper has the major objective 
of promoting of technology capable to produce long 
wires with ultrafine structure and function on true 
deformation degree, nanometric bulk structure, in 
order to be implemented in industry. Therefore, the 
present work was targeted at employing two 
combined plastic deformation methods, ECAP plus 
direct extrusion, a desirable severe plastic 
deformation technology to perform in bulk 
nanostructured aluminum alloy wires. 
 

2. Experimental procedure 
 

This study was carried out on a commercial A 
6061 aluminum alloy (composition of 0.87 % Si, 
0.05%Mn, 0.05%Cu, 0.007%Zn, balance aluminum) 
supplied with 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 [6].  
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Specimens were pressed via route A at room 
temperature. Before pressing the samples were 
lubricated with a suspension of graphite in mineral oil 
to reduce friction. The constant pressing speed 17.3 
mm/s was employed using a 20 tf press. After 
pressing, the die was rotated at 900 and the specimen 
was pressed back in the vertical channel.  

Then another specimen pushes out the first one. 
Similarly, the ECAP process was conducted to obtain 
specimens with 1, 2, 3, and 4 passes, equivalent 
strain: 1.07, 2.14, 3.21, respectively 4.28. Following 
the ECAP procedure, eight samples were obtained, 
two with the same equivalent strain.  

Four samples were used for investigations after 
severe plastic deformation and other four were 
deformed by direct cold extrusion. The direct 
extrusion die parameters are shown in Table 1.  

The prismatic ECAP billets were pressed in the 
cylindrical die to obtain long UFG wires 4 mm in 
diameter.  

Table 1 
 

Diameter of 
container 
D[mm] 

Diameter of 
calibrated zone 

d [mm] 

Strain 

100
2

22

×
−

=
D

dDε  

Equivalent 
strain 

1

0ln
A

A
=ϕ  

15 4 92.88 2.64 
 

The force variation in both processes, ECAP 
and direct extrusion, respectively, was monitored 
with Hottinger Spider 8 system and force-stroke data 
has been recorded. Micro-Vickers hardness 
measurements were made on ECAP and ECAP plus 
cold extrusion samples using a load of 0.9807 N and 
reported as mean of the three readings. The XRD 
characterization of the samples has been obtained 
with a RigakuDmax III-C system. 

The optical microscopy study has been carried 
out using a microscope Olimpus BX45 with digital 
image resolution at higher magnifications. The 
scanning electron microscopy study has been carried 
out using a portable microscope SEM type Hitachi. 
Metallographic samples were processed in 
longitudinal section for ECAP deformed samples and 
cross sections for extruded samples and attacked to 

specific reagent: 0.5 ml HF, 1.5 ml HCl, 2.5 ml 
HNO3, 95.5 ml water. 

 
3. Result and discussion 

 
3.1. Pressures in ECAP and cold extrusion 

processes 
In the ECAP process, the pressure increased 

continuously with stroke until the maximum is 
achieved, and then a decreasing variation take places. 
Toward the end of the ECAP process, pressure is 
almost constant. Figure 1 presents pressure versus 
stroke plot for effective plastic strain 4.28 
respectively four ECAP passes. The maximum 
pressure, 446.94 MPa is also the maximum value 
reached in the ECAP process as shown in Table 2.  
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Fig. 1. Pressure versus stroke on fourth pass of ECAP – effective plastic strain 4.28 

 
Pressure in the cold direct extrusion process 

sowed different variation of pressure with stroke but 
specific for direct extrusion. At the start, a slow 

increase in pressure occurs suggesting cold pressing 
from prismatic shape to cylindrical shape, then the 
pressure increases rapidly to maximum.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Pressure versus stroke in cold direct extrusion process o ECAP billet after four passes- 

effective plastic strain 6.92 
 

In Figure 2, pressure versus stroke was plot for 
the cold extrusion process from four ECAP passes 
billet (effective plastic strain 6.92). The pressure 
increase up to 1.6 GPa almost four time higher than 
simply ECAP. When the maximum is reached, the 
pressure drops to lower values because the volume of 
the sample decreases in the container, the same as the 
friction forces. 

Table 2 shows the maximum pressure values for 
different stages of ECAP and cold extrusion. It can be 
observed that the ECAP pressure increases from one 
pass to another and so does the conventional 
extrusion also. The values for ECAP + CE are higher 
than simply ECAP because of the accumulated strain 
and structure distortion. 

Table 2 
 

Maximum pressing 
pressure  Processing route 

[MPa] 
Pass 1 ECAP 140.74 
Pass 2 ECAP 231.75 
Pass 3 ECAP 344.49 
Pass 4 ECAP 446.94 

Pass 1 ECAP + CE 1068.845 
Pass 2 ECAP + CE 1220.434 
Pass 3 ECAP + CE 1538.592 
Pass 4 ECAP + CE 1650.242 
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3.2. Microhardness 
At low temperatures, the increasing of grain 

boundaries behave as slip barriers, their area being far 
increased than in coarse grains bulk alloys. Therefore, 
nanocrystalline bulk metallic alloys are expected to 
have got value for mechanical resistance consistently 
higher than polycrystalline material with the same 
composition. Indeed at low temperatures, 
nanocrystalline materials were noted to become 
harder as the grains size is reduced [2, 5]. 

At elevated temperatures sliding grain 
boundaries and diffusion processes become 
meaningful. In the case of nanomaterials, a high 
density of imperfections and dislocations with 
different settlement at grain boundaries are specific. 
That affects significantly mechanical properties.  

Due to their reduced grain size, and the 
increased number of atoms on surface, nanomaterials 
are expected to become more ductile at the same 
temperature then coarse grained polycrystalline alloys 
with the same composition. 

In an up to date review on the mechanical 
behavior of UFG and nanocristalline materials [5] 
data is showed on normalized yield strength versus 
percentage elongation in tension for metals with grain 
sizes in the nanocrystalline range in comparison with 
UFG in cooper, titanium and aluminum alloys. 
Ultrafine grained materials (100–500 nm) exhibit 

increased yield strength along with good ductility in 
comparison to nanograined materials. 

The plastic deformation of nanocrystalline 
materials is known to change as the grain size 
decreases into the ultrafine regime. This has been 
correlated to changes in strain hardening behavior at 
those grain sizes. 

Ultrafine grain size can be described by a core-
and-mantle model (grain-boundary limits with 
spacing of 10–100 nm). As the grain size is reduced, 
the ratio between volume fractions of the ‘‘mantle’’ 
and ‘‘core’’ increases, providing an increase in yield 
stress [5]. Microhardness values are presented in 
Figure 3. The values of severely plastically deformed 
ECAE samples with different degrees of deformation 
and measured values after extrusion in 4 mm wires 
were taken into account. Note that all samples ECAE 
plus extrusion the increase value of microhardness. 
The hardness value of the initial samples doubled 
from 337.6MPa to 678.8MPa. Severe plastic 
deformation leads to an advanced finishing structure. 

 

As a consequence, hardness increases with the 
increase of deformation. Note the true deformation 
degree threshold value 3.21, above which plastic 
deformation by ECAP have no effect on mechanical 
properties. This correlates with the claims in literature 
that reveal that the mechanical behavior better marks 
ultrafine grain size than the nanometric structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Variation of microhardness with the number of ECAP passes and ECAP+CE 
 

3.3. Microstructure evolution of Al 1100 

alloy during the ECAP process 
Samples of aluminum were investigated by 

optical microscopy, in as received state and after 
severe plastic deformation by the ECAP process with 
1, 2, 3 and 4. The structure was analyzed after severe 
plastic deformation and ECAP plus subsequent direct 
extrusion 1 to 4 passes. Optical microscopy (OM) in 
as received sample of Al 1100 reveals a structure 

consisting of a coarse-grained solid solution and 
intermetallic compounds precipitated fine (Fig. 4). 
The solid solution presents polyhedral grain structure 
straight edges specific to fcc metals.  

 

The microstructure highlighted slight 
unevenness grain size. Inside the crystalline grains of 
solid solution and on grain boundaries are observe 
several precipitates. Dark areas are insoluble phase 
Mg2Si particles and Mg2Al3. 

 

300

350

400

450

500

550

600

650

700

750

0 1 2 3 4 5 6 7 8

Effective plastic strain

H
a

rd
n

e
s

s
, 

H
V

0
.1

 [
M

P
a

]

ECAP as received ECAPthen extruded

-  13  -



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. 2 – 2012, ISSN 1453 – 083X 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Microstructures of Al 1100 magnesium alloy in initial state 
 

Optical microscopy progression after severe 
deformation is evaluated through a sequential 
interrupted process on each separate ECAP pass. 
Evaluation was performed in 4 distinct regions of the 
samples severely deformed by ECAP for each 1 to 4 
passes.  

The four areas of microstructures billets 
outlining: 

• input of the billet before deformation at 
entry in the die for next pass; 

• plastic deformation zone, containing in the 
shear plane; 

• deformed area after leaving the progressive 
shear zone; 

• output end of the billet after current pass at 
leaving the die 

 

The mode definition of these regions for 
samples severely deformed by the ECAP process are 
outlined in Figure 5. 

The microstructural observation focused on 
characterization of the grain structure evolution with 
increasing number of passes, comparative in all the 
specific ECAP regions previous described. 

 
 
 
 
 
 
 
 
 
 

Fig. 5. Regions of ECAP specimen observed by OM 
 

Optical images prevailed of the areas defined in 
Figure 5 for each of the four stages of processing by 
ECAP, using route A, are shown in Figures 5 - 8. 

The deformation produced by ECAE is 
sequential, the shearing not being distributed in the 
entire billet simultaneously [7]. More than that, at 
every reinstatement of the sample in the die for a new 
deformation, the billet starts with a different texture, 
discontinuous in volume. But we can consider that 
deformation appears almost monotonically in a tight 
region around the shear plan defined by the die 
intersection plane [ec8]. This region, named plastic 
deformation zone, is not symmetric around the shear 

plan, and depends on all the ECAP process 
parameters. 

 
3.3.1. Microstructure in region A 

In the metallographic region A are shown the 
input of the billet before deformation, at entry in the 
die for next pass. 

 

In the first ECAP pass, although in this region 
the material is not yet deformed, the microstructure 
displays a slightly deformed texture. The image in 
Fig. 6a is taken before the samples get in touch with 
the plastic deformation zone.  

 
 

A

B C D
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Fig. 6. OM of ECAP billets after: one pass (a), 2 passes (b), 3 passes (c), 4 passes (d), Region A 
 

There is a solid solution rich in aluminum that 
shall grains easily elongated in the direction of 
application of force, in longitudinal section, on the 
outer surface of the sample which is in contact with 
the mold. The grains slightly flattened have dark 
particles of intermetallic compounds inside and at 
boundaries. The texture is only due to the contact of 
the sample with the mold walls. The billet was 
introduced initially lubricated all over the 
longitudinal contact with the mold. One possible 
reason is the effect of friction texture appearance can 
not be completely excluded. After two ECAP passes, 
the micrographic aspect reveals significant refinement 
of microstructure. Extended fine structure is formed 
then in the zone obtained after the first pass. Limits 
have parallel leaf appearance due to increased density 
of dislocations. After three ECAP passes grains, have 
an increasingly elongated and thin form. After four 
ECAP passes, just flow lines are observed. 
Crystalline grains are not OM observed, merely 
fibrous structure. 

 

3.3.2. Microstructure in region B 
Area noted with B is the plastic deformation 

zone that contain shear plane where plastic 

deformation occurs almost monotonously at the 
intersection of the two channels of the mold. At the 
first ECAP pass the crystalline grains of solid 
solution support a sinusoidal crimping process to 
shredding (Fig.7a). 

In the following ECAP passes, the successive 
shearing of the grains already finished during the 
previous passages takes place. It forms a band 
structure aligned and finished growing, highlighting 
fiber flow lines. For all smaller grain sizes (d < 300 
nm) shear band development is often observed to 
occur immediately after the onset of plastic 
deformation [9, 17].  

The mechanism of grain-boundary rotation is 
one of several mechanisms that try to explain the 
modality of plastic deformation for ultrafine grains 
size metallic alloys [19, 11, 12]. The equiaxed grain 
structure is replaced by elongated grains through 
plastic deformation inside the shear band. Between 
two neighboring the barrier of boundary is eliminated 
by rotation so their orientation became closer 
together.  

Similar mechanisms of grain boundary rotation 
and also based on dislocation generation at grain 
boundaries and in the limitrophe area for ultrafine 

ECAP 1 pass ECAP 2 passes

ECAP 3 passes ECAP 4 passes 
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grained size can explain how plastic deformation 
takes place.  

TEM observation in Ti [13,14], Cu [15], Al–
Li [16,18], and brass [19] in case of severe 

deformation grains, suggests applying mechanism of 
multiply dislocation that creating a work hardened 
layer close to the grain boundaries and in the same 
time grain boundary rotation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. OM of ECAP billets Region B after one pass (a), 2 passes (b), 3 passes (c), 4 passes (d),  
 

3.3.3. Microstructure in region C 
The output limit of the plastic zone area is 

defined in region C. The optical microstructure of the 
sample after each ECAP pass is presented in Figure 8. 
After one pass grains are elongated in the direction of 
deformation and strings as brittle intermetallic 

compound fine particles arranged along the slide can 
also be observed.  

 

Increasing strain induces occurring significant 
microstructures differences.  

Structure is becoming more elongated, finer and 
ultra finer grains size.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ECAP 1 pass ECAP 2 passes 

ECAP 3 passes ECAP 4 passes 

ECAP 1 passes ECAP 2 passes   
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Fig. 8. OM of ECAP billets after: one pass (a), 2 passes (b), 3 passes (c), 4 passes (d), Region C 
 

The original grain boundaries disappear and are 
evident only fiber lines flow. As the deformation 
increases the fiber structure is compressed in 
transverse space, becoming more uniform and rotates 
to the direction of extrusion. The central area of the 

sample, defined by position in region C, have parallel 
fiber lines that lie at an angle of 650 from the vertical 
direction of extrusion. 

The structure is consistent with the substructure 
quartz strip aligned with the shear plane direction. 

 
. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. OM of ECAP billets, Region D after: one pass (a), 2 passes (b), 3 passes (c), 4 passes (d) 
 

3.3.4. Microstructure in region D 
With increasing plastic deformation in all areas 

observed by optical microscopy, regions A to D, the 
finishing of insoluble solid particles dark and gray 

colored (silicon, magnesium compounds and so on) 
occurs. Some authors believe that some of them 
dissolve in solid solution due to the thermal effect of 
ECAP severe plastic deformation. 

ECAP 1 passes ECAP 2 passes 

ECAP 3 passes ECAP 4 passes 

ECAP 2 passes   ECAP 1 passes
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In region D, the output end of the billet after 
current pass at leaving the die is revealed in Figure 8. 
After more than two ECAP passes, circular fibrous 
turns the deformation zone appear, a consequence of 
the uniformity deformation in the ECAP process.  

3.3.5. SEM images in region C 
SEM images reveal the same ultra dense 

material aspects after four ECAP passes. The 

microstructure has got fibrous appearance. Only flow 
lines and some coagulated precipitates can be seen 
(Fig 10).  

 

The yield stress and tensile ductility are 
simultaneously adversely affected by porosity. The 
restriction, diminishing pores, in the ECAP deformed 
billet, provide a good behavior in terms of fracture, 
because of densification. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. SEM micrograph ECAP four passes 
 

3.4. Microstructure evolution of Al 1100 

alloy subjected to combined ECAP and 

direct extrusion 
Samples severely plastically deformed by the 

ECAP method in one to four passes were 
subsequently plastic deformed by cold direct 
extrusion. Wires obtained after extrusion were studied 

by light microscopy in cross section. Figure 10 shows 
representative images obtained by OM after extrusion 
in one pass of the severely deformed semifinished 
ECAP samples, in one to four passes.  

 

After extrusion of ECAP samples with 1.07 true 
deformation degrees, materials show the fine grain 
structure with corrugated and spiral shape (Fig 11 a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. OM cold extruded wire one ECAP pass-a and 4 ECAP passes - b 
 

The increasing deformation degree by the 
ECAP process followed by classical extrusion in a 
single pass determine grain size finishing and also 
fibrous texture. Extruded samples after four ECAP 

deformations have only fiber lines (Fig.11b). The 
microstructure in Al1100 wires subjected to high 
strains ECAP plus Extrusion exhibited grain sizes in 
the 100–200 nm range. 

a b 
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4. Conclusions 
 

A round-section wire start to square section 
samples severely deformed by ECAP can be 
produced, having ultrafine grain size after four ECAP 
passes and single cold extrusion. 

A large increase in hardness for the 
nanocrystalline aluminum alloy samples made by the 
ECAP plus classical extrusion as compared to the 
annealed coarse-grained initial samples. 

With the increment of true deformation degree 
from 1.07 to 4.28, the shape of the particle is changed 
firstly to become elongated and also corrugated, then 
it is reduced gradually until it simply becomes flow 
lines. 

Pressing pass has a decisive influence on the 
microstructure evolution of aluminum alloy. With 
each increase of ECAP pass, the microstructure 
aspect is more dense and fibrous and finer. 
Subsequently, after leaving the plastic deformation 
zone, the grains are reoriented at 650 to the axis X in 
the shear direction. The ECAP microstructure 
evolution indicates a close relationship to simple 
shear deformation in region B and non-uniformity of 
deformation especially in region D. After extrusion of 
one ECAP pass samples, the structure presents the 
fine grain structure with corrugated and spiral shape. 
Extruded samples after four ECAP deformations have 
only fiber lines with dense surface aspect. 
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ABSTRACT 

 
The paper presents studies concerning the neutralization of hazardous waste 

containing metal ions by embedding them in vitreous matrix which are chemically 

stable materials. The main analysed factors are: chemical composition of the 

charge based on packaging glass waste, amount influence of waste added in the 

charge on the physical-mechanical properties of analysed materials, the structure 

and the capacity for inclusion of metallic oxides from hazardous waste, the thermal 

treatment of vitreous or vitreous-ceramic materials. 

 
KEYWORDS: glass, oxides, hazardous waste, structure 

 

1. Introduction 
 

Through the neutralization of dangerous waste 

in the matrix of oxidic glasses which are stable from 

the chemical point of view, the polluting potential of 

the waste decreases substantially [1].  

The recovery of glass waste in view of 

elaborating the vitreous matrix for the inertisation of 

dangerous waste was studied in the present paper due 

to the fact that it represents a research field which 

may reveal very important technical and economic 

advantages. 

Through incorporating various composites 

(some metal oxides, salts, heavy metal hydroxides) 

into the vitreous matrix, decorative glasses may be 

obtained, whose colour varies in keeping with the 

nature of the metallic ion, the quantity added and the 

work temperature [2]. 

Vitroceramic materials may combine specific 

properties to ceramic and specific properties to glass. 

To obtain the designed properties, the stabilisation of 

the appropriate chemical composition and the 

achievement of an adequate thermal treatment must 

be taken into account. 

The concept of controlled crystallisation 

involves the separation from the vitreous phase of a 

crystalline phase under the form of fine crystals, 

whose number, growth speed and final size are 

controlled through an appropriate thermal treatment 

[3]. The inertisation of wastes in the vitreous matrix 

mainly consists in their incorporation through melting 

in a glass with a particular composition, which allows 

the incorporation of certain chemical elements present 

in the waste [4, 5].  

The complexity of the correlation between the 

chemical composition and the properties of the base 

glass functioning as a vitreous matrix which 

incorporates the waste makes the choice of 

composition be of a a great importance.  

The production of vitroceramics with improved 

properties is highly dependent on the phases of the 

crystalline microstructure developed during the heat 

treatments of the base glass.  

Some glass compositions have their own 

crystallisation centres, but others need specific 

components to be added so as to ensure the internal 

formation of crystallisation centres. In glass factories, 

glass chips are used to a high extent (almost up to 

100%) in the fabrication process as raw material, also 

known as adding material. 

 

2. Experimental results 
 
In present are known three broad categories of 

vitro-ceramic materials used for their special 

properties. The first is based on a base glass with a 

composition close to eutectic Al2O3-SiO2-MgO 

system (MAS), the second system becomes very 

important is ternary system Li2O-Al2O3-SiO2 (LAS), 

the third class of vitro-ceramic materials refers to 

those which contain the main crystalline phase 

keatitul (polymorphic form of SiO2) from the system 
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Al2O3-SiO2 (AS), with outstanding thermal 

properties.  

Results for stoichiometric compositions 2CaO 

Na2O 3SiO2 (NC2S3) and 2Na2O CaO 3SiO2 (N2CS3) 

which are based on the ternary system SiO2-CaO-

Na2O, Figure 1, were discussed by Gonzales - Olivier 

and James [4] which studied nucleation speeds, 

viscosity and thermodynamic data in stationary 

regime. 

 
Fig. 1. Section of Na2O-CaO-SiO2 system with compositional fields vitrogene (GF, LGF) with 

imiscibilitaty (LLS) and crystallization in volume of the N2CS3 NC2S3 compounds [3] 

Table 1. The main stages in the elaboration of glass 
 

No Name of stage Temperature range 

1 
Formation of silicates in the solid phase and  

of the first  melt volumes 
It begins at 300 ° C and ends at 800 - 1000oC 

2 Glass formation 
It begins at 800 – 1000oC and ends at 

1300 – 1500oC 

3 Refining of the glass melting 1350 – 1550oC 

4 Homogenization of the glass mass 

It begins at the upper limit of the melting 

interval and ends at temperatures corresponding 

to the glass clarification 

5 Cooling of the glass mass 
At temperatures 200-600oC lower than those of 

the melting interval 

   

More types of glasses go into the recycling flux, 

each having different chemical compositions and 

physical properties. The most frequently used 

vitreous material is the glass based on silicon dioxide 

(SiO2), sodium carbonate (Na2CO3), calcium 

carbonate (CaCO3) or limestone and other minor 

additives. 

Most of the recycled glass is made up of 

packaging and plane surface glass. The main stages in 

the treatment and elaboration of glass are shown in 

table 1. 

The samples were made of chipped packaging 

glass, aluminium oxide, zinc oxide, arsenic trioxide, 

metal oxide wastes with a granulation of under 

300µm. The casting form were filled with these 

chipped materials which were heated in an oven with 

silit bars, at a temperature of up to 1450oC. 

The quantity and the dimensions of the pieces of 

glass, as well as the metallic oxide resulting from 

industrial waste are of a great importance for the 

melting time, and also for the end product. The 

granulation of the transparent glass chips which 

change colour following melting and in the presence 

of oxides plays an important role in the colour 

homogeneity and uniformity. The smaller the granule 

size, the better the colour uniformity. The 

homogenisation of the glass melt consists in the 

levelling of the physical and chemical characteristics 

of the whole mass of glass, a phenomenon which is 

usually based on reciprocal solubility. 
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The non-uniformity of colour may appear as a 

result of an insufficient mixing of the chips with the 

waste which contains a certain metallic oxide that 

influences the structure of the glass.  

The intensity of the colour and its nuance 

depend on the concentration of oxide, the valence of 

the colouring ion, the latter’s modification due to the 

atmosphere of the oven and the chemical composition 

of the glass. An extremely important role in finalising 

the homogenisation of the glass is played by high 

temperature diffusion, at the atom-molecular level. In 

glass melts, diffusion is the slowest stage and it 

depends especially on raising the temperature, which 

also leads to a reduction in viscosity.  

Glass without gas bubbles is obtained through 

refining the glass melt during its elaboration.  

Figure 2 presents a sample of dark green glass 

obtained with the aid of iron oxide resulting from the 

scale, which is a waste from the metallurgical 

industry, grinded at sizes of under 200 µm, in a 

reducing medium. 

The used materials for obtaining vitreous 

materials when added waste with nickel ions are 

presented in charge, are presented in table 2.

 
 

Fig 2. Green glass obtained by adding in charge of iron oxide 

 
Table 2. Raw materials for glasses which neutralisation  

wastes containing nickel oxide 
 

Materials charge wt (%) 

Waste glass 63.37 

Aluminium oxide 12.25 

Zinc oxide 17.42 

Arsenic trioxide 0.47 

Waste with nickel oxide content 6.48 
 

The melting temperature has increased to over 

1450oC through adding the concentration of nickel 

oxide. After the temperature of 1450oC was reached, 

it was maintained at this temperature for 150 minutes 

in view of homogenisation and degasification. 

 

 
 

Fig. 3. Glass with nickel oxide after thermal treatment 
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The melt from the refractory crucible was 

poured into the preheated refractory metal form. The 

samples obtained through casting were subjected to a 

thermal treatment of afterglow at a temperature of 

600ºC. NiO can be introduced as Ni(OH)2 which 

decomposes during melting.  

Depending on glass composition and melting 

temperature, glass shades range from yellow to 

brown, violet or gray. After maintaining the 

temperature at 600ºC for 2 hours, the oven was 

stopped and the samples were left inside until 

completely cooled. Following the afterglow thermal 

treatment, the sample is gray-green in colour, Figure 

3. 

The obtained samples were analysed at the SEM 

in view of emphasising their structure and the 

inclusions present in their mass. Figure 4 presents the 

structure of the glass sample, for their obtaining were 

used green glass waste, other oxide additions and 

waste containing iron oxide. 

 

 

Fig. 4. Microstructure of a green glass plate with iron oxide 

 
For casted glass, the base structure is 

amorphous, which is specific to a vitreous mass. 

Figures 5 and 6 present the microstructures of the 

studed glasses which were achieved through the re-

melting of glass wastes mixed with othercomponent 

such us dried mud which contains nickel ions, 

following then  the casting and the afterglow thermal 

treatment. 
 

 
 

Fig. 5. Microstructure of glass with nickel oxide, thermally untreated 
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In the microstructures of glasses obtained by re-

melting of glass waste in the presence of iron oxides 

or nichel and other components, has revealed the 

presence of crystals in the vitreous matrix which is 

specific to oxide glasses. 

 

 
 

Fig. 6. Microstructure of glass with nickel oxide, after thermal treatment 

 
The crystals formed thanks to the thermal of the 

vitreous phase have determined at the same time a 

gradual change in the composition and structure of 

the base glass. 

 

4. Conclusions 
 

The main conclusions of these experimental 

researches are:  

1. Incorporating metallic oxides (contained by 

industrial waste) into the vitreous matrix determines 

the decrease of their polluting effect, favourably 

influences on the temperature of elaborating or 

thermally treating of the vitreous or vitroceramic 

materials, and sometimes improves their physico-

mechanical properties. 

2. Crystals formed as a result of neutralization 

of waste with metal oxide content in the vitreuos 

matrix and of the thermal treatment determining at the 

same time a gradual change in the composition and 

structure of the base glass. 

3. To ensure the designed properties of the 

glasses, the establishing of the appropriate chemical 

composition and achieving an adequate thermal 

treatment are very important. 
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ABSTRACT 

 
In this paper is a study of the influence of steam treatment on sintered P/M 

steels, for three different types of powder. The abrasive wear of steam-treated 

sintered iron is analysed by abrasion tests. The specimens were produced from 

atomised iron powders (Hoeganaes Corporation) with different sizes (<45, 45-63, 

63-100, 100-150, >150μm). They were compacted at pressures 600MPa, sintered 

for 60 minutes at 1150 ºC and then subjected to continuous steam treatments at 550 

ºC for 45 minutes. The abrasion tests were conducted under constant load and 

speed conditions. The wear properties of sintered iron were improved by steam 

treatment and by the addition of alloying elements. An increase in hardness was 

associated with an increase in wear resistance. The results reveal that the samples 

(P2 and P3) prealloyed with Cu, Ni and Mo can improve wear resistance of sintered 

steels. 

 
KEYWORDS: powder metallurgy, sintering, steam treatment, abrasive wear 

  
1. Introduction 

 

The growth of ferrous powder metallurgy (P/M) 
over the past three decades has been considerable as 
this technology proves to be an alternate lower cost 
process if compared with other metal working 
techniques such as machining, casting, stamping, 
forging, etc. The parts manufactured by powder 
metallurgy are broadly used, mostly in the automotive 
industry. The powder metallurgy parts of complex 
shapes are obtained and close to final form, with 
precise surface. Also, specific parts made by powder 
metallurgy processing help to save time, energy, 
material, labor and money [1]. Steam treatment is one 
of the surface treatments applied to sintered 
components. At first, this treatment was used as an 
economical way to seal the interconnected pores, 
sintered iron characteristic, making the component 
impervious to liquid and gases. This treatment is 
claimed to improve the superficial properties of 
sintered materials  because the water vapor in the 
steam will begin to react with the iron in the part to 
form the oxide iron - magnetite (Fe3O4) [2–15].  

The oxide layer formed on the sintered iron 
components is thicker than on the conventional 
wrought ferrous parts steam treated [13]. In this 
paper, the mechanical properties and abrasive wear 
behavior of steam treated sintered iron alloys are 
studied. The abrasion tests were conducted under 
constant load and speed conditions.  

 
2. Experimental procedure 

 

2.1. Materials 
The specimens prepared from atomized iron 

powder and from pre-alloyed iron base powders were 
analyzed in this paper. 

 
Table 1. Chemical composition of analyzed 

powders 
 

Powder 
type 

Cu Mo Ni C 

P1 0.096 0.008 0.046 <0.01 
P2 1.50 0.50 1.75 <0.01 
P3 1.50 0.50 4.00 <0.01 
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The chemical composition of the powder 

samples, pure iron and iron-based prealloyed powder 
with Cu, Ni and Mo is presented in Table 1, whereas 
Figure 1 shows SEM images of analysed powders. 

To evaluate the mechanical properties, such as 
Vickers microhardness and abrasive wear, a die for 
making the samples in the form of a cylinder was 
produced. The powders were mixed with 1% zinc 
stearate. The samples were compressed in a universal 
mechanical testing machine to a pressure of 600 MPa, 

the dimensions of disc specimens areφ 8 ×  6 mm.  
The uniaxial pressing in the mold is used 

effectively for mass production of simple 
components. In Figure 2 are presented the surface of 
sintered and stream treated samples. 
 

 
The green samples were sintered in a laboratory 

furnace, in a controlled atmosphere. The sintering 
temperature was approximately 1.150°C and the 
sintering time was 60 minutes with a heating rate of 
30-40°C/minutes.  

All the samples were kept in the furnace for 
slow cooling to room temperature. Before the 
sintering temperature is reached, the parts were 
maintained during 30 minutes at 500°C to burn 

lubricant, respectively the zinc stearate. After cooling 
to room temperature the samples were steam - treated.  

The steam treatment was carried out in a 
furnace with steam atmosphere at 550°C for 45 
minutes. The steam-treated specimens were air-
cooled to room temperature. It can be seen that on the 
surface of the samples a blue layer of iron oxide–
magnetite (Fe3O4), typical for this process, was 
formed (Fig. 2). 

2.2. Mechanical properties 
The steam-treated samples were analyzed 

according to their mechanical properties. The 
microhardness tests were performed by measuring 
Vickers microhardness, and the test parameters are: 
the penetrator is a diamond pyramid diameter and the 
load of 100 g. The microhardness was the average of 
three indentations on the top and another on the 
bottom surfaces of the samples. 
 

2.3. Abrasion wear tests 
The abrasive wear is a process of removal and 

the destruction of the surface tested material. It is 
affected by many factors such as mechanical 
properties and abrasive materials, microstructure, 
loading condition, etc. The steam-treated specimens 
were tested for abrasion wear test (Fig. 3).  

 

 
 

Fig. 3. Worn surface after the abrasion test 

 
a b c 

Fig. 1. SEM images of the water- atomized iron powder: a) P1, b) P2, c) P3 

 
a 

 
b 

 

Fig. 2. The aspect of sample surface: 

a- sintered; b- steam treated 
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The samples were weighed using a precision 
balance with a sensitivity of 10–4 before and after 
each test, so it was possible to evaluate the wear 
mechanism undergone by the material. The SiC 
particles on the abrasive papers were the size of 80µm 
and the load applied was 855g.  

The distance traversed in each case was limited 
to 150 cycles corresponding to 76.5m. The samples 
were subjected to circular motion over the wheel on 
which the abrasive paper was stuck.  

The abrasion wear process in which the 
abrasion test was carried out included the steps: 
fixing the abrasive paper on the wheel machine; the 
samples of known weight were loaded on the 
machine tester and then the load was applied. 

The surface of the sample and the abrasive 
paper were always in strong contact with each other 

under the predetermined load, and the samples were 
cleaned and weighed prior to and after each test 
interval. After tribological tests, the worn surfaces 
were examined by optical microscope, in order to 
identify and characterize the dominant wear 
mechanisms. 

 
3. Results and discussion 

 
3.1. Microstructure 

Because the steam treatment is not a treatment 
that can produce structural changes, all the sample 
structures consist of ferrite and pores filled with iron 
oxides and a growth porosity for sample P1. The 
optical micrographs are reported in Fig. 4a) – f) and 
were obtained at a magnification of 400x.  

 

 
 

   
Fig. 4. Optical photomicrographs of steam-treated samples for 45 minutes unetched:  

a) P1, b)P2, c) P3 and etched with 2% Nital: d) P1; e) P2, f) P3 
 

Table 2 shows the values of Vickers 
microhardness of the studied steam-treated samples, 
when powder type P1 (pure iron) was used as a 
reference.  

 
Table 2. Vickers microhardness  

of the steam treated samples 
 

Microhardness Difference Powder  
type [µHV100] [%] 
P1 221 0.00 
P2 243 9.954 
P3 245 10.859 

It is found that all three samples have a 
difference of approximately 10% in Vickers 
microhardness values. 

3.2. Tribological tests 
The worn surfaces of the steam treated samples 

after abrasion tests were examined with an optical 
microscope the typical aspects of the abraded surfaces 
are presented in Fig. 5. The depth and width of wear 
grooves of steam-treated samples P1 are greater 
compared to steam-treated samples with higher 
microhardness values P2 and P3. The wear tracks are 
in the same direction and the pores are areas that have 
propagated the wear grooves. 

a) b) c) 

f) e) d) 
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The wear rate was measured as the weight loss 
and is expressed in Table 3; the sample P3 provided 
the greatest weight loss. 
 

Table 3. Mass loss of steam-treated samples 

tested to abrasion test 
 

Initial 
mass 

Final 
mass 

Mass
loss 

Powder 
type 

[g] 

P1 2.271 1.882 0.389 

P2 2.285 1.922 0.363 

P3 2.286 1.935 0.351 

 
4. Conclusions 

 
According to the experimental results in this 

study, the following conclusions may be discussed: 
■ As generally observed, composition plays a 
significant role in the resistance to abrasive wear of 
PM steels. In this regard, the best behavior was 
observed for the more hardenable steam-treated 
samples with higher Ni and Mo content, respectively 
P3. 
■ Based on microhardness measurements, the 
samples P2 and P3 show higher values compared to P1 
(the reference) because of the formation of 
homogeneous phase according to the largest diffusion 
in solid solution by the elements used in the 
preparation of samples, respectively Cu, Ni and Mo. 
■ The steam-treated sample P1 presents a greater 
depth and width of wear grooves; consequently, there 
is a possibility that it offers less resistance. 
■ The steam-treated samples P2 and P3 present a 
much smaller wear groove width that can ensure good 
resistance. 
■ The weight loss is smaller for the steam-treated 
samples P2 and P3. 
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Fig. 5. Optical photomicrographs of worn surfaces for steam treated samples (x200):  

a) P1, b) P2, c) P3 

 

a) b) c) 
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ABSTRACT 

 
In this paper we show an integrate system of water management and an 

efficient solution that is a floating dock, placed in the harbour area. Water quality 

is one of the most important elements for life support and contributes to the 

sustainable development of human society. Following the technical and economic 

transformations taking place in industry, the waste water remediation system 

required new approaches to management in this area. It recorded an increase in the 

variety and complexity of the types and quantities of waste generated in the last 

years and for administration of this situation are necessary new methods and 

equipments of waste neutralisation or its transformation in raw materials for 

industries of profile. 

 
KEYWORDS: management system, cleaning water, polluted water, shipyard 
 

1. Introduction 
 

Water management, in accordance with the 
European request, has the duty to improve the ways 
to eliminate all substances which pollute the water 
sources in a considered location (plant, enterprise, in 
urban or rural area).  

Water management is the activity of planning, 
developing, distributing and optimum use of water 
resources under defined water polices and 
regulations. It may mean: 

-management of water treatment of drinking 
water, industrial water, sewage or wastewater; 

-management of flood protection; 
-management of the water table. Water supply 

and the cleaning system are the most critical part for 
good water management and high yields. Often the 
water supply is experienced as the most critical part 
of the water management system. As a cure for the 
insufficient water supply the control structures are 
closed. However this will work counter-productive, 
because it will decrease percolation and consequently 
increases the toxicity levels in the field. The system 
should aim at increasing both water supply and 
improving drainage.  

The Water Management system consists of 
three important components:  

-a proper operation of the drainage system 
should benefit the yield levels and the potentials for 
crop diversification. The water management should 

aim to promote the ripening of the soft soils by 
permitting the drying of the surface layers during the 
dry season. Deep plowing followed by intensive 
pudding for land preparation will benefit the yields.  

-traditional developed areas usually have a well 
organized institutional infrastructure. It are usually 
the more difficult to operate areas where there are 
problems. Lack of understanding to apply the proper 
Soil and Water Management system and the lack of 
Operation & Maintenance budget and facilities are 
the key limitations for improvement [1].  

The flows should be able to flow for drainage as 
well as for supply, depending on the needs of human 
communities. That could include leaching of toxic 
elements. Also the type of crops and the rainfalls and 
land elevations against flood levels determine if 
drainage or supply is required. Double connection 
always means need for water system control 
including control of hazard of “over-drainage”. 

The South East Region for Waste Management 
Plan (SERWMP) is composed of several sections 
showing the current situation in the region, 
objectives, alternatives for treatment and final 
methods of determining the minimum cost. In short, it 
includes the current situation that presents 
information on the current situation on waste 
management in the South Region: 

-objectives and targets relating to regional waste 
management: sets targets to be consistent with 
national and EU objectives;  
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-forecast on the generation, collection, 
treatment, disposal, recycling and minimize quantity 
of waste: provides generation, collection, treatment, 
recycling and waste disposal, taking and investment 
and implementing actions to be undertaken;  

-assessment of possible technical alternatives: 
study various technical alternatives that may be 
considered for the collection, recycling, treatment and 
disposal of waste;  

-benchmarking: contributes to the choice of the 
lowest cost scenario for waste water management; 

Assess the degree of supportability by people: 
take into account operating costs, financing and 
investment, including costs necessary to support 
implementation of grant schemes - implementation of 
measures SERWMP. 

Implementation measures include a list of 
actions planned to allow the regional Plan, relating to 
a reduction in the amount of biodegradable waste and 
packaging of municipal solid waste, an investment 
(equipment, utilities) a measure of training and 
preparation for an awareness and public participation 
continue a financial measures, incentives and tools, 
legal measures. 

 

2. Theoretical elements about  
mechanical cleaning 

 

Mechanical cleaning methods ensure that the 
sewage of large bodies circulating in the impurities 
which are deposited and those floating or can be 
brought into an area and then processed. The method 
is generally used as pre-filtering or purifying single 
(final), depending on the degree of cleaning required, 

as should be followed or not by other purification 
steps. The mechanical cleaning step is to retain matter 
occur and fine. For their detention are used grills, 
slipped for fat materials, equipment for separating the 
sand from water and installations for decanting 
substances with a high density of water.  

According to interstitial size, grills can be 
classified as follows: 

-rare grills bars (used to capture paper, 
cardboard, plastics bodies, diverse fiber of materials 
etc.), have the gap of 40 - 50mm (and sometimes 
100mm) between their bars. Bars are inclined at 1/3, 
and the speed of water flowing that through the grill 
bars is maintained at 60 - 100cm/s, in order to avoid 
the deposition of waste on the bottom of the deck. 
The materials retained on the grill drop on the bottom 
of the deck and can be manually cleaned although it is 
preferable to to this operation mechanically. These 
materials are discharged as such to be deposited into 
landfill or incinerated. In some cases the recovery 
materials can be shredded by cutting in 0.5 to 0.1mm 
pieces. The shredding machines are installed directly 
into the floating dock close to the land, so that the 
disintegrated matter can pass through the grill and can 
be discharged at the same time by using a mobile 
carrier on the land. So, in general, the cleaning of the 
grill bars can be done manually or mechanically. 
Manual cleaning is used for smaller plants, with small 
quantities of materials accepted. Raking is made by 
hand on a platform situated above the maximum level 
of the water. Mechanical cleaning is used when the 
quantities of materials that are retained are so great 
that frequent cleaning or continues racking are 
required. 

 

                                                                                                                                      Cup                   
             Bars separator                                                                                
                                                                          Transporter 

   
 
 
                                                                                         Flow sense                       
 

 
                                                                                                            
 

Fig. 1. Automatic cleaning system with motion rack 

 
There are a lot of grill types with different 

mechanical cleaning systems of the water in the 
floating dock. For example, in a 4m depth floating 
dock cleaning rotary racks can be used. At greater 
water depths, straight grills are used, and racks with 
translation motion (Fig. 1) are used for cleaning. 
After grill size and degree of mechanization adopted 
for the cleaning station, deductions from barbecues 

can be moved mechanically, hydraulically or 
manually sorted to recover ferrous materials. The 
nonferrous materials and organics and composted or 
incinerated. Granulation and cutting material retained 
on grills can be made with plants placed in water or 
power outside it. Facilities installed in the water 
current advantages of a hygienic - sanitary. The 
material grinding in the water current is done with 
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shredder equipment. At low and medium flows, they 
are mounted so that the whole current of water 
passing through the chip, and thereby to be large 
bodies crumble. For small quantities of waste, 
shredder is mounted near the grill that has horizontal 
bars and mechanical cleaning with rotary rake [2]. In 
this case, the deductions from grill are collected by a 
rake with rotating vertical shaft rotation and 
transported laterally to the machine for waste 
grinding material positioned below the water. 

 

3. Original solution for fats separation 
performing equipment 

 

The fat separator may use to remove natural 
impurities or flotation or flotation with air. Flotation 

is carried out in natural ponds routine in which, 
because of the small gears that move water, light 
particles rise to the surface.  

Air flotation may be low pressure or under 
pressure: in the latter case of air bubbles entering the 
water adheres to the material in suspension and help 
reach the surface of the liquid or solid colloidal 
particles in the mass.  

Flotation is used as additional purification step 
before biological purification of water.  

For cleaning industrial wastewater, flotation is 
used in many cases, for example, water from the oil 
industry, mining, food, especially when sewage must 
be treated biologically, either separately or together 
with other sewage. 

 
                                                    Exhausting conduct for floating substances          
 
 
                                       Water level       Floating materials  
 
 
 
 
 
                                                                                                                                            Wall chicanery  
 
 
 
 
 
 
 
 
                                                                                                                                                  Air insufflations 

Fig. 2. Section throws floating dock and schedule of waste separation 

 
The use of flotation and removal of heavier 

particles from water is too very important.  
The restraint is the nature of fats and namely:  
-fat free, that tend to raise the water surface;  
-fat soaps, in the colloidal dispersion or in the 

form of emulsions, which do not naturally tend to 
rise to the surface;  

-tars, which tend to lodge. 
To the fat in the first group, the method based 

on decreasing the rate of flow of water, fat 
distinguishing the surface in an area arranged for this 
purpose. Greases from the second group, pools are 
formed in three sections. In the central basin is 
insufflations of air and separation of fats, which are 
directed to collecting trough water and then is 
discharge in the lateral compartment (Fig.2). 

The main parameters for fat separator are:  
-time parking: 5 - 10minutes;  
-the quantity of air: 0.2 - 0.8m3 air/m3 water;  
-water depth, 1.20 – 2.75m.  

An interesting device for the separation of fat 
that is combined with air injection vacuum 
maintained afloat by a vacuum pump. For this 
purpose it uses a pool covered airtight. For an 
efficiently purify of water should be introduce an air 
flow at half from floating dock. 

Air bubbles that formed rise to the surface and 
take after them floating materials and decanted 
easily. Layer of foam is formed which is collected by 
a blade that leads to the mouth of the exhaust.  

 
4. Measurements and results 

 
Decanted material is deposited on the bottom 

of the basin, where they scrape by and discharged. 
Before and after the cleaning operation we take 
samples of water and in our laboratory we analyzed 
these samples. We can see the result of this 
measurement in the Table 1. 
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Table 1 
 

 Maximum acceptable level 

No. Quality indicators 
NTPA 001-

National and 
European 

standardized 

Recorded 
before water 

cleaning 

Recorded 
after water 

cleaning 
u. m. 

1 Temperature 25 25.5 25 oC 
2 pH 6.5 – 8.5 8.8 7.9 unities pH 
3 Suspension in water 35 300 57 
4 CBO5 20 300 18 
5 CCO - Cr 125 500 117 
6 ammonia nitrogen NH4 

+ 2 30 4.2 
7 nitrogen total N 10 14 11.5 
8 Sulphides and H2S 0,5 1,2 0.7 
9 Phosphorus 1,0 5 1.8 

10 Synthetic detergents 0,5 26 8.2 
12 Substances extractable 20 30 19 
13 Total iron ion Fe2+, Fe3+ 5.0 - 3.7 
14 Total Cyanide 0,1 1,6 0.16 
15 Nickel, Ni2+ 0,1 1,2 0.14 
16 Chromes trivalent Cr3+ 1,0 1,8 0.9 
17 Chromes hexavalent Cr6+ 1,0 1,1 0.8 
18 Copper Cu2+ 0,1 1,5 0.19 
19 Chlorides Cl 500 584 483 
20 Phosphates PO3

- 1 3,2 1.4 

mg/L 

 
To investigate potential issues in improving the 

quality of life for residents of Galaţi city and 
surrounding region and reducing pollution levels in 
the Danube River and its downstream locations it is 
necessary to implementing an automated monitoring 
system of water parameters, which integrates satellite 
images using GPS technology. 

The main indicators of quality of water, the 
limits of detection, and the most used methods of 
analysis is shown in table no.1. In this table are given 
standardized methods nationally and European (third 
column) and in the next columns the results recorded 
before and after using the floating dock for cleaning 
operation. For determined the parameters of water 
quality we used own laboratories equipped with these 
techniques of analysis, such as:  

-ionic chromatography (IC);  
-atomic plasma spectrometry (APS);  
-atomic absorption spectrometry (AAS);  
-gas chromatography (CG);  
-chromatography liquid high-pressure (HPLC). 
Statistical Processing permits a better 

interpretation of the parameters evolution according 
to specialists will is performing. Data acquisition for 
water parameters developing, permit to compare the 
pollution waters water parameters at precisely time 
periods. 

A specialized computer controls the system that 
have instruments and devices for coupling at 
measuring interface, based on real information about 

quantity of diverse substance dissolved in water 
samples. 

This automated monitoring integrated system 
must to give information for decisional support and 
for the measurement that can be taking. 

This equipment can decanted the most of the 
substances in suspension in sewage. After the 
direction of flow of water decanted equipment are 
divided into: horizontal and vertical. After the section 
the decanted equipment may be rectangular (rarely 
square) and circular.  

In terms of processing noted in mud decanted, 
they can share the space without decanter 
fermentation (fermentation is done in separate 
building), or with floor decanter (Imhoff or Emscher), 
including spaces and fermentation [3]. After place it 
occupies in the scheme of purification, they are 
divided into: primary decanter (placed before 
biological cleaning step) and secondary decanted 
(after biological cleaning step).  

Channel to collect deposits from the upstream 
head is several times daily to prevent fermentation of 
using the hydraulic or mechanical means. 

Vertical decanted equipment have circular cross 
section, less square, in which water circulates from 
the bottom up with a speed Ascension of about 
0.7mm/s. The water enters the decanter through a 
central tube provided at the bottom with a deflection 
for a more uniform distribution and exits at the upper 
side over a circular overflow. During normal station 
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is 1.5 h. Removal of deposits is done by a hydraulic 
tube vertically on differential pressure [4]. 

Chemical cleaning is more known as chemical-
mechanical cleaning, since it is preceded, in most 
cases, mechanical cleaning facilities presented above.  

Chemical-mechanical cleaning is done in a 
whole building that includes: 

-the construction preparation, determination and 
introduction of coagulation reagents in treated water;  

-decanted. 
For mechanical and chemical reagents are used 

for removal by coagulation and flocculated dispersed 
fine material and the colloidal. 

A colloidal suspension consists of extremely 
small particles, which possess certain surface with 
electrical charged. The electrical load induces 
rejection force. This is of a force between 
neighbouring particles, which explains the great 
stability of these suspensions. If, by any means 
whatsoever, for example, changing the pH or the 
introduction of a colloid electrical load, it fails to 
cancel or reduce partially the tasks of electrical 
particles in water filter, these particles are formed and 
crowded precipitated relatively bulky (flocculate) 
capable of rapidly decanted.  

 
5. Conclusions 

 
Precipitation agents most widely used for urban 

effluent is ferrous sulphate and ferric chloride. Usual 
doses coagulants used are about 35g/m3 of water for 
ferric chloride, and about 55g/m3 water for ferrous 
sulphate, which may vary from case to case.  

The action of ferrous sulphate at a pH between 
6 and 7 (sometimes 5), ferric chloride on the contrary, 
at alkaline pH is very important. In some cases, 
precipitation (flocculate) and are hampered by 
variations in pH, temperature or low level of water do 
that the floccus results that are very light and make 
hard. In such cases, a good factor that activate the 
flocculated process is silica, an element that helps 
prevent electrical tasks and to obtain a compact 
precipitate. 

Separators pools of flotation aimed at removal 
of waste water to oils, fats and, in general, all 
substances lighter than water, which rises to the  

surface, in quiet areas and low horizontal velocity 
water. Fat separators mounted, after equipment for 
separate the sand from water are located where the 
drainage network has been built into the system unit 
and after bars grill, when the network has been built 
into a complex system.  

Other substances that can activate the 
flocculated process are tannin, some clays etc... The 
coagulants involves in water treatment with a good 
mastery and knowledge of flow treated. Also, 
depending on the coagulant, it is necessary a pH of 
the water that is cleaning. 

The time required for reaction with coagulants 
sewage is 10-20min., a process that occurs in specific 
basins, to cavil, which provides a mixture intimae. 
Sometime these pools are replaced with the reaction 
chamber, where mixing is provided by agitators with 
large water based and where 15-30min. 

Using coagulants is producing a volume of 
decanted sludge 2-3times higher, than the result from 
decanted process without coagulant.  

The process of chemical treatment of water is 
falls between simple decantation and biological 
cleaning. By adding disinfection can sometimes 
achieve by this method, the efficiency of the 
biological step. The flocculated process can be doing 
in separately floating dock or in commune tank with 
decanted equipment. This equipment is part from new 
strategy of water management that shipyard 
administration must do in practice. Sing of floating 
dock like separated and cleaning system, have the 
advantage that he avoids the cracked of floccules and 
their dispersion and too all dangerous substances 
from waste water are eliminate. 
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ABSTRACT 
 

The paper presents results of a study undertaken to implement the dental 

casting technique of small parts characterized by extremely complex drawings of 

surfaces and thicknesses reduced specific objects. During the study there was a 

similarity between this technique and casting forms obtained with models used to 

obtain spare fuses in the car industry. They could highlight differences between the 

materials and the equipment used in dental technology and art foundries. 

 
KEYWORDS: dental, foundry, design, casting technique 

 
1. Introduction 

 
Achieving a work of art or decorative, or 

cultural, is a challenge to any existing foundry and, 
especially, informer. For the production of small 
objects, whether jewelery or religious objects or 
souvenirs or ornaments, with accessibile, economical 
technology, can be a profitable productive activity. 
The dental technique, with specific castings and tools 
developed to produce them, is an alternative to large, 
massive machines that require large space for 
installation and operation, and high consumption of 
materials and energy. 

In addition, this technique provides the 
possibility to obtain thin-walled parts without surface 
defects, which usually requires no further machining. 
The possibility to obtain complex parts attracts the 
attention of artists and art foundry, giving at the same 
time, ideas to dental technicians.  

Time has moved from manually operated 
centrifugal cast machine or vacuum has changed the 
construction of the fuse model, forms and methods of 
implementing the execution model etc. 

In general the phases of dental technology are 
the same as those encountered in the casting of 
precision engineering industry, with differences in the 
chemical composition consisting of alloys and 
training materials, equipment size, etc. 
 

2. Making mold and fuse model. 
Owner results 

 
Making a model casting part that the subject of 

this study, taking into account the complexity and 
difficulty of its exectuţiei was not possible for this 

purpose using a brass icon whose design had a very 
complex: design complex and reduced height and 
thickness of the reduced model details as seen in 
Figure 1. 

 
 

Fig. 1. Metal model used in the study 

 
Unlike dental technique which fuses are easily 

realizable models for each paper in the study to obtain 
models chosen for making a mold capable of 
providing a large number of children in terms of 
reproduction and fine detail, the suitable material for 
obtaining them are caucicul silicone. By this method 
we adopted is different and quite common procedures 
foundries to manufacture precision molds which are 
currently used metallic materials, easily fusible 
metals, plastics etc. 

Again, the main conditions imposed molds are 
perfect: 

-play configuration model as the original 
metallic, precision piece depends, largely, the 
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dimensional accuracy of the model, a goal achievable 
through more precise machining and finishing mold 
advanced as the active surface or, if metal molds, 
chrome plating work surfaces thereof; 

-keeping the size as well during the 
manufacturing technology fuses models, not to 
produce the dimensional deviations between tracks; 

-making it at least cost to the number of parts is 
poured. 

Taking shape piece (making mold - Fig. 2) was 
quite easy by pouring silicone rubber, in turn, form 
the two cavities separated by surfaces and 
contraformele piece of plaster made previously, the 
separation plan, configuration, model, representing it 
its flat surface. 

 

 
 

Fig. 2. Matrix used to obtain models fuses 

 
Fuses to obtain models (Fig. 3) was used dental 

wax, which melted, was injected into the mold. 
Injecting wax into the mold, the mold melt extraction 
model and its finish, before being put on stream 
operations is seen with conventional precision 
casting. 

 
 

Fig. 3. Model easily fusible 
 
"Frame" used to achieve form a metallic 

cylinder with a diameter of 100 mm, closed at one 
end with a cover that is integral with the casting 
funnel model, centrally located. The icon, different in 
shape and dimensions of castings usually in dental 
technology workshops, also meant a disposition 
otherwise shaped patterns (Fig. 4): back to back, 
evenly spaced about the stem of the funnel and the 
rods of wax it, and ventilation channels, all the wax, 
fixed to the back of each.  

Network hardware is made based on the same 
criteria as for casting accuracy, making sure that it 
has little weight as possible to achieve a minimal 

casting alloy, condition very important, especially for 
alloys high cost. 

 

 
 

Fig. 4. Layout models as a whole form-fitted 

models on the table vibrating, ready pentru 

turnarea mass packaging 

 
Generally, the material used in dental 

technology training is a mixture of refractory material 
(usually silicon dioxide), binder (calcium sulfate, 
phosphate, ethyl silicate etc..).  

And other chemicals, used to ensure certain 
properties physical. This material, marketed as 
"packing table'' not specified composition 
representing Supplier's secret.  

To obtain the mixture of training, all materials 
used in dental technique, using a container (bowl) and 
a clean spatula, scrap material enhanced hardness can 
reduce interference, change and modify the setting 
time dilation. Have the manufacturer's requirements 
fully, being about a particular product.  

Mixture was mixed in vacuum forming, thus 
ensuring uniform mixing of air and remove it, then 
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was cast in the form carefully placed on a vibrating 
table. Forms manually tamping method is inadequate, 
because on the one hand wax models can be damaged 
and the other does not get a uniform compaction of 
the mixture and the complete elimination of air 
bubbles which form to fill box saturated mixture. 

After hardening and cooling shape at 35-40oC (the 
process of strengthening the reaction mixture creates 
heat), it is placed in an oven pre-heating (Fig. 5), cone 
down on such support that they can escape wax, 
which will be heated to remove the wax and bring it 
to the casting temperature. 

 
Fig. 5. The oven used to dry forms. 

Casting alloy to form precision models in forms 
fuses is warm, with temperatures above 800oC, to 
ensure their proper filling. The temperature inside the 
oven to start the heating process of the form is the 
environment. 

Turning water into steam in form, with 
increased intensity, starting at a temperature of 
110oC. During evaporation, the temperature remains 
at 110-120oC shape, and when it reached the center 
temperature of 120oC, the evaporation is finished and 
the temperature rises again. 

Cristobalitului transformation starts at a 
temperature of 220oC form increased in intensity up 
to 255oC, where transformation reached its climax, 
and ends at a temperature of 270oC. In the phase 
where cristobalitul turns itself form temperature 
should be between 255oC and 270oC. In the packed 
mass heating, quartz transformation does not begin 

until the temperature reach 570oC, and between 570 
to 580oC in a period of 30 minutes, to create optimal 
conditions for transformation of quartz. It is 
important that this temperature is reached inside the 
shape. 

Quartz sintering occurs between 820-860oC and 
is not subject to time. This process takes place 
without causing movement of expansion or 
contraction. This phase is particularly important for 
precision work. Working temperature of the packed 
mass must always reach 900oC to ensure smooth and 
accurate surface detail molded cast part. 

Casting icon was made of two alloys used 
throughout the dental technique, respectively gaudent 
(9.65% Al, 4.25% Ni, 2.07% Fe, 1.18% Mn, 
remainder Cu) and niadur (62% Ni, 24.5% Cr, 10.3% 
Mo, 1.7% Si, 1.5% Fe) and electric resistance was 
melting. (Fig. 6) 

 

 
 

Fig. 6. Electric molding furnace 
 

Fig. 7. Centrifugal casting in plant field 
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a b 

Fig. 8. Finished piece: a - from gaudent; b - from niadu 

To achieve piece molding technique was used 
centrifuge machine used for this purpose is shown in 
Figure 7.  

After cooling the alloy, form was destroyed in 
order to extract part of it, they are subject to further 
removal process known network hardware and 
finishing, obtaining finally finished icons (Fig. 8). 

 

3. Conclusions 
 
Forms of plaster, usually are part of permanent 

forms, while they are forms of temporary dental 
service, the packaging of this model requiring fuses.  

Forms obtained with fusible models allow 
casting a special dimensional accuracy even in art, 
where models are highly complex and can not be 
"copied". In modeling does not take too much 
account of contraction. 

Forms of plaster used in the study will produce 
parts with very smooth surfaces, what if parts of the 
category of art is a basic ceriţă. The high percentage 
of water in mixtures used to obtain forms, requires 
the use of their hardware only after their complete 
drying, the difference, the net favorable dental 
technique, consisting in reducing the period of 10 to 
12 times. 

By casting models forms easily fusible, the 
technique adopted, it can get pretty thin walled 
parts, and can thus significantly reduce the weight of 
the object.  

Casting method in accordance with fusible 
models in precision casting, allows recovery of burnt 
material, while in dental technology that burns thus 
lost. 

Materials used to obtain the forms in the studies 
normally use dental technique, are trade secrets of 
companies supplying and using them is by their 
recommendations. Plaster forms, even when used for 
packaging weight, are relatively inexpensive 
compared to other precision casting processes. 
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ABSTRACT 
 

The slags are the main by-products generated during iron and crude steel 

production and the steel industry is committed to increasing and improving their 

recycling. Today the quantity of slag produced and its utilization are one of the 

important indicators of sustainable steel industry. There are different forms of BF 

slag by-products depending on the method used to cool the molten slag. The by-

products can be an excellent source of constructional materials, finding 

applications in road building, concrete aggregate, as thermal insulation (mineral 

wool), and as a clinker substitute in cement production, biological filter media, 

glass making etc. In addition to products obtained from fresh slag, was studied the 

possibility to utilize the old and the stockpiled blast furnace slags. The knowledge of 

the chemical, mineralogical, and morphological properties plays an essential key 

role in the utilisation of old and stockpiled blast furnace slags. This paper 

summarizes the characteristics of BF slag and its possible application. 

 
KEYWORDS: blast furnace slag, by-products, morphology, mineralogy, 

chemical and physical properties 
 

1. Introduction 
 

The target of the current metallurgical industry 

is to recycle and utilize all their by-products, so as to 

close the sustainable production loop. Wastes, 

particularly solid wastes generated unavoidably, 

should be converted into useful, value added by-

products. Slags are the main waste generated during 

iron and crude steel production and the steel industry 

is committed to increasing and improving their 

recycling. These are generated in a parallel route of 

the main processes of hot metal production in 

ironmaking and steelmaking and therefore the slag 

generation process is considered as a part of the 

whole steel production process [1].  

Today the quantity of slag produced and its 

utilization are one of the important indicators of 

sustainable steel industry. An average of about 400 kg 

of solid by-products is generated in the steel industry 

per tone of crude steel.  

Major share of this (70-80%) consists of blast 

furnace slag and basic oxygen furnace slag. Due to 

the large slag quantities and the stricter environmental 

regulations, recycling and utilization of slag are an  

attractive alternative in order to reduce and eventually 

to eliminate the disposal cost, to minimize the related 

environmental pollution, and to save the resource 

conservation.  

The sustainable use of slag contributes to 

natural resources saving, to CO2 emissions reduction, 

to energy consumption reduction, to the formation of 

a society founded on the recycling practice (as 

landfilling is avoided) and to the promotion of the 

iron and steel industry sustainability. Therefore 

potential economic and environmental benefits make 

slag by-products that can be further recovered and 

used. For all these reasons, the effective utilisation of 

slag turns it into high value added product and allows 

to improve competitiveness of the iron and steel 

industry [2]. 

Based on the information in literature, this paper 

summarizes the characteristics of BF slag and its 

possible application.  

Its generation process is correlated with the 

environmental impact. In respect to slag 

characteristics is evaluated the possibility to 

transform blast furnace slag into value added by-

products for various domains. 
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2. Blast furnace slag, environmental and 
economical considerations 

 
A blast furnace is a closed system into which 

iron-bearing materials (iron ore lump, sinter and/or 

pellets), additives (slag formers such as limestone) 

and reducing agents (i.e. coke) are continuously fed 

from the top of the furnace shaft through a charging 

system that prevents escape of blast furnace gas (BF 

gas). Iron ore processed nowadays contains a large 

content of hematite (Fe2O3) and sometimes small 

amounts of magnetite (Fe3O4). In the blast furnace, 

these components become increasingly reduced, 

producing iron oxide (FeO) then a partially reduced 

and carburised form of solid iron. Finally, the iron 

charge melts, the reactions are completed and liquid 

hot metal and slag are collected in the bottom. The 

reducing carbons react to form CO and CO2. Fluxes 

and additives are added to lower the melting point of 

the gangue, improve sulphur uptake by slag, provide 

the required liquid hot metal quality and allow for 

further processing of the slag.  

The slag floats on the surface of the molten iron 

and is subsequently drawn off and allowed to cool to 

produce a semi-dense porous crystalline material 

(light weight aggregate) known as air cooled blast 

furnace slag. 

From the environmental point of view, the blast 

furnace has a significant role in the ore based steel 

production. The manufacture of iron by chemical 

reduction of iron ores by coke (carbon) in a blast 

furnace is accompanied by the production of large 

wastes quantity. The most important is the slag. 

About 70 years ago, slag generation in blast furnace 

was 980 kg/t. Recently, due to a better understanding 

of the slag formation mechanisms and of the overall 

BF process, it is also currently possible to control, 

optimize and minimize slag production. The specific 

quantity of slag generally lies in the range of 175 – 

350 kg/t hot metal produced [3, 4].  

The slag amount depends very much on the 

charging material, for example, the grade of iron ore, 

its sources are the gangue content of iron ore and lime 

content added to adjust the chemical composition of 

molten slag. The slag quantity has decreased today by 

using enriched iron ore and coke with low ash 

content. From the viewpoint of preservation and 

protection of the global environment, the main issue 

concerning the use of ferrous slag is the question 

whether it is a waste or a by-product. In order to 

market them, the better way is to consider them by-

products because the term “waste” indicates a 

material to be deposited instead of being used [2, 5].  

The driving force for the valorization of the slag 

is the stringent legislation for environmental 

protection concerning the use of slag that includes 

other laws, as follows: the Kyoto protocol, the 

Reference Document of Best Available Techniques, 

Harmonization Committees TC 351 Dangerous 

Substances and TC 154 Aggregates, the REACH 

directive. The Waste Framework Directive (WFD) 

(2006/12/EC) is the most important document 

governing the use of slag. [2].  

By other hand, recycling and utilization of the 

slag is an attractive alternative in order to reduce and 

eventually to eliminate the disposal cost, to minimize 

the related environmental pollution, and to save the 

materials resource and energy. Slag recycling has 

been successful in different fields of application, in a 

variety of industries, starting with ironmaking and 

steelmaking. Ironmaking slag is used in different 

ways with high added value. 

 

2.1. Utilization of BF slag 
Different forms of slag product are produced 

depending on the method used to cool the molten 

slag. These products include air-cooled blast furnace 

slag (ACBFS), expanded or foamed slag, pelletized 

slag, and granulated blast furnace slag (GBFS), 

Figure 1. 

Fig. 1. Methods of processing the liquid BF slag 
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If the liquid slag is poured into beds and slowly 

cooled under ambient conditions, a crystalline 

structure is formed, and a hard, lump slag is 

produced, which can subsequently be crushed and 

screened. This is the air-cooled BF slag.  

If the molten slag is cooled and solidified by 

adding controlled quantities of water, air, or steam, 

the process of cooling and solidification can be 

accelerated, increasing the cellular nature of the slag 

and producing a lightweight expanded or foamed 

product.  

Foamed slag is distinguishable from air-cooled  

blast furnace slag by its relatively high porosity and 

low bulk density. If the molten slag is cooled and 

solidified with water and air quenched in a spinning 

drum, pellets can be produced.  

By controlling the process, the pellets can be 

made more crystalline, which is beneficial for 

aggregate use, or more vitrified (glassy), which is 

more desirable in cementitious applications.  

At more rapid quenching results a greater 

vitrification and less crystallization. If the molten slag 

is cooled and solidified by rapid water quenching to a 

glassy state, little or no crystallization occurs.  

 

 

Fig. 2. Measures to influence the quality of the slag 

Thus is obtained the granulated BF slag. This 

process results in the formation of sand size (or frit-

like) fragments, usually with some friable clinker like 

material.  

The physical structure and gradation of 

granulated slag depend on the chemical composition 

of the slag, its temperature at the time of water 

quenching, and the method of production.  

When crushed or milled to very fine cement-

sized particles, ground granulated blast furnace slag 

(GGBFS) has cementitious properties, which make a 

suitable partial replacement for or additive to Portland 

cement [6]. 

The utilization of ironmaking slag has a long 

history. The use of by-products from steel industry 

goes back to many centuries ago. The first appearance 

of slag was recorded as early as the year 700 B.C. In 

350 BC Aristotle already stated “When iron is 

purified by fire, there forms a stone known as iron 

slag. It is wonderfully effective in drying out wounds 

and results in other benefits”. The history of slag use 

in road building dates back to the time of Roman 
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empire, some 2000 years ago, when broken slag from 

the crude iron-making forges of that area were used in 

base construction. The cast iron slag stones were used 

for masonry work in Europe of the 18th century. As 

early as 1589, Germans were making cannon balls 

cast from iron slag [4]. In later centuries slag has been 

used as construction material. The discovery of the 

hydraulic properties of granulated BF slag gave birth 

to a new era in slag exploitation: slag has been used 

as binding agent and/or addition for concrete. The 

first modern roads in the building of which slag was 

utilized were built in England, in 1813 [8], and after 

that the use of slag spread fast to the American 

continent as well. The use of slag in road building 

was recorded there for the first time in 1830. 

Granulated blast furnace slag was first developed in 

Germany in 1853. Ground slag has been used as a 

cementitious material in concrete since the beginning 

of the 1900s. 
The traditional use of slag as landfill material, 

after the increase of steel production since the mid-

1970’s, has reached its limit and the pressure for 

natural resources and energy saving have driven steel 

industry to increase the recycling of this material, by 

facing other important challenges (such as 

technologies development, production facilities 

maintenance and ferrous slag products certification) 

in order to improve their application in different 

sectors [2, 7]. To transform blast furnace slag into 

value added by-products some measures must be 

applied in accordance with its chemical 

characteristics, Figure 2. 
 

2.2. Characteristics of the BF slag in 

accordance with its utilization domains 
Blast furnace slag can be an excellent source of 

constructional materials, finding applications in road 

building, concrete aggregate, as thermal insulation 

(mineral wool), and as a clinker substitute in cement 

production, biological filter media, glass making etc. 

In addition to fresh slag based products, has been 

developed the possibility to utilise old, stockpiled 

blast furnace slags. Such can be re-utilised the several 

million tones of old slags, previously considered 

unusable. Availability and areas of applications of BF 

slag are: 

� Environmental products: production of 

Portland slag cement using BF slag; production of 

roadmaking aggregate and soil conditioner using BF 

slag and BOF slag 
Use of BOF slag as rail ballast; use of fly ash as 

partial replacement of cement, in manufacture of 

cellular concrete, bricks and sintered light-weight 

aggregate, and in road construction. 
� Altogether new products: glass-forming 

material; prime western grade zinc; high-purity zinc 

oxide crystal; glass-ceramic family of materials; 

Portland cement; iron oxide powder for use in 

manufacture of ferrites, pigments, etc.; ceramic floor 

and wall tiles; synthetic granite tiles; wear-resistant 

ceramic products; heat and sound insulation sandwich 

panels; natural organic fiber reinforced door panel; 

sisal fiber cement corrugated roofing sheet. 

Knowledge of the chemical, mineralogical, and 

morphological properties of BF slag is essential 

because these play a key role in their utilization. The 

chemical, mineralogical, and morphological 

characteristics of BF slag are determined by the 

processes that generate this material. The slag 

formation is the result of a complex series of physical 

and chemical reactions between iron bearing raw 

materials (iron ores, concentrates, sinter, and pellets), 

the non-metallic charge (limestone), the energy 

sources (coke, injected coal, etc.), refractory lining 

etc. at temperature range from 1450 to 1550°C. Also 

the chemical compositions of the slag depend on the 

feeding raw materials, and cooling rate. The amount 

of slag produced depends upon the gangue content of 

the blast furnace, the ferrous burden, the coke ash and 

ash from the injection material, e.g. coal, and the 

amount of flux required to achieve the necessary hot 

metal quality. In order for blast furnace slag to be 

acceptable for use outside the iron and steel works, it 

is necessary to take additional measures to ensure that 

the slag chemistry and/or physical properties are 

requisite. 

BF slag is made of silicates and alumino-

silicates of calcium and magnesium together with 

other compounds of sulphur, iron, manganese and 

other trace elements. Their iron content is usually 

below 0.5% since they result from a reduction process 

[8-10]. The four major constituents of blast-furnace 

slag - silica, alumina, lime and magnesia - constitute 

about 95% of the total composition. In the operation 

of a blast-furnace the composition of the slag must be 

closely controlled so that the amount of silica plus 

alumina balances (wise quantity) with the total of 

lime and magnesia to produce a composition of slag 

which will readily melt and flow from the furnace at 

the temperature of molten iron.  

These limitations on the chemistry of blast-

furnace slag to permit efficient furnace operation 

provide quite a narrow band in the chemical 

composition of all blast furnace slag, Table 1. There 

may be a limited variation between the silica plus 

alumina and lime plus magnesia constituents, 

however, the ratio of the composition fluctuates only 

to a small amount. The chemistry usually has a 

narrow ratio of basic to acid components. The most 

BF slags are characterized by CaO:SiO2 ratio of 1.0-

1.3.  

Calcium and magnesium oxides content, 

reported as silica and alumina, normally results in a 

0.85 to 1.20 basicity ratio.  
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The pig iron for the steelmaking purposes has 

1.1-1.3 CaO:SiO2 ratio and 

(CaO+MgO):(SiO2+Al2O3) = 1-1.2. For the high 

Al2O3 content (SiO2:Al2O3<2.5) the 

(CaO+MgO):(SiO2+Al2O3) ratio decreases to 0.9. The 

presented data suggest that these have remained 

relatively consistent for all blast furnaces and over the 

years [6]. 
 

Table 1. Typical composition of blast furnace slag 
 

Percent, % 

1949a 1957a. 1968a. 1985a. Constituent 
Mean Range Mean Range Mean Range Mean Range 

Calcium Oxide 

(CaO) 
41 34-48 41 31-47 39 32-44 39 34-43 

Silicon Dioxide 

(SiO2) 
36 31-45 36 31-44 36 32-40 36 27-38 

Aluminum 

Oxide (Al2O3) 
13 10-17 13 8-18 12 8-20 10 7-12 

Magnesium 

Oxide (MgO) 
7 1-15 7 2-16 11 2-19 12 7-15 

Iron (FeO or 

Fe2O3) 
0.5 0.1-1.0 0.5 0.2-0.9 0.4 0.2-0.9 0.5 0.2-1.6 

Manganese 

Oxide (MnO) 
0.8 0.1-1.4 0.8 0.2-2.3 0.5 0.2-2.0 0.44 0.15-0.76 

Sulfur (S) 1.5 0.9-2.3 1.6 0.7-2.3 1.4 0.6-2.3 1.4 1.0-1.9 

a. Data source is the National Slag Association data: 1949 (22 sources); 1957 (29 sources); 1968 (30 sources) and 

1985 (18 sources). 

 

The potential mineralogical composition of the 

BF slag is established from the chemical composition 

based on the phase diagram of the CaO-SiO2-Al2O3-

MgO quaternary system. The place of these usual 

metallurgical slags on SiO2-Al2O3-MgO-CaO 

quaternary system is delimited by the Al2O3 content 

that is lower than 20 %. Also the MgO content not 

higher than 20 % is used to established this location. 

Thus established, the domain of BF slag is given in 

Figure 3 (it is presented the compositional zone for 

the main products in which it is used). The quaternary 

system of SiO2, Al2O3, MgO, CaO oxides for the 10 

% MgO plane is given in Figure 4 and for the 10% 

and 15% A1203 planes in Figure 5 [12, 13]. 

  

Fig. 3. Position of the BF slag on thernal 

diagram with respect to its chemical composition 

and its utilization possibility [11] 

Fig. 4. Section through the CaO-SiO2-A1203-

MgO system at 10 % MgO with chemical data of 

slags plotted for some French slags (squares) and 

Scunthorpe and Redcar slags (circles): DI: 

diopside. AN: anorthite. ML: melilite. MR: 

merwinite. SP: spinel. DS: dicalcium silicate. 

Dashed lines are isotherms in 
0
C [13] 
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Fig. 5. Sections through the CaO-SiO2-Al2O3-MgO system at 10 % Al2O3 (a) and 15 % Al2O3  

(b):PX: pyroxene. F: forsterite. W: wollastonite. ML: melilite. MR: merwinite.  

DS: dicalcium silicate. P: periclase. AN: anorthite. SP: spinel. Chemical data for low  

Al (<11 % Al2O3) Scunthorpe (circles) and French slags (squares) plotted on a.  

Scunthorpe and Redcar slags  with >11 % Al2O3 a plotted on b. [13] 

 
The absence of any quaternary compound is 

certainly in this quaternary system. The oxides, 

binary and ternary compounds, binary, ternary and 

quaternary solutions were identified. The 

mineralogical compounds from quaternary system 

CaO-SiO2-Al203-MgO that can be found after 

crystallization from acid and basic blast-furnace slag 

are: pseudo-wollastonite (CS), rankinite (C3S2), 

dicalcium silicate (C2S), melilite, merwinite (C3MS2), 

monticellite (CMS), diopside (CMS2), anorthite 

(CAS2), Figure 6. 
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Fig. 6. Micrographs of granulated slag: (a) Sector-zoned euhedral melilite with orientated inclusions 

of iron. Some of the iron extends beyond the crystal forming a spherical globule attached to the 

surface. Sample 3. Plane polarized light. Scale bar 0.10 mm. (b) Stellate oldhamite crystals and 

dendritic growth of oldhamite. (c) Cluster of merwinites within glass [13] 

 
When molten blast-furnace slag is rapidly 

chilled and is being quenched in water as granulated 

slag, the solid phase is amorphous, predominantly a 

granular and cellular glass. When such molten slag is 

more slowly cooled, crystallization takes place while 

the slag is cooling. The air-cooled BF slag is a 

mixture (crystalline and amorphous). The crystal 

phase predominant in air-cooled blast furnace slag is 

melilite, a name applied to any series of solid 

solutions extending from akermanite 

(2CaO·MgO·2SiO2) to gehlenite (2CaO·Al2O3·SiO2). 

Spinel is also present. The compositions of spinel 

(MgO·Al2O3), merwinite (3CaO·MgO·2SiO2) and 

periclase are close to their stoichiometry. In addition, 

in certain conditions other minerals found to be 

present in blast furnace are pseudowollastonite, 

monocalciumsilicate, olivine, pyroxene, merwinite, 

calcium sulfide, ferrous sulfide and manganous 

sulfide [13, 15].  

Figure 7 shows well the quenched liquid slag in 

equilibrium with melilite (Figure 7a) and spinel 

(Figure 7b) respectively. 

 

  
 

Fig. 7. Typical microstructures of quenched slags from a) melilite and b) spinel primary  

phase fields in air [15] 
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                                         a.                                                    b. 

Fig. 8. Ground granulated blast-furnace slag (a) and its SEM micrograph (b) [16] 

 
The physical appearance shows that the blast 

furnace slag is a dull white color, and it has rough and 

angular-shaped particles, Figure 8. 

When BF slag is crushed and screened it 

produces an aggregate with a rough surface texture 

and relatively high porosity. Crushed air-cooled BF 

Slag (ACBFS) is angular, roughly cubical, and has 

textures ranging from rough, vesicular (porous) 

surfaces to glassy (smooth) surfaces with conchoidal 

fractures. The 1-5 mm granulate particles are very 

angular with a vitreous appearance. Their colour 

varies from pale honeybrown to grey-brown and 

rarely almost black. This reflects the chemical 

variability, the darker slags being richer in Mn (0.98-

1.65 %). Small vesicles (<1 mm) are common in the 

larger pieces. Occasional vitreous fibers occur. The 

internal structure of the granulate particles has many 

cracks visible in thin section, some of which are 

perlitic. There are abundant vesicles varying 

considerably in size and quantity within a single 

grain. These often aggregate to form linear, curved or 

irregular clusters of single sized vesicles. Overall, 

glass dominates. In every sample it is >80% by 

volume, but usually >95% and often >99% of the 

granulate. Individual granules, however, sometimes 

contain up to 30% crystals [13]. 

The mineralogy of the solid state determines the 

material properties such as the durability, the 

solubility and the reactivity. Generally, an amorphous 

material is less soluble than a crystallized phase with 

a similar chemical composition, due to the very slow 

kinetics for a re-crystallization and reactions with the 

surrounding liquid media [17]. However, rapid 

cooling (quenching) and enhancing the amount of 

amorphous material is also a process that increases 

the reactivity of a material with puzzolanic properties, 

such as ironmaking slag [18-20]. Rapid cooling is 

also a means of reducing the content of unstable 

silicates, as well as free CaO and periclase, MgO that 

expand at phase transformation [21]. 

From the point of view of the hydraulic power 

of the blast-furnace slag, this depends for one part on 

their chemical composition and for another on their 

microstructure. Most of the authors estimate that the 

vitreous structure is the controlling condition because 

the vitreous state makes possible and explains the 

reactions which would not be possible from the 

crystallized material. Blast-furnace slags entirely 

crystallized of normal composition do not have 

hydraulic property or only a very limited one. Other 

estimate that "vitreous-crystalline" slag has higher 

potential hydraulic properties than slag vitrified up to 

100%. Also the size and the distribution of crystals in 

the vitrified blast furnace slag have an effect upon 

hydraulic power. In conclusion, for an identical 

chemical composition a perfect vitrification is not the 

criterion of a highest reactivity. The increase of Al203 

rate in a quaternary slag glass gives an improvement 

of hydraulic properties. Particularly the increase of 

Al203 rate in a quaternary slag glass gives an 

improvement of hydraulic properties [22-25].  

Blast furnace slag is mildly alkaline and 

exhibits a pH in solution in the range of 8 to 10. 

Although blast furnace slag contains a small 

component of elemental sulfur (1 to 2 percent), the 

leachate tends to be slightly alkaline and does not 

present a corrosion risk to steel in pilings or to steel 

embedded in concrete made with blast furnace slag 

cement or aggregates. Also as a matter of fact, slag is 

frequently used to eliminate acid conditions in 

industrial operations as well as to neutralize acid soil 

conditions in agriculture [14]. 

Relatively low bulk density of BF slag is 

typically 1300 kg/m3 for air-cooled and stable with no 

expansion tendencies. Instability problems with blast 

furnace slag are relatively rare. Fresh-made (i.e. new) 

blast furnace slag should in fact have no instability 

problems. However, some older sources of blast 

furnace slag, after a period of weathering, may 

contain pockets of unstable material.  
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The most likely form of instability in this type 

of slag is when, as a result of weathering, a 

significant proportion of the sulphur oxidises to 

sulphate, often present as gypsum. This, under given 

conditions, may take part in chemical reactions 

resulting in the formation of a sulphoaluminate 

hydrate phase, apparently similar to that taking place 

in sulphate attack on concrete. The result is 

volumetric expansion and disruption of the mass [14]. 

In certain situations, the leachate from blast 

furnace slag may be discolored (characteristic 

yellow/green color) and have a sulfurous odor. These 

properties appear to be associated with the presence 

of stagnant or slow moving water that has come in 

contact with the slag. The stagnant water generally 

exhibits high concentrations of calcium and sulfide, 

with a pH as high as 12.5 [26]. When this yellow 

leachate is exposed to oxygen, the sulfides present 

react with oxygen to precipitate white/yellow 

elemental sulfur and produce calcium thiosulfate, 

which is a clear solution. Aging of blast furnace slag 

can delay the formation of yellow leachate in poor 

drainage conditions but does not appear to be a 

preventative measure, since the discolored leachate 

can still form if stagnant water is left in contact with 

the slag for an extended period [27-30]. 

The physical properties of blast furnace slag 

have a considerable variability depending on the iron 

production process. Table 2 compares the key 

physical properties of air-cooled blast furnace slag 

and a common natural aggregate [8]. Of all the slag 

types generated, air-cooled blast furnace slag 

(ACBFS) is the type that is most commonly used as 

an aggregate material.  

Processed ACBFS exhibits favorable 

mechanical properties for aggregate use including 

good abrasion resistance, good soundness 

characteristics, and high bearing strength. Table 3 

lists some typical physical properties of air-cooled, 

expanded, and pelletized blast furnace slags [33].

 

Table 2. Typical properties of BF slag compared to a natural aggregate 
 

Property BF slag 
Carboniferous 

limestone 
Apparent density 2.55 2.72 

Water absorbtion (%) 4 0.7 

Impact dry value (%) 34 19 

Crushing value (%) 34 21 

10% fines soaked -kN 85 160 

Polished stone value 53-57 38-48 

Abrasion value (%) 5-7 8 

 

Table 3. Typical physical properties of blast furnace slag 
 

Slag Type and Value 
Property 

Air-Cooled Expanded Pelletized 

Specific Gravity 2.0 - 2.5 — — 

Compacted Unit Weight, kg/m3 1120 – 1360 (800 - 1040) 840 

Absorption (%) 1 - 6 — — 

 
Granulated blast furnace slag is a glassy 

granular material that varies, depending on the 

chemical composition and method of production. 

Grinding reduces the particle size to cement fineness 

(Figure 8a), allowing its use as a supplementary 

cementitious material in Portland cement concrete. 

The GGBF slag has the lowest percentage of large 

particles. The fines specification requires that < 20 wt 

% of the material be retained by the 45 micron sieve 

during wet sieving.  

 

The particle size distributions (PSDs) of the slag 

powder (with the chemical composition given in 

Table 4) in deionized water and obtained by laser 

light scattering indicate that many fine particles 

(<1μm) are present, Figure 9 [34]. 

Also were determined other physical properties 

of this slag: the mean diameter volume for two 

samples is 8.80, respectively 9.10; the medium 

diameter volume is 6.74 and 7.83; the a mean 

diameter number is 0.63 and 0.73 as a mean value, 

respectively 0.52 and 0.58 as a medium value; the 

particles density is 2.70 and the aerated and tapped 

densities measured for slag are around of 0.80 and 

respectively 1.26 (tapping deaerates the powder, 

allowing the particles to compact within the 

graduated cylinder to produce a greater density than 

the one measured for the aerated materials); the value 

of ratio of the two densities (tapped/aerated) that is 

the Hausner Ratio is about 1.56…1.59 and provides 

an indication of the degree of compaction that a dry 

powder can undergo in handling and storage.
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Fig. 9. PSD (volume based) (a) and PSD (number based) (b) for GGBF slag [34] 

 

Table 4. Chemical compositions of two samples of BF slag [34] 
 

Sample Al2O3 CaO Fe2O3 K2O MgO Na2O SO4 SiO2 TiO2 

1 8.4 38.5 0.4 0.3 12.9 0.3 1.0 37.9 0.4 

2 6.6 35.0 0.3 0.5 13.1 0.3 2.5 40.4 0.3 

 
The porosity of expanded blast furnace slag 

aggregates is higher than ACBFS aggregates. The 

bulk relative density of expanded slag is difficult to 

determine accurately, but it is approximately 70 

percent of that of air-cooled slag. Typical compacted 

unit weights for expanded blast furnace slag 

aggregates range from 800 kg/m3 to 1040 kg/m3. 

Unlike air-cooled and expanded blast furnace slag, 

pelletized blast furnace slag has a smooth texture and 

a rounded shape. Consequently, the porosity and 

water absorption are much lower than those of 

ACBFS or expanded blast furnace slag. Pellet sizes 

range from 13 mm to 0.1 mm, with the bulk of the 

product in the minus 9.5 mm to plus 1.0 mm range. 

Pelletized blast furnace slag has a unit weight of 

about 840 kg/m3.  

Because of their more porous structure, blast 

furnace slag aggregates have lower thermal 

conductivities than conventional aggregates.  

Their insulating value is of particular advantage 

in applications such as frost tapers (transition 

treatments in pavement subgrades between frost 

susceptible and nonfrost susceptible soils) or 

pavement base courses over frost-susceptible soils 

[35]. 

 

3. Conclusions 
 

The global emphasis on stringent legislation for 

environmental protection has changed the scenario of 

slags dumping into slags management.  

Because of the natural drive to be cost-effective, 

there is a growing trend of adopting such slags 

management measures that would convert slags into 

wealth, thereby treating these wastes as by-products.  

This has led to aiming at the development of 

zero-waste technologies.  

In addition to the environmental achievements, 

the recycling practices produced economic benefits, 

by providing sustainable solutions that can allow the 

steel industry to achieve its ambitious target of “zero-

waste”.  

To satisfy environmental and technical 

requirements of international and national standards, 

it is necessary to know the chemical, mineralogical, 

and morphological properties of BF slag.  

The chemical composition and the cooling rate 

determine the phases and the particle shape of slag. 

These are in correlation with its physical and 

mechanical properties.  

All of these Bf slag characteristics are essential 

because these play a key role in their utilization. 
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ABSTRACT 
 

The need to develop products with special characteristics and high 

mechanical properties led to the introduction of plastic deformation of semi-

finished materials. Special purpose products are produced from slabs, blooms, 

billets or from different size ingots. One of the critical conditions to meet quality 

expectations after plastic deformation is that the material must be as high quality as 

possible. For refining steels, a range of methods have been developed that can 

remove harmful elements from the physical and mechanical product properties. For 

these products, the chosen casting method is one of the most important factors that 

can ensure product quality because casting can easily remove the beneficial effects 

of the refining process conducted during the development of the steel melt by 

contamination with refractory material from the casting assembly, re-oxidation of 

the metal bath and others. Depending on the complexity of the casting product and 

to obtain a superior quality product, several methods of casting have been 

developed.  

The usual method of casting high quality large ingots is in vacuum, the 

advantage is that the steel stream is protected from the surrounding atmosphere, 

this paper aims to highlight the benefits of vacuum casting with wide stream on the 

improvement of ingot quality by increasing purity and decreasing gas content. 

 
KEYWORDS: vacuum casting, big ingots, increase the purity, decreasing gas 

content 
  

1. Introduction 
 

The wide range of applications for steel 
products made it necessary to develop certain 
methods and equipments for developing and refining 
steels leading to increased productivity and improved 
quality. Product quality is given by the chemical 
composition and physico-mechanical properties, 
therefore, to be able to obtain them, steel undergoes a 
series of processes to increase its purity. Imposing 
special treatment installations is due to the negative 
influence of endogenous and exogenous inclusions on 
steel quality.  

Appearance of nonmetallic inclusions 
(exogenous) in cast steels is a common problem 
because it involves additional costs for repairs or can 
lead to the rejection of the product. The results of 
mechanical properties are closely related to the 
degree of the steel purity, as the size, composition, 
morphology and distribution of inclusions have a 
huge impact on product quality. For example, 
ductility and tensile strength decreases significantly 
with increasing oxides or sulfides content in the 

material. It is important that the number and size of 
inclusions be controlled. 

 
2. Necessity of refining steels 

 
Refining on secondary treatment installations is 

successful in removing these inclusions through 
chemical reactions and slag making but great 
attention must be paid to the chosen method of 
casting and molding equipment used because steel 
can absorb gases from the atmosphere forming 
defects on the surface of the casted steel part. The 
exposure of the steel melt to the uncontrolled 
atmosphere during casting is very harmful because 
liquid steel absorbs atmospheric gases (N, O and H) 
to form compounds that prevent solidification in 
optimal conditions (appearance of gas pockets, 
internal and external shrinkage hole, fissures and 
cracks). 

Nitrogen influence  

Nitrogen is generally unwanted in steel because 
of its influence on steel properties: it lowers cold 
deformability (deep drawing) and resilience, 
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resistance to corrosion and shock. In combination 
with hydrogen, it causes the formation of small 
pockets of gas and steel aging in castings because of 
nitrides forming on the structural grain boundaries 
[3]. Nitrogen is absorbed in the liquid steel from the 
metal scrap charge, de-oxidation and alloying 
elements and from the furnace atmosphere as a result 
of dissociation taking place in the electric arcs of the 
electric arc furnace. 

Hydrogen influence 

Hydrogen is always present in the metal bath, 
but completely unwanted because it produces flakes 
and porosities during the solidification process. 
Hydrogen is one of the main causes of porosities in 
steel ingots and castings it also reduces the plasticity 
and toughness and affects electrical and magnetic 
properties [3]. 

Oxygen influence  

Oxygen is a main element in the development of  

steel, the energy released from burning gas or solid 
fuel is used to melt the scrap metal, gaseous 
compounds resulting from combustion help removing 
non-metallic inclusions from the liquid metal.  

Oxide inclusions resulted from reactions 
between oxygen and metals or non-metals cause an 
increase in susceptibility to brittle fracture, they 
reduce fatigue (especially in bearings, springs, and 
machine parts) and affect the surface quality of parts 
[3]. 

Depending on the steel destination, it can be 
molded into various shapes that can ensure good 
conditions in the next stages of processing, depending 
on the shape and size of the products, costs and 
quality.  

To maintain the purity and quality of cast steel 
ingots, it is necessary to take into account the 
advantages and disadvantages of the main methods of 
casting (castings, vacuum castings, bottom pouring). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Pouring assembly: 

1 – refining ladle; 2 – pony ladle; 3 – stopper rod; 4 – vacuum tank; 5 – argon protection;  

6 – argon to the stopper rod; 7 – stream jet; 8 – steam ejector; 9 – mold. 

1
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4 

8 
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5 
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3. The methods casting and refining 
 

This paper presents the benefits obtained from 
vacuum casting with wide stream.  

Using this method (Fig. 1), an advanced 
degassing of the liquid steel is achieved due to the 
vacuum created in the casting tank (4), obtaining a 
high quality ingot. To obtain the necessary vacuum, a 
pony ladle is required (2) with a stopper rod (3). 
Argon is injected inside lance (6) to ensure the 
formation of wide stream (7) in order to obtain a 
bigger contact surface between the steel droplets and 
the vacuum inside the tank.  

This also helps avoiding the appearance of 
strong convection currents that could transport 
inclusions to the ingots center, letting them float to 
the surface metal bath. To emphasize the degassing 
efficiency of steels during casting, nine heats of 
carbon steel were analyzed, material S34MnV and 
weighing 71Tons, each used in the manufacture of 
crankshafts for the marine industry.  

To achieve the required mechanical properties 
imposed by the operating conditions, the cleanliness 
of the material must be increased by removing trace 
elements and gas from the metal bath during 
secondary treatment. 

 

The analyzed heats were melted and 
refined on an electric arc furnace (Fig. 2) with 
the following features:  

 
Construction type  Water cooled roof and side 
panels; 
Capacity  55-73 T; 
Lining  Magnesia-carbon; 
Hearth interior diameter  5500 mm; 
Transformer power 30 MVA; 
Electrode diameter  Ø500mm (UHP); 
Electrode placing diameter  1350 mm; 

 

Fig. 2. Electric Arc Furnace 

Residuals Elements P and S

0
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0,004
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0,008
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0,012

0,014
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Fig. 3. Residual elements P and S at the end of the EAF refining 

 
The reduction of residual elements P and S was 

made by classical methods: phosphorus removal - 
intense oxidation of metal bath, slag removal and 
sulfur removal - high temperature and the use of 
synthetic slag. The oxidation of the metal bath is 
made to reduce the residual elements by oxidation 
and by transferring them in the slag.  

The order of oxidation reactions is: 
 
[Si] + 2[FeO] = (SiO2) + 2[Fe];   (1) 
[Mn] + [FeO] = (MnO) + [Fe];  (2) 
2[Fe2P] + 5[FeO] = (P2O5) + 9[Fe];  (3) 
[C] + [FeO] = {CO}+ [Fe];   (4) 

The oxidation of carbon and release of CO 
causes a stirring effect on the liquid metal bath 
("boiling effect") increasing the contact area between 
slag and metal bath, ensuring homogeneous 
temperature and chemical composition of the metal 
bath also eliminating much of the gases (hydrogen 
and nitrogen) and nonmetallic inclusions contained in 
the liquid steel [1]. For the reduction of oxygen 
contained in the metal bath, such powerful de-
oxidation materials were used as, Al, SiCa, FeSiMn. 
By injecting an inert gas (argon) during the de-
oxidation period, some of the gasses contained in the 
liquid metal are removed. 

MgO~75,5% 
    C~15,5% 
Al2O3~6% 

MgO~76% 
    C~15% 
Al2O3~5,5% 

Al2O3~94,5% 
SiO2~4.5% 

MgO~93,5% 
CaO ~ 1,5% 
SiO2 ~ 1,5% 

MgO ~ 92% 
CaO ~ 2,5% 
SiO2 ~ 3,5% 

   
C~99% 
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Fig. 4. Gases present in the metal bath at the end of the EAF refining period:  

a - Oxygen, b - Hydrogen, c-Nitrogen 

 
4. Gas absorption in metal bath 

 
To tap the steel from the EAF a ladle must be 

preheated to a temperature of 1150°C in order to 
reduce temperature loss and thermal shock. To ensure 
optimal pouring temperature (1580+/-5ºC) the liquid 
metal will be tapped from the EAF at 1700°C. The 
big temperature difference between tapping and 
pouring is due to time losses (Fig. 5), transport and 
re-ladling the liquid steel into the pony ladle (Fig. 6).  

 

 
 

 
 

Fig. 5. EAF tapping in ladle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 6. Steel re-ladling 
 

Pouring speed, spout length and the distance 
between the ladle and spout are critical factors in the 
absorption of gases from the atmosphere into the 
liquid metal. When re-ladling, to reduce the harmful 
effects of exposing the steel stream to the surrounding 
atmosphere an intermediate device between the ladle 
and pony ladle is used that protects the steel stream 
by injecting argon gas.  

The transfer between the ladles takes about 4 
minutes, at the end the temperature is close to the 
steel pouring temperature. Gas analysis from the 
molten steel bath after tapping from the EAF 
indicates a slight increase, especially hydrogen and 
oxygen (Fig. 7.) 

a  b

c
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Fig. 7. Gases present in the metal bath after tapping from EAF: 

a - Oxygen; b – Hydrogen; c-Nitrogen. 

 
The pouring assembly has an important role in 

ensuring product quality because it can contaminate 
the liquid metal with oxides and refractory materials, 
so it is very important to properly clean and preheat 
(to lower the humidity). Low vacuum is an important 
factor to achieve because the degassing efficiency is 

even higher when the pressure is at its lowest point 
[2].  

The vacuum pump type used is ULVAC, the 
vacuum is made by steam ejectors. The steam must 
have a minimum temperature of 200° C and a 
pressure of 20 (see Table 1). 

 

5. Stream Degassing 
 

The injected argon flow in the stopper rod 
during pouring directly influences the steel stream. It 
is established according to the following: temperature 
steel (fluidity), the amount of steel that is present in 
pony ladle, distance between stopper head and pony 
ladle nozzle (pouring speed) and the inside diameter 
of the pony ladle nozzle used.  

Excessive flow of argon leads to a large stream 
of steel that can adhere to the cold pouring equipment 

thus contaminating the steel (future mass ingot 
crystallization centers) but a low flow decreases the 
metal degassing efficiency [2].  

For the analyzed heats, the wide stream was 
done differently by increasing or decreasing the speed 
of ingot pouring, keeping a constant argon flow and 
pressure (5 bar) in the stopper rod, the casting speed 
was modified by decreasing or increasing distance 
between the stopper rod and the pony ladle nozzle 
obtaining different types of wide stream: large, 
medium and strong. 

.  
 

 
 
 
 
 
 
 
 
 
 

Table 1. The vacuum pump features  

Capacity  Ejectors Condensers Steam pressure 
Min. Steam 
temperature  

Lowest 
vacuum  

[kg/h]   [Bar] [ºC] [Torr] 

650 7 3 20 200 0,250 
      

Φ4

Φ 19

2

a  b

c
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a – Heat 1                                b – Heat 2                                 c – Heat 3 

       
d – Heat 4                              e – Heat 5                                      f – Heat 6 

       
g – Heat 7                              h – Heat 8                                      i – Heat 9 

 

Fig. 8. Stream Jet in pouring time:                                                                                 

b, d, f, g – wide stream; a, c, h – medium stream; e, i – narrow stream. 
 

Table 2. Degassing efficiency 
 

Stream WIDE MEDIUM NARROW 

Heats Heat 2 Heat 4 Heat 6 Heat 7 Heat 1 Heat 3 Heat 8 Heat 5 Heat 9

Casting rate [t/min] 6.0 6.1 6.3 6.2 6.8 7.0 6.7 7.5 8.2 

Vacuum degree [Torr] 0.360 0.314 0.337 0.333 0.388 0.330 0.303 0.325 0.363 

Before Tapping [ppm] 4.18 4.2 3.85 3.8 3.83 4.28 4.65 3.7 4 

After Tapping [ppm] 4.8 4.8 4 4 4.4 4.6 5 4.5 4.4 

After Pouring [ppm] 1 1.1 1.25 1.2 1.3 1.3 1.3 1.6 1.8 

H
yd

ro
ge

n
 

η degassing. [%] 79.2 77.1 68.8 70.0 70.5 71.7 74.0 64.4 59.1 

Before Tapping [ppm] 61 60 54 50 53 58 65 53 58 

After Tapping [ppm] 61 65 58 57 55 63 65 53 61 

After Pouring [ppm] 27 24 25 24 25 27 25 25 25 

O
xy

ge
n

 

η degassing. [%] 55.7 63.1 56.9 57.9 54.5 57.1 61.5 52.8 59.0 

Before Tapping [ppm] 64 58 72 52 68 55 51 57 63 

After Tapping [ppm] 60 58 65 50 62 55 55 60 65 

After Pouring [ppm] 35 40 36 35 40 37 45 32 40 

N
it

ro
ge

n
 

η degassing. [%] 41.7 31.0 44.6 30.0 35.5 32.7 18.2 46.7 38.5 
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A wide stream is supposed to cover around 80% 
of the ingot bottom surface while medium stream 

covers about 50% (below this value it is considered to 
be narrow stream. resulting low degassing efficiency). 

 
Fig. 8. Graphical representation of the gas evolution on heats 

 
The importance of obtaining wide stream when 

pouring can be easily observed. The steel stream is 
divided into small drops after argon gas injection in 
the stopper rod. the pouring stream looking like a 
summer rain. Increasing the contact surface between 
the droplets of steel and the vacuum is the main factor 
that can boost the degassing process.  

 
 
 
 
 
 
 
 
 
 

Fig. 9. 

The metal bath is not agitated by the strong 
convection currents like we would have seen if we 
had had narrow stream and the risk of inclusions in 
the body of the ingot is small. Non-metallic 
inclusions with lower density always remain on top of 
the ingot, remaining in the hot top. 

 
6. Conclusions 

 
Vacuum pouring with wide stream helps 

increase purity by decreasing gas content and keeping 
the inclusions to the surface. You can see a very good 
degassing yield from the analyzed heats as follows: 
for [H] - η = 79% for [A] - η = 63% for [N] - η = 
46%; 

The condition of the stream during the pouring 
process directly affects the degassing and purity of 
the cast ingot because a narrow jet has a smaller 
contact surface with the vacuum atmosphere (low 
efficiency degassing) and it creates a high convection 
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current which causes inclusions to appear in the 
ingots body. 

After the assessment of the wide stream it has 
been shown that the stream created by argon injection 
through the stopper rod creates optimal conditions for 
advanced degassing. obtaining increased purity and 
uniform distribution of spherical particles that 
stimulates floating inclusions and prevent creating 
convection currents. 
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ABSTRACT 

 
This paper is a study on the problem of using ultrasound in the treatment of 

raw water. It highlights the effect of ultrasounds produced by the experimental 

sonic ultrasound generator through the physico-chemical analysis of raw water, as 

well as of the treated water, namely turbidity, pH and dissolved oxygen. Also, to 

reduce the dose of coagulant used in water treatment plants, we studied the 

influence of ultrasound on water treated with coagulant based on the physico-

chemical parameters analysis. 

The aim of this paper was to determine the effects of ultrasound and of the 

coagulant on the physico-chemical parameters of water by treating raw water with 

ultrasonic gas-dynamic generators, or by adding coagulant, with reference to water 

quality before treatment. We followed the environmental impact by allowing the use 

of the sonic generator technology treatment leading to significant reduction in the 

amount of chemicals commonly used in water treatment stations in view of clotting 

suspension. 

 
KEYWORDS: water treatment, physico-chemical, sonic generator 

 
1. Introduction 

 
This paper treats the problem of developing new 

methods of water treatment using ultrasound gas-
dynamic generators. Ultrasound production facilities 
[1] can be used in processes taking into account 
construction, media used, working frequency, 
acoustic intensity, irradiation time. In analyzing any 
process related to the application of ultrasound 
technology, the first problem that arises is to produce 
ultrasonic vibrations of a determined frequency and 
intensity [2]. Generators produce ultrasounds in 
certain areas of propagation for certain frequency 
ranges [3] and therefore for each technological 
process a type of ultrasonic generator is used. Based 
on the analysis of the types of generators, the best 
gas-dynamic generator type was Hartmannrod with 
rod [4], which is stable in operation and can ensure 
high enough work gas flow, as required in water 
treatment. 

 

2. Experimental stand and working 
methodology 

 

The gas-dynamic axial sonic generator used 
(Fig. 1) was chosen because of its construction 

characteristics that determine operating parameters 
corresponding to laboratory conditions [5]. 

Thus, to study water treatment using a sonic 
generator (ultrasonic and concomitant bubbling) a 
hydro-pneumatic scheme [5] of the experimental 
facility it was achieved (Fig. 2). 

The plant can use compressed air or oxygen as 
working agent to generate ultrasounds depending on 
technological needs.  

In our case, the system uses air as working 
medium for sonic generator power, which leads 
simultaneously to producing ultrasonic waves and to 
aeration-bubbling phenomenon, thus ensuring the 
sonic treatment of the technologic liquid.  

Air, as working medium for generating 
ultrasound, was taken from an air compressor with a 
capacity up to 6 bars.  

They collected water samples from the Danube 
according to the appropriate standard and samples of 
1 liter of fresh water were used as samples and treated 
with a sonic generator under certain conditions.  

The experimental stand operated at a supply 
pressure of 0.4MPa generator, or frequency 
ν=27.4kHz and acoustic intensity level L = 131.0dB.  

Also, during water treatment with sonic 
generator varied in the range of 5-40 seconds.  
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Fig. 1. Axial gas-dynamic sonic generator: 1 - nozzle, 2, 3 - cross support; 4 - rod, 5 - 

resonator, 6 - nut, 7 - bush, 8 – cover, 9 - nut, 10 - gasket, 11, 13 - ring; 12 - socket; Da- nozzle 

diameter, dt - rod diameter, DR, LR - diameter and depth resonator, Dr - distance granting resonator 

 
Fig. 2. Experimental stand for water treatment technology: 1-compressor, 2-tank battery,  

3-pneumatic reducer, 4-electric motor, 5-air filter, 6-gauge, 7-gas-dynamic ultrasonic generator,  

8-gauge with electro-contact, 9 -cylindrical vessel, 10 - desk, V1-drain valve, V2 -valve,  

V3-regulating valve 
 
For comparison and to highlight the effect 

obtained by using an experimental sonic generator, an 
aluminum sulfate Al2(SO4)3 coagulant was introduced 
in the raw water sample, before treating the samples 
with ultrasound.  

Water quality has been shown in both studied 
cases by analyzing some physical and chemical 
parameters namely: turbidity, pH, dissolved oxygen 
(DO), according to current standards. 

 

3. Results and discussion 
 

3.1. Dynamics of the water treated with 

experimental sonic generator 
Five one liter of raw water samples were 

considered each, treated at different periods of time, 
namely 5, 10, 20, 30, 40 seconds under optimum 
working regime.  
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A one-liter water sample was also considered to 
determine the raw water characteristics and to 
compare them with the test data submitted to the 
sonic treatment. The generator operating mode was 
determined according to the best results obtained 
from the physico-chemical indicators of the sonic raw 
water treated at the working pressure of 0.4MPa, to 

which following acoustic parameters correspond: 
acoustic intensity L = 131.0dB and frequency 
ν=27.2kHz [6].  

The sonic treatment of raw water leads to a 
sharp decrease of turbidity (Fig. 3).  

The sonic treatment effect occurs from time 
t=5s treatment [7]. 

 

 
 

Fig. 3. Turbidity variation depending on the time of sonic treatment of water 
 

After an initial turbidity of 35NTU 
(nephelometric turbidity units) at a temperature of 
210C to 160C and 37NTU, the same time, with 
increasing sonic treatment turbidity varies quasi-
periodically around an average of T=5NTU 
(nephelometric turbidity units) respectively T=7NTU. 
The analysis of the results shows that after 10 seconds 

of sonic treatment of raw water turbidity reduction 
occurs on an average of 5-7 times compared with the 
value determined in untreated raw water.  

In the case of pH (Fig. 4), the influence of 
ultrasonic waves is negligible at both considered 
temperatures [7] and its evolution is relatively 
constant. 

 

 
 

Fig. 4. pH variation depending on the time of sonic treatment of water 
 

The initial base value of the control sample was 
8.02 and it is within quality limits. From Figure 5 it is 
noticed that at a temperature of 210C, the quantity of 
dissolved oxygen in untreated raw water is 
5.8mgO2/L, so under the limit prescribed by law 

(7mgO2/L). However, after the first 5 seconds of 
ultrasonic treatment, the oxygen level increases to a 
normal value for a given temperature and the 
recorded values with increasing treatment time vary 
between 8 and 9 mg O2/L. 
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The necessary level of dissolved oxygen content 
in water occurs at a less time treatment that does not 
exceed 10 seconds. The sonic treatment time 
influence on the content of dissolved oxygen [7] 
indicates that during the sonic treatment two different 

processes occur simultaneously: the aeration and the 
degassing of water. Degassing occurs due to 
ultrasonic cavitation, and aeration occurs after the 
penetration of the working air resulting from the 
functioning of the gas-dynamic generator. 

 

 
 

Fig. 5. Variation of dissolved oxygen with the time of sonic treatment 
 

In this case, the two processes - degassing and 
aeration net each other and optimal results are 
obtained for the required oxygen content necessary in 
water at certain temperatures. 

The results presented above allow us to choose 
the minimum length of sonic treatment time to which 
water can get optimal parameters, namely 5-10 
seconds for a liter of water sample. 

 

3.2. Dynamics of the water treated with 

coagulant and experimental sonic 

generator 
The main purpose of using coagulants in water 

treatment technology [5] is increasing the 

sedimentation process from decanters. From 
economic and environmental points of view, solutions 
to reduce the dosage of coagulants or the use of 
environmentally friendly technologies are demanded.  

 
We studied the possibility of reducing the 

dosage of coagulants to protect the environment and 
public health using an ultrasonic generator, and a 
coagulant commonly present in sewage systems, 
aluminum sulphate Al2(SO4)3. In the study, it was 
considered the maximum dose of coagulant of 40 
mg/L Al2(SO4)3, while the dose of coagulant used at 
present in the water treatment plants is 40-60 mg/L 
Al2(SO4)3. 

Apa bruta+us+Al2(SO4)3, p=0.4 MPa, t=10 s

0

2
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6

8

10

12

14

0 10 20 30 40 50

mg Al2(SO4)3/l

Tu, NTU

 
Fig. 6. Water turbidity variation depending on the dose of coagulant Al2(SO4)3  

Raw water+us+ Al2(SO4)3, p = 0.4MPa, t = 10s
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To determine the minimum dose of coagulant, 
to which the effect is observed, the influence of 
coagulant concentration was studied and the 
ultrasonic produced by the ultrasonic generator on 
turbidity, at the working pressure of 0.4MPa and 
treatment duration of 10 seconds (Fig. 6). It is 
observed from sonic generator water treatment, the 
reduction water turbidity of 7.5 times the initial value 
of raw water.  

Also, by getting the lowest turbidity value at the 
lowest dose used, we conclude that the coagulant 
dose decreased by 8 times, respectively, from 40mg/L 
to 5 mg/L Al2(SO4)3. 

Given this result, we studied the influence of the 
treatment time (Fig. 7) on turbidity at a dose of 
5mg/L Al2(SO4)3, the same supply pressure of 
0.4MPa generator. 

Apa bruta+us+5 mg/l Al2(SO4)3, p=0.4 MPa
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Fig. 7. Water turbidity variation depending on the time of treatment at a dose of 5 mg/L Al2(SO4)3 
 
The graphic from Figure 7 shows that turbidity 

increases with increasing treatment time, the 
treatment time required to achieve minimum turbidity 
being 5 seconds.  

Given the amount of raw water turbidity (Fig. 
6), adding minimal coagulant dosage with ultrasounds 
produces a significant reduction in turbidity. It is 
noted that at a treatment duration of 5 seconds and 10 

seconds, respectively, to register turbidity values as 
indicated in the standards are recorders (Tu≤5NTU). 

 
Next, we studied the influence of the coagulant 

dose and the ultrasound on the pH, at the same 
parameters as for turbidity (Fig. 6).  

The dose of coagulant Al2(SO4)3 in water does 
not affect the pH values, as shown in Figure 8. 

Apa bruta+us+Al2(SO4)3, p=0.4 MPa, t=10 s
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Fig. 8. pH variation depending on the dose of Al2(SO4)3 coagulant  
 
If in both cases, the pH is not influenced by 

ultrasound, or by the presence of coagulant and 
ultrasound, for pH variation depending on the 
duration of water treatment with 5 mg/L Al2(SO4)3, at 
the working pressure p = 0.4MPa, an increase with 2 

units of pH occurs (Fig. 9). It can be concluded that to 
obtain a neutral pH, under the conditions considered 
above, a duration of treatment of 20-40seconds it is 
required. 

Raw water+us+ 5 mg/L Al2(SO4)3, p = 0.4MPa

Raw water+us+ Al2(SO4)3, p = 0.4MPa, t = 10s
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Fig. 9. pH variation depending on the water during treatment with 5 mg/L Al2(SO4)3 
 
Regarding the evolution of dissolved oxygen 

content in water in the presence of coagulant and 
ultrasound, at the same operating parameters 
previously established for other indicators, a clear 
change could noticed.  

Thus, by increasing the dose of coagulant, the 
oxygen content (Fig. 10) decreases from 11.2mgO2/L 
to 10.5mgO2/L, so the coagulant dosage with 
ultrasounds affect the content of dissolved oxygen, in 
water but to a lesser extent. 
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Fig. 10. Dissolved oxygen variation depending on the dose of Al2(SO4)3coagulant  
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8.1

8.15

8.2

8.25

8.3

8.35

8.4

8.45

8.5

8.55

8.6

8.65

0 5 10 15 20 25 30 35
t, s

O
D

, 
m

g
 O

2
/l

 
 

Fig. 11. Variation of dissolved oxygen according to the time of water treatment with 

 the dose of 5mg/L Al2(SO4)3 

Raw water+us+ 5 mg/L Al2(SO4)3, p = 0.4MPa

Raw water+us+ Al2(SO4)3, p = 0.4MPa, t = 10s

Raw water+us+ 5 mg/L Al2(SO4)3, p = 0.4MPa
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The same thing happens in the case of dissolved 
oxygen variation (Fig.11) according to the time of 
sonic treatment of water at the dose of 5mg/L 
Al2(SO4)3, the dissolved oxygen concentration 
increasing from 8.16mg O2/L to 8.61mg O2/L. 

The parameter variation study highlights the 
synergistic influence of ultrasound and coagulant, and 
thus, the possibility of using an ultrasonic generator 
for reducing chemicals in water treatment plants. 

 

4. Conclusions 
 

By increasing the dose (5-40mg/L) of aluminum 
sulphate (Al2(SO4)3 to sonic treatment (generator 
working pressure 0.4 MPa, the acoustic intensity L = 
131.0dB, frequency ν = 27.2 kHz) with treatment 
time t = 10s it showed that: 

- turbidity increases, so, to obtain minimum 
turbidity (Tu = 2 NTU), a minimum dose of 5mg/L of 
Al2(SO4)3 is recommended; 

- the pH of the water does not change, so it is 
not influenced by the Al2(SO4)3 dose level; 

- the content of oxygen in the water decreases 
from 11.2 to 10.5mg O2/L. 

The influence of the duration (5-40 seconds) of 
the ultrasound treatment on the physico-chemical 
parameters of the water, with a coagulant dose of 
5mg/L at working pressure of 0.4MPa generator 
(sound intensity level L = 131,0dB, frequency 
ν=27.2kHz), was studied and have revealed the 
following: 

- the turbidity increases, which shows that to 
achieve the best results the treatment time should be 
considered during treatment to which it is minimal (t 
= 5 and u = 4 NTU); 

- the pH increases by 2 units compared to that 
determined for untreated raw water (Fig. 8); 

- the oxygen content in the water increases from 
8.16mg O2/L to 8.61mg O2/L with increasing duration 
of water treatment. 

According to limit set of standards (Tu≤5NTU), 
turbidity reached these values in both cases studied to 
a minimum coagulant dose of 5mg/L Al2(SO4)3 and a 
treatment duration of 5 to 10 seconds. 

The values obtained for water pH in this study 
are within the limits set by the standards (6.5 ÷ 9.5). 
In the case of dissolved oxygen, both for its evolution 
depending on the dose of coagulant and for coagulant 
according to the duration of treatment and ultrasonic, 
a decrease is observed in comparison with the value 
of untreated raw water. This is not desirable because 
the dissolved oxygen content in the water depends on 
water temperature and its decrease leads to the loss of 
water freshness. By contrast, a single action of 
ultrasound on water increases the dissolved oxygen 
content, regardless of the temperature of the water 
sample. 

It should be noted that the dose of Al2(SO4)3 
coagulant recommended in the paper (5mg/L) is 8 
times lower than the lowest dose of 40 mg/L 
Al2(SO4)3 used in water treatment plants, which 
demonstrates the applicability of treatment 
technology with ultrasonic generator. 
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ABSTRACT 
 

This paper presents the influence of adding materials (micros glass spheres) 

in a matrix of PBT on several mechanical properties: elasticity modulus, stress at 

break , elongation at break, energy at break. 

The mechanical properties of these composites depend on the glass beads 

concentration. The additivation of polybuthylen therephtalate with glass beads 

increases the values of the elasticity modulus, but reduces quite drastically the 

elongation at break. Using the SEM investigation, the authors pointed out the 

particular aspects of fracture surfaces: a ductile process at sample margins and a 

brittle one in the middle of the composite. 

 
KEYWORDS: PBT, glass beads, composite, elasticity modulus, stress at 

break, elongation at break, energy at break 

 

1. Introduction 
 

It is a basic problem with the tests that the result 

will vary with the test piece geometry and the test 

conditions and it may not be easy to extrapolate to 

different conditions [7-9]. 

Even if there are many standards related to short-

term tensile testing, they endeavor to quantify a 

number of specific characteristics which relate to the 

strength and deformation of a material. Knowledge of 

these characteristics can supply the designers with the 

potential performances of a material and a reliable basis 

of comparing materials [8, 19]. 

The term ‘short term mechanical tests’ is used as 

a convenience to describe mechanical properties 

where the effects of long times and cycling are 

ignored. This group of tests includes hardness, 

tensile, compression, shear, flexing, impact and tear. 

The material properties require to be rated for 

generating design data, for quality controlling, for 

predicting their durability and, unfortunately but 

necessarily for investigating failures. The polymers 

have a complex behavior thus, more than any 

material, they have to be evaluated in a useful way by 

particular or adequately adapted methods [8]. 

Polymeric materials are non-linear and their 

stress-strain characteristic is not linear and hence their 

modulus is not a constant [1, 2, 8, 9]. 

The use of PBT as an engineering material is a 

consequence of a balance of good properties rather 

than of a few outstanding ones. It does not possess the 

toughness of polycarbonate (PC), the abrasion 

resistance of an aliphatic polyamide, the heat 

resistance of a polysulphone, polypheny1ene sulphide 

(PPS) or polyketone, the low water absorption of a 

modified poly(p-phenylene oxide) (PPO). 
 

 

However, PBT, when it is suitably modified by, 

for example, glass fiber or fire retardants, can 

contribute to produce very useful compounds.  

The particular characteristics of PBT, as pointed 

out by the suppliers [9, 26, 27], include: 

- high softening temperatures (especially for 

composites with glass or carbon fibers, challenging 

the use of PC and modified PPOs); 

- high rigidity, exceeded only by PPS among the 

engineering thermoplastics; 

- good electrical insulation properties for an 

engineering thermoplastic as compared to PC, 

modified PPOs, PPS and the polyether imides; 

- low friction and good abrasion resistance; 

- good impact strength at low temperatures and 

excellent creep rupture strength; 

- low water absorption and good chemical 

resistance, including resistance to stress cracking; 
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- good dimensional stability, a consequence of 

the low water absorption but also because of a low 

coefficient of thermal expansion; 

- good moldability (easy flow and rapid setting). 

A large number of PBT grades is available, 

including unreinforced, glass- and carbon-fiber 

reinforced, mineral filler reinforced, impact modified, 

elastomer modified, flame retardant and various 

combinations of the foregoing [9, 15, 16, 24, 27, 28]. 
 

2. Glass beads as adding material in a 
polymeric matrix 

 

C type glass is adequate for using in chemically 

aggressive environments, especially acids. This 

outstanding chemical resistance is a consequence of 

its composition, typically as following: at least 60% 

SiO2, Li and Na oxides, Yn and Ca oxides and also 

rare earth oxides with small amounts of Al2O3, B2O3, 

Fe2O3, TiO2, MnO and SnO2 [17, 18].  

Adding this type of reinforcing material 

influences the technological properties [5, 6, 10, 25] 

the mechanical ones [3, 4, 11-13, 22] and the 

tribological ones [14, 20]. In 2010, Akiyama et al. [2] 

reported a modifying tendency of the mechanical 

properties of the composites with ceramic particles 

(average diameter of 150 μm) a little greater than the 

glass beads introduced in PBT for this study and more 

ragged as compared to almost spherical shape of the 

glass beads (Fig. 5). Adding 60% of ceramic particles 

in PBT makes the elastic modulus to increase to 7500 

MPa, 2.5 times greater than pure PBT, but the tensile 

at break decreases with 10...12% and Vickers 

hardness has a double value. 
 

  

a) b) c) 
 

Fig. 1. Damaging models of the interface in 

composites with spherical particles [21] 

 
Medadd and Fisa [21] have proposed a damaging 

model of the interface when samples were loaded 

with tensile forces (Fig. 1) that proved to be suitable 

to explain the PBT + glass beads composite behavior 

in a qualitative way. Break at traction of a composite 

with spherical particles depends very much on the 

chemical and mechanical nature of the interfaces 

between the polymer and the hard particles:  

a) the resistance interface is not damaged under 

loading and the break is initially developed in the 

composite matrix;  

b) an interface partially damaged, usually 

dependent on the elasticity modulus, the volume 

fraction of the adding material without damaged 

interfaces and the complementary volume fraction of 

the adding material that is characterized by a 

damaged interface (the ratio between these two 

interface categories being very hard to be estimated);  

c) a wick defective interface that is easy to be 

destroyed when applying the load.  

The difficulty is that the sample made of such a 

composite is loaded, all the above-described 

processes could occur, with different contribution to 

the final fracture.  

Several research works reported that even if the 

glass beads bearing different treatment, the 

mechanical properties do not have significant 

modifications (Fig. 1.7) [21]. 
 

                         
                                   a) untreated                                           b) treated by silan (SiH4) 

 

Fig. 2. Aspects of tensile fracture surface for a PS+10% GB composite [M12] 
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Dekkers and Heikens [12, 13] noticed that, for 

polymeric composites, the band forming mechanism 

at traction is fundamentally different, depending on 

the treatment applied to glass beads. After analyzing 

the stresses, they concluded that the generation of the 

bands had occurred in the zones characterized by 

maximum values for the main shear stress and by 

maximum values of the strain energy (Fig. 3). 

 

  
a). a good adherence between matrix 

and glass beads, using γ-aminopropil silan 
b). without adherence between glass bead and 

the polymer matrix, as obtained with silicon oil 
 

Fig. 3. Tensile fracture zones of the PC + GB composite [13]  
 

3. Testing methodology materials 
 

The samples were obtained by extruding the 

mixtures of granulated PBT and glass beads (Fig. 5), 

in three mass concentrations (Table 1), at ICEFS 

Savinesti, Romania. The polymer had been dried up 

at a temperature of 100ºC within two hours. There 

were obtained bone samples with the geometry and 

dimensions given in Figure 4 and a thermal treatment 

was applied to the bone samples, as recommended by 

the producer [27]. 

The initial distance between the gauge marks on 

the central part of the test specimen was of 115 mm, 

the rate of separation of the grips of the testing 

machine during test 5 mm/min (the speed of testing) 

and the it was calculated the tensile Stress 

(engineering), that is the tensile force per unit area of 

the original cross section within the gauge length, 

carried by the specimen at any given moment. 

The here-presented results include data for at 

least 5 tensile tests and the average value for each 

mechanical characteristic was calculated and there 

also were presented the scattering intervals for each 

one. Stress was calculated with reference to the initial 

values of the cross section thus, there are given the 

engineering stress-strain curves for each material.  

 

 
 

Fig. 4. Bone sample Type 1A ISO 527-2 

 
Table 1. Materials tested  

 

Material 
symbol 

Composition (%wt) 

PBT 
neat polymer,  

grade Crastin 6130 NC010 [10] 

GB10 10% GB

GB20 20% GB

GB30 30% GB

glass bead + 1.5...2% PA + 1% 

black carbon, 

 for technological reason 
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Fig. 5. Glass beads before being mixed with PBT 
 

The traction tests were done with the help of the 

universal testing machine TESTOMETRIC M350-

5AT, having a force cell of 5kN, as recommended by 

EN ISO 527-2 [25], in the Laboratory of Polymeric 

Materials Research (Faculty of Mechanical 

Engineering, "Dunarea de Jos" University of Galati).  

The values for the mechanical properties were 

calculated as the average of five tests that the authors 

consider to have no anomalous features and in 

accordance with the literature [9, 24, 27, 28].  
 

4. Experimental results 
 

For PBT, the stress-strain curves (Fig. 7a) have 

the same aspect as presented in [4, 5, 16, 24]; it was 

noticed a typical creep zone for the thermoplastic 

polymers, as this polymer could be included in the 

class of tough materials with a yield stress lower than 

the failure stress [8]. The composites have the shape 

of the stress-strain curves typical for brittle materials 

(Fig. 7b, c and d). 

The authors applied Einsteins's model for having 

a dependency of the mechanical properties on the 

mass concentration of glass beads,  
 

Ec = Em (1 + Vf),                                              (1) 
 

where Em is the elasticity modulus of the matrix and 

Vf is the volumic fraction of the adding material. For 

the composite with 10% GB, the value of the 

elasticity modulus as experimentally determined is 

greater with 10.8% as compared to the value given by 

Eq. (1) and for the composite with 20% GB, the 

experimentally obtained value is greater with 21.3% 

as compared to the theoretical value given by the 

same model of mixture. The elasticity modulus and 

the density for glass beads were taken from literature 

[13, 21]: Ef=70000 MPa, ρf = 1.6g/cm3.  

Analyzing Fig. 3.4, the following remarks may 

be made: 

- the elasticity modulus of these composites with 

PBT matrix increases almost linearly with the massic 

concentration of GB; 

- stress at break for the composite with 10% GB 

is just 10% higher than the polymer but the 

composites with 10% GB and 20% GB have lower 

values, 85% and 63%, respectively from the values 

exhibits by the polymer (Fig. 6b); 

- elongation at break decreases with ~72% for 

PBT + 10% GB and with ~92% for the composite 

PBT + 20% GB, as compared to the value obtained 

for PBT. 

The composites have reduced elongation at break 

(Table 2 and Fig. 6c) and none of the samples not 

presented the typical bottle neck shape characterizing 

the polymer. 

There is a clear tendency of decreasing the value 

for the strength limit only for the composite with 20% 

and 30% GB, respectively. 
 

Table 2. Average values of several mechanical properties for the tested materials 
 

Material 
Characteristic 

PBT GB10 GB20 GB30 
Elasticity modulus, E [N/mm2] 1923.458 2358.356 2848.581 4087.458 

Stress at break, σr [N/mm2] 41.571 40.265 36.543 25.795 

Elongation at break, εr [mm] 9.404 2.609 0.763 0.411 

Energy at break, [N·m] 17.665 2.207 0.701 0.294 
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a) Elasticity modulus b) stress at break c) elongation at break 

 

Fig. 6. Average values and scattering ranges for the discussed mechanical characteristics  

of the tested materials 
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a) curves stress-strain a) set of five samples, after being tested 
 

Fig. 7. Stress-strain curve (left) for PBT and tested samples (right) 
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a) PBT + 10% GB 
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b) PBT + 20% GB 
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c) PBT + 30% GB 
 

Fig. 8. The stress-strain curves for the PBT+GB composite (left) and the sets of  

samples after break (right) 
 

Table 2. Data upon the mathematical models attached to the experimental data 
 

Material 
symbol 

Relation 
Correlation 
coefficient 

Standard 
error about 

the line 
y = –0.741 + 50.492 x + 57.331 x2 – 124.096 x3 + 89.270 x4 – 

– 34.749 x5 + 8.185 x6 – 1.201 x7 + 0.107 x8 – 0.005 x9 + 0.0001 x10 
0.999 0.376 

PBT 

d

d

xb

xcba
y

+
⋅+⋅

=      (Fig. 4) 

a =2.886,     b =0.1674,      c =50.597,     d =2.255 

0.996 0.667 

GB10 y=-0.356+82.171x - 36.466x2 0.999 0.304 

GB20 y=-0.871+ 93.729x - 57.723x2 0.999 0.396 

GB30 y = 1.513x+ 119.147 - 88.929x2 0.993 0.701 

 

SEM images show that the damaging process of 

the interface has an intermittent nature (Fig. 8b 

reveals a bigger glass bead that was discontinuously 

detached from the matrix). For the tested composites, 

the 1% PA, even small, could influence the interface 

resistance, having a greater ductility and adherence to 

the glass beads as compared to PBT. Analyzing the 

SEM images from a small scale to larger ones, one 

may notice the existence of two types of surface 

aspect. At the sample margins the fracture surface has 

a ductile nature but towards the center of the sample 

the aspect becomes brittle (Figs. 7 and 8). 
 

  
a). Ductile (at the sample margin - right) 

and brittle (left) aspects of the fracture section 

b). Intermittent detaching of glass beads 

in the middle of the fracture section 
 

Fig. 9. Typical aspects of the fracture section for samples made 

of the PBT + 10% GB composite 
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a). Zone of ductile fracture 
b). Middle zone of the fracture,  

with brittle aspect 
 

Fig. 10. Typical aspects for tensile break surface of the PBT + 20% GB composite 

 

4. Conclusions 
 

The additiveation of polybuthylen therephtalate 

with glass beads increases the values of the elasticity 

modulus but reduces quite drastically the elongation 

at break. The results obtained point out the 

importance of testing polymers and their composites.  

The authors elaborated mathematical models for 

each tested material. The mathematical models could 

be useful in analyses with finite elements in the first 

step evaluation of a design. 
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ABSTRACT 
 

This research aimed at analysing the acidic corrosion behavior of aluminum 

alloy 2024-T3 commonly used in the aerospace. We study the variation of corrosion 

rate with immersion time at different values of H2SO4 concentration and corrosion 

rate variation depending on the concentration of the solution setting the group of 

corrosion of the alloy. Aluminum forms initially a few-nm-thick layer of aluminum 

oxide, γ-Al, which after prolonged exposure in humidified air is covered by 

aluminum oxyhydroxide, γ-AlOOH, and subsequently by various hydrated 

aluminum oxides and aluminum hydroxides. The exposed metal surfaces involved 

aspects of the corrosion process in 0.1M H2SO4, 0.01M H2SO4 and 0.001M H2SO4 

solutions, to determine the type of corrosion and propagation mechanism in acidic 

environments. 

 
KEYWORD: corrosion, aluminum alloy, corrosion rate, penetration index, 

pitting, sulfuric acid 

 

1. Introduction 
 

Aluminum is prone to pitting corrosion in the 

average pH near neutral, which covers virtually all 

natural environments, such as surface water, sea 

water and moist air. 

Aluminum and its alloys has a natural corrosion 

protection from its oxide layer, but if exposed to 

aggressive environments it may corrode. But, if 

properly developed, alloys of aluminum may be 

reliable and have a long service life. In oxygen 

containing environment (air, water), aluminum is 

rapidly covered with a dense oxide layer. The 

aluminum oxide is essentially passivated, prevents 

corrosion, and the thickness of the layer may vary as 

a function of alloying elements, temperature and 

environment. There are many factors that may affect 

the stability of the aluminum oxide and thereby cause 

corrosion: 

- the oxide is not stable in alkaline (pH > 9) or 

acidic (pH < 4) environments [1]; 

- some elements may become incorporated in 

the oxide and destabilize it; aggressive ions 

(chlorides, fluorides) may attack the oxide locally [2]. 

These factors lead to corrosion by pitting, which 

can propagate to the extent that conditions are 

favorable. Electrochemical corrosion mechanisms of 

the pitting are very complex and not fully understood. 

By pitting corrosion has two distinct phases: initiation 

and propagation. 

Sulfur dioxide (SO2) has long been considered 

as the most important gaseous agent in atmospheric 

corrosion. In the presence of atmospheric acidifying 

pollutants, such as SO2, the anode reaction is 

facilitated and, consequently, the total corrosion rate 

as well. Upon deposition of SO2, it interacts with the 

aqueous environment.  

Pitting corrosion is observed commonly in 

aluminum and aluminum alloys exposed to aqueous 

environments. This type of corrosive attack can lead 

to premature failure of high-strength Al alloys used in 

aerospace structures. Traditionally, the fundamental 

cause of pitting corrosion has been attributed to local 

breakdown of the passive film that forms on a metal 

surface, resulting in subsequent dissolution of the 

substrate material [3, 4]. 

In the presence of SO2, oxidizing agents such as 

O3 and H2O2 may also play a role in the atmospheric 

corrosion of aluminum. Besides a strong humidity 

dependence, it is generally agreed that deposition of 

SO2 has mainly been investigated through field 

studies and chlorides and the pH in rain are major 

factors that determine the corrosion rate of aluminum 

[5]. 
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This work aimed at analysing the acidic 

environment behavior, such as of 2024 aluminum 

alloy commonly used in the aerospace. We 

investigated the variation of corrosion rate with 

immersion time at different values of the H2SO4 

concentration, and corrosion rate versus the 

concentration of the solution and setting the group of 

corrosion of the alloy. Also, we studied the metal 

surfaces aspects exposed of the corrosion process in 

0.1M H2SO4, 0.01M H2SO4, and 0.001M H2SO4, 

solutions to determine the type of corrosion and 

propagation mechanism in acidic environments. 
 

2. Experimental procedure 
 

Corrosion measurement involves the application 

of various techniques to determine the corrosiveness 

of the environment and the rate of metal loss. 

Corrosion measurement is usually a quantitative 

method of evaluating the performance and 

effectiveness of corrosion control and prevention 

techniques [6]. The corrosion penetration rate due to 

direct attack can usually be estimated from relatively 

simple laboratory test in which small samples of the 

related materials are exposed to a well simulated 

actual environment with a frequent weight change 

and dimensional measurements carefully taken.  

The corrosion penetration rate (Vcor) is usually 

expressed in mm/yr and may be calculated as: 

tS

m
Vcor ⋅

Δ
=                        (1) 

 

where corV  is the rate of corrosion penetration 

in mm/yr, Δm is the weight loss in milligrams; S is 

the exposed specific area of the specimen in square 

centimeter, ρ is the density of the specimen in grams 

per cubic centimeter and t is the exposed time in 

hours [7, 8]. 

The use of this corrosion rate expression in 

predicting corrosion penetration is usually successful 

if the environment has been properly simulated in the 

laboratory, and the corrosion forms homogeneous [9]. 

Penetration index (P) is calculated taking into account 

the corrosion rate and the specific weight of 

aluminum [10]: 
 

( )ρ1000/)36524( corVP ⋅⋅=                        (2) 

where ρ  is the specific weight, g/cm3. 

 

2.1. Materials and method 
The weight loss technique which is a destructive 

method has been applied in the corrosion 

characterization of aluminium alloy 2024 in diluate 

solution of sulfuric acid 0.1M, 0.01 M and 0.001 M at 

a temperature of 250 C. Exposure time was set at one 

day (24 hours) to 30 days. Alloy composition is 

shown in Table 1. 

 

Table 1. Chemical composition of aluminum alloy 2024, (% wt) 
 

Al Mg Si Mn Cu Zn V Ni Cr Ti Zr 
rest 1.4294 0.0878 0.7845 4.4791 0.0422 0.0123 0.0116 0.0025 0.0289 0.1339 

 

The materials used for this work were 

purchased from Universal Alloy Corporation Europe 

SRL. The strips of the materials were cut into coupon 

sizes of dimension of about 50×30×1 mm and initial 

surface area of about 0.0015 cm2 followed by 

polishing with emery paper, degreasing with lime, 

washed with distilled water and dried by dabbing 

with filter paper.  
 

 
Fig. 1. Device setup: 1 – support; 2 – dilute 

H2SO4; 3 – sample; 4 –Berzelius glass 

Weigh the sample to four decimal electronic 

analytical balance (m1), is then suspended on the 

support (1) (Figure 1).  

 

Samples of each type were removed at the same 

time intervals, which were examined visually and 

microscopically.  

Removal of corrosion products was performed 

by wiping with cotton wool soaked in distilled water, 

followed by washing with water and drying with filter 

paper and reweighing. 

In the corrosive vessel was poured sulfuric acid 

solution at concentrations of 0.1M, 0.01M and 

0.001M to 2/3 of its height. The samples was 

immersed in the environment corrosive rectangular 

aluminum plate (50x30×1 mm) and held for 14 days. 

The sample removed, rinsed with tap water, was 

distilled water, dried by dabbing with filter paper and 

reweighed (m2).  

Sample weight loss Δm = m1-m2, corrosion rate 

( corV ) (equation 1), and penetration index P 

(equation 2) were calculated. 
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2. Results and Discussion 
 
In table 2, the results of mass loss (Δ m) during 

corrosion tests, corrosion rate ( corV ) and penetration 

index ( P ) computed for the experimental samples 

are presented.  

 

 

The curves corresponding to the variation in 

time of the corrosion rate ( corV ) for each of the 

solution concentration for the samples corrosion 

tested are presented in figure 2. 

 

Table 2. Values of mass losses, corrosion rate ( corV ) and penetration index ( P ) 
 

Temp. Time Δm Vcor P Conc. 
H2SO4 [0C] [h] [g] [g/m2·h] [mm/an] 

24 0.0015 0.000401 0.0012 

48 0.002 0.00107 0.0034 

96 0.0037 0.00396 0.0127 

168 0.0049 0.00918 0.0295 

336 0.0058 0.0217 0.0698 

0.1 M 250C 

672 0.0009 0.00675 0.0217 

24 0.0058 0.0015 0.0048 

48 0.0061 0.00326 0.0104 

96 0.0073 0.00782 0.0251 

168 0.0085 0.01593 0.0513 

336 0.0094 0.0352 0.1153 

0.01 M 250C 

672 0.00085 0.0037 0.0119 

24 0.0094 0.00251 0.0080 

48 0.01 0.00535 0.0172 

96 0.018 0.0192 0.0618 

168 0.024 0.045 0.1449 

336 0.032 0.067 0.2157 

0.001 M 250C 

672 0.00087 0.00652 0.0209 

 

 
Fig. 2. Variation of corrosion rate with immersion time at different values  

of concentration of H2SO4. 
 

According to Figure 2, the results indicate an 

increase in corrosion rate to 336hours, after which the 

corrosion rate decreases and stabilizes at 672hours, 

both for the solution of 0.1 M and 0.01M for 0.001M 

solution. The significant increase is recorded at 336h 

and 0.001M H2SO4 solution, the corrosion rate 

reaches the maximum value of 0.067g/m2.h.  

After the value of ( corV ) was established in the 

group of corrosion resistance alloy part studied and 

its degree of corrosion resistance (Table 3). 
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Table 3. Corrosion resistance  
 

Group corrosion  
resistance 

Corrosion 
rate 

The degree 
of corrosion 
resistance 

I. Perfectly stable 0.001 1 

II. Very stable 0.001-0.005 2 

III. Stable 
0.01-0.05 

0.05-0.1 

3 

4 

IV. Relatively stable 
0.1-0.5 

0.5-1.0 

5 

6 

V. Less stable 
1.0-5.0 

5.0-10.0 

7 

8 

VI. Unstable 10.0 9 

 

After the value of ( corV ) in Table 2 are 

observed for aluminum alloy 2024 is part of the 

corrosion resistance (Table 3). 

At the same time, it may happen that the 

corrosion product, (Al(OH)3), formed on the metal 

surface of aluminum hydroxide deposits that isolates 

Al from contact with corrosive agents, so that the 

curves showing variation of corrosion rate versus 

time have a tendency to flattening (Figure 2). 
 

Following the change in the corrosion rate 

depending on the concentration of the solution, there 

is an increase of low corrosion rate in solutions of 

dilute H2SO4, appreciable growth rate of corrosion 

taking place in the 0.001M H2SO4 solution (Figure 3). 

 
Fig. 3. Dependence of corrosion rate vs. solution of H2SO4 concentration at:  

0.1M, 0.01M and 0.001M  
 

Following penetration index variation versus on 

the concentration of sulfuric acid solution is found 

increasing penetration index in weak diluted 

solutions, increasing penetration index appreciable 

place with 0.001M H2SO4 solution (Figure 4), when 

its value is 0.2157 (mm/year). 

From the study of metal surfaces aspects of the 

corrosion process in solutions of H2SO4, 0.1 M 0.01M 

and 0.001M, it is found that the corrosive process is 

not a generalized process, but one located. Increasing 

the concentration of the location of the process of 

corrosion, corrosion is the type pitting that is more 

pronounced as the solution is less diluted. Corroded 

samples were examined under an electron microscope 

type Leica metallographic M2500, determining their 

surface microstructure, after having been processed in 

this aim by grinding, polishing and chemical attack 

with 5% orthophosphoric acid for 5 minutes.  

Examination and photography was performed at 

a magnification of 50 times. 

Figures 6 - 8 show micrographs of samples 

exposed to the solution of H2SO4 (0.1 M, 0.01 M and 

0.001M), after exposure of 672 hours, where there is 

a localized corrosion by pitting or points. 
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Fig. 4. Penetration index variation of aluminum alloy 2024 in H2SO4 solution  

at different concentrations  
 

    
 

            Fig. 5. Initial sample (50×)                          Fig. 6. Corrosion in 0.1M H2SO4   

                                                                             solution (50×) 

   
         Fig. 7. Corrosion in 0.01M H2SO4                      Fig. 8. Corrosion in 0.01M H2SO4  

                        solution (50×)                                                          solution (50×) 
 

According to data from Figures 6-8, aluminum 

dissolution by forming ions (Al3+) in the bottom of pit 

as is observed more strongly, creates an electric field 

that directs ions ( −2
4SO ) by the cavity, chemically 

solution neutralizing and forming aluminum sulfate. 

Ions ( −2
4SO ) are the most mobile of all ions involved 

in these reactions.  

Dissolution reaction of aluminum in dilute 

solutions of sulfuric acid based on the reaction (3): 

( ) 234242 332 HSOAlSOHAl +→+       (3) 
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Hydrolysis of aluminum sulfate was according 

to the reaction: 

( ) ++ +→+ HOHAlOHAl 33 32
3       (4) 

This will lead to the forming of pits 

acidification with pH <3.  

The environment is very aggressive. 

Al(OH)3 will precipitate. Micro-bubbles of 

hydrogen to reduce H+ ions will move to the surface 

of aluminum hydroxide where pits are formed which 

will form white aluminum hydroxide deposits, as it is 

illustrated in Figure 9, which accumulate on the 

bottom. 

 

 
 

Fig. 9. Deposits of white aluminum  

hydroxide (×20). 
 

Aluminum forms initially a few-nm-thick layer 

of aluminum oxide (γ-Al), which after prolonged 

exposure in acidic environments is covered by 

aluminum oxyhydroxide, (γ-AlOOH), and 

subsequently by various hydrated aluminum oxides 

and aluminum hydroxides. The stability of the 

compounds decreases with acidity and results in the 

dissolution of Al3+. 

Most pits stop after a few days. Polarization 

studies have shown that when pits stop growing, they 

will be repassivated.  

If the alloy is polarized again, these points will 

not be restarted, but the pits will appear in new areas. 

 
Conclusions 

 

The main objective of this investigation was to 

study to acidic corrosion behavior of 2024 aluminum 

alloy. We study the variation of corrosion rate with 

immersion time at different values of H2SO4 

concentration.  

Corrosion rate variation depends on the 

concentration of the solution setting the group of 

corrosion of the alloy.  

The exposed metal surfaces studied aspects of 

the corrosion process in solutions, to determine the 

type of corrosion and propagation mechanism in 

acidic environments. After the value of ( corV ) was 

established in the group of corrosion resistance alloy 

part studied and its degree of corrosion resistance. 
Following the change in corrosion rate versus 

the concentration of the solution, there is an increase 

of low corrosion rate in solutions of dilute H2SO4, 

appreciable growth rate of corrosion taking place to 

the 0.001M H2SO4 solution. According to penetration 

index variation versus on the concentration of sulfuric 

acid solution, this is found increasing penetration 

index in weak diluted solutions, and increasing 

penetration index appreciable place with 0.001M 

H2SO4 solution, when its value is 0.2157 (mm / year).  

The micrographs of samples exposed to the 

solution of H2SO4 at different concentrations and time 

show that there is a localized corrosion by pitting. 

Dissolution reaction of aluminum in dilute solutions 

reveals the presence of aluminum hydroxide 

precipitate. Micro-bubbles of hydrogen to reduce H+ 

ions will move to the surface of aluminum hydroxide 

where pits are formed which will form white 

aluminum hydroxide deposits. 
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ABSTRACT 

 
The continuously increasing number of auto vehicles that determine a 

substantial growth of greenhouse gas emissions, along with the decrease of fossil 

fuel supply and the increase of its price, make necessary the intensification of 

research for less polluting, alternative fuels for car engines. Through the laws 

adopted by governments around the world and the huge funds allocated, biofuels 

receive growing attention as they are considered the number one substitute for 

fossil fuels. This paper focuses on some aspects concerning the use of biodiesel with 

regard to its environmental benefits. Even if vegetable oils as fuel for diesel engines 

are principally considered to be CO2 neutral, yet there are significant carbon 

dioxide emissions from the cultivation and conversion processes. The Life Cycle 

Assessment is used to evaluate and compare the environmental effects when using 

rapeseed oil (RO), rapeseed oil methyl ester (RME) or diesel fuel. The results show 

benefits first in favor of RO then RME compared to diesel fuel; this indicates the 

potential to reduce greenhouse gas emissions and finite energy consumption 

through the substitution of conventional petro diesel with RO and RME. 

 
KEYWORDS: diesel engine, biofuel, vegetable oil, biodiesel, emissions, life 

cycle assessment 
  

1. Introduction 
 

The European transport sector is responsible for 
emitting more than 17.5% of the overall greenhouse 
gas emissions which increased by 23% between 1990 
and 2009 [1]. It is also responsible for a large share of 
urban air pollution as well as noise nuisance. It also 
accounts for around a third of all final energy 
consumption in the EEA member countries and 
increasing.  

Biofuels are important because they tackle two 
of the most difficult challenges we face in energy 
policy: the security of energy supply and the climate 
change [2]. For all these reasons, biofuels are a key 
part of our energy policy. 

The increasing number of automobiles is an 
aspect worth mentioning. Among all types of engines 
used in the transportation sector, the diesel one 
receives growing attention (Table 1) because of its 
superiority in fuel efficiency (30-50% economy) and 
low emissions of greenhouse gases (CO2, CO, CH) 
[4]. Today diesel-powered vehicles represent about 
50% of the vehicles sold in Europe; in the United 

States it is predicted that diesel run automotives will 
rise from 4% (2004) to 11% by 2012 [4], [5]. 

 
 

Fig. 1. Share of GHG emissions by main source 

[3] 
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Table 1. Percentage of new diesel vehicles in 

Europe and the United States [4] 
 

Year Europe U.S. 
1997 21.7 <1 
2001 35.9 <1 
2004 47 4 
2012 ≈ 60 ≈ 11 

 

 

Being a substitute for fossil based diesel in the 
transportation sector, the use of biodiesel and 
vegetable oils is considered to be the easiest and most 
crucial solution for environmental problems as it 
requires no or very few engine modifications and 
reduces greenhouse gas (GHG) emissions 
substantially as well as improves lubricity. [5]. This 
makes rapeseed oil and rapeseed methyl ester more 
adaptable to the current energy scenario to ensure 
energy security, environmental sustainability, and 
boost rural development by shifting of power from 
petro to agro-industry, simultaneously.  

In this paper we intend to compare the  

environmental benefits of using rapeseed methyl ester 
(RME) and fossil based diesel as fuel for diesel 
engines. One of the best methodologies to assess 
environmental impacts associated with all the stages 
of a product's life from-cradle-to-grave is the  

Life Cycle Assessment, a technique regulated 
according to the international standard ISO 14044 [6]; 
moreover it also allows an identification of 
opportunities for environmental improvement [7] [8].  

 

2. RME as fuels for diesel engines 
 

The production of biodiesel from oil plants 
usually follows the route presented in Figure 2. The 
most widely used oil plant for the production of fuel 
based on vegetable oil is rape due to its high oil 
content (39–50%, varying genetic differences and 
climate conditions [9]).  

Rape is cultivated in Europe as summer rape and 
winter rape. The production potential of winter rape is 
between 2.8 and 4.8 t/ha.  

This corresponds to 1.1-2.0 t oil. For summer 
rape, the production potential is from 2.0 to 2.8 t/ha. 

 
 
 
 
 
 
 
 

Fig. 2. Conversion route from oil plants to biofuels [9] 
 
 
Reports have shown that vegetable oils are 

possible alternative fuel for diesel engines [10]. 
Diesel engines with vegetable oils offer acceptable 
engine performance and emissions for short-term 
operation [11]. Long-term operation results in 
operational and durability problems. For these 
reasons it is preferable to transesterify the rapeseed 
oil with an alcohol to RME, reaction that takes place 

in the presence of an alcohol, in the presence of a 
catalyst, such as sodium or potassium hydroxide [12], 
[13]. 

The reaction is shown in Figure 3 [14]. Because 
the reaction is reversible, the excess alcohol is used to 
shift the equilibrium to the products side [14]. The 
by-products of this chemical reaction are glycerol and 
water [13]. 

 
 
 
 
 
 
 

Fig. 3. Transesterification of triglycerides with alcohol [14] 
 

The specific fuel is called after the plant (or 
animal) source plus the alcohol [15]. Made from 
rapeseed oil and methanol, the biodiesel is called 
Rape Methyl Ester (RME), from canola oil and 
ethanol, Canola Ethyl Ester (CEE), and from used 
McDonald’s cooking oil and ethanol or methanol 

("McDiesel"). The base catalyzed reaction is also 
more economical than other production methods [16].  

The reaction has a very high conversion rate 
(98%), generally requires only a single production 
step, and proceeds quickly at relatively low pressure 
(137.9 kPa) and temperature (65.5°C). 

Oil plants Pressing or
Extraction

Vegetable oil
Bio oil

(vegetable oil)

Biodiesel
(alkyl esters)

Esterification

CH  OOC− −R 1

Glyceride Alcohol GlycerolEsters

2

CH OOC− −R 2

CH  OOC− −R 32

+ 3R’OH

R  COO− −R’1

R  COO− −R’2

R  COO− −R’3

+
Catalyst CH  OH−2

CH OH−

CH  OH−2
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3. LCA of RME and Diesel used  
in diesel engines 

 
As common liquid biofuels are produ-ced from 

biomass, i.e. energy crops, the fuels are principally 
considered to be CO2 neutral [17]. Thus it can be 
assumed that during the combustion about the same 
amount of carbon dioxide is being set free as that has 
been bound from the atmosphere during the growing 
of the crops. Having the emission balance in mind, it 
can be said that the carbon circle is closed. Yet there 
are significant carbon dioxide emissions from the 
cultivation and conversion processes. 

All these processes are connected with 
environmental effects, such as air pollution and waste 
disposal [18]. These effects have to be taken into 
account for a life cycle assessment of the fuel 
provision. To quantify all the environmental effects 
of the renew-able fuel provision, the whole provision 
chain has to be investigated including all the efforts 
for transport, infrastructure and all the preliminary 
products. The method to rea-lize this is the life cycle 
assessment (LCA). 

Life cycle assessment is an established 
technique for quantifying the total environ-mental 
impacts of the provision of a product or service from 
original resources to final disposal, or so-called 
"cradle-to-grave" [19].  

Amongst numerous reasons for conducting 
LCA studies is the possibility of comparing the total 
environmental impacts of alterna- tive products or 
services. 

There are four phases in an LCA-study [20], 
according to ISO 14040: 1. Goal and scope definition; 
2. Inventory analysis; 3. Impact assessment and 4. 
Interpretation. In [19], there are two more stages: 5. 
Reporting and 6. Critical reviewing. 

The central feature of a life cycle assessment is 
the process chain which summarizes the main 
activities in the provision of a product or service [19]. 
For a product such as a liquid transport fuel, the 
process chain consists of a sequence of activities, 
starting with the provision of the basic raw material 
and ending with a suitable product, distributed and 
available for use in suitable road transport vehicles. It 
should be noted that the actual use of the fuel in a 
vehicle could be included in the process chain and 
subjected to the life cycle assessment. The main 
stages in the life-cycle of RME for use as a transport 
fuel are summarized below [21]: 

● agriculture - production of oilseed rape; 
● transport - rapeseed to crushing plant to 

produce oil; 
● processing - oil extraction and refining; 
● transport - rapeseed oil to processing plant; 
● processing - rapeseed oil to rape methyl 

ester; 
● distribution and storage - RME to filling 

station; 
● end-use - in a RME fuelled vehicle. 

  
  To compare the environmental impacts of RME 
and diesel oil, the complete life cycles of both fuels 
are compared against each other (Fig. 4) [23].  
 

 
Fig. 4. Comparative assessment of liquid biofuels versus fossil fuels [22] 
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The detailed inven-tory of the life cycle 
assessment of RME and diesel oil for finite energy, 
CO2 equivalents, NOx emissions and SO2 equivalents 
is pre-sented in [23]. Since the cycle for rapeseed oil 

(RO) is included in the RME cycle, the inventory was 
detailed in Table 2. Additionally, the credits for RME 
and RO (which account for the energy for producing 
cattle cake and/or using rape straw as fuel etc.). 

 

Table 2. Energetic expenditures and selected emissions for RME and diesel oil [22] 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

4. Conclusions 
 

Biofuels have received a growing atten-tion as 
an alternative to fossil based fuels to reduce 
greenhouse gases, to create of new markets for 
agricultural products and to reduce dependence of 
imported oil. 

Vegetable oils are attractive by their high 
biodegradability, high calorific value and reduced 
emission, particularly carbon dioxide, sulphur oxides, 
soot and aromatic compounds. The disadvantages of 
vegetable oils (high viscosity, lower volatility, a 
mediocre ignition quality, reactivity of unsa-turated 
hydrocarbon chains and the tendency of large 
molecules to crack) make them unu-sable as fuel for 
the modern diesel engines. 

To reduce the high viscosity of vegetable oils 
and to improve their combustion quality, there are 
three possible solutions:  

1) to modify the oil to methyl ester, i.e. to use 
biodiesel;  

2) to blend the raw oil with diesel fuel;  
3) To use conversion kits to adapt the fuel 

system or to modify the engine concept to run directly 
on vegetable oil. 

The use of esters of vegetable oil as fuels for 
stationary and on vehicle diesel engines brings one to 
the conclusion that the emissions of HC are reduced 
in some studies as much as 50 percent; CO is reduced 
by as much as 10 percent; NOx and PM are related 
and tend to change inversely with each other, 
differing from diesel by at most 10-15 percent. 
Generally, NOx was found to be slightly higher than 
diesel and PM slightly lower than diesel, although 
this differs with particular conditions. 

Even if vegetable oils as fuels are mainly 
considered to be CO2 neutral, there are significant 
carbon dioxide emissions from the cultivation and 
conversion processes. To evaluate the environmental 
effects of all these processes and to compare biofuels 
with diesel fuel, the life cycle assessment is used. 
Individual results for rapeseed oil, RME and diesel oil 
signal benefits first in favor of RO and then of RME. 
The balance shows the potential to reduce finite 
energy consumption by the substitution of diesel oil 
with RO and RME and to reduce the greenhouse gas 
emissions. 
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ABSTRACT 

 
The characterization of iron ore particles is of vital importance for the study 

of mineral composition. The specific surface area of iron ore particles can be 

measured by laser diffraction, and mathematical models (based on the size 

distribution). Particle size fractions and chemical composition were determined of 

several types of iron ore (symbolically marked A, B, C, D, E, F). These features 

have direct influence on the sintering process by particle size analysis, 

permeability, reducibility, porosity, CaO/SiO ratio, influence of MnO in sinter. The 

granulation experiment show that these minerals (more than 50% with diameters of 

<1mm) can be successfully used in the sintering process, or by alloying with other 

minerals in Europe. Large irregularly shaped and adhesive particles can get a 

higher efficiency of granulation easily. The usage of iron ore with big and rough 

particles can improve the permeability while the iron ore with smooth and sphere 

particles has poor ability of granulation. 

 
KEYWORDS: iron ore, sinter, size distribution, chemical composition, 

mathematical model 
  

1. Introduction 
 

The performance of blast furnace depends, to a 
greater extent, on the physical and chemical 
characteristics of the burden materials and their 
consistency. Sinter constitutes 70–80% of the iron 
bearing burden material in the modern blast furnaces 
(Figure 1).  

An important aspect of the sinter, as ferrous 
burden, is that it could be tailor made. Its physical & 
chemical properties depend on the properties of 
individual components and on its micro-structure, 
especially on the size, shape distribution and the 
mutual interaction of the individual components.  

A thorough appreciation of the microstructure 
of sinter is a basic necessity and the first step towards 
establishing structure–property relationship.  

Sinter is an agglomerate made of fine iron ore 
that is cheaper than pellets and lump iron ore and is 
superior in terms of reducibility and dropping 
characteristics. For the two reasons of better 
production, cost performance and stable operation of 
blast furnaces, sinter has been used in many countries 
as one of the main sources for blast furnace operation.  

In order to satisfy the need to improve the 
productivity of sinter, a broad range of research and 
development efforts have been made from the 
viewpoints of the technology to pre-treat fine iron ore 
and the technology to control the charging structure 
on the entire spread of the sintering bed. 
 

The characterization of the particle size and the 
surface features of iron ores is of vital importance for 
the study of mineral processing. The specific surface 
area of iron ore particles can be measured by laser 
diffraction, and mathematical models based on the 
size distribution. However, what is the difference 
among these methods and what is the indication of 
the results were less discussed on the iron ore 
granulation, which is the exactly topic of the present 
study. 

With the progressive deterioration in the quality 
of iron ore in recent years, there has been an increase 
in the quantity of pisolite ore used in the raw material 
mix. It is known that the use of large quantities of 
these ores as sinter raw materials greatly reduces the 
granulation and air permeability of the raw material 
packed bed, resulting in reduced productivity.  
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This is thought to be because these ores are 
porous and the added moisture is absorbed into the 
ore particles, with the result that the volume of 
moisture is not sufficient for granulation. 
Accordingly, to ensure the stable use of large 

quantities of these ores, it is necessary to optimize the 
adding volume of moisture. Accordingly, it takes a 
certain period to stabilize the optimal moisture value, 
and this was one factor in producing instability in the 
operations. 

 
Fig. 1. Schematic diagram of the sintering process 

 
2. Materials and methods 

 
The properties of iron ore sample related to 

granulation were measured from different locations: 
A, B, C, D, E, F. Diffraction  shows that all  are  in 
compositions a significant amount of Fe (from 64.2% 
to  68.3%).  Minerals present  in  raw materials  are: 
goethite, hydrated iron oxide, hematite, kaolinite and 
quartz. 

2.1 Particle size measurement 
 

Table 1. Particles size analysis. 
 

Size 
(µ) 

Ore 
A 

Ore 
B 

Ore 
C 

Ore 
D 

Ore 
E 

Ore 
F 

8mm 2 2 6 2 20 21 

4mm 8 7 24 7 14 12 

2mm 0 0 0 20 12 5 

1mm 31 48 26 30 12 9 

500µm 0 0 10 13 10 10 

250 µm 0 0 8 11 0 0 

180 µm 22 27 4 4 13 17 

90 µm 12 4 6 5 4 7 

63 µm 10 0 15 8 3 5 

-63µm 15 12 0 0 11 11 

Samples of iron ore properties related to grain 
are presented in Table 1, Figure 2, for each sample 
separately, using laser diffraction. 

 
Parameters follow: 

         -mixture sintering; 
         -CaO/SiO2 report. 

 

 
 

Fig. 2. Particle size distribution 
 

In the present study, six samples of iron ore 
were selected for the measurements. The samples 
were analyzed by particle size, analysis that was 
performed in a 0.5kg volume of each sample 
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determining the particle size classes between 63μm-
8mm. Particle size distribution for each type of ore is 
presented in Tables 2-7 and Figure 3. 

In terms of grain, more than 50% of the 
particles are> 1mm, which contributes to the sintering 
process by high productivity and permeability. Also 
we observe a significant percentage of fine ore, but 
they may become adherent particles, increasing the 
diameter. 

 
Tables 2-7. Particles size distribution 

 

Size (µ) 
Ore A 
(%) 

 Size (µ) 
Ore B 
(%) 

4mm÷8mm 2  4mm÷8mm 2 

2mm÷4mm 8  2mm÷4mm 7 

1mm÷2mm 0  1mm÷2mm 0 

500µm÷1mm 31  500µm÷1mm 48 

250 µm÷500µm 0  250 µm÷500µm 0 

180 µm÷250 µm 0  180 µm÷250 µm 0 

90 µm÷180 µm 22  90 µm÷180 µm 27 

63 µm÷90 µm 12  63 µm÷90 µm 4 

-63µm÷63µm 10  -63µm÷63µm 0 

<-63 µm 15  <-63 µm 12 
 

 

Size (µ) 
Ore C 
(%)  

Size (µ) 
Ore D 
(%) 

4mm÷8mm 6  4mm÷8mm 2 

2mm÷4mm 24  2mm÷4mm 7 

1mm÷2mm 0  1mm÷2mm 20 

500µm÷1mm 26  500µm÷1mm 30 

250 µm÷500µm 10  250 µm÷500µm 13 

180 µm÷250 µm 8  180 µm÷250 µm 11 

90 µm÷180 µm 4  90 µm÷180 µm 4 

63 µm÷90 µm 6  63 µm÷90 µm 5 

-63µm÷63µm 15  -63µm÷63µm 8 

<-63 µm 0  <-63 µm 0 
 

Size (µ) 
Ore E 
(%) 

 Size (µ) 
Ore F 
(%) 

4mm÷8mm 20  4mm÷8mm 21 

2mm÷4mm 14  2mm÷4mm 12 

1mm÷2mm 12  1mm÷2mm 5 

500µm÷1mm 12  500µm÷1mm 9 

250 µm÷500µm 10  250 µm÷500µm 10 

180 µm÷250 µm 0  180 µm÷250 µm 0 

90 µm÷180 µm 13  90 µm÷180 µm 17 

63 µm÷90 µm 4  63 µm÷90 µm 7 

-63µm÷63µm 3  -63µm÷63µm 5 

<-63 µm 11  <-63 µm 11 
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Fig. 3. Variation of particle size fraction for each component separately 
 

2.2. Mathematical analysis 
According to Fig. 1, samples A, B, C, D, E, F 

are fine ore samples. Surfaces of ore samples can be 
mathematically calculated with formula (1), assuming 
that most of the sample particles are spheres, as 
follows: 

2rn4S ⋅⋅π=                                                  (1) 
where: S is the total surface area of all particles 

of unit mass, r is the radius of the particles.  

Assuming that in this experiment there will be i 
particles, our formula becomes: 

 
2

111 rn4S ⋅⋅π=                                                (2) 
2

222 rn4S ⋅⋅π=                                               (3) 
2

iii rn4S ⋅⋅π=                                                 (4) 

∑ ⋅π=++++
2
iii...321 rn4S                                (5) 

 

 

Fig. 4. Mathematical calculation of particle diameter 

 
The total number of particles ni can be 

calculated by the relationship:  
 

3
i

i
i

r4

3m
n

⋅π
⋅

ρ
=  

∑ ∑ρ=⋅
⋅π

⋅
ρ

π=
i

i2
i3

i

i
t r

m3
r

r4

3m
4S  

where m is the mass of particles of r radius 
compared to a mixture of 100g raw density ρ . 

We can determine the diameters for each 
particle. At the same time, with the increase particle 
diameter, (a fundamental step in preparing sintering), 
we observe the emergence of a new size ξ- 
mathematical model imperfections (open spaces), as 
shown in Figure 5. 
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Fig. 5. Increasing particle diameter 
 

Here follow relationships depending on 
particles diameters: 

∑ ⋅π
++

⋅π
+

⋅π
=

i

i

2

2

1

12
i n4

S
...

n4

S

n4

S
r  

∑∑ π
=

i

i2
i n

S

4

1
r                  

∑ ∑π=
i

i2
i

n

S1
r4                   

∑ ∑π
π

=
i

i
i n

S
r2  

If we note rd 2= , 0≥r , the diameter of 

each particle; ξS -surface imperfections, sS -

sintering surface, the relationship becomes: 

∑ =id
i

i

n

S∑π
π

 

ζ−= SSS is  

Note that with the migration of particles, ξ → 0 
(reducing the distances between particles). This is 
necessary because small diameter spherical particles 
have a low grip and the sintering process is difficult. 
This is necessary to obtain particles with large 
diameters and high porosity mathematical method. 

 
2.3. Chemical composition analysis 
The chemical composition of the 6 types of ore 

is given in Table 8 and Figure 6. In all 6 samples 
over 50% of the chemical composition is owned by 
Fe, dominated by raw materials with a low basicity 
and MgO content between 0.02% -0.05%. 

 
Table 8. Chemical composition of ores 

 

Ch. 
Composition 

Ore  
A 

Ore  
B 

Ore  
C 

Ore  
D 

Ore 
E 

Ore  
F 

Fe 64.2 67.2 68.3 64.7 64.5 65.2 
SiO2 5.1 0.6 1.3 4 4.2 4.2 
Al2O3 1 0.94 0.9 1.1 0.7 0.8 
TiO2 0.08 0.03 0.04 0.03 0.07 0.09 
CaO 0.02 0.01 0.03 0.05 0.02 0.03 
MgO 0.03 0.02 0.04 0.05 0.04 0.05 
Na2O 0.005 0.01 0.006 0.02 0.006 0.006 
K2O 0.008 0.01 0.004 0.01 0.006 0.007 
Mn 0.2 0.45 0.229 0.2 0.07 0.07 
P 0.045 0.037 0.03 0.04 0.057 0.04 
S 0.007 0.01 0.005 0.005 0.006 0.006 
V 0 0 0.006 0 0 0 

LOI 1.5 1.4 0.61 0.05 2.3 1.5 
 

  
  

Fig. 6. Fe and SiO2 distribution in the samples analysed 
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Ore C holds a significant amount of iron and 
ore A, is a low one. We see an inverse distribution in 
the amount of Fe and SiO2 in that ore, with a high 
quantity of Fe correspond a small amount of SiO2, ore 
C with 1.3% SiO2  and 68.3% Fe, respectively ore A 
with 5.1% SiO2 and 64.2% Fe. 

The chemical composition shows that these 
types of ores can be successfully used in the sintering 
process. Meet one ore with a SiO2 content <1%, as-
Al2O3 can be used to reduce ores containing SiO2 or 
in combination with Australian ore, where it prevails, 
and can be successfully used in Europe and the Far 
East. P and Mn levels are moderate, and the basic 
oxides level is very low for these types of ores (MgO 
and CaO).  

The S, V, and other impurities level is very low. 
The alkalinity level is low, mainly due to the high 
amount of SiO2 in ores A, D, E and F.  

Table 9 and Figure 7 shows the distribution of 
alkalinity in the type of ore. Minimum values <0.01 
are typical for ore A, E and F, and the maximum for 
ores C at a rate of CaO/SiO2 = 0.023. 

 
 

Fig. 7. Alkalinity evolution depending on the 

type of ore 
 

Table 9. Alkalinity variation 
 

Ch. 
Comp. 

Ore 
A 

Ore 
B 

Ore  
C 

Ore 
D 

Ore  
E 

Ore 
F 

CaO/SiO2 0.004 0.017 0.0231 0.013 0.0048 0.007 
ΣOa 5.18 0.63 1.34 4.03 4.27 4.29 
ΣOb 1.063 0.99 0.98 1.23 0.772 0.893 
ΣEd 0.007 0.01 0.011 0.005 0.006 0.006 

ΣOb/ΣOa 0.205 1.571 0.7313 0.305 0.1808 0.208 

 
3. Conclusions 

 

The preparation for sintering requires a particle 
size analysis for quality and high efficiency of 
processes. Particles with a small diameter can be used 
for the sintering process after previous training, their 
measurement can be done by diffraction into 
developing comparative simulation models needed 
later to develop the first fusion iron. 

The difference between the 2 measurements is 
that if the mathematical model size ξ 0→  (the spaces 
between particles shrinks iron ore with small and 
spherical diameter have low grain capacity), in 
practical measurements ξ 0≠  because the efficiency 
of grain increases with the increase of water 
saturation and iron ore. Size ξ depends on the 
homogeneity of the particle size, shape, total and 
initial surface sintering bed. 
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ABSTRACT 

 
Increase of pollution in recent years, requires monitoring of the corrosion 

behavior of artistic bronzes coated with syntetic patina, in urban atmosphere. 

This present work aims to investigate the corrosion rezistance of various 

artificial patina currently used in bronze sculpture. Electrochemical and 

microscopic methods were used to investigate the protective effect of several 

chemically produced patinas on artistic bronze. 

 
KEYWORDS: bronze, corrosion, patina, polarization curves 
 
1. Introduction 

 

On a bronze sculpture, the color of the surface 
has the ability to enrich the aesthetic. 

The art of patination can be defined as a slip 
coloring metal surface oxidation, caused by 
prolonged exposure in the surrounding atmosphere. 
This definition is actually describing the two patina 
categories used in the case of bronzes: natural and 
artificial. 

Natural patina is the result of compounds 
formation after corrosive chemical reactions that 
occur on the surface of bronze. There is no way to 
achieve a true natural patina except with time itself. 
This is very important to natural patina but very 
impossible for the sculptor, because it requires years 
to accomplish an end result. Artificial patinas, on the 
other hand, have the advantage not only of creating 
similar results of natural patina, they also have the 
ability to incorporate a wider range of color hue and 
depth not found in natural patinas, and this is 
accomplished almost immediately [1]. 

Making a special color on the surface of bronze 
art objects requires a mastery of the artist. This work 
is almost unknown until recently, the secrets being 
kept by each artist. 

The importance of producing artificial patinas 
on bronze comes from the well known ability of this 
alloy to react against atmospheric agents by forming 
different coloured corrosion products of pleasant 

aspect, which protect the bronze objects from further 
corrosion [2]. 

Many factors influence the initial development 
of the patina, some of them being active throughout 
the life of a work of art. 

The final quality of the patina depends on the 
alloy composition and on environmental conditions it 
develops in. From a chemical point of view the patina 
layer can be described as a hydrated copper oxide 
stabilized on a copper oxide substrate [2, 7 - 9]. 
However, the poluants present in urban atmosphere 
gives birth to various corrosion products on bronze 
surface. The most damaging are chlorides (especially 
sodium chloride, which encourages the development 
of copper chloride), sulfates and oxides, particularly 
sulfur dioxide [9 - 13]. 

Increase of pollution in recent years requires 
monitoring of the patination process that was 
formerly left to the action of nature.  

Artificially produced patina gives to the surface 
protection against corrosion and aesthetic value and 
can be formed on bronze surfaces by using chemical 
reagents or by electrochemical methods [14, 15]. For 
this reason, finding new artificial patinas to protect 
works of art cast in bronze is a current concern. 

In this context, the main objective of this paper 
is to study the protective effect of various artificial 
patinas deliberately produced by sculptors on bronze. 
The study was conducted under conditions that 
simulate acid rain. 
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2. Experimental data 
 

The bronze used in the experiments was chosen 
to be similar to the bronze monument of Matthias 
Corvinus in Cluj Napoca which dates back to 1902. 
The statues of this monument were made of bronze 

on a metal frame and according to the chemical 
analysis, the composition of the alloy varies in 
different parts of the sculptural group; there are 
variations in the percentage of tin, zinc, lead, but the 
content of copper exceeds 90% of the alloy in most 
cases (Table 1). 
 

Table 1. The chemical composition of the alloy used in the casting  

of the King Matthias the Ist sculptural group 
 

Sn  Pb Zn Cu  
[%] 

Sample 1 7.17 0.08 0.36 rest 
Sample 2 8.00 0.52 1.30 rest 
Sample 3 7.72 0.41 0.21 rest 

 
Consequently the alloy used in electrochemical 

studies, according to current standards, was chosen 
CuSn8, whose chemical composition is displayed in 
Table 2. 
 

Table 2. The chemical composition of the used alloy 
 

Cu  Sn  Impurities, [%] max 
Alloy 

[%] Zn Pb Sb Fe Al S Bi Mg As Mn Ni 
CuSn8 rest 7-9 0.8 1.0 0.1 0.2 0.02 0.1 0.01 0.01 0.15 0.2 1.0 

 

For microscopic study, the electrodes were 
polished on the polishing machine with alumina 
paste, after which the surface was washed with 
ammoniacal cupric chloride. The study of the surface 
was conducted through optical microscopy 
(OLIMPUS GS 51). 

The metallographic analysis revealed the 
existence of a homogeneous structure, the crystals 
having polyhedral appearance with macles (Fig 1). 

Crystalline grain size is between 50-200 µm, 
which gives the alloy a high resistance to corrosion 
[16]. 

 

 
a) b) c) 

Fig. 1. Microscopic structure of alloy use in the casting of King Matthias I sculptural group: 

a – x100; b – x200; c – x500 
 

 
a) b) c) 

Fig. 2. Microscopic structure of bronze used for electrochemical studies: a – x100; b – x200; c – x500 
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Figure 2 presents the microscopic structures of 
electrodes, magnified at x100, x200, x500, which 
were subjected to accelerated corrosion in an 
environment that simulated acid rain. 

The images in Figure 2 display the dendritic 
segregation of the α solid solution and interdendritic 
segregations of eutectoid α + δ in small quantities. 
The eutectoid α + δ is formed in a Cu - Sn alloy and 
results from the decomposition of phase γ at a 
temperature of 520 ° C (see the equilibrium diagram 
Cu - Sn). According to the picture displayed in the 
Metallurgic Atlas, the structure is the specific one for 
a cast bronze. The electrochemical corrosion 
measurements were performed on a PC – controlled 
electrochemical analyzer AUTOLAB – PGSTAT 10 
(Eco Chemie BV, Utrecht, The Netherlands) using a 
three electrodes cell containing a working electrode, a 
saturated calomel electrode (ECS) as reference 
electrode and a platinum counter electrode. 

The working electrodes made of bronze CuSn8, 
cylindrical shaped, were placed in a PVC tube, while 
the sealing was assured with epoxy resin. In this way, 
the surface of the electrode exposed to the solution 
was disk - shaped, with a surface S = 1.76cm2. For 
electrical contact a metal rod was attached (Figure 3). 

The electrolyte solution for corrosion 
measurements contained 0.2g/L Na2SO4 + 0.2g/L 
NaHCO3 (pH = 5) and simulate acid rain. 

 

 
 

Fig. 3. The electrodes used during the 

experiments 
 

The study was conducted on three electrodes 
covered with an artificial patina: electrode (1) was 
treated with flowers of sulfur; electrode (2) was 
treated with a solution containing copper sulfate and 
potassium permanganate and electrode (3), with 
sodium thiosulfate and ferric nitrate. 

 

3. Results and discussion 

 
The experiments started with measuring the 

potential of the working electrode in an open circuit 
for a period of 3600s, the records being presented in 
Figure 4. 

As shown in figure 4, for all studied electrodes, in the 
first minutes of immersion in the corrosive solution, 
the potential in open circuit evolves towards more 
positive values, reaching a stationary value after 
approx. 35 minutes. This behavior can be attributed to 
the chemisorption of oxygen on the surface of the 
dissolved bronze, along with the formation of surface 
oxide layers, hydroxisulfate and/or hydroxycarbonate 
[19]. 
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Fig. 4. Time variations of the open circuit 

potential of the bronze electrodes immersed in 

0.2g/L Na2SO4 + 0.2g/L NaHCO3 (pH = 5) 
 
It can be noticed that the open circuit potentials 

of the coated electrodes 1 and 3 are more positive 
than that of bare bronze, suggesting an interaction of 
the patina with the anodic process (metal dissolution), 
while the open circuit potential of electrode 2 is the 
same with that of bare bronze suggesting a weak 
protection effect of the corresponding patina. 

-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18 0,20-6,0x10
-5

-5,0x10
-5

-4,0x10
-5

-3,0x10
-5

-2,0x10
-5

-1,0x10
-5

0,0

1,0x10
-5

2,0x10
-5

3,0x10
-5

4,0x10
-5

5,0x10
-5

I/
A

E/V

 patina 1

 patina 2

 bare bronze

 patina 3

 
Fig. 5. Linear polarization curves (± 20 mV vs. 

ocp) for the studied electrodes immersed in  

0.2g/ L Na2SO4 + 0.2 g/L NaHCO3 (pH = 5) 
 

To determine the polarization resistance of the 
electrodes, linear polarization curves were recorded, 
in the potential domain of ± 20 mV around the value 

-  91  -



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. 2 – 2012, ISSN 1453 – 083X 

 
 
of the open circuit potential (ocp) (Figure 5). The 
polarization resistance values for each electrode, 

calculated as the inverse of the slope of each curve, 
are shown in Table 3. 

 
Tabel 3. The value of polarization resistance (Rp = 1/p, p is the slope of the curve) 

 

Electrode Slope (p) Rp=1/p [Ω] 
Patina 1 7.25x10-4 1380 

Patina 2 2.25x10-4 4444 

Patina 3 1.87x10-4 5348 

Bare bronze 3.24x10-4 2060 

 
As can be seen from Table 3, the highest value 

for Rp was noticed in the case of the electrode (3), 
treated with a solution containing sodium thiosulfate 
and ferric nitrate. 

To determine the kinetic parameters of the 
corrosion process, polarization curves were recorded 
in the potential range of ± 200mV vs. ocp (Figure 6). 
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Fig. 6. The polarization curves (± 200 mV vs. ocp) for the studied electrodes immersed  

in 0.2g/L Na2SO4 + 0.2g/L NaHCO3 (pH = 5) 

 
The kinetic parameters of the corrosion process 

were determined from the Tafel interpretation of the 
polarization curves and the results are presented in 
Table 4. 
 

Table 4. Corrosion process parameters for the examined samples 
 

Electrode Ocp Ecor icor βa βc 

 [mV vs SCE] [µA/cm2] [mV] 

Patina 1 -48 -101 3.25 91 77 

Patina 
2(brown) 

95 65 1.87 85 134 

Patina 3(green) 41 17 1.33 55 164 

Bare bronze 51 46 5.36 46 284 

  βa and βc are the Tafel coefficients 
 
As shown in Table 4, all the patinas determine a 

decrease of corrosion current density of the bronze 
sample. Among them the coated electrode 1 is the 
less resistant to corrosion and it presents accelerated 

corrosion in comparison with the other two synthetic 
patinas. Treatment 3 seems to be the best among the 
treatments tested; however, the amelioration of 
corrosion rate is not significant. Moreover, no definite 
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trend was observed in the shift of βa and βc values in 
the case of different patinas. A comparison between 
the corrosion current density and of the polarization 

resistance values of investigated electrodes is shown 
in Figure 7. The electrodes surfaces after the 
accelerated corrosion tests are presented in Figure 8. 

 

 
 

Fig. 7. Variation of corrosion current density and of polarization resistance  

for the investigated electrodes 

 

   
a) b) c) 

 

Fig. 8. The electrode surfaces after the corrosion test performed in a solution containing  

0.2g/L Na2SO4 + 0.2g/L NaHCO3 (pH = 5), a) patina 1, b) patina 2, c) patina 3 

 
4. Conclusions 

 
In this paper we compare the corrosion 

resistance of the patina obtained by using traditional 
flowers of sulfur with new synthetic, chemically 
obtained patinas on bronze. Corrosion tests were 
conducted in an environment that simulates acid rain. 

Bronze coated with new synthetic patinas have 
a higher corrosion resistance than the traditional one 
prepared with sulfur. 

In future we intend to investigate some new 
recipes and new methods of corrosion protection of 
artistic bronzes. 
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