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ABSTRACT 

 
The paper presents the results of experimental research regarding the 

establishing of some chemical positions of the nickel-aluminium bronzes used as 

monoblock and bimetallic bearings. The areas of the applications are discussed with 

reference to the working property required of these alloys. Normally a combination 

of several properties finally governs the selection of a particular material. The 

correlations between chemical compositions, structures and properties are analysed 

with a view to selecting the material for certain application. The wear resistance 

and the corrosion behavior into seawater of the nickel-aluminium bronzes with 

variable content of iron and manganese are studied. 

 
KEYWORDS: nickel-aluminum bronzes, alloying elements, bimetal, wear 

applications, seawater corrosion 
 

1. Introduction 
 

The nickel-aluminum bronzes comprise a wide 
range of compositions by alloying with some 
specifically chosen elements (iron and manganese). 
Consequently there is a family of copper-based alloys 
with complex metallurgical structures that offer a 
combination of mechanical and chemical properties 
unmatched by any other alloy series.  

This feature often makes nickel-aluminum 
bronzes the first choice (and sometimes the only 
logical choice) for applications. These attributes are: 
excellent strength, similar to that of low alloy steels; 
excellent corrosion resistance, especially in seawater 
and similar environments, where the alloys often 
outperform many stainless steels; favorable high 
temperature properties, for short or long term usage; 
good resistance to fatigue, ensuring a long service 
life; good resistance to creep, making the alloys useful 
at elevated temperatures; oxidation resistance, for 
exposure at elevated temperatures and in oxidizing 
environments; ease of casting and fabrication, when 
compared to many materials used for similar 
purposes; high hardness and wear resistance, 
providing excellent bearing properties in arduous 
applications; ductility, which, like that for all copper 
alloys, is not diminished at low temperatures; good 
weldability, making fabrication economical; readily 
machined, when compared with other high-duty 
alloys; low magnetic susceptibility, useful for many 

special applications; ready availability in cast or 
wrought forms [1, 2, 3]. 

The nickel-aluminum bronzes can be considered 
a versatile material. By selecting the elements content 
and their controlled added it can modify the 
properties. This is easier as than redesigning parts and 
modification of their fabrication technology. But for 
this it is necessary to correct knowledge of the 
working conditions for demanding applications. This 
is the most important criterion to follow when making 
a good material selection. This paper presents the 
results of several experimental studies for an optimum 
selection of the composition, the thermal treatment 
and the manufacturing method of the nickel-
aluminium bronzes alloyed with iron and manganese, 
used as wear resisting materials. For each industrial 
application the material selection was based on the 
requirements for working conditions: friction 
conditions, forces and pressures, lubrication, 
corrosion conditions etc. 

 

2. Constitution of nickel-aluminium 

bronze alloys and its influence on the 

properties 
 

The nickel-aluminium copper alloys are a range 
of copper-based alloys in which aluminium is the 
primary alloying element (up to 14-15%). For 
obtaining the aluminium bronzes with excellent 
properties especially for marine applications the  
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addition of nickel is important. Besides Ni and Al, the 
main alloying elements of the bronzes analysed 
include Mn and Fe that could also be added into 
nickel-aluminium bronzes to improve their properties.  
The content of each element added has an important 
influence on the structure and, as a result, on the  

properties [4, 5].  
The microstructure of these bronzes is quite 
complicated, not only because of its multiple alloying 
elements, but also because several phase 
transformations could take place during their 
preparation (Figure 1)  

 

 
 

Fig. 1. Transformation products of nickel-aluminium bronzes 

during cooling [6]. 
 

Binary Cu-Al alloys (Figure 2a) containing less 
than 9.4 wt. % Al are single phase α alloys. The 

solidification commences with the formation of α 
dendrites.  

  
Fig. 2. Equilibrium diagram of Cu-Al system (a) and a cross section of  

CuAlFeNiMn diagram at 5% Fe and 5%Ni (b). [2] 

- 6 -
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The freezing range is short and so segregation is 
not pronounced and the alloy solidifies as a single 
phase.  

Copper-aluminum alloys containing more that 
9.4 wt. % Al solidify as a single-phase bcc β; under 
slow-cooling conditions, fcc α gradually forms from 
the β until the remaining β transforms to α + γ in a 
eutectoid reaction at about 570ºC. The γ phase 
corrodes preferentially due to its high Al content and 
its presence is thus deleterious.  

Even greater strength and hardness is developed 
in alloys containing more than 10% Al. Such alloys 
are favored for specialized applications that require 
superior wear resistance. Other alloying elements also 
modify the structure and thereby increase strength and 
corrosion resistance: iron improves tensile strength 
and acts as a grain refiner; nickel improves yield 
stress and corrosion resistance and has a beneficial 
stabilizing effect on the metallurgical structure; 
manganese also performs a stabilizing function [7]. 
The addition of nickel and iron to copper-aluminum 
alloys extends the α phase field while effectively 
suppressing γ phase formation (Figure 2b) [2]. 
The mechanical properties of aluminum bronze 
depend primarily on the aluminum content and also 
on the varying proportions of secondary additions. 
The Ni and Fe additions have been found to 
considerably increase the mechanical properties of 
aluminium bronzes (especially give higher strength) 
through the formation, from both the α and the β, of 
complex intermetallic κ phases [8].  

The alloy remains fully β upon cooling to about 
1000ºC. Below this temperature α phase precipitates 
from the β with Widmanstätten morphology, followed 
by the nucleation of globular κ, which is nominally 
Fe

3
Al, in the β. This phase is apparent in the 

micrograph of the cast alloy (Figure 3) and is often 
termed κ

ii
. In Cu-Al-Ni-Fe alloys containing ≥ 5 wt. 

% Fe, an Fe
3
Al phase forms with a dendrite 

morphology, which is usually termed κ
i
. At about 

850ºC, the solubility of Fe in the α is exceeded and 
fine κ precipitates begin to form; these fine 
precipitates are also nominally Fe

3
Al and are usually 

termed κ
iv

. Finally, at about 580ºC, a nickel-rich κ 

phase, κ
iii

, forms from β. The α phase is an fcc 

equilibrium terminal solid solution with a lattice 
parameter a = 3.64 a eutectoid reaction giving 
lamellar α + κ. Proeutectoid κ may exhibit a globular 
morphology. The α phase is an fcc equilibrium 
terminal solid solution with a lattice parameter a = 
3.64Å [15]. The Fe

3
Al phases (κ

i
, κ

ii 
and κ

iv
) have a 

DO
3 

structure; the lattice parameter of κ
ii 

is 5.71Å 

while that of κ
iv 

is 5.77Å. The NiAl (κ
iii

) phase 

exhibits a B
2 

structure with a lattice parameter of 2.88 

Å. Thus, fully ordered Fe
3
Al (κ

i
, κ

ii 
and κ

iv
) and NiAl 

(κ
iii

) phases will have inter-atom spacing that differ by 

less than one percent. 
 

    
 

Fig.3. Microstructure of NAB specimens: a) schematic representation; b) optical micrograph of as-

cast aluminium bronze (etched with ferric chloride and hydrochloric acid in ethanol) [8, 9]. 
 

Iron acts as a grain refiner both during 
solidification and during slow cooling, and increases 
resistance and hardness: every Fe percentage in a 
bronze with aluminium leads to an increase of the 

mechanical resistance of the alloys with 2.8 daN/mm
2
. 

The addition of nickel increases the mechanical 
characteristics, the antifriction and anticorrosion 
properties.  
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The nickel addition also increases compactness 
and high temperature resistance. The manganese 
increases resistance, plasticity and antifriction 
properties, but significantly decreases fluidity. In 
comparison with iron, manganese behaves as a 
stabilizer. It is dissolved in the solid solution and it 
doesn’t provoke structural changes [8, 10]. 
 

3. Experimental research and industrial 

applications 
 

In cast and wrought forms the literature 
recommends the nickel-aluminum bronzes for their 
excellent wear resistance. Metal-sprayed or welded 
overlay deposits of aluminum bronze on steel also 
provide effective wear-resistant surfaces. As a result 
these alloys can be used as bearing materials. They 
thrive on heavy loads, shocks and harsh working 
environments. In rotating applications, best results are 
usually achieved when running aluminum bronzes 
against hardened surfaces. When lubrication of sliding 
surfaces is less than ideal, aluminum bronzes are 
superior to ferrous materials [7, 11]. 

The research summarized in this paper were 
focused on the establishing of the optimum 
compositions of the bronzes as wear resisting 
materials for monoblock and bimetallic parts.  

These were tested as bearing at the following 
industrial applications: steel mill, presses in rubber 
industry, manufacturing of the ferrites, offshore 
drilling equipments, and the parts for machine - 
building industry. Also the corrosion behaviour into 
marine media for the bimetals was analysed.  

The experiments were based on the correlations 
between the chemical composition, structure, 

properties and manufacturing methods in accordance 
with a thorough knowledge of the working conditions 
for each application.  

The conventional materials that were used to 
cast the steel mill bearings studied (Figure 4a) are tin 
bronzes (10 - 14 %Sn sometimes with Pb additions) 
[12, 13]. For their substitution a copper alloy of 
around 6% - 10% of aluminium with addition of 
nickel, iron and manganese was tested. After 
experimental study the following ranges of chemical 
compositions were tested for this application: 6.5 - 7.5 
%Al; 1-1.5 %Ni, 1-1.5 %Fe%; 1 - 1.5 %Mn, Cu 
balance.  

These ensure an optimum structure in 
accordance with required mechanical properties and 
specific working conditions (wear conditions and 
lubrication, forces, specific pressure, environmental 
media etc.). There are single phase α alloys. The solid 
solution α is the soft base and it ensures the plasticity 
of the mill bearing. The other alloying elements 
involved the development of the complex 
intermetallic κ phases.  

These are incorporated and uniformly 
distributed as hard compounds in the soft base (solid 
solution α). A like structure ensures the properties for 
a good behavior in practical applications. Figure 4b 
show the microstructure of the aluminium bronze with 
7.2 %Al, 1.2 %Ni, 1.2 %Fe, 1.32 %Mn, and Cu 
balance.  

A crucible graphite furnace was used to make 
the alloy. Argon was blown into the melting bath to 
produce degasification: 0.2 Nm3 at 0.3 – 0.5 daN/cm2. 
Also charcoal as protective flux and respectively 
phosphor copper as deoxidizer were used. The alloy 
was casted at maximum 1150 0C [14, 15]. 

 

    
a.                                                                     b. 

 

Fig. 4. Mill bearing (400x600mm) (a) and optical micrograph of aluminium bronze alloyed with 

nickel, iron and manganese (b) 
 

The rubber industry is other industrial domain 
whe the utilization of the nickel-aluminium bronzes as 
wear resisting material was studied. The castings 
which were assembled into presses for tire 

vulcanization are exposed at clamping forces variable 
into range of 200-546x103 daN.  

The composition of the experimental material is 
given in table 1 [16].  

- 8 -
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Table 1. Composition (wt. %) of experimental bronzes for the rubber industry 
 

Al Ni Fe Mn Sn Pb Cu 

7.90 2.50 5.84 1.50 - - bal. 
5.58 1.30 4.60 1.50 - - bal. 

10.00 1.20 5.24 2.10 - - bal. 
8.85 4.00 5.6 1.5 - - bal. 

 
The castings were heat-treated through 

annealing. The following parameters were 
recommended: heating rate ≤800C/h; tempering 
temperature 6000C, treatment time 5 minute/mm; 
cooling in air. This treatment controls the coarseness 
of the κ precipitates and improves the mechanical 
properties.  

For machine - building industry systems aboard 
ships and offshore platforms the unstandardized 
aluminium bronzes were casted as bars with diameters 
from 70 to 600 mm and machine worked to obtain 
parts used as bushings or bearings. 

In other applications the nickel-aluminium 
bronzes were used to obtain bimetals because, most 
often than not, a single material cannot satisfy all of 
the working requirements in special conditions. For 
these applications the bimetals are recommended 
because they satisfy working conditions impossible 
for a single metallic material. In the cases analyzed 
the bimetals were obtained by deposition of bronze 
layers on steel support by a welding process. The high 
resistance to corrosion of the aluminium bronzes with 
nickel, manganese and iron, combined with their 

ability to carry heavy loads under friction conditions 
without excessive wear, makes them suitable for 
antifriction layers deposited on steel for bearings 
constructions.  

This paper presents the results of the 
experimental research carried out to establish the 
corresponding chemical composition of the bronze 
and the cladding technology in accordance with a 
specific industrial application.  

The first experimental bimetal obtained was 
subjected to high contact pressures. The parts named 
PATINA TPA 45 and CAMA 45 were components 
that were used into ferrites presses [17], characterized 
by a high hardness necessary for special working 
conditions: a good wear resistance at a specific 

contact pressure of min. 200 daN/mm
2 

and a working 
speed of 60 m/min, high corrosion and abrasion 
resistance, a minimum wear loss at the end of the 
working time. Bronzes with variable compositions 
(Table 2) were deposed as multilayers on steel 
support (C≤0.25%). These are casted as bars with 
diameters of 4mm. 

 

Table 2. Bronzes with variable compositions and their adequate hardness 
 

Chemical composition (%wt) 
Samples 

Al Ni Fe Mn Cu 

Hardness 

(HB) 

1 7.8 - 3.5 - bal. 178 
2 9.5 4.5 4.6 0.8 bal. 214 
3 10.6 3.7 4.2 0.9 bal. 230 
4 11.2 4.6 4.8 1.0 bal. 275 
5 14.7 4.1 4.4 1.1 bal. 338 

 

Argon shielded arc welding (WIG welding) with 
the following parameters was the method applied: 20-
30l/min for the inert gas flow; 200-250A for the 
welding current. It is seldom necessary to preheat the 
steel samples to higher than 150-200°C. Excessive 
preheat can lead to the heat-affected zone being 
excessive, with a greater volume of metal at risk of 
hot cracking and distortion problems. [7, 18]. 

In accordance with the properties required by 
the working conditions the following composition 
range was recommended: 11-12%Al, 4-5%Ni, 4-
5%Fe, 0.8-1.2%Mn, Cu balance. In other applications 
the nickel-aluminium bronzes were tested as wear 
resistant material deposed on the cones for the drilling 
pipes used by petroleum exploitation industry (Figure 
5). The cones were made by steel with ≤0.25%C, 

∼0.3%Mo and ∼3.5%Ni [19, 20]. An important 
problem that arises is the service endurance of the 
bearings. The cones are usually subjected to high 
variable contact pressures on the sliding surface and 
to wear under improper lubrication. The nickel-
aluminium bronze was tested for the substitution of 
the classical antifriction material AgMn15. The silver 
alloy is very expensive. The same welding method for 
cladded bronze was used. Only the welding current 
was different (120-150A). For selecting the material 
more factors were taken into consideration: the 
properties, the results of wear tests, the economical 
aspects (in this case the antifriction material AgMn15 
is very expensive), etc.  

Also the rules imposed for parts manufacturing 
were taken in consideration. 

- 9 -
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Fig. 5. Steel cone of drilling rod and its section as support for bronze deposition. 

 
For the steel cones it is compulsory to apply the 

heat treatments after antifriction layers deposition: 
carbonitriding (at 950°C), double quenching (at 8600C 
and 760 0C), and stress relieving (at 1800C).  

In order the microstructure of the antifriction 
material is highly influenced and the properties and 

the wear behaviour are modified. The behaviour to 
wear was tested on an Amsler stand.  

As counter-sample the hard steel thermal treated 
to obtained 43HRC hardness was used. The wear 
results are given in Table 3. 

 
Table 3. Results of wear behaviour tested on Amsler stand 

 

Working 

time  

Friction 

coefficient 

Working 

temperature  

Wear of 

sample radius Antifriction material 

[h]  [0C] [mm] 
Nickel-aluminium bronze 

alloyed with iron and 
manganese 

83 0.07-0.12 125-140 0.33 

 
The heat affected zone and a transition zone are 

developed in the bimetal at steel-bronze interface. 
These were analized from the structural and the 
chemical composition points of view (Figure 6). 

In other applications the nickel-aluminum 
bronzes work in marine environments. When exposed 
to sea water, aluminium bronze with controlled 
composition and structure shows a high corrosion 
resistance together with good resistance to heavy 
loads and friction conditions.  

The electrolyte is not aggressive for the 
individual alloy [5, 10]. 

When the bronze and the steel as dissimilar 
alloys are in contact in the presence of an electrolyte 
(which may not be aggressive for individual metals 
when they are not coupled), an additional corrosion 
(named bimetallic corrosion) occurs (if the difference 
in the electrode potential is sufficiently large) [21-25]. 
Galvanic corrosion results from differences in 
composition or structure of the weld bronze and the 
parent steel. This may occur in the transition zone 
formed between the two alloys. In the case studied, 
the multilayer welding technology, and its parameters, 
may adversely affect corrosion resistance.  

 

  
a.                                                             b. 
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c. 

 

Fig. 6. Microstructures of bimetal, x 400, 20 kV, BSE (back scattering electrons): a. transition area 

between bronze and steel; b. bronze in proximity of transition zone; c. EDAX analysis of points 1 and 

2 into diffusion zone (according to fig. 6a) [20]. 

 
There are several differences in composition or 

structure that affect resistance to corrosion: in the 
cladding made of several layers (deposited 
successively by multipass welding); between filler 
and parent metal; in the heat-affected zone adjacent to 
the weld. In the multipass welds, the relatively high 
temperature can induce tensions in the welded 
material, while in the heat affected zones of the basic 
material cracks may occur due to the combined effect 
of corrosion and stress.  

These can be avoided by thermal treatment 
applied after welding [4, 5]. 

The immersion test of the bimetallic materials 
was carried out to investigate their corrosion 
resistance in saline water.  

Experimental materials were cut into cylindrical 
specimens with diameters of 50mm [26].  

For such systems the corrosion behaviour of the 
bimetal at the transition zone is important (Figure 7).  

 
 

Fig. 7. Transition area between bronze and steel 

20 kV [26]. 
 

The welding develops in this area the diffusion 
of the elements. The elements content vary on the 
depth of this zone (Table 4) and as a result selective 
corrosion phases were observed. 
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Table 4. Variation of elements on the depth of transition zone [%wt] 

(points into depth of diffusion zone according to Fig. 4) [26]. 
 

Points located into depth of diffusion zone 
Elements 

1 4 2 3 5 

Al 6.73 6.31 5.90 4.16 1.02 

Mn 1.27 1.43 1.20 0.96 1.21 

Fe 82.41 83.51 85.84 87.48 93.59 

Ni 4.40 4.20 3.47 2.92 3.11 

Cu 5.18 4.54 3.58 4.48 1.07 

 
The analysis of the transition zone after 

exposure to corrosion media put into evidence three 
subzones that have approximately equal thickness 
(Figure 8).  

 

 
Fig. 8. Microstructure of bronze-steel bimetal after 48 hours 

of exposure to sea water [26]. 

 
In the first subzone (to bronze), as a result of 

copper diffusion and its limited solubility in solid 
solution, coarse separations of copper occurred. These 
are arranged to grain boundary and inside solid 
solution grains. In the next subzone (into central 
transition zone), the separation of copper was 
dispersed into solid solution grains as very fine and 
globular precipitates. In the third subzone (to steel) 

these copper precipitations do not show; probably 
copper is in a low concentration, not in excess, and it 
is fully dissolved in solid solution.  

Therefore, the intensity of the corrosion process 
for these subzones is different.  

The subzone adjacent to steel has a good 
resistance to corrosion, and stability at 3 week 
exposure to sea water (Figure 9).  

 

 
 

Fig. 9. Microstructure of bronze-steel bimetal after 3 week exposure  

to sea water [26]. 
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The entire surface of this subzone is less 
corroded and uniform. An accelerated and deep 
corrosion is developed in the central subzone. In brief, 
the presence of heterogeneous structures (observed in 
the subzone close the bronze and the central subzone) 
enhances electrochemical corrosion.  

The phases dispersed in the matrix of the solid 
solution are in contact and have such as behaviour of 

dissimilar metals available in contact under the 
corrosive environment (Figure 8). At the same time, 
close to the transition zone, heat-affected areas 
developed.  

The uncontrolled thermal treatment is produced 
in both alloys, into certain depths of the bronze and 
steel, and was manifested by recrystallization of the 
phases and finishing of the grains (Figure 10). 

 

 
 

Fig. 10. Microstructure of the bronze and steel after exposure to metallographic attack (without 

exposure to sea water) [26]. 
 

Selective phase corrosion occurs in response to 
different electrochemical potentials between adjacent 
phases. Nickel-aluminium alloy develops a complex 
microstructure as indicated by the equilibrium phase 
diagram.  

As a result, small variations in composition and 
heat treatment had a marked effect on the 
microstructure and hence the corrosion resistance. In 
accordance with the working conditions the dissimilar 
materials must be chosen to minimize the corrosion 
process. 
 

Conclusions 
 

The variety of combinations in terms of 
chemical composition and properties of the 
aluminium copper alloys alloyed with some important 
elements makes them extremely versatile, useful as 
wear resisting material in a large number of 
applications.  

The aluminium bronze alloy with determined 
contents of nickel, manganese and iron is an excellent 
choice for applications involving heavy loads, 
adhesive wear, friction, abrasive wear and corrosion. 
In some applications the bearings as monoblock 
castings were recommended. For the antifrictions 
properties the chemical composition of bronzes was 
correlated with the microstructure. This ensures a soft 
phase hardened with compound uniformly distributed. 
In the cases analysed the selected aluminium content 
leads to obtaining a solid solution α as soft base.  

The choice contents of nickel, iron and 
manganese develop those complex intermetallic κ 
phases that hardened the material.  

Weld cladding was used to obtain a bimetal with 
good behaviour in working conditions specific to 
complex applications.  

This technical solution involves the welding of 
an alloy layer on the other base alloy.  

The processes taking place when the steel is 
plated with a non-ferrous alloy using the welding 
process are similar with the processes specific for a 
metallic bath formed through a metal melting in the 
welding zone with the contribution of both involved 
materials.  

The solidification mechanism of added material 
which caused the formation of a transition structure 
characterized by variable composition and properties 
can be different. If the welding process is well done, 
the transition zone of the melted added material and 
the superheating based material is formed. The 
selection of the welding parameters and the heat 
treatments of bimetals minimize the risks associated 
of the transition bronze-steel zone.  

A most important attention must be given to the 
additional corrosion process induced by dissimilar 
metal contacts immersed in an electrically conducting 
corrosive liquid.  

The controlled association of bronze with steel 
provides systems which satisfy the requirements of 
mechanical properties associated with strong 
resistance to corrosion in marine environments. 
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ABSTRACT 

 
A logical way to preserve the natural resources and lowering the pollution 

level is the improving of the thermal engine efficiency in order to reduce the fuel 

consumption. Considering the weight factor of the spark ignition engine in 

automotive market, the authors propose a combined solution to improve the 

performances of this thermal engine. 

First, in order to improving the combustion efficiency, we are trying to obtain 

a closer approach to the ideal constant volume combustion cycle, specific to the 

spark ignition engine, by developing a variable sequential ratio engine.  

Secondarily, by modifying the architecture of the compression ring, the 

theoretical model developed allows the determination of a new transversal profile of 

the compression ring in order to obtain better lubrication conditions, to lower 

friction ware and increase the mechanical efficiency.  

This theoretical and experimental study regards the both modification of these 

parameters in various situations, aiming at the optimization of this environmental 

friendly propulsion engine. 

 

KEYWORDS: combustion and mechanical efficiencies, environmental 

friendly propulsion engine 

 

1. Introduction 
 
 The spark ignition engines for automotive 

propulsion still represent about 65%-70% of the world 

market, and about 85%-90% of the American market. 

On the other side, although the alternative (also called 

hybrid) propulsion solutions are becoming more and 

more popular, they are not widely spread. The 

American market, one of the largest fuel consumers in 

the world, is dominated by medium-large sized spark 

ignition engines with high fuel consumption. These 

types of engine have been improved step by step.  

The fueling systems have been optimized; improved 

solutions for gases distribution have been used, the 

compression ratio has been modified, etc. This is an 

old area of interest and specialists proposed several 

solutions. Currently, the most popular solution [1], 

introduced in small production numbers, is the one 

developed by SAAB. 

 On the other hand, in the purpose of improving 

the spark ignition engines efficiency, the actual 

researches taken into account the amelioration of 

constructive and technological solutions. 

2. Proposed Engine Solutions 

 

2.1. Improving the operating cycle basis 

efficiency 
 The study developed by the authors has the goal 

of improving the efficiency of the spark ignition 

engine, in the first step, by improving the basis 

efficiency of its operating cycle. Moreover, one of the 

ways consists in obtaining a higher relative efficiency, 

i.e. a closer match to the ideal thermodynamic cycle 

(constant volume combustion). This goal can be 

achieved by assuring an almost constant volume 

during the combustion process.  

An engine functioning in this manner will lead to a 

higher compression ratio close to the TDC, during the 

burning process (when the lowest heat quantity is 

developed). The compression ratio varies only in 

certain moments of the cycle, remaining unchanged 

for the rest of the cycle. 

 The solution proposed by the authors achieves 

the variation of the compression ratio by moving a 

small piston in the opposite direction to the main 
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piston, during a 90 degree angular interval after the 

TDC, thus achieving an almost constant volume for 

the main part of the burning process. In the Fig. 1 this 

solution are shown for a position near the TDC. 

 

 
Fig.1. Position near the TDC. 

 

2.2. Increase of the mechanical efficiency 
 The second step of the researches consist in the 

increase of the mechanical efficiency by improving 

the lubrication condition for the compression ring; 

this is the consequences of increased values for the 

minimum film thickness and reduced friction forces 

inside the cylinder liner-piston ring couple.  

 The modified compression rings developed by 

the authors are based upon the rectangular ring (ISO 

6621-1); the rings are modified as their peripheral 

surface has a bi-conical shape.  

 

3. Analysis and Modeling 

 
Aiming to obtain results that would allow a 

comparison between real conditions and the proposed 

solution (in terms of differences between 

efficiencies), we developed a detailed analysis of this 

engine solution. For improving the basis efficiency of 

operating cycle, two separate cases were taken into 

account: the first one presumes a constant bore of the 

small piston, while displacing it between 1 and 10 

mm. The second case preserves the stroke of the same 

small piston, while its bore varies between 44 and 97 

mm. An analysis of the obtained efficiencies led us to 

the optimization of the mechanical parameters.  

 

3.1 The basis efficiency of operating cycle 

analysis 

First case modeling 
 The momentary stroke of the main piston is: 

 

( ) ( ) ( )( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡
−−+−⋅= 2

1
22 sin11

1
cos1 αλ

λ
αα rs  (1) 

and the momentary volume generated by the main 

piston is: 

( ) ( )αα s
S

Vs
Vp ⋅=  (2) 

 The momentary volume of the cylinder is: 

( ) ( )αα VpVcVp +=  (3) 

 The momentary volume occupied by the small 

piston is: 

( ) ( ) ( )Smms
Sm

SmVsm
SmmVm ,, αα ⋅=  (4) 

 The momentary volume of the cylinder, as 

affected by the movement of the small piston during 

the angular interval of its stroke, becomes: 

( ) ( ) ( )SmmVmmVSmmV ,,2 ααα −=  (5) 

and is shown in Fig. 2, in comparison with the one of 

standard (unmodified) engine. Further on this engine 

solution will be named shortly VSCR (Variable 

Sequential Compression Ration). 

 
 

Fig. 2. Variation of the cylinder volume as 

affected by the movement of the small piston, for 

different strokes. 
 

 The momentary compression ration, for the 

standard engine is given by the expression: 

( ) ( )mV

Vs
m

α
αε +=11  (6) 

while, for the VSCR engine, we get: 

( ) ( )SmmV

Vs
Smm

,2
1,2

α
αε +=  (7) 

 Overlapping the two compression ratios, for the 

small piston working domain, results in the curves 

shown in Fig. 3. 

 Considering an adiabatic coefficient k=1.3 the 

efficiencies for the two studied cases become: 

( )
( )

100
1

1
11

1
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= −k

m
mtv

αε
αη  (8) 

 For the working range of the small piston we get 

the thermal efficiency gain of the VSCR solution as: 

( ) ( ) ( )%,1,2, SmmtvSmmtvSmmtvA αηαηαη −=  (10) 
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Fig. 3. Overlapped variation of the compression 

ratios. 
 

 The efficiency gain variation range for different 

strokes or diameter of the small piston is shown in 

Fig. 4 and Fig. 5. 

 
 

Fig. 4. Efficiency gain variation for different 

strokes of the small piston. 

 
Fig. 5. Efficiency gain by modifying the diameter 

of the small piston. 

Second case modeling 
 In this case the highest value for the small piston 

stroke (10 mm) is used, which leads to the most 

significant  efficiency increase, while the diameter of 

the small piston is modified, starting with the lowest 

value, Dm=44 mm, and ending when the diameter of 

main piston is reached (Dm=D=97 mm). The previous 

formulae are modified accordingly, only the 

intermediate and final results being presented. 

 For the both cases, stresses and strains of the 

main piston of the VSCR engine were evaluated, 

using the Finite Element Method (FEM); some 

results are shown in Fig. 6. 

 

 
 

Fig. 6. Strain for the main piston of the VSCR 

engine obtained using FEM. 
 

3.2. Compression rings profile optimization 
 When the peripheral surface of the piston ring is 

correctly aligned with the cylinder liner surface, the 

piston – piston rings-cylinder assembly acts as a 

labyrinth, insuring an efficient seals [2]. 

 Starting from the p0 pressure inside the 

combustion chamber, the pressure decreases to ps1 

behind the first compression ring, to p1 after the first 

ring, to ps2 and p2 behind and after the second ring etc.  

 Due to the high value of the chamfer angles h1, 

only the surface with the length 12hhhr −=  [m] is 

considered as the hydrodynamic active surface of the 

piston ring-cylinder liner couple. 

 Thus, for the downward piston stroke, the length 

of the wedge shaped interstice, marked hefr(d), is: 

 

( ) ( )( )121 hhXh defr −−=  [m] (11) 

and accordingly for the upward stroke we have 

hefs(u)  

 

( ) ( )12hhXh uefr −=  [m] (12) 

 The specific relations for the hydrodynamic 

lubrication regime, correlated with the combustion 

chamber pressure, are used in order to establish the 
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conditions for the oil intake and exhaust inside the 

piston ring-cylinder liner couple, thus leading to the 

best values for the angles of the conical surfaces that 

insure a preponderant hydrodynamic lubrication 

regime. 

 The oil flow through the cylinder liner-piston 

ring is calculated using the flow equation for the 

hydrodynamic reciprocating couples [3]. 

 

 The equations are: 

- for the downward stroke: 

( )
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⎦
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- for the upward stroke: 
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21
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v
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DQ puL η

π [m3/s] (14) 

 In order to evaluate the overall oil flow during 

one engine cycle we define the overall oil circulation 

QLt [m3/s], calculated by graphical integration of the 

oil flow according to Fig. 7. 

 
Fig. 7. The oil flow through the cylinder liner-

piston ring and the overall oil circulation QLt 

calculated by graphical integration. 
 

 The relation for the overall oil circulation is: 

 

ii

j

iLiL

tL SS
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= +
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2
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 A positive value of the overall oil circulation 

means that the oil flow is directed towards the 

combustion chamber. 

 Starting from the shear forces in the 

reciprocating couple [4], for the hydrodynamic 

lubrication regime, we evaluate the friction forces 

inside the cylinder liner-piston ring couple using the 

equations: 

- for the downward stroke: 
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- for the upward stroke: 
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 Defining the piston ring mechanical work of the 

friction forces Lfr[J] we may evaluate the mechanical 

losses, using a graphical integration method for the 

variation shown in Fig. 8.  

 
Fig. 8. The friction forces inside the cylinder 

liner-piston ring couple and piston ring 

mechanical work of the friction forces Lfr[J] 

calculated by graphical integration. 
 

 Using the general expression of the mechanical 

work, we get the relation: 

∑
=

+
+ −
+

=
71

0

1

1

2j

ii

riri

fr SS
FF

L  [J]. (18) 

 A high value of this mechanical work means 

high friction forces inside the couple and diminishes 

the engine’s mechanical efficiency. 

 

Computational procedure 
 The theoretical model we have developed allows 

the determination of the transversal profile of the first 

and the second compression ring in order to obtain a 

different profile but similar lubrication conditions, to 

reduce oil consumption, to obtain a lower friction 

forces and to increase the mechanical efficiency of the 

piston ring – cylinder line coupling. 

 So, the slope repartition will be optimized in 

order to reduce oil flow towards the combustion 

chamber.  

 Using the relation (13), (14) and (15) and giving 

values comprised between 0 and 1 for the slope 

repartition X, the calculus are made in order to obtain 

a zero value for the overall oil circulation QLt. In that 

case, the oil flow towards the combustion chamber 
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and the oil consumption is reduced to the minimum 

values. The upper and bottom slope angle of the 

peripheral surface of the rings will be optimized in 

order to insure a preponderant hydrodynamic 

lubrication regime and diminish the friction forces 

and piston rings and cylinder liner wear.  

Calculus, using the relation (16), (17) and (18), are 

made starting at 0 value for the upper and bottom 

slope angle and is considered ended when we obtain a 

maximum percentage from entire engine cycle with 

the hydrodynamic lubrication regime for the piston 

ring and the minimum value for the piston ring 

mechanical work of the friction forces Lfr [J]. 

 In Fig. 9 will expose the oil flow through the 

cylinder liner-piston ring and, in Fig. 10, the friction 

forces inside the cylinder liner-piston ring couple 

variation for the entire engine cycle for the both 

compression piston ring. 

 
Fig. 9. The oil flow through the cylinder liner-

piston ring for the first and the second modified 

compression ring of a four-stroke S.I. engine. 

 
Fig. 10. The friction forces inside the cylinder 

liner-piston ring couple for the first and the 

second modified compression ring of a four-

stroke S.I. engine. 

4. Conclusions 
 

 - For all the studied cases, the models have 

revealed a smoother drop in the thermal efficiency of 

the VSCR engine, during the combustion process. 

 - In the meantime, higher values of the thermal 

efficiency were recorded during the main phase of the 

combustion process and towards its end. 

 - The maximum thermal efficiency increase (up 

to 4%) was obtained when the small piston’s stroke is 

10 mm and when its diameter equals the one of the 

engine’s main piston (the “fake piston head” case). 

 - A study of the efficiency increase shows that, 

in the first case, its maximum value is obtained at 35 

degrees CA after the TDC, while for the second case, 

the maximum value is attained at 37-38 degrees CA 

after the TDC, thus showing the advantage of this 

method in terms of a fuel consumption decrease. 

 - The lubrication conditions for the second 

compression ring are better to the first piston ring. 

 - Several new notions were defined (overall oil 

circulation and mechanical work of the piston ring 

friction forces), in order to improve the profile of the 

compression rings of an internal combustion engine, 

to reduce oil consumption, insure a preponderant 

hydrodynamic lubrication regime and diminish piston 

rings and cylinder liner wear. 

 - The tests carried out with modified rings 

showed a decrease in gas pressure escaped in the 

crankcase, the situation exposed in Fig. 11, and lower 

consumption of lubrication oil.  

 - In conclusion, the modification of those 

parameters leads to an optimized engine solution for 

lowering the fuel consumption and the pollution level, 

an environmental friendly propulsion engine. 
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ABSTRACT 

 
This paper presents new materials that replaced the main list of substances 

with a high toxicity level (banned in the European Community), and the 

interventions in the preservation of old wood used for art objects. Although in the 

process of stopping the four evolutionary effects of deterioration and degradation of 

the wood, highly effective methods of preservation were developed, it was found that 

the toxic atmosphere maintains a high risk for curators. These methods involved the 

use of derivatives of naphthalene and polymers containing chlorine, bromine-based 

derivatives, namely a series of highly dangerous pesticides. In this context, most 

research centers in wood preservation have studied new systems supposing minimal 

toxicity, compatible with different types of timber, in a series of natural or synthetic 

substances, such as: Pyrethroids, boron compounds, tannins, woodsulfonates, 

silicates and phosphates. 

 
KEYWORD: wood, preservation, restoration, toxicity, pesticides, 

environmental pollution 

 
1. Introduction 

 

The wood, as a structural or ornamental element 
from within the composition of cultural treasures, is 
an organic material with low resistance over time. It is 
known that the environmental and climatic factors, 
such as heat and fuel sources, microorganisms, acid 
rain and not lastly the man, lead to a series of micro 
and macro structural destructions and evolutionary 
alteration, translated by two effects: deterioration of 
structural-functional elements and degradation of the 
basic constituents, lignin and cellulose. To that effect, 
in order of their frequency and aggressiveness, we 
mention: putrefaction, carbonization, career, 
embrittlement, discoloration, waiving, 
cracking/fracture etc. 

Treatments to preserve old or new such wood, 
most of the times, stop synergistically most of the 
above processes, using a number of substances as 
such or as organic dispersions (solutions, emulsions, 
gels soils etc.) which are toxic or produce unwanted 
effects on the environment and the operators. Because 
of that, at present, the subject of active products and 
solvents involved in these treatments and having a 
minimal impact on the environment is of great interest 
for many research institutions. Surface water and 
groundwater with soils in the immediate vicinity of 

the areas or treatment facilities are mostly affected by 
these treatments.  

Consequently, we face, on the one hand, the 
problem of soil and air remediation, wastewater 
treatment, surface water and groundwater treatment to 
meet drinking water quality criteria, and, on the other, 
the selection of most environmentally friendly 
treatment solutions, involving the cheapest processes 
and technologies [3-6]. 

Therefore, the research of new treatment 
systems of highly toxic substances (polymers and 
naphthalene derivatives containing chlorine, bromine 
derivatives, and a series of pesticides) banned by the 
regulations of the European Agency for Registration, 
Evaluation and Authorization of Chemicals (REACH) 
will be taken into account [7]. 

 
2. Evolution of degradation and 

deterioration effects on wood 

 
The experts identified four major types of 

degradation and deterioration effects on wood: 
physical (cracking, fracturing, waiving, bending, 
displacement, swelling, shrinkage), physichochemical 
(change of color and organoleptic characteristics 
because of enzyme attack, radiation or heat exposure,  
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desorption, chemical composition changes as a result 
of microbiological activity, change of normal  range 
of variation of the hydrous equilibrium under the 
influence of climatic factors), biological (annual rings 
contraction, cracking, embrittlement, rotting), 

functional (reduced or loss of functional and artistic 
role of the artwork, transformation into a source of 
pollution for the environment) [1]. 

Table 1 presents in detail the degradation and 
deterioration effects, with the associated processes. 

 

Tabel 1. Most important processes responsible for deterioration and degradation effects  

of old wood used for art objects [8] 
 

Deterioration and degradation effects Process 

Putrefaction Biochemical (enzyme or not) 
Carbonization Thermal combustion (burning) 
Radiation degradation  Radiolysis and photolysis 

Career 
Wood decay attack (bio deterioration and 
biodegradation) 

Molding Fungal attack (bio degradation) 
Embrittlement by β-glycosidic hydrolyse or 
solubilization of the fragments of cellulose and 
lignin 

Fungal attack + biochemical attack + chemical 
attack (acidic, alkaline or saline and oxidant) 

Color change Fungal attack, chemical or photochemical 
Swelling/shrinkage/waiving/twisting Mechanical 
Cracking/fracturing/splinting  Mechanical + chemical + bio chemical 
Fossilization/mineralization Chemical + biochemical + geochemical 

 
To replace old wood treatment recipes 

containing highly toxic substances, research centers 
offer insectofungic systems, fireproof systems, 
hygrophobic systems, stabilized dimensional systems, 
based on pyrethroids, boron compounds, tannins, 
lignosulphonated, silicates and phosphates and 
synergistic systems with multiple effects. 
 

3. Insectofungic systems 
 

Insectofungic systems have the role to protect or 
to stop, minimize and remove the effects of 
microbiological attacks by xylophagous insects, 
molds, fungi, mushrooms, and others. The most used 
and most freqeuntly mentioned in literature are the 
insectofungic compounds containing boron [9, 10]. 
They are considered multipurpose pesticides 
(insecticides, fungicides, herbicides etc) and provide 
nearly 100% protection for heritage objects [11]. 
Among the boron compounds, mention must be made 
of synthetic boric acid mixed with glycerin, borax, 
sodium metaborate, which is the most widely used. A 
selection of synthetic pyrethroids for insectofungic 
wood treatment should include: permethrin, 
deltamethrin, bioresmethrin, cypermetrin. The 
following organophosphorus insecticides may be 
used: chlorpyrifos, fenthion, dichlorvos, fenitrothion, 
malathion, diazinon, triclorfon. 

One of the insectofungic procedures in treating 
wood is to obtain a pesticide emulsion or other 
formula dispersible in water, with an average particle 
size of 200 nm. The treatment is particularly effective 

in protecting wood and timber against common 
insects (Anobium punctatum, Xestobium 
rufovillorum), Longhorn pets (Hylotrupes bajulus), 
dry rot (Serpula / Merulius lacrimans) and wet rot 
(Coniophora puteena) [12]. 

Another wood treatment material was used with 
a synergistic insecticidal action that includes 
compounds of boron and synthetic pyrethroids. This 
combination has proved to be particularly effective in 
conferring resistance to insect attack, with the most 
cost-effective report in terms of Formosan termites 
[11]. 

Another type of insecticide has the form of a 
dissolved pyrethroide up to saturation into a fluid 
such as carbon dioxide. The composition may include 
a co-solvent such as methanol. The treatment method 
consists in impregnating the wood with this 
composition and reducing the temperature and 
pressure under the critical level of the insecticide 
timber precipitation [13]. 

Among synthetic pyrethroids, in mixtures with 
boron derivatives, the following are also used: 

- permethrin, an environmentally friendly 
product, with effective action to halt microbial attack, 
but also dimensional stability and does not affect or 
polychrome layer preparation; 

- deltamethrin, with median lethal toxicity 
(LD50 = 135-5000 mg/kg live weight); 

- bioresmethrin, decomposes under the action of 
UV radiation, rapidly hydrolysed in basic medium, 
median lethal dose (LD50 = 707-800 mg/kg live 
weight); 
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- cypermethrin, a non-systemic insecticide with 
contact and ingestion action (product toxicity - LD50 
= 250-4150 mg/kg live weight). 

Among organophosphorus insecticides in 
mixtures with synthetic pyrethroids and/or boron 
derivatives we would like to mention: 

- chlorpyrifos, with a moderate toxicity to 
vertebrates (LD50 = 135 mg/kg live weight); it is a 
non-systemic insecticide with contact and ingestion 
action, that can also act as vapors; 

- fenthion, contact and ingestion insecticide with 
big shock action and good persistence; it is an 
effective larvicide, with a medium toxicity to 
mammals (LD50 = 215-316 mg/kg live weight); 

- dichlorvos, an insecticide with contact and 
ingestion action, has an action of shock; its remanence 
is reduced owing to the great volatility; recommended 
for Disinfection DDVP indoors. It is a powerful 
inhibitor of cholinesterase and has a high toxicity to 
mammals (median lethal dose LD50 = 62 mg/kg live 
weight); 

- fenitrothion, stable to hydrolysis in acidic 
medium, neutral and basic; 

- malathion, an insecticide contact and ingestion, 
breathing with low action. It has a broad spectrum of 
activity and a low toxicity to mammals (LD50 = 
1300-2800 mg/kg live weight); 

- diazinon, an insecticide good contact, ingestion 
and respiration, has a large share of shock, is also a 
good acaricide. It has a relatively high toxicity to 
mammals (LD50 = 108 mg/kg live weight). 
 

4. Fireproof systems 

 
Fireproof systems strengthen the wood fibers to 

withstand the larger and more frequent variations in 
temperature than the normal range. The recipes we 
used are based on inorganic compounds, metal oxides 
or insoluble salts (fine powders of ZnO, CaO, TiO2, 
Sb2O3 [14, 15, 16], talcum or micronized asbestos, 
thermal ash, chalk powder, plaster, colloidal barite, 
silicon dioxide, zeolite or colloidal volcanic tuffs [17], 
dry metal sludge, etc.), in mixtures or dispersions that 
can be diluted with water, usable only inside 
buildings, as water paints, not to protect exterior 
surfaces exposed to weather factors. 

For fireproof wood protection we also use water 
soluble products based on boron, ammonium,  sulfate, 
phosphate, silicate etc. salts, and products that form 
films or coatings on the surface (thermofoaming 
paints and other products generating inert gas or inert 
steam or hot melt products, making the fireproof 
process) [18-20]. 

Thus, the most widely used system for 
protecting wood and wood construction materials is 
the aqueous dispersion based on ammonium 
phosphate and ammonium sulfate or boric acid and 

sodium fluoride. These products have a good 
fireproof action but a small antiseptic action, while 
having a pronounced corrosive action on metals, 
causing degradation of joint elements and of metallic 
reinforcement after application. 

Protection products soluble in water and based 
on soluble salts of copper, chromium, fluoride, boron, 
arsenic, ammonium, phosphate, silicate etc. have the 
disadvantage that they produce the rewetting of 
elements. 
 

5. Hygrophobic and dimensional  

stability systems 
 

Hygrophobic systems ensure a significant 
reduction of the hydrophobic character of the wood, 
so typical of this material. The coated systems the 
wood fiber retains a constant size in the presence of 
water.  

This feature is very important to achieve the 
other effects of preservation, because any wood  
treatment system is based on a liquid. 

A very important treatment for the elements 
located in humid climates or for those exposed to the 
weather, includes higher hydrocarbons (paraffin), 
waxes, natural and synthetic resins [21]. 

Wood treatment with calcium silicate 
significantly increases its resistance to humidity, 
deformation, and ensures environmental protection, 
having a very low cost of implementation [22]. 

To treat wood with a very low degree of 
permeability to a preservation agent, we mention the 
injection method under pressure (from 0.08 mA to 1.2 
mA) of an aqueous solution of an antibacterial agent 
containing quaternary ammonium salt and 
polyalkyleneglycol, with 8 as pH minimum value 
[23]. 
 

6. Materials and methods of preservation 

with multiple action 
 

A number of processes and technologies for 
wood treatment are known to use for insectofungic 
and fireproof action different tar and petroleum 
products as such, or as macerated containing extracts 
from various plants such as oak tannin, chestnut 
glucosides, conifer terpenes etc. [13, 24, 25]. 

Old traditional technologies based on oil, mainly 
used to treat wood for construction, furniture, 
carpentry, floors, paneling etc., are intensely 
discussed today although they gave good results. 
Their weaknesses are due to the staining of wood and 
to creating artificial skates to polychromy. 

Red oil has some great features, such as very 
low density and viscosity, flammability and high 
evaporation rate, a very small concentration in solid 
paraffin (colorless or white), an enough high 

- 22 -



FO N D ATĂ
197 6

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2011, ISSN 1453 – 083X 

 
 
concentration of aromatics and other products, and a 
good ability to extract active ingredients from plants 
or other natural products by maceration at room 
temperature. 

Of all organic systems containing red oil in 
various active ingredients the following are very 
effective in treating wood: pentachlorophenol, sodium 
pentaclorfenolat (PCP-Na), copper pentaclorfenolat 
(PCF-Cu), silver pentaclorfenolat (PCF-Ag), lindane. 

Propolis is presented as a heterogeneous mass of 
resin with a solid consistency, sometimes compact 
and waxy due to malleable and adhering particles, 
sometimes granular or friable, taking the appearance 
of powdery debris. This composition, which shows 
some strength at ambient temperature, becomes 
friable at low temperatures, below 15°C, even for 
waxy ways. It is insoluble in water and soluble in 
alcohol, acetone, ether, chloroform, propylene, 
benzene, dimethylsulfoxide, ethylenediamine. 
Depending on the temperature, the dissolution rate 
varies and so does the passing or not in solution of 
some fractions to, for example, wax that dissolves in 
hot alcohol, but is hardly soluble in cold alcohol. 

Mainly resins, waxes, volatile oils, pollen, 
carbohydrates, amino acids, vitamins, enzymes, 
mineral salts and impurities have been reported in the 
chemical composition of raw propolis. 

Tannins are polyphenols substances (derivatives 
of 3-hydroxy-flavan or polyesters of gallic acid) 
soluble in water, gusto astringent, which are reactions 
characteristic of phenols and alkaloids and 
precipitated with protein, forming waterproof and rot-
proof combinations. As types of relationship between 
polyphenols and phenolic acids we can consider: 
hydrolyzable tannins and condensed tannins or 
unhydrolyzed. 

Among synergistic systems with insecticide and 
firepoof action, impregnations with protective agents 
are widely used. In the past, copper arsenite water 
based and pentachlorophenol and creoset oil based 
were used with protection effect against biological 
deterioration. As inflamed agents were used 
phosphates, ammonium salts, bromides, ammonium 
oxide were used as inflammable agents. Colloidal 
aqueous solutions with silicon dioxide were used 
against pest appearance and development [26]. 

A method of treating wood with multiple 
protection action against aging, mildew and 
degradation by ultraviolet light contains zinc oxide in 
combination with salt dimetilalchilamină 
monocarboxylic acid [27]. 

A treatment with fireproof and antiseptic role 
contains a fireproof substance based on an aqueous 
solution of diammonium phosphate, ammonium 
sulphate and a humidifier, and an insecticide in the 
form of an aqueous solution of poly-
hexamethyleneguanidinephosphate chloride [28]. 

The wood treatment laboratories can also 
provoke soil pollution by products of Cu, As, Cr; soil 
electrodialysis in distilled water or in an aqueous 
solution of HNO3 effects pollutant cleaning 
simultaneously [6]. 

Another method for wood residue preservation 
uses polycyclic aromatic hydrocarbons (PAHs) and 
As, high molecular weight products; its extraction 
from soil by aerobic biodegradation was carried out 
[6] and its concentration is evaluated with sequential 
extraction. Under the action of a nonionic surfactant, 
the degradation of PAHs with both low and high 
molecular weight was obtained. The negative effect of 
this method is its increased toxicity as a result of 
microbial activity. For the near future, the use of 
standardized tests using the bacterium Vibrio eco 
Fischer (Microtox ®) is anticipated. 
 

Conclusions 
 

There is a constant concern for finding more 
multiple action treatments able to ensure the 
conservation of wood. Synergistic wood treatment 
should be less polluting for the environment and for 
the human factor working to turn the wood used for 
art objects more resistent to degradation as a complex 
of environmental factors. 
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ABSTRACT 

 
This paper presents the main modern methods and techniques used in 

monitoring the aerosols in natural and artificial halochambers, with implications 

for research of the therapeutic environments optimization conditions. There are 

focused the "in situ" methods to determine in real time the morphological and 

functional characteristics of NaCl based aerosols, highlighting the solions with 

multiple effect. 

 

KEYWORD: chemical analysis, environment factors, halochamber, particles 
counter, solions 

 

1. Introduction 
 

Environmental pollution has grown and 
diversified over time with serious consequences on 
human, animals and plants health, becoming today 
one of the important concerns of specialists in various 
fields of science and technology, focused on the 
following areas: reducing to minimmum the pollution 
effects, development of green technologies and 
efficient technologies for treating industrial and 
domestic waste water, the treatment of surface and 
ground water for drinking purposes, the 
detoxofocation of the soil and air, and in the 
prevention and treatment of diseases and occupational 
illnesses [1, 2]. 

To limit the harmful effects of pollution on 
health, in all EU countries there are programs 
compiled for anticipating and preventing illness, to 
increase body resistance, especially for children and 
the elderly. A relatively clean atmosphere at a given 
time, may be pollutted by contaminated air masses 
transported from great distances, thus influencing the 
climatic elements regime: intensity of solar radiation, 
visibility, cloudiness, precipitation and through them, 
all the physical chemical and biological processes 
occurring in the environment. To prevent and reduce 
harmful effects on the living environment (water, air, 
soil, vegetation) and implicitly on man, measurements 
on environmental parameters are performed. The 

control of the environmental pollution includes 
detection and measurement of pollutants problems, 
the organization of monitoring and surveillance 
system on the ground and adopting rules on the 
maximum permissible exposure of people to action of 
those pollutants (these measures are extended to all 
the flora and fauna and environmental resources) [1, 
3, 4]. 

There might be a positive influence on the 
functioning of the body in case of a program of 
sporting activities tailored to age and individual 
peculiarities, in a therapeutic environment, with saline 
aerosols from halochambers (natural or artificial). 
Among the benefits of movement in an indoor 
environment with saline aerosols, are included: 
increase of the respiratory power of ventilation, 
enhancing of the functional capacity of the circulatory 
system by increasing blood levels and hormonal 
activity, speeding up metabolism, boost of the growth 
processes, mulsculare mass development, increase 
resistance to stress and the increase of overall comfort 
(movement improves will, creativity, concentration 
power, memory, emotional stability etc.) [3]. 

Achieving optimal aerosol salt concentrations 
required for such activities occur in a special room 
with 150 m3 capacity, ionized windows, UV filters, 
equipped with a dry air electricity generation, which 
consists of fan, heat exchanger and a diaphragm, 
made of 50 blocks of rock salt and/or other salts, such 
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as KCl, MgCl2, CaCl2 and KI, each cake obtained by 
pressing or melting salt containing a single kind of 
salt, while on the active surface has a dense network 
of small channels. The device continuously recirculats 
air in the room, which is conditioned to 60...65% RH 
and 20...22ºC, using a ventilator, which allows 
circulation of 0.25...0.35 m³/s, after which the air 
stream passes through a heat exchanger oil-based, 
allowing to raise the temperature at 90...120ºC to the 
diaphragm level, which passes through the holes in 
salt blocks and by the thermal effects of erosion takes 
negative salt-loaded nanoparticles [5-10]. 

Healthy or apparently healthy people may be 
exposed to the saline atmosphere about 30 min/day 
for prevention and mineralisation of the body, for 12 
to 18 days a cure, which may be repeated cyclically at 
approx. 1 month or more as needed. In the cold light 
treatment - a complementary treatment is between 30 
and 60 min/day for at least 12 days [5, 6]. 

This paper presents the main methods and 
technics used in monitoring environmental pollution 
and atmospheric characterization of halochambers 
used in the prevention and treatment of respiratory 
diseases, as well as improving cardio-respiratory and 
psycho-neuro-motor parameters of the human subject. 
Also, taking into account the effects of pollutants 
concentration in closed working or living spaces, it is 
studied the impact of internal microclimate factors on 
human body. 
 

2. Methods and Techniques for 

monitoring the environmental pollution 
 

Detection and measurement of environmental 
pollution it is performed in the following ways: 
organoleptic, based on the biological indicators and 
by using physico-chemical methods [11, 12]. 

The organoleptic determination is limited by the 
physical properties of the pollutants and by the 
sensitivity of the human body to pollutants (for a 
pollutant to be detected by the senses, the arousal is 
required to have as low as possible concentrations to 
give a sufficient margin of safety for personnel 
exposed to it). 

Organoleptic examination involves the 
following senses: 

- sight, which helps to detect smoke, smog, air 
and water turbidity and coloration, finding oil slicks 
and other pollutants on the ground, and to observe 
side effects of pollution, particularly those that lead to 
damage of the vegetation; 

- smell is the most effective sense for detecting 
air pollutants, and because of the sensitivity of the 
respiratory system can take into account in the study 
of air pollution and its first symptoms of irritation; 

- taste may be involved in assessing water 
quality. As regards food, he gives us an indication of 

their flavor and freshness, the contents of the DDT or 
other pesticide with specific odor and flavor; 

- hearing is a fine indicator for noise, it can 
replace any other means of detection in daily practice 
(no effectiveness in the field of ultrasound and 
infrasound, which can be as dangerous as the audible 
sound). 

Biological indicators are also very useful and 
effective in characterizing the degree of 
environmental pollution, by using biological reactions 
of individuals, populations and biocenoses under 
different conditions of environmental pollution. 

Specialized instrumental methods for 
determining real-time air pollution are the most used 
and can be classified as follows: 

- global methods, which give the result of a 
group of pollutants, such as atmospheric turbidity, 
without specifying the nature of impurifying particles 
or beta global radioactivity, without specifying 
individual radionuclides; 

- analytical methods in detail, separating the 
components of air pollution; 

- physical methods involving instruments 
determining specific parameters physico-mechanical, 
optical and acoustic radiative (temperature, light, 
radiation, vibration etc.). 

- chemical methods involving chemical and 
radio-chemical processing (implicitly radio-activation 
analysis) and physical processing machines or devices 
such as electronic, photonic, thermal, X-rays or γ etc., 
by electrochemical, biochemical, photochemical, 
radiochemical and other processes; 

- biological methods, involving bacterial 
impurities and other microbiological contaminants, 
with specific markers for identifying pollutant agents. 

Of great practical importance is the division of 
instrumental methods for determining air pollution: 
methods “in situ” and laboratory methods (which in 
turn can be physical and chemical). 

Methods "in situ", by place of observation may 
be: terrestrial or spatial. 

 
The terrestrial analysis can determine: 
- thermal pollution with the help of ordinary 

meteorologic thermometers, thermographic devies or 
thermometers with relay signal to central station; 

- acoustic noise with special equipment for 
recording mechanical radiation intensity with 
different frequencies; 

- ionizing radiation dose rate in air, which can 
be operatively measured using radiometers. If the 
device is equipped with scintillation probes and an 
electronic scheme analyzing the gamma radiation 
energy, valuable results can be achieved even for the 
individual components of pollution; 

- atmospheric turbidity, by optoelectronic 
devices, whose data are necessary as an indication of 
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visibility and as an indication of power of the 
pollutant sources. 

Spatial analysis are possible by means of 
satellites, which measure terrestrial atmospheric 
pollution levels in some areas (function on longitude, 
latitude and altitude) and on different moments or 
periods of time. These include: 

- the radiation level, that can be determined 
using radiometers placed on satellites, but only in the 
area crossed by them; 

- atmospheric turbidity is determined by optical 
methods. This concerns not only the hint of smoke 
and other microparticles, but also nebulosity (cloud 
coverage) which is very important in terms of weather 
(specialized satellites are launched into orbit for such 
remarks, which oversee development of nebulosity 
allover the globe). 

Analysis of atmospheric composition in detail 
may be made by conventional spectrographic methods 
or by new methods involving lasers.  

Among laboratory methods, must be mentioned 
the specific analytical chemistry ones and the physical 
methods by instrumental disciplinary or 
transdisciplinary techniques, in co-assisted system or 
in conjunction, whether or not involving sampling 
and/or processing of samples for analysis, that can 
influence the determinations results. The presence of 
some chemical compounds in the atmosphere is not 
an indication of pollution, since many of the major 
polluting agents are normally presnt in very small 
quantities also in what we consider clean air. 
Therefore, it is not sufficient to study only qualitative 
the presence of these substances in the air, but it is 
necessary to determine their quantity too, in order to 
define the passage "threshold" or "level" of pollution. 
The technical details of collecting samples for 
analysis depend on the condition of the pollutant 
agent (gas, aerosols, dust etc.). 

In oder to collect samples for analysis, they are 
used: 

- filtering and impact agents, for particle-from 
substances which are particles with diameters 
exceeding 5 micrometers; 

- absorbents, (PbO2 cylinders for sulfur, paper 
impregnated with calcium carbonate, for fluorides, 
lead acetate impregnated plates for sulphide, rubber 
for ozone etc.). 

- catchments of gases in balloons, by absobing 
on liquids or solids, in triethanolamine or KHCO3; 

Taking of air samples must be representative, to 
contain in a fair manner the same qualities and 
characteristics of the volume of air from which is 
collected. Sampling should be done in areas not 
blazed (corners) or the right of the evacuation 
areas/entry (vehicular), with strong currents, which 
masks the true state of pollution. Sampling device 
should be placed in the breathing zone of the human, 

where it absorbs air can be inspired from places not 
located too high or too low. 

Sampling must meet the actual composition of 
pollutants, both physically (particle size) and 
chemical (chemical composition). Sampling is done 
separately using fiters for diferrent particle size and 
function on chemical nature, when there are used 
porous materials with ad- or absorbent capacity, 
which separates the components of pollutants after 
their chemical reactivity. The speed of airflow that 
enters the sampling probe or reaching the collector 
has to be equal to the overall speed of the airflow in 
the sampling (isokinetic sampling). This ensures the 
maintaining the composition of the dispersed by size. 
From this point of view, particle collectors can be 
integral, ie the kind that captures all the particles in 
the air unlike those which separate the particles after 
their granulometry [13]. 
 

3. Methods and techniques for 

determining the characteristics of the 

atmosphere in halochambers 
 

Natural or artificial halochambers are saline 
aerosol enclosures, which allow acquiring solion 
concentration levels and varying the chemical nature 
of active cations or anions in their structure, 
conditions required for different prophylactic 
purposes and in the treatment of respiratory diseases, 
as well as in improving cardio-respiratory parameters 
and psycho-neuromotor of the human subjects 
involved in strenous phisical activities [14-19]. 

Our team have developed several halochamber 
systems, static and dynamic, for different diseases, 
but also to improve sports and intellectual 
performance of pupils and students, who have been 
subject to inventions files patented by AGEPI 
Chisinau and pending for patent at OSIM Bucharest 
[20-22]. 

For measuring and monitoring atmospheric 
composition of a halochamber there are used methods 
to determine the microclimatic parameters of an 
enclosure, such as: work rooms or halls, gyms, 
swimming pools etc. and also a number of specific 
methods, such as: the solions concentration 
conductometric determination, of the quantity of 
particles with laser beam particle counting, airions 
dosage and other [5]. 

Below we present specific methods for 
determining the solions characteristics in 
halochambers, much used by our research team, one 
of which having an absolute degree of novelty, being 
recently patented [23, 24]. 

Characteristics of aerosols particles and 
generally of the aerosol are determined by the source 
and also by the microclimate and environmental 
factors.  
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Therefore, functional characteristics that 
describe the source of saline aerosol are discussed 
(size and density of aerosol, particle formation rate, 
flow of the source, respectively the enrichment factor 
of the environmental gaseous particle, the lifetime of 
particles), in order to select the optimal model 
generator and of the nano-structural and micro-
physical properties of aerosols (aerosol concentration 
and its variation over time, particle size distribution, 
dynamic behavior of aerosol, the diffusion, mobility 
and drift velocity of particles, and also the limits of 
environmental humidity which allow the formation of 
condensation nuclei), for a better understanding of 
their involvement in microclimates [5, 15, 16, 19]. 

In order to determine the concentration, 
granulometry, volume and lifespan of the negative 
saline aerions (solions) inside the halochamaber have 
been corroborated two instrumental methods: laser 
optical particle counter and differential 
conductometry. 

Laser particle counter method 

Solions concentration represent the number of 
particles per unit volume. Usually, numerical 
concentration of all aerosol particles is equivalent to 
the number of Aitken particles per unit volume, as the 
number of medium and large particles is insignificant 
in comparison with Aitken particles [5, 15, 16]. 
Measuring the concentration of particles can be made 
using laser optical device, known as SIBATA GT 321 
particle counter (Fig. 1). 
 

 
 

Fig. 1. SIBATA GT 321 – the particle counter. 
 

The particle meter SIBATA GT 321 allows the 
following determinations grids: number of solions 
between 0 and 108 particles/m3; size range (particle 
diameter): 0.3; 0.5; 1.0; 2.0 and 5.0 µm; operating 
temperature range for the halochamber: 0 – 50ºC; 
aerosol gas flow processed: 2.83 L/min. 

The particle counting method, the only available 
"in situ" method of analysis, which allows verification 
of conductometric method, has a number of 
disadvantages, on one hand due to calculus errors, and 

secondly because of the presence in the halochamber 
of other particle types [15, 16]. 

Method using the differential conductometry 

The disadvantages mentioned can be eliminated 
by using, to determine NaCl discreet concentrations in 
gaseous environments, the differential conductivity 
technique, using a set of glass devices (Fig. 2) for 
aerosol bubbling through suction, with flows 
controlled by rotameters, each having an 
adjustment/filling of the bubbling volume with de-
oxygenized and tridistilled water and a set of 
electrodes transducers (conductive and temperature 
compensating) encapsulated within a standard cell 
amde of rigid plastic, integrated to a differential 
analysis installation (Fig. 3), and coupled to a digital 
conductometer, also endowed with a computer 
interface [23]. In the analysis equipment chart, a C833 
Conductometer has been used, made by CONSORT 
Belgium company, and it has the following functional 
characteristics: pH range: -2 ... +16; potential range: 
±2000 V;  conductivity: 0 ... 2000 mS/cm; resistivity: 
0 ... 200 MΩcm; salinity: 0 ... 100 g/L; temperature: 0 
... 100ºC [5, 15, 16]. 
 

 
 

Fig. 2. Glass bubbler aerosol generator, with 

enclosed transducers: 

1 – extension to the vacuum pump; 2 – aerosol 

intake funnel; 3 – bubbling dissipator;  

4 – solution under analysis; 5 – indicator for 

solution volume; 6 – system to adjust /complete 

the volume of the bubbler with tri-distilled and 

de-oxygenized water;  

7 – electrodes transducers encapsulated in a 

rigid plastic sheath, type standard cell;  

8 – rubber stopper for encapsulated electrodes 

and sealing device;  

9 – connection conductor to the digital 

conductometer. 
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Fig. 3. General view of the laboratory analysis  

Equipment by differential conductometry. 
 
Differential analysis equipment is based on the 

chart in Fig. 4.  
Branches I and II of the equipment allow 

parallel measurements while branch III permits to 
determine basic conductometric variations of the air 

lacking NaCl and being retained by the washing 
recipients (5) and (6). The flow in all three branches 
has been equally adjusted by taps (2a, 2b and 2c) and 
flow controllers (3a, 3b and 3c) VEB MLW 
Prufgerate – Werk Medingen Sitz Freital, type LD, 
while the air containing solions has been further 
bubbled by sucking it in a volume of 10 cm3 of three-
distilled and de-oxygenized water (through washing it 
with a purified argon stream). During the bubbling 
process, any aerosol emission from the capsule into 
the tank (halochamber) is closed. After the bubbling 
process, the NaCl saline charge of the aerosol is 
retained by the tri-distilled and de-oxygenized water 
inside the glass device. After a bubbling time pre-set 
between 10 and 60 minutes, the conductivity variation 
of the solution inside the three glass devices (4a, 4b 
and 4c) is measured [5]. 

 

 
Fig. 4. Operating chart of the analysis equipment: 

I, II and III – branches or routes; A – gas intake point; B – gas discharge; 1 – distributor;  

2 (a, b and c) – flow taps; 3(a, b and c) – rotation meters or manometers; 4 (a, b and c) –  

glass devices for bubbling aerosol generator; 5 and 6 – additional recipients for restraining 

 NaCl solions; 7 – differential collector; 8 – final tap; 9 –vacuum pump. 

 

4. The impact of internal microclimate  

on human body 
 

Internal microclimate factors (temperature, 
atmospheric humidity and pressure, natural/artificial 
light, air currents, turbidity etc.) can affect both 
reliability and conservability of goods from the 
respective enclosure, as well as humans who work or 
are cured inside. Temperature, the most important 
climate factor, by its fluctuations, can influence 
environment humidity, especially in the cold season. 
High temperatures lead to lower relative humidity, 
while temperature with short fluctuations can cause in 
time to the phenomenon of exudate and dew on the 
cold walls, leading to efflorescence activation and 
mold, the atmosphere becoming thus unfit for some 
activities, particularly inside halochamber [3, 13, 19]. 

The atmospheric humidity in the enclosed 
spaces of halochambers and sport systems must be 
always maintained at values of 50-65%, while 

temperature should be between 18 and 22°C 
(fluctuations must be ± 3ºC, to seek an adjustment of 
the microclimate factors). 

Between the effects of environment temperature 
increase there are also some aspects of human health 
(especially people with heart or lung diseases) 
resulting in increased mortality due to heat and 
boosting carriers of infectious diseases (high 
temperatures allow the development and spread of 
certain diseases and viruses), and increased seasonal 
production of pollen or other allergen 
nanodispersions. 

The quench of the body by air bath, sun, 
aerosols etc. may increase the body's resistance, not 
only to bad weather, but also to gas agresivity, dust 
and infectious diseases. Among the diseases that 
negatively affect the human body as a result of the 
decrease of its resistance to natural environmental 
factors, there are the ENT (rhinitis, sinusitis, 
laryngitis, tonsillitis etc.), pulmonology/respiratory 
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(asthma, bronchopneumonia, silicosis etc.) and 
cardiac. Decreasing of the body's resistance, 
following a insufficient quench tells his word 
especially in young ages, in children and the elderly, 
clean air movement or in negative aerosls being 
beneficial for the proper functioning of the heart and 
lungs. Increased morbidity of people suffering from 
an inflammatory lung disease such as asthma or 
bronchitis, is associated with increased pollution [10]. 

Pursuit of sporting activities in saline aerosol 
environments helps to quench the body. 

Starting from the undeniable benefits of 
speleotherapy, it has sought creating microclimates to 
"simulate" the conditions in the mine. Artificial saline 
(halochambers) became a convenient and 
considerably cheaper alternative to natural ones. Both 
the natural and the artificial saline aerosols used in 
therapy lead to improved quality of life. 
Halotherapy/salinotherapy is a very simple process of 
treatment, by no means not involving the 
administration of medicines or food supplements, diet 
or bed rest. Yet, how simple is the process, the more 
complex the mechanism of salt in the body. 
Halotherapy involves on the one hand, respiratory 
inhalation of saline aerosols, and on the other hand, 
their absorption through the skin. Negative ion charge 
neutralizes the positive charges caused by tobacco 
smoke, or electrosmog, thus restoring balance in the 
body. Salt is an essential element in the functioning of 
the body, and has multiple local effects. Salt therapy, 
as a natural therapy, has many advantages, including 
fast action and high salt concentration, which has no 
contraindications [4, 10, 25-29]. 

In order to use a solion environment there are 
needed information on solion lifetime, solion size 
distribution and concentration, processes for obtaining 
artificial solions, solion characteristics and their 
therapeutic applications. Stringent control of 
concentration and dimensional distributions of solions 
in the halotherapy environment is very important for 
the medical effect of various respiratory diseases 
treatment and for creating an environment of "clean 
air" [4, 15, 16]. Depending on the solions 
concentration, saline areas can have both therapeutic 
effect (in case of high concentrations of NaCl solions 
of 1-6 mg/m³ in the stationary during 1-4 hours) and a 
prophylactic one (concentration of NaCl is 1 mg/m³, 
but with a longer presence, 8-16 hours per day). 

To determine the role of therapeutic or 
prophylactic of saline areas is necessary the 
knowledge and application of methods and techniques 
for determining structural-functional solion 
characteristics from saline environments. 

In the exploitation of natural halochambers - salt 
mines, there are used measuring devices for 
determining and verifying micocroclimate parameters, 
but also those used in solions characterizing. 

Measurement of underground caverns resulted from 
salt mining is done using sonic cavernmeter. This 
device helps to determine the level/depth, shape and 
size of enclosures and galleries, by measuring the 
time required for directional beams of sound pulse 
from a transmitter into the probe to the mining room 
wall and back to the sender. It is necessary to know 
the shape and size of the chamber for driving the 
aeration process, activation of solions and reaching 
the optimal concentration etc.[12, 24]. 

In order to determine the chemical composition 
of air in salt mines, samples are taken resembling to 
the artificial halochambers, to include fresh air circuit 
from entrance to exit. 

Time-keeping device for prelevation is 30 
minutes in each sampling point, average results of 
minimum five measurements and analysis being 
recorded. Following measurements and qualitative 
analysis of air samples saline air characteristics are 
determined, namely the NaCl concentration. 

Solions and general aerosols characteristics are 
determined by the source, but also by environmental 
factors. Among the functional characteristics that 
describe a solion source are mentioned: size and 
aerosol density, particle formation rate, the flow 
source, gaseous environment enrichment factor, the 
lifetime of aerosols particles. 

Both the size and density of aerosol and particle 
speed formation and flow source, are depending on 
obtaining processes or technologies, on the 
compositional characteristics of saline solutions, 
namely on the nature and pressure of the gas 
dispersed. Lifetime and concentration of aerosol 
particles in the environment are determined by 
reliability of sources and the dynamics of aerosol 
particles. The most important characteristic for 
therapeutic applications and air conditioning is the 
flow source, which is expressed by Aitken and 
medium particle concentration produced per unit time 
(seconds). 

For Aitken particles, their lifetime vary between 
12 and 72 hours, depending on environmental factors, 
and for medium and large particles lifetime can vary 
up to several weeks. Depending on the lifetime and on 
the source flow, there can be achieved certain levels 
or thresholds of chemical load, characterized by an 
optimal enrichment factor (the two gives a measure of 
stability and uniformity to the microeterogenous 
dispersed system) [9, 10, 14-16, 18]. 

NaCl solions composition can change due to 
interaction with atmospheric humidity and other 
particles or gases in the atmosphere, coagulation 
processes taking place, peptizing, condensation or 
sedimentation.  

Also illuminating radiation can influence the 
composition and physical microstructure of particles 
for co-assisting systems with other salts, such as 
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potassium, calcium or magnesium chloride and 
sodium or potassium iodide [9, 10, 14, 18]. 

For the characterization solions, together with 
the three variables: number, volume and total surface 
of particles, there are involved other parameters, such 
as: solions concentration and its variation in time 
under the influence of coagulation, peptization, 
condensation or settling processes etc.; solions 
dimensional distribution, the degree of electrostatic 
charge of the surface (measured through the distance 
between solions in liquid dispersed systems); degree 
of hydration, the dynamic behavior of solions, 
diffusion, mobility and speed drift of them; 
environmental humidity limit at which begins the 
condensation nuclei formation [9, 10, 14, 18]. 

Usually, numerical concentration of all aerosol 
particles is equivalent to the Aitken particles number 
per unit volume, as the number of medium and large 
particles is insignificant in comparison with Aitken, 
that can be easily measured with meter or particle 
laser beam counter.  

In case of air-conditioning systems, for 
therapeutic and environmental purposes, an important 
parameter of variation is the size distribution of 
solions. The study by Whitby [30] on dimensional 
distributions obtained by several methods (optical 
meter, electric mobility and relaxation room) led to 
the fact that the dimensional distribution is composed 
of three log-normal Gauss curves (areas with 
characteristic behavior for a given global distribution 
and generally corresponding to different chemical 
compositions, whether due to different sources of 
generation, or to the influence of disruptive 
exogenous factors). 

Solions dynamic behavior characteristics were 
the subject of a study conducted by Hidy and Brock 
[29] who concluded the following: particle 
sedimentation rate varies over time, the ratio of 
inertial forces and viscous forces is small (inertial 
effects of the movement of particles can be neglected) 
there is a significant Brownian motion of particles, 
particle surface is large compared to their volume. 

These features have microphysical and nano-
structural specific meanings, because they are based 
on both diffusion and sedimentation processes and 
coagulation, condensation and deflocculation physico-
chemical processes. 

Another feature of the solion is environment 
humidity limity in the formation of condensation 
nuclei. Condensation and deflocculation processes of 
the microparticles of salt depend on the nature of  salt, 
on its total mass, the degree of solubility and the 
environmental conditions (nuclei formed on aerosol 
particles consume large amounts of water vapor in the 
environment, causing a decrease in the 
supersaturation and relative humidity values). 

Saline environment, therapeutic by its constant 
climate in terms of thermo-hygro-baric is free from air 
currents and polluting products, with a minimum 
concentration of microorganisms and antibacterial 
properties.  

The speleotherapeutic cure has a mucolytic 
effect, antiinflammatory, hypo-sensitizing, activation 
of the hemostatic effects mechanisms that assure 
resistance to microorganisms, to different allergens, 
and an immunomodulating effect. It is known that it is 
much easier to help avoid disease than to treat it. But 
nowadays it's hard to breathe clean air in cities, given 
the pollution that surrounds us. 

In order to be able to do this, a trip to the 
mountains or the sea is necessary (which is not always 
available because of cost or lack of free time) or 
purchase a device that brings freshness and purity of 
mountain air, neutralizing the positive ions emitted by 
electronical devices (computers, televisions, radios 
etc.) [3, 17]. 

 
5. Conclusions 

 
Monitoring environmental pollution is an 

activity that falls within the requirements of both the 
business companies and labels in the category of point 
polluters, and the institutions empowered to determine 
and prevention of pollution risk and those concerned 
with hygiene and public health, and also the safety 
and security at work. 

From this point of view we distinguish two 
ways of involvement of the monitoring methods and 
techniques, namely: determining the degree of 
environmental pollution and the sources affecting air, 
water and soil and atmosphere that characterize the 
work premises, for habitat and halotherapy, 
establishing on one hand the concentrations of 
generating noxes cumulated "in situ" and on the other 
hand the levels of aerosols involved in prevention and 
treatments. 

To determine the role of preventive or 
prophylactic aerosol spaces is necessary to apply 
specific methods and techniques, for determining 
structural-functional characteristics of halochambers 
and solions.  

The therapy of respiratory diseases, the 
improving cardio-respiratory parameters and psycho-
neuromotor system of human subjects requires a strict 
control of concentration and particle size distribution 
of aerosols halochamber. 

Determining of concentration, granulometry, 
volume and lifetime of solions in halochamber can be 
achieved by corroborating two instrumental methods: 
the particle counter based on a laser optical system 
and differential conductivity. 
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ABSTRACT 

 
Cu based alloy microalloyed with rear metals (RM) (in our case, sample with 

Nb) for wires were prepared by two different techniques arc-melting and 

mechanical alloying. Microstructure characterisation was carried out by SEM 

including EDX and X-ray measurements. Mechanical measurements at room 

temperature were performed and the results of materials obtained by different 

techniques are analised. 

Nanocristaline microstructure it was observed and this is associated with fine 

graine refinament of CuAgRM material after both technologies. 

 
KEYWORDS: Cu based alloy; arc-melting; mechanical alloying; 

microstructure; microhardness 
 

1. Introduction 
 

Cu based alloy microalloyed with Nb was 
produced using preparation conditions typically 
applied for manufacturing of bulk metallic glasses 
(BMGs) which is prepared by arc melting (AM) with 
cold drawing [1] and similar composed alloy prepared 
by powder metallurgical (PM) technique  in order to 
study the microstructure and the mechanical 
properties  

In the first technique called „in-situ” 
thermodynamical aspects and kinetic limitations on 
the specific solidification process of phase formation 
and it is strongly dominated by controlled diffusion 
mechanism [2]. A distribution of Ag dendrites in the 
Cu matrix can be achieved by casting.  During cold 
drawing the Ag dendrites are deformed to fine 
filaments.  

The second techinque, PM is a new one which 
combine powder metallurgy, heat treatments and 
deformation mechanism. Some advantages of this 
technique are known: the microstructural features to 
be developed are independent from the size of sample. 
In this case, almost any geometry of the sample can 
be obtaine depending only on the equipment that is 
used. 

 In the last period some studies shown 
remarkable advances have been made in the 
development and comprehensive understanding of 
Cu-Nb alloys, used for wires. Such wires can be 

produced by casting with a logarithmic strain ƞ=15 
and leads to a finally obtained cross section of wire 
with 0.2 mm depending on their forming ability [3]. 

To outstanding the mechanism and the 
mechanical properties of Cu-Ag-RM alloys, one short 
description about the material obtained by arc melting 
and similar material obtained by PM, it will be 
presented in this work. 

However, there are no detailed informations 
about the manufacturing of the materials because 
there are a substantial difference between sample 
preparation under clean laboratory conditions using 
high purity elements and in small quantities for wires 
preparation. 

Consequently, the aim of this paper was to 
prepare and to investigate a common Cu-Ag-RM 
composition under optimum conditions concerning 
the cooling rate for special phase formation and the 
purity of the elements in different techniques to avoid 
unpredictable effects and to compare the 
microstructure and the mechanical properties of this 
before preparring wires from them [4, 5].  

The conditions that we used here are typically 
used for obtaining wires with very good properties. 
 

2. Experimental procedure 
 

2.1. Arc-melting technique 
A 50 g ingot of this alloys with nominal 

composition Cu−7Ag-0.05RM (at.%), with RM = Nb,   
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and purity > 99.9 wt.% for all elements, were 
prepared by arc melting in argon atmosphere. The 
ingots were remelted several times in order to achieve 
a homogeneous master alloy. From these ingots, 
cylindrical bulk samples with 2.5 mm diameter and 
70mm length were prepared by centrifugal casting 
device in copper mould casting. 

The structure of the samples was studied by X-
ray diffraction (XRD) using a Philips PW 1050 
diffractometer (CoK-radiation) and optical 
microscopy. Scanning electron microscop equipped 
with an X-ray spectrometer were employed for 
detailed microstructural analysis.  

The microstructure was imaged using  

conventional SEM. The test conditions to figur out the 
mechanical properties should be the same like those 
typically used for cristaline material [6]. 
Measurements of mechanical properties were 
performed at room-temperature and quasistatic 
conditions. According to the ASTM standard for 
micro hardness testing, cylinders with a 
length/diameter ratio of 2.5mm diameter were 
prepared from the cast samples. The specimens were 
tested with an SHIMADZU maschine. The conditions 
of microhardnes measurements according to Vickers 
HV 0.01 were: compressive force 10 N, time of load 
10 s. Data obtained from microhardness testing 
machine were evaluated by software LECO. 

 

 

   
 

Fig.2. Arc melting for preparring ingot and centrifugal casting  for preparring  rod of Cu7Ag 0.05Nb. 
 

2.2. PM technique 
Milling experiments starting from pure 

elemental powder mixtures (purity >99.9 wt. %) with 
nominal compositions Cu−7Ag-0.05RM (at.%), with 
RM = Nb and Cu, Ag were performed using a Retsch 
PM400 planetary ball mill and hardened steel balls 
and vials. No process control agent was used.  

The powders were milled for 30 h with a ball-to-
powder mass ratio (BPR) of 13:1 and a milling 
intensity of 200 rpm cooling by liquid N2 at liquid 
nitogen temperature (77K) [7]. To avoid or minimize 
possible atmosphere contamination during milling, 
vial charging and any subsequent sample handling 

was carried out in a glove box under purified argon 
atmosphere (less than 1 ppm O2 and H2O). The phases 
and the microstructure were characterized by X-ray 
diffraction (XRD) using a Philips PW 1050 
diffractometer (CoK-radiation). The alloying was 
performed until complet solid solution of Ag and Nb 
within the Cu matrix has been achieved.  

The microstructure of the alloys was 
investigated by electron microscopy using a high-
resolution scanning electron microscope (REM LEO 
1530) with energy dispersive X-ray analisis (EDX) 
after diferent time of milling.  From the SEM 
micrographs the size of the alloying particles as well 
as the aspect ratio of the Nb filaments after 

Arc melting: vacuumltd.com  Centrifugal casting: ifw‐dresden.de 
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deformation were determined. The latice structure and 
the lattice constants (at room temperature) as well as 
the phase purity of the sample were investigated with 
an X-ray difractometer  (Philips, PW 1830) in Bragg 
Bretano geometry using Co radiation. Based on the X-

ray data the average grain size of Cu matrix was 
determined using Sherrer eqution and Williamson-
Hall plot. Microhardnes by Vickers was performed by  
SHIMADZU maschine at room-temperature and 
quasistatic conditions. 

 
Fig. 3. Retsch maschine and steel vials for preparring mixted powder of Cu7Ag 0.05Nb for 

compressed rods. 
 

3. Results and discussions 
 

By arc-melting, CuAg forms a simple eutectic 
phase diagram with limited solubility. At binary Cu-
7Ag alloy  are detected two phases, namely a 
saturated Cu(Ag) solid solution and regions which 
show a reduced amount of Cu in comparison to the 
matrix. This situation changes for the Cu-7Ag-0.05Nb 
alloy.  

The addition of Nb leads to a slower 
decomposition reaction which in this case is found to 
be only continuous.  

The grain boundary it was modify by the 
addition of a insoluble element like Nb.  

This suppresses the diffusion along the grain 
boundary and hence enhances the formation of 
continuous precipitates [8]. Because of the specific 
solidification conditions in the arc-melter (relatively 
high cooling rate) and the particular composition with 
high carbon content a phase formation it can be 
obtained. The reasons for the astonishing ductility of 
the arc-melted  Cu-Ag  alloy are likely manifold, 
which together give the capability for plastic 
deformation.  

 

 

 
  
 

 

Fig.3. Phase diagram (a) of CuAg and precipitation modes as well as structure (c) and 

microstructures (b) of Cu7Ag 0.05Nb by arc melting with discontinous precipitates (80-100HV). 

 

 

a) c) b)

SEM

OM

500µm

- 35 -



FO N D ATĂ
197 6

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2011, ISSN 1453 – 083X 

 
 

Composition profiles measured by EDX (Fig. 3-
b) show that the chemical composition frequently 
changes within a short distance (about once per 1µm), 
indicate the formation of different very finely 
dispersed phases, which give the material its high 
strength and large ductility. Copper based materials 
leads to distinctively values of microhardnes in 
surface.  

At the second technique it was observed an  
intense mechanical alloying among all three phases 
(Cu, Ag, Nb) because of the high energy of ball 
milling. During milling time Nb shows a negligibly 
solubility in the solid state and it was observed 
niobium partly dissolves in the copper lattice during 
milling (fig. 4) [6].  

The present investigation demonstrates that this 
solubility can be improuved to a strongly 
supersaturated Cu solid solution provided the 
appropriate mechanical alloying method is applied, by 
cryomilling. Scanning electron microscopy reveal a 
homogeneous single-phase microstructure after more 
then 10 hours of milling.  

Elemental Nb could no more be detected, 
indicating the formation of a metastable 
supersaturated Cu-Nb solid solution.  

Cryomilling time influences the the graine size 
of elements and their miscibility. After cryomilling 
the structure of powder mixed is uniform. 
Microhardness increase with number of hours milling. 
(Fig. 5). 

 

  

  
   

Fig. 4. SEM study of microstructure of Cu-7%Ag-0.05%Nb powder with mechanical alloying  

after 1h (a), 3h (b), 5h(c) and 10h(d) milling time. 
  

0 2 4 6 8 10
150

200

250

300

350

400

 

 

M
ic

ro
-h

a
rd

n
e

s
s
 (

H
V

)

Cryo-milling time (h)

1h

3h

5h

10h

 

Fig. 5. Room-temperature microhardness curves 

for CuAgNb mecahnical alloying samples. 

The inset shows how increas cryomilling time 

with microhardness curves of the alloy. 
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4. Conclusions 
 

Conventional cast metallurgy cannot be applied 
on a large scale. Manufacturing of alloys from 
immiscible metal system can be carried out by using 
the following two techniques: rapid solidification 
(RS) and mechanical alloying (MA). By RS a fine 
distribution of two phases can be produced, but the 
formation of solid solution with a high content of the 
alloyed element is not possible. In contrast, by 
mechanical alloying, alloys with better homogeneity 
and a higher content of the alloyed element in solid 
solution can be manufactured. Due the high energy 
impact during milling, the region of solid state 
solution extends and alloys with very high 
homogeneity in the microstructure can be achieved by 
the use of under the appropriate conditions. In 
conclusion, applying preparation conditions typically 
used for the fabrication of bulk metallic glasses to the 
manufacturing of the Cu based alloy, superior 
mechanical properties have been achieved, due to the 
formation of a cristaline structure, with a ductile 
phase and finestructured Nb filamentary phase.  

Also the work hardening behaviour of the 
crystalline alloy made by PM is excellent. Therefore, 
the most important benefit of this material is its 
distinct of uniform distribution of  fine Nb particles in 
Cu-Ag matrix with very good  plasticity, which is, as 
is known, a strong requisite for engineering 
applications. 

Comparing the microhardness properties of 
crystalline metallic alloys obtained after two different 

techiniques, arc-melting and PM, also the latter ones 
offer very interesting perspectives for novel 
applications as functional and structural materials for 
a variety of engineering applications when processed 
under appropriate conditions. This opens new 
opportunities for the “processing for properties” of 
advanced materials with superior properties. 
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ABSTRACT 

 
The paper presents the results of a research on the behavior at artificial aging 

heat treatment carried out on three different chemical compositions of the alloys 

belonging to Al-Zn system.  

We studied the behavior of the three alloys after applying more thermal 

regimes during artificial aging. Following the experiments conducted, we can notice 

an increase in strength properties with increasing zinc content of the alloys 

investigated. 

 

KEYWORDS: aluminum alloy, heat treatment, Zn content, microstructures 
 

1. Introduction 
 

The alloys studied in the Al-Zn system are 
aluminum alloys in the 7000 series, which, due to 
their special characteristics are used mainly in the 
aviation industry and machine building [7]. The alloys 
are deformable and hardenable by applying heat 
treatment and/or thermo-mechanical treatment. Some 
of them have mechanical properties comparable to 
copper-based alloys or to some brands of steels and 
even metallic titanium, but have the advantage that 
they have a much lower density. 

For Aeronautical industry where alloys are 
subject to multidirectional service requests, they must 
provide an optimal combination of mechanical 
strength, plasticity, toughness, fatigue resistance and 
good resistance to stress corrosion. 

To achieve this optimum level, it is necessary to 
replace the coarse grain structure obtained in the 
process of casting alloys and to amend fiber structure 
of semi-finished rolled products; they are decisive 
factors in order to achieve optimal properties. 

Therefore the aim of the experimental research 
in this work was to obtain semi-finished products with 
a structure able to give the desired properties to the 
material.  

Basic requirements for an aluminum alloy to be 
heat treated by quenching and artificial aging 
implementing solution are that they should allow in 
the equilibrium diagram phase transformations in 

solid state. Such a type of alloy is the one able to 
support an order-disorder reaction; the hardening 
which accompanies this process (similar to the 
precipitation hardening) is determined by the order-
hardening reaction.  

However, for this form of hardening conditions 
are quite strict so that the most important methods 
often used for alloys are based on precipitation from 
supersaturated solid solution and by eutectic 
decomposition. Precipitation reaction occurs 
following a decrease in solubility with temperature of 
solid solutions when there is a line of variation of 
solubility in the equilibrium phase diagram of the 
system [6], [7]. 

The breaking strength of Al-Zn-Mg alloy-Cu is 
even greater as the precipitates formed, which 
represent the hardening stage in the process of natural 
or artificial aging, are more numerous, finer and more 
dispersed in the basic solution mass (solid solution). 

 
2. Experimental conditions 

 
Experimental researches were conducted on 

samples of Al-Zn alloy, three chemical compositions 
shown in Table 1 and physical-mechanical 
characteristics in Table 2. Samples were processed in 
accordance with the technological scheme shown in 
Figure 1, showing the sequence of technological 
operations in the experimental variants adopted. 
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Table 1. Chemical composition of researched alloys 
 

Element 

Alloy 
Zn Mg Cu Si Fe Pb Cr Mn Al 

1 

AlZn2.6Mg2 
2.67 2.06 1.22 0.31 0.29 0.0025 0.06 0.47 rest 

2 

AlZn4.5Mg1 
4.5 1.4 0.2 0.35 0.4 - 0.35 0.5 rest 

3 

AlZn5.7MgCu 
5.76 2.61 1.55 0.15 0.19 0.021 0.19 0.10 rest 

 
Table 2. Physico-mechanical properties imposed by  

European norm EN 485-2-2007 
 

Element  

Aliajul 
Rm.  

[MPa] 
Rp0.2 

[MPa] 
A5 

[%] 
HB 

1 

AlZn2.6Mg2 
160 130 16 45 

2 

AlZn4.5Mg1 
350 280 11 104 

3 

AlZn5.7MgCu 
470 395 7 135 

 

 
 
 

 

 

 

 

 

 

 

                                                                               

 

  

                                                                                                                     

 
Fig. 1. Technological scheme of realization of experiments  

I- homogenization;  II- Solution quenching; III – artificial aging.  

 
After the homogenization of ingots, 

corresponding to the three chemical compositions at a 
temperature of 480 °C and slow cooling in the oven, 
samples were cut from them which were heated to 
500 C, maintained at this temperature for 120 minutes 
followed by cooling in water solution for 
implementing quenching in solution. As a result of 
structural changes, homogenization, improves alloys 
plasticity and unifies their final properties, leads to 
reduction of internal tensions and to changes in 
microstructure. In the first phase of homogenization 
some part of the MgZn2   becomes Al2CuMg while the 
other, unchanged, is dissolved in the mass of solid 

solution. The phase containing AlFeSi is partially 
transformed into Al7Cu2Fe. Mg2Si compound 
undergoes small changes and slow cooling from 
homogenization temperature to room temperature 
leads to precipitation of MgZn2 

Solution quenching is intended to get the solid 
solution with maximum amount of alloying elements 
dissolved and to maintain this structure of 
homogeneous solution to the ordinary temperature. 
Aging of hardened alloys leads to decomposition of 
oversaturated solid solution with the appearance of 
secondary phases in a controlled dispersion and solid 
solution near the equilibrium. Type, size, distribution 
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and amount of precipitates particles in an alloy 
depend on temperature, aging time and the initial state 
of microstructure. [6], [7] 

Artificial aging was performed at the following 
temperatures:120 C, 140°C, 160°C,180 C and 200 C 
and duration of maintenance: 4 hours, 8 hours, 12 
hours, 16 hours and 20 hours for each temperature of 
aging. 

3. Experimental results 

 
The variation of some mechanical properties 

achieved after thermal /thermo-mechanical 
processing, according to the diagram in Figure 1 is 
illustrated in figures 2, 3, and 4 for alloy composition 
1 (Table 1). 

 

Fig.2. Variation of mechanical resistance for an alloy based 

 on the time of artificial aging. 

 
From Figures 2 and 3 we can see that for all 

times and all artificial aging temperatures studied, the 
values required by the Euronorm (160 MPa for Rm 
and 45HB) are met.  

Mechanical resistance values as well as those of 
Brinell hardness increase as artificial aging 

temperature decreases and the maintaining time at 
these temperatures increases. For the temperature of 
200  C it can be seen that the value of properties (Rm, 
HB) reaches a maximum for a maintaining time of 12 
hours, after which both mechanical strength and 
hardness begin to decline. 
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Fig.3. HB hardness variation for alloy 1 according 

 to artificial aging time. 

 
As Figure 3 shows, breaking elongation records 

values greater than or equal to the value required only 
for some artificial aging temperatures and times. For 
maintenance during 4 hours, only 160 °C, 180 C and 
200 C lead to elongation values which satisfy the 

requirements. For maintenance times of 8, 12 and 20 
hours, only the temperature of 200°C provides the 
samples with an elongation greater than 16% (fig. 4). 
For the retention time of 16 hours none of aging 
temperatures leads to an elongation of at least 16%. 
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Fig.4 Change in elongation at break for alloy 1 

according to artificial aging time. 

 
For alloy 2, as shown in Figure 5, the strength as 

imposed minimum value is obtained for aging 
temperatures of 120°C and 140°C with maintenance 
times higher than 8 hours and at a temperature of 
16°C with maintaining times higher than 16 hours. 
The minimum value required for strength is not 
achieved for temperatures of treatment of 180 and 
200°C regardless of the maintenance time considered 
in these experiments. Figure 6 illustrates the results 
obtained for Brinell hardness in the case of alloy 2. 

For the temperature of 120 C at maintaining times of 
more than 8 hours, it is obtained the value imposed 
for the alloy to be used.  

For the temperature of 140 C at maintenance 
times higher than 16 hours, it is ensured an HB value 
greater than the one imposed. This value, in case of 
artificial aging at a temperature of 160 C, is 
performed only during a maintenance time of 20 
hours while for the other treatment temperatures 
studied we can see that it is not done. 

Fig.5. Variation of mechanical resistance for alloy 2 depending  

on the time of artificial aging. 
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Fig.6. HB for two alloy hardness variation depending 

 on the time of artificial aging. 

 
From Figure 7, we can see that for elongation at 

break the value imposed by Euronorm is not made 
only for the temperature of 120°C during the 
maintenance of 16 to 20 hours. For alloy 3 
experimental research results are shown in Figure 9 
for strength, in figure 10HB hardness and in Figure 11 
for elongation at break. Tensile strength has values 
over the rules imposed after artificial aging at a 

temperature of 120°C for all treatment times. For a 
temperature of 140°C, the limit value is exceeded for 
maintenance times higher than 8 hours, and for the 
temperature of 160°C this minimum value imposed is 
achieved only for maintaining times exceeding 16 
hours. For other aging temperatures, regardless of the 
maintaining time, the value required by Euronorm is 
not obtained. 

 

10

11

12

13

14

15

16

4 8 12 16 20

A
5
, 
[%

] T=120°C

T=140°C

T=160°C

T=180°C

T=200°C

Aging time, [hours]

 
Fig. 7. Change in elongation at break for alloy 2  

depending on artificial aging time. 
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Fig.8. Microstructure of alloy 2 aged artificially 

 at a temperature of 120°C with a retention  

time of 12 hours (X100). 
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Fig.9. Variation of mechanical resistance for alloy 3 

according to the time of artificial aging. 
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Fig.10. Change in hardness for alloy HB 3 depending 

 on the time of artificial aging. 
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By analyzing the variation of HB in Figure 10, it 
can be seen that hardness varies similarly to tensile 
strength. The required value for hardness is not 
achieved at the artificial aging temperatures of 180 C 
and 200 C regardless of the maintaining time at these 

temperatures. The highest values were obtained for a 
temperature of 120°C for 20 hours. Elongation at 
break for alloy 3 obtained after artificial aging heat 
treatment (fig.11) was higher than the value imposed 
for any of the variants investigated. 

 

8,0

9,0

10,0

11,0

12,0

13,0

14,0

4 8 12 16 20

A
5
, 
[%

] T=120°C

T=140°C

T=160°C

T=180°C

T=200°C

Aging time, [hours]
 

Fig.11. Change in elongation at break for alloy 3 

 according to the time of artificial aging. 

 

4. Conclusions 
 

Mechanical properties of alloys vary 
continuously with temperature and aging time. 
Mechanical strength and hardness increase as the 
artificial aging temperature drops and artificial aging 
time increases, except for the temperature of 2000C 
that records a maximum for 12 hours after which the 
values of Rm and HB decrease for retention times 
higher than 12 hours. Elongation at break increases as 
heat treatment temperature increases and decreases 
with increasing treatment time. 

The highest values of properties were registered 
for alloy 3 which has the highest content of Zn and 
the lowest for alloy 1 where the Zn content is the 
lowest. 

Therefore it can be concluded from the research 
that for the studied alloys of Al-Zn system, 
mechanical strength properties after artificial aging 
heat treatment, increase as the Zn content increases. 
As far as elongation is concerned, it decreases with 
increasing Zn content. Increasing the aging 
temperature or extending duration decrease resistance 
properties, but this gives a good dimensional and 
properties stability (overaging with precipitate 
coagulation). 
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can be encountered during mechanical processing of 
materials.  

The general form of constitutive equation is: 
•

= ),,,( *σεεσ Tf                                     (1) 

where: σ , true stress; ε , true plastic strain; 
•

ε , 

strain rate; T, temperature; ∗σ , parameter dependent 
of  the history of deformation. 

Considerable efforts have been carried out 
over decades to develop quantitative constitutive  

relations which describe the flow strength of 
materials as a function of process variables, i.e., 
strain, strain rate and temperature, for the correct 
modeling of processes.  

Empirical and semi-empirical relations 
obtained from experimental data are widely used in 
deformation models because they are easier to 
develop.  

Idealized stress–strain curves that are 
frequently used in applications are illustrated in Fig. 
1. 

 

 
Fig. 1. 

 
Most non-uniform distributions of stress and 

plastic deformation have been analyzed by an 
approximate two- or three-dimensional combined 
stress generalization of one of these idealized uniaxial 
curves. An approach to achieve a satisfying 
formulation for time dependent behavior is to 
generalize plasticity to cases within the strain-rate-
sensitive range. One such generalization has been 
provided by the theory of visco-plasticity. 

The most widely used constitutive equations for 
the analysis, the simulation and the design processes 
of metal forming at ambient temperature and at 
relatively low rates of deformation, are [3]: 

Hollomon equation:  
n

Cεσ =                                                         (2) 
Ludwik equation: 

n
Cεσσ += 0                                               (3) 

Swift equation: 
n

C )( 0εεσ +=                                            (4) 

Voce equation: 

)exp()( 0 εσσσσ nss −−−=                  (5) 

None of the above equations is entirely 
satisfactory for all materials and deformation 
conditions. These simple equations can be used for a 
satisfactory description of the stress-strain behaviour 

of particular materials such as steels, copper and 
aluminium alloys. 

There is also a group of equations that also take 
into account the strain rate, apart from the strain. 
Some of them are: Backofen equation: 

 
m

n
C

•

= εεσ                                                   (6) 
Hart equation: 

M/1
0

*
* )(])(exp[

•

•

•

+−= εσ
ε

εσσ λ             (7) 

Wagoner equation: 

mn
C )()(

0

0 •

•

+=
ε

εεεσ                                (8) 

 
Equations that take into account the strain, the 

strain rate but also the temperature have the following 
forms: 

)exp()exp( 11 TanC
m

n
•

= εεεσ                (9) 

 

)exp()exp( 1

)(

1 TanC
bTm

n

+•

= εεεσ      (10) 

σ σ σ σ 

ε ε ε ε 

σc σc σc σc 

a. rigid - perfectly 
plastic 

b. elastic-perfectly 
plastic 

c. rigid-work 
hardening 

d. elastic-work 
hardening 
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In the case of hot working processes for large 
strain, the effect of strain on flow stress can be 
neglected. There is a particular relationship among 
flow stress, strain rate, and deformation temperature. 
The combined effects of temperature and strain rate 
on the deformation behaviors can be expressed by the 
Zener–Hollomon parameter [5, 8,9,14,15]. 

)()exp( Zf
RT

Q
f ==

•

εσ                       (11) 

RT

Q
Z exp

•

= ε  

In the above relations  the parameters have the 

following signification: 0σ , the yield point; σ , the 

flow stress; sσ , n, n1, the coefficients of strain 

hardening; m, strain rate sensitivity; 0ε , pre-strain;  

C, M, λ , a, a1, b, b1, experimentally determined 
parameters or functions; Q, activation energy for 
deformation (kJ/mol), R is the universal gas constant 
(8.314 J/(mol K)); Z, Zener-Hollomon parameter. 
 

2. Example of simulation of advanced 

forming processes 
 

The main objective of the forging process 
designer is to produce a workpiece of a given shape 
and dimensions without any defect. In general 
complex shapes of the workpiece require several 
forging phases to be manufactured. The selection of 
the number and configuration of the intermediate 
stages, dies geometries and forging conditions for 
every phase are the basic tasks involved in the process 
design. Other aspects, playing a major role at the 

moment of designing a suitable forging sequence, are 
the forces required to form the piece, the material 
flow during deformation, the die wear, etc. Regarding 
these aspects, the designer can obtain useful 
information from a FEM simulation. The visualization 
of the deformation process at each stage help to 
design or improve the required performances in order 
to ensure that the dies are totally filled with forged 
material as well as that no flow defects appear. Also 
the geometrical parameters of the performances can 
be optimized on the basis of improving the flow 
pattern or reducing the amount of die wearing. 

The numerical models can advance the critical 
areas where the material flow or the strain and stress 
are likely to produce a damaged piece or an 
unacceptable tool wearing. Figure 2 presents the type 
of information which can be extracted from numerical 
simulation [1, 2, 4]. 

When professional softwares such as ABACUS, 
MARC, DEFORM, AUTOFORGE, FORGE, as well 
as a new-generation of large-capacity computers, 
were developed, it became possible to analyse various 
manufacturing processes with descriptions of the real 
behaviour of materials. 

Forge (a commercial software developed at 
CEMEF, Ecole des Mines de Paris) was developed for 
the analysis of plastic deformation processes.  

The program is based on the finite element 
method for cold and hot metal forming. It enables the 
thermo-mechanical simulation of the plastic 
deformation processes of metals in an axisymmetric, 
homogeneous and isotropic state of deformation and 
obeys the von Mises criterion. In this work was used 
the version 2009 of Forge software. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. 
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The calculations of the metal flow, stress field, 
strain, strain rate and temperature are conducted on 
the assumption of the viscoplastic model of the 
deformed body. 

The tensorial form of the Norton-Hoff law used 
in FORGE2009® is written as: 

•
−

−−

= εεε 1)*3,...)(,(2

.

m
TAs                 (12) 

Tn
eATA

β

εεε *)(*),( 00

_ −−

+=                (13) 

Where s is the deviatoric stress tensor, A is the 
consistency of material, ε the equivalent strain, m the 

strain rate sensitivity, 
•

ε the equivalent strain rate, β 
material constant, n the strain hardening index and 

0ε is a small constant.  

The flow formulation introduced by Hensel and 
Spittel is written as: 

Tmm

mTmmmmTm
eeTeA

83
75/429 ***)1(***** 1

••

+= εεεεσ εε   

                                                                                (14) 
 

Where m1...9 are sensitivity parameters. 
In the following an application of Forge in order 

to simulate an advanced plastic deformation process is 
presented [5]. Dieless drawing is an incremental 
process of plastic deformation, which permits the 
deformation of usual industrial materials (wires, 
tubes, bars) by controlling the heat temperature/local 
cooling without dies. The concept of dieless drawing 
is: to cause necking, the semiproduct is locally heated, 
and to stop further deformation, the necked part is 
cooled. The principle of dieless drawing is presented 
in Figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. Principle of dieless drawing. 

 
Finite element simulation with thermo-

mechanical analysis was carried out using the 
FORGE2009® software. Figure 4 shows the 
axisymmetric model used and Figure 5 shows the part 
discretisation. A 3D axisymmetrical model of the wire 

was constructed and meshed with tetraedrical 
elements. The model was both thermally and 
mechanically loaded to simulate dieless drawing 
conditions. A mesh of the wire was generated using 
three-node axisymmetric element. 

 

 
Fig. 4. Simulation model. 
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Dimensional and process parameters used in 
finite element simulation are presented in Table 1. 
The material used for dieless drawing simulation is 
steel C45, with the thermal coefficients presented in 
Table 2. 

The following pictures represent the distribution 
of the main deformation parameters: temperature, 
equivalent strain, strain rate and von Mises stress. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Temperature distribution 

 

 
 

Fig. 5. Part discretisation 

Table 1 
Wire diameter, D0, mm 4 

Length of wire, L,mm 400 

Heating width, H, mm 40 

Cooling width 1, C1, mm 5 

Cooling width 2, C2, mm 20 

Drawing velocity, V0, mm/s 1,76 

Drawing velocity, V1, mm/s 2,8 

Heat transfer coefficient, α1, W/m2K 10000 

Heat transfer coefficient, α2, W/m2K 30 

Table 2 
Thermal conductivity, W/mK 46 

Specific heat, J/kg K 500 

Mass density, kg/m3 7850 

Induction 

coil 

Part 

Number of nodes = 5298 
Number of elements = 21.887 
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Equivalent strain distribution 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain rate distribution 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Von Mises stress distribution 

 

Fig. 6. Dieless drawing parameters distribution. 
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The mathematical model presented can be used 
to describe the occurrence of deformation during the 
process. For modeling purposes, velocities V0 and V1 
were assigned to the incoming and outgoing material 
nodes, respectively. The simulation calculation 
consisted principally of a thermomechanical analysis 
of the plastic deformation of the wire. The 
temperature distribution of a wire in the dieless 
drawing process is determined by the heat quantity 
supplied by the heating coil, the thermal conductivity 
of the tubes, heat transfer induced by cooling coil and 
radiation to the air. The researchers concluded that 
successful dieless drawing was achievable if the 
drawing velocities and temperature profiles permitted 
the occurrence of transformation plasticity. In this 
class of plasticity, deformation occurs during a phase 
change where a threshold stress is necessary to initiate 
deformation.  

From the images presented in figure 6 it can be 
observed that the evolution of deformation parameters 
(temperature, strain, strain rate, von Mises stress) in 
the deformation zone are in accordance to theoretical 
principles of plastic deformation. The mathematical 
model presented can be used to describe the 
occurrence of deformation during the dieless drawing 
process.  

 
4. Conclusions 

 
After a brief survey of the mathematical basic 

formulations suitable for material constitutive 
equations, some theoretical and numerical issues were 
discussed. To demonstrate the interest of numerical 
modeling and simulation for design of the forming 
processes, an example was presented.  

The aspects regarding the FEM analysis are 
concentrated on the FORGE2009® software. It 
appears that the main deformation parameters of the 
processes can be predicted with existing models or 
with reasonable updates of these computer codes. The 

aim of future research is to verify the validity of FEM 
model by experiment for the dieless drawing process. 
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ABSTRACT 

 
The main aim of this paper is to review some different models, from simple to 

very complicated, for computing the changes in flow stress depending on the 

deformation conditions. Some of the models can be applied to cold forming and 

some to hot and warm forming. A finite element analysis (FEA) of the dieless 

drawing process was undertaken. The FEA simulation was carried out using 

Forge3, a FEA software, specifically produced for metal forming simulation. An 

axisymmetrical 3D geometric model of the tooling and billet was constructed for the 

analysis. The data obtained from the FE model included temperature, equivalent 

von Mises stress, equivalent strain and material deformation velocity. 

 
KEYWORDS: metal forming, constitutive equations, Forge3, dieless drawing 

 

1. Introduction 
 

Cold and hot forging are regarded as two of the 
most important processes for the manufacturing of 
products with good mechanical properties and fine 
metallurgical structures.  

An important objective of the deformation 
processing of metals and alloys is the production of 
defect-free parts, with the desired microstructure and 
properties. This goal can be achieved by better design 
and calculation methods and better control of the 
parameters of the deformation processes. This should 
be based on a deeper knowledge of the phenomena 
that accompany the deformation of materials and of 
the relationships between the properties of the 
deformed materials and the conditions of deformation.  

The progress in computer hardware and 
simulation tools has, in recent years, enabled 
complicated simulations of industrial forming 
processes. However, the accuracy of such simulations 
will remain dependant on the reliability of the 
material data, most important of all the true flow 
stress. Experimental tests at different strains, strain 
rates and temperatures reached during metal forming 
application are performed to reveal this constitutive 
relationship, which relates the deformation behavior 
to stress. 

The most important aspect of mechanical design 
in metal forming processes is the determination of 
forces and forming energy, which requires the 
knowledge of the flow stress of alloys. Experiments to 
find the flow stress of alloys at different loading 

conditions, i.e. various strain rates and temperatures, 
are necessary but very expensive and time consuming. 
Therefore, developing mathematical models to predict 
the stress–strain curves under different forming 
conditions is of great importance. Many researchers 
tried to model the stress–strain curves for different 
alloys. The main difference between these models is 
the level of physical theories which is used to obtain 
them. 

One of the most important elements of a 
computer simulation of plastic deformation processes 
is the model of deformed materials, usually describing 
the flow stress as a function of the deformation 
conditions. The accuracy of such a material model 
depends on both the mathematical structure of the 
model and the proper experimental determination of 
the material parameters used in the model. The 
mathematical structure should take into account the 
physical phenomena occurring in the material and 
depending on its kind, the conditions of forming, the 
history of deformation. Considering the different 
structural phenomena, cold, warm, and hot forming 
processes should be distinguished. Recently, the 
progress in computer hardware and simulation tools 
led to a wide application of FEM simulations to study 
the forging process [1, 4, 6, 7, 12,13]. 

Constitutive equations are used to describe the 
changes in strength observed to occur in materials 
being deformed. These formulations are empirical and 
relate changes in strength produced by variation in 
strain, temperature or strain rate. Such equations are 
used to predict forces, distortions, stresses, etc. that 
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ABSTRACT 

 
In the developed countries the removal of hard materials from residual waters 

using advanced technologies such as ionic change, precipitation, ultrafiltration or 

electrochemical deposits seems inconvenient from the economic point of view for the 

industry because its high costs. Therefore, it is necessary to introduce new 

technologies that imply low costs. 

By linking chitosan and magnetite particles (Fe3O4), a new magnetic 

adsorbent with 100-200 nm particles and of great efficiency to move off the metalic 

ions is obtained. That is why this study aims to obtain a new magnetic material with 

great efficiency to retain copper out of synthetic solutions, and then to compare it, 

from the retaining point of view, with simple synthesized magnetide (Fe3O4). 

 
KEYWORDS: nanomaterial, composite, chitosan, water 
 

1. Introduction 
 

Water is an important factor in the ecological 
balance and its pollution is a contemporany issue with 
more or less serious consequences on the population. 
The effects of the pollution of water resources are 
complex and various depending on the nature and 
concentration of impurification substances. 

The presence of heavy metals in the enviroment 
is a problem of great significance because of the great 
volume of residual water with metalic ions, of their 
ionic nature and of the negative effects that they have 
on natural waters. For the human health, one of the 
most dangerous materials in industrial residual waters 
(metals industry, cellulose and paper industry, 
fertilizers industry, electronic industry, photographic 
industry, copperfield) is copper. 

Copper is a necessary microelement for the 
human body; the daily dose is 2-3 mg of copper for 
adults and 0.05 mg/kilogram for children. When it is 
swallowed in great amounts, it becomes toxic thus 
leading to such manifestations as icterus, anaemia or 
to an exaggerated consumption of water, etc. 

One of the less expensive methods to remove 
copper from residual waters is absorbtion. An 
absorbent for copper could be chitosan, a natural 
polysaccharide with various properties such as 

hydrophilicity, biocompatibility, biodegradability, 
antihaeterian properties and a remarcable affinity 
towards various biomacromolecules. The chitosan and 
its derivates have various potential applications in 
such domains as: biotechnology, biomedicine, food 
ingredients and cosmetics. Furthermore, the chitosan 
is capable to retain a great number of metalic ions 
because it contains nano groups used as chelatic 
points.  

This biosorbent has also disadvantages such as: 
the tendency to heap up, a low capacity of getting 
soaked, the capacity of making gels into watery 
solutions thus making unavailable the linking reactive 
centers.  

These are the reasons that have prevented this 
potential absorbent from being used at an industrial 
scale except in laboratory experiments. In order to 
overcome these restrictions and other difficulties 
during the sorption process, a compound, called 
magnetite-chitosan, has been obtained as a new 
potential sorbent to retain the Cu(II) from watery 
solutions efficiently.  

Therefore the purpose of this study was to 
obtain a new magnetic material with great efficiency 
in retaining cooper out of synthetic solutions and 
comparing it with simple synthesized magnetide, from 
the retaining capacity point of view.  
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Consequently: 
- two materials have been obtained: magnetite  

and chitosan, joined by the coprecipitation method, 
which have been characterized by using well-known 
methods; 

 

- a study has been carried out to identify the 
characteristics of the obtained composite material 
(magnetite/chitosan); 

 

- the composite has been used to retain copper 
ions out of synthetic solutions in static situations; 

 

- the influence of some parameters has been 
established: the initial concentration of the Cu(II) 
synthetic solution, the contact time on the absorbtion 
of Cu(II) using the composite material with magnetic 
properties – magnetite – chitosan. 

 

Besides fixing the humidity, the materials have 
also been analized by FTIR (Fig. 2), spectrography 
difraction analysis, transmission electron microscopy 
(TEM). 
 

 
 

Fig. 1. Sketchy plotting of the process of making 

magnetite/chitosan composite. 

  
  

Fig. 2. FTIR spectroscopy magnetite (1) 

chitosan (2) and magnetite–chitosan (3). 
Fig. 3. Diffraction analysis. 

  

 

  
a b 

Fig. 4. TEM images for magnetite (a) and magnetite - chitosan (b). 
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IR spectroscopies have been recorded in the 400 
- 4000 cm-1 domain, using a FT-IR 620 spectometer 
(Jasco, Japan). 

Figure 2 presents FTIR spectroscopy of the 
magnetite, chitosan and the composite made up in the 
reaction between the magnetite and the chitosan. 

In spectroscopy (1), characteristic to the 
magnetite, the presence of bands in the area 3250-
3600 cm-1 and 1550-1700 cm-1 is associated to the 
water molecules net. This indicates the presence of 
crystallization of water in the magnetite test. The 610 
cm-1 band is caracteristic to the streching vibration of 
the M-O joint which confirms the presence of  Fe-O 
joints in the magnetite.  

The presence of a characteristic band at the 3594 
cm-1 wavelength in the chitosan spectroscopy shows 
the existence of the HO hidroxil groups in the 
chitosan molecule, while the bands appearing at the 
1650 cm-1 and 1449 cm-1 wavelengths  corespond to 
the frequency of streching vibrations characteristic to 
the amid group in the chitosan molecule. 

Spectroscopy (3) in Figure 2 shows all the 
characteristic bands of magnetite and chitosan, and 
more than that the bands characteristic to water 
molecules are much more intense, which proves the 
existence of the magnetite – chitosan composite.   

The diffraction analysis of unmodified chitosan 
in Figure 3b shows only one band of diffraction of 
20º. This band is due to reflections (2 0 2) according 
to the literature data. 

The sharp diffraction bands appearing at angles 
2θ = 30.32; 35.7; 43.34; 57.26 and 62.8 in the 
diffraction analysis of magnetite chitosan composite 
corespond to the magnetite. Consequently the iron 
oxide in the obtained composite is the magnetite. The 
difference of the band intensity from angle 2θ = 20.02 
indicates that the degree of crystallinity of the 
chitosan rises because of the orientation of the 
chitosan chains. The oriented magnetite particles lead 
to the formation of an ordered structure regarding the 
chitosan composite. These are according to the 
scientific literature. 

The transmission electron microscopy (TEM) 
was used to fix the morphology of the reaction 
product obtained through a method specific to the 
study of crystallin dust. The obtained dust was spread 
into alchool and then deposited on a TEM grid with 
carbon support. The TEM study was realised by the 
help of an electronic miroscope, Jeol 200CX. One can 
notice in Figure 4 that the magnetic particle have an 
average diameter of 30-70 nm.  

Figure 4b shows that the magnetite particles are 
in the chitosan particles because of two simultaneous 
processes. The first process refers to the formation of 
magnetite and the second process to the precipitation 
of chitosan in an alkaline solution. 

In Figure 4a it is to be noticed that both stages 
(magnetite and chitosan) are visible. The 
agglomeration of magnetite – chitosan composite is 
probably due to the lack of a stabilizing agent in the 
reaction system and also to the tendency of the 
chitosan to agglomerate. 

 
 

2. The use of the magnetite – chitosan 

composite for the retaining of Cu(II) ions 

from residual waters 
 
In order to realise the absorbtion of copper on 

magnetite/chitosan composite experiments, synthetic 
solutions prepared in the laboratory have been used. 
The stored solution of concentrated Cu(II) n0,1M was 
dilluted and solutions of Cu(II) with concentrations of 
800 mg/L, 400 mg/L, 200 mg/L, 100 mg/L were 
obtained.  

The spectrophotometric determination of copper 
(a method based on the reaction of copper with 
ammonia) showed a blue complex that has gone to 
spectrotemetry to the λ = 620 nm wavelength.   

The absorbed copper quantity on the 
magnetite/chitosan composite was calculated 
according to the contact time between the two stages; 
the data obtained can be seen in Figures 5 and 6. 

 

Fig.5. Cu(II) quantity retained on the magnetite/chitosan composite according to contact time. 
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Fig.6. Variation of the pH of Cu(II) of 800 mg/L, 400 mg/L, 200 mg/L, 100 mg/L at contact with  

0.1 g magnetite/chitosan composite according to time. 
 
Studying Figure 5, the first conclusion is that the 

Cu(II) quantity retained on each gram of 
magnetite/chitosan composite grows with the contact 
time between the two stages. The process of moving 
copper off watery solutions by using 
magnetite/chitosan composite is a slow process, the 
equilibrium reaching 5 hours. This is a very important 
result, because the time necessary to reach the 
equilibrium is a very important parameter in creating 
an economic water treatment system. Figure 6 shows 
that there is a very small variation of the pH solution 
according to the contact time between the two stages. 
This variation is about 0.08-0.25 units, which leads to 
the conclusion that the process of retaining copper out 
of synthetic solutions by the magnetite/ chitosan 
composite is not a process that implies a chemical 
reaction but physical sorption.  

The Kinetics of the copper ion sorption 

process by the magnetite/ chitosan composite 

In order to identify the checking mechanisms of  

adsorption processes as a transfer of mass and 
chemical reaction, the equations of order I, order II 
and intraparticle diffusion have been used to test the 
experimental data.  

The first order kinetic model is given as: 
 

t
2,303

1k
elogQ)tQelog(Q ⋅−=−                              (1) 

where Qe and Qt are the amounts of Cu(II) 
adsorbed on adsorbent (mg/g ) at equilibrium and at 
time t; k1  is the rate constant of first-order adsorption 
(min-1) ; 

The second-order equation may be expressed as:  

e
Q
t

e
Qkt

Q
t +=

2
2

1
          (2) 

where: k2 –  is the rate constant of second-order 
adsorption (g/mg.min); Qe and Qt are the amounts of 
Cu(II) adsorbed by the magnetite/chitosan composite 
(mg/g) et equilibrium and at time t. 

 
 

  

Fig.7. Kinetics of first–order adsorption of the 

Cu(II) on the magnetite/chitosan composite (0,1 

g) at an initial concentration of 800 mg/L 

Fig. 8. Kinetics of pseudo first-order adsorption 

of the Cu(II) on the magnetite/chitosan composite 

(0,1 g) at an initial concentration of 800 mg/L at 

an interval of 30-300 minutes 
 

The diagram of the proportion t/Qt according to 
time t shows the following parameters: the speed 
constant k2 and the correlation coefficient R2 for the 

adsorption of copper by the magnetite/chitosan 
composite.  
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The rate of the intraparticle diffusion is 
described by the equation: 

5.0t
i

k
t

Q =
 

           where ki is the intraparticle diffusion rate 
(mg.g-1.min-0.5).  

The k is the slope of straight-line obtained in the 
diagram of the intraparticle diffusion rate. Qt 
according to the time of dividing into halves, t0.5. The 
obtained data are shown in Figures 7-16. 

 

 
 

Fig. 9. Kinetics of first–order adsorption of the 

Cu(II) on the magnetite/chitosan composite  

(0.1 g)  at an initial concentration of 100 mg/L. 

Fig. 10. Kinetics of pseudo first-order adsorption 

of the Cu(II) on the magnetite/chitosan composite 

(0.1 g) at an initial concentration of 100 mg/L at 

an interval of 0-30 minutes. 

  
Fig. 11. Kinetics of pseudo second-order 

adsorption of the Cu(II) on the 

magnetite/chitosan composite (0.1 g) at an 

initial concentration of 100 mg/L at an interval  

of 0-30 minutes. 

Fig.12. Kinetics of pseudo first-order adsorption 

of the Cu(II) on the magnetite/chitosan composite 

(0.1 g) at an initial concentration of 100 mg/L at 

an interval of 30-300 minutes. 

  

Fig. 13. Kinetics of sorption of intraparticle 

diffusion of Cu(II) on the magnetite/chitosan 

composite (0.1 g) at an initial concentration of 

800 mg/L in an interval of 0 -30 minutes. 

Fig. 14. Kinetics  of sorption of intraparticle 

diffusion of Cu(II) on the magnetite/chitosan 

composite (0.1 g) at an initial concentration of 

800 mg/L in an interval of 30-300 minutes. 
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Fig. 15. Kinetics of sorption of intraparticle 

diffusion of Cu(II) on the magnetite/chitosan 

composite (0.1 g) at an initial concentration of 

100 mg/L in an interval of 0 -30 minutes. 

Fig. 16. Kinetics of sorption of intraparticle 

diffusion of Cu(II) on the magnetite/chitosan 

composite (0.1 g) at an initial concentration of 

100 mg/L in an interval of 30-300 minutes. 

 
The constant rate and the correlation coefficient 

of the models Lagergren (the pseudo first-order), the 
pseudo second-order and the intraparticle diffusion in 
the mentioned intervals are shown in Tables 1 and 2. 

 

Table 1. The constant rate and the correlation coefficients for Cu(II) adsorption on chitosan and an 

initial concentration of Cu(II) of 800 mg/L, the amount of magnetite/chitosan composite is 0.1 g 
 

 0 – 30 min. 30 - 300 min. 
The kinetic model 

ki R
2 

ki R
2 

Lagergren  

(pseudo first-order) 

5.2185
.
10

-2 

 (min
-1

) 
0.9851 

3.846
.
10

-3 

 (min
-1

) 
0.9979 

Pseudo second-order 
2.8617

.
10

-2 

 (g/mg
.
min) 

0.9735 
1.1903

.
10

-3 

(g/mg
.
min)

 0.9104 

Intraparticle diffusion 
0.1646 

(mg
.
g

-1.
min

-0.5
) 

0.9608 
0.4176 

(mg
.
g

-1.
min

-0.5
) 

0.9795 

 

Table 2. The constant rate and the correlation coefficients for Cu(II) adsorption on chitosan and an 

initial concentration of Cu(II) of 100 mg/L, the amount of magnetite/chitosan composite is 0.1 g 
 

 0 – 30 min. 30 - 300 min. 
The kinetic model 

ki R
2 

ki R
2 

Lagergren  

(pseudo first-order) 

1.9943
.
10

-2 

 (min
-1

) 
0.9451 

9.3732
.
10

-3 

 (min
-1

) 
0.9361 

Pseudo second-order 
8.7892

.
10

-3 

 (g/mg
.
min) 

0.8573 
5.5713

.
10

-4 

(g/mg
.
min)

 0.9816 

Intraparticle diffusion 
0.4147 

(mg
.
g

-1.
min

-0.5
) 

0.9601 
0.7568 

(mg
.
g

-1.
min

-0.5
) 

0.9960 

 
According to the correlation coefficients, it can 

be seen that on the entire time interval (0 – 300 
minutes) the adsorption of Cu(II) on the 
magnetite/chitosan composite is best described by the 
first equation Lagergren (R2 = 0,9851; 0,9979) for the 
Cu(II) solution of 800 mg/L concentration, which 
leads to the conclusion that the important stage of rate 
is the physic adsorption. 

Table 2 shows that for the Cu(II) solution of 100 
mg/L the Cu(II) sorption on magnetite/chitosan may 
be best described by the equation characteristic to the 

intraparticle diffusion on the entire time interval 
because the values of the correlation coefficient R2 are 
0.9601 şi 0.9960.  

 
3. Conclusions 

 
The results of this study prove the posibility of 

using a magnetic material such as the 
magnetite/chitosan composite to remove Cu(II) from 
aqueous solutions. 
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Taking into account the experiments and their 
results, here are the conclusions: 

- based on a simple method, a magnetic material 
magnetite/chitosan composite has been obtained; 

- the material was morphologically and 
structurally characterized; 

- the experimental data show that a 
magnetite/chitosan composite with magnetic 
properties and 100-200 nm particles has been 
obtained; 

- the material was used in the process of 
retaining Cu(II) ions out of synthetic solutions; 

- the kinetic studies show that the equilibrium in 
adsorption of Cu(II) was reached after five hours of 
contact between the composite and the aqueous 
solution; consequently, the process of retaining Cu(II) 
is slow; 

- the amount of Cu(II) retained by the composite 
grows with the Cu(II) concentration in the initial 
solution; 

- according to the correlation coefficients, the 
sorption of copper on the composite in the 0-300 
minutes interval is well described for a high 
concentration (Cu 800 mg/L) by the first equation (R2 
= 0.9851; 0.9979), which leads to the conclusion that 
on this time interval, for the respective concentration, 
the important stage of rate is the physic sorption 
(adsorption); 

- for the solution of a small concentration (100 
mg/l) it may be seen that on this time interval, the 
sorption of Cu(II) on the composite is best described 
by the third equation (RDI2 = 0.9601 şi 0.9960), 
which means that the important stage of rate is the 
intraparticle diffusion; 

- the results are also established by the studies 
on variations of pH according to the contact time 
between the two stages; 

- the experiments show that there was not a 
significant variation of the pH value of the sollution at 
the contact between the two stages according to the 
time contact and that is why the sorption process 

between the Cu(II) ions and the composite is a physic 
process not a chemical one, this implying a chemical 
reaction between the Cu(II) ions and the sorbent.  

Consequently, the composite magnetic material 
may be used in the process of retaining Cu(II) ions 
out of residual waters, its separation being an easy 
process when a magnetic field is used. 

 
 
 

References 
 

[1]. Apak R, Tutem E, Hugul M, Hizal J. - Heavy metal cation 

retention by unconventional sorbents (red muds and fly ashes). 

Water Res., 32, p. 430–40, 1998. 
[2]. Ben-Shalom, N., Kudabaeva, N., Borisover, M. - 
Chemosphere, 59, p. 1309 -1312, 2005. 
[3]. Chiou, M.S., Li, H.Y. - “Adsorption behavior of reactive dye 

in aqueous solution on chemical cross-linked chitosan beads”, 
Chemosphere, 50(8), p. 1095-1103, 2003. 
[4]. Fergusson, E. - The Heavy Elements Chemistry, 

Environmental Impact and Health Effect, Pergamon Press, Inc., 
New York, p. 400, 1990. 
[5]. Ho, Y.S., & McKay, G. - Pseudo second-order model for 

sorption processes. Process Biochemistry, 34, p. 451, 1999. 
[6]. Li, B., Jia, D., Zhou, Y., Hu, Q., Cai, W. - In situ 

hybridization to chitosan/magnetite nanocomposite induced by the 

magnetic field, Journal of Magnetism and Magnetic Materials 306, 
223–227, 2006.  
[7]. Liu, X., Hu, Q., Fang, Z., Zhang, X., Zhang, B. - Magnetic 

chitosan nanocomposites: a useful recyclable tool for heavy metal 

ion removal. Langmuir 25, 3–8, 2009. 
[8]. Nascimento, M., Soares, P.S.M., de Souza, V.P. - Adsorption 

of heavy metal cations using coal fly ash modified by hydrothermal 

method, Fuel 88, p. 1714-1719, 2009. 
[9]. Starkar, N.S., Hilt, J.S. - Magnetic hydrogel anocomposites 

for remote controlled pulsatile drug release. Journal of Controlled 
Release 130, 246–251,  2008b. 
[10]. Wang, Y., Li, B., Zhou, Y., Jia, D. - Chitosan-induced 

synthesis of magnetite nanoparticles via iron ions assembly. 
Polymers for Advanced Technologies 19, 1256–1261, 2008. 
[11]. Zhou, L., Wang, Y., Liu, Z., Huang, Q. - Characteristics of 

equilibrium, kinetics studies for adsorption of Hg(II), Cu(II), and 

Ni(II) ions by thiourea-modified magnetic chitosan microspheres. 

Journal of Hazardous Materials 161, 995–1002, 2009a. 
[12]. Zhou, Y.T., Nie, H.L., White, C.B., He, Z.Y., Zhu, L.M. -. 
Removal of Cu2+ from aqueous solution by chitosan-coated 

magnetic nanoparticles modified with a-ketoglutaric acid. Journal 

of Colloid and Interface Science 330, 29–3, 2009b. 

 
 

- 58 -



FO N D ATĂ
197 6

 

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 

N0. 2 – 2011, ISSN 1453 – 083X 

 

 

 

 

RESEARCH ON CORROSION RESISTANCE  

OF STEEL PLATES FOR SHIPBUILDING 
 

Beatrice TUDOR, Marian BORDEI 

Faculty of Metallurgy, Materials Sciences and Environment 

“Dunarea de Jos” University of Galati 

email: beatrice.tudor@yahoo.com 

 

ABSTRACT 

 
The corrosion of metallic materials is their partial or total destruction through 

chemical, electrochemical or biochemical reactions, by spontaneous interaction 

between the surface and the corrosive medium pollution. Generally, corrosion is 

defined as a medium attack to a material, an attack that leads to a worsening of the 

properties or destruction. Corrosion is not limited to the destruction of metallic 

materials; it affects equally plastics, ceramics, concrete and even the environment 

with which they interact. 

 

KEYWORDS: corrosion resistance, steel plates, shipbuilding 

 

1. Introduction 

 
Most metals in their natural conditions are not 

thermodynamically stable elementary metallic forms, 

but a combined state (oxidized or corroded) (Figure 

1). 

 

energy and

materials

ores compounds
oxides, sulphur

metal

spontaeous

corossion

G<0Δ

making

    G>0Δ

 
      

Fig. 1. Spontaneous thermodynamic tendency to 

corrode metals 
 

 

In the process of corrosion, material (solid) and 

environment (liquid or gas) must considered as a 

place where corrosion processes that occur after the 

general laws heterogeneous reactions of metal-

environment interface (Figure 2). 

SYSTEM

SURFACE
Metal-environment interface

Effect of reactivity

MATERIAL
(metal)

Composition
-structure

Using
medium

CORROSION

A corrosion resistance 
of metallic materials:

-surface properties (interface)

Property 
of a material

IMPORTANT TERMS OF USE

 
 

Fig. 2. Schematic representation of a  

corrosion system. 
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2. Electrochemical corrosion 

 
Electrochemical corrosion is a process involving 

the presence of an electrolyte, usually water or an 

aqueous solution, in contact with a metal. At the 

interface between the two, electron transfer occurs as 

a result of the simultaneous deployment of two types 

of reactions: 

 

- ionization anode reaction (oxidation) of metal, 

representing its destruction/ corrosion: 

M + n H2O  -ze→  Mz+ * n H2O + ze 

- cathodic reduction reaction of an agent capable 

of accepting electrons yielded by the metal: 

X+ ze →  Xz- 

 

The influence of electrochemical corrosion 

depends on material factors and external 

environmental factors. 

 

2.1. Electrochemical corrosion in natural 

environments 
 

2.1 Underwater Corrosion 
Underwater corrosion is primarily dependent on 

the nature and concentration of solutions, i.e. cathodic 

depolarization of existing agents in water by oxygen. 

Its concentration varies widely depending on the 

nature of the water (sweet, salty), its depth and 

temperature (Table 1). Oxygen dissolved into water 

acts as a cathode depolarizer; the extent to which that 

water contains other substances (dissolved salts, in 

general) increases its conductivity. 

With increasing concentration of salts in the 

water, the corrosion rate of steel by oxygen 

depolarization increases to a maximum and then 

decreases due to decreased O2 concentration. Both the 

presence and the absence of O2 in water (increased 

CO2 concentration) lead to an increased corrosion 

rate. 

 

Table 1. The concentration of O2 dissolved in freshwater and seawater at different temperatures 
 

Weight of dissolved oxygen, (pp.m.) 

Sea water with chlorine 
Temperature, 

(ºC) Freshwater 
5000 p.p.m. Cl- 10000 p.p.m.Cl- 20000 p.p.m. Cl- 

0 14.62 13.79 12.97 11.32 

5 12.80 12.09 11.39 10.01 

10 11.33 10.73 10.13 8.98 

15 10.15 9.65 9.14 8.14 

20 9.17 8,73 8.30 7.42 

25 8.38 7.96 7.56 6.74 

30 7.63 7.25 6.86 6.13 
 

Assessment criteria corrosion of the vehicles 

are: 

- optical examination - naked eye 

examination, microscopic examination; 

- quantitative criteria: gravimetric index, 

penetration index; 

- depending on the amount of corrosion or 

penetration rate (estimated by the condition 

of standard), the extract is shown in Table 

2. 

Table 2. General assessment of corrosion condition 
 

Corrosion rate for metals 

with ρ< 7500 kg ·m
-3

 
Penetration 

 Assessment groups 
Assessment 

scale 
[10-3kg/m2·day] [mm/year] 

I. Perfect resistant 1 < 0.021 < 0.001 

II. Very resistant 
2 

3 

0.021...0.10   

0.10...0.21 

0.001...0.005 

0.005...0.01 

III. Resistant 
4  

5 

0.21 ...1 

1.....2.1 

0.01...0.05  

0.05...0.1 

IV. Average resistance* 
6  

7 

2.1...10.5 

10.5...21 

0.1...0.5  

0.5...1 

V. Not resistant 
8  

9 

21...105 

105...210 

1...5 

5...10 

* The metal can be used on a case by case 
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3. Research on salt spray corrosion 

resistance of steel plates for shipbuilding 
The chemical composition of steel plates for 

shipbuilding is given in Table 3.  

The NVA steel sheet was degreased with a 

solvent and, after blasting, the sheet was blown with 

air in order to obtain a clean surface. 

 

Table 3. Chemical composition of steel shipping, (%) 
 

NVA 

C Mn Si P S Al Ni Cu Cr Chemical 

composition  0.105 0.76 0.25 0.014 0.012 0.035 0.015 0.018 0.028 
 

Then the NVA steel sheet was coated with 

anticorrosive primer (EGA intergard-269), a second 

protective layer (interseld ENA-300) and the final 

layer of gloss (LAC interfin 979). The physical and 

chemical properties of protective varnishes are shown 

in Tables 4, 5, 6.  

In the next stage the NVA steel sheet was 

subjected to the salt spray test. 
 

Table 4. Physical and chemical properties of INTERGARD RED 269 
 

State Liquid 

Color Red 

Ignition temperature (C º) 26 

Auto - ignition temperature (Cº) 340 

Viscosity Unspecified 

Density 1.29 

Weight of solvent (%) 22.95 

Vapor density Heavier than air 

PH 0.0 

Lower explosion limit (% v / v de aer) 1.1 

Solubility in water Immiscible 

Ventilation (air quantity required to reach the lower explosion limit) 87 

Odour Solvent odour 
 

Table 5. Physical and chemical properties of INTERSHIELD 300 BRONZE 
 

State Liquid 

Color Dark 

Ignition temperature (C º) 28 

Auto - ignition temperature (Cº) 340 

Viscosity Unspecified 

Density 1.138 

Weight of solvent (%) 21.98 

Vapor density Heavier than air 

PH 0.0 

Lower explosion limit (% v / v de aer) 1.1 

Solubility in water Immiscible 

Ventilation (air quantity required to reach the lower explosion limit) 62 

Odour Solvent odour 
 

Table 6. Physical and chemical properties of INTERFINE 979 
 

State Liquid 

Color Dark 

Ignition temperature (C º) 27 

Auto - ignition temperature (Cº) 425 

Viscosity Unspecified 

Density 1.19 

Weight of solvent (%) 5.00 

Vapor density Heavier than air 

PH Unspecified 

Lower explosion limit (% v / v de aer) 2.0 

Solubility in water Immiscible 

Ventilation (air quantity required to reach the lower explosion limit) 12.91 

Odour Solvent odour 
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Accelerated corrosion test in salt spray 
 

The test was conducted according to ISO 9227 

in a corrosion chamber (Figure 3). 
 

 
 

Fig. 3. Salt spray chamber used for testing 

corrosion resistance. 
 

To carry out the test, sodium chloride solution 

was prepared by dissolving (conductivity less than or 

equal to 20 ± 2 μS/cm2 at 25 ± 2°C) a quantity of 

sodium chloride in distilled water to obtain a 

concentration of 50 ± 5 g / L. The relative density of a 

solution of this concentration is between 1.00255 and 

1.0400. The sodium chloride used contains less than 

0.001% copper and 0.001% nickel. Also, the sodium 

iodide content must not exceed 0.1% and the total 

content of impurities must not be higher than 0.5%. 

The pH of the saline solution was adjusted so 

that the pH of the spray solution collected in the 

chamber is between 6.5 and 7.2.  

 

For this we used a pH meter HI-991001, 

produced by “Hanna Instruments”, equipped with a 

temperature indicator. The saline solution supply 

device comprises a fresh air supply system, a 

reservoir containing the solution and an aerosol spray. 

The sprayer with compressed air supply was achieved 

through a filter which retains any trace of solid 

material or oil at a pressure of about 100 kPa. To 

prevent evaporation of water droplets was sprayed 

with air being moistened before entry into the sprayer, 

by passing it through a bowl of water. The spray is 

made of plastic (textolit), inert to corrosive 

environment. To prevent the direct impact of the 

solution sprayed samples, they were placed in the 

direction of the salt spray flow. 

The corrosion test was conducted over 168 

hours at 35°C. Initially, the samples were degreased 

with acetone and then weighed on a 0.01 mg precision 

analytical balance: on the first day, then, after three 

days, daily until the seventh day. The weighed 

samples were not placed in closed corrosion, to avoid 

errors due to removal of corrosion products. 
 

Table 7. Corrosion speed control and coated 

samples 
 

Corrosion rate (g/m
2
 day) at: 

Samples 3 

days 

4 

days 

5 

days 

6 

days 

7 

days 

Witness 

samples 
3.85 3.02 2.17 1.86 1.79 

Covered 

samples 
0.067 0.060 0.054 0.050 0.042 
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Fig. 4. Variation of corrosion rate of steel sample. 
 

At the end of the test, the samples were removed 

from the room and were allowed to dry for 30 

minutes.  

To determine mass loss, corrosion products 

were removed by pickling resulting in 50% 

hydrochloric acid solution (volumetric concentration); 

the inhibitor was added to 3.5 g/L 

hexamethylenetetramine.  

After the attack, the samples were well washed, 

at room temperature, first with water then with 

acetone until they were dry. Then the samples were 

weighed again and the mass loss and the corrosion 

rate were calculated using the relationship: 

tS

G
VC ⋅

Δ
=  
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where: VC = corrosion rate [g/m2 day]; ΔG = 

difference between initial and final sample weight [g]; 

S = sample area [m2];  t = time [days]. 

The results are given in Table 7. The variation 

of the corrosion rate in time is shown in Figure 4. As  

shown in the graph, the corrosion resistance of 

samples coated with varnish is greater than that of the 

uncoated ones.  

The general state of the corrosion rate and of the 

penetration index values is given in Table 8. 
 

Table 8. General state of corrosion rate and penetration index values 
 

Time Weight difference 
Penetration 

index Sample code 

[day] [g] [mm/year] 

Group of 

resistance 

Note of 

appreciation 

3 0.0017 0.431 medium resistant 6 

4 0.0018 0.336 medium resistant 6 

5 0.0021 0.241 medium resistant 6 

6 0.0029 0.207 medium resistant 6 

Witness sample 

7 0.0033 0.199 medium resistant 6 

3 0.0004 0.08 resistant 5 

4 0.0008 0.18 resistant 5 

5 0.0010 0.22 resistant 5 

6 0.0013 0.29 resistant 5 

Lacquer coated 

sample 

7 0.0014 0.37 resistant 5 
 

As shown in Table 8, the penetration index 

values are much smaller for witness samples than for 

lacquer coated samples. It also notes that have 

uncovered evidence of assessment notice and samples 

coated with varnish resists corrosion better note with 

appreciation 5. 

Macro structural analysis 

Macro structural analysis of the samples before 

and after corrosion is shown in Figures 5-10. 

                       
                                         a)                                                                          b) 

Fig. 5. Macrostructure surface: optical aspect of coated samples before corrosion:  

a) x 200; b) x 400. 

                       
                                                  a)                                                               b) 

Fig. 6. Macrostructure surface: optical aspect of coated samples after 3-day keeping in salt spray:  

a) x 200; b) x 400. 
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                                                a)                                                                     b) 

Fig. 7. Macrostructure surface: optical aspect of coated samples after 4-day keeping in salt spray: 

a) x 200; b) x 400. 
 

        
                                              a)                                                                         b) 

 

Fig. 8. Macrostructure surface: optical aspect of coated samples after 5-day keeping in salt spray: 

a) x 200; b) x 400. 

        
 

Fig. 9. Macrostructure surface: optical aspect of coated samples after 6-day keeping in salt spray: 

a) x 200; b) x 400. 
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Fig. 10. Macrostructure surface: optical aspect of coated samples after 7-day keeping in salt spray: 

a) x 200; b) x 400. 

 
As shown in Figure 5, after three days, slight 

traces of corrosion appeared on Interfine 979 and 

Intershield 300, whereas Intergard 269 was not 

challenged. In Figures 6 and 7, after four and five 

days, respectively, we see spots of corrosion, Interfine 

979 and Intershield 300 being attacked again while 

lake Intergard 269 resisted corrosion. After six days 

(Figure 8), all three coats were corroded, and on the 

seventh day, corrosion came up at the base, Fig. 9. 

 

4. Conclusions 
 

• The corrosion rate of the varnish coated 

samples is lower than that of the uncoated samples. 

• The penetration index values are much 

smaller for witness samples than for lacquer coated 

samples. 

• Samples were coated average corrosion 

resistance, notice of assessment in June and samples 

are coated with varnish resistant, notice of assessment 

in May. 

• After three days, there were slight traces of 

corrosion, lakes Intersheild 300 and Interfine 979 

having been attacked, while Intergard 269 was not 

challenged. After four and five days, respectively, 

spots of corrosion could be observed on Interfine 979 

and Intersheild 300, while Intergard 269 resisted 

corrosion. After six days, all three coats were 

corroded and on the seventh, it came up at the base. 
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ABSTRACT 
 

The paper determines the influence of both functioning time and the service 

temperature on mechanic characteristics of 12H1MF steel. In this purpose, the 

results of mechanical tests, performed at temperatures ranging from 510 to 590
0
C, 

have been correlated with those of the optical microscopy analysis. 

Due to the prolonged exposure to high temperatures, a slight degradation of 

the mechanical behaviour has been noticed that has been ascribed to the structural 

changes produced during functioning. The microstructural study of the steel has 

emphasized that after prolonged functioning several irreversible changes have 

occurred such as the increase of the ferrite grains, the dispersion of pearlite areas 

as well as the precipitation and coalescence of carbides. Yet, since neither 

decarburation nor network formation tendencies for the precipitated carbides have 

been observed, it has been concluded the 12H1MF steel can be kept in service even 

after more than 71000 functioning hours in live steam, at temperatures of 570
0
C and 

pressures of 155 atmospheres. 

 

KEYWORDS: low alloy steel, metallurgical degradation, irreversible 

structural phenomena 

 

1. Introduction 
 

It is well known that, with increasing the 

temperature and the functioning time at elevated 

temperatures, structural changes occur within the 

metallic materials that alter their mechanic and elastic 

characteristics [1]. The present paper aims to derive 

the influence of both the functioning time and the 

service temperature on the mechanic and elastic 

characteristics of 12H1MF steel. In this purpose, the 

structural changes will be analyzed in the above steel 

when used in the steam pipes of the kettles from 

thermal power stations. In addition, the functioning 

time of the piping will be predicted under safe service 

conditions. 
 

2. Experimental part 
 

The specimens were taken from longitudinal and 

transversal sections of 12H1MF steel pipes that 

initially had the following dimensions: 865-mm 

length, 273-mm diameter and 36 mm wall thickness. 

The service temperature and pressure of the piping 

from which samples have been taken were: T = 5400C 

and p = 155 atmospheres, respectively. The specimens 

have been analyzed after three different functioning 

periods: 0 functioning hours, 29867 functioning hours 

and 71409 functioning hours. The experiments 

consisted in mechanical tests and metallographic 

analyses. 

The mechanical tests comprised tensile tests, 

dynamic shock tests and Brinell hardness tests. 

Tensile tests were performed on a VEB 500KN 

tensile testing machine, at the following temperatures: 

200C, 5100C, 5400C, 5600C, 5650C, 5700C, 5800C. 

The main tensile mechanical characteristics are: the 

yield stress (Rp0.2) and ultimate stress (Rm) 

Dynamic shock tests were performed on MK30 

Amsler pendulum, in order to determine the 

toughness designated by KCU30/2/10, at the 

following test temperatures: 200C, 5100C, 5400C, 

5600C, 5650C, 5700C, 5800C.  

These tests allowed observing the macroscopic 

structural aspect of the material.  
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The results are merely qualitative since they did 

not reveal any quantitative information related to the 

purpose of the paper. 

Brinell hardness, designated by HB 300/10/15, 

has been determined at the same test temperatures as 

above, by means of a universal hardness tester type 

AB-1. 

All the three testing apparatus were equipped 

with heating chamber able to automatically adjust the 

temperature. 

3. Results and discussion 
 

The experimental results of the mechanical tests 

are listed in Tables 1, 2 and 3 that contain the values 

of ultimate stress (Rm), yield stress (Rp0.2) and Brinell 

hardness (HB), respectively [2]. In the tables the 

symbols specify whether the values are taken from 

standards (S) or are experimentally determined (E) 

and whether the specimens were taken from 

longitudinal (L) or transversal (T) sections. 

 

Table 1. The standard and experimental values of the ultimate stress 
 

Rm [MPa] 

Test temperature [ºC] 

Sour-

ce of 

data 

Posi

-

tion 20 510 540 560 565 570 580 

T min 450 
190 at 

500ºC 

110 at 

550ºC 
   

85 at 

575ºC 

Functioning 

hours 

S 

L min 450       

T 594 403.6 357.9 347.5 350.8 335.4 321.1 
0  E 

L 600.1 387.9 365.4 355.8 341.4 338.9 325 

T 501.3 285.6 275.8 254.6 248.9 230.6 225.1 
29867 E 

L 515.6 301.2 295.6 275.8 265.6 245.9 215.8 

T 465.9 255.6 245.8 238.9 225.6 215.6 201.9 
71409 E 

L 470.2 260.2 258.9 239.2 235.6 231.2 226.4 

 

Table 2. The standard and experimental values of the yield stress 
 

Rp0.2 [MPa] 

Test temperature (ºC) 

Sour-

ce of 

data 

Posi

-

tion 20 510 540 560 565 570 580 

T min 250 110    
65 at 

575ºC 
 

Functioning 

hours 

S 

L min 260       

T 380.6 323.6 312.2 312.8 299.9 284.5 273.2 
0 E 

L 399.4 316 313.6 309.7 303.3 295.7 268.4 

T 345.8 248.5 235.2 225.8 216.9 195.3 187.2 
29867 E 

L 355.6 250.6 240.6 238.3 225.6 224.8 206.9 

T 301.4 175.6 165.3 161.2 159.6 143.4 131.2 
71409 E 

L 315.8 180.1 170.2 169.3 161.5 148.9 135.6 

 

Table 3. The experimental values of the Brinell hardness 
 

HB [MPa] 

Test temperature (ºC) 
Functioning 

hours 

Sour-

ce of 

data 

Posi

-

tion 20 510 540 560 565 570 580 

T 1584 1462 1409 1405 1329 1318 1200 
0  E 

L 1612 1514 1461 1385 1313 1301 1205 

T 1426 1170 1145 1101 995 896 805 
29867 E 

L 1461 1191 1160 1109 997 875 853 

T 1368 1045 1001 976 896 848 746 
71409 E 

L 1376 1099 1036 1021 946 935 902 

 

 

The metallographic analysis revealed that 

12H1MF steel has a ferrite-pearlite structure [3]. The 

ferrite grains have uniform sizes and pearlite is mostly 

located on the boundaries of ferrite grains. Along the 

wall thickness, no variations of the grain size have 

been noticed. Both in longitudinal and transversal 
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sections the grain size has been determined as N3-4 

according to the standard GOST-10801-64. The 

decarburation process is not metallographically 

noticeable either in the interior or at the exterior of the 

wall thickness. On the micrographs recorded at the 

magnifications 500:1 and 1000:1 a slight precipitation 

of carbidic islets has been observed both inside the 

grains and along the grain boundaries. The carbides 

show a very reduced tendency to form a network. The 

results of the mechanical tests are summarized in Fig. 

1, 2 and 3 that show the evolution of ultimate stress 

(Rm), yield stress (Rp0.2) and Brinell hardness (HB), 

respectively, with the test temperature and the 

functioning period. The curves have been plotted by 

the interpolation of the data found in the above three 

tables. Here again the symbols t and l designate 

transversal and longitudinal sections, respectively. 

The study of the variations of the mechanical 

properties with temperature emphasizes a behaviour 

that agrees well with the general tendencies of high 

temperature low alloy steels.  

As compared to the data found in standards it is 

obvious that the material has a large reserve regarding 

the ultimate stress Rm. For all the tests, the spreading 

of the partial values is very low for the same test 

conditions. 

 

Fig.1. Evolution tendency of the ultimate stress with test temperature and functioning period. 
 

Fig.2. Evolution tendency of the yield stress with test temperature and functioning period. 

 

Fig.3. Evolution tendency of the Brinell hardness with test temperature and functioning period. 
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4. Conclusions 
 

1. Based on the values determined for the 

mechanical characteristics in the case of the pipe 

under study, it may be concluded that the material is 

suitable for continuing the service and has marked 

resistance reserves. These reserves are explained by 

the absence of both the grain boundary decarburation 

process and the carbide network. 

2. Based on the interpolated variation tendencies 

of the mechanical characteristics Rm, Rp0,2 and HB as 

a function of temperature, the functioning time under 

safe service conditions, of the piping from thermal 

power plants, can be predicted with high enough 

accuracy. 

3. The structural changes that have been 

produced during functioning represent the cause for 

the alteration of mechanical characteristics. The 

microstructural study of the steel has emphasized that 

after prolonged functioning at high temperatures, 

metallurgical degradation has occurred comprising the 

increase of the ferrite grains, the dispersion of pearlite 

areas as well as the precipitation and coalescence of 

carbides. 
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ABSTRACT 

 
This paper studied the influence of quenching and tempering steel structures 

on the thermal conductivity for OSC 11 steel. For the experiment we used samples 

that were subjected to heat treatment quenching and tempering at 200˚C and at 

500˚C. To emphasize the structure and structural changes in both the sample and 

the untreated samples, micrographs and photos were made by scanning electron 

microscopy. Measured conductivity results were presented graphically and studied 

to highlight their influence on the hardening structure. 

 
KEYWORDS: thermal conductivity, heat treatment, steel, structure 

 
1. Introduction 

 
Thermal energy if found in metallic materials 

with privileged propagation medium. Thus, metallic 
materials have the property to transport thermal 
energy. An energy flow appears from the warmer part 
to the colder one into a material out of its thermal 
equilibrium. Heat propagation phenomenon into the 
mass of a metallic material is thermal conductivity, 
[1]. Thermal conductivity influences mechanical 
functioning of parts, because running mechanical 
coupling heat-up and expand. Heating depends of 
friction coefficient of the mobile parts, of internal 
friction, of the type of the metallic materials lattice, of 
material homogeneity and the discontinuities present 
within the lattice, such as lamellar metallographic 
component, point, linear and volume defects, [4]. 

Metallic materials have the highest thermal 
conductivity. Thermal conductivity for steels depends 
of the type of alloying elements and their percentage. 
Carbon percentage has a special influence. The 
alloying elements and their percentage in steel creates 
defects in the crystalline lattice of the material, and, 
conclusively thermal barriers.  

 
2. Experimental results 

 
Tool steel was used for the experiment as well 

as some standard test specimens were subjected to 
heat treatments to modify their properties. They were 
tested for impact bending resistance. The structure 
was after fracture with scanning electron microscope. 

Thermal conductivity tests were made for the tool 
steel as annealed, cold-worked, after quenching and 
low tempering and graphics for comparative analysis 
of thermal conductivity were made, too.  

 
2.1. The analysis of the tool steel 

The tool steed used for the experiment is OSC 
11, STAS 1700-98, a type of Fe-C-Mn-Cr-Si alloy, 
which corresponds to the equilibrium structures from 
thermal diagrams. According to these, the structure 
contains pearlite, cementite and complex carbides of 
manganese and chromium, [2, 3, 5]. 

OSC 11 steel is used for tools, such as: punch, 
dies, milling tools, drills, tools for wood processing, 
screwdrivers, files, scissors for sheet, block cutters, 
gauges, saws for metal. This material has the 
chemical composition presented in Table 1 and it was 
established as means of a mass spectrometer (Foundry 
Masters) tests. 
 

Table 1. Chemical composition, % 
 

Fe C Si Mn S Cr Cu 
96.7 1.19 0.11 0.61 0.12 0.7 0.32 

 
 
The specimens were subjected to martensitic 

quenching. Technological parameters were as 
follows: 

- heating temperature 820°C; 
- holding period ¼ hours;  
- oil cooling at 50°C.  
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Two kinds of tempering were achieved after 
martensitic quenching:  

- low tempering – heating at 200°C, holding for 
1 hour in the furnace and air cooling for obtaining a 
structure with reduced great hardness relatively; 

- high tempering – heating at 550°C, holding for 
1 hour in the furnace and air cooling for obtaining a 
structure with a good resilience. 

 
2.2. Microstructure analysis 

Microstructure analysis was achieved by means 
of VEGA II LSH scanning electron microscope and 
was realized in fracture, after impact bending test. The 
resilience test was made on Charpy impact machine, 
[7].  

 
2.2.1. Microstructure analysis of the 

untreated specimen 
The untreated sample (in phase of equilibrium 

state) has a pearlite and cementite structure. Studying 
the micrography notices a fragile fracture with edgy 
well-defined grains. The small area of plastic 
deformation concentrates mainly on the edges of the 
grains. Figure 1 presents cleavage areas and sharp 
areas that characterize an intercrystalline fracture with 
crystallographic plans prominence. The EDX analysis 
of fracture surface, scale 50 µm, was measured at a 
concentration of 96.82% Fe, 1.008% C, 1.2% Cr and 
0.96% Mn. The breakage area has a grainy, bright and 
shiny crystalline aspect. 

 

 
 

Fig. 1. Fractography of the untreated sample, 

after breakage, order of magnitude 2500 x 

 
Table 2 presents the chemical composition of 

the studied area. 
 

Table 2. Chemical composition on the 

distribution area of the elements 
 

Bruker AXS Microanalysis GmbH. Germany. 
22/04/2010 

Element [norm. wt.%] [norm. at.%] 

Iron 95.15078 88.39028 
Carbon 2.059743 8.896639 

Chromium 1.477005 1.473683 
Manganese 1.312477 1.239398 

 
2.2.2. Microstructure analysis of the heat-

treated sample martensitic quenching and 

tempering at 200˚C 
The sample has a structure like tempering 

martensite and bainite. The breakage area has a 
crystalline, grainy aspect with hard formations. 

Analyzing the structure with scanning electron 
microscope, it is noticed a brittle structure with an 
intercrystalline fracture. Table 3 presents the chemical 
composition of the studied section, with quantitative 
values of the elements both in mass percentages and 
in atomic ones.  

 

Table 3. The chemical composition of the 

elements on the studied section 
 

Element [norm. wt.%] [norm. at.%] 
Iron 96.8221 93.29203 

Chromium 1.209581 1.2518 

Carbon 1.007881 4.515438 
Manganese 0.960439 0.940733 

 

 
 

Fig. 2. Fractography of the heat-treated sample 

by martensitic quenching and tempering at 

200˚C, after breakage; order of magnitude  

2500 x 
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Hard microformations distinguish between the 
types of iron, chromium and manganese complex 
carbides. 
 

2.2.2. Microstructure analysis of the  

heat-treated sample through martensitic 

quenching and tempering at 550˚C 
The material has a sorbite structure 

corresponding to high tempering. Breakage structure 
is semi fragile and there are areas with lattice 
cementite. For disappearing of the lattice cementite, a 
special treatment must be done and it consists in 
heating hypereutectoid steels over Accem, followed by 
water or oil cooling (quenching). Then it will be done 
a heating over Ac1 with 20-50°C, the sample is hold in 
the furnace and then air-cooled. The sample presents a 
partially tough structure, partially brittle with 
intercrystalline breakages so that the grains edges are 
evident (especially in the area with lattice cementite). 
Chromium carbides of hexagonal shape are well 
distinguished. 

 

 
 

Fig. 3. Fractography of the heat-treated sample 

through martensite quenching and tempering at 

550˚C, after breakage, order of magnitude 300 x 

 
Table 4. Chemical composition in point 

 

Element [norm. wt.%] [norm. at.%] 

Iron 86.94674 73.80106 

Chromium 5.418011 4.939456 

Carbon 2.925038 11.54414 

Manganese 2.019162 1.742238 
 

At point analysis by means of EDX it can also 
be distinguished an area with complex carbides of Fe, 
Cr, Mn with percentages of 45.89% Mn, 28.83% Fe, 
18.65% Cr and 6.64% C. 

 
 

Fig. 4. Point analysis, order of magnitude 

2500 x 

 
2.3. Analysis of thermal conductivity 
The analysis of thermal conductivity is realized 

by means of Mathis TCI apparatus, [6]. In order to 
determine thermal conductivity, a series of ten tests 
for an average of the final value will be done. By 
means of TCI system, thermal conductivity of the 
material is directly taken but diffusivity is achieved 
by applying the following relation  

a = 
pC×ρ

λ
                                                (1) 

C p = 
ρλ ×

2e
                                                (2) 

where λ = thermal conductivity, C p = caloric 

capacity, ρ = density, a = thermal diffusivity , e = 

thermal inertia (effusivity).  
 
Table 5. Values obtained for OSC 11 steel 

 

Heat 

treatment 

λ  

[ ]mkw /
 

e 

⎥
⎦

⎤
⎢
⎣

⎡
kmwS 22

1

/

 

C
p

 

[ ]kgkJ /
 

a 610−×  
 

[m2/S] 

cold-worked 8.82 5381.3 421.6 2.69 
annealed 11.6 6203.6 425.8 3.50 
quenched 

and 
tempered 

200°C 

7.49 4969.1 423.2 2.27 

quenched 
and 

tempered 
550°C 

8.18 5185.3 422.3 2.48 

- 72 -



FO N D ATĂ
197 6

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2011, ISSN 1453 – 083X 

 
 

Thermal conductivity is influenced by 
quenching due to structural transformations that 
appear (transformation MA → ) being accompanied 
by the increase of defects quantity per unit volume. 
Thermal conductivity decreases if residual stresses 
and lattice defects appear which represent barriers and 
thermal blockages.  

At low tempering (200°C) when the structure is 
made of tempering martensite and bainite, a part of 
the lattice stresses are loosening a part of the defects 
disappear and thermal conductivity has a slight 
decrease. 

At high tempering (550°C) the structure of the 
material is sorbite and because of the transformations 
within, the structure, is more approached of 
equilibrium state so that, there are few lattice defects 
and, consequently, few thermal blockages and thermal 
conductivity is more increased than at low tempering.  

From the graph of comparative analysis of the 
thermal conductivity, it notices that the biggest value 
is 11,615 [W/m K] and corresponds to phase 
equilibrium state of the material (annealed state).  
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Fig. 5. Variation graph of thermal conductivity 

at OSC 11 
 
In mechanical cold-worked state, thermal 

conductivity decreases because of increased the 
number of defects of the crystalline lattice per unit 
volume. These defects can be: point defects 
(vacancies, interstitial atoms etc), linear defects 
(supplementary reticular plans, dislocations) and 
volume defects (cylindrical defects).  

The bigger number of defects corresponds at the 
more blockage situations of the dislocations and the 
number of thermal blockages and thermal barriers 
increases. 

 
Conclusions 

 
1. For OSC 11 steel, phase equilibrium state 

(annealed state) corresponds to a maximum value of 
conductivity, this is justified by the minimum number 
of defects and dislocations in the lattice per unit 
volume. 

2. For the heat-treated OSC 11 steel, heat 
treatment, which consists in martensitic quenching, 
followed by low tempering, where the structural 
constituent is bainite, thermal conductivity has a 
lower value. This happens because of the phasic cold 
hardening, introduced after quenching is present after 
low tempering too. 

3. For high tempering, where sorbite is the main 
constituent, the material approaches the equilibrium 
state of the material by achieving a decrease in the 
number of lattice defects per unit volume. 

4. In case of mechanical cold hardening 
(resilience), it is noticed a decrease of thermal 
conductivity the increased number of dislocations and 
due to increased lattice defects. Lattice defects appear 
by the shifting of the reticular plans on atomic 
distances according to the theory of plastic 
deformation. 
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ABSTRACT 

 
The purpose of this study is to determine as precisely the influence of friction 

in the compaction of powders, and "conversion" of it, increasing densification.  

The process is intended to be used in the compaction of hard deformable 

materials, which increased to approximately 90% densification required very high 

compaction pressures. These pressures are high, significant wear of the tools 

produce the compaction and thereby increasing production costs of finished parts 

from metal powders. 

 
KEYWORDS: friction forces, “conversion”, compaction, metal powder 

 
1. Introduction 

 
Technological processes that use pressure to 

achieve plastic deformation state are common element 
of friction forces. These forces can be active or 
resistive character depending on the context of their 
occurrence as: desirable or undesirable phenomenon 
in engineering. 

Whatever the process of compaction, it involves 
a complex: factors, material and process variables. 
The ability to understand all the factors that influence 
individual particles are in a compact area of 
fundamental interest both for carrying out theoretical 
models and practical applications of these models. 
One of the factors specific to the compaction process 
is friction [2]. 

If for materials "full" (cast, forged, rolled), the 
force of friction depends on the type of contact (ie. a 
single type of contact throughout the deformation) 
and it causes one type of motion (sliding, rolling, the 
spin or the impact or combinations thereof), where 
powder densification of P/M can be no succession or 
simultaneously all types of motion caused by contact 
kinematics, during the process [3]. 

Types of friction in different stages of 
densification of powders are: 

- Friction that occurs between two or more 
powder particles in contact between them, called 
static friction - friction contact (τ ). It is given by the 

normal tension ( nσ ) on the contact surface (Fig. 1) 

and coefficient of friction (μ ). 

- Friction that occurs when starting the pressing, 
the particles tumble while some others besides 
occupying vacancies - rolling friction (Fig. 1 b). 

At this stage the powder particles are not 
deformed, the contact between them resumed at one 
point. As a result of the existence of gaps, because of 
its filling, the particles will move to these areas (least 
resistance) under the action of deformation tools. 

Friction is in turn influenced by: the relative 
kinematics of contact, geometrical surface, the nature 
of the materials that form the coupling, the chemical 
composition of the body deformed and the 
deformation tool, the presence of impurities and a 
third coupling material, forming pressure (degree of 
deformation), deformation temperature, the relative 
speed of sliding contact surface. 

Rolling friction is a complex phenomenon and is 
dependent on mechanical factors, physical and 
chemical. This type of friction can be classified: 

- Rolling with high shear forces; 
- Rolling with small tangential forces of friction 

is called "roll off".  
- Friction that occurs at the start of deformation 

of particles, the elastic deformation - we call 
intermittent friction ("stick-slip") figure 1 c) [3, 4]. 
Particles have no where to move, can only rotate and 
deform (elastic deformation), thereby increasing the 
contact area between particles and between particles 
and walls tool. 

- Friction that occurs between particles during 
the compaction effect, in which plastic deformation 
predominates.  
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At this stage the particles are in intimate contact 
(Fig. 1 d), so the entire surface of the particle is in 
contact with other particles or walls of the pressing 
tool. We call this type of friction sliding friction.  

The same type of friction is found in contact 
with the walls of the powder forming tool at this stage 
of densification. 

 

  
a) b) 

  
c) d) 

Fig. 1. Powder compaction: 

a) powders are brought into contact by filling the die, b) early stage of deformation there is still 

pressing the powder particles, the particles stick to each other, spinning and tumbling vacancies 

c) compaction beginning: the emergence elastic strain at the contact between particles,  

d) effective compaction, material flow occurrence at the contact between particle and particle-

surface tools. 
 

- Ejection friction of green compacts process. 
This type of friction occurs between green compact 
and forming tools. In this phase may bring about a 
new compaction is the result of an improvement 
densification, or surface quality of green compacts. 
This friction is similar to the friction between blank 
and tools for solid materials.  

The direction of this frictional force is the 
opposite movement of the material. Friction between 
particles of powders and between powder and tooling 
plays a major role during densification of PM parts. 
As a result there is a densification of green edges 
compacts. 

 

2. Experimental procedure 
 

Material. In this paper was used stainless steel 
powder 316L produced by gas atomization, with a 
particle size < 120 μm.  

Cold compaction with assisted friction. Before 
compaction the powder was mixed with zinc stearate 
in a ratio of 0.5%.  

Green compacts have been carried out on an 
tensile-compression test installation (Heckert) with 

maximum force of 200 kN, driven by a hydraulic 
cylinder located at the bottom.  

The proposed process consists in moving the 
mold during the pressing, die movement in the same 
direction with a given speed (fig. 2). As a result, the 
frictional forces acting in the same direction as the 
punch achieving a better distribution of powder flow 
during compaction process. 

Activation of friction [1, 5], plastic deformation 
processes, create a peripheral flow which causes the 
material in the central and peripheral axial-flow 
direction (deformation) (fig. 2,b)). Material from 
these two regions are moving simultaneously in the 
mold resulting in reduction of strains and increase 
their uniformity, strain, working speed and the degree 
of deformation. Thus, this procedure creates 
additional opportunities to reduce deformation due to 
flow uniformity and standardization of their right 
under certain conditions.  

Sintering. Green compacts were sintered in a 
vacuum furnace room is equipped with an electric 
heater and temperature control, so they were 
maintained in vacuum (10-4 bar) at a temperature of 
1200 °C for 60 minutes. 

 

- 75 -



FO N D ATĂ
197 6

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2011, ISSN 1453 – 083X 

 
 

 

 

a) b) 

Fig. 2. Friction assisted compaction of 316L stainless steel powder 

a) density distribution, b) compaction process Vm> Vp 
 

3. Results and discussion 
 

Cylindrical green compacts were made of 6.5 
grams and 10.5 grams with classical friction assisted 

compaction at a pressure of 600 MPa and 700 MPa. 
The inner diameter of the die is 11.12 mm, compacts 
obtained with varying heights depending on the 
weight, pressure and compaction process.

 
 

Table 1. Densities obtained in the process of compaction 
 

No 
Compaction 

process 
Pressure Weight Green density Density 

  [MPa] [gr] [gr/cm3] [gr/cm3] 

1 600 6.29 6.49 
2 

with assisted 
friction 700 6.50 6.67 

3 600 6.60 6.76 
4 

classical 
700 

10.5 

6.76 6.92 
5 600 6.45 6.61 
6 

with assisted 
friction 700 6.60 6.69 

7 600 6.60 6.79 
8 

classical 
700 

6.5 

6.76 6.97 
 

Densities were obtained after sintering fig. 3 
between 82% and 89%, in line with the literature [4] 
(to 1240°C value obtained is 90% of theoretical 
density), taking into account the conditions of 
sintering.  

Density gradient was determined by removing 
the turning of 1 millimeter of material in radial 
section. Height density distribution reported in parts 
was determined by Archimedes method. Comparison 
of density gradient was performed for both processes 
at different compaction pressures (600 MPa and 700 
MPa).  

As can be seen, in fig. 3 a) and c) we obtained a 
uniform density distribution for samples of 10.5 
grams with assisted compaction achieved by friction, 
but with lower values 1% ÷3% for samples compacted 
classic. The results obtained on samples of 6.5 grams 
comply with the trend to uniform density, which leads 
to the conclusion that the activation of friction 
produces densities with 1% ÷ 3% lower, but earn 

more by getting a better gradient. As a consequence, 
the fill height of the die is no longer conditioned to 3x 
height of compact. These results are applicable for 
parts with large lengths. 

In what follows (fig. 4) presents microstructures 
in the process of sintering compacts in a vacuum. 
Metallographic samples were prepared as follows: 
longitudinal were polished with abrasive paper of 
500-1200 grit, then polished with alumina and were 
etched with royal water (HCl 33%, 66% HNO3). 

It is noted that the material was sintered well. 
The resulting structure is similar to a molten metal, is 
observed grains (crystallites - white areas) with 
polygonal boundaries clearly outlined. The 
microstructures presented for both classical and 
assisted compaction processes are very similar. In 
both, approaches can be distinguished macles in 
specific grain austenitic steels and fine carbides (small 
black dots on grains), due to alloying elements, the 
basic blend of grain weight. 

 

V

V
V
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c) d) 

 classical compaction  friction assisted compaction 

Fig. 3. Density gradient of stainless steel powder, 316L 

a), b) pressure at 600 MPa; c), d) pressure at 700 MPa. 

 
So, if compact 6.5 grams, fig. 4, 5 a), b) and for 

those of 10.5 grams, fig. 4, 5 c), d), we see a greater 
number of grains in the microstructures obtained at 

compaction with friction assisted fig. 4 b), d). This is 
due to the presence of friction assisted, given that the 
same conditions were observed in compaction.

 

  
a) b) 
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c) d) 

Fig. 4. Microstructures of 316L stainless steel samples compacted at pressure of 600 MPa: 

a) classical compaction of 6.5 g samples, b) with friction assisted compaction of 6.5 g samples, 

c) classic compaction samples of 10.5 g d) compaction with friction assisted samples 10.5 gr. 
 

It can be seen in the microstructure, the presence 
of an amount of pores (dark areas), this fact it is 
specific sintered structures. Porosity decreases 
according to the method of compaction, compaction 
pressure and sintering temperature.  

The explanation for the existence of an 
increased amount of pores, or pore size may result 

from the dependence of compaction speed. A too 
rapid compaction (low height for samples) can be 
achieved without the grain to find the most 
advantageous positions of green compact volume. 

The boundaries between grains are well defined 
and can be seen present carbides in the grain.

 
 

  
a) b) 

  
c) d) 

Fig. 5. Microstructures of 316L stainless steel samples compacted at pressure of 700 MPa: a) 

classical compaction of 6.5 g samples, b) with friction assisted compaction of 6.5 g samples; c) 

classical compactness samples of 10.5 g d) compaction with friction assisted samples of 10.5 grams. 
 

Conclusions 
 

It was comparatively studied in this paper, two 
methods of densification of powders, classic - 
bilaterally and with friction assisted. Differences 
between classical and assisted friction compaction is 

relatively low, due to the small size of samples. The 
compact with longer lengths could be more relevant 
results.  

The main difference between the two processes 
is given by the influence of frictional forces between 
particles, powders and tools. 
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Advantages:  

• uniform density distribution of the 
green compact height 

• removal of the neutral zone 
• low density in the case of the classical-

bilateral compaction 
• unconditional height filling of compact 

height 
• activation of friction between the 

container and the powder effecting in 
the reduction of the pressing force 
applied to the die 

• minimum implementation costs in 
industry, concerning only the 
movement of the mobile device for 
driving the mold 

• long time suitability of friction assisted 
compaction for resistive deformable 
materials. 

 

 

Disadvantages: 

• compact density reduction by 1% ÷ 3%  
• implementation costs of the appropriate 

process  
• location of the training devices on the 

existing press. 
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ABSTRACT 

 
In this work is made an optimization of configuration for casting bearing 

support of backup rolls, with Finite Element Method. This program is used for 

configuration of parts or subassemblies realized from cast iron. The deformation 

and displacement of bearing support are configured by using the “Finite Elements 

Method”. In this study is shown too, an approval on the behavior of bearing support 

material (hardness, resistance and elongation). 

 
KEYWORDS: backup roll, bearing support, thick sheet, shape, hydraulic 

installation 
 

1. Introduction 
 

The optimization of configuration for casting 
bearing support of backup rolls is made because the 
old configuration has some damage like: in the zone 
of corner and welded joint are produced – after a short 
functioning – some cracks because of the premature 
fatigue of material. 

For the first time it is the bearing structure is 
checked and we take account of the tensions that 
deformed this part. 

At the next stage, for obtaining the optimal 
configuration it is necessary to consider the force of 
lamination, other stresses, their direction, the masses 
which loaded the bearing and the type of bearing 
which was chosen. 

In the FEM, (FINITE ELEMENT METHOD) 
the structural system –a back-up roll body-is modeled 
by a set of appropriate finite elements interconnected 
at points called nodes. Elements may have physical 
properties such as thickness, coefficient of thermal 
expansion, d, Young's modulus, shear modulus. Some 
common element types are listed below: 

 
 

Fig.1. Mesh (shape with triangular and rectangular elements) for the upper of back up work roll. 

 
Straight or curved one-dimensional elements are 

endowed with physical properties such as axial, 
bending, and torsion stiffness’. This type of elements 
is suitable for modeling cables, braces, trusses, beams, 
stiffeners, grids and frames. Straight elements usually 
have two nodes, one at each end, while curved 
elements will need at least three nodes including the 

end-nodes. The elements are positioned at the central 
axis of the actual members.  

Two-dimensional elements are used for 
membrane action (plane stress, plane strain) and/or 
bending action (plates and shells).  

They may have a variety of shapes such as flat 
or curved triangles and quadrilaterals. Nodes are 
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usually placed at the element corners and, if needed 
for higher accuracy, additional nodes can be placed 
along the element edges or even inside the element.  

Three-dimensional elements for modeling 3-D 
solids such as machine components, or solid masses 
are required to use different element shapes that can 
include tetrahedral and hexahedral forms.  

Nodes are placed at the vertexes and possibly in 
the element faces or within the element.  

The elements are interconnected only at the 
exterior nodes, and altogether they should cover the 
entire domain as accurately as possible.  

Nodes will have nodal (vector) displacements or 
degrees of freedom which may include translations, 
rotations, and for special applications, higher order 
derivatives of displacements. 

When the nodes displace, they will drag the 
elements along in a certain manner dictated by the 
element formulation. 

In other words, displacements of any points in 
the element will be interpolated from the nodal 
displacements, and these are individual elements.  

This is the crucial step where we will need 
displacement functions written only for the main 
reason to approximate the nature of the solution. 

 
For obtain a good simulation, it is important to 

consider the next rules: 
-symmetry or anti-symmetry conditions are 

exploited in order to reduce the size of the domain;  
-displacement of finite elements, including any 

required discontinuity, is ensured at the nodes, and 
preferably, along the element edges as well, 
particularly when adjacent elements are of different 
types, material or thickness; 

- compatibility of displacements of many nodes 
can usually be imposed via constraint relations.  

When such a feature is not available in the 
software package, a physical model that imposes the 
constraints may be used instead;  

-elements' behaviors capture as the dominant 
actions of the actual system, both locally and globally.  

-the element mesh is sufficiently fine in order to 
have acceptable accuracy. To assess accuracy, the 
mesh is refined until the important results show little 
change. For higher accuracy, the elements should be 
as close to unity as possible and smaller elements are 
used over the parts of higher stress gradient;  

-proper support constraints are imposed with 
special attention paid to nodes on symmetry axes.  

While the theory of FEM can be presented in 
different perspectives or emphases, its development 
for structural analysis follows the more traditional 
approach via the virtual work principle or the 
minimum total potential energy principle.  

The virtual work principle approach is more 
general as it is applicable to both linear and non-linear 
material behaviors.  

 
The virtual internal work in the right-hand-side 

of the above equation may be found by summing the 
virtual work in the analyzed structure. 

The principle of virtual displacement for 
structural system has the expression - equation (Hook) 
in the subsequent sections: 

σ = E.ɜ                                                            (1) 
 
R=Kr + R0                                                      (2) 
where: 
R - vector of nodal forces, representing external 

forces applied to the system's nodes.  
r - vector of system's nodal displacements, 

which will, by interpolation, yield displacements at 
any point of the finite element mesh.  

R0 – is vector of equivalent nodal forces, 
representing all external effects other than the nodal 
forces which are already included in the preceding 
nodal force vector R.  

These external effects may include distributed or 
concentrated surface forces, body forces, thermal 
effects, initial stresses and strains.  

K= system stiffness matrix, which will be 
established by assembling the elements' stiffness 

matrices: Ke.  
Once the supports' constraints are accounted for, 

the nodal displacements are found by solving the 
system of linear equations (2), symbolically: 

 
R= k-1 ( R – R0)                                               (3) 
Subsequently, the strains and stresses in 

individual elements may be found as follows: 
ɜ =B.q                                                              (4) 
σ  = E.(ɜ -  ɜ0 )  +  σ0   (5) 
where: 
q-vector of element's nodal displacements--a 

subset of the system displacement vector r that 
pertains to the element under consideration.  

B- strain-displacement matrix that transforms 
nodal displacements q to strains at any point in the 
element.  

        K- system stiffness matrix, which will be 
established by assembling the elements' stiffness 

matrices: Ke.  
Once the supports' constraints are accounted for, 

the nodal displacements are found by solving the 
system of linear strains and stresses in individual 
elements may be found by using equation (4). 

 E- elasticity matrix that transforms effective 
strains to stresses at any point in the element and 30 is 
vector of initial strains in the element.  
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The strain-displacement matrix has the 
possibility to transforms nodal displacements q to 
strains at any point in the element.  

σ 0= vector of initial stresses in the element.  
We can apply the virtual work equation to the 

system and we can establish the element matrices B 
and Ke. The computer program can assembly the 
system matrices R0 and K. Other matrices Parameters 

such as ɜ 0, , R and E can be directly set up from 
data input. 

 
2. Interpolation and shape functions 

 

If we consider that q is the vector of nodal 
displacements of a typical element. The displacements 
at any point of the element may be found by 
interpolation functions such as: 

U= N.q                                                            (6a) 
where: 
u= vector of displacements at any point {x, y, z} 

of the element.  
N= matrix of shape function serving as 

interpolation functions.  
Equation (6) gives rise to other quantities of 

great interest: 
Virtual displacements consistent with virtual 

nodal displacements:  
δu = N.δq                                                      (6b) 
Strains in the elements: 
ɜ=D.u                                                             (7) 
where: D is matrix of differential operators that 

convert displacements to strains using linear elasticity 
theory. Equation (7) shows that matrix B in (4) is:  

B=D.N                                                            (8) 
Virtual strains consistent with element's virtual 

nodal displacements:  
δɜ= B.δq                                                         (9) 
The shape of the bearing support is shown in 

Figure 2.  
 

 
 

Fig.2. The configuration of support bearing 

with finite elements. 

For determining the tensions which loaded the 
bearing support, the following stages must be 
included: 

-the determination of the exterior and interior 
tensions applied on this part; 

-the measurement of torques, forces and 
displacement; 

-the configuration of the bearing support model 
and the Finite Elements Method should be applied on 
this shape; 

-the calculus of torques, forces and displacement 
made by the program and the verification of this 
structure. 

 
3. Experiments and results 

 

In the experimental phases are recorded the 
maximum load of 54x103 kN and the displacement of 
0.002 mm. 

Based on this registered measurement is made a 
computer simulation.  

There were selected five representative models 
from 476 different experimental measurement and is 
made a modal analysis by using the IDEAS-Program. 
The regression-active model is shown in Fig. 3. 

The IDEAS program establishes the types of 
finites elements, their number, arranges the mesh on 
the shape and shows in dark colour the most tensioned 
zones and in light colour the less tensioned zones.   

 

  
Model No 1 

Fmax=24x103kN 
Model No 2 

Fmax=29x103kN 

Model No 3 
Fmax=34x103kN 

Model No 4 
Fmax=48x103kN 

 
Model No 5  

Fmax=54x103kN 
 

Fig.3. The five most important loads on the 

bearing support. 
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After the verification of the resistance of this part, it 
is chosen the optimal shape for the bearing support. 

The ideal shape of the cast bearing support was 
chosen by following the line of model number 4 (Fig. 
3) because it supports the maximum of tensions and 
deformations: Fmax = 48x103 kN and the displacement 
0.0187 mm. 

3. Material 

 
The material choice for the bearing support was 

nodular graphite irons Fgn700-2. This material 
supports (after the experiment) the maximum force of 
48x103kN and the less deformation in work. 
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Fig.4. The characteristics of hardness resistance and elongation for the material Fgn 700-2. 
 
The growing of pearlite inside the structure 

determines the increase of cast bearing resistance (R) 
and the hardness (HB) like in Figure 4. 

By using this material is registered the low value 
for the deformation of the cast bearing support. The 
equipment used was crucible induction furnace. Like 
separation plans was chosen the middle of the bearing 
support and the cast is made in the middle of the 
bearing shape. 

 

4. Conclusion and result 
 

The modern proceeding for stress and tensions 
analysis is important for obtaining an optimal shape 
and a new material for the cast bearing support. 

The support model takes account of the tensions, 
the torques and the dynamics coupling in the 
functioning time. 

It is necessary to chosen the rationally cinematic 
scheme with a real number of masses and the gap 
between the bearing and its support. 

This part is made from Fgn 700-2 and we 
chosen iron with nodular graphite because its support 
the greatest effort at the less deformation. 

It must consider the less deformations because 
in functioning time, a great deformation of bearing 

support determines the variations of the thick sheet 
rolling. 
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