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STUDY ON SOME COPPER - MOLYBDENUM  
BASED COMPOSITE MATERIALS CONDENSED  

FROM THE VAPOUR PHASE 
 

N.GRECHANYUK1, Gheorghe CROITORU2 
1 National Academy of Sciences, Kiev, Ukraine,  

2 “Dunarea de Jos “ University of Galati 

e-mail: e-mail: gekont@ukr.net 

 

ABSTRACT 
 

Design features of equipment are given for realizing high-speed process of 

electron beam evaporation and condensation. Peculiarities of phase composition 

and structure of a crystallized pool (melt) on copper base are studied. Assumption 

was made about interrelation of structure-phase state of the melt and rate of 

evaporation-condensation. Specifics of surface structure and volume of condensate 

in different sections (before and after etching) are investigated. Technological 

defects, their influence on strength and ductility of the condensate at tensile test are 

considered. Interrelation of temperature dependence of energy of deformation 

activation, specifics of condensate fracture and technological defects of structure, 

different by origin, are studied. 

 
KEYWORDS: installation for vacuum condensation, technology of electron 

beam evaporation, condensate, structure, properties. 

 
 

1. Introduction 
 

This paper presents the basis for obtaining the 

Cu-Mo based –alloy using electron technology and 

the study of structure and characteristics. 

In order to obtain this alloy, condensed from the 

vapour phase, the UE-189 electron beam industrial 

installation has been used, which was modernized by 

„Gekont”. The image of this installation is presented 

in figure 1. It has a technological chamber 1 and 

another chamber, 2, laterally, with the electron guns 

3-6. 

The vacuum system is designed for creating 

dynamic vacuum in chambers of the UE-189 

installation for the purpose of ensuring the process of 

evaporation and condensation of initial materials. The 

technological chamber and the gun chamber have 

separate vacuum pump-out systems, which ensure 

stability of EB heater operation.  

The vacuum system consists of two roughing-

down pumps, two booster pumps, and two high-

vacuum units (one per the gun chamber and the 

technological chamber). On upper flange of the 

technological chamber 1 substrate 14 rotation 

mechanism 15, designed and manufactured in 

«Gekont», it is installed [1].  

 
 

Figure 1. Principal scheme of EB installation:  

1 — working chamber; 2 — gun chamber;  

3-6 — EB guns; 7 — substrate rotation rod;  

8, 9 — crucibles for evaporation of copper and 

molybdenum, respectively; 10, 11 — ingots for 

evaporation; 12, 13 — mechanisms for feeding 

ingots into evaporation zone; 14 — substrate;  

15 — substrate rotation mechanism. 

-  5  -
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A peculiar feature of the design of this 

mechanism is the possibility of its long operation (10-

12 months) without violation of vacuum when 

rotating a substrate of up to 50 kg mass at speed up to 

40 rpm at the temperature (600 ± 50) °C. Heating of 

the substrate (fixed on the rotation rod 7) up to the 

mentioned temperature [2] is performed by EB guns 

5, 6 of 40 kW power. Heating of the initial material 

for evaporation is performed by means of EB guns 3, 

4 of 100 kW power. All guns have independent 

filament of cathodes and autonomous control of EB. 

The evaporation unit consists of two crucibles of 100 

and 70 mm in diameter (8 and 9, respectively), 

designed for evaporation of copper 10 and 

molybdenum 11, and mechanisms 12 and 13, which 

ensure their feeding into the evaporation zone. 

Initial (being evaporated) materials. For 

producing of condensed electric contact materials the 

copper, molybdenum, and alloying elements (yttrium 

and zirconium) were used as initial elements. 

Calcium fluoride was used for creation of a separating 

layer on the substrate. Substrates for deposition of 

800-1000 mm in diameter and (20 ± 2) mm thick 

were manufactured from steel OL-37. Surface of the 

substrate, on which deposition was performed, was 

subjected to milling and grinding till roughness not 

less than R(l = 0.63 (GOST 2769-73).  

Preparation of ingots for evaporation. Copper 
ingots were turned and drilled for placement of 

alloying element weights. These ingots and turned 

ingots of molybdenum were subjected to cleaning, 

de-greasing, and weighing. Alloying elements were 

used in the form of degreased and dried chips of 

zirconium and yttrium. Weights of mentioned metals 

at the ratio 7:3 in amount (100 ± 3) g per 10 kg of 

copper were placed into special channels, drilled in 

copper ingot being evaporated, and on the surface. 

For creation of a separating layer a weight of fluoric 

calcium (2.0 ± 0.3 g) was placed on the surface 

heated of the molybdenum ingot.  

After charging of the substrate and initial 

materials the installation was vacuumized. When 

vacuum 1-10 Pa was achieved, EB guns were 

switched on and technological process of vacuum 

deposition was started. 

Deposition of the separating layer CaF2 was 

performed in vacuum not less than 1-10 Pa after 

heating of the rotating substrate up to the temperature 

(873 ± 50) K. Duration of the separating layer 

application was 120-180 s. 

After termination of the separating layer 

deposition process, alloyed pool was formed on the 

copper ingot face. At the same time molybdenum 

ingot was heated. The conditions were considered 

achieved when evaporation currents of copper 

equaled 3.0-3.4 A, molybdenum 1.2-16 A at 

acceleration voltage of 20 kV. Change of the beam 

power in evaporation of molybdenum in different 

experiments allowed producing composite materials 

Cu-Mo-Zr-Y of three grades with molybdenum 

concentration equal to 2.5-5.0, 5.1-8.0, 8.0-12.0 

wt.%, respectively [3]. 

Evaporator, rate of evaporation, composition, 
structure. The selecting of the methods for variation 

of the copper evaporation intensity is based on known 

data. Most frequently, the evaporation rate is 

increased by increasing size of the evaporator and 

power of EB [4-6]. However, when 50 kW power and 

specific rate of copper evaporation from the water-

cooled crucible 4⋅103 g/(cm2⋅s) is exceeded, stability 

of the pool is violated: splattering of metal from the 

crucible takes place. Outburst of the metal may be 

partially avoided by introduction of alloying additives 

and arrangement of a multi-component pool on 

surface of the melt being evaporated (an intermediate 

pool) [8, 9]. In [9] the intermediate pool is called melt 

of the additive-metal, which restrictedly interacts with 

the base metal, occupies ≈ 10 % of the whole melt 

volume, and preserves on its surface. The main 

requirement to the additive-metal is lower density 

than in the metal-base, and vapors pressure within 

technological range of temperatures should be lower 

than that of the metal-base. From chosen by us 

alloying elements, zirconium completely and yttrium 

partially met these requirements. Density values of 

zirconium − 6.49⋅10-3 and yttrium − 4.55⋅10-3 are 

lower than those of copper − 8.92⋅10-3 kg/m3. As far 

as vapors pressure is concerned, for copper and 

zirconium required difference is preserved, while for 
copper and yttrium it is not so significant (Figure 2) 

[10]. However, according to [9], zirconium and 

yttrium increase specific rate of copper evaporation. 

From analysis of Figure 3, presented in [9], one can 

see that alloying elements in copper melt accelerate 

evaporation of copper: zirconium − 2 times, 

vanadium − almost 6 times. There is no satisfactory 

explanation of evaporation rate increase in case of 

using an intermediate pool. It is assumed that increase 

of evaporation rate may be caused by surface tension 

and heat diffusivity of the melt being evaporated, 

which change during alloying [11].  

However, peculiarities of phase equilibriums in 

binary systems Cu-Zr, Cu-Y, Cu-Nb, Cu-Fe and Cu-

V may influence specific rate of the melt evaporation. 

Four intermetallic compounds (YCu6, YCu4, YCu2, 

YCu) were detected in binary system Cu-Y, three of 

which melt congruently within temperature range of 

(935 ± 15)−(985 ± 15) °C. In the system Cu-Y also 

four eutectic transformations were registered, which 

proceeded within temperature range (890 ± 10)−(760 

± 15) °C and yttrium concentrations 12.5 - 74 wt.% 

[12]. There are six intermetallic compounds in binary 

system Cu-Zr, four of which melt congruently. All 

compounds participate in eutectic reactions within 

-  6  -
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concentration range of zirconium content 8.85-55 

wt.% and temperature range 971-885 °C [12]. 

 

 
 

Figure 2. Dependence of vapor pressure of some 

metals on inverse temperature [10]:  

1 − molybdenum; 2 − zirconium;  

3 — niobium; 4 — vanadium; 5 — yttrium;  

6 — iron; 7 - copper; 8 — chromium. 
 

 
 

Figure 3. Change of specific copper evaporation 

rate v during alloying depending upon melt 

composition 
 

So, the interaction of elements in each mentioned 

binary system exists within wide range of 

concentrations probability of formation of eutectic 

type melts with significantly lower melting point than 

that of initial metals. For binary systems Cu-V, Cu-

Nb and Cu-Fe presence of areas of immiscibility and 

lamination (with the maximum, approximately, in 

equimolar area) is characteristic, and monotectic 
reaction, for example, in system Cu-V at temperature 

1530 °C, and in system Cu-Nb at temperature 1550 

°C [12].  

This allows assuming possibility of morphology 

change of structural components of the system and 

properties of its capillarity and increase of 

evaporation rate at the temperature, which 

significantly exceeds copper melting temperature, 

which does not contradict data of [9] that prove 

increase of copper melt evaporation rate in presence 

of vanadium, niobium and iron additives.  

In the process of development of technology for 

manufacturing massive Cu-Mo-Zr-Y condensed 

materials, samples of three alloyed pools were 

investigated, which ensured three rates of 

condensation that made up 16-20, 8-10, 4-5 μm/min, 

respectively. For investigation of pool materials optic 

and electron scanning microscopy, X-ray spectral 

microanalysis, and method of micro hardness were 

used.  

Despite different values of density of alloying 

elements of yttrium and base metal (copper), 

lamination of components in the pool was not 
detected. Active interaction of these elements with 

copper, each other, and interstitial impurities was 

noted.  

Phase composition of the pools, after 

solidification, corresponded mainly to binary diagram 

Cu-Zr, according to which in equilibrium with 

copper-base solid solution exists intermetallide 
ZrCu5, which forms due to peritectic reaction, and 

intermetallide ZrCu4, which represents a congruently 

melting compound.  

Different mass shares of zirconium in these 

phases (in ZrCu5 approximately 22 %, in ZrCu4 − 26 

%) and morphology of the latter (Figure 4) allow 

assuming that crystals of intermetallide ZrCu4 of 

various shape form during solidification of the pool. 

 

Figure 4. Morphology peculiarities 

of phases ZrCu4 (1) and ZrCu5 (2), × 200. 
 

Intermetallide ZrCu5 in the form of thin fibers 

precipitates in solid solution at the temperature below 

solidus, i.e. as a result of aging.  

-  7  -
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In solidified pool 1, which ensures maximum rate 

of copper evaporation, big anisotropic particles 

prevailed (Figure 5, a) with sizes sometimes equal to 

the pool depth (approximately 12 mm). It proves the 

fact that alloyed melt occupies the whole volume of 

the pool.  

In pool 2, where average rate of copper 

evaporation was 8-10 μm/min, mainly anisotropic 

particles of intermetallide ZrCu4 were registered 

having a shape of somewhat elongated hexahedron 

(Figure 5, b). 

 

 

Figure 5. Melt structure of pools 1 (a − ×100) and 2 (b− ×50) after cooling. 
 

In pool 3, for which minimum rate of copper 

evaporation is characteristic (4 − 5 μm/min), size of 

isotropic particles in dominant areas sharply reduced 

(Figure 6, a).  

 

 

 
 

Figure 6. Pool 3 (a), structure in homogeneity (b) and slag inclusions 

(c) near its surface (× 200). 

-  8  -
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Structure of the pool was inhomogeneous. Near 

surface of the pool accumulation of anisotropic 

particles ZrCu4 was detected, as well as porosity 

(Figure 6, b) and slag inclusions in system Zr-Y-O 

(Figure 6, c). Disperse (anisotropic or isotropic) phase 

ZrCu5 (Figure 4) was present in investigated pools 

between particles of intermetallide ZrCu4. In the near-

bottom zone this very phase formed branched 

structure (Figure 7). 

 

 

 

Figure 7. Structure of solidified melt (1) near boundary with copper ingot (2) irrespective of pool 

structure (×100): a −  high; b − medium rate of evaporation 
 

So, it was experimentally established that content 

and distribution of elements in the alloy Cu-Zr-Y 

with high rate of evaporation during solidification 

ensure formation of anisotropic structure, which is 

stipulated by directed growth of intermetallide ZrCu5. 

Absence of sufficient knowledge about mechanism of 

melting and solidification does not allow authentic 

judging of the nature of detected interrelation. 

However, data of [13, 14] prove that the melt has to 

be considered as a crystal dispersed into clusters of 

0.5-3.0 nm size. That's why one may assume 

existence of hereditary connection between structures 

of copper-base alloys in liquid and solid state and 

influence of ordering on the melt evaporation rate. 

On the basis of established peculiarities of the 

structure, phase, and chemical compositions of the 

pools one may draw conclusion that phase 

equilibriums in copper-, zirconium- and yttrium-base 

systems, complicated by presence of impurities in 

commercially clean materials, have to be considered 

as some of the main factors which control rate of 

evaporation-condensation. 

Efficiency of alloying elements is, probably, 

stipulated by their ability to change structure of the 

melt and its capillary properties. This assumption fits 

established in [9] two-fold increase of the copper-

base melt evaporation rate in presence of zirconium 

and yttrium, which form intermetallic compounds and 

low-melting eutectics in correspondence with similar 

equilibrium diagrams. 

Evidently the same analogy of equilibrium 

diagrams in systems Cu-Fe and Cu-V (presence of 

areas of immiscibility in liquid state and possibility of 

monotectic reaction proceeding at reduced 

temperature of the ingot, which determine structure of 

the melt) allows achieving even higher (4-6−fold) 

increase of evaporation rate in the presence of 

additives of iron and vanadium. 

Condensate, its composition, structure and 
properties. Ratio of values of metal vapors pressure 

at various temperatures, composition and structure of 

the pool melt determine peculiarities of the 

condensate mass transfer and chemical composition.  

As follows from presented data and results of 

mass-spectral analysis of copper condensate, 

containing alloying elements zirconium and yttrium 

used during its production, zirconium is mainly 

accumulated in the melt, while yttrium participates 

more actively in mass transfer. According to the 

results of this analysis, weight share of alloying 

elements varies in zirconium within 0.01-0.08 and in 

yttrium within 0.02 - 0.012 %. 

The parameter, which allows qualitative 

estimating possibility of increasing intensity of the 

alloying element mass transfer, may be the 

temperature, at which pressure of saturated vapor, 

133.3 Pa, is achieved [15]. For example, for iron, 

yttrium and zirconium it increases at 1923, 2128, and 

2883 K, respectively. In the same sequence the 

content of elements in condensates Cu-Fe, Cu-Y, Cu-

-  9  -
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Zr (6.08-9.43; 0.13-0.18; 0.02-0.08 wt.%, 

respectively) reduces [9]. These data don't contradict 

peculiarities of temperature dependence of vapor 

pressure of iron, yttrium, and zirconium (see Figure 

2) [10]. 

The alloying elements into condensate, notably 

affect its mechanical properties (Table 1) [9]. 

 

Table 1. Influence of alloying elements on 

mechanical properties of copper-base 

condensate 
Mechanical properties of condensates 

at T, °C 
20 300 Material 

δt, 

MPa 

δ,  

% 

δt, 

MPa 

δ,  

% 

Cu 

Cu-Y 

Cu-Zr 

Cu-Fe 

188 

213 

192 

318 

62 

53 

56 

33 

98 

79 

115 

118 

33 

34 

50 

25 

 

The morphology of additive and its content 

affect properties of the initial condensate and 

intensity of its strength at the temperature 573 K. 

Maximum worsening of properties was registered 

when copper condensate was alloyed with iron. 

Tensile strength of the condensate reduces by 63 % 

and relative elongation δ − by 24 %. The lower 

reduction of property parameters by 40 and 11 % − 

takes place, when the condensate is alloyed by 

zirconium, whereby it should be noted that tensile 

strength and ductility of pure copper reduce at 573 K 

by 48%, in comparison with room temperature. 

Taking into account structural sensitivity of 

mechanical properties, one may assume that strength 

reduction is stipulated by the processes of recovery 

and ability of alloying elements to hinder these 

processes by means of action on phase composition, 

morphology, and dispensability of new phases. 

However, mechanical properties are affected, in 

addition to mentioned factors, by other factors as 

well. They are stipulated by application in 

technological processes of commercially pure initial 

materials and residual mediums. In this work, the 

influence of impurities on structure and properties 

was investigated on samples of composite material 

Cu-Mo-Zr-Y proceeding from the need of increasing 

the level, reproducibility of the condensate properties, 

and optimization of technological conditions of their 

manufacturing. As test specimens, samples of copper 

and molybdenum based materials have been taken 

from different lots, containing up to 12 mass % of 

Mo, 0,08 mass % of Zr and Y (for each of them) and 

for the rest, copper [3].  
 

Samples were cut out from condensate sheets 

of 800 mm in diameter. Size of samples allowed 

sequential performing macro structural analysis of the 

surface, measuring thickness, density, electric 

resistance, hardness, and determining tensile 

mechanical properties. Surface and sections of the 

samples parallel and perpendicular to the vapor flow 

(before and after etching), and fractures were 

subjected to micro structural investigations [16]. 

Thickness measurement of the samples showed that 

condensate, formed during rotation of the substrate, 

may be represented in the form of a truncated toroid. 

Cuneiform shape is characteristic of the periphery. 

Here the thickness, in comparison with maximum for 

the toroid, reduces by (45 ± 3) %. Ion etching of 

section, perpendicular to the surface, allowed 

establishing that disperse-strengthened copper 

consists, as a gradient material, from micro-layers of 

different composition and morphology (Figure 8). For 

the layers, enriched with molybdenum, anisotropic 

(columnar) structure is characteristic (Figure 8, a), 

which, according to [17], forms as a result of 

connection of atoms from a volumetric diffusion field 

(VDF) of the condensed flow with 2D insular layers 

by diffusion coalescence. Different thickness of the 

layers occurs in this case as a result of formation of 

more efficient VDF and increase of rate and time of 

condensation of the fed vapors. For layers enriched 

with copper mainly isotropic structure is 

characteristic, which consists either of disoriented 

polygonal grains (Figure 8, b), or from particles of 

spherical and (or) lenticular form dispersed in the 

matrix (Figures 8, c and 9, a). 

 

 

Figure 8. Condensate layers with columnar (a), polygonal (b) and spherical (c) shape of particles. 
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Figure 9. Mixed (a) and lenticular (b) structures of condensate and conglomerate from these 

particles (c) of this shape 
 

Such analysis of sections of these condensate 

samples allows assuming that correct spherical shape 

of particles and respective morphology of layers are 

connected with aggregated transformation in copper 

in the direction vapor → liquid phase.  

Lenticular shape of particles forms, evidently, 

as a result of coalescence of solid-liquid clusters of 

composite material Cu-Mo and origination of 

spherical particles during their approach to the 

substrate and deformation of these particles during 

their collision with the substrate and under action of 

the next portions of the «drop» vapor. This is proved 

by the shape of particles in Figure 9, a and b. 

Turbulence of vapor flow may be the reason of 

formation of different forms of conglomerates during 

consolidation of particles in micro layers (Figure 9, 

c). Chemical etching of the section perpendicular to 

the condensate surface proves that in case of lower 

content of molybdenum, refractory component forms 

separated grains with d << 1 μm and conglomerates 

of these grains in the copper-base matrix (Figure 10). 

When content of molybdenum increases, chains of 

grains and anisotropic colonies form in the matrix. 

Change of structure and chemical composition 

of micro layers fits peculiarities of the micro hardness 

change. Micro hardness increases together with 

increase of the share of columnar structure and 

molybdenum content in the layers. In the process of 

mechanical tensile tests of condensed composite 

material dependence of sample properties upon 

molybdenum content was also detected (Table 2). 

In case of annealing of the samples (1173 K, 3h, 

vacuum), their strength reduces, ductility increases, 

but mean value of dispersion does not reduce. 

Ductility of samples, which correspond to periphery 

of the sheet, reduces because of lamination first of all 

along boundaries of macro layers enriched with 
carbon and other impurities. 

 

Figure 10. The grains in the copper-base matrix. 
 

Table 2. Influence of annealing on mechanical properties of condensates  

Initial state of composite material 
Annealing of composite material 

at 900 °C for 3 h 
Composite materials with Mo 

concentration, wt. % 
δt, MPa δ, % δt, MPa δ, % 

2,5 … 5,0 

8,0 … 12,0 
518 ± 118 

659 ± 106 

0,69 ± 0,53 

0 

543,0 ± 60,9 

629,3 ± 61,3 

2,4 ± 1,1 

0,79 ± 0,57 
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The mechanical characteristics of the condensed 

composite material with 8,0... 12,0 Mo content  have 

been studied function of temperature.  

Processing of the test results according to  

methodology of [18], which was carried out by us 

with determination of gross errors (blunders) in small 

samplings, allowed establishing step-wise character 

of strain activation energy change (Figure 11).  

 
Figure 11. Temperature dependence of strain activation energy of composite material with 

Mo concentration 8,0 … 12,0 wt. % samples in tensile tests. 

 
Comparative analysis of these data and 

peculiarities of fracture of samples of two lots allow 

assuming that strain activation energy is minimal and 

makes up 0.061-0.062 eV within temperature range 

300-500 K and corresponds to strain localization near 

the notches on the surface. Maximum strain 

activation energy 1.467-1.462 eV within temperature 

range 900-1100 K for the same lots is connected with 

fracture toughness of the material with isotropic and 

columnar structure.  

The results obtained don't contradict assumption 

made in [18] about change of strain mechanisms 

(dislocation slippage for dislocation creep age) during 

tensile tests of copper within the same temperature 

range. Data of fractographic studies expand our idea 

about peculiarities and role of structure defects of 

condensed composite materials as places of 

localization of plastic strain, origination and 

development of cracks, and failure. 

 

Conclusions 
 

Main technological factors (combination of 

conditions − preparation of a substrate, its rotation, 

alloying of the pool, conditions of the pool heating, 

etc.) which affect process of evaporation and structure 

formation of condensed composite materials are 

established. 

It is shown that in case of copper alloying by the 

elements, which may affect rate of the melt 

evaporation, peculiarities of phase transformations in 

binary and more complex systems and possibility of 

morphology control of structural components and 

capillarity of a system in liquid-solid state have to be 

taken into account. 

It is established that condensate surface at the 

condensation front is of block character with periodic 

and arbitrary striation according to roughness of the 

substrate. Behind condensation front lamellar 

structure with hierarchy of layers was detected, which 

had columnar, polygonal disoriented, composite (with 

spherical, lenticular or mixed shape) structure, 

varieties of which corresponded to the condensation 

mechanisms. 

It is shown that in tensile tests of copper- and 

molybdenum-base condensates, which contained 

defects of structure, reduction and instability of 

mechanical properties were registered stipulated by 

combined or separate influence of defects on 

peculiarities of deformation and failure. In case of the 

tensile test temperature increase and change of the 

nature of structure defects, which determine 

localization of plastic strain, origination, development 

of cracks and failure match well stepwise change of 

strain activation energy. 
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ABSTRACT 

 
The development of some mechanic engineering systems in, feasible to pres-

sure vessels, aeronautics, ship building technology, requires a full investigation of 
the material features that are to be examined under a low cycles fatigue to strains 
close to the limit of the material elasticity. In this paper we present a testing ma-
chine at variable stresses in oligocyclic range. An own testing stand was patented 
by Romanian Standard Office, some results concerning the evolution of inner sec-
ond order tensions, microhardness in superficial layer during low cycles fatigue 
process and the microscopic images of cracks, some results concerning the evolu-
tion of the crystalline lattice parameter, level of the texture were realised in steps of 
each two thousand cycles until a limit of 104 cycles. Two types of  steel are tested.  

 
KEYWORDS: low, cyclic fatigue, structure, superficial, layer, dislocation, 

density, texture 
 

 

1. General considerations 
 

The low cyclic fatigue of materials is a damage 
process that appears in various domain of engineer-
ing. This process can be finding during exploitation 
of some machines or aggregates subjected to a peri-
odical or no just periodical action [2], [2], [13]. 

The boats during their going on sea or ocean are 
subjected to low cyclic fatigue. Similar process oc-
curs during get off or landing of plane. Some vessels 
from chemical industry due to modification of pres-
sure during charging or discharging are subjected to 
low cyclic process. During of this process the superfi-
cial layer of material suffers certain structural 
changes and their monitoring allow to establish the 
mechanism that leads at damage process. The struc-
tural changes in superficial layer are usefully in order 
to establish the history of material, as well as the next 
behavior of material. A systematic study of the struc-
tural changes is performed in frame of testing pro-
gram of materials used in engineering where appear 
and develop the low cyclic fatigue process. Using an 
original testing machine some materials have been 
subjected to low cyclic fatigue process and by X-ray 
diffraction method the superficial layer of tested sam-
pled was investigated. It was obtained information on 
fine structure of the superficial layer, namely: stress 
state, dislocation density, texture onto superficial 

layer as well as other mechanic characteristics as mi-
cro-hardness [4], [15]. 
  

2. Experimental methodology 
 

In order to perform a complete study of the be-
haviour of the superficial layer during fatigue test and 
to evince the main factors, which determine the dam-
age process, the structural cybernetic model was in-
troduced. In Figure1 this model is presented and it al-
lows to a systematic study of the input parameter 
changes under action of the commanding ones (Crudu 
& Macuţă 1991) [3].  
 

 
Fig.1. A cybernetic model used in study of  
friction process adapted in study of the low  

cycle fatigue process [15]. 
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The input/out parameters are: superficial layer 
parameters (ss-s’s) [x1- macro and micro-geometry, x2 
- microhardness and hardness, x3 – tension state, x4 – 
chemical composition, x5 – structure, x6 – purity] and 
tribosystem parameters (cs) [noise, debris]. Some of 
the mentioned parameters, as x2, x3, x5, can be 
changed from exterior such the durability of the mate-
rial to be in a certain interval.  

The commanding parameters (u) [u1 – nature of 
material, u2 – shape of the sample, u3 – dimension of 
the sample, u4 – working medium, u5 – kinematics, u6 
– energetics] called external factors, by their action 
can change some superficial layer parameters xi, i=1 – 
6. In our experimental program the evolution of the 
x2, x3 and x5 was showed by changing u1 (type of 
steel: ol 52) and u5 (testing frequency: ν1=20 cy-
cles/min, ν2=40 cycles/min., testing deformation: 
ε1=2000 μm/m, ε2=2500 μm/m, ε3=3500 μm/). In or-
der to estimate the dislocation density the x-ray dif-
fraction method was used. 

 

3. Experimental 
 

We have conducted the examination of material 
features in fatigue process for two steels used in pres-
sure vessel engineering: OL 52 and 10TiNiCr180. 
Using laminate samples, the investigations have been 
realized at variable solicitations of pure bending on a 
patented machine (Buzdugan & Blumenfeld 1979). 
The tests have developed in a symmetrical alternative 
regime at two frequencies: f1=20 Hz, f2=40 Hz. 

The deformation domain was established in an 
experimental program of tests using the resistive ten-
sometry. The deformations of samples were imposed 
at the superior limit of elastic domain, evaluated from 
characteristic curves. The deformations imposed in 
case of OL52 were: ε1=2000 μm/m, ε2=2500 μm/m, 
ε3=3500 μm/m and in case of 10TiNiCr180: ε1=1500 
μm/m, ε2=2000 μm/m, ε3=2500 μm/m, respectively. 

In the present paper we presented the experi-
mental results only for OL52 steel. The experiments 
were performed in steps of two thousand cycles until 
a limit of 104 cycles. In every step, we investigated 
the lattice parameter and texture level (Bogatet & Bu-
daci 1980, Crudu & Macuta 1991). For this investiga-
tion we used an X rays diffractometer, DRON-3. 
 

3.1. Results and discussions 
 

In Figures 2 and 3 the evolution of the lattice 
parameter for OL 52 steel tested to fatigue process for 
three imposed strains, ε1, ε2 and ε3 at two frequencies 
are respectively presented.  

Analyzing those two figures, a general ten-
dency of decreasing of the ferrite phase lattice pa-
rameter, is evinced, when the number of the testing 

fatigue cycles increases.  This occurs for the all im-
posed strains. A strong decreasing is revealed for 
small strains and frequencies, respectively for high 
strains and frequencies. The change of the lattice pa-
rameter can be explained by supposing of a migration 
process of some alloyed elements during fatigue tests. 
This fact presents validity by a soft increasing of the 
lattice parameter during the fatigue test for an estab-
lished testing cycle number.  

 

 
Fig. 2. Evolution of lattice parameter for 

f = 20 cycles/min [15]. 
 

This increase appears more early when the strain 
is bigger. The migration process of atoms in and from 
elementary cell of the ferrite phase shows the exis-
tence of a high kinetic of atoms in the superficial 
layer during fatigue tests.  

 
Fig. 3. Evolution of the lattice parameter for  

f = 40 cycles/min [15]. 
 

This kinetic can have negative effects if the ma-
terial is tested in corroding media.  

The migration process is more slowly in case of 
the small strain and more intensive at high frequen-
cies and big strains; at small strain the process is 
more intensive at small frequencies. The presented 
data show that there is the possibility to command 
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from exterior the durability of tested material by 
changes of the imposed strain and testing frequencies 
in a certain range. In Figure 4 and 5, for 20 cy-
cles/min and 40 cycles/min, the evolution of the tex-
ture parameter, measured by ratio Imax/I0, where Imax 

and I0 are, respectively, the maximum intensities of 
the X-ray diffraction line (220) of the ferritic phase, 
for tested and non-tested samples, are presented.  

From figures, an inverse texture (IT) process of 
material is evinced. The higher degree of the IT oc-
curs in the case of the bigger strain, ε3 [4]. This IT 
can be associated to some mechanical micro-
processes that lead to a preferential orientation of the 
crystalline planes in [220] direction in relation to 
laminated state of material, when Imax/I0 =1.  

 
From the view of presented histograms, can be 

analyzed the distribution of the texture degree of steel 
during fatigue tests and a relationship with plasticity 
properties can be established. At small frequencies 
the material presents a normal hysteresis, but at high 
value the inertial properties of material are smaller.  

 

 

3.2. Conclusions 
 

During fatigue tests, the lattice parameter pre-
sents a general tendency of decreasing when the 
number of the cycles increases, for those three strains 
and those two frequencies. The decreasing occurs in 
jumps and can be associated to a migration of alloy-
ing elements from steel. The migration process is 
strongly influenced by number of fatigue cycles and 
level of strain [4]. 

During fatigue tests, a texture process of ferrite 
phase occurs and it is influenced by level of strain 
and frequencies. The texture process, evinced by X-
ray diffraction method, shows data about inertial 
properties of fatigue tested material. The steel looses 
the elastic properties when it is tested at high fre-
quencies, the influence of strain being not very im-
portant. 

 

3.3. Dislocation density 
 

In our exper mental is presented the evolutions 

of the ( )max/ II f 220 ratio (Buzdugan & Blumenfeld 

1979) against of the testing cycles number for two 
frequencies are presented (20 and 40 cycles). For ex-
ample this evolution is done for: OL52 steel, three 
imposed deformations, ε1, ε2, ε3, and a frequency of 
ν1=20 cycles /min (fig.6).  

 
Fig. 4. Evolution of texture level for  

f = 20 cycles/min [15]. 
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Fig. 6. Variation of the  220  on number 

of testing cycles for frequency ν1=20 
cycles/min[15]. 

 
Fig. 5. Evolution of texture level for  

f = 40 cycles/min[15]. 

 

3.4. Analyses of the superficial layer 

microhardness 
 

In Figure 7 and 8 the variation of the, HV, mi-
crohardness (Bogatet & Budaci 1980) on number of 
testing cycles, for ε3=3500 μm/m and the two testing 
frequencies are presented.  
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The tested samples present in damaged surface 
a smooth aspect and an area characteristic to damage. 

In Fi

There is a jumps decreasing of the HV by hard-
ening and softening processes.  

At low frequency this decreasing is lesser like in 
case of high frequency for the SAME imposed de-
formation. This shows that the hardening and soften-
ing process occur with different speeds. 
 

 

4. Aspect of wöhler curve 
 

The tests have developed in a symmetrical al-
ternative at two frequencies. The testing frequency of 
the samples was of 20 and 40 cycles/ min. In paper 
the results refer to testing frequency of  40 cy-
cles/min. During fatigue test the temperature meas-
urements showed a variation small 2oC, the tempera-
ture effects being without importance. In Figure 9 the 
experimental Wöhler curve is presented.  
 

4.1.Macroscopic aspects of the cracks 
 

Like general aspect, in each case, Figures 10, 11 
and 12 the damage process by fatigue test is initiated 
at sample surface in places where the microscopic 
flows are presented.  

gure 6a, the aspect of tested sample is presented. 
It can see the presence of sliding bands near crack. 
This appears due to relative big propagation speed of 
deformations into crystalline grains having favorable 
orientation and small relative intensity of total defor-
mation. In deformation process in elastic-plastic 
range the weigh of plastic deformation is relatively 
big in a small time testing (Nr = 30065 cycles until 
damage) at deformation ε3 = 3500 μm/m (ε3 real = 
ε3/2). The weigh of damage surface by fatigue process 
is small and located in vicinity damaging initiator. 
This is showed in Figures 10b, 10c.  
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Fig. 8. Variation of microhardness   vs 

testing cycles for  ν = 40 cycles/min[15]. 
 

 
a b c 

Fig. 10. Macroscopic aspects of crack for  
ε3 = 3500 μ /m[15]. 
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Fig. 9. Experimental Wöhler curve[15]. 
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Fig. 7. Variation of microhardness 

vs. testing cycles for  ν = 20 cy-
cles/min[15]. 

 

 
  

a b b 
Fig. 11. Macroscopic aspects of crack for ε2 

=2500 /m[15]. 
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In Figure 1 r a deformation 
f ε2 = 2500 μm/m, the shape of the sliding bands in 

vicini

mber of fatigue cycles 
(Nr =

eloped on the whole of width of 
samp

1a it is presented, fo
o

ty of the damage area. The sliding bands have a 
high fines degree due to extension of elastic- plastic 
range into more time interval and a big number of cy-
cles ( Nr = 62635 cycles until damage). It is consid-
ered that the weigh of the plastic deformation in the 
whole elastic-plastic range is smaller comparatively 
with previous case.  In Figures 11b, 11c the damage 
surface presents a large smooth area in vicinity of the 
damage initiator and it is developed on the whole of 
width of sample. The damage surface appeared in a 
located area well established.  

In Figure 12a on the smooth surface, sliding 
bands appears for a very big nu

 106488 cycles until damage) at a big distance of 
damage zone. The explanation consists in the fact that 
the deformation speed is relatively reduced and the 
plastic deformations will be taken at next fatigue cy-
cles in neighbor zones with smaller deformation resis-
tance. The extension of the plastic deformations in vi-
cinity of damage zone is explained by propagation of 
the plastic deformations to grains situated in de-
formed zones [8]. 

In Figures 12b, 12c a large damaged zone is 
evinced that is dev

le, having a bilateral aspect. This can be ex-
plained by fact that the propagation speed of the fail-
ure surface is small and allowed the initiation of the 
failure by fatigue from a zone located in opposed 
side. 

   
a b c 

Fig. 12. Macroscopic aspects of crack for  
ε  =2000 /m[15]. 

 

By extensio and tribosystem 
oncepts to the study low cycle fatigue process of the 

steel,

crystalline 
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f the fatigue failures at big tensions and low 
fatig
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ABSTRACT 

 
Magnetron sputtering is a flexible technique and allows producing a 

significant amount of types of coatings. Within the frame of present work, Ti-C-O-N 
thin films were deposited onto high-speed steel (AISI M2), substrates by reactive dc 
magnetron sputtering in a laboratory-size deposition system. It consisted of two 
vertically opposed rectangular magnetrons, in a closed field configuration. The 
films were prepared using dc power source on a titanium target (99.6 at.%). A gas 
atmosphere composed of argon (working gas), acetylene and nitrogen/oxygen 
(17:3) reactive mixture was used for the depositions. In terms of structure, the 
samples produced only with ethylene and argon flow reveal a TiC structure (NaCl 
type). The decrease of Ф(C2H2)/Ф(O2+N2) induces amorphisation, but TiC 
structure, with possible N and O inclusions, is still detected. In terms of tribological 
aspects, the static friction coefficient and roughness (Rz) were analyzed and 
discussed depending of composition and structure. 

  
KEYWORDS: magnetron, sputtering, roughness, friction 

 
 

1. Introduction 
 
During the last years, there have been several 

attempts to improve the properties of diamond-like 
carbon (DLC) films by the addition of other elements, 
such as silicon, nitrogen and varios metals. Many 
modifications have been tried and the addition of, for 
example, nitrogen, has shown to reduce the inner 
stress, electrical resistivity and friction coefficient [1]. 
In the same manner, oxygen has always been looked 
upon as an interesting element in thin film materials, 
not only because of its high reactivity with most 
metals, but also due to the changes that induces in 
chemical bonding states, and in the material’s 
electrical, optical, and mechanical characteristics. 

Titanium carbonitride coatings Ti(C,N), are used 
mostly to improve tool life by combining the 
properties of TiN and TiC. The advantages of these 
coatings over other coatings material, stem from its 
superior friction behaviour in contact with steel, high 
hardness and residual stress [2]. Because of their low 
friction, the coating is durable at slow cutting speeds 
especially [3]. The combined effect of low friction 
behaviour and high residual stress help preventing 

cutting-edge deformation for high speed steels, and 
on carbides reduces the cutting-edge chipping. 
Moreover, it provides excellent resistance to wear due 
to the coating high hardness [4]. Adding oxygen to 
the film is a possibility to improve the coating’s 
characteristics. The presence of oxygen allows the 
tailoring of films properties between those of 
metallic-like carbides and those of the corresponding 
ion oxides, and from these a wide range of 
applications. It is expected that the Ti(C,N,O) films 
will exhibit good resistance to friction wear and 
corrosion due to the small atomic size of oxygen, 
witch creates high hardness and a compressive stress 
state [2,5,6].  

In the present paper the Ti(C,N,O) thin films, 
with various compositions, were deposited in a closed 
field unbalanced reactive d.c. magnetron sputtering 
system, varying the Ф(C2H2)/Ф(O2+N2) flow. 

Sputtering is one of the most commonly used 
methods for the deposition of thin films. Its 
popularity stems from simplicity of the physical 
processes involved, versatility of the technique, and 
flexibility for alteration and customisation. It is 
widely used in the semiconductor, photovoltaic, 
recording and automotive industries. In addition, 
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specialised applications of sputtering in the 
manufacturing of sensors, decorative glasses, optical 
devices, etc, are also very common. 
       High melting point materials like ceramics and 
refractory metals, which are hard to deposit by 
evaporative techniques, are easily deposited using 
sputtering. Sputtering techniques range from a simple 
dc glow discharge, which is limited to the sputtering 
of conductive targets, to RF sputtering where any 
target regardless its conductivity can be sputtered, to 
a more sophisticated ion beam sputtering (IBS) in 
which very controlled deposition of material is 
possible.  

In terms of deposition rates, there are sputtering 
techniques now available, which rival evaporation or 
other higher deposition rate techniques. The purpose 
of using a magnetic field in a sputtering system is to 
make efficient use of the electrons and cause them to 
produce more ionisation [7]. 
         Taking into account the fact that unbalanced 
magnetron (the magnetic field lines does not all close 
on the cathode surface) sputtering was used in this 
paper, an image is presented in figure 1. 
 

 
 

Fig. 1. Unbalanced magnetron [8]. 
 

2. Experimental details 
 

Within the frame of present work, Ti-C-O-N 
thin films were deposited onto high-speed steel (AISI 
M2), substrates by reactive dc magnetron sputtering 
in a laboratory-size deposition system. It consisted of 
two vertically opposed rectangular magnetrons, in a 
closed field configuration.  

The films were prepared using dc power source 
on a titanium target (99.6 at.%). A gas atmosphere 
composed of argon (working gas), acetylene and 
nitrogen/oxygen (17:3) reactive mixture was used for 
the depositions (as shown in table 1).  

The deposition was carried out using a 
laboratory-size deposition system. During deposition 
the working pressure was approximately constant at 
0.4 Pa and the bias voltage was -70V. In all the cases 
the deposition time was kept at 3600s. 
 
 

Table 1. Gas flows (experimental variants) 
 

Gas flow [%] 
Samples 

C2H2 O+N Ar 
TiCON 1 3 11 12 
TiCON 2 5 8 12 
TiCON 3 2 16 12 
TiCON 4 2 8 15 
TiCON 5 2 20 15 
TiCON 6 1.5 6 15 
TiCON 7 1.5 10 15 
TiCON 8 1.5 18 15 
TiCON 9 1.5 25 12 

TiCON 10 1.5 0 15 
 
The atomic composition of the as deposited 

samples was measured by electron probe 
microanalysis (EPMA) in a Cameca SX-50 apparatus. 
The crystallographic structure was investigated by X-
ray diffraction (XRD) in the Bragg-Bretano 
configuration, using monochromatic Cu Kα radiation. 
Atomic Force Microscopy (AFM) - 5x5�μm line 
scans was used for roughness characterization. The 
static friction coefficient values were established, for 
each sample, in different-friction condition, using a 
plane fixed half-couple manufactured by heat 
treatable steel (AISI B7), in annealing heat-treatment 
conditions. The friction plane fixed half-couple had a 
lot of roughness Rz values, comprised between 0.4 
and 2.5 μm. The work with different roughness values 
of fixed plane half-couple is important in order to 
could take into consideration the possible influence of 
sliding – plane roughness on friction process and to 
have finally an average value of static friction 
coefficient.  

Before the tribological tests, the samples were 
first degaussed and then alkaline cleaned and wiped. 
The fixed half-couple was also degaussed and 
periodically alkaline cleaned and wiped. According to 
the method description, 10 friction tests were 
performed for each sample on each half-couple: 5 in 
one direction and 5 abeam, such as the one-way 
roughness would not influence the moving of the 
samples. In each case, the utmost values were 
eliminated. The environmental conditions of 
tribological tests were: T = 23.5oC and 63% humidity. 

 

3. Results and discussion 
 
The measured values of the friction coefficient 

vary between 0.2 and 0.39, while the roughness 
values range from 0.13µm  to a maximum of 0.21µm. 
The results showed a correlation between the friction 
coefficient and roughness evolution with the growth 
of the C2H2/(O+N) flows ratio (figure 2).  
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A simultaneous growth of the friction 

coefficient and roughness can be observed up to a 
0.25 value of the C2H2/(O+N) ratio, then the 
parameters register an  abrupt decrease on the flow 
value interval from 0.25 to 0.3. After this critical 
value of the C2H2/(O+N) flows ratio, the two 

parameters evolution is stable. 
As a conclusion we could underline the existing 

dependence between static friction coefficient (µ) and 
roughness (Rz); these parameters are both increasing 
or decreasing on a certain interval of flow values. 

        
        

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Influence of gas flow ratio on friction coefficient and roughness. 
 

In terms of the chemical composition, the 
results showed that, at 0.25 gas flow ratio the carbon 
percentage moves from an abrupt growth to a slower 
growth. The amount of titanium present an 
emphatically decrease around 0.25 gas flows ratio, 
while the oxygen starts growing and the nitrogen 
percentage is changeless (steady) for a short interval 
and starts a slow decrease around 0.3 gas flow ratio 

(figure 3). 
From a tribological point of view, we can say 

that the growth of the oxygen percentage it is linked 
to the decrease of the roughness and friction 
coefficient values. Also, a decrease in the titanium 
percentage leads to a decrease of roughness and 
friction coefficient. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Corelation between concentration and gas flow ratio. 
 

4. Conclusions 
 

TiCON thin-films were prepared by reactive 
magnetron sputtering on high-speed steel (AISI M2) 
substrate, using a mixture of C2H2 and (N2+O2) as 

reactive gases. The static friction coefficient and Rz 
roughness seams to have the same behaviour with the 
increasing of carbon percentage in the film. The 
maximum values for friction coefficient were 
registered at about a value of 0.25 for C2H2/(O+N) 
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flows ratio, zone where is supose that the TiC cubic 
lattice begins to dezorganize.  In terms of 
concentrations, this point (0.25) marks a tendency for 
keeping almost constant the C and N concentrations 
in the films with the increasing of  C2H2/(O+N) flows 
ratio. 
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ABSTRACT 

 
The continuous increase of the applications of thermal sprayed coatings 

together with the demand for layers having always more and more enhanced 

performances and properties stimulates the research activity toward the 

development of new coating materials and alloys. 

To meet this goal, new complex alloys, based on the Fe, Si, B, Mo, Cu, W 

system, are here considered, through the development of new and innovative 

powders to be used, as powders directly or as a wire form, for thermal sprayed 

coatings to improve wear and corrosion resistance, as well as thermal fatigue 

properties of the electromagnetic strip mills' driving rollers, highlighting the 

materials performances and attaining economical and environmental advantages. 

 
                       KEYWORDS: thermal spraying coating, plasma jet, hard facing, surface engineering 

 
1. Introduction 

 
The optimal performance of a component is to a 

great extent determined by the state of the surface, 
because every work piece is exposed to several 
strains, namely mechanical, thermal, chemical or 
electro-chemical, radiation stresses, which often have 
their maximum in the surface area. Owing to the 
presence of this complex strain most failures of 
machine components start within or close to the 
surface. The high importance of the surface in regard 
to the lifetime of a component justifies the term 
“surface engineering”, which combines the 
knowledge of different scientific disciplines and deals 
with the design of a composite system which has 
properties, that cannot be achieved by either the 
surface layer or the bulk component alone [1]. 

  Surface engineering can be seen as one of the 
key technologies of the present days, permitting to 
lengthen the lifetime of the products, simultaneously 
reducing costs and saving natural resources.  

The surface of a component can be changed 
through a various amount of surface treatments. 

 

2. Experimental researches and results 
 

The processing powder experiments from the 
FeCrSiNiMnC system were realized using an 
atomization device of the metallic melt with water at 
high pressure. 

The chemical composition of the obtained 
powders is presented in Table 1. 

 

 

Table 1.  Chemical composition of powders 

Chemical composition, % Powde
r type Fe Co C Cu Al Cr Mn B Si Sn Zn Ti 

Charge 
I base 0.012 0.026 0.38 0.082 0.92 1.20 1.12 2.00 0.034 0.042 <0.005

Charge 
II base 0.018 0.65 0.09 <0.005 11.53 0.98 2.09 2.04 <0.005 0.016 0.012 

Charge 
III base 0.017 0.87 0.06 0.020 15.80 1.86 2.66 3.90 <0.005 0.016 0.040 
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The experimentations continued with the coating 

of an OL 37 metallic surface (unalloyed steel) by 
plasma spraying of the complex alloys, based on the 
Fe, Si, B, Mo, Cu, W system powder. The applied 
complex alloys coating will allow its usage into 

industrial processes where special materials are 
needed. [5,7]. 

The coating experimentations were made with 
the help of a METCO 7 M plasmatron, the obtained 
spraying parameters being presented in the Table 2.

 

Table 2. Optimum Coating Parameters 

Argon and 
hydrogen flow 

[m3.h-1] 

Power 
plasma flame 

[kW] 

Spraying 
distance 

[mm] 

Spraying 
speed 
[m.s-1] 

Temperature
of base 

material 
[oC] 

Thickness 
of coating 

[mm] 

Powder
flow 

[kg.h-1] 
 

Ar+20 
vol.%H2 37 

80 60, 80, 120 0,3 140 ± 5 0,5 
 

0,7 
 

 
The technological operations of the complex 

alloys, based on the Fe, Si, B, Mo, Cu, W system 
powder plasma spraying process underlines its main 
steps. It must be taken into consideration the fact that 
respecting the operational parameters is determining 
for suitable coatings.  

The preliminary thermal plasma coating 
experimentations were made upon numerous probes, 
taking into account a lot of factors which influence 
the final structural and physical-mechanical 
characteristics of the experimental samples.  

There are two coating aspects which must be 
taken into consideration:  

• The contact with the metallic surface 
• The internal interactions 

Due to the fact that each separated particle 
strikes the surface and it is flattened by the powerful 
shock, the result is a local contraction of each particle 
which is somehow compensated by the material yield 
[1, 4, 5]. 

The correct choice of the plasma gas represents 
an important factor regarding the reactions type 
which can be generated at the metal-base interphase, 
finally a suitable surface resulting.  

In order to achieve minimum expenses and a 
maximum heat transfer, argon is used with a 10 to   
20 % H2 addition, [7]. 

For pure theoretical operations, in order to avoid 
any possible reaction with the plasma gas, pure argon 
is used. 

Generally, the process must take place so that 
the plasma gas shouldn’t react with the metallic base 
which has to be coated.   

Macro structural studies allow examining the 
obtained surfaces. Samples with special prepared 
surfaces are used, in order to underline the present 
phases and the metallographic constituents. 

The sample was prepared with solution attack. A 
HNO3 and CH3COOH solution mixture was used. 
From metallographic analysis we can see a good 
density of the layer and a very good adherence to 
under layer.  

Figure1 show the metallographic aspect of layer 
obtained through spraying method. 

 
Fig.1. Metallographic of the new coat (x500). 

 
Also we can see the beginning of diffusion 

phenomenon at the interface layer/under layer. 
From place to place there are mini-hollows in 

the mass of the new layer, [7]. 
The structure, density and composition of the 

layers have been modified in order to be able to give 
the wished technological function to the new layers.  

Among all these, the modification of the density 
of the new formed layer is the main use of these 
operations. 

Warming and melting of the coverings have 
been used throughout heat application, after covering, 
using lasers, electrons flows, heating through 
induction, plasma jets or flames.  

The existing barriers in using these technologies 
include the processing supplementary costs, the 
control of the thermal tensions which appear during 
remitting and solidification and ultimately the 
apparition of new unwanted phases in the fusion 
zones.  

The melting may occur on the surface, in the 
middle or deep inside the contact zone with the under 
layer. 

It is necessary that the used powders should 
have an extremely fine granular structure, the porosity 
being maintained at a 0.5 % maximum. A low 
porosity has positive consequences upon the final 
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layer, increasing adherence between the particles and 
the traction strength of the layer itself. 

Most of the industrial applications need very 
thin layers. As a consequence it is important as the 
adherence between the cover layer and the base one 
should be obtained without a middle coating layer. 

First of all the nature of the adherence is due to: 
the high temperatures of the materials used, the fine 
structure of the particles and the very high speed of 
spraying in oxygen or helium atmosphere, the result 
being an extremely high resistance of the layer 
adherence, [2, 3]. 

From the details presented above about the 
powder fineness of grain and density it is obvious that 
the sprayed industrial coatings can endure the most 
complicated finishing techniques in order to obtain a 
perfect smooth surface.  

The processing of the new formed layer after 
coating is used in certain applications in order to 
modify and improve the coating characteristics.  

Sub missed to ultra – finishing techniques, the 
layers obtained by plasma spraying (industrial 
coatings) may reach a 2 – 5 RMS finishing degree, 
which represents a very satisfactory value even for 
the most pretentious industries, [8]. 

The advantages of a chosen bulk-surface system 
can be related to reduced production costs, failure of 
the part without damaging the whole machine or even 
risking human lives, possibility of local repair of 
damaged machine parts, minimal variation of the 
original design, energy and resource saving as well as 
environmental protection. 

In this contest the perspective of the coating 
industry is a very good one. Besides the combination 
of new or known processes, coating engineering gains 
interest towards multi-layer coating. The internal 
layer is responsible for a good adhesion to the 
substrate, there is a gradually change of the properties 
with each additional layer so that the outer layers 
have the optimal properties to fulfil the functions they 
are designated for. 
 

3. Conclusions 
 

The data from this paper confirm the fact that 
the powder obtained by high pressure water 

atomisation of studying alloy has a good behaviour 
when flame sprayed. 

The properties of the surface of a component 
greatly influence its performance and lifetime, among 
the numerous and different surface treatments useful 
to improve the properties of a surface, thermal spray 
processes gained great interest and allow many 
advantages, being able to produce large assortment of 
wear and corrosion resistant protective layers. 

Moreover, the presence of porosity may 
constitute an optimal base, providing adhesion 
between substrate and applied coating, without the 
requirement of additional operations, like grit 
blasting, to roughen the substrate surface. 

The contact between the implicated components 
in the thermal spraying process presents rugose 
surfaces; there are large contact surfaces between the 
coated layer matrix powder based on Fe and the basic 
layer. 

We have to underline that an important 
contribution in achieving this goal is due to this kind 
of powder, which responds to the required conditions 
by this kind of coating during the exploitation time of 
the electromagnetic strip mills' driving rollers. 
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ABSTRACT 

 
Electric and magnetic properties of laminate fiber fabric based epoxy composites 

are investigated through experimental techniques. Various concentrations of powder 
fillers were used in order to change the basic properties of standard composite. Two 
types of fiber fabric were used in order to evaluate the effect of reinforcement. 
Various types of  filled epoxy were also used in order to identify the effects  

 
KEYWORDS: Laminate Composite, Ferrite, CNT, Electric Properties, 

Electromagnetic properties. 
 

 
 

1. Introduction 
 

It is known that properties of a composite are 
depending on properties of its parts. There are many 
models purposed for mathematical description of 
those properties but frequently they are designed for 
two components composites [1], [2], [3]. It is not the 
aim of this work to establish a mathematical model 
but, at least, it is possible to qualitatively measure the 
effects of a reinforcement or another, the effects of a 
filler or another.  

It is the goal of this study to identify the effects 
of reinforcement type and of the matrix type. It was 
one of the problems that the epoxy resin is not 
adherent to the carbon fiber so the composite’s 
integrity is affected. One solution was to prepare the 
carbon fiber fabric by deposing a thin film of PNB 
rubber [4]. Another solution is to use a mixed 
aramide-carbon fabric which presents the advantage 
of lower price and because of kevlar’s presence the 
mechanical properties are improved [5], [6].  

Kevlar fibers are dielectric while carbon fibers 
have high electric conductivity so the mixed fabric is 
actually a superposition of two nets. In such conditions 
the composite’s properties have to be effect of two 
behaviors. Nowadays the bi- component composites 
are mostly studied especially the filled polymer 
composites [7]. The cited paper is an excellent review 
of actual orientations and results in the domain of filled 
polymer composites and emphasizes the importance of 
filler dimensions and shapes bringing in attention the 
importance of interface.  

  The design of a composite is a very difficult 
task if just mechanical properties are emphasized [8], 
[9], [10]. When the electromagnetic or thermal 
properties are taken into account the problem is 
practically unsolvable. It is the aim of this work to 
empirically determine electric and electromagnetic 
parameters which characterize the composite.  
 One answer seek in this work is about if it is 
possible to establish the electromagnetic properties of 
composites by using various reinforcements and 
various filled epoxy resin layers at various depths in 
the composite. 
 

2. Samples 
 

The samples were realized by a technique 
described in [11]. In order to identify the effects of 
reinforcement over composite’s electric and 
electromagnetic properties two types of samples were 
formed. Both types of samples have reinforcements of 
13 sheets of simple type of fiber fabric. The mixed 
fabric is realized of alternate Kevlar and carbon fibers. 

For each type of reinforcement four types of 
matrix were realized by using filled epoxy resin in 
various setups. As was described in above mentioned 
study, the samples were realized through layer-by-layer 
method. In this case the matrix was realized, each time, 
by using the same concentration of various fillers 
(CNT, Ferrite, Talc) but even the filled resin was used 
in layers. In fact, the samples are named with four 
characters the first one denoting the type of 
reinforcement (K for Kevlar-carbon fiber fabric and C 
for carbon fiber fabric). The other three characters are 
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denoting the epoxy’s filler (C for CNT, F for ferrite, T 
for talc). Assuming the symmetry of reinforcement 
reported to medial plane there were used, for example, 
three layers of Ferrite filled epoxy (external layers), 
three layers of CNT filled epoxy (middle layers) and 
two of Talc filled epoxy (intermediate layers). So, the 
structure of the sample from the matrix point of view is 
3F-2T-3C-2T-3F and for carbon fiber fabric 
reinforcement the sample is CFTC. In the C-type 
samples there are alternate 0 degrees 45 degrees 
sheets of reinforcements wile in K-type of samples all 
sheets are placed such as fill and yarn are parallel. 
 

3. Measurements 
 

Measurements were performed in order to 
determine the electric conductivity across and along 
reinforcement and at the surface of samples [12]. 
Also measurements were carried out for 
electromagnetic properties determination [13]. The 
experimental arrangements were described in [11].  

 

4. Results 
 

 It is expected that alternating the filled epoxy 
layers used for formatting the composite surface and 
bulk the electromagnetic properties to be modified. 

The across resistivity ][ mV Ωρ is determined by 

measuring the electric resistance at low frequency. 
 The across resistivity is evaluated in orthogonal 
direction to reinforcement and is depending on the 
type of reinforcement and on the type of filler. It is 
expected that small amounts of CNT to improve the 
electric conductivity. Figure 1 shows the across 
resistivity and it can be noticed that the two types of 
reinforcement are leading to almost the same 
resistivity of composite when CNT is used as filler. 
Also it can be seen the effect of carbon fiber 
reinforcement over the across conductivity.  
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Figure 1. The across resistivity of samples 

1. K-Type; 2. C-Type. 
 Figure 2 shows the surface resistivity ][ΩSρ of 

the samples evaluated through measurement of a 

circular sector at the surface of sample. The surface 
resistivity has to depend on the type of filler and can 
be noticed that the smallest value is reached when 
CNT is used as filler. 
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Figure 2. The surface resistivity of samples 

1 – K – Type; 2 – C – Type. 
 

 Figure 3 represents the along resistivity 
][ mL Ωρ  evaluated through the van der Pauw method 

and is strongly dependent on the reinforcement’s type 
and position. It can be noticed that in the case of 
carbon fiber fabric all the four values are respectively 
smaller than the values in the case of kevlar-carbon 
fiber fabric. An explanation for this situation is not 
only the presence of carbon fibers but also the 
geometry of reinforcement. In the case of C-Type 
samples the anisotropy is reduced. 
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Figure 3. The along resistivity of samples 

1. K-Type; 2. C-Type. 
 

 The concentration of fillers is also important to 
final properties of the composite. It is known that 
relatively high concentrations of CNT are producing 
an increasing of resistivity [14]. Maybe the optimal 
solution is to fill the epoxy with a mixture of powders 
in certain concentrations in order to obtain certain 
macroscopic electric properties. From this point of 
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view it is necessary to analyze the electric properties 
through other more sensitive methods. Because the 
dimensions of the filler’s particles it is expected that 
electric and electromagnetic properties to be field 
dependent so all the measurements has to be carried 
out at more then one frequency. Regarding the 
electromagnetic properties of a composite there is 
important to specify the electric permittivity and the 
magnetic permeability. However measurement of 
electric permittivity is a much easier task than 
measuring magnetic permeability. 
 Figure 4 shows the electric permittivities 

[ / ]F mε of the samples and it can be seen that the talc 

transforms the epoxy in a high dielectric. It is also 
important to notice that the position of resin layers 
determines the electromagnetic properties.  
 Another aspect of high interest is the 
electromagnetic shielding of a material. From this 
point of view in this study measurements were carried 
out for electric capacitance and magnetic inductance 
of the samples. 
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Figure 4. The electric permittivity of samples 

1. K-Type; 2. C-Type. 
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Figure 5. The resonance frequencies of samples 

1. K-Type; 2. C-Type. 

 Figure 5 shows the resonance frequencies of the 
samples. The measurements for bulk capacitance and 
bulk inductance were performed at low frequency so, 
there is possible that at high frequency the results to 
be different because of the field sensitivity of the 
samples.   
 

5. Conclusions 
 

For special applications seems to be possible to 
arrange the filled resin such as the external layers of 
the composite to have high conductivity while the 
core of it to have strong dielectric or magnetic 
properties. The resistivities of K-type samples are 
susceptible to be improved in the case of the same 
architecture as C-type samples. It seems to be 
possible a combination of fillers with certain amounts 
which could ensure optimal electromagnetic 
properties for the multi-component composite 
material. There is a great advantage in the case of 
multi-component composite namely the area of 
interfaces is increasing if the fillers are nanosized. 
Mean time in the case of microsized particles’ 
presence the material fails.  
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ABSTRACT 

 
The present study makes an estimation of an automotive engine piston 

mechanical properties and fatigue life based on some characteristics of 
metallurgical microstructure. Because it is intended to assess the properties in 
specific locations of the component it is made a local microstructure approach. The 
critical points of the engine piston were metallurgical analyzed (amount of phases 
and SDAS) and these were related to ultimate tensile strength and fatigue life. 

The conclusion of the work is that in an engine piston the mechanical and 
fatigue properties are very dependent of local metallurgical properties (amount of 
the eutectic phase). As a consequence the component may fail in an unexpected 
area that may change the local assessment expected results. 

 
KEYWORDS: Metallurgical properties, Mechanical properties, Fatigue life. 

 
 

1. Introduction 
 
Assessment of components failure is strongly 

dependent on failure localization. The component 
point where failure occurs strongly depends on local 
properties. And these local properties are also 
influenced by the processing technique. In the 
specific case of an engine piston local properties are 
influenced by the casting technique. Mechanical 
properties (tensile strength, tensile strain, Young 
modulus, etc) as well as fatigue properties (fatigue 
life) are very dependent on casting method. The most 
direct effects of casting techniques are on the 
metallurgical microstructure that bounds the 
mechanical properties. One of the important variables 
affected by the casting technique is the cooling rate 
and the cooling rate strongly restricts the 
microstructure. As it is known the values of the 
SDAS (secondary dendrite arm spacing) as well as 
other constituent dimensions are correlated with 
mechanical properties as, for example, the ultimate 
tensile strength. Usually, in design, it is not taken into 
consideration that in different parts of one cast 
component there are different values of constituent 
dimensions (SDAS, amount of constituents, etc). 
These differences in metallurgical properties are 
conducting also to different mechanical and fatigue 
properties in the same single component material. 

The automotive engine pistons are usually cast 
in near eutectic aluminium-silicon alloys. The 
structure and properties of cast aluminium silicon 
eutectic alloys are very dependent on the cooling rate, 
composition, modification, heat treatment operations, 
etc [3,5,6]. That’s why to estimate the mechanical 
properties and fatigue life of the cast piston is not 
enough to know the material characteristics and 
properties. It is also necessary to know all the factors 
that are influencing the characteristics of the final 
casting part: type of casting, temperatures (melt and 
mould), cooling rate, refiners etc. [4,9,11], and to 
know it in the different parts of the component 
because they strongly change along the same 
component. A way to predict both mechanical 
properties as well as the fatigue life of the material 
component is based on some metallurgical 
characteristics of the obtained casting. 

A number of papers have been published 
showing several relations that estimate the tensile 
strength with other different microstructure 
characteristics. For example, Bernsztejn proposed a 
relation to calculate the average strength as a linear 
function of the volume fraction of silicon [1]: 

( )αα
α

α σσσσσσ −+=⋅+⋅= Si
Si

V
Si

VSiV VVV  (1) 

where ασ  and Siσ  are rupture strengths in the 

volume unit. 

-  29  -

mailto:fsamuel@dem.uminho.pt


This formula neglects the influence of the 
morphology, the average size, and the distribution of 
brittle particles, that is, silicon precipitates and also 
the volume fraction of constituents which can 
differentiate the properties of materials of similar 
value of the silicon volume fraction to an important 
degree. 
A correlation between tensile strength (σ) and silicon 
particle size for aluminium-silicon alloy containing 
17-27% Si, was presented by Mandal et al.[7]:  

sizeparticle⋅−= 73,38,252σ  (2) 
 

Another relationship between tensile strength 
and secondary dendrite arm spacing and the size of 
silicon lamellas in interdendritic eutectic regions, was 
proposed (ASM Int. 2004): 

2

1

3
2

1

2 kkk
−−

⋅+⋅+= λγσ  
(3) 

where: σ
 
is the tensile strength, k, k2 and k3 are 

empirical constants, γ is the size of silicon lamellas 

in interdendritic eutectic regions and λ  is the 
secondary dendrite arm spacing. 
 

Secondary dendrite arm spacing is also in 
attention of researcher and generates several models 
to estimate tensile strength [10]:  

3404399,1 +⋅−= SDASUTS [MPa] (4) 
 

where: UTS is ultimate tensile strength and SDAS is 
secondary dendrite arm spacing. 
 

In order to optimize the design of the cast 
components based on local properties it is necessary 
to know the local metallurgical properties which 
determine the mechanical properties that may help to 
estimate the failure of the component. 

 

2. Experimental method 
 
A commercial engine piston obtained by gravity 

casting on permanent mould was studied. The engine 

piston was provided for this study by Rito, Lda 
company from Portugal. The material used to cast the 
piston was a near eutectic aluminium-silicon alloy. 
The piston was sectioned, polished and optical 
analysed in order to quantify the volume fraction of 
phases and measuring the secondary dendrites arm 
spacing (SDAS). The quantification of phases 
(eutectic, α-Al dendrites, intermetalics) was done 
optically and using statistical methods. The SDAS 
was quantified by identifying and measuring small 
groups of well-defined secondary dendrite arms on 
the screen of the image analyzer. The value of SDAS 
was then determined using SDAS=d/nM, where d is 
the length of the line drawn from edge to edge of 
measured arms, M is the magnification, and n is the 
number of dendrite arms. The volume fractions of the 
constituents were quantified by image analysis. 
(Fig.1) 

 
Fig.1. Microstructure analysis. 

 
The regions of the piston that were studied are: 

1. Top position, 2. Piston ring position, 3. Top pin 
position, 4. Down pin position, 5. Skirt position. (See 
fig. 2). 

To verify the results obtained by analytical 
formulas was done an FEM analysis with Cosmos 
software to the piston and from the elastic stresses 
plot were extracted the values of stresses on the 
selected regions.  

 

 
Fig. 2. Position of regions studied. 
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3. Results 
 
The secondary dendrites arm spacing measured 

values are presented in fig. 3. The SDAS shows an 
increasing of about 90% from skirt position-24µm to 
top position-47µm. 

 
Fig. 3. Secondary dendrites arm spacing 

(SDAS). 
 

From volume fraction quantification of 
constituent phases (Fig. 4) is noticed that the volume 
fraction of eutectic phase is increasing from position 
1 (top position) to position 5 (skirt position) which is 
in opposite relation with the α-Al dendrites phase. 

 
Fig. 4. Volume fraction of eutectic and  

α–Al dendrite phase. 
 

Analysing together volume fraction of the 
eutectic phase with the SDAS results it is interesting 
to highlight the fact that exists a relation between 
them: the region with higher values of the SDAS has 

small amount of eutectic phase and reverse the region 
with smaller values of the SDAS has low values of 
the eutectic phase. 

 

4. Discussion 
 
Mechanical and mechanical fatigue failures 

occur in critical localizations. Critical localizations 
are not those where stresses are higher then in the rest 
of component but where the ratio of local stress vs. 
ultimate tensile local strength is higher. Thus, 
estimative prediction of the cast aluminium 
component properties should be made based on local 
material mechanical properties which makes possible 
calculate the ratio of stress vs. UTS. Local 
mechanical and fatigue properties may be obtained by 
local metallurgical features. 

In all the casting moulds different variables 
such as component wall thickness, mould thickness, 
etc causes different cooling rates in different places of 
the cast component. 

The decreasing tendency of SDAS could be 
explained by the differences of cooling rates in 
different places of the mould. As is already known 
from literature [3, 8], the secondary dendrites arm 
spacing, for a given alloy, is influenced mainly by the 
cooling rates. 

Empirical equations were used to estimate the 
values of the ultimate tensile strength in all the 
specific regions described above. From several 
equations that exist in literature that correlate the 
ultimate tensile strength and the secondary dendrites 
arm spacing, the one developed by Takahashy and all 
[10] was adapted for the present studied alloy. The 
results of the microstructure and predicted UTS are 
presented in table 1. 

 
Table 1. UTS calculated using Eq.4 

Position 
SDAS 
[µm] 

UTS 
[MPa] 

1. top position 46,98 202,36 
2.ring position 45,60 204,35 
3.top pin position 37,94 215,38 
4.down pin position 31,47 224,69 
5. skirt position 23,64 235,97 

 
It can be seen that there is a change in SDAS of 

about 100%, as occurs between positions 5 and 1, and 
that it is equivalent to significant changes in UTS, 
e.g. the stress level changes from about 236 to 202 
MPa (about 17%).  

A previous study [2] was done by the authors of 
this paper to develop a relation of volume fraction 
with the ultimate tensile strength because in some 
alloys the SDAS are not easy to measure due to the 
fact that they are not well defined. The majority of the 
existing relations are able to calculate an estimative 
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value of the ultimate tensile strength from the 
measured value of secondary dendrite arm spacing 
and only some of them were developed to correlate 
the amount of the eutectic phase with the UTS. This 
study also does a verification of the two formulas: 
one based on volume fraction of eutectic and the 
other one based on SDAS.  

The previous developed equation that correlates 
the ultimate tensile strength with the volume fraction 
of the eutectic phase is: [2] 

eutecticfrVUTS .55,1100 ⋅+=  [MPa] (5) 

 
The values of the expected ultimate tensile 

strength obtained by equation 5 are shown on table 2.  
 

Table 2. UTS calculated using Eq.5 

Position Vol.F.eut. [%] 
UTS 

[MPa] 
1. top position 65,67 201,79 
2. ring position 79,96 223,94 
3. top pin position 77,21 219,67 
4.down pin pos. 82,11 227,26 
5. skirt position 84,50 230,98 

 
Two important notes from these results are: 

there is a difference in local UTS of about 15% on 
different locations of the same component; there is a 
very good approximation with the ones obtained by 
equation 4 (Table1). 

 

These differences are big enough so that they 
should be taken in consideration in designing the 
component. As a fact they may strongly affect not 
only the local mechanical properties but also the 
fatigue properties. In a previous paper [2] it is shown 
that a difference in about 25% on UTS, in a similar 
near eutectic alloy, is equivalent to a change in the 
fatigue limit of about 50%, which means a difference 
in fatigue life of about two orders of magnitude. Thus 
a 15% difference in UTS as the one obtained in the 
present study may be equivalent to at least one order 
of magnitude difference in fatigue life, which is quite 
relevant in fatigue life predictions. In order to verify 
how these changes may affect a specific component 
design, an analysis of stresses obtained by FEM and 
real local stresses (estimated based on metallurgical 
eutectic volume fraction) on a piston was performed.  

Example of component design 
As observed in fig. 6, due to the pressure at the 

piston head (Fig.5), there are mainly two important 
critical areas: top piston pin holes and the piston 
head. The values of stresses, obtained by FEM in 
each verified position (see fig. 2) are presented in 
table 3. It is worth to note that on design it is used a 
limiting value (for example Ultimate Tensile 
Strength) for the material, e.g, for the whole 
component. If the stress value is plotted against the 
UTS it is obtained the predicted ratio stress/UTS 
(table 3). A single input value (global material) of the 
ultimate tensile strength is used and is equal for the 
whole component. 

 

Table 3. Predicted and Real Stress/UTS ratios.

 
 

 
 
Fig. 5. Pressure and restraints applied surfaces. 

 

 
 
 

 
Fig. 6. Stress distribution critical zones. 

 

Position 
Ultimate tensile 

strength [%] Eq.4 

Stress 
[MPa] 
FEM 

Predicted 
Stress/UTS 
ratio FEM 

Real 
Stress/UTS 

ratio 

Real and 
Predicted 

ratios 
differences 

1. top  202,36 56,00 23,7 27,7% 3,9% 
2. ring 204,35 78,40 33,2 38,4% 5,1% 
3. top pin 215,38 96,00 40,7 44,6% 3,9% 
4.down pin 224,69 44,00 18,6 19,6% 0,9% 
5. skirt  235,97 21,20 9,0 9,0% 0,0% 

Pressure  

Critical 
areas 

Restraints 
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However if the values of the stress (obtained by 
FEM) are plotted against the real ultimate tensile 
stress values (as obtained by the metallurgical 
features in different parts of the component), a new 
ratio is obtained (real stress/UTS ratio) (see table 3). 
The differences between these two ratios, the 
predicted and the real ones are plotted in the last 
column in table 3. It can be seen that there are some 
differences on material local resistance with a 
maximum difference of about 5%. It is worth to note 
that these differences may have a significant 
influence mainly on fatigue predictions and that they 
also may cause a shift of the critical points changing 
the expected failure locations and making it more 
difficult to obtain reliable failure assessments. 

 

4. Conclusion 
 
This study wants to verify if, in the case of cast 

components, the value of ultimate tensile strength 
could be different in different locations of the 
component. The main conclusions of the study are: 

• Substantial changes of mechanical and 
fatigue properties may occur in different 
locations of the component; 

• Those differences can be easily predicted by 
using different metallurgical features such as 
SDAS or phase volume fractions; 

• The differences observed may have an 
impact on mechanical and fatigue design of the 
component; 

 

Finally it should be emphasized that damage 
assessment can be influenced or distorted by a wrong 
failure location prediction. 
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ABSTRACT 

 
The fatigue behavior of bus frame components consisting of thin-walled tube 

beams joined together by fillet welding has been investigated. Numerical analysis 
by means of finite elements and experimental stress analysis by means of strain 
gages explored the failure-critical locations at the weld toe. In addition, a proposal 
for finite element modeling in particular of the welded area, and evaluation of hot 
spot stresses to be used for fatigue life calculations of such thin-walled structures 
has been developed. The calculation results have been verified based on 
experimentally determined fatigue lives of the components under constant 
amplitude loading. A satisfactory agreement between experimental and theoretical 
results has been observed.  

 
KEYWORDS: Fatigue, welds, finite elements, hot spot stress, experimental 

analysis 
 

1. Introduction 
 

Calculation methods for the investigation of 
fatigue behavior of welded structures under 
operational loading are gaining increasing importance 
in many technical applications, since they contribute 
in decreasing developmental costs and time. 
Extensive research activities over the last decade 
especially in the fields of crane and marine 
construction led to various calculating procedures, 
which differ fundamentally in their type of evaluation 
(based on nominal, local or structural hot spot 
stresses). Radaj et al. [5] and Maddox [12] give an 
overview and a systematic survey of the existing 
methodologies and concepts dealing with fatigue 
evaluation of welds. Details for numerical analyses 
by means of finite elements are given in [13]. In 
addition, fracture mechanics based approaches have 
been also elaborated [2, 11]. A state of the art has 
been recently reported by Tovo and Livieri [16] and 
Fricke [9]. 

Valuable recommendations for fatigue 
assessment of welds engineering applications are also 
given in international guidelines, e.g. the one of the 
International Institute of Welding (IIW) [9], Eurocode 
[6], as well as [4] and [1]. However, all these 
recommendations deal mainly with quite thick 
structures.  

In the automotive sector, there is an increasing 
interest for computer-aided methods to shorten the 
development time. In the last years developments on 
theoretical assessment of welded automotive 
components with low thicknesses have been achieved 
in conjunction with the hot spot stress approach, see 
e.g. Boven-Griffon et al. [3], Fayard et al. [7] and 
Fermér and Svenson [8]. Own initial experience [14, 
15] revealed that fatigue analysis based on hot spot 
stresses might be capable for handling such thin 
components.  

However, nowadays it still lacks of experiment-
ally verified guidelines for the calculation of fatigue 
life. Therefore, the assessment of thin-walled welded 
components under operational loading is still domina-
ted by experimental methods.  

Taking new generation bus frame components 
consisting of thin-walled tube beams with thickness 
t=2mm joined together by fillet welds as examples, 
the investigation focuses to: 

a) the investigation of the mechanical behavior 
of the components, in particular of structural stresses 
acting at the failure critical welds 

b) the determination of the fatigue live curves 
under bend loading 

c) the development and assessment of the 
reliability of a finite element meshing and calculation 
procedure that can be applied for the fatigue life 
prediction based on hot spot stresses. 
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2. Hot spot stress approach 
 

The so-called “structural” stress at the hot spot 
(HSS), i.e. at the failure-critical point of the weld, is a 
fictitious stress. In many applications, this point 
corresponds to the weld toe. The HSS value can be 
determined using reference points in certain distances 
from the weld toe by extrapolating the surface stress 
values measured or calculated at the reference points 
at the weld toe [10]. The reference points are set 
dependent on the thickness t of the welded 
components and the extrapolation method used. 
Depending on the shape of the stress distribution 
acting perpendicular to the weld toe a linear or 
quadratic stress extrapolation at the weld toe is 
recommended as depicted in fig. 1 and 2, 
respectively.  

 
Fig. 1. Determination of HSS by linear 

extrapolation 

 
Fig. 2. Determination of HSS by quadratic 

extrapolation 
 

Note that the HSS includes all stress raising 
effects of the structural detail except the stress 
concentration due to the local weld profile itself.  

 

3. Specimens and loading 
 

Figure 3 illustrates the geometry of the 
specimens and the load configuration applied in the 
present investigation.  

Two longitudinal tube beams with dimensions 
50x50x2 [mm] are jointed to a vertical tube beam 
with dimensions 50x50x2 [mm] by fillet welds. The 
thickness of the weld amounts to 4mm.The ends of 

the longitudinal beams are fixed while the load is 
introduced at the one end of the vertical beam.  

The specimens were subjected to force-
controlled, fully reversed loading with constant 
amplitudes. Therewith, mainly normal stresses due to 
bend loading are acting at the weld toes.  

 
Fig. 3. Specimen’s geometry and load 

configuration 
 

4. Finite element meshing 
 

Figure 4 shows schematically the procedure 
followed here to model the weld and to calculate the 
HHS value at the weld toes in the longitudinal and the 
vertical beam. The origin of this procedure goes back 
to Fayard et al. [7].  

 
Fig. 4. Specimen’s geometry and load 

configuration 
 

The vertical and longitudinal beams of the 
component are shown in fig. 4. Their thickness 
amounts to t=2mm. The fillet weld triangle is 
illustrated with side lengths lw. Two rectangular 
surfaces consisting of intermediate shell elements 
have been used to model the beams shown in fig. 4 
with bold lines. In accordance with Fayard’s et al. [7] 
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suggestion, the fillet weld itself has been modeled by 
an additional surface of shell elements, whereby the 
dimensions of the rectangular sides of the fillet weld 
triangle amount to (t+lw)/2 on both the longitudinal 
and the vertical beam, respectively. The stiffness of 
the shell elements of the fillet weld is assigned to 
replicate the stiffness of the real weld. 

A servo-hydraulic actuator introduces the load 
into the end of the vertical beam. The longitudinal 
beams are beard to the test rig traverse and the table 
using two bearing elements. The bearing elements are 
designed to compensate possible misalignments 
between the vertical and the longitudinal arms due to 
residual stresses induced by the weld-heat as well as 
possible deviations of the real geometrical 
dimensions of the beams from the nominal ones. 

Differing from Fayard’s initial suggestion, the 
finite element mesh has been created to explore nodal 
stresses at the distances of 0.4t, 0.9t and 1.4t from the 
weld toe. These distances correspond to the principal 
recommendation of the IIW guideline [10] when a 
fine mesh with quadratic surface stress extrapolation 
is to be applied.   

Three batches of specimens with equal 
dimensions of the beams and the welds but made up 
of three different constructive steels have been tested, 
named as T1, T2 and T3. However, the steels provide 
similar mechanical behavior and fatigue properties so 
that no influence is expecting due to the different 
steel material. 

Figure 5 shows the finite element mesh detail of 
the welded area used for the theoretical analysis.  

The specimens were tested under force-
controlled, fully reversed cyclic loading (force ratio 
RF=-1) with constant amplitudes vs. time. Thereby, 
various force amplitudes were applied in order to 
determine secured knowledge of the component’s 
Woehler curves. The specimens were tested in the as-
welded condition, at room temperature with a 
frequency of 4 Hz.  

  

Fig. 5. Finite element mesh detail of the weld 6. Results 
  
The stress values at the reference points 0.4t, 

0.9t and 1.4t from the weld toe will be used to 
calculate the HSS values at the weld toe using 
Equation (1) [10]: 

Fatigue cracks were initiated at the weld toe 
very near to the edges of the beams, where the highest 
stresses arise, during the applied force-time 
sequences.  

= ⋅σ − ⋅σ + ⋅σ0.4t 0.9t 1.4tHSS 2.52 2.24 0.72     (1) The cracks propagated along the weld toe 
perpendicular to the direction of the normal stresses. 
Thereby, both weld toes, the one in the vertical and 
the one in the longitudinal beam, have been found out 
to be failure-critical. The initiation of fatigue cracks 
with lengths of approximately 3mm to 4mm at the 
surface of the components has been defined as failure 
criterion.  

 

5. Test rig 
 

Figure 6 shows the test rig used for the 
experimental investigation. Note that the adjustment 
of the specimen in the test rig is rotated by an angle 
of 90° in comparison to the illustration shown in fig. 
3.  
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 Number of cycles to failure, N

 
Fig. 7. Fatigue life results for failure at the 

longitudinal beam  
 

Fig. 6. Test rig 
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A crack length of this size causes a reduction of 

the component’s stiffness of approximately 5%, 
which can be measured reliably by the electronic 
devices of the test rig. Figures 7 and 8 contain the 
experimentally determined fatigue life results plotted 
vs. the range of the HSS, ΔσHSS, calculated by means 
of finite elements for failure detected in the 
longitudinal and the vertical beam, respectively.  

 

 
 
 

Fig. 8. Fatigue life results for failure at the 
vertical beam  

 
The different marker symbols in fig. 7 and 8 

stand for the different specimen batches. The Woehler 
lines for the various probabilities of survival PÜ have 
been determined by means of regression analysis of 
the corresponding results.  

The characteristic scatter band TN can be 
derived from the Woehler curves for the probabilities 
of survival of 10% and 90%. It is defined as 

=

=
= P 10%

N
P 90%

N
T

N
.                           (2) 

It amounts to TN=1:3,7 for the cases with failure 
at the longitudinal beam, and TN=1:7 for those with 
failure at the vertical beam.  

The slopes of the Woehler curves for the two 
failure cases do not deviate significantly from each 
other. They amount to k=4.2 (failure at the longitu-
dinal beam) and k=4.36 (failure at the vertical beam). 
These k-values are slightly higher than the one 
reported in the IIW-guideline (k=3).  

Furthermore, a general comparison of the 
fatigue life results determined according to the 
procedure described in section 4 with the hot spot 
stress-life curves suggested by the IIW-guideline [10] 
is shown in fig. 7 and 8 for the two failure cases, 
respectively. The latter are to be used for the design 
of fillet welds in an as-welded condition if no 
experimental results are available.  

They are based on several fatigue tests and 
assigned with a probability of survival of 90% within 
a confidence belt of 75%, which results in an overall 

probability of survival of PÜ=97.5%. 
To determine the Woehler curves according to 

the IIW guideline, the so-called FAT value for this 
weld configuration, i.e. the HSS range at a lifetime of 
2000000 cycles, has been used as reference value. 
The reference FAT value for the weld configuration 
under investigation amounts to FAT=100 MPa. This 
value considers wall thicknesses of approximately 
25mm and stress ratios of R>0.5. Therewith, the 
benign thinness effect due to the reduced thickness of 
the beams investigated here (t=2mm) has been taken 
into account explicitly, using the correction thickness 
factor reported in the IIW guideline. Finally, an 
additional correction factor due to the acting stress 
ratio Rσ=RF=-1 has been considered. To determine 
fatigue lives at lower N-values, IIW recommends a 
unique Woehler curve slope of k=3 for all types of 
welds. 

Vertical 
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In both failure cases noticed in the present 
investigation, a satisfactory agreement between the 
Woehler curves determined according to the IIW 
guideline and the corresponding ones determined by 
the presented calculation procedure for the probability 
of survival 97.5% can be observed. 

Number of cycles to failure, N

 

7. Conclusions 
 
The fatigue behavior of thin-walled, fillet-

welded components made from various ductile steels 
used for bus frames have been investigated theore-
tically and experimentally under fully reversed con-
stant amplitude cyclic loading. The following remarks 
are made in conclusion: 

The test results identified the weld toes at the 
edges of the horizontal arm to be the failure critical 
locations. Few specimens failed at the corresponding 
weld toe of the vertical arm. The finite element 
analysis unraveled the locations, which were 
identified experimentally as failure-critical. 

A finite element meshing procedure according 
to Fayard’s et al. proposal for weld modeling by 
means of shell elements in conjunction with the 
recommendations of the IIW guideline has been 
applied. In addition, a quadratic surface stress 
extrapolation at the hot spot of the modeled weld has 
been proposed.  

The HSS-Woehler curves determined by the 
suggested calculation procedure have been found out 
to be in satisfactory agreement with the 
corresponding ones determined according to the IIW 
guideline. These results confirm the accuracy and 
efficiency of the so-calculated hot spot stresses for 
fatigue design of thin-walled components such as the 
ones investigated here. 

Though the experimental database used here for 
the verification of the calculation procedure is 
certainly narrow for generalizations, the results 
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encourage to apply and verify this procedure to thin-
walled structures such as the one investigated.  
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ABSTRACT 
 

The paper presents the structural changes that appeared in steel for deep 

drawing, as a result of cold rolling and of recrystallization thermal treatment. The 

research was conducted on samples taken from the rolled strap, treated and rerolled 

after the present technology in Arcelor Mittal. For comparison samples sampled 

from the steel strap before cold deforming (hot rolled) were used as blank tests. The 

thermal processing was done under industrial conditions in bell furnace. For the 

chosen steel the critical deformation degree was around the value of 6.5%. 

 
KEYWORDS: deep drawing steel, critical deformation degree, microstructure. 

 

1. Introduction 
 

The chemical composition of the analyzed 

steel is presented in table 1. 
 

Table 1. The chemical composition of 

 the steel specimens used in experiments 
 

C Mn Si Smax Pmax Al 
[%] 

0.04 0.25 0.1 0.009 0.012 0.05 

 

In order to establish the influence of the cold 

deformation degree on the steel straps’ properties, 

samples were sampled from a coil deformed on the 

continuous milling machine TANDEM with five 

four-high stands with the rolling cylinders’ diameter 

of 550 mm.  

 

Fig. 1. The diagram of thermal treatment 

conducted in industrial conditions, for the cold 

deformed samples with different deformation 

degrees 
To obtain samples with different degrees of 

deformation the rolling process was started and when 

the normal running regime was reached, the mill was 

stopped and cut off parts of the strap between the 

stands. To achieve deformation degrees lower than 

20%, the rolling process was continued only with the 

first stand. Samples were taken for different 

deformation degrees: ε1 = 2.2% ; ε2 = 6.5% ; ε3 = 

15.2%;  ε4 = 32.5% ; ε5 = 50.0% ; ε6 = 65.0% (the 

deformation degree was calculated with the formula: 

ε = Δh/hox100).  

2. Experiments 
 

The microstructure of the blank tests sampled 

from the hot rolled strap is presented in fig. 2 (a, b) 

and in fig. 3 are presented the microstructures 

corresponding to different deformation degrees, 

obtained through cold rolling (without thermal 

treatment). The microstructural analysis of the cold 

deformed samples, with different deformation degrees 

(ε1 = 2.2% ; ε2 = 6.5% ; ε3 = 15.2%;  ε4 = 32.5% ; ε5 = 

50.0% ; ε6 = 65.0%) reveal at high deformation 

degrees (over 50%) the occurrence of the fibrous 

structure, a highly noticeable aspect especially in 

longitudinal sections (fig. 3j and fig. 3l). 

The samples obtained after the cold rolling 

have been heat-treated under industrial conditions in 

bell furnace according to the diagram in fig. 1. 
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b) a) 

Fig. 2. The microstructure of the blank tests (hot rolled):  

a – longitudinal section; b – cross section (x250). 

  

a)                                     ε1 = 2.2 %                                      b) 

  

c)                                         ε2 = 6.5 %                                    d) 

  

e)                                           ε3 = 15.2 %                                      f) 
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   g)                                 ε4 = 32.5  %                               h) 

  i)                                     ε5 = 50  %                               j) 

   k)                                     ε6 = 65  %                               l) 

Fig. 3. The micro n degree made in: 

   a)                               ε1 = 2.2 %                                                 b) 

  

 
 

  

structures of the cold rolled assays with different deformatio

a, c, e, g, i, k- longitudinal section; b, d, f, h, j, l – cross section (x250) 
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  c)                                     ε2 =6.5 %                                                   d) 

    e)                                     ε3 = 15.2 %                                  f) 

   g)                                     ε4 = 32.5  %                               h) 

  i)                                     ε5 = 50  %                               j) 
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   k)                                     ε6 = 65 %                               l) 

 

Fig. 4. The microstructures of the cold rolled samples with different deformation degrees thermal treated 

in industrial bell furnace made in: a, c, e, g, i, k- longitudinal section; 

b, d, f, h, j, l – cross section (x250) 

 

 

For the thermal treatment analyzed in this paper, 

one can notice that at small deformation degrees 

(6.5%) a coarse granulation is obtained (fig. 3), which 

leads to the conclusion that for the analyzed steel the 

critical degree of deformation is found around this 

value. 

At high deformation degrees (over 32.5%), the 

granulation begins to finish itself and it gets finer as 

the deformation degree increases. This aspect of the 

microstructure appears both in longitudinal sections 

and in cross sections of the samples (fig. 5). 

The analyzed microstructures showed that the 

samples analyzed under industrial conditions in bell 

furnace with long maintaining times, present an 

accentuated non-uniformity of the granulation in the 

strap’s section, at small deformation degrees. When 

increasing the deformation degree (over 32.5%), this 

non-uniformity is getting higher. 

In fig. 5 is presented the graph with the 

variation of the average diameter of the grains 

obtained after applying the thermal treatment for a 

long period of time, under industrial conditions in bell 

furnace, for the cold deformed sample sets with 

different deformation degrees (ε1 = 2.2% ; ε2 = 6.5% ; 

ε3 = 15.2%;  ε4 = 32.5% ; ε5 = 50.0% ; ε6 = 65.0%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The average dimension of the grains 

dependent on the cold deformation degree, for 

the heat treated assays under industrial 

conditions: 

T= 720
o
C  and maintaining time 24 hours 

 

  i)                                     ε5 = 50  %                               j)
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3. Conclusions 
 

The granulation of analyzed steel is strongly 

influenced by the cold deformation degree. 

The microstructures made for different 

deformation degrees show, for high deformation 

degrees (over 50%), a fibrous structure clearly seen 

on longitudinal sections. 

The microstructures made from samples with 

different deformation degrees and industrial thermal 

treated show that the critical deformation degree for 

the analyzed steel is around 6.5%, the point were the 

granulation starts to grow in excess. Also for 

deformation degrees over 32.5% the non-uniformity 

of the longitudinal and transversal granulation 

diminishes. 
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ABSTRACT 

 
In most environmental pollution problems, the pollutant is released to the 

environment by the, almost always, turbulent flow of a carrier fluid. The pollutant 
mixes with the surrounding fluid (air or water) and undergoes chemical 
transformations. A proper account of “where the pollutant went” and “what 
happened to it” necessitates a theory of turbulent reacting flows, i.e. the 
simultaneous treatment of mixing and chemical reactions. The important field of Air 
Quality Modelling is an interdisciplinary field borrowing elements from Fluid 
Mechanics, Atmospheric Chemistry, Meteorology and others. 

 
KEYWORDS: Air Quality Modelling, Fluid Mechanics, Meteorology, turbulent 

flow 
 

 

1. Introduction 
  
1.1 Atmospheric dispersion models [1] 
Atmospheric dispersion models are computer 

programs that use mathematical algorithms to 
simulate how pollutants in the ambient atmosphere 
disperse and, in some cases, how they react in the 
atmosphere. The dispersion models are used to 
estimate or to predict the downwind concentration of 
air pollutants emitted from sources such as industrial 
plants and vehicular traffic.  

 

2. Air Quality Modelling and plume 
dispersion 

 

2.1 Box models [2] 
Consider the following Fig. 2.1: where we have 

enclosed a whole city in a control volume. Assume 
that the air in the box is fully uniform in 
concentration and that there is uniform wind of 
velocity U flowing along the x-direction. Assume that 
the box extends up to the mixing height H. Assume 
that there is background pollution b (a convenient and 
common unit is in kg of pollutant per m3 of air) that 
is being advected towards the city by the wind and 

that the city itself generates q kg/m2 /s of the 
pollutant. 

 

 
Fig. 2.1 

 
 

Then, the conservation of mass for this 
pollutant gives for its concentration c in the box (in 
the same units as b): 

 

 

2.1

2.2
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The l.h.s. of Eq. (2.1) is the unsteady 
accumulation of the pollutant. The first term on the 
r.h.s. is the amount of pollutant advected into the box 
by the wind; the second term is the amount advected 
out of the box (note that what is being advected out 
has concentration c, the concentration of the 
wellmixed box); the third term shows how much c per 
unit time is released in the city (e.g. by factories or 
cars); the last denotes how much c is being generated 
by chemical reactions (e.g. by transformations from 
other pollutants). The reaction rate wc has units kg of 
pollutant per unit volume. Very often we are 
interested only in the steady state, i.e. dc/dt = 0. Let 
us also neglect reactions, which is a good 
approximation if the particular pollutant reacts very 
slowly compared to the residence time L/U. Then, Eq. 
(2.2) gives that the pollutant will be in a concentration 
cbm above the city, given by: 

 
This is the "standard" box model result used in 

Air Quality Modelling practice and hence the 
subscript bm in Eq. (2.3). Equation (4.3) involves 
many assumptions, the most important of which 
are that the pollutant is uniformly distributed in the 
box, that the wind is uniform (despite the boundary 
layer!), and that the emission is uniformly distributed 
across the area of the city. Clearly, none of these 
assumptions is really justified. Nevertheless, Eq. (2.3) 
shows the correct scaling with H and U : low mixing 
heights and low winds imply a higher concentration 
of pollutant. Note also that the local city 
meteorology affects the pollution concentration 
through the wind U and the mixing height H. Hence 
we expect a larger concentration of pollutant at 
night (small H, small U) than at day, although this 
may be counterbalanced by the higher emissions 
during daytime (e.g. from traffic). 

Emphasis on chemistry 

Equation (2.2) is not restricted to a single 
pollutant. Various researchers use it for examining 
also the chemistry and emphasize the reaction rate 
term, rather than the wind transport. In such box 
models, the governing equation for each species i 
becomes: 

 
Equation (2.4) is solved by numerical methods 

subject to a particular set of initial conditions and 
the solutions can help identify how the various 
pollutants are transformed during the day. 
Comparisons with experimental data can then assist 
in developing chemical mechanisms, such as "tuning" 
the rates of the various reactions like the smog-
forming reactions. Developing detailed chemical 
mechanisms for atmospheric pollution is a very 

active research area at present, not least because 
more and more chemicals come under regulation. 

Emphasis on inhomogeneity 
It is not a bad assumption to take the pollutant 

concentration as uniform in the z-direction, 
especially during unstable stratification. However, the 
assumption of homogeneous concentration in the wind 
direction is usually much worse because often q is a 
function of x. This can be partly dealt with by re-

deriving Eq. (2.2) for a thin strip of thickness Δx 
and hence obtaining a differential equation for dc/dx. 

Emphasis on yearly averages 
Very common in Air Quality Modelling, Eq. 

(2.3) is used for a range of wind directions and speeds 
and a range of mixing heights, so that various 
meteorological conditions can be examined to find the 
corresponding pollutant concentrations. These are 
then weighted by the probability of occurrence of 
these particular conditions and hence a yearly average 
pollutant concentration can be calculated. Such 
calculations are important, e.g. for planning anti-
pollution measures, for calculating the extra 
environmental burden of new industrial plants, etc. 

2.3

 

2.2 Gaussian dispersion models 
Model problem 

The paradigm problem concerning pollution 
relatively close (e.g. a few km) to a source is the 
„chimney plume”. This is shown on the following 
Fig. 2.2:  

 
Fig. 2.2. 

 
We are interested in: (a) the width of the plume 

downwind; (b) the concentration of the pollutant 
across the plume and particularly on the ground; (c) 
the difference between a steady emission (a „plume”) 
and an unsteady emission (a „puff”). To calculate 
these items is very important from a practical point 
of view and forms the topic of this chapter [4]. 

2.4

Governing equation for a reacting scalar 

Conservation of mass 

Consider an infinitesimal control volume ΔV. 
Inside the CV we have a uniform mixture of species 
undergoing chemical reactions.  
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Mass may cross the surfaces of the CV. For 
simplicity of presentation we assume a one-
dimensional geometry.  

Then, the principle of mass conservation of each 
species i reads: 
 [Rate of accumulation] = [Rate at which species 
comes in] – [Rate at  which species leaves]+ [Rate of 
generation due to reaction] 

 
In mathematical terms: 

 
where: mV (Kg): total mass of mixture inside the 

CV,  
                            mV= ρΔxΔyΔz 
Yi: mass fraction of I; ρ (Kg/m3): mixture 

density; mi
” (Kg/m2/s): mass flow of species I per unit 

time per unit surface, the mass flux;˙wi (Kg/m3/s): 
mass of species generated per unit volume per unit 
time due to chemical reactions 

 
Letting Δx go to zero, we obtain the species 

conservation equation: 

 
The mass flux mi

” for each species that appears 
in the species conservation equation is composed of 
two parts: an advective and a diffusive part. 

 
The advective mass flux is due to the bulk fluid 

motion and is given by: 

 
The diffusive mass flux is given by Fick’s Law: 

 
Fick’s Law states that the mass flux is 

proportional to the gradient of the mass fraction of the 
species. This is a diffusion process because it tends to 
make concentration gradients more uniform, i.e. it 
mixes the various species together. The coefficient D 
(m2/s) is the diffusion coefficient and, in general, 
depends on the nature of the diffusing species. For 
gases, it is a common approximation that the 
diffusion of heat and mass follow the same rate, i.e. D 

is related to the conductivity λ: 

 

Final instantaneous species conservation 

equation 

With these expressions, the species conservation 
equation takes the final form: 

 

2.11

It is important to know the physical mechanisms 
contributing to this equation: the first term in the l.h.s. 
corresponds to accumulation of species i, the second 
to advection by the bulk fluid motion, the first term in 
the r.h.s. corresponds to molecular diffusion and the 
last to the generation by the chemical reactions. 

In more dimensions and for a generic scalar Ø 

that is proportional to the mass fraction (e.g. our usual 
concentration in atmospheric pollution expressed in 
kg/m3), the governing transport conservation equation 
becomes: 

2.5

 

2.12

in Cartesian tensor notation, where we have 
assumed an incompressible flow and a constant 
diffusivity, typically excellent assumptions in 
environmental fluid mechanics. If the scalar is inert, 
then simply ˙w = 0. Equation (2.12) is the starting 
point for examining turbulent mixing. 

 
Averaged species conservation equation 

2.6 In a turbulent flow, we can write that the 
instantaneous mass fraction of a scalar is 
φ =¯φ +φ ′ and that the velocity is u = ¯u + u′ .It is 
easy to see that, by performing Reynolds 
decomposition and performing the averaging 
procedure on the Eq. 2.12 we get : 2.7

 

 

2.13
2.8

The first term in the l.h.s. is the unsteady 
accumulation of φ, the second is due to mean 
advection, and the third is due to turbulent transport 
(or turbulent diffusion). The first term in the r.h.s. is 
due to molecular diffusion and the second is the mean 
reaction rate. 

2.9

 
Modelling the scalar flux – the eddy diffusivity 

It is usual engineering practice to model the 
turbulent transport term using the eddy diffusivity 
concept, also known as the gradient approximation. 
This model is motivated from the Kinetic Theory of 
Gases, where the mass flux is found to be 
proportional to the gradient of the mass fraction (Eq. 
2.9) and the molecular diffusivity D is found to be 
proportional to the mean molecular speed and the 
mean free path between molecular collisions.  

2.10

By making an analogy between the random 
turbulent motions of “fluid particles” and the random 
molecular motion in a fluid, the turbulent transport 
term is written as: 
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with the eddy diffusivity DT given by 

 
By a trial-and-error procedure and comparison 

with experimental data, the constant C is found to be 
around 0.1, but this depends on how Lturb is defined. 
There is a lot of criticism behind the use of the 
gradient approximation for modelling turbulent 
transport and indeed sometimes Eqs. (2.14) and/or 
(2.15) fail to predict the correct magnitude of mean 
(uj’φ’) . Nevertheless, the eddy diffusivity concept 
remains a very useful approximation for providing a 
tractable closure to Eq. (2.13), which then becomes: 

 
Note that DT may be a function of space and 

hence should be kept inside the derivative in the r.h.s. 
of Eq. (2.16). The eddy diffusivity concept is usually 
much better for an inert scalar than for a reacting 
scalar, but we use it anyway. 

For high Reynolds numbers, D << DT , which 
suggests that the molecular diffusion may be 
neglected. To illustrate this, consider a wind flow of 5 
m/s with a typical turbulence intensity of 10%, so that 
u′ = 0.5 m/s. In the atmospheric boundary layer, the 
lengthscale is proportional to the height above the 
ground. Let us take that Lturb=500 m. Then DT = 25 
m2/s. At standard temperature and pressure, the 
molecular diffusivity of air is 2.2 x10−5 m2/s (see Eq. 
2.10). Therefore the diffusion caused by molecular 
motions is negligible compared to the diffusion due to 
turbulence, which is a typical feature of turbulent 
flows at large Reynolds numbers. Molecular action is 
always present at the smallest scales, but these 
contribute very little to the overall diffusion of the 
scalar (the small eddies just don’t “move far 
enough”). In other words, “where the smoke goes” is 
a function of the large scales only and the turbulent 
diffusivity suffices. 

Turbulent diffusion of an unsteady puff 
In many cases, we are interested in the way a 

pollutant spreads under the action of turbulent 
diffusion, when the emission of the pollutant is not 
continuous, but occurs only for a short time. Our full 
governing equation (Eq. 2.16) is our starting point, 
but to demonstrate how the solution comes about, let 
us assume zero mean velocities and finite and 
spatially-uniform turbulent diffusivity. 

Then, Eq. (2.16) becomes: 
 

 

The overbar denotes the mean concentration of 
the pollutant and the eddy diffusivity is now allowed 
to be a function of the direction. This is usually the 
case in atmospheric turbulence: the velocity 
fluctuations are not really equal in the three 
directions, and hence the eddy viscosity is strictly 
speaking a (diagonal) tensor. Hence the appearance of 
the subscript j in K in Eq. (2.17). We have also 
denoted the turbulent diffusivity by the symbol K 
(rather than DT) to conform to the standard notation in 
atmospheric pollution. 

2.14

2.15

For an inert pollutant, Eq. (2.17) is identical to 
the unsteady heat conduction equation for an 
“instantaneous source” and has a known solution. If 
Q kg/s of pollutant are released over a (very short) 
time Δt at point (x0,y0,z0), the solution of Eq. (2.17) 
gives for the mean pollutant concentration ¯φ in one, 
two, and three dimensions (in kg/m, kg/m2, kg/m3 
respectively): 

2.16

 
2.18

 

 
2.19

 

 
 
where t is the time from the release. Note the 

“symmetry” of the terms in the exponential, but also 
note that the behaviour of the maximum 
concentration at the centre of the cloud (i.e. at x0,y0,z0) 
has a different scaling with time depending on the 
dimensionality of the problem. 

2.20

In practical atmospheric dispersion of pollutant 
clouds, the wind has to be taken into account. The 
situation is visualized in the following Fig. 2.3.  

 

 
Fig. 2.3. 

 
The governing equation becomes (for an inert 

pollutant): 2.17

 
2.21
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The solution of Eq. (2.21) is again Eq. (2.20), 
but now we must interpret the time t as the downwind 
distance X of the centre of the pollutant cloud, 
divided by the wind speed U, and x,y,z as the 
distances from the centre of the cloud. In Eulerian 
coordinates (more useful!), x should be replaced by 
(x-X), with X=Ut. Usually, the coordinate system we 
use has an origin immediately underneath the release 
point on the ground (i.e. x0=y0=0) (Fig. 2.3) and so the 
“standard” form of the solution of Eq. (2.21) reads: 

 

 
 
Depending on the relative magnitude of the K’s, 

the cloud may take a spherical or ellipsoidal or even a 
disk-like shape. 

 

Final equation 

Very often in atmospheric dispersion, we do not 
use the eddy diffusivities directly, but we work with 
the dispersion coefficients [5] , defined by: 

 
Using the dispersion coefficients (units: m), Eq. 

(2.22) becomes: 

 
 
 
which is a “standard” Gaussian expression. 

The dispersion coefficients are usually functions of X. 
It is important to note that Eq. (2.24) is valid even if 
the eddy diffusivities K are not constant. This would 
be the case for short times from the release because 
then the constant eddy diffusivity idea breaks down: 
for small cloud widths, the pollutant is being 
dispersed by the action of only a small range of the 
turbulent eddies.  

This makes the diffusivity a function of time, 
until the cloud becomes large relative to the 
turbulence lengthscale. In atmospheric problems, this 
is hardly ever achieved and the dispersion coefficients 
in the above equations must be provided empirically. 

Equation (2.22) (or Eq. 2.24) is called the 
“Gaussian puff equation” and is very useful in 
providing numerical estimates on the average amount 
of pollutant reaching a given point at a given time 
after a release. Such estimates are crucial for 
assessing the danger after accidents, such as the 
Chernobyl nuclear disaster or chemical releases. They 
are also used to assess the origin of the pollutant, 
given a set of measurements of the pollutant 
concentration at a particular point and the 
meteorological conditions prevailing at that time. 

 

Cloud width 

Another use of Eq. (2.24) is to find the width of 
the cloud. This can be defined in various ways, since 
the concentration reaches zero asymptotically towards 
the edge of the cloud. A common way is to use the 
length: 

 
as a characteristic half-width of the Gaussian 

cloud in the y-direction and similarly for the other 
directions. This length marks the location from the 
cloud centre where the concentration falls to 1/e of 
the centre value. 

2.25

 
Turbulent diffusion of a steady plume 
One way to understand the continuous emission 

from a chimney (Fig. 2.2) is to view it as a series of 
“instantaneous puffs”. Based on the linearity of Eq. 
(2.21), the overall concentration ¯φ downwind would 
be the sum over all such puffs. Assume then that the 
chimney continuously releases Q kg/s of pollutant 
and we use t=x/U. We are interested in the pollutant 
concentration at a particular point (x,y,z) at time t. 
Equation (2.24) can be integrated over time, to give 
the mean concentration due to a continuous source: 

2.22

2.23

 
 
It is important to remember that we are now 

dealing with diffusion at early times, i.e. we are 
interested in the region close (e.g. of the order of 10 
to 104 m) to the plume source. There, the width of the 
plume is clearly not much greater than the turbulence 
length scale, which is one of the conditions for 
validity of the constant eddy diffusivity. For short 
distances from the source, it turns 

2.26

2.24

out that the dispersion coefficients are 
proportional to time: 

2.27
 

where u′ , v′ , w′ are the r.m.s. turbulent 
velocities in the three directions, assumed constant. 
Equation (2.26) can then be integrated to give: 

 
 2.28
with  

 
Usually, the plume is slender, which implies 

that r ≈ x , and usually u′ /U = 0 (0.1) << 1. Both 
these assumptions are used to simplify Eq. (2.28) 
into: 

 
 

2.29
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This is the final result for the plume diffusion 
problem. It is often called the “Gaussian plume 

equation”. The x dependence comes indirectly 
through the dependence of the dispersion coefficients 
on x, while the dependence on y and z comes directly 
from the exponential. 

 

2.3 Efects of Lower Danube region 

meteorology [6] 
Effect of inversions 
We mentioned previously that the case of one-

dimensional diffusion in the horizontal direction 
approximately corresponds to the case where the 
plume is perfectly mixed in the vertical direction. If 
the mixing height is higher than the source height, i.e. 
if H > (hs+hpr), then there is every possibility that the 
plume will hit the inversion lid from below, from 
where it will be reflected downward etc. This 
situation is shown in the following figure (Fig. 2.5), 
which also demonstrates how the image source idea 
can be used to account for the mixing height. It is 
clear that the vertical direction will eventually 
become quite homogeneous. 

 
Fig 2.5. Effect of inversion lids on diffusion 

(source below the inversion) 

 

Fig. 2.6. Pollution above Galati city 
Low mixing heights will result in higher ground 

concentrations. 
Inversions assist in “trapping” pollution above, 

for example Galati city, which can be thought as 
composed of a very large number of point sources. In 
addition to more intense photochemistry, these 

conditions are favorable for the creation of inversion 
lids and hence such city encounter high levels of 
pollution often, see the following Figure 2.6. 

 

2.4 Practical Air Quality Modelling 
In previous chapter, we presented the “Box 

Model”, which is a very useful tool for estimating the 
pollution above a city. Such box models are used in 
scales of a few km. If one is interested in finer scales 
(e.g. a few hundred meters), and this may be 
imperative for accurate calculations of dosage, e.g. 
from a new industrial plant or a planned motorway, 
then we need to consider the dispersion very close to 
the source. For uniform wind conditions and well-
defined sources, the Gaussian plume theory is 
approximately correct for up to a few tens of km, but 
eventually our assumption of constant wind will 
becomes invalid. For synoptic scales, i.e. longer than 
200 km, we need to couple our pollution dispersion 
models with proper meteorological (i.e. weather 
prediction) codes like Eulerian codes and Lagrangian 
codes. An atmospheric dispersion model [3] based on 
atmospheric boundary layer turbulence structure and 
scaling concepts including treatment of multiple 
ground-level and elevated point, area and volume 
sources is AERMOD. It handles flat or complex, rural 
or urban terrain and includes algorithms for building 
effects and plume penetration of inversions aloft seen 
in Figure 2.7 [6] 

 

Fig. 2.7. SO2 concentrations in Galati area 
modeled with Aermod 

 

3. Conclusions 
 

The dispersion models require the input of data 
which includes: 

 - Meteorological conditions such as wind speed 
and direction, the amount of atmospheric turbulence 
(as characterized by  the stability class), the ambient 
air temperature and the height to the bottom of any 
inversion aloft that may be present; 
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ABSTRACT 
 

The behavior of ship plating normally depends on a variety of influential factors, 

namely geometric/material properties, loading characteristics, initial imperfections, 

boundary conditions and deterioration arising from corrosion and fatigue cracking. 

The analysis is presented for a uniaxially in-plane loaded, clamped, composite 

laminated quadratic plate. The imperfection is considered as the initial deformation 

due to the manufacturing operations: cosinusoidal shape in both of the longitudinal 

and transverse direction. Usually, the initial deformation mode appears in the form 

such as the fundamental mode of the buckling or vibration (figure 1) Variation of the 

maximum transverse displacement regarding the inplane load (displacement 

controlled after nonlinear buckling analysis) for three cases are presented. 

 
Keywords: Composite panels, Buckling, Postbuckling 

 

 

1. Introduction 
 
 The increasing interest in minimum weight 
designs for ship structures has generated important 
studies in the analysis of the elastic stability and 
postbuckling behavior of structures subjected to in-
plane compressive loads. Due to their high strength 
and stiffness-to-weight ratios, laminated composite 
materials are increasingly being used in the 
shipbuilding industry. 
 The overall failure of a ship hull girder is 
normally governed by buckling and plastic collapse 
of the deck, bottom or sometimes the side shell 
stiffened panels. Therefore, the relatively accurate 
calculation of buckling and plastic collapse strength 
of stiffened plating of the deck, bottom and side 
shells is a basic requirement for the safety assessment 
of ship structures. In stiffened panels, local buckling 
and collapse of plating between stiffeners is a primary 
failure mode, and thus it would also be important to 
evaluate the buckling and collapse strength 
interactions of plating between stiffeners under 
combined loading. 

The behavior of ship plating normally 
depends on a variety of influential factors, namely 
geometric/material properties, loading characteristics, 
initial imperfections (i.e., initial deflections and 
residual stresses), boundary conditions and 

deterioration existing local damage related 
manufacture imperfection or fatigue cracks. 

For thin homogeneous (metallic) plates, 
classical plate theory predicts deformations and 
inplane stresses that are comparable to those of three-
dimensional elasticity. In thin plates, transverse 
stresses are generally small compared to in-plane 
stresses, and thus, both classical theory and first-order 
shear deformation theory give satisfactory results. 
However, since both theories are two-dimensional, 
they are not accurate enough to predict transverse 
stresses directly. 
 Generally, composite plates support greater 
compressive load beyond the buckling load. 
Therefore, buckling and postbuckling behaviors of 
composite plates are very important factors of 
structural designs. There are more studies of buckling 
behavior than those of postbuckling behavior of 
composite plates. VandenBrink et al. (1987) 
investigated postbuckling behavior of graphite/epoxy 
composite plates of [qn–qn]s layup with a hole. 
Englestad et al. (1992) analyzed postbuckling 
response and failure of graphite/epoxy panels with 
and without holes. In this paper, a progressive failure 
(buckling) analysis was introduced into the nonlinear 
finite element analysis. Postbuckling behavior and 
compressive strength of composite plates was studied 
through analyses. 
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 Parametric studies were performed in order to 
investigate the effects of initial deformations sizes on 
buckling load and postbuckling compressive strength. 
 Buckling and postbuckling analysis are essential 
to predict the capacity of composite plates carrying 
considerable additional load before the ultimate load 
is reached, and manufacturing-induced geometric 
imperfections often reduce the load-carrying capacity 
of composite structures. The nature of initial 
geometric imperfection induced during manufacturing 
is accounted for in the analysis. The stiffeners 
presence induces the cosine shape of the initial 
deformation. Examples of postbuckling analyses of 
symmetric cross-ply, angle-ply are presented, and the 
accuracy and performance of the method are 
examined. The numerical methodology presented can 
be used as an accurate and efficient tool for 
postbuckling analysis of imperfect composite plates. 
 

2. Analytical study of global buckling of 
clamped orthotropic rectangular plate 

 
 For global buckling may be considered the 
theoretical study of the orthotropic, rectangular plate, 
without imperfections, clamped on the sides, and 
compressed along the x-axis. The external loading is 
considered as uniform one. The main orthotropic 
directions are considered as parallel with the sides. 
The critical value of the buckling load, pcr, will be 
determined.   

  
 The sides ratio is considered as c=a/b, and the 
loading per unit length is p. According to the figure 1, 
the coordinate system axis are considered parallel 
with the sides. 
 Before the buckling, the plate is considered 
loaded as in plane stress, with Nx=-p, Ny=0, Nxy=0. 
 The solution may be determined by choosing the 
static method. The equation of the deformed plate is  
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 The solution of the equation (1) is to satisfy 
the boundary conditions  
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 The boundary conditions may be satisfied by the 
any term of the Fourier series  
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where Cmn and Amn are constant coefficients and m, n 
are integers. By substituting (4) in (1) it is obtained 
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 The constants Amn are undetermined. Equation 
(5) delivers all values of p, associated to the pairs of 
indices m=1, 2, 3,..., n=1, 2, 3... as possible deformed 
forms of the plates, such as the equation (4). From the 
all values, the smallest one will be chosen, this being 
the critical value. Obviously, the smallest value of p 
is obtained for n=1, that is corresponding to the shape 
with one semi-wave along the side b. 
 In the following, the value of m for the smallest 
value of p (named critical value) will be determined. 
 For n=1, the expression of p is  

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛++⎟

⎠
⎞

⎜
⎝
⎛=

2

1

2

21

3

2

2

1
2

21
2

2π4

m

c

D

D

DD

D

c

m

D

D

b

DD
p   (6) 

 

3. Numerical results obtained for buckling 
and postbuckling behaviour of clamped 

orthotropic imperfect plate 
 

 Numerical studies were performed on the 
buckling and postbuckling behaviour of the imperfect 
plate. In this case, the initial deformation is in the 
form given by the first buckling modal shape for the 
same plate but considered as a perfect one.  
 

Table 1. Plate lay-up 

α t [mm] 
+450 0.195 
-450 0.195 
4 × 00 2.36 
+450 0.195 
-450 0.195 
6 × 00 3.54 

α t [mm] 
+450 0.195 
-450 0.195 
4 × 00 2.36 
+450 0.195 
-450 0.195 

xa

b

p

 
Fig. 1. The perfect plate model 
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Maximum initial deformation magnitude is 
considered as a rate from the thickness, t, that is 

The theoretical buckling load obtained for a 
perfect plate is 207.21 MPa, determined only for 
future experiments calibrations. wo = γ�t. 
  In the analysis, for the rate γ� the following 

values were chosen: 0.002, 0.32 and 0.96.  
Table 2. Buckling load  The FEM model, composed of shell elements, 

for geometric representation of a plate sized 320×320, 
with the thickness of 10 mm, having an initial 
deformation, was made. 

 

Case 
Buckling load 

[MPa] 
Theory 207.21 
Perfect 172.45 

Case 1: 
 w0=0.02 mm 

181.66 

Case 2: 
 w0=3.2 mm 

203.59 Imperfect 

Case 3:  
w0=9.6 mm 

288.56 

 The material used for the plate has the 
characteristics: 
- E-glass/Polyester  
E1 = 46 GPa, E2 = 13 GPa, E3=13 GPa 
G12 = 5 GPa, G13 = 5 GPa, G23 = 4.6 GPa 

12μ =0.3, =0.42, =0.3 23μ 13μ
- UD layers: t1 = 0.59 mm 
- Biaxial layers: t2 = 0.39 mm, modeled as two UD 
layers having thickness t2/2, at ±45°  

 Buckling load values obtained for the three 
cases of imperfect plates are presented in table 2. 

- Lay-up is presented in Table 1. 
 Numerical studies, non-linear analysis (large 
displacements), were performed with FEM package 
COSMOS/M. For FEM analysis 3-node structural 
layered shell element (SHELL3L) were used.  

As it is seen, the buckling load value obtained 
according to the equation (6) is far from that obtained 
for perfect plate, but is more closed to the value 
obtained for Case 3.  Boundary conditions introduced on the sides were: 
 In figures 4, 5 and 6 the postbuckling behaviour 
of the imperfect plate for the three cases are 
presented. The results obtained after non-linear 
analysis show that the collapse does not occurs at 
buckling load value. The vertical dashed line 
corresponds to the buckling load for the perfect plate 
(172.45 MPa). 

- On x=0 edge, completely fixed; 
- On x=a edge, all DOF fixed, except x-translation; 
- On y=0, y=b edges, all DOF fixed, except x and y 
translations and z rotation. 

 

 As it is seen, the buckling load is increasing 
with the increasing of the initial deformation.  
 

4. Conclusions 
 
 This paper presents buckling and postbuckling 
results for composite imperfect plates, subjected to 
longitudinal compressive loading. The side edges of 
the plates are clamped. The imperfection is 
considered as initial deformation in the form given by 
the first buckling modal shape for the same plate but 
considered as a perfect one.  

 
Fig. 2. The plate geometry 

  Based on the numerical results, there can be 
derived out the following conclusions of this study: For the perfect plate, the critical value is  

pcr=172.45 MPa.  Values of the buckling load, pcr, are increasing 
with the increasing of the initial deformation. That is, 
the stiffness of the plate is increasing with the 
increasing of the initial deformation. 

 

 

 Study made for the nonlinear buckling analysis show 
that the collapse does not occurs at buckling load 
value.  
  The displacement controlled nonlinear buckling 
analysis shows that at the same postbuckling load the 
maximum displacement is decreasing with the 
increasing of the initial maximum displacement. 
 The FEM models can deliver the whole range of 
the eigen modal buckling for the panel structure.  

Fig. 3. Plate mesh 
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Fig. 4. Case 1: Displacement controlled nonlinear buckling analysis 

 
 

 

 
Fig. 5. Case 2: Displacement controlled nonlinear buckling analysis 
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Fig. 6. Case 3: Displacement controlled nonlinear buckling analysis 
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ABSTRACT 
 

The objective of the research is to identify new suitable process to use 
residual waste (like aluminium secondary dross, salt slag or fly ashes) in concrete 
products according with sustainable industry concepts. The paper presents some 
results and directions of researches of recycling secondary aluminum industry by- 
products in Romania. 

 
KEYWORDS: secondary aluminium dross, moulding mixture, casting, 

aluminium sulphate 
 

1. Introduction 
 

Aluminium technological residues named; dross, 
salts slag, black dross or salt cakes, are hazardous 
waste because it contains contaminants like soluble 
salts, oxides, carbides and sulphides as well as 
metallic aluminium which is entrapped in the slag. In 
contact with water it emits flammable gases such as 
acetylene or it is liable to give off toxic gases, such as 
ammonia, in dangerous quantities. Traditionally, 
aluminium wastes are disposed in landfill, costing the 
world aluminium industry an estimated $70 million. 
Resolutions of European Community regulation and 
spiralling costs are forcing the industry to consider 
alternatives. [2]. Worldwide Secondary Aluminium 
Industry produces nearly five million tonnes of 
furnace waste each year. Residual waste material is 
produced from any process in which aluminium is 
melted. For all that reasons a consortium of  7 
partners decided to study the possibilities to process 
of technological residues from secondary aluminum 
industry and develop the proper methods to cut the 
production cost and to minimize or eliminate their 
disposed of in landfill. In the project there are 
involved three universities, two researches institutes 
and two aluminium companies. Transilvania 
Universiy Braşov, the manager of the project; 
National R&D Institute For Nonferrous And Rare 
Metals - IMNR, Technical University Of Civil 
Building Bucharest, Politehnica University – CCEEM 

Bucharest, INCDPM–ICIM Bucharest, partners, SC 
ALMET SA Năvodari, SC SILNEF SA, co-financing 
partners. 

Romania has developed researches to find new 
methods to reduce landfilling of furnace waste and 
recover saleable products by soluble salts removal, 
use secondary aluminum technological waste for 
moulding mixture in foundry for iron heavy casting, 
obtain products which can be utilized like coagulants. 
Directions researches for process industrial secondary 
aluminium by products are showed in figure 1. 
 

2. Experimental researches and results 
 

The first researches were on the influence of 
technological process on mineralogical matrix of 
technological wastes from three secondary aluminium 
processors and their difference in function of their 
process conditions. As much as ranges of secondary 
aluminium technological wastes are large, the larger, 
there are metallic compounds spectrums, which are in 
the dross and ashes. As much as mineralogical 
compositions is complex the more difficult there is to 
process them for obtain useful products. 

Complex mineralogical compositions need 
supplementary operations to separate, to soluble or to 
purify the useful compounds and for that there have 
to spend supplementary cost to process them. 
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 Crushing
 
 

Soluble salts 
 
 
 CrystallizationSalts solutionsSolid wastes 
 
 

Salts mixture 
 
 
 
 
 
 
 
 
To study influence of technological process on 

mineralogical matrix of residues of the secondary 
aluminum industry there were take samples, from 
three different secondary aluminum companies:  

The first company is SC ALMET SA Năvodari, 
which process scrap and spills to obtain casting alloys 
and wrought alloys for extrusion. For scrap melting 
they use revolving cylindrical furnace or crucible 
melting furnace. They work in quality system in 
conformity with SR EN ISO 9001:2001, SR EN ISO 
14001:2005 and OHSAS 18001:2004 standards. To 
increase performance rating they use scrap sorting, 
melting deoxidizing, refining and filtering operations. 
The skimming from the first melt is in part reuse in 
their foundry circle. Technological residues are kept 
on the authorize slag dump till they are delivery to 
aluminum dross specialize processors. The second 
company is SC FABRIMIXT SA Câmpina, which 
process scrap, spills and dross to obtain ingot casting 
alloys. Technological residues are kept on their the 
authorize slag dump. For scrap melting they use 
revolving cylindrical furnace or crucible melting 

furnace. To increase performance rating they use 
melting deoxidizing, refining and filtering operations. 
The skimming from the first melt is in part reuse in 
their foundry circle. The third company is SC 
GEORGE IMPEX SRL Potcoava which process only 
aluminum dross from primary and secondary 
aluminum companies. For dross melting they use 
revolving cylindrical furnace or crucible melting 
furnace. The dross is crushed and the metal particles 
are sort from nonmetals components by shaking 
sieve. In the coarse faze there is more aluminum 
metallic thereby this part is melt to recover 
aluminum. The fine faze is technological residues and 
they are kept on the authorize slag dump. Then, those 
three secondary aluminum processors use the same 
furnace for melting but thy use the different starting 
material and they use different technological 
methods. One of the first analyses of process 
metallurgical methods influence can be observed 
from preliminary solid material balance for each 
company, table 1.  

Table 1. 
Company 

FABRIMIXT ALMET GEORGE IMPEX MATERIAL 
t/ month % t/ month % t/ month % 

Aluminum scraps 160 73 250 71  0 
Raw materials 10 5 30 9 10 10 
Purchase dross  30 14  0 90 90 
Dross from their foundry circle 20 9 70 20  0 
Total  220 100 350 100 100 100 
Casting alloys and wrought alloys 160 76 280 82 40 43 
Technological residues 50 24 63 18 53 57 
Loss 10 5 7 2 7 8 
Total  210 100 343 100 93 100 

Moulding Aluminium solubility

Covered/degassing fluxes 

Coagulate 

II I 

Building materials 

Fig. 1.  Directions researches for process industrial secondary aluminium by products  
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These results show that technological residues 

percent depends on quality of started materials, which 
are processed. If for SC ALMET SA company the 
residues percent is ~18 % and ~ 24% for  SC 
FABRIMIXT SA Câmpina company, for company 
SC GEORGE IMPEX SRL this percentage is more 
high ~57%. The samples were characterization by 
chemical analysis, particle size distribution analysis 
and phase analysis.  

Chemical analysis were performed conform 
specific metallurgical nonferrous Romanian standards 
on each particle size distribution. The results show 
that the elemental compositions are distinct for each 
company. The results of our study show that the most 
important quantity of metallic aluminium there are in 
FABRIMIXT residues, which is follow by GEORGE 
IMPEX. Technological residues of ALMET contain 
more alumina, or different mineral combination of 
aluminium. So, content of different compounds of 
aluminium ~45%, like; aluminium nitride, aluminium 
spinely / spinelide, corindon in ALMET residue 
suggest that these residues can be use for refractory or 
fireproof materials. Such materials can be research to 
recovery aluminium nitride, which is in content 
~36%. 

Technological residues of FABRIMIXT and 
GEORGE IMPEX contain more metallic aluminium. 
That suggests that those two companies have to 
examine their method to process the aluminium scrap 
to improve their efficiency. These materials can be 
turning to account to obtain aluminium sulphate, or 
aluminium hydroxide, which has different 
utilizations. The second researches were on 
possibilitys to decrease soluble salts content from 
secondary aluminium dross for their recycling. 

To establish optimum work parameters and the 
flow sheet, which are necessary for an efficient 
technology for removing of the soluble salts from fine 
fraction of secondary aluminum salt slag, there were 
sampled salts slag resulted on three platforms with 
similar profile: ALMET from Năvodari, GEORGE 
IMPEX from Potcoava, SILNEF from Braşov. The 
samples were sifted, washed with/without 
simultaneous grinding, dry and disintegration.  

There was studied the washing of the salt slag 
under many aspects to determine influence of 
different condition of salt solubilization like, work 
conditions, number of counter current washing step 
(one, two, three or four), with or without grinding. 
Experiments were made with ordinary laboratory 
equipment, which was composed by washing vessel 
with electric agitator, gas bulb, ball mill, aspirator 
bottle, Buchner funnel, drying cabinet. 

The experiments show there are possible to 
obtain solutions with high content in Na and K in the 
following conditions: the washing in counter current 
with grinding in 4th step at 4000C and ratio S:L = 1:1. 
The washing with grinding in 4th step offer in the 
mean time a high fineness of the slag and high 
concentration of the solutions in NaCl and KCl. The 
washing efficiency of NaCl and KCl on every step at 
200C are between 8÷16%, the final washing 
efficiency after 4 re-pulping being aprox.70% for KCl 
and 75% for NaCl. The removal of NaCl and KCl 
from solutions resulted in aluminum slag washing 
with water, was realized by their concentration by 
evaporation at the temperature and then the separation 
of the crystals in two cooling steps at 350C for NaCl 
and 2000C for KCl. Finally there was proposed a 
proper flow sheet, for the counter current washing of 
the slag salts and conditions to obtain NaCl and KCl 
salts from the washing solution. The third experiment 
was to test possibilities to use secondary aluminum 
technological waste at moulding mixture in foundry 
for iron heavy casting and to see their influences on 
solidification processes and on casting parts quality. 

There is known that in foundry is used 
aluminothermy process to maintain high temperature 
in the mould. The process is based on reaction of 
aluminium oxidize. In pouring time the iron has 
1200-14500C, which permits to initiating oxidize 
reaction of aluminium from mould material. In this 
way it brings more energy, which maintains the high 
temperature and permit to pour all the metal with 
optimal pouring rate. In aluminium dross there are 
fine aluminium particles, which can be exothermic 
material and there are metal oxides which have good 
refractory characteristics because they have high 
melting point, low coefficient of heat transmission, 
good temperature stability, etc. These characteristics 
permit to prevent heat transmission from mould and 
solidification process is slowly. This process is 
necessary in pouring iron heavy parts. Aluminium 
dross granulation is bigger and irregular, while 
aluminium ashes granulation is smaller and uniform 
then siliceous sand. These differences can affect row 
casting surface quality. 

The experiments were made in two stages; 
   - manufacture of the sand mould and watch their 
behaviour or their changes in time; 
  - samples pouring and examine surface quality and 
their porosity. 

There were made sand moulds for pouring 
samples which have form named “Shrinkage cone”. 
These samples have cylindrical pyramid form with, 
70 mm diameter of top and 40 mm diameter of 
bottom like in figure 2. 
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The aluminium dross were mixed with four kind 
of moulding materials siliceous sand, furan resin, 
soda water glass and Fortera with proper bonding 
agent and then the mixture was introduce in sand 
mould at the contact surface with wood casting 
pattern. The thickness of layer was from 6 to 10 mm.  
The experiments of metal pouring were made in two 
methods: open kind named “direct pouring” and 
closing kind named “rain pouring”. The samples were 
watched 48 hours from their manufactured. There 
were notice the process of chemical interaction 
between furan resin and components of testing 
material. For samples with resin furan it was 
remarked strong reaction between dross oxides and 
resin components. The experiments showed that the 
sample of furan resin increase their volume, because 
of air from chemical reactions. Sand mould with 

dross present weak tendencies to increase their 
volume, but sand mould with ashes after 3 hours 
present important deformations and they cant be use. 
Fragility of sand moulds permits easy rapping the 
pattern and easy cleans the cast parts. Thus, the sand 
moulds with dross or ashes mixed with furan resin 
can be use in shot time for metal pouring. The 
samples of sand moulds with dross or ashes mixed 
with soda water glass and Fortera maintain their form 
in time, without modification of their forms or 
dimensions. Some aspects of moulds samples are 
sowed in figure 3. The experiments show that it is 
possible to use these furnace wastes in iron foundry, 
but it is necessary to continue these researches to find 
the proper ration between components of moulding 
mixture.

 
 

 
 
 
 
 
 
 
 
 

The fourth experiment was to test possibilities to 
obtain products which can be utilized like coagulants. 

The row material, with particle size under 1 mm, 
was a mixture in equal parts of residual aluminum 
waste from three platforms. The row material was 
introduced, for 30 minutes in a perfect mechanic 
homogenization phase. The experiments were made 
in two steps: in the first step it was bring in solution 
of the soluble impurities by washing of the dross with 
water at the various S:L ratio and temperatures and, in 
the second step the extraction of the aluminum in 
sulphuric acid solution like aluminum sulphate. In all 
experiments was utilized a washing, grinding and 

dried material resulted by equal homogenization of 
the dross from those three companies, previous 
mentioned, with medium chemical composition, show 
in table 1, and sulphuric concentrate acid, which was 
diluted with water at desired concentration, function 
of work parameter which ware established. The 
experiments were carry out in a laboratory installation 
composed by: leaching vessel (usually Berzelius 
glass), with electric agitator, gas bulb, ball mill, 
aspirator bottle, Buchner funnel, drying cabinet. 
Firstly, it was calculated the quantity of acid and 
water of dilution according to chemical composition 
of the dross. The recipe was: 100 g dross + H2SO4 

 

100

70

4
 

1
0

0
 

R 20 

Fig. 2. “Shrinkage cone” form 

a 

Fig. 3. a, b - Sample with dross and furan resin; c, d -. Sample with dross and soda water glass 
and Fortera; e- Samples after 48 hours

b c d e 
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conc. (resulted from calculate) + H2O (for dilution of 
the acid). The influence of different parameters on the 
aluminium release from dross was widely studied in 
many research aspects, like: the phases contact time 
was varied between 60÷300 minute; reaction 
temperature was varied between 80÷1200C; sulphuric 
acid concentration was varied between 5÷55%; acid 

excess over stoichiometric necessity; 10, 20% under - 
stoichiometric; stoichiometric; excess 10, 20, 30, 40 
%; S:L ratio was varied between 1:6 ÷1:10; leaching 
in two steps and leaching in two steps in 
countercurrent, to decrease the free acidity of the 
aluminum sulphate solutions; it was varied pH of the 
solutions.

 

Table 2.  The composition of the washed, grinding and dried dross, % 

Al Cu Mg Mn Ni Pb/ NH4
+ Zn Cr Ca Ti 

39 – 
42 

0,9 – 
1,15 

1,5 – 1,8 
0,18-
0,21 

0,02–
0,04

0,076 / 0,92 
0,9- 
1,24

0,02 – 
0,04

0,96-1,4 
0,2- 
0,35

Fe B Si Na K Cl SO4 NO3 CO3 F / P

1,6- 
2,4 

0,03- 
0,04 

5,5- 
6,7 

0,6 - 1,2 
0,1- 
0,35 

0,02-0,03 
0,1 -  
0,5 

6,0 -       
13 

1,6- 
2,8 

1,3 / 
0,033 

 

For all experiments the suspensions were 
decanting 20 minutes in the mean time with cooling 
at 900C, filtering at high temperature, washing of the 
residue with boiled water and drying. The aluminum 
sulphate solution together washing waters of the 
residue was analyzed for determination the content of 
aluminum and the main impurities. The content of 
anions and cations were determined by: a) - atomic 
absorption spectrophotometry (AAS or FAAS) and b) 
- induced coupled plasma spectroscopy (DCP-AES or 
ICP-AES). To study the influence of the phases 
contact time on leaching efficiency of aluminum, the 
time was varied between 60÷300 minute. There were 
analyzed content of aluminum and iron in finale 
solutions. The results’ analyze shows that: the 
leaching aluminum degree grows in time, especially 
in the first three hours of the reaction; next to the 

aluminum are presented, in solutions, many 
impurities like: Fe, Zn, Ni, Cu, function of the work 
conditions; sometimes the leaching degree of iron is 
higher then aluminum; the leaching degree of the iron 
grows in the first three hours of the reaction then it 
take place, a re-precipitation of this element from the 
solution, in time, figure 4.  

To study the influence of temperature on 
leaching efficiency, the temperature was varied 
between 80÷1200C. The results show that: the 
leaching efficiency of aluminum grows with 
temperature at 1100C being 69.84%; the leaching 
efficiency of iron grows with temperature till 1000C 
when the values are ≅ 90%, then the values decrease, 
at 1100C beginning the re-precipitation of iron from 
the solution, figure 5. 
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 Fig. 5. Variation of leaching efficiency of 

Al / Fe function of the temperature 
Fig.4. Variation of leaching 

efficiency of Al / Fe function of time 
 
 

To study the influence of sulphuric acid 
concentration on leaching efficiency, for each 
experiment was utilized: 100 g washed, dried 
material, like leaching agent sulphuric acid with 
various concentrations. Work conditions: continuous 
mixing of the suspension, reaction time 2.5 hours at 
85÷900C. The results show that efficiency of leaching 

aluminum increases from 18.6% to 60.78 % when 
sulphuric acid concentration increase from 5% to 55 
%. Efficiency of leaching iron decreases from 83.3 % 
to 73.75 % when sulphuric acid concentration 
increases from 20% to 55 %, figure 6. 
To study the influence of sulphuric acid quantities on 
leaching efficiency for each experiments ware 
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utilized: 100 g washed, dried material, like leaching 
agent concentrated sulphuric acid with 1.84 g/l 
density, in the following quantities: 10.20% under-
stoichiometric;  stoichiometric; excess 10, 20, 30, 40 
%. The results show that: the leaching efficiency of 
aluminum and iron increase till 20 % excess of the 
acid. In that case efficiency of aluminum leaching 
achieve 55.6 % and for iron >95%. For 40% excess of 

acid the leaching efficiency decrease at 52.5 % for 
aluminum and 81.68% for iron, figure 7. 

The experiments of aluminum leaching from the 
dross have like goal to find the conditions to increase 
the leaching efficiency of aluminum in sulphuric acid 
and to decrease the free acidity of the finale crystals 
of aluminum sulphate. For that, the experiments were 
realized in one or two steps. 
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Fig. 6. Variation of leaching efficiency of 
Al/Fe function by the sulphuric acid 

concentration 

 Fig. 7. Variation of leaching efficiency of Al/Fe 
function by the sulphuric acid quantities  

 
The one step, whole quantity of the dross was 

used with 55% sulphuric acid (under-stoichiometric 
quantity) at S:L ratio = 1:8. In the second step the 
difference 45% acid was added over wet solid faze 
resulted in the first leaching step. It was establish that 
leaching efficiency on the step is 37.7 / 28.2 % for 
aluminum and higher for iron 59.11/31.65%. In 
comparison with the results obtained in the leaching 
in one step when the leaching efficiency was 56.15 % 
for aluminum and 89.6 % for iron, in variant in 2 
steps it was establish similarly results 55% for 
aluminum total  but 72.7% for iron. To study the 
influence of S:L ratio on  leaching efficiency 
experiments were realize at various S:L ratio between 
1:6÷1:10. The experiments show that at S:L ratio 
under 1:8, in time, begin crystallization processes of 
aluminum sulphate from the solutions and the 
filtration of the suspension is very difficult. To study 
the influence of pH on leaching efficiency were made 
experiments with perfect contact fazes, time 2 hours 
at 950C, at S:L ratio = 1:8, leaching  agent sulphuric 
acid. The results shows that: increasing of sulphuric 
acid quantities lids to increase of acidity of the 
solution and at decrease of pH value from 2.13 at 
0.36; with increasing of contact time of fazes increase 
leaching efficiency of aluminum and iron, the 
consumption of sulphuric acid introduced in reaction, 
and increase of pH from 1.4  at  2.66. 
 

4. Conclusions 
 

The experiments show that it is possible to use 
secondary aluminium dross in iron foundry, but it is 

necessary to continue these researches to find the 
proper ration between components of moulding 
mixture. The experiments show that it is possible to 
obtain products which can be utilized like coagulants 
from the secondary aluminium dross. The aluminum 
recovery from dross with high aluminum content is 
possible to realize with efficiency over 80% in report 
with soluble aluminum.   

The present results establish the bases of a 
complex, ecologic technology for aluminium 
recovery from slag with high content of aluminum at 
coagulants preparation, which have to continue.  
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ABSTRACT 

 
This paper presents the results for contribution of determining  the manganese 

from waters and steel. Manganese, due to its properties, cannot be found but in acid 
waters and usually associated with iron. In small amounts, the  manganese is a 
necessary nutrient above all as activator of certain enzymes. In large amounts, 
though, coming from contaminated waters , the  manganese is noxious and may 
cause brain damage l. It is considered that drinking water should not contain more 
than 0,1 ppm manganese. From the studies carried out , the tiobis-β-naftolul 
dissolved in etilic  alcohol or isobutilic  alcohol may be used to determine the  Mn 
(II) ion , under certain conditions as described in the paper. To determine 
manganese (II) in water, a photometric extraction  method has been developed. The 
method is new, useful and accurate and enables determining Mn in surface , 
underground and fishery waters.   

 
KEYWORDS: manganese, tiobis-β-naftolul, waters, photometric extraction  

method 
 
 

1.Introduction 
 

Finding efficient extraction agents is one the 
major research directions  in the  field of extraction  
process chemistry. From an anlytical point of view, 
the metal ion extraction systems using organic 
reactants are higly important. The chelate polyketides 
agents containing  acid and coordination groups in 
their molecule  are the most widely used  for this 
purpose. Metal separation by means of etheric 
sulphide organic compounds is, however, less studied  
than other classes of compounds.[1] Researches have 
revealed that certain substances from tiobisphenol 
class can be used as remarkable reactants  for the 
separation of metals by extraction. Thus,  di-β- 
naftolmonosulphide has groups of–OH in its  
molecule, with  mobile hydrogen and   etheric 
sulphide which, under favorable conditions,  produces 
donor-acceptor bounds  therefore it can form complex 
combinations.  

The literature  only points out to  combinations 
reached by  ions Ca(II) and  Ba(II) [2], Pb(II) [3], 
Cu(II) [4] and alkaline  metals. [5,6,7,8] 

 Di-β-naftolmonosulphide, dissolved in a 
suitable organic solvent, non-miscible with water, 

extracts the metal ions from the water environment, 
thus proving to be a very good extracting agent.  

2.The extraction mechanism 
 

Di-β-naftolmonosulphide is a poor-acid 
organic  ligand . Dissolved into organic solvents such 
as higher alcohols, it is able to form with ion Mn(II) 
extractable soluble green species. To study the 
extraction  mechanism a calculation model was used 
and applied to the chelate extraction system.[9,10,11] 

In a first approximation, the extraction  balance 
may be written as: 

  ( )[ ] [ ]aq00
n
aq HnHRnmMRn)HR(mM ++ +−⋅↔+     (1)  

 
Symbols  0 and ap  represent the compounds in 

organic-phase and water –phase respectively . 
As to the balance this can be written as : 

 

[ ] [ ]
[ ] [ ]m

0aq
n

n
aq0

ex
HRM

HHR)nm(MRn
K +

+⋅−⋅
=          (2) 

 
For the case under study the authors suggest: 
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- Under the conditions provided the metal 
ion does not form significant amounts of  acid-
compounds; 

- Concentration of species M(OH), 
formed by  auxiliary balances, becomes neglijible due 
to the more stable chelate MRn, and its extraction in 
organic phase; 

- Concentration of  species MRn in water 
phase and those of the intermediate water species are 
also small and therefore neglijible. 

By denoting D the repartition coefficient , and  
by applying logarithms and differential calculation to  
equation (2) with respect to  pH, we have: 

0( )

lg

HR

D
n

pH

⎡ ⎤∂
=⎢ ⎥∂⎣ ⎦

                                           (3) 

 
Relation (3) enables determination of  n,  i e 

the cathion charge and implicitly the form of thre  

species where the metal ion in water phase is to be  
found.  

The graphic illustration is performed in the  
coordinates lgD- pH,  while keeping  constant the  
concentration of the reactant HR. 

At the  pH where an extraction of  50% lgD=0 
is obtained we shall  have: 

                              

50% 0

1
lg lg[ ]ex

m
pH K HR

n n
= −

      (4) 

 

From the graphic  pH50% - lg[HR]0  the value of  
m can be determined. 

When the variation of the metal ion  
concentration influences the repartition coefficient, 
some polymer species are assumed to be in organic 
phase.

 

This balance is expressed by the equation: 

( )[ ] [ ]aq0x
1

0
n
aq HnHRnmMRn)HA(mM ++ +−⋅↔+                                                      (5) 

Where x is the number  of  monomer units in the polymer phase. 
 
For the repartition  coefficient, we have: 

                              [ ]
[ ] [ ]

1

1
0

0

0
1

;
[ ] 1

x x

x

n
aq x

n

aq

M
M

xM
D D

M
M

x

−

+

+

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭= =

⎛ ⎞⎡ ⎤ ⎜ ⎟⎣ ⎦ ⎝ ⎠

                                      (6)

By applying a logarithm and re-arranging the terms in the extraction constant relation, we have: 

                           
0

1 1
lg lg lg lg lgex

x
D K n pH m HA x M

x x

−
= + + + +          (7)

At the pH where extraction is 50%  M0 =M  
total/1 therefore: 
                                          

[ ]
0,

50% 1

lg
X

total HR

pH x

M nx

⎡ ⎤∂ −
= −⎢ ⎥

∂⎢ ⎥⎣ ⎦
                           (8) 

The graphic representation  under coordinates 
lgD Vs–pH50% at different  metal concentrations shall 
have, in some areas, strainght lines. From the slope of 
this line it can be calculated the x value .[12] 

 
2.Experimental 

 
The experiments were carried out using  an 

organic phase -water phase ratio =1:2. The  pH was 
varied by different buffer solutions (NH4OH + 
NH4Cl). Funnels were stirred  for 20 minutes; after 
the balance had become stable, the water solution was 
analyzed to determine the pHl (with a pH-meter MV-
S4) and  the concentration M(II) ( complexonometric 
titration in the presence of ascorbic acid, using violet 

pirocatehine as indicator). The ion strength was still 
present with solution of KNO3 1m. 

 
3.Rezults and discussions 

 
The experimental results concerning the variation 

of the repartition coefficient depending on the pH 
value are presented in fig.1. Applying the 
mathematical quantitative approach to the described 
extraction procedure the slope of the straight lines of 
n=1,92≈ 2 is obtained. The  n value , even at this  pH, 
is consistent with the second oxidation state of the 
manganese; this takes part in the complexion reaction 
with di-β- naftolmonosulphide as a Mn2+ species and 
complexes two ligand molecules. The occurence of a 
family of straight parallel lines in the lgD-pH graphic, 
for different  ligand concentrations, indicates  the 
possibilitity of solvating the complex compound 
consisting of two reactive molecules. From the 
graphic illustration under coordinates pH50%  -  lgCHR  
(fig.2), we get a straight line from which slope  we 
can calculate  m ≈ 3.  
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The species extracted will add a ligand molecule  which can be written as: 
                                                            [MnR2ï HR]    

     

8

8,2

8,4

8,6

8,8

9

9,2

9,4

-2,3 -2,2 -2,1 -1,9

lg CHR

p
H

 5
0

%

 
 

Fig.1. Extraction Mn(II) with di - β- naftol 
lgCHR upon Mn(II) extraction 

Fig.2. Variation of  pH50% with monosulphide 
CMn=const., CHR=variable 

 
 

Experimental researches performed, while 
keeping the reactive concentration constant, at 
different metal ion  concentrations, were focused on 
the variation of the repartition  coefficient depending 
on the  pH of the water phase. Within the 
concentration range concerned , 4ï10-4 - 6ï10-4 mol 
Mn2+/ 1, the repartition  coefficients do not   depend 

on the initial  concentration of the Mn2+ ion which 
indicates the absence of the polymerization of the 
species extracted in organic phase (fig.3. ) 
Therefore, the di-β-naftolmonosulphide, dissolved in 
isobutilic alcohol forms with  Mn2+ ion a green  
combination, extractable in non water medium. 

 

The extraction balance is described by the following chemical equation: 

( ) ( ) ++ +⋅↔+ aq021420221320021420
2
aq H2SOHCSOHCMnSOHC3nM                                     (9) 

 

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

8,78 8,88 8,98 9,03 9,12 9,2 9,3

pH

lg
 D

 
Fig.3. Extraction Mn(II) with  
 di- β- naftolmonosulphide: 
 CMn= variable; CHR=const. 

 
Based on the studies carried out  the optimum 

extraction conditions have been established ( wave 
length , pH,  reactive concentration, extraction time , 
influence of foreign ions) and an efficient method of 
determining the manganeese from waters was finally 
reached.  

The following  way of working is 
recommended: in a  separating funnel of 50 ml,  10ml 
reactive solution is poured into  1ï 10-2 mol/l  
isobutilic alcohol, 10 ml buffer solution of  pH 10 
(clorura de amoniu- ammoniac) and V ml solution to 
be analyzed are poured. After 5 min stirring , phases 
are separated  and the water layer is removed.  

The extract in isobutlic alcohol is brought to 
level in a  measuring flask of 25 ml. With higher 
Mn2+ concentrations, it is recommended to repeat 
extraction.  
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To remove water traces, the extract is filtered 
through cutton or a layer of anhydrous Na2SO4.  

The absorbance of solutions flasks 
supplemented with isobutilic alcohol was measured  
after 30 minutes. 

The variation of  absorbance versus the Mn2+   

ion concentration  results in  a linear  dependence, in a 
very large range of [Mn2+](Table1). 

 
Table 1. Processing the  experimental results to verify Lambert- Beer law 

CMnï10-2 
mol/litru 

xi 

A560 

 

yi 

xi
2 ï 108 Xiyi ï 104 

A 
calculate 

Yi 

(yi - Yi)ï 103 (yi - Yi)
2 ï 106 

1 0,072 1 0,072 0,073 -1 1 
2 0,145 4 0,290 0,145 0 0 
3 0,220 9 0,660 0,218 2 4 
4 0,290 16 1,160 0,290 0 0 
5 0,362 25 1,810 0,363 -1 1 
6 0,435 36 2,610 0,436 -1 1 
7 0,508 49 3,556 0,508 0 0 
8 0,582 64 4,656 0,581 1 1 

 
 
 
 
y = 0,5 ï 10-4 + 0,0726 ï 104 x 
ysup = 2,88 ï 10-3 + 0,0726 ï 104 x 
yinf = - 2,88 ï 10-3 + 0,0726 ï 104 x 
 
where: 
y- absorbance 
x – concentration CMn 

 
 

5. Conclusion 
 

- Di–β-naftolmonosulphide, organic polydentat  
ligand , can be used as an efficient extract agent in the 
extract process chemistry; 

- The Mn2+ ion reacts with di–β-  
naftolmonosulphide resulting in a green compound, 
extractible in  organic water non-miscible solvents, 
such as high alcohol; 

 

- When  isobutilic alcohol is used as solvent in the concentration range  concernd , at pH 8-10, the 
extraction balance of  Mn2+, is written as:   

( ) ( ) ++ +⋅↔+ aq021420221320021420
2
aq H2SOHCSOHCMnSOHC3nM                                     10 

 
- The extraction procedure depends on the pH 

of the water phase, the ligant  concentration in  
organic phase and the stirring time. Under certain 
conditions, the extraction can be carried out  
quantitatively. 
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ABSTRACT 

 
The paper presents the main physico-chemical characteristics (viscosity and 

superficial tension of zinc-aluminium liquid alloy in view of carry out protected 

layers on steel sheet with very good properties by thermal method. Tacking into 

account of experimental researches have been analysed alloy melted conditions and 

metallic covering according established technology 

 

KEYWORDS: alloy, viscosity, superficial tension, corrosion 
 
1. Introduction 

 
         Out of all protection coatings Zinc- coated 
plates are the most widely used. 
         Zinc coatings can be achieved by immersion 
into melt bath for film thickness of 20-50 μm or 
electrolitically for film thickness down to 10 μm . 
         The increased aggressiveness of the 
environment, the emergence of new fields of 
applications (automotive industry, chemistry, 
construction materials, etc) along with the world 
market price evolution and  scarcity of some raw 
materials sources have all called for the development 
of Zn and alloys protection coats  that basically form 
the Zn -Al binary system. 

 

2. Experiments and results 
 

          The experimental researches are focused on 
determining physical-chemical properties of Zn-Al 
melts so as to establish a technological flow for the 
thermal plating/coating. 
 

2.1.Zn - Al melt viscosity for different 

percentages of Al in Zn  
 

         The dynamic viscosity of Zn- Al alloys having 1 
to 10 % Al, has been determined by Mayer 
Svidkovski method. 

       Viscosity variation vs. Al- content and 
temperature is illustrated in figure no.1 
       The experimentally determined values are 
consistent with those obtained by relation: 

100

Al%

100

Zn%
AlZn ηηη +=  

where: 0Zn,Al ηη = exp (Ev/RT); 0η - is pure metals 

viscosity, Ns/m2; Ev – viscous flowing activating 
energy, J 

Ev = 3,8 RTf 
R = 8,3144 J/mol.K; 
Tf – metal boiling temperature, K; 

T – temperature at which measuring is performed, K. 
         The melt viscosity decreases with increased Al 
content and temperature (figure no.1); the decrease is 
severer within the concentration range 0-5% Al. 
         Decreased viscosity results in higher fluidity 
and further to the discharge of exceeding alloy thus 
improving coating quality  
        The viscosity of the Zn –Al alloy is also 
influenced by the presence of some small amount of 
alloying elements. This is better highlighted when 
such alloying elements are poured into the melt as 
pre-alloy, not in metal state. 
         The non- homogeneity of the alloy, due to the 
presence of metal inclusions in the metal bath, can be 
assessed through chemical or metallographic 
analyses. 
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Fig 1. Viscosity variation function of aluminum and temperature 

 
 

        Fig.2 illustrates the microstructure of a sample 
from a homogenous bath while Fig. 3 shows the 
microstructure of a sample from a non homogenous 
bath. 
           The admissible Fe content in the melt alloy is 
max.0,2%  because  higher amounts form inter-
metallic compounds of Fe with Zn ( Fe Zn3 , FeZn7 
etc). 
         The Fe and Zn compounds float away with the 
melt alloy and therefore the alloy viscosity increases. 
 

 
 

Fig 2. Microstructure of the sample from the 

homogenous baths of ZnAl 7 with 0,08% Sb and 

0,15% Si. Magnification 200X 

 
Fig 3. Microstructure of the sample from the non 

homogenous baths of ZnAl 7 with 0,08% Sb and 

0,15% Si. Magnification 200X. 
 

2.2. Superficial tension 
 

With Zn-Al alloys the surface stress has 
been determined by the method of max air-bubble 
pressure. From a comparative study of the 
equilibrium diagram for the system Zn – Al, fig. 4, 
and the curve standing for the superficial tension vs. 
composition variation at a temperature higher by 50 
oC than the melting temperature of composition alloy, 
fig. 5, it can be seen that between the  remarkable 
points of the equilibrium diagram there is a certain 
correspondence (max is for eutectic, min for 
eutectoid).
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Fig 4. Equilibrium diagram Al-Zn 

 
Fig 5. Superficial tension function of composition variation  and temperature  

 
 
         In general, the alloying elements having a 
generalized moment higher than the  generalized 
moment of the base  metal ( solvent) increase the 
alloy superficial tension. 

         For the generalized moment ⎟
⎠
⎞

⎜
⎝
⎛ ⋅

=
r

ze
m  of both 

Zn and Al the following values have been 
determined: 

 
 

        for     Al;        m=9,61.109; 
 Zn;        m =4,33.109. 

 
           According to the diagrams  in figs. 5,6, the 
alloy superficial tension decreases with increased 
temperature at certain concentrations of  Al in Zn ( up 
the eutectic composition of 5% Al in Zn) and at 
higher Al concentrations, the alloy superficial tension 
increases. 
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Fig 6. Superficial tension vs. temperature variation at varied contents of aluminum 

 

           With higher concentrations of the second alloy 
component, the basic molecular field is significantly 
modified which implies a modification of the number 
of free electrons assigned to one atom and the 
generalized moment of the metal dissolved is a 
function of the solvent metal concentration. 
           At high values of the superficial tension, the 
coating surface seems smooth. 
           Since for metallic coatings a certain 
temperature is imposed, the superficial tension can be 
increased  by adding small amounts of Sb or max 
0,2% Pb. 
 

2.3 Influence of alloying elements in the 

metal bath on the coating quality 
 

          The Zn- Al alloys used for the coating achieved 
under the above mentioned conditions  were prepared 
by re-melting the pre-alloys previously made  in a 
(flame or electrical crucible) furnace. When pre-
alloys are made, part of the Zn is melted (rectified 
Zn) and the melt thus obtained is overheated up to 
500 oC Al is poured into it and everything is stirred 
and finally the remaining Zn is added acc. to the 
desired chemical composition. 
          The melt is kept at 475 0C for 10 min., the slag 
is removed, dezoxidation can be made, if applicable,  
with 0,03%-0, 8% Mg while keeping on stirring, slag 
is further removed, and finally the  melt alloy is 
poured into ingots for further re-melting. 
            Taking into account the strong tendency of 
any Zn based alloy to inter-crystalline corrosion and 
grooves formation due to the presence of Cd, Sn, Pb 
and Fe, it is suggested to employ as pure as possible 
and rigorously controlled Zn and Al as raw materials. 

It is forbidden to overheat pre-alloys  containing max 
10% Al over 480 oC because otherwise  a decreased 
oxidation of the alloy is found out along with lower 
physical – chemical properties of the coating.. In 
order to improve the coating technology and the 
qualities of the protection alloy film , the influence of 
different metals added in small amounts  to the Zn-Al 
bath was studied. The presence of Pb amounts higher 
than 0 1% and Sn over 0.02% increase the coating 
tendency to exfoliations. Small amounts of sodium 
and berilium increase the melt surface stress and 01% 
Mg increase the  coat corrosion resistance. The most 
efficient micro-alloying elements proved to be Si , Sb 
and Mg. 
         The max. 1% Si in Al added to the bath 
modifies the microstructure, improves the 
appearance, provides a smooth shiny texture, 
decreases the thickness of the inter-metallic layer. 
          Aluminum, an alloying element to be found in 
larger amounts than the others, favorably influence 
the coat quality as regards adherence, corrosion 
resistance, coating thickness, coating weight, while 
decreasing the inter-metallic film thickness. 
 
2.4 Determining the technological flow to  

make Zn-Al alloy coatings 
 

           The laboratory and industry experimental 
researches on the different possible variants made it 
possible to establish the technological flow for the 
thermal achieving of Zn -Al alloy coated steel plates  
by immersion into melt while the main stages of the 
flow and the associated working parameters are given 
in table 1. 
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Table 1. Determining the technological flow to make Zn- Al alloy coatings 
 

Substances used in composition Temperature oC Time, s 
NaOH-80-100 g/l   

Na2CO3-40 g/l 80-90 1800 
Na2SiO3-5 g/l   

NaOH-30-40 g/l   
Na2CO3-40-50 g/l 80-90 1800 

Na3PO4-5 g/l   
 80-90  

H2SO4 15-20% sau HCl 15% 40-50 
20 

1800 

ZnCl2;NH4Cl 6,6:1  40-60 
ZnCl2:NH4Cl 12:1  40-60 

 
Due to the high aluminum affinity to oxygen, 

slag is formed on top of the alloy; the slag grows and 
affects the coating quality  with increased amount of 
Al.  

 
Table 2. Composition of fondants 

 

Composition, % 

Na2SO4 
MgCl2. 
6H2O 

NaCl ZnCl2 KCl KHSO4 Na3AlF6 NaF CaF2 
Temp. oC 

- 55 - - 34 - - - 11 500 
- 17 25 - - 50 - 8 - 550 

35 20 20 - 10 - 15 - - 480 
62 - 12,5 - 12,5 - 13 - - 450 
- - - - 40 - - - 60 S 
- - 10 - 10 - - - 80 S 
- - - - - - 80 - 20 S 
- - - - - - 100 - - S 
- - - 100 - - - - - 313 

 
Table 3. Experimental results  regarding deposition quality. 

 

Deposition quality Technological 
flow 

Temperature, 
oC 

Al,% Si,% Sb,% 
Aspect Weight Adherence 

450 1 - - C* ZnCl2:NH4Cl 
87:13 450 3 - - C 

430 6 - - C ZnCl2:NH4Cl 
10:1 460 10 - - 

shiry 
C 

450 1 - 0,02  C ZnCl2:NH4Cl 
87:13 450 3 - 0,02  C 

430 6 - 0,02  C ZnCl2:NH4Cl 
10:1 460 10 - 0,02  C 

450 1 - -  C ZnCl2:NH4Cl 
87:13 450 3 - -  C 

420 6 0,2 -  C ZnCl2:NH4Cl 
10:1 460 10 0,2 -  C 

450 1 - 0,02  C ZnCl2:NH4Cl 
87:13 450 3 - 0,02     

   
   

   
   

 W
ei

gh
t 

26
0-

43
0 

g/
m

2  
 

C 
430 6 0,2 0,02  C ZnCl2:NH4Cl 

10:1 460 10 0,2 0,2  
 

C 
* C=good 
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3. Conclusions 
 

1. Viscosity and superficial tension have been 
determined for different temperatures and aluminum 
contents in the alloys used to thermally prepare 
metallic coatings; 
2. Experimental results regarding steel plate coatings 
from Zn-Al alloys have allowed for a suitable 
technological flow to be established; 
3. Elements of Si and Sb micro-alloying at low 
concentrations decreases the alloy viscosity so that 
metallic melt fluidity is improved and thinner films 
can be obtained; 
4. The quality of the protecting layers has been 
assessed in terms of aspect, weight and adherence to 
the base metal 
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ABSTRACT 
 

The paper is based on study of steam reforming of renewable raw materials 

(bioethanol, biomethane) in stainless steel fixed bed reactor. The β-alumina 

catalysts with nickel has been synthesized and tested supported. The influence of 

operating conditions about steam reforming reaction and methanation reaction was 

studied.  

 
KEYWORDS: reforming, methanation, catalyst, fixed bed reactor, bioethanol, 

biomethane  
 
 

1. Introduction 
 

Knowing that hydrogen is the less pollutant fuel, 
having a lot of utilizations – internal combustion 
engines, combustion cells, heating fuels - many 
technologies for hydrogen production were 
developed. The one of most important technologies is 
steam reforming of hydrocarbons and alcohols, from 
which steam reforming of bioethanol and biomethane 
are realized on industrial range [1]. In steam 
reforming process for obtains syngas and hydrogen 
production can be analyzed a lot of raw materials 
such: methane, GPL, gasoline fractions, methanol and 
ethanol. For steam reforming process a wide variety 
of supported nickel catalysts, supported alumina and 
silica catalysts are used. The more frequent raw 
materials are hydrocarbons, methanol being used at 
smaller range and in special situations. Increases of 
bioethanol production and other compounds from 
biotechnologies (e.g. biomethane) increased interest 
for study of these processes as hydrogen source [2, 3].  

The presence of an efficient steam reforming 
catalyst represents the key of this process for 
hydrogen production.  

In literature are presented alternatives of 
hydrogen production from ethanol. Thus, recent 
studies [4] show that ethanol can be used with water 
in partial oxidation or total oxidation and steam 
reforming, processes that convert ethanol in hydrogen 
such in reaction:  

C2H5OH + H2O+ ½ O2→ 2CO2 + H2 
This reaction occurs at high temperatures 

(800˚C), to obtain as mainly product hydrogen 

through partial oxidation and steam reforming of 
ethanol by exothermal process. The water obtained in 
excess by partial oxidation is used in steam reforming 
process. 

This study aim is to promote vegetable sources 
as raw materials, by revaluation of renewable 
resources as biomass through pure technologies which 
can generate hydrogen production. Bioethanol is 
product of biocatalyst and enzymatic convert of some 
compounds by photosynthesis. Enzymatic conversion 
of polysaccharides in bioethanol is a process that 
demands less energy consumption related to 
petrochemical processes of ethanol conversion. 
Technology for bioethanol obtaining needs to extend 
farming cultures with high polysaccharides potential, 
preserving the equilibrium between photosynthesis 
and biological degradation and the natural cycle of 
oxygen and carbon dioxide. 

The motivation of bioethanol use in hydrogen 
production presents a lot of advantages, such that 
bioethanol is available from renewable sources, 
bioethanol has low impact on greenhouse gases, that 
bioethanol is economic and has a high content of 
hydrogen and the fact that bioethanol is miscible with 
water. 

Bioethanol can be considered, in present, a good 
raw material, because of its availability, non-toxicity 
and safe storage and control conditions and because 
UE promotes policies concerning acquirement of fuels 
from renewable sources, as an alternative of 
irreversible combustion of fossil-based materials. In 
the same time with cell combustion systems 
implementation and increases of fuels with low sulfur 
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content demand, hydrogen production will be 
remarkably developed [5].  

Hydrogen production from renewable raw 
materials can be realized converting the conventional 
technology of methane steam reforming to reforming 
of biomethane derived from fermentation of some 
animal wastes [6], which is studied in present in 
current research project [7]. In these actual studies for 
this alternative, the catalysts are supported ruthenium 
catalysts [8] and nickel and lanthanum catalysts [7]. 

  Biogas composition can be variable due to 
carbon dioxide content. 

 

2. Experimental study 
 
Research aim is to obtain hydrogen from 

renewable raw materials in advantageous conditions. 
Objectives: 
-bioethanol steam reforming to obtain syngas; 
-study of selected catalyst efficiency for 

bioethanol steam reforming; 
-influence of operation conditions (temperature 

and space velocity) on the steam reforming of 
bioethanol and biomethane. Raw material 
representing bioethanol was prepared as a solution by 
diluting 10% ethanol with 90% deionized water, 
which similar concentration obtained by renewable 
raw materials. For biomethane steam reforming was 
used raw material like that result from fermentation 
processes, having composition 60% vol. methane and 
40% vol. CO2. Experimental studies concerning steam 
reforming of bioethanol was carried out in a stainless 
steel fixed bed reactor having the thermocouple for 
measure of temperature in zone reaction. Biomethane 
flow was realized for mixture between methane and 
CO2, which was controlled as a flow on each flux. In 
case of biomethane experiment, catalyst volume was 
20 cm3, respectively for biomethane steam reforming, 
catalyst volume was 15 cm3. In this study, was used 
supported nickel ZSM5/ Zn catalyst for reforming of 
bioethanol, respectively supported β-alumina catalysts 
with Nickel and Lanthanum for biomethane 
reforming. The study was carried out by varying the 
operating conditions, such as reaction temperature, 
water to ethanol ratio, respectively methane to CO2 

ratio, space velocity and constant compositions of raw 
material. Values between 1.5 - 4 h-1 has been chosen 

for space velocity for bioethanol steam reforming, 
respectively constant gaseous space velocity for 
biomethane reforming. The used catalysts were 
prepared by impregnation with nickel. Nickel, as a 
precursor (from aqueous solution of nickel nitrate) 
was impregnated on zeolitic support modified by zinc, 
in many steps and than dried at 120˚C. The 
impregnated catalyst is calcinated for six hours at 
550˚C with nitrogen oxide elimination. 

For reforming of biomethane catalyst was 
obtained by impregnation with nickel (from aqueous 
solution of nitrate nickel) and lanthanum as 
lanthanum nitrate. The support was β alumina. After 
drying, it was calcinated at 600˚C for six hours. 

The reactor can be both liquid and gaseous 
charged by the charging system in the reactor superior 
zone. The experimental system also includes cooling, 
condensation and separation systems, as well as 
electrical heating system. 

The reaction products and raw material were 
analyzed by Gas Chromatography with a Carlo Erba 
HRGC 5300 Mega Series. Chromatographic column 
is stainless steel, with 12 m length, 4 mm interior 
diameter and 6 mm exterior diameter. The stationary 
phase is PORAPAQ O+R adsorbent. The detector is 
catarometer. Carrier gas is helium. Sampling and 
processing soft of analytical results was Crom Card 
for Windows. The experiments for bioethanol steam 
reforming carried out at three temperatures: 520˚C, 
560˚C, 600˚C and two liquid space velocities: LHSV 
=2,5 h-1, respectively 4 h-1. For biomethane reforming 
the experimental program includes four experiments 
at reaction temperatures: 660˚C, 705˚C, 760˚C, 800˚C 
and constant gaseous space velocity: GHSV = 960 h-1. 

 

3. Results and discussions 
 

Experimental data using the above mentioned 
experimental program, confirm the hypothesis that 
hydrogen could be obtained from renewable sources, 
such are bioethanol and biomethane.  

Experimental conditions in laboratory micro 
pilot are presented in table 1 (reaction temperature, 
space velocity, feed-stock flow in cm3/min– ethanol 
and water – for 20 cm3 catalyst reaction zone).    

 

Table 1.  Work conditions for bioethanol steam reformings 
 

Experiment Temperature, ˚C LHSV*, h-1 Flow, cm3/min 
2,5 0,833 

BE 1** 520 
4 1,333 

2,5 0,833 
BE 2** 560 

4 1,333 
2,5 0,833 

BE 3** 600 
4 1,333 
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*LHSV – hourly space velocity for liquid raw 

material (flow of liquid raw material divide to catalyst 
volume). 

**BE1, BE2, BE3-indicator for bioethanol 
experiments.  

 
Because water in the effluent is condensed and 

separated in reaction medium, in gaseous reaction 
product are only H2, CO, CO2, CH4.  

Experimental results to bioethanol reforming are 
presented in table 2 and they prove the possibility to 

obtain hydrogen and carbon oxides from bioethanol as 
well as the limits of methanation following reforming.  

We can see the significant conversion of ethanol 
in hydrogen and carbon oxides. It is important to 
emphasize that the main reaction (reforming) is 
always accompanied by methanation reaction. During 
this reaction the mixture of CO, CO2 and H2 are 
transformed in methane. This reaction increases with 
reaction temperature increasing.  The key of this 
reaction is the catalyst.  

 
Table 2. Composition of final products (H2, CO, CH4, CO2,) for bioethanol steam reformings, % vol. 

 

Experiment 
Temperature, 

oC 
LHSV,  

h-1 
H2 CO CH4 CO2 

2,5 1,7065 50,5119 16,3823 31,3993 
BE 1 520 

4 4,9689 36,0249 37,8882 21,1180 
2,5 4,0816 42,8571 32,1429 20,9184 

BE 2 560 
4 6,8627 40,1961 38,2353 14,7059 

2,5 4,9080 13,4969 40,4908 41,1043 
BE 3 600 

4 5,8824 21,5686 43,1373 29,4118 
       

Concerning the effect of operation conditions 
over bioethanol reforming reaction, especially 
concerning hydrogen formation, from table 2 data and  
figure 1 we can easily observe that higher 

temperatures favor bioethanol reforming, hydrogen 
content increasing continuously. (from 1,5 % vol. to 5 
% vol.). 

 

520 540 560 580 600

1.5

2.0
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3.0

3.5
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C
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v
o
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Figure 1. Variation of hydrogen concentration from gaseous reaction product from  

bioethanol reforming at liquid space velocity LHSV = 2,5 h
-1

. 
 

For experiments carry out to LHSV=4 h-1 
(figure 2), hydrogen concentration in gaseous 
products as a function of temperature vary to a 
maximum, followed by a slightly decrease due, the 

most probably, to methanation reaction (CO + H2 
↔CH4 + H2O), related to the important concentration 
of methane - 43 % vol. 
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Figure 2. Variation of hydrogen concentration from gaseous reaction product from bioethanol 

reforming at liquid space velocity LHSV = 4 h
-1

. 
 

Table 3. Composition (% vol.) of final products for biomethane reforming 

 
Experiment Temperature,oC LHSV, h-1 H2 CO CH4 CO2 

BM 1*** 660 960 1,04 18,09 75,66 5,19 
BM 2*** 705 960 1,05 19,31 72,58 7,06 
BM 3*** 760 960 1,19 16,39 78,25 4,16 
BM 4*** 800 960 0,44 9,05 89,56 0,94 

 
***BM1, BM2, BM3, BM4 - indicator for 

biomethane experiments.  
 
Concerning biomethane steam reforming, the 

mixture used in these experiments as feed stock have 
an initial composition of 40% vol CO2 and 60% vol 
methane. Experimental conditions and gaseous 
effluent at the exit from reaction system, (after water 
condensation and separation) are presented in table 3. 

From experimental data in table 3 it can be 
observed that CO2 from feedstock was converted in 
methane due to methanation reaction, following 
reforming reaction. This explains the higher methane 
content in reaction products and the small hydrogen 
amount used for methanation.   

To reduce undesirable effect of CO2 
methanation at biomethane steam reforming, the 
catalyst composition and preparation could be 
modified. Another way to block methanation process 
is a lower CO2 content in the feed-stock.  

 

4. Conclusions 
 

ü ZSM5 catalyst modified with  Zn 
impregnated with 10% Ni is suitable for bioethanol 
steam reforming  
ü Higher hydrogen concentrations were 
obtained at 560 and 600˚C for  LHSV= 2,5 h-1. 
ü Space velocities low values influence the 
bioethanol steam reforming process in the sense of a 

higher hydrogen concentration and lower valuables 
for CO2 and CO.  
ü The presence of CO2 in biogas influences 
methane conversion.  
ü The catalyst significantly influences the 
methanation reaction of CO2. 
 

References 
 

[1]. Ghejan, I., Feyer Ionescu, S., Opris, I., Ingineria prelucrarii 

hidrocarburilor, vol.5, cap.7, p.309-315, Editura Tehnica, 
Bucuresti, 1999. 
[2]. Therdthianwong, A., Sakulkoakiet, T., Therdthianwong, S., 
Hydrogen Production by Catalytic Ethanol Steam Reforming, 
ScienceAsia, nr.27, p.193-198, 2001. 
[3]. Haryanto, A., Fernando,S., Murali, N., Adhikali, S., Current 

Status of Hydrogen Production Techniques by Steam Reforming of 

Ethanol, Energy Fuels, vol.19, nr.5, p.2098-2106, 2005.   
[4]. Deluga, G.A., Salge, J.R., Schmidt, L.D., Verykios, X.E., 
Renewable Hydrogen from Ethanol by Autothermal Reforming, 
Science, vol.303, nr.5660, p.993-997, 2004. 
[5]. Benito, M., Sanz, J.L., and all, Bio-ethanol Steam reforming: 

Insights on the mechanism for hydrogen production, Journal of 
Power Sources, vol.151, p.11-17, 2005.  
[6]. Czernichowski, A., Wesolowska, K., Pox-Reforming of bio-

methane into synthesis gas, Am. Chem. Soc. Div. Fuel. Chem., 
vol.51, nr.2, 2006.  
[7]. Proiect de cercetare, HyRes–Dobrogea, "Proiect de cercetare 
asupra tehnologiilor energetice pe baza de hidrogen utilizabile in 
vederea valorificarii surselor energetice regenerabile din zona 
Dobrogei", director coordinator Mamut Eden, Universitatea 
Ovidius, Constanta, 2006-2008. 
[8]. Bobrova, I.I., Bobrov, N.N., and all, Catalytic Steam 

Reforming of Methane: New data on the contribution of 

homogeneous radical reactions in the gas phase: ruthenium 

catalyst, Kinetics and Catalysis, vol.42, nr.6, p.805-812, 2001. 

-  76  -



FO N D AT Ă
19 76

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2007, ISSN 1453 – 083X 

 
 

 
 

STUDY OF HEAT TREATMENT INFLUENCE ON  
ALUMINUM -BASED ALLOY ATN-Si10Cu4 

 
Elisabeta VASILESCU, Simona BOICIUC 

 “Dunărea de Jos” University of Galaţi 
email: elisabeta.vasilescu@yahoo.com 

 
ABSTRACT 

 
This work presents the experimental results concerning the behavior on heat 

treatment of on aluminum based alloy. The laboratory level experiments achieved 
on samples of ATN-Si10Cu4 (4145 series) alloy illustrate the variation of properties 
depending on the  variation of heat treatment technological parameters specific to 
different heat treatment. We have experimented more variants of heat treatment in 
order to establish the optimal variant treatment. The samples were characterized by 
HB hardness and microstructure analysis. 

 
KEYWORDS: heat treatment, quenching in solution and heat ageing, 

aluminum based alloy. 
 
 

1. Introduction 
 
ALUMINUM, the second most plentiful 

metallic element on earth, became an economic 
competitor in engineering applications as recently as 
the end of the 19th century. It was to become a metal 
for its time. The emergence of three important 
industrial developments would, by demanding 
material characteristics consistent with the unique 
qualities of aluminum and its alloys, greatly benefit 
growth in the production and use of the new metal. 

The properties of aluminum that make this metal 
and its alloys the most economical and attractive for a 
wide variety of uses are appearance, light weight, 
fabricability, physical properties, mechanical 
properties, and corrosion resistance. 

Aluminum has a density of only 2.7g/cm3. It can 
display excellent corrosion resistance in most 
environments, including atmosphere, water, 
petrochemicals, and many chemical systems. 
Aluminum surfaces can be highly reflective. 
Aluminum typically displays excellent electrical and 
thermal conductivity, but specific alloys have been 
developed with high degrees of electrical resistivity. 
It is nonferromagnetic, a property of importance in 
the electrical and electronics industries [1, 2, 3, 4, 5, 
6]. 

It is convenient to divide aluminum alloys into 
two major categories: casting compositions and 
wrought compositions. A further differentiation for 
each category is based on the primary mechanism of 

property development. Many alloys respond to 
thermal treatment based on phase solubilities. 

These treatments include solution heat treatment, 
quenching, and precipitation, or age, hardening. For 
either casting or wrought alloys, such alloys are 
described as heat treatable. A large number of other 
wrought compositions rely instead on work hardening 
through mechanical reduction, usually in combination 
with various annealing procedures for property 
development (Fig.1). These alloys are referred to as 
work hardening. Some casting alloys are essentially 
not heat treatable and are used only in as-cast or in 
thermally modified conditions unrelated to solution or 
precipitation effects [1, 2]. 

1xxx Series. Aluminum of 99.00% or higher 
purity has many applications, especially in the 
electrical and chemical fields. These grades of 
aluminum are characterized by excellent corrosion 
resistance, high thermal and electrical conductivities, 
low mechanical properties, and excellent workability. 
Moderate increases in strength may be obtained by 
strain hardening. Iron and silicon are the major 
impurities. Typical uses include chemical equipment, 
reflectors, heat exchangers, electrical conductors and 
capacitors, packaging foil, architectural applications, 
and decorative trim.  

2xxx Series. Copper is the principal alloying 
element in 2xxx series alloys, often with magnesium 
as a secondary addition. These alloys require solution 
heat treatment to obtain optimum properties; in the 
solution heat-treated condition, mechanical properties 
are similar to, and sometimes exceed, those of low-
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carbon steel. In some instances, precipitation heat 
treatment (aging) is employed to further increase 
mechanical properties.  

This treatment increases yield strength, with 
attendant loss in elongation; its effect on tensile 
strength is not as great. 

 

 
 

Fig.1. Al alloys and treatment classification system 
 

Table 1. Characterization of aluminum based alloys 
 

Alloy 
series 

Composition σc 

[MPa] 
σr 

[MPa] 
ε 

[%] 
Notes 

1000 Pure Al 30 - 100 100 - 135 
Up to 

50 
Foil, decoration, electrical conductors 

2000 
∼4.5%Cu (+Mn, Si, 
Mg) age - hardened 

Up to 480 Up to 520 5 - 20
General purpose forgings and 

extrusions, esp.airframes 

3000 
∼1%Mn, Mg cold - 

worked 
Up to 215 Up to 290 5 

Ductile sheet for cladding trucks, 
trailers; food containers, drink cans. 

4000 
12%Si (+Mg, Ni, 

Cu) forgeable, age - 
hardened 

∼295 ∼325 0.5 IC engine pistons 

5000 
∼5%Mg (+Cr, 

Mn)cold - worked 
Up to 350 Up to 415 15 

Good formability and weldability; 
excellent corrosion resistance; 

structural applications, esp. marine. 

6000 
Up to 1% Mg – Si, 

age - hardened 
∼275 ∼310 12 Hot extrusions; window frames. 

7000 
Up to 8% Zn (+Mg, 

Cu, Cr) age - 
hardened 

500 575 11 
Highest strength alloys; aircraft 

structures. 

8000 
Other, e.g. up to 

2.5% Li 
   Novel and specialist alloys 

Cast 
Near Al – 13%Si 
eutectic + 0.01% 

Na 
Up to 200 Up to 300 2 - 5

Automotive castings; can age – harden 
if Cu and Mg added. 
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The alloys in the 2xxx series do not have as good 
corrosion resistance as most other aluminum alloys, 
and under certain conditions they may be subject to 
intergranular corrosion. Therefore, these alloys in the 
form of sheet usually are clad with a high-purity 
aluminum or with a magnesium-silicon alloy of the 
6xxx series, which provides galvanic protection of the 
core material and thus greatly increases resistance to 
corrosion. Alloys in the 2xxx series are particularly 
well suited for parts and structures requiring high 
strength-to-weight ratios and are commonly used to 
make truck and aircraft wheels, truck suspension 
parts, aircraft fuselage and wing skins, and structural 
parts and those parts requiring good strength at 
temperatures up to 150 °C (300 °F). Except for alloy 
2219, these alloys have limited weldability, but some 
alloys in this series have superior machinability. 

3xxx Series. Manganese is the major alloying 
element of 3xxx series alloys. These alloys generally 
are non-heat treatable but have about 20% more 
strength than 1xxx series alloys. Because only a 
limited percentage of manganese (up to about 1.5%) 
can be effectively added to aluminum, manganese is 
used as major element in only a few alloys. However, 
three of them--3003, 3X04, and 3105--are widely 
used as general-purpose alloys for moderate-strength 
applications requiring good workability. These 
applications include beverage cans, cooking utensils, 
heat exchangers, storage tanks, awnings, furniture, 
highway signs, roofing, siding, and other architectural 
applications. 

4xxx Series. The major alloying element in 4xxx 
series alloys is silicon, which can be added in 
sufficient quantities (up to 12%) to cause substantial 
lowering of the melting range without producing 
brittleness. For this reason, aluminumsilicon alloys 
are used in welding wire and as brazing alloys for 
joining aluminum, where a lower melting range than 
that of the base metal is required. Most alloys in this 
series are non-heat treatable, but when used in 
welding heat-treatable alloys, they will pick up some 
of the alloying constituents of the latter and so 
respond to heat treatment to a limited extent. The 
alloys containing appreciable amounts of silicon 
become dark gray to charcoal when anodic oxide 
finishes are applied and hence are in demand for 
architectural applications. Alloy 4032 has a low 
coefficient of thermal expansion and high wear 
resistance, and thus is well suited to production of 
forged engine pistons. 

5xxx Series. The major alloying element in 5xxx 
series alloys is magnesium. When it is used as a 

major alloying element or with manganese, the result 
is a moderate-to-high-strength work-hardenable alloy. 
Magnesium is considerably more effective than 
manganese as a hardener, about 0.8% Mg being equal 
to 1.25% Mn, and it can be added in considerably 
higher quantities. Alloys in this series possess good 
welding characteristics and good resistance to 
corrosion in marine atmospheres. However, certain 
limitations should be placed on the amount of cold 
work and the safe operating temperatures permissible 
for the higher-magnesium alloys (over about 3.5% for 
operating temperatures above about 65 °C, or 150 °F) 
to avoid susceptibility to stress-corrosion cracking. 

Uses include architectural, ornamental, and 
decorative trim; cans and can ends; household 
appliances; streetlight standards; boats and ships, 
cryogenic tanks; crane parts; and automotive 
structures. 

6xxx Series. Alloys in the 6xxx series contain 
silicon and magnesium approximately in the 
proportions required for formation of magnesium 
silicide (Mg2Si), thus making them heat treatable. 
Although not as strong as most 2xxx and 7xxx alloys, 
6xxx series alloys have good formability, weldability, 
machinability, and corrosion resistance, with medium 
strength. Alloys in this heat-treatable group may be 
formed in the T4 temper (solution heat treated but not 
precipitation heat treated) and strengthened after 
forming to full T6 properties by precipitation heat 
treatment. Uses include architectural applications, 
bicycle frames, transportation equipment, bridge 
railings, and welded structures. 

7xxx Series. Zinc, in amounts of 1 to 8% is the 
major alloying element in 7xxx series alloys, and 
when coupled with a smaller percentage of 
magnesium results in heat-treatable alloys of 
moderate to very high strength. Usually other 
elements, such as cooper and chromium, are also 
added in small quantities. 7xxx series alloys are used 
in airframe structures, mobile equipment, and other 
highly stressed parts. Higher strength 7xxx alloys 
exhibit reduced resistance to stress corrosion cracking 
and are often utilized in a slightly overaged temper to 
provide better combinations of strength, corrosion 
resistance, and fracture toughness. 

 

2. Experimental conditions 
 
The experiments have been made on ATN-

Si10Cu4 aluminum alloy (4145 series) having 
chemical composition shown in table 2.  

 

Table 2. Chemical composition of  Al-Si-Cu- Mg 
 

Cu Fe Mn Ni Zn Si Mg Pb Al 
4.5 0.93 0.61 0.67 3.0 11.05 0.84 0.102 rest 
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The laboratory experiments have been made of 

the specific heat treatments: quenching in solution 
and heat ageing with different experimental 
conditions. 

The researches shown the optimal technological 
parameters into experimental conditions, fig. 2: 

 
ü The optimal temperature for quenching in 

solution; 
ü Time maintaining at optimal temperature for 

quenching in solution; 
ü Optimal time and temperature for ageing. 

 

100

200
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400

600

500

700

t[0C]

τ[h]
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**

***

****  
Fig.2. Experimental conditions for heat treatment: * - temperature for quenching in solution  

300°C, 350°C, 400°C, 450°C, 500°C, 550 °C; ** - Time maintaining for quenching in solution,  
5 – 8 min/mm in thickness; *** - ageing temperature 120°, 150°, 200°C;  

**** - Time maintaining 1, 3, 6 ore. 
 

The effect of heat treatment on alloy structure 
and physical-mechanical properties was valued by 
hardness measurements (Brinell method, F=62.5 daN, 
bowl diameter D=2.5mm, maintaining time τ=15s ). 

Analyzing this experimental results (Fig.3 and 
Fig.4) we considered that the optimal temperature is 
480 °C and the maintaining time is 2 h. 
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Fig.3. The influence of quenching in solution  temperature  on hardness 
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Fig.4. The influence of time maintaining at  

480 °C (optimal one) on hardness. 
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Fig.5. The influence of time maintaining on alloy 
natural ageing in state of quenching in solution 

at 480 °C and 2 h. 
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Fig.6. The influence of time maintaining on alloy artificial ageing at  
different temperatures:a - 120°C; b - 150°C; c - 200°C. 
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3. Microstructural aspects 
 

Figure gives the microstructural aspect of the Al alloy to enlargement power 250x, attack with 5% HF. 
 

 
The microstructure of the Al alloy after quenching in 

solution  

 
The microstructure of the Al alloy after quenching in 

solution and artificial ageing at 120°C for 6hours  

 
The microstructure of the Al alloy after quenching in 

solution and artificial ageing at 150°C for 3 hours  

 
The microstructure of the Al alloy after quenching in 

solution and artificial ageing at 200°C for 3hours  

 
 

4. Conclusions 
 

The experimental conditions applied shown 
that this alloy is sensible at structural and properties 
modifications (considering hardness as a measure for 
the variation of the mechanical properties). 

It was established for the alloy with given 
chemical composition (table 1) the optimal 
temperature of quenching in solution - 480 °C for 
maintaining time 2 hours. The increase of the 
temperature over this value or the increase of the 
maintaining time lead to the decrease of hardness. 
Concerning the heat treatment of ageing it comes out 
that at natural ageing the increase of maintaining time 
over 5 – 6 days, didn’t influence the hardness, which 
become constant. 

The artificial ageing achieved at different 
temperatures and different maintaining times show: 

ü The maximum hardness (120 HB) was 
achieved at 200 °C, this value couldn’t be achieved  
over a maintaining time of 6 hours for 120 °C and 
150 °C. 

ü The maintaining time for artificial ageing at 
optimal temperature 200°C, mustn’t prolonge over 3 
hours, because the hardness decreases. 
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ABSTRACT 

 
The strain intensity in the proximity of planetary cylinder, in the case of semi-planetary 

rolling is greater than in the proximity of the massive cylinder. This fact leads at the 
variation of the microstructure and fine structure characteristics: the mosaic block 
dimension, second order stresses, dislocations density, micro-hardness into the thickness of 
rolled body. In the paper it presents the research results for identify and evaluate the 
structure modifications at the semi-planetary rolling. 

 
KEYWORDS: semi-planetary rolling, fine structure, X ray diffraction. 

 

 

1.Introduction 
 

Plastic deformation strongly affects the 
microstructure and mechanical properties of the 
material. Thus plastic deformation leads to the 
variation of the dimension of mosaic blocks, 
dislocation density, value of second order stress, at the 
fine structure level and, consequently, change of the 
mechanical properties (for example micro-hardness).  

The microstructure evolution and the changes 
of the mechanical properties induced by plastic 
deformation depend not only on the deformation 
process but also on the properties of the material, in 
particular on its crystalline structure, stacking fault 
energy and the value of the self-diffusion coefficient 
[1].  

The semi-planetary rolling model is presented 
in figure 1 and it leads to an asymmetrical stress and 
strain state on the thickness of the semi-product [2].  

The strain developed in the proximity of the 
superior planetary cylinder has greater intensity then 
the strains developed in the proximity of massive 
cylinder. 

As effect, after semi-planetary rolling the 
body, with initial rectilinear form, becomes curve 
body. Also, as a reversible process, the curved body 
may take a final rectilinear form. 

An important application of semi-planetary 
rolling, which may become a solution for quality 
assurance of the metallurgical products, may be the 
unbending of the continuous cast slabs of different 
metallic materials that have in certain temperature 
range a fragility domain.  

Thus is the case of the construction steels with 
great mechanical resistance, micro and low alloyed 
steels with fine microstructure.  

O
RR 

lc

R1 

2

1 d 

N

3 

4 

v0 h0 h1 

 

 
Fig.1. Scheme of semi-planetary rolling process: 

1-planetary cylinder, 2-sattelite cylinder,  
3-massive inferior cylinder, 4-rolled body 

 
At the same time in the unbending zone, into 

the proximity of interior surface of slab section, a 
plane tensile stress state is developed. Coupled, these 
two causes, respectively, the reduced plasticity of steel 
and the bi-axial tensile stress state may lead at the 
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appearance of the superficial fissures and the 
discontinuity defect. 

The semi-planetary rolling applied at unbending 
zone, to the exit of slab from curve thread of the 
continuous casting machine, for example placing a 
semiplanetary rolling mill into the drawing mill, 
induces an unbending moment in the condition of the 
compression stress state [3, 4]. 

The semiplanetary rolling is characterized by 
the variation of strain intensity in the thickness of the 
body, grater in the proximity of the planetary cylinder, 
smaller in the proximity of the massive cylinder and 
minimum values at the half of thickness.  

This fact will lead at the changes of the 
crystalline lattice and variation of microstructure and 
of the properties of deformed material. 
 

2.Research conditions 
 

In the aim of the observing of the influence of 
the deformation on the structure and properties of 
deformed material we made a metallographic study, 
analyze by diffraction of the X-radiation and the 
measurement of the micro–hardness [5 - 7]. 

The samples were prepared form aluminum and 
their shape was rectangular prism having dimension of 
10×12×100 mm. 

The deformation has been performed on a 
original semiplanetary rolling mill which is composed 
of a planetary cylinder with appearance surface of 
80mm, composed by a support cylinder and 18 
satellite cylinders with active surface dimensions of 
Ø12×50mm, and the massive cylinder surface of 
Ø80×50mm. The revolution of the planetary cylinder 
is 200 rpm and of massive cylinder is 2 rpm. 

Analysis of fine structure modifications induced 
of the semiplanetary rolling has been performed on a 
diffractometer type DRON 3. This apparatus has 
following work parameter: copper anti-cathode 
(λ=1.541 Å), U= 34 kV, I=30 mA, and 
monocromathor in the diffracted beam. 

The micro-hardness was measured with an 
adequate apparatus type PMT-3 and for micro-
structural analysis an optical microscope equipped 
with a digital system for quantitative analysis. 

 
3.Experimental results 

 
In the figure 2 the microstructures of the initial 

(non-deformed) and deformed aluminum samples are 
presented, respectively. Because the deformation 
degree is relatively small, the semiplanetary rolling 
does not produce a visible modification of the 
crystalline grains. The dimension of crystalline grains 
increases in the proximity of the planetary cylinder and 
near the massive cylinder this structural parameter is 
not modified.  

 
(a)                                     (b) 

Fig. 2. Microstructure of aluminum samples 
before (a) and after (b) deformation 

 
According to the X-ray diffraction analysis the 

aluminum sample was cross scanned with the advance 
step of 2 mm, resulting 6 measuring points. In figure 3 
is shown the irradiation scheme of the samples. 
 

 
Fig. 3. Irradiation and X-ray scanning  

scheme of deformed sample 
 

In order to analysis of fine structure of aluminum 
samples the diffraction lines (111) and (311) are 
considered. First diffraction line is used at the 
evaluation of the dimension of mosaic blocks in the 

111  crystallographic direction. The evaluation of the 

second order internal stress and the dislocation density 
levels is done from the analysis of the second 
diffraction line.  

 
Fig. 4. Aspects of the diffraction lines (111) 
and (311) for deformed aluminum sample 
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The (111) diffraction line appears into angular 

range,  and the (311) diffraction line 

is in angular domain, . In figure 4 

the shape of above mentioned diffraction lines is 
displayed. 

( )0 02 42 , 45θ ∈

( 0 02 94 ,97θ ∈ )

In figure 5 the variation of the (111) diffraction 
line width, B(111),  that is inverse proportional with the 
mosaic blocks dimensions, D(111),  is carried out. 
Between the two sizes there is the relation:  

)111(
)111(

1

B
D ≈    (1) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5. Cross distribution of the width of 
diffraction line on cross section 

 

The analysis shows that the deformation 
determines the increasing of the mosaic block 
dimensions.  

The mosaic block dimensions have an 
important variation. In the marginal layer, at the 
proximity of the contact surface with the planetary 
cylinder the dimension of the mosaic block decreases. 
The value of the mosaic block dimension follows the 
variation of deformation intensity. At the middle of the 
thickness an abrupt jump of the mosaic block 
dimensions is observed. This fact may be determined 
by the extension of the mosaic blocks at the very small 
plastic deformation. In the part of the massive cylinder 
the value of mosaic blocks dimension it maintains at 
the contact surface and decreases to the interior layers. 
This aspect is explained by the action of the dead zone 
into the marginal layer at the contact surface with the 
massive cylinder.  

It denotes because of the small value of the b/h 
ratio the deformation in the width direction of sample 
is great enough for determine smaller deformation 
intensity in direction of the thickness.  
In figure 6 it presents the distributions of the widths of 
diffraction lines (311).  

The width of diffraction line is direct 
proportional to the level of the second order internal 
stress, according to the relation: 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Cross distribution of the second  
order internal stress 

 
The second order stress registers a minim value 

at the middle of the deformed body. At the contact 
surface with the planetary cylinder the second order 
stress has a lower value.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Cross distribution of micro hardness 
 

This fact can be explained by the effect of 
mechanical relaxation induced by the deformation in 
width direction, because the ratio b/h is small, 
relatively. Consequently, the second order stresses 
really correspond to the repartition of the strain 
intensity in the thickness of sample. Therefore the 
repartition of the second order stresses is the most 
factors for study of influence of asymmetrical 
deformation of the fine structure of metallic material. 
The variation of micro-hardness is showed in figure 7 
and its can be connected with distribution of second 
order stresses. 

 
4. Conclusions 

 
Semiplanetary rolling is an interesting 

deformation process for the obtaining of the curve 
pieces or for unbending of the curved parts. Because 
the diameter of the satellite cylinder is much smaller of 
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the diameter of massive cylinder the strain intensity is 
variable in the section of the body.  

This is greater at the proximity of planetary 
cylinder, smaller at the proximity of massive cylinder. 

Between the strain intensity and the 
modification of micro and fine structure is a 
correlation. The experimental researches proved this 
correlation. The dimension of the crystalline grain is 
very small influenced.  

The dimension of the mosaic blocks follows the 
variation of the strain intensity for the value of the 
ratio b/h great, relatively. Thus, in the proximity of the 
planetary cylinder this factor has great value, registers 
a minimum at the middle of the thickness  

The best parameter of the fine structure what 
very good corresponds at the variation of the principal 
deformation factor of the semiplanetary rolling 
process, respectively, local strain intensity is the 
second order internal stress. Thus, in case of the 
deformed body with the geometrical ratio b/h small, 
because the deformation to the width direction is 
enough great, in the proximity of the planetary 
cylinder appears a relaxation of the second order 
stresses.  

The second order stress has a minimum value at 
the middle of the thickness and increases slowly to the 
massive cylinder proximity. In case of the geometrical 
ratio greater of 2 the deformation in the width 
direction is negligible and the second order stress has 

the maximum value at the proximity of the planetary 
cylinder where the strain intensity has maximum 
value.  
  The micro-hardness increases with 25% 
almost in the proximity of the planetary cylinder and 
littler, 5% approximately, at the proximity of the 
massive cylinder. 
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ABSTRACT 

 
Each system (stand – driving) and the continuous rolling line to which it belongs 

have its own functional and energetically parameters. To reduce any faults of the strip 
surface it is also necessary to check (eventually having a control line) the roll surface 
quality, the work roll eccentricity, and depending on the disposal by compensation, of 
eccentric lobes. The appearance of the specific faults on the rolled strip-during the 
experiments carried out is duet o the vibrations covered by the range of 100-300 Hz. 
This many-sided theme needs mathematical patterns to correlate the factors and the 
dimensions (strip types, technological flow, driving) which should be able to basically 
support the monitoring system. Taking into account the aspects regarding the quality of 
the surfaces, the geometry of strips and the costs, it necessary to do a monitoring 

 
KEYWORDS: chatter, monitoring, stand, work parameters, accelerometer 

 
 

1. Introduction 
 
 In this paper is show the most important 
dynamics’ loads and there influence on the cold 
rolling mill process.  
 The most rolling mills equipments work in very 
hard dynamics conditions and loads [4].  
 A lot of equipments (machines, components 
etc.) are singulars and have greatest influence on the 
price and productivity.  
 In work, is very important to reduce the 
dynamics load [5], to choose the optimal parameters, 
to foresee the adequate dumping device and moderns 
systems to deaden the stresses and tensions in 
equipments of rolling mill.  
 Greatest dimensions for strip have an important 
influence on the mills equipments.  
 In the fig. 1 is show the schedule of rolling mill 
machine with five stands and the position of the 
accelerometers (on the chocks of the work and 
backup rolls). 
 It is important to diminish the dynamics loads 
from the beginning of work program for obtain an 
optimal cinematic scheme for all components of mill. 
 The High-Tech Rolling Mill is distinguished by 
the use the integrated adjusting mechanism and 
control systems foe quality assurance in the final 
product. 

 
 

Fig. 1. Measurement vibration system on 
the mill stand: 1. Rolling mill frame; 

2.Accelerometer; 3.Backup roll; 4. Mill roll; 
5.Coupling bar; 6.Engine. 

 
 Using the rapidly reacting work roll bending 
facility for roll gap correction is made an 
outstandingly dynamic adjusting system [2].  
 The work bending system installed at the five 
stand of the mill machine carry out the adjustment 
commands transmitted from the flatness control 
system.  
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 Hydraulic screw down is an operationally 
reliable and dynamic adjustment mechanism for 
controlling the strip thickness. Expansion of strip 
products and different size and strip thickness 
determine the construction of universally coilers for 
complete the all range of cold strip thickness and 
width. The sturdy wrapper roll system guides the strip 
head to the start of the coiling operation around the 
mandrel. As the wound material passes over the strip 
head position the wrapper rolls must be able to very 
quickly deflect otherwise the large moment of inertia 
of the system would cause damage to the strip.  It is 
not possible to achieve this objective deflection of the 
roll with conventional method operated coilers. 
 

2. Studies of vibrations on  
the cold rolling mill 

 
 In previous study of hot cold strip mill vibration 
we established a relations ship between mill chatter, 
mill speed and the phasing and number of teeth in the 
mill spindles. 
 The specific problem studied was chatter 
occurring at finishing stand of strip mill, when is 
produced an accelerated roll wear on the bottom work 
roll and is observe a strip marching. 
 The strip and roll marking (like a pattern) is 
visible occurred, when the chatter was present. The 
vibration has been exists on the cold rolling mil 

machine for a considerable time and, for unknown 
reasons, the frequency and intensity of occurrence 
varied in time [1]. 
 The case study consisted of the following 
phases: 
 -Finite element modeling to determine natural 
(frequencies and vibration mode shapes of mill stand 
[3]; 
 -Analysis of load cell signals with strip recorder 
and spectrum analysis; 
 -Drive train analysis to establish forcing 
function; 
 -Tests in which spindle teeth phase angles were 
adjusted to minimize chatter. 

A correlation between chatter and spindles has 
been established. A better understanding of this 
problem will permit a further reduction in chatter and 
increased roll life. In our analysis, the inclusion of 
spindles in the model has provided additional 
information on the important subject of low 
frequency mill stand vibration [6]. The transition 
from the operator side elevation shows us the 
deflection of mill stand at a particular frequency. The 
chatter are measured (between 110-320 Hz.) and 
identified with accelerometer fixed on the backup roll 
chock. The measured system has a filter, signal 
amplifier, a process interface, a computer and a 
printer (fig. 2). 

 

Fig. 2. Measurement vibration system on the mill stand: 1. Rolling mill frame; 2.Accelerometer; 
3.Filter 4. Signal amplifier; 5. System interface; 6.Process computer; 7. Printer. 
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 Finite element analysis models, confirmed by 
mill tests, indicate that spindles and their subsequent 
effect on work roll neck deflection are a potential 
source of mill chatter. 
 During a production run (identical coils), 
vibrations were measured with an accelerometer. 
 Finite element analysis models, confirmed by 
mill tests, indicate that spindles and their subsequent 
effect on work roll neck deflection are a potential 
source of mill chatter [3]. 
 During a production run (identical coils), 
vibrations were measured with an accelerometer. 
 At the last the finite model was in agreement 
with the vibration measured on the work roll necks. 
 If vibration propagation started at the drive, the 
chatter marks on the bottom roll land strip should be 
intense on the drive and of the work roll land strip. 
 The stress is still less than the yield strength, 
which implies that there might be a fatigue failure 
problem but the housing of mill will not fail duet o 
yield under the normal operating force. If the housing 
has the possibility of fatigue failure what is the life 
expectancy based on current and projected future 
production. For the growth of the housing mill life we 
must to found a new type of design for that. The 
variations of the strip thickness during acceleration 
and deceleration are caused by fluctuation of the 
friction coefficient between the rolls and strip the 
inter stand tension and roll force at each stand [6]. 

When the roll gap is constant, the relationship 
between the change of roll force (∆F1)and the change 
of strip thickness (∆h) is: 

M

F
h 1Δ

=Δ  

where: M is the equivalent mill rigidity modules. 
 
 Equation is applied at each stand in tandem cold 
rolling mill and the inter stand tension connects all 
stands simultaneously. 
 During acceleration and deceleration, rolling 
condition change and simulation is affective to study 
total characteristics during non steady state rolling. 
 Top backup roll and bottom backup roll, 
generated occurrence and oscillatory vibration. That 
is not influenced by the structural resonance’s of the 
mill, is caused by roll eccentricities. Most modern 
cold mills are equipped with x – ray or beta – ray 
gage measurement equipment that can detect 
fluctuation in the gage of the rolled product at 
frequencies up to 25 Hz. 
 The frequency spectrum of the gage deviation 
can be seeing in fig. 3. 
 In the case of unstable vibration due to feedback 
mechanism, the vibration amplitude (fig. 4) will 
continue to grow in amplitude at an exponential rate 
until the forcing function is reduced enough to 
counteract the effect of instability. 
 

 
Fig. 3 Displacement frequency spectrum. 

 
 Some problems types that occur frequently in 
cold rolling mills are: 
 Sources of excitation are: excessive reduction; 
fluctuation of tension between entry and exit side; 
backup rolls wear pattern; the work roll bearing is 
defect; entry tension is excessive; oil temperature 

bearing is increase; uncontrolled quantity of lubricant 
on the strip. 
 In the normal operation speed of the mill, the 
cause of the third octave chatter is the strip surface. 
 For the fifth octave chatter (520-710 Hz.) the 
most important sources of excitation are: defective 
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work roll bearing; strip with chatter marks; a wear 
pattern on the backup roll, the work roll bearing is 
defect; the surface of work roll has some undulation. 

 In most cases the vibration signal received by 
the housing is much smaller than that of the roll 
chocks. 

 
Fig. 4. Acceleration spectrum for mill plate. 

 
 The vibration of mill is influenced by one on 
more resonant frequencies of the system. Vibration 
becomes unstable duet o the influence of some force 
feedback mechanism which is direct result of the 
initial vibration caused by variation of 
technologically parameters, like: strip speed 
(acceleration, deceleration, displacement, fig. 3, 4), 
tension and roll force at each stand, strip thickness 
etc. 

 
3. Conclusions 

 
 The study revealed that the maximum vibration 
occurs at the work roll. For vibration monitoring the 
best location for an accelerometer would be the roll 
chocks. A force spectrum, including instantaneous 
force changes can be established by combining the 
average in coil force variation and coil to coil force 
variation. The former is usually obtained directly 
from force and strain gage measurement. The 
amplitude stress can be computed for the amplitude to 
mean ratio. Further mathematical derivation and 
assumptions lead to the upper and lower bound 
estimate can eliminate the measurement of in coil 
force variation which is costly. The average 
amplitude force can be roughly estimated by 
observing the rolling force in work of mill. A detailed 
finite element analysis on the mill housing is 
necessary to convert the force into stress using the 

proportion rule.  At the end we see the correlation 
between the measurement signals, load and vibration 
and characteristics defects of installation. A complete 
system of chatters monitoring, could advertising at 
time the moment when something is wrong – a 
malfunction – with the rolling mill. By using a 
combination test and analytical methods to initially 
diagnose problems, combined with continuous and 
automated monitoring for rolling mill to detect further 
occurrences defects in function. 
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ABSTRACT 

 
Among the new method of studying the properties of the substance and the 

influence over the most various physical and chemical processes, used in different 
industrial domains, the main place is occupied by the usage of sound and 
ultrasound oscillations. Of course, nowadays we consider the acceleration of the 
diffusion processes, the degassing of the liquids under the action of the sound field, 
in melt, over the crystallisation process as being very important. 
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1. The kinetics diffusion  
in gases and liquids 

 
Numerous experiments demonstrated that the 

rate of the heterogeneous reaction taking place 
according to the kinetics diffusion are defined through 
the diffusion which appears as a result of the presence 
of different concentrations of the substance among the 
adhered substance layers directly at the surface and 
the liquid thickness. 

Mathematically, this confirmation is expressed 
by Fick’s law: 

dS
n

c
DI

S
0S∫ =δ

δ
=    (1) 

where: is the flux of the substance towards the 
surface; D - the molecular coefficient of diffusion; 

0S
n

c
=δ

δ
- the concentration gradient at the surface;  

S - surface. 
 
For the practical calculus Nusselt coefficient is 

used: 
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⎜
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δ
δ

=
Δ

=
=

 (2) 

where: e is a characteristic value of the surface; ∆C - 
the concentration difference between the surface 
layers and the liquid thickness. 

 
According to a series of experiments [1] and 

[2] it follows that the flux of the substance, y, 
increases in the presence of the sound field, in other 

words, the heterogeneous reaction accelerates, the 
reaction taking place according to the diffusion 
kinetics.  

In conformity with the relation (1), this is 
possible when the ultrasonic field leads to the ∆ of the 
diffusion coefficient, or of the concentration gradient 
at the surface ∂c/∂n. 

 

2. The diffusion coefficient  
in the sonic field 

 
According to Einstein the diffusion coefficient 

has the following relation: 
∆ = K0 T D    (3) 

where: K0  is the Boltzman coefficient; T - absolute 
temperature; D – mobility. 

 
For the spherical parts: 

r
6

1
b πη=     (4) 

where:η  is viscosity; r - particle radius. 

 
From relation (3) it result that D = f(T), and the 

environment temperature (T) can be changed into 
ultrasounds field from three reasons. An important 
fact is that the sound wave is absorbed and the loss of 
its energy will lead to the change of the surrounding 
temperature, T1. The temperature increase can be 
determined from the relation of the thermal balance. 

χΔρ= 10v TCQ    (5) 

where:  

Q = ( )χα−− |
0 e1I  
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in which: ρ0 is the density; Cv – specific heat of the 
medium; x – distance covered by the sonic wave;  
I0 – sonic intensity; ξ – viscosity coefficient of the 
second medium; C0 – the sonic rate in the middle;  
ω – frequency of the sonic waves. 

 

If we take as example 1 cm3 of water, 
I0=1W/cm2, ω=2π MHz (In such a way that the 
cavitations cannot in water) from (5) rezults  

Δ T=10-5 0C. For 1 cm3 of air, I0=4W/cm2,  
ω=2 π *18KHz, results ∆T=10-2  0C.  
In conclusion the heating of the two medium as 

a result of the sound absorption is proved to be 
insignificant. An other reason which might generated 
the heating would be a adiabatic compression of the 
middle in sonic field (∆T): 

0
p

*
0

2 V
C

TC
T

β
=Δ    (6) 

where: Cp - specific heat at the constant pressure;  
V0 - amplitude; β* - coefficient of the middle thermal 
expansion. 

 

Using the same data of calculus it results that 
the change of the temperature in water ∆T2=10-3 0C 
and in air ∆T2=0,3 0C. 

Neither this variation of temperature will not 
significantly influence the diffusion coefficient in 
sonic field. An important consequence of sonic wave 
absorption is the heating of the middle in capillaries 
and at surfaces of the phases separation.  

The energy of the sounds absorbed in the 
capillaries can be expressed by the relation: 
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c
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EQ

v
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where: r is capillary radius; υ-cinematic viscosity; χ-
thermal conductibility; E0-energy of the sonic wave in 
the capillary. 

 

For a tube having radius of 1 cm an the length 
of 1 cm using the some parameters of the sonic wave 
the change of the temperature in capillary owing to 
the sound absorption in water will be ∆T3=10-3 0C and 
for the air ∆T3=10-2 0C. 

With diminish of the radius the energy inside 
the capillary has a sudden decreases in such a way in a 
thin capillary will be also small. For the real ferrous 
pieces, where the influence of the area unoccupied by 
pores in comparison with total area of the pores is 
equal of g the energy inside the coefficient is 
determined with Reily relation: 

1M2M2

M4
E

20
++

=   (8) 

  

Supposing that g = 1, meaning that the pores 
area is equal to the area occupied by the pores, r = 10-

4cm; ω=2π*106Hz’. It results that in the case of liquid 
that fills the capillaries, almost the whole energy will 
penetrate in them and according to the relations (5) 
and (7), ∆T3

|=10C. For the air, ω=2π*18KHz, r=10-

4cm, the part of energy that passes (penetrates) reach 
3.5%, and the heating of the air in the capillaries will 
not surpass 40C. Another case of heating the middle 
part is possible an the condition of a normal fall of the 
sonic wave on a plane surface. The cause of this 
phenomenon is the fact that close to the rigid wall, 
there are transfers. However, at the surface, the 
temperatures that have contact with the core must be 
equal. In conclusion, in the thin layer close to the 
wall, it appears a temperature gradient which leads to 
an important energy dissipation.  

The absorption of a sonic energy in the wall is 
equal to: 
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Using this relation and that of the thermal 
balance (5) it results that the variation of middle 
temperature as following the absorption in the wall, 
∆T4=0,10C for water and ∆T4 10C for air. From the 
analysed data it results that the changes of 
temperature in ultrasonic field do not surpass several 
degrees Celsius. According to the relation (3) the ratio 
between the diffusion coefficient in sonic field Dzv 
and the diffusion coefficient in its absence is equal to: 

≈

%1,0
T

TT

D

DZV ≈
Δ+

=   (10) 

Consequently, the diffusion coefficient in the 
free middle and in the presence of the limited 
surfaces, practically does not change in the sonic 
field. Taking into account the fundamental relation (1) 
and the practical observations, it results that in the 
sonic field the gradient of the reactive substances 
concentrations must increase at the surface the phases 
separation. 

 

3. The influence of the sonic vibrations 
aver the diffusion current 

 

In order to find the concentration gradient in 
the most general form it is necessary to solve the 
consecutive diffusion equation: 

( ) CDCVgrad
T

C
Δ=+

δ
δ

  (11) 

where: V-the moving rate of the particles of the 
middle.  
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max0P  max0V  

max0P  

Fig.1. The acoustic currents in the tube (current configuration),  
V0max - oscillatory rate; Pmax     - pressure. 

 
 

We shall limit to the simplest condition: 
C = Cr (surface)   (12) 
C = C∞ (middle)     
 
In the sonic field, the movement rate of the 

middle particles consists in the rate of consecutive 
movement, Vk

*, which always exists in the absence of 
the sound, the movement rate of the oscillations, Vzv, 
and the rate of the acoustic flows. 

Because the influence of the sonic sound Vk
*, 

does not interest, it can be reflected, and the influence 
Vzv over the diffusion process in insignificant.  

Therefore, the progress of the calculus of the 
diffusion processes acceleration in the sonic field 
consists in the necessity of solving (11) under the 
condition (12), understanding (concluding) that the 
movement rate of the middle particles is the rate of 
the acoustic flows. In the static sonic wave, in the 
rigid wall on a plane surface which is situated on the 
propagation direction of the wave, the turbionar 
acoustic currents are produced, currents that are 
periodically repeated. The tangent at Ux and the Uy 
that form (compose) the currents rate are given 
through the following equations: 
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where: K – wave number, equal with ω/Co; β=√ω/2ν; x,y – the tangential and normal coordinates of the 
phases separation surface. 

 
 

The rate of the acoustic currents, according to 
Reily corresponds to the experimental data for the 
small comparative levels of the sonic pressure. 

If they are big, meaning: 

νω>0V     (14) 

then the rate of the acoustic flows will be one 
level bigger and can be expressed: 

 
Ux=2,7*10-4V0

2 sin2Kx (1-e-βy)  (15) 
 
The acoustic flows, appeared in the cylinder 

and sphere with radius a, namely, over them the sonic 
wave falls, are given by the following relations: 
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for y → ∞         U0=3/2*V0

2/ωa*sin2θ                                                                         (17) 
 

where the signification of the θ and y are presented in fig.2. 
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Fig.2. The signification of the θ and y. 

 
 

4. Conclusions 
 

Using the above data we can solve the mass 
transfer of the substance with the sphere radius, a, in 
sonic field.  

In order to solve this problem, the diffusion 
equation is to be resolving (9) with condition (10), 
where we can consider as a movement rate of the 
middle the rate of the acoustic flows. Which appear 
around the middle. 

The results can be written as follows: 
 

D

BV
N 0

Ua ω
=     (18) 

 
where: B-is a constant, B = 1.7 or 2.4;  

The value 2.4 gives a better concordance with 
the experimental results. 

At the same time, the influence of the 
ultrasounds over the diffusion process of the gas from 
liquid is used at the acoustic release. The release 
mechanism means that under the influence of the 
ultrasounds over the liquid, the dissolved gas 
dissipates in gas and this rise at the surface and in this 
way the liquid is relieved. 
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ABSTRACT 

 
In order to increase the resistance of aluminium alloys a complex heat 

treatment is usually performed. Therefore, we must consider the reaction time 
between aluminium alloys and furnace atmosphera. These atmospheres contain 
oxygene and nytrogene. Aluminium is an active element, therefore the oxidation is  
a very fast one.From the experiments made, the oxidation kinetics of aluminum 
alloys proves to depend on many factors, such as: temperature, alloy activity, 
chemical saturation and partial pressure of oxygen in gaseous phase. For a heat 
treatment process, the oxidation time became heating time. The furnace design 
provides to minimize the losses by untights and to realise a uniform air stream in 
the furnace chamber. These facts are going to minimise the oxide layer of the 
treated parts. For the studied furnaces, used at aluminum alloys heat treating, the 
functioning curves were first made. It must be mentioned that all experiments were 
made in different days, in order to assure the same pre-heating conditions for the 
equipment. As a conclusion, studying the heat chamber geometry is a step forward 
to a new concept of heat treatment furnaces. This idea leads to important 
economical effects, on a long term, for a constant development of the industry. 

 
KEYWORDS: Aluminum, Energy, Temperature, Consumptions 

 
1. Introduction 

 
The evolution of heating methods has an 

important role on the quantitative and qualitative 
development of heat treatment technologies. This 
evolution is decisive for the charge heating speed, for 
the value of energetic consumption of the process and 
for the technological effects subsequently obtained. 
These things can be achieved by the functional- 
constructive improvement of the furnaces used in 
aluminum alloys heat treatment taking into account 
the following aspects: 

-Reduction of energetic consumption and basic 
materials per product unit through the optimization of 
work chamber construction, 

-Increase of labor productivity and furnace 
reliability by using some new leading systems with 
high automation degree of the heat treatment furnace, 

-Reduction of service personnel that is to be 
implied in heat treatment technology process and in 
furnace exploitation, 

-Cost reduction of the furnace and of its 
dimensions in comparison with the existent 

equipments in country by using adequate refractory 
and thermo-insulated materials. 
 

1.1. Methodology 
 

Work methodology includes the next stages: 
- the adoption of heat treatment technology for the 
used aluminum alloys; 
- the election of the used installations and devices for 
the structural analysis of the chosen aluminum alloys; 
- the election of necessary equipments and 
installations for making the heat treatment cycles of 
the chosen aluminum alloys; 
- the management of the experiment and analytical 
interpretation of the results. 

 

1.2.Adoption of heating technology  

of the used alloys 
 

The two chosen alloys - AlCu2,5Mg and 
AlCu4Mg1 are Al-Cu-Mg ternary alloys used widely 
in machines manufacturing. The chemical 
composition of the alloys according to SR EN 573-3 
is presented in table 1. 
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Table 1.Chemical composition of the used aluminum alloys 
Chemical composition, % 

Alloy 
Cu Mg Mn Si Fe Zn Ni Ti 

AlCu4Mg1 3,8-4,9 1,2-1,8 0,3-0,9 0,2 0,3 0,25 - 0,15 
AlCu2,5Mg 2,2-3,0 0,2-0,5 0,2 0,8 0,7 0,25 - - 

 

 
The pieces that make the charge have 

cylindrical geometry and the dimensions of the pieces 
depending on the type of the alloy are included in 
table 2. 

 
Table 2. 

 d0, mm L0, mm 

AlCu4Mg1 15 150 
AlCu2,5Mg 20 104 

 
1.3. Election of the equipments necessary  

to heat cycles 

 
The heating of the pieces and blanks of 

aluminum alloys for quenching it will be made in 
electric furnaces with air-forced circulation. The 
adjustment and control of heating mechanisms 
temperature must be made with automate auto 
registration apparatus, with a better precision class, so 
that measurement precision stands in limits of ±3°C. 
The control and adjustment of control apparatus must 
be made in the moment where in workspace exist the 
maximum temperatures. 

The researches will be directed towards the 
research of energetic consumption of electric furnaces 
that function in mean temperatures (500 - 600°C). 
Thus, to study the energetic consumption we chose a 
classical heat treatment furnace; 

The classical heat treatment furnace is 
presented in figure 1 and has the characteristics: 
rapidly cooling and heating possibility, small weight 
and compact design; the door opens vertically; 
programming and control system in 8 segments for 
the exact adjustment of temperature; digital setting of 
heating curve (temperature-time) and digital 
indicating temperature of workspace. 

Each program can have three stages that need 
each three parameters: heating speed, heating time or 
holding time. 

Technical and functional characteristics of this 
heating device are: 

• intenseness 1800 W, tension 220V 
c.a, 50 Hz 

• programming possibility or some 
complex treatment programs, each program includes 
until 8 grades and 8 holding levels. 

• Possibility of election and adjustment 
of the main parameters of the treatment in large 
limits: 

- heating speed:  0.1…400 C/s 
- holding periods on level: 0,0….999,9 h 

• Possibility of using neutral 
treatment mediums (Ar , N2 ) 

 

 
Fig. 1. Unit picture of the classical furnace 

 
Through the controller can be connected more 

programs or repeated the same cycle under identical 
conditions more than once.   

 
2. Experimental and analytic 
interpretation of the results 

 
To achieve mathematical simulation is 

necessary to program the experiment.  
This supposes to: 

- Establish the necessary and adequate 
number of experiences and realization conditions;  

- Determination of regression equation 
which represents the process model;  

- Determination of the optimum value for 
the achieved process. 

Hereby, for each variable it determines the 
basic levels and variation intervals.  
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By adding the variation level to basic level the 
superior level is obtained and by its subtraction is 
obtained the inferior level of the variable.  

The election of variation interval must be done 
so that it has as accurate values as possible from 
functional point of view.  

A first step is the establishment of basic levels 
and variation intervals.  

The interpretation of experimental results 
consist in determining some experimental variation 
curves of charge weight according to the energetic 
consumption of the equipment; the interpretation of 
experimental results will be finalized through the 
determination of some analytical equations that 
describe the curves experimentally obtained. 

 
2.1. Management of the experiment 

 
For simulating the final heat treatment process 

of AlCu2,5Mg aluminum alloy it is necessary a 
minimum number of three experiments according to 
3k factorial experiment theory previously presented. 
In this case k = 1 particularly it is a variation factor: 
heating time. 

There are presented in table 3. the variation 
interval and basic level for programming the 

experiment, and to determine the energetic 
consumption for the two alloys. 

 
Table 3. Programmed experiment 

Factor weight, g 
Basic level 500 
Variation interval 200 
Superior level (+1) 700 
Inferior level (-1) 300 

 
With the help of the obtained experimental 

results it determines the energetic consumption for 
each charge. I mention that heating temperatures, 
holding times and cooling conditions are similar for 
each experiment and variable is the weight of the 
charge.  

 
2.2. Experimental results for  

AlCu2,5Mg aluminum alloy 

 
The experiment made in different days holding 

the initial heating conditions for equipments and for 
charges.  

The experimental results for AlCu2,5Mg alloy 
are presented in tables 4 and 5.  

 

Table 4. Temperature variation for classical furnace for AlCu2,5Mg alloy 
Temperature variation, °C Time, 

sec. 0 100 g 300 g 500 g 700 g 900 g 
0 19 21 23 27 25 22 

60 33 40 35 40 45 32 

120 63 61 63 69 76 60 

180 97 94 96 104 109 93 

240 133 130 133 138 144 127 

300 168 165 163 171 178 160 

360 201 198 196 203 209 192 

420 240 229 227 234 241 223 

480 267 259 255 263 271 253 

540 297 288 283 291 299 281 

600 325 315 308 317 322 307 

660 352 341 333 341 346 331 

720 378 365 357 364 369 354 

780 402 387 379 387 390 375 

840 425 409 399 406 410 395 

900 448 430 419 425 429 414 

960 468 450 438 444 446 432 

1020 487 469 457 461 464 449 

1080 507 487 473 477 480 465 

1140 525 505 492 493 495 481 

1200  525 506 508 511 495 

1260   525 525 525 509 
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Table 5. Variation of heating time and total consummated energy at 
 heating depending on the weight of the charge for AlCu2,5Mg alloy 

Classic  
Weight, g Total heating time , s Total energy, Wh 

0 g 1134 567 

100 g 1200 600 

300 g 1256 628 

500 g 1256 628 

700 g 1260 630 

900 g 1319 659,5 

Variatia timpului de incalzire cu greutate sarjei, in cuptorul clasic - AlCu2,5Mg

y = -0,0001x
2
 + 0,2925x + 1155,4

1100
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1350
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greutate, g
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Fig. 2. The diagram of heating time variation with charge weight from 

 AlCu2,5Mg, in classic furnace. 
 

 
 

Total energy consummated in heating was 
calculate taking into account the function time at 
maximum power with the relation: 

E = P t. 

2.3. The experimental results for Cu4Mg1 

aluminum alloy 
 

The experimental results for AlCu4Mg1 alloy 
are presented in table 6. 

 
Variatia energiei cu greutatea sarjei, pentru cuptorul clasic - AlCu2,5Mg

y = -7E-05x
2
 + 0,1463x + 577,71
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Fig. 3. The diagram of consummated energy variation with charge weight  
of AlCu2,5Mg, in classic furnace. 

 

-  98  -



FO N D AT Ă
19 76

 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2007, ISSN 1453 – 083X 

 
 

Timpul de incalzire in cuptorul clasic

y = -0,0002x
2
 + 0,413x + 1139,6
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Fig. 4. The variation diagram of heating time with weight charge  
of AlCu4Mg1, in classic furnace 

 
Table 6. The variation of total heating time and consummated  

energy according to charge weight for AlCu4Mg1 alloy. 
Classic  

Weight, g Total time, s  Total energy, Wh 

0 g 1134 567 

100 g 1176 588 

300 g 1270 635 

500 g 1260 630 

700 g 1313 656.5 

900 g 1320 660 
 

Variatia energiei, pentru AlCu4Mg1, incalzit in cuptorul clasic

y = -0.0001x
2
 + 0.2065x + 569.79
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Fig. 5. The variation diagram of consummated energy with charge weight  
of AlCu4Mg1, in classic furnace 
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3. Conclusions 
 

The chosen research methodology permits 
effectuation of the experiments for studying the 
energetic consumption of chosen heating equipments 
through: 

- The correct adoption of a heat treatment 
technology for the study of the two different 
aluminum alloys; 

- The election of some performing 
furnaces to control heating process for the made 
heating operations; 

- The election of some modern 
installations to determine the exact chemical 
composition of the studied materials; 

- The management of the experiment and 
possibility of analytical interpretations of the results. 

After the experiment were made it was 
remarked the increase of energetic consumption 
respectively heating time once with the increase of 
charge weight. The charge weight was varied with 
100g.  

At the same time, there were experimentally 
found out the variation equations of heating time until 
a certain temperature with charge weight; the 
variation equations of the consumed energy with 
charge weight.  

Thus, from the analysis of experimental data, 
there are noticed bigger heating times for AlCu2,5Mg 
alloy. 
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ABSTRACT 

 
Nitriding at low temperatures, 450-500oC of austenic stainless steels lead to 

the obtaining of the tough layers over 1000 HV005 but having thicknesses of tenths 
of microns. Moreover, nitriding at 500ºC has determined the obtaining of layers of 
combinations with carbonitrades that caused a severe decrease of corrosion 
resistance. Nitriding at 1050ºC with an enriched nitrogen austenitic diffusion 
structure. The nitrogen concentration ensures, by the increase of the diffusion 
speed, a high layer depth of millimeter tenths,under the saturation limit lead to a 
reduced strength down to 500 HV005. The nitrated layer has displayed good 
properties of corrosion resistance and a twofold increase of the abrasive wear 
strength, which recommend the treatment for numerous practical applications. 

 
KEYWORDS: Austenite, nitriding, corrosion, abrasion 

 
1.Introduction 

 
By nitriding we want to improve the strength 

properties, mainly the superficial strength in order to 
ensure an abrasion resistance of the austenitic 
stainless steels. Such steels are characterized by a 
good corrosion resistance but the strength during 
solution tempering, the usual delivery and usage 
condition is low, below 200 HV5. 

Nitriding must ensure the formation of an 
improved strength superficial layer but also of a 
structure that should ensure the conservation of the 
corrosion resistance properties. 

Nitriding at low temperatures of 450-500ºC in 
fluidized layer has lead to the obtaining of superficial 
layers with strength over 1000 HV005. Strength is 
higher in the case of nitriding at 500ºC and over this 
temperature due to the formation of the layer of 
combinations made of iron, chromium and other 
elements nitrates, with high strengths. In this case, 
yet, the corrosion resistance of the steels has been 
strongly affected. In the case of nitriding at 450ºC in 
fluidized layer and below this temperature there have 
been obtained strengths of somehow lower strengths, 
with a little over 1000 HV005, the superficial layer 
being composed of solid austenite solution enriched 
with nitrogen and fine separations of chromium 
nitrates. In this case, the mono phase austenitic layer 
displays good corrosion resistance properties 

comparable with those of the original materials or 
even better. Yet, in the conditions of low temperature 
nitriding, the nitrated layer depth is very low, of only 
a couple of tenths of microns, the higher the 
treatment temperature is higher. 

In order to obtain high depths nitrated layers in 
the conditions of treatment times of 3-4 hours as well 
as in the case of low temperature nitrading, we 
considered necessary the testing of the austenitic 
stainless steels at high temperature nitrading. 

For the high temperature nitrading nitrogen was 
used as active atmosphere. Until 900ºC, the nitrogen 
atmosphere represents a neutral protection 
atmosphere. Over 900ºC, nitrogen becomes active 
due to the thermal dissociation. Envisaging fact that 
in the case of the austenitic stainless steels, the 
temperatures used for austenizing for the purpose of 
solution dipping tempering range between 1050-
1150ºC, we opted for the temperature of 1050ºC. The 
temperature is on the lower side of the range and 
satisfies the condition of nitrogen dissociation and in 
the same time limits the tendency of excessive 
granulation increase, with effects on the mechanical 
properties but also corrosion resistance. 

For a coherent and homogenous research, the 
treatment has been accomplished also in fluidized 
layer. The nitrogen fluidizing trial at high 
temperatures proved to be improper, experiencing 
swabbing and channel formation caused by the 
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unfavourable thermal conditions of nitrogen and 
mainly due to the low fluidity of the same. The 
improvement of the fluidizing characteristics has 
been obtained by adding 30% of NH3, which, by 
dissociation, offers hydrogen to the atmosphere, a gas 

with proper thermophysical properties and good 
fluidification.  

For the research we used samples of 6 
austenitic stainless steel CrNi and CrNiMo whose 
chemistry is presented in Table 1. 

 
 

Table 1 
Steel 
code 

Related mark 
SR:EN 10283-98 

% 
C 

% 
Mn 

% 
Si 

% 
Cu 

% 
Cr 

% 
Ni 

% 
Mo 

% 
Ti 

% 
V 

1 X2CrNi18.8 0,12 1,24 1,64 0,06 23,2 9,8 0,11 0,01 0,02 
2 X6CrNi18.10 0,06 1,55 0,65 0,08 17,1 9,3 0,05 0,60  
3 X2CrNi18.9 0,03 1,27 0,42 0,19 18,9 8,95 0,15 0,01 0,02 
4 X2CrNiMo17.11.2 0,02 2,06 0,78 0,27 20,0 8,8 2,7 0,03 0,03 
5 X6CrNiMoTi17.12.2 0,045 0,96 0,54 0,16 18,1 11,6 2,04 0,32  
6 X1CrNiMoCu20.18.7 0,02 1,12 0,41 0,70 20,1 18,1 6,1  0,2 

The samples were prepared from sheets having 
the dimensions of 60x20x3mm, adjusted by grinding 
for the rounding of the edges and then with abrasive 
paper with 400 granulation pointage on all surfaces. 
Before treatment, the samples have been washed, 
degreased and dried, then nitraded in fluidized layer 
at the temperature of 1050ºC, being maintained for 1, 
2, 3 hours.  

From the nitrated samples have been cut for the 
strength trials and structure analysis. These have been 
embedded in resin, adjusted, grinded on 

metallographic paper and polished with diamond 
paste. 

 

2. Analysis of the samples  
nitrated at 1050ºC 

 
For the highlighting of the nitrated layer, layer 

depth and nitriding process intensity Vickers HV005 
strength trials have been done, with a pressure load of 
0.50N. The results of the trials, strength variation on 
the nitrated layer depth are presented in figures 1.
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Fig. 1. Strength variation over the nitrogen enriched layer 
 

The analysis of the strength trials show that the 
maximum strengths registered after the nitriding 
treatment at high temperature for 3 hours, range 
between 450HV005 and 500HV005 

Higher values, even over 500 HV005 occur in the 
case of high carbon steels, with or without stabilizing 
elements, titan and niobium, namely the steels coded 
1, 2 and 5 and a little bit lower in the case of steels 
coded 2, 3 and 6. Also, the depth of the nitrated layer 

estimated on the basis of the strength variation curves 
is presented in table 2 for each material. The analysis 
of the values show that the highest depth is recorded 
at the steel code 4, where the ratio ECr/ENi has the 
highest value. One cannot say that this rule is valid 
for all materials as the process is influenced by many 
factors. The values of the nitrated layer depths are up 
to 10 times higher than in the case of low temperature 
nitrated steels.  

 
Table 2 

Layer thickness  Hardness HV005 Steel code ECr/ENi [μm] [x10 MPa ] 
1-X2CrNi18.8 1,78 275 498 
2-X6CrNi18.10 1,26 190 508 
3-X2CrNi18.9 1,95 250 458 
4-X2CrNiMo17.11.2 2,23 340 435 
5-X6CrNiMoTi17.12.2 1,48 250 498 
6-X1CrNiMoCu20.18.7 1,40 240 468 

3. Analysis of the samples nitrated  
at 1050ºC 

 
The analysis of the samples nitrated at 1050ºC 

does not show the presence of any distinct presence 
superficial layer, figure 2. The lower strength 

recorded indicates a lower nitrogen concentration, far 
from the saturation limit.  

X-ray analysis indicates in the diffractogram 
from figure 3 the presence of the droplets for the 

diffraction angles of the γN phase – austenite enriched 

in nitrogen and γFe– the original austenitic solid 
solution. 

 

 
 
 

Fig. 2. Microstructure of steel code 4 
X2CrNiMo17.11.2. nitrated at 1050ºC.x400 
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Fig. 3. Diffractogram of the nitrated samples at 1050 ºC, code 4 X2CrNiMo17.11.2. 

 

4. The analysis of corrosion behaviour in 
saline mist of the nitrated steel at 1050ºC 

 
In figure 4 there are presented comparatively the 

results of the corrosion resistance in saline mist STAS 
9229-95 for the samples nitrated at 1050ºC and the 
initial samples over 300 hours of weighing every 100 
hours. 

The analysis of the results shows a similar 
behaviour of the materials at the corrosion in saline 
mist, mass losses and average corrosion speeds 
calculated being very close. In figure 5 there are 
presented comparatively the average corrosion speeds 
in saline mist for all six materials tested. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Variation of mass losses in time at the corrosion in saline mist for the original samples and 
those nitrated at 1050ºC. 

 
 
      
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 Fig. 5. Average corrosion 
speeds in saline mist for the 
original materials and those 

nitrated at 1050ºC 
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As expected, having in view the fact that the 

structure of the material after treatment remained 
mono phase, austenitic, the corrosion strength has 
maintained, the materials matching the Perfectly 
resistant material group, namely: steels code 1, 2, 3, 
4, 5 class two with merit note 1.2 and steel code 6 
class one with merit note 1.1. Even a slight decrease 
of the average corrosion speed is manifest.The high 
potential dynamic curves for these materials nitrated 
at 1050ºC, in comparison with the original materials 

confirms the maintaining and even the improvement 
of the corrosion behaviour by this nitrating. In figure 
6 we present comparatively the polarization curves 
for the steel code 4 - X2CrNiMo17.11.2 in the initial 
stage and after nitrading at 1050ºC. 
The analysis of these polarization curves sow a slight 
extension of the passive domain and its shifting 
towards more electropositive values, and also a slight 
reduction of the corrosion current in the passive 
domain. 
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Fig. 6. The potential dynamic curves traced for the original materials and those nitrated at 
1050ºC of steel code 4 - X2CrNiMo17.11.2 

 
5. Analysis of the abrasive wearing 

strength of the steels nitrated at 1050ºC 
 

The results of the abrasive wearing tests STAS 
9639-81, using a friction coupling abrasive disk-pin, 

are presented in tab. 3. We mention that the working 
parameters of the trial remained the same as in the 
case of the trials performed before. 

 
Tabelul 3 

Initial samples Nitraded samples at 1050oC 
Hardness 

HV005 

Abrasive 
wear 

Layer depth Hardness 
HV005 

Abrasive 
wear 

Steel code 

x10 MPa g μm x10 MPa g 
1-X2CrNi18.8 198 0,0062 275 498 0,0031 

2-X6CrNi18.10 202 0,0065 190 508 0,0030 

3-X2CrNi18.9 188 0,0065 250 458 0,0036 

4-X2CrNiMo17.11.2 180 0,0069 340 435 0,0039 

5-X6CrNiMoTi17.12.2 204 0,0064 250 498 0,0032 

6-X1CrNiMoCu20.18.7 182 0,0071 240 468 0,0035 
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Fig. 7. Behaviour at wearing of the samples nitrated at 1050ºC comparatively with the initial ones. 
 
 

In figure 7 there are presented comparatively 
the mass losses due to abrasion for all six materials 
both in initial state as well as nitrated at 1050ºC in 
fluidized layer. From the analysis of the results an 
increase of the wearing strength of almost 2 times for 
all analyzed materials.  

 

6. Conclusions 
 

Nitrading in fluidized layer at high temperature 
of 1050ºC leads to the obtaining of layers with 
strength of around 500HV005 with a fairly big 
thickness of tenths of millimeters in 3 hours of 
treatment. The layer has a good corrosion resistance 
comparable to that of the initial materials and twofold 
abrasion strength. 
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ABSTRACT 
 

Hereby paper work aims to identify and analyze the structural constituents 
from the steel making shop slag. Therefore, slag specimens sampled from different 
stages of steel making-continuous casting flow sheet in Mittal Steel Galaţi: after 
desulphuration, after converter tapping, from LF area, after continuous casting. By 
X ray difractometer analysis the existing phases in investigated stages based on 
diffracted crystallographic planes enhanced the variation graphs of lines intensity 
depending on diffraction angles drawn. The results achieved together with the 
followed technological parameters formed the data basis in order to perform a 
detailed analysis about progressing of each technological stage itemized 
(apparition conditions, effects) setting the requirements for optimization of steel 
making-continuous casting flow sheet in Mittal Steel Galati ferrous metallurgy 
area. The recorded information corroborated by values of physical-chemical 
characteristics of slag investigated should allow the making and testing of several 
technological solutions for capitalization and recirculating of these materials. 

 
KEYWORD: slag, recirculating, capitalization. 

 
 

Introduction 
 
The lasting development program of the 

Romanian ferrous metallurgy includes as major task 

the establishing of the intensive capitalization and 

recirculating technologies for steel melting shop slag. 

The slag has to be suitable to conditions 

required by dynamic trials and/or matched with 

weather conditions (temperature variations) in order 

to be recycled in ferrous metallurgy or roads 

manufacturing.  

This is caused by physical-mechanical 

characteristics like granularity, content of impurities, 

density, water uptake, shape of grains, impact crashing 

resistance, wear resistance, freezing-thawing resistance, 

polishing resistance, binders stickiness.  

Steel melting shop slag is a dense material with 

rough density >3.2 g/cm3, lasting stickiness and 

erosion resistance which allow it to be used in roads 

manufacturing for lifting layers or asphalt layers 

submitted to high requests. 

 

The main performances of the steel melting 

shop slag characteristics against the products made of 

crushed stone and those from pit ballast, mostly used 

in roads manufacturing, are submitted in table no.1. 

Magnetic separation of metallic inclusions and 

granularity screening are compulsory before use 

(chemical and mineralogical one at the same time) 

getting: 

- a ferrous product, recyclable in ferrous 

metallurgy; 

- 0.8 ÷ 0.16 type named disaggregated slag 

recyclable in both ferrous metallurgy and roads 

manufacturing;  

- >16 mm type named non-disaggregated slag 

recyclable in roads manufacturing only. Slag 

fragments have heterogeneous texture varying from 

porous - alveolar up to compact, varying suitable 

from light to dark gray color, even brawn. Visual 

separation reveals a mass content with ~ 70% porous 

fragments and ~ 30% compact fragments. 

Structural constituents were found out during 

laboratory tests for estimating the possibilities of 

using these slags. 
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Table 1. Characteristics of the steel melting shop slag 

Characteristics Slag Crushed ag. Pit ballast ag. 

Apparent density, kg/mJ 3300-3500 2500-2700 2600 

Water uptake, % from mass 0,7-1,0 <0,5 <0,5 

Grain shape – shape coefficient, % <10 <10 <10 

Crushing degree, % from mass 13-17 17 21 

Wear by Los Angeles machine, % 18-22 12 21 
Compression strength, N/mm2 320-350 260 250 

Freezing-thawing resistance, % from mass –

frost cleftness coefficient  
<0,5 <0,5 <1 

Bituminous earth stickiness, % >90 >80 >80 

Polishing coefficient (PSV), % 58-61 48 45 

 

Experimental results 
 

Four dust slag samples were exposed in CoKα 

radiation, sampled from the manufacturing flux of 

OLD1 Mittal Steel Galaţi, codified as it follows: D 

code - slag resulted after iron desulphuration; OLD code - 

slag tapped after elaboration in LD converter; LF code 

- slag resulted after treatment in LF plant; TC code - slag 

resulted after bubbling in ladle; 

Phases identified by X ray difractometric 

analysis and their specific difractometric parameters 

(diffraction angles, distances between planes, Miller 

coefficients of crystallographic planes) are submitted 

in table no. 2. Phase quantitative ratio values are 

estimated for each sample. Graphical representation 

of structural constituents identified in samples (lines 

intensity depending on diffraction angles) may be 

seen in fig. 1÷4. 

Table Difractometric parameters of analyzed samples  

Sample 

code 
Identified phases 

Phase quanti-

tative report  

[%] 

Miller coefficients of 

crystallographic planes (hkl) 

Crystallographic 

system 

Ca3Si2O7 

rankinit 

40,3 (202);  (112); (221); (121); (320); 

(124); (115);  
M 

CaC2  7,7  (101); (110); (111);     T 

Fe2O3 18,7 (112); (101); (202); (123); (224); 

(202); (134); (231); 
R 

Feα 21,0 (110); (200); (211); (220); C.V.C. 

D 

MgO 12,3 (111); (200); (220); (400); C.C. 

2CaO·Al2O3·SiO2  

gehlenit 

38,3  (111); (201); (211);  (220); (311); 

(400); (323); 
T 

Fe2O3 29,0  (101); (112); (101); (102); (202); 

(123); (103);(224);(134);(204); (235) 
R 

CaO 22,5 (111); (200);(220); (222); (331); 

(400);(420); 
C.F.C 

            

OLD 

 

FeO 10,2 (111); (200); (220); (311); (222);  C.F.C 

βCaO·SiO2 

wollastonit 

38,0 (400); (310); (501); (203); (710); 

(313);(631);(322);(314);(223);(205) 
Tr  

CaO·Al2O3·2SiO2 anortit  36,1 (220);(004);(204);(132); (130);(111) Tr 

CaS 11,3 (111); (200); (220);  C.C. 

LF 
 

αAl2O3 14,6   (112); (102); (202); (123); (234); 

(202); (131); (134); (225); 
H 

2CaO·Al2O3·SiO2 gehlenit 14,7  (111);(211);(212);(400);(410);(600) T 

γ Ca2SiO4 33,9 (020); (103);(113);(121);(104);(311) O 

αAl2O3 19,0 (112);(102);(202);(134); (231);(204) H 

CaO 9,4  (200); (220); (332); (222); (400); C.F.C 

TC 

Al2O3 ·SiO2 23,0 (122);  (230); (042);  O 
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Fig.1. Diffraction lines intensity variation 
depending on diffraction angle. D code sample. 

 

Fig.2. Diffraction lines intensity variation 
depending on diffraction angle. OLD code sample. 

 
 

 

Fig.3. Diffraction lines intensity variation 
depending on diffraction angle. LF code sample. 
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Fig. 4. Diffraction lines intensity variation 

depending on diffraction angle. TC code sample. 
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Difractometric analysis results enhanced the 

followings: 

- D code slag beside the constituents specific 

for desulphuration plant reactions (calcium silicate 

Ca3Si2O7, CaC2, MgO) contain also ferrous as 

chemical element, in a non-allowed large quantitative 

ratio (21,0%) as well as Fe2O3 oxide in 18,7% 

quantitative ratio;  

- OLD code slag has in composition, beside 

complex calcium silicate and calcium oxide, a 

significant ferrous content like FeO (10,2% quantitative 

ratio) and Fe2O3 in 29,0% quantitative ratio;  

- LF and TC code slag beside CaO, Al2O3 as well 

as simple or complex calcium and aluminum silicates 
do not content ferrous oxides;  

Analyzing the results allowed characterisize the 

each technological stage running of the flow sheet in 

OLD1 Mittal Steel. 
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Iron presence in several of the investigated slags 

allowed finding out the deficiencies in the 

desulphuration process and converter steel making as 

well as stating the actions required in order to get rid of 

them. 

Ladle iron desulphuration is considered to be an 

efficient process if it achieves the sulfur content 

decreasing up to the required values without 

increasing the iron content in slag. Several suitable 

desulphurating materials feeding in order to provide 

the making a slag with large sulfur absorption 

capacity and high flow ability to ensure the iron 

particles spreading in metallic bath may achieve this. 

Shop steel making is achieved by combined 

blowing procedure (oxygen on the top side blown by 

lance and inert gases bubbling blown by nozzles located 

at the converter bottom side). This flow sheet performs 

as close as optimally possible when the slag is active 
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and basic since the beginning of the oxygen blow 

providing the increase of iron quantity in the metallic 

bath. 

Á  Based on the information received it passed to 

improving the technological flows of iron desulphurating 

and converter steel making, in order to significantly 

decreasing the iron losses and experimenting the 

methods of exploitation the steel melting shop slag.   

  

Conclusions 
 

X ray difractometric analysis found out the 

structural constituents existing in the steel melting shop 

slag, bringing information required for complete 

featuring of these materials. 

The results allowed enlarging the data basis 

regarding: 

- The finding out of eventual deficiencies on the 

investigated flow sheet and stating the actions required 

in order to get rid of them; 

- The delimitation areas of using the steel melting 

shop slag and testing the several receipts in order to 

reuse these materials; 

The drawing up and testing of some technological 

solutions intended for valuating and recirculating the 

steel melting shop slag. 
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ABSTARCT 

 
Severe plastic deformation (SPD) is an advanced plastic deformation. In this 

process nanostructuring metals and alloys may be produced. Nanostructured shape 
memory alloys are associate with a very high strength, toughness, fatigue life and 
wear resistance. In recent, bulk nanostructured SMA are used for medicine 
advanced applications and smart micro devices. In this paper we present the 
concept and principles SPD. There are two distinct methods: Equal Channel 
Angular Pressing ECAP or Equal Cannel Angular Extrusion –ECAE and High 
Pressure Torsion – HPT. Also we present some results about nanostructuring a 
hard deformable shape memory alloy using a original HPT, and a improved ECAE 
device.  

 
KEYWORDS: severe plastic deformation, ECAP, HPT 
 
 

1. Introduction 
 

Herbert Gleiter presents in 1989 the concept of 
nano crystalline materials (ultrafine grained materials 
with a grain size under 100 nm) [1]. Since then this 
advanced material class has rapidly developed 
because technological and scientific importance.  

Nanocrystalline materials contained extremely 
large fraction grains boundaries with a special atomic 
structure.  

As a result, nanomaterials should have unusual 
properties. It is a very well known that grain 
refinement provides mechanical strength and thus can 
expect ultrafine grained materials to possess very 
high strength. Moreover, introduction of high density 
dislocations in SPD processed nonmetals may result 
in even greater hardening. In this case we have 
decreases ductility and can say that the strength and 
ductility are opposing characteristics.  

Nanostructured metals show unique combination 
of exceptionally high strength and ductility. 

Bulk nanostructured materials may be obtained 
in different ways: from nanopowders mixed in ball 
milling or mechanical alloying and compacting or by 
inert gas condensation.  

The named methods have inconvenient like 
porosity or small dimensions (1 mm in thickness and 
10nm in diameter). 

 

A new approach in metallic nanomaterials 
processing is the plastic deformation using severe 
deformation degree. From the very beginning severe 
plastic deformation have been developed two 
techniques. Those techniques are – high pressure 
torsion (HPT) and equal channel angular pressing 
(ECAP) or equal chanell angular extrusion (ECAE)   

 

1.1. Equal Channel Angular Extrusion 
 

Equal channel angular extrusion was 
developed in 1980s in the former Soviet Union [2]. 
Method provides smallest grain size (1-10 µm) with 
certain advantage in comparison with classic thermo- 
mechanical processes.  

One advantage is that the method is applicable 
for all metallic material no mater chemicals 
composition, mono or polycrystalline without 
modification process parameters. ECAE provide de 
capability of produce in large bulk samples 
submicrometers or nanometers grain size that cannot 
be obtained using non conventional procedures. On 
the other hand ECAE may be integrated into a rolling 
line or wires line for log products. During the ECAE 
process metal billet is pressed through a die which 
present two channels equal in cross section and 
intersecting at an angle Φ (fig.1.)  
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Piston 

 
 
 

The billet undergoes essentially simple shear 
deformation but retains the same cross sectional 
geometry. The equal section in both channels makes 
possible multiple passes. 

Repeated passes develop a very large 
deformation in bulk products. This process also leads 
to the formation of strong crystallographic texture in 
the material because a rotation of sample is possible 
[12](fig.2)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Equal channel extrusion dies 

Die 

Inner channel 
intersection 
Φangle(900) 

Outer channel 
intersection ψ 
angle 

Sample 

 

Traseul A 

Traseul C 
900 

Traseul BC

Traseul BA

1800 

Fig. Trasee de deformare plastică în 
procesul ECAE 

Fig.2. Billet routes to the die. 

 

 

Fig.2 Different ECAE routes 

Route Route 

Route Route 
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The strain imposed on the sample in each 
deformation depend the angle Φ and also the angle Ψ, 
representing the outer arc of the curvature were two 
channels intersect (fig.3). 

The corner angle Ψ is very important because 
the bigger the angle Ψ induce inhomogeneous metal 
[10] flow respectively inhomogeneous structure and 
properties (fig.4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3. Schematic die with inner angle Φ > 900

, and outer angle Ψ=00
 (a), 

Φ > 900 and Ψ>00(b), Φ =900 and Ψ=00(c), [10]

Piston

Die

Shear plane 

� � �

Sample ψ

a   b c

 

 
 

 
 

 

Fig.4. ECAE – various corner angles [10] 

 

2. Experimental 
 

2.1. A new conception ECAE device 
 

In University of Galati, Plastic Deformation 
and Heat Treatment department a new ECAE device 
was developed. Based on scientific reports [9] these 
devices reduce significantly friction in the vertical 
channel. A Classic ECAE has four friction surfaces 
between device and sample. In the new method three 
friction surfaces was eliminated. The piston has a 
special form for supply the die with material without 
excessive friction force (fig. 5). Also in the section 
the piston has been eliminate the effort concentrators 
because a large radius was used. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5. The parts of the new ECAE die 

a 

c b 

a. piston, b. the die body, c. the die knife 

-  113  -



 

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

FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 
N0. 2 – 2007, ISSN 1453 – 083X 

 

FONDATĂ
1976

 

2.2. A new method HPT 
 

The HPT method involved a high pressure and 
a few rotations under this load. We developed a new 
HPT process for hard deformable materials. The news 
consist deformation at the high temperatures. This 
temperature is generated in system by friction at high 
piston rotations. All the process time pressure is 
action under piston. The HPT scheme is shown in 
figure 6. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. HPT Scheme 
1. revolving plunger, 2. container, 3. sample, 

 4. support plunger 
 

3. Results and discussions 
 

The new HPT method was applied on the 
shape memory alloy cooper based (Cu 12.88%wt Al 
4%wt Ni). The samples used in severe deformation 
process were: hot extruded (Ф 4mm x 6 mm) and 
plates after ausforming (8mm x 8mm x 0.25mm). The 
structure of extruded samples was α, γ and pre 
martensitic forms with huge grains (fig. 7a.). The 
structure of plates after ausforming was typical γ’ 
martensite (fig.7.b.). 

After SPD HPT we obtained fine structures 
with nanometers grains size (fig.7.c)  

 
4. Conclusions 

 
• A new ECAE device was designed for 
reduce the processing force with reduce the friction 
between sample and die. Also the piston shape reduce 
the tensions concentrators.   
• A new HPT method was developed and 
tested under hard deformable shape memory alloy.  
• The nanostructure grain size was obtained. 

 

P, T, 

1 

2 

3 

4 

a 

b 

c 

 

Fig.7. Shape memory alloy Cu 12.88%wt Al 
4%wt Ni 

a- hot extruded, b. quenched after hot rolling 
(asformed), c. nanostructured 
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ABSTRACT 
 

The time period in which the intermetalic sheet cover is developed into the 

gold sphere in alumina is fully known being relatively not much literature regarding 

the morphology ant intermetalic phases growth in the copper sphere related to the 

core with metal alumina. The optimisation and development of thicker copper 

wiring related in the linkage process(bonding process) for each application needs a 

intermetalic cover linkage bonding and the growth of intermetalic Au-Al phase 

which takes place after isothermic eldering.  

This study describes the problems and aspects associated with detemining of 

the covering area and of the layer and a few characteristics of intermetalic  Cu-Al 

and Au-Al compounds are brought in evidence by the difference between the growth 

the Au-Al intermetalic phases and Cu-Al intermetalic phases. 

Positive aspects and the gold enheritage of gold and copper in this spherical 

bonds in are shortly discussed.  

 
KEYWORDS: intermetalic, alumina, gold 

 

 

1. Introduction 
 

Wire-bonding is a main interconnection process 

in the packaging industry. Wires are bonded to Al 

pads using combined thermal and ultrasonic 

activation. Gold wires are the widely used and well 

characterized media for this process [1]. Recently, the 

use of copper wires is of interest to the industry due 

to its electrical and mechanical properties. 

Since copper is relatively hard and readily oxidized, 

the use of copper wires in industrial interconnection 

processes requires special bonding procedures and 

equipment. 

Moreover, due to the relatively slow formation 

of Al-Cu intermetallics, examination of the as-bonded 

Al-Cu interface by conventional characterization such 

as optical microscopy (OM) and scanning electron 

microscopy (SEM) with energy dispersive 

spectroscopy (EDS), provide almost no information 

related to the deterioration of the wire-bonds as a 

function of the bond life. Until today, the Al-Cu wire-

bond interface was investigated by OM and SEM in 

samples which were mechanically polished, making it 

difficult to distinguish between the different Al-Cu 

intermetallics. Attempts were also made to resolve 

the intermetallic composition of the bonds via EDS 

incorporated in SEM [2]. In the present study, 

transmission electron microscopy (TEM), scanning 

transmission electron microscopy (STEM) and TEM-

EDS were used for quantitative analysis of the 

intermetallic composition of as-bonded and heat-

treated Al-Cu wire-bonds. A dual beam focused ion 

beam (FIB) was used to prepare sitespecific TEM 

samples. FIB was also used for preliminary analysis 

of cross-sections by ion-beam and high-resolution 

SEM. In order to understand the processes that occur 

at the Al-Cu interface, as-bonded samples and 

samples annealed in air and argon were prepared. 

The channeling effect may occur for incident ions if a 

crystal in the sample is oriented in a low index zone-

axis. In these conditions, the ion beam will penetrate 

deeper into the target before significant inelastic 

scattering occurs, resulting in a lower probability of 

secondary electrons escaping from the sample due to 

their limited mean-free-path. As a result, grains 

oriented in a low index zone-axis will have a darker 

contrast than randomly oriented grains (Figure 1). 
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Figure 1. (a) Secondary electron SEM micrograph of the as-bonded Al-Cu interface and (b) ion 

induced secondary electron micrograph of the same specimen, showing the Cu grain morphology. 
 

 
 

Figure 2. HAADF-STEM micrograph of the as-

bonded Al-Cu wire-bond cross-section. A 

nonuniform intermetallic region is evident. 
 

 

Figure 2 presents high angle annular dark field 

(HAADF) STEM micrograph of an area of the as-

bonded Al-Cu wire-bond, indicating that intermetallic 

phases are formed in the as-bonded samples[3].  

EDS analysis confirmed the presence of Al-Cu 

intermetallics, and that changes in the Cu 

concentration in the large intermetallic region was not 

monotonic as a function of a distance from the copper 

layer. 

The composition of the intermetallic regions in 

heat-treated samples was evaluated by TEM-EDS 

and, wherever possible, confirmed by selected area 

electron diffraction patterns (Figure 3). 

 

 

 

 

 
 

Figure 3. Bright field TEM micrograph of a 

central region of a Al-Cu wire-bond annealed 

for 24 hours in argon at 175°C. The inset 

diffraction pattern is of the dark intermetallic 

grain. 
 

2. Tape Automated Bonding (TAB) 

 

          They will accommodate the flat TAB tape lead 

and provide the proper material for a reliable 

connection to the tape[4]. The bump fabrication 

process uses a metal deposition and plating process. 

First a series of barrier  and seed layers of metal are 

deposited over the surface of the wafer. A layer of 

photoresist is deposited over these barrier and seed 

layers. A photomask is used to pattern the locations 

over each of the pads that will be bumped.  
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An etching process exposes the pads, and the open 

resist hole defines the shape and height of the bump. 

The bump, which is typically gold, is then 

electroplated over the pad and the deposited barrier 

metals. Once the plating is complete, a series of 

etching steps are used to remove the photoresist and 

the barrier metal layers that are covering the rest of 

the die. The gold bump protects the underlying 

materials from being etched. 

While gold bumping is the most common, 

copper, tin-lead, as well as layered combinations of 

these materials are used for bumping. An alternative 

to die bumping is to create bumps on the tape. For 

high lead counts, wafer bumping is more common. 

Figure 4. illustrates a completed bump and a TAB 

tape lead. 

 
 

Figure 4. Tab with wafer bumping [5]. 
 

Gold top wafer metallurgy had been practiced in 

the past. With exception of GaAs and TAB, gold had 

been replaced by aluminum interconnects and then by 

advanced copper interconnects. Lower material cost 

plus ultra-fine line capabilities of both aluminum and 

copper were reasons for the displacement of gold as 

interconnect. However, to enter high temperature IC 

applications, to achieve superior reliability or to 

dissipate greater power, the resurrection of gold as the 

top metal is both practical and effective. This 

protective gold top is coined Power Au for the ability 

of gold to increase power capabilities of ICs, 

packages and systems. 

Au wire bonded to aluminum forms many Au-

Al intermetallics. This interdiffusion of Au atoms into 

Al bond pads is well studied. At higher temperature, 

diffusion and growth rate of intermetallics also 

accelerate. If the entire thickness of aluminum bond 

pad were converted into Au
4
Al intermetallic, then the 

poor adhesion of Au
4
Al to barrier metal between 

aluminum layers can result in wire bond separation 

and electrically open failure.  

Even as Au
4
Al intermetallic is growing, 

Kirkendall’s voids coalesce into hairline crack at 

intermetallics interface. These weakened interfaces 

are susceptible to stress failure and again result in 

electrically open failure. 

The metal between Power Au and Al is not a perfect 

barrier however. Under higher temperature testing, 

barrier metal does eventually break down. Above 

250°C plus self heating from 860mA current, gold 

atoms punch through the barrier metal and then gold 

diffuse into aluminum. Rapid diffusion of Au into Al 

forms visible ‘purple plague’ within aluminum.      

Scanning electron microscopy show a void in the 

Power Au line immediately above contact to 

aluminum. Missing gold has diffused down into the 

aluminum. Voiding in Power Au line leads eventually 

to electrically open failure. Both selection and 

thickness of barrier metal can be optimized for even 

higher temperature applications. 

 

 
 

Figure 5. Power Au line with void above contact 

to aluminum after extremely high temperature 

testing and 860mA current. Gold diffused into 

aluminum and left a void. 
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Figure 6. Shows a cross section of a  

Au-Al bond [6]. 
 

The wire pull test is used to measure the 

strength and failure mode of the wire bond. A small 

hook is attached to the wire loop and pulled. The 

hook is generally placed at the highest point close to 

the 1st bond to gauge the strength of the 1st bond or 

next to the wedge at the 2nd bond to ensure a reliable 

weld. Generally, if the hook is placed at the mid span 

of the wire, then the test will show the weakest link of 

the bond. This is typically either the neck of the ball 

bond (right above the ball) or at the heel of the wedge 

bond. The Pull test is basically a function of the wire 

diameter. Loop height and wire span are the most 

significant factors that determines the strength of a 

wire for a given wire diameter. Shorter span and a 

lower loop will result in a lower pull strength. As 

opposed to a longer span and a higher loop height 

which will result in higher pull strength. 

Copper wire bonding is normally formed by a 

copper ball onto an aluminum based bond pad in 

microelectronic package. However, copper oxidation 

at the interface of Cu- Al bonding area causes the 

cracks, decreases the interfacial shear strength, and 

weakens the Cu-Al bonding. 

Surface analysis of ball-peeled pad of Cu-Al 

bonding using XPS demonstrates the copper 

oxidation in the Cu-Al interface after autoclave test 

(at 121oC and 100% relative humidity). The binding 

energy scans for Cu 2p on the specimen after 0, 192, 

384, and 576 hours in autoclave test chamber is 

carried out. After 576 hours corrosion, the chemical 

change of copper in a few atomic layers of surface 

from Cu to CuO. Furthermore, there are two major 

copper oxides peaks observed in the study, CuO and 

Cu(OH)2. Cu2O is not table in air and change to CuO 

immediately. Therefore, CuO2 is not expected to be 

detected at the specimen [7]. 
Low cost, high thermal and electric 

conductivity, easy fabricating and joining, and wind 

rang of attainable mechanical properties have made 

copper widely used in electronic packaging, such as 

lead frames, interconnection wires, foils for flexible 

circuits, heat sinks, and WPB traces. However, unlike 

the aluminum oxide, the copper oxide layer is not 

self-protect. 

 
 

Figure 7. SEM pictures show corrosion and a 

crack after test hour increase (X1000). 
 

Therefore, copper is readily oxidized, especially 

at elevated temperature. Copper oxidation is 

considered as a serious reliability problem in 

microelectronic package. The copper oxidation at the 

interface of Cu-Al bonding area causes the cracks, 

decreases the interfacial shear strength, and weakens 

the Cu-Al bonding. Also, Copper oxidation in the 

area of the lead frames die pad and mold compound 

causes the delamination of packages. Furthermore, 

the moisture penetrates through the crevices because 

copper oxidation induces poor adhesion in the area of 

the copper lead frames and molding compound, 

creating corrosion problem in the packages. 

 

    
 

Tempered and annealed iCu copper wire 

exhibits higher tensile strength and elongation than 

gold wire, resulting in better ball neck strength, 

reduced wire sag and excellent loop stability during 

encapsulation. Because copper exhibits better 

conductivity than gold, DHF wire allows for 
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 increased device power ratings and also accounts for 

better heat dissipation in packages.  

 

3.Conclusions 
 

Recent studies have shown that, in many 

applications, copper wire bonding can provide better 

performance and reliability than gold wire bonding. 

While copper wire and ribbon have been used in 

discrete and power devices for many years, these 

latest studies also show that successes in ball bonding 

thin copper wire to aluminum, silver-nickel plating 

and even bare copper, provide the potential for its use 

in high-end, fine- pitch packages with higher lead 

counts and smaller pad sizes. For these reasons, along 

with the lower inherent cost of copper material, 

Kulicke & Soffa Bonding Wire[8] has developed and 

optimised two copper wire products: DHF copper 

wire for ball and wedge bonds in power devices and 

discrete packages; and iCu for fine-pitch or high-end 

IC applications. 

 
Figure 8.Intermetallic thickness vs. exposure for 

6 hrs at respective temperature b) effect of wire 

material & substrate metallization on electrical 

resistance after aging.  
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ABSTRACT 

 
For melting cast iron, carbon steel, copper and copper alloys the quartzite is 

still one of the most used lining material and the most cost effective as well. The 
silica lining has to be replaced frequently due to the wear. In this paper there are 
present some aspects about the refractory lining wear in furnaces. 

 
KEYWORDS: silica, quartzite, lining wear, furnace 

 
 

1. General aspects 
 
As is known to those skilled in the art, the 

handling of high temperature liquids, such as molten 
steel, requires special materials and techniques. The 
melting temperature of steel approaches 1600 °C, a 
level above that which most containment materials 
can withstand. Moreover, molten steel usually 
includes slag that can be fluid and corrosive which 
adds to the complexity and difficulty of efficient 
handling. 

Ladles for handling such high temperature 
liquids typically have been constructed of steel outer 
shells lined with refractory brick that can withstand 
the extremely harsh conditions to which they are 
exposed. However, such brick wear and from time to 
time must be repaired or replaced. In addition, when 
high temperature liquids are poured into such ladles 
the impact forces (as, for example by a tap stream of 
molten steel) tend to markedly increase erosion in the 
lower sidewall and bottom regions of the ladle. 

The silica lining normally used has to take the 
full burden of the chemical and mechanical wear that 
is imposed upon it during the melting. Chemical 
reactions will occur during the melting. The slag 
formed has several sources and the predominant 
source differs from furnace to furnace as will the slag 
composition. 

The normal wear of a silica lining is the reaction 
of carbon with the silica 2C + SiO2 → Si + 2CO. An 
increased reaction will take place when the carbon 
content goes up and silicon goes down. Increased 
temperature will speed up not only this reaction, but 
all chemical reactions between slag, oxides and lining 
material. 

Typical refractory material life for the furnaces 
(i. e. total replacement as opposed to weekly repair of 
the pouring lip) lies between 320 and 490 runs [1]. 
The material could exceed 500 runs without problems 
as long as the pouring temperature does not exceed 
1520 oC. 

The so called “normal” slag has a very wide 
chemical composition as it is a result of several 
sources. This may come from [2]: 

- scrap with rust which gives FeO; 
- scrap with impurities such as sand and soil 

from scrap yard which gives SiO2, Al2O3 etc.: 
- slag binder not deslagged properly out of the 

furnace SiO2, Al2O3, CaO, MgO, K2O, Na2O; 
- alloying elements that are oxidized (MnO is 

the most severe); 
- returns with adhering mould sand (sand, 

bentonite, sodium silicate etc.), SiO2, Al2O3, Na2O; 
- cupola slag CaO; 
- returns of ductile iron, Mg silicates. 
The chemical composition of a slag can vary 

considerably but mostly fall inside the limits shown 
in table 1 [2]. 

 
Table 1. The chemical composition of a slag 

 
Component Variation limits 

SiO2 50 – 80 % 
Al2O3 5 – 20 % 
FeO 0 – 20 % 
MnO 0 – 15 % 
MgO 0 – 15 % 
CaO 0 – 10 % 

Alkali 0 – 5 % 
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The slag reacts with the lining material until it is 

saturated. If the temperature is increased a saturated 
slag formed at low temperature can dissolve more 
lining material. If an aggressive slag or oxide 
continuously is formed during the melting operation 
the slag attack will be unlimited. 

The liquidus temperature of the slag should be 
as low as possible to diminish radiation heat losses 
but must also result in acceptable viscosities. 
Furthermore, low liqiudus temperatures will cause 
less refractory lining wear. 

The variation of the slag infiltration in the 
refractory as a function of time and temperature is 
demonstrated, indicating that with an increase in 
holding time and temperature, slag infiltration 
increases substantially with a simultaneous decrease 
in the remaining refractory wall thickness. 

The presence of residual moisture reduces the 
surface tension of the liquid metal, thereby 
augmenting its power of penetration into the 
refractory material. This results in a penetration depth 
of approximately 60 %, which already occurs during / 
after sintering. Too much residual moisture in the 
refractory material leads to significant metal 
penetration during the first days of operation. 

The lining wear is directly influenced by the 
inside furnace space temperature. It is well-known the 
fact that the temperature is not evenly distributed on 
the entire lining thickness. The temperature decreases 
from the inside to outside of the lining, fact which 
make as well as the lining wear follow the same value 
effect. 

The lining – melt metal separation surface is 
practical the most wear yielding zone of the entire 
lining weight. Being the zone in which both the 
maximum temperature of the lining and the medium 
aggressiveness from the furnace inside is at high 
level, this is practical the most affected zone. 
Following the wear distribution way on the refractory 
wall thickness it is apparent that the lining outside 
weight remains in good state even after a long usage 
standing. 

 
2. Experimental data 

 
The reaction with the melt metal and the slag is 

the most common reason for the inside furnace lining 
wear. The lining wear is promoting in time to the 
opposite side of the furnace lining getting on after a 
time to destroy them. 

The wear distribution way analysis on the wall 
thickness was made using a Silica Mix melting 
crucible from a coreless induction furnace employed 
to iron melting process approximately 4 months. The 
furnace inside temperature was 1450 oC. After the 
melting crucible replacement, by this was taken 
samples which were analyzed. The analysis was made 
at the lining – melt metal surface (fig. 1); at 10 mm 
inside from this surface (fig. 2); at 30 mm inside from 
this surface (fig. 3); at a half of refractory wall 
thickness (fig 4) and at the outside lining surface (fig. 
5). 

 

 
 

 
Fig. 1. Lining – melt metal interface (t = 1450  oC; time = approx. 4 months) 

 
It is to notice the fact that the lining structure is 

almost destroyed at the internal surface (they are 
many metallic and slag inclusions) and become more 
and more uniform and homogeneous toward exterior. 
The fact that the lining wear is more increased at high 

temperatures is to understand concerning the pictures 
in fig. 6 and fig. 7. 

There are presented samples from a melting 
crucible used at iron melting process (fig. 6) and 
samples from a melting crucible used at aluminum 
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alloy melting process (fig. 7) (though it is to remark 
that in fig. 6 it is presented a Silica Mix furnace 
lining, while in fig. 7 it is presented an Orsova 
quartzite furnace lining). 

 
Fig. 2. δ = 10 mm from the lining – melt metal 

interface 
(t < 1450  oC; time = approx. 4 months) 

 

 
Fig. 3. δ = 30 mm from the lining – melt metal 

interface 
(t < 1200  oC; time = approx. 4 months) 

 

 
Fig. 4. δ = 1 / 2 of refractory wall thickness 

(t ≈ 700  oC; time = approx. 4 months) 

The coreless induction furnace is presently the 
most used type of melting furnaces in the foundry 
industry. By careful handling of the slag together with 
a correct choice of lining material the increase of the 
lining life can be considerable. 

 

 
Fig. 5. The exterior of the refractory wall 

(t ≈ 100  oC; time = approx. 4 months) 
 

 
Fig. 6. Macrostructure – Silica Mix lining 

Crucible used to iron melting 
 

 
Fig. 7. Macrostructure – Orsova quartzite lining 

Crucible used to ATSi5Cu1 melting 
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3. Conclusions 
 
Contrary to the case of the crucible furnace, in 

numerous metallurgical units, locally advanced but 
solidified metal penetration in the refractory material 
represents no risk. Even if metal fins extend through 
the refractory towards the vessel wall (steel shell) 
these are not dangerous as long as, on account of the 
cooling conditions, they are solidified or have a low 
temperature. Only when such or other wear 
phenomena lead to local overheating do these 
represent a potential hazard [3]. 

The premature failure of the refractory lining 
can result in the need for unplanned shutdowns to 
enable repairs to be made. Due to the need to cool, 

empty, repair and restart the furnace these "mini-
shuts" can last for up to one week, with the resulting 
loss of production and disruption to normal 
operations. The unplanned nature of such shuts may 
result in them not being performed in the most 
efficient, cost effective or safe manner possible. 
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ABSTRACT 

 
The electrochemical deposition of zinc and combinations with elements of the 

8th group of the Periodic System (nickel, cobalt, iron) have good properties for 
anticorrosive protection, compare with pure zinc. For steel pieces, these films delay 
apparition and formation of white and red iron oxide. We used solutions with 
different concentrations of zinc chloride, nickel chloride and potassium chloride. 
For analyze the results we utilized the optic microscope and the X-ray diffraction. 

 
KEYWORDS: Zn-Ni alloy, electrochemical deposition, corrosion 

 
1. Preliminaries 

 
In ordinary coating the zinc remains the 

principal metal for industrial applications, especially 
for coverage of steel products. Between the last two 
decades there were be applied alloys for the 
necessities of cover up the demand for products with 
high quality coatings. On the first place there are the 
machine buildings industry and the aerospace 
industry, also those for electrical components and for 
fixing devices. 

In the European Union there are specially 
efforts and laws in the way to reduce the consumption 
of heavy metals like cadmium and mercury. Similar 
ways of action there are in the world community and 
organizations. The heavy metals are very toxic for 
human organism and for the animals, because they 
could produce hard diseases of the central nervous 
system. The heavy metals remain in earth and water 
for a very long period, so their effect it is dangerous 
after a great number of years. 

In the domain of anticorrosion protection 
cadmium is much utilized together with zinc. Because 
of fact that consumption of heavy metals has to be 
reduced year by year, until the total elimination, there 
are searching for new technologies and one of the 
most promised of them is that of alloys 
electrochemical coatings with Zn-Ni, Zn-Co, Zn-Fe. 
[8], [9]. 

The greatest automobile companies are in a 
continuous course for prolonging the warranty period, 
so their products are better and better year by year. 
The majority of the European factories have been 

changed the specifications regard the improvement of 
the performances of the electrodeposited layer. Those 
new economic politics are based just on the using of 
alloys like Zn-Ni, Zn-Co and Zn-Fe. 

Out of the machine building industry there are 
interesting in the using of electrodeposited alloys in 
the field of industry for defense.  

The State Department of USA is asking for 
eliminate during the follow years of the old 
technologies with new technologies based on the zinc 
alloys. 

 
2. Electrochemical processes on cathode 

 
In the experiments we deposed zinc-nickel 

alloys on a gold substrate which was first deposed on 
a glass lamella through the sputtering method. We 
have chosen this method to realize the analysis of the 
deposed layers using the X-ray diffraction (XRD). 

The electrochemical reactions which are 
produced on cathode could be considered effectuated 
in two steps, as Matlosz [6],[7] described them.  

The zinc ions are deposed on their own 
substrate, on gold substrate used and on nickel 
substrate. Also, the nickel ions are deposed on their 
own substrate, on gold substrate and on the nickel 
substrate. In addition, we have to consider the 
secondary reactions, those where ions Zn2+ are 
combine with hydrogen  to form ZnH+, as well as 
ions Ni2+ will combine with hydrogen to form NiH+. 
Those intermediary species, formed in the adsorption 
process, will decompose finally in metallic Zn, and 
metallic Ni respectively. 
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The electrochemical reactions could be written 

as follow: 
Ni2+ + e- → Ni+

ads 
Ni+

ads + e- → Ni 
Ni + H+ + → NiH+

ads 
NiH+

ads + H+ + 2e- → Ni + H2 
Zn2+ + e- → Zn+

ads 
Zn+ + e- → Zn 
Zn + H+ → ZnH+

ads 
ZnH+

ads + H+ + 2e- → Zn + H2 
Ni2+ and Zn2+ are dissolved as metallic ions, 

hydrolyzed or not. Ni+
ads and Zn+

ads which could or 
couldn’t contain the hydroxyl group, are adsorbed 
univalent in intermediary reactions. Ni and Zn form 
the metallic layers of nickel and zinc respectively. 

The kinetic of mass transfer is supposed 
respects the Butler-Volmer equation. In far away 
equilibrium conditions the anode reactions could be 
neglected. [2], [4].   

 
3. The deposing of Zn-Ni alloys on a 

thin layer 
 

3.1. Experimental details 
 
The deposing of thin films of Zn-Ni was 

realized electrochemically. We worked a INCDFM-
Bucharest-Măgurele institute. For obtaining films 
with desired properties it was necessary to investigate 
the influence of deposing conditions (like deposing 
potential, the bath composition, the temperature 
during the deposing process, ultrasonic treatment and 
mechanic agitation) against structure, morphology, 
composition and optical, transport and magnetic 
properties of the layers. We tried to obtain priory 
uniform layers. To realize this target it was necessary 
to find the interval of potentials to depose the 
stoichiometry composition of the alloy, searching to 
find the slowly as possible conditions.  

We used the following compositions to prepare 
the electrolyte low acid for deposing of Zn-Ni alloys: 

Solution I: zinc chloride 130g/l, nickel chloride 
130 g/l, potassium chloride 230g/l, pH  5-6, t(°C) 24-
30°C;  

Solution II: zinc chloride 130g/l, nickel 
chloride 65 g/l, potassium chloride 230g/l, pH  5-6, 
t(°C) 24-30°C. 

As working electrode we used a glass lamella 
having a gold thin layer deposed using sputtering 
method (using a Hummer 6 instalation). The pH level 
was maintained between 5 and 6 naturally without 
adding acids, because the salts were chlorides which 
produce after electrolytic dissociation have acid 
character (excepting KCl, salt of a strong acid and a 
strong base). The working temperature was between 
24°C and 30°C. 

To realize a good adhesion it was used the next 
method. The glass lamella was first polished, then 
gold plated in sputtering installation. We made some 
proves with bright glass, but the result was negative 
because all the gold was dissolved in solution. 

As reference electrode it was used the calomel 
electrode immersed directly in the electrolytic cell. 

 
3.2 .Methods and technique used, 

instruments, equipments and software 
 

The electroplated layer of Zn-Ni alloy was 
made using a potentiostat-galvanostat Voltalab and  
software Voltamaster. 

The measurement of structural and 
morphological properties of the films was realized 
using the optical microscope of the INCDFM institute 
and the XRD installation of Mechanics Faculty, 
University Ştefan cel Mare-Suceava. 

 

3.3. Results and discussions regard the 

electroplating with Zn-Ni alloys 
 
Figure 1 shows the polarization curves for 

electroplating with Zn-Ni alloys on Au substrate. At 
the beginning the current density grows insignificant 
with potential, due to the fact of electronic clouds 
around the electrodes and due to the thermal agitation 
which opposed to the ordinate movement of the ions 
in solution. Then is a passing portion followed by a 
linear portion when the current density grows with 
the potential. It is the time when the electrolytic cell 
is like an ohmic resistor, so the polarization curve 
shows clearly the constant ratio between potential and 
current density. 

 

 
Fig.1. Polarization curves: 1- deposed on Au,  

2- deposed on Zn-Ni alloy, 3- deposed on Zn-Ni 
alloy. 

The figures 2 (a) and (b) shows the way of 
variation in time of current density in the case of 
those two solutions described above.  
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The decreased of the current density appears 

like a normal fact in electrochemical cover processes 
because in time the concentration of ions (and those 
of all components) in solution decrease and the 
number of charge transporters are smaller and smaller 
with time. There is also an initial period when the 
current density increase for a time. It is the period of 
advance of the electrochemical reactions, when the 
chaotic movement of the thermal agitation is 
progressively surpassed by the ordinate movement of 
the charge transporters in the electric field created by 
those two electrodes. 

 

a) solution I 

 

b) solution II 

Fig.2. The current registered during the 
deposing of Zn-Ni alloy for 2 hours, at 30°C 

temperature. 
 

The figures 3 and 4 represent photos of the 
surfaces covered with Zn-Ni alloys at 30°C 
temperature for two hours, but at different potentials. 
As it can see, in the first case (figure 3) the deposed 
has a better quality. 

In figure 4 it could be observe micro-crashes in 
the deposed material. It was working at -1000mV 
potential. Micro-crashes could be explained through 
internal stress (mechanical) which appears and due to 
the fact that the increase of potential conduce to 
increasing also of the velocity of the ions in 
interaction with the cathode. Also the processes of 
dissolution of the electrode are much intense. 

 

 
 

Fig.3. Microscopic photo of deposed Zn-Ni alloy 
at -850 mV, for 2 hours, at 30°C temperature. 

 

 
 

Fig.4. Microscopic photo of deposed Zn-Ni alloy 
at -1000mV, for 2 hours, at 30°C temperature. 

 
 

4. The optimization of the process of 
electroplating with Zn-Ni alloy 

  
On the way to optimize the process of 

electrochemical plating with Zn-Ni alloy, we shall 
use the results of the table and a method for 
optimization of Taguchi [1] type. 

We shall take as factors which have to be 
controlled the next quantities: 

- solution type: (1)solution I, (2) solution II 
- discharge potential: (1) -850mV, (2)    -

900mV, (3) -1000mV, (4) -1100mV 
The intensity of current will be measured and 

the efficiency of electroplating process will be 
calculated. We shall construct a matrix of the 
experiment, as it follows: 
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Table 1. The matrix of the experiment of 

electroplating with Zn-Ni alloy 
Controlled factors Measured values No 

Potential Solution Current Efficiency 
1 1 1 7 53 
2 2 1 14 37.6 
3 3 1 21 35.55 
4 4 1 35 35.55 (**) 
5 1 2 3 38.5 
6 2 2 6 22.7 
7 3 2 15 22.8 
8 4 2 13 (**) 
The average of the values  35.025 

 

In the calculus of the average value of the 
efficiency we don’t take in consideration the values 
with (**) because these correspond with the cases 
when the alloy exfoliates. If it calculates the medium 
effect of every factor then it will obtain for the first 
solution: 

(53+37.6+35.55)/3=42.05 
and for the second solution: 

(38.5+22.7+22.8)/3=28. 
It could be observed that the first solution 

(those noted I) permit to obtain a greater efficiency 
compare to the second solution (those noted II). 

Now we shall calculate the effect of the 
discharge potential and we shall find for the value of -
850mV: 

(53+38.5)/2=45.75. 
For the value -900mV it will find immediately 

(37.6+22.7)/2=30.15, 
and for 1000mV we shall have 

(35.55+22.8)=29.175. 
As here it points to the problem of 

optimization in finding the better energy efficiency, 
and how it is seeing immediately that the efficiency 
decrease with the discharge of the potential, it is 
clearly that the most opportune value is that of -
850mV, through the values chose for the experiment. 
As a matter of fact for this value it was obtain the 
better quality of the deposed. 

Through those two solutions used for study, 
the solution I permitted to obtain the better efficiency 
and a good quality of deposed alloy. 

 
5. The EDX analysis of deposed 

 
In the University Ştefan cel Mare Suceava we 

analyzed the probes of Zn-Ni alloys with the 
apparatus Ray-ny Shimadzu EDX 720 in the material 
characterization laboratory. It could be observe that 
the Zn-Ni alloy it is co deposed in all the cases.  The 
percents of zinc and nickel differs function of 
solution which was used in electroplating process and 
function of discharge potential used. 

The results of analysis were written in table 2 
and 3 and then we represent the graph of the 
composition of the alloy function of potential in the 
case of those two solutions with composition 
described above.  

Together with zinc and nickel the analysis 
EDX found other chemical elements, but in reduced 
percent, as K, Ca and Fe. 
 

Table 2. The composition of Zn-Ni alloys 
function of potential (solution I) 

Potential 
(mV) 

-850 -900 -1000 -1200 

Zn (%) 53.206 56.717 64.321 66.423 
Ni (%) 36.93 36.359 35.035 33.120 
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Fig. 5. The dependence of composition of  Zn-Ni 

alloy co-deposed  function of discharge 
potentials for the solution I; the deposed were 

effectuated at -850mV, -900mV, -1000mV and -
1200mV 

 
Table 3. The composition of Zn-Ni alloys 

function of potential (solution II) 
 

Potential 
(mV) 

-800 -900 -1000 -1200 

Zn (%) 11.832 23.017 58.710 62.496 
Ni (%) 29.949 33.338 31.127 27.818 

 

0

10

20

30

40

50

60

70

-850 -900 -1000 -1200

Zn (%)

Ni (%)

potential (mV)

composition (%)

 
Fig. 6. The dependence of composition of  Zn-Ni 

alloy co-deposed  function of discharge 
potentials for the solution II; the deposed were 
effectuated at -850mV, -900mV, -1000mV and -

1200mV  
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As it could be seen in all analysis effectuated, 

the Zn-Ni alloys were formed in all deposed layers. 
The ratio for those two metals differs function of 
work conditions (discharge potentials). Of course 
these conditions could be chosen after the criteria of 
using the final product, sorting the parameters in the 
way to obtain the desired alloy in the desired 
percents. It will modify the concentration of the 
solution in the electrolytic bath also in function of the 
scope. 

 
6. Conclusions 

 
The deposed of Zn-Ni alloys are important in 

technique. Following Brenner [3] definition, the 
electroplating of the system of Zn-Ni alloys is an 
anomalous co-deposition. So the co-deposition is 
possible only in particular experimental conditions. 

To obtain the stoichiometric composition it has 
to follow carefully the values of the physics-chemic 
parameters. 

The quality of the deposed could be controlled 
through the electrolyte concentration, discharge 
potential and the working temperature. 

The surface for deposed also has to be finished 
with care because it is important. 

The analyses XRD confirm that the zinc-nickel 
alloys were formed. Also it is confirmed that the 

percents of those two metals in the deposed alloy 
depend of working conditions. 
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ABSTRACT 
 

The paper presents the crystalline structure, morphology, optical 
transmittance, electrical properties and room temperature photoreduction-ozone 
oxidation properties of  some Al-doped ZnO thin films prepared by sol-gel method. 
The investigated films are high transparent (85-95% within the visible and near IR 
wavelength region), high conductive (2.9 10-3 Ω cm) and have a reversible 
photoreduction-oxidation response. 

  
 

KEYWORDS: ZnO thin films, sol-gel, transparent electrode, ozone sensing 

properties. 

 

1. Introduction 
 

In recent years, the low-cost and no-toxic  

nanostructured ZnO-based semiconductive thin films 

have attracted much researchers attention to replace 

other very expensive materials in different transparent 

electronics application  [1-7], such as indium thin 

oxide ( ITO) in solar cells and flat DCL devices [1-2, 

6],  GaN  in broadband UV photodetectors with high 

tunable wavelength  [3]. Important applications of 

UV detector are research-missile warning systems, 

high temperature flame detection, air quality 

monitoring, gas sensing [4], accurate measurement of 

radiation for the treatment of UV irradiated skin.  

High excitonic binding energy (aprox. 60 meV) of 

ZnO provides efficient excitonic emission at room 

temperature, which offers prospects of laser with low 

threshols even at low temperature. In addition, the 

efficient blue–green emission at room temperature, 

makes ZnO very important for the fabrication of 

practical devices like light emission diodes, laser 

diodes, and solar cells [5]. 

ZnO transparent thin films transistors (TTFTs) are a 

very recent development. Among the possible 

applications of TTFTs are as transparent select-

transistor in each pixel of an active-matrix liquid-

crystal display (AMLCD), or as transparent 

alternative to amorphous silicon or organic thin-film 

transistors (OTFTs) [7]. 

This paper presents some results on the field of 

preparation and optical, electrical and UV/gas sensing 

characterization of semiconductive Al-doped ZnO 

thin films. Sol-gel method has been used for film 

preparation. This is one of the most efficient chemical 

method for the deposition of thin films, and represent 

a simple and low-cost processing alterna-tive to the 

vacuum deposition techniques [1-3, 5-8]. 

 

2. Experimental 
 

2.1. Films preparation 
 

Al:ZnO  thin films were deposed using  sols 

prepared with Zn(CH3COO)2·2H2O 99,5%, 

AlCl3·6H2O 98% as precursors and ethanol as 

solvent. The thin films were deposed on Corning 

1737 glass substrate by dip-coating technique. After 

each layer deposition, the gel films were dried and 

then pre-heated in air at 350 oC.  The stabilized films 

were post-heat treated 1 hour in air at 600 oC for 

crystallization.  

 

2.2. Films Characterization 
 

The X-ray diffraction (XRD) patterns of the 

samples were recorded at room temperature using a 

Rigaku diffractometer (model RAD IIA), with CuKα 

radiation. The morphology on the surface and section 

of the films was analyzed using the atomic force 

microscopy (AFM). Tapping mode AFM experiments 

were performed in a Nanoscope IIIa  Multimode 

AFM microscope (Digital Instruments, Veeco). 

Commercial etched silicon tips with typical resonance 
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frequency of ca.  300 Hz (RTESP,  Veeco) have been 

used as AFM probes.  

The electrical resistivity of the films was 

measured in dark, using a KEITHLEY 617 Model 

Programmable Electrometer. The optical 

transmittance was measured using a UV-VIS-NIR 

double beam spectrophotometer (Shimadzu, UV-3100 

PC) in the wavelength range 200 to 2500 nm. From 

the optical measurements, the optical energy gap, 

Egap, was calculated assuming a direct transition between 

the edges of the valence and the conduction band, for which 

the variation in the absorption coefficient α with photon 

energy hν is given by the equation: 

(α hν)2 = B(hν - Egap)                                 (1)                                                                    
where B is 1/d and d is the film thickness. By plotting       

(α hν)2 versus hν, and extrapolating the linear region 

of the resulting curves, the Egap value was obtained.  

 

2.3. Sensing Test 
 

The photoreduction - gas (ozone) reoxidation 

sensing behavior of  thin films were investigated by 

electrical measurements at room temperature, which 

were carried out in a special chamber presented 

elsewhere [9]. The conductivity of the films decreases 

when are exposed in an ozone atmosphere. and 

increases by photoreduction, when the films were 

directly irradiated in vacuum by the UV light of a 

mercury pencil lamp with an average intensity of 4 

mW/cm2, at 254 nm for 20 min. First the films was 

exposed at UV light irradiation and after that, the 

chamber was backfilled with oxygen at a pressure of 

600 Torr and an UV lamp was used to produce ozone 

(the films are shielded from the lamp). The films were 

maintained in this ozone atmosphere, when the re-

oxidation of cobalt oxide crystallites results in a 

decrease of the film conductivity. An electric field of 

50 V/cm was applied to the film sample and the 

electrical current was measured.   

 

3. Results and Discussions 
 

This paper presents some  results obtained in the field 

of the preparation of transparent electrodes based on 

Al-doped ZnO thin films. The crystalline structure, 

morphology, optical, electrical and UV 

photodetection - ozone sensing  behavior of these 

films are discussed.  

The surface SEM micrographs (Fig. 1a) 

show a compact structure with quasi-regular grains, 

in both size and shape, with average  grain size of 

about 60 nm. The cross-section SEM micrograph 

(Fig. 1b) show a very compact structure and a smooth 

surface. 

Figure 2 show the XRD pattern of the film 

post-heated at 600oC for the 2θ range where the three 

most important peaks of ZnO hexagonal (wurtzite 

type) structure are found. In contrast with the pattern 

of  ZnO hexagonal structure with normal random 

orientation, this pattern shows a c-axis orientated 

structure where only the (002) peak is well 

developed. This preferential orientation of the grain 

growth, perpendicular to the surface substrate, favors 

the electrical conductivity of the film. 

Tabel 1 presents the electrical properties of 

Al:ZnO thincvfilm post-heated at 600oC,vbobtained 

from Hall effect  measurements. The high values of  

n-type carriers concentration and Hall mobility lead 

to high conductivity  (2.9·10-3
 Ω·cm) of the thin film. 

 

     (a) 
 

 

 

 

 

 

 

 

 

 

 
      (b)  
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Fig. 1. SEM micrographs of the surface (a) and 
cross-section (b) of the Al-doped ZnO thin film. 
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Fig. 2.  XRD patterns of Al:ZnO thin film 
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Tabel 1. Electrical properties of Al:ZnO 
 thin film 

Film 

Type 
Electrical properties 

 

Resistivity 

ρ 

(Ω·cm) 

Carriers     

concentra

tion 

N (cm-3) 

Hall 

mobility 

μH 

(cm2/Vs) 

Al: 

ZnO 
2.9·10-3 3.80·1019 29.3 

 

Figures 3 and 4 show the optical transmittance 

spectra and the calculation of the optical energy gap 

(Egap), respectively. The optical transmittance spectra 

show a very good transmittance, between 85 and 

95%, within the visible and near IR wavelength 

region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The optical transmittance data presented in 

Fig. 3 curve (b) have been used for the calculation of 

direct optical energy gap (Eg), Fig. 4, according to the 

equation (1). The Egap value of 3.48 eV has been 

obtained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The photoreduction-oxidation cycles (Fig. 5) 

show a reversible change of two orders of magnitude 

in film resistivity during successive exposure to UV 

light and subsequent oxidative atmosphere of ozone. 
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 Fig. 5.  Typical photoreduction - 
reoxidation cycles  (room temperature)  
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(a) 4. Conclusions 

 
(b) 

Transparent conductive Al-doped ZnO thin 

film Corning 1737 glass substrate were prepared by 

sol-gel non-alkoxide route and the dip-coater 

technique for film deposition. 

The Al-doped (2 wt.%) ZnO thin film with 

(002) direction oriented wurtzite type structure are 

high transparent (optical transmittance 80-95% within 

the visible and near IR wavelength region) and high 

conductive (resistivity of 2.9 10-3 Ω cm). 

All the investigated films reveal reversible 

room temperature change in electrical resistance 

during UV irradiation followed by re-oxidation in 

ozone atmosphere. 

Fig. 3.  Optical transmittance spectra of   
Al:ZnO thin films before (a) and after thermal

annealing. 
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ABSTRACT 
 

The paper presents the evolution of the heat exchange coefficient along the 
path of the continuous casting unit, as a function of the cooling water flow rate and 
the path length. The optimization of this thermodynamic regime assures the 
improvement of the quality of the continuous cast slabs and the increasing of the 
rate of obtaining the qualitatively corresponding slabs. 

 
KEYWORDS: continuous casting, heat transfer 

 

 

1. Introduction 
 

- The secondary cooling in a continuous 

casting unit (Figure 1) represents the part of the 

 

 

 machine in which the solidification, started in the 

crystallizer, ends.  

 
Fig. 1. Scheme of a continuous caster
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In this zone there can be distinguished 

different elementary mechanisms of transfer which 

contribute to the evacuation of the heat from the slab 

surface: 

- the radiation of the slab surface toward the 

environment; 

- the convection of the environmental air, 

whose importance is smaller than the other heat 

transfer ways; 

- the conduction at the direct contact of the 

slab surface with the rolls; 

- the direct transfer to the pulverized water, 

the impact of the water droplets with the warm slab 

surface; 

-        the transfer by superficial boiling of water, 

which splashes along the surface or is accumulated by 

the supporting rolls. The heat repartition among these 

transfer ways depends on the machine type and the 

regulating conditions of the splashing and the 

approximated percentages of the evacuated heat in 

different ways are:   

- radiation …….…………..………28 %   

- air convection………………...….0.5 %  

- conductibility in rolls ……………17 % 

- direct transfer at the rolls impact..16 % 

- transfer at the cooling water….…38.5 % 

The thickness of the solidified crust increases 

in the secondary cooling region as the removed heat 

quantity increases. The rate of the crust thickness 

increasing, is proportional to the removed heat 

quantity, which size depends on the heat exchange 

coefficient, α. 

 

2. Experimental researches 
 

The heat exchange coefficient, α, was 

determined using the relation [1-4]: 

l

λα ⋅= Nu   [W/m2K],                       (1) 

where:  λ is the thermal conductibility of the fluid, in 

[W/m.K];  - the determinative length of the heat 

exchange (the dimension along the direction of the 

fluid flow), in [m]; Nu – the Nusselt criterion, 

l

75.08.0151.0 rPReNu ⋅⋅=                     (2)   ;     

υ
dw

Re =                                                   (3)  ;   

  

d

a

A

D
w=                                                    (4)  , 

with Re – Reynolds’ criterion, Pr – Prandtl criterion, 

w – is the cooling water rate of flow, in [m/s]; d – the 

nozzle diameter, in [m]; υ – the cinematic viscosity, 

in [m2/s];  - the cooling water flow rate, in [m3/s]; 

- the nozzle area, in [m2]. In order to calculate the 

heat exchange coefficient the following 

characteristics of the cooling water have been used: 

aD

dA

- the temperature ………….15 oC ÷  100 oC 

- the thermal conductibility λ [W/m.K] 

………………..0.588 ÷ 0.682 

- the cinematic viscosity υ [m2/s] 

………………0.136 ·10-6  ÷ 0.29 ·10-6   

- Prandtl criterion 8.689 ÷ 1.716. 

 

Table 1 
 

Impact 

density 

[l/m2min] 

α 
[W/m2K] 

α 
[W/m2K] 

75 419.3 409.76 

150 555.4 558.23 

300 834.3 845.44 

450 1108.6 1119.66 

600 1398.3 1380.90 

750 1626.3 1629.17 

900 1872.6 1864.45 

1050 2079.4 2086.75 

 

3. Data processing 
 

In Table 1 are presented the impact densities 

of the cooling water jets and the corresponding heat 

exchange coefficients.  

From Figure 2 it can be seen that the heat 

exchange coefficient increases linearly with the 

increasing of the impact density. 
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Fig. 2 The thermal transfer coefficient 
 

Were determinate the steel temperatures in the 

distributor, the cooling water temperatures of the 

crystallizer at the entrance and at the exit, the 

temperatures of the crystallizer plates on the fixed 

part and on the mobile part. The data processing is 

presented in Figure 3. 
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Fig. 3 Cooling water temperatures 

 

In Table 3 are presented the secondary cooling 

zones with the nozzles types which run in these 

zones, the lengths of the zones, the splashing angles 

of the nozzles, their diameters and the technological 

flow rates on the nozzles, as well, for a pressure of 1 

atm and 3 atm.  
 

Table 3 

Technological 
flow rate       

per nozzle, D 

Technologic
al flow rate 
per nozzle, 

D 

Zone 
length 

Splashing 
angle 

Dimen 
sions 

Equivalent  
diameter, 

d 

Nozzle 
area,     

Ad 

Distance, 
h 

Flow 
length, 

l 

Number 
of nozzles 

1 atm 3 atm 1 atm 3 atm

Nozzle 
position 

Nozzle 
type 

[m] [ o ] [mm] [mm] [mm2] [m] [m] [no.] [l/min] [m3/h] 

7680F 120 1.6*10.77 3.38 17.23 0.115 0.398 8 6.66 11.53 0.400 0.692Zone Ia 
fixed 

6065L 0.70 90 2.4 2.4 4.52 0.080 0.160 30 4.73 8.19 0.284 0.492

7680F 120 1.6*10.77 3.38 17.23 0.115 0.398 8 6.66 11.53 0.400 0.692Zone Ia 
mobile 

6065L 0.69 90 2.4 2.4 4.52 0.080 0.160 30 4.73 8.19 0.284 0.492

Zone Ib 
fixed 5580F 0.90 120 1.3*11.29 3.12 14.68 0.110 0.381 25 6.15 10.64 0.369 0.639

Zone Ib 
mobile 5580F 0.88 120 1.3*11.29 3.12 14.68 0.110 0.381 25 6.15 10.64 0.369 0.639

7680F 120 1.6*10.77 3.38 17.23 0.080 0.277 2 6.66 11.53 0.400 0.692Lateral 
left 

3565L 1.60 90 1.9 1.9 2.83 0.110 0.220 11 3.75 6.49 0.225 0.389

7680F 120 1.6*10.77 3.38 17.23 0.080 0.277 2 6.66 11.53 0.400 0.692Lateral 
right 

3565L 1.57 90 1.9 1.9 2.83 0.110 0.220 11 3.75 6.49 0.225 0.389

Zone II 
fixed C200100 2.90 120 1.3*27.5 4.87 35.75 0.395 1.368 10 9.59 16.61 0.576 0.997

Zone II 
mobile C200100 2.88 120 1.3*27.5 4.87 35.75 0.395 1.368 10 9.59 16.61 0.576 0.997

Zone III 
fixed C120100 3.00 120 1*27.5 4.27 27.50 0.395 1.368 8 8.41 14.57 0.505 0.874

Zone III 
mobile C110100 2.89 120 1*27.5 4.27 27.50 0.395 1.368 8 8.41 14.57 0.505 0.874

Zone IV 
fixed 664847 4.40 120 

1.45*20.9

4 4.48 30.36 0.425 1.472 12 8.84 15.31 0.530 0.919

Zone IV 
mobile 664677 4.34 120 

1.05*20.9

4 3.82 21.99 0.425 1.472 12 7.52 13.03 0.451 0.782
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On the basis of these data, using the relations 

1÷4, there have been calculated the cooling water 

rates of flow, the Re and Nu criteria, and the heat 

exchange coefficient, α, at the cooling water pressure 

of 1 atm and 3 atm, respectively, which are presented 

in Table 4.  

 

Table 4 
 

Rate of flow, 
w 

�  
Re Nu 

1 atm 3 atm 1 atm 3 atm 
Nozzle 

position 
Nozzle 
type 

  [m/s] [W/m2K] 

7680F 19157 33177 6.44 11.16 3007 4666Zone Ia 
fixed 6065L 36840 63802 17.44 30.20 12633 19603

7680F 19157 33177 6.44 11.16 3007 4666Zone Ia 
mobile 6065L 36840 63802 17.44 30.20 12633 19603

Zone Ib 
fixed 5580F 19157 33177 6.98 12.09 3144 4878

Zone Ib 
mobile 5580F 19157 33177 6.98 12.09 3144 4878

7680F 19157 33177 6.44 11.16 4323 6708Lateral 
left 3565L 36840 63802 22.03 38.15 9188 14257

7680F 19157 33177 6.44 11.16 4323 6708Lateral 
right 3565L 36840 63802 22.03 38.15 9188 14257

Zone II 
fixed 

C20010
0 19157 33177 4.47 7.74 875 1359

Zone II 
mobile 

C20010
0 19157 33177 4.47 7.74 875 1359

Zone III 
fixed 

C12010
0 19157 33177 5.10 8.83 875 1359

Zone III 
mobile 

C11010
0 19157 33177 5.10 8.83 875 1359

Zone IV 
fixed 664847 19157 33177 4.85 8.40 814 1263

Zone IV 
mobile 664677 19157 33177 5.70 9.88 814 1263

 

 

 

 

With the aid of the values presented in Table 3 

and those calculated in Table 4, the following 

dependences have been represented: the variation of 

the cooling water flow rate along the path length on 

the fixed part, at the cooling water pressures of 1 atm 

and 3 atm (Figure 4); the variation of the heat 

exchange coefficient along the path length on the 

fixed part, at the cooling water pressures of 1 atm and 

3 atm (Figure 5); the variation of the cooling water 

flow rate along the path length on the mobile part, at 

the cooling water pressures of 1 atm and 3 atm 

(Figure 6); the variation of the heat exchange 

coefficient along the path length on the mobile part, at 

the cooling water pressures of 1 atm and 3 atm 

(Figure 7). 

 

 

Fig.4. Variation of the cooling water flow rate 
along the curved path (fixed part). 
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Fig.5. Variation of the heat exchange coefficient 
along the curved path (fixed part) 

 

 

   Fig.6. Variation of the cooling water flow rate 
along the curved path (mobile part)              

 
 

 

Fig.7. Variation of the heat exchange coefficient 
along the curved path (mobile part). 
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4. Conclusions 
 

The heat exchange coefficient increases 

linearly with the increasing of the impact density of 

the cooling water jets. The difference between the 

cooling water temperature of the crystallizer at the 

exit and the temperature at the entrance is bigger at 

the cast beginning and is reducing as the cast duration 

increases. The variations of the cooling water flow 

rates along the path, both on the fixed part and on the 

mobile part, have similar curve rates, presenting a 

maximum at approximately 4 m from the crystallizer 

exit. On the mobile part, this maximum flow rate is 

achieved for a bigger value, as compared with the 

fixed part of the unit. The coefficient of heat 

exchange presents a minimum corresponding to the 

maximum in the diagram of cooling water flow rate, 

at approximately 4 m from the crystallizer exit. On 

the mobile part, the coefficient of heat exchange has 

bigger values than on the fixed part. 
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ABSTRACT

We have analyzed the fabrication technology of the link chain cable made of

grade U1 and U2 steel from TREFO S.A. Galati and we had in view during the

experiments several rolling programs. The main characteristics of a product

quality, material or working process can be classified into the following groups:

technological and contractual.  Further on, we are going to present data regarding

the link chain cable where samples were drawn, micro metallographic analysis

referring to grade U1 and U2 steel and the characteristic obtained on the same

areas where the metallographic analysis were made.

KEYWORDS: link chain cable, grade U1 and U2 steel

1. Introduction

Three grades of stud-link chain cable are

covered, and are described in table 1.

All chain is to have a workmanlike finish and

be free from injurious defects.

Table 1. The grades of stud- link chain cable

Strength Level Grade Method of Manufacture
Normal Strength 1 Flash Butt-welded

High Strength
2a

2b

Flash Butt-welded or Drop-forged

Cast Steel

Extra-high Strength
3a

3b

Flash Butt-welded or Drop-forged

Cast Steel

There is to be an odd number of links in each

shot of anchor chain cable to insure shackles leading

over the windlass in the same position. Steel chain

made by processes or to requirements differing and

certain types of drop-forged chain will be subject to

special consideration. Manufacturers of Grades 1 and

2 chain and chain accessories are to submit their

manufacturing process and material specifications for

review. Data in support of mechanical properties,

weld soundness (when applicable) and compliance

with the Rules in all respects are also to be submitted

for review and approval. Locking pins in detachable

connecting links are to have taper contact at both top

and bottom in the link halves.

Lead or other acceptable material is to be used

for plugging the locking pin hole which is to contain

an appropriate undercut recess or equivalent

arrangement to secure the plug.

Studs are to be securely fastened by press

fitting, or welding with an approved procedure. When

the stud is welded in place, the weld is to be opposite

the flash butt weld in the chain. The welding is to be

carried out in the horizontal position at least on both

faces of the link for a length sufficient to  hold the

stud securely in place. The grade U1 and U2 steel

used for the ship and other structural applications, is

in conformity with LR Rules. The chemical analysis

prescribed for the grade U2 steel sheets was tested

and the results are in table 2.

In order to realize a program for extended a

fabrication authorization of the higher strength steels

plates for ship or other structural applications Grades

A, B, C, D and E, on effectuated an researches and

experimental series which consists in: chemical

analysis; Baumann sulphur print; metallographic

analysis; non-destructive examination.
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Table 2. The chemical composition for U2a grade

C Mn Si P S Cr Ni Cu Mo As Al

1.2

1.6

1.2

1.6

0.15

0.35

max

0.035

max

0.035

max

0.3

max

0.3

max

0.3
-

min

0.08

min

0.025

2. Experiments

2.1.Thermal treatment
Is realised according with the chain's grade:

normalizing - for steel grade Ul and U2. The heat

treatment is carried out in a deep furnace. The

technical control - similar with the chains control.

The temperatures reached during the normalizing

treatment are:

-normalizing temperature:

Tnormalizing = 735
0
C

-the furnace temperature is with 10 to 20 °C higher

than the treatment temperature :

Tfurnace   =   735 + 20 = 755 °C.

The air cooling follows this treatment.

-the tempering temperature is :

Ttempering = 590
0
C

-the furnace temperature would be with 20 °C higher

than the treatment temperature :

Tfurnace = 610 °C.

2.2. Test programme
Approval for Grade U2 chain cable also

covers approval for the manufacture of lower gra des

up to the same maximum diameter provided that  such

cable is supplied in the normalized condition.

Separate approval tests are to be carried out

where it is proposed to supply Grade Ul or U2 cable

in the "as welded" condition  (fig. 1).

Fig. 1. The common link.

The approval tests were carried out on the 64

mm diameter, U1 and U2 grade anchor stud link

chain. In addition, a suitable length (about six times

the diameter) of the bar material used for the

manufacture of the cable is to be provided for the test

purposes. This sample of bar material is to be heat

treated in a manner simulating that used for the

completed chain cable. The bar material is supplied

by S.C. "C.O.S. TIRGOVISTE"  S.A., having the

ladle analysis in conformity with table 3.

Table 3. Chemical analysis of the ladle

C Mn Si S P Cr Ni Cu Al V Nb N2

[%]

0.24 1.64 0.23 0.015 0.021 0.25 0.19 0.22 0.02 0.08 0.03 0.0090

The dimensions of the enlarged link and the

end link before the proof load are given in table 4.

Table 4. The dimensions of the enlarged link

and the end link before the proof load

Enlarged link End link

L W P d L W P d

[mm]

420 256 277
70.5/

72.5
435 260.5 280

76.8/

78.1

The common links were manufactured from

26SiMnl7 steel, 65 mm diam. bar material, charge

79611, having the chemical composition according to

table 3. A careful visual examination was carried out,

with specially reference to the uniformity of dia meter,

the shape of links. The links dimensions are shown in

the table 4.

Magnetic particle inspection was carried out on

21 common links, 1pc. enlarged link and 1pc. end

link. It was applied a load equal to 10% from 2190

kN and the chain cable's measured length was of

26810 m. Then, the chain length was submitted to a

proof load of 2190 kN; after that the chain cable's

length was submitted to 219 kN and there was

measured the cable chain length: 26.94 m. The

permanent elongation is of about 0.13 m. The length

of chain cable was ultrasonic re -examined on a

number of 10 common links, 64 mm diameter .
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Table 5. The dimensions of the link

L
(link's
length)

W
(link's width)

P
(pitch)

[mm]

383 230 254

384.5 234.5 256

388 231.5 260

383 235 254

386 234 258

385 234 258

387.5 236.5 261

385 235.5 259

388 234 261.5

386 235.5 258

387 234 261

386 235 261.2

383 234.5 255

There were dimensional checked 20 pcs

common links; 5 pcs enlarged links and 5 pcs end

links acc. There were checked all the cable's links at

the outer surface and there were no objections  (fig.2).

Fig.2. The macrostructure of

the commom link, 500:1.

The specimen composed by 3 common links,

lpc. enlarged link and 1 pc. end link was subjected at

a tensile of 3130 kN and it wasn't destroyed.

The breaking test was continued until 3963 kN,

when was broke a common link from the bend zone .

The values of the mechanical tests for the links

cut from the chain cable subjected at the tensile test is

according to the tables 6. The microstructure (fig. 3)

and the Baumann‘s amprent (fig. 4) confirm the

goods properties obtained by the mechnical te sts.

Fig.3. The microstructure of

the common link, 500:1.

Fig.3. The Baumann amprent of

the common link.

Table 6. Common links (The side opposite the weld)

Tensile
strength

Yield
strength

Elongation
Red
of

area
[N/mm

2
] [%]

Charpy V notch impact test
Energy Joules

Cristalinity

Test temp 1 2 3

813 701 21.4 63.2 0 194 184 234 80

20 182 240 200 80

-20 174 178 192 80

-40 189 192 188 80
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Conclusions

We have analyzed the fabrication technology of

the link chain cable made of grade U1 and U2 steel

from TREFO S.A. Galati and we had in view during

the experiments several rolling programs. The main

characteristics of a product quality, material or

working process can be classified into the following

groups: technological and contractual. Further on, we

are going to present data regarding the link chain

cable where samples were drawn, micro

metallographic analysis  referring to grade U1 and U2

steel and the characteristic obtained on the same areas

where the metallographic analysis were made.

The manufacture program has been accepted in

accordance with the requirements of L loyd register.
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