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ABSTRACT 
 

Smartphone sensors are gaining research interest due to continuous sensor 

upgrades, leading to more precise readings of these sensors. For this study, the 

light sensor of a smartphone was used in determining light transmittance during the 

phase inversion process of ultrafiltration polysulfone-membrane manufacturing. 

Membrane separation is one of the best available technologies when it comes to 

water and wastewater treatment. The purpose of this study was to correlate light 

transmittance, at certain demixing steps during phase inversion, with membrane 

porosity, pure water flux and cross-sectional SEM images. Results show close 

relation between light transmittance and the mentioned membrane properties. 

 
KEYWORDS: membrane, flux, porosity, light transmittance, smartphone, 

light sensor 

 

1. Introduction 
 

Filtration using membranes have started gaining 

interest since the year 1907 [1]. Unfortunately, it was 

not until 6 decades later that membranes showed 

enormous potential in filtration-based applications, 

especially from a commercial point of view [2]. Since 

then, due to the efficiency of separation and lower 

energy consumption compared with conventional 

treatment methods, the membrane technology has 

been implemented in almost all sectors of industry 

that use water as a prime material and process water. 

According to the International Union of Pure 

and Applied Chemistry, a membrane is defined as a 

porous or dense structure, with lateral dimensions 

much greater than its thickness that acts as a selective 

barrier between two phases, through which transfer 

occurs under a variety of driving forces [3]. 

Pressure-driven membranes are among the most 

used types of membrane filters [4]. Polymeric 

membranes cover 90% of the produced membranes 

sum total scale [5]. The most common method used 

to prepare polymeric membranes is the phase 

inversion process [6]. 

The phase inversion is a very simple process 

that consists in the exchange between solvent and 

non-solvent in the polymeric matrix, often called 

demixing. It is a process that covers a wide range of 

different techniques, the most used being immersion 

precipitation [7]. 

Different techniques are used in order to 

understand the membrane performance, structure and 

formation. Although light transmission is an 

acceptable method in studying membrane formation 

during phase inversion, little emphasis was laid 

emphasis was placed on using it in membrane 

research [6-10]. 

Smartphones are becoming an important tool in 

laboratory-related experiments, for teaching and 

scientific purposes [11-15], primarily due to their 

built-in sensors. Examples of such sensors are: the 

accelerometer, magnetometer, ambient light sensor, 

GPS, microphone, barometer, thermometer, air 

humidity and, in very rare situations, the Geiger 

counter [16]. 

As sensors are starting to become smaller and 

more performant, they are gradually transforming 

smartphones in devices that could replace some 

laboratory equipment. The most advantageous aspect 

in using smartphones in such means is mainly related 

to costs and multifunctionality. 

The purpose of this study is to verify whether 

the smartphone sensor is a good way to measure light 

transmittance of a polymeric thin film during phase 

inversion, in order to observe the different stages of 

polymerization, for ultrafiltration membranes 

composed of 3 polymer concentrations (polysulfone). 
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From the best of our knowledge, this technique has 

never been used before. 

 

2. Materials and methods 
 

2.1. Membrane materials and preparation 
 

2.1.1. Membrane materials 
 

The polymer of choice was polysulfone (PSf, 

Mw ~35000), and the solvent was 1-methyl-2-

pyrrolidinone (NMP, C5H9NO, Mw ~99.13, ACS 

reagent grade: 99%). Both components were 

purchased from Sigma Aldrich. 

 

2.1.2. Membrane preparation 

 

The studied membranes were manufactured by 

phase inversion, the immersion precipitation 

technique. The cast solution was obtained by mixing 

NMP solvent with PSf polymer of different 

concentration. 

The solutions were stirred at 1000 rpm until 

homogeneity was achieved. After that, the solutions 

were casted on a glass support, and with the help of a 

casting knife, the solution was casted to a fixed 

thickness of 250 µm. In order to produce the actual 

membrane, the thin film solution was immersed in a 

coagulation bath, composed of distilled water. Here, 

phase inversion takes place, leading to the demixing 

between the pure water and the NMP. During 

demixing, pores are produced in the polymeric 

matrix. During this procedure, light transmission 

analysis will be investigated. After complete 

demixing, phase inversion ends and the membranes 

are transferred in a distilled water container in order 

to dissolve the remaining NMP residue. 

The resulted membranes were labelled 

according to PSf concentration, as presented in Table 

1. 

 

Table 1. Membrane designation according to 

polymer concentration 
 

Membrane 
Polymer 

type 

Polymer 

conc. [wt.%] 

23PSf 
Polysulfone 

(PSf) 

23 

25PSf 25 

27PSf 27 

 

2.2. Methods of characterization 

 

2.2.1. Light transmission set-up 

 

The set-up for light transmission tests was as 

shown in Figure 1, which is a homebuilt device. The 

principle is simple, consisting in an emitting visible 

light beam which passes through the casted polymer 

solution during the whole procedure of phase 

inversion. This beam is recorded as light intensity 

[lux], being afterwards transformed in transmittance 

percentage. 

 

 
 

Fig. 1. Light transmittance set-up for membrane formation monitorization 
 

The light sensor (TCS3701) is an integrated part 

of a smartphone device (SM-A705FD), which is 

positioned under the casted polymeric film. The data 

received from the sensor were recorded with a special 

open-source software (Phyphox, RWTH Aachen 

University). Some technical specifications of the 

TCS3701 light sensor are presented in Table 2. 

Table 2. TCS3701 sensor features 
 

Minimum detectable illuminance: 1 mlux (100 ms) 

UV/IR blocking filter 

14-bit data output 

Maximum range (lux): 32657.0 

Resolution: 1.0 
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The recorded values were exposed as light 

transmittance vs. time curves. 

 

2.2.2. Porosity 

 

The light transmission results were correlated 

with the membrane porosity. In order to calculate 

porosity, a membrane sample with a known surface 

(A) and thickness (h) was weighed in dry state (mdry) 

and afterwards immersed in a liquid for at least 24h to 

make sure that the sample is fully wetted (mwet). The 

liquid of choice is distilled water, which has a 

specific density ρ. 

 

                            (1) 

 

In simple terms, porosity represents the total 

spaces from inside the structure of a membrane. 

Porosity is linked to permeation properties. 

 

2.2.3. Pure water flux 

 

The pure water flux, J [L m-2 h-1], expresses the 

permeation performance in ideal circumstances, 

where the feed liquid has no impurities in its 

composition. In this study, pure water was used for 

convenience. 

The flux is calculated as follows: 

 

                                   (2) 

 

Where V is the total volume [L] that passed 

through a known membrane area, A [m2], within a set 

time, t [h]. 

 

2.2.4. Cross-section SEM microscopy 

 

The sample cross-section morphologies were 

investigated using FEI Quanta 200 scanning electron 

microscope. All samples were sputter-coated with 

gold before observation to obtain conductivity during 

analysis. 

 

3. Results and discussions 

 

After the transmittance experiments of thin films 

during the phase inversion process, as can be seen in 

Figure 2, several stages can be identified. Four main 

stages were identified during phase inversion process. 

The first stage represents the instant demixing, which 

is the first contact between the polymeric solution 

film and coagulation bath. This stage is observed as a 

steep slope, denoting the very fast water-solvent 

demixing. The second stage is represented by the start 

in stabilization of the aforementioned demixing. 

Stage III will not be discussed because he fact that 

this step is a constant polymerization slope until full 

demixing is achieved. The complete solidification is 

reached at the last stage, where the membrane is fully 

polymerized. 

 

 
 

Fig. 2. Overall light transmittances during phase 

inversion of the studied membranes 

 

It will be observed that stages I and IV are 

linked to the overall properties of membranes. 

Although the overall graph is expressed in 

minutes, the other graphs will be expressed in 

seconds due to the fast demixing of the polymer film 

during phase inversion. 

Every stage in light transmission is linked to 

special areas of the membranes cross-section, for all 

the studied membranes. In Figure 3 one can observe 

that, throughout the demixing direction, the width of 

the elongated pores, called macrovoids, is gradually 

increasing. 

 

 
 

Fig. 3. Cross-section SEM images of the studied 

membranes and the possible hypothesis with the 

regions where the four stages may occur 
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Based on width increase, the positioning of the 

four stages can be estimated. Hence, the region where 

the smallest macrovoids occur is at the top of the 

cross-section, noted by stage I of the demixing 

process. As the region progresses downward, it is 

observed that in the other stages the thickness of 

macrovoids gradually increases, meaning a slowing 

down of the demixing momentum. 

In the first stage (Figure 4), the reactions 

between solvent and non-solvent take place at the 

membrane surface, which is considered as the most 

important stage in membrane fabrication. This 

happens because it establishes the permeation 

properties of the membrane, higher or lower flux and 

retention, also. 

A lower transmittance during the first second of 

phase inversion means a fast demixing of the solvent 

with the water bath, which is directly proportional 

with the pore formation in the membrane active layer. 

The sample corresponding to membrane 23PSf, 

the lowest polysulfone concentration, displayed the 

lowest light transmittance, which is indicative of 

fastest solvent-water demixing. 
 

 
 

Fig. 4. Instant demixing stage during phase 

inversion of the studied membranes 
 

Comparing transmittance with membrane 

structure, it is observed that with fast demixing the 

pore formation at membrane surface is thinner, 

difficult to distinguish (Figure 3 – 23PSf), while 

slower demixing led to observable thicker active 

layers (Figure 3 – 25PSf and 27PSf). 

Continuing the reading to the interval of 1 to 5 

seconds (Figure 5), the ability of the middle 

morphologies of membrane sections to stabilize is 

observed. Stage two shows the stabilization time of 

the membrane. The membrane with 27 wt% PSf show 

a faster demixing which result in a thinner middle 

layer.  

Also, in stage II, the light transmittances are 

observed to stabilize and keep the trend up to the end 

of phase inversion. 

 

 
 

Fig. 5. Demixing stabilization stage during 

phase inversion of the studied membranes 
 

In the final stage of the phase inversion process 

(Figure 6), after approx. 8 minutes, the transmittance 

was observed to be higher for lower polymer 

concentration. This phenomenon is strongly related 

with membrane porosity. The higher porosity leads to 

higher passage of light through the membrane, due to 

the higher frequency of macrovoids in structure. 

Higher polymer concentration membranes, 

which is understood as the samples with lower 

amount of macrovoids, led to lower light 

transmittance. 

 

 
 

Fig. 6. Complete stabilization stage in 

correlation with calculated porosities of the 

studied membranes 

 

As explained in the first stage of phase 

inversion, demixing is related with pore formation at 

membrane surface. The demixing time is directly 

proportional to pore formation, in which a faster 

demixing will lead to a higher flux due to higher 

number of pores. 
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As can be observed in Figure 7, a faster 

demixing lead to higher water flux, represented by the 

23wt% PSf membrane. 

 

 
 

Fig. 7. Pure water flux correlated with the 

transmittance occurred at 0.5 s at the stage of 

instant demixing (extracted from Figure 4) of the 

prepared membranes 
 

The values of the light transmittance at time of 

0.5 s were extracted from Figure 4, also present in 

Figure 7 as an insert graph. It is obvious that the light 

transmittance-flux trend is inversely proportional. 

The highest difference, in terms of light 

transmittance, is between 23PSf (40.7%) and 27PSf 

(56.2%), respecting the pure water flux trend, also. 

On the other hand, the lowest difference is between 

the membranes with higher polymer concentration, 

namely 25PSf and 27PSf, with 51.1% and 56.2%, 

respectively.  

Demixing is inversely proportional to water flux 

and directly proportional to polymer concentration. 

 

4. Conclusions 

 

Membrane characterization is very important for 

understanding future performances of the material. 

Light transmission is a good tool in determining 

several membrane properties and performances, 

before they can be used in the actual separation 

processes. The pure water flux and porosity were 

successfully correlated with the light transmittances 

obtained by the smartphone light sensor. The results 

were synchronous, showing similar trends at different 

polysulfone concentrations. In the near future, 

smartphones will become essential devices in lab 

research. 
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ABSTRACT 
 

Epoxy resins have been presenting a lot of scientific and technical interests 

and organic modified epoxy resins have recently receiving a great deal of attention. 

For obtaining the composite materials with good mechanical proprieties, a large 

variety of organic modification agents were used. For this study gluten and gelatin 

had been used as modifying agents thinking that their dispersion inside the polymer 

could increase the polymer biocompatibility. Equal amounts of the proteins were 

milled together and the obtained compound was used to form 1 to 5% weight ratios 

organic agents modified epoxy materials. To highlight the effect of these proteins in 

epoxy matrix mechanical tests as three-point bending and compression were 

performed. 

 
KEYWORDS: mechanical properties, gluten, epoxy resin, gelatin 

 

1. Introduction 
 

Composites have been found to be the most 

promising and discerning material available in this 

century. The composite material has a variety of 

advantages, such as: excessive energy to weight ratio, 

convenient availability, ease and hassles free 

fabrication methods and improvised thermal and 

mechanical properties. Some unique composite 

materials have higher stiffness and higher-pressure 

rate, which is associated with metals, the strength of 

the composite material additionally, depends on the 

geometry and shape [1]. 

Epoxy resins are the most widely used 

thermosetting matrices due to their good mechanical 

strength, low shrinkage, excellent manufacturability, 

effective electrical insulation, and stable thermal 

properties [2]. In addition, these systems do have 

some environmental problems. An environmental 

problem of epoxy resins is that all the curing agents 

are toxic before the cure. Even for cured epoxy resins 

that seem safe, toxicity cannot be totally avoided 

because of the possibility of incomplete consumption 

of curing agents and subsequently the hazards 

introduced by the residue curing agents. [3]. A new 

approach in the development of an eco-friendly 

curing agent for epoxy resins in the industry is of 

great importance. 

Among frequently used curing agents for epoxy 

resins, especially organic and inorganic compounds, 

are of prime significance in practical applications [4]. 

In addition, the modifying agents are small particles 

dispersed in the matrix material, which can be easily 

obtained and incorporated in the material [4-6]. Also, 

the organic modification agents help to improve the 

material by increasing the abrasion resistance and 

lowering the coefficient of thermal expansion [7]. 

Recently amino acids have been used to cure epoxy 

resins, which take the advantages of the reduced 

toxicity and environmental friendliness [8]. 

Protein polymers are natural macromolecules 

derived from plants and animals which makes them 

an easily obtainable, renewable resource [9].  The 

gelatin, a natural biopolymer, has properties like 

biocompatibility and water solubility, low 

immunogenicity, plasticity, adhesiveness, promotion 

of cell adhesion, growth, and cost economy, as well 

as the ability to form transparent gels under specific 

conditions. Also, gelatin has a large variety of 

applications, including food industry, pharmaceutical 

formulations and other technical products. [10-13]. 

Wheat gluten is an important source of proteins. 

Being a by-product of the starch industry, it is widely 

available, cheap, and fully biodegradable. Among 

other possible uses, wheat gluten has been 

extensively tested to produce renewable thermoplastic 

materials [14-15]. Two factors such as, use 
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plasticizers and fiber length, are usually considered 

for improving the mechanical properties of gluten 

composites [16]. Materials obtained from gluten are 

considered a promising source with which to produce 

sustainable packaging as it improves food storage. 

These materials have the capacity to act as a barrier 

against water, oxygen, and light, therefore reducing 

oxidation of food [17]. 

The objective of this study was to determine the 

modifications of epoxy resins properties induced by 

organic modification agents. Also, besides 

mechanical properties, chemical properties presented 

high potential to be investigated. 
 

2. Materials and methods 
 

The experiments were carried out using the 

Epiphen system consisting of RE4020 (resin) and 

DE4020 (hardener), with 100:30 ratio, due to its 

properties before and after polymerization [18]. 

Wheat gluten and gelatin were purchased from 

Sigma-Aldrich and were used as received. 

In order to improve the mechanical response of 

the final polymer equal amounts of the proteins had 

been mixing with the resin, such as finally their 

weight ratios into the formed polymers to be 1%, 2%, 

3%, 4% and 5%. 

For organic modified polymers, two alternatives 

were used: firstly, disperse the powders into the resin 

(the main component – liquid – of an epoxy resin) 

and then to add the hardener (the second component 

of the epoxy system) and the second it was dispersing 

the powder inside the hardener volume and then 

forming the material. Taking into account the fact 

that, in the absence of chemical interaction, the 

physical interaction is probably leading to dispersion 

of some aggregates (powder particles surrounded by 

resin or hardener molecules) inside a liquid phase 

which for sure will differently respond after resin-

hardener blending. The composite materials modified 

with organic agents were mixed mechanically at 300 

rotation/min for 15 minutes, at 70 °C, for 24 hours. 

After that, the right amount of hardener was added 

and the new mixtures were stirred for 15 minutes to 

ensure the homogeneity. Then, the pre-polymers 

mixtures were casted into cylindrical polypropylene 

tubes, with 8 mm diameter and 200 mm length. The 

obtained materials are notated as Eax and Ebx, where 

Ea represents the material obtained by mixing the 

organic agents with the resin and Eb meaning the 

materials obtained by mixing the wheat gluten and 

gelatin mixture with the hardener. The x represents 

the weight ratio of the proteins (%) and takes values 

from 1 to 5. 

After the polymerization (24 h) the samples 

were extracted from molds and three thermal 

treatments were applied (8 hours at 60 oC, 2 hours at 

80 oC and 1 hour at 90 oC, to ensure a higher value of 

glass transition of the polymer). 

The mechanical tests were performed on an 

Instron testing machine and the conditions for testing 

was established at a speed of 55 mm/min and the stop 

condition was set at a 40% drop of the loading force. 

The applied load was 2 kN for bending and 25 kN for 

compression test. Samples extraction for the 

mechanical analysis was performed after the thermal 

treatment. They have been of 160 mm length ensuring 

a length of 10 mm as engagement zone.  
 

3. Results and discussion 
 

As it has been previously reported in the 

literature, amino-acids, inorganic and organic 

compounds can be used to obtain modified epoxy 

materials with slightly modified properties [19-21]. 

The results of mechanical tests showed that the 

presence of wheat gluten and gelatin mixture inside 

the matrix had a modification in the compressive and 

bending response of epoxy resin. The configuration 

of the epoxy resin-denoted as E0, is illustrated in 

Figure 1. All the curves are the average of five tests 

performed for each material. 

Figures 2 and 3 illustrate the compressive tests 

results for the polymers obtained by modifying the 

epoxy resin with the smallest and the highest, 

amounts of wheat gluten and gelatin mixture. 

It can be observed that the compressive 

behaviour, is characteristic of thermosetting polymers 

with an area of elasticity below 0.1 mm, which is 

followed by a compaction area and the force is almost 

unchanged. Also, the cracking of the specimens was 

followed by the final tearing of materials. 

The compressive modulus of unmodified epoxy 

(E0) reached the highest value while all the organic 

modified materials showed lower values of the 

parameter, possibly due to the formation of small 

defects of the polymer network due to high 

concentrations of the proteins mixture. By way of 

consequences, the level of loading transfer in, the 

compressive tests did not present any modifications 

regarding the maxim deformation of the material.  

One usual way to get superior properties of 

polymers is to modify them by placing another phase, 

for instance a nano-sized one, into the polymer 

volume [22]. Amit et al. [23] showed that these 

materials should provide unique mechanical and 

thermal properties combined with low specific weight 

and high wear resistance in order to ensure the safety 

and economic efficiency. 

The behaviour of modified materials with 

organic agents is almost identical to that of 

unmodified materials. The significant parameters 

obtained by the three-point bending testes were found 

to have similar behaviour (Fig.4 and Fig.5). 
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Fig. 1. Compressive behaviour of epoxy resin (left). Bending modules of epoxy resin (right) 
 

 
 

Fig. 2. Compressive behaviour for the materials with 1% proteins mixture 
 

 
 

Fig. 3. Compressive behaviour for the materials with 5% proteins mixture 
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Fig. 4. Bending modules for the materials with 1% proteins mixture 

 

 
 

Fig. 5. Bending modules for the materials with 5% proteins mixture 

 

Following these tests, the materials practically 

did not break during the test, demonstrating their 

elasticity. 

For this category of materials, the others, elastic 

parameters analysed confirmed that the concentration 

of the modifying agent does not significantly 

influence the behaviour of the modified materials. 

In addition, with the increase of solution of 

modifying agent concentration the elasticity limit 

measured during a three-point bending tests of the 

materials correspondingly decreased. Analysing the 

bending elastic modulus, it might be noticed that the 

proteins mixtures ratio has a considerable importance, 

because with increasing its ratio, the bending elastic 

modulus decreases. 

 

4. Conclusions 
 

For this study wheat gluten and gelatin had been 

used as modifying agents. The materials were formed 

by dispersing the mixture of gelatin and gluten into 

the resin or into the hardener and the weight ratios of 

organic compounds into the polymer are from 1% to 

5%. 

The mechanical analysis presented that the 

elastic modulus values are decreasing, almost 

proportionally, with respect to the concentration of 

both proteins mixtures dispersion cases. 

The presence of organic mixture (wheat gluten 

and gelatin) inside the epoxy resin is not considerably 

modifying the properties of the polymer. Therefore, it 

is possible to continue to the next step regarding the 

functional analysis of the proteins in order to control 

the polymer sensitive properties. In addition, the 

modification of epoxy resin with small amounts of 

organic compounds could lead to an increase of their 

environmental acceptability. 
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CuO FILMS OBTAINED BY OXIDATION OF Cu LAYERS 

DEPOSITED BY THE PVD PROCESS - MAGNETRON SPUTTERING 
 

Simona BOICIUC 

 

ABSTRACT 
 

The experimental research carried out and described in this paper aimed to 

obtain thin films from copper oxides and their characterization from the structural 

point of view and the optical and electrical properties. To obtain the copper films, a 

PVD spray deposition system was used, consisting of a vacuum chamber with a 

capacity of 2 liters, a planar magnetron with ferrite magnets (40x22x9) 

neodymium (15x8), a vacuum pump with sliding blades, a variable source of direct 

current of voltage 100 - 600 volts. The atmosphere used for plasma maintenance 

during deposition was argon rarefied in a pressure range between 3·10-2 - 8·10-3 

mbar. The deposits were made on glass plates. The films thus obtained were 

subsequently subjected to oxidation at temperatures of 200, 300 and 450 °C. It was 

found that the transparency of the films increases with the oxidation temperature 

from 1.464 * 10-4 for 200 ºC to 0.5 for 450 ºC and the surface electrical resistance 

also increases from 0.984  for 200 ºC to 3882857,1428 Ώ for 450 ºC. With 

increasing spray power, transparency and surface strength decrease. 

 
KEYWORDS: CuO thin films, d.c. magnetron, electrical and optical 

properties 

 

1. Introduction 
 

Cupric oxide (CuO) is one of the most studied p-

type oxide semiconductors. CuO is a semiconductor 

with direct transition, with the forbidden band energy 

in the range of 1.2-1.5 eV, with a monoclinic 

crystalline structure and characterized by excellent 

physical and chemical properties. Fig. 1 shows that in 

the elementary cell of CuO, a copper atom is 

coordinated by four oxygen atoms in a square plane 

configuration [1, 2]. 

The elementary cell contains four CuO units and 

is indicated by the parallelepiped. The oxygen atoms 

are light gray and the copper atoms are dark gray. The 

network parameters of the elementary cell are: a = 

4.6837 (5), b = 3.4226 (5), c = 5.1288 (6), α = 90°, β 

= 99.54 (1) °, γ = 90° [1]. 

 

 
 

Fig. 1. The crystalline structure of CuO [1] 
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The CuO nanostructured materials, especially 

the 1D - CuO nanowires, have enjoyed special 

attention, being already applied in the field of field 

effect transistors, photovoltaic cells, field emission 

Nano devices, as well as in the field of gas sensors 

[7]. 

Documentary studies have shown that different 

nanostructured CuO morphologies can be obtained 

such as: nanowires, nanowands, nanoplates, 

nanocureas, nanowhiskers [7]. 

Cu forms two types of thermodynamically stable 

oxides CuO and Cu2O. 

Cu2O (copper oxide) has a cubic crystalline 

structure and has a forbidden band energy of 2-2.2 

eV. It is a p-type semiconductor, which has a variable 

optical behavior due to stoichiometric deviations 

arising from the methods and parameters of 

obtaining. 

Cu2O films have a high transparency, a slightly 

yellowish appearance and usually absorb at 

wavelengths below 600 nm, while CuO (cupric 

oxide) absorbs strongly along the visible spectrum 

and is black in appearance [2]. 

CuO films can be obtained by different methods, 

such as: electrodeposition, sol-gel method, 

hydrothermal method, pyrolysis with sprayers, 

chemical vapor deposition, physical vapor deposition 

(thermal evaporation, sputtering), thermal oxidation. 

Physical vapor deposition by magnetron 

sputtering is used in applications aimed at obtaining 

layers with multifunctional properties: hard, wear-

resistant, with a low coefficient of friction, with high 

corrosion resistance and with specific optical and 

electrical properties [2-6]. 

The method of thermal oxidation is simple, non-

polluting, has a low cost and is quite little used. It 

involves the deposition of a thin layer of Cu by the 

magnetron-assisted PVD process and its oxidation in 

an oven at different temperatures. 

The research undertaken in this paper aimed to 

obtain thin copper films using magnetron sputtering 

process followed by thermal oxidation at different 

temperatures and their characterization in terms of 

morphology, electrical and optical properties. 

 

2. Experimental conditions 

 

To obtain the Cu films, a copper plate of 99.9% 

purity, circular with a diameter of 46.5 mm and a 

thickness of 1 mm was used as a target. 

 

 
 

Fig. 2. Diagram of the PVD magnetron sputtering system 
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We used a PVD spray deposition system, 

consisting of a vacuum chamber with a capacity of 2 

liters, a planar magnetron with ferrite magnets ( 

40x22x9) neodymium ( 15x8), a vacuum pump with 

sliding blades, a variable DC voltage source 100 - 

600 volts. The scheme of the installation is shown in 

Fig. 2. 

The deposits were made on glass plates, 

measuring 76x25x1 mm, which were subjected to an 

ultrasonic cleaning with acetone and ethanol, and 

finally they were rinsed with distilled water and then 

dried. 

The installation allows the variation of the 

magnetron deposition substrate distance between 25 

and 90 mm, and the substrate temperature can be 

monitored with a chromel - alumel thermocouple. 

The atmosphere used for plasma maintenance 

during deposition was argon rarefied in a pressure 

range between 3·10-2 - 8·10-3 mbar. 

A series of regimes shown in Table 1 were used 

to obtain the films. 

Oxidation of the copper films was performed by 

heating them to 200 °C, 300 °C to 450 °C for 1/2 h. 

Before and after oxidation, each sample was 

subjected to transparency and electrical resistance 

measurements. 

The microscopic analysis of the obtained films 

was performed using a Neophot 2 optical microscope 

with computerized data acquisition. 

The transparency of the films was determined using 

an electronic device that uses a light source and a 

photoreceptor. The light after passing through the 

deposited film is measured with the help of a 

photoreceptor and an amplifier and the result is 

displayed with an analog device. 

 

Table 1. Regimes for obtaining the copper films 
 

Sample 

code 

Voltage 

[V] 

Current 

[mA] 

Pressure 

[mbar] 

Substrate 

temperature 

[ºC] 

Target 

distance - 

substrate 

[mm] 

Deposition 

time 

[min] 

1 485 100 4x10-2 70 60 15 

2 470 110 5x10-3 68 60 10 

3 470 100 5x10-3 74 85 10 

4 470 100 5x10-3 60 85 10 

5 470 100 5x10-3 65 85 10 

 

The electrical properties (resistivity) of the films 

were determined using the method of the four 

collinear points (probes), using a laboratory 

installation. As a principle it consists in injecting the 

current through two external points and measuring the 

voltage in two internal points. 

In the case of thin layers, the resistivity is 

calculated with the relation: 

 









=

I

Ut

2ln


  

 

where: t - layer thickness, U - measured voltage, I - 

applied current; 

 









=

I

Ut

2ln


  - represents the surface resistance of 

the film. 

3. Results and discussions 

 

Following the microscopic analysis, it was 

observed that the copper films obtained are glossy, 

have no cracks, are homogeneous and adherent, have 

a reddish colour and have a low roughness as it can 

be seen in Fig. 3. 

The results of the transparency and electrical 

resistance measurements are presented in Table 2. 

Corresponding to the temperature at which the 

oxidation took place, the structure of the samples was 

formed as follows [2-4, 8, 9]: 

➢ for samples 1, 2, 3, oxidized at a temperature 

of 450 ºC, it is made of CuO; 

➢ for sample 4 with the oxidation temperature 

of 200 ºC from Cu2O + Cu, so there is a partial 

oxidation highlighted by a color different from that 

obtained at a temperature of 450 ºC; 
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➢ for sample 5 where the oxidation 

temperature was 300 ºC the structure contains Cu2O + 

CuO 

Figure 4 shows the appearance of copper films 

for samples 1, 2, 3, oxidized at 450 °C, 1/2 h, as well 

as for samples 4, 5, oxidized at 200 °C, respectively 

300 °C for 1/2 h. 

 

           
                                             1                                                                                     2 
 

                 
                                              3                                                                                       4 
 

 
5 

 

Fig. 3. Micrographs of the deposited Cu films 
 

Analyzing Table 2 it is observable that in all 

films subjected to oxidation the transparency and 

surface resistance increase, more accentuated at a 

temperature of 450 ºC, and at temperatures lower than 

this value the increases are much smaller. This is due 

to the partial oxidation of the deposited copper films 

as well as the formation of different structures which 

consist of CuO in sample 3, Cu2O+Cu in sample 4 

and Cu2O+CuO in sample 5 characterized by other 

properties. 

The dependence of the conductive behavior of 

temperature CuO films leads to potential applications 

in the chemical industry and gas sensors. 

It was found that with increasing spray power, 

due to improved mobility of pulverized atoms and 

increased energy of adsorbed atoms, there is an 

intensification of nucleation and growth processes 
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which increases the crystallinity of the film and 

changes its characteristics, respectively decreasing 

transparency and strength (samples 2,3).  

To study the kinetics of the transformation of 

metallic Cu into oxide, sample 5 was oxidized at 300 

°C in several stages (1/2 h per stage), with a total time 

of 2 h. The results are shown in Tables 3 and 4. 

Analysing Tables 3 and 4 it is obvious that in 

the case of oxidation at low temperatures a longer 

oxidation time is required to obtain the required 

electrical and transparency characteristics. 

This may be due to changes in the structure and 

morphology of the oxidized films. 

 

Table 2. Determination of transparency and electrical properties of Cu films subject to oxidation 
 

Sample code Initial 

transparency 

Final 

transparency 

Initial resistance 

[] 

Resistance after 

oxidation [] 

1  3.906*10-3 0.437 0.7 483200 

2  2.929*10-4 0.25 0.697 198996.43  

3 3.662*10-4 0.5  0.454 3882857.1428 

4  - 1.464*10-4 0.7 0.984 

5 - 0.0132 0.503 1.647 
 

               
                                                   1                                                                           2 
 

              
                                                 3                                                                           4 
 

 
5 

 

Fig. 4. Micrographs of Cu films deposited and oxidized at different temperatures 
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Table 3. Kinetics of Cu into oxide transformation 
 

Sample 5 
Oxidation stages at 300 oC 

Initial status I II III IV 

Transparency [%] - 0.0132 1 2 2 

Time [h] 0 1/2 h 1 h 1and 1/2 h 2 h 
 

Table 4. Kinetics of Cu into oxide transformation 
 

Sample 5 
Oxidation stages at 300 oC 

Initial status I II III IV 
Surface 

resistance 

[] 
0.503 1.647 51.46 1101041.7 2613461.5 

Time [h] 0 1/2h 1h 1and 1/2h 2h 
 

4. Conclusions 

 

Following the experimental research, the 

following conclusions can be highlighted: 

➢ The method of spraying copper in magnetron 

regime has a series of advantages such as: high 

deposition speed, obtaining films with high purity and 

homogeneity, high adhesion, high precision in 

controlling the thickness and size of grains; 

➢ Due to the high electrical and thermal 

conductivity and a relatively high melting 

temperature, the copper deposits are intended for the 

realization of high-performance integrated circuits; 

➢ The structures and properties of the obtained 

films depend on the sputtering power (voltage, 

current intensity), duration, target distance - substrate, 

substrate temperature; 

➢ Following the microscopic analysis, it was 

observed that the obtained films showed no cracks, 

are homogeneous and adherent with a mirror surface; 

➢ with the increase of the sputtering power 

(increase of the current and voltage) there is an 

increase of the film thickness; 

➢ with the increase of the deposition time there 

is an increase of the film thickness and of the grain 

size (which can lead to the increase of the roughness); 

grain size is important in the case of semiconductors 

because it influences the size of the forbidden band 

and the physical properties; 

➢ the deposition speed decreases with the 

increase of the distance from the target, thus 

determining both the decrease of the film thickness 

and the increase of its transparency; 

➢ the transparency of the obtained films 

increased at all samples subjected to oxidation, this 

varying between 1,464 * 10-4 for oxidation at the 

temperature of 200 ºC and 0.5 for the oxidation 

temperature of 450 ºC; this is due to the change in the 

structure of the film following oxidation; 

➢ the surface resistance increases after 

oxidation, the more accentuated the higher the 

oxidation temperature; it varies between 0.984  for 

the oxidation temperature of 200 ºC and 

3882857,1428  for oxidation at the temperature of 

450 ºC; 

The modification of the conductive behavior 

with temperature of the obtained films is 

recommended in applications in the chemical industry 

and gas sensors. 
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ABSTRACT 
 

The undertaken research which is described in this paper aims at the 

corrosion behaviour of composite coatings in nickel matrix using as dispersed 

phase technical alumina with dimensions of 5 µm and their characterization from a 

microstructural point of view. The corrosion resistance in the saline fog of the 

coatings is influenced by the microstructure, the stresses developed in the layer and 

the roughness. 

 
KEYWORDS: Ni composite coatings, electrodeposition, Al2O3 

 

1. Introduction 
 

The field of composite coatings remains a top 

field in science and technology, currently 

experiencing great diversification in terms of 

categories of protected materials (metals, plastics, 

ceramics, wood or textiles) and the nature / 

complexity of coatings and technologies used in their 

application. 

The electrochemical deposition of nickel is used 

as it improves the resistance to corrosion, oxidation 

and wear at high temperatures, modifies magnetic 

properties, ensures the reconditioning of worn or 

dimensionally improper parts, prepares the surface for 

other types of (organic or enamelled) coatings, 

constitutes barriers of diffusion in electronic 

applications. 

Electrochemical deposits of nickel and nickel 

matrix composites are used for decorative purposes in 

various branches of engineering because the 

properties of the obtained layers can be varied by 

controlling the chemical composition of the bath and 

the deposition parameters. 

They are applied in the machine building 

industry, the chemical industry, the nuclear industry, 

in telecommunications, for electronic consumables, 

and in the IT industry. 

Over time, several mechanisms for the 

formation of composite coatings have been proposed. 

Thus, Guglielmi views the deposition process as a 

succession of two stages: the solid particles 

surrounded by the cloud of ions (cations) are 

transferred, adsorbed on the cathode surface due to 

Van der Waals forces, and the second stage involves 

the strong adsorption of these particles at the cathode 

due to the Coulomb forces developed at the interface 

with the support. 

A frequently accepted model is the one proposed 

by Kurozaki which involves the transport of particles 

from the solution to the cathode surface by stirring. 

The model comprises three steps [1]: 

- the uniformly dispersed particles are 

transported to the double electric layer by mechanical 

agitation; 

- the charged particles are transported to the 

cathode surface by electrophoresis; 

- the solid particles are adsorbed on the cathode 

surface due to the Coulomb forces developed between 

the particles and adsorbed anions, followed by their 

incorporation and growth at the interface with the 

support. 

Another mechanism [2] assumes that a series of 

complex phenomena take place at the electrode - 

electrolyte interface. The electrodeposition processes 

are considered to take place in several stages: mass 

transport of the electroactive metallic ionic species to 

the cathode surface; adsorption on the cathode 

surface; discharge reaction at the cathode surface 

(charge transfer); surface diffusion of formed atoms 

and incorporation into the crystal lattice. The 

nucleation and growth of the crystal can be added to 

these steps. 

Alumina is used as a dispersed phase to obtain 

composite materials due to its properties: high 

melting point, hardness, high thermal conductivity 

and electrical resistivity, high chemical resistance (it 
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is attacked only by molten hydroxides and alkaline 

bisulfates and phosphoric acid) [3]. 

The researches undertaken in this paper aim at 

the corrosion behaviour of some composite coatings 

in nickel matrix using as dispersed phase technical 

alumina with dimensions of approx. 5 µm and their 

characterization from the microstructural point of 

view and of the corrosion resistance. 
 

2. Experimental conditions 
 

To obtain nickel coatings and nickel matrix 

composite coatings, a direct current source, a device 

provided with a magnetic stirrer and a bath 

temperature control system as well as an electrolyte 

container were used. We worked with a solution 

volume of 300 ml, and the experiments took place at 

temperatures of 50 oC. 

Watts electrolytes consisting of NiSO4 • 6H2O – 

300 g/L, NiCl2 • 6H2O - 50 g/L and H3BO3 – 40 g/L, 

pH = 4.5, current density of 4 A/dm2, a concentration 

of the dispersed phase of 20 g/L, stirring speed of 300 

rpm, with deposition times of 60, 90, 120 minutes 

were used. 

The electrodepositions were made by the 

vertical arrangement of the electrodes at a distance of 

14 mm from each other. High purity nickel (99%) 

was used as an anode, the cathode being made of 

copper strip, representing the support material for 

deposits with dimensions of 76x20x1 mm. 

The copper strip used was prepared by 

degreasing (organic solvents - trichlorethylene), 

pickling (HNO3 + HCl at room temperature for 1-2 

minutes) followed by washing with distilled water. 

The metallographic analysis of the samples was 

performed on a Neophot 2 microscope, with the 

acquisition of data on the computer and highlighted 

the appearance of the nickel deposition surface 

compared to composite coatings, their adhesion, how 

the electrodeposited crystals grew and the presence of 

defects such as pores, cracks, and exfoliation. 

The qualitative analysis of the surface profile 

was performed using the Neophot 2 microscope and 

Image J software. 

The corrosion behavior in the salt mist of the 

composite layers was performed according to ISO 

9227/2012 for a period of 96 hours. To perform the 

test, the sodium chloride solution was prepared by 

dissolving in distilled water, with a conductivity less 

than or equal to 20 µS/cm2 at 25 ± 2 oC, a quantity of 

sodium chloride, in order to obtain a concentration of 

50 ± 5 g/L. The relative density of a solution with this 

concentration is between 1.00255 and 1.0400. The pH 

of the saline solution was adjusted so that the pH of 

the solution collected in the spray chamber was 

between 6.5 and 7.2. It was measured with a pH 

meter HI 991001, produced by "Hanna Instruments", 

also provided with a temperature indicator. 
 

3. Experimental results 
 

Following the microscopic analysis performed 

on the nickel coatings subject to corrosion in saline 

fog, it could be found that the best behavior was the 

P2 sample obtained at a deposition time of 90 

minutes. The P3 sample obtained at a deposition time 

of 120 minutes showed a lower corrosion resistance 

due to obtaining a higher roughness, as can be seen in 

Fig. 2. As the deposition time increases, the thickness 

if the residual stresses in it can either increase, 

influencing the corrosion resistance or decrease. 

The presence of a localized corrosion (points) 

can be observed, this manifesting itself first in the 

sections with non-uniformities or imperfections 

resulting from the bath or from the increase of the 

coating layer. It then spreads along the paths formed 

by these defects. A peculiarity of this form of 

corrosion is the fact that on the metal surface may 

also appear active points, besides the intact passive 

areas, without protective film, i.e. areas with very low 

anodic current densities (wide cathodic areas) and 

other limited areas with higher values of the current 

density (anodic areas). 

If corrosion products accumulate in the pores or 

under cover, due to the fact that they have a larger 

volume in relation to the volume of metal from which 

they come as a result of the attack, the exfoliation of 

the coating may occur. 

The microscopic analysis performed on 

electrochemically obtained composite coatings with 

nickel matrix using as dispersed phase Al2O3 particles 

subject to corrosion in salt mist showed that the best 

corrosion behavior was presented by the P6 sample 

obtained at a time of deposition of 120 minutes. This 

showed a higher passivation compared to the other 

samples and a low roughness, as can be seen in Fig. 

2. The P4 sample obtained at a deposition time of 60 

minutes showed a low corrosion resistance, this 

having a lower thickness and a higher roughness, as 

can be seen in Fig. 2. 

The presence of dispersed phase particles led to 

changes in the growth mechanism of nickel crystals 

favoring nucleation. This results in a finer structure 

than pure nickel coatings with better mechanical 

properties and good corrosion behavior. Alumina 

particles act as a barrier against the movement of 

dislocations through the nickel matrix, and by 

accumulating at the grain boundary leads to increased 

hardness and residual stresses. 

The corrosion rates resulting from the salt mist 

test on pure nickel coatings and nickel matrix 

composite coatings using Al2O3 particles as the 

dispersed phase can be seen in Fig. 3. 
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                                          P1                                                                                         P2 
 

             
                                         P3                                                                                          P4 
 

              
                                         P5                                                                                           P6 
 

Fig. 1. Microstructure of pure nickel coatings P1 - 60 minutes, P2 - 90 minutes, P3 - 120 minutes and 

of composite coatings P4 - 60 minutes, P5 - 90 minutes and P6 - 120 minutes 

 

Analyzing Fig. 3, it the composite coatings can 

be seen to have a higher passivation, and thus, a 

better corrosion resistance, compared to pure nickel 

coatings. Among the pure nickel coatings, the best 

corrosion compote was presented by sample P2, and 

in the case of composite coatings, sample P6. 
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                                           P1                                                                                      P2 
 

                
                                            P3                                                                                         P4 
 

                 
                                          P5                                                                                        P6 
 

Fig. 2. Images of the surface profile for pure nickel coatings subjected to corrosion P1 - 60 minutes, 

P2 - 90 minutes, P3 - 120 minutes and of composite coatings P4 - 60 minutes, P5 - 90 minutes and P6 

- 120 minutes 

 

 
 

Fig. 3. Corrosion behavior of pure nickel coatings P1 - 60 minutes, P2 - 90 minutes, P3 - 120 minutes 

and of nickel matrix composite coatings using Al2O3 particles as dispersed phase P4 - 60 minutes, P5 

- 90 minutes and P6 - 120 minutes 
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4. Conclusions 

 

Further to the experimental research, the 

following conclusions can be drawn: 

- The corrosion resistance in salt mist of pure 

nickel coatings and nickel matrix composite coatings 

using Al2O3 particles as dispersed phase is influenced 

by microstructure, the stresses developed in the layer 

and roughness. 

- As the deposition time increases, the thickness 

of the pure nickel coatings increases, the value of the 

residual stresses develops in the layer and the 

roughness. These aspects can have the effect of 

reducing corrosion resistance. 

- As the roughness increases, the corrosion 

resistance decreases. 

- Compared to pure nickel deposits, the presence 

of complementary phase particles led to changes in 

the mechanism of growth of crystals in the nickel 

matrix, and to a decrease in crystallites, respectively, 

favoring nucleation, which led to finer structures and 

reduced roughness. These changes resulted in the 

improvement of the composite coatings, which 

showed a higher passivation. 

- The presence of Al2O3 particles acts as a 

barrier against the movement of dislocations through 

grains, and the accumulation at the grain limit 

determines the increase of residual stresses, 

respectively the increase of resistance to deformation. 

As the residual stresses in the layer increase, the 

susceptibility to corrosion increases. 

The corrosion observed in pure nickel and 

electrochemically deposited composite layers is a 

localized one (in points), that usually is caused by 

chlorine ions, which manifests itself around such 

defects as pores, bath inclusions or micro-cracks 

caused by internal stresses. 
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ABSTRACT 
 

The purpose of the present work is to present new manufacturing technologies 

process of bed frame elements, especially those with a circular or conical section, 

made of high strength materials, new on the market. The research based on three 

methods to make this bed frame elements: cold deformation method, hot 

deformation method and cold deformation method after soft annealing. 

Experimental research is focused on how the steel behaves at high temperatures, in 

identifying an adequate improvement treatment for parts after soft annealing, to 

increase the mechanical properties of this and preparation of the welding 

procedure specification. 

 
KEYWORDS: high strength steel, cold and hot deformation, metal rolling, 

welding 

 

1. Introduction 
 

This theme falls into the field of engineering 

sciences and materials sciences, aiming to identify 

new technologies and solutions for the construction of 

specific machine tool parts, such as base of structures, 

bed frames, columns, etc and unique large size parts. 

The purpose pursued by this work is to provide 

solutions to reducing the masses, reducing material 

consumption, lowering costs and manufacturing time 

by using high strength steel products on the market. 

Each machine tool has a certain constructive 

form, dictated by the size and configuration of the 

workpieces, the size of the stresses produced by the 

cutting forces and several requirements: functional, 

ergonomic, and aesthetic. The most important part, 

which mostly ensures the shape of the machine tool is 

the frame, because the parts or component 

subassemblies of the machine tools are mounted on 

the frame, with their freedom to perform relative or 

fixed movements. 

The materials used in the construction of the 

frames must ensure good thermal conductivity, high 

corrosion resistance and adequate mechanical 

strength. The frames can be made in various variants, 

such as the following materials: gray cast iron, 

malleable cast iron, globular cast iron, alloy cast iron 

and steel, but they can also be made of welded 

construction of sheet metal, laminated profiles, etc. 

Steel, in the construction of frames, is recommended 

for those who work with high cutting forces, shocks 

and vibrations [1]. 

The resistance conditions influence the 

constructive form of the bed frames by the idea that it 

must ensure: 

- high rigidity to exclude elastic deformations 

that occur during machining process but also to 

ensure the part, a dimensional accuracy according to 

the requirements; 

- adequate resistance to vibration to ensure 

higher quality surfaces [2]. 

 

 
 

Fig. 1. Rectangular profile bed frame with 

circular section 
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2. Bed frame elements made from 

fabricated steel-sheet products for welded 

construction 

 

Regarding the realization of the bed frame 

elements by bending thick sheet metals, we can 

highlight several possible methods, for example: cold 

deformation, hot deformation, cold deformation after 

soft annealing. 

The methods presented above have been applied 

experimentally, in turn to study and define an optimal 

technology for manufacturing the flat plates curved 

bed frame elements of high-strength materials such as 

Quend 700. 

The following figure illustrates the cylindrical 

frame element made of sheet metal with a wall 

thickness of 50 mm and the quality of the material 

being Quend 700. Thus, during the development of 

the part, it is necessary to have an addition of material 

that will later be used making samples for mechanical 

tests and to study the behaviour of the material during 

the processes. 

 

 
 

Fig. 2. Execution drawing and development of 

the part 
 

Cylindrical and conical sheet metals rolling are 

obtained by bending between the rollers of rolling 

machines and welded along the generating line, so 

that the laminating fibre of the sheet obtained by 

rolling is in the annular direction (maximum load 

direction in the case of bed frames). 

 

2.1. Cold deformation method 

 

Cold deformation of sheet metal is done with the 

help of bending presses (“abkant”) and rolling 

machines. Bending presses are used for pre-bending 

the ends of the sheet metal, this is mainly necessary 

when inserting it between the bending roller of the 

rolling machine. 

The cold pre-bending of the Quend 700 sheet 

metal on bending presses requires a very high 

pressing force, because we need to overcome the 

mechanical properties of the material. If the pressing 

force does not overcome the mechanical properties of 

the material will result in the appearance of the 

springback phenomenon and the inability to achieve 

the pre-bending [3]. 

According to this method cold pre-bending of 

Quend 700 was tried on an Ermaksan Power-Bend, 

which develops a pressing force of 1000 tons over a 

length of 7100 mm. A punch with a radius of 50 mm 

and a lower die with an opening of 500 mm were 

used on the press machine, setting the properties of 

the material and the bending length of the part at 

1376 mm, result the maximum force developed by the 

machine are around 300-350 tons/meter. 

 

 
 

Fig. 3. Press machine, Ermaksan Power-Bend 

7100x1000 Ton 
 

Consequently, cold pre-bending of Quend 700 

has failed due to the fact that this material has a very 

high yield strength of at least 700 MPa and tensile 

strength around 780-930 MPa, but mainly due to the 

inability of the equipment to develop a sufficiently 

high pressing force. 

 

 
 

Fig. 4. Lower die of bending press with opening 

of 500 mm 
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According to the input data, the thickness and 

bending length of the part, bending tools, we can 

estimate the effective pressing force Fmax required to 

achieve the pre-bending with the formula below [4]. 

 

           (1) 

 

Where, Rm is tensile strength in N/mm2, t is 

sheet thickness in mm, α are angle coefficient in 

degrees (for 90o →1; 30o →1.6; 60o →1.6; 120o →1.6; 

150o →0.7) and V is die opening in mm. 

 

 
(2) 

 

2.2. Hot deformation method 

 

Hot deformation method consists in pre-bending 

and rolling the flat plate according to the following 

steps: 

- heating the flat plate to 750 ⁰C in the electric 

oven and performing the pre-bending operation on 

bending press; 

- after the pre-bending on the flat plate follows 

the rolling on rolling machine 80x3500 up to a 

curvature value of R700; 

 

 
 

Fig. 5. Rolling machine 80x3500 
 

- reheating the semi-finished product to 750 °C 

and transported to another rolling machine, 

AKYAPAK Type AHS 25/35, capable of achieving 

the radius of curvature below R700 to close the 

cylindrical product with the addition of pre-bent 

material; 

- the next operation is to cut the pre-bend 

addition (2x250 mm) and make the chamfers on the 

generators; 

- then a final heating is done at 750 °C to 

complete the closing of the shell at a radius of R370 

and spot welding on rolling machine, AKYAPAK 

Type AHS 25/35 before the release forces of rollers. 

 

 
 

Fig. 6. Closing of the shell at a radius of R370 

and spot welding on rolling machine AKYAPAK 

Type AHS 25/35 
 

This method of manufacturing cylindrical frame 

elements from Quend 700 has been successfully 

developed but has some disadvantages that are not 

suitable for mass production, such as: the energy 

consumed by the electric oven is high for many 

heating and preheating, the mechanical properties of 

the material decrease and after the tests show, the 

tensile strength around 550 MPa and yield strength 

around 500 MPa. 

Due to the results obtained from this method a 

third method shown below will arise. 

 

2.3. Cold deformation method after soft 

annealing 
 

Cold deformation method after soft annealing is 

characterized of cold pre-bending and rolling after a 

single heating at 750 °C and cooling in air of the flat 

plate product. 

This method follows the phases of operations 

from the previous variant only this time the semi-

finished product does not have to be heated during the 

pre-bending and rolling operations: 

- performing the pre-bending operation on 

bending press  

- after the pre-bending on the flat plate follows 

the rolling on rolling machine 80x3500 up to a 

curvature value of R700; 

- transported to another rolling machine, 

AKYAPAK Type AHS 25/35, capable of achieving 

the radius of curvature below R700 to close the 

cylindrical product with the addition of pre-bent 

material; 

- cutting the pre-bend addition (2x250 mm) and 

make the chamfers on the generators; 
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- after which a last a final closing operation of 

the shell at a radius of R370 and spot welding on 

rolling machine, AKYAPAK Type AHS 25/35 before 

the release forces of rollers. 

According to the input data, the thickness and 

bending length of the part, bending tools, knowing 

the tensile strength after soft annealing, according to 

the Table 7, we can estimate the effective pressing 

force Fmax required to achieve the pre-bending with 

the formula below. 

 

(3) 

 

In conclusion, the heat treatment applied to this 

method aims at improving the plasticity properties of 

the material and is applied as a preliminary heat 

treatment before cold deformation, the temperature of 

the operation being approximately 750 °C, it being 

adopted depending on the chemical composition of 

the steel and the allotted time being between 1-2 

hours, followed by a cooling in the air. At the same 

time, at the end of the fabrication of the cylindrical 

frame element, an improvement treatment must be 

applied according to Table 9, to raise its mechanical 

properties at least close to the initial state. 

 

3. Technological stages 

 

The technological stages follow step by step the 

process regarding the realization of the cylindrical 

and conical sheet metals rolling, from the 

dimensioning phase of the flat sheet metal until its 

complete closing, these stages are presented in more 

detail below. 

 

3.1. Dimensioning the development 
 

Calculation the length of the cylindrical sheet 

metal development [5]: 

 

                (4) 

 

Where, Di is inside diameter in mm, s is sheet 

thickness in mm, H are height of cylindrical part in 

mm. 

To calculate the development of a conical part, it 

is necessary to determine several geometric 

parameters highlighted in the formulas below [5]: 

 

                (5) 

 

               (6) 

                      (7) 

 

       (8) 

 

                   (9) 

 

               (10) 

 

               (11) 

 

 
 

Fig. 7. Cylindrical sheet metal development 
 

 
 

Fig. 8. Geometric parameters of conical part 

and development 
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Where, is sheet thickness in mm, Di is 

maximum inside diameter in mm, di is minimum 

inside diameter in mm, Dm is maximum average 

diameter in mm, H are height of conical part in mm, 

G is side length of development in mm, b is the loft of 

conical sheet metal in mm, Rp is external radius of 

development in mm, rp is internal radius of 

development in mm. 

 

3.2. The pre-bending process 

 

According to figure 8 it is necessary to leave an 

addition at both ends to the length of the initial 

development since cutting, in order to be able to 

achieve the pre-bending on the press machine, this 

addition is necessary to have support on the lower die 

and the grip the pre-bend sheet metal on rolling 

machine. 

 

 
 

Fig. 9. Development with pre-bending line 

 

The length of the development without the 

addition of pre-bending on the ends is 2479.7 mm, 

shown in Figure 2. With help of x-axis limiters of the 

press machine will be press on the line according to 

the dimensions on the development with pre-bending 

line drawing, and respecting the bending angles, see 

illustrated Figure 9. The bending starts from the 

length of 869.3 mm and will continue to the edge to a 

length 250.8 mm, with several bends equal to 14 and 

the size of step is equal to 47.6 mm. 

 

 
 

Fig. 10. Pre-bending on press machine of the 

sheet metal ends at a radius R370 

At the end of the bending process, a radius 

check will be performed using a template with R370 

mm on the entire width of the pre-bending sheet 

metal. The same will be done for bending the other 

end. 

 

3.3. Rolling process of pre-bending plate 

 

After pre-bending on press machine, it follows 

rolling on AKYAPAK Type AHS 25/35, capable of 

achieving the radius of curvature below R700 to close 

the cylindrical product with the addition of pre-bent 

material. 

 

 
 

Fig. 11. Curving the pre-bending plate on 

rolling machine 
 

3.4. Cutting excessive material process 

 

After the pre-bending and rolling process, the 

addition left to the pre-bending process will be cut 

and then chamfers will be made for welding process. 

Cutting and chamfering will be performed in this case 

using manual plasma cutting device, followed by 

adjustment of the chamfer with an angle grinder acc. 

to the WPS (Welding Procedure Specification) 

documentation. 

 

 
 

Fig. 12. Manual plasma cutting of the pre-bend 

addition 
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Fig. 13. Chamfering at both ends of the cut 

addition 

 

3.5. Final rolling process 

 

After cutting the pre-bend addition and making 

the chamfers in the longitudinal direction, next is 

final closing operation of the shell at a radius of R370 

and spot welding on rolling machine, AKYAPAK 

Type AHS 25/35 before the release forces of rollers. 

 

 
 

Fig. 14. Final closing operation of the shell at a 

radius of R370 and spot welding on rolling 

machine 
 

3.6. Welding process and cutting addition 

 

Welding process is a very important stage, it 

consists in the complete welding of the longitudinal 

loft according to the technology presented in chapter 

four, finishing it by grinding and removing of spit. 

The shell and the weld will be checked by the 

personnel responsible for performing the non-

destructive and quality control. 

 

 
 

Fig. 15. Preparation of metal shell for welding 

process 

 
 

Fig. 16. Completion of the welding operation 
 

3.7. Calibration process 

 

Calibration is the technological operation by 

which the deviations from the circularity of the 

sections are eliminated of cross sections in our case a 

cylindrical and conical sheet metals. Calibration 

applies only to rigid cylindrical and conical sheet 

metals, characterized by a ratio between the wall 

thickness (s) and the inside diameter (Di), which 

meets the criterion in the equation below. 

 

                       (12) 

 

The calibration is also performed on the rolling 

machines and involves the following steps: 

- checking the shape deviations of the 

cylindrical sheet metal to be calibrated and 

establishing the rc calibration radius (the radius at 

which the rolling machine is adjusted); 

- preparing the cylindrical sheet metal, usually 

consisting in grinding the longitudinal increased 

height of weld; 

- tightening the cylindrical sheet metal between 

the upper roller of the machine and the side rollers to 

ensure the calibration radius; 

- checking the quality (shape accuracy) of the 

calibrated cylindrical sheet metal. 

 

4. Custom welding procedure 

specification 

 

Welding of Quend 700 can be performed using 

any of the conventional welding methods available 

both as manual and robotic welding. In the thickness 

range up to 30 mm, if a heat input of 1.7 kJ/mm is 

used, preheating prior to welding is not needed. 

Welding of Quend 700 is recommended to be 

performed at ambient temperature not lower than +5 

°C. Subsequent to welding, let the welded parts 

slowly cool down to room temperature. Do never 

accelerate the cooling process of the weld. It is 

always recommended to use low hydrogen electrodes 

when welding Quend 700 [6]. 
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Table 1. Welding Procedure Specification 

(EN ISO 15609) 
 

Transfer mode dip + spray + globular 

Welding process 135(MAG; GMAW) 

Joint type BW 

Weld preparation 

details (sketch) 
 

Method of 

preparation and 

cleaning 

grinding 

Parental material 

specification 

S690 QL 

QUEND 700 

Material thickness 
t1 =50 [mm] 

t2 =50 [mm] 

Welding position PA (Flat Position) 

Filler metal 

EN ISO 16834-A: G 69 4 M 

Mn3Ni1CrMo / AWS A5.28: 

ER100S-G 

Classification and 

trade name 
FILCORD 100 

Gas (Shielding) 
EN ISO 14175: 

M21 – Arc – 18 

Gas flow rate 

(Shielding) 
15÷18 [l/min] 

Gas Nozzle 

(diameter) 
Ø16 [mm] inside diameter 

Details of back 

gouging/backing 

bs (both sided welding; 

root grinding and backing 

run) 

Preheating 

temperature 
Tp = +150 [ºC] 

Interpass 

temperature 
+150 oC ≤ T ≤ +185 oC 

Post-weld heat 

treatment 
NA 

Heating and cooling 

rates 
NA 

Weaving (maximum 

width of run) 
string beads 

Stand-off distance 15 ÷ 22 [mm]  

Torch angle Lead angle = 10°- 20° 

 

 
 

Fig. 17. Joint design sketch 

Table 2. Welding details 
 

Run Tack+1 2÷8 9÷n 

Process 
135 135 135 

Size of  

filler metal 

Ø1.2 

[mm] 

Ø1.2 

[mm] 

Ø1.2 

[mm] 

Current 
180÷190 

[A] 

260÷280 

[A] 

250÷270 

[A] 

Voltage 21÷23 27÷29 25÷27 

Type of current/ 

polarity 
DC+ DC+ DC+ 

Wire feed 

speed 

5÷6 

[m/min] 

9÷10 

[m/min] 

7÷8 

[m/min] 

Travel  

speed 

13÷17 

[cm/min] 

26÷37 

[cm/min] 

22÷31 

[cm/min] 

Heat input 

Max. 

10672 

÷ 

16135 

[J/cm] 

9107 

÷ 

14990 

[J/cm] 

9677 

÷ 

15905 

[J/cm] 

Transfer 

mode 
dip spray globular 

 

 
 

Fig. 18. Welding sequences 
 

5. Properties of high strength material 

QUEND 700 

 

Quend 700 is extra high yield strength structural 

steel obtained as a result of quenching and subsequent 

tempering with minimum yield strength 700 MPa [6]. 

 

5.1. Properties in initial state 

 

Table 3. Mechanical properties 
 

Yield strength 

Rp 0.2 

[MPa] 

Tensile 

strength Rm 

[MPa] 

Elongation 

A5 

700 min 780-930 14% min 

 

The following material product mix is currently 

available of thickness 4-64 mm and width 1500-3100 

mm. 
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Ultrasonic testing (UT) is used to identify such 

discontinuities as inclusions, cracks, and porosity. In 

thickness from 8 mm and higher, all plates are UT 

tested and controlled against class S2, E2 in 

accordance with EN 10160 [6]. 

 

Table 4. Impact toughness 
 

Minimum values at 

0 oC -20 oC -40 oC 

35 J 30 J 27 J 

 

Table 5. Carbon equivalent, typical value, % 
 

Plate thickness [mm] CEV(1) CET(2) 

4 – 15  0.45 0.29 

15.01 – 25 0.44 0.30 

25.01 – 40 0.45 0.30 

40.01 – 64 0.54 0.33 

 

CEV = C+Mn/6+(Ni+Cu)/15+(Cr+Mo+V)/5  (13) 

CET = C+(Mn+Mo)/10+Ni/40+(Cr+Cu)/20   (14) 

 

5.2. Mechanical properties after soft 

annealing 

 

This preliminary heat treatment is adopted for 

method three, the cold deformation method. 

Following this heat treatment, the mechanical 

properties of the material will be reduced by up to 

40% compared to its initial state, according to the 

results in Table 7. This helps to carry out the pre-

bending and rolling operations of the semi-finished 

product with the equipment provided. 

The main disadvantage is that a subsequent 

improvement treatment will be necessary to raise the 

mechanical properties, this treatment may involve 

water or oil quenching. 

 

Table 7. Mechanical properties after tempering 
 

Material: plate 50 [mm] 

Quality: QUEND 700 

Sample 

number 
1 2 3 

The heating 

temp. of 

sample [⁰C] 

25 (initial 

state) 
750 750 

The force [N] 

obtained in 

the test d0= 10 

[mm] 

70000 44500 44000 

Rm [MPa] 891 566 506 

Rp [MPa] 853 501 506 

A5 [%] 15 19 20 

Z [%] 62.6 71.3 70.7 

Impact 

toughness 

KV (-40 ⁰C) 

[J] 

162 

44; 60; 82  

transversal 

 

104; 106; 86  

longitudinal 

 

 

Table 6. Chemical composition of Quend 700 in initial state [6] 
 

C Si Mn P S Nb Cr V Ti Ni Al Mo N B 

0.20 0.60 1.50 0.02 0.01 0.04 0.60 0.07 0.04 1.00 0.07 0.50 0.014 0.005 

 

5.3. Mechanical properties when the Quend 

700 are heated 

 

In Table 8 are the results obtained from hot 

tensile test from Quend 700 in the initial state heated 

to different temperatures. As can be seen samples 

were heated to a certain temperature, but due to the 

time of handling and grip on the machine test they 

were cooled so in column three of the table the actual 

temperature at which the tensile test was performed 

was recorded. 

With the help of a temperature gun measuring 

device, both the outlet temperature of the sample in 

the oven and the temperature before breaking the 

sample in the laboratory were measured. 

 

 
 

Fig. 19. Samples test for hot tensile test 
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Fig. 20. Stainless steel container 

The samples for tensile test were heated in the 

electric resistance furnace and transported to the 

physical-mechanical testing laboratory in a container 

made of a stainless-steel pipe lined with insulation 

(mineral wool) and sealed with a lid, see Figure 20. 

The test report shows that the tensile strength 

decreases depending on the increase of temperatures 

according to the figures above, which led to the 

elaboration of the experiment from the second 

method of making bed frame elements. According to 

the results the lowest value of tensile strength is 220 

MPa which was recorded at a sample temperature of 

550 ⁰C. The yield strength could not be recorded due 

to the fact that the test was performed with heated 

samples. 

 

 
 

Fig. 21. Behaviour of tensile strength depending on temperature 
 

Table 8. Values of mechanical properties when the material is heated 
 

Material: plate 50 [mm], Quality: QUEND 700 

Sample 

number 

The heated 

temp. of 

sample [⁰C] 

Temperature of 

testing sample 

[⁰C] 

The force [N] 

obtained in the 

test d0= 10 [mm] 

Rm 

[MPa] 

Rp 

[MPa] 

A5 

[%] 

Z 

[%] 

1 950 550 17500 220 - 40 94 

2 950 510 19000 242 - 38 91 

3 950 450 24500 312 - 44 87 

4 780 400 37500 477 - 26.4 86.5 

5 510 350 46500 592 - 15.3 84.8 

6 460 300 61000 777 - 15.3 84 

7 430 250 63500 808 - 15.3 68.6 

8 350 200 66000 840 - 16.7 67.5 

 

5.4. Tests to improve the material on 

samples 

 

Tests to raise the mechanical properties are 

applied following the cold deformation and soft 

annealing method and its main purpose is to find an 

adequate heat treatment to raise the mechanical 

properties at least close to the initial state of the 

material. 

The quality certificate of the Quend 700 material 

that accompanied its delivery indicates a tensile 

strength of 871 MPa and a yield strength of 830 MPa, 

respectively impact test KV at -40 ⁰C of 52 J, after 

soft annealing the mechanical properties of this 

material are as follows, the tensile strength of 566 
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MPa and a yield strength of 501 MPa, respectively 

impact test KV at -40 ⁰C of 86 J on the longitudinal 

fiber. 

In order to make the test samples, two pieces of 

material were cut from the bed frame element made 

in method three and an improvement treatment was 

applied to the two pieces. 

The first piece was heated to 900 ⁰C and then 

water quenching followed by a tempering at 580 ⁰C 

with staying time of an hour and a half respectively 

the second piece was heated to 900 ⁰C and then oil 

quenching followed by a tempering at 580 ⁰C with 

staying time of an hour and a half. The results of this 

tests can be found in the table below. 

 

Table 9. Mechanical properties after improvement treatments in water and oil 
 

Material: plate 50 [mm], Quality: QUEND 700 

Sample 

number 

The kind of 

improvement 

treatments  

The force [N] 

obtained in the 

test d0= 10 

[mm] 

Rm 

[MPa] 

Rp 

[MPa] 
A5 [%] Z [%] 

Impact toughness 

KV (-40 ⁰C) 

[J] 

1 25 (laminated state) 70000 891 853 15 62.6 
162 

170 

2 

The quenching in 

water at 900 ˚C and 

tempering at 580 ˚C 

with an hour's keeping 

with air cooling 

63500 

64750 

808 

824.8 

745 

789.8 

14 

14 

69 

68 

36; 30; 18  

transversal 

102; 120; 116  

longitudinal 

3 

The quenching in oil 

at 900 ˚C and 

tempering at 580 ˚C 

with an hour's keeping 

with air cooling 

55000 

51000 

700 

719 

630 

635 

18 

15 

72.9 

66 

22; 18; 34  

transversal 

94; 42; 102  

longitudinal 

 

5.5. The improvement treatment applied to 

the bed frame elements 
 

According to the results of the tests applied on 

the specimens from the previous subchapter in order 

to identify an adequate thermal improvement 

treatment for the cylindrical bed frame elements 

performed by method three. 

The improvement treatment that gave the best 

results was water quenching and tempering, so it was 

decided to apply this treatment on the cylindrical bed 

frame elements. 

 

 
 

Fig. 22. Highlighting the sampling areas after 

the improvement treatment 
 

Thus, the improvement treatment applied to the 

cylindrical bed frame elements consists in heating to 

900 oC and water quenching in a special basin with 

bubbled water.  After which a tempering to 580 oC 

will be applied for an hour and a half. From the 

additive material left on the final piece are made a 

series of samples for tensile and resilience tests and 

the results can be found in the table below. 

The specimens were taken from the outside, 

inside and middle areas of the body of the frame 

element to see the effect of the improvement 

treatment in all areas of the material. 

The most negatively affected area in a 

quenching and tempering is the middle one. 

 

 
 

Fig. 23. Introduction of the cylindrical bed 

frame elements in the basin with bubbling water 
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Table 10. The final improvement treatments in water applied to the cylindrical bed frame element 
 

Material: plate 50 [mm], Quality: QUEND 700 

Sample number 1 

2 

Outside of the 

piece 

3 

Inside of the 

piece 

4 

Middle of the 

piece 

Improvement treatment 
25 oC 

(initial state) 

The water quenching at 900 oC and tempering at 

580 oC with an hour and a half keeping 

The force [N] obtained in the test 

d0= 10 [mm] 

70000 

70000 

62000 

64000 

60000 

59500 

56000 

56500 

Rm [MPa] 
891 

891 

789 

815 

706 

700 

713.4 

719.7 

Rp [MPa] 
828 

834 

739 

738 

677 

616 

649 

662.4 

A5 [%] 
15 

15 

19 

17 

24 

24 

26 

26 

Z [%] 
62.6 

71.8 

71.2 

67.5 

68 

72 

70.8 

69.7 

Impact toughness 

KV [J] 
-40 [⁰C] 

162 

170 

260 

220 

286 

240 

106 

80 

 

6. Conclusion 

 

The manufacture of cylindrical or conical bed 

frame elements from Quend 700 can be achieved by 

several methods, most productive and economical 

method in our case being cold deformation after soft 

annealing. The cold deformation method can 

successfully replace the old methods of making bed 

frames or bed frame elements, among which we can 

mention the manufacturing process by casting, 

process that is high energy consuming. 

Quend material exhibited superb mechanical 

properties including higher tensile strength, ductility 

and impact toughness and is therefore recommended 

in the manufacture of components for machine tools, 

who undergone high forces, shocks and deformations 

but can also be used in other applications such as: 

truck chassis, lifting equipment and many more. 

According to the results of this study this 

material is not recommended be use for applications 

where the working and service temperature exceeds 
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ABSTRACT 
 

The paper is based on laboratory experiments of heat treatments applied to 

samples of A537/A537M steel. The work continues other previous works aimed at 

modifying structures and properties of this steel, including through surface 

treatments. The experiments were performed using Taguchi methods from Quality 

Engineering. A number of four factors were selected as influencing the structure 

after heat treatment: heating temperature for hardening, cooling rate on hardening, 

time and tempering temperature. A number of nine experiments were performed 

using an L9 orthogonal matrix. Objective function was changed to maximum 

hardness after the heat treatment regime. The results show that the tempering 

temperature has the greatest influence on the final hardness of the A537 steel 

samples. 

 
KEYWORDS: HSLA, A537/A537M, heat treatment, Taguchi methods, 

quality engineering 

 

1. Introduction 
 

The A537 steel is part of the HSLA steel group, 

which means that in accordance with the 

specifications of use, significant reductions in the 

mass of the finished assemblies can be obtained. The 

chemical composition of the steel (Table 1) leads to 

an equivalent carbon that allows heat treatment by 

hardening and tempering but also allows diffusion 

welding. 

The A537 steel (Table 2), [1] is a C-Mn-Si 

(carbon-manganese-silicon) steel being produced in 

the form of thick sheet in three classes having 

thicknesses covering the applications: under 65 mm, 

between 65 mm and 100 mm and over 100 mm. In 

Table 2 is showing that for the same chemical 

composition of steel the beneficiary can choose for 

three classes of product depending on the heat 

treatment. This means that parts can be made from 

sheet metal that can be treated individually to obtain 

the most convenient complex of properties. Classes 2 

and 3 can be delivered in the form of table sheets 

treated entirely in section by specialized installations. 

This form of delivery offers the most convenient 

price ratio per kg of product. 

 

Table 1. ASTM A357/357M chemical 

compositions [1] 
 

element thickness
heat 

analysis

product 

analysis

m.u. mm mass % mass %

carbon 0,24 0,24

<40
0,70… 

...1,35

0,64… 

...1,46

>40
1,00… 

...1,60

0,92… 

...1,72

phosphorus -

sulphur -

silicon -
0,15… 

...0,50

0,13… 

...0,55

copper - max.0,35 max.0,38

nickel - max.0,25 max.0,28

chromium - max.0,25 max.0,29

molybdenum - max.0,08 max.0,09

manganese

max.0,035

max.0,035

 
 

The properties are dependent on the class of 

manufacture, the thickness and the heat treatment 

applied (Table 3), respectively. 
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The work continues the concerns for the 

optimization of the properties of A537 steel through 

experiments of heat treatments performed in 

laboratory conditions using the TM procedure from 

Quality Engineering. Compared to previous works, 

the type of objective function has changed, which has 

led to its own results in accordance with the literature 

[1]. 

An example is the use of this steel, which 

requires as much hardness as possible, when making 

wear parts for agricultural machines. 

 

Table 2. ASTM A537/537M mechanical 

properties in function of heat treatment [1] 
 

class
heat 

treatment
thickness

yield 

strength

tensile 

strength

u.m. - mm Mpa Mpa

under 65 345 485

over 65 310 450

<65 415 550

65…100 380 515

over 100 315 485

under 65 380 550

65…100 345 515

over 100 275 485

1 normalized

2

quenched 

and 

tempered

3

quenched 

and 

tempered
 

 

Table 3. Mechanical and plasticity properties in 

function of A537 class and thickness [1] 
 

properties thickness class 1 class 2 class 3

m.u. mm MPa MPa MPa

<65 485…620 550…690 550…690

65..100 450…585 515…655 515…655

100…150 … 485…620 485…620

<65 345 415 380

65..100 310 380 345

100…150 … 315 275

50

<100 22 22 22

>100 … 20 20

Elongation 

in 

200mm,%

18 … …

tensile 

strength

yield 

strength

Elongation 

in 50mm,%

 
 

Notations: 

n - target function; 

i - number of experiment. i = 1…9. 

 

Abbreviations: 

HSLA - High Strength Low Alloy; 

TG - Taguchi methods; 

OA - Orthogonal Array; 

ANOVA - Analysis of Variance; 

HV - Hardness Vickers. 

 

2 Experimental conditions 

 

For the heat treatment experiments, samples of 

A537 / 537M sheet steel, with a thickness of 12.7 mm 

(1/2 inch), were used, for which the mentioned 

thickness is the characteristic dimension for heat 

regimes, similar to the treatment processes in factory 

section. The equipment used: electric heat treatment 

furnace with a working surface of 450 cm2 and a 

maximum working temperature of 1200 °C and with 

thermal regimes controlled with ARE612 [2, 3]. Each 

of the hardening baths has 15 litres of liquid (water, 

stream of water, oil). The influencing factors that are 

considered for the given conditions of the experiment, 

are shown in Table 4, with the specification of some 

domains of variation. 

The factors for the steel with hardening and 

tempering treatment in Table 5 were selected on the 

basis of the steel standard [1] and specialist literature 

[4, 5]. The same table shows the levels that are set for 

each factor (Table 5). 

The L9 typed orthogonal matrix is shown in 

Table 6. It determines an experiment matrix with 9 

lines (partially factorial experiments) and replaces a 

matrix with 34 with 81 lines (specific to full factorial 

experiments). The main mathematical properties of 

orthogonal matrices are related to the constant 

occurrence frequency of each level of each factor 

which ultimately leads to a mechanism for 

simplifying the calculation of specific errors [6-8]. 

The beneficial effect of reducing the number of 

experiments is useful only if the mathematical model 

of the experiment (TM, Taguchi Methods) and the 

mathematical model for interpretation of the results 

are followed. The reduction of the number of 

experiments and the related costs is found in the 

statistical approximation of the objective function of 

the optimal value and not in finding it as in the case 

of total factorial methods. 

Table 7 shows the experiment matrix used to see 

the influence of four factors from quenching and 

tempering conditions on the final hardness of the 

samples. 

Peculiar to this experiment matrix is that the 

lines that specify the conditions of each experiment 

differ greatly in their sequence. This also shows one 

of the difficulties of using orthogonal experiment 

matrices: 
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- First: namely the variation of the experiment 

conditions. Achieving the required conditions is 

a condition for obtaining viable results. 

- A second important difficulty is that if an 

experiment fails it must be resumed under the 

required conditions. 

 

3. Results and discussions 
 

After performing all nine complete experiments 

(with hardening and tempering), the samples were 

subjected to the Vickers surface hardness test. Three 

measurements (HV5, 5 kgf) were performed on each 

sample in central areas to eliminate the edge effect, 

and the result of the average hardness on each of the 

nine samples is shown in Table 8. 

According to the initial model, it is considered a 

favourable dependence, when the hardness has 

maximum value. Taguchi recommends a "the biggest 

is the better" function [6, 8]. The objective function 

has in this case the equation: 

 

 
 

Where: n is target function for i experiment line, 

and HVi is the measured hardness for i sample [6], 

where i = 1…9. 

The values of target function for all the nine 

experiments are shown in Table 9. 

Specific TM is the construction of the average 

effect of each level of each factor on the whole set of 

experiments, by mediating the objective functions in 

which the level of a considered factor participates. 

The calculus relations and results are centralized 

in Table 10 and then represented graphically in Fig. 1. 

These observations are found in the heat treatment 

regime recommended by the procedure based on the 

highest value of each factor level effect. 

 

Table 4. Factors that are considered to influence the experiment 
 

No. Factors u.m.

1 chemical compositin of steel %

2 temperature for quenching °C

3 cooling speed for quenching °C/s

4 tempering temperature °C

5 tempering time h

6 non-uniformity of temperature in the treatment furnace %

7 chemical compozition of furnace atmosphere %

8 samples thickness mm

 +/- 5%

1/2inch

values domain

800..950

0…2

620…690

1hour/1inch thickness

 
 

Table 5. Selected factors for A537 heat treatments experiments 
 

1 2 3

A temperature for quenching °C 880 900 920

B tempering temperature °C 640 660 680

C tempering time h 0.5 1 1.5

D cooling speed for quenching °C/s flow water water oil

FactorsSymbol um.
levels

 
 

Table 6. L9 standardized orthogonal array [6, 7] 
 

experiment

A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

factori

 

Table 7. Experimental matrix with specified 

values of factors 
 

A B C D

u.m. °C °C h grd.

1 880 640 0.5 flow water

2 880 660 1 water

3 880 680 1.5 oil

4 900 640 1 oil

5 900 660 1.5 flow water

6 900 680 0.5 water

7 920 640 1.5 water

8 920 660 0.5 oil

9 920 680 1 flow water

experiment
Specified factors
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Table 8. Final hardness for each experiment and 

target function 
 

experiment HVm
Target 

function

m.u. daN/mm2 dB

1 317 25.01

2 303 24.81

3 289 24.61

4 315 24.98

5 286 24.56

6 305 24.84

7 330.5 25.19

8 294.5 24.69

9 309.5 24.91  
 

 

 

Table 9. The average effect of each level of each 

factor 
 

the average effect of 

each level
relation

value, 

dB

mA1= 1/3(n1+n2+n3)= 24.81

mA2= 1/3(n4+n5+n6)= 24.80

mA3= 1/3(n7+n8+n9)= 24.93

mB1= 1/3(n1+n4+n7)= 25.06

mB2= 1/3(n2+n5+n8)= 24.69

mB3= 1/3(n3+n6+n9)= 24.79

mC1= 1/3(n1+n6+n8)= 24.85

mC2= 1/3(n2+n4+n9)= 24.90

mC3= 1/3(n3+n5+n7)= 24.79

mD1= 1/3(n1+n5+n9)= 24.83

mD2= 1/3(n2+n6+n7)= 24.95

mD3= 1/3(n3+n4+n8)= 24.76

media= 24.85  
 

Table 10. The average effect of the level of each factor 
 

m.u. 1 2 3

A temperature for quenching dB 24.811 24.80 24.93

B tempering temperature dB 25.062 24.69 24.79

C tempering time dB 24.848 24.90 24.79

D cooling speed for quenching dB 24.827 24.95 24.76

m 24.85

Factor Levels

 
 

24.6

24.65

24.7

24.75

24.8

24.85

24.9

24.95

25

25.05

25.1

1 2 3

m
ij 

, 
 d

B

level

temperature 
for 
quenching

tempering 
temperature

tempering 
time

cooling 
speed for 
quenching

m

 
 

Fig. 1. Graphical representation of the average effect of the level of each factor 
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Fig. 2. Graphical representation of the objective function with the number of the experiment and the 

additivity of the effect of factors A, B C and D 

 

4. Conclusions 

 

Regarding the influence of the average effect of 

each level of the factors considered, the following can 

be observed: 

- Heating temperature for hardening with higher 

value leads to increased final hardness. 

- The lowest tempering temperature leads to the 

highest hardness. 

- Cooling for hardening greatly influences the 

hardness, water cooling being the best solution. 

- The firing time of 1h leads to a maximum 

hardness. 

The additivity property is observed in Fig. 2. By 

summing the deviation from the mean of factors A, B, 
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C and D for each experiment and leading to the 

objective function for that experiment. The procedure 

is inspired by FFT [6]. 

The main mathematical properties of orthogonal 

matrices are related to the constant occurrence 

frequency of each factor level which ultimately leads 

to a mechanism for simplifying the calculation of 

specific errors. 

Regarding Fig. 3, which shows the influence of 

the factors on the experiments performed, it can be 

seen that the factor B (return temperature has the 

most important influence (almost 70%) which 

corresponds to the practical experience that the return 

temperature by thermal activation of processes 

determines the final mechanical properties. The 

second important factor is the cooling rate on 

hardening (drasticity of the cooling medium). Factors 

B and D cumulatively determine a weight of 84.5% 

and can be considered the control factors of the heat 

treatment process (hardening + tempering). 
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70.00

80.00
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100.00

W
e
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Fig. 3. Weight factors influence on experiments 

 

Factors A and C accumulated an influence of 

approx. 15.5% and can be considered environmental 

factors. Technological experience shows that lower 

weight technological factors can be considered. 

From a technological point of view, the weight 

of the factors practically determines the degree of 

precision with which the adjustments (settings) are 

made. If 2.5% accuracies are usually used, settings 

with 0.5% accuracy are made for the mentioned 

control factors, and max.1%. The procedure allows to 

reduce the variability of the finished products, the 

heat treatment technology applied to A537 steel being 

based on repeatability. The recommended optimal 

regime: A3B1C2D2 [6-8]. 
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ABSTRACT 
 

The work is based on experiments made in the wind tunnel on experimental 

models of Savonius type wind turbines with blades in the shape of a semi-

cylindrical cup. The number of blades changes: 2, 3, 4, 5 and 6. The experimental 

model allows the addition / removal of blades in the form of a semi-cylindrical cup 

followed by static balancing. The wind tunnel used has the measuring area 0.5m 

x0.5m and the length of 1.25 m and the experimental models have the interception 

surface at a maximum value of 10% of the cross-sectional area of the wind tunnel 

(diameter 158mm and height 158 mm). The experiments were performed at wind 

speeds between 0...9.7 m/s between peaks and no (mechanical and / or electrical) 

loads. The results confirm the influence of the number of semi-cylindrical cups on 

the rotational speed and other factors over experimental model of Savonius type 

turbines in no load conditions. 

 
KEYWORDS: Savonius, S-rotor, rotation speed, semi-cylindrical cups 

 

1. Introduction 
 

Vertical axis wind turbines (VAWT) have some 

features attractive enough for use in hybrid lighting. 

Although the efficiency is low (maximum 14.81%) 

[1] the constructive simplicity, the independence of 

the wind direction, the high torque are the basic 

characteristics that today are corroborated with the 

increase of the luminous efficiency of the LED 

lighting systems from 100lm/W to recent 200 lm/W 

(Haitz's law) [2]. 

That is why the design of the vertical axis wind 

system must be maximized by finding the most 

accurate aerodynamic structure, shape and 

dimensions [3-5]. 

From the start, the main disadvantage of the 

proposed wind turbine model is the variability of the 

output speed and the useful torque with the wind 

speed (Fig. 1). The aim is about the intrinsic 

variability of the wind converter [6, 7]. Variability is 

given by the wind. For the proposed location (Galați, 

Romania) the values medium a maximum of average 

wind is showing in Fig. 2. It has values: maximum 61 

Km/h (16.9 m/s) and average 20 km/h (5.55 m/s). 

Therefore, the use of VAWTs is indicated 

because there is an average value of the wind speed in 

their working range and the behavior at a maximum 

speed of over 15 m/s must be solved mechanically. 
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Fig. 1. Axis torque variation for SWT [6] 
 

The work is based on experiments made in the 

wind tunnel on experimental models of Savonius type 

wind turbines with blades in the shape of a semi-

cylindrical cup. The number of blades changes: 2, 3, 
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4, 5 and 6. An EMs of maximum dimensions is made 

for the wind tunnel (158 x158 mm), removable and to 

which the blades can be added or removed. EM 

consists of 2 base plates of 0.4 mm Al sheet. 2, 3 4, 5 

or 6 blades can be attached (Al sheet with a thickness 

of 0.4 mm). This is possible by designing the 

experimental model with removable semi-cylindrical 

cups. EM is fixed on a frame with two sleepers: the 

lower crossbar has a tip bearing in the middle and the 

speed-reading system with 60-slot disc and IR 

window optocoupler with window. 

 

 
 

Fig. 2. History of maximum, minimum and average values for the city of Galati for 2019 [8] 
 

Notations: 

u - tip blade speed, m/s; 

 - volumic debit m3/h; 

 - mass debit, kg/m3; 

A - swept aria, m2; 

p - wind power, W; 

ρ - air density, kg/m3; 

n - rotation speed, rpm; 

CD - drag coefficient; 

λ - specific speed. 

 

Abbreviations 

VAWT - Vertical Axis Wind Turbine; 

HAWT - Horizontal Axis Wind Turbine; 

EM - Experimental Model; 

LED - Light Emitting Diode; 

Pb - Lead (lead Battery); 

Cd-Ni - Cadmium-Nickel (Cadmium-Nickel 

battery; 

NiMh - Nickel metal hydride battery; 

LiPo - Lithium Polymer Battery; 

S2CNL - Savonius 2 Cups No Load; 

S3CNL - Savonius 3 Cups No Load; 

S4CNL - Savonius 4 Cups No Load; 

S5CNL - Savonius 5 Cups No Load; 

S6CNL - Savonius 6 Cups No Load. 

 

The upper cross member has two working 

possibilities. A bearing similar to the one at the 

bottom, when practically the system works between 

the tips with a minimum mechanical friction load. 

The second variant is with the connection of a three-

phase generator 3V...24V, a case in which the system 

has a mechanical load and to which a variable electric 

(resistive) load can be connected, in order to observe 

the influence of the electric load on the wind turbine 

performance. The electrical efficiency of the EM for 

the considered electric load can be calculated. 

The system is equipped with a data acquisition 

system which is purchased with an anemometer 

speed, model speed, load current and voltage at the 

generator (rectified and filtered). The system 

calculates the wind speed, wind power on the 

interception area, power on the electric load and the 

electrical efficiency of the wind turbine (which also 

includes the mechanical efficiency). 

It represents graphically the quantities purchased 

for wind speeds between 0...9.5 m/s, with fixed steps 

of 0.5 m/s. The adjustment of the wind speed is done 

manually and therefore a time is maintained on each 

gear to stabilize the operation of the wind tunnel and 

the EM of the wind turbine. 

Wind energy is pure kinetic energy and can be 

partially transformed into mechanical work [1, 2]. 

 

                          (1) 

 

The volume flow over the swept area is: 

 

                              (2) 

 

And the mass flow is: 

 

                            (3) 

 

The power of wind is depending by wind speed 

(v), air density (ρ) and swept area (A): 

 

                         (4) 

 

For the VAWT, the Betz limit is (14.81%) [1]. 

The influence of air density over wind power is: 
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                (5) 

 

Pushing force is for an object fixed on the 

surface a placed in the path of an air flow: 

 

                         (6) 

 

CD is defined as an important parameter when it 

comes to wind resistance. 

The power extracted from a wind power by a 

VAWT Savonius type is depending by Drag force is: 

 

                        (7) 

 

In case of wind turbines, the relative speed is: 

 

                            (8) 

 

The specific power is: 

 

                     (9) 

 

The VAWT extract power at axis by the 

relation: 

 

                        (10) 

 

The axis torque is as follows: 

 

                     (11) 

 

The power conversion efficiency is defined by 

the extracted power related to wind power. 

 

             (12) 

 

                     (13) 

 

Experimental Models (EMs) were made of 0.4 

mm thick aluminum sheet with dimensions of H = 

158 mm and D = 158 mm. 

The interception surface (swept area) is variable 

with the angular position of the cups shown in Fig. 1. 

With the increase of the number of cups swept 

area approaches the maximum value which is 10% of 

the area of the measuring section of the wind tunnel 

 

 
 

Fig. 1. cross sections through the experimental models used 
 

Table 1 
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Fig. 3. The variation of the mass of the 

experimental models with the number of cups 
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Fig. 4. The minimum and maximum swept area 

variation with the number of EM cups 
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Fig. 5. The variation of the solidity of the 

experimental models with the number of cups 

 
 

Fig. 6. Detail regarding the upper bearing 

 

 
 

Fig. 7. Detail of lower bearing and rotary speed 

transducer 

 

 
 

Fig. 8. Experimental model with 2 semi-

cylindrical cups (S2CNL) fixed on the test frame 
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Fig. 9. Experimental model with 3 semi-

cylindrical cups (S3CNL) fixed on the test frame 

 

 
 

Fig. 10. Experimental model with 4 semi-

cylindrical cups (S4CNL) fixed on the test frame 

 

 
 

Fig. 12. Experimental model with 6 semi-

cylindrical cups (S6CNL) fixed on the test frame 
 

2. Experiments 
 

The experiments were performed from the 

maximum wind speed to the minimum, so that the 

stopping speed of the experimental model is 

mentioned. A further study will also address the 

starting speed of experimental models and the 

differences between the stopping speed and the 

starting speed. 

The experiments were performed in the 

conditions of the lowest mechanical friction in the 

bearings, using a tribological system steel tip and 

plastic bearing and adequate lubrication. 

The experiments were developed on a full-

factorial matrix. 5 experimental models of vertical 

axis wind turbines with 2, 3, 4, 5 and 6 semi-

cylindrical buckets (Fig. 6....10) and coded S2CNL, 

S3CNL, S4NL, S5CNL and S6CNL were used. For 

each, 14 speed measurements were made at 50 s 

intervals to stabilize the air flow regime. 

The experiments for determining the influence 

of the number of blades on the rotational speed when 

operating without load (idling) are shown in the 

diagrams in Fig. 11 to Fig. 15. 

The wind speed changes by progressively 

decreasing from the maximum value to zero time in 

which both the wind speed and the rotational speed of 

the experimental EM model are recorded. The 

experiment is repeated for all five experimental 

models and the results are shown in the diagrams 

mentioned. 

The diagrams recorded with the variation of the 

rotational speed of the EM with the progressive 

decrease of the wind speed show that the EMs behave 

differently in the range of wind speeds achieved in 

the wind tunnel. Thus, the maximum rotation speed is 

approximately between 6.7 m/s and 7.7 m/s. the 

rotation of the models is done at values of wind speed 

between 1.9 m/s and 4 m/s. 

The experimental 2-bucket model (S2CNL) 

reaches the highest rotational speed at almost 800 

rpm, has a continuous decrease in rotational speed 

with wind speed and stops rotation at just over 4 m/s. 

S2CNL has the lowest mass, has a large 

variation of the torque with the angle of rotation and 

wind speed (ref CN) and the rotation stops abruptly at 

bm values per 4 m/s of wind speed. 

The experimental 3-bucket model (S3CNL) has 

a proportional variation of the rotational speed at high 

wind speeds. At wind speeds of approx. 6 m/s has a 

local maximum rotational speed and stops from rated 

at 3.5 m/s. 

The experimental model with 4 semi-cylindrical 

buckets (S4CNL) has a linear range of decreasing 

rotational speed as follows: at the maximum wind 

speed used approx. 670 rpm and slowly decreases to 

approx. 625 rpm when the wind speed drops to 7 m/s. 
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below this speed the experimental model has a rapid 

decrease in speed and stops at 3.75 m/s. 

The experimental model with 5 buckets 

(S5CNL) tested without loading, has two operating 

areas: one with constant rotation speed and approx. 

670 rpm, for wind speeds from 9.7 m/s to 7 m/s and 

then a sudden drop and stop at 3.75 m/s wind speed. 

The experimental 6-bucket model (S6CNL) also 

tested without loading has a behavior similar to that 

of the S5CNL has two operating areas: one with 

constant rotational speed and approx. 670 rpm, for 

wind speeds from 9.7 m/s to 7 m/s and then a sudden 

drop and stopping at 1.25 m/s wind speed. 

 

 
 

Fig. 13. Variation of the rotational speed of the 

experimental model S2CNL with wind speed 

 

 
 

Fig. 14. Variation of the rotational speed of the 

experimental model S3CNL with wind speed 

 

 
 

Fig. 15. Variation of the rotational speed of the 

experimental model S4CNL with wind speed 

 
 

Fig. 16. Variation of the rotational speed of the 

experimental model S5CNL with wind speed 

 

 
 

Fig. 17. Variation of the rotational speed of the 

experimental model S6CNL with wind speed 

 

3. Results 

 

Based on the measurements are shown in Fig. 17 

the variation of the rotation speed of the experimental 

models with the wind speed. The stopping speed of 

the six EMs is between 2 and 4 m/s and the maximum 

rotation speed in the range of 650-750 rpm. The 

variation curves have an approximately linear area 

after which they tend towards a maximum value. 

The analysis of the influence of wind speed on 

the specific speed is shown in Fig. 17 and in this case 

the curves are grouped in the form of a band in the 

diagram. EMs has the best behavior with 3 semi-

cylindrical cups (S3CNL) which has the best 

sensitivity to wind speed and the largest λ of about 

0.8 at about 5.5 m/s Compared to other models has 

the largest λ (with small exceptions). 

From the point of view of the aerodynamics of 

the components of the mentioned EM, it is important 

to reach the highest possible values of the Reynolds 

number. The length of the semi-cylindrical blade in 

the section is considered the flow length. The 

variation of the Re number with the wind speed is 

shown in Fig. 18. The different composition of the 

three-bucket model (S3CNL) is observed which does 

not reach more than 30000. The other experimental 

models behave similarly and the results form a band 
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that at 10 m/s speed of the wind reaches the Re 

number over 100000. The wind power has a variation 

with the third power of the wind speed which is seen 

in Fig. 19. 

 

0

100

200

300

400

500

600

700

800

900

0 2 4 6 8 10 12

ro
ta

ti
o

n
, r

p
m

wind speed, m/s

S2CNL

S3CNL

S4CNL

S5CNL

S6CNL

 
 

Fig. 18. Variation of the rotation speed of the experimental models (EM) with the wind speed 
 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

0 2 4 6 8 10 12

sp
e

ci
fi

c 
sp

e
e

d
, λ

wind speed, m/s

S2CNL

S3CNL

S4CNL

S5CNL

S6CNL

 
 

Fig. 19. Influence of wind speed on specific speed (λ) 
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Fig. 20. The influence of wind speed on the Re number 
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Fig. 21. The influence of wind speed on power 
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Fig. 22. The influence of wind speed on specific power 
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Fig. 23. The influence of wind speed on the efficiency of converting wind energy into mechanical 

work 
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Fig. 24. Variation of conversion efficiency with the Re number 

 

The Betz limit (14.81%) also varies with the 

same allure, which represents the maximum limit for 

the conversion of wind energy into other forms of 

energy. All the shaft powers for the researched 

experimental models are above this value. 

In Fig. 20 it is observed that the allure of the 

specific power variation curves at the axis have a 

local maximum that is positioned depending on the 

number of blades of the experimental model. 

The efficiency of the conversion of wind energy 

into mechanical work is shown in Fig. 21. It is 

observed that the efficiency depends on the number of 

cups of the model. For all experimental models the 

efficiency has an area where a local maximum is 

present, followed by a minimum and then an increase 

in efficiency up to the test speeds used given below 

the value of the local maximum. The peripheral speed 

of the experimental model u cannot be greater than 

the wind speed v unless forces other than D (drag 

force) appear. For all experimental models subjected 

to experiments in the wind tunnel we have a 

maximum influence of the Re number on the 

conversion efficiency (Fig. 22). Thus, S2CNL has 6% 

at Re about 35000.  

The variation curves have the same allure of 

variation and the Re number increases approximately 

linearly to lambda 0.7 to 0.8 (Fig. 23). The linear 

areas depend on the number of cups and there is an 

increase in the Re number with the number of cups. 

After a value the Re number increases with 

decreasing peripheral speed of EM (lambda 

decreases). 
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Fig. 25. The influence of Lambda specific speed on the Re number 
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Fig. 26. Influence of the Re number (flow quality) on axis specific power 

 

Axis-specific power variation curves have a 

local maximum at a value of the Re number that 

depends on the number of cups of EM. Thus, the EM 

with six S6CNL blades reaches 34 W/m2 at 25000 Re 

and the one with 5 cups (S5CNL) 14W / m2 at Re 

15000. This EM has after Re 35000 an increase of the 

specific power up to over 55 W/m2. The experimental 

models with two cups (S2CNL) and three cups 

(S3CNL) reach 25 W/m2 at Re 50000 and 45 W/m2 at 

Re 50000, respectively. 

 

4. Conclusions 
 

Wind energy is a form of energy that can be 

partially converted into mechanical work and then 

into electrical energy through the Betz limit. Energy 

conversion is supported by a mathematical model of 

conversion and by various structures of the wind 

system. 

The paper focused on the Savonius VAWT 

model for which the experimental VAWT models 

were developed. The number of semi-cylindrical cups 

of some Savonius experimental models with 2, 3, 4, 5 

and 6 semi-cylindrical cups have been modified 

(SC2CNL, SC3CNL, SC4CNL, SC5CNL and 

SC6CNL). 

The results show that under the wind test 

conditions between 0…9.7 m/s, we have a major 

influence of the number of semi-cylindrical cups on 

the rotation speed of the experimental models. 

All experimental models have a stop threshold 

which also depends on the number of semi-cylindrical 

cups of the experimental model. 

It is found that the 3-cup EM co (S3CNL) has 

the best sensitivity to low wind speeds (Fig. 16). 

The lowest sensitivity and the highest stopping 

threshold are at EM with 5 and 6 semi-cylindrical 

cups (S5CNL and S6CNL). 

The model with two semi-cylindrical cups 

(S2CNL) reaches the maximum speed as over 60000. 

The high values of the Re number also contribute to 

the fineness of the surface of the material used to 

make semi-cylindrical cups (0.4mm thick laminated 

aluminum sheet). The most uniform increase of the 

Re number 0 has EM with 2 cups (S2CNL) which 

after a rapid increase at the Re number 30000 at about 

5.5 m/s has an approximately linear increase up to 

over 60,000. 

For S4CNL, S5CNL and S6CNL (Fig. 20) the 

values of the local maximum specific power increase 

and the highest value corresponds to the model with 6 

cups, being almost 35 W/m2. 

Regarding the efficiency of conversion (Fig. 

21), the S2CNL has the lowest efficiency of 6%; 

S3CNL reaches 13% and S4SNL at over 14%. The 

experimental models with 5 and 6 cups (S% CNL and 

S6CNL) is close to the maximum efficiency limit for 

this VAWT model, which has as driving force D 

(drag force). The efficiency of the conversion 

depends on the wind speed with a maximum curve for 

each experimental model (Fig. 21). A similar 

dependence is on the Re number. The efficiency of 

the conversion depends on the wind speed with a 

maximum curve for each experimental model. A 

similar dependence is on the Re number (Fig. 22). 

With the increase of the number of semi-

cylindrical cups to five and six respectively, the 

efficiency of the conversion of wind energy into 

mechanical work reaches almost the Betz line 

(14.81%) specific for this type of VAWT, at 4.5 m/s 

and 6.5 m/s, respectively. 
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ABSTRACT 
 

The paper deals with the behaviour at hydrodynamic action of the geotextiles 

used in carrying out the regularization and shore defence works located in 

riverbed. The geotextiles have lately presented applications for the execution of 

bottom thresholds, of the management dams in riverbed. Also, geotextiles have 

become an important component in the structure of river defence works on 

riverbeds. The research was carried out on the lower course of the Moldova River 

in the area of Pildesti, Neamţ County. The dynamic action of the floods, through the 

liquid and solid flows, influences the stability and the resistance over time of the 

constructions made from geotextiles. The researchers analysed the behaviour of the 

geo-bags made of polyester bags filled with local materials (sand and gravel 

stabilized with cement), used in the structure of the bottom thresholds, steering 

dams and in the shore defence works. The research results indicate a differentiated 

behaviour of the geo-bags depending on the location (in the water, or on the shore) 

and the mode of action of the water (dynamic or static). The action of the water, 

through the liquid and solid flow, degraded the structure of the geo-bags by 

breaking and emptying the filling material. The geo-bags showed a reduced 

resistance to the action of the alluvial material, especially when the dosage of 

cement indicated by the design was not achieved. The research highlighted the good 

behaviour of the geo-bags in the erosion phenomenon of the riverbed, when they 

were mulched on the erosion zones and ensured the continuity of the constructions 

in the riverbed (bottom thresholds and shore defences). 

 
KEYWORDS: bottom threshold, degradation, erosion, geo-bag, steering dam 

 

1. Introduction 
 

The river regularization works are part of the 

watercourses to ensure the stability of the 

hydrological and hydraulic parameters on a well-

determined sector. The design of the works of 

regularization and defence of the bank in the riverbed 

is realized with hydrological parameters (flows, 

levels, levels of defence, protected surfaces, etc.) 

obtained by the statistical processing of the data 

collected over large intervals [1, 4, 7]. 

The hydrological changes of the last time period 

influence the behaviour of the regularization and 

shore defence works located in the erodible riverbeds 

[12]. The morphological change in time of the 

riverbed determines new actions on the stability of 

the hydrotechnical constructions with the role of 

shore defence [5, 10, 9]. 

The shore defences are made of natural 

materials (wood, stone), artificial materials (plain and 

reinforced concrete, plastics) and composites. The 

shore defence works can be rigid (reinforced concrete 

slabs, stone) and elastic (stone gabions, geo-bags). 

The rigid-type defence does not behave effectively in 

erodible beds [10]. 

Geotextiles are used in the execution of bottom 

thresholds, steering dams and river bed crossings. 

Geotextiles have become an important component in 

the structure of shore defence works on riverbeds 

formed in weakly cohesive rocks [3, 10]. 

The paper deals with the behaviour of water 

geotextiles used in the regularization and shore 

defence works located in the riverbeds. 
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2. Material and research method 

 

The research was carried out in two areas 

located on the lower course of the Moldova River 

(Figure 1). The riverbed in the two areas consists of 

alternating layers of ballast, dusty sand and clay sand 

from the alluvial transport. The river foundation is 

weakly cohesive, which favours erosion of the 

riverbed and the banks [4, 9, 14]. 

The research areas are located on the lower 

course of the river Moldova, as follows (Figure 2): 

- zone I is located near the town of Soci, 

Mirosloveşti commune, Iaşi county; 

- the second zone is located downstream of the 

town of Pildesti, Neamţ county. 

A condition for selecting the research areas was 

given by their endowment with works to regulate the 

riverbed executed from geo-bags. Also, the shore 

defence works should be made of concrete slabs and 

geo-bags. This situation is present on the lower 

course of the river Moldova. 

The Moldova River presents in the research area 

a characteristic route of the lower course located in a 

low slope field area (Figure 3). The direction of flow 

of the river is NW - SE. The river Moldova presents 

the following characteristics up to the hydrometric 

station (SH) Tupilati: length - 176.60 km, surface of 

the river basin - 3951 km2, slope - 1.30‰, average 

altitude - 236 m, average multiannual flow - 32.9 

m3/s, solid flow in suspension - 43.2 Kg/s [11, 13]. 

 

 
 

Fig. 1. Location of the research areas on the 

physical map of the Moldova River: I - Soci 

area; II - Pildesti area [14] 
 

The research used hydrological data taken from 

the Tupilaţi Hydrometric Station, Neamţ County 

(average and maximum flows) [10]. 

Theoretical and experimental research was 

carried out in the following directions: 

1. Researche regarding the modification of the 

constructive parameters of the regularization and 

shore defence works existing in the study areas. 

2. Research on the behavior of the regularization 

works in time on the erosive action of water. 

3. Research on the behavior of geotextiles in 

natural and anthropic actions in the site. 

4. Analysis of solutions to improve the 

regularization solutions made with geotextiles in 

riverbeds. 

 

 
 

Fig. 2. Localization in the hydrographic network 

of the lower course of the Moldova River [13] 
 

 
 

Fig. 3. Location of the research area 2, Pildesti 

area, on the lower course of the Moldova River 
 

3. Results and discussions 

 

3.1. Geotextiles used in the work of river 

regularization 
 

Plastics are used in the construction of river 

defence works due to the high mechanical resistance 

to stretching. Some plastics are impermeable to very 

small thicknesses and have great flexibility. The 

realization of materials with large lengths and 

surfaces, with reduced weight, contributes to the 

increase of the execution efficiency [3, 10]. 

The introduction of the plastics materials in the 

structure of the hydrotechnical works is made with an 
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easy technology and at relatively low costs. From the 

plastics used in river defence works, the geotextiles 

are detached. They are made in a wide range of types 

and have applicability under various geotechnical 

conditions. However, plastics are difficult to degrade 

over time or can hardly degrade [3]. Lately, 

biodegradable materials such as geotextiles, which 

replace part of plastics, have been used. 

Geo-synthetic materials are flat structures of 

polymeric materials. The most commonly used types 

of geo-synthetics are geotextiles, geomembranes and 

geogrids. The functions performed by these are the 

following: separation, filtration, reinforcement, 

drainage, sealing and erosion protection [3]. 

 

 
 

Fig. 4. Shore protection from non-woven 

geotextile mounted on the profiled slope of the 

river [10] 
 

 
 

Fig. 5. Protection from geogrid + geotextile 

mounted on the profiled river bank [9] 
 

Geotextiles are materials made of polyester or 

polypropylene, woven or non-woven, being presented 

in a variety of thicknesses and strengths, depending 

on the scope. Geotextiles are classified according to 

their fabrication / non-woven, thermofixed and 

special type. Geotextiles are combined with geogrids 

for making ballast layers or reinforced earth walls. 

Geotextiles are flexible, which allows them a very 

good moulding on the mounting surface [3, 10]. 

A variety of geotextiles are used in the 

execution of the river bank consolidation works, at 

the embankment of dams and dams, at land masses, at 

drainage works and at support walls. 

Biodegradable geotextiles are made in the form 

of textile fabrics, they are flat structures of plant (e.g. 

jute, coconut fibres) or animal (e.g. wool) materials. 

The most widely used biodegradable geotextiles are 

in the form of fabrics, seams and pressed bands [10]. 

 

 
 

Fig. 6. Geotextile wool fabric mounted on the 

bank of a river as a support for the defence of 

the river [9] 
 

The woollen fabric is geotextile made from 

natural, non-reinforced wool fibres, which are 

biologically degraded in about 2-3 years. Grass seeds 

are placed over the woollen fabric placed on the river 

bank, and above these a filling with vegetable soil is 

performed. By using this composite, the sliding 

planes on the slope are avoided and the conditions for 

the protection with vegetal layer are ensured. 

Over the last 25 years, work has begun to 

regulate rivers in geo-bags filled with ballast or 

ballast mixed with cement. Geo-bags are bags or 

mattresses made of polyester fabric stuffed with local 

materials [10]. Geo-bags are used for the protection 

of the river or lake shore, at the embankment dam etc. 

Geo-bags have limited mobility on the three 

directions. Also, the commissioning technology is 

accessible and at a reduced price. The main 

disadvantage of the geo-bags is given by the 

mechanical resistance reduced to the action of the 

alluviums carried by the water. 

The geo-bags are made for riverbed, steering 

dams, bottom thresholds, closing sleepers and mainly 

shore protection [10]. 
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a 

 

 
b 

 

Fig. 7. Protection from geo-bags mounted on the 

river bank: a - bag/mattress-type geo-bag; b - 

shore defence from geo-bags [9] 
 

3.2. The result of the researches regarding 

the geo-bags behaviour in the works of 

river regularization 

 

The studies and researches were carried out on 

sectors of the Moldova River located on the lower 

course, where regularization of the riverbed and shore 

defence works were performed using geo-bags. The 

river of Moldova in the two research areas presents a 

foundation formed by weakly cohesive rocks [4, 6]. 

 

Table 1. Maximum flow rates (Qmax) with 

calculation probability (p (%)) for the study 

sector on the Moldova River [3] 
 

p 

(%) 
2 5 10 20 50 95 

Qmax  

(m3/s) 
1650 1275 1.000 558 31.0 2.13 

 

The analysis of the structural and functional 

status of the geo-bags type works was carried out by 

in situ inspection, topographic measurements, 

visualization of the degradation forms, measurement 

of the geometrical parameters of the degradations, 

realization of photo and video surveys, etc. The data 

taken from the field were compared with those 

existing in the technical design documentation, or in 

similar works performed internally and externally. 

The hydrological data analysis has revealed a 

high frequency of floods in the last 20 years in the 

study area. The hydrological studies carried out in the 

study area indicated the calculation and verification 

rates considered when designing the regularization 

and shore defence works (Table 1) [4]. 

 

A. Analysis of the behaviour of the shore 

defence works in the 1st research area, Soci area 

 

In the Soci research area there is the 

hydrotechnical construction of the Moldova River 

sub-crossing by the Timisesti-Iasi adduction pipes 

(three steel pipes, of which two with a diameter of 

1000 mm and a third with a diameter of 800 mm). 

The riverbed was calibrated, and the bank was 

protected with concrete slabs on the river's sub-

crossing sector. The hydrotechnical work was 

executed between 1969 and 1971. 

Between 2004 and 2012 there were a series of 

major floods on the river Moldova [4, 6], which 

partially and totally degraded the defences on some 

sections (Fig. 8.a). 

 

 
a 

 

 
b 

 

Fig. 8. Shore protection in the Sochi area: 

degraded concrete slabs (year 2008) [4]; b - 

defence from geo-bags (photo Sion, 2019) 
 

The technical expertise carried out in 2012 

highlighted the state of degradation of the shore 

protection as a result of the action of water at floods, 

but also of the absence of maintenance works [4]. In 

2015 the pipelines located in the subversion of the 

Moldova River were rehabilitated. Also, the shore 
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defence was rehabilitated by using geo-bags as a 

solution to the instability of the foundation ground 

(Figure 8.b). 

The shore defence is made of a structure of 

rectangular-shaped geotextile mattresses with a length 

of 1.50 m, width 0.80 m, height 30-40 cm and filled 

with ballast (Figure 8.b). The geotextile mattresses 

are placed with the long side parallel to the shore. 

Laying the mattresses horizontally was done in chess. 

Geo-bags in contact with water were filled with 

ballast mixed with cement [4]. 

The research was carried out between 2017-

2019 and analyzed the behaviour of the shore 

protection executed from geo-bags. Field analysis and 

data processing indicated the following results: 

- the shore defence behaved well in the action of 

the floods of 2016 and 2018, without showing 

significant degradation (Figure 8.b); 

- a small number of geo-bags placed in the water 

contact layer were degraded by breaking down by the 

alluviums; the ruptures are in the direction of the 

water and have lengths of 3.0 - 8.0 cm; 

- there was no movement of geo-bags vertically 

and horizontally. 

 

B. Analysis of the behaviour of the 

regularization and shore defence works in the II 

research area, Pildesti area 

 

The works of regularization and defence of the 

shore on the Moldova River in this area have the role 

of ensuring the optimal functioning of the 

underground water catchment in Pildesti. The 

riverbed was moved to the left bank. And through the 

bottom thresholds, the water level was raised to 

ensure the conditions of water capture. 

The works of regularization and defence of the 

shore were executed from 1996. They were executed 

of reinforced concrete and stone. The floods on the 

river Moldova in 1994-2006 progressively degraded 

the works from the riverbed and from the shore. In 

order to remedy the works, consecutive renovations 

were carried out until 2006. The 2006 flood partially 

destroyed these works. The rehabilitation works of 

2006 used in parallel geo-bags for the execution of 

the works of the river and the protection of the shore 

[10]. 

The shore protection and regularization works 

initially performed were made up of the following 

[8]: 

- regularization works: moving the minor 

riverbed near the left bank through steering dams and 

closing sleepers; calibration of the flow section to a 

width of 90 m; 

- shore defence works: reinforced concrete slabs 

supported on a simple concrete beam. 

After 2006, works were carried out on the bank 

and on the shore, defence using geo-bags (geotextile 

bags filled with ballast) (Figure 9). Subsequent works 

carried out in 2017 (steering dock, closing dock, 

shore defence) were performed only with geo-bags 

[10]. 

The research was carried out between 2015 and 

2019 and analyzed the behaviour of the shore 

protection executed from geo-bags. The analyzes 

performed in the field were realized at intervals of 3-5 

months, or after passing a flood. The data processing 

and interpretation indicated the following results: 

- the works made from geo-bags behaved 

differently depending on their location (in the 

riverbed and on the shore) and the complex of natural 

and anthropic actions; 

 

 
 

Fig. 9. Works with geo-bags in the riverbed: 1 - 

diverted riverbed; 2 - steering dam; 3- bottom 

threshold; 4 - shore defence; 5 - old shore 

defence (photo, Sion, 2019) 
 

- the floods of 2006, 2008, 2016 and 2018 broke 

the submersible water steering dam to the river bank 

on the left bank; the phenomenon was determined by 

the maximum flow and the action of the alluviums 

(Figure 10); 

 

 
 

Fig. 10. View of the branching area of the 

riverbed: 1 - deviated riverbed; 2 - steering dam 

(photo, Sion, 2015) 
 

- the destructive influence of the alluviums is 

relatively intensified by the presence of a ballast 
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located at a distance of about 200-300 m from the 

area of technological change of the riverbed; 

 

 
 

Fig. 11. Structural degradation of a bottom 

threshold made from geo-bags (photo, Sion, 

2018) 
 

- the closure cross executed from geo-bags was 

broken at the 2016 flood, which caused the main river 

to be moved to the right bank: the geo-bags were 

displaced by the action of the water from the site; 

- the bottom thresholds made on the deflected 

bed and executed from geo-bags have the role of 

raising the water level; the bottom threshold is made 

of 2–4 rows of vertical geo-bags; the height of the 

bottom thresholds is 0.60-1.60 m; 

- the degradation of the bottom thresholds by the 

hydrodynamic action is differentiated along the 

riverbed; degradation is manifested by moving geo-

bags horizontally and vertically (Figure 11); 

- some of the bottom thresholds analyzed were 

degraded by partially destroying a variable number of 

geo-bags and moving some downstream, or at the 

base of the threshold (Figure 12); 

 

 
 

Fig. 12. General view of the structural 

degradation of a bottom threshold made from 

geo-bags under hydrodynamic action (photo, 

Sion, 2019) 
 

- the analysis carried out in the field showed the 

total degradation of the geo-bags by breaking and 

evacuating the filling material; geo-bags partially 

emptied of material were moved from the 

downstream position, which changed the water 

discharge positions; 

 
 

Fig. 13. Degradation of works from geo-bags on 

water action on the Moldova River: 1 - bottom 

threshold; 2 - shore defence (photo, Sion, 2019) 
 

- the shore defence made from geo-bags is 

located at a variable distance from the old shore 

defence executed from concrete slabs (Figure 13 and 

14); 

- shore protection from geo-bags is located at a 

variable distance from the old shore protection work 

carried out from concrete slabs (Figure 9, 13 and 14); 

- a limited number of shore protection geo-bags 

are degraded by rupture as a result of flooding carried 

by floods (Figure 15); 

 

 
 

Fig. 14. General view of the left bank defence 

works: 1 - old concrete slab work; 2 - new work 

from geo-bags (photo, Sion, 2018) 
 

- the analysis in the field showed that some of 

the geo-bags are degraded by local rupture and 

tearing by the flocks of sheep and goats passing 

through the shore area; 

Research conducted on the lower course of the 

river Moldova has shown that the presence of weakly 

cohesive rocks in the bedrock foundation in time 

determines the loss of the stability of the 

regularization and defence works of the rigid type. A 

great influence on the degradation of the works is the 

action of the high frequency floods and important 

alluvial transport. 

The results of the researches carried out in the 

two areas showed a satisfactory and differentiated 

behaviour of geo-bags at the action of the water 
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depending on the location of the site (on the bank or 

on the shore), the way of completion and the quality 

of the filling. 

 

 
 

Fig. 15. Details on forms of degradation of geo-

bags under natural and anthropic actions 

(photo, Sion, 2019) 
 

The works of regularization and defence of the 

elastic type bank work efficiently with the erodible 

riverbeds, they behave well in the settlements and 

movements in vertical and horizontal plane. Works in 

geo-bags do not affect the environment through the 

contribution of concrete and metal. 

The morphological changes of the riverbed 

imply the modification of the calculation parameters 

when designing the regularization works regarding 

the hydrological data and the mechanical 

characteristics [4, 8]. 

An important conclusion is represented by the 

ecological behaviour of the geo-bags. Shore defence 

in geo-bags allows fine alluvium to be deposited on 

mattresses, thus forming areas for aquatic flora and 

fauna growth [2]. 

 

4. Conclusions 

 

The studies and researches carried out on the 

lower course of the Moldova river revealed the 

different degradation of the old shore defence works 

following the hydrodynamic erosion of the 

foundation and the concrete slabs. 

Studies and research carried out in recent years 

have highlighted the possibility of using geo-bags 

when carrying out regularization works subject to 

frequent action of floods with important solid 

transport. 

The research carried out in two study areas 

revealed a variable behaviour of the geo-bags in the 

action of the water depending on the location (river / 

riverbed), their mode of accomplishment and the 

filling quality. 

Elastic-type shore defence works, geo-bags type, 

work effectively with erodible riverbeds, behave well 

in vertical / horizontal settlements and displacements 

and do not affect the environment. 

Ensuring optimal environmental protection 

conditions in the watercourses area requires the use of 

biodegradable geotextiles when carrying out 

regularization works. 
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