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ABSTRACT 
 

The paper presents the creation of a dental bridge through two rapid 
prototyping technologies, SLA and FDM. The dental bridge model was made in a 
dental laboratory, being used later for 3D printing, through rapid prototyping, 
using the two technologies, FDM and SLA. 

 
KEYWORDS: rapid prototyping, dental model, ceramic masses 

 

1. Introduction 
 

Rapid prototyping technologies can be used in: 
biomedicine and nanotechnology, supporting and 
developing the contribution of regenerative medicine. 
Engineering and medicine come together to improve 
the patients’ life or even save their life. 

Engineering has evolved a lot, through the 
application of top technologies, which help to easily 
create parts with increasingly complex geometries. In 
recent years, 3D printing technology has more and 
more applications in the medical field and is 
continuously developing. The 3D models made are 

widely used for various complex pathological studies, 
as well as in education. 

Thanks to the advances in biomaterials used in 
3D printing, and the research carried out, the range of 
applications of 3D printing has increased, in the 
manufacture of implants, prostheses, 3D scaffolds in 

tissue engineering, and regenerative medicine [1, 2]. 
 

2. Generalities, regarding the creation of 

models through rapid prototyping 
 

The creation of the models includes the stage of 
creating the model with the help of a CAD software. 
In rapid prototyping technology, the STL format has 

been adopted. A three-dimensional scanner can also 
be used to digitize the object, but this method implies 
the existence of a previously created model. 

Intraoral rapid scanning is used in the dental 
field. This procedure aims to produce images (3000 
images/second). The configuration of the patient's 

teeth and jaw is rendered in 3D with very high 
accuracy. 

The next stage is the modification of the CAD 
folder in STL format, which illustrates a three-
dimensional surface of flat triangles. This file 
contains the coordinates of the vertices and the 
direction of the outward-facing normal of all 
triangles. Because STL files use planar elements, they 

will not accurately depict curved surfaces. By 
increasing the number of triangles, the accuracy 
improves significantly, but this increase in the 
number of triangles has the disadvantage of 
increasing the file size (Fig. 1). 

For the next stage, a processing software is used, 

which is specialized, and which supports the 
construction of the STL (Standard Triangle 
Language) file in layers. Few programs exist, and 
most allow the user to modify the size, location, and 
orientation of the model. 

Before processing, the software cuts the STL 

model after a certain number of layers of different 
thickness. The respective software can also generate 
an auxiliary structure, as a support for the piece, 
during manufacturing. 

Next is the construction of the part itself, using a 
rapid prototyping technology. 

The last stage is represented by the final 
processing (post processing). This includes removing 
the part from the prototyping machine, and removing 
the support brackets. Parts made of photosensitive 
materials must be treated before use [3, 4]. 

In the dental field, dental restoration materials 

have acquired a superior quality, being an 
increasingly used alternative in dental laboratories. 
Computer-aided design in the dental field is used for 
restorations or aesthetic work of dental models (Fig. 
2). 
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Fig. 1. Different resolution files: left - fine resolution dental model; right - dental model with custom 

resolution 

 

 
 

Fig. 2. Representation of the steps of temporary restoration of dental models, made with the help of 

computer-aided design. a - 3D scan; b - dental prosthesis design; c - materials used (alloy, zirconium, 

polymer); d - design and final result of dental replicas; e - brief analysis 
 

3. Obtaining the dental bridge in a dental 

laboratory 

 
Before making the dental bridge through the 

prototyping methods, we made the model in a dental 
laboratory. 

The dental models were made in the dental 
technique laboratory, going through the following 
stages: 

- the impression and the dental wax prosthesis 
are made by the dentist; 
- the final impression renders with maximum 

precision, both the support area and the suction 

area. With the help of this final impression, the 
final model was obtained; 
- the formwork follows, which consists of 
applying a strip of wax around the impression, 

then follows the preparation of the plaster paste; 
- pouring the gypsum paste, and shaping the 
plinth; 
- a pink wax base is made, (Fig. 3) and on this 
pink wax base, the acrylic teeth will be fixed; 
- making the metal-ceramic dental bridge; 

- casting and processing of the metal frame (Fig. 
4); 
- application of ceramic masses and glazing; 
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Fig. 3. Dental prosthesis made of dental wax 
 

 
 

Fig. 4. Dental bridge with metal structure 
 

    
 

Fig. 5. Dental bridge 
 

4. Making the dental bridge using FDM 

and SLA technologies 

 
The dental model made in the dental laboratory 

was later used to make the dental bridge through 

prototyping. 

The first stage in the creation of the dental 
bridge, through the FDM prototyping method, was 
represented by the execution of the part model, with 

the help of a software. Autodesk Maya (Maya) 
software was used. With the help of this software, it 
is possible to create numerous pieces from many 
fields such as medical, design, architecture, etc. The 
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Autodesk Maya software has many uses such as, for 
example, making various 3D parts, animations, 
simulations, having numerous tools and functions. 

This 3D modeling software is one of the most 
popular, due to its performance, being chosen by 
many designers (Fig. 6). 

 

   
 

Fig. 6. Creation of the 3D model of the dental bridge, made with the help of Autodesk Maya software 
 

After the model of the part was made, the next 
step was to modify the model in STL format [5]. 

After converting to STL format, the next step 
was to divide the model into thin transverse layers. 
To achieve this stage, another software was added, 

namely the PrusaSlicer software, to transform it into 
G-code. The transition from the STL format to the G-

code, was made, because the printer used, does not 
recognize the STL format (Fig. 7). 

 

 
 

Fig. 7. Representation of the dental model in layers, using the PrusaSlicer software 
 

The PrusaSlicer software, in addition to the role 
of "slicing" the 3D model in layers, also offers us the 

simulation of the 3D part, that is, the software shows 
me how it will be printed line by line, from bottom to 
top, layer by layer. The software also shows where 
the extrusion of the material will take place, the 
movements required for the table of the machine, and 
the extrusion head, and at what speeds they should 

move relative to each other [6]. 
The material used is PLA type plastic, and the 

temperature of making the model is 60 oC. After the 
3D printing, the post-processing operation follows, 

representing the removal of impurities and the 
finishing of the part (Fig. 8). 

The same dental bridge model was also made by 
SLA (stereolithography) technology. The material 
used for this technology is photopolymer resin. It was 
used the CHITUBOX software, as shown in Fig. 9. 

The CHITUBOX software "slices" the 3D 
model into layers, but at the same time, shows how 

they will be printed, from bottom to top, layer by 
layer. 

After creating the 3D model in the computer, 
and making the necessary adjustments, the speed and 
thickness of the layer, the actual printing followed. 
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Fig. 8. The final dental bridge model, made of PLA using FDM technology 
 

 
 

Fig. 9. Representation of the dental model in layers, using the CHITUBOX software 
 

 
 

Fig. 10. The final dental bridge model, made of photopolymer resin, using SLA technology 
 

5. Conclusions 
 

The two models, made by FDM and SLA 
technologies, were compared, and we reached the 
following conclusions: 

- the piece made with SLA technology has a 
high level of detail compared to the dental model 
made with FDM technology; 
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- the manufacturing time, for the dental bridge 
made with the help of SLA technology, was about 2 
hours, and with FDM technology about 15 minutes; 

- the dental model made with FDM technology 
is much more resistant than the SLA model; 

- from the point of view of the resistance of the 
model, and the time for its realization, the study 
recommends the use of FDM technology for the 
creation of the dental bridge; 

- the costs of making the dental bridge, through 
FDM technology, are lower, which recommends the 
use of this technology. 
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ABSTRACT 
 

This paper presents the realization of a mathematical model of a heat 
treatment process of an Al-Si alloy, with the help of which the values of some 
mechanical properties are preached. The method of elaborating the mathematical 
model is a statistical method, namely the method of the active experiment. 

With the help of the MATLAB software and based on the elaborated 
mathematical model, we created a graphic interface that allows the prediction of 
the values of three mechanical properties depending on the thermal processing 
conditions of the studied alloy. 

 
KEYWORDS: aluminum alloy, thermal treatment, mathematical modeling, 

prediction of property values, graphic interface 

 

1. Introduction 
 

Non-ferrous alloys are a category of metal 
materials with special applications in the machine 
building industry and beyond, and aluminum and its 
alloys occupy an extremely important position in this 
category due to the wide range of potential 

applications [1, 2]. 
Aluminum alloys are used in the aerospace, 

chemical, electrical and electronic industries, 
consumer goods, automation and computer industry 
[3]. 

Although aluminum is the most abundant metal 

in the earth's crust, it has only recently become 
widely used in industry, as it is difficult to develop. 
The wide scope of aluminum and its alloys in the 
construction of landmarks by plastic deformation, 
casting or cutting is due to its excellent physical, 
chemical and mechanical properties, low density, 

excellent corrosion resistance but also excellent 
electrical and thermal conductivity [4]. 

The mechanical properties of these alloys can 
reach high values by applying appropriate heat 
treatments. Alloys change the properties of aluminum 
in a very wide range. Even small amounts of alloying 

elements have a great effect. Among the most 
important alloying elements we mention: silicon, 
copper, magnesium, zinc, nickel, titanium, etc. These 
alloying elements may dissolve in solid solution 
(although in small quantities) or may form soluble or 
insoluble compounds. The soluble material is 

particularly important because its presence in the 
structure indicates the possibility of applying a final 
heat treatment to increase hardness, mechanical 
strength, corrosion resistance, etc. [5, 6]. 

Today at European and global level it is possible 
to produce cheap and high quality in regulated 

environmental conditions, which means to consume 
as little energy and fuel as possible, ensure optimal 
working and living conditions for employees and 
ensure safety. We must not forget that it is necessary 
to offer safe products. 

Mathematical modeling of processes is a useful 

basic tool both in the design phase and in the analysis 
of the operation of installations. By using specialized 
programs, we can determine an optimal metallurgical 
process of combining process modeling with 
computer use. The development of the specific 
mathematical apparatus and, in particular, of 

statistical methods has allowed the optimal decision 
issue to be addressed as a high technical and 
economic efficiency issue [7]. 

The mathematical models that can be used are 
an important source of information necessary for the 
optimal management of metallurgical processes. 

The preliminary experiment clarifies the 
variation of process factors by performing a series of 
determinations based on programs (dispersion 
analysis, correlation analysis, etc.) which allows the 
selection of factors that significantly influence and 
highlights the links between factors as well as their 

contribution to the process [8]. 
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2. Experimental conditions 

 
In the paper, the mathematical model of the heat 

treatment process applied to an aluminum alloy was 

performed, by statistical methods, namely the 
regression analysis by active experiment [8]. 

Experimental data were obtained from the 
artificial aging heat treatment applied to an aluminum 
alloy whose composition is shown in Table 1. 
 

Table 1. Materials for experimentation 
 

Al 7Si 0.3Mg Si Mg Al 

% 7 0.3 rest 

 
The modeling methods by programming the 

experiment are different because the metallurgical 
processes are varied and complex. The most effective 

methods of programming the experiment is currently 
those of solving extreme problems, which involve 
determining the levels of independent sizes (input), 
u2, ...uk, for which the objective function [9]: 
 

y = f(u1, u2, ..., uk)                        (1) 

 
has extreme values (maximum or minimum), as well 
as the calculation of these values. 

The method of the experiment programmed as 
opposed to the classical method of experimentation, 
provides for the realization of a number of four 

experiences near an arbitrarily chosen S1 point, 
aiming at determining the response surface, on a 
small area around that point, finding a linear equation 
of the form [10]: 
 

y =  +  +  +       (2) 

 
which is a first approximation of the real equation of 
the process. To find out the extreme value of the Y 
parameter are necessary in case of its dependence on 
two factors, of 22 = 4 experiences, so in total 4 
experiences. 

Experiment programming involves: 
- establishing the necessary and sufficient 
number of experiences and the conditions for 
their realization; 
- determination by statistical methods of the 
regression equation, which represents with a 

certain degree of approximation, calculable, the 
process model; 
- determining the conditions for achieving the 
optimal value of the process performance (the 
parameter to be optimized). 
The use of the active experiment, as a method of 

mathematical modeling, uses statistical methods in all 
stages of experimental research: 

- before the experiment, by establishing the 
number of experiences and the conditions for 
their realization; 

- during the experiences by processing the 
obtained results; 
- after concluding the experiment with 
conclusions regarding the realization of future 
experiences [9]. 
We considered as main influencing factors 

(independent variables) the following technological 
parameters of heat treatment: 

1 - artificial aging temperature – t, [°C]; 
2 - maintenance time at artificial aging 
temperature - τ, [hours]. 
The set of physico-mechanical properties is 

considered as parameters: Rm, Rp0,2, A5. 
To establish the basic level and range of 

variation of influencing factors we used data from the 
literature on the nature of solid transformations and 
behavior in heating and cooling for treatment thermal 
alloys with aluminum base. 

Given the studies and experimental results 
obtained by some authors on alloys with high-
strength aluminum base, we established the 
conditions of experimentation as follows: 

• for aging temperature: 
- basic level: u01 = 204 °C; 

- variation range: Δu1 = 56; 
• for aging:  

- basic level: u02 = 15 hours; 
- variation range: Δu2 = 10 hours. 

The following notations and symbols were used 
for the coded representation of the experiment: 

Independent variables: 
• x1 - temperature; 
• x2 - time. 
Dependent variables (optimization parameters): 
Y1 - breaking strength, Rm, [MPa]; 
Y2 - flow limit, Rp02, [MPa]; 

Y3 - elongation at break, A5, [%]. 
There are the following differences between 

natural and coded values of xi factors [18]: 
 

;                (3) 

 
Yi values are expressed in natural units. 

As the influence of the two factors on the 
performance of the process (Y) is studied, the 4 
experiments according to the experimental matrix in 
Table 2 were performed. 

Next, based on the matrix of the complete 
factorial experiment, the coefficients of the regression 

equation (the mathematical model) are calculated. 
Considering the Yi function as the analytical 
expression of the first order model, it is in the form 
[9]: 
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      (4) 

 

Table 2. Experimental matrix 
 

Nr. 

exp.        

1 1 1 1 1 140 83 23 

2 1 -1 1 -1 323 245 9.3 

3 1 1 -1 -1 175 100 8 

4 1 -1 -1 1 300 215 10 

 
Following the ephaguation of the specific 

calculations, the values of the coefficients for the 3 
equations that are presented in Table 3 resulted. 

 

Table 3. The values of the coefficients of the first 

order models 
 

yi 
bi 

y1 y2 y3 

b0 234.5 160.75 12.5 

b1 -77 -69.25 2.9 

b2 -3 3.25 3.5 

b12 -14.5 -11.75 3.9 

 
Therefore, the equation of the mathematical 

model of order I (4), expressed in coded quantities, 

for each property, has the form: 
 

y1 = 234.5 - 77 - 3 – 14.5         (5) 

 = 160.75–69.25 +3.25 – 11.75  (6) 

 = 12.5 + 2.9  +3.5 +3.9       (7) 

 
By replacing the xi variables with the (3) 

relationships in the equations (5-7) (the final form of 

the mathematical model is obtained, expressed in 
natural quantities (treatment temperature and heat 
treatment time) for the three properties studied: 
 
y1 = 439.94 - 0.985 · T + 5.004 · τ - 0.026 · T · τ  (8) 

y2 = 350.42 - 0.93 · T + 4.4 · τ – 0.02 · T · τ     (9) 

y3 = 20.14 – 0.04 · T – 1.18 · τ + 0.006 · T · τ  (10) 
 

With the help of the MATLAB program 
package and using the results of experimental 
research we have created a graphical interface that 
allows the simulation of the values of some 

mechanical properties for the alloy subjected to the 
thermal treatment of artificial aging. 

For this simulation using MATLAB, the 
equations of the mathematical model were also used, 
the equations (8-10). 

Through these simulations you can find the 

value of each property and the conditions (the value 
of the heat treatment parameters) thermal processing 
that lead to obtaining those values for each property. 

Figure 1 shows under what conditions of 
temperature and time the value of 236 MPa is 
obtained for Rm. 

 

 
 

Fig. 1. Simulation of Rm [MPa] when the artificial aging temperature is 204 °C and the thermal 

processing time is 10 hours 
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Fig. 2. Rp0.2 finding simulation [MPa] when the temperature is 170.4 °C and the time is 12.5 hours 
 

Figure 2 shows the simulation to obtain the 
value of 204.3 MPa for the flow limit as well as under 

what treatment conditions this value is obtained. 

Figure 3 illustrates under what conditions of 
temperature and artificial aging time is obtained for 

elongation at break of 10.96 %. 
 

 
 

Fig. 3. Simulation of A5 [%] when the artificial aging temperature is 170.4 °C and the artificial aging 

time is 15 hours 
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3. Conclusions 
 

Following the elaboration of the mathematical 
model and the realization of the graphical interface 

with the help of the MATLAB in this paper, the 
following conclusions can be drawn: 

• mathematical modeling of processes is a basic 
tool useful both in the design phase and in the 
analysis of the operation of installations. 

• the values calculated for the optimized 

parameter Yi (i = 1... 3) are very close to the 
measured values, therefore the mathematical model 
performed allows the simulation of the heat treatment 
process, by varying the values of the technological 
parameters, within the experienced limits; 

• the elaborated mathematical model allows the 

calculation simulation to find out the values of the 
studied mechanical properties; 

• the graphical interface made with the help of 
MATLAB is based on the mathematical model made, 
for the prediction of the property values according to 
the two technological parameters of heat treatment, 

temperature and artificial aging time; 
• the mathematical model presented, allows the 

calculation of optimizing the parameters of the heat 
treatment process, so as to obtain the optimal 
complex of the resistance and plasticity properties, 
with minimal costs. 
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ABSTRACT 
 

Nails are involved in most everyday activities, whether physically for 
seemingly simple actions such, protection against external factors or roles with an 
aesthetic implication, for the integration of people into society. Often, any change 
at an aesthetic level is felt both from the point of view of the patient, who can be 
affected at a psychological level, feeling anxiety due to the lack of a part considered 
essential, and from the point of view of society that imposes a certain standard to be 

accepted in the community. Because of this societal standard, people with an 
untreatable nail deformity or disease can feel marginalized and excluded. Recently, 
an important number of studies have been carried out in this field, especially since 
the uses of polymeric materials have gained a wide field of applicability.  

In this work, the comparison between three types of polymeric materials used 
in salon work was highlighted, for the aesthetic treatment of some diseases with a 

long healing time or even untreatable, by making prostheses for the affected nail 
plates of onycholysis. The mentioned materials were analysed microscopically, 
tested for roughness and hardness, and tested for compression and bending 
resistance, in order to understand how a nail prosthesis made of these materials 
behaves under different actions and external factors to which the nails are 
subjected to in daily activities. Finally, the method of making a nail prosthesis from 

one of the tested polymeric materials was presented and the importance of the  
functions of the nails, both aesthetic and medical, was highlighted. 

 
KEYWORDS: nail plates, optical microscopy, hardness, roughness, 

mechanical testing, polymeric materials 

 

1. Introduction 
 

The nail is a semi-hard blade made up of several 

keratin cells that give it hardness [1]. A nail consists 
of several main elements, six in number: The 
germinal matrix - also called the root, is the most 
important part of the nail, because it produces 
onychoblast cells that over time develop and give rise 
to new cells, called onychocytes that migrate forward 

towards the distal nail fold. These onychocytes 
become harder keratin cells over time [1, 2]; Lunula - 
is the segment that shows the end of the germinal 
matrix. All nails have this area, but it is not visible on 
everyone equally [3]; The nail bed - is the area 
between the lunula and the hyponychium [4]; 

Eponichium - is located between the skin and the nail 
bed [5]. This structure provides the fingers with a 
superior barrier against microorganisms [6]; 

Hyponychium - It is the epithelial tissue between the 
nail plate and the tip of the finger, it is present 

between the free tip of the nail and the distal fold of 
the nail bed [7]. This epithelium is very rich in white 
and red blood cells and forms a seal against external 
microorganisms [5]; Perionychium - it is the tissue 
that covers the nail plate on the sides and has the 
same role as the hyponychium and eponychium [5, 

7]. The nail plate is embedded in the folds or lateral 
folds of the finger. These being most often more 
prominent in the case of toenails [5]. If at birth, or 
during life this fold, together with the surrounding 
and protective layers of the matrix are damaged, there 
is a risk of a permanent defect of the nail [5]. The 

thickness of nails in a healthy adult varies from 0.5 
mm to 0.75 mm, and in the case of toenails, greater 
than 1 mm. The rate of nail growth varies from 0.5 
mm to 1.2 mm per week and the growth is continuous 
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[8]. External factors, trauma, manicure, inflammation 
or infection can cause cuticle loss, this situation 
implies a difficulty of the proximal fold to protect the 

nail matrix [3, 9]. 
Due to external factors, nails are subject to a 

high risk of disease, being in the first line of contact 
with the external environment [9]. In this sense, the 
nails can suffer from a variety of diseases, depending 
on the cause, symptoms, but also on the way of 

formation. Nail conditions are not only aesthetic 
problems, but these problems can also indicate 
systemic diseases or show signs of infection in the 
body [10]. Some of the most common nail diseases 
are: onycholysis, onychomycosis, paronychia, 
pseudomonas, nail psoriasis, Beau's lines. These 

diseases have different causes: inflammatory, 
infectious, traumatic etc. [10]. 

There is the possibility that some of the nail 
diseases cannot be treated medically, due to the 
process of traumatizing the nail plate or the nail 
matrix. So, to improve the quality of life of patients, it 

was decided to solve aesthetic problems with the help 
of cosmetic products [11]. The most well-known 
materials used are nail varnishes, which are applied 
over a base layer, usually colourless, which has the 
role of fixing the next material and smoothing the 
irregularities of the nail plates, followed by the 

coloured layer and finally a protective, transparent 
layer which provides shine and prevents premature 
damage or chipping [11]. Most air-dry varnishes 
contain the following components: 

• 15% film former, usually nitrocellulose which 
is a non-sensitizing, waterproof component that 

adheres to the nail plate; 
• 7% thermoplastic resin (Toluene 
Sulphonamide Formaldehyde Resin - TSFR, 
which enables and strengthens the adhesion, 
hardness and flow of the material); 
• 7% plasticizer, usually dibutyl phthalate and 

camphor, which improve flexibility and prevent 
shrinkage; 
• 70% solvent-extender (toluene, butyl, or ethyl 
acetate and isopropyl alcohol, which allow the 
other components of the nail polish to remain 
liquid); 

• 0-1% pigment; 
• 1% suspending agent [11]. 
In the case of structural defects, such as Beau's 

lines, or trauma in the matrix area, polymer products 
have been developed that harden in contact with 
liquid monomers or ultraviolet radiation. There are 

two types, acrylic nails being the first type which is 
represented by a paste made of a liquid monomer, 
ethyl methacrylate and a powder polymer, polymethyl 
methacrylate that harden at room temperature with 
the help of an organic accelerator (benzoyl peroxide) 
forming a paste that is applied to the nails [11]. The 

second type, gel nails, are a mixture of ethyl 
cyanoacrylate and polymethyl methacrylate - the 
monomers are combined with the same powder 

polymer as the liquid acrylic nail which requires 
ultraviolet radiation to polymerize and harden [12]. 

The materials used in nail plate prosthetics, with 
the help of ultraviolet radiation, are composed of 
several substances, the main substance found in these 
products is methacrylate acid, a product with the 

following chemical formula: CH2=C(CH3)COOH 
[13]. It is found in liquid or solid form but with a very 
low melting point. When in liquid form, it is 
colourless, and has a pungent odour [14]. In addition 
to the methacrylate acid, other components can be 
found, as for example: titanium dioxide – TiO2, ethyl 

methacrylate - C2H5O2CC=CH2, trimethylolpropane 
triacrylate - C15H20O6, polydimethylsiloxane - 
CH3[Si(CH3)2O]nSi(CH3)3, methyl methacrylate - 
CH2=C(CH3)COOCH3, hydroxyethyl methacrylate - 
H2C\dC(CH3)CO2CH2CH2OH, polyethylene 
terephthalate - (C10H8O4)n, 1-Hydroxycyclohexyl 

Phenyl Ketone - C13H16O2, silicon dioxide – SiO2 and 
wax, all of which having various functions. 

The aim of the present work was to identify the 
best option for the restoration of a nail plate, choosing 
from three options, based on the results obtained from 
morphological testing, roughness, hardness, but also 

from a mechanical point of view using traction and 
compression testing. 
 

2. Materials and methods 
 

As part of the experimental part, 3 polymer 
materials used in nail plate prosthetics in manicure 

salons were chosen. These polymeric materials were 
inserted into straws of the same diameter, and length, 
to obtain the samples for the following analyses. 
After introducing the polymeric substance into the 
straws, they were placed in the 36 W UV lamp (λ = 
356 nm) for 5 minutes (Figure 1), as this material 

becomes solid only in contact with ultraviolet rays. 
These polymer materials have in their composition 
photo initiating substances, which in contact with 
ultraviolet rays, produce heat and strengthen the 
polymer becoming solid. 

Figure 1 shows the polymer material inserted 

into the straw under the UV lamp to polymerize the 
material and obtain the samples. After 5 minutes, the 
straws were removed and the samples were placed 
again under the UV lamp for another 2 minutes, to 
ensure the total polymerisation of the samples. At the 
end of polymerization, the samples were removed 

from the UV lamp and notated. 
Figure 2 shows 2 samples of each polymer 

material used in the laboratory tests. The materials 
come from 3 different companies of polymer 
products: Kinetics, Gliterro and Macks, noted in the 
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experiments with the letters K, G, M. From these 
samples, two sections with lengths between 12-14.5 
mm were extracted, used later in the mechanical tests 

to observe their resistance to compression and 

bending, and a cylindrical section of 2 mm each for 
the microscopic analysis. All samples had an equal 
diameter of 5.85 mm (Fig. 3). 

 

    
 

Fig. 1. UV curing process of the samples 
 

 
 

Fig. 2. Obtained samples after UV-light curing 
 

 
 

Fig. 3. The diameter of the specimens measured with a calliper 
 

After obtaining the samples, the microscopic 

analysis of the materials followed. For this analysis 
the inverted metallurgical microscope Kern OLM 171 
was used. This microscope features a powerful and 
infinitely adjustable 50 W halogen incident light 
illumination, which ensures optimal illumination of 
the materials being analysed. This type of microscope 

is equipped with a trinocular tube, a simple polarizing 
unit consisting of an analyser and a polarizer, and a 
mechanical stage [15]. The microscope specifications 

offer magnification powers of 50x, 100x, 200x, and 

500x. The interpupillary distance is 48-76 mm and 
the viewing position through the eyepiece is made at 
30ᵒ. In the present case, a computer connected camera 
was used to capture images. 

To analyse the roughness of the polymer 
materials used in nail plate prosthetics, an Insize ISR-

C002 portable roughness meter was used. This 
roughness meter measures 21 roughness parameters. 
The obtained values are displayed on a digital screen 
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for roughness, the profile and the curve and has the 
capacity to store 100 values. It can be connected via 
USB to a printer. As technical specifications, the 

Insize ISR-C002 roughness meter has an accuracy of 
+/- 10%. The material from which the probe is made 
is diamond and the probe is of inductive type. The 
roughness measurement force is 4 Nm. The number 
of interpenetrations is between 1 and 5. The device 
has two crossing speeds, namely: 0.5 mm/s and 1 

mm/s [16]. 
For Vickers hardness testing, the Insize Micro-

Vickers ISH-TDV1000A hardness tester was used. 
This device is used to measure the hardness of a small 
sample of material. Thanks to software based on 
Vickers hardness calculation, the obtained value can 

be converted, and the value of Rockwall hardness can 
be found. The device consists of a support table, 

mechanical, adjustable horizontally and vertically, 
two objectives that allow observing the sample before 
activating the indenter and after making the 

impression in the sample. The objectives have a 
magnification power of 10x or 40x and for the 
analysis carried out in this study, the 10x objective 
was chosen. The device also contains a camera 
connected to the eyepiece through which manually 
drawn axes are observed, according to the imprint of 

the indenter in the sample (Figure 4). The 
specifications of the durometer offer the possibility of 
changing the force, with the following options: 0.01, 
0.025, 0.05, 0.1, 0.2, 0.3, 0.5 and 1 N. The charging 
time of the device varies between 5-60 s. For the 
Vickers hardness test, thin lamellae were obtained 

from each polymer materials used in this study. 

 

    
 

Fig. 4. The surface of a K material sample before hardness testing – left image and a print in the 

same sample, framed by the measuring axes – right image 
 

Mechanical testing was performed using an 
Instron 8850 servo-hydraulic testing machine. The 
Instron 8850 series testing system is a dynamic, 

servo-hydraulic, floor-mounted, biaxial machine that 
provides axial torsional loading on the test specimens, 
in an integrated biaxial actuator. This instrument 
fulfils the material verification requirements with a 
wide testing range, biaxial static and dynamic [17]. 
The Instron 8850 system has a capacity of about 100 

kN, and a torque capacity of about 1000 Nm, with an 
axial stroke of the actuator motor of 150 mm and a 
rotational stroke of 90ᵒ [18]. The first test of the 
polymeric materials used in this study, was the 3-poin 
bending test. For this purpose, the specimens were 
placed on the Instron 8850 system which had a 

support distance of 50 mm and the lowering speed of 
the action bar of 5 mm/minute. Two rounds of testing 
were performed for each polymer material. Fig. 5 

offers three image captures showing an ongoing 
bending test for a sample made of the M material. 

The next mechanical test was the compression 
testing, using the same test system, the Instron 8850 
with a modified clamping system as seen in Figure 6. 

The samples used for the compression testing 

were cut from the original samples and then polished 
to obtain flat surfaces. After the polishing, the 
samples lengths were measured with a calliper (Fig. 
7) then tested using a descent of the upper platen of 
1.3 mm/minute. 
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Fig. 5. Image captures during the 3-point flexure test of a M material sample 
 

  
 

Fig. 6. The Instron 8850 mechanical test system with a clamping architecture used for compression 

testing 
 

 
 

Fig. 7. Measuring the length of test specimens for compressive strength testing 
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3. Results and discussions 

 

3.1. Optical microscopy 

 
Following the microscopic analysis performed 

with the Kern OLM 171 microscope, a magnified 
image of each tested sample was obtained. These 
images show the structure magnified at 50x (Figure 
8). 

The obtained images emphasize the first 
differences between the tested materials. Thus, the K 

material presents ramifications and perforations with 

a spongy appearance, while the M material presents a 
compact and more uniform structure, compared to the 
K material, but at the same time with many 

interspersed vesicles. Meanwhile, the G material 
stands out from the point of view of the microscopic 
image due to the lack of gaps and the reflections 
provided by the silicon dioxide. Thanks to the silicon 
dioxide, the quartz particles used for light diffusion 
and for aesthetic purposes are easily visible in this 

last tested material. In addition, this material, 
compared to the others, does not have perforations or 
a branched structure, but a uniform one. 

 

       
 

Fig. 8. Microscopic images obtained using a 50x magnification for: K material sample – left image; 

M material sample – middle image; G material sample – right image 
 

3.2. Roughness testing 

 
Following the laboratory tests of the roughness 

of the polymer materials using the Insize ISR-C002 
roughness meter, different values of the roughness of 

the three samples were obtained. The value obtained 
and displayed on the device screen is the roughness 

value and is expressed in µm. The roughness value of 
the first tested polymeric K material is 0.629 µm 
(Figure 9 - left image). 

 

   
 

Fig. 8. Results of the roughness testing: K material sample – left image; M material sample – middle 

image; G material sample – right image 
 

The next material tested was the M material. In 

this case, the numerical value of the roughness is 
0.802 µm (Fig. 8 – middle image). The last roughness 
test was performed on the sample made of the 
polymeric material G (Fig. 8 – right image). Its 
numerical value is: 0.434 µm. The three materials 
have different values, the lowest value belonging to 

the polymeric material G, followed by the K material 
and finally by the M material. From these values, it 
follows that the material with the roughest surface is 
the M material and the material with the smoothest 
surface is the G material. We can correlate the results 
obtained in the microscopic analysis with the results 

obtained in the case of the roughness analysis. The 
smoothest material from the point of view of 
roughness analysis is the material with the most 

uniform appearance, namely, material G. Considering 

the purpose of using these materials, we can deduce 
that the use of a material with a low roughness value, 
in our case, the G material, is the most desirable from 
an aesthetic point of view, since it imitates the 
smooth surface and thinness of the nail plate that 
requires prosthetics. 

 

3.3. Hardness testing 

 
Following the hardness tests carried out on the 

samples from the polymer materials, using the Insize 
ISH-TDV1000A device, the Vickers hardness value 
was found for each sample. The testing was carried 

out with preselected values of the apparatus, namely: 
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the preset values of the indenter action force, the 
brightness with which the sample is observed, and the 
indenter loading time, to find out the Vickers 

hardness value of materials under equal conditions. 
For this purpose, a force of 0.5 kg was used, the 

loading and driving time of the indenter was 10 
seconds, and the brightness level was set at 4. The 
first material tested was the K material, which 

presented a value of 5 HV (Figure 9 – left image). 

 

      
 

Fig. 9. Results of the hardness testing: K material sample – left image; M material sample – middle 

image; G material sample – right image 
 

The M material was the next one tested, and the 
recorder value was 2.4 HV (Figure 9 – middle 
image). The last specimen tested with the durometer 
was the G material. After testing, the Vickers 

hardness value was 3.5 HV (Figure 9 – right image). 
According to these results, in correlation with the 
purpose of use, we can deduce that the K material has 
the highest hardness when using these three 
polymeric materials. The harder the material used in 
the prosthesis, the greater the resistance of the 

prosthesis in the event of a shock. 
 

3.4. Mechanical testing 
 

The mechanical testing of the specimens 
provided an important insight into the mechanical 
properties of these polymeric materials. For bending 

strength testing, two specimens of the same material 
were used, resulting in different curves. The first 

three-point bending strength test was performed on 
polymer material K followed by M and G. Based on 
the data retrieved from the computer linked to the 
mechanical testing machine, a graph was obtained, 

with a comparative purpose of the displacement and 
the force to which all 6 samples were subjected. 
Based on the graph (Figure 10) a clear difference 
between the 3 types of materials is observed. The 
samples from the same material have very similar, 
almost identical results. 

The first material subjected to the bending test 
was the polymeric material K. According to the 
graph, the flexural strength of this material from the 
point of view of displacement was the lowest, 
managing to yield in the shortest time to the load and 
break suddenly shortly after the action of 60 N. Also, 

is the material that recorded the highest withstanding 
force. 

 

 
 

Fig. 10. Force-displacement diagram for the 3-point flexural bending tests of the K, M and G 

polymeric materials 
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Among all the materials tested, the samples 
from the polymeric material K were the ones that 
deformed the least, recording in terms of 

displacement below 5 mm. In the case of the samples 
from the polymeric material M, we can observe that 
samples had the lowest resistance value from the 
point of view of the applied force, below the value of 
40 N, but from the point of view of displacement, 
they have the highest and most constant strength, 

without obtaining cracks or breaks on the surface of 
the samples. After removing the applied force, the 
polymeric material M samples tended to return to 
their original shape but stopped before completely do 
so. Also, no cracks or breakage of these specimens 
were observed. 

The last material tested was the polymeric 
material G, which, according to the data, is in the 
middle between the first two, both from the point of 
view of the displacement and the applied force. The 

samples of this material cracked on the outside, in a 
controlled manner, failing to break suddenly as in the 
case of the polymeric material K. The specimens of 

polymeric material G had a constant value of the 
bending strength up to about 45 N, for about 4 mm of 
displacement, then cracks occurred on the outer side 
of the specimens, ultimately registering a decrease in 
the applied force around 10 mm of displacement, 
without breaking suddenly like the samples from the 

polymeric material K. 
The last material test analysis was compressive 

strength. For this type of analysis, the compressive 
strength was measured for two specimens for each 
material. Using the obtained results, a diagram was 
plotted with the comparative aim of observing the 

resistance of each material (Figure 11). The slight 
variation in height of samples is transposed in 
different starting points of data curves on the 
displacement axes. 

 

 
 

Fig. 11. Force-displacement diagram for the compressive strength tests of the K, M and G polymeric 

materials 
 

The first test was carried out on samples of the 
polymeric material K. As can be seen from the graph, 
the samples of this material behaved with a small 
difference. The first specimen withstood a force of 

about 4000 N and deformed almost 8 mm. The 
second sample yielded at about 3000 N of force, and 
deformed almost 8 mm. Finally, the specimens 
registered cracks under the action of the upper platen, 
forming 3 vertical grooves along the specimens that 
connected each other (Figure 12). 

The second material tested was the polymeric 
material M. In the case of these specimens, the curves 
of the graph in Figure 11 look similar. Also, the force 
and displacement values are similar to the ones 
registered for the previous material. At the end of the 
test, two long, vertical grooves running through their 

entire length were observed on each tested specimen 
(Figure 12). 

The last material tested for compression was the 
polymeric material G. According to the graph, both 
samples had similar results. They deformed the 
fastest, under the action of the smallest force, 

approximately 2000 N, the displacement length a 
little more than 7 mm. At the end of the test, a short 
vertical groove was observed on each specimen 
(Figure 12). 

Following the compression tests performed on 
the three types of materials, the polymeric materials 

K and M had similar results regarding the maximum 
withstanding force and displacement even though, the 
curves emphasize a greater elasticity of the polymeric 
material M, since it needs lower values of the applied 
force to obtain the same displacement. The results for 
the polymeric material G emphasize an elasticity 

between the other two materials and lower values for 
the withstanding force and displacement. 
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Fig. 12. Samples of polymeric materials K – left, M – middle and G – right, after compression 

strength testing 
 

Combining the results from the mechanical tests, 
it can be concluded that between the three polymeric 
materials, the K and M ones present the most 
promising results since the data from the compression 

tests are in their favour with similar values for the 
force and displacement. The choosing of one against 
the other can be based on the results from the 3-point 
flexural bending tests but also on the necessities of 
the patient, as is the case in the further presented case 
study. 

 

3.5. Case study for a nail plate prosthesis 
 

The prosthesis of a nail plate with onycholysis 
resulting from impact was put into practice, using one 
of the tested materials. Following a trauma, this nail 

suffered detachment of the nail plate from the nail 
bed, this problem being known as onycholysis, so that 
at the time of healing the external trauma, the nail 
kept this aspect which, with the growth of the nail, 
will return to normal (Fig. 13). 

    
 

Fig. 13. Onycholysis due to external trauma 
 

    
 

Fig. 14. A healthy nail is presented against the one with onycholysis – left; onycholysis affected nail 

after prosthetics actions - right 
 

To provide an accurate picture of the normal 
condition of this type of nail bed, an image of a 

healthy nail is presented against the one with 
onycholysis for comparative purposes in Figure 14. 
The lack of a portion of the bed and nail plate would 
have created discomfort for the patient in carrying out 

physical activities. Figure 14 (right image) also 
presents the traumatised nail after prosthetics actions. 

For the prosthesis of this nail plate the natural 
nail was brushed to favour the adhesion of the 
polymer material. After sweeping, it was dusted and 
degreased and a methacrylate acid solution was 
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applied to maximize the adhesion between the 
material used and the nail plate [12, 19]. Since the 
desired appearance was a natural one, it was decided 

to use the polymeric material M, due to its 
transparency. A small amount of material was placed 
on the middle of the nail bed, to be shaped with the 
help of an applicator soaked in isopropyl alcohol. 
After placing the material, it was polymerized for 120 
seconds in the 36 W ultraviolet light lamp. At the end 

of the polymerization, the material was degreased and 
finished to obtain a smooth surface and as similar as 
possible to the natural nail, both in terms of thickness 
and aesthetic point of view. As time passes and the 
natural nail grows, the nail bed will lengthen, 
allowing the nail to grow where the trauma occurred, 

and the polymer material can be removed by cutting 
or filing without affecting the natural nail in any way. 
 

4. Conclusions 
 

The importance of a healthy nail apparatus is 
supported both by the daily activities to which each 

person is subjected, whether it is constant protection 
against environmental factors, whether is about 
physical activities such as using the fingers, but also 
by the need for belonging and approval of society. 
The existence of medical or aesthetic problems leads 
to a decrease in the self-esteem of individuals, which 

makes nail prostheses a necessity for the mental 
health of patients but also for the performance of 
usual activities without feeling discomfort. 

The materials tested in this study were 
structurally and mechanically compared, providing an 
overview of the microscopic image of each material, 

but also exact numerical values when tested for 
roughness and hardness. These tests are important for 
understanding the behaviour of the material from 
which the nail prostheses are made, but also to imitate 
as much as possible the natural appearance of the nail 
plates, thus providing a lasting resistance during their 

use but also a pleasant appearance. 
The laboratory tests showed the differences in 

numerical values and in the case of mechanical 
analyses of the resistance of polymeric materials to 
bending and compression, thus providing an image of 
the physical properties of the K, M and G materials. 

All these materials can be used to make a nail 
prosthesis but used for different purposes. According 
to laboratory tests, the most recommended material 
from the point of view of bending and compression 
resistance, hardness and implicitly for all the physical 
activities that a nail prosthesis involves, is the K 

polymeric material, because it recorded the highest 
values to physical tests. On the other hand, due to the 
colouring pigments, the appearance that this material 
will provide is not natural or imperceptible. 

From an aesthetic point of view, the most 
recommended material for making a prosthesis for a 
traumatized or diseased nail plate is the polymeric 

material M, due to its very natural appearance, but 
because it recorded the highest value of roughness, 
the use of this material in prosthesis of a nail plate 
necessitates grinding and finishing to be as close as 
possible to a natural nail. From the point of view of 
physical properties, the polymeric material M is in the 

middle of the ranking, obtaining numerical values in 
the bending and compression strength tests in 
correlation with the force to which they were 
subjected, lower than the polymeric material K. 

The polymeric material G recorded low 
roughness values, offering the smoothest surface, but 

due to the silicon dioxide in the chemical 
composition, it acquires a false aesthetic appearance, 
inconsistent with the appearance of a natural nail. 
Also, the values from the mechanical tests ranked it 
last among all three materials tested, meaning low 
performances in daily activities. 

Thus, it is very important that when constructing 
a prosthesis for a nail plate, to achieve a balance 
between the patient's needs and the purpose of the 
prosthesis, namely: treating the nail plate from an 
aesthetic point of view as well as its resistance 
depending on the loads to which it is to be subjected. 
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ABSTRACT 
 

The paper presents a comparative study, from the point of view of 
microhardness and surface quality, of samples made from materials used in rapid 
prototyping technologies, namely photopolymer resin and PLA. Microhardness 
determinations were made for both materials, with Micro-Vickers HDT-VS1D 
INSIZE digital automatic hardness tester, and the surface of the samples was 

analysed, from a qualitative point of view, with the optical microscope, OLYMPUS 
BX51M. 

 
KEYWORDS: microhardness, surface, photopolymer resin, PLA, hydrogels 

 

1. Introduction 
 

Rapid prototyping, along with computerization 
and automation technologies, have favoured mass 

production of customized models for the medical 
field. These designs have a low cost, it is made in a 
relatively short time and reduce the risk of errors. 

Synthetic polymers are also known as artificial 
polymers, being structured into three large classes: 
thermoplastics, elastomers and synthetic fibres. These 

synthetic polymers have applications in biomedicine, 
diagnostics and tissue engineering. They form an 
important category of materials also used for 3D 
printing, not only for biomedical applications. They 
have very good mechanical properties and a low 
price. The most imported synthetic polymers that are 

3D printed are: Poly (lactic acid - PLA), Poly 
(caprolactone- PCL), Poly (D, L-lactic-co-glycolic 
acid - PLGA), (PEEK) etc. [1, 3]. 

The most used materials for 3D printing are 
non-toxic hydrogels. The use of FDM extrusion 
printing and SLA rapid prototyping technology are 

essential in the 3D printing of hydrogels.  
Other materials used in 3D printing, in addition 

to the mentioned materials, can be: silk, fibrin, 
decellularized ECM, matrigel of natural origin, 
elastin, etc. [2]. 
 

 
 
 
 

2. Experimental determinations 
 

In the study, the microhardness of the samples 
made from photopolymer resin and PLA was 

determined. 
To compare the strength of these two materials, 

used in dental bridges, we used the Micro-Vickers 
HDT-VS1D INSIZE digital automatic hardness 
tester. 

Were made three different determinations, for 

each material, for make an average of the 
determinations. 

The determinations were made on samples from 
PLA material, and 

photopolymer resin. 
Both samples were analyzed with the same 

specification of the, respectively: 
- load (kg) - 0.5; 
- replacement time (s)-10; 
- the objective at 40x; 
- brightness of 4 lx. 
The stages through which the hardness on the 

device determinations were made are: 
For both samples of PLA material and 

photopolymer resin, we performed the following 
steps: 

- placing the sample on the support of the 
microhardness measuring device (Fig. 1); 

-  fixing the specifications of the device (Fig. 2); 
- focusing on the area, by marking the length 
and width (Fig. 3); 
- generating data by turning on the device. 
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Fig. 1. Placing the sample on the holder of the hardness measuring device 
 

 
 

Fig. 2. Fixing the specifications of the device 
 

  
 

Fig. 3. Marking the length and width of the sample from PLA material 
 

  
 

Fig. 4. Marking the length and width of the sample from photopolymer resin 
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Table 1. Results from hardness results 
 

Material 
No. of 

determinations 

D1 

(Distance 1) 

D2 

(Distance 2) 

HV 

Hardness 

 1 169.89 194.57 27.9 

PLA 2 160.15 203.05 28.1 

 3 201.30 158.87 28.5 

Average value  177.11 185.49 28.2 

 1 101.37 108.53 84.1 

Photopolymer 

resin 
2 119.57 143.06 53.7 

 3 114.55 99.35 81 

Average value  111.83 116.98 72.9 

 
Following the determinations, we notice that the 

photopolymer resin sample has a higher hardness than 
the PLA material sample. This is also due to the 

action of UV light, which increased the resistance of 
the sample. This determination of hardness 
recommends the use of photopolymer resin in the 
creation of models for maxillo-facial surgery [4, 7]. 

Following the results obtained after determining 
the microhardness, we notice that the photopolymer 

resin sample has a higher hardness than the PLA 
material sample. This is also due to the action of UV 
light, which increased the resistance of the sample. 

This results recommend the use of photopolymer 
resin in making models for maxillofacial surgery [4, 
7]. 

The samples were analysed with the optical 
microscope OLYMPUS BX51M, from the 
metallography laboratory, in order to visualize the 
appearance of the surfaces as precisely as possible 
(Fig. 5). 

The optical images obtained for the surfaces of 

PLA samples and photopolymer resin are presented in 
Fig. 6. 

 

 
 

Fig. 5. OLYMPUS BX51M optical microscope 
 

   
                                                PLA material                                     Photopolymer resin 
 

Fig. 6. Optical images for sample surfaces (100 μm) 
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After visualizing the quality of the sample 
surfaces, it is observed that the sample made of 
photopolymer resin has a much lower roughness than 

the sample from PLA. 
This study may be useful in choosing the 

optimal material in various simulations and medical 
applications. 
 

3. Conclusions 
 

The photopolymer resin sample has a higher 
hardness than the PLA material sample. 

In terms of surface quality, the photopolymer 
resin sample has a much lower roughness than the 
PLA sample. 

The higher hardness of the photopolymer resin 

and the quality of the surface, recommend the use of 
this type of material, in making models for maxillo-
facial surgery. 
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ABSTRACT 
 

The paper presents the method of finding the optimal variant of thermal 
processing through artificial aging that is applied to a non-ferrous aluminum-based 
alloy. 

The criterion based on which the optimum for the thermal process of artificial 

aging is obtained is that of the minimum consumption of energy consumed with the 
heat treatment furnace. 

With the help of MATLAB, we created a graphic interface for the calculation 
simulation of the energy consumed by the treatment furnace depending on the 
process parameters and the identification of the optimal variant . 

 
KEYWORDS: optimization, aluminum alloy, thermal treatment, mathematical 

modeling, prediction of property values, graphic interface 

 

1. Introduction 
 

Optimization is understood as the process of 
studying a problem that leads to the best and most 
suitable result compared to other possible results at 
the time, on which technical and/or economic 

decisions are made. 
Considering the characteristics of the 

metallurgical industry, which are: 
• high consumption of raw materials, fuels and 
energy; 
• very complex technological processes; 

• the large production capacities of the machines 
(furnaces, steel mills, rolling mills), the need to 
introduce management methods, both of 
technological processes and of metallurgical 
enterprises, which lead to considerable savings 
of raw materials, fuels and energy [1, 2] is 

evident. 
"Like any technical system, metallurgical 

processes have certain technical and economic 
performances, performances that depend on the 
parameters, conditions and mode of exploitation of 
the system. That is, among the possibilities of 

choosing these parameters and existing conditions at 
a given moment, those that will ensure the best 
technical-economic performances of the process 
(choice of optimal parameters) must be selected" [2]. 

The optimization of any technological process is 
based on a mathematical model that must describe 

that process as faithfully as possible, the 
mathematical model being the main element in 
managing the process. Hence the immense 
importance of obtaining a mathematical model that 
very faithfully describes the respective process, which 

means that between the model and the described 
process there must be as high a concordance as 
possible [3]. 

The achievement of the optimal solution is done 
by highlighting some values of the independent 
variables, so that the best value for the objective 

function (the function to be optimized) results. The 
phrase optimal value of the objective function means, 
depending on the case, its maximum or minimum 
value. 

The choice of the objective function is the most 
important step in solving an optimization problem. 

The efficiency of the process is given by several 
indicators, not just by one; that is why it is necessary 
to choose the most representative or complete 
indicator and finally check how the optimal solution 
corresponds with the other indicators. 

The performance function (objective, 

optimization criterion) expresses the dependence 
between the main independent variables and the main 
desired performance in the management of the 
process [3]. 

The performance function is expressed by the 
relation [2]: Y = Y(X1, X2,... Xn). 

The performance function is the unique and 
objective criterion for process optimization and 
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management [3]. Typically, the performance function 
represents an explicit economic criterion (for 
example: the manufacturing price of a product, 

maximum profit, etc.), but it can also be a non-
economic criterion, but which is economically 
involved (as used in metallurgy extractive, where the 
obtained product undergoes subsequent changes) such 
as: productivity of aggregates (t/h; t/V of the 
aggregate, etc.), specific consumptions (raw 

materials/unit of product; electricity/unit of product, 
etc.), yields metallurgical (metal extraction, alloying 
element inclusion yields, impurity removal yields), 
etc. [4]. 

Optimization methods are generally reduction 
methods, which highlight the minimum of a "U" 

function of "n" real variables, which is called a goal 
function or objective function. Hence their name of 
methods for minimizing functions of several 
variables. Of course, the problem of finding the 
maximum returns to the minimization of the function 
with changed sign. Decreasing paths have global 

convergence, which means they allow finding the 
solution even if the starting point is far from the 
solution. Optimization methods belong to a very wide 

field of applicability. In other words, most natural or 
economic phenomena are compromises between 
contradictory causes and as such a lot of the problems 
of engineering, economics, statistics, mathematics, 
medicine, but more precisely decision-making 
processes can be mentioned as optimization 

problems. In other words, most numerical methods 
can be renamed as optimization problems [4]. 
 

2. Experimental conditions 
 

Materials intended for experimentation are 
aluminum alloy from the Al, Zn, Mg, Cu system, with 

the chemical composition noted in Table 1. 
The mechanical properties of the alloy 

according to EN 485-2-2007 are noted in Table 2. 

 

Table 1. Materials intended for experiments according to EN 485-2-2007 
 

AlZn4.5Mg1 Zn Mg Cu Si Fe Cr Mn Al 

% 4.5 1.4 0.2 0.35 0.4 0.35 0.5 rest 

 

Table 2. Mechanical properties of the alloy according to EN 485-2-2007 
 

Proprieties 

Alloy 

Rm 

[MPa] 

Rp0,2 

[MPa] 
A5 

[%] 
HB 

AlZn4.5Mg1 350 250 10 104 

 
The experimental research variant aimed to 

study the fluctuation of the mechanical properties of 
the alloys after the thermal treatment of artificial 
aging at different values of the time and temperature 

parameters [5]. 
Artificial aging was carried out at the following 

temperatures: 140 °C, 160 °C, 180 °C, 200 °C and 
220 °C, and the following times for maintaining the 
alloy: 4 hours, 8 hours, 12 hours, 16 hours and 20 
hours for each aging temperature. 

The objective function in the variant of 
optimizing the thermal processing parameters of the 
studied alloy is represented by the energy 
consumption "Q = f(t, τ)" taking into account certain 
impositions considering the values of the investigated 
mechanical properties. 

In order to find out which variant of thermal 
treatment from several variants resulting from the 
calculation with the help of the mathematical model 
created, represents the optimal variant economically 
and from the point of view of the property values, we 
proceed to calculate the thermal energy consumption 

Q, [kWh] for each among them. 

The calculation of energy consumption in the 
form of heat (thermal energy) represents the 
calculation of the total energy consumed in the heat 
treatment furnace where artificial aging is carried out 

according to the relationship below: 
 

Qtotal = Qtotal oven                        (1) 
 
Qtotal - the amount of energy consumed for the 
thermal treatment; Qtotal oven - the amount of energy 

required to reach and maintain the treatment 
temperature during the entire period of performing 
the heat treatment. 

The oven in which the heat treatment was 
carried out is an electric heating oven with silite bars, 
made of refractory fireclay brick, lined with mineral 

wool and with steel sheeting on the outside. 
The energy consumed for the final thermal 

treatment will be determined after the thermal balance 
of the treatment furnace. 

The energy consumption will be calculated by 
the amount of heat to be provided to reach and 

maintain the treatment temperature throughout the 
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thermal treatment, according to relation (2) according 
to [6]: 
 

Qtotal oven = QA + QB,                    (2) 
 
QA – the amount of heat (energy) consumed during 
the furnace heating period; QB - the amount of heat 
(energy) consumed during the maintenance of the 
temperature under heat treatment conditions. 

The heat needed to increase the temperature 
inside the furnace from the ambient temperature to 
the treatment temperature is, [6]: 
 

QA = Qac piece A + Qac masonry A + Qperd masonry A    (3) 
 

Qac piece A - the heat accumulated in the pieces 
(samples) during the heating period of the oven is 
given by relation (4) [7]: 
 

Qac piece A = mpiece·cpiece·Δt1, [kJ]          (4) 
 

mpiece - mass of samples, [kg]; Δt1 = tt - ta, [°C]; Δt1 - 
the temperature gradient between the treatment 
temperature tt and the ambient temperature ta; cpiece - 
the specific heat of the samples; Qac masonry A - the heat 
accumulated in the furnace walls during the heating 
period is calculated with relation (5) [6, 7]: 

 
Qac wall A = (mcs·ccs+mvm·cvm+mt·ct)·Δt1, [kJ]    (5) 

 
ccs - specific heat of fireclay brick; cvm - specific heat 
of mineral wool; ct - specific heat of the plate; mcs - 
the mass of the refractory fireclay brick of the 

furnace; mvm - mineral wool mass used to insulate the 
oven; mt - the mass of the steel sheet used to line the 
furnace; Qperd masonry A - the heat lost through the 
furnace walls during the heating period and is 
calculated using the thermal flow, ΦA [6, 7]: 
 

Qperd masonry A = ΦA·τA, [Wh]              (6) 
 
τA - heating time of the oven interior, [h]; ΦA - heat 
flow during the heating period, period A, is [7]: 
 

ΦA = ΦhorizA + Φvert A, [W]               (7) 

 
ΦorizA - thermal flow through the horizontal walls of 
the furnace during the heating period; ΦvertA - thermal 
flow through the vertical walls of the furnace during 
the heating period. 

The heat required QB to maintain the samples, 

inside the furnace, at the treatment temperature is 
equal to the heat lost through the walls of the furnace 
during this entire period. 
 

QB = Qloss of masonry B, [kJ], [7]            (8) 
 

This is also reproduced with the help of the 
thermal flow ΦB [7]: 
 

ΦB = ΦhorizB + ΦvertB, [W]                (9) 
 
ΦorizB - thermal flow through the horizontal walls of 
the furnace during the period of maintaining the 
samples at the heat treatment temperature; ΦvertB - 
thermal flow through the vertical walls of the furnace 

during the period of maintaining the samples at the 
heat treatment temperature. 
 

Qloss of masonry B = ΦB·τB, [kWh], [6]      (10) 
 
τB - the time the samples are kept at the heat treatment 

temperature, [h]. 
By comparing each mechanical property, 

studied after applying the heat treatment, with a 
function of two variables Y = f(t, τ), it is possible to 
obtain a set of values for the studied mechanical 
properties if multiple interpolation is performed 

according to the variables t, τ, starting from to the 
values obtained through experimental research. 

The MATLAB software package facilitates the 
interpolation of functions of two variables by using 
specific functions, such as interp2 or griddata2 [8, 9]. 

By interpolating the values for each studied 

mechanical property taking into account the two 
parameters of the final thermic treatment (t - artificial 
aging temperature, τ - artificial aging time), a volume 
of interpolated data of 289 values corresponding to 
each property was obtained. 

Because aluminum alloys are "sensitive" to 

small changes in the treatment temperatures, a 
variation of the treatment temperature from five to 
five degrees was adopted, thus obtaining a number of 
17 temperatures, between 140 °C and 220 °C. 

The time for the artificial aging process was 
discretized from 4 hours to 20 hours with one-hour 

intervals, resulting in 17 interpolation values. 
Under the given conditions, the goal of 

optimization is expressed by identifying among these 
data, only those that comply at the same time with the 
impositions of EN_485-2-2007 in terms of property 
values and are accompanied by the lowest energy 

consumption Q, [kWh]. 
 

3. Results and conclusions 
 

After performing the calculations, a number of 
164 variants (combinations of technological heat 
treatment parameters) resulted for each property out 

of the 289 possible ones, which simultaneously meet 
the conditions imposed for the four mechanical 
properties: 

• mechanical resistance, Rm ≥ 290 MPa; 
• yield strength, Rp0.2 ≥ 240 MPa; 
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• elongation at break, A5 ≥ 11%; 
• Brinell hardness, HB ≥ 78 MPa. 
For each of these 164 combinations, the energy 

consumption required for thermal processing was 
calculated. 

The program developed in MATLAB shows that 
whatever value we impose, within the limits of 164, 
to any of the four studied properties, we will obtain a 

number of variants for which the optimum in terms of 
total energy consumption can be determined by 
calculation. 

 

 
 

Fig. 1. The values of the thermomechanical treatment parameters to obtain Rm = 317MPa 
 

 
 

Fig. 2. The values of the thermomechanical treatment parameters to obtain Rp0.2 = 269 MPa 
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The graphical interface made with the help of 
this program allows viewing those possible situations 
and choosing a fairly large number of values for any 

of the four properties, as shown in Figures 1-4. 
Figure 1 shows the situation when, for an 

imposed mechanical resistance of 317 MPa, the 

optimal option among the 5 possible, from the point 
of view of energy consumption, is the option in which 
the technological parameters of the heat treatment 

are: t = 150 °C, τ = 5 hours with an energy 
consumption of 4.622 kW. 

 

 
 

Fig. 3. Values of heat treatment parameters to obtain A5 = 12 % 
 

 
 

Fig. 4. The values of the heat treatment parameters to obtain HB = 82 MPa 
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Figure 2 illustrates the situation in which, for a 
yield strength of 269 MPa, 6 possible cases appear, 
but among them the most economical is the one that 

has the following treatment parameters: t = 140 °C; τ 
= 4 hours; which give an energy consumption of Qtot 
= 4.0179 kW. 

Elongation at break of 12% is obtained from 60 
possible variants, of which the optimal variant is the 
one with an energy consumption Qtot = 4.66 kW for 

the optimal parameters shown in Figure 3, having the 
values: t = 140 °C, τ = 7 hours. 

The HB hardness of 82 HB is obtained for t = 
185 °C, τ = 6 hours, as shown in Figure 4, and the 
minimum value of Qtot = 6.36 kW. 

Also, with the help of this graphic interface, the 

values of thermal processing parameters can be 
highlighted, in tabular form, for those situations in 
which it is desired to obtain a certain value of one or 
more of the studied properties. 

Simultaneously with the calculation of these 
values of the technological parameters of thermal 

treatment, the energy required to realize these variants 
is also calculated. Among these, the option with the 

lowest energy consumption is chosen and highlighted, 
i.e. the optimal option. 
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ABSTRACT 
 

The study aims to evaluate the corrosion behaviour of two steels: BL245 and 
S235JR, produced at Liberty Steel Galati. BL245 is an alloy used in the oil and gas 
industry to manufacture pipes for pipeline transportation systems. S235JR is used to 
make hot finished hollow sections for construction. Gasoline, diesel and a 3.5% 

sodium chloride solution were chosen as corrosion environments for this study, 
considering the field of use of the two alloys (oil and construction). Corrosion 
assessment was analysed using the gravimetric method, which is based on weighing 
the samples before and after they were immersed for 7, 14, and 35 days in the 
above-mentioned corrosion environments. Based on the initial weighing and those 
recorded after the immersion periods, the mass variation of the samples was 

determined, and the corrosion rate and penetration index were calculated. 

 
KEYWORDS: corrosion, gravimetric method, corrosion rate, penetration 

index, steel 

 

1. Introduction 
 

The concept of corrosion includes all chemical, 
electrochemical and biochemical processes resulting 

in spontaneous and continuous degradation of metal 
and alloy surfaces [1]. Chemical corrosion is 
triggered in dry gases, at high temperatures and in 
non-electrolyte solutions (corrosion is not 
accompanied by the appearance of an electric current) 
[2]. Electrochemical corrosion follows the laws of 

electrochemical kinetics and is accompanied by the 
appearance of an electric current (corrosion in 
electrolyte solutions or wet gases) [3]. 
Microbiological corrosion is a form of corrosion 
produced by living micro-organisms (bacteria, algae 
or fungi) often associated with the presence of 

organic substances and often accompanies 
electrochemical corrosion [4]. 

Corrosion is one of the most serious problems of 
modern society and an important scientific research 
topic. Corrosion of metals and materials is also an 
important problem both industrially and economically 

[5], with losses of billions of dollars every year [1]. A 
study published in 2016 on the cost of corrosion 
worldwide shows that the highest costs due to 

corrosion are found in Europe (28%), followed by the 
USA and China, as shown in Figure 1 [6]. 

Corrosion, as a chemical, electrochemical and 

biochemical process, has been studied over the years 
by several scientists, who have analysed in their 
experiments different alloys used in several branches 
of industry, using various methods and materials. 
 

 
 

Fig. 1. The cost of corrosion in the world in 

2016 [6] 
 

Some authors have analysed the corrosion 
behaviour of two types of carbon steel (OLC-45 and 

OL-37), used in the shipyards of Galati and 
Constanta. Two natural seawater salts collected from 
the Black Sea (Constanta area) and the Aegean Sea 
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(Athen’s area) were used as corrosion environments. 
By gravimetric method, following the calculations, it 
was found that the corrosion rate increases linearly 

with time and then remains constant, indicating that 
the corrosion product film formed on the surface of 
these two materials is more compact and provides 
better corrosion protection [1]. The results obtained 
throughout the study also revealed that the Aegean 
Sea, where both chloride and sulphate concentrations 

are almost double that of the Black Sea (indicating 
higher salinity) is a more corrosive environment 
compared to the Black Sea [7]. 

Some researchers have studied the behaviour of 
equipment in refineries and petrochemical plants in 
working environments. Samples of the steels from 

which refinery equipment is made were immersed in 
diesel fuel with sulphur compounds in a nitrogen 
atmosphere. The tests showed lower corrosion rates 
than measured and observed in the presence of air, 
which demonstrated the contribution of oxygen in the 
process fluid to the corrosion intensification, due to 

increased acidity caused by the oxidation reactions 
[8]. 

Another study on the corrosion of steels used in 
the manufacture of drill pipes and water-carrying 
pipes accompanying natural gas fields in contact with 

reservoir waters shows the salts dissolved in these 
waters greatly favour corrosion [9]. The retention 
time of the samples in the immersion environments 
was between 24-336 h. The results obtained indicate 
that the corrosion rate decreases with time and that 
the reservoir waters, due to the chlorides in their 

composition, show a high corrosion effect on the steel 
[10]. 
 

2. Materials and methods 
 

The materials under investigation in this 
experiment are two types of steel manufactured at 

Liberty Steel Galati for industrial use: BL245 used in 
the oil industry to manufacture pipes for 
transportation systems and S235JR used in 
construction. According to the analysis bulletins 
issued by Total Materia, the chemical composition is 
shown in Table 1. 

 

Table 1. The chemical composition of steels BL245 and S235JR (%) [11] 
 

Proba C Cu Mn N P S Si V Ti 

BL245 0.22 - 1.20 0.05 0.025 0.015 0.45 0.05 0.04 

S235JR 0.17 0.55 1.5 0.01 0.05 0.05 0.03 - - 

 
The corrosion environments gasoline, diesel and 

3.5% NaCl solution were chosen for this study 
because of the areas in which the two types of steels 
are used, thus evaluating their corrosion resistance. 
 

 
 

Fig. 2. Samples prepared for immersion 
 

The first part of this experiment includes sample 
preparation. The six samples of the investigated 
materials have a parallelepiped shape and 
approximately equal dimensions (335 x 330 x 60 
mm). Sanding was performed manually on three 
metallographic papers, starting with 800 grit, 

following 1000 grit and ending with 1200 grit. The 
purpose of sanding was to obtain perfectly flat, 
scratch-free, high-gloss surfaces. At the end of the 
sanding operation, the samples were washed under a 
water jet to remove traces of abrasive or metal dust, 
and then dried by wiping. The final stage of sample 

preparation included degreasing with acetone and blot 
drying with filter paper. Figure 2, below, illustrates 
the samples prepared for immersion. 

The method chosen to assess corrosion 
compaction was gravimetric analysis. This method 

involves weighing the samples used in the experiment 
on an analytical balance before and after immersion 
in the corrosion environment [12]. Thus, the samples 
were weighed before and after each immersion 
period: 7, 14 and 35 days. Using the obtained data, 
after each weighing, the corrosion rate and 

penetration index were calculated using the formulas: 
- corrosion rate: 

 

 [g/m2h] [13]                 (1) 

 
where: 

Δm - change in mass [g]; 

S - area of sample [m2]; 
t - immersion period [h]. 
- penetration index with the formula: 

 

[mm/an] [13]              (2) 
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Vcor - corrosion rate; ρ - density of steel, in our case, 
having the value of 7.4 g/cm³ for BL245 steel and 7.8 
g/cm³ for S235JR. 

 

3. Results and discussions 

 
After calculations using the formulas for 

corrosion rate and penetration index, the results are 
shown in the graphs below. 

From Figure 3, the BL245 alloy shows the 

corrosion rate with the highest value in 3.5% NaCl 
solution, regardless of the immersion period. It is also 
observed that in 3.5% NaCl solution, the corrosion 
rate is accelerated in the first immersion period of 7 
days and then starts to decrease. In the case of 
gasoline, experimental data show an increase in the 

corrosion rate value with increasing immersion time. 
In diesel, a sharp increase in the corrosion values is 
observed in the second immersion period and then a 
decrease. 
 

 
 

Fig. 3. Corrosion rate values obtained for 

BL245 
 

Figure 4 shows the corrosion rate values 

obtained for the S235JR alloy. It can be seen that the 
corrosion rate is higher in the 3.5% NaCl solution that 
the other two environments in all immersion periods. 
In diesel, there was an increase in the first two 
immersion periods (7 and 14 days), followed by a 
sharp decrease in the third period (after 35 days). In 

gasoline, the corrosion rate is approximately equal, 
not exceeding a value of 0.027 [g/mm²*h]. 

Comparing the results obtained for the corrosion 
rate for the two materials, it is observed that the 
BL245 alloy shows a higher corrosion rate in all three 
environments, regardless of the immersion duration. 

Figures 5 and 6 show the penetration index 
values for the two types of analysed steel in this 
study. Both graphs show that the highest values of the 
penetration index are recorded in the 3.5% NaCl 
solution in all immersion periods. 
 

 
 

 
 

Fig. 4. Corrosion rate values obtained for 

S235JR 
 

 
 

Fig. 5. Penetration index values obtained for 

BL245 
 

 
 

Fig. 6. Penetration index values obtained for 

S235JR 
 

In comparison, it can be seen that the BL245 
alloy shows the highest values, which increase with 
the immersion time. In diesel, the BL245 steel shows 

increasing values over time, while for the S235JR 
steel, the penetration index increases in value in the 
first two periods (7 and 14 days), sharply decreasing 
in the third period of the experiment. This may 
indicate the formation of continuous and adherent 
corrosion products on the surface of the material that 

provides better corrosion protection as concluded by 
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other authors [1]. The same is observed for the 
BL245 steel in gasoline. 

In order to determine whether the investigated 

materials are corrosion resistant, the conventional 
corrosion resistance scale for metals was consulted. 
Its values are: 0.001 mm/year for perfectly stable 
metals, 0.01-0.1 mm/year for stable metals, 0.1-1 
mm/year for relatively stable metals and 10 mm/year 
for unstable metals [14]. The resulting values from 

graphs 5 and 6 indicate the following: both samples 
are stable in diesel, gasoline and relatively stable in 
3.5% NaCl solution, as shown in Figure 7. 

The corrosion products resulting from 
immersion in 3.5% NaCl solution are solid and 
adherent to the surface (which is also evident from 

the corrosion rate value which is higher in the first 
immersion period) shallow pitting type [13]. 

Also, for the samples immersed in NaCl 3.5%, 
the ferroxalic indicator was used to perform the drop 
test (Ewans), where the presence of Fe²⁺ ions and 
OH⁻ ions were detected. It was observed the variable 

and inhomogeneous appearance of pink and blue 
spots, indicating the following: the pink portion 
corresponds to the cathodic portion (presence of Fe²⁺ 
ions) and the blue portion to the anodic portion 

(presence of OH⁻ ions) [13], as shown in Figures 10 
and 11. 
 

 
 

Fig. 7. Corrosion resistace group for BL245 and 

S235JR 
 

Using the Kern optical microscope in the 

laboratory, optical scanning micrographs (X50) were 
taken of both samples undergoing the experiment, 
before and after 35 days of immersion in 3.5% NaCl 
solution, to better highlight the corrosion products, as 
shown in Figure 8 and 9. 

 

   
                                                            a)                                                       b) 
 

Fig. 8. Optical scanning micrographs(X50) for BL245: a) initial; b) after 35 days in 3.5% NaCl 
 

   
                                                            a)                                                       b) 
 

Fig. 9. Optical scanning micrographs(X50) for S235JR: a) initial; b) after 35 days in 3.5 % NaCl 
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Fig. 10. The presence of ions of Fe²⁺ and OH⁻ 

for BL245 
 

 
 

Fig. 11. The presence of ions of Fe²⁺ and OH⁻ 

for S235JR 
 

4. Conclusions 

 
In this experiment, the corrosion behaviour of 

the two steels BL245 and S235 JR, used in the oil 
industry and construction was studied. Gasoline, 

diesel and 3.5% NaCl solution were chosen as 
corrosion environments. Three immersion periods 
were established: 7, 14 and 35 days. 

The gravimetric method was used for the study, 
calculating the corrosion rate and penetration index. 
After processing the obtained data, the following was 

discovered:  
- the highest corrosion rate value is recorded 
after 7 days of immersion in 3.5% NaCl for the 
BL245 sample; 
- the lowest corrosion rate value is recorded for 
the S235JR sample immersed in gasoline for 14 

days; 
- also, both alloys have a higher corrosion rate in 
3.5% NaCl, regardless of the immersion period, 
indicating that the presence of chlorine in the 
immersion solution accelerates the corrosion 
rate; 

- the highest penetration index values are 
observed for the BL245 alloy, regardless of the 
immersion time; 

- the penetration index is higher in the 3.5% 
NaCl solution than in the other two immersion 
environments for all three periods of exposure to 

the corrosive environment; 
- fitting the obtained data in the experiment in 
the conventional material strength scale, it is 
observed that both investigated steel alloys are 
stable in diesel and gasoline and relatively stable 
in 3.5% NaCl solution. 
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ABSTRACT 
 

The work presents a simulation of the flow of liquids under pressure, through 
pipelines intended for the transport of oil and natural gas. The simulation was done 
using the SOLIDWORKS program. Computational Fluid Dynamics (CFD) 
simulation facilitates the analysis of complex fluid flow problems involving liquid -

gas, fluid-solid, or fluid-fluid interactions. CFD allows us to design products and 
systems that meet fluid flow and heat transfer requirements . 

 
KEYWORDS: pipes, simulation, fluid flow 

 

1. Introduction 
 

Romania has a gas exploitation industry 
developed on the basis of its own resources, ranking 

among the top 12 gas industries in the world. But due 
to a long period of exploitation (over 90 years), the 
natural flow and pressure decline is felt, as in any 
extractive industry. 

The natural gas industry, both extraction and 
transport, presents a series of risks for the workers in 

these activities (work accidents), for the population of 
neighbouring towns (major accidents) and for the 
environment [1, 3]. 

The process of gas transportation through 
pipelines and their distribution to consumers is 
subject to specific regulations in all the member 

countries of the European Union. 
The legislation in force aims to create 

distribution networks, dimensioned according to the 
source-consumption balance, which will ensure the 
prospects for the development of consumption and 
supply over time. 

From the point of view of the technological 
elements within the production, transport, distribution 
and use of natural gas, pipelines fall into the 
following pressure ranges: 

• high pressure > 6 bar (collector, transport pipes 
and technological installations related to oil 

sites); 
• medium pressure, between 2 and 6 bar (gas 
supply systems); 
• low pressure, between 0.05 and 2 bar (gas 
supply systems); 

• low pressure < 0.05 bar (gas supply systems)  
[2]. 

 

2. Flow simulation of liquids under 

pressure through pipes 
 

The flow simulation was carried out using the 
SOLIDWORKS program. 

Computational Fluid Dynamics or CFD, is a 
technique that deals with the analysis and study of 
fluid flow fields through numerical analysis. 

SOLIDWORKS is a CFD software designed to 
provide dynamic feedback on fluid flow. It has 
parametric optimization capability, and can automate 
the design and analysis process to discover the best 
design in SOLIDWORKS CAD. 

Computational Fluid Dynamics (CFD) is an 

analysis tool for multiphysics systems that simulates 
the behavior of fluids taking into account their 
thermodynamic properties, using numerical models 
[4]. 

CFD simulation facilitates the analysis of 
various complex fluid flow problems involving 

liquid-gas, fluid-solid or fluid-fluid interactions. The 
program uses advanced solutions to transform 
physical laws from differential equations into 
algebraic equations, and to solve them as efficiently 
as possible. Engineers and analysts use computers to 
simulate the free-flowing fluid and its interaction with 

surfaces. 
CFD simulations are widely used in many fields 

to analyse fluid flow and heat transfer of design 
components, to inform design decisions and 
ultimately to bring products to market in a timely 
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manner. shorter. CFD software provides various tools 
for optimizing system design by simulating fluid flow 
and its free movement over surfaces. 

System-level design requires optimization of 
fluid behavior and material strength. SOLIDWORKS 
is a 3D CAD (Computer Aided Design) design 
software for modeling 3D, 2D plans and assemblies. 
The software offers a wide range of solutions for 
designing, simulating, manufacturing, publishing and 

managing design process data [6]. 
This program allows the simulation of different 

liquids, gases and oil, for different engineering 
scenarios. Some common applications involve flow 
through manifolds, heat exchangers, electronic 
cooling. Fluid-structure interactions (FSI) refers to 

the interaction between a fluid flow and a solid 
structure. 

When a fluid flows around or through a solid 
object, it can exert forces on the object, which can 
cause it to deform or vibrate. This involves 
deformation or vibration of the object and can affect 

the flow of the fluid, leading to changes in the 
behavior of the fluid. 

For certain applications, the fluid in a project 
may contain solid or liquid particles. The behavior of 
these particles, and the fluid that interacts with them, 
is essential to the operation and effectiveness of the 

system. With the help of the SOLIDWORKS 
program, we can analyse the behavior of the particles 
and we can see results, regarding the erosion and 
accumulation of the particles in the system. Based on 
the material properties, high flow and other physical 
characteristics of the system design, this can be 

analysed. 
A combination of fluid dynamics and mechanics 

is used to analyse FSI. Computational fluid dynamics 
(CFD) can be used to model the fluid flow, while 
finite element analysis (FEA) can be used to model 
the solid structure. The coupling of these two 

simulations allows studying the effects of FSI [5]. 
FSI analysis is important for the design and 

optimization of structures and systems that interact 
with fluids. By modeling and analysing FSI, 
engineers can optimize the design of structures to 
reduce the effects of fluid-induced vibration or 

deformation, and improve the performance and safety 
of these structures. 

Computational fluid dynamics is the simulation 
and analysis performed in computer-aided design 
(CAD) software to calculate the flow of liquids or 
gases in or around a product. 

It is a multiphysics solution because it involves 
the interaction of several phenomena, including fluid 
dynamics, thermodynamics, and conservation of 
momentum. Like finite element analysis (FEA), the 
fluid volume is divided into smaller elements that are 
composed into a matrix. CFD has many uses beyond 

product development and aerodynamics, such as 
weather forecasting and visual effects. 

CFD allows us to design products and systems 

that meet fluid flow and heat transfer requirements. 
Using CFD software, we can calculate: 
- the speed and direction of particles inside or 
outside the model; 
- the temperature; 
- the pressure; 

- vortices, which give an indication of the 
rotational movement of the fluid at different 
points. 
These results can be calculated and displayed in 

a model. When displayed in fluid, the results can be 
represented as contours of different colours, particles, 

a direction field, or fluid lines. To facilitate the 
understanding of the behavior and to speed up the 
calculations, the results can be displayed at a specific 
cutting plane [6]. 

The CFD can be executed by following these 
steps: 

1. It starts with a model. Before entering the 
CFD simulation environment, the 3D CAD part or 
assembly to be analysed is created. The geometry can 
be native to the CAD software or imported. 

2. The fluid domain is defined, the liquid or gas 
in the simulation can be either internal, such as water 

flowing through a piping system, or external, such as 
air flowing over the exterior surfaces of a vehicle. 
The volume region is defined and the material 
properties of the fluid are applied, including density, 
viscosity, coefficient of thermal expansion, specific 
heat capacity, and thermal conductivity. 

3. Boundary conditions are established. They 
represent fluid movement at the inlet and outlet of the 
analysis model. Fluid motion can be defined by flow 
velocity, inlet and outlet pressure, and mass flow rate. 
For internal flow, additional boundary conditions 
include eddy inlet (velocity with both normal and 

radial components), rotating wall to simulate moving 
components, and gravity. 

4. Thermal conditions are included. Thermal 
loads in the system can be defined as heat flux, heat 
flux, convection, and convection radiation. 

5. The analysis is carried out. 

6. The system is optimized, providing instant 
feedback to improve the model. 

Unsteady and complicated flow can cause pipe 
and circuit damage due to the velocity of liquid flow. 

Pipeline flow is applied in various industries 
such as chemical industry and petroleum industry, 

pipeline manufacturing engineering, power plants, 
biomedical engineering. 

In the chemical industry, these problems can 
occur when transporting oil and gas. 
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Phase distribution is an important component in 
the design of engineering structures, due to its impact 
on flow rates and pressure rise. 

The simulation was carried out in several stages: 

The first stage of the simulation was the 
realization of the objective to be tested and analysed 
(Fig. 1). 

 

 
 

Fig. 1. Making the model, for analysis and testing 
 

At this stage, the way it deforms and how the 
stresses appear, for a T-shaped pipe, was simulated. 
At the inlet we have a pressure of 10 bar, and the gas 
is distributed to the other pipes. 

I have considered that there are bolts on each 
flange and the restrictions are as follows: 

- each flange is fastened with screws and 
between the two pipes we have a welding connection. 

The second stage of the simulation is presented 
in (Fig. 2). 

 

 
 

Fig. 2. Distribution of stresses in pipes 
 

At this stage we realized the distribution of von 

Mises stresses in the pipes. I should point out that the 
model is enlarged several times, to intuitively show 
the user where deformations occur. 

In the third stage of the simulation (Fig. 3) we 

presented the maximum displacements and their 
distribution. 
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Fig. 3. Distribution of displacements 
 

For the maximum displacements and their 
distribution, it is observed that somewhere at the 
virtual intersection of the weld lines, a maximum 
displacement and the displacement is approximately 

1.8*10-3 mm, which is acceptable for the high 
pressure used in pipeline testing. 

The fourth part of the simulation is done on a 
model of the shape of the part (Fig. 4). 

 

 
 

Fig. 4. Movements without changing the shape of the piece 
 

3. Conclusions 
 

CFD simulation is important for the design and 
optimization of structures and systems that interact 
with fluids.  

Using fluid-structure interaction (FSI) modeling 
and analysis, engineers can optimize the design of 
structures to reduce the effects of fluid-induced 

vibration or deformation and improve the 
performance and safety of these structures. 

SOLIDWORKS, allows the simulation of 
various liquids, gases and oil for various engineering 
scenarios. Fluid - structure interactions (FSI) refer to 
the interaction between a fluid flow and a solid 

structure. 

CFD simulation facilitates the analysis of 

complex fluid flow problems involving liquid-gas, 
fluid-solid, or fluid-fluid interactions.  

An unstable and complicated flow can cause 
damage to the pipes and the circuit due to the speed 
of the liquid flow. 

The flow of liquids and gases through pipes is 

applied in various industrial fields, such as the 
chemical industry and the petroleum industry, 
pipeline engineering, power plants, biomedical 
engineering. 
 

References 
 
[1]. Oroveanu T., Stan A., Talle V., Transportul Petrolului, 

Editura Tehnică Bucureşti, 1985. 

[2]. Trifan C., et al., Activitatea Gazieră din România , Editura 

Universităţii “Petrol-Gaze” din Ploieşti, 2008. 

- 45 -

https://doi.org/10.35219/mms.2023.4.07


 
 

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI 
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 

No. 4 - 2023, ISSN 2668-4748; e-ISSN 2668-4756 

Article DOI: https://doi.org/10.35219/mms.2023.4.07 

 

[3]. Tudorache V. P., et al., Maintenance of the Romanian 

National Transportation System of Crude Oil and Natural Gas, 

DAAAM, 2013. 

[4]. Tudorache V. P., Research on optimization of the National 

System of Pipeline Crude Oil Transportation in Romania , Teza de 

Doctorat, 2014. 

[5]. Ungureanu O., Drug, V., Transportul Gazelor Naturale, 

Editura Tehnică  Bucureşti, 1971. 

[6]. Prakash R., Akhtar M. J., Behera R. K., Parida S. K., 

Design of a Three Phase Squirrel Cage Induction Motor for 

Electric Propulsion System, Third International Conference on 

Advances in Control and Optimization of Dynamical Systems, 

Kanpur, India , March 13-15, 2014. 

 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

- 46 -

https://doi.org/10.35219/mms.2023.4.07


 
 

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI 
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 

No. 4 - 2023, ISSN 2668-4748; e-ISSN 2668-4756 

Article DOI: https://doi.org/10.35219/mms.2023.4.08 

 

 

 

PROPERTIES OF DENTAL ZIRCONIUM OXIDE 

AND METAL-CERAMIC: A COMPARATIVE STUDY 
 

Camelia-Nicoleta NEGUŢ1, Marius BODOR2, Viorica GHISMAN2, 

Alina Crina MUREŞAN2,* 
1Faculty of Engineering, 2Interdisciplinary Research Centre in the Field of Eco-Nano Technology and Advance 
Materials CC-ITI, Faculty of Engineering, “Dunarea de Jos” University of Galati , 47 Domneasca Street, RO-

800008, Galati, Romania 

e-mail: alina.muresan@ugal.ro 

 

ABSTRACT 
 

Zirconium oxide which is intended to be a material that is quite attractive due 
to its key characteristics, i.e. aesthetic appearance and mechanical resistance, 
compared to dental metal-ceramics, which to date it has proven to be a satisfactory 
solution for many of the requirements in the dental market. Understanding the 

characteristics and properties of these materials provides a starting point for new 
trends in the development or improvement of solutions for various medical 
conditions. The research topic of this work aims to understand the characteristics 
and properties of two categories of materials that are so competitive in the field of 
dental restoration. For this purpose, the behaviour of some dental crowns made of 
zirconium oxide and metal ceramic was evaluated in order to obtain experimental 

data regarding microhardness, corrosion and roughness, before and at different 
time intervals of immersion in a solution of corrosion, respectively saline solution 
(3.5% NaCl). 

 
KEYWORDS: zirconium oxide, metal-ceramic, morphology, roughness, 

hardness, corrosion behaviour 

 

1. Introduction 
 

Although bioceramics are among the oldest 
materials used by humans in medical applications, 
their widespread use occurred only after 1960. A 
possible cause could have been the impossibility of 
obtaining a pure bioceramic until that date that would 
respect entirely the vital biocompatibility conditions, 

and the second cause could be related to the 
mechanical properties of ceramics, so controversial at 
the time [1]. Only after 1960, by the discovery of new 
properties, such as for example a high resistance to 
wear, a coefficient reduced friction or even the 
property of being inert in biological environments, 

allowed the use of these materials to be much more 
extensive in the medical field. Medical ceramics or 
bioceramics is a biomaterial used in various 
constructions of medical nature starting from the 
construction of prostheses, bone substitutes, 
stimulators and up to tooth reconstruction. The 

medical industry with all its cutting-edge techniques 
would be unthinkable without it the use of bioceramic 

materials, due to their valuable properties and 

biocompatibility [1]. 
Zirconium oxide (ZrO2) (Zircona or Zirconia) is 

a very studied and exploited ceramic material due to 
its excellent mechanical properties such as tear 
resistance, high hardness, high density, chemical 
inertness [2, 3]. Pure zirconia is an oxide that presents 

three symmetry polymorphisms: monoclinic, 
temperature unstable tetragonal and cubic. So that 
this oxide can be used for the manufacture of various 
components, it is necessary to be stabilized with 
oxides such as yttrium oxide (Y2O3) [4-6]. 
Fabrication of pure zirconia components is not 

possible due to spontaneous failure. The addition of 
stabilizing oxides is important because it allows the 
tetragonal shape to be maintained at room 
temperature. Different oxides such as yttrium oxide 
(Y2O3), calcium oxide or magnesium oxide, may be 
added for stabilization, allowing the tetragonal shape 

zirconia to exist at room temperature after sintering. 
The advantages of using dental crown made of 

zirconium are: it does not taste like metal and does 
not cause inflammation of the gums like lyserium; 
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they are primarily aesthetic due to a physical 
principle, namely that zirconium is penetrated by 
light from all angles, a fact that gives the dental work 

a special aesthetic aspect. Zirconium dental crown 
have some disadvantages, such as: very expensive, 
not being an affordable option for many patients. Not 
only the material itself, but also the sophisticated 
equipment required to process the material leads to a 
high final cost. Another disadvantage is related to the 

fact that zirconium has an affinity for dental plaque, 
and poor hygiene is one of the causes of implant 
failure [7-11]. 

The present research study intends to understand 
the characteristics and properties of two categories of 
materials that are so competitive in the field of dental 

restoration. For this scope it was evaluate the 
behaviour of dental crowns made of zirconium oxide 
and metal ceramic in order to obtain experimental 
data regarding microhardness, corrosion and 
roughness, before and at different time intervals of 
immersion in a solution of corrosion, respectively 

saline solution (3.5% NaCl). 
 

2. Materials and methods 

 
The biomaterials of the case study were 

zirconium oxide and dental metal ceramics 
(SuperPorcelain EX-3 ceramic and Cr-Ni alloys), two 

commonly used materials for dental prostheses (Fig. 
1). 
 

 
 

Fig. 1. Samples of zirconium oxide ceramics and 

metal ceramics (MC) (A3.5B-NoritakeEX-3-Cr-

Ni alloy) 
 

Zirconium is a powder under the trade name 
Katana Zirconia-Noritake, type II/class 4 with 
coefficient of thermal expansion of 9.8 x 10 -6/K (25-

500 ℃). 
Metal ceramic is a Noritake Super Porcelain 

EX-3, a ceramic that is superior to others dental 
ceramics because its coefficient of thermal expansion 
(CTE) remains stable over time of repeated baking. It 
is compatible with precious, semi-precious, non-

precious silver-free alloys for metal-ceramic 
prostheses. Its fluorescence is ideal, and it is very 
resistant to greening induced by silver. This 

combination of characteristics makes this type of 
dental ceramic an ideal choice for ceramic 
restorations [12]. Some characteristics of Noritake 

Super Porcelain EX-3 ceramics are: very good tear 
resistance; the coefficient of expansion is 12.14 x 10 -

8/K (50-500 ℃) (the range of thermal expansion 
coefficients of compatible alloys with EX-3 ceramic 
is 13.44 x 10-6/K. As a result, the alloys that fall into 
these ranges are compatible with EX-3 ceramic); 

prevention of silver-induced greening. Greening of 
EX-3 porcelain is minimal, even in furnaces 
contaminated with silver; ideal fluorescence-
successfully imitates the fluorescence of natural teeth 
[13]. 
 

2.1. Surface morphology 

 
The morphology of the surfaces for studied 

materials was evaluated with an optical microscope 
type Kern Optics-OLM 171, as well as with a 
scanning electron microscope type TESCAN VEGA 
coupled with energy dispersive X-Ray analysis. 

 

2.2. Microhardness and roughness 

 
The tests for the evaluation of microhardness 

were carried out with an INSIZE equipment–Digital 
Micro Vickers Hardness Tester and the roughness of 
the tested surfaces were carried out with an INSIZE-

ISR C002 equipment. 
 

2.3. Corrosion tests 

 
The corrosion resistance (corrosion rate and 

penetration index) was evaluated using the 
gravimetric method. The determinations were made 

with the KERN type analytical balance (accuracy of 
0.0001 g). Zirconium oxide and dental metal ceramics 
was tested in 3.5% NaCl solution after different times 
of immersion (at immersion time, after five days and 
12 days). 
 

3. Results and Discussion 

 

3.1. Surface morphology 

 
The morphology of the tested samples before 

immersion and after different times of immersion in 
3.5% NaCl solution is presented in Figures 2-7. 
Microscopic observations from the initial stage 

revealed surfaces with a porous appearance, as well 
as some smoother surfaces, depending on the material 
processing technique in the laboratory. The blurriness 
of the images in certain samples is due to the 
irregularity of the samples. 
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The results of microscopic observations revealed 
similar aspects regarding surface porosity. No 
representative surface changes were found. 

To determine the spectrum of the chemical 
composition of the studied materials, observations 

were made using the scanning electron microscope 
coupled with energy dispersive X-ray spectroscopy. 

SEM microscopy was used to complete 

information about morphology of the surfaces after 
corrosive tests (Figures 8-9). 

 

    

 
 

Fig. 2. Optical microscopy of ZrO2 samples before immersion in corrosive solution: (a) - sample 1; 

(b) - sample 2 and (c) - sample 3 
 

              
 

            
 

Fig. 3. Optical microscopy of MC samples before immersion in corrosive solution: (a) - sample 1; (b) 

- sample 2; (c) - sample; (d) - sample 4 
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Fig. 4. Optical microscopy of ZrO2 samples after five days of immersion in 3.5 % NaCl solution: (a) - 

sample 1; (b) - sample 2 and (c) - sample 3 
 

        
 

        
 

Fig. 5. Optical microscopy of MC samples after five days of immersion in 3.5 % NaCl solution: (a) - 

sample 1; (b) - sample 2; (c) - sample; (d) - sample 4 
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Fig. 6. Optical microscopy of ZrO2 samples after 12 days of immersion in 3.5 % NaCl solution: (a) - 

sample 1; (b) - sample 2 and (c) - sample 3 
 

        
 

        
 

Fig. 7. Optical microscopy of MC samples after 12 days of immersion in 3.5 % NaCl solution: (a) - 

sample 1; (b) - sample 2; (c) - sample; (d) - sample 4 
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Fig. 8. SEM -EDX of ZrO2 samples after 5 days of immersion in 3.5 % NaCl solution: (a, c) - sample 

2; (b, d) - sample 3 
 

               
 

          
 

Fig. 9. SEM -EDX of MC samples after 5 days of immersion in 3.5 % NaCl solution: (a, c) - sample 1; 

(b, d) - sample 2 
 

From the analysis of the samples, variations can 
be observed in the composition of the ZrO2 ceramic 
that could be determined by an incorrect preparation 
of the product in the laboratory. 

Regarding the spectral analysis for metal-
ceramics, the composition of the alloy is similar for 
all tested samples. 
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3.2. Microhardness and roughness 

 
Microhardness testing was performed on two 

types of materials, zirconium oxide and metal-

ceramic. During the testing it was used a load of 0.5 
kgf, at an exposure time of 10 seconds. The results 
obtained for the evaluation of microhardness are 
presented in Table 1.  

The results vary both depending on the quality 
of the tested material and depending on the 

technological conditions of manufacturing the 
respective sample. 
 

Table 1. Microhardness values for the tested 

materials 
 

Tested material 
Microhardness, 

HV 

ZrO2 – sample 1 153.2 

ZrO2 – sample 2 121.8 

ZrO2 – sample 3 118.4 

MC – sample 1 215.2 

MC – sample 2 7.3 

MC – sample 3 853.1 

 
The roughness value can be calculated either on 

a profile (line) or on a surface (area, zone). The 
parameter for the profile roughness, Ra, is the most 

frequent [13]. The values of the tested samples before 
corrosion tests are presented in Table 2. 
 

Table 2. Roughness values for the tested 

materials 
 

Tested material Roughness values, µm 

ZrO2 – sample 1 0.510 

ZrO2 – sample 3 0.780 

MC – sample 1 0.250 

MC – sample 2 1.961 

 
After corrosion tests the microhardness and 

roughness of the samples was not evaluated because 
the samples surfaces were not uniform. 
 

3.3. Corrosion tests 

 

Corrosion testing was performed using the 
gravimetric method in 3.5% NaCl corrosive solution. 

The gravimetric methods for corrosion 
evaluation have applications in the study of general 
corrosion (uniform and generalized) of metals, 
applying to solutions of electrolytes or substances 

non-polar organics as a corrosive environment. Using 
this method, the mass variation (gravimetric index), 
corrosion rate and average penetration depth 

(penetration index) of corrosion in the mass of the 
metal/alloy can be determined [15]. 

The gravimetric index (Kg) is expressed in 

g/m2·h or in mg/dm2·day and represents the weight 
variation of a metal/material sample (∆m) corroded, 
per unit area (S) in unit time (t), according to relation 
(1). The gravimetric index can express the weight loss 
of the material, but it can also express the increase in 
weight of the material if products appear on its 

surface adheres to the surface or forms corrosion-
resistant oxide films. 
 

                            (1) 

 
The corrosion rate can also be calculated with 

the relationship (2): 

 

                        (2) 

 
where: vcorr represents the corrosion rate; K is a 
constant depending on the unit of measurement of the 
corrosion rate; W is mass loss; A is the surface of the 
corroded material; t is the exposure time of the 
material to corrosion and d represents the density of 

the corroding material. 
The penetration index (P) expresses the average 

depth of penetration of the corrosive medium into the 
metal mass or the average decrease in the thickness of 
the exposed sample (d) in the unit of time (t) and is 
expressed in mm/year (relation 3): 

 

                                (3) 

 
Relation (4) represent the relationship between 

the gravimetric index and the penetration index: 
 

                         (4) 

 

where: d - metal/material density (g/cm3); Kg -
gravimetric index (g/m2·h); 8.760 - the number of 
hours in a year [16]. 

To test the corrosion behavior, the samples were 
immersed for 12 days in 3.5% NaCl corrosive 
solution. Table 3 shows the physico-chemical 

parameters of the corrosion solution. After 5 days of 
immersion in 3.5% NaCl solution, the samples were 
weighed again, and the results indicate a slight weight 
loss of the tested samples. The same tendency was 
observed after 12 days of immersion. Since no 
significant mass loss was observed during this 

interval, the tests will be continued for a period of 
three and six months for further observations. 
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Tabel 4. Physico-chemical parameters of 

corrosive solution 
 

pH 5.77 

Potential, V +73.82 

Conductivity, mS 57 

Salinity, g/L 41.4 

Total dissolved solids, ppt 38.1 

 

The values of corrosion rate and penetration 
index are presented in Table 5 (density of ZrO2 was 
6.05 g/cm3 and density of metal-ceramic tested 

samples was 0.9 g/cm3 - according to technical data 
give from producers). 

The penetration index is correlated with a 
conventional scale of resistance of metals to corrosion 
(Table 6), which provides indicative information on 
the corrosion tendency of a material in a corrosive 

environment [17]. 

 

Tabel 5. Corrosion rate and penetration index for tested samples 
 

Sample tested 

Corrosion rate 

after five days of 

immersion, 

mm/an 

Penetration 

index after five 

days of 

immersion 

Corrosion rate 

after 12 days of 

immersion, 

mm/an 

Penetration 

index after 12 

days of 

immersion 

ZrO2 - sample 1 0.1508 0.218 0.213 0.308 

ZrO2- sample 2 0.0402 0.058 0.040 0.057 

ZrO2 - sample 3 0.0006 0.0008 0.185 0.267 

MC - sample 1 0.506 4.925 5.388 52.326 

MC 2 - sample 2 1.216 11.835 33.835 329.32 

MC 3 - sample 3 0.234 2.277 10.557 102.75 

MC 4 - sample 4 2.676 26.052 91.65 892.06 

 

Table 6. Conventional scale of corrosion resistance of materials 
 

Corrosion 

resistance 

Mass losses, 

g/m2·h 

Penetration index P, 

mm/year 

The stability 

coefficient 

Perfectly stable < 0.007 < 0.001 1 

Very stable 
0.007 – 0.035 0.001 – 0.005 2 

0.035 – 0.07 0.005 – 0.01 3 

Stable 
0.07 – 0.35 0.01 – 0.05 4 

0.35 – 0.7 0.05 –0.1 5 

Relatively stable 
0.7 – 3.5 0.1 –0.5 6 

3.5 – 7.0 0.5 –1.0 7 

Little stabile 
7.0 - 35 1.0 – 5.0 8 

35 - 70 5.0 – 10.0 9 

 > 70 >10 10 

 
In correlation with Table 6 the zirconium samples 
vary from the Perfectly stable category < 0.007 with a 

stability coefficient of 1 in the first five days of 
immersion in corrosive solution and respectively the 
Very stable category 0.007 – 0.035/0.035 – 0.07, with 
a stability coefficient of 2 and 3. For MC samples, 
they range from the Very stable category 0.007 – 
0.035/0.035 – 0.07. with a stability coefficient of 2 

and Stable 0.07 – 0.35 with a stability coefficient of 
3. 
 

4. Conclusions 

 
From practical observations the greatest 

advantage of zirconium crowns is their resistance. 

The hardness of the material makes this type of dental 
crown an optimal choice for both teeth and molars, 

being able to withstand very high forces. On the other 
hand, it has been found that they can last as long as 

metal-ceramic works. 
The hardness of ceramics made of zirconium 

oxide ZrO2 (zirconia) is very high, if one takes into 
account the correct technological process of preparing 
ceramics from ZrO2, namely baking in sintering 
furnaces at the right temperature and the necessary 

time. Thus, the hardness of the material can be 
affected in the sense that it can vary in places, as was 
observed in the case of samples from this study. 

Metal-ceramic crowns are very durable and are 
widely used in molar areas, where the mastication 
process is more concentrated. The hardness of metal-

ceramic dental works is also increased, due to the 
metal support, but failure to comply with the 
indications for wearing, maintenance of dental works 
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can cause major defects such as cracking of the 
ceramic or even its detachment from the metal 
support. 

The spectral analysis of the composition of the 
zirconium oxide ceramic identified a slight difference 
in composition between the studied samples, a fact 
that could also be related to the technological process, 
in the sense of faulty homogenization. 

The porosity of the surfaces observed in the 

microscopic analysis, both optical and SEM, indicates 
a medium sintering biscuit firing, in the case of 
samples of zirconium oxide. In the case of samples 
with a smooth surface, the ceramic indicates a high 
sintering The roughness of the surfaces in the case of 
ceramic masses indicates that there was no proper 

vibration and condensation of the ceramic mass 
layers. 

From the first investigations, a reduced mass 
loss was found. The samples have been shown to be 
resistant to corrosion and should be left for a longer 
interval of at least three-six months to observe a 

significant change. 
From the results obtained in the corrosion tests, 

it was observed that the ZrO2 samples had a lower 
mass loss. The same was found to be the corrosion 
rate in the five- and 12-days interval respectively, 
implying a lower penetration index. 
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ABSTRACT 
 

For a healthy life, specialists recommend us to take care of what food we eat 

and to what extent we do it and how we approach a satisfying lifestyle. Cholesterol 
is not a bad thing, but often, in large quantities it becomes dangerous for human 
body. The medical world is faced with frequent changes in the concept of "normal 
values" of cholesterol, but also with a continuously developing pharmaceutical 
industry in this field, and the tendency is in this sense, towards an individualized 
treatment. This aspect in presented in our paper, which aims to describe the role of 

cholesterol in the functioning of human body; preventing the occurrence of heart 
diseases due increasing the level of cholesterol in the body and creating a healthy 
lifestyle that can reduce cholesterol levels. The paper presents some case studies on 
laboratory investigations of values cholesterol that includes determinations, 
studying and the research of medical equipment (Cobas Integra 400 Plus analyser), 
but also the results obtained during practice in the medical analysis laboratory. 

 
KEYWORDS: cholesterol, low-density lipoproteins (LDL), high-density 

lipoproteins (HDL), Cobas Integra 400 Plus 

 

1. Introduction 
 

Cholesterol is a lipid with the chemical formula 
C27H46O. Is based on sterol with molar mass 386.65 
g/mol, melting point 146-147 ℃ and boiling point 

200 ℃ (Figure 1). Cholesterol is identified in the cell 
membrane and in the tissues, it is transported in blood 
and concentrates at the level of the spinal cord of the 
liver, the brain, and at the level of the plate of 
atheroma forms cholesterol stones leading to 
atherosclerosis. It is not absorbed through food 

having an important role in the body. It is the 
precursor to various processes produced in body [1-
3]. In excess, cholesterol (cholesterolemia) leads to 
vascular diseases: cerebrovascular, cardiac, ocular, 
very life-threatening accidents. 

Two fractions of cholesterol are known: LDL 

cholesterol represented by low-density lipoproteins, 
in popular terms "bad" cholesterol and HDL 
cholesterol, or the "good" cholesterol represented by 
high-density lipoproteins. 

Cholesterol is the factor responsible for several 
biochemical processes produced in our body when its 

values are within normal limits. When the values 
cholesterol is modified beyond normal limits, 
problems appear, being perceived as "the enemy of 

health". Of the two forms of HDL cholesterol and 
LDL cholesterol, we note the fact that LDL (bad 
cholesterol) deposits on the walls of the arteries and 
can cause heart diseases in case which doctors will 

recommend a more complex analysis called a 
lipidogram [4]. 

Researchers from the Heart Research Institute in 
Newtown Australia found that there is a close 
connection between high cholesterol and the risk of 
developing a mental illnesses dementia. Statistical 

data from over 1 million patients worldwide were 
analysed, with ages below 65 years, in 17 
international studies and confirmed a worsening of 
the incidence cognitive decline for high cholesterol. 
Mild cognitive impairment can evolve into severe 
forms in correlation with high cholesterol. The 

normal cholesterol level is 5.17 mmol/L, and every 
increase of one mmol/L causes dementia to worsen 
by 8%. 75% of cholesterol is manufactured in the 
liver, in dietary fats and 25% comes directly from 
food. According to statistics, as patients grow and 
age, it is expected that in 30 years of from now on the 

numbers will double, reaching an average of 850 
thousand sufferers of dementia [5]. 
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Fig. 1. Chemical structure of cholesterol Source: 

https://www.britannica.com/science/cholesterol 
 

Teenagers and young people up to the age of 30 
with a level increased cholesterol, risks the 
appearance of heart diseases: heart attack; of vascular 
accidents cerebral or other cardiovascular diseases in 

middle age. People who have managed to lower 
cholesterol levels to normal values, before reaching 
40 years. Increased cholesterol inherited from 
families with pathologies such as heart attacks or 
accidents vascular, is more dangerous than 
cholesterol caused by unbalanced diet, because 

evolves rapidly. The risk of inheriting cholesterol is 
higher when both parents have it suffer from 
conditions related to blood lipids ≈ 75% [6]. 

The role of cholesterol in the body are 
maintaining cellular integrity; regulation of blood 
viscosity; bile synthesis; in the metabolism of 
hyposoluble vitamins A, K, E and vitamin D; decisive 

is also the precursor role of steroid hormone synthesis 
reactions, (cortisol and aldosterone in the adrenal 
glands) and sex hormones (progesterone, testosterone, 
estrogen); intervenes at the level of nerve synapses 
and in the immune system, including against cancer 
[7-9]. 

Cholesterol consumed in excess (fats) leads to 
adverse effects and most importantly among these is 
the atherogenic effect causing the vascular 
abnormality also called atherosclerosis. This is caused 
by the thickening of the lumen of the arteries by the 
deposition of lipids on the wall’s vessels, leading to 

increased cardiovascular risk. 
Because of this, it would be ideal for the 

cholesterol value not to exceed 200 mg/dL and HDL 
cholesterol to be above 40 mg/dL in men and above 
50 mg/dL in women [10]. 
 

2. Materials and methods 

 
When the patient presents himself to the 

laboratory and requests the performance of medical 

analyses it is good to be informed about the 
conditions that must be met to obtain results precise 
about his health condition. That is why he will 

maintain an unchanged diet for a long time of three 
weeks before harvest as well as a stable weight. Must 
not consume food 12-16 hours before investigations 
and no alcohol 72 hours before collection. It's good to 
find out, if possible, if the patient has a pathological 
history or if he has signs and symptoms that led him 

to perform these laboratory investigations to be 
informed if other additional analyses are needed to 
help him discover possible causes and conditions 
[11]. 

Blood samples are collected in red or yellow 
vacutainer systems for biochemistry, without 

additives, volume 6 mL, with or without separating 
gel. Collected blood samples are identified with 
barcodes, with names the patient, sit on the stands and 
get ready to work. It should be noted that tourniquet 
pressure prolonged over 2 minutes increases the value 
of cholesterolemia by 2-5%. Variations in cholesterol 

values are also associated with the season (higher 
values in winter by up to 8%), with medications, age 
and sex [12]. 

Cobas Integra 400 Plus (Figure 2) is a 
biochemistry device designed for a strengthen testing 
and increase the efficiency of investigational 

biological fluid testing. It has a patented design and 
sophisticated software programs to simplify the 
difficulty of working in laboratory. 
 

 
 

Fig. 2. Cobas Integra 400 Plus 
 

Reagents are incorporated into Cobas packs and 

STATs are automatically given up to 800 
determinations/sample by automatic barcode reading. 
The on-board reagent has high stability from 8-12 
weeks; thus, a reduced number of calibrations will be 
performed and will produce small amounts of 
resulting waste. 

Quality control charts are run daily at the 
beginning of the analysis investigation process. For 
variable data, the diagrams are taken in pairs where 
the control limits are highlighted over time by adding 
two horizontal lines: the upper one (LCS) and the 
lower one (LCI) (Figure 3). Device calibrations are 

presented in Figures 4-8. 
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Fig. 3. Quality control charts 
 

 
 

Fig. 4. Control of the device before starting the 

activity. Liquid waste check 
 

 
 

Fig. 5. Solid waste box 
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Fig. 6. Calibration control 
 

 
 

Fig. 7. Test control and level of ionic solutions 
 

 
 

Fig. 8. Cholesterol and HDL cholesterol control 

reagent boxes 
 
 

3. Results and Discussion 

 
Different outcomes were determined such as 

basic biochemical parameters (total cholesterol, HDL 

cholesterol, LDL cholesterol), were analysed in serum 
by standard biochemical procedures, using the 
automatic analyser Cobas Integra 400 Plus by the 
spectrophotometric method. 

Table 1 show the normal and pathological 
values of the lipid profile, the risk factors involved in 

the processes favouring cardiovascular and nutritional 
diseases. During life, these factors become modifiable 
and non-modifiable for various conditions [13, 14].  

The normal values (Fig. 9) are made for a male 
patient with no history of chronic diseases, and it is 
observed that the values of total cholesterol and its 

two subdivisions HDL cholesterol and LDL 
cholesterol are within normal limits. 
 

 
 

Fig. 9. Normal values 
 

Figures 10-13 shows the results of the analyses 
(normal lipid profile) with parameters within normal 
limits, for different patients such as gender and age, 
but with present pathologies. 

Table 1. Representation of lipid profile values 
 

Lipid profile 
Normal 

values, mg/dL 

Limit values, 

mg/dL 

Values above the 

normal limit, mg/dL 

Risk 

values 
Remarks 

Total lipids 400 - 750    
LT = 2,25 x total 

cholesterol + 90 

Triglycerides 50 – 150 151 - 200 < 200 
Over 

500 
 

Fatty acids 200 – 450    

Acid values > 

reference range = 

lipolytic answer 

Lipoproteins 150 - 200     

Total 

cholesterol 
< 200 200 - 339 < 240   

HDL 

cholesterol 

> 40 (increased 

risk of 

atherosclerosis) 

39 
 60 (decreased risk 

of atherosclerosis) 
  

LDL 

cholesterol 
< 130 130 - 159 160 – 189  190 

LDL = total 

cholesterol – 

HDL cholesterol 

VLDL 

colesterol 
2 - 38    VLDL = TG/5 
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52-year-old man known to have type II diabetes, 
routine tests have the result total cholesterol and 
fractions of LDL and HDL cholesterol within normal 

limits (total cholesterol -167 mg/dL, HDL cholesterol 
-55.0 mg/dL, LDL cholesterol -94.9 mg/dL) (Figure 
10). 
 

 
 

Fig. 10. Normal result for a patient with 

diabetes 
 

37-year-old woman, (total cholesterol -180 
mg/dL, HDL cholesterol 64.8 mg/dL, LDL 
cholesterol -94.8 mg/dL) with conditions thyroid 
(Figure 11). 
 

 
 

Fig. 11. Normal result for a patient with 

autoimmune thyroiditis 
 

49-year-old female known to have chronic liver 
disease, although transaminase results are modified, 
cholesterol and its fractions are within normal limits 
(total cholesterol -154 mg/dL, HDL cholesterol 43.6 
mg/dL, LDL cholesterol -97.1 mg/dL), liver functions 
should be monitored further and administration 

treatment according to the specialist doctor's 
recommendations (Figure 12). 

 
 

Fig. 12. Normal result for patient with chronic 

liver disease 
 

The results of the validated samples are 
continuously transmitted to the LIS (the system 

computer science from the laboratory) through the 
communication mode with host query. 

Pathological results that indicate various 
conditions and are obtained from harvesting of 
patients with confirmed diagnoses of dyslipidemia are 
presented in Figure 13. 

 

 
 

Fig. 13. Pathological result 
 

HDL cholesterol has the role of transporting 
other forms of lipids and cholesterol through the 
blood to the liver where they are synthesized and 

eliminated. The higher the number of its value, the 
better it is for the human body. 

When the level of HDL cholesterol is low for 
various reasons, the transport of fats can no longer be 
carried out at the same standards and then their excess 
is deposited on the blood vessels, forming atheroma 

plaques. Also, the arteries narrow, and blood flow is 
limited, accelerating the risk of developing 
atherosclerosis. 

72-year-old man with dyslipidemia, diabetes and 
renal impairment. The patient must medically 
monitored and re-evaluation of additional 

cardiological investigations, dietary regimen. (total 
cholesterol -206 mg/dL, HDL cholesterol -37 mg/dL, 
LDL cholesterol -126 mg/dL, triglycerides-231 
md/dL). 

It can be observed that the HDL cholesterol 
value is at the lower limit and the LDL cholesterol at 
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the limit higher, which means that there is a 
possibility of developing cardiovascular diseases 
(Figure 14). 

 

 
 

Fig. 14. Pathological result 
 

Male patient, 49 years old, with insulin-
dependent diabetes mellitus, obesity, dyslipidemia, 
high-risk hypertension, chronic ischemic heart 
disease-with increased values of total cholesterol-301 
mg/dL, LDL cholesterol-221 mg/dL, HDL cholesterol 

at the lower limit 43.3 mg/dL. It is in the records of 
specialist doctors with established treatment, diet and 
regimen hyposodium, hypocaloric and periodic 
medical reassessment (electrocardiogram, coronary 
angiography, investigations biological, nuclear 
magnetic resonance) (Figure 15). 

 

 
 

Fig. 15. Pathological result 
 

In Figure 16 it was presented a result from a 14-

year-old male patient with obesity, diabetes mellitus 
type I, insulin-dependent. 
 

 
 

Fig. 16. Results for a child with obesity 
 

As it can be observed in the presented results, 

the patients of different ages suffer from associated 
diseases, due to the increase in the value of 
cholesterol and must be considered assessment of 
established or emerging cardiovascular disease risks 
and investigation the risk of atheromatosis, which 
favours stroke. 

 

4. Conclusions 
 

The study briefly outlines the links between 
cholesterol, obesity and genetic factors, describing 
dyslipidemia and risk factors. 

The case study summarized the results of some 

patients with the following medical conditions: 
disorders lipid metabolism, diabetes, kidney disorder, 
thyroid disease, obesity, hypertension, chronic liver 
disorder, ischemic heart disease. 

Total cholesterol values between 154-301 
mg/dL are observed, which reveals that these patients 

are at risk of dyslipidemia diagnosis if they have not 
already received specialist confirmation. 

In the case of HDL cholesterol, it was found that 
the determined limit values are from 37 mg/dL to 
64.8 mg/dL, which shows a potential pathological 
risk factor. For LDL cholesterol, the obtained results 

reveal limits of 94.8 mg/dL, respectively 221 mg/dL - 
which determines increased cardiovascular risks. 

HDL cholesterol has the role of transporting 
other forms of lipids and cholesterol through the 
blood to the liver where they are synthesized and 
eliminated. The higher the number of its value, the 

better it is for organism. When the level of HDL 
cholesterol is low for various reasons, the transport of 
fats can no longer be carried out at the same standards 
and then their excess is deposited on the blood vessels 
forming atheroma plaques. Also, the arteries narrow, 
and the blood flow is limited, accelerating the risk of 

developing atherosclerosis, which favours stroke. 
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Patients will be monitored from a medical point 
of view and periodically reevaluated, recommending 
additional cardiological investigations, as well as a 

dietary regimen. The investigation of serum lipids 
provides information regarding the analysed limits 
specific to age, sex, and pathology. 

The data obtained in the study will be used for 
preventive purposes. Regular checking of biological 
parameters, healthy diet and physical activities are the 

main ways to keep cholesterol levels under control. 
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ABSTRACT 
 

The present paper presents the creation of a mathematical model for 
predicting the values of the mechanical properties of hot-rolled strips. The paper 
presents the way of developing the mathematical model, based on a statistical 
development method, namely, the active experiment method. 

The equations of the developed mathematical model successfully allow the 
prediction of the values of the studied mechanical properties, thus saving material, 
time and money. 

 
KEYWORDS: steel, hot rolling, thermal treatment, mathematical modeling, 

prediction of property values 

 

1. Introduction 
 

Even today, steel remains the most used material 
in the car construction industry, the construction of 
oil and gas pipelines and many others. Many of the 
semi-finished products from which various 
benchmarks are obtained, are obtained through the 
metallurgical processing of hot plastic deformation. 

Mathematical modeling of technological 
processes in general and of metallurgical ones in the 
present case, is a basic tool that is extremely useful 
both in the conception phase and in the one in which 
the operation of metallurgical installations is analysed 
[1]. 

Mathematical modeling together with the use of 
computers, allows obtaining the optimal regimes for 
metallurgical processes. By performing mathematical 
modeling through statistical methods, it is possible to 
approach the optimal decision problem as a problem 
of great technical and economic effectiveness [2]. 

Mathematical modeling operates with numerical 
quantities without conditioning the way of subjective 
interpretation, in a certain context of the results 
obtained. It requires the knowledge of all the 
elements that contribute to the description of the 
phenomenon, the possibility of quantitative 

expression and, as far as possible, without any 
subjective addition, the most thorough knowledge of 
the conditions in which the phenomenon takes place, 
the specification of the restrictions imposed on some 
quantities or functions, as well as the complete 
definition of the pursued goal [3]. 

Mircea Maliţa defines the model as "a mental or 

written, qualitative or mathematical representation of 
a part of a reality that constitutes a system (i.e. a 
whole with interconnected parts). The model selects 
the most representative components of the system and 
describes the relationships that select" [4]. 

Creating a model not only serves knowledge but 

also has practical purposes, constituting a basis for 
experimentation. 

The large number of mathematical models made 
over time have shown that for the same model the 
formulated requirements form a contradictory set. 
From this it follows that any mathematical model 

satisfies, as a rule, only a part of the established 
requirements. Mathematical models can be classified 
according to several criteria. The most representative, 
in this sense, are: the information they contain and the 
mathematical tool used. 

The main requirements imposed on a quality 

model are: coherence, correctness, consistency, 
efficiency and usability [5]. 

The use of monofactorial methods for the study 
of multifactorial processes, in addition to the fact that 
they require a long period of work, cannot guarantee 
the determination of the conditions for achieving the 

optimal values of the performance function. From this 
point of view, the introduction and development of 
statistical processing methods and especially those 
that concern modeling by using experiment 
programming methods is a useful and highly effective 
tool [6]. 

The mathematical models obtained by these 
methods can be used not only to reveal the extreme 
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(optimal) conditions, but also as an important source 
of information, necessary for the optimal 
management of metallurgical processes [7]. 

In the analysis of a system when it is required to 
find out by calculation the performance indicators of 
the given system, this requires knowledge of the 
mathematical model of the system, that is, of the 
relations between the output quantities and the 
exogenous quantities [8]. 

 

2. Experimental conditions and obtained 

results 

 
The paper presents the way to create a 

mathematical model for predicting the values of the 
mechanical properties of hot-rolled strips. 

Experiments were carried out in a trial with hot-
rolled S235 steel strip, having thicknesses of: 2 mm, 6 
mm, 10 mm, and the carbon concentration being: 

0.1101 %C; 0.1261 %C; 0.1421 %C, for steel grade 
S235. 

Table 1 shows the chemical composition 
according to EN10111:2008(E) for the steel brand 
S235 studied. 

For each tape thickness studied, having the three 

carbon concentrations, determinations were made in 
order to find out the values of the mechanical 
properties: Rm, Rp0.2, A5. 

Following the laboratory tests on the samples 
taken from the rolls caught in the experimental 
program, the values of the studied mechanical 

properties were recorded, values which are 
reproduced in Table 2. 

 

Table 1. Chemical composition according to EN10111:2008(E) for steel grade S235 
 

Chemical Composition 

C% Mn% Si% P% S% Al% Cu% Cr% Ni% V% Ti% Mo% 

0.04- 

0.08 

0.45- 

0.55 

0.01- 

0.02 

0.013- 

0.019 

0.011- 

0.016 

0.020- 

0.040 

0.050- 

0.080 

0.030- 

0.040 

0.030- 

0.050 

0.002- 

0.003 

0.000- 

0.001 

0.003- 

0.005 

 

Table 2. Values of the S235 steel properties 
 

Thickness 

[mm] 
%C 

Rm - 
measured 

[MPa] 

Rp0,2 - 
measured 

[MPa] 

A5 measured 

[%] 

2 

0.1101 419 344 29 

0.1261 434 371 30 

0.1421 478 397 30 

6 

0.1101 415 270 32 

0.1261 419 287 31 

0.1421 448 327 30 

10 

0.1101 378 270 32 

0.1261 416 284 31 

0.1421 427 298 30 

 

We considered the following technological 
parameters as the main influencing factors 
(independent variables): 

a) Tape thickness - G, [mm]; 
b) Carbon concentration - C, [%]. 
The set of mechanical properties is considered 

as a parameter to be optimized: Rm, Rp0.2, A5. 
We established the following experimental 

conditions: 
- for the tape thickness, G, the values for the 

upper level, the base level, the lower level and the 
range of value variations were set: 

base level: x1(0) = 6 mm; 
variation range: Δx1 = 4 mm; 
upper level: x1(+1) =10 mm; 
lower level: x1(-1) =2 mm. 

For carbon concentration: 
base level: x2(0) = 0.1261 %; 
variation range: Δx2 = 0.016 %; 
upper level: x2(+1) = 0.1421 %; 
lower level: x2(-1) = 0.1101 %. 
For the coded representation of the experiment, 

the following notations and symbols were used: 
Independent variables: 
x1 - tape thickness, G [mm]; 
x2 - carbon concentration, C [%]. 
Dependent variables (parameters to optimize) 
Y1 - breaking strength, Rm [MPa]; 

Y2 - yield strength, Rp02 [MPa]; 
Y3 - specific elongation at break, A5 [%]; 
Yi values are expressed in natural units. 
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Since the influence of two factors on the 
performance of the process (Y) is being studied, we 
carried out a complete factorial experiment of type 22 

[2]. 

The calculated values for the coefficients: for 
the three equations of the mathematical model of 
S235 steel are shown in table 4. 

 

Table 3. Matrix of full 22 factorial experiment for S235 steel 
 

Nr. 

exp. 
X0 X1 X2 X1∙X2 Y1 Y2 Y3 

1 1 1 1 1 427 298 30 

2 1 -1 1 -1 478 397 30 

3 1 1 -1 -1 378 270 32 

4 1 -1 -1 1 419 344 29 

 

Table 4. Values of coefficients C0, C1, C2, C12 for S235 steel 
 

The coefficients 

Yi 

C0 C1 C2 C12 

Y1 425.5 -23 27 -2.5 

Y2 327.25 -43.25 -20.25 -6.25 

Y3 30.25 0.75 -0.25 -0.75 

 
After calculating the coefficients, the equations 

of the mathematical model in the form of equation 1, 
in coded quantities, respectively equations 2, 3 and 4 

[2] resulted: 
 

Yn = C0 + C1X1 + C2X2 + C12X1X2        (1) 
Y1 = 425.5 – 23 ∙ X1+27 ∙ X2 - 2.5 ∙ X1 ∙ X2   (2) 

Y2 = 327.25 - 43.25‧X1 + 20.25‧X2 - 6.25‧X1‧X2  (3) 
Y3 = 30.25 + 0.75 ∙ X1 – 0.25 ∙ X2 - 0.75 ∙ X1 ∙ X2 (4) 

 
After replacing the coded sizes (X1, X2) with the 

natural sizes (G - band thickness, C - carbon 
percentage) the equations of the mathematical model 
expressed in natural sizes will be obtained. 
 

Y1 = 435.81 - 5.25 ∙ G + 192.15 ∙ C - 3.90 ∙ C ∙ G (5) 

Y1 - equation of the mathematical model in 
natural sizes for Rm of S235 steel. 
 

Y2 = 368.82 - 9.58 ∙ G + 185.12 ∙ C – 9.76 ∙ C ∙ G  (6) 
 

Y2 - equation of the mathematical model in 
natural sizes for Rp0.2 of S235 steel. 
 

Y3 = 28.443 + 0.3345∙G + 5.46∙C - 1.17∙C∙G   (7) 

 
In the Figures from 1 to 9, the values of the 

mechanical properties studied, obtained 
experimentally, are shown in a comparative way with 
those obtained by calculation with the help of the 
developed mathematical model. 

 

 
 

Fig. 1. Variation of Rm as a function of %C for 2 mm tape thickness 
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Fig. 2. Variation of Rm as a function of %C for 6 mm tape thickness 
 

 
 

Fig. 3. Variation of Rm as a function of %C for tape thickness of 10 mm 
 

 
 

Fig. 4. Variation of Rp0.2 as a function of %C for tape thickness of 2 mm 
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Fig. 5. Variation of Rp0.2 as a function of %C for tape thickness of 6 mm 
 

 
 

Fig. 6. Variation of Rp0.2 as a function of %C for 10 mm tape thickness 
 

 
 

Fig. 7. Variation of A5 as a function of %C for 2 mm tape thickness 
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Fig. 8. Variation of A5 as a function of %C for 6 mm tape thickness 
 

 
 

Fig. 9. Variation of A5 as a function of %C for 10 mm tape thickness 
 

By analysing the graphs above, it can be seen 
that between the values of the mechanical properties 
calculated, using the equations of the mathematical 
model, and the measured values, there are very small 
differences that can be neglected. 

For this reason, it can be said that the obtained 

mathematical model can be successfully used to 
express the values of the mechanical properties 
without the need to measure them by specific 
methods. 
 

3. Conclusion 

 

Following the development of the mathematical 
model, three equations were obtained that express the 
dependence of each studied mechanical property on 
the two factors taken into account (independent 
variables = input variables), namely: strip thickness 
and carbon percentage. 

From the analysis of the coefficients of the 
mathematical model equation for Rm it follows that 
as the carbon content increases there is also an 
increase in the value of Rm and as the strip thickness 
decreases there is also an increase in the value of Rm. 

The mathematical model equation for Rp0.2 

shows that the value of Rp0.2 increases with 
decreasing carbon content and strip thickness. 

It is observed that the elongation decreases as 
the carbon content increases. 

The calculation of the values of the studied 
mechanical properties, with the help of the equations 

of the mathematical model compared to the measured 
values, highlights small differences between the 
values of the measured and calculated properties. 

Thus, it can be said that the developed 
mathematical model can be successfully used to 
predict the values of the mechanical properties 

without the need to measure them by specific 
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methods and in this way, there is an economy of 
materials, time and labour. 
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ABSTRACT 
 

The work analyses and determines the mechanical properties of the X60M 
steel used to make welded pipes for oil and gas transportation. X60M type steels 
are among the materials most used in the construction of pipelines for the transport 
of natural gas and oil, due to an advantageous price/performance ratio. 
Determinations were made of resilience and resistance to breaking, yield strength, 
elongation and transverse contraction, determined by tensile tests, as well as an 

analysis of the microstructure. 

 
KEYWORDS: mechanical properties, welded pipes, microstructure 

 

1. Introduction 
 

The steels for constructions and welded 
structures are carbon and low-alloy steels, intended 
for the production of metal structures through 

technological processes of high productivity, 
satisfying, as the case may be, resistance and 
tightness conditions. 

The main usage characteristics of these steels 
are: 

- Mechanical strength characteristics - yield 

strength and breaking strength - according to which 
the steel brands are defined and the allowable design 
stresses of welded constructions and structures are 
established. 

- The weldability characteristics, considered 
both in terms of the technological aspect of the 

facility in execution, and that of safety against brittle 
breakage by grouping the products into quality 
classes [1, 3]. 

The mechanical characteristics are conditioned 
by the chemical composition and the metallographic 
structure. At least the following characteristics must 
be determined: 

• breaking strength, yield strength, elongation 
and transverse contraction, determined by tensile 
tests; 

• breaking energy when bending by shock, at 
different temperatures; 

• the static bending angle without the 

appearance of cracks. 
 

2. Experimental research 
 

The structural analysis was carried out on X60M 

steel samples used to make welded pipes for the 
transportation of oil and gas. 3 7.5 mm V-groove 
specimens were used to determine resilience and an 
intermediate sample to determine tensile tests.[4] 

General characteristics of X60 M steel, 
according to API 5L/95 standard, are presented in 

Table 1 and 2. 
 

Table 1. Chemical composition (%) 
 

C% Mn% Si% P% S% Al% Nb% V% 

0.09-0.12 1.30-1.50 0.20-0.40 max. 0.01 max. 0.01 0.02-0.05 0.02-0.04 0.02-0.04 

 

Table 2. Mechanical properties 
 

Rm [MPa] Rp0,2 [MPa] A [%] KV [J] 

525-700 425-550 min. 30 min. 45 
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The special requirements of the beneficiary are 
presented in Table 3. 

The steel charge with the number 928400 taken 

in the study, from which the tests were carried out, is 

according to the requirements of the beneficiary and 
was developed in the LD converter having the 
following chemical composition for the liquid, 

presented in Table 4. 
 

Table 3. Beneficiary requirements 
 

Steel C% Mn% Si% P% S% Cu% Ni% Cr% V% Ti% Mb% Nb% Al% N% B% 

X60M 
max 
0.19 

max 
1.60 

max 
0.45 

max 
0.025 

max 
0.015 

max 
0.25 

max 
0.30 

max 
0.30 

max 
0.10 

max 
0.040 

max 
0.10 

max 
0.05 

0.020- 
0.060 

max 
0.012 

max 
0.001 

 

Table 4. Chemical composition of batch number 928400 
 

X60M 

Batch 

928400 

C Mn SI P S Ti V Cu Al Ni Cr Mo Nb 

[%] 0.13 1.47 0.38 0.010 0.004 0.015 0.062 0.04 0.034 0.02 0.03 0.003 0.022 

 
The treatment applied to this type of steel is 

controlled rolling. Controlled rolling is a 
thermomechanical treatment that consists of hot 
rolling in the austenite recrystallization area, cooling 
to the biphasic area and rolling, followed by the 

transformation of the austenite to a fine and uniform 
ferrite-pearlitic structure. 

The final structure depends on the austenite 
grain size obtained after the different stages of 
controlled rolling. 

After lamination, the sheet of steel was sent to 
the cooling beds, where the samples were taken (Fig. 

1). 

 

    
                               a) cooling beds                                                                     b) sampling 
 

Fig. 1. Sampling 
 

 
    a) placing the sample in the INSTRON machine                                b) obtaining the tested sample  
 

Fig. 2. Test results on the INSTRON mechanical testing machine 
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The sample presents a sufficient amount of 
material, for the execution of one or more samples, 
for the mechanical tests and the samples for achieving 

resilience. 
The determinations were made in the Liberty 

Galati mechanical testing laboratory, on an X60M 
steel used in the manufacture of large-diameter 
welded pipes for the transportation of oil and natural 
gas products. 

As part of the analysis of the structure, analyses 
were carried out for tensile, shock bending tests. 

The tensile test was carried out using the 
"INSTRON" static testing machine. The stages are 
shown in Figure 2. 

Establishing the breaking strength of the tested 
material is calculated with the following equations: 
 

Rm = Fmax/S0 [MPa] 
 

The elongation at break is calculated using the 
relationship: 
 

A = [(Lu – L0)/L0] x 100 [%] 

 
The results obtained for the mechanical tests 

were centralized in Table 5. 

 

Table 5. Mechanical test results 
 

Steel 
Thickness 

[mm] 

Width 

[mm] 

Section 

[mm2] 

FRm 

[kN] 

FRc 

[kN] 

Rm 

[Mpa] 

Rc 

[Mpa] 

A 

[%] 

X60M 10 25 270.71 164.9 136.8 609 505 32 

 

3. Shock bending test (resilience) 

 

The cooling of the samples is carried out at a 
temperature of – 10 °C using dry ice as a cooling 
agent. This is done in a heat-insulating cooling 
container, which has a non-tight lid to prevent 
explosions due to the pressures of the released gases. 

The test piece is inserted into the carbonic snow 

bath, kept for 5 min, then it is extracted and subjected 
to shock bending tests. 

To carry out the shock bending test, is used the 
Charpy TINIUS OLSEN pendulum hammer. 

The stages of carrying out the testing of the 
samples are shown in Fig. 3. 

 

 
                         a) Cooled specimen                                                       b) Charpy Tinius Olsen hammer 

 

 

Fig. 3. Breaking of the specimens by the shock bending test 
 

- 72 -

https://doi.org/10.35219/mms.2023.4.11


 
 

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI 
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE 

No. 4 - 2023, ISSN 2668-4748; e-ISSN 2668-4756 

Article DOI: https://doi.org/10.35219/mms.2023.4.11 

 

Results obtained from shock bending tests are 
presented in Table 6. 
 

Table 6. Shock bending test results 
 

Steel 
Energie KV 

[ J ] 

Test type 

[mm] 

Tempure 

[°C] 

X60M 61 – 60 – 58 KV 7.5 -10 

 

4. Microscopic analysis 

 

For the microscopic analysis, the sample was 
prepared by polishing the surfaces with the help of an 
automatic metallographic sample processing machine 
type LS2 – Remet (Fig. 4). 
 

 
 

Fig. 4. Automatic machine for processing 

metallographic samples type LS2 – Remet 
 

The polishing operation was performed 
mechanically and the metallographic attack was done 
with nital 2%. 

The samples were analysed with the OLYMPUS 
PMG 3 microscope (Fig. 5). 

By heating during thermal processing processes 
(heat treatments, plastic deformation, welding) a 
series of microstructural changes similar to those in 
non-alloyed steels can occur, which involve the 

change of pearlite morphology (from lamellar to 
semi-globalized pearlite). The extent of these 
phenomena depends on the value of the temperature 
and the holding time at that temperature [2, 5]. 
 

 
 

Fig. 5. OLYMPUS PMG 3 metallographic 

optical microscope 

 

   
 

Fig. 6. Magnified images: 200X 
 

5. Conclusions 
 

The micro-alloyed steels used in the 
manufacture of longitudinally welded pipes under 
flux can be obtained by a combination between an 
appropriate chemical composition and a 

thermomechanical lamination at certain parameters of 
section reduction and temperature. 

X60M steel, intended for the construction of 
pipes for the transport of gas and oil products, has 
very good resistance and plasticity. 

X60M steels are among the materials most used 
in the construction of pipelines for the transport of 

natural gas and oil, due to an advantageous 
price/performance ratio. 
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The role of the micro-alloy elements is to confer 
special properties of resistance and tenacity. 

Microalloying only with niobium cannot ensure 

satisfactory tenacity properties for all pipe sizes and 
thicknesses, therefore microalloying with Ti is also 
done for a positive effect. 

The improvement of the shock fracture energy 
depends on the purity of the steel and requires a low 
content of P and S, avoiding the formation and 

segregation of iron phosphide which gives a lot of 
brittleness to the steel. 

The studied steel, X60M, intended for the 
construction of pipes for the transport of gas and 
petroleum products, has a very good resistance and 
plasticity. 
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ABSTRACT 
 

The paper presents the results of the research on the resistance to stress 
corrosion on some samples from the alloy. AlZn5.7MgCu which were previously 
subjected to various thermal and thermomechanical processing. 

The gravimetric index or corrosion rate Vcr was used to evaluate the 

corrosion resistance under tension of the samples investigated in this regard.  

 
KEYWORDS: aluminium alloy, heat treatment, corrosion, stress corrosion 

 

1. Introduction 
 

Aluminium is a very reactive metal, but it is also 
a passive metal. This contradictory nature is 
explainable, because it reacts with oxygen or water 

vapor and forms on the surface a compact and 
adherent oxide that prevents further reaction of 
aluminium with oxygen; for this reason, aluminium 
and most of its alloys have a very good resistance to 
corrosion [1-3]. 

Identifying the types of corrosion to which 

aluminium alloys are subject, as well as the way to 
achieve corrosion, are necessary to more easily find a 
solution to limit or eliminate this unwanted 
phenomenon. 

The types of corrosion to which aluminium and 
its alloys are exposed are [3]: atmospheric corrosion, 

galvanic corrosion; corrosion in points (pitting); 
crevice corrosion; intercrystalline corrosion; 
exfoliation corrosion; fatigue corrosion; filiform 
corrosion; microbiological corrosion; stress corrosion. 

Stress corrosion occurs if three conditions are 
met simultaneously [4]: 

- the alloy should be sensitive to corrosion; 
- the existence of a wet environment or water; 
- the presence of a tensile stress, which will 
open the crack(s) and allow it(s) to propagate. 
The corrosion resistance of Al-Zn-Mg alloys is 

comparable to that of Al-Mg-Si alloys, but when 

subjected to stresses, this property is greatly 
diminished. The formation of corrosion-sensitive 
zones at the weld boundaries is a general 
phenomenon in these alloys, regardless of whether 
they are rich or poor in zinc and magnesium [1, 4]. 

Aluminium alloys with a solid solution structure 
possess, due to their structural homogeneity, a good 
resistance to corrosion. Due to the fact that the 
precipitated phases during the aging and recovery of 

supersaturated solid solutions have a different 
structure and chemical composition from the base 
mass, they become sites with abnormal 
electrochemical activity as a result of different 
dissolution potentials. If the precipitate particle is 
anodic, it tends to dissolve in the presence of the 

electrolyte; if it is cathodic it is protected against 
corrosion, instead it will dissolve the base mass 
around it [5, 6]. 

Aluminium alloys from the Al-Zn-Mg-Cu 
system, both in cast and deformed state, due to the 
contents of Zn, Mg and Cu acquire very good 

mechanical properties following thermal and 
especially thermomechanical treatments. 

Alloys of the Al-Zn system that do not contain 
Cu have a higher corrosion resistance than alloys of 
the same system, but that contain Cu. 

Aluminium alloys that contain appreciable 

amounts of alloying elements soluble in aluminium, 
primarily copper, magnesium, silicon and zinc, are 
prone to stress corrosion. 

Stress corrosion can occur in two ways [7]: 
- corrosion under intergranular tension, which is 
the most common form; 

- corrosion under transgranular stress. 
Always corrosion under load was initiated by 

pitting corrosion and continued by intergranular 
attack at the grain boundary and then transgranular 
attack [8]. 

In the case of intergranular corrosion, the crack 

follows the grain boundaries. In transgranular stress 
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corrosion, cracks appear by sectioning the grains [8], 
[9]. 

Stress corrosion represents the destruction of a 

metal or alloy that is subjected to the combined action 
of a corrosive environment and a static mechanical 
stress (elongation). It manifests itself through 
intercrystalline or transcrystalline cracks or even by 
breaking the part. 

Stress corrosion cracking occurs when the stress 

value is close to the yield point, but it can also occur 
at lower stresses [8]. 

There are numerous chemical agents capable of 
causing stress corrosion but, in principle, chloride 
solutions are the most dangerous. 

 

2. Experimental research 

 
The investigation of the stress corrosion 

behavior of the studied alloy was carried out on 
samples that were previously subjected to various 
thermal and thermomechanical treatments according 

to Table 1. 
 

Table 1. The thermal / thermomechanical processing regime of the samples subjected to the stress 

corrosion test 
 

Proof coding Thermal / thermomechanical processing regime 

1 O + DPC + CPS + ÎN 

2 O + DPC + CPS + ÎA 

3 O + DPC + CPS + ÎA + DPR (ε = 10%) + ÎA 

4 O + DPC + CPS + ÎA + DPR (ε = 20%) + ÎA 

5 O + DPC + CPS + ÎA + DPR (ε = 30%) + ÎA 

O – homogenization, CPS – solution hardening, ÎN – natural ageing 
ÎA – artificial aging, DPC – hot plastic deformation, 

DPR – cold plastic deformation with various degrees of deformation ε.  

 

The tested samples have the dimensions of 60 x 
30 x 3 mm and have the chemical composition 
presented in Table 2. The mechanical tension to 
which the samples were subjected (520N) resulted 
from the strength calculation. The test time was 20 

days (480 hours) for each sample. The samples were 
weighed before corrosion, and after the corrosion test, 
they were weighed after carefully removing the 
corrosion products from their surface. 

 

Table 2. Chemical composition of the samples subjected to research 
 

Element 

Alloy 
Zn Mg Cu Si Fe Pb Cr Mn Al 

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

 
Test equipment and solution. Aluminium and 

aluminium alloys oxidize spontaneously, but in the 
presence of water molecules they form a hydrated 
oxide according to the reaction: 

 
2Al + 6H2O → Al2O3 3H2O + 3H2 

 
which can be dehydrated very easily by chlorine or 
sulphate ions, increasing the susceptibility to pitting 
corrosion. 

The corrosive medium used in the experiments 
was a sodium chloride solution with a concentration 
of 3.5% NaCl. 

Figure 1 shows the installation on which the 

stress corrosion tests were performed and which 
represents an original laboratory equipment designed 
and made based on resistance calculations. 
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                                             a                                                                                        b  
 

Fig. 1. a - The installation for testing the corrosion resistance under tension of the studied aluminium 

alloys: 1 - sample subject to corrosion; 2 - the container with the corrosion medium; 3 - mechanical 

voltage source. b - Detail image with the sample under tension in the corrosive environment: 1 - Al 

alloy sample; 2 - the container with the corrosive medium, 3.5% NaCl solution; 3 - the point of 

application of the force that generates the mechanical tension; 4 - the corrosive solution 
 

3. Results of experimental research 

 
To assess the corrosion resistance of the samples 

that were subjected to the stress corrosion test, the 
gravimetric index or corrosion rate Vcr was used, 
which is calculated with the formula [4]: 
 

 

 
where: m1 represents the mass of the sample before 

being subjected to corrosion, [g]; m2 - is the mass of 
the corroded sample, [g]; S - the surface of the 
sample, [m2]; t - the time in which corrosion has 
occurred, [h]. The data resulting from the calculations 
are given in Table 3. 
 

 

Table 3. Results obtained for the gravimetric index (corrosion rate Vcr) in the case of the samples 

subjected to the stress corrosion test 
 

Proof coding 
m1 

[g] 

m2 

[g] 

∆m 

[g] 

S 

[m2] 

Time 

[hours] 

Vcr 

[g/m2·h] 
Observation 

1 15 14.978 0.022 0.0027 480 0.0169 resistant 

2 15 14.986 0.014 0.0027 480 0.0108 resistant 

3 15 14.977 0.023 0.0027 480 0.0177 resistant 

4 15 14.956 0.044 0.0027 480 0.0339 resistant 

5 15 14.927 0.073 0.0027 480 0.0563 resistant 

 
The values of the gravimetric index (corrosion 

rate) indicate that all samples subjected to the stress 
corrosion test fall into the corrosion resistance group 
as being corrosion resistant, for which Vcr. is between 
the values of 0.01 and 0.1 g/ m2 h. 

Among all the samples subjected to the stress 

corrosion test, the samples coded with number 5, with 
the degree of deformation of 30%, recorded the 
highest mass loss, but even these samples can be 
classified as resistant to corrosion. 
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3.1. Macrostructural aspects of the surface 

of samples subjected to stress corrosion 

 

 
 

Fig. 2. Sample 5 - Area near the place of 

maximum effort, Magnification: 400X 
 

 
 

Fig. 3. Sample 5 - Area near the force 

application point, Magnification: 400X 
 

 
 

Fig. 4. Sample 5. - Macro view of the stretched 

surface, Magnification: 100X 
 
 

 
 

Fig. 5. Sample 5 - Macro aspect of the surface 

subjected to compression, Magnification: 100X 
 

4. Conclusions 
 

The analysis of the surface of the corroded 
samples illustrates the point corrosion of the samples, 

as well as the exfoliation of the material, but without 
cracks or its breaking. 

The amount of corrosion products decreases 
with the distance from the embedded area and the 
approach to the point of force application. 

All the corrosion tests carried out in the work 

indicate that, near the place where the sample is 
embedded, i.e. in the place where the stretching effort 
was greater, the corrosion is more intense (expressed 
by the increase in the amount of corrosion products). 

On an area equidistant from the end of the 
embedded sample, the amount of corrosion products 

is lower on the surface subjected to compression than 
on the surface subjected to tension. 

Corrosion tests performed on samples 4 and 5 
which were processed with a higher degree of plastic 
deformation, show a greater mass loss of the material, 
therefore a lower corrosion resistance. 

Following the calculations of the corrosion rate 
Vcr, it can be stated that all samples subjected to this 
stress corrosion test can be rated as resistant. 

For the alloys intended for the construction of 
airplanes with a low flight height, it is necessary to 
have a good resistance to corrosion because, due to 

the low flight height, they frequently come into 
contact with the humid atmosphere which negatively 
influences the phenomenon of corrosion by stress 
cracking. 
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ABSTRACT 
 

The objective of this paper was to examine the porosity in fluidized -bed 
carburizing on sintered alloys obtained by the powder metallurgy route using an 
image software analysis, and to compare the results with those obtained using the 
conventional porosity measuring technique. A material's porosity is a measurement 

of its vacancy percentage. The volume of empty space divided by the material's bulk 
volume, given as a percentage, determines the overall porosity of the material. The 
advancement of digital imaging and software has resulted in a novel and 
appropriate technique for figuring out the porosity of materials used in powder 
metallurgy. 

 
KEYWORDS: powder metallurgy, fluidized bed carburizing, porosity, image 

software analysis 

 

1. Introduction 
 

Powder metallurgy (P/M) is a flexible 
manufacturing technique that involves the production 
of components from raw metal powders. A great 
degree of customization may be achieved, material 

waste can be minimized, and the technology can 
manufacture the indicated forms [1]. 

Understanding and controlling the porosity of 
the finished product is essential for guarantee its 
mechanical integrity and functional efficiency [2-5]. 

In sintered P/M alloys, porosity needs to be 

adjusted and balanced. Even when a certain level of 
porosity may be appropriate or even desired for some 
applications, excessive porosity can also have an 
impact on mechanical properties and performance. 
Therefore, process parameter modifications and 
careful consideration are necessary to attain the 

proper density and porosity balance [6-8]. 
Understanding and controlling porosity is essential in 
applications where sintered P/M alloys are often used, 
such as filters, cutting tools, bearings, and automotive 
components [9-11]. 

Understanding porosity is essential for knowing 

the mechanical properties and overall performance of 
materials, as sintering, a critical process in powder 
metallurgy, involves heating and compacting metal 
powders to produce solid structures [12-15]. Alloying 
elements can be added to sintered P/M alloys to 
improve their characteristics [16-18]. The most often 

added alloying elements in powder metallurgy 
include phosphorus, manganese, nickel, copper, and 
molybdenum. Because copper melts at 1083 °C 
during the sintering process, it fills the holes, 
increasing the toughness and density [19-24]. Due to 

the creation of Ni-rich areas during solid state 
sintering, nickel (Ni) boosts the sintered density and 
improves hardness and strength by promoting local 
ductility [25-27]. The hardenability of molybdenum 
(Mo) reacts well [28, 29]. 

Applying heat, thermochemical treatments, or 

mechanical treatments is another method to enhance 
the characteristics of these alloys. A thermochemical 
process that offers great heat and mass transfer is 
fluidized bed carburizing [30-36]. 

Porosity has an important effect in determining 
the success rate of fluidized-bed carburizing, a 

procedure frequently used to improve the surface 
hardness and wear resistance of P/M compacts. In 
carburizing, a material's surface is coated with carbon 
to increase its hardness and resistance to wear. In 
order to achieve uniform and controlled carburization, 
the fluidized-bed variation of this technique involves 

suspending the components in a fluidized bed of 
carburizing material. 

The microstructure of sintered alloys may now 
be assessed non-destructively and with high accuracy 
using image software analysis, which has become a 
powerful and efficient technique for characterizing 

and measuring porosity in these materials. There are a 
number of benefits regarding employing picture 
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software analysis for porosity measurement over 
more conventional techniques. With this method, big 
datasets may be evaluated quickly and automatically, 

leading to a deeper comprehension of the porosity 
distribution in the sintered alloy. It also reduces the 
subjectivity associated with manual approaches by 
providing accurate and quantitative results [37-39]. 

Obtaining high-resolution pictures of the 
microstructure of the sintered alloy is the initial stage 

in the image software analysis process. To get fine-
grained pictures of the material, methods like optical 
microscopy, scanning electron microscopy (SEM), or 
micro-computed tomography (micro-CT) are 
frequently used. The input for the analysis that 
follows is these photographs. 

Once the images are obtained, sophisticated 
image analysis software is employed to process and 
quantify the porosity. The software utilizes 
algorithms to identify and segment the pores within 
the microstructure, distinguishing them from the 
dense matrix of the alloy. Parameters such as pore 

size, shape, and distribution can be precisely 
measured, providing valuable insights into the 
material's characteristics. 

The quantitative data generated through image 
software analysis can be used to assess the impact of 
various processing parameters on porosity levels in 

sintered alloys. Also, it can investigate the influence 
of sintering temperature, powder particle size, and 
compaction pressure on porosity formation, aiding in 
the optimization of manufacturing processes to 
achieve the desired material properties. 

Moreover, image software analysis is 

instrumental in quality control and assurance during 
the production of sintered alloys. By implementing 
automated analyses, manufacturers can efficiently 
monitor and ensure consistency in porosity levels 
across batches, reducing the defects and enhancing 
the overall reliability of the final product. 

This work aims to investigate the porosity in a 
fluidized bed carburizing sintered P/M materials 
using an image software tool, and then to compare the 
results with those obtained using a conventional 
approach to establish a correlation. 
 

2. Experimental procedure 

 
In this study, the samples were made from the 

Fe powder alloyed with 1.755% nickel, 1.50% Cu and 
0.50% Mo. The second powder were made from Fe 
with 4.00% Ni, 1.50% Cu and 0.50 % Mo. As a solid 
lubricant, 1% zinc stearate was used. Lubricants are 

essential to the P/M process and are often added to 
mixes as an additive to lessen friction between 
powder particles and between powder compacts and 
the die-wall. The lubricant considerably increases the 
powder's compressibility. The green compacts were 

sintered for 60 minutes at 1150 °C in a laboratory 
furnace, after being obtained at 600 MPa pressure 
with a single die action. The obtained disc specimens 

have the dimensions of 8 6 mm. The samples were 
subjected to fluidized bed carburizing treatment at 
930 °C during 90 minutes after cooling to room 
temperature the samples were. The sintered and 
carburized in fluidized bed density, porosity, and 
metallographic analysis were performed on the 

compacted samples. The sintered compacts' 
volumetric dimensional change was computed, and 
the specimens' overall porosity was assessed based on 
the variation between the measured and reference 
densities. One of the key advantages of image 
software analysis is its ability to perform three-

dimensional (3D) reconstructions of the porosity 
within the sintered alloy. This allows for a more 
accurate representation of the spatial distribution of 
pores, enabling researchers and engineers to identify 
trends and patterns that might not be apparent in 
traditional two-dimensional analyses. Understanding 

the 3D porosity distribution is critical for predicting 
the material's mechanical behavior and structural 
integrity [40]. 
 

3. Results and discussions 

 

3.1. Density results 

 

Table 1 shows the results from conventional 
technique measurements of the density in sintered and 
carburized in fluidized bed state. 
 

Table 1. Sintered sintered and carburized in 

fluidized bed density for analysed specimens 
 

Powder 

type 

Sintered 

density, 

(g/cm3), ρs 

Carburized in 

fluidized bed 

density, (g/cm3),ρc  

P1 7.16 7.21 

P2 7.23 7.39 

 

3.2. Microstructure analysis 

 
The microstructures of fluidized bed carburized 

samples were observed by optical microscopy 
(Olympus BX 51M) at 100x are represented in Figure 
2. The optical micrographs of the carburized in 
fluidized bed specimen P1 exhibit larger and irregular 
holes when compared to the pores in the sample with 
the maximum density, P2, as can be seen by 

examining Figure 2. 
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3.3. Porosity measurements 

 
In Table 2 are presented the porosity 

measurements of P/M products calculated using the 

conventional method, using the density technique. 
Using the freeware application Fiji for image 
processing was another way to determine porosity. It 
may be used to identify porosity in images by 
applying filters, adjustments, and the threshold binary 
function. Using an optical microscope and a digital 

camera, pictures of non-etched materials were 
acquired. The application creates a separate picture 
with porosity by extrapolating the regions with pores 
using the Thresholding function, and it can compute 
the porosity in percents. Table 2 and Fig. 3 show the 
results of the porosity measurements of carburized in 

fluidized bed samples obtained by Fiji program. A 
few processing parameters, including temperature, 
sintering duration, powder size distribution, green and 
sintered density of compacts, and alloy type and 
quantity, influence porosity [6-8]. 

 

Table 2. The porosity of analysed alloys in 

carburized in fluidized bed state 
 

Powder 

type 

Porosity from 

convential 

method, (%) 

Porosity 

from image 

analysis, (%) 

P1  8.61 9.76 

P2  7.82 8.44 

 
The measurements of porosity resulted from 

density technique are ranging from 7.82% to 8.61%. 
The measurements of porosity resulted by using the 
Fiji software are ranging from 8.44 % for 7.21 g/cm3 
to 9.76% for 7.39 g/cm3. A correlation between 
higher density and a decreasing in porosity was 
established. The sample P2 had a lower porosity. 

Also, Fiji software can generate a plot profile of the 
surface for the carburized in fluidized bed samples 
presented in Fig. 4. 

 

 
 

Fig. 2. Micrographs of the non-etched carburized in fluidized bed samples a) P1; b) P2 
 

 
 

Fig. 3. Processed images by using the image software for porosity measurements of carburized in 

fluidized bed samples: a) P1; b) P2 
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Fig. 4. Plot profile of the surface for the carburized in fluidized bed samples, obtained using image 

software: a) P1; b) P2 
 

4. Conclusions 
 

The density values obtained by the geometrical 
technique were linked with the measures of porosity 
in the fluidized bed carburized condition of the 

investigated materials using an image analysis 
program. 

It was found that there was a relationship 
between increasing density and reducing porosity. 
The porosity of sample P2 was lower. 

There was a correlation found between the 

software data analysis and the experimental data 
analysis. The porosity measured from the image 
analysis technique was higher than the porosity 
measured from the density technique because the 
image analysis technique only accounts for open 
porosity; closed porosity is not taken into account. A 

decrease in porosity and a reduction in pore size was 
associated with an increase in sintered and 
carburizing in the samples' fluidized bed density. 

The surface qualities and mechanical 
performance can be increased by optimizing the 
carburizing process settings by studying the porosity 

characteristics. 
In conclusion, image software analysis has 

become an indispensable tool in the study of porosity 
in sintered alloys or subjected to a termochemical 
treatment, such as carburzing in fluidized bed, as 
presented in this paper. Its ability to provide accurate, 

quantitative, and three-dimensional insights into the 
material's microstructure empowers researchers and 
manufacturers to make informed decisions regarding 
process optimization, quality control, and the 
development of advanced materials with tailored 
properties. 

Porosity measurements and analysis of 
fluidized-bed carburized P/M compacts are necessary 

to ensure the reliability and high quality of the final 
product. 

As technology continues to advance, image 
software analysis will play an increasingly significant 

role in advancing our understanding of porosity in 
sintered alloys and optimizing their performance in 
various applications. 
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ABSTRACT 
 

Deforestation and illegal logging stand as important environmental problems.  
In this paper we propose a DNN architecture for sound recognition of chainsaw 
detection. Various parameters need to be tuned in order to identify the sound of 

chainsaw but not to produce too much amounts of false positive detection. The task 
is challenging as different sound emerge in the forest. 

 
KEYWORDS: sound processing, sound recognition, chainsaw sound detection 

 

1. Introduction 
 

Deforestation, the widespread cutting of forests, 
and illegal logging, the illicit harvesting of timber, 

stand as important environmental menaces with far-
reaching consequences. These practices, driven by 
various factors including economic interests, 
agricultural expansion, and demand for timber, pose 
significant threats to biodiversity, climate stability, 
and the livelihoods of local communities. Illegal 

logging, a subset of deforestation, is perpetuated by 
the lure of financial gain. The demand for timber, 
often driven by the construction industry and global 
markets, creates lucrative opportunities for illegal 
loggers. Weak law enforcement, corruption, and 

inadequate governance in some regions exacerbate 
the problem, allowing illegal logging to persist [1-3]. 

The impact of deforestation and illegal logging 

on biodiversity is profound. Forests are home to a 
staggering array of plant and animal species, many of 
which are endemic and found nowhere else on Earth 
[4]. 

One solution to identify the use of chainsaw is to 
detect the specific sound using portable devices that 

are dedicated to this or to use cameras used for animal 
activity, as presented in Fig.1. The task to recognize 
the specific sound of chainsaw is quite challenging 
taking into account vast sound that emerge in forests. 
There are several algorithms commonly used for 
sound recognition. 

 

 
 

Fig. 1. The concept of chainsaw sound detection [1] 
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Fast Fourier Transform (FFT) is a widely used 
algorithm for transforming a signal from the time 
domain to the frequency domain. It devises a signal 

into its constituent frequencies, allowing for the 
analysis of the spectral content of the sound. 

Mel-Frequency Cepstral Coefficients (MFCC) is 
a feature extraction technique commonly used in 
speech and audio processing. It represents the short-
term power spectrum of a sound and is widely used in 

sound recognition tasks. MFCCs capture the 
characteristics of the human auditory system. 

Hidden Markov Models (HMMs) are used for 
modeling sequential data, making them suitable for 
tasks where the temporal dynamics of sound are 
important. HMMs have been applied in speech 

recognition and environmental sound classification. 
Gaussian Mixture Models (GMMs) are 

probabilistic models that can be used for sound 
modeling and recognition. They are often applied to 
represent the statistical distribution of feature vectors 
extracted from sound signals. 

Convolutional Neural Networks (CNNs), known 
for their success in image processing, have also been 
applied to sound recognition tasks. They can learn 
hierarchical representations of sound features by 
processing spectrogram or other time-frequency 
representations. 

Recurrent Neural Networks (RNNs) and Long 
Short-Term Memory (LSTMs) are well-suited for 
tasks involving sequential data, making them 
applicable to sound recognition. They can capture 
temporal dependencies in sound sequences. 

Support Vector Machines (SVMs) are used for 

classification tasks, including sound recognition. 
They work by finding the hyperplane that best 
separates different classes of sound based on their 
feature vectors. 

Dynamic Time Warping (DTW) is a method for 
measuring the similarity between two temporal 

sequences that may vary in speed. It has been used in 
sound recognition to compare and align time series 
data. 

Nearest Neighbor Algorithms, known as k-
Nearest Neighbors (k-NN) and other nearest 
neighbour algorithms can be used for sound 

recognition by comparing the input sound features 
with those of known sound classes. 

Ensemble methods, such as Random Forests or 
Gradient Boosting, combine the predictions of 
multiple base models. They are effective for 
improving the robustness and generalization of sound 

recognition systems. 
Transfer learning involves leveraging pre-

trained models on large datasets and fine-tuning them 
for specific sound recognition tasks. This approach is 
especially useful when limited labelled data is 
available. 

These algorithms can be used individually or in 
combination, depending on the complexity of the 
sound recognition task and the characteristics of the 

data. The choice of algorithm often depends on 
factors such as the nature of the sound data, the 
available computational resources, and the specific 
requirements of the application. Chainsaw sound 
recognition using deep learning has practical 
applications in monitoring and combatting illegal 

logging activities, promoting conservation efforts, It 
showcases the potential of advanced technologies in 
addressing environmental challenges and promoting 
sustainable practices [5-10]. 

Deep learning algorithms excel at capturing 
complex patterns and dependencies in data, making 

them well-suited for tasks where distinguishing 
between subtle variations in sound is crucial [11, 12]. 

The models can adapt to variations in 
environmental conditions, such as changes in 
background noise, allowing for robust performance in 
diverse forest settings [13, 14]. 

 

2. Technique proposed 

 
To train a deep learning model for chainsaw 

sound recognition, a dataset needs to be collected. 
This dataset should include audio recordings of 
various forest sounds, with a focus on capturing 

chainsaw sounds in different contexts and 
environmental conditions. We used own audio data 
consisting of 2 hours of recording. 

The collected audio data is pre-processed to 
extract relevant features. This means converting the 
audio signals into a spectrogram, a visual 

representation of the spectrum of frequencies over 
time. Spectrograms provide a rich input for deep 
learning models to learn patterns associated with 
different sounds. 

The deep learning model is designed to process 
the spectrogram data. Convolutional Neural Networks 

(CNNs) are used for sound recognition tasks. 
Recurrent Neural Networks (RNNs) or Long Short-
Term Memory (LSTM) networks are other algorithm 
employed to capture temporal dependencies in the 
audio signals. 

Training the Model is one important step in 

using CNN. 
The model is trained using the pre-processed 

data, with chainsaw and non-chainsaw sounds 
labelled appropriately. During training, the deep 
learning algorithm adjusts its internal parameters 
based on the input data, learning to recognize features 

that distinguish chainsaw sounds from other sounds in 
the forest. 

The trained model is evaluated on a separate 
dataset to assess its performance. Adjustments and 
fine-tuning are done based on the evaluation results to 
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enhance the model's accuracy and generalization 
capabilities. 

Once trained, the deep learning model can be 

used for chainsaw sound recognition in real-time. 
When deployed in the field, the model processes 
incoming audio signals and predicts whether the 
sound corresponds to a chainsaw. 

The strengths of deep learning in this context 
include an important stage in learning, feature 

learning. Deep learning models automatically learn 
hierarchical representations of features from the raw 
audio data, eliminating the need for manual feature 
engineering. 

In this study, we test several parameters for a 
deep learning algorithm to detect the presence of 

acoustic data of engine chainsaw. As chainsaw sound 
are rare events, we aimed to create a network 
architecture that maximises parameters in order to 
minimise false negatives and protecting forest 
ecosystems. 

Using a Convolutional Neural Network (CNN) 

for audio recognition involves experimenting with 
various architectural elements and hyperparameters to 
achieve better performance. 

Concerning convolutional layers, we experiment 
with the number of convolutional layers, kernel sizes, 
and the number of filters in each layer. Increasing the 

depth and width of the network capture more 
complex features. We tested the network for two 
convolutional layers with the size 3X3 and 6 layers 
with the size 3X3. The difference in accuracy to 
identify was very small, 0.5 percent, but the learning 
time increased by 30 percent. 

Adjust the pooling layer's size and stride may 
produce improved results. Pooling helps reduce 
spatial dimensions and control overfitting. We tested 
using 

Pool Size of (2,2) (4,4) and the identification 
rate drops from 98.2% to 90%. That is because the 

pool size defines the spatial extent over which the 
pooling operation is applied. A larger pool size 
reduces spatial dimensions and discard fine features. 

Adjusting the learning rate (lr) with a too high 
learning rate can cause the model to converge too 
quickly or oscillate, while too low learning rate can 

lead to slow convergence. We experimented with 
optimizers Adam and SGD. For our own data set 
Adam predicted with 12% better results than SGD. 
The batch size can impact training speed and memory 
usage. 

We experiment different size of 32,64,128. The 

best prediction rate was 94.2%, 95.2%, 92.3 % 
respectively. However, we note that false pozitive 
detection are higher in case of 64 dimensions. 
 
 
 

3. Conclusions 
 

Acoustic technology offers a multitude of 
opportunities for monitoring biodiversity, 

environmental health, and human disturbance such as 
gun hunting. However, there is currently a mismatch 
between the speed that affordable hardware is being 
developed and the ability of ecologists to process the 
vast amounts of data collected. 

We have developed a deep learning technique 

that is able to classify sound information. Our 
algorithm achieve > 95% accuracy even we used 
relatively small training data sample size. Our 
algorithm is designed to work on low computational 
resources devices such as remotely processing units. 
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ABSTRACT 
 

The goal of this research is to develop a supervised learning algorithm able to 
detect the defects of plastic’s material. Finding patterns or examples in a dataset 
that differ from the norm is known as anomaly detection in plastic textures. 
Anomalies, in the context of plastic textures, can refer to imperfections’ deviations, 

or anomalies in the material that may have an impact on the final product's overall 
quality. Conventional anomaly detection techniques frequently rely on rule-based 
systems or manual examination, which can be laborious, subjective, and unable to 
identify small anomalies. 

 
KEYWORDS: computer vision, passenger fatigue detection, Advanced Driver 

Assistance System 

 

1. Introduction 
 

In recent years, the proliferation of plastic 
materials in various industries has raised concerns 
about the need for effective quality control and 
anomaly detection in the production process. 
Ensuring the quality and integrity of plastic textures 

is crucial for maintaining product standards and 
meeting consumer expectations. 

The importance of product enclosure plastic 
components extends far beyond their structural role, 
encompassing crucial aspects that directly impact the 
user experience and satisfaction of clients. Two 

significant facets that contribute to this importance 
are the touch texture and design of these plastic 
components, touch texture and design [1]. 

The touch texture of plastic components plays a 
pivotal role in shaping the tactile experience of users 
interacting with a product. Clients often form their 

first impressions through the sense of touch, and the 
texture of plastic enclosures can greatly influence the 
perceived quality and premium feel of a product. A 
smooth and pleasing texture not only enhances the 
overall aesthetics but also conveys a sense of 
durability and sophistication [2]. 

The design of product enclosure plastic 
components is a key factor in determining the visual 
appeal and functionality of a product. A good design 
not only contributes to the product's aesthetic appeal 
but also influences its usability and ergonomics. 
Clients often seek products that not only perform 

their intended functions efficiently but also align with 
their personal preferences and lifestyle. The design of 
plastic components can significantly impact the user's 
overall satisfaction and willingness to engage with the 
product. Additionally, an aesthetically pleasing 
design enhances the marketability of the product, 

attracting potential customers and setting it apart from 
competitors. Thus, the design of plastic components 
within the product enclosure is integral to creating a 
holistic and desirable user experience. 

One promising approach to address this 
challenge is supervised anomaly detection using 

transfer learning, a technique that leverages pre-
trained models to enhance the performance of 
anomaly detection in specific domains. 

Anomaly detection in plastic textures involves 
identifying patterns or instances that deviate from the 
norm within a given dataset. In the context of plastic 

textures, anomalies may include defects, 
irregularities, or abnormalities in the material that can 
affect the overall quality of the final product. 
Traditional anomaly detection methods often rely on 
manual inspection or rule-based systems, which can 
be time-consuming, subjective, and may not capture 

subtle anomalies. 
Supervised learning is a machine learning 

paradigm where a model is trained on labelled data to 
make predictions or classifications [3, 4]. Transfer 
learning extends this concept by leveraging 
knowledge gained from pre-trained models on large 

datasets and applying it to a new, related task. In the 
context of plastic texture anomaly detection, transfer 
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learning allows the model to benefit from patterns 
learned from diverse datasets, improving its ability to 
identify anomalies in specific plastic textures [5, 6]. 

There are many challenges in plastic texture 
anomaly detection [7]. Plastic textures exhibit a wide 
range of variations, making it challenging to develop 
a one-size-fits-all anomaly detection model [1, 8, 9-
10]. Supervised learning may struggle when 
confronted with limited labelled data, as collecting a 

comprehensive dataset for every type of plastic 
texture anomaly is often impractical (Fig. 1). Transfer 
learning addresses this challenge by enabling the 
model to generalize well to new data by leveraging 
knowledge from broader domains. Transfer learning 
enables the model to extract relevant features from 

pre-trained models, which is particularly beneficial in 
cases where manual feature engineering is 
challenging. 

Improved generalization is necessary because by 
learning from diverse datasets, the model can better 
generalize to various plastic textures, even those with 

limited labelled data, thereby enhancing its anomaly 
detection capabilities [11, 12]. Leveraging pre-trained 
models significantly reduces the time required for 
model training, allowing for more efficient 
development and deployment of anomaly detection 
systems. As the plastic industry evolves, new types of 

anomalies may emerge [13]. Transfer learning equips 
the model to adapt to these changes by incorporating 
knowledge from continuously updated pre-trained 
models [14]. 
 

 
 

Fig. 1. Architecture of the VGG19 network [3] 
 

Supervised anomaly detection using transfer 
learning presents a promising avenue for enhancing 
the detection of anomalies in plastic textures [15, 16]. 

By leveraging the power of pre-trained models and 
transferring knowledge across domains, this approach 
addresses the challenges posed by the diverse and 
evolving nature of plastic materials. As industries 
continue to prioritize quality control, the integration 
of transfer learning in anomaly detection systems 

holds great potential for ensuring the production of 
high-quality plastic products that meet the stringent 
demands of today's markets. 

2. Technique proposed 

 
Supervised anomaly detection in computer 

vision for detecting plastic texture defects often 

involves the use of deep learning algorithms. One 
commonly employed architecture for this task is the 
Convolutional Neural Network (CNN), which has 
proven effective in image classification and anomaly 
detection. Here is an outline of the architecture for 
supervised anomaly detection in the context of plastic 

texture defect detection. 
We used several steps to identify defect in 

texture of plastic material. We used a pre-trained 
CNN architecture with ResNet. The supervised 
training is consisting of adding new layers to the 
modified CNN for the specific anomaly detection 

task. 
We trained the model on the labelled dataset, 

using a binary cross-entropy loss function to 
distinguish between normal and defective textures. 
We used 200 images of samples with no defects and 
40 with defects. During testing, pass new images 

through the trained model to obtain anomaly scores. 
The plastic component is of a hardware portable 
enclosure (Fig. 2). 
 

 
 

Fig. 2. Plastic enclosure pattern real size 
 

Anomaly scores can be calculated based on the 

difference between the predicted output and the 
ground truth labels. 

Higher anomaly scores indicate a higher 
likelihood of a defect. To evaluate the performance of 
the model on a separate test dataset we used 20 with 
defects. 

Fine-tune the model and adjust hyperparameters 
as needed for optimal performance is needed during 
using to introduce new data to the model. 

Iterating on the model based on the evaluation 
results and, if necessary, incorporate additional data 
for further training is a must. We excluded techniques 

such as data augmentation to enhance the model's 
ability to generalize to different defect types, as will 
affect precision. 
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Fig. 3. Pattern at 50X magnification 
 

As it may be noted the image at 50X 
magnification shows that no constant features can be 
detected such as lines. The pattern in the plastic 
enclosure exists but no direct detection using patterns 
of constant information can be used (Fig. 3 and Fig. 

4). This algorithm provides a framework for 
implementing supervised anomaly detection in 
computer vision for plastic texture defect detection. 
We underline that the choice of the pre-trained model, 
architecture modifications and hyperparameter tuning 
may vary based on the specific plastic textures. 

Accuracy learning rate shows a good learning rate 
though overfitting shows that the trained samples 
need more data for training. We used a network with 

4 hidden layers, the input images are 128 X 128 
pixels. We choose high learning rate (0.01) and we 
can see the model oscillate (Fig. 5). We chose too low 
a learning rate (0.001) but we obtained little or no 
convergence. Finally, we obtained a 93% rate 
detection. 

 

 
 

Fig. 4. Defect present (1) 

 

 
 

Fig. 5. Accuracy learning rate 
 

3. Conclusions 
 

Detecting defects in plastic enclosure is a 
challenging task when the patterns show hard to find 
patterns. Moreover, in case of images at 
magnification, the identification needs to be with high 

precision rate. The detection of defects allows to take 
measures to identify the source of defects. 

The parameters of the network are causing the 
accuracy.  

For our experiments choosing a high learning 
rate for Adam optimization parameter allows 
identification of defects. Also, the resolution of 

images for training translates into improved detection 
rate. 
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ABSTRACT 
 

A type of structural metamaterials known as auxetics has a negative Poisson's 
ratio. Auxetic structurals have been found to possess a number of better qualities 
when compared to traditional ones, including: greater energy absorption, stronger 
indentation resistance, and enhanced mechanical properties. As a result, auxetic 

structures are becoming more known as a high-performance, lightweight defensive 
construction that can survive collisions and blasts. 

 
KEYWORDS: modeling, simulation, auxetic materials, balistic protection 

 

1. Introduction 
 

Auxetic materials are of interest due to their 
counterintuitive behavior under deformation and 

enhanced properties due to negative values of 
Poisson’s ratio. Auxetic materials' qualities must in 
some way correspond to the fundamental 
requirements of the application to be useful. 
Numerous elements and considerations must be taken 
into account when deciding which auxetic cell 

structure to use in a certain application [1-10]. 
An application's fundamental criteria must be 

identified first. For instance, auxetic structures are 
employed in some applications because of their 
capacity to enlarge under strain, with the size of the 
negative Poisson ratio (NPR) being the attribute to be 

focused on [11-15]. However, a minimal degree of 
stiffness might be necessary. Each unit cell's 
characteristics and constraints will reveal how well-
suited it is. By altering the geometry of the unit cell, 
structural qualities can be changed, which will 
ultimately affect how the cell can be optimized for an 

application. If it is subjected to a stretch greater than a 
small one, some unit cells quickly lose their auxetic 
characteristics. Additionally, during the same stretch, 
some unit cells will suffer a localized maximum 
stress intensity in comparison to others. Some unit 
cells display auxetic activity for only one type of 

strain or are more restricted in that strain due to the 
geometry of their structure. It is crucial to take an 
application's required extents into account. The 2D or 
3D nature of an auxetic unit cell is a crucial 
consideration [16-21]. 

2D geometry can be used to describe 2D unit 
cells. On the other hand, 3D unit cells require 3D 
geometry to be defined. While three-dimensional unit 

cells can display auxetic behavior in all three 
dimensions, two-dimensional unit cells can only do 
so in two of the four dimensions. As a result, 3D unit 
cells must be used in applications that call for an 
auxetic reaction in all three dimensions [22-24]. One 
such application is impact resistance, where the 

impact may be generated from an unknowable 
direction. The deformation mechanism of auxetic 
structures can be used to improve other qualities, 
whether through theory or practice. 

In contrast to the characteristics and actions that 
may be seen at the cellular level, structural material 

attributes are the characteristics that an auxetic 
network displays at the macro level. There are several 
characteristics that are inherently auxetic, meaning 
they can be connected to a structure that exhibits an 
NPR and are not frequently observed in conventional 
structures. The performance is mostly determined by 

the geometry, not the material, because they directly 
depend on the special deformation mechanism of 
auxetic structures. 

In this study, the ballistic impact behavior of 
auxetic sandwich composite armour was investigated. 
 

2. Experimental procedure 

 
In this research, a hybrid structure composed of 

an auxetic core was made sandwiched between front 
and back plates. We aim to simulate the effects of a 
projectile traveling at various speeds on composite 
auxetic sandwich armour. The Inventor Nastram 
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program was used. The 3D model proposed is 
presented in Figure 1. The results were compared 
with monolithic armour under the same boundary 

conditions and speeds. The auxetic core was 
constructed from discrete re-entrant cellular units 
using 3D Inventor modeling software. The parametric 
geometry of the unit cell is presented in Figure 2. The 
Momentum and Kinetic Energy impulse of the model 
was converged with a fine mesh of solid tetrahedral 

and hexahedral elements for the auxetic armour 
models, with 463,835 elements and 418,512 nodes. 
The width of ballistic protection is 40 mm. 
 

3. Results and discussions 

 
Following the numerical experiments performed 

on the 3 D model proposed, the analysis demonstrates 
that the auxetic structure, as opposed to the 
monolithic panel, experiences a larger energy 
translation of a projectile's kinetic energy into elastic 
energy as a result of the elastic deformation of the 
unit cells. The auxetic structure outperforms the 

monolithic panel due to its better absorption capacity. 

Although the auxetic model experiences more 
deformation than the monolithic panel, the rear plate 
is unaffected by this deformation, elastic's dissipation. 

In the auxetic structure, elastic energy dissipation is 
stronger. The threat level is greatly decreased by the 
auxetic structure, which may be used at higher speeds 
and is secure up to 450 m/s. 

The Figure 4 shows the projectile penetration 
and response behavior of the auxetic core. In the, the 

penetration is minimal and the energy absorption is 
mostly elastic, shown by deformation patterns in 
auxetic cells. It was noticed that the front face was 
slightly damaged after projectile impact. Auxetic cells 
could be observed vibrating frequently as the 
projectile was ricocheting. 

It has been shown that due to the sufficient 
densification and indentation resistance provided by 
the auxetic core, the projectile cannot penetrate the 
rear face plate, up to a projectile velocity of 450 m/s. 

The auxetic structure is safe up to 450 m/s and 
can be used at higher speed, significantly reducing the 

threat level. At 650 m/s, the rear face is damaged. 

 

 
 

Fig. 1. 3D model proposed 
 

 
 

Fig. 2. Mesh model for analyzed area 
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Fig. 3. The deformed 3D model 
 

 
 

Fig. 4. The projectile penetration and the response behavior of the auxetic core 
 

4. Conclusions 
 

The ballistic impact behavior of composite 
armour was examined in this work using an auxetic 
sandwich. The Inventor Nastran program was used to 
simulate the effect of a projectile traveling at various 

speeds on composite auxetic sandwich armour. The 
results were compared with monolithic armour under 
the same boundary conditions and speeds. From the 
research, the following conclusions were drawn: 

1. The auxetic structure outperforms the 
monolithic panel due to its better absorption capacity. 

2. The threat level is greatly decreased by the 
auxetic structure, which may be used at higher speeds 
and is secure up to 450 m/s. 

3. The auxetic method can be considered 
appropriate for the application if the advantages of 

auxetic structures satisfy the fundamental 
requirements of the application and the constraints are 
not of concern. 
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ABSTRACT 
 

The scientific interest on hybrid materials is mainly related to understanding 
the types of interactions between inorganic and organic component and the effect of 
these interactions on the properties of the new material formed. Hybrid 
nanostructured materials and especially dielectrics are used for electronics (for 
gate layer) and especially those applicable in structure of different types of thin film 
transistors (TFTs). 

In this paper is presented the research on thin film hybrid materials based on 
tantalum oxide (Ta2O5) starting with inorganic precursor - tantalum ethoxide and 
polymethylmethacrylate (PMMA). The chemical method sol-gel involves the 
precursor-tantalum ethoxide which is hydrolysed and functionalized (with special 
siloxane compound), and the organic methyl methacrylate monomer. The chemical 
reactions take place at low temperature below 160 oC. The sol is deposited as thin 

films by spin-coating to analyse intensity-voltage (I-V) and capacitance-voltage 
curves (C-V) to determine the electric properties. Metal-Insulator-Metal (MIM) 
structures were made-up for electric characterisation. The value of leakage 
currents was between 10-10 - 10-7 A at ± 40 V. The hybrid films were analysed by 
scanning electron microscopy (SEM) for thickness and morphology and for thermal 
stability the sol was investigated by TG and DSC. 

The dielectric permittivity ranges between 3.5 and 4 at 1 MHz, depending on 
the tantalum alkoxide: MMA molar ratio, showing good behaviour for gate layer in 
future TFTs. 

 
KEYWORDS: hybrid materials; spin-coating; tantalum oxide; PMMA 

 

1. Introduction 
 

The demand for new materials or materials with 

new properties is currently high. Hybrid materials 
have been developed to meet certain new 
performance requirements. 

Inorganic-organic hybrids can be utilized in 
various fields of materials chemistry due to their 
simple processing and molecular design capabilities. 

One of the most used method is sol-gel.  Currently, 
there are four major topics in the synthesis of 
inorganic–organic materials: (a) their molecular 
engineering, (b) their nanometer and micrometer-
sized organization, (c) the transition from functional 

to multifunctional hybrids, and (d) their combination 
with bioactive components [1]. 

The purpose of these materials is to generate 
desirable properties and functionalities by combining 
both organic and inorganic components. The aim is to 
enhance or highlight beneficial traits while 
simultaneously minimizing or eliminating negative 
properties or effects. The process involves mixing a 

polymer with a metal alkoxide and then undergoing 
hydrolysis and condensation reactions, which are 
followed by gelification. The composition, 
processing, and physical properties of materials 
obtained by this method can vary significantly [2]. 

In order to use as a dielectric layer in TFTs and 

OTFT structure, the main requiremnts for materials as 
organic and inorganic species has to have a small 
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number of charge traps, good processability, 
reproducibility and stability against degradation, 
small leakage current and high breakdown potential. 

There are a lot of oxide nanoparticles that are 
considered promotors for dielectric properties such as 
SiO2, ZrO2, Ta2O5, HfO2, etc [3-5]. 

The thermal and mechanical stability of PMMA, 
as well as its high resistivity, suitable dielectric 
constant, and thin film capability, make it an 

excellent choice [6]. 
Molas et al. used hafnium aluminium oxide as 

high k material for dielectric layer in electronic 
devices as non-volatile memories. They obtained very 
low current 10-7 to 10-14 A/cm2 at an electric field 
ranges from 0 to -10 MV/cm [7]. Adjusting the 

zirconium alkoxide concentration in organosiloxane 
embedded in poly(4-vinylphenol) (PVP) determine 
the obtaining of dielectric layer for TFTs with higher 
on/off current ratio, and lower threshold voltage [8]. 
Based on the sol-gel reaction of SiO2 and ZrO2 
nanoparticles in PMMA matrix were obtained thin 

layes for gate dielectrics. The dielectric constant 
values of 2.1, 3.4 and 5.4 have been obtained for 
PMMA, ZrO2-PMMA and SiO2-PMMA films, 
respectively [9]. Thermal silicon dioxide (SiO2, 100 
nm) was used as gate insulator [10] and ITO 
Sourse/Drain electrode (100 nm) was deposited using 

reactive sputter. 
This work reports details of the preparation of 

hybrid materials based on tantalum ethoxide 
embedded in PMMA and presents also the chemical 
reactions that took place to obtain the sol for thin 
film. Here we investigated the electrical behaviour of 

thin films based on Ta2O5-PMMA. 
 

2. Experimental 
 

Reagents. Tantalum ethoxide, Ta(OEt)5, 
precursor (99.9%) was obtained from Cambridge 
Multivalent Ltd. (Cambridge, UK), 

Methylmethacrylate reagent grade 99% (MMA)-
Sigma Aldrich, Ethanol 95%,were used without other 
processing steps. 

Preparation of sols and thin films. Sols based 
on molecular precursors were obtained by mixing the 
metallic alkoxide of tantalum in an alcohol solution 

and the metallic oxide was generated in situ using 
tantalum ethoxide as a molecular precursor. For 
polymer was used the molecular monomer 
methylmethacrylate which was polymerised after the 
chemical reaction with the alkoxide (at a temperature 
and in UV light). For the production of Ta (Oet) 5-

PMMA hybrid soil, tantalum ethoxide 99.99% (low 

Cl) was used. Hybrid films based on Ta2O5-PMMA 
were prepared in two molar ratios 1:1 and 6:1. The 
solutions were prepared by magnetically stirred at 

room temperature. First the solution was deposited on 
a glass substrate to have one and two layers of hybrid 
layers with 100-150 nm thickness. The deposition 
was done by spin-coating method at 2000 rpm for 30 
seconds. 

Thin films characterization. The 

thermogravimetric analysis-TGA and differential 
scanning calorimetry-DSC curves were registered in 
synthetic air (5.0 purity) at 5 K/min. heating rate, 
using Q 5000IR and Q20, respectively. 

The prepared sols, deposited by spin-coating 
were investigated by scanning electron microscopy 

(SEM) using a JEOL JSM-7500F/FA microscope 
from Peabody, MA, JOEL Ltd. USA by top view and 
in cross section to determine the thickness of the 
layer. 

For electrical characterization, were deposited 
by thermal evaporation, aluminium contacts (~100 

nm in thickness) with different areas to have metal–
insulator–metal (MIM). The structure of MIM was 
presented in an older work of author [3, 5, 9] The 
intensity–voltage (I-V), capacitance–voltage (C-V), 
were measured using an Agilent 4156 and HP 4277A 
Analysers, at 1 MHz, from Agilent Technologies. 

 

3. Results and discussion 
 

Chemical reactions. In the first step the 
precursor Ta(OEt)5 and the siloxane agent are 
hydrolysed by the solvent and Ta(OH)5 and Si(OH)2 
instable compounds are formed and immediately are 

condensed and form a complex compound with 
covalent bonds(-(Ta-O-Si )n-). The monomer reacts 
with the free chain from the siloxane agent and form 
new covalent bond as in Figure 1. 

Thermal Analysis. The thermal decomposition 
of the as-prepared sols with different precursors ratios 

and corresponding aged sols, was done from room 
temperature-RT up to 600 oC, shown in Figure 2, was 
investigated for the optimization of the treatment of 
the as-deposed gel thin films. The TGA and DSC of 
the soil is presented for the molar concentration 1:1 
and was carried out in air of purity 5.0 and with a 

heating speed of 5 K/min. The components were 
analysed in individual, binary and ternary systems to 
observe the points at which they modify certain 
properties. The data from the thermo-gravimetric 
analysis were analysed using the TA Analysis 
software and are presented in Figure 2 a(TGA) and b 

(DSC). 
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Fig. 1. Chemical reactions by sol-gel method 
 

 
 

Fig. 2a. TGA-DTG of Ta(OEt)4:PMMA 
 

 
 

Fig. 2b. DSC of Ta(OEt)4:PMMA 
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The tantalum ethoxide has two stages of 
decomposition with the maximum speed at 218 and 
280 oC, the siloxane agent has the maximum 

decomposition speed at 143 oC, the MMA monomer 
shows a volatile behavior starting at room 
temperature up to 90 oC, while the PMMA shows the 
maximum decomposition at 106 oC, the 
decomposition ending at 125 oC. The thermal 
decomposition of the two-component system Ta 

(OEt)5-MPS 1:1, shown in Figure 2a. The 
temperature for the tantalum ethoxide precursor is 
higher in the binary system than for individual 
systems. This leads us to the idea that in the binary 
system, new links were formed between the alkoxide 
precursor and the Si-O-Ta covalent bonding agent, 

bonds that are much stronger and breaking at higher 
temperatures. 

From Figure 2b, we observe an endothermic 
peak at 187 oC and two exothermic peaks due to 
crystallization occurring between 270 and 330 oC. 

The temperature difference between the TG and DSC 
analysis is attributed to the type of crucible in which 
the analysis takes place. For TGA was used a crucible 
made of open Pt, and for the analysis DSC was used 
coated aluminium crucible. 

SEM analysis. The SEM images (Figure 3) on 

both films display uniform morphology without phase 
separation between the organic and inorganic 
components. The very smooth interface between the 
Ta layer and the hybrid film, but the more irregular 
interface between the hybrid film and Al electrode 
can be observed, the latter reproducing the surface 

roughness of the hybrid polymer. 

 

    
                                                 a                                                                               b 
 

Fig. 3. Top view(a) and cross sections (b) SEM images of Ta(OEt)5: PMMA 1:1 hybrid thin films 
 

Electrical properties of thin films. The I-V 
curves show leakage current densities of 10 -10 to 10-7 
A at electrical field strengths of 0.3 MV/cm and a 

constant capacitance in the bias range of ±40 V. 
There are some areas on the top of the sample where 
the electrode was breakdown, due to the pressing 
needle. 
 

 
 

Fig. 4. I-V characteristics for PMMA layer 
 

The C–V curves of the investigated films are 
presented in Fig. 5. The permittivity of the hybrid 
films were determined from C–V measurements at 1 

MHz to be 3.5 for the 1:1 molar ratio of 
Ta(OEt)5:MMA. The values were determined in the 
voltage range from -40 to +40 V, at 1 MHz. The 
dielectric permittivity of a material is proportional to 
its electronic polarization. 
 

 
 

Fig. 5. C-V characteristics for PMMA layer 
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The measurements showed a dielectric 
behaviour enough homogenous without breakdown 
leakage. The values of dielectric constant measured 

on different electrodes area varied from 3 to 4 as in 
Table 1. 

 

Table 1. Electrical capacitance and dielectric values of PMMA layer for different electrodes area 
 

Electrode area 

*10-4 cm2 

Electrical capacitance C (F) *10-11 
εr εr m 

Position 1 Position 2 Position 3 

2.054 (K1) 41.23 39.04 44.65 3 

3.5 
8.043 (K2) 2.135 2.765 1.904 3.7 

32.17 (K3) 4.312 4.657 4.281 3.3 

128.7 (K4) 0.1949 1.3435 0.3971 4 

 

4. Conclusions 
 

The preparation of Ta(OEt)5:PMMA hybrid 
dielectric thin films for transparent and flexible 
electronics was successfully done using sol-gel 
methods at 160 °C. Hybrid homogenous films that 
contain Ta2O5 and PMMA were made to function as 
dielectrics for MIM stacks with thickness around 400 

nm. From CV electrical data, was determined the 
permittivity if thin layer between 3 and 4 at1MHz. 
The values for the leakage current are between 10 -10 
and to 10-7 A. The results measured lead us that we 
can use tantalum oxide in polymer matrix for 
electronic devices as thin film transistors with flexible 

and transparent properties. 
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