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Introduction 

 

Physical vapour deposition (PVD) is a ubiquitous technique in today's world, widely 

used to manufacture thin films and improve the physical and chemical properties of materials. 

PVD is used extensively on an industrial scale and is combined with various methods to 

produce coatings with superior properties. Recent developments in nanoscience have made this 

technique increasingly useful for producing coatings with the desired microstructure and 

properties. Ongoing research and development of coatings and thin-film materials have 

evaluated their chemical and structural composition. This has led to the development of thin 

films and coatings that focus more on improving thin-film materials and determining optimal 

processing techniques to reduce the consumption of toxic substances. materials and reducing 

energy consumption during the processing of these materials. 

 

As mentioned earlier, coatings have found a wide range of applications in both 

protective and decorative areas. However, the history of coatings shows that they have been 

used mainly for ornamental and decorative purposes. These coatings were made on walls and 

other ornaments to enhance their beauty and improve their functionality through artistic 

features and paintings. The coatings included edible natural polymer species such as earth 

pigments and synthetic oils. 

 

PVD technology is very versatile, allowing the deposition of any type of inorganic 

material such as metals, alloys, compounds and mixtures, as well as some organic materials. 

Coatings are generally used to improve hardness, wear resistance and oxidation resistance. 

Thus, coatings are used in a wide range of applications such as: aerospace, automotive, 

surgical/medical, dyes and dies for all kinds of material processing, cutting tools, firearms, 

optics, watches, thin films (window tints, food packaging, etc.) and in the textile industry. 

 

Corrosion protection of metals is a very important issue from an economic point of 

view and for its environmental implications. Corrosion prevents the widespread use of some 

interesting materials, such as magnesium alloys, in strategic applications such as transport and 

aerospace, and therefore many studies have been carried out to develop corrosion prevention 

strategies. 
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Based on these data, the research carried out in the PhD thesis aimed to obtain new 

oxide layer and multilayer architectures of Al2O3, ZrO2 and TiO2, capable of responding to 

thermo-chemical corrosion stresses. The coatings were obtained using the EB-PVD electron 

beam vacuum deposition combinatorial method, with a particular focus on the development of 

new components for thermal equipment operating under extreme environmental conditions. 

Thus, specific analyses and corrosion tests carried out under laboratory conditions 

revealed the chemical, morphological and structural characteristics of multilayer oxide 

architectures obtained by the EB-PVD method using scanning electron microscopy (SEM/ 

EDS), thin film adhesion testing by scratch test method and X-ray diffraction (XRD). 

The thesis is structured in 9 chapters with 32 tables, 321 figures and 134 bibliographical 

references. 

Chapter 1 entitled "Survey of national and international research on the 

production of thin coatings in the field of the PhD topic" contains general information from 

the literature on methods and techniques for obtaining TiO2, ZrO2 and Al2O3 based oxide 

coatings and their possible applications in industrial processes.  

Chapter 2 entitled "Mechanisms and forms of corrosion in steels" contains 

information on the main forms of degradation or deterioration of some materials, usually 

metals, over time when, due to exposure to the environment oxygen and water lead to the 

formation of hydrated oxides, leading to the appearance of the corrosion process. This chapter 

also briefly describes the main types of corrosion occurring in steels and the importance of 

corrosion control of metals and alloys and their protection. 

Chapter 3 called "Research objectives and methodology" contains information about 

the main objectives of the PhD thesis, the equipment used in the realization of oxide thin films 

layer and multilayer of Al2O3, ZrO2 doped with rare earth oxides and TiO2, as well as the 

research methodology and experimental design. 

Chapter 4 entitled "Thermodynamic modeling, obtaining and characterization of 

doped ZrO2 nanostructured powder" includes, predictive thermodynamic calculations using 

specialized software as well as literature data; (HSC v.9-Outokumpu Finland, MATCALC-

access on line to ENEA Rome network) and recent electronic database (NIST Phase Diagrams 

2016-multiple license purchased from American Ceramic Society) as well as thermodynamic 

modeling by hydrothermal synthesis. 

Chapter 5 entitled "Obtaining and characterization of multilayer oxide 

architectures of type Al2O3; Y2O3-doped ZrO2; La2Zr2O3; Ce2O3, obtained by 
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combinatorial EB-PVD method" covers the obtaining of three types of multilayer oxide 

coatings of type Al2O3, Y2O3-doped ZrO2; La2Zr2O3; Ce2O3, on 316L stainless steel substrate. 

Evaluation of the performance of the obtained oxide architectures was performed by carrying 

out tests on structure and morphology investigation by scanning electron microscopy (SEM - 

EDS) using X-ray diffraction (XRD) measurements. The determination of the adhesion of the 

obtained coatings was performed using the Test Scrach method, and the electrochemical 

corrosion studies were carried out at room temperature in an ASTM corrosion cell with a 

volume of 1L in the electrolyte solution used was NaCl of different concentrations, respectively 

0.06M, 0.2M, 0.4M and 0.6M. 

Chapter 6 entitled "Obtaining and characterizing multilayer oxide architectures of 

type: NiCrAlY - Al2O3 and CeO2 - doped ZrO2 obtained by combinatorial EB-PVD 

method" covers the obtaining of multilayer oxide architectures of the type Al2O3, CeO2-doped 

ZrO2, on austenitic 304L stainless steel substrate. The oxide coatings obtained were achieved 

by sandwiching a CeO2-doped ZrO2 interlayer between the NiCrAlY steel layer and the Al2O3 

surface layer. Investigation of the coating structure and morphology was carried out by 

scanning electron microscopy (SEM - EDS) and X-ray diffraction (XRD) measurements. 

Determination of the adhesion of the obtained coatings was performed using the Test Scrach 

method, and electrochemical corrosion studies were carried out at room temperature, in an 

ASTM corrosion cell with a volume of 1 L. The electrolyte solution used was H2SO4 1N, the 

experiments were carried out after 60 minutes of immersion of the electrodes in the electrolyte 

solution studied. The procedure by which the experiments were conducted was linear 

polarization. 

Chapter 7 entitled "Obtaining and characterization of experimental NiCrAlY - 

Al2O3 type experimental patterns on austenitic 316L stainless steel substrate by EB-PVD 

method intended for corrosion in molten Pb" covers the obtaining of multilayer Al2O3 type 

oxide architectures on austenitic 316L stainless steel substrate. The investigation of the coating 

structure and morphology was carried out by scanning electron microscopy (SEM - EDS) and 

X-ray diffraction (XRD) measurements. The adhesion test of the obtained coatings was 

performed using the Test Scrach method.The corrosion behaviour of NiCrAlY and Al2O3 

multilayer oxide architectures on 316L stainless steel substrate was determined in highly 

corrosive environment (molten Pb). Corrosion tests were performed in liquid lead at 400 0C, 

450 0C, and 500 0C,  on 316L stainless steel. Short-term corrosion tests were also performed 
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on coated and uncoated AISI 316L steel at 550 0C,. Corrosion tests were carried out in stagnant 

lead without oxygen control system according to conditions - ICN Pitesti. 

Chapter 8 entitled "Obtaining layered and multilayer oxide architectures of the 

type ZrO2Ce - LZO - GZO -TiO2, Al2O3 - LZO - GZO, Al2O3,  Al2O3 -TiO2, Al2O3 - LZO 

- GZO -TiO2, Al2O3 -YSZ - LZO- GZO" covers obtaining multilayer oxide architectures on 

austenitic 304L stainless steel substrate by the EB-PVD method. The coatings were realized 

with and without NiCrAlY, Al2O3, using ZrO2 doped with various rare earth oxides (R- La, Ga, 

Y) and TiO2. The investigation of the coating structure and morphology was performed by 

scanning electron microscopy (SEM - EDS) and X-ray diffraction (XRD) measurements. The 

determination of the adhesion of the obtained coatings was performed using the Test Scrach 

method, and the electrochemical corrosion studies were carried out at room temperature, in an 

ASTM corrosion cell with a volume of 1 L. The electrolyte solution used was H2SO4 1N, the 

experiments were carried out after 60 minutes of immersion of the electrodes in the studied 

electrolyte solution.  

Chapter 9 entitled "Final conclusions, original contributions and future 

perspectives" highlights how to obtain multilayer oxide architectures by the EB - PVD 

cobinatorial method and the resistance of the coatings to the corrosion process in different 

environments. Thus, oxide layer and multilayer architectures were obtained using NiCrAlY 

alloy as an adhesion layer. For the oxide coatings, Amperite 740 – Al2O3, ZrO2 doped with rare 

earth oxides ( LZO, GZO,YSZ) obtained by hydrothermal synthesis and TiO2 were used. The 

substrate used for deposition was 304L and 316L austenitic stainless steel, which was 

previously cleaned and degreased in isopropyl alcohol and acetone solution by ultrasonication.  

The obtained oxide architectures were characterized using X-ray diffraction (XRD) 

measurements, scanning electron microscopy (SEM - EDS), Test Scrach method. The 

performances of the coatings were tested by corrosion in different solutions and media: NaCl 

solution of different concentrations, respectively 0.06M, 0.2M, 0.4M and 0.6M, molten Pb 

according to ICN-Pitesti conditions and 1N H2SO4 solution. By comparing the oxide coatings 

obtained by the EB-eam method, the advantages of using layer and multilayer oxide 

architectures on different austenitic 304L and 316L stainless steel substrates were 

demonstrated. Thus, dense coatings with low porosity and high improvement in the protection 

of austenitic stainless steel against corrosion process were obtained. 

Following the own results obtained in the PhD thesis and the collaboration of data from 

the literature in the future it would be of interest to continue research in the development of 
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new multilayer oxide architectures on other types of thin coatings that can find their 

applicability in industry for extreme conditions in correlation with strategic areas of 

development of unconventional energy equipment and systems. 

 

Chapter 1 

CURRENT STUDY OF NATIONAL AND INTERNATIONAL 

RESEARCH ON THIN FILMS IN THE FIELD OF THE PHD TOPIC 

 

1.1 General considerations 

The need to increase the life of components by protecting their surfaces from wear and 

corrosion has accelerated the development of new surface studies in mechanical engineering. 

Initially, some design changes were made to overcome the above mentioned problem. 

Nowadays, several techniques are used that allow the modification of surface characteristics 

such as wear resistance properties by depositing ultra-hard thin films, usually called coatings. 

The use of coatings improves the behaviour of the surface to abrasion, erosion, adhesion or 

fatigue, protecting it against corrosion, improves the surface appearance, decreases residual 

stresses and friction coefficients as well as chemical stability. Because of the importance of 

these aspects, many researchers have carried out extensive studies in the field of mathematical 

modelling and numerical simulation of coatings. There are also studies on the thermal 

conductivity of coatings, since the thermal conductivity of substrates is a characteristic that 

influences the performance of the mechanical properties of coatings. In these studies, it is very 

important to consider the correct interpretation of thermal and mechanical analyses. Other 

studies, such as the improvement of thermal insulation behavior of thermal barrier coatings, 

vapor behavior from material and gas deposition, plasma enhancement by optimizing the 

vacuum system or the study of the collision process between target and substrate, have also 

been performed using Computational Fluid Dynamics (CFD) numerical simulation [1]. 

 

Physical vacuum deposition is a well-established coating. that has been vigorously 

exploited by many industries such as electronics, optics and decorative coatings. In addition, 

recent advances make new applications in physical vapour deposition possible in other 

industries. By examining past and present developments in physical vapour deposition, we can 

make a realistic assessment of its potential for the future [2-3]. 
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Thin film deposition is the process of creating and depositing thin films on a material 

substrate. These coatings can be made from many different materials. Thin film coatings also 

have many different characteristics that are used to modify or improve a particular element of 

the substrate's performance. "Thin" is, of course, a relative coating, but in most cases thin-film 

deposition techniques are designed to produce coatings only tens of nanometres thick. At 

present, thin films are commonly thought of in relation to semiconductors. However, thin films 

are important in a multitude of other areas where layers of micron thickness are needed. Thin 

films are important because they modify the surface interactions of the substrate with new bulk 

substrate properties. Thin films have a range of properties and uses depending on the 

application areas: 

 

 

Fig. 1.1.  Areas of use for thin films 

 

1.2. Classification of thin film deposition processes 

Over the years, various materials have been synthesised as thin films because of their 

potential technological importance and scientific interest in their properties. These have a very 

wide range of applications and range from nanostructures to the most reliable and cost-effective 

thin film coatings. Depending on the nature of the deposition process, the techniques used to 

make thin films (thin film deposition), can be classified into two groups, namely, physical and 

chemical deposition processes [10]. 
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Fig. 1.2. Thin film deposition (PVD) techniques [10]. 

 

1.3. Physical vapour deposition (PVD) method  

PVD means physical vapour deposition. PVD coating refers to a variety of thin-film 

deposition techniques in which a solid layer, a solid material, is vaporised in a vacuum medium 

and deposited on substrates as a coating layer of pure material or alloy composition. This 

evaporates or sputters a material, producing a gaseous column or beam that deposits a film on 

the substrate. Coatings created in this way are very durable and resistant to scratches and 

corrosion. PVD is useful in the production of devices ranging from solar cells to glasses and 

semiconductors [11]. 

 

Chapter 2 

MECHANISMS AND FORMS OF CORROSION IN STEELS 

2.1. General notions on mechanisms and forms of corrosion in steels  

Corrosion is a natural process, which is defined as the degradation or deterioration of a 

substance and/or its properties, usually a metal, over a period of time due to exposure to the 

environment [57]. It is an exergonic process because the metal tends to the lowest possible 

energy state. Therefore, metals such as aluminium and steel have a natural tendency to return 

to their lowest energy state when they combine with oxygen and water to form hydrated oxides 

of aluminium and iron (corrosion products). These corrosion products are the final state of 

processed metals that degrade over time when exposed to weathering. Thus, the life cycle from 

mining ores and processed, to industrial products and finally back to the natural state. 
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 The environment to which metals are exposed consists of the entire environment in contact 

with the metal. The main factors used to describe the environment are 

- the physical state of the environment, whether gaseous, liquid or solid;  

- chemical composition, which includes constituents and concentrations; 

- temperature. 

2.2. Identification of different forms of corrosion 

The different forms of corrosion are corrosion phenomena classified according to their 

appearance. The three categories are: 

- Group 1: easy to identify by ordinary visual examination; 

- Group 2: may require additional means of examination; 

- Group 3: verification is usually required by microscopy (optical, electron microscopy, etc.). 

 

Fig.  2.2.  Statistica distributiei a diferitelor tipuri de coroziune pe plan Mondial [65]. 

2.4. Types of corrosion 

Corrosion damage can occur in several ways, e.g., cracking failure, loss of strength, etc. 

Forms of corrosion are: uniform attack, galvanic corrosion, erosion corrosion, stress corrosion, 

crevice corrosion, erosion corrosion and intergranular corrosion [68, 69]. 

2.4.1. Uniform corrosion 
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Uniform corrosion is the attack of a metal at essentially the same rate in all exposed areas 

of its surface (Fig.1). At no point is the penetration of the metal by corrosion twice the average 

rate. Rusting of steel in the atmosphere and corrosion of copper alloys in seawater are common 

examples where uniform corrosion is usually encountered. Steel immersed in seawater also 

undergoes uniform corrosion, but may also undergo non-uniform attack under certain 

circumstances [68]. 

 

Fig.  2.3.  Uniform metal attack  [68]. 

2.6.  Corrosion protection with steel coatings 

Corrosion protection is probably the largest application area for coatings, both in terms 

of total areas covered and volume of business. The real costs of corrosion damage are estimated 

at around 3-4% of a country's gross domestic product (GDP) per year. [81]. 

The two-year global study, released at the CORROSION 2016 conference in Vancouver, 

B.C., examined the economics of corrosion and the role of corrosion management in 

establishing industry best practices.  

The annual cost of corrosion globally, according to the study by NACE International, is 

$2.5 trillion (approximately 3.4% of global GDP). The study found that implementing 

corrosion prevention best practices could result in global savings of 15-35% of this cost ($375-

$875 billion).  Corrosion prevention would improve the service life and durability of structures, 

significantly avoiding premature destruction of the structure and losses associated with periodic 

inspections. [82] 
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Fig. 2.11. Cost of corrosion infrastructure [82].  

 

Chapter 3 

RESEARCH OBJECTIVES AND METHODOLOGY 

 

3.1.   Objectives of the PhD thesis  

The main objective of the thesis is to select the development and realization of Al2O3, 

ZrO2 and TiO2 based oxide layer and multilayer architectures, obtained by the EB-PVD 

combinatorial process, capable of responding to thermo-chemical corrosion stresses, with 

potential applications in the development of new components for thermal equipment operating 

under extreme environmental conditions. Advanced multi-layer nanostructured material 

solutions will thus be designed to provide partial or total replacement of super-refractory alloys 

with high content of critical materials (Cr, Ni, Mo) currently used in such applications. 

In order to achieve the main objective of the PhD thesis, the following scientific and technical 

objectives have been considered: 

▪ Specific selection of the required materials used as substrate-support on which Al2O3, 

ZrO2 and TiO2 based oxide layer and multilayer architectures will be deposited by the 

EB-PVD combinatorial method; 

▪ Design of Al2O3, ZrO2 and TiO2 based layered and multilayered oxide materials and 

architectures for extreme temperature and corrosion conditions by predictive 
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thermodynamic calculations using specialized software and literature data; (HSC v.9-

Outokumpu Finland, MATCALC-access on line to ENEA Rome network) and recent 

electronic database (NIST Phase Diagrams 2016-multiple license purchased from 

American Ceramic Society). 

▪ Obtaining multilayer oxide architectures such as Al2O3; Y2O3 - doped ZrO2; Ce2O3 -

doped ZrO2; La2Zr2O7 on 316L austenitic stainless steel substrate by combinatorial EB-

PVD method and demonstrating the proposed concept by corrosion testing of oxide 

architectures obtained in NaCl electrolyte solution of different concentrations, i.e. 

0.06M, 0.2M, 0.4M and 0.6M, according to ASTM G61-86 standard (Reapproved 

2003); 

▪ Obtaining multilayer oxide architectures such as Al2O3, ZrO2 doped with rare earth 

oxides (CeO2; Nd2O3; La2O3; GdO3), on austenitic 304L stainless steel substrate by 

combinatorial EB-PVD method and corrosion testing of oxide architectures obtained in 

1N H2SO4 solution.  

▪ Obtaining experimental models of Al2O3 layer oxide architectures samples on 316L 

austenitic stainless steel substrate by the EB-PVD combinatorial method and 

demonstrating the proposed concept by performing corrosion tests in molten lead at 

ICN Pitesti. 

▪ Obtaining of layered and multilayer oxide architectures such as: layer of needles 

(NiCrAlY) - LZO - GZO -TiO2, Al2O3- LZO - GZO, Al2O3, Al2O3-TiO2, Al2O3 - LZO 

- GZO-TiO2, Al2O3-YSZ - LZO- GZO on 304L austenitic stainless steel substrate by 

combinatorial EB-PVD method and corrosion testing of the obtained oxide 

architectures in 1N H 2SO4 solution. 

Chapter 4 

THERMODYNAMIC MODELING, OBTAINING AND 

CHARACTERIZATION OF DOPED ZrO2 NANOSTRUCTURED 

POWDER 

4.1. Thermodynamic modeling of the hydrothermal synthesis processes of ZrO2 doped 

with Y2O3  
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Three polymorphic forms, namely monoclinic (m), tetragonal (t) and cubic (c), can be 

accepted for pure zirconium dioxide, which can be obtained by temperature and composition 

ranges at steady state for pure zirconium. At temperatures below 1100 °C, pure ZrO2 has a 

monoclinic (m) structure. By heating between 1100 °C and 2370 °C, the monoclinic form 

transforms into a tetragonal phase, and at temperatures between 2370 °C and 2706 °C it exists 

as a cubic phase. The two tetragonal and cubic phases can be stabilised at low temperatures by 

introducing additives. 

To date, several techniques have been developed for the preparation of doped ZrO2 such as sol-

gel method, co-precipitation, colloidal synthesis and hydrothermal method. Studies have 

shown that 3%Y-doped zirconium has excellent thermal barrier, anti-corrosion and wear 

resistance properties. [124]. 

The formation of ZrO2 under hydrothermal conditions occurs by stepwise hydrolysis of ionic 

species through valence reduction: 

Zr4+ > Zr(OH)3+ > Zr(OH)22+ > Zr(OH)3+ > Zr(OH)4. 

 

Fig. 4.2.  Pourbaix diagram for the Zr-Y-O-H system at 250 0C. 
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4.2. Thermodynamic modelling of hydrothermal synthesis processes of La2Zr2O7 

  

Figures 4.3. and 4.4. show the Pourbaix diagram of the La-O-H system at room 

temperature and under hydrothermal conditions at 250 0C. 

 

Fig. 4.3. Pourbaix diagram for the La-O-H system at 25 0C. 

 

Fig. 4.4. Pourbaix diagram for the La-O-H system at 250 0C. 

Increasing the solution temperature leads to increasing the stability of the solid species 

La(OH)3 over a wider pH range. At room temperature solid species formation occurs in the 

pH range = 8÷14 and under hydrothermal conditions solid species formation in the pH range 

= 5÷14. 
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4.4. Physico-chemical and structural characterization of doped ZrO2 powder obtained 

by hydrothermal synthesis 

For the characterization of oxide powders obtained by hydrothermal synthesis at 

INCDMNR-IMNR, a complex methodology has been established to determine the chemical 

and structural composition, by applying various methods of analysis: ICP-OES, DSC-TG, 

XRD, SEM-EDX.  

Quantitative chemical analysis by inductively coupled plasma optical emission 

spectrometry (ICP-OES) method according to ASTM E 1479-16 standard was carried out on 

an equipment type Agilent 725-Agilent Technology USA, on the powders for oxide materials 

obtained, the elements: Zr; La; Y; Ce were determined. The results of this analysis are presented 

in Table 4. 

Table 4.1. Quantitative chemical analysis on powder samples of the tested oxide 

materials ZrO28%MY2O3, ZrO28%MCe2O3, La2Zr2O7. 

Sample 

code 

Sample name UM 

% 

Zr La Y Ce 

LZ - PN1 Powder ZrO2 + La 21,32 31,44 - - 

ZrO2 - 8Y Powder ZrO2 + Y 49,36 - 8,32 - 

ZrO2 – 8 

Ce 
Powder ZrO2 + Ce 48 - - 8,21 

 

 

 

Fig. 4.14. SEM image at 1500 X for LZ oxide material and EDS point selection 
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Fig. 4.16. SEM image at 6000 X for ZrO2 - 8Y oxide material  and EDS point selection 

 

Fig. 4.18. SEM image at 1500 X for ZrO2 - 8Ce oxide material and EDS point selection 

Chapter 5 

OBTAINING AND CHARACTERIZING MULTILAYER OXIDE 

ARCHITECTURES OF THE TYPE Al2O3; ZrO2 DOPED WITH Y2O3; 

Ce2O3; La 2ZrO OBTAINED BY THE COMBINATORIAL EB-PVD 

METHOD 

5.1.  Obtaining multilayer oxide architectures Al2O3; ZrO2 doped with Y2O3; Ce2O3; 

La2Zr2O7, on 316 L stainless steel substrate by EB-PVD method 

        In order to obtain multilayer oxide architectures such as Al2O3; ZrO2 doped with Y2O3; 

Ce2O3; LaZr2O, 316L stainless steel plates with dimensions of 30x50x2 mm were used as 

substrate, which were previously cleaned and degreased in an isopropyl alcohol/acetone bath, 

using ultrasound at the same time (Figure 3.9.) [127-131]. 

          The substrates thus cleaned, were subsequently fixed in a device that is coupled to a 

rotating mechanism, which rotates at 20 rpm during the coating process, heating the parts 
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(substrates) with a parabolic surface heater to a temperature of ca. 400o C in a vacuum of 

approx. 10 -7 Torr. 

 

Fig. 5.3. EB-PVD deposition sample of acrosium (NiCrAlY) and Al2O3 

5.2. Characterization of the obtained multilayer oxide architectures: EB - PVD 

deposition samples of acrosium (NiCrAlY) and Al2O3 and ZrO2 doped Y2O3; 

La2Zr2O7; surface layer: ZrO2 doped with Ce2O3 on 316 L stainless steel substrate 

by EB - PVD method 

In order to characterize the experimental patterns of multilayer oxide deposition on 316L 

stainless steel substrate obtained by EB-PVD, the samples were labelled and then a complex 

investigation methodology was established by applying different analysis methods: SEM-

EDX, X-ray diffraction test, scrach test. 

 

Fig. 5.5. EDS spectrum for the sample obtained by the EB- PVD- acros (NiCrAlY) and 

Al2O3 process 
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Fig. 5.6. SEM cross-sectional image at 10. 000 X for acrosium (NiCrAlY) and Al2O3 oxide 

material 

SEM and EDS surface microstructural appearance of deposition samples: acros layer and oxide 

multilayers Al2O3 and ZrO2 doped Y2O3; La2Zr2O7; surface layer: ZrO2 doped with Ce2O3 on 

316L stainless steel substrate obtained by EB-PVD process can be seen in Figure 5.8. 

 

Fig. 5.8. EDS spectrum for the sample obtained by the EB- PVD- acros (NiCrAlY) and 

Al2O3 and ZrO2 doped Y2O3; La2Zr2O7; surface layer: ZrO2 doped with Ce2O3. 

 

Fig. 5.9 SEM cross-sectional image at 10.000 X magnifications for acrosstalk oxide 

material (NiCrAlY) and Al2O3 and ZrO2 doped Y2O3; La2Zr2O7; surface layer: ZrO2 doped 

with Ce2O3 on 316L stainless steel substrate. 
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Scanning electron microscopy images indicate the morphological and structural 

appearance of the samples studied.  It can be observed the growth size on 316L stainless steel 

substrate of columnar gratings of oxide compounds such as: Al2O3 and ZrO2 doped Y2O3; ; 

La2Zr2O7; surface layer: ZrO2 doped with Ce2O3, resulting from thermal evaporation process 

with E-beam. The microscopic heterogeneous aspect of the material structure resulting from 

the deposition is also shown. As shown in Figure 5.6., the shape of the deposited layer is 

highlighted as well as the diameter ranging from 755.4 - 863.3 nm having the acrose layer and 

the Al2O3 layer having a thickness of about 12 µm. The EDS spectra of the sample obtained by 

the EB- PVD- Acrochrome (NiCrAlY) and Al2O3 process confirmed the presence of these 

elements. 

Chapter 6 

OBTAINING AND CHARACTERISING MULTISTRATE OXIDE 

ARCHITECTURES OF TYPE: NiCrAlY - ZrO2 DOPED WITH CeO2 and 

Al2O3 BY COMBINATORIAL EB-PVD METHOD 

6.1.  Obtaining multilayer NiCrAlY- ZrO2 multilayer oxide architectures doped with 

CeO2 and Al2O3 on 304 L stainless steel substrate by EB-PVD method 

         Analysing the results obtained from the preliminary experiments carried out in Chapter 5 

of this PhD thesis, three changes have been established for this chapter, which will be carried 

out in the structure of the submission of these materials, namely:  

- the use of austenitic 304L stainless steel as substrate; 

- the intercalation of an intermediate layer between the NiCrAlY steel layer and the CeO2 -

doped ZrO2 surface layer; 

- Al2O3 (Amperit 740) surface layer. 

In order to obtain multilayer oxide architectures of the type NiCrAlY- ZrO2 doped CeO2 

- Al2O3; ZrO2 doped, 304L stainless steel plates of the following dimensions were used: 

30x50x2 mm, respectively 55x55x2 mm, which were previously cleaned and degreased in an 

isopropyl alcohol/acetone bath, using ultrasound at the same time. 

          The cleaned substrates were then fixed in a device that was coupled to a rotating 

mechanism. 
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Fig. 6.1. 304L stainless steel substrates cleaned and fixed to the device.. 

After completion of the E-beam deposition experiments, the samples were unloaded 

from the multiple electron flow deposition facility Fig.3.1. and subsequently marked in 

preparation for analysis. Figures 6.1 and 6.2. show aspects at the completion of these EB-PVD 

deposition experiments. 

 

Fig. 6.3. EB - PVD deposition samples of acrosium (NiCrAlY) and CeO2 -doped ZrO2 

                              

Fig. 6.4 EB- PVD deposition samples of (NiCrAlY)- ZrO2 doped with CeO2 -Al 2O3 
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6.3.  Electrochemical corrosion resistance testing of multi-layered oxide architectures 

of NiCrAlY – ZrO2 doped with CeO2 and Al2O3 on 304 L stainless steel substrate 

obtained by EB-PVD method  

Electrochemical corrosion studies were carried out at room temperature in a flat corrosion 

cell (Figure 3.5), equipped with 3 electrodes: working electrode - material to be analysed, 

exposed surface 16.9 cm2; reference electrode - Ag/AgCl in 3M KCl solution; counter 

electrode - 316 stainless steel. The 3 electrodes are coupled to a PGSTAT 128N Autolab 

potentiostat/galvanostat (Methrom) connected to a computer with NOVA 2.1 software. 

The electrolyte solution used was 1N H2SO4, according to ASTM G5-14 standard. [129]. 

The experiments were carried out after 60 minutes of immersion of the electrodes in the 

electrolyte solution studied. 

In this chapter of the PhD thesis the corrosion resistance of the following types of 

coatings on 304L stainless steel substrate was studied for the following samples: 

- P0 (304L stainless steel (uncoated); 

- P1 stainless steel 304L- NiCrAlY- ZrO2 doped with CeO2; 

- P5 stainless steel 304L- NiCrAlY - ZrO2 doped with CeO2 - Al2O3; 

- P2 stainless steel 304L- NiCrAlY- ZrO2 doped with CeO2; 

- P6 stainless steel 304L- NiCrAlY -ZrO2 doped with CeO2 - Al2O3. 

Figures 6.22 - 6.23. show the Tafel curves in 1N H2SO4 electrolyte solution. 

 

Fig. 6.22. Tafel curve in 1N H2SO4 electrolyte solution for samples P0, P1, P5. 
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6.4. Surface morphology characterization of samples P0 (stainless steel 304L 

(uncoated), P1 and P5 after corrosion in 1N H2SO4 solution by SEM method 

In order to highlight the morpho-structural aspect of the samples after the corrosion 

process in 1N H2SO4 solution, samples P0 (304L stainless steel (uncoated) and one sample with 

different coatings from the other samples were investigated, namely sample P1 304L stainless 

steel - NiCrAlY - ZrO2 doped with CeO2 and sample P5 304L stainless steel - NiCrAlY – ZrO2 

doped with CeO2 - Al2O3. Microstructural investigation of the samples was performed by 

scanning electron microscopy (SEM), type FEI Qanta 250, Fig. 3.17. present in the analytical 

laboratory of IMNR. 

Figure 6.17. shows the SEM micrograph of sample P0 - uncoated stainless steel taken on the 

surface and in section: 

 

Fig. 6.17. SEM images at surface and cross-sectional re-sampled sizes (M= 5000 X 

,10.000X) for sample P0 - uncoated stainless steel 

Figure 6.18. shows the SEM micrograph of sample P1 - 304L stainless steel coated with 

NiCrAlY- ZrO2 steel doped with CeO2 on the surface and in section: 

 

Fig. 6.18. SEM images at surface and cross-sectional re-samples (M= 5000 X ,10.000 X) for 

sample P1- 304L stainless steel coated with NiCrAlY- ZrO2 doped with CeO2 
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Fig. 6.19. SEM images at surface and cross-sectional re-scaled (M= 5000 X ,10.000 X) for 

sample P1- 304L stainless steel coated with NiCrAlY- ZrO2 doped with CeO2 - Al2O3 

It is observed that samples P1 and P5 characterized by scanning electron microscopy are 

morphologically similar. After the corrosion process, it is observed that in the case of sample 

P2 (304L stainless steel coated ZrO2 doped with CeO2) the sulphuric acid attacks the sample in 

section, the sample is corroded up to the steel layer, while in the case of sample P5 (304L 

stainless steel - ZrO2 doped with CeO2 - Al2O3), it corrodes more at the surface, not being 

attacked by sulphuric acid up to the stainless steel substrate. Moreover, it can be seen from 

Tables 6.2 and 6.3. that the corrosion rates are comparable in order of magnitude for samples 

P1, P2 (stainless steel with zirconia) and P5, P6 (stainless steel with zirconia and alumina). 

V=16.7 mm/year for P1 and 8.6 mm/year for P5, respectively V=15.8 mm/year for P2 and 11.1 

mm/year for P6. 

Chapter 7 

OBTAINING AND CHARACTERISING EXPERIMENTAL Al2O3 TYPE 

MODELS ON AUSTENITIC 316L STAINLESS STEEL SUBSTRATE BY 

THE EB-PVD METHOD FOR FUSED LEAD CORROSION 

7.1. Obtaining experimental models of NiCrAlY and Al2O3 multilayer oxide 

architectures on 316 L stainless steel substrate by EB-PVD method 

For the experimental corrosion patterns in molten Pb obtained by the combinatorial EB-

PVD deposition method, the substrate used in the experiments was austenitic 316L stainless 

steel in the form of 25x12x3 mm pads, which were previously cleaned and degreased in 

isopropyl alcohol/acetone using a thermostated ultrasonic bath (Fig. 3.9.). 
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The substrate plates thus cleaned were then fixed in a device, coupled to the rotating 

mechanism of the E-beam installation, which rotates at 20 rpm during the coating 

process. Fig. 7.1. 

 

Fig. 7.1. Attaching the substrate pads to the device and coupling the device to the 

turning mechanism 

After completion of the E-beam deposition experiments, the samples mounted in the 

device were discharged from the TORR multiple electron flow deposition facility, Model No: 

5X300EB-45KW fig. 3.1. and subsequently marked in preparation for analysis. Figure 7.4. 

shows aspects at the completion of these EB-PVD deposition experiments, on austenitic 316L 

stainless steel substrate, oxide multilayers of the type: NiCrAlY and Al2O3. 

 

Fig.7.5. Experimental models of NiCrAl Y and Al2O3 oxide architectures on austenitic 

316L stainless steel for corrosion in molten Pb 

7.2.  Characterisation of multilayer oxide architectures obtained before corrosion 

testing in liquid Pb 
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Experimental models of sample deposition of NiCrAlY and Al2O3 films(layers) by EB-

PVD on a 316L - austenitic stainless steel substrate (25x12x3 mm) were performed. For the 

characterization of experimental multilayer oxide deposition patterns on 316L stainless steel 

substrate obtained by EB-PVD, a complex investigation methodology was established on 

sample P13 at INCDMNR-IMNR, by applying various methods of analysis: SEM-EDS, scrach 

test, X-ray diffraction. 

The morphological appearance corresponding to sample P13 developed on 316L stainless 

steel support surface using EB-PVD process are shown in Figure 7.6. 

 

Fig.7.6. SEM images at different magnifications (M=5,000 X, 30,000 X) re-sampled on the 

surface for the acrO2 (NiCrAlY) and Al2O3 oxide material of sample P13 and the point 

selected for EDS analysis 

 

Fig. 7.8. SEM images at different magnifications (M=5,000 X, 20,000 X) re-sectioned for the 

acrosstalk (NiCrAlY) and Al2O3 oxide material of sample P13 and selected points for 
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Tabel 7.2. Chemical composition of the sample: NiCrAlY - Al22O3 on 316L stainless steel 

according to EDS point analysis 

 

 

Fig.7.13. SEM images at different magnifications (M=10,000 X, 20,000 X) with 

measurements of the cross-sectionally re-sectioned deposited layers for the acros (NiCrAlY) 

and Al2O3 oxide material of sample P13 and selected points 

Sample P13 NiCrAlY- on 316L stainless steel substrate obtained by EB-PVD process, were 

evaluated by performing a scratch test. The test was carried out with a "Scratch Test 

NANOVEA"- identor for scratching/adhesion: M0-M1250 conical 120 degree 50 micrometers. 

The results are shown in Fig. 7.15. 

 

Punct 

analizat 

  

Chemical composition, % gr. 

O Si Fe Cr Ni C Y Al 

EDS Spot 1 1.2 0,38 69,34 20,45 7,46 - - - 

EDS Spot 2 6,05 - 39,87 8,28 36,18 1.04 1,27 4,78 

EDS Spot 3 - - 45,5 26,80 27,3 - - 2,77 

EDS Spot 4 44       58 
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Fig. 7.15. Adhesion test on P13 NiCrAlY and Al2O3 steel specimen on 316L stainless steel 

substrate obtained by EB-PVD 

7.3. Characterization of oxide architectures for molten lead corrosion testing at ICN 

Pitesti 

Corrosion behaviour of NiCrAlY and Al2O3 multilayer oxide architectures on 316L 

stainless steel substrate was determined in highly corrosive environment (molten Pb).  The 

experimental facility with which the tests were carried out in liquid lead ISTRON - ICN Pitesti 

(fig.3.6.), for which additional facilities have been developed to allow testing in molten lead 

environment. 

The corrosion test was carried out for 500 h and 1000 h at 550°C. Immediately after 

removal of the samples from the melt, the surface of the tested samples remains in some areas 

covered with solidified lead (Figures 7.13 - 7.14). From the visual appearance, it can be seen 

that the bare samples are covered with a large amount of solidified lead compared to the coated 

samples. 

 

Fig. 7.13. Samples tested in liquid Pb at 550°C for 500 h 

 

 

Fig. 7.14. Samples tested in liquid Pb at 550°C for 1000 h 

An Olympus GX71 microscope was used to analyse the surface of the samples, the 

thickness of the oxide layer formed or the integrity of the coating after exposure. For this 
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reason, some specimens were cut in cross-section. The images in Figure 7.15. show that lead 

did not penetrate the steel substrate and that the structural integrity of the material is not 

affected after 500 hours of exposure. 

 

 

Fig. 7.15.  Cross section of an uncoated 316 L stainless steel sample tested for 500 hours in 

liquid lead at different size orders: X 200; X 500; X 1000. 

 

However, after 1000 hours of exposure to liquid lead, the uncoated sample shows corrosion 

in the matrix as shown in Figure 7.16. Penetration depths measured at several locations are 

between 2.7 µm and 7.3 µm. 

 

 

Fig. 7.16.  Cross section of an uncoated 316 L stainless steel sample tested for 1000 hours in 

liquid lead at different size orders: X 200; X 1000; X 2000. 

Figure 7.17 shows that after 500 hours of testing in liquid lead at 550°C, the 316L sample shell 

is still intact, adherent and compact. The coating thickness measured with an x2000 

magnification microscope after the molten lead test was about 3.0 um for the interlayer and 5.2 

um for the alumina layer. 
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Fig. 7.17.  Cross section of a 316 L stainless steel coated specimen tested for 500 hours in 

liquid lead at different size orders: X 240; X 1000; X 2000. 

Even after 1000 hours of exposure to molten lead, the 316L coated sample still shows a 

continuous, intact, adherent and compact film, as shown in Figure 7.18. In this case, the 

thicknesses measured after the test were 3.1 µm for the NiCrAlY buffer layer and 5.2 for the 

Al2O3 layer. 

 

 

Fig. 7.18.  Cross section of a 316 L stainless steel coated specimen tested for 1000 hours in 

liquid lead at different size orders: X 500; X 1000; X 2000. 

 

Chapter 8 

OBTAINING AND CHARACTERISING LAYERED AND 

MULTILAYERED OXIDE ARCHITECTURES OF THE TYPES: 

Acros (NiCrAlY) -Al 2O3 - LZO - GZO – TiO2, Al2O3, Al2O3, - LZO - 

GZO, Al2O3,  - TiO2, Al2O3, - LZO - GZO – TiO2, ON 304 L 

STAINLESS STEEL SUBSTRATE BY THE EB-PVD METHOD 

 

8.1. Obtaining experimental models of NiCrAlY- ZrO2 - LZO - GZO - TiO2 multilayer 

oxide architectures by EB-PVD method 
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In order to obtain multilayer oxide architectures of the type: acrosium (NiCrAlY) – Al2O3 

- LZO - GZO -TiO2, 304L stainless steel plates with dimensions of 30x50x2 mm were used as 

substrates, which were previously cleaned and degreased in an isopropyl alcohol/acetone bath, 

using ultrasound at the same time (Figure 3.9.). 

 

Fig. 8.7. EB- PVD deposition samples of (NiCrAlY)- Al2O3 - LZO - GZO -TiO2 

8.2. Characterization of multilayer oxide architectures obtained: EB- PVD acros 

(NiCrAlY) - ZrO2 - Ce - LZO - GZO -TiO2 deposition samples on 304 L stainless 

steel substrate by EB-PVD method 

For the characterization of the experimental multilayer oxide deposition patterns on 304L 

stainless steel substrate obtained by EB-PVD, a complex investigation methodology was 

established, by applying various analysis methods: SEM-EDS, scrach test, X-ray diffraction 

(XRD) and corrosion test. 

Microstructural and microcompositional investigation was performed by scanning 

electron microscopy (SEM) and energy dispersive X-ray microanalysis (EDS) electron 

scanning FEI Qanta 250, Fig. 3.17. present in the analysis laboratory at IMNR. The 

morphological appearance corresponding to the samples developed on the 304L stainless steel 

support surface using the EB-PVD process are shown in Figure 8.8. 
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Fig. 8.8. SEM image at (M=2500; 5,000 X) surface re-sampled magnifications for the 

(NiCrAlY)- Al2O3 - LZO - GZO -TiO2 oxide material. 

 

Fig. 8.10. SEM images at magnifications (M=5000X; 10,000X) with measurements of 

the cross-sectionally re-sectioned deposited layers for the (NiCrAlY)- Al2O3 - LZO - GZO -

TiO2 oxide material. 

Acros (NiCrAlY) - Al 2O3 - LZO - GZO -TiO2 samples on 304L stainless steel substrate 

obtained by the EB-PVD process were evaluated by performing a scratch test. The test was 

carried out with a "NANOVEA Scratch Test" - scratch/adhesion tester: M0-M1250 conical 120 

degrees 50 micrometers. The results are shown in Fig. 8.20. 

 

Fig. 8.12. Adhesion test on the specimen performed on the (NiCrAlY)- Al2O3 - LZO - 

GZO -TiO2 on 304L stainless steel substrate obtained by EB-PVD 
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The friction graph in Figure 8.19. shows the data collected during scratching. During the 

progressive scratching process, an initial load of 1 N was increased in with load in steps of 5 

N/min until the final load of 10 N was reached. The intermediate load was applied over a 

distance of 5 000 mm at a speed of 2.77 (mm/min). As the normal pressing force increased, the 

coating first peeled off cohesively and then adherently. 

 

Fig. 8.13. X-ray diffractogram of EB- PVD (NiCrAlY)- Al2O3 - LZO - GZO -TiO2 sample 

The X-ray diffractogram analysis for the (NiCrAlY)- Al2O3 - LZO - GZO -TiO2 sample 

obtained by the EBPVD method is shown in Fig.8.13. According to these results, it is observed 

that OPR-doped ZrO2 has a tetragonal structure, whose positions are close to those specified 

in ICDD 04-007-2523. TiO2 has a tetragonal structure, whose positions are close to those 

specified in ICDD 01-071-1168. The layers were analysed under various angles of incidence 

to modify the ratio between the substrate and the deposited layer so, for both layers diffraction 

lines with low intensity were detected. It is therefore difficult to assess the exact nature of the 

phases formed. 

8.11. Electrochemical corrosion resistance testing of Al2O3 - LZO - GZO – TiO2, Al 2O3, 

Al2O3 - LZO - GZO, Al 2O3 – TiO2, Al2O3 - LZO - GZO, Al2O3 – TiO2, Al2O3- 

LZO - GZO – TiO2 multilayer oxide architectures on 304 L stainless steel 

substrate by EB-PVD method 

Electrochemical corrosion studies were carried out at room temperature in a flat corrosion 

cell (Figure 3.5), equipped with 3 electrodes: working electrode - material to be analysed, 
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exposed surface 16.9 cm2; reference electrode - Ag/AgCl in 3M KCl solution; counter 

electrode - 316 stainless steel. The 3 electrodes are coupled to a PGSTAT 128N Autolab 

potentiostat/galvanostat (Methrom) connected to a computer with NOVA 2.1 software. The 

electrolyte solution used was 1N H2SO4, according to ASTM G5-14 standard. [129]. The 

experiments were carried out after 60 minutes of immersion of the electrodes in the electrolyte 

solution studied. 

The working procedure by which the experiments were conducted was linear 

polarization. This consists of determining the open-circuit working electrode potential (OCP), 

followed by linear sweep voltammetry (LSV), with a step profile, in the potential range -0.1 V 

÷ +0.1 V with respect to the open-circuit potential, with a sweep rate of 0.001 V/s. Analysis of 

the corrosion process was performed by determining the following parameters from the Tafel 

curve: 

- corrosion potential, Ecorr (V) 

- corrosion current density, jcorr (A/cm2) 

- corrosion rate (mm/year) 

- polarisation resistance, Rp (Ω) 

In this chapter of the PhD thesis the corrosion resistance of the following types of 

coatings on 304L stainless steel substrate was studied for the following samples: 

- P0 uncoated 304L stainless steel ; 

- P1 stainless steel 304L - acrosium (NiCrAlY) Al2O3 - LZO - GZO; 

- P2 stainless steel 304L - Al 2O3 

- P3 stainless steel Al2O3 - LZO - GZO 

- P4 stainless steel - Al2O3 -TiO2 

- P5 stainless steel - Al 2O3 - LZO - GZO-TiO2 

The results obtained for the multilayer coatings compared to the uncoated substrate (304L 

stainless steel) are shown in Table 8.9.- 8.11. and Figure 8.35. 
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Table 8.9. Corrosion process parameters in H2SO4 1N electrolyte solution 

Try 

Ecorr, Obs 

(V) 

jcorr 

(A/cm²) icorr (A) 

Corrosion 

rate 

(mm/years) 

Polarisation 

resistance (Ω) 

P1 0.391443041 2.80647E-07 2.80647E-07 0.003261105 92848.46098 

P2 0.398658304 5.98088E-08 5.98088E-08 0.000694975 435683.0441 

P3 -0.098377575 5.07636E-07 5.07636E-07 0.005898703 51331.39086 

P4 -0.069364591 9.89478E-07 9.89478E-07 0.011497675 26334.76909 

P0 -0.057472335 6.89247E-05 6.89247E-05 0.800900917 378.0600316 

P5 -0.198099606 6.16312E-06 6.16312E-06 0.071615075 4228.001224 

 

Table 8.10. Samples with best corrosion resistance (lowest corrosion rate) 

Try Corrosion rate (mm/years) 

P2 0.000694975 

P1 0.003261105 

P3 0.005898703 

P4 0.011497675 

P5 0.071615075 

P0 0.800900917 

 

Table 8.11.  Samples with the best resistance to polyspray 

Try Polarisation resistance (Ω) 

P0 378.0600316 

P5 4228.001224 

P4 26334.76909 

P3 51331.39086 

P1 92848.46098 

P2 435683.0441 

 

Figure 8.35. shows the Tafel curves in 1N H2SO4 electrolyte solution for samples P0, P1, P2, 

P3, P4, P5. 
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Fig. 8.35. Tafel curve in 1N H2SO4 electrolyte solution for samples P0, P1, P2, P3, P4, P5. 

Calculation of corrosion rates requires determination of corrosion currents. When the 

mechanisms of the corrosion reaction are known, the corrosion currents can be calculated from 

the analysis of the slopes of the Tafel curves. To perform Tafel analysis, it is necessary to have 

information about the electrode surface area, equivalent weight (ratio of the atomic mass of the 

corroding metal to the number of electrons exchanged in the anodic dissolution reaction) and 

material density. From the slopes of the Tafel curves we obtain the corrosion rate and the 

polarization resistance. The higher the polarization resistance (Rp), the more corrosion resistant 

the material under study and the lower the corrosion rate over time. 

Chapter 9 

FINAL CONCLUSIONS, ORIGINAL CONTRIBUTIONS AND FUTURE 

PERSPECTIVES 

Final conclusions 

In the framework of the PhD thesis "Advanced research on obtaining thin films with high 

corrosion resistance under extreme conditions by PVD methods", advanced multilayer 

materials with programmed architecture capable of responding to thermo-chemical corrosion 
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stresses were obtained with potential applications in the development of new components for 

thermal equipment working under extreme environmental conditions.  

Based on the studies carried out in the literature, new oxide layer and multilayer architectures 

of Al2O3, ZrO2 and TiO2, capable of responding to thermo-chemical corrosion stresses, were 

obtained in the PhD thesis. The coatings were obtained using the EB-PVD combinatorial 

electron beam vacuum deposition method, with a particular focus on the development of new 

components for thermal equipment operating under extreme environmental conditions. 

Thus the objectives, research methodology and experimental design were formulated. In order 

to achieve the main objective of the PhD thesis, the following was considered: 

➢ Specific selection of the required materials used as substrate- 304L and 316L stainless 

steel substrate; 

➢ Design of oxide layer and multilayer materials and architectures for extreme 

temperature and corrosion conditions by predictive thermodynamic calculations using 

specialized software as well as literature data; 

➢ A hydrothermal computer system was used to obtain nanocrystalline ZrO2 powder 

doped with rare earth oxides; 

➢ Thermodynamic modeling of hydrothermal synthesis processes of Y 2O3 - doped ZrO2 

was performed; 

➢ Thermodynamic modelling of hydrothermal synthesis processes of ZrO2 doped with 

ZrO28%MCe2O3 was performed; 

➢ Thermodynamic modelling of hydrothermal synthesis processes of La2Zr2O7 doped 

ZrO2 was performed; 

➢ For the characterization of nanostructured powders obtained by hydrothermal synthesis 

at INCDMNR-IMNR, a complex methodology was established to determine the 

chemical and structural composition by applying various analytical methods: ICP-OES, 

DSC-TG, XRD, SEM-EDS. 

➢ A series of experimental solutions using specific materials for corrosion resistance 

enhancement based on Al2O3, ZrO2 and TiO2 were studied by the EB-PVD 

combinatorial method; 
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➢ Multilayer oxide architectures such as Al2O3; ZrO2 doped with Y2O3; ZrO2 doped with 

C2O3; La2Zr2O7 on austenitic 316L stainless steel substrate were obtained by EB-PVD 

method; 

➢ The proposed concept was demonstrated by corrosion testing of oxide architectures 

obtained in NaCl electrolyte solution of different concentrations, i.e.0.06M, 0.2M, 

0.4M and 0.6M, according to ASTM G61-86 (Reapproved 2003); 

➢ Multilayer oxide architectures such as Al2O3, ZrO2 doped with rare earth oxides (CeO2; 

Nd2O3; La2O3; GdO3) were obtained on austenitic 304L stainless steel substrate by EB-

PVD method; 

➢ The efficiency of the oxide layers obtained was performed by corrosion testing in 1N 

H2SO4 solution;  

➢  Experimental models of Al2O3 type oxide layer samples on 316L austenitic stainless 

steel substrate were obtained by the EB-PVD combinatorial method; 

➢  The proposed concept was demonstrated by performing corrosion tests in molten lead 

for 500 h and 1000 h at 550°C. at ICN Pitesti; 

➢ Obtaining layered and multilayered oxide architectures such as ZrO2Ce - LZO - GZO -

TiO2, Al2O3 - LZO - GZO, Al2O3, Al2O3 -TiO2, Al2O3 - LZO - GZO -TiO2, Al2O3 -

YSZ - LZO- GZO on austenitic 304L stainless steel substrate by EB-PVD method; 

➢ The efficiency of the oxide layers obtained was performed by corrosion testing in 1N 

H 2SO4 solution. The experiments were carried out after 60 minutes of immersion of 

the electrodes in the electrolyte solution studied. 

➢ Elaboration of a plan of investigation and characterization of the experimental patterns 

of oxide layer and multilayer deposits obtained by EB-PVD by applying various 

methods of analysis: SEM - EDS, Scrach test, X-ray diffraction. 

Personal contributions 

➢ Complex study carried out in the literature on how to obtain multilayer oxide coatings 

by the EBPVD method with the aim of identifying some elements of originality in the 

scientific approach to obtain Al2O3, ZrO2 thin layers doped with rare earth oxides (La, 

Ga, Y) and TiO2 capable of responding to the demands of thermo-chemical corrosion 
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with potential applications in the development of new components for thermal 

equipment working in extreme environmental conditions.  

➢ The use of specialised software for predictive thermodynamic calculations that have 

been programmed architectures of materials with high potential for chemical-physical 

stability; 

➢ Obtaining new layer and multilayer architectures using NiCrAlY as a needle layer by 

total or partial substitution of some critical materials (W, Mo, Nb, Ta) currently widely 

used in specific applications in energetics, able to reduce the working temperature in 

the contact zone with the metal interface to values below the degradation temperature;  

➢ Obtaining by hydrothermal synthesis of proposed nanostructured powders based on 

doped ZrO2 following the influence of synthesis parameters (temperature, time, pH) on 

the composition and microstructure of the powders; 

➢ Establishment of the research methodology scheme in order to obtain oxide layer and 

multilayer architectures using austenitic 304L and 316L stainless steel as substrate on 

the influence of thermo-chemical corrosion process; 

➢ Evaporation under vacuum and controlled atmosphere conditions of ceramic oxide 

materials to obtain oxide architectures using electron beam evaporation method 

EBPVD; 

➢ Combinatorial EB-PVD method to obtain novel innovative architectures with 

programmed functional gradient for corrosion conditions in NaCl electrolyte solution 

of different concentrations, i.e. 0.06M, 0.2M, 0.4M and 0.6M. 

➢ Combinatorial EB-PVD method to obtain new innovative architectures with 

programmed functional gradient for corrosion conditions in 1N H2SO4 electrolyte 

solution. 

➢ Combinatorial EB-PVD method to obtain new innovative architectures with functional 

gradient programmed for extreme corrosion conditions in molten lead. 

Future perspectives 

➢ Continue research by developing new types of protective coatings for applications 

involving intense temperature and corrosion processes by testing the developed 
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coatings in conditions as close as possible to real-life conditions in specific energy 

applications; 

➢ Further research by obtaining new nanostructured materials based on doped ZrO2 

through synthesis and characterisation of advanced materials for extreme 

environmental conditions. 

➢ Validate rapid methods for the analysis of advanced materials in the form of multilayer 

coatings, offering new analysis and characterisation services to enterprise partners and 

research centres. 

➢ Based on the studies performed using the EBPVD deposition method, further research 

can be carried out on the deposition of new thin layers that can be used for various 

applications such as thermal barrier coatings in the protection of metallic components, 

which are used in aero and land-based gas turbines. 
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