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Rezumat, 

Prezenta cercetare se concentrează pe investigarea caracteristicilor unor 
straturi pulverizate termic și tratate în cuptorul cu vid utilizând pulbere de 
NiCrBSi ranforsată cu particule de TiB2. Prin analiza datelor prelucrate statistic 
s-a reușit optimizarea timpului și temperaturii de menținere a straturilor în 
cuptorul cu vid precum și selectarea concentrației volumetrice optime între 
matrice și ranforsant. 

Probele de NiCrBSi-TiB2 au prezentat o porozitate redusă, duritate 

satisfăcătoare, o compoziție de faze complexă precum și o legătură metalurgică 
puternică între strat și substrat, fapt dovedit printr-o excelentă rezistență la 
propagarea fisurilor. Experimentele tribologice și măsurătorile potențiodinamice 
au arătat pentru materialele dezvoltate rezistențe superioare la uzare și 
coroziune în comparație cu un strat convențional de NiCrBSi ales ca referință. 

Keywords: NiCrBSi, TiB2, NiCrBSi-TiB2, thermal spraying, vacuum furnace post-
processing, optimisation, wear, corrosion 
 

Abstract, 
The current research focused on the optimization and characterization of 

combustion thermally sprayed and fused depositions using as feedstock NiCrBSi 
powder reinforced with TiB2 particles. A statistical approach was used to optimize 

the holding time and temperature during the vacuum furnace heat treatment 
and to select the best proportions among the samples with different  

matrix-reinforcement volumetric concentration.  
The optimized NiCrBSi-TiB2 sample presented low porosity, satisfactory 

hardness, a complex phase composition and a strong coating-substrate 
metallurgical bonding that led to an excellent indentation fracture toughness. A 

thermally-sprayed and vacuum remelted NiCrBSi coating was chosen as a 
reference sample for further destructive tests. Tribological and potentiodinamic 
measurements showed superior tribological and corrosion resistance for the 
developed material in comparison with a conventional NiCrBSi chosen as a 
reference. 
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Abstract 

 
Taking into account the current state of the art in the area of wear and corrosion 

resistant coatings and considering the demand of the market with regard to 
optimization and post-treatment, the present research focuses on investigating the 

characteristics of thermally sprayed and post-treated coatings using as feedstock 
NiCrBSi, one of the most established Ni-based powders, reinforced with TiB2 particles. 
The deposition method used for materials was the combustion flame spraying 

technology. It is one of the most widespread methods of metallic parts protection 
because of factors such as the ease of handle, the low costs and the high-end quality 
results it gives.  

The chosen matrix and reinforcement have been mechanically mixed in four 
different volumetric mixes using a screw conveyer. The technology ensured that 
through rotating the powders in the conveyor, the risk of powder segregation was 
partially eliminated. By using the mixing technology on powders with such a big size 
difference, it was possible to make the TiB2 particles attach to the matrix, which 
allowed the deposition of a partially homogeneous reinforcement distribution in the 
thermally sprayed coating. The different volumetric concentrations of NiCrBSi-TiB2 

were successfully deposited using gravitational feeding combustion flame-spraying 
equipment. For Ni-based self-fluxing alloys, the post-processing is extremely 
important and it decisively influences the quality of the entire deposition. The selected 
treatment in vacuum furnace turned out to be of great benefit for the quality of the 
coating. The advantages of the technology, such as keeping the surface clean, 

removing contaminations and creating a metallurgic bonding between the coating and 
substrate, supported a good behaviour of the material when tested against diverse 

destructive methods.  
Acknowledging the importance of the process, one of the main focuses, in the 

present work was to optimize the parameters of the vacuum furnace post-processing. 
The design of experiments is an established method to gather the maximum amount 
of information from a minimum number of probes and invested energy. The response 
surface methodology is the design of experiments (DOE) procedure that was used to 

optimize the post-processing parameters as it is a step-by-step approach with a 
relatively low number of runs and a high statistical efficiency. The suggested process 
factors from the DOE highlighted the best volumetric concentration between the 
matrix and the reinforcement delivering the optimal type of coating to be further 
characterised and tested.  

A comprehensive characterisation using different methods was used to 
investigate the porosity, chemical composition, phase distribution and interface region 

of the optimized NiCrBSi-TiB2 coating. A vacuum-remelted NiCrBSi coating deposited 
with the same matrix material has been selected as a comparison sample. The result 
analogy is extremely important as it can give an idea of how the developed coating is 
behaving in the same conditions as one that is already used in the industry. The 
tribological and corrosion behaviour of the reinforced coating was analysed in 
comparison with the established and industry applied NiCrBSi sample. 

The developed NiCrBSi-TiB2 coating is an ideal solution for machine components 

that need a long lifespan in particularly challenging environments. The TiB2 reinforced 
coatings, because of their proven excellent tribological behaviour can be a real 
alternative for the more common NiCrBSi in applications like valve seats, pump 
sleeves or shafts. 
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Abbreviations 

 
1SLD  One-step laser deposition technique 
AC  Alternating current 
ASM  American society for metals 

AS  Arc spraying 
APS  Atmospheric plasma spray 
BSE  Backscattered electrons 

CCD  Central composite design 
CE  Counter electrode 
COF  Coefficient of kinetic friction 

CSLM  Confocal laser scanning microscopy 
CTE  Coefficient of thermal expansion 
CVD  Chemical vapour deposition 
DC  Direct current 
DF  Degrees of freedom 
DOE  Design of experiments 
DTA  Differential thermal analysis 

EBSD  Electron backscatter diffraction 
EDX  Energy dispersive x-ray spectroscopy 
EU  European Union 
FEM  Finite element method 
ff  Flow factor 

FS  Flame spraying 
FSP  Friction stir processing 

GDP  Gross domestic product 
HIP  Hot isostatic pressing 
HF  High frequency 
HVOF  High velocity oxy-fuel 
LPPS  Low-pressure plasma spraying 
NTBX  NiCBSi-TiB2 powder mix where X=(5,10,15,20) 

PVD  Physical vapour deposition 
RE  Reference electrode 
RF  Radio frequency 
RSM  Response surface methodology 
RT  Room temperature 
SCC  Stress corrosion cracking 
SCE   Saturated calomel electrode 

SE  Secondary electrons 
SEM  Scanning electron microscopy 
SHS  Self-propagation synthesis 
SPS  Suspension plasma spraying 
SPSS  Solution precursor plasma spraying 
TEM  Transmission electron microscopy 
TGA  Thermogravimetric analysis 

TS  Thermal spraying 
VPS  Vacuum plasma spraying 
WE  Working electrode 
XRD  X-ray diffraction

BUPT



 

1. Research objectives 

 
“We have to remember that what we observe is not nature 
itself, but nature exposed to our method of questioning.” 

Werner Karl Heisenberg1 

1.1. Background 

 
The development of performant coatings is a continuous challenge with an 

entangled history. A quick overview of key works in the area shows how early the 

research started and how much interest the topic is still getting. The first known 
document dates from the Antiquity with the Dioscorides and Pliny report. It is stated 
there that natural resins were used as coatings [1]. In the 11th Century, Rogerus von 
Helmershausen published the Schedula Diversarium Artium book describing the first 
known recipes of coating materials [2]. Another important development has been 
realized by the von Eyk brothers in the early 15th Century in the area of dilution and 

drying of painting materials [3]. Probably the most influential book in technology in 
the middle age was the De re metallica compendium published by Georgius Agricola 
in 1556 where the state of the art in metallurgy and mining technology was gathered 
and presented [4]. Just a few decades after the industrial revolution, Henry Ford and 

Max Ulrich Schoop made significant developments in the domain, the first employing 
quick drying paints on a large industrial scale [1] while the later was inventing the 
thermal spraying technology [5]. 

Among the many functions of coating, protection and decoration are probably 
the ones on which the industry focuses the most. The skilled workers have to keep up 
with the rapid changes and adapt to new techniques. An important area in the coating 
industry, thermal spraying, realized significant progress over the last century and 
there is still room for growth. The first technological breakthroughs at the beginning 
of the 20th Century started with steel, stainless steel and zinc deposition by wire-arc 
metallizing [6]. Meaningful developments were done around the Second World War 

with a powder deposition technique consisting in feeding the material into a flame 
using the Venturi effect [7,8]. The most recent significant technological progress 
period from the deposition point of view was in the early 1960s with the development 
of the combustion, plasma, electric arc and detonation gun [6]. Nevertheless, since 
then, although the processes share the same basic working principle and they 

encountered important advanced, they are still challenged on aspects like  

post-treatment, optimization or environmental impact.  
The coating deposition technology developed to a point where it can be used 

almost on any material, benefiting a large variety of economical branches [9]. Metals, 
oxides, cermets gradient depositions, reinforcements and in situ synthesis are all used 
to create different coatings for industries like automotive, chemical processing, mills, 
aerospace, food processing, oil and gas exploration, medical, nuclear, textile or 
transportation [10]. Materials have enormously progressed for outstanding functional 

performances; however, a high demand still exists for better protection in different 

                                                
1 German physicist. Awarded with Nobel Prize “for the creation of quantum mechanics”. 
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harmful environments. The objectives of this research are directed towards protection 
against wear and corrosion. 

Finding the appropriate combination of materials, technology and design for 
each application can be a difficult task for engineers and scientists. Another challenge 
in the field is to preserve the advantage of depositing materials on almost any type 
of substrates.  

In terms of market, the global demand for paint and coatings is predicted to 
increase 3.7% per year to reach 54.7 mil. metric tons reaching 2020. It’s current total 
worth of about 160 mil. euro will exceed 180 mil. euro by 2022 [11,12]. Suppliers in 

the developing countries are especially likely to profit from the infrastructure 
investments, which would boost the production and maintenance need in the 
industrial sector. The statistics showed in Figure 1.1 highlight that the European 
market in 2017 is a key player worldwide, representing together with Middle East and 
Africa 30% of the total industry [13]. Taking into account the predicted 2.5% GDP 
growth rate of the EU in 2018 [14] there are strong reasons to believe in a positive 
impact on the coating industry as well.   

 
 

 
Figure 1.1 Distribution of the coatings market value worldwide in 2017 by region 

 
Considering the consumption by technology, the powder based one almost 

doubled between 2009 to 2016 from 1.2 mil. tons to 2 mil. tons. The sector is 
predicted to increase 24% to 2.7 mil. tons by 2021 [15] and continue to dominate 
the sector along water-based and solvent-based technologies. The cost-effectiveness 

of the deposition also has to be taken into account, as during coating deposition, a 
considerable amount of material can be lost. The deposition efficiency is typically 
defined as the amount of material that is sprayed on a substrate in comparison with 

the amount of sprayed materials [16,17]. If a big quantity of material is lost during 
the process, the deposition efficiency can be affected to the point that the process is 
done at economical loss. Design of experiments helps obtaining a high deposition 
efficiency.  

The need for a high life-cycle of the coatings leads to other motivations as well. 
The life of the component can be extended through several means. An important part 
of them are directed towards reducing the adhesive, abrasive, erosive wear or lower 
the corrosion realized through exposure to different environments. Functional 
performances like high temperature exposure or reconditioning of coatings can open 
the way to improvements in the field. 

Asia 45% 

Europe, Middle East 
and Africa 30% 

Latin  
America 8% 

North 
America 18% 
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After the production of the coating, the coated article in its life cycle is greatly 
challenged by degradation very likely caused by wear and corrosion. Even though the 

expertise of the researchers and industry greatly increased during the last decades, 
they are constantly confronted to damage turning to unwanted expenditures. The cost 
of both wear and corrosion is believed to be a significant fraction of the national GDP’s 
of about 3-5% and reaching in the developing countries even up to 10% [16,18]. 
These, however, do not include the environmental effects, resource waste nor 
production loss. Thermal sprayed coatings among other important techniques like 
inhibitors or cathodic protection contribute in protecting from damages.  

The ongoing demand for quality optimization and rationalization taking into 
account the impact on the surrounding environment is fuelling a wide interdisciplinary 
field of research and experimentation within the coating industry. Several current 
tendencies could shape the future of the industry like: continuing the advances in the 
process control equipment (robotics, sensors, feedstock filling, motion control, etc.), 
developing methods for non-destructive testing of the coatings, post-processing with 
several technologies (furnace, flame or electromagnetic) or understanding and 

optimizing of the spray processes or post-treatment [19,20]. The latest research on 
both materials and processes are opening new opportunities to employ thermal 
spraying in novel applications and enter new markets.  

1.2. Motivation 

Spraying with the right material, being efficient during deposition and obtaining 
the right properties for a certain application are constant challenges in the industry. 

A possible solution for improvement can be represented by reinforced Ni-based 
powders. These type of powders are well-known in the industry being used for a large 
number of applications. An important progress in the branch where Ni-based powders 
are used against wear and corrosion protection can be obtained by adding 
reinforcements to this extensively used material. Effectiveness can be boosted in the 

thermal spraying of Ni-based materials by finding optimal chemical composition and 
post-processing parameters. Taking into account the current state of the art in the 
field of wear and corrosion resistant coatings and considering the demand of the 
market with regard to optimization and post-treatment, the present research focuses 
on investigating the characteristics of thermally sprayed and post-treated coatings 
using as feedstock NiCrBSi, one of the most established Ni-based powders, reinforced 
with TiB2 particles. Although technologies like Atmospheric Plasma Spraying (APS), 

High Velocity Oxy-Fuel (HVOF) or cold spraying are frequently used and well 
established processes, powder flame spraying is still the most widespread method 
because of the low costs, the ease of handle and the good coating characteristics. The 
chosen reinforcement powder used for this work is TiB2, a ceramic material known for 

its high melting point, low density and good hardness. NiCrBSi and TiB2 have common 
elements in their chemical composition, and through mechanical mixing, deposition 

and through an optimized and well-chosen post-treatment performant coatings can 
be obtained. A post-treatment increases the probability to create a metallurgical 
bonding and in consequence a strong adhesion to the substrate. These materials, 
sprayed and then fused, can represent viable solutions for applications that require 
thick ductile coatings resistant to wear and corrosion. 

Therefore, the main objective of the research is to obtain optimized flame sprayed 
and vacuum furnace post-processed NiCrBSi-TiB2 coatings. After the deposition 

process of the material on a low-alloyed steel, to maximize the results, an 
optimization through design of experiments was performed to the  
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matrix-reinforcement fraction on one hand and to three response variables (porosity, 
hardness and standard deviation of the hardness) through the variation of two of the 

most important heat-treatment parameters, time and temperature, on the other 
hand. Thermal behaviour of the selected powder was analysed with the aid of the 
Differential Thermal Analysis (DTA). Light and confocal scanning laser microscopy 
(CSLM) were employed for image processing and microstructure and wear track 
analysis. The morphology, chemical composition as well as the quality of the  
coating-substrate interface region have been examined using Scanning Electron 
Microscopy (SEM) combined with Energy Dispersive Spectroscopy (EDX). For the 

determination of the phase changes during the heat treatment, the powder, the as-
sprayed and the heat-treated coating were analysed using X-Ray Diffraction (XRD). 
The size and distribution of pores have been processed using image analysis. Surface 
and cross-section hardness was evaluated by Vickers indentation. Tribological 
investigation using a pin-on-disc arrangement helped compare the friction coefficient 
and calculate the wear rates of the substrate, as-sprayed and post-processed 
samples. Electrochemical corrosion tests were employed to evaluate the corrosion 

behaviour of both the substrate and coatings using potentiodynamic polarization with 
a three-electrode cell. 

Possible applications of the gathered results are ones where ductile, corrosion and 
wear resistant parts are needed like heat exchangers, turbine, extruders, laminators 
or the agriculture industry. 

The limitations of the technology are the relative small velocity of the particles 

 (<100 m·s-1), a lower adhesion of the coating to the substrate in comparison to other 
techniques and a porosity which can reach 6-8%. Another drawback would be 
considered the certain degree of dependency on the worker, who needs to constantly 

supervise the production. 
Therefore, the goal of the present thesis is to find solutions to a part of the 

challenges of the thermal spraying industry regarding the post-treatment and 
optimization and to obtain and characterize densified corrosion and wear resistant 

coatings. 
 

The thesis has been structured as following: 
 Chapter 1 describes the background and the motivation behind the research 

work. 
 Chapter 2 covers the state of the art in the thermal spraying technology. 

Fundaments of the coating build-up and pre-spray processing are first presented. A 

more in depth view with regard to the fundaments of post-spray treatment is 
presented with a focus on the vacuum furnace treatment. Aspects of the design of 
experiments and materials are considered in the section that follows. The last part is 
dedicated to applications and methods of testing and characterization of thermal 

sprayed coatings.  
 Chapter 3 focuses on the methodology and experimental procedures 

employed for the experimental part. Details regarding the morphological, chemical 
and physical characterization along with mechanical and corrosion testing are 
considered. 

 Chapter 4 highlights the experiments and results of the thesis with regard to 
the materials, deposition, vacuum furnace optimization and characteristics and 
coating behaviour.  

 Chapter 5 includes the conclusions and personal contributions. It also provides 

an outlook for future developments.
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2. State of the art 

 

2.1. Introduction to thermal spraying  

In order to qualify as an established stakeholder in the coating industry, a 

company has to ensure both quality and profitability. Necessary requirements for a 
successful business are among others repeatability, a certain coating thickness with 
a precise tolerance, defined microstructure, a phase composition ensuring the wanted 
properties, acceptable defects and cost-effectiveness.  

Several types of coating processes emerged in the industry; the main ones are 
considered in Figure 2.1. When choosing which method to use, aspects like substrate 

nature and temperature achieved during the coating, the used materials and obtained 
properties have to be considered. Each technique has a well-known niche of 
application, pros and cons. Ion implantation can provide important advantages in 
different applications. The structural modifications can determine e.g. in steel surface 
a higher impact resistance or in prosthesis production a better corrosion resistance. 
Nevertheless defects like vacancies or interstitials [21] can occur. Chemical vapour 

deposition (CVD) and physical vapour deposition (PVD) can produce coating 
uniformity even on hard-to-reach surfaces. Even though applications exhibit 
exceptional properties, the use of such processes is restricted to relatively small parts 
[22]. Although electroplating is one of the first developed methods in the coating area 

and it is still largely used for both corrosion and decorative purposes, it cannot be 
easily fitted into a product line and generates a lot of waste [21]. Welding occupies a 
special category as it has a functional role of joining two materials and permits a large 

freedom in design. Although welding permits mechanization, the problem of inducing 
residual stresses, harmful radiations and, often, the need for skilled workers, make 
the processes sometimes hard to put in practice [23]. 
 

 
Figure 2.1 Comparison of the different coating processes in the market 

 
Considering the temperatures and the thicknesses of the coatings deposited by 

different techniques, one can see in Figure 2.1 that the thermal spraying (TS) process 
distinguishes itself covering a wide spectrum of the graph. As defined by ASTM, 

thermal spraying is “a group of processes wherein finely divided metallic or  

BUPT



2.1 -  Introduction to thermal spraying 13 

non-metallic materials are deposited in a molten or semimolten condition to form a 
coating. The surfacing material can be in the form of powder, rod, cord, or wire.” [24]. 

There are two broadly accepted classifications of thermal spraying. One of 
them is according to EN 657 (ISO 14917) standard [25], splitting the techniques into 
four main classes by the energy source needed, each dividing afterwards into 
subclasses. The main classes and subclasses are: thermal spray by beam (laser 
spraying), thermal spray by liquid (molten bath spraying), thermal spraying by gas 
(flame spraying, detonation spraying, HVOF, cold gas spraying) and thermal spray by 
electric gas discharge (arc spraying, plasma spraying). The other classification is 

realized by following the definition. Coatings in thermal spraying can be deposited 
only if the particles are sufficiently rapidly plastically deformed. Their heating and 
acceleration is primarily occurring through a gas stream [26]. Consequently, the 
coarse classification used in academia, seen Table 2.1, is based on the way of gas 
stream generation [26].  

 
Table 2.1 Jets and flames methods of generation employed in thermal spraying [26] 

 
Energy input 

to gas 
Variation Spray technique 

Electric 
discharge 

DC arc arc spraying (AS), APS, vacuum plasma 
spraying (VPS) 

Pulsing arc torches described by Witherspoon et al. [27] 
High frequency (HF) / 
radio frequency (RF) 
glow dischargea 

RF plasma spraying described by 
Bouyer et al. [28] 

Combustion 
Continuous HVOF, flame spraying (FS) 
Explosive D-gun 

Decompression 
of air 

- cold-gas spraying method 

aRF discharge is employed as well to initiate discharges in a DC arc 

 

 
Figure 2.2 Principle of the continuous combustion powder flame spraying process [29] 

 

In the flame powder spraying, with the schematics in Figure 2.2 , feedstock is 
fed through a built pipe system or through a special funnel into the oxy-fuel flame, 
partially or totally melted, and carried by the flame and air jets towards the substrate 
[6]. The gas flow can reach about 11 m3∙h-1, the particle speed around 100 m∙s-1, 
while the flame temperature gets as high as 2500°C. The bond strength of the formed 
coatings is influenced by the spraying distance, the powder fraction or the spraying 
angle but there have been reported values between 40 MPa [30] and 250 MPa [31]. 
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The porosity can also vary mainly depending on which material is used. Although a 
value below 5% is typically desired [6], higher values can also be obtained. Different 

post-processing techniques may be used to reduce porosity. 
Spray rates increase when the melting point of the material is low and can vary 

between 0.5 kg∙h-1 and 9 kg∙h-1. Other equipment parameters are the power ranging 
between 25 kW and 75 kW and the energy required to melt which varies between  
11 kW∙kg-1 and 22 kW∙kg-1. The moderate costs associated to powder flame spraying 
are also playing a big part in its popularity in the industry, as this coating process is 
considered as one of the most inexpensive ones [6].  

Considering the current status in the equipment development, one should know 
that the company Monitor Coatings Ltd. received a patent for a new type of gun which 
the HVOF method where the combination of the gases is performed in the chamber, 
exhausting a single stream [32]. Because the powder is injected through a particular 
area of the gun, the feedstock contacts only the generated gas stream and the  
in-flight risk of oxidation is reduced and a uniform heating of the material is assured.  
Future trends in developing numerical investigation of flow dynamics of HVOF spray 

guns have been done by Wang et al. [33]. The studies showed clear separation 
between ignition, burning and acceleration regions in the chamber, the flow pattern 
showing a recirculation in the axial direction near the ignition therefore powder 
injection could avoid the recirculation region. The research also concluded that the 
fuel atomization has a great effect on the flow characteristics for fine powders with a 
size under 20 µm. Another recommendation in the equipment development area was 

to introduce hybrid processes to create dense coatings [34]. Fully dense NiCr-Mo 
coatings were produced by increasing the deposition temperature over the critical 
bonding. Olakanmi et al. carried out a thorough review of the laser-assisted cold-

sprayed equipment and presented several example of dense and almost porosity free 
coatings that can be deposited [35]. 

The end result of a deposition process in thermal spraying is the coating being 
built up by separate particles. As the definition states [24], the droplets can be 

semimolten or completely molten at the moment of coating formation. Particles which 
are not in a molten state are not desired because they do not adhere to the substrate, 
can be trapped inside the deposition and weaken the adhesion of the coating. As 
shown in Figure 2.3 and supported by peer reviewed literature [22,26,36], the 
temperature of the molten droplets during the transfer from the gun towards the 
substrate is increasing, reaching ideally close to the melting point of the material. 
Approximately 30 different typical impacting particle shapes (the so-called splats) 

have been identified [22], but they can be widely categorized in three depending on 
their melting degree. The three groups are exemplified in Figure 2.4  [37].  

The impacting of a particles is done in two stages. In the first period having a 
duration of approximately 10-9-10-7 s, a series of shock waves are initiated at the 

particle-substrate contact surface [22]. At this stage, the unmolten particles could 
bounce off and create problems that would later affect the coating adhesion and 

quality. The surviving particles would enter in the second stage of irreversible 
deformation, a hydrodynamic phase of impact taking place. The yield stress and the 
solid-state viscosity, values that can be mathematically determined [22], are crucial 
properties for the particle flattening degree and the ability of the material to resist  
mechanical stress. If possible, a substrate preheated in a furnace with well-defined 
data is preferred as it promotes a high contact angle between the two materials and 
can produce oxide layers. When heated using a torch, even with programmed 

parameters, the local temperature varies with the relative movement of the torch 
[38]. Afterwards, during the deposition process, the first layer is usually forming  
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5-15 lamellae through the movement of the torch over the sample depending on  
parameters such as spraying distance, velocity of the gun or of the particles [26]. 

 

 

 
 

Figure 2.3 Fundamentals of the process 
showing the formation of the particle 

transition from the gun to the substrate 
forming the coating (top) and a 

corresponding time versus temperature plot 
(bottom) [22] 

 

Figure 2.4 Particle melting effect on the 
lamellae formation at the impact with the 
substrate: (a) semimolted , (b) properly 
molted and (c) overheated particles [37] 

After the impact of the splat, a fast cooling of the particles takes place (e.g. for 
a tungsten particle deposited on a steel rates of 3-7·107 K·s-1 are reported [26]). 
Solidification starts through the release of the heat approximately 1.5 µs after the 
particle hits the substrate through the bottom side of the formed lamellae [36]. The 

nucleation of the formed crystals can be either heterogeneous or homogeneous 

depending on the undercooling effect (referring to the nucleation temperature lower 
than the melting point) and the thermal contact resistance (referring to the heat 
evacuation). During a heterogeneous nucleation, the cooling rate is higher and a 
columnar structure formation is likely to be generated [39]. A homogeneous 
nucleation is favoured by a low heat rate removal, starting inside the lamellae, 
favouring a fine equiaxial microstructure [26]. Current developments using simulation 

software are performed in the area of particle impact during different spraying 
processes (e.g. thermo-mechanical analysis of particles [40] or plastic deformation 
phenomena using cold spraying on metallic materials [41]). 

Although much attention is given to quality and investigation, one should 
always have in mind that a coating will never protect a substrate if it does not succeed 
to adhere to it. Generally, three adhesion mechanisms are considered: diffusion, 

chemical and mechanical. 
The diffusion adhesion of metals and alloys takes place in thermal spraying 

when the temperatures reached during deposition or heat treatment high and no oxide 
layer is found on the substrate surface.  The diffusion coefficient is defined in  

Eq. (2.1.) as: 
 

 𝐷 = exp 
−𝐸𝐴

𝑘 𝑇
    (2.1.)  

           
where 𝐸𝐴 represents the activation energy, 𝑇 the absolute temperature and 𝑘 is the 

Boltzmann constant (1.38·10-23 J·K-1). 
Chemical adhesion occurs at the moment of the particle impact, when the 

substrate and the feedstock creating a chemical compound. The chemical bonding can 
be mathematically defined and is dependent on the melting point of the material and 

the effusivity. Such phenomena were observed in iron particles hitting a preheated 
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aluminium substrate forming FeAl2O4 [42] or YSZ lamellae impacting stainless steel 
[43]. 

Mechanical adhesion in thermal spraying happens by roughening the substrate, 
commonly by grit blasting. The force develops on the contact surface as the splats 
shrink by cooling on the substrate. The adhesion is dependent on both the distance 
between the highest points and the amplitude of the peaks and valleys. Adding 
deoxidizing substances in the feedstock helps also increasing the active zone and 
therefore the adhesion of the coating to the substrate. Grit blasting preheating is 
commonly enhancing the adherence of the coating to the substrate by a factor of  

2 to 4 [44].  
A current development direction in the area of adhesion was pursued by  

Kromer R. [45,46]. A finding concluded that during APS sprayed coatings a large 
contact area increases the energy release at the coating-substrate area during failures 
[45]. Another research concluded that the adhesion is dependent on the powder size 
and especially the morphology of it [46].  

Internal stresses can be also introduced in the coating, with grit blasting being 

one of the possible causes. Internal stress generation in TS is categorized into: 
 Quenching stress, happening through the lamella solidification 
 Stress induced by the torch movement 
 Cooling stress, generated immediately after the deposition process 
 Phase-transformation stress, due to the crystallinity changes happening in the 

coating during cooling. 

 
Although understanding the coating formation mechanisms is crucial to obtain 

a high-end product, without effectiveness during the deposition, a large scale 

implementation is not possible. In thermal spraying, in accordance with the standards 
DIN EN ISO 14917 [25] and EN ISO 17836 [47] to determine the deposition efficiency, 
the mass of the fed spray material has to be first considered. This is defined as: 

 

𝑚𝑠𝑚 = 𝑓𝑟 ∙
𝑡𝑠

60
      (2.2.) 

 
where 𝑚𝑠𝑚 (𝑔) is the mass of the spray material, 𝑓𝑟  (𝑔 ∙ 𝑚𝑖𝑛−1)  the feed rate and 𝑡𝑠 (𝑠) 
is the spray time. Considering Eq. (2.2.), the process deposition efficiency applicable 
for all the techniques is therefore defined as:  

 

𝜂𝐷 =
∆𝑚𝑡𝑝

𝑚𝑠𝑚
∙ 100%     (2.3.) 

 
where the deposition efficiency 𝜂𝐷  (%) equals to the ratio between the mass difference 
∆𝑚𝑡𝑝 and the mass of spray material 𝑚𝑠𝑚 (𝑔). Furthermore, for a more in depth view, 

the target deposition efficiency can be also taken into account. This characteristic is 
attributed to the component and depends on the geometry of the part and on the gun 
movement [22].This concept still represents an actuality subject, Toma et al. recently 
highlighting that the cost-effective coating preparation is mainly dependent on the 
deposition efficiency and layer thickness [48].   

By knowing the coating processes, by being able to choose the right technique 
for the given application, by understanding the functioning of the technology and by 
managing to implement the research outcomes in the industry, a company can 
comfortably establish itself as an important player on the market with a considerable 
development potential. 
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2.2. Pre-spray processing 

The parts arriving at the coating department are mostly new but in some cases 
they can be also coated or present defects. Even supposing that most of the parts are 
new and made out of metal alloys, they are still generally covered in grease or oil to 
prevent corrosion. Anyway, grease or any kind of layer or imperfection on the surface 
to be coated has to be removed before the deposition. An activation of the surface is 
as well commonly performed. A general pre-spray processing of the substrate can be 

seen in Figure 2.5. 

 

 
Figure 2.5 General pre-processing of surface before thermal spraying 

 

Coatings are sometimes not entirely covering the substrate. Masking is a 
process applied to the surface of a part to properly protect the surface against grits 
from the activation stage or hot particles during spraying. Several types of masking 
are available from plastics or rubbers, metallic or glass fibre tapes which can be cut 
to desired dimensions [26] to commercial liquids like Metco Anti-BondTM [49]. The 

masking method depends mostly on the geometry of the part and on the application. 
Degreasing of metal substrates can be done using organic solvents such as 

methyl alcohol acetone. The parts should comply to the Sa 3 class of cleanliness 
according to EN ISO 8501-1 [50]. As for large pieces the use of solvents is not a 
convenient method, hot water or clean and dry air at regulated pressure can be an 
alternative. The process should be performed in a separate clean room used only for 
this purpose. The operator handling the pieces should have the respiratory system 
and the hands protected for both health and part contamination purposes. 
Nevertheless, due to the use of different chemicals, surface cleaning can present 

major disadvantages with regard to health of the operator or protection of the 
environment. The removal of grease can be done through turning but specialized 
techniques like immersion of ceramic coating in molten potassium hydroxide [51] or 
vacuum electric arc removal [52] have been also reported. Those chemical processes 
compared to classical turning have the advantage of being fast but special equipment 
has to be purchased as well. 

Shaping, when needed, is a crucial step in assuring a high quality coating on 
the entire surface of the part. The process, besides bringing the samples to their 
dimensional specifications, is also necessary to prevent sharp angles or ends where it 
is difficult to spray. Because of the high concentrations of thermal stresses in such 
places, the adherence would become lower and these points would become vulnerable 
starting points in defect generations.  

For substrate activation, a certain degree of automation is recommended, as 

the process has to be repeatable. Although the abrasive grit blasting is the most 
widespread, processes like water-jet treatment, chemical attack or laser ablation are 
also employed. Water-jet treatment is mostly used in biomedical application, when 
contamination-free coatings are required. Such activations have been used in 

sprayingactivation
shaping (if 
required)

degreasing
masking (if 
required)
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suspension plasma spraying (SPS) of Inconel alloys [53,54]. Chemical etching with 
diluted nitric, hydrochloric or sulphuric acid is also possible for surface activation [26]. 

However, because of environmental standards and advancements in the 
manufacturing project, activation through chemical etching tends to lose ground. The 
single step pulsed laser activation marketed under the name PROTALTM has been 
developed and it is partially used in APS spraying [55], although the high costs 
attached to this method though make it less attractive in the industry. 

The most used activation method, grit blasting, uses grits (metal grits of steel 
or cast iron of irregular or spherical shapes or ceramic particles with irregular shapes) 

agglomerated in a nozzle, accelerated in an air stream and projected towards the 
substrate surface.  

 
Table 2.2 Substrate roughening grit size recommendations [26] 

 
Grit Grit size (µm) Application 

Coarse -2000 +600 Best adherence coatings, thicker than 250 µm 
Medium 

-1400 +425 
Fair adherence coatings, smooth surface, thinner than 
250 µm 

Fine 
-600 +180 

Coatings used in as-spray condition, thinner than 250 
µm 

 
The substrate roughening grit sizes recommended by the reference book of 

Pawlowski L. [26] can be consulted in Table 2.2. Although European standards like 
DIN EN ISO 13507 [56] or EN ISO 12679 [57] suggest only that the roughness of the 
surface should be decided by all the involved partners and permanently controlled, 

the American Navy Standard MS 2138 [58] recommends values in the range 70-100 
µm to favour a good adherence. Successful DOE methodology was also performed by 
Varacalle et al. [59] in order to determine the best grit blasting material and to 
determine the optimal roughness for a certain application. Bobzin et al. [60] 
investigated the effect of different parameters (particle size, blasting angle or 
distance) while three grit blasting materials (aluminium zirconia, steel shot and 

corundum) are impacting the substrate. Some of the conclusions were that the 
distance between the mean width between the peaks of the elements is not constant 
and should not be taken into account, the air pressure greatly influences the particle 
velocity and consequently the surface roughness, and the durability of the steel shots 
and aluminium zirconia is superior to the ones of alumina). On the other hand, Begg 
et al. [61] concluded that for their study, when using a mechanized robot for grit 
blasting, the flow rate and stand-off distance have little effect on the Ti-6Al-4V 

substrate roughness. Recent research [62] determined that superior contact angle 
and adhesion was obtained for Mo particles hitting the environmentally friendly dry-
ice sand blast as it roughened the Al and steel substrates.  

Looking at the numerous standards and studies about pre-processing and the 
preparation of substrates before coating, the importance of the process in order to 
obtain satisfying products appears clearly.  
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2.3. Fundaments and techniques of post-spray 

processing 

Post-spray processing has been identified in the last two decades [63] as an 
important factor for obtaining quality in the coatings industry. In response to a need 
to standardize the numerous developed techniques, the first norm of post-processing 

technologies in thermal spraying was created in 2002. For this reason, corroborating 
the DIN EN 14924 [64] standard and other reference books in the domain of thermally 
sprayed coating [26,65], the main identified techniques of post-treatment and 

finishing are: 
 Mechanical finishing 
 Sealing 
 Heat treatment (electromagnetic remelting, furnace remelting, combustion 

flame, hot isostatic pressing) 
 Other processes (chemical transformation, paintings, diffusion annealing, 

friction stir processing, laser engraving, sol infiltration). 
 

Mechanical finishing in thermal spraying is not unusual, as the roughness of the 
coatings in the as-sprayed state can fluctuate generally between 3 µm and 40 µm 
[6,65,66]. Turning and grinding are also used to bring a part to specific tolerances, 

the application being the determining factor for the finishing process. Mechanical 
finishing is also used to bring the final part to a specific roughness. The challenges 
during the finishing processes can arise from: a porosity that can lead to pull-out of 
the coating, debonding caused by the lamella structure of the coating, lower 

machinability of some hard materials like cermets or penetration of coolant towards 
the substrate [65]. The companies or institutes have also to take care of the 

mechanical properties and the corrosion and wear behaviour as they can be altered 
through mechanical finishing. The presence of slight defects on the surfaces can lead 
to penetration of liquids in the coatings, which can create surface corrosion. Some 
defects can be repaired by using sealing materials. Sealing materials are generally in 
a liquid form and they can be simply applied on the coating [65]. The sealer solidifies 
immediately on the piece. The most used organic sealers in the industry are: epoxy, 
phenolic or silicone resins, polyurethanes or waxes. [67]. Inorganic sealers like 

aluminium-phosphate or sol-gel techniques or impregnation can be also used, but 
they are employed mostly for high-temperature applications. 

The electromagnetic heat treatment is usually subdivided into: laser remelting, 
electron beam remelting, TIG remelting, spark plasma sintering and microwave 
[26,65]. However, as laser and electron beam remelting are the most widespread, 
only these processes will be briefly described. Laser remelting is employed because 
of the possibility to control the heating and the melting. The coatings are further built 

up by a one-step laser deposition technique (1SLD). The powder is melted and forms 
a coating similarly to the plasma transferred arc technique [68]. One of the most 
popular developments of 1SLD is the rapid prototyping [26]. Applications for 1SLD 
come from corrosion and wear resistant, biomedical or thermal barrier coatings and 
remelting became extremely employed in the industry. Electron beam is employed in 
the industry due to the unique possibility to treat spot sized areas [69]. The 

generation of a small sized electron beam is nevertheless extremely expensive and 
requires high vacuum (<10-4 Pa). Therefore, it is less used on a large scale. The 
technique is sometimes found in the areas of high power industries, semiconductors, 
machining or drilling applications [70]. 
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Furnace remelting is an important technique for material fusion. It is employed 
in specific industries, and it presents advantages but is also challenged by several 

problems [6]. Furnace remelting playing an important part in the present work, a 
detailed overview of the technology will be presented in the following subchapter. 

Combustion flame remelting is largely used for self-fluxing Ni-based and  
Fe-based self-fluxing coatings [26,71,71–73]. The treatment is carried out at 
temperatures about 1300 K depending on the chemical composition of the material 
[26]. Oxyacetylene or propene are often used as gases. The torch is heated up and 
travels over the part multiple times depending on several parameters like the 

geometry of the part or the thickness of the coating [65]. Sometimes, the component 
can be preheated up to 760-870 °C [65]. An important aspect and a challenge of the 
process is the temperature control [6].  
 Hot isostatic pressing (HIP) is a technique that requires a simultaneous usage 
of temperature up to 2000°C and pressure that can reach 200 MPa. It can be 
employed both as a manufacturing or post-processing process. An advantage of HIP 
is that highly complex shaped products with homogeneous densities can be 

manufactured [74]. The applications in HIP are in the area of diffusion bonding, 
powder metallurgy healing of castings or coatings. In thermal spraying, HIP is used 
as a post-processing technology and it can influence pore size distribution, physical 
properties and microstructure of the coatings or can eliminate cracks. HIP can be used 
for the post processing of several materials like hydroxyapatite, TiAlV alloys, ZrO2 or 
TiB2 [75–78]. 

 Less commonly used post-spraying processes include: chemical 
transformation, paintings, diffusion annealing [64], friction stir processing, laser 
engraving or sol infiltration [65]. The so-called chemical transformation process after 

DIN EN ISO 14924 [64], is a technique employed for esthetical purposes where 
metallic, thermally sprayed coatings can be chemically treated. By spreading with 
suitable solutions, a colouring of the metallic sprayed layer can be achieved. Although 
close to the methods previously described, the painting is meant to both improve the 

visual aspect and increase the corrosion protection of coatings [64]. According to  
EN ISO 12944-5 [79] for aluminium sprayed coatings that have in their composition 
organic components, the painting must be applied within four hours after thermal 
spraying. In special circumstances, thermally sprayed coatings can be post-processed 
by diffusion annealing, an adhesion by diffusion takes place between the coating and 
the component material. The process should be carried out in a vacuum chamber or 
in a controlled inert gas atmosphere to avoid oxide formation in or on the coating. 

Friction stir processing (FSP) can be placed in the category of solid state 
thermomechanical surfacing process. The principle in FSP is that a pin is rotated along 
a specific path on the surface of the component. Heat is therefore produced and the 
surface of coating is plastically deformed from the pin action. Microstructural and 

grain, homogenization or mechanical properties changes occur at the surface of 
deposited coating [80]. FSP is nevertheless a niche technology and its usage in the 

industry is limited. By laser engraving, specific patterns can be produced on APS 
ceramic coatings by vaporisation on specific places on the surface [81]. CO2 laser is 
the most employed in the industry [65]. Research on APS sprayed Al2O3-Cr2O3 
coatings deposited on Al2O3 was performed by Marple et al [82]. The coated specimen 
was immersed in 25% Si2O2 ethyl silicate solution. Remarks regarding the sintering 
stresses on cracking behaviour of coatings designed for elevated temperature 
environments were made.  

 Norms and well-known books in the industry deal with post-spraying 
processing of coatings. Some of the techniques are extensively used in the industry 
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like mechanical finishing, electron-beam or flame spraying remelting and others like 
sol infiltration or laser engraving are less common. However, each of them can be 

crucial to obtain a good quality coating for a certain type of material. 

2.3.1. Vacuum furnace treatment 

Although the etymology of the word vacuum is originating from Latin meaning 
„empty” or „empty space”, such a concept in science cannot be produced nor exist. 
In technology, a space is considered „vacuumed” when it has a highly reduced gas 
density. Such a space is achieved by removing through a pump system the air and 

other gases from the space that as to be vacuumed. The quality is quantified by the 
degree of gas density reduction [83]. Terms like „controlled” or „protective” are also 
often used. They come from the fact that the atmosphere is characterized by its 
contamination level. The classification of vacuum quality is shown in Table 2.3. In the 
steel industry, the practice shows that a vacuum level of 1.3 Pa to 1.3∙10-1 Pa is 
sufficient [83]. 

 
Table 2.3 Pressure ranges of each vacuum quality 
 

Quality of vacuum Pressure range (Pa) 

Low vacuum 1∙105 to 3∙103 
Medium vacuum 3∙103 to 1∙10-1 
High vacuum 1∙10-1 to 1∙10-7 
Ultra high vacuum 1∙10-7 to 1∙10-10 
Extremely high vacuum <1∙1010 

 

In spite of the fact that vacuum furnaces were created for electron tube 

materials and refractory metals in the aerospace industry, the technology extended 
in brazing, sintering, thermochemical treatments or diffusion of metals.  

 
Vacuum treatment has some specific advantages [84,85] like:  

 Keeping a clean surface and preventing partial oxidation or decarburization 
 Adding a substance to the surface of the part resulting in a thermochemical 

process 
 Removing contaminations like residual traces from fabrication 
 Joining possible components like metals, coatings by brazing or diffusion 

bonding 
 Removing O2 diffused on metallic surfaces. 

 
In spite of all the benefits, the operation of vacuum furnaces can be 

complicated and unwanted effects can occur such as accelerated diffusion or 

evaporation of volatile alloying elements [86]. Another drawback is that heat can be 
transferred only by radiation and not through conduction, thus the treated parts will 
get warm and cool down slowly and unevenly [86]. 
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2.3.1.1 Comparison of atmosphere and vacuum heat treatment 

The clearest differences between atmosphere and vacuum heat treatment 
probably lie in the cleanliness and impact of the environment on the parts during post-
processing. In the majority of the heat-treating techniques, a reaction takes place 
between the part to be treated and the normal atmosphere. In order to reduce and 
eventually eliminate such reactions, heat treatments in the presence of inert gases 
can be performed. The dependence of the level of oxygen in an inert gas environment 
furnace can be seen in Figure 2.6.. When examining the atmosphere in a vacuum 

furnace at medium vacuum quality of 0.1 Pa it was observed that less than 0.1% of 

the air was still present [85]. 
 

 
 

Figure 2.6 Oxygen level reduction in a vacuum furnace by purification with the aid of controlled 
atmosphere [83] 

 
 Vacuum furnaces do not create fumes or other gases, don’t involve flames 

and are generally cold. The visual aspect of a treated steel part is distinct as well. 
Parts submitted to atmospheric heat treatment have different colours while the ones 
treatment in reducing atmospheres remain shiny, smooth and bright. The difference 
is due to the low levels of pressure accomplished in a vacuum atmosphere, resulting 

in oxide reduction on the surface. A controlled atmosphere furnace can additionally 
carry out thermochemical treatments. Employing gasses that create high mass 
transfer like propane, ethylene or acetylene, certain surface modification can be 
performed [87].  

2.3.1.2. Vacuum furnace equipment 

Although conventional atmosphere furnaces can be adapted with additional 

parts to develop vacuum for purposes like heat or thermochemical treatments, 
equipment especially designed for this purpose is generally employed. Vacuum 
furnaces can be broadly categorized in: hot wall (without exterior wall cooling) and 
cold wall (with cooled walls) [88]. Vacuum furnaces can be also classified by their 
design: top-loading (pit), bottom-loading (bell), or horizontal-loading (box) furnaces 
[85].  

Vacuum furnaces are machines with complex components and detailed 
descriptions and proper selection of parts can be done using valuable literature like 
Hoffman et al. [89], Fabian [90] or the handbook of ASM regarding heat treatment 
[85].  
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Regardless of the type of furnace, every piece of equipment should consist of: 
 A chamber with opening for a proper vacuum generation 

 A vacuum pumping mechanism 
 Components that can handle various temperatures, heating and cooling rates 
 Precise tools to observe, check and control data from the furnace. 

 
Hot wall furnaces have been the first designed. The entire vessel system in this 

type of furnace is heated by external means, using either burners or electric parts 
[90]. Bell or pit type furnaces have been progressively replaced in the industry 

because of their limited capabilities and notably their incapacity to realize significant 
progress in the temperature range, to heat or cool quickly and to generate high 
vacuum. [85]. Nevertheless, when working with temperatures that do not exceed 
900°C and with heating and cooling rates that don’t need to be fast, those types of 
items can be employed. One application can be found in the copper industry where 
coils, sheets and wires are annealed in such furnaces [88].  

By far the most widely employed, the cold-wall furnace features vessels that 

are water-cooled, which maintains through the whole system excepting the chamber 
at ambient temperature. As the vessel is not affected, this type of units can be 
particularly adapted for big parts and high operating temperatures. In this type of 
furnaces, the heating and cooling can be precisely controlled. A lot of progress has 
been made in the cooling of furnaces by increasing the amount and velocity of inert 
gases, which can evacuate the hot gasses filling the chamber [90]. The cold-wall 

furnaces can be further split in batch and semi-continuous. In the batch type furnace, 
the piece stays in the chamber during the treatment. The semi-continuous furnace 
has the possibility to move the part in the vacuum between different chambers. In 

the batch one, extremely high heating rates and temperatures can be used, the heat 
being almost fully transferred by radiation. Batch cold-wall vacuum furnaces have 
some advantages like reliability, repeatability, effortless control of the environment 
or capacity to treat alloys without creating oxides. Semi-continuous furnaces are more 

complex structures with several chambers, each of them having usually their own 
pump and a carrier system. They also offer advantages like higher productivity, longer 
life cycle, and automatized process. The selection of the proper equipment for each 
university, institute, company and application is an important decision as such a unit 
is usually a costly investment. Where a high volume of similar or identical parts needs 
to be treated, a semi-continuous furnace may be advisable. For testing, single-piece 
lots or laboratory purposes, a batch type equipment may be more suitable.  

Design considerations have to be also taken into account like part geometry or 
the size of the equipment. Just like any other complex machinery, furnaces need as 
well regular maintenance. In a modern piece of equipment, plenty of sensors are 
installed to avoid operating it when damaged for both safety and prevention of 

permanent damage. Nevertheless, it is important to regularly check the parts of the 
apparatus for leaks or dirt that could contaminate the vacuum pump.  

As the application range of the technology greatly widened in the last decades, 
numerous standards are recommended when using a vacuum furnace (regarding the 
pumps, valves, vessels, insulations, etc.) [91]. Among the numerous norms 
developed in the fields, documents like DIN 28400 [92] dealing with definitions, units, 
basic principles, components, accessories or DIN ISO 10012 [93] concerning the 
quality assurance can be considered as reference literature. Regarding recent 
performed research, a high temperature cold-wall vacuum furnace was one of the 

pieces of equipment used by Pascal et al. in the brazing area to study the 
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electrochemical corrosion behaviour of W-Co-NiP and the characteristics of  
WC-Co-NiCrBSi functional coatings deposited on a 16MnCr5 steel substrate [94,95]. 

2.3.1.3. Future of the vacuum technology  

A growth of 6% in the vacuum industry is forecasted in the following years. An 
increased use of the technology in the copper processing industry in nations such as 
India and China has been reported. Due to the absence of emissions during the 
operation, the vacuum furnace heat treatments are used by more and more nations 
to reduce their environmental footprint [96]. Leading technological vendors like ALD 

Vacuum Technologies, Ipsen International or Seco/Varwick offer a wide range of 
solutions for almost any type of applications. Stimulated by the economic health of 
this sector, technological developments are continuously made. For example, in 2016, 
Liang filled an application for patent that has not approved yet [97] for a new type of 
gas discharging nozzles that can be arranged in several rows for cooling the vacuum 
furnaces. Using a finite element method (FEM) simulation, Xaohua et al. recently 
proposed [98] a model for an approximately 1 m3 vacuum furnace tested at a 

temperature of 835 °C that can improve the volume of heating zone and temperature 
uniformity, therefore enhancing the production efficiency. Scientific reviews state 
forecast increase in furnace life cycle, reduction in energy consumption and production 
costs [99,100].  

2.4. Design of experiments in thermal spraying 

As in any industrial process, in thermal spraying finding the right parameters 

for a given operation is a crucial step to ensure the effectiveness and maximize the 
win of the commercial entity. The design of experiments (DOE), introduced for the 
first time by Fisher R.A. [101], is an approach in which through the control of one or 
more input parameters a mathematical output model helps the optimization of an 
analysed process [102]. In DOE, the resulted prediction aims at controlling the initial 

working parameters. For this to happen, a calculated number of experiments have to 
be run before reaching the optimum values. The statistical approach strongly 
concentrates on ensuring validity, reproducibility and reliability. DOE is used in 
research and industry in the fields of natural or social sciences, marketing and 
engineering and research to both optimize systems and learn how they are working 
[102]. Models are currently generated through dedicated software where it is 
generally required to go through certain well-defined steps in order to reach a 

solution. The general steps of an optimization model are represented in Figure 2.7.  
 

 
Figure 2.7 General steps needed to undergo in a typical DOE analysis 

 
The programs greatly rely on theoretical models that were continuously 

developed through the last decades, the most notable improvements being brought 
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by Fisher R.A., Taguchi G., Montgomery D., Myers R., Box G., Hunter W., Hunter J.S. 
and Barrentine L.B. [101–106]. 

DOE is considered as an important optimization method in thermal spraying 
[107,108].  As it makes it possible to take into account several factors and analyse 
their interactions, it doesn’t carry the same limitations as classical optimization 
models varying a single parameter. In the coating technology, as in any model design, 
the first step is to define the object. Several optimizations can be done in this field 
starting from material loss, coating properties or post-processing and finishing. In 
thermal spraying, it is not uncommon to find as many as 50 parameters to analyse 

and vary [109]. Input variables in thermal spraying can relate to: 
 Process: feed rate, spraying distance, gas stoichiometry or flow rate [26,110] 
 Material: size distribution of powder, morphology, internal porosity [111] 
 Post-processing: temperature, time. 

 
Through a polynomial regression equation the properties of coating (responses) 

take the following mathematical form [102]: 

 

𝑌 = 𝑏0 + ∑ 𝑏𝑗𝑋𝑗 + ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗 + ∑ 𝑏𝑖𝑗𝑘𝑋𝑖𝑋𝑗𝑋𝑘 + 𝜀   (2.4.) 

 
𝑖, 𝑗, 𝑘 representing the number of variables, 𝑏0 being the mean of all responses of the 

experiment, 𝑏0, 𝑏𝑖𝑗 , 𝑏𝑖𝑗𝑘 being the regression coefficient that represent the effects of the 

𝑋𝑖 , 𝑋𝑖𝑗 , 𝑋𝑖𝑗𝑘 variables and 𝜀 a general error of the equation. 

After defining the input and response variable the model design has to be 
chosen. The models and experimental plans that can be employed [112] are 

summarized in Table 2.4. 

 
Table 2.4 Design selection guideline 

 
Number 

of factors 
Comparative objective Screening objective Response surface 

objective 

1 1-factor completely 
randomized design 

- - 

2-4 Randomized block design Full or fractional factorial Central composite or 
Box-Behnken 

5 or 
more 

Randomized block design Fractional factorial or 
Placket-Burman 

Screen first to 
reduce number of 
factors 

 
The types that are the most used in thermal spraying are [111]: 

 Placket-Burman screening design 
 Two-level full (2k) and fractional (2k-m) response surface objective factorial 

designs  
 Other response surface methodology (RSM) designs. 

The Placket-Burman (Hadamard) optimization method is done by varying a 

large number of Xi factors (i>4) that can influence the Y response. To the factors are 
generally attributed minimum and maximum correspondents (-1 to 1) [105]. To find 
the influence of the factors, a first degree polynomial degree equation is usually 
performed [111]: 

 

𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑋𝑖      (2.5.) 
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Ramkumar et al. found out with the aid of a Placket-Burman design that for a 
Ti-6Al-4V/10B4C sintered composite the specific wear rate of the alloys is at the lowest 

value with 10% B4C and is decreasing with the increase of the wt. % of the reinforced 
particles [113]. On the other hand, Thirumalaikumarasamy et al. concluded on the 
base of a constructed screening objective design model that for plasma sprayed 
alumina coatings on AZ31B magnesium alloy, the plasma input power has the biggest 
effect on the Young’s modulus proceeded by the stand-off distance and feed rate 
[114]. 

By far, the most employed category of designs in the applicative area is the 

RSM one. The response surface methodology represents a group of techniques used 
to improve, develop and optimize processes [104]. As the effect of input variables is 
used to measure certain characteristics of a product or process, the RSM design 
constitutes the most important optimization class of models. The response function 
Y, which can take a complicated form correlating the input and response variables, 
can be mathematically described as [104]: 

 

𝑌 = 𝑓 (𝑋1, 𝑋2, … , 𝑋𝑘) + 𝜀     (2.6.) 

 
defining 𝑋 as the process variable and 𝜀 as general error of the equation that can 

represent mismeasurements or sources of variability not attributed to the Y function. 
The Box-Behnken and two-level full factorial (2k) and full fractional (2k-1) are typically 
operated in the optimization in the thermal spraying field.  

The Box-Behnken design incorporates the middle points of a k factor cube. Such 
centre point is needed for the orthogonality of the design and in this way a better 
standard deviation is obtained, which reduces the error degree in the process. A  

Box-Behnken design was carried out by Liu et al. [115] to investigate the influence of 

the argon and hydrogen flow rate and the arc current on the velocity and temperature 
of La2Ce2O7 thermal barrier coatings during supersonic atmospheric plasma spray. 
Both Rico et al. [116] and Salavati et al. [117] used as well the same design to find 
the best possible results for their analysis. The latter researched the effect of the gun 
parameters and the powder spray conditions during a twin wire arc spray process for 
the production of porous metallic coatings. Therefore, it was concluded that for a 

wanted porosity of 20% a voltage around 28 V was needed and a polyester feeding 
rate of 26 l m-1 was recommended.  

The two-level full factorial design (2k) is employed to assess the interaction 
between the Xi and Xj factors from the polynomial regression equation. Using this 
solution, Candidato et al. determined the optimal spray parameters for hydroxyapatite 
coatings deposited by solution precursor plasma spraying (SPSS) on sandblasted 
stainless steel [118]. The research established that the surface temperature 

determined greatly the coatings crystallinity and that the spray distance affected the 

most the temperature during the deposition. For the two-level full fractional design 
(2k-m), the number of runs is incremented by the increase of k [111]. If a big value of 
k is employed it might make it necessary to run a large number of experiments. 
Nevertheless, by running a D-optime function, a part of the runs can be eliminated 
by using a specialized software. In this way, a higher effectiveness of the design is 
obtained.  This type of model also helped Rico et al., who used a full fractional design 

to optimize the process parameters of APS sprayed Al2O3-50wt%Cr2O3 coatings [116]. 
Using a (2k-1) fractional design with k=6 it was reported that by operating with high 
power of the equipment, coatings with an agglomeration of hard phases, high 
hardness values, but a short life cycle are obtained. When operating with low power 
values, small hardness is achieved but more durable coatings are reached. 
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Selecting the right design model is important in order to understand the 
problematic, to realize the correct dependencies between the input and response 

variables and to generate valuable data for further analysis. The data generated by 
the attributed design model can take the form of an analysis of variance (ANOVA) 
table, Pareto chart, correlation matrix or different kind of plots (power, variance 
dispersion graph, fraction of design space, desirability or prediction variance or 
profile). In the field of thermal spraying ANOVA tables, Pareto charts, desirability, 
deviation or perturbation plots are frequently used [113–118] in the optimization of 
different parameters like deposition of the coatings, influence of different 

reinforcements on the matrix or certain applied post-processing. 

2.5. Theoretical aspects regarding the materials 

As presented in the motivation, the work concentrates on thermally deposited 
fused reinforced self-fluxing alloys. Considering this aspect, the dissertation will focus 
from now on less on general theoretical principles and more on the specificities of the 

topic. 

2.5.1. Substrate material 

A long list of materials can be used as substrates starting from wood, paper or 
glass and ending with more conventional ones such as metals or metal alloys [37]. 
The present work will focus on metallic substrates. A good knowledge of the alloy is 
essential in order to select and perform an appropriate pre-spraying treatment.  

Several material properties have to be taken into account when selecting and 

preparing a deposition. Substrates which do not exceed 45 HRC can go through the 
common standard procedure of cleaning, roughening and spraying. For materials 
surpassing the hardness value of 40-45 HRC usually a common grit blasting is not 
enough and depending on the application special procedures should be implemented 
[37]. As in brazing, more complex metallurgical reactions happen and the adhesion 

can become problematic [119]. These metallurgical bonds during the process can 
create defects like internal stresses or micro-cracks. Another important factor that 
has to be kept in mind is the coefficient of thermal expansion (CTE). The big difference 
between the CTE of the substrate and the coating can influence the quality through 
residual stress generation. Materials like steel or Cu, Ni, or Co alloys are considered 
easy to use as a substrate. Al, W and Mo alloys are materials considered of medium 
difficulty to be used as substrates whereas materials considered difficult are ceramics, 

glasses or for example Ti or Zr alloys [119].  
More attention should be paid when handling materials that are susceptible to 

oxidize quickly. In this situation, the preheating of the substrates should not exceed 

65°C and an immediate spraying should be performed. Components that are casted, 
sintered or produced through methods that may induce internal porosities need to be 
specially cleaned.  

Little attention is paid in the research field to the substrate. Most of the research 

in the substrate-coating region is given to grit blasting, splat formation or blasting 
methods [59–62]. Nevertheless, for W coatings deposited by APS and vacuum plasma 
spraying (VPS) Kovářík et al. recently concluded that the substrate influenced the 
porosity, the hardness and the thermal conductivity of the coatings [120].  
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2.5.2. Coating material 

There are several methods for classifying coating materials. The first 
categorization of coating materials can be done according to the form of the materials 
to be deposited: powder, wire, suspension, and solution [25]. The characterization 
and the technical supply of powders is normed through ISO 14232-1 [121]. Another 
classification regarding the importance of spraying powder properties depending on 
the spraying process and material group [121,122] is presented in Table 2.5: 

 
Table 2.5 The importance of spraying powder properties in regard to the TS process and 
material group 

 
 Chemical 

composition 
Powder size 
distribution 

Powder 
form 

Bulk 
density 

Flowability Microstructure Phase 
composition 

Working 
temperature 

Pure metals 
(Mo, Ni, etc.) 

+++ +++ ++ + + - - - 

Metallic alloys 
(self-fluxing, 
MCrAlY, etc.) 

+++ +++ ++ + + - + ++3 

Carbide-metal 
composites 
(WC-Co, etc.) 

+++ +++ ++ + + ++ ++ - 

Oxides (AlO3, 
Cr2O3, etc.) 

+++ +++ ++ + + + + - 

Organic 
materials 
(ethylene, etc.) 

+++ +++ + ++ + - - ++1 

APS/VPS ++ +++ ++ - + - ++2 - 

FS ++ +++ + - +++ - - +++ 

HVOF ++ +++ +++ ++ + - ++2 + 

+++ 
++ 
+ 
- 
1 
 

2 
3 

highly important 
moderately important 
less important 
without importance 
during the usage of organic materials, the decomposition temperature, the oxidation resistance of the melt and the 

toxicological behavior has to be particularly considered 
exact required information at deposition of carbides and oxides 
for self-fluxing alloys 

 
Probably the last important method of classification can be done according to 

the properties that will be needed from the coatings when implemented [6]. The 
coatings during operation can be damaged caused by abrasive and adhesive wear, 
atmospheric and immersion corrosion, cavitation, electrical resistivity and 

conductivity, fretting, hard bearings and surfaces, heat and oxidation, machine 
element clearance control, or particle erosion. Considering the large number of 
damage possibilities, knowing the field in which the coatings will be used is extremely 
important. 

 
 

Figure 2.8 Powder characteristics, porosity and shape as a function of their manufacturing 
process [22] 
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The production of the powder is a very important aspect when choosing the 
depositing materials. Some very important characteristics like density, shape, 

fineness or porosity are defined during the fabrication process. The main technologies 
are presented in Figure 2.8 [22].  

The usual manufacturing process for a powder is seen in Figure 2.9 and can be 
split in five big steps: manufacturing, particle size determination, blending, quality 
control and packaging. 

A normal range of powder size produced through the techniques mentioned 
above is between 5 µm and 120 µm depending on the application [6]. A particular 

attention will be given to atomisation as the Ni-based powders are produced by the 
main vendors through this process [123–126]. However, the other main processes 
will be briefly described as well. Crushing and milling have mostly the purpose of 
breaking a bigger particle into smaller ones through a mechanical force. Usually, the 
resulted material has an irregular shape, which could lead to flowability problems in 
the feeder.  This process can be applied to brittle materials, for example ceramics or 
oxides. Sintering is a process of compacting a material under pressure and 

temperature. The sintering temperature does not reach the melting point of the 
material. The internal porosity of the material decreases using this process. Powders 
with a high melting point like tungsten or molybdenum alloys can be fabricated 
through this process. Agglomeration is a technique consisting in introducing in an 
atomizer raw powder, a binder and water. Through a drying under heat, the water 
evaporates and the powder is formed. Materials like oxide alloys, nitrides or cermets 

can be produced. Spheroidization can be used in combination with other processes to 
create a better flowability of the powder in the feeder and to create a homogeneous 
melting of the particle. The spheres however need to be optimized to avoid formation 

of internal porosity. The sol-gel is a chemical process during which a solution enables 
reactions subsequently forming distinct particles. The technique is used to form 
ceramic powder, mainly oxides.  

Mechanical alloying is also a relatively novel method. As it is used to obtain 

smaller quantities, especially in research and laboratory work, this method is not 
integrated in Figure 2.8. Alloys and mixes of cermet and composite structures can be 
produced. In a special equipment, heat is formed allowing the particles to plastically 
deform [26]. There, it is possible to obtain agglomerates with a distinct lamellar 
geometry.  

 

 
 

 
 

Figure 2.9 Usual manufacturing steps for a 
powder 

Figure 2.10 Schematics of the atomisation 
production process 
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As previously mentioned, the atomization process is used by large vendors in 
the TS industry to produce Ni-based powders. Schematized in Figure 2.10 the 

technology is split in four categories: gas, water, centrifugal and mechanical 
atomization. Out of these, by far the most used are the gas and water ones. The two 
processes work with the same principle, in which a liquid material stream is broken 
into small pieces with the help of either a gas or a water jet. The water atomization 
gives to the particles an irregular geometry unless a large degree of heat is given to 
the metal, whereas the gas atomisation tends to form spherical particles. Regarding 
the size of the particles, the process using water results in coarser dimensions 

between 150 µm and 250 µm while the process using water results in coarser powder 
sizes between 25 µm and 100 µm. The water atomisation is advantageous when a 
fast production is necessary. However, the gas process results in a very clean powder, 
especially when an inert gas is used. This technology is employed especially for 
reactive materials like titanium, titanium alloys but also for other composites like 
cobalt-chromium, nickel-chromium, copper, or aluminium. Recent research [127] in 
the production of NiCrBSi powders showed that a high cooling rate using gas 

atomization formation of unstable Ni-based phases may be possible. 
Characterization of particles is also an important step of quality evaluation. 

Numerous methods have been developed like powder sampling, particle size 
determination by image analysis or sieving, scanning methods (stream or field) [128], 
surface area determination, or pore size and distribution [129]. US standard guides 
for powder particles [130] or test methods for particle size analysis are also available 

[131]. 
An important feature to consider is also the powder feeding of the material as 

it can decisively influence the coating quality. Although spheroidized powders 

generally have a good flowability, feeding irregular shaped powder in an improper 
feeder can create problems. A normal feeder hoper can carry usually 10 kg of powder 
but if the worker happens to create saltation (overloading of the feed tube) an 
obstruction of the system would be caused. Another example of harmful matter could 

be caused by an overdose of the carrier gas. 
The potential negative impact of the size and chemical composition of the 

particles should also be stressed. Once inhaled, a penetration in the tracheobronchial 
tree is possible. The exposure to powder feedstock and subsequently dust are the 
most dangerous for the human health [22]. A recent study of Viana et al. showed 
concentrations of ultra-fine powders intakes among the employees in the case of 
atmospheric plasma spraying, which unfortunately did not decrease significantly 

outside the workplace. Health protocols with special attention to powder are 
recommended [132]. Galey et al. proposed in 2018 an approach regarding aerosol 
measurement for engineered nanoparticles [133]. The method combines several 
factors including real-time measurements, particle sampling or development of safety 

measures. 
Ni-based powders and coatings, have as any complex structure plenty of 

particularities to take into account. The heating of the alloy can produce phase 
changes in the coating and can create fusing problems or undesirable influence of 
elements on the final product. 

Self-fluxing alloys, derived from the Latin flux meaning flow, contain elements 
that help purifying, deoxidizing and cleaning the materials. The known self-fluxing 
alloy categories are Fe-based, Co-based or Ni-based [138], [139]. By having in the 
composition elements like boron or silicon which, when exceeding 1.5% alone or in 

combination help  pushing oxides trapped in the coating towards the surface [6]. 
Boron and silicon in combination, depending on their quantity in the chemical 
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composition, can help lowering the melting temperature by a few hundred degrees 
[6]. Boron can as well aid act as hardener for Co- and Ni-based alloys. Like in many 

applications, chromium is added to improve the wear and corrosion resistance of the 
alloy.  

The as-sprayed alloy is not employed in the industry as it presents a high and 
interconnected porosity, low adhesion, weak particle cohesion and poor corrosion and 
wear resistance. Hence, post-processing techniques like fusing and mechanical 
finishing are widely performed. The fusing process for the Ni-based alloys starts at 
760-870°C [136], reaching the range of 1000°C-1120°C [6,136–138] in order to 

obtain satisfactory properties. The temperature control is crucial to obtain good 
results with the coating. The high temperature helps creating metallurgical diffusion 
that significantly increases the bond strength in the coating-subtrate region. Another 
advantage of the fusion, regardless of the temperature is the effect of oxide removal 
towards the surface. A CrBFeSiCNi alloy in which Si and B are used as deoxidizers 
results corresponds to an equation that could take the following form [136]: 

 

(𝐹𝑒𝐶𝑟)𝑥𝑂𝑥+𝑦 + 2𝐵 + 2𝑆𝑖 → 𝑥𝐹𝑒 + 𝑥𝐶𝑟 + 𝐵2𝑂𝑥 + 𝐵2𝑂𝑥𝑆𝑖𝑂𝑦    (2.7.) 

 
The resulted 𝐵2𝑂𝑥𝑆𝑖𝑂𝑦 borosilicate during the fusion process is brought to the 

surface and is usually removed by mechanical finishing. The mechanical  
post-processing processes aid as well in the hardness of the coating [139]. 

As any process, the fusion as well has drawbacks. When a complete melting, 
fluxing or wetting is not reached, a so-called “under-fusing” can happen. Overheating 
or under-fusing are negatively affecting porosity and are particularly likely to happen 

when working with large parts. A high content of lead, sulfur or selenium in the base 
material are usually causing porosity related problems as well [66]. A failure of match 
in terms of expansion coefficient between the substrate and coating can lead to 

cracks. As for any thermal spraying technology and material, in self-fluxing alloys as 
well, cracks are formed when the coating is brittle. A certain control of crack 
propagation can be achieved by uniform heating and cooling.  

Material inhomogeneity and residual porosity can be eliminated by a solution 
proposed in the patent of Harada and Shin [140] which consists in coating a second 
coating on top of the already fused self-fluxed material. Therefore, the material can 
produce better results and the uniformity of the coating by eliminating the rest of the 

oxides and pores can be improved. Laser-selective fusion of self-fluxing Ni-based 
alloys using diode lasers recently performed by Chun et al. [141,142] show that Cr5B3, 
M7C3 or M23C6 type carbides and borides form in the coating microstructure and 
improve the hardness of the part. 

The phase composition is strongly linked to the chemical composition of the 
material, the fusing process and the temperature control of the post-processing. The 

generation of the binary and ternary systems, which are further presented, have a 

base in the so-called “CALPHAD method” [143]. Using this methodology, parametric 
equations are used to represent the Gibbs energies of the phases. Crystallographic 
information and thermodynamic parameters are used to identify the phases, 
potentials or enthalpies. All the identified phases are represented in the situation in 
which the system contains equal concentrations of Cr, Ni and B. 

The Ni-Cr-B alloys are a major interest group in the self-fluxing and brazing 

research. Looking at the partial reaction scheme represented in Figure 2.11 [144], 
one can observe that around 1025°C the Ni, Ni3B and CrB solid solutions start forming. 
At 1050°C the solid solution starts melting. Reaching the 1096°C point, formations of 
L+Cr5B3+CrB (L standing for liquid) or liquid Ni3B+Ni2B+CrB can be observed. 
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Reaching the temperature of interest of approximately 1100°C a liquid solution of 
Ni3B+CrB can be found. Going further the CrB phase transforms depending on the 

temperature in Cr5B3, Cr2B turning at about 1250°C into a solution of Cr2B and Cr. Ni 
splits from the Ni3B phase 1200°C, remaining alone in the melt. One should take in 
account that adding Si and B in the self-fluxing alloy and remelting it, a coating 
shrinkage up to 20% can be produced [6,66,136].  

The isothermal B-Cr-Ni diagram in Figure 2.12 [144], shows the CrxBy and NixBy 
type phases at 1000°C. This temperature is important as the fusing of self-fluxing 
alloys is performed around this value. One can observe that at approximately  

60% at.% Cr the Cr2B is formed and the important structures are highlighted until 
20% Cr. Between the two phases highlighted other important ones like Cr5B3, CrB and 
Cr2B2 can be found. On the other hand, looking at the B interaction with Ni, at about 
25% concentration of Ni, the Ni3B solution is formed. All the important phases in the 
Ni-B interaction are formed until the Ni-B 50-50% ratio. Between these two values, 
in the ternary diagram phases like Ni3B, Ni2B are mentioned. No important phases in 
the Cr-Ni interaction are shown.  

 
 

 
 

Figure 2.11 Partial reaction scheme of the Cr-Ni, B-Cr, B-Cr-Ni and B-Ni systems [144] 
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Figure 2.12 B-Cr-Ni - isothermal section at 1000°C [144] 

 

Another important component to consider in the alloy interaction is Si. The Ni-
Si phase alloy diagram is represented in Figure 2.13 [145]. One can see that until 

35% Si, phases like γNi3Si, βNi3Si, δNi2Si are observed. At about 35% Si, the lowest 
melting point of the NiSi alloy is identified and after this point, Si rich phases start to 
be dominant. A Ni-Si phase diagram has been also calculated by the Korea Research 
Institute of Standards and Science [146]. Additionally, the institute identified the 
Ni31Si12 and θNi2Si phases as well. 

 

 
 

Figure 2.13 The Ni-Si binary system [145,146] 
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One should keep in mind that the partial reaction scheme and both binary and 
ternary diagrams are calculated in the situation in which the components have the 

same at.% proportions, namely B-Cr-Ni 33,3% in the three-component diagram and 
Ni-Si 50% in the two-component one. Nevertheless, the formed phases provide 
important information in the phase identification and analysis of alloys that are 
composed mainly of these elements. 
 Several researches confirmed the phases identified in Figure 2.11, Figure 2.12 
and Figure 2.13. As an example, for laser cladded samples produced by Guo et al. 
[147] for both self-fluxing and WC reinforced self-fluxing alloys the γNi, CrB and Ni3B 

phases have been identified. When investigating the surface microstructure of flame 
sprayed NiCrBSi powder, Cr-B and NiB have been identified [148]. As a normal 
process when working under normal atmosphere, oxides like Cr2O3 or Cr-B-O can be 
found [148]. The γNi phase is predominant in the same work. A recently employed 
TEM mapping for a high Cr content self-fluxing sample produced through laser-
assisted selective fusing performed by Chun et al. [142] revealed lamellar structures 
of Ni-based phases. High content of Cr and Fe have been as well detected. When 

looking at the microstructure analysed by the same group of authors [141] before the 
remelting process, non-homogeneity in the coating could be seen and Cr-based 
borides and carbides have been identified. After homogenization at 1150°C, the 
microstructure evolved into a lamellar one composed of γNi and Ni3Si with smaller 
than <5 µm carbides and borides.  

2.5.3. Reinforcing material 

Composite materials are acknowledged to be a combination of two or more 

materials that partially or totally blend. The resulting material is heterogeneous 
although an interaction happens. A clear interface can be most of the time identified 
between the components that have separate properties (e.g. physical, chemical, 
mechanical) [6]. 

Particles and whiskers have been mainly introduced to reinforce the matrix 

material and increase properties and behaviours under different conditions. Some of 
the most used reinforcements are WC, Cr3C2 or TiC. Particles or whiskers can be 
blended with the base material through several methods e.g. mechanical mixes, 
coinjection, doping. The reinforcements can vary from 10% to 90%, the metal matrix 
becoming a binder.  

For the thermal spraying technology, the manufacturing of reinforced composites 
through mechanical, thermomechanical or chemical means is possible. An exemplified 

process of a composite powder is illustrated in Figure 2.14. In the representation both 
matrix and reinforcement can be seen as separate structures.  

 
 

Figure 2.14 Representation of a composite powder 
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During the deposition and post-processing, phase changes are occurring in the 
structure, material properties and behaviour in different environments. 

Heterogeneous coatings can be also produced by material segregation during 
handling, shipping or equipment feeding [149]. Spheroidization, which can be 
performed through several techniques, can lead to numerous advantages in thermal 
spray. Some of the improvements are homogeneous melting, densification or 
flowability, all of them leading to a quality increase of the final product [150,151]. 
Another process to improve composite powder is agglomeration. Alloys can be 
agglomerated with organic binders to promote a better adhesion to the substrate 

[149]. Nevertheless, the agglomerates are affected by the viscous jets of the thermal 
spraying process, leading to powder breaking. However, powder agglomeration still 
retains a 4-8% of internal porosity [152]. The last composite powder production that 
will be considered here is performed at elevated temperatures and called SHS  
(self-propagation synthesis). The SHS process produces large bulk pieces that have 
to be further processed. Problems regarding the shrinkage or volumetric growth of 
powders such as TiC-Me still occur. The behaviour and its macrostructure have been 

recently studied by Korosteleva et al. [153]. Comprehensive overviews of the SHS 
manufacturing technique and power usage in the thermal spraying industry can be 
found in the recent scientific literature [154,155]. 

Borides are believed to be in the industry one of the most important and widely 
used refractory materials. Serebrykova et al. realized a classification of them after 
their atom size in and found approximately 80 binary systems out of which 60 react 

with metals [156]. The structures from Me2B to MeB12 to MeB66·100 with a particular 
attention to the diborides represent one of the most interesting series for research 
because of their electron configuration. TiB2 is a material of interest as it presents a 

few attractive properties like high hardness 25-35 GPa at room temperature, good 
creep resistance and thermal conductivity (≈ 65 W m-1 K-1) and good chemical 
stability [157]. It is therefore predictable that the material will have lower density and 
have a higher hardness than WC-Co systems. Nevertheless, a relatively low fracture 

toughness and the sensitivity of crack growth come as disadvantages of the material. 
In order to understand the compound better the Ti-B binary phase diagram should be 
studied. The phase diagram can be found in Figure 2.15 [158]. 

TiB2 is an intermetallic composite with an orthorombic TiB and Ti3B4 and TiB2 
structure [157]. It can be observed that the solubility of B in αTi is reached at about 
880°C and the one of βTi at 1540°C. The melting of the TiB2 phase can be observed 
at 3225°C. A peritectical decomposition of TiB and Ti3B4 is also happening at 2180°C 

[157]. The homogeneity of the TiB2 phase has been reported between 65.5 and 67% 
[158]. The grain growth can be avoided and the densification improved for the TiB2 
phase by the addition of C, CrB2, C, Ni, NiB or Fe composites [159]. Research 
concluded [159] that the addition of a mass fraction up to 10% in Ni compounds for 

a sintering at about 1700°C for 1h can lead to properties enhancement of the material. 
The same work stated that a further solubility of B in Ti can be obtained by rapid 

quenching (106 K∙s-1) of Ti-rich eutectic alloys. Hardness, electrical conductivity and 
fracture toughness are all increased when the diboride is added to Al2O3 or Si3N4 
matrixes [160]. 
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Figure 2.15 The Ti-B phase diagram [158] 

  
The evolution of some of the studied [159] mechanical properties at room 

temperature and at 1000°C can be consulted in Table 2.6. 

 
Table 2.6 Some mechanical properties of polycrystalline TiB2 compound having a mass fraction 
of ≥98% and density of ρ=4.5±0.1 g∙cm-3 and grain size of g=9±1 µm 

 
 Bulk 

modulus 
(GPa)  

Density 
 
(g∙cm-3) 

Elastic 
modulus 
(GPa) 

Flexural 
strength 
(MPa) 

Friction 
coefficient 

Hardness  
 
(GPa) 

Wear 
coefficient 
(10-3) 

20°C 240 4.5 565 400 0.9 25 1.7 
1000°C 228 4.3 534 459 0.6 4.6  

  
It can be observed that small or insignificant decreases for bulk modulus, 

density and elastic modulus occur at elevated temperature. The hardness has 
unfortunately at high temperature a big decrease from 25 GPa to 4.6 GPa. 
Nevertheless, with an increase of the friction coefficient and flexural strength a 

decrease of wear rate and lower stress coatings could possibly be obtained. 

 

 
 

Figure 2.16 Sequence of deformation and impact of multiple Ti droplets on a substrate [161] 

BUPT



2.6 -  Applications 37 

Liu et al. [161] realized a numerical simulation of the thermal spraying 
technology at the impact of molten Ti, Ni, and W particles with a flat substrate. The 

particle impact is one of the most neglected parts in thermal spraying. As previously 
mentioned, the droplet interaction with the substrate affects especially the 
microstructure, porosity and adhesion of the coatings. In Figure 2.16 the impact of 
multiple Ti droplets on the substrate is represented. The particles have a diameter 
d=30 µm and have been accelerated with a velocity v = 200 m∙s-1.  At the time  
t=0.030 µs the droplets reach the substrate but the plastic deformation does not yet 
occur. When the bottom particles reach the substrate, they start deforming and 

creating adhesion on the substrate. At t = 0.030 µs the lateral jets produce a rebound 
of the coming particles due to their velocity when interacting with the already 
impacted particles. Reaching the maximum speed of t = 0.120 µs the liquid spreads, 
forming layers on the top of each other. The particles rebound continues at the surface 
of the coating. In the moment when the piece is rotated or the gun moved, the ejected 
liquid separates from the stream, a solidification process takes place and defects like 
void may unfortunately occur. A post-processing in which the material reaches the 

glass transition temperature can be performed. This would generate the elimination 
of the existing pores and create a metallurgical interface bonding. 

Looking at TiB2 as a stable material with favourable crystallographic structure 
for wear applications at high temperature, having a clear view regarding the Ti droplet 
impact with a flat substrate and presenting interesting mechanical and thermal 
properties, the compound in combination with a Ni-based alloy can represent a highly 

attractive research subject. 

2.6. Applications 

The combination of conception, materials, technologies is a critical factor to 
assure performant products [162]. Coatings are used as solutions for applications that 
require wear, corrosion or tribocorrosion resistance. In this way, the lifespan of the 

coated machine parts is prolonged and the general maintenance is drastically reduced. 
For the Ni-based alloys, and especially the NiCrBSi, the chemical composition 
represents an important role in obtaining high quality products.  

Boron and silicon in combination, depending on their quantity in the chemical 
composition, can help lowering the melting temperature by a few hundred degrees 
[6]. The presence of Cr, B, Si and C form hard phases and when they are 
homogeneously distributed in the Ni-matrix, the coating shows reasonable hardness. 

The Ni matrix provides ductility to the coating and Cr protects against corrosion 
[6,163]. The hardness and the wear is improved by reinforcing the Ni-based powder 
for example with WC [95,119,147,164] or TiC particles [165].  

The reference book in thermal spraying by Davis [6] lists plenty of industries 

where Ni based coatings are used. Some of these are: agriculture, automotive engine, 
chemical processing, defence and aerospace, electric utilities, food processing, 

forging, hydro-steam turbine, iron and steel manufacturing, oil and gas exploration, 
paper and printing equipment or steel roll mills. 

Among the classic machine parts where these types of coatings are applied are 
shafts and sleeves of pump seals, rotary airlocks and feeders, or conveyor screws. 
Japanese automotive companies applied NiCrBSi coatings on valve seats. Cr3C2+NiCr 
coatings have been employed against wear and abrasion resistance for piston rings 
of diesel engines [26], while Mo+NiCrBSi have been used for parts of a gasoline 

engine [6]. Restorations are also largely performed using self-fluxing alloys. A 
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particular successful example is the restoration of expensive and large pump 
housings.   

Although the vast majority of the self-fluxing alloys find applications in the steel 
industry where wear resistance is needed, they can be also used spraying 
thermoplastics [136]. Applying multilayer coatings is as well possible with such 
materials. 

TiB2 ceramics is mostly used as a reinforcement for different materials. The 
combination of different properties makes the material a good candidate for various 
applications. In the review made by Vallauri et al. [166], the TiC-TiB2 material is given 

as an example for industries like cutting tools, armour material or electrode materials 
in metal melting. The ceramic has attracted as well attention in the area of high 
temperature structural materials or reinforcement to steel matrix composites because 
of the density, melting temperature and good wettability. TiB2 is expected in these 
kind of materials to improve the wear resistance of the steel because of its mechanical 
properties like Young modulus or hardness [167]. A producer of highly performant 
materials [168] recommends the TiB2 to be used in applications for electrically 

conductive composites like Al evaporation boats, complex sinterable shapes, additive 
for producing ceramic composites or thermal management materials.  

All in all, both self-fluxing alloys and TiB2 appear to be used in a large number 
of industries and specific applications. The combination of these materials could lead 
to new application fields for part protection or restoration. 

2.7. Testing and characterization of thermal sprayed 

coatings 

Characterization is a crucial part in materials science to predict the behaviour of 
the parts in real life applications. Simulations, analysis or testing in order to define 

certain properties are all important parts of material research.  

2.7.1. Microstructure and image analysis 

In many instances it is necessary to examine the structural elements or defects 
that influence properties of materials. Macroscopic observation is possible, but most 
of the time it does not offer enough information to come to a conclusion. After careful 
metallographic preparation and etching with a chemical reagent grains, their 

boundaries or defects can be easily observed using a light microscope [169]. Material 
contrast, chemical composition analysis, element quantification or topography can be 
all determined using a SEM or TEM at considerably higher magnifications. There is 
plenty of research on the microstructure of Ni-based alloys 
[71,73,138,138,139,141,148,164] and as new studies are performed, they will be all 

very likely submitted to similar characterization techniques. 
Due to the rapid development of computational power, more and more performant 

software has been as well created. This kind of software is used by researchers to 
deepen their knowledge in the material characterization. Nevertheless, by 
misinterpretation, errors can occur. An image with a high pixel resolution gives the 
possibility to perform a large number of analysis. Quantitative analysis for coating 
thickness measurement [170], porosity determination [171]  or different kind of 
contour plots or mappings for mechanical characterization [172] all represent 
important techniques in materials science and surface engineering.  
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2.7.2. Phase composition 

Phase composition is classically performed with an X-ray diffractometer. This 
method allows to interpret the atomic and molecular structure in solids and powders. 
The diffraction is based on Bragg’s law, which is grounded on electromagnetic 
radiation. Electron backscatter diffraction (EBSD) is a crystallographic technique to 
study either crystalline or polycrystalline materials. Using this technique, the 
structural properties, texture, defects or deformations can be all investigated.  Wide 
angle X-ray scattering (WAXS) is a more recently developed technique usually 

employed to study the crystalline structure of polymer materials. Small angle X-ray 
scattering (SAXS) is used for scattering samples at a nanoscale level. Typical 
examples where phase identification is performed are: identification of phase in 
geological samples (can lead to the explanation of the formation of the planet), 
nanomaterials or pharmaceutical industry. Whether it is about XRD, EBSD, WAXS or 
SAXS, all have their importance and are successfully used in the research in coating 
technology [72,166,173]. 

2.7.3. Hardness properties 

In the mechanical characterization of thermal sprayed coatings, a large variety 
of properties like elastic moduli, toughness, tensile properties or hardness can be 
identified through indentation tests. Macroindentations help defining some of the 
general mechanical properties of the material. When the grains are large or the 

coatings are relatively thick, microindentations are possible. Nanoindentations are 
largely employed to characterize mechanical properties of grains, determine the 

hardness in the interface regions or in the thin films industry. In the coating and self-
fluxing alloy technology the mechanical characterization is largely employed 
[135,164,174] and new developments are constantly made. 

2.7.4. Friction and wear 

Friction and wear are two of the most important mechanisms against which a 
large part of the thermally sprayed coating should be protecting.  

The fundamentals of friction are represented in Figure 2.17a: a normal force FN 
is exerted over two bodies. When a tangential force FT is applied on the top body, a 
relative motion starts [175]. The result of the simultaneous action of the FN and Ft 
generates the friction force Ff. The coefficient of static friction µs is defined as the ratio 
of tangential force FT with the normal force FN. The coefficient of kinetic friction is 

created by keeping the movement between the two bodies with a certain velocity. 
Both of the factors versus time or sliding distance are represented in Figure 2.17b.  

The coefficient of kinetic friction (COF) is defined as: 
 

 
𝐹𝑇

𝐹𝑁
= 𝜇     (2.8.) 
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Figure 2.17 Schematic of the (a) force needed to move the bodies, (b) resulted ideal  

COF (µ) vs. time/sliding distance and (c) maximum shear stress (τmax) evolution against 
the depth for an application [175] 

 

The COF induces two main consequences [175]: 
(1) A shear stress 𝜏𝑧𝑦 which is defined as 𝜏𝑧𝑦 = 𝜇 ∙ 𝜌 where 𝜌 represents the 

Hertzian pressure (the pressure excerted by the contact of two bodies) 
[176] 

(2) A contact compression stress 𝜎𝑡
` is formed at the beginning of the 

contact between the two bodies and a tensile stress at the end of it. 
It can be concluded that the evolution of the COF 𝜇 starts with a compression 

stress 𝜎𝑡
` < 0 followed by a shear stress 𝜏𝑧𝑦 and ending with a tensile stress 𝜎𝑡

` > 0. 

The maximum value of the compression stress 𝜎𝑡
` [177] is given by: 

 

𝜎𝑡
` = 2 ∙ 𝜇 ∙ 𝜌𝑚𝑎𝑥     (2.9.) 

 
A relative motion between two bodies is considered in Figure 19c. The friction 

coefficient 𝜏𝑚𝑎𝑥/𝜌𝑚𝑎𝑥 in the given situation is a function of i.e. the depth. The peak 

value of elastic deformation is reached at approximatevely z = 0.7. When the friction 

value exceeds the 0.25 value, the sheer stress is superior to the subsuface value 
having a great consequence on the elastic-plastic deformation of the material. After 
reaching the maximum value COF the plastic deformation starts.  

 
Wear is a term which relates to the removal of undesired material from a 

surface as a consequence of a mechanical action. A large number of variables can 

influence the creation of such processes and controlling them requires a solid 
knowledge in tribology. There are numerous books, norms and scientific papers trying 
to classifiy wear mechanisms either generally or in relation to the thermal spray 
technology [175,176,178–183]. Although opinions vary, most of the literature agrees 

on four distinctive mechanisms: 
 Adhesive wear 
 Abrasive wear 

 Surface fatigue 
 Tribo-oxidative [175] / corrosive wear [176] / tribochemical [178] / high 

temperature oxidation or corrosion [179] / oxidational wear [180] / flow [181]. In 
spite of being diferently named, they all have in common the same fundamental 
mechanism. In the following work the term “tribochemical” will be used. 

 

a b c 
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Fretting, ploughing, rolling contact or erossive wear are considered in a large 
part of the literature as particular cases of the four phenomena named above but a 

minority of experts mention them as distinct mechanisms.  
The most common types of wear mechanisms that can take place on the surface 

of a thermally sprayed coating are represented in Figure 2.18. Before briefly 
describing each phenomenon, it is important to note that a wear mechanism can only 
occur if the two following conditions are: a normal force Fn has to be exterted from a 
counterpart on the thermally sprayed coating and a movement with a velocity vx of 
at least one part has to be applied. As the FN is exerted on at least one of the parts, 

a tangential force FT is generated and a wear mechanism starts damaging the surface 
of at least one part. 

 

    
 

Figure 2.18 Schematics of the (a) adhesion, (b) abrasive, (c) fatigue and 
(d) tribochemical wear mechanisms 

 
Adhesive wear, represented in Figure 2.18a, occurs when the motion of two 

components in contact that have different velocities induces a damage at the 

interaction surface creating wear fragments. The theory developed by Archard J.F. 
represented the fundaments of adhesive wear theory. Since then, a lot of 

development has been made in the domain. Specialized literature [183] mentions that 
it is important to make a clear distinction between the wear behavior of ductile and 
brittle materials. 

If the brittle materials (as the ones considered for the present work) have a low 
enough fracture fatigue toughness, as a consequence of the contact, wear fragments 

can be formed. In the case in which micro-cracks are formed on the contact surface 
possible brittle fracture can as well happen. 

Thermal spraying contributed in protecting surfaces against adhesive wear in 
various applications. A few examples are: piston rings coated with Mo or Mo/self-
fluxing by flame or APS, large cylinders coated with Fe-Mo material, US Navy 
approved HVOF coatings for hydraulic rods [179]. 

Abrasive wear, represented in Figure 2.18b, takes place when an external 
particle from the system enters between the contact surface of two parts causing 
damage. The phenomenon happens as well when the contact of two components with  
significantly different hardness causes scratches and leads eventually to material 

removal [119].  
The abrasive wear of brittle materials is commonly attributed as a consequence 

of the Lawn and Swain mechanism [184]. This states that the depicted material is 

resulted from a microindentation between the two surfaces in interaction. In the case 
in which the generated particles are round-shaped, brittle fractures can occur [175]. 

In industry, WC-Co are generally used for low temperature application (400°C-
500°C), NiCr-Cr2C3 for high temperature applications (800°C-900°C). Although APS 
Cr2O3 coatings have a higher hardness (RC 70) than WC-Co coatings (RC 65-68), the 
abrasive wear of WC-Co is 30%-40% higher [179]. 

Fatigue wear, represented in Figure 2.18c, is considered happening when a 

surface damage and removal is performed by cycling contact between two parts. This 

a b d c 
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type of mechanism provokes damage generally in large assemblies where the 
numerous components in contact work at a very high intensity or frequency [185].  

When fatigue in combination with wear occur in a system, pits, cavities or 
cracks on one or both surfaces are very likely to appear. The damage produced in the 
coating, especially cracks, acts as stress concentrator and fractures the material 
[186]. 

The technology of thermal spraying is frequently used for protecting parts 
against fatigue wear [16]. Recent research [187] has been done on applying shot 
peening as a post-treatment of SPS sprayed steel coatings on steel surface. After 

bending fatigue test, it has been observed that crack initiation does not start at the 
interface as in the not processed sample but rather on the surface and only after a 
long time. The shot peening has been observed to reduce as well the residual stress 
of the coating. Further developments are recommended, especially in the field of the 
kinetics and process-microstructure of the thermal spray technology [16]. 

Tribochemical wear, represented in Figure 2.18d, happens through an 
unlubricating film built by chemical interaction on the parts in interaction creating 

damage on one or both the components [94]. The most frequent type of phenomenon 
is the one of tribo-oxidation where a built harmful oxide is encouraged by the system 
and results in debris damaging the surface. 

Specialized literature [175] divides the mechanism in tribochemical wear at 
high temperature and tribochemical wear at low sliding temperature. In the first case, 
the surface temperature alone promotes the formation of unwanted particles and films 

that start harming the material. Intensive research [175] concluded that the wear at 
low sliding temperature is formed as a consequence of the adhesive wear by trapping 
the dislocated asperities between the parts in interaction. The constituents are 

hardened, fractured, oxidized, forming finally a film and ending in irreversible damage 
of at least one component. Tribochemical wear at low sliding speed can occur for 
example when the temperature is not high enough to form oxidation of the surfaces 
in contact. Such type of wear can also be developed when load and sliding conditions 

are intense and a compact layer of asperities is built. 
Recent research [16] reported that cylinders in contact, that tend to form 

destructive films, can be protected with plasma VPS or LPPS (low-pressure plasma 
spraying) by applying high concentration Ni-alloys containing Si, Mo or B. 

Historically, J.F. Archard calculated the wear volume Wc as the wear coefficient 
K multiplied with the sliding distance s and the ratio of the normal force FN and the 
yield stress H: 

 

𝑊𝑉 = 𝐾 ∙
𝐹𝑁

𝐻
∙ 𝑠  (𝑚𝑚2)     (2.10.) 

 
The wear rate k can be further calculated as: 

 

𝑘 =
𝑊𝑣

𝐹𝑁∙𝑠
  (𝑚𝑚3𝑁−1𝑚−1)      (2.11.) 

 
 
 
 

 
 
 

BUPT



2.7 -  Testing and characterization of thermal sprayed coatings 43 

2.7.5. Corrosion behaviour 

According to the DIN EN ISO 8044:2015-13 [188] norm, corrosion is defined 
as “the physiochemical interaction between a metal and its environment that results 
in changes in the properties of the metal, and which may lead to significant 
impairment of the function of the metal, the environment, or the technical system, of 
which these form a part”. The standard lists over 50 types of corrosion. However, only 
a part of them are frequently occurring in thermal spraying. 

In the corrosion process, a dissolution of metallic elements happens as in the 

following reaction: 

 

𝑀 →  𝑀𝑛+ + 𝑛 𝑒−           (2.12.) 

 
where 𝑀 is a metal, 𝑀𝑛+ is positively n times charged ion, and 𝒆− is an electron. 

The main types of corrosion attack for coatings represented in Figure 2.19 are 
generalized (uniformed) corrosion affecting about 30% of the failure and localized 
types of corrosion (galvanic, intergranular, intragranular and pitting) corresponding 
to approximately 70% [136]. 

 

  
 

 
 

  

Figure 2.19 Schematics of the main corrosion mechanisms found in thermal spraying: (a) 
generalized, (b) galvanic, (c) intergranular, (d) pitting, (e) intragranular 

 

Briefly, the main types of corrosions are described as: 
 Generalized corrosion, represented in Figure 2.19a, or uniform corrosion is a 

form of damage causing material loss on a considerable size through the interaction 
of the part with a harmful environment [189] 

 Galvanic corrosion, represented in Figure 2.19b, is a material degradation 
process happening preferentially to one metal when in contact with another and it  

takes place when two criteria are simultaneously occurring: two dissimilar material 
have to be present (with two considerable different corrosions potential) and a 
conductive electrolyte has to move ions from the more anodic to the more cathodic 

material [136] 
 Intergranular corrosion, represented in Figure 2.19c, is a localized type of 

corrosion generally occurring when a chemical element is removed or a material 
defect is present, creating the possibility for the electrolyte to provoke damage in the 
material especially at the grain boundaries 

 Pitting corrosion, represented in Figure 2.19d, is a form of localized corrosion 

where pits (holes) are formed in the material. The pit cavities behave as stress 
generators irreversibly damaging the coating or/and the substrate 
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 Intragranular corrosion, represented in Figure 2.19e, is a form of corrosion 
happening due to residual stress or an external factor, the coating being damaged 

transgranularly letting the conductive electrolyte catalyse the corrosion process.  
 

Stress corrosion cracking (SCC) is an important form or material destruction 
happening due to several complex processes. SCC is defined as “a cracking owing to 
a process involving conjoint corrosion and straining of a metal because of residual or 
applied stress” [190]. In thermally sprayed coatings, SCC can appear due to several 
reasons [136,190]: 

 imperfections in the coatings which can introduce physical defects. 
 wrong material selection for the intended purpose. 
 unintentional variations in the system e.g., environment chemistry, stress or 

temperature. 
 high tensile stress in the coating. 

 
Some of the most important mechanisms to explain the stress corrosion 

cracking in thermal spraying are [190]: slip dissolution (because of local strain, a 
rupture of a passive film occurs and material loss will continue through the coating 
due to oxidation), anodic reaction-enhanced fracture (plastic flow induces anodic 
reactions to create and advance a cracking process) and hydrogen embrittlement 
(hydrogen atoms caused by corrosion enter the coating and diffuse at material defect 
sites generating cracking when a critical combination of hydrogen content, 

microstructural sensitivity and stress is achieved).   
Corrosion resistance depends largely on the conditions of exposure, on the 

environment and on the material. The corrosion rate of the material is an important 

parameter which gives the opportunity to measure the provoked damage to the 
material and is defined as [119]: 

 

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑣𝑒 𝑎𝑡𝑡𝑎𝑐𝑘 =  
𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡

𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
   (2.13.) 

 
 
There are numerous practical applications in the industry where corrosion 

attack has been prevented by using TS coatings. Using thermal barrier coatings, large 

pillars of the Tokyo Bay Aqua-Line Highway have been protected [191]. Applications 
exposed to marine environment are another example where HVOF coatings are 
successfully used. Corrosion has been and will continue to be a very important 
scientific topic in the TS area [18,35,94,171]. 

Both wear and corrosion, their forming mechanisms and rates are among the 
phenomena against which a coating should be protecting. When a substrate is not 

protected against these types of damages the coating is frequently losing its main 
functions. Therefore, a careful preliminary analysis is very often performed against 
both wear and corrosion before the scientific outcomes reach the industry. 
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3. Methodology and experimental procedure 

3.1. Equipment and materials 

The most important equipment used to complete the experimental work were: 
 Manual powder mixer 
 Deposition gun (Methaterm MPP-85 - 5PII Type) 
 Thermogravimetric analysis instrument (STA 449 F1 Jupiter, Netzch) 

 Vacuum Furnace (HITERM 80-200, HITEC-MATERIALS) 

 Cut-off machine (Discotom-2, Struers) 
 Hot mounting press (Pronto-Press-20, Struers) 
 Grinding and polishing machine (Rotopol-V, Struers) 
 X-ray diffractometer (X’Pert, Philips) 
 Light microscope (DMRME, Leica) 
 Confocal laser scanning microscope (VK-X260K, Keyence) 
 Scanning electron microscope equipped with SE, BSE and EDX detector 

(ESEM XL 30, Philips) 
 Universal testing machine (KB, 250 BVRZ) 
 Micro Vickers hardness tester (ZHVµ-M, ZwickRoell) 
 Pin-on-disc arrangement (TRB, CSM Instruments) 
 Potentiostat/galvanostat (VoltaLab PGP201, Radiometer Analytical) 
 Thermostated electrochemical cell (CEC/TH, Radiometer Analytical). 

 

The essential materials used in the experimental program were: 
 S235 JR commercially available substrate material  
 NiCrBSi powder (LSN Diffusion) 
 TiB2 powder (H.C. Starck) 
 Hydrochloric acid, HCL 38% purity (Sigma-Aldrich) 
 Sodium chloride, NaCl, ≥99,5% purity (Carl Roth) 

 Ethanol, 96% (VWR Chemical). 
 

The software used to process the results were: 
 STA 449 F1 Netzch Data Collector 
 Proteaus Thermal Analysis, Netzch Data Processing 
 iTools Engineering Studio 
 X`Pert Data Collector, XRD Philips 

 X’Pert High Score 3.0, PANalytical 
 LAS V4.6 
 Statgraphics Centurion XVI 

 VK Recording Module 
 VK-X Analyzer, Keyence 
 TestXpert ZHVµ 
 TriboX 2.7 

 ImageJ 
 VoltaMaster 4, Radiometer Analytical 
 OriginPro 
 Microsoft Office Package.  
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3.2. Powder characterization, mixing and deposition 

3.2.1. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a method that permits the analysis of the 
mass of a material as a function of temperature or time while the specimen is 
subjected to a controlled thermal program in a controlled atmosphere. In a TGA 
equipment, the material to be analysed is placed in a high precision balance and 

heated or cooled with a predefined program. The mass changes of the specimen 

during the experiment are carefully monitored. The analysis is performed in the 
presence of a protective gas [192]. 

The differential thermal analysis (DTA) is a method where a difference between 
the sample and a material taken as a reference by the means of a thermocouple is 
plotted against time or temperature. An empty reference and one containing the 
material to investigate are placed in the apparatus and submitted to the same 

program [119]. Using DTA crystal structure changes, a glass transition temperature 
or melting can be measured without mass loss.  

The thermal behaviour and the melting temperature of the materials have been 
determined using TGA and DTA analysis with a Netzch STA 449 F1 Jupiter® apparatus. 
The equipment operates using a top-loading system with a temperature that can 
reach 1600°C. The nanometric digital resolution of the system allows operating with 
samples weighing up to 5 grams. The equipment works in a protective gas atmosphere 

with heating and cooling speeds that can vary between 1∙10-3 K·min-1 and  
50 K·min-1. The information provided from the equipment has been saved using the 
STA 449 F1 Netzch Data Collector software. The results have been interpreted using 

the Proteaus Thermal Analysis software. 

3.2.2. Powder mixing 

The material has been blended using a specialized tool produced for thermal 
spraying powder mixing. The matrix and different vol.% of the filler have been 
prepared. They have been placed at the two ends of the manual powder mixer. 
Afterwards, a mix between the two materials has been performed. The procedure has 
been executed at each volumetric fraction for 600 s. The resulted powders have been 
deposited in different containers in order to have them ready to use for further 
material analysis and thermal spraying.  

3.2.3. Powder deposition 

The importance of the pre-spray processing has been already highlighted in the 

theoretical part of the present work. Degreasing, cleaning or grit blasting all represent 
important steps for a proper adhesion of the coating to the substrate. For the coating 
of the material, the substrate has been carefully cleaned and grit blasted with chilled 
iron grit. As a consequence of the pre-treatment process, the substrate should reach 

a roughness of minimum 75 µm. The stand-off distance has been selected at 120 mm 
and the deposition has been made through the translation of the gun over the sample.  

The deposition of the four manually mixed powders has been performed using 
a Methaterm MPP-85 - 5PII Type spraying gun. The gun has a powder feeding rate of 
2.5 kg·h-1. The material has been fed in the gun through a gravitational system 
propelled towards the nozzle using purified air. The stoichiometry between the gases 
generating the flame has been set to C2H2:O2 1:2. For a better adhesion of the 
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coating, the substrate has been warmed at approximately 120°C while the spraying 
temperature reached approximately 2600°C. The two temperatures have been set 

considering the fusion and composition of the two blended materials. The particles 
velocity used during the flame spraying was around 100 m·s-1. 

3.3. Vacuum furnace heat treatment 

The heat treatment of the samples has been performed in a HITERM 80-200 
water cold wall vertical controlled atmosphere furnace. The used vacuum has been 

set at 3.5∙10-2 Pa. The maximum service temperature of the furnace is 2000°C and it 
can be performed in an ≈ 140 cm3 volume chamber. The apparatus is equipped with 
an oil sealed rotary pump and a turbomolecular pump. The parameters can be 
adjusted so that the heat treatment can be done with a high precision. The iTools 
Engineering software is the user interface for heat-treatment program development.  

3.4. Optimization of chemical composition and vacuum 

furnace parameters  

A high performance is needed in the majority of the engineering areas. 
Simulations, tests and experiments can be performed to understand the product 
better. 

Once a product or process has been designed, it is important to evaluate its 
performance. Therefore, a set of “runs” is performed to measure this performance. A 
multitude of orderly runs is considered an experiment. In DOE, “controllable” factors 

are considered the inputs corresponding to the variables during the experiment. The 
“responses” in optimization are known as the chosen outputs or measured results of 
the runs. The systems in engineering are in most cases “noisy” as the same input 
parameters can produce responses that are not perfectly identical. “Sampling 

variability” is the technical term used for the difference between responses produced 
by the statistical experiment. By regulating as many controllable factors as possible 
and measuring a significant number of responses during the optimization process, the 
noisiness and sampling variability can be significantly reduced. A “designed 
experiment” is an experiment where the runs are planned in advance. In other words, 
an experimental design is defined as a set of test value for the chosen controllable 

factors [193]. 
The performance of the experimental part of the current work was maximized 

using the method of response surface methodology (RSM) developed by Box and 
Wilson [105] where a series of experimental analysis and optimization techniques are  
used. The main idea of the RSM is to optimize an unknown number of noisy functions 

by approximating functions that are accurate just for a small area using designed 
experiments. The flowchart of an RSM procedure can be seen in Figure 4.1. 

 

 
Figure 3.1 Flowchart procedure of response surface methodology 

BUPT



48 Methodology and experimental procedure - 3 

As the computational power advanced, an awareness for the creation of 
optimization software grew. The software used for the present work in order to find 

the best values for the controllable factors was Statgraphics Centurion XVI.I. 
Evidently, the created model tried to be an accurate representation of the studied 
system. The implementation in the real system was performed by using the responses 
delivered by the modelled experimental design. 

Experimental RSM models have been created by making the best possible 
decisions using the intuitive software. The statistical analysis has been performed by 
following the steps from Figure 4.1. Through the recommended runs, a series of 

responses have been collected and further analysed. By calculating the desirability of 
each model, a final decision regarding the optimal design has been made. 

3.5. Morphological, chemical and physical 
characterization 

3.5.1. Metallographic preparation  

In order to have a complete view of the performed coatings, metallographic 
samples have been prepared. Although metallography is a basic step in materials 
science analysis, it has to be performed very carefully to introducing foreign particles 
that could affect the later performed investigations. The samples have been prepared 

exclusively with equipment from the Struers company. Following a cross-sectioning 
of the material using a Discotom-2 cut-off machine, an embedding of the specimens 
has been performed with a Pronto-Press-20. Afterwards, a grinding using SiC paper 

of 320 µm, 800 µm and 1200 µm has been performed followed by polishing with 
diamond suspension and lubricant. The last process in the metallographic preparation 
has been cleaning the samples with distilled water and ethanol followed by drying 
under hot air. 

3.5.2. Light microscopy and image analysis 

The light microscope is a fundamental equipment in materials science and many 
other areas of technical research. For this study, a Leica DM-RME light microscope 
has been used. The working temperature of the equipment should not exceed the 
range of 10-36°C. The magnifications varied between 25x and 1000x while the 

working frequency was between 50-60 Hz. The LAS V4.6 software helped for the 
electronic acquisition of the micrographs [194]. 

The porosity is a measure of the void space in a material. The pores 
distribution, shape and their complexity led to the development of several methods 
of porosity measurement. Methods like Archimedeans pycnometry, mercury 

porosimetry and image analysis are just some of them. As often in scientific research, 
each method has pros and cons. Archimedeans pycnometry is considered a cheap 

investigation method but no information can be obtained regarding the shape, 
diameter or distribution. Mercury porosimetry is a destructive method but it is used 
to detect open porosity and for comparisons because of its wide range of applications. 
Recent research [195] dealing with the comparison of different measurement 
techniques concluded that for samples having >30% porosity the Archimedean 
method provides the best results while for sample with <30% porosity the image 
analysis is recommended. In thermal spraying a very used method is the image 

analysis. Using this technique, the shape, distribution and quantification can be 
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performed. Image analysis software do not allow unfortunately to distinguish between 
open and closed porosity [195].  

For this work, the image analysis method was chosen. The porosity analysis 
and measurement was performed with the ImageJ v1.50i open source program. 
ImageJ, formerly known as NIH Image, is a program largely used in materials science 
and crystallography [196]. For the porosity analysis, micrographs taken from both 
light microscope and SEM have been used. For reproducibility five micrographs taken 
at the same magnification have been analysed. The images have been first scaled 
from pixels to µm. They have been afterwards transformed to 32-bit grayscale images 

to prevent the different shades of colours from altering the results. The threshold has 
been afterwards measured and the result exported and analysed.   

3.5.3. Scanning electron microscopy 

A scanning electron microscope (SEM) is a highly performant tool used in a 
large number of research areas and in materials science as well. Bulk materials, 
coatings, wet and dry samples, chemical composition or crystallography can be all 

analysed using an SEM. The fundamental operation to obtain an image using such a 
microscope, schematically presented in Figure 3.2.a, is by scanning an electrically 
conductive sample with a finely focused electron beam emitted from an electron 
source. The energy of the beam, E0, varies typically between 0.1 keV < E 0 < 50 keV. 
The emitted beam is modified by apertures, lenses and coils until it reaches a thinness 
of under 10 nm. The modified thin electron beam will finally hit the sample [197]. 

  

 
Figure 3.2 (a) SEM layout and function and (b) the outcomes of the electron beam 

interaction with the sample [198] 

 
By the interaction of the high energy electron beam with the sample, 

schematized in Figure 3.2b, several products are resulted: 
 Heat generated by the photon excitation 
 Characteristic X-ray radiation 

 Cathodoluminescence (visible light fluorescence) 
 Auger electrons by the bounce of the outer shell electrons 
 Continuum radiation also called bremsstrahlung 
 Backscattered electrons (BSE)  
 Secondary electrons (SE). 

b a 
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The present experimental program was conducted using a Philips XL 30 ESEM 
TMP equipment. The technical book of the equipment [199] provides all the necessary 

information in order to set the equipment up for the analysis of TS samples. The 
microscope uses a point-source tungsten cathode which has a ZrO2 layer. The 
resolution of the equipment is 2 nm in a high-vacuum mode (10-4 Pa) while the 
chamber vacuum pressure can go up to 26·102 Pa. The robust four-axes (x, y, z and 
rotation) 50 mm stage of the SEM, on which a stage adapter is mounted, allows the 
recording of stable micrographs. Although the magnification of the device can go up 
to 250 000x, the maximum needed was 10 000x. Self-evidently, for using the 

microscope in the ESEM mode (which was not necessary for the present work) other 
settings have to be made. A built-in camera is allowing the monitoring of the position 
of the sample in the chamber. All three equipped detectors (SE, BSE and EDX) of the 
apparatus have been used. 

The backscattered electrons (BSE) after their scattering by the electric fields of 
the atoms in the sample are deflecting from the specimen with a large fraction of their 
incident energy usually exceeding 50 eV.  When the beam hits an atom with a higher 

atomic number, the collision likeliness is also increased due to the higher cross-section 
area. As the number of the collided atoms in this case is bigger, a brighter area will 
be displayed on the screen. 

The secondary electrons (SE) escaped from the sample have a significantly 
lower energy than the BSE ones, reaching a maximum value of 50 eV [197]. The low 
value is obtained by the low transfer of the kinetic energy, most of them having even 

under 5 eV. The negatively charged electrons are caught in a Faraday type cage. The 
high electrically charged cage is able to generate flashes of light causing a video or, 
after a conversion, a digital image [200]. 

3.5.4. Characteristic X-rays. Energy dispersive  

X-ray spectroscopy 

The characteristic X-Ray generation is schematically shown in Figure 3.3 and 
excellently described in the reference book of Goldstein et al. [197]. In the primary 
stage, the nucleus presents a well-known number of electrons on its K,L,M etc. shells, 
depending on the element. These electrons are bound to the nucleus due to a critical 
excitation ionization energy. An external stimulation in the form of an electron beam 
with an initial kinetic energy Ein>Ec can inelastically eject an electron from the K-shell 
(the ejected electron having the energy Ek). The total transferred kinetic energy can 

be as much as the half of the incident electron one. The outgoing beam Eout suffers 
an energy loss simply mathematically described in the Eq. 3.1. 

 

𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛 − 𝐸𝑘         (3.1.) 

 
The ionized atom is therefore left with a vacancy on the K-shell, which is 

immediately filled with an electron found in the immediate vicinity on the L-shell. The 
energy difference can be expressed in one of the two routes: 

 The inter-shell transition energy difference Ek-EL is brought to an  
L-shell electron and afterwards ejected from the L-shell electron with a certain kinetic 

energy Ekin. The ejected electron is called Auger electron and is forming the 
fundaments of the Auger spectroscopy. 

 

𝐸𝑘𝑖𝑛 = 𝐸𝐾 − 𝐸𝐿 − 𝐸𝐿        (3.2.) 
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 The X-ray photon, which carries the transition energy Ev between the shells, 
is mathematically described in Eq. (3.3.) and is known as the characteristic X-ray 

energy. 
 

𝐸𝑣 = 𝐸𝑘 − 𝐸𝐿                     (3.3.) 

 
 Although having a very small range of just a few electronvolts, the 

characteristic X-ray energies are well defined and can be identified for all the elements 
having an atomic number Z ≥ 5. 

 

 
 

Figure 3.3 Schematic diagram of X-ray generation process for a carbon atom 

 
The Philips XL 30 ESEM TMP is equipped with an EDX detector with an  

ultra-thin window. The working software of the detector can perform qualitative and 
semi-quantitative point, surface, linescan and mapping analysis. The system permits 
the acquisition of information in both high vacuum and ESEM mode [199].  

3.5.5. Confocal laser scanning microscopy   

The confocal laser scanning microscope (CLSM) is a device similar to the SEM 
in the sense that it scans as well the sample. The fundamental difference is in the 

nature of the beam and that by placing a small pinhole in front of the detector the 
micrograph acquisitioning mode changes. The CSLM theoretical principle is presented 

in Figure 3.4. The light source in a confocal microscope is composed preferably from 
several laser beams to generate a range of wavelengths. The light source is focused 
by the objective on the specimen. The reflection is imaged back through the same 
objective to the pinhole. Outside the focus plane, reflected photons can still be found 
as not all of them have been captured in the pinhole. In a conventional microscope 

this light source would generate a blurry image while the confocal microscope 
manages to eliminate these unneeded outside pinhole photons. A full 3D image is 
created from a collection of series of overlapped micrographs taken at different focus. 
The recent specialized software creates different views of the sample [198].  
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Figure 3.4 The fundamental principle of the confocal laser scanning microscopy [198] 

 
The quality of the resulted micrographs can nevertheless be altered by several 

factors. Some of them can be the alignment or the instability of the laser unit, 
distortions of the scanning system, the cleanliness or chromatic aberrations of the 
objective, alignment of the pinhole, noise of the detector or the malfunction of other 
optical components (mirrors, filters, etc.) [201]. 

For this work, a Keyence VK-X260K CSLM was used to perform several 
analyses. The microscope is equipped with four standard CF EPI Plan objectives that 
have 10x, 20x, 50x and 150x magnification. The depth of field varies between  

0.45 µm for the 150x lens to 4.53 µm for the 10x one. The device has incorporated a 
16-bit photomultiplier that can generate a 408 nm violet laser beam of a 0.5 nm 
resolution. To receive the best possible results, the ambient working temperature did 
not exceed the range of 18°C and 23°C, the humidity was kept constant at 

approximately 40%. The VK Recording Module and the VK-X Analyzer are the two 
programs that helped for result examination and interpretation [202]. 

3.5.6. X-ray diffraction 

X-ray diffraction is an important and widely used method in materials science 
to obtain data on the atomic scale of different materials in different states. The 
diffraction phenomena can be understood as coherently reflection waves constructed 
in the moment in which an incident wave beam encounters an obstacle. The main 
concern in X-ray diffractometry is to determine the conditions in which the incident 

and the scattered X-rays are completely in phase and therefore reinforcing each other. 
The Figure 3.5 might be of use. The most familiar method is given by the Bragg’s law 
according to which two necessary conditions have to be fulfilled: 

 The angle between the incident X-ray beam and the normal to the reflection 
plane is always equal to that of the normal and the diffracted X-ray beam 

 The value of the angle between the transmitted and the diffracted X-ray beam 
is always 2θ, forming the so-called “diffraction angle”. 

 
If an incident X-ray of wavelength λ strikes a crystal where the atoms are found 

in a periodical well-defined array with an interplanar spacing d, the diffracted beam 
is detected just in the situation in which: 

 

2𝑑 sin 𝜃 = 𝑛𝜆     (3.4.) 
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where n is called the reflection order and equals the number of wavelengths in the 
path difference between the diffracted X-rays from the next crystal planes. The 

equation is called the Bragg’s law or Bragg condition [203]. 
 

 
Figure 3.5 Schematics of X-rays diffraction by a crystal  (Bragg condition) 

 
For the crystallographic analysis in this work, a Philips X`Pert MPD system was 

used. A high resolution goniometer is equipped on the device. A Cu anode is also 
found in the apparatus. It is one of the most used target materials for a single-crystal 
diffraction. The device can reach up to 3 kW and 60 kV. The software  
XRD Philips X’Pert High Score 3.0 (PANalytical) and X`Pert Data Collector is the user 
interface to, on one hand, set the equipment for the measurement and, on the other 
hand, collect the data [204]. 

3.6. Mechanical testing 

3.6.1. Micro Vickers hardness testing 

In steel and steel related industry the hardness of a material is often a very 
important indicator that needs to be taken in account when designing an application. 
It is well known that in different parts of the industry different measurement units are 

preferred. Nevertheless, conversion charts are available when comparison is needed. 
Microhardness is an approach to determine the penetration resistance of a 

material when the specimens or areas to be analysed are thin or small. Precise 
information can be obtained for fine, multi-phase, non-homogeneous or crack 
susceptible surfaces. 

A ZwickRoell ZHVµ-M micro Vickers and Knoop hardness tester [205] 
equipment was used to provide valuable information for the experimental part of the 

current work. The apparatus work in respect to the DIN 4545 [206], DIN 6507 [207] 
and ASTM E384 [208]  Vickers and Knoop microindentation testing norms. The load 

steps of the equipment range between 10 gf and 2000 gf. Four objectives and one 
Vickers and one Knoop indenter can be simultaneously mounted. The indenting time 
can be set between 5 s and 60 s. The control of the x-y 100 mm x 60 mm table can 
be done through two micrometers mounted on each of the two axes. A high resolution 
2.5x objective lens connected to the PC-installed TestXpert ZHVµ software allows 

performing the measurements in a comfortable medium.   
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3.6.2. Friction coefficient and wear measurement 

Tribological characterization delivers valuable information about the friction and 
wear under controlled conditions. There are several wear testing methods to deliver 
such information like pin-on-disc, block-on-ring, disc-on-disc, four-ball-tribometer, 
dry-sand rubber-wheel wear test, or pin abrasion wear test. 

The test equipment used for the experimental part of the work was a pin-on-
disc tribometer. The schematic principle of such a setup is shown in Figure 3.6. The 
main components of such a test configuration are a stationary pin with a cylindrical 

shape and a diameter of a few millimetres, pressed with a predefined load against a 

rotating disc. In the case in which the pin touches directly the sample the contact is 
named “conformal” while when a sphere substitutes a pin the contact is considered a 
non-conformal one. A strain gauge is installed as well on the tribometer arm for the 
lateral force measurement [175].  

The friction coefficient of the material is immediately generated by such an 
apparatus. This is resulted through the acquisition of the tangential force to restrain 

the pin. A thermocouple may be installed on the equipment for temperature 
information acquisition. Performant installations may have displacement transducers 
for the measurement of wear depth. Alternatively, wear can be measured using 
several ways like the mass loss method, profilometers or CLSM installations [175].  

 

Figure 3.6 Schematics of a pin-on-disc setup 

 
The experimental part of the tribological test has been performed on a CSM 

Tribometer conform to the DIN 50324 and ASTM G99-17 [209] norms. The load 
installed on the equipment can vary between 1 N and 10 N. The apparatus contains 
an adjustable pin positioned at 90° and creates a non-conformal contact with the 
sample. Subsequently, 6 mm AlO2, WC-Co or 100Cr6 balls have been available for 
use [210]. The data collected by the equipment is directed to the TriboX 2.7 software 

where further analysis can be performed. 

3.7. Corrosion testing 

The manufactured coated parts need most of the time to be used in situations 
that challenge their corrosion resistance. This is why accelerated corrosion tests are 
widely used to simulate the behavior of the material in different environments. 
Whether it is kesternich, salt spray, humidity cabinet or electrochemical testing, all of 
them provide useful information about the quality of the coatings.  

Electrochemical tests are grouped as direct current (dc) or alternating current 
(ac) depending on the perturbation signal that is applied to take the measurements. 
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Investigations using both dc or ac have been undertaken to study the performance 
and the quality of the coating and passive films or to evaluate the surface of a treated 

part [211]. Corrosion rates (Tafel slope), passivation rates, active/passive 
characteristics or anodic and cathodic protection can be all investigated through 
electrochemical tests. 

The potential sweep method or linear voltammetry is a widely used 
electrochemical testing method. This kind of examination often provides additional 
data regarding the kinetic and the mechanisms of the corrosion process. Linear 
voltammetry performs the variation of the working electrode potential in time. The 

current density i is measured by performing a linear scan between an initial Ei and a 
final Ef value. The electrode cell used in the measurements represented in Figure 3.7 
is composed of a working electrode (WE), reference electrode (RE) and counter 
electrode (CE). The WE, RE and CE are placed in the cell in an electrolyte solution 
[119,200]. 

 

 
 
 

Figure 3.7 The configuration of an electrochemical cell [200] 

 
Materials like platinum, gold or graphite are typically used for the CE as they 

are inert materials and help closing the circuit. The RE is an electrode with well-defined 
and known properties and has the role of controlling the system. A saturated calomel 
electrode (SCE) has been in the present work used as a reference. To minimize the 

electrolyte resistance a Luggin capillary has been used as a RE. The WE has been the 
sample mounted in a holder. The active geometry has been 1 cm2.  

 

The corrosion rate can be calculated as: 
 

𝑖 = 𝑖0 {𝑒𝑥𝑝 ⌊
2.33

𝑏𝑎
(𝐸 − 𝐸𝑒𝑞)⌋ − 𝑒𝑥𝑝 [−

2.33

𝑏𝑐
(𝐸 − 𝐸𝑒𝑞)]}   (3.5.) 

 

where 
2.33

𝑏𝑎
 and 

2.33

𝑏𝑐
 represent the anodic and cathodic slope, 𝑏𝑎 and 𝑏𝑐 are the anodic 

and cathodic Tafel plot constants, 𝐸𝑒𝑞 the equilibrium potential and 𝑖0 the exchange 

current density. 
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4. Experiments and results 

The main steps for the development of the high temperature NiCrBSi-TiB2 

vacuum furnace fused flame-sprayed coatings were: 
 

 Powder designation 

 Mechanical mixing of the powder 
 Material deposition through flame spraying 
 Vacuum furnace heat treatment 
 Chemical composition and vacuum furnace parameter optimization 

 Characterization of the optimized coatings 
 Evaluation of the results and conclusions. 
 

The established procedure is schematically represented in Figure 4.1. 
 
 

 
 
 

Figure 4.1 Schematic representation of the experimental program 
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4.1. Materials 

Although thermal spraying has a comfortable position in the industry and a 
large number of materials can be used in combination with a multitude of deposition 
technologies, there is a lot of room for improvement in the sector. The chosen 
substrate and coating material influence every aspect of the deposition. Whether or 
not a substrate should be heated is determined in function of the base and coating 
material. Other decisions like the method of degreasing, the grit-material or the 

roughness that should be obtained also have to be made taking into account the 

coating and substrate materials used. All the coating parameters like e.g., feeding 
rate, gas stoichiometry or the required temperature of the powder/rod have to be set 
according to both the material and the chosen technology in order to obtain a high 
efficiency of the deposition. 

Therefore, in order to develop a high-end product, making the right decisions 
regarding the materials and the technology is crucial. The present section splits in 

three subchapters that closely analyse the base material, the chosen matrix and the 
reinforcing material. Aspects like chemical composition, melting points or particle 
geometries are all important details to consider when a thermal spraying deposition 
is performed. 

4.1.1. Substrate material 

The importance of the substrate material is undisputable. The base material 

has to be perfectly adapted to the application for which it was chosen and the 
materials to be coated. The subchapter 2.3.1. detailed a few aspects of the base 

materials of thermally sprayed coatings. 
In the current study, the structural steel S355JR was used as a substrate. 

Structural steels are known to be used in almost all the facets of industry. Their 
geometries can be extremely different because of the high stiffness in regard to their 

cross-section. This kind of materials often take the shapes of plates, T, L or C shaped 
profiles or elongated pipes or railways. Thermally sprayed coatings can be found as 
deposited on such geometries. The six-part EN 10025:2004 standard strictly regulates 
the normalized, quenched, tempered or thermomechanically rolled steels with regard 
to their e.g. chemical composition or the thermal and mechanical properties. The 
chemical composition of S355JR is found in Table 4.1. 
 
Table 4.1 The chemical composition of S355JR as regulated by EN 10025:2004 

 
 C  Mn  P  S  Si  N  

 max. (%) max. (%) max. (%) max. (%) max. (%) max. (%) 

S355JR 
(DIN 1.0045) 

0.24 1.6 0.035 0.035 0.55 0.012 

 

In the delivery condition, depending on the thickness, the steel has to have a 
yield strength between 315 MPa and 355 MPa, a tensile strength between 470 MPa 
and 630 MPa, an elongation in the range of 20-22%, Young modulus 210 GPa, the 
hardness between 140 HB and 190 HB and an impact strength at 20°C 28J. Regarding 
the thermal properties of the material, the average CTE between 20°C and 300°C is 
12 µm∙m-1∙K-1 and the thermal conductivity at room temperature in formatting   

40 W∙m-1∙K-1. As the experimental part of this thesis involves working with high 
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temperatures, it is important to know that the S355JR grade steel has its Ac1 and Ac3 
temperatures at 720°C and 790°C. 

The most favourable substrate geometry for performing the scientific tests has 
been decided to be 50x20x15 mm. The machining of the samples has been done 
according to this specification. A degreasing has been first performed to obtain a 
substrate that complies with the Sa 3 class of cleanliness required by the EN ISO 8501 
[50]. A grit blasting has been performed with chilled iron and a roughness between 
70 µm and 100 µm has been obtained, as required by the American Navy Standard 
MS 2138 [58]. To protect the substrate from possible contaminations from the 

atmosphere, the grit-blasting has been performed in a separate room dedicated only 
to this procedure. The grit-blasting was the last procedure in the preparation of the 
substrate. Shortly after this step, the coating material was deposited. 

4.1.2. The matrix material 

Once deposited, the thermally-sprayed coating should be considered as an 
integral part of the product. In a thermally sprayed component, several materials 

have to be compatible with each other for the part to have a long life-cycle. 
The quality of the coating hugely depends on the initial feedstock. As in any 

thermal spraying process, the coating of a NiCrBSi self-fluxing alloy is formed by 
repeated deposition of molten and/or semimolten particles. Particles that didn’t melt 
during the coating process can unfortunately be trapped in the coating, generating 
porosity and poor bonding. The compatibility of the coating material with the substrate 

is essential as unmelted particles are not the only factor that can generate problems. 
The material properties of the coatings are generally not influenced by the deposition 

parameters of the equipment when the feedstock is optimized for the specific process.  
The Ni-based self-fluxing alloys are known for the good homogeneity of the 

coatings and their good wear resistance. For the present work, a NiCrBSi powder from 
the company LSN Diffusion commercialized under the N-330 name has been used. 
The chemical composition of the material can be seen in Table 4.2. 

 
Table 4.2 The chemical composition of the NiCrBSi powder 
 

 Ni 
(%) 

Cr 
(%) 

B 
(%) 

Si 
(%) 

Fe 
(%) 

C 
(%) 

NiCrBSi 
(N-330) 

bal. 6 1 4 1.5 0.3 

 

 The manufacturer reported size of the water-atomized powder was  
-60 +100 µm. In Figure 4.2a the SE micrograph demonstrates both the spheroid 
shape and the size of the material. Advantages like smaller energy input or uniform 

heating arise when using such powder production technologies. The obtained 
sphericity is connected with the in-flight particle oxidation. As the present powder is 
produced through water atomization, the oxidation represents a bigger problem than 
when the material is produced using inert gasses. The latter case implies a much more 

expensive powder producing technology as well.  
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Figure 4.2 Micrographs presenting the topography of the NiCrBSi powder 

 
The flowability of a powder is defined as the capacity of the material to move 

by flow and is characterized by the flow factor (ff). The NiCrBSi atomized powder has 
a ff of 16, as presented in Figure 4.3, making it a free flowing powder [212]. A high 
degree of flowability represents an advantage in the thermal spraying technology. For 
the Ni-based spheroidized atomized powder it means that by having a high 
consolidation stress σ1 the material will not agglomerate in the feeding system and 
flow freely.  

Although the powder has all the characteristics for an excellent deposition, 

other aspects have to be as well considered. A blockage can easily occur when the 

quantity of powder fed into the system is more than what it can support. An improper 
storage of the powder, for instance in a humid or sunny environment, can as well 
decrease the ff of the material.  

 

 
Figure 4.3 The flowability function of the NiCrBSi powder [212] 

 
 

An EDX analysis of the NiCrBSi powder can be seen in Figure 4.4. The balance 
element Ni dominates the spectrum having the most intense peaks. After Ni, the 
carbide forming element Cr has the highest peak. Carbides are known to be hard 
compounds and to have a favourable effect on the wear resistance of thermally 
sprayed coatings. Si, even though it is found in a small quantity in the chemical 
composition, promotes, in combination with B, the deoxidation and the wettability of 
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the coating during the heat treatment. Si tends to form phases with both Ni and Fe, 
influencing the structure of the matrix in the coating. 

 
 

 
 

Figure 4.4 EDX spectrum of the NiCrBSi powder 

 

The melting range of the material is a very important aspect in the context of 
an industrial use. The whole deposition process is adjusted in function of the melting 
range of the powder, which was in this case determined using a thermogravimeter. 
Approximately 100 mg of the powder have been placed in a Al2O3 crucible. The 
thermal analysis has been performed between 23°C and 1200°C under N2 flowing 
atmosphere with a heating rate of 15 K min-1. 

In the thermogram presented in Figure 4.5 the range of temperature that is 

relevant is between approximately 920°C and 1150°C. The liquefying point is starting 
at 1009°C, the material being completely melted at 1068°C. Therefore, this chemical 
composition of Ni-based powder will have to be deposited and heat-treated at a 
temperature of at least 1050°C. However, if the chemical composition of the powder 
is changed, the melting range of the material is shifted and the temperatures of the 
torch, flame and substrate have to be adjusted accordingly. Si and B are lowering the 
melting temperature of the matrix material and stabilizing it at the same time [213]. 

Moreover, the addition of Si in the alloy is increasing the self-flux ability of the 
material. 

 
 

 
 

Figure 4.5 DTA curve of the NiCrBSi powder 
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If possible, it is highly recommended to perform XRD analysis on compounds 
as complex as NiCrBSi, as the phase composition can vary significantly depending on 

numerous factors e.g. chemical composition or production method. It is important to 
note that for the applications in which the material is used, the phase composition 
can give as well predictions and explanations regarding the material behaviour under 
wear or corrosion tests. 

The Figure 4.6 presents the diffractogram of the NiCrBSi powder scanned 
between the 2θ angle of 20° and 100°. As expected for the chemical composition of 
powder, the most intense peak at approximately 45° 2θ angle is identified as Ni. The 

largest part of 70% of the quantification chart is as well attributed to Ni. The two 
other following phases are the orthorhombic NiSi and Ni3B, occupying 14% and 11% 
of the quantification chart. Those two phases, along with the Fe2Si, crystallized in this 
situation in a hexagonal structure and were quantified at 3% of the whole. The 
smallest quantity of 2%, is the hard Cr5B3 phase crystalized in a tetragonal structure. 
The maximum intensity of the phase has been identified as overlapping with the Ni 
one at approximately 45° 2θ angle.  

The intermetallic compounds dominate the structure of the coating but their 
properties radically differ from the properties of the single constituent elements. For 
example, in most of the cases, a Ni solid solution is dominating the microstructure. 
For flame-spraying processes followed by a flame remelting chromium carbides and 
borides have been detected. In a flame spraying process followed by laser cladding, 
additional nickel borides have been found. All these different compounds can affect 

the microhardness, adhesion, tribological or corrosion behaviour of the coating in 
different environments [214]. 

 

 

 
 

Figure 4.6 XRD pattern of the NiCrBSi powder 

 
Once the powder is deposited, the number, the crystalline structure, the 

lattice parameters and quantities of the detected phases are considerably altered. 
Moreover, due to the addition of a reinforcement to this already complex material, 
the properties of the coating are expected to be radically modified. 
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4.1.3. The reinforcing material 

The vast majority of the thermally sprayed coatings are constituted of a matrix 
and a reinforcement. The theoretical part of the current work briefly reviewed some 
of the most important powder production technologies. Atomizing, sintering, 
agglomerating milling or mechanically mixing, all have their pros and cons. The 
process has to be chosen according to the materials, the application and naturally, 
the needed result.  

TiB2 is a relatively studied ceramic in the medical, thin film and aeronautic 

industries. The high hardness, good creep resistance, thermal conductivity and 

chemical stability are just some of the properties that make the compound attractive 
to use in the coating industry. The material can crystallize in an orthorhombic or 
hexagonal crystalline cell, both structures being an advantage for the decrease of the 
wear rate of coating containing TiB2. Another positive aspect in using TiB2 for the 
coating industry is that the majority of the properties do not change at room and 
elevated temperature [157,159]. 

The TiB2 powder used for the current work was produced by the German 
company H.C. Starck. The chemical composition of the powder can be consulted in 
Table 4.3.  

 
Table 4.3 Chemical composition of the TiB2 powder 
 

 B C O N Fe 
 min (%) max (%) max (%) max (%) max (%) 

TiB2 min. 30 6 1 4 1.5 

 
SEM micrographs of the compound can be seen in Figure 4.7. The particle size 

distribution of the TiB2 varies between 3.5 µm and 8 µm. As it can be observed in 
Figure 4.7a, the topography of the particle is irregular. On one hand, during the 
feeding and thermal spraying process, it can be an unfavourable aspect because it 

can easily create difficulties in the flowing of the material through the powder carrier 
system. On the other hand, the material being mixed with the spheroidized Ni-based 
matrix, it creates the possibility of a powerful hooking between the two powders, 
making it possible for them a flow simultaneously in the feeding system. 

 

  
 

Figure 4.7 Micrographs presenting (a) the topography and (b) the cross-section of the TiB2 
powder 

b a 
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The EDX spectrum from Figure 4.8 confirms the chemical composition of the 
delivered powder showing both the principal Kα at 4.51 KeV and secondary  

Lα 0.41 kEV of Ti. Although having a very low reflected characteristic X-ray energy of 
0.18 kEV, B has been also detected.  
 

 
Figure 4.8 EDX spectrum of the TiB2 powder 

  
The powder manufacturer reported a powder size range of -3.5 +10 µm. As 

expected, in the XRD spectrum of the powder presented in Figure 4.9, the only 
detected phase is the TiB2. The compound crystallized in a hexagonal structure with 

the maximum peak found at the 2θ angle of approximately 44.46°. Several interesting 
aspects can be underlined regarding the forming elements of the compound. Ti is a 
silvery metallic element that typically has a hcp structure transforming to a bcc one 

at 882°C, 870°C and 1760°C. When heated to high temperature, the element reacts 
with most of the non-metals. Explicitly because of its easy reactivity, it has an 
outstanding room corrosion temperature provided by the dense, adherent, self-

healing formed oxide film. This property of the Group 3 elements can be an advantage 
in the case of the thermal spraying coatings. B is a hard refractory solid with 
rhombohedral as most stable crystalline structure. The element keeps its structure up 
to temperatures reaching 4000°C [215].  

 
 

Figure 4.9 XRD pattern of the TiB2 powder 

 
Considering all the analysed aspects of the reinforcement material there are 

reasons to expect interesting changes when the thermal spraying and  

post-treatment is performed. 
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4.2. Powder mixing 

The matrix and the reinforcement materials presented in the former two 
subchapters have been mixed in four different volumetric proportions using a screw 
conveyer. This type of process, schematized in Figure 4.10, relies on the principle of 
turning the apparatus in a controlled manner with the materials inside of the 
conveyor. The matrix and the reinforcement are placed in two separate containers 
found at the two ends of the assembly. Once the two components including the 

powders are screwed to the conveyer, the equipment has to be completely turned in 

a controlled way for about 600 s. At the end of the process, the whole amount of the 
mixed powder should be located at one end of the assembly. The screw conveyer has 
been afterwards disassembled, the powder sealed and the single containers carefully 
cleaned. It is important to leave the single parts of the assembly clean so that in a 
future use of the conveyer no contamination of the material occurs. 

Several advantages of the powder mixing technology motivated the decision to 

use this technology for the present work. The screw conveyors inherently ensure that 
the NiCrBSi and TiB2 powders are constantly mixed while the combining of the 
materials through the rotating spiral eliminates the risk of segregation of the smaller 
reinforcing material. The cost-effectiveness of the method can as well be a big 
advantage for powder analysis in the research.  

 

 
 

Figure 4.10 Schematic of a screw conveyor  

 
 

Some preliminary tests showed that the flow of the material through the powder 
feeder gets extremely difficult when mixing a high volumetric percentage of the 

reinforcement with the matrix. Consequently, four mixes, presented in Table 4.4, have 
been considered for further investigations. 

 
Table 4.4 The four NiCrBSi-TiB2 volumetric mixes considered for investigations 

 
Designated name NTB5 NTB10 NTB15 NTB20 

NiCrBSi:TiB2 vol. % 95:5  90:10  85:15  80:20  

 
Comparing the topography of the NiCrBSi and TiB2 material, presented in 

Figure 4.2 and Figure 4.7a, it is easy to observe the size difference of the powders. 
When mixing materials with such a size dissimilarity, maintaining the integrity and 
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avoiding the degradation of the powders is as well a challenge during the process. It 
can be observed in Figure 4.11 that, when using a screw conveyor, the two materials 

are carefully mixed in a way that makes the small TiB2 attach as satellites of the much 
bigger in size NiCrBSi matrix. 

 
 

  

  
 

Figure 4.11 SE micrographs of (a) the overview and (b) the detail of the composition and 
the corresponding EDX analysis of (c) the NiCrBSi and (d) the TiB2 powder  

 

 
Although it could be believed that the mixing process does not affect the 

chemical compositions of the material, a small change can yet be observed. The EDX 
analysis in Figure 4.11c and Figure 4.11d, show a small content of Ti and Ni in the 
matrix and reinforcement material respectively. This phenomenon is a consequence 

of the material friction and of a minor detachment of microparticles from each 
material. Part of these bodies attach to the same material and another part on the 
other one while the rest remains free in the system. 

 
 
 
 

d c 

b a 
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4.3. Powder deposition 

The material deposition process is an extremely important step to obtain the 
desired characteristics of the coating. There are a high number of variables that need 
to be taken into account e.g. the spray pattern, the build-up of the coating, the 
process variation, the temperature control on both the substrate and coating, or the 
motion of the torch or substrate, when the thermal spraying is performed. The goal 
of the thermal spraying was to successfully deposit the mechanically mixed NiCrBSi-

TiB2 powder on the S355JR structural steel. The operating parameters have been 

attentively set according to the characteristics of both the depositing and the 

substrate material and they can be consulted in Table 4.5. 
 
 
Table 4.5 The main operating conditions of the thermal spraying process 
 

Parameters Materials/conditions/values 

Sprayed material NiCrBSi – TiB2 
Substrate material Structural steel 
Surface roughening  

Surface roughening method Grit blasting 
Roughening material Chilled iron grit 
Surface roughness after roughening min. 75 µm 

Flame spraying gun producer Metatherm 
Flame generation  

Fuel gas Acetylene (C2H2) 
Secondary gas Oxygen (O2) 
Flame stoichiometry C2H2:O2 1:2 

Substrate temperature  ≈ 105°C 
Spraying temperature  ≈ 2850°C 
Fusion temperature ≈ 1100°C 
Particle velocity 100 m s-1 

Coating deposition  
Powder feed rate 2.5 kg h-1 

Stand-off distance 120 mm. 
Propelling gas Purified air 

Relative gun motion Translation over the samples 

 
Before the actual deposition, the substrate has been brought to the cleanliness 

normed values of the EN ISO 8501 [50] standard through degreasing and water and 
alcohol cleaning. As the substrate should reach a roughness value between 70 µm 
and 100 µm [58], the grit blasting with chilled iron grit has been considered a proper 

technique to use. The chilled iron is an abrasive cast iron material manufactured 

through atomization. During the blasting process, the material breaks in a way in 
which a mixture of sharp grit is produced, roughening the structural steel and cleaning 
it quickly. The blasting was performed in a dedicated room to avoid the contamination 
of the substrate material. After the grit blasting, the roughness has been measured 
at an average value of Ra 75 µm, corresponding to the industrial standards [58]. 

The deposition of the NTB powder has been performed with a Methaterm  

MPP-85 (5PII Type) gun. This gun has been an ideal choice for the deposition for 
several reasons. The integrated powder container allowed for a quick and complete 
cleaning of the air propulsive system to avoid contamination between the NTB powder 
batches. The gun is equipped with a vibrator that is useful especially for the fine TiB2 
material. Being a combustion flame-spraying device, the system uses oxygen and 
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acetylene as fuel gasses for deposition. The stoichiometry of the flame has been set 
to C2H2:O2 1:2, creating an oxidizing flame. The amount of oxygen in this situation 

increases, the colour darkens and the flame shortens.  
The stand-off distance between the torch and the substrate was kept constant 

during the TS process regardless of the part or torch movement. The chosen 120 mm 
constant distance ensured the maintenance of the same conditions for the whole 
spraying process and the deposition of the same thickness of material on the grit-
blasted substrates. 

In the moment when the deposition is performed, the temperature control of 

both the substrate and the flame is extremely important. As in the vast majority of 
the cases, because the coating deposition is performed in normal atmosphere and 
high temperatures, an inevitable oxidation appeared, eventually giving a darker color 
to the samples. The heating of the substrate is important for the improvement of the 
mechanical hooking between the powder and the selected substrate. The critical 
oxidizing temperature varies for each material but in order to perform a successful 
TS, the structural steel should be held under 150°C. Considering this aspect, the 

substrate has been heated at ≈ 105°C. In the meantime, the temperature of the flame 
must be kept above the melting range of the NiCrBSi material, but under the melting 
point of the TiB2 particles. The melting temperature of the reinforcing material is 
around 3200°C. Taking into account those elements, the flame was set and kept at 
≈2850°C. When those conditions are maintained, a diffusivity between the matrix and 
reinforcement is assured. Because the flame temperature was under the melting 

temperature of the TiB2, the solid particles of the reinforcement material stayed in the 
matrix and contributed to the corrosion and wear behaviour of the coating. 

The velocity of the particles was approximately 100 m s-1, a typical value for 

the combustion thermal spraying technology. During the coating process, the samples 
stayed fixed while the gun translated over the sample. The same number of 
translations has been performed over all the samples in order to obtain the same 
coating thickness. 
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4.4. Vacuum furnace optimization of the fusion process 

Putting it simply, the Design of Experiments (DOE) is a method of gathering the 
maximum amount of information from samples arranged in a design space by using 
a minimum amount of probes and invested energy. As each sample is time and 
resource consuming, it is legitimate to try to limit the needed effort. It is important 
though to test a reasonable amount of probes as by lowering the runs, the inaccuracy 
of the system is increasing. 

In engineering, the results are instinctively the ones that are giving a hint 

whether a process is going in the right direction or not. The design of experiment 
method developed by Fisher R.A. [101] focuses on the mean of a process and the one 
pioneered by Taguchi G. (called robust design) [103] tries to correct the loss function 
(i.e. the errors of a system). In a different way of thinking, the response surface 
methodology (RSM) is a much more intuitive way to increase the quality by employing 
a cheaper step-by-step approach where fewer experimental runs are required and a 

high statistical efficiency is reached. For the present work the RSM optimization 
method has been chosen. 

For Ni-based self-fluxing alloys, the thermal post-treatment of the coating is 
highly important. The post-treatment and its results can largely influence the quality 
of the entire deposition. For this reason, the optimization process of the heat 
treatment parameters is strongly recommended. The flowchart of the followed steps 

of the optimization can be seen in Figure 4.12. 
 
 

 
 

Figure 4.12 RSM flowchart procedure for the optimization of the vacuum heat treatment 
parameters 
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To sum it up, the RSM procedure involved: 
 Identifying the problem 

 Defining the responses that will establish the final working parameters 
 Defining the input parameters, the ones that will be varied 
 Choosing the experimental design 
 Performing a regression analysis to verify the power of the optimization and 

the correctness of the design 
 Running the statistical tests 
 Examining the statistical results 

 Remodelling the statistical design if the results are not satisfactory 
 Obtaining the optimal design 
 Confirming the optimal design. 

 
The response variables selected for the present work have been the porosity, 

the hardness and its standard deviation. These parameters have been extensively 
used as responses in the optimization of thermal spraying coatings [111,216–218].  

The porosity is highly important when it comes to TS. As presented in the state 
of the art and methodology chapter, the void content, shape and measurement is 
present in all the technologies and can vary extremely much. An interconnected 
porosity can be disastrous with regard to corrosion or wear. When it comes to the 
resistance or machinability of the coating, the porosity plays an important role as well. 
The microhardness and its standard deviation can give us other hints about the quality 

of the deposition. The resistance of the material to plastic deformations characterizes 
the level of strength of the intermolecular bonds. The ductility, the strength or the 
viscosity are just a few of the elements that depend on the hardness. The standard 

deviation of the microhardness is a parameter that gives an indication on the 
uniformity of the coating. Although when performing microindentation, the indented 
phases exhibit different values, it is essential to measure the same value of the same 
phase in the whole coating. Considering the importance of these parameters, selecting 

the porosity, the hardness and the hardness deviation as responses of the design was 
an obvious choice. The three responses and their considerations can be seen in  
Table 4.6.  

 
Table 4.6 Response variables to be measured 

 
Name Units Analyse Goal Impact  

(S) 
1-5 

Sensitivity  Low 
(L) 

High 
(U)  

Porosity (P) % Mean Minimize 5.0 Medium 0.1 10 
Hardness (H) HV0.3 Maximize 3.0 Medium 200 400 

Hardness standard 
deviation (σ) 

 Minimize 2.0 Medium 20 100 

 
As stated in Table 4.6, the statistical model is built for the mean of the three 

defined responses. The set goal for the porosity P and the hardness standard deviation 
σ was to minimize the value of the responses as much as possible. In contrast, a high 

hardness H is desired. The impact is referring to the relative importance of one 
response versus another. In TS, a coating with high porosity, high hardness and low 
hardness, is generally considered a low quality one. In contrast, one with low porosity, 
relatively low hardness and high hardness standard deviation can still be easily 
employed in the industry and resist to wear and corrosion. Therefore, the maximum 
impact was attributed to the porosity, followed by the hardness and σ. To generate 
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the statistical model, a range of values that the responses can take has to be defined. 
The porosity and the hardness standard deviation should be as low as possible and 

the desired range was set to 0.1 and 20. It is known that the hardness of the Ni-
based self-fluxing materials is not necessarily very high [219,220]. Previous work 
where N-330 powder has been used [221] showed that because of the low content of 
the alloying elements, the hardness is not very high. Therefore, a range of  
200 HV0.3 – 400 HV0.3 for this particular case can be acceptable for the optimization 
design.  

During a RSM experiment, several types of factors can be analysed. Parameters 

that can be varied are called controllable factors. There can be also mixture 
components where the relative percentage of the components in the mix is changed 
or noises that are considered uncontrollable factors. The two process factors that are 
followed in this experimental design, time and temperature, are controllable as they 
can be regulated during the process in order to enhance the process quality. They can 
be consulted in Table 4.7. In contrast to the categorical type of factors where levels 
like e.g. low, medium and high are attributed, the two experimental factors have been 

set to be continuous as they can take values over a continuous range. In consequence,  
A: Time has been set to take between 30 min. and 90 min., values chosen in 
accordance to peer reviewed literature [222–224], and B: Temperature has to be 
maintained between 1020°C and 1110°C, based on the melting range of the matrix 
material determined by the termogravimetric measurements.  

 
Table 4.7 Experimental process factors to be varied 

 
Name Units Type Role Low High 

A: Time min. 
Continuous Controllable 

30 90 

B: Temperature °C 1020 1110 

 
Depending on the response variables and the experimental process factors, 

different types of designs can be selected. For continuous factors screening, multilevel 

factorial, orthogonal array and response surface design can be used. The screening is 
using the most important factors from a long list. The multilevel factorial is performing 
an optimization by running a large number of runs and the orthogonal (i.e. Taguchi 
method) design falls in the robust parameter design. As already mentioned, for the 
present work a response surface design was chosen as it aims at finding the optimal 
working conditions of the experimental process factors. The details of the RSM model 
design can be seen in Table 4.8. 

 
Table 4.8 Model specification to be fit to the experimental results 

 
Design 
type 

Centrepoints 
per block 

Centrepoints 
placement 

Number of 
replicants 

Total 
runs 

DF b Model 
type 

Final 
runs c 

CCD a  
22 + star 

2 last 0 10 4 quadratic 9 

a Central composite design 
b Degrees of freedom 
c Number of runs after applying the D-optimal backwards algorithm 
 

The central composite design 22 + star consists of several points, each of them 
being attributed a time and a temperature value. The design is a form of the 2k CCD 
(i.e. Box-Wilson design) where k is given by the number of controllable factors. As 

BUPT



4.4 -  Vacuum furnace optimization of the fusion process 71 

these points take the extreme high-low, extreme and centrepoint values of the 
experimental factors, the representation of a 22 + star design for the vacuum heat 

treatment would be as represented in Figure 4.13. The stars, or centrepoints, are 
points taken at the centre of the design. This design is considered advantageous as it 
consists of a relative small number of runs in comparison with a multi-level factorial 
design. 

 

 
 

Figure 4.13  The 22 + star CCD created for the vacuum heat treatment post-processing 

 

In Figure 4.13, the points α,β,γ,δ are found at the high-low levels of the process 

factors (time and temperature), ε,ζ,η,θ are placed at extreme points, outside of the 
design, while ι,κ are considered centrepoints. 

The design has four degrees of freedom to estimate the error. The 
measurement of the error is important in order to know the noise in the experimental 
process. A minimum recommended DF is two, so the four degrees estimated by the 

design are an acceptable value. Although a randomized design (meaning a 
randomized order of the runs) is recommended, it has been decided to create one 
where the centrepoints are placed at the end. After all, the same experiments were 
run, the advantage in this case being the effortless identification of the point.  

There are several model types that can be attributed to a CCD: linear, 2-factor 
interaction, quadratic and cubic. For this experiment a quadratic model type has been 
selected. The different model types affect some of the diagnostics the experimental 
design is generating. The fitted response �̂� of the quadratic CCD model is 

mathematically described as: 
 
�̂� = 𝐴0 + 𝐴0𝐵1 + 𝐴2𝐵2 + 𝐴3𝐵3 + 𝐴12𝐵1𝐵2 + 𝐴13𝐵1𝐵3 + 𝐴23𝐵2𝐵3 + 𝐴11𝐵1

2 + 𝐴11𝐵2
2 + 𝐴11𝐵3

2 (4.1.) 

 
where the experimental factors A (time) and B (temperature) are considered. The 
quadratic CCD (Box-Wilson) design �̂� provides typical interactions like the linear and 

the quadratic factors from the Eq. (4.1.). When selecting another type of design, other 
relationships between the factors are developed and they might influence some 
perceptions over the regression analysis. 

The extracted time-temperature programs that were required for the four 
batches can be consulted in Table 4.9. The first four programs represent the α,β,γ,δ 

points, followed by the extreme points ε,ζ,η,θ  located outside of the rectangle. The 
values of the ε,ζ,η,θ points have been rounded-up to a two decimal number for 
practical reasons. The last program is a centrepoint found at the middle of the design 
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and is practically one program generated from overlapping ι and κ. The elimination is 
performed by a D-optimal design algorithm. Using a D-optimal backward algorithm is 

always optional but it is particularly useful to eliminate some runs considered partly 
or entirely redundant. Using the algorithm is practically a matter of design efficiency.  

 
Table 4.9 The values of the 22 + star central composite design 

 

Program no. n Time Temperature 

 (min.) (°C) 

1 30.0 1020.0 
2 90.0 1020.0 
3 30.0 1110.0 
4 90.0 1110.0 
5 28.0 1065.0 
6 92.0 1065.0 
7 60.0 1016.0 
8 60.0 1114.0 
9 60.0 1065.0 

 
An evaluation of the design through regression analysis offers a number of 

possibilities to assess the properties of the selected model.  
The correlation matrix (4.2.) reveals any confounding between different effects. 

The mathematical array is a friendlier interface for the �̂� equation. The matrix helps 

for analysing the orthogonality of the design. The orthogonality is an important 
property in the RSM and it allows the individual effects to be independently estimated 
without confounding. A perfectly orthogonal design shows a diagonal matrix with 1`s 

on the diagonal and 0`s off the diagonal. Initially, the model generated the 10 runs 
featuring different time-temperature combinations. However, through the application 
of the D-optimal algorithm and the rounding-up of the values to an integer number, 
the perfect orthogonality is lost. The 5 columns that display non-zero correlations are 
results of the formerly executed actions. In the end, none of the values are equal to 
or greater than 0.5. It can be therefore concluded that the rounding-up and the 
application of the D-optimal algorithm were legitimate actions that do not affect the 

optimization process. 
 

MC = 

 A B AA AB BB  
A 1 0 -0.0467 0  0.0126  
B 0 1 0 0 -0.0164  

AA -0.0467  0.0042 1 0 -0.1432 (4.2.) 

AB 0 0 0 1 0  
BB  0.0126 -0.0164 -0.1432 0 1  

  

The ANOVA table presented in Table 4.10 is showing the experimental error. It 
can be seen that there are 5 degrees of freedom being used to fit the statistical model. 
The DF number increased from 4 to 5 after applying the D-optimal algorithm. As 
mentioned, by using the D-optimal algorithm the design efficiency has been increased 
but a certain degree of error has been as well introduced. There are 3 DF left for the 
experimental error. The pure errors come from the replica of the experimental runs. 
By not performing replica experiments, the pure error will be accordingly equal to 

zero. There are also 3 DF to estimate the fitting of the experiment in the quadratic 
model. These lack-of-fit DF will tell if the quadratic model is satisfying for the present 
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experiment. In general, it is advisable to have as many error degrees of freedom as 
possible available when testing the statistical significance of estimated effects. 

 
Table 4.10 ANOVA table 

 
Source Degrees of freedom 

Model 5 
Total error 3 

Lack-of-fit  3 
Pure error 0 

Total 8 

 
Once the regression analysis was performed, the experimental tests were run. 

The results of the tests are displayed in Table 4.11 and Table 4.12. The predicted 
values and variance plot of the generated quadratic central composite design can be 
consulted in the Appendix. 

 
Table 4.11 Results of the experimental program for the NTB5 and NTB10 batches 

 

   NiCrBSi+5%TiB2 NiCrBSi+10%TiB2 

n t 
(min) 

T 
(°C) 

P̅ 

(%) 

H̅ 

(HV0.3) 
σ D a P̅  

(%) 

H̅ 

(HV0.3) 
σ D a 

1 30 1020 5.99 330 34  0.53 3.44 346 48 0.71 
2 90 1020 2.25 311 34 0.71 3.8 318 78 0.53 
3 30 1110 2.08 288 39 0.66 1.28 346 137 0 
4 90 1110 1.3 277 42 0.66 1.02 302 89 0.52 
5 28 1065 3.88 304 28 0.63 3.94 310 64 0.55 
6 92 1065 2.83 352 80 0.59 9.6 366 117 0 
7 60 1016 9.96 301 37 0.05 7.7 332 64 0.38 
8 60 1114 3.9 315 47 0.61 8.03 289 47 0.25 
9 60 1065 6.84 319 89 0.33 13.64 319 89 0 
a Desirability  

Table 4.12 Results of the experimental program for the NTB15 and NTB20 batches 

 
   NiCrBSi+15%TiB2 NiCrBSi+20%TiB2 

n t 
(min) 

T 
(°C) 

�̅� 

(%) 

�̅� 

(HV0.3) 
σ D a �̅� 

(%) 

�̅� 

(HV0.3) 
σ D a 

1 30 1020 5.28 344 52 0.51 4.88 337 51 0.58 
2 90 1020 4.25 320 38 0.55 7.23 314 79 0.32 
3 30 1110 3.23 344 45 0.63 1.98 351 43 0.71 
4 90 1110 1.12 321 37 0.82 1.41 332 86 0.47 
5 28 1065 7.23 320 59 0.35 3.87 344 79 0.51 
6 92 1065 3.22 345 40 0.7 1.47 371 142 0 
7 60 1016 14.2 325 24 0 5 318 39 0.57 
8 60 1114 2 314 24 0.75 1.3 293 62 0.61 
9 60 1065 3.46 337 52 0.65 3 335 67 0.58 
a Desirability 

 
 
 
 
 

BUPT



74 Experiments and results - 4 

Some exemplifying results of porosity P (i.e. the first chosen response to be 
analysing) from run number 4 can be seen in Figure 4.14. The mean porosity �̅� for 

each batch has been calculated as a mean of five calculated values from different 

regions of the samples. It is necessary to mention that not all the black regions of the 
micrographs are pores. This aspect will be further detailed and clarified in the 
microstructural characterisation part of the present work. 

 

 
 

 

 
 

 

Figure 4.14 Exemplifying porosity measurements through image analysis of the  
(a) NTB5, (b) NTB10, (c) NTB15 and (d) NTB20 samples 

 
The hardness indentations have been performed close to the middle height of 

the coating. The distance between the indentations was 200 µm, a value exceeding 
three times the diameter of a single indentation. The mean hardness �̅� for each batch 

has been calculated as a mean of five calculated values from different regions of the 
samples. 

The standard deviation of the hardness 𝜎 has been calculated as: 

 

𝜎 = √
∑  (𝐻−𝐻)̅̅̅̅ 2

5
      (4.3.) 

 
where H is the hardness and �̅� the mean of the hardness. The sum of the differences 

has been divided by 5 as there have been 5 hardness measurements for each batch 
of heat-treated samples. 

The desirability D concept, developed by Myers and Montgomery, is a very 
popular and easy to visualize multiple response method in statistical optimization 
[104] . The idea behind the concept is that values of a particular process or product 
must be inside its defined limits. The approach assigns a score between 0 and 1 to 

d c 

b a 
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the results of the responses. A complete “undesirability” is reached when the results 
of the experimental runs of the process are outside its defined low and high limits, 
the function 𝑑𝑖(𝑌𝑖) of the response 𝑌𝑖(𝑥) taking the value 0. When the desired value of 

the response is reached through the results of the runs, the function 𝑑𝑖(𝑌𝑖) will be 1.  

As mentioned in Table 4.6, let us define 𝑆 as the impact, 𝐿𝑖 the low and 𝑈𝑖 the 

high value of the responses. When maximizing a response, in the present case the 
hardness, the individual desirability function is: 

 

𝑑𝑖(𝑌𝑖) {

0                         𝑖𝑓  �̂�𝑖(𝑥) < 𝐿𝑖

(  �̂�𝑖(𝑥)−𝐿𝑖
𝑇𝑖−𝐿𝑖

)
𝑠

            𝑖𝑓 𝐿𝑖 ≤   �̂�𝑖(𝑥)  ≤ 

1                         𝑖𝑓  �̂�𝑖(𝑥) > 𝑈𝑖  

𝑈𝑖   (4.4.) 

 
When minimizing a response, in the present case the porosity and hardness 

standard deviation, the individual desirability function is: 
 

𝑑𝑖(𝑌𝑖) {

1                        𝑖𝑓  �̂�𝑖(𝑥) < 𝐿𝑖

(  �̂�𝑖(𝑥)−𝐿𝑖
𝑇𝑖−𝐿𝑖

)
𝑠

            𝑖𝑓 𝐿𝑖 ≤   �̂�𝑖(𝑥)  ≤ 

0                         𝑖𝑓  �̂�𝑖(𝑥) > 𝑈𝑖  

𝑈𝑖   (4.5.) 

 
The general form of the overall desirability equation with t runs takes the 

following form: 

𝐷 = (𝑑1(𝑌1)𝑑2(𝑌2) ⋯ 𝑑𝑘(𝑌𝑘))
1/𝑡

       (4.6.) 

 
Applying Eq. (4.6.) to the present case, the overall desirability function is: 
 

𝐷 = (𝑑1(�̅�)1)𝑑2(𝐻)̅̅̅̅
2)𝑑𝑘(𝜎𝑘))

1/9

         (4.7.) 

 

  
 

  
 

Figure 4.15 Desirability plot of the (a) NTB5, (b) NTB10, (c) NTB15 and (d) NTB20 samples 

d 
c 

b a 
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The plots of the four batches can be seen in Figure 4.15. The desirability is 
shown as a three-dimensional plot against the time and the temperature. The graph 

shows the regions where desirable results can be achieved.  
An almost symmetrical plot has been obtained in the case of NTB 5. Because of 

the very low content of TiB2, it was expected that the plot of the self-fluxing NiCrBSi 
matrix wouldd take a similar shape. Compared to all the other plots, the NTB5 graph 
does not present points reaching outside of the experimental factors limit. The batch 
containing 10 vol.% of TiB2 presents the most 0 desirability points of all the graphs. 
The biggest regions where 0 points are found are at a maximum temperature and 

minimum time and at minimum temperature and a long holding time. The highest 
desirability value of 0.82 was obtained for NTB15 in the region of 90 min. and 1110°C. 
It can be observed that after reaching the two points, the desirability is decreasing 
even when a higher temperature and a longer time is applied. The NTB20 batch is 
presenting a region of 0 points until a temperature of approximately 1100°C after 
which a fast increase can be seen.  

As general remarks, it can be observed on one hand that at medium 

combination of the two responses a decrease is occurring in the plots. On the other 
hand, the highest peaks for all the plots are achieved at high temperatures and long 
holding times. Every plot of each batch reached a maximum desirability of over 0.7. 
Nevertheless, the only one crossing a 0.8 desirability point is the NTB15 batch.  

 Conclusively, it can be stated that in order to obtain optimum results for a 
vacuum heat-treated thermally sprayed NiCrBSi-TiB2 sample, a combination of 85 

vol.% matrix and 15 vol.% reinforcement should be used. The post-processing with 
a vacuum furnace at a holding time of 90 min. at a temperature of 1110°C should 
deliver the best results.  

The heat-treatment program for the optimal parameters can be seen in  
Figure 4.16. The program shows a three-interval heating, the first being performed 
with 10°C min-1 up to 200°C. At this temperature the water and other possible 
compounds evaporate. The second heating ramp is performed with 10°C min-1 until 

950°C. The temperature is under the melting range of the matrix material but high 
enough for a soaking of the material. A 10 min holding time should be enough for 
soaking as the samples are relatively small in size. A slow heating of 5°C min-1 has 
been performed followed by the holding of 90 min at 1110°C as determined by the 
optimization program. A slow cooling until 950°C has been performed to avoid 
introducing internal stresses. The last cooling ramp was at 10°C min-1 until the 
ambient temperature of 23°C was reached. 
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Figure 4.16 Optimized vacuum heat-treatment process parameters 

 
The as-sprayed and vacuum furnace heat-treated samples can be seen in  

Figure 4.17. The sample on the left presents a darker colour and a visibly higher 
roughness. The colour of the samples is due to the oxides formed during the spraying. 
In contrast, on the right, the vacuum furnace heat treated sample is much shinier 

because of the oxides extraction from the sample and it visibly presents a much more 
sealed coating, having a good chance to present favourable wear or corrosion 
behaviour. Starting from this point of the research, the only TiB2 containing coating 
used for characterization and testing was the NiCrBSi - 15% TiB2 optimized with the 
program previously showed. 

 

 
 

Figure 4.17 Thermally sprayed samples as-sprayed (left) and  
vacuum furnace heat treated (right) 
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4.5. Dissociation and degassing 

In the heat-treatment of the thermal spraying coatings, the use of vacuum 
furnaces if recommended by DIN EN ISO 14924 [64]. Features like volatilization, 
dissociation and degassing of compounds represent one of the biggest advantages of 
such equipment. Ni, Cr, B, Si and Ti have different behaviours when heated up to high 
temperature in a controlled atmosphere. The Ellingham diagram is a chart 
represented in Figure 4.18 and shows the stability of some of the most important 

oxides at different temperatures and pressures. However, research concluded that 

decompositions of metal oxides tend to rely more on temperature than on pressure 
[85]. 

 
 

Figure 4.18 The Ellingham diagram of the most important oxides in metallurgy [225] 
 

Because of the high temperatures involved in the thermal spraying process, the 
feeding material inevitably forms oxides in contact with the combustion gasses. 
Nevertheless, at elevated enough temperatures and high enough vacuum levels, such 
compounds can dissociate, the coatings can evacuate gasses and leave a smooth and 
shiny surface.  

The decomposition takes place following Eq. (4.8) [226]: 

 
2

𝑦
𝑀𝑥𝑂𝑦 =

2𝑥

𝑦
𝑀 + 𝑂2    (4.8.) 

 
In thermal spraying, reactions like Eq. (4.8.) are desired as the porosity is 

reduced, a metallurgical bonding is formed and a compact coating is obtained. The 
adhesion strength of the coating can be therefore improved through the applied 

vacuum treatment [227]. It has to be nevertheless taken into account that the 
working environment is argon. The reduction in an inert gas atmosphere is slightly 
shifted but the diagram is one of the most important tools to predict the 
decomposition of the compounds. 
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Looking at the diagram it has to be known that the lower the line, the higher 
the oxygen affinity. It can be observed that for the oxides formed from the main 

constituent elements of the coating, the lines for TiO2, SiO2 and Cr2O3 are positioned 
lower than that for FeO or NiO. This means that the first mentioned oxides will 
decompose as they need a much lower oxygen partial pressure and temperature than 
the latter ones.  

Even though generally the elimination of oxides is desired, it is always 
important to analyse their presence as they might also help for example by lubricating 
the coating thanks to their hexagonal structure. 

4.6. Characteristics of the vacuum fused optimized coatings 

4.6.1. Microstructure, porosity and phase composition  

Several aspects need to be taken into account when characterizing a thermally 
sprayed coating. Thickness, porosity, phase composition, hardness or the interface 

quality are all features of greater or lesser importance depending on the industrial 
application of the coating. Various piece of equipment were needed to outline the 
most important elements of the coating. For immediate microstructural 
characterisation and quick image acquisition, a Leica DMR light microscope has been 
used. The porosity has been calculated through image processing with the free-ware 
ImageJ. The crack propagation analysis has been performed with a Keyence VK-
X260K confocal laser scanning microscope. The more in depth microstructural analysis 

combined with elemental analysis has been performed with an EDX equipped Philips 
XL30 ESEM. The phase composition has been determined with a Philips X’Pert 

diffractometer while microhardness indentations have been performed with a 
ZwickRoell ZHVµ-M equipment.  

 

 
 

 

Figure 4.19 BSE micrographs presenting (a) an overview and  
(b) a region of the interface of the as-sprayed coating 

 

The BSE micrographs in Figure 4.19 present two regions of interest of the  

as-sprayed part. Although these coatings are meant to be post-processed, in a case 
of disparity in regard to the expected results it is always important to know the 
starting point of the analysis. Figure 4.19a displays an overview of the deposited 
material. The coating presents an inhomogeneous structure with a high roughness. 
The calculated porosity by image processing exceeded 20%. The interface from   

b a 
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Figure 4.19b shows regions where the coating is visibly not adhering properly to the 
substrate. The two micrographs demonstrate that as expected, the present deposited 

coating needs a post-processing in order to be considered for further investigations. 
An overview of the heat-treated NiCrBSi-TiB2 coating in cross section optimized 

with the program from Figure 4.16 can be seen in Figure 4.20a. The BSE image can 
be considered a multi-phase structure with a heterogeneous distribution of the dark 
phase. The adhesion of the coating to the structure appears to be as well of a good 
quality. 

 

 
 

Figure 4.20 BSE micrographs of the coating in cross-section 

 

For a thorough microstructural characterization, a correlation between SEM 
micrographs, EDX chemical composition analysis and XRD diffractograms was 
necessary.  

From the overlapping of the XRD spectra (Figure 4.21) of the NiCrBSi-TiB2 
powder after the TG analysis, the as-sprayed and the vacuum heat-treated coating, 
numerous phase changes can be easily noticed. The first overlapping peak at 26.9° is 

a hexagonal SiO2. The second peak at 2θ 44.4° contains the Ni solid solutions and the 
TiB2 reinforcing material while at 51.7° transformations occur only in the Ni3B and Ni 
matrix structures. Confirming the peer reviewed literature [228,229], during the 
thermal treatment, the Ni3B is transformed to a Ni2B and a rest Ni phase. The γ-Ni 
partly stays as a solid solution, does not transform and keeps its cubic crystal system 
while the rest Ni dissipates in the matrix forming compounds with other alloying 
elements.  
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Figure 4.21 Overlapped XRD diffractograms of NiCrBSi-TiB2 powder after TG analysis,  
as-sprayed and the vacuum heat-treated coating 

 

The last two overlapping regions at 76.1° and 92.4° include phase 
transformations mostly in the CrNiSi. The solubility of the phase increases in the latter 
case because of the longer exposure of the sample to high temperatures. For the 
same reason, oxides of Si and Ti have been observed as forming in the as-sprayed 
and vacuum heat-treated samples. With so many changes observed, a close 
correlation of the microstructure of the vacuum treated coating with its XRD spectra 

can be of a great help to better understand the behaviour of the coating. 
Figure 4.22 presents a detail of the NiCrBSi-TiB2 sample in cross-section. The 

dark TiB2 phases can be seen as heterogeneously distributed in the matrix. The  
non-homogeneous distribution is a consequence of the mixing process, the high 
melting point of the TiB2 [230] and subsequently its ability to resist to solubility at the 
service temperature [231].  

 
 

 
 

 

 

 
Figure 4.22 (a) SEM micrograph of NiCrBSi-TiB2 sample along with the corresponding 

(b),(c),(d),(e) EDX spectra 
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The EDX spot analyses from Figure 4.22b, Figure 4.22c, Figure 4.22d and Figure 
4.22e correspond to different regions of the coating represented in Figure 4.22a. 

Corroborating the EDX spot analyses with the XRD spectra from Figure 4.23, the 
matrix noted with b in Figure 4.22a consists mainly of the tetragonal BNi2 and the 
cubic γ-Ni. These eutectic structures are often detected as matrix in Ni-based thermal 
sprayed coatings research [138,214,232,233]. Another component in the matrix is 
the cubic σ-Cr3Ni5Si2 phase. Schuster et al. [234] reported that the forming of the σ 
phase is favoured by the low Si content (4% in the present work). This structure can 
be consulted as well in the ternary Cr-Ni-Si diagram.  

 

 BNi2 

 Ti3O 

 γ-Ni 

 Cr3Ni5Si2 

 TiB2 

 SiO2 

 

Figure 4.23 XRD diffractogram of the NiCrBSi-TiB2 vacuum furnace heat-treated sample 

A sign that the post-processing program was well defined is that Cr is detected 
in the σ-Cr3Ni5Si2 phase and is not diluted in the Ni matrix forming minor constituents 
[235]. The rest γ-Ni/BNi2 phase is found in the region c of Figure 4.22a. The area d 
on the SEM micrograph corresponds on one hand to the hard TiB2 phase that is 
expected to aid the wear resistance of the coating [236,237] and on the other hand 
to the Ti3O.  

The operating pressure of the vacuum pump is 10-6 mbar and the elimination 
of the majority of the oxides and gases is successfully done. Nevertheless, Si and Ti 

both have a high susceptibility of forming oxides until an oxygen partial pressure of 
about 10-23 mbar [238] according to the Ellingham diagram. Therefore, the formation 
of SiO2 and Ti3O is inevitable.  

The porosity is an important aspect to follow in surface engineering as 
important damage can be produced to coated parts due to an improper sealing. Two 

representative software processed micrographs can be seen in Figure 4.24. An 
average value of around 1% has been calculated for the NiCrBSi-TiB2 sampled. The 
results aligns to the state of the art porosity values present in the research of self-
fluxing thermal spraying depositions [239–241]. The micrographs reveal that the 
porosity is distributed in the matrix, mainly near the TiB2 phases. This can be an effect 
of the mixing process of the powders. As no strong bond between the matrix and the 
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reinforcement is realised, the voids are more susceptible to form in the contact area 
of the two materials at the moment of the coating build-up.  

 

  

Figure 4.24 Software processed micrographs highlighting the porosity of 1% on the left and 
0.6% on the right of the NiCrBSi-TiB2 sample 

 The homogeneity and the qualitative assessment of the elemental 
composition of the sample are shown in Figure 4.25. The EDS mapping of the sample 
has been performed in the cross-section of a polished sample. The image acquisition 
has been performed on approximately 450 µm2 by exciting the surface of the sample 
with a beam accelerated at 25 kV. The time of exposure for the map generation has 

been 2.9 h.  
The selected area to perform the mapping included the coating, the interface 

and a small part of the substrate. A strong presence of Ni and B has been identified 
in the coating region, which confirms that the matrix contains BNi2 and Ni. Previous 
research [229] demonstrated that the wear resistance of the depositions grow with 
the content of B in the coating. As B is seen as clearly distributed in both the matrix 
and reinforcement, a good tribological behaviour of the coating is expected. The 
formation of the high boron content BNi2 phase instead of the BNi3, classically found 

in self-fluxing TS alloys, is supposed to aid as well against the wear of coated parts. 
A comparison of the Ni, Cr, Si and Ti maps shows that Si and Cr are similar in the 
superior part. The strong diffusion of Si towards the substrate bypasses problems of 
coating adhesion by creating a strong metallurgical bonding at the interface region 
between the coating and the substrate.  
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Figure 4.25 Mapping of the most relevant chemical elements of the (a) NiCrBSi-TiB2 coating 
(b) Ni, (c) Cr, (d) B, (e) Si, (f) Ti and (g) Fe 

 

4.6.2. Hardness and adhesion 

Adhesion or hardness are considered very important data that characterize 
coatings in service. Hardness is not included generally in the category of intrinsic 

property of a coating or material and it can take different values depending on the 
testing method [136] or in the case of coating on the tested direction (cross-section, 
surface, interface, etc.). 

For the present work, the following measurements have been performed: 
 Surface hardness 
 Cross-section hardness  
 Interface toughness measurements. 

 
Surface and cross-section hardness have been tested using a Zwick/Roell 

ZHVµ-S machine. The results have been outputted with the TestXpert ZHVµ user 
interface of the equipment. The interface toughness measurements have been 
performed using a KB 250 BVRZ universal testing machine. A special care has been 
given to the sample preparation to make sure that the measurements are correctly 
performed. For the surface evaluation, flat and grinded post-treated samples have 

g f e 
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a 
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been used. For the cross-section and interface toughness measurements, 
metallographic samples have been prepared. The samples have been cut in  

cross-section, grinded and polished. The indentation has been performed on coatings 
thicker than 250 µm to make sure that the results are not influenced by the substrate. 
In order to make the results statistically relevant a number of at least seven 
indentations have been done. 

The results of surface and cross-section hardness measurements are 
displayed in Table 4.13.  

 
Table 4.13 Values of indentation hardness measurements of the NiCrBSi- 15% TiB2 sample 

 
No. of measured point 1 2 3 4 5 

Surface indentation 
HV3 

330 534 276 368 673 

Cross-section indentation 
HV0.3 

550 356 298 410 493 

 

 
 

 

Figure 4.26 Micrographs representing a) a series of cross-section measurements and b) a 
BSE close-up of an indentation of the NiCrBSi-TiB2 post-treated sample 

 
The loads used to measure the hardness of the coating were ones often used 

in the coating research [219,221]. When testing the coating at 0.3 kgf and 3 kgf, the 
load did not create plastic deformation on a large enough surface to be able to 
correctly measure the hardness of the entire coating, but only in single phases. The 
measurement of the capacity of the material to resist to plastic deformations has been 
extensively evaluated in the optimization part of the present work. Neither the values 

of the matrix nor the reinforcement present any unexpected results. The matrix 

powder respects its delivery specification maintaining a hardness of approximately 
350 ± 20 HV. As already explained in the subchapter 4.1., the reinforcement 
maintains the large majority of its properties but unfortunately loses from its 
hardness. The hard reinforcements present lower values than the ones of the material 
but still reach values between 450 HV and 600 HV. The variation of the values 

measured for the surface and the cross-section corresponds to the hardness of the 
indented phases and cannot be regarded as a general value of the whole coating. 
Considering the extensive range of tested samples for the optimisation of the  
post-treatment of the coating, a minimum value of about 350 ± 20 HV could be 
attributed for the general coating, but not for the reinforcement.  
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The fact that the microindentations do not present cracks can be attributed to 
the ductility and low internal stresses of the coating. Low residual stresses and the 

capacity to withstand cracking propagation are conferred by the ability to carefully 
control the vacuum furnace and especially the 3-4 segment of the program, where a 
detensioning and a coating homogenization occur. 

  

   
 

  
   

Figure 4.27 BSE micrograph of the interface and 
the corresponding line-scan graph 

 

 
 The performance and the quality of a TS coating is dependent on the coating-

substrate adhesion. A possible debonding would inevitably result in a collapse of the 
whole system. The bonding mechanisms in thermal spraying depend on the contact 

between the splats and between the splats and substrate.  
By analysing the line-scan at the interface in Figure 4.27, an area between  

125 µm and 175 µm can be observed where the content of Ni decreases and the one 
of Fe is increasing. It can be stated that in the approximately 50 µm region a metal-

to-metal bonding is formed, one that should be much stronger than the typical 
mechanical interlocking found in thermal spraying. The adhesion of a coating can be 
assessed from the point of view of fracture mechanics as the necessary amount of 
energy to initiate and propagate cracks. The evaluation in this case is made through 
fracture toughness. By exceeding a critical value of a strain energy release rate stated 
in J∙m-2, a crack propagation occurs and results inevitably in a failure. 
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 A polished cross-section of the NiCrBSi-TiB2 coated sample was indented with 
Vickers and Brinell indenters by applying different loads in a space where the diagonal 

of the indent coincides with the coating-substrate interface. As defined by  
Lesage et al. [242], the interface fracture toughness is defined as: 
 

𝐾𝑐𝑎 = 0.015
𝑃𝑐

𝑙𝑐
3/2 (

𝐸`

𝐻
)

𝑖

1/2

    (4.9.) 

 

 The quantity (
𝐸`

𝐻
)
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𝐻
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)
1/2   (4.10.) 

 

where Kca is the interfacial toughness fracture, 𝑃𝑐 the function of the critical load, lc 

the length of the crack, E the elastic modulus and H the apparent hardness. 
 
 

  
 

Figure 4.28 Micrographs showing the imprints of the a) Vickers and b) Brinell indentations 

 

 
 

Figure 4.29 Detail of the tip of the Vickers indentation in the interface region 
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Several indentations have been performed until a load of 50 kgf on the HV 
scale and 62.5 kgf on the HBW scale was reached. Although large indentations have 

been obtained, no visible cracks could’ve been observed at the tips of the indenter. 
The results denote an excellent interface adhesion, low internal stresses and a high 
interfacial fracture toughness. The crack free area indicates also a good choice of a 
series of interdependent factors in the coating building like: the substrate material 
(roughness, cleanliness), the operating conditions or the feedstock morphology and 
particle size distribution.  

4.6.3. Tribological behaviour 

The functionality of the coating is a very important aspect for the applied 
research. The interest in the self-fluxing thermally sprayed coatings is strongly related 
to the mechanical properties that lead to a high wear resistance of the part. Wear 
behaviour related analysis of WC-Co, Cr2O3 or sub-microsized particles containing 
coatings showed that reinforcements can increase abrasion resistance [243], promote 
formation of protective layers [244] or stabilize the depositions in the case of tests 

performed at high temperatures [245]. 
Several tools and determined values have been used and compared in order to 

perform a comprehensive analysis. Vacuum remelted NiCrBSi coatings deposited with 
the same matrix material have been used as comparison sample with the  
NiCrBSi-TiB2 sample. The result analogy is extremely important as it can give an idea 
of how the developed coating is behaving in the same conditions as one that is already 

used in the industry. 
Theoretically defined as the ratio of two loads acting parallel and perpendicular 

to an interface of two bodies that are in relative motion, the pin-on-disc is an easy to 
measure method that allows observing which component slides over the other in a 
certain environment. The used setup to measure the dimensionless quantity was a 
pin-on-disc tribometer with a non-conformal contact. The part in motion in the 
laboratory setup is represented by the coated sample while the ball serves as the 

static partner. Several 6 mm 100Cr6 steel and WC-Co balls have been used to perform 
reproducible tests. The samples and the counterparts have been cleaned with acetone 
prior to the tests. The parts were grinded prior to the testing with a 1000 grain size 
SiC paper. The measurements have been performed at a linear speed of 15 cm·s-1, 
an acquisition rate of 10 Hz and a normal load of 10 N. The stop condition for the test 
was the completion of 50 000 laps.  

 

Figure 4.30 Coefficient of friction evolution of  
NiCrBSi (blue) and NiCrBSi-TiB2 (red) coatings against a 100Cr6 counterpart 

initial phase steady-state 
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Figure 4.30 and Figure 4.31 represent the coefficient of friction of NiCrBSi and 
NiCrBSi-TiB2 coating versus 100Cr6 and WC-Co as counterparts. All the curves 

present an initial region where the COF is rapidly increasing. This is happening due to 
the micro-convex bodies on the surface part. Once the contact area becomes smooth, 
the overall friction is balanced and the wear enters in a stable period. None of the 
parts failed during the test as shown by the stable COF value for all the coatings at 
the end of the measurement. In both graphs, a slightly higher value of the COF can 
be seen for the NiCrBSi coating. The lower value of the NiCrBSi-TiB2 coating can be 
attributed to the reinforcement of the coating, causing oxidation on the surface and 

therefore declining the COF. 
 

 
 

Figure 4.31 Coefficient of friction evolution of  
NiCrBSi (blue) and NiCrBSi-TiB2 (red) coatings against a WC-Co counterpart 

 
The values from the Table 4.14 correspond to the COF graphs from Figure 4.30 

and Figure 4.31. It can be seen that the maximal values reached are around 0.8 while 
the average value of the coatings are situated between 0.6 and 0.7. The values are 

comparable with the ones found in the peer reviewed literature [246,247].  
 

Table 4.14 The minimal, average and maximal values of the COF for the NiCrBSi and NiCrBSi-
TiB2 coatings against 100Cr6 and WC-Co 

 

Counterpart Sample 
Coefficient of friction value 

Minimal Average Maximal 

100Cr6 
NiCrBSi 0.16 0.69 0.79 

NiCrBSi-TiB2 0.55 0.65 0.77 

WC-Co 
NiCrBSi 0.19 0.67 0.80 

NiCrBSi-TiB2 0.42 0.64 0.74 

The energy formed due to the frictional contact between the two surfaces can 
be either kept in the tribosystem or dissipated in several ways. The mechanical energy 
produced by sliding can be converted to vibrations, heat, material deformations and 

generation of new surfaces. Consequently, a general correlation between the 
coefficient of friction and the wear rate cannot be established. 

Following the COF analysis, the next natural step in order to assess the wear 
behaviour of the coating is to evaluate the track left by the test. 

initial phase steady-state 
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Figure 4.32 displays the profile of the wear tracks of the NiCrBSi and NiCrBSi-
TiB2 coatings against the 100Cr6 and the WC-Co static partner. 

An analysis of a section of a wear track was performed by using 3D topographical 
maps acquired with the CSL microscope. By measuring the depth and width of the 
wear tracks in distinct spots it was possible to calculate the wear rate of the samples.  

Figure 4.32 shows a clear difference between the profiles of the four evaluated 
samples. The upper samples tested against a 100Cr6 ball exhibit a wider track than 
the ones evaluated against the WC-Co ball. The steel counterpart being a much softer 
material than the carbide, it will degrade faster during the test and the amount of 

dislocated material will be higher. The effect of the bigger dislocated material can be 
also seen in the diameter of the spherical caps evaluated in Figure 4.34. On the tests 
realized on the NiCrBSi-TiB2 samples but most notably in Figure 4.32d, small 
asperities can be seen on the wear track. This is realized by the pull-out effect due to 
the adhesion between the sample and the static partner. 
 

 
 

 

  
 

Figure 4.32 Wear track profile of (a) NiCrBSi and (b) NiCrBSi-TiB2 vs. 100Cr6 and  
(c) NiCrBSi and (d) NiCrBSi-TiB2 vs. WC-Co 

 
SEM micrographs and EDX spectra of the NiCrBSi-TiB2 coating against the 

100Cr6 and WC-Co ball can be seen in Figure 4.33a and Figure 4.33b. As expected, 
in the SE representations, different phenomena can be seen happening for the 

experiments with the two different static partners. The higher wear rate of the 
NiCrBSi-TiB2 coating against the 100Cr6 ball can be attributed to layers transferred 
from the counterpart to the coating. As the EDX analysis confirms, parts of the steel 
ball smeared on the surface of the NiCrBSi coating, forming a transfer layer between 
the surfaces in contact. When the coating is exposed to a harder static partner, 

d c 
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regions of spalling can be observed. These areas are encountered just when tested 
against a very resistant WC-Co counterpart which shows that the coating exhibits a 

good inter-splat bonding. No microcrack can be seen on the surface, which shows that 
a good cohesion between the different phases has been realized through the post-
treatment. As general remarks, no delamination or brittle fracture can be seen on the 
worn surfaces due to the low internal stresses found in the coating. The wear tracks 
of the NiCrBSi-TiB2 coatings are fairly smooth after the test, which shows a good wear 
resistance against both steel and carbide counterparts. 

 

 

 

 

 

Figure 4.33 SE micrograph of the wear track of NiCrBSi-TiB2 sample vs. a) 100Cr6 and b) 
WC-Co counterpart and their corresponding EDX spectra 

Spherical balls represent typical solutions as static partners in pin-on-disc 
installations. The counterparts from the four combinations of tribological tests 

performed for the present can can be seen in Figure 4.34. The geometry of the 
counterpart eliminates in this way edge contacts and provides a fairly easy method of 
pin wear measurement as flat wear scars are produced during the test. The volume 
of the spherical cap [248] with a defined height h and a radius R can be calculated 
as: 

𝑊𝑐 =
1

3
𝜋ℎ2(3𝑅 − ℎ)    (4.11.) 

 

 

Spalling 

Grooves 

 

Transferred layer 

b 

a 
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while the height h of the spherical cap be approximated as: 

ℎ ≅
𝑎2

2𝑅
             (4.12.)  

where a represents the radius of the spherical cap. 

The mathematical calculations of the height of the spherical can be substituted 
in Eq. 4.11.. By approximation, the calculation of the wear volume of the spherical 
cap can be considered: 

𝑊𝑐 ≅
1

3
𝜋 (

𝑎2

2𝑅
)

2

(3𝑅 −
𝑎2

2𝑅
) ≅

𝜋𝑎4

4𝑅
    (4.13.) 

Finally, the volume of the spherical cap has been used to calculate the wear 
rate by using the Archard mathematical expression from Eq. 2.13.. 

 

  

  

Figure 4.34 Micrographs of the 100Cr6 static partner against (a) NiCrBSi and  
(b) NiCrBSi-TiB2 coatings and of WC-Co ball against (c) NiCrBSi and (d) NiCrBSi-TiB2 

coatings 
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A graphical representation of the wear rates of the coatings and of the 
counterparts can be seen in Figure 4.35 and Figure 4.36. 

 

Figure 4.35 Wear rate of the NiCrBSi and NiCrBSi-TiB2 coating 

 

Figure 4.36 Wear rate of the 100Cr6 and WC-Co counterpart 

 
When looking at the wear rates of the coatings, the NiCrBSi-TiB2 showed both 

times a lower value than the NiCrBSi. The superiority of the coating is a result of the 

combination of factors such as the phase composition, a properly chosen furnace 
program and the used reinforcement, all of them leading to a resistance against the 
destructive test. Regarding the wear of the counterpart, the steel ball against the 
NiCrBSi-TiB2 ended up with a bigger worn volume while in the case of the WC-Co ball 
a higher wear rate of the static partner could be observed when tested against the 
NiCrBSi coating. 
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4.6.4. Corrosion behaviour 

 
Corrosion is an inevitable process occurring at the vast majority of the thermally 

sprayed coatings. For corrosion to take place in thermally sprayed coatings, an 
electrolyte, a surface region with a positive charge, another one with a negative 
charge and an electrically conductive route must be present. This type of degradation 
is an electrochemical phenomenon in which atoms of a material surface create a 
reaction with an environment in which they are placed.  

The protection against corrosion for applications like bridges, oil tanks, valves 

or pipelines are of a great importance and selecting the right material is not always 
simple. Showing good corrosive behaviour, the self-fluxing Ni-based coatings can 
represent a good solution when exposed to seawater. For the end user, having a high 
quality coating that effectively protects against degradation in the environment in 
which is placed in, leads to substantial cost saving and high performance. The 
presently investigated coating has the premise of a good corrosion resistance. The 

lower particle temperatures reached during the deposition compared to other spraying 
processes mean as well less particle oxidation. A low calculated porosity should also 
not let the electrolyte penetrate the coating and create a damage in the deposition. 
Moreover, the metallurgical bonding in the interface region should reduce the risk of 
degradation of the surface. Like for the wear behaviour analysis, the reference sample 
for the assimilation of the corrosion behaviour of the developed coatings has been a 

vacuum Ni-based deposition.  
The corrosion behaviour of the NiCrBSi-based coatings was assessed in a  

3.5% NaCl solution (pH~7), at room temperature, using a three electrode-cell 

configuration, applying quasi stationary conditions (scan rate 0.16 mV∙s-1). A SCE was 
defined as reference and a Pt disk as counter electrode. A Luggin capillary is used to 
measure the potential in the proximity of the working electrode. The capillary consists 
of a bent glass tube with a large enough opening on one side to fit the reference 

electrode and a smaller opening on the other side, still large enough to allow the 
diffusional activity of the electrolyte. The capillary minimizes any iR drop in the 
electrolyte associated with the passage of current through the electrochemical cell. 
The working electrode was represented by the vacuum remelted NiCrBSi and  
NiCrBSi-TiB2 coatings.  

Prior to the corrosion tests, in order to remove possible contaminants and to 
ensure the same testing conditions for all the samples, the working electrodes were 

grounded with 1000 grain size SiC paper until reaching a roughness of Ra ≈ 0.1. The 
samples were afterwards embedded in polymer resin leaving 1 cm2 active surface to 
be tested.  

Potentiodynamic polarization of the sample was performed using a VoltaLab 

PGP201 Potentiostat/Galvanostat. The specimens were scanned from  
-1000 mV vs. SCE to 1000 mV vs. SCE in order to determine the corresponding 

corrosion current density (icorr) and corrosion potential (Ecorr) and to detect any 
tendency of passivation in the scanning potential range for the given conditions. The 
experimental corrosion current densities and corrosion potentials extracted from the 
polarisation curves are listed in Table 4.15. 

Typical potentiodynamic polarization curves for the investigated samples in 
3.5 wt.% NaCl solution can be seen in Figure 4.37 as i-E representation and in 
Figure 4.38 as log i-E representation. 
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Figure 4.37 Linear plot of the polarization behaviour of NiCrBSi and NiCrBSi – 15% TiB2 in 
3.5% NaCl 

 

The polarization curve can be divided into two distinct potential regions, the 
cathodic and the anodic one – that both contain three different domains: transition, 
passive, and transpassive. Usually, corrosion potential is found between the 
equilibrium potential of the anodic metal dissolution and the cathodic reduction of 
other present species. Consequently, the cathodic and the anodic regions are 
separated by the Ecorr value, which can be easily determined from the log i-E 
representation of the polarisation curve.  

Corrosion of thermally sprayed coatings generally occurs around the particles 
that are not melted during the deposition process and usually starts at defects such 
as pores, inclusions and microcracks. This phenomenon is followed by the propagation 
along the paths formed by pores, microcracks and lamellar structure, resulting in 
exfoliation or delamination. 

The coating degradation during corrosion tests is a complex process where 

some constituents of the deposition go in the solution as ions, whether some ions 
combine further combine with each other to form corrosion products. Specifically, the 
NiCrBSi coatings experience corrosion in the testing conditions, according to the 
following proposed equations: 

 
M – ze- →Mz+              (metal anodic oxidation)         (4.14.) 

                        O2 + 2H2O + 4e- → 4OH-       (oxygen cathodic reduction)       (4.15.) 

  
The resulted ions can move out from the corrosion pores and combine with OH-. 

                                  Mz+ + n OH- → M(OH)n                   (4.16.) 

 

The semi-log plot of the polarization of the two coatings in 3.5% NaCl from 
Figure 4.38 can deliver plenty of information regarding the behaviour of the samples 
in a seawater environment. Difference in both, corrosions current and potential, can 
be easily observed. 
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Figure 4.38 Semi-log plot of the polarization behaviour of  

NiCrBSi and NiCrBSi- 15% TiB2 in 3.5% NaCl 

 
The solid metals corrode only at the surface of the parts while for thermal 

sprayed coatings, the corrosion can easily happen in the inner part of the coating due 
to several reasons (e.g. porosity). The dense structure of the NiCrBSi-TiB2 sample 
exhibits a lower corrosion current (icorr=0.7∙10-7 mA cm-2) in comparison with the 
reference NiCrBSi coating (icorr=10∙10-7 mA cm-2), resulting in a superior corrosion 
resistance of the coating containing TiB2. 
 
Table 4.15 Values of the electrochemical tests in 3.5% NaCl 

 
Sample Ecorr  

(mV) vs. SCE 
Eb.d. 

(mV) vs. SCE 
icorr  

(mA cm-2) 

NiCrBSi -260 -240 10·10-7 

NiCrBSi – TiB2 -290 -60 0.7·10-7 

 
Anodic metal passivation generally arises at a so-called passivation potential, 

in the anodic branch of the polarisation curve, and over this value, the anodic current 
for metal dissolution considerably decreases. This aspect indicates that the metallic 
passivity is produced by the generation of an oxide film on the metal surface, called 
usually passive film, which is extremely thin and protects the coating from a further 
oxidation. For most of the metal alloys, the passive film is less than several 
nanometres in thickness in the stable potential region. Depending on the Cr amount 
from the chemical composition, these alloys might exhibit a certain degree of 

passivation. The alloys which contain more than 12% Cr are able to form a stable 

passivation layer. The stability of the formed passive layer in a chlorine solution can 
be determined by means of such electrochemical polarisation tests. 

  For applications in which the present coating is employed, the corrosion Ecorr 
and breakdown Eb.d potential are important notions to follow. Corrosion experts 
consider that materials exhibiting higher values of Eb.d. (defined as the potential at 

which the passive film is breaking) are more resistant to pitting corrosion. When 
comparing the two potentials, for the non-alloyed coating the values are very close, 
while for the TiB2 a difference of about 200 mV can be noticed. Considering the  
above-mentioned aspects, on may declare that the TiB2 containing coating exhibits a 
better pitting corrosion resistance in comparison with the reference NiCrBSi coating.  
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Looking at the top view and cross-sectioned view of the corroded sample in 
Figure 4.39 and Figure 4.40, it can be seen that the TiB2 remain skeletal on the surface 

and do not dissolve in comparison to the Ni-based matrix and possibly acts as an 
internal physical barrier to the corrosion1 propagation. The EDX spectra 
corresponding to the micrograph remains the presence of Si, Ti, Ni and O2.  Therefore, 
it can be supposed that the Ti3O phase, also identified through the XRD analysis, can 
act in this way as passivation compound, hence the over 200 mV Ecorr-Eb.d. difference 
and better behaviour of the composite coating on the anodic region of the polarisation 
curves. 

 

 

 

Figure 4.39 Top-view SE micrograph of the 3.5% NaCl NiCrBSi-TiB2 corroded sample 

 
 

 

 

 
 

Figure 4.40 BSE cross-section micrograph and corresponding EDX spectra after 
electrochemical corrosion tests 

 

In conclusion, the addition of corrosion resistance ceramic TiB2 particles into the 
NiCrBSi matrix will reduce the degree of corrosion attack and consequently enhance 
the resistance of the coatings in environment containing chlorine.

c 
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c 

b 
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5.1. Conclusions 

The present work consisted in obtaining high quality flame sprayed and vacuum 

furnace post-processed NiCrBSi-TiB2 coatings. The research focused on the 
optimization of the chemical composition and vacuum parameters as well as on the 
characterisation of the obtained samples in comparison with reference coatings used 
in the industry. 
 With a rapid increase in the economy, the coating technology deposited 
through powder is a growing and extremely competitive industry with a continuous 

need for improvement. The thermal spraying technology distinguishes itself as a 
group of processes that is able to deposit a large number of materials in a wide 
spectrum of thicknesses. Although it is one of the first technologies that have been 
developed, flame spraying was successfully used to deposit high-qualitative coatings. 
The powder used has a Ni-based matrix in the chemical composition. The 1% boron 
and 4% silicon content conferred to the powder the so-called self-fluxing property, 

that helps pushing towards the surface the oxides trapped inside of the coating, 
purifying the material. The two chemical elements helped lowering the melting 
temperature of the powder of a few hundred degrees. As in many other situations, 
the wear and corrosion resistance of the alloy was considerably helped by chromium. 

The properties of the coating have been decisively influenced by the addition of the 
reinforcing material. The borides are among the most important and widely used 
refractory materials. The Me2B to MeB12 to MeB66·100 structures and especially the 

diborides present a series of properties worth to investigate. A TiB2 powder was 
chosen as the reinforcing material. The powder is a compound with a high melting 
point and hardness, good thermal conductivity and chemical stability. Although its 
declared low fracture toughness had raised concern over crack propagation in the 
coating, this phenomenon did not occur. Having B as a common element with the 
matrix, the formation of new phases was likely to happen.  
 The methodology and experimental procedure used for the present research 

are specific to materials science and can be consulted in the third chapter of the thesis. 
Looking at the experimental work of the research, the results can be split in 

several parts: 
 

 Materials: 

 A commercially available water-atomized and spheroidized NiCrBSi powder 

with a fraction size of -60 +100 µm and a hardness of 30 – 35 HRC was used as a 
matrix material 

 A DTA curve of the matrix showed that its melting range varies between 
1009°C and 1068°C  

 Following a XRD scattering of the powder, the following compounds were 
identified: γ-Ni, Ni3B, NiSi, Fe2Si, and Cr5B3 

 A commercially available TiB2 powder with a size range of  

-3.5 +7 µm was used as a reinforcement 
 The TiB2 was confirmed as a phase through a XRD investigation of the material 
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 SEM combined with EDX investigations confirmed the morphology and 
chemical composition of the materials 

 Because of its wide usage, a S355JR structural steel was used as a substrate 
of the coatings 

 
 Powder mixing and deposition 

 The matrix and the reinforcement have been combined in four different 
volumetric mixes NiCrBSi:TiB2 95:5, 90:10, 85:15 and 80:20 by mechanical mixing 
for 600 s in a dedicated screw conveyor for powder mixing 

 Following SEM investigation, it was concluded that the TiB2 particles attach to 
the matrix as satellites. This phenomenon is favouring a better distribution of the 
reinforcement in the coating 

 The structural steel substrate was grit blasted with chilled iron grit prior to 
the deposition and brought to a roughness of minimum Ra 75 µm helping the 
mechanical hooking of the mixed powder during the deposition process 

 The four prepared batches were successfully deposited with combustion 

flame-spraying equipment in a wide range of thicknesses, from 200 µm to 2000 µm 
 

 Vacuum furnace optimization 
 The fusion of the coatings was performed in a cold wall vertical furnace at a 

pressure of 3.5∙10-2 Pa 
 Considering the importance of the coating processing for the category of  

self-fluxing alloys, a design of experiments methodology (response surface 
methodology) was selected for the optimisation of the depositions 

 The selected experimental factors to vary were the holding time and 

temperature while the followed response variables were the porosity, hardness and 
hardness standard deviation 

 A central composite design 22 + * was selected as an experimental model 
 Following a D-optimal screening, 9 recommended programs were run 

 After the correlation of the regression analysis with the results of the tests, it 
was concluded that sample NiCrBSi-TiB2 reached the highest desirability of 0.82 at a 
time of 90 min and a temperature of 1110°C 

 
 Characteristics of the coating 

 It could be observed that following the vacuum furnace fusion of the samples, 
the coating thickness decreased between 20% and 30% because of evacuation of the 

gas that was trapped inside the deposition and the porosity decreased from 
approximately 25% down to about 1-2% 

 Because of the mechanical mixing of the powders, a heterogeneous 
distribution of the reinforcement in the coating could be observed 

 Following a correlation of the SEM/EDX, mapping analysis with the XRD 
spectra in different metallographic planes, four distinct areas consisting of nine phases 

could be identified 
 The matrix consists of BNi2 and γ-Ni, and σ-Cr3Ni5Si2. While the first two 

compounds are well-known phases of Ni-based self-fluxing coatings, the formation of 
the latter is being favoured by the low Si content and is a sign of the right temperature 
of the post-processing as the element is not diluting in the matrix and aids for the 
coating ductility 

 Small dark regions in the coating correspond to the hard TiB2. The formation 

of SiO2 and Ti3O compounds was inevitable as the oxygen partial pressure was not 
low enough to avoid the forming of such phases 
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 For the present research work interface toughness measurements and surface 
and cross-section hardness testing were performed 

 A succession of several indentations with increasing loads was performed at 
the interface. Although large indentations were generated, no visible cracks were 
observed. The maximum applied load was 50 kgf on the HV scale and 62.5 kgf on the 
HBW one. The good fracture toughness is a result of the diffusion in the coating 
between the different phases on one hand and between the coating and the substrate 
on the other hand. The coating-substrate diffusion was confirmed through a line-scan 
in the region of interest 

 The matrix powder respects its delivery specification maintaining a hardness 
of approximately 350 ± 20 HV. Although losing from its hardness, the reinforcing of 
the coatings still presents satisfactory values ranging between 450 HV and 600 HV 

  A flame sprayed NiCrBSi coating was chosen as a reference comparison 
sample for tribological and corrosion tests. The comparison with a material that is 
already established in the industry is crucial in order to test the industrial 
implementation 

 Non-conformal pin-on-disc tests were performed on the NiCrBSi and the 
NiCrBSi-TiB2 coatings against 6 mm radius 100Cr6 and WC-Co balls. Several tests 
were performed in order to assure the reproducibility of the results. Although in the 
tests against 100Cr6 balls the coefficient of friction stabilized much later (after 
approximately 450 m) compared to the ones against WC-Co (after approximately  
250 m) no other major difference could be established between the samples. All the 

tested coatings reached a maximum COF around 0.75 and 0.80 while the average 
COF was situated between 0.64 and 0.69 

 The SE/EDX analysis of the samples after the pin-on-disc tests revealed 

transferred layer, grooves and spalling phenomena on the wear tracks 
 The wear rates of the coatings and counterparts were calculated using the 

Archard mathematical equation by dividing the worn volume by the applied load and 
the distance 

 Regarding the coatings, it can be highlighted that the NiCrBSi-TiB2 sample 
performed better during wear tests than the NiCrBSi sample against both 100Cr6 and  
WC-Co balls. When tested against the steel counterpart, the reinforced coating 
showed an approximately 40% smaller wear rate than the reference sample. In the 
tests against the WC-Co static partner, the NiCrBSi-TiB2 coating performed about 50% 
better than the NiCrBSi sample. The difference can be attributed to the good 
resistance of the reinforcement against sliding wear and the optimized  

post-processing parameters 
 In the case of the counterparts, the 100Cr6 ball showed a 40% higher wear 

when tested against the reinforced sample than against the reference sample. The 
relatively soft steel ball generated a larger spherical cap when encountering the 

reinforced sample, hence the wear rate difference. In the case of the WC-Co 
counterpart, it can be pointed out that the test against the NiCrBSi-TiB2 sample 

showed an approximately 10 times smaller sliding wear than in the case of the 
reference sample 

 The corrosion behaviour of the coatings was assessed in a 3.5% NaCl solution 
(pH~7) at room temperature, using a three electrode-cell configuration, applying 
quasi stationary conditions (scan rate 0.16 mV∙s-1). The specimens were scanned from 
-1000 mV to 1000 mV vs. SCE 

 The lNiCrBSi-TiB2 sample concludes a lower corrosion current density 

(icorr=0.7∙10-7 mA cm-2) in comparison with the NiCrBSi coating  
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(icorr 10∙10-7 mA cm-2), resulting in a superior corrosion resistance of the coating 
containing  TiB2 due to the reduced number of defects on the investigated surface.  

 The breakdown potential of the NiCrBSi-TiB2 (-60 mV vs. SCE), happens much 
later than in the case of the NiCrBSi sample (-240 mV vs. SCE) indicating for the 
newly developed coating a longer stable region and consequently a better corrosion 
resistance in chlorine environment 
 

The personal contributions of the present study may be regarded as following: 
 Reinforced NiCrBSi-TiB2 mechanically mixed powder in different volumetric 

proportions were successfully thermally sprayed on a structural steel substrate in 
order to investigate the behaviour of the coating against various mechanical and 
degradation tests 

 Acknowledging the importance of post-processing of self-fluxing coatings, a 
statistical approach was used to optimize the holding time and temperature during 
the vacuum furnace heat treatment and to select the best proportions among the 
samples with different matrix-reinforcement volumetric concentrations, in a close 

correlation with thermogravimetrical measurements 
 A comprehensive characterisation using different methods was used to 

investigate the porosity, chemical composition, phase distribution and interface region 
of the optimized NiCrBSi-TiB2 coating 

 The tribological and corrosion behaviour of the reinforced coating was 
analysed in comparison with a conventional NiCrBSi alloy. 

 
Even though the goals of the study have been reached, due to practical and 

technical difficulties, certain limitations have been encountered. Regarding the 

materials, because of the high melting point of the reinforcement, no comprehensive 
study of the melting range of the mixed powder could be performed. The mechanical 
mixing of the powders led to a heterogeneous distribution of the reinforcement in the 
coating and locally influenced the behaviour of the coating during the performed 

sliding wear and corrosion tests. 
The thermally sprayed coatings are commonly found as solutions in applications 

that require combined wear and corrosion resistance. The developed NiCrBSi-TiB2 is 
an ideal solution for machine components that need a long lifespan in hardly 
challenging environments. The TiB2 reinforced coatings, because of their excellent 
tribological behaviour can be a real alternative for the more common NiCrBSi in 
applications like valve seats, pump sleeves or shafts. 

All in all, thermally sprayed NiCrBSi-TiB2 coatings have been successfully  
post-treated, optimized and thoroughly characterized. A coating resulting from the 
combination of the selected matrix and reinforcement could replace well-established 
industrial materials and might be considered for new applications concerning 

protection and restoration. 
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5.2. Future directions 

The thesis has been mainly focused on the development, optimization, 
characterisation and to some extent testing of the developed deposition. New 
approaches could be focused on trying different deposition methods, on the analysis 
of particular mechanisms or performing other type of investigations on the developed 
materials. 

Further research could be also built on the present one based on some of the 

following ideas: 

 The present study already confirmed the deposition possibility of the 
developed material through combustion flame-spraying, but other techniques could 
be as well experimented. Processes like laser cladding, atmospheric plasma spraying 
or laser cladding would certainly deliver coatings with different microstructures and 
properties 

 Considering the importance of the interface region, further research can be 

performed in this direction. As an interface toughness measurement through the 
fracture mechanics approach could not be performed, tensile adhesion or bending 
tests are recommended. Shearing tests could be also used to test the  
adhesive-cohesive strength of the deposition 

 The mechanical mixing of the powders created partial attachment of the 
reinforcing particles to the matrix. Nevertheless, a significant amount did not 

immediately combine with the Ni-based powder and a heterogeneous coating was 
obtained through deposition. By using techniques like ball milling, mechanical 
alloying, fusing, sintering or crushing, a superior blending of the reinforcement-matrix 

mix could be obtained leading to potentially more homogeneous coating 
 The optimization of the present coatings was performed using the response 

surface methodology. It could be also applied to the optimization of other parts of the 
vacuum furnace post-processing program, like the heating or cooling rates. Trying 

types of designs other than central composite, like Box-Behnken or factorial, or simply 
including into analysis data like effect plots, F-ratio or P-value could also change the 
perception of the results. 

 
In a nutshell, the conducted research work did meet its objectives and can as 

well provide a good starting point for further studies and discussions. 
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Appendix 
 
 

 

   NiCrBSi-TiB2 

n t 
[min] 

T 
[°C] 

P 
[%] 

H 
[HV0.3] 

σ D a 

1 30 1020 5.94 313.7 24 0.53 
2 90 1020 4.15 311 43 0.60 
3 30 1110 2.34 288 24 0.69 
4 90 1110 0.55 277 43 0.72 
5 28 1065 3.71 304 49 0.63 
6 92 1065 1.79 352 69 0.65 
7 60 1016 8.80 301 47 0.27 
8 60 1114 4.89 315 47 0.52 
9 60 1065 6.84 319 80 0.37 

   a Desirability 
 

 
Predicted results of the experimental design program for the NTB samples 

 
 
 
 

 
 
Prediction variance plots of the (a) NTB5, (b) NTB10, (c) NTB15 and (d) NTB20 samples 
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