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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Physical Vapour Deposition (PVD) is a process usually used for the production of advanced coatings regarding its application in 
several industrial and current products, such as optical lens, moulds and dies, decorative parts or tools. This process has several 
variants due to its strong evolution along the last decades. The process is commonly assisted by plasma, creating a particular low 
pressure and medium temperature atmosphere, which is responsible for the transition of atomic particles between the target and 
the parts to be coated into a vacuum reactor. Several parameters are directly affecting the deposition, namely the substrate 
temperature, pressure inside the reactor, assisting gases used, type of current, power supply, bias, substrate and target materials, 
samples holder and corresponding rotation, deposition time, among others. Many mathematical models have been developed in 
order to allow the generation of numerical simulation applications, trying to combine parameters and expect the corresponding 
results. Numerical simulation applications were created around the mathematical models previously developed, which can play 
an important role in the prediction of the coating properties and structure. This paper intends to describe the numerical simulation 
evolution in the last years, namely the use of Finite Elements Method (FEM) and Computational Fluid Dynamics (CFD). 
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1. Introduction 

The need to increase the components’ lifetime by protecting their surfaces from wear and corrosion has 
accelerated the development of new surface studies in Mechanical Engineering [1-3]. 

Initially, some design changes were made to overcome the above mentioned problem. Nowadays, several 
techniques are used allowing to modify the surfaces’ characteristics, such as wear resistance properties through 
deposition of ultra-hard thin films, usually called coatings [4, 5].  

The use of coatings improves surface abrasion, erosion, adhesion or fatigue behavior, protecting it against 
corrosion, improves the surface appearance, decreases residual stresses and friction coefficients as well as improving 
wear and chemical stability [6-12]. Due to the importance of these aspects, many researchers have done a large 
number of studies in mathematical modelling and numerical simulation of coatings. There are also studies on the 
thermal conductivity of coatings, as the substrates’ thermal conductivity is a characteristic that influences the 
performance of the coatings’ mechanical properties [13-17]. In these studies, it is very important the correct 
interpretation of the thermal and mechanical analysis [18].  

Other studies, such as improving the thermal insulation behavior of thermal barrier coatings [13, 19], vapors 
behavior from materials and gases deposition, plasma improvement by optimizing the vacuum system or study of the 
collisions process between target and substrate, were also performed using the Computational Fluid Dynamics 
(CFD) numerical simulation. This tool is widely use together with experiments to understand the real problem, as it 
is a cost efficient and expeditious tool for solving problems [20]. However, simulation of combustion systems 
requires large computational efforts, namely, in the mesh and huge equations number [21] therefore,  powerful 
computers are needed. The CFD simulation tool is also widely used to evaluate, improve, predict and/or optimize 
processes like in Biomass Combustion [20-24], in Fuel Combustion [25], in different Reactors types, namely, a 
continuous PhotoFuelCell (PFC), solar tubular, fixed biofilm, industrial methanol synthesis, tubular Pd-Ag 
membrane, steam cracking, industrial Claus and industrial physical vapor deposition reactors [26-35], among others. 

The coating deposition can be performed using the most varied techniques. The researcher’s desire and interest in 
achieving better results in the materials’ filed has given rise to several variants in the coating technique. To 
understand the literature review regarding Physical Vapour Deposition (PVD) coatings using 2D and 3D simulation 
in CFD, a small introduction to the process will be undertaken. 

In order to understand the behavior of the sputtering PVD coating process into the reactor, some studies have 
been carried out using 2D and 3D numerical simulations, Finite Elements Method (FEM) and CFD. Simulation 
assumes particular relevance when the physical reproduction of the problem becomes very expensive and 
encompasses in time.  

The development of numerical methods as well as digital technology allows elaborating mathematical models to 
cover the largest practical cases number. Regarding simulation, it is possible to better know all the phenomena 
occurred in the process. This acquired knowledge allows for its optimization, whereafter validation can be done 
through a real-scale test [28, 29, 31]. 

To provide a tribological improvement, simulation is also used in many mathematical models. They are used to 
improve the protection of surfaces subjected to wear and corrosion, improve their structure and films composition as 
well as to optimize the process variables that are involved in PVD coatings [33]. 

This review will focus on the numerical simulation studies done in the last years, namely with the use of FEM 
and CFD mainly applied to PVD coating processes. 

2. Physical Vapour Deposition Technique 

The PVD coating process has brought some solutions to problems associated with the characteristics of metallic 
and non-metallic materials, for example wear resistance and corrosion protection, among others [1, 36]. The 
materials technology followed the technological evolution with the appearance of new coating techniques as well as 
their maturation. The commonly used coating techniques can be seen in the scheme below. 

In gaseous state processes, the usually used coating methods are the Chemical Vapor Deposition (CVD) and 
PVD. Fig. 1 shows a resume of the surface coating methods [37-39]. 
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1. Introduction 

The need to increase the components’ lifetime by protecting their surfaces from wear and corrosion has 
accelerated the development of new surface studies in Mechanical Engineering [1-3]. 

Initially, some design changes were made to overcome the above mentioned problem. Nowadays, several 
techniques are used allowing to modify the surfaces’ characteristics, such as wear resistance properties through 
deposition of ultra-hard thin films, usually called coatings [4, 5].  

The use of coatings improves surface abrasion, erosion, adhesion or fatigue behavior, protecting it against 
corrosion, improves the surface appearance, decreases residual stresses and friction coefficients as well as improving 
wear and chemical stability [6-12]. Due to the importance of these aspects, many researchers have done a large 
number of studies in mathematical modelling and numerical simulation of coatings. There are also studies on the 
thermal conductivity of coatings, as the substrates’ thermal conductivity is a characteristic that influences the 
performance of the coatings’ mechanical properties [13-17]. In these studies, it is very important the correct 
interpretation of the thermal and mechanical analysis [18].  

Other studies, such as improving the thermal insulation behavior of thermal barrier coatings [13, 19], vapors 
behavior from materials and gases deposition, plasma improvement by optimizing the vacuum system or study of the 
collisions process between target and substrate, were also performed using the Computational Fluid Dynamics 
(CFD) numerical simulation. This tool is widely use together with experiments to understand the real problem, as it 
is a cost efficient and expeditious tool for solving problems [20]. However, simulation of combustion systems 
requires large computational efforts, namely, in the mesh and huge equations number [21] therefore,  powerful 
computers are needed. The CFD simulation tool is also widely used to evaluate, improve, predict and/or optimize 
processes like in Biomass Combustion [20-24], in Fuel Combustion [25], in different Reactors types, namely, a 
continuous PhotoFuelCell (PFC), solar tubular, fixed biofilm, industrial methanol synthesis, tubular Pd-Ag 
membrane, steam cracking, industrial Claus and industrial physical vapor deposition reactors [26-35], among others. 

The coating deposition can be performed using the most varied techniques. The researcher’s desire and interest in 
achieving better results in the materials’ filed has given rise to several variants in the coating technique. To 
understand the literature review regarding Physical Vapour Deposition (PVD) coatings using 2D and 3D simulation 
in CFD, a small introduction to the process will be undertaken. 

In order to understand the behavior of the sputtering PVD coating process into the reactor, some studies have 
been carried out using 2D and 3D numerical simulations, Finite Elements Method (FEM) and CFD. Simulation 
assumes particular relevance when the physical reproduction of the problem becomes very expensive and 
encompasses in time.  

The development of numerical methods as well as digital technology allows elaborating mathematical models to 
cover the largest practical cases number. Regarding simulation, it is possible to better know all the phenomena 
occurred in the process. This acquired knowledge allows for its optimization, whereafter validation can be done 
through a real-scale test [28, 29, 31]. 

To provide a tribological improvement, simulation is also used in many mathematical models. They are used to 
improve the protection of surfaces subjected to wear and corrosion, improve their structure and films composition as 
well as to optimize the process variables that are involved in PVD coatings [33]. 

This review will focus on the numerical simulation studies done in the last years, namely with the use of FEM 
and CFD mainly applied to PVD coating processes. 

2. Physical Vapour Deposition Technique 

The PVD coating process has brought some solutions to problems associated with the characteristics of metallic 
and non-metallic materials, for example wear resistance and corrosion protection, among others [1, 36]. The 
materials technology followed the technological evolution with the appearance of new coating techniques as well as 
their maturation. The commonly used coating techniques can be seen in the scheme below. 

In gaseous state processes, the usually used coating methods are the Chemical Vapor Deposition (CVD) and 
PVD. Fig. 1 shows a resume of the surface coating methods [37-39]. 



862 G. Pinto  et al. / Procedia Manufacturing 17 (2018) 860–869 Gustavo Filipe Pinto et al./ Procedia Manufacturing 00 (2018) 000–000  3 

 
Fig. 1. Surface coating methods [37]. 

In these cases, the surfaces treatment is through a gaseous phase or vapor before depositing or modifying the 
surface. 

The principle of PVD deposition is based on the projection of material from one or more solid sources, called 
targets, into one or more substrates within a gaseous plasma or vacuum chamber, as can be seen in Fig. 2 [40, 41]. 

 
Fig. 2. Schematic diagram of the PVD methods 

PVD is a vacuum plasma deposition technique where the material to be deposited is heated through the chamber 
into the substrate to form a thin film. The coating material chosen is an important element in this technique because 
it has a great impact on the substrate adhesion and also on the temperature to be used due to the different melting 
points of the materials. Adhesion to the substrate will depend on the type of material selected. 

PVD Sputtering is a plasma deposition method as the evaporation technique, but in this case targets are used, 
these ones are bombarded by an ionic gas to release nanoparticles that will be deposited on the substrates to create 
thin  
films [37-39].  

The PVD Evaporation process requires high vacuum pressure and lower atomic energy. The coatings absorb less 
gases, having higher mass particles compared to sputtering. This results in a lower adhesion to the substrate and a 
larger coating thickness. This coating process is suitable for industrial applications where the main requirement is 
not the morphology of the material [39-41]. 

To study the phenomena that occur in the PVD method, numerical simulation models are used. The most 
commonly used methods are FEM and CFD. Table 1 shows the focus of each method.  
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Table 1. FEM and CFD focus. 

Numerical simulation Focus 

FEM Analyses based on product 

CFD Analyses based on reactor’s process 

 
In the following chapters these methods will be discussed. 

3. Finite Elements Method (FEM) 

Projects in the areas of aeronautics, nuclear applications and space travel, among others, are greatly complex due 
to the demands on safety and reliability. Other projects with requirements of high complexity, for example, 
acoustics, chemical pollution control and thermal, need to be studied to improve their performances. For this, it is 
necessary to create mathematical models to simulate the behavior of physical systems. However, some problems 
have such a high degree of complexity that it becomes very difficult to create a mathematical model [42]. 

In the last decades the appearance of simulation software based on FEM came to contribute to the modeling of 
these complex problems [43]. Indeed, in order to understand and solve complex problems in mechanical engineering 
requires researchers to use numerical methods tools. Some of them, such as FEM, are prepared to help researchers 
study problems of heat transfer, temperature, fluidity and aerodynamics, mass transport and electromagnetic 
potential, stress analysis, and others. [44, 45]. 

The FEM tries to find the solution of a complex problem, replacing it with a simpler problem. This approach 
allows to come up with only an approximate solution and not the exact solution. The available mathematical tools 
are not capable enough to find the exact and sometimes approximate solution. After narrowing in on a solution, it is 
possible to improve or approximate the real solution using more computational efforts [46]. 

When one uses the FEM it is necessary to go through three phases, pre-processing, analysis and post-processing. 
The first stage, pre-processing is the most difficult. At this stage, it is necessary to transform the real problem into a 
mathematical model and to arrive at a numerical solution. The phase of analysis and post-processing will be more 
effective, the closer the characterization of the problem is to reality. It is necessary to use the appropriate equations, 
to associate the correct boundary conditions and do an appropriate analysis, for example, linear, nonlinear, 
stationary, transient, etc. 

The finite element mesh must balance the size, that is, it must be refined to obtain good results, but at the same 
time it can not be exaggerated because it becomes very slow in processing. In the third phase of analysis, the 
software acquires the data and solves a system of algebraic equations. In the post-processing phase, the researcher 
has the difficult task of interpreting the results. This interpretation will be influenced by the existing knowledge 
about the problem, the software, as well as the professional experience of the researcher [47]. 

Below it can be seen some examples of coatings problems with high complexity solved using FEM. 
(a) Śliwa et al. [9] simulated and stutied the multilayers stress distribution evaluation taking into account their 

deposition conditions on magnesium substrates. This paper studied the difference of internal stresses between the 
coating and the substrate. They confirmed, with experimental values, that FEM can predict coating properties in 
surface engineering. So laboratory tests can be reduced to economize time and money. With FEM, is possible to 
discover the depressions left after the ejected droplets, pores and solidified droplets of the deposited material PVD. 

(b) Śliwa et al. [18] studied the internal stresses in coatings obtained by PVD magnetron process under different 
temperatures (between 460 and 540 ºC) on sintered high-speed ASP 30 steel. It was simulated with FEM in 
ANSYS® environment. They concluded that simulation results regarding specimens stresses correlate with 
experimental results. The paper shows a capable model to caracterize the stresses of depositions effects on PVD 
coatings. 

(c) Skordaris et al. [49] developed a mathematical model using FEM to simulate the surface coating fracture 
caused during the nano-impact test. This model enables simulation for mono or multi-layer. According to the results 
obtained, this model can be applied to evaluate the effect of several coating structures on their brittleness. 

(d) Skordaris et al. [50] studied the contact between the coated tool and the work piece through a FEM 
simulation. They compared the High Power Pulsed Magnetron Sputtering (HPPMS) with thin coatings on tools in 
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requires researchers to use numerical methods tools. Some of them, such as FEM, are prepared to help researchers 
study problems of heat transfer, temperature, fluidity and aerodynamics, mass transport and electromagnetic 
potential, stress analysis, and others. [44, 45]. 

The FEM tries to find the solution of a complex problem, replacing it with a simpler problem. This approach 
allows to come up with only an approximate solution and not the exact solution. The available mathematical tools 
are not capable enough to find the exact and sometimes approximate solution. After narrowing in on a solution, it is 
possible to improve or approximate the real solution using more computational efforts [46]. 

When one uses the FEM it is necessary to go through three phases, pre-processing, analysis and post-processing. 
The first stage, pre-processing is the most difficult. At this stage, it is necessary to transform the real problem into a 
mathematical model and to arrive at a numerical solution. The phase of analysis and post-processing will be more 
effective, the closer the characterization of the problem is to reality. It is necessary to use the appropriate equations, 
to associate the correct boundary conditions and do an appropriate analysis, for example, linear, nonlinear, 
stationary, transient, etc. 

The finite element mesh must balance the size, that is, it must be refined to obtain good results, but at the same 
time it can not be exaggerated because it becomes very slow in processing. In the third phase of analysis, the 
software acquires the data and solves a system of algebraic equations. In the post-processing phase, the researcher 
has the difficult task of interpreting the results. This interpretation will be influenced by the existing knowledge 
about the problem, the software, as well as the professional experience of the researcher [47]. 

Below it can be seen some examples of coatings problems with high complexity solved using FEM. 
(a) Śliwa et al. [9] simulated and stutied the multilayers stress distribution evaluation taking into account their 

deposition conditions on magnesium substrates. This paper studied the difference of internal stresses between the 
coating and the substrate. They confirmed, with experimental values, that FEM can predict coating properties in 
surface engineering. So laboratory tests can be reduced to economize time and money. With FEM, is possible to 
discover the depressions left after the ejected droplets, pores and solidified droplets of the deposited material PVD. 

(b) Śliwa et al. [18] studied the internal stresses in coatings obtained by PVD magnetron process under different 
temperatures (between 460 and 540 ºC) on sintered high-speed ASP 30 steel. It was simulated with FEM in 
ANSYS® environment. They concluded that simulation results regarding specimens stresses correlate with 
experimental results. The paper shows a capable model to caracterize the stresses of depositions effects on PVD 
coatings. 

(c) Skordaris et al. [49] developed a mathematical model using FEM to simulate the surface coating fracture 
caused during the nano-impact test. This model enables simulation for mono or multi-layer. According to the results 
obtained, this model can be applied to evaluate the effect of several coating structures on their brittleness. 

(d) Skordaris et al. [50] studied the contact between the coated tool and the work piece through a FEM 
simulation. They compared the High Power Pulsed Magnetron Sputtering (HPPMS) with thin coatings on tools in 
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machining processes. It was necessary to give information about film thickness effect on the tool wear evolution. It 
was found that increasing the film thickness, the tool life is extended almost proportionally with the coating 
thickness. Thus the higher cost is compensated compared to thin coatings. 

(e) Skordaris et al. [6] studied the coating’s mechanical properties, cohesion, brittleness and adhesion using  
nano-impact tests, stress measurements, nanoindentation and FEM calculations. In the investigation, they changed 
some conditions, such as compressive residual stresses in the film structure that was eliminated by annealing 
tratment. They concluded that coating residual stresses affect the wear behavior and film properties. 

(f) Wang et al., [13] employed the FEM to simulate the heat transfer behavior of thermal barrier coatings (TBCs) 
based on different interfacial thermal resistance (ITR) models using different conditions. The results of heat flow 
around the interface presents fantastic changing characteristic. They conclued that the interface roughness also 
induces a very important effect on thermal conductivity of the as-sprayed TBCs. The investigation helped to creat a 
powerful guide to design coatings in the future. 

(g) In PVD coatings, one of the most used tests to check the film failure mechanisms is the nano-impact test. 
These tests can introduce local deformations and stresses into the film. Bouzakis et al. [51] developed the 3D-FEM 
model, to simulate the nano-impact test on a TiAlN PVD coating. This simulation had the conditions equal to the 
real conditions and describes accurately the film loading and fracture mechanisms, according to the coating 
mechanical properties.The final results converged with the experimental ones and the FEM model predicts the film 
failure initiation and evolution.This model can be used with various strength properties and surface treatments. 

 (h) Michailidis [16] made a study of the temperature-dependent PVD coating properties associated to milling 
Ti6Al4V varying the shear rate and temperatures from ambient to 400°C. The shear tests were complemented by 
impact and nano-indentation tests. The obtained results were supported in the FEM, thus allowing the determination 
of the temperatures and the shear stresses. The study of temperature-dependent properties serves to understand the 
difference in useful life between coated and uncoated tools. 

(i) Skordaris et al. [10] investigated the PVD TiAlN coatings with diverse compressive residual stresses on 
cemented carbide. They studied the coating's mechanical properties, adhesion, brittleness and cohesion, using 
nanoindentations, nano-impact tests, as well as FEM. The conclusion revealed some compressive stresses on the film 
contribute to increase coating mechanical properties and a longer lifespan. However the coated tools' wear increase if 
residual stresses are greater than  the maximum value. This phenomenon deteriorates the film adhesion and increases 
its brittleness leading to a shorter tool life. 

(j) Paiva et al. [17] studied the influence of different machining conditions on the wear and tribological 
performance of TiB2-coated cutting tools. For this, they made a FEM modeling to study the friction surface, namely 
temperature profile, for machining conditions with diferent parameters. The characterization of TiB2 coated cutting 
tool wear versus uncoated was done through SEM, EDX and XPS. These results were linked to the FEM modeling. 
It was then concluded that the TiB2 coating is more efficient at lower shear rates. For high cutting speeds, the wear 
performance is identical to the uncoated tool. 

(k) Bolot et al. [14] studied the relationships between the microstructure of a coating and its macro-properties 
with FEM. This study is important to understand the presence of defects, like voids, that origin a decrease in the 
effective thermal conductivity, so, a study was made regaring the thermo-mechanical properties of a plasma-sprayed 
composite coating. 

(l) Lofaj et al. [52] used FEM combined with nanoindentation and its depth profiles modulus with different radii 
on hard Tungsten carbide coating steel substrate to study the influence of indenter tip radius on coating. They 
conclued that if the indenter tip radius increases or the coating thickness decreases, a reduction of the peak of the 
depth profiles occurs causing fake results. 

(m) Beblein et al. [15], used 2D FEM to study the thermomechanical properties of coatings necessary for cutting 
tools. To create a 2D FEM, it was taken into account the coating properties, like physical and technological 
boundaries of CrAlN. They concluded that adhesion behavior and coating thickness influence the thermomechanical 
load on cutting and  the stresses in the coating are influenced by the Young's modulus, but does not affect the 
stresses within the substrates. Due to low thermal condutivity, the increase in coating thickness originates heat 
accumulation. The abrasive wear resistence can decrease because the hardness is temperature dependent. 
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(n) Rao [12] evaluated the mechanical properties of thin films by FEM, namely in Nylon coatings deposited on 
the Soda-lime glass substrates. The Young's modulus and hardness was extracted by experimental results. 
Comparison between the simulation data and the experimental results allows to concluded that they are very similar. 

(o) Wang et al. [19] used FEM for calculating the thermal insulation and the fracture failure problems of the 
thermal barrier coatings (TBCs). With the FEM model created, it is possible to predict the interfacial thermal 
resistance effect, convection between the environment and coating, the residual stress which is caused by the thermal 
expansion coefficient between the coating and substrate, or the residual stress which is induced by the plasma 
spraying process. 

(p) Micro-blasting on PVD films can induce material deformation. This can change the superficial mechanical 
properties of PVD films. For this reason, Bouzakis et al. [11] developed a FEM algorithm to determine residual 
stresses after micro-blasting. To validate the model, it was taken into account nanoindentation FEM simulations in 
micro-blasted TiAlN coatings. The FEM simulation results were very similar to the measured values. 

4. Computational Fluid Dynamics (CFD) 

A tool widely used today to simulate, evaluate and improve engineering problems that involve fluid flow is the 
CFD. It is possible to find works in the areas of process sciences, pharmaceuticals, biomedical, energy production, 
nuclear safety, combustion, thermal balance, environmental impact, fluid dynamics, among others [22-25]. The 
studies in CFD are usually of high complexity due to the problem characterization and the variables to be simulated. 
The greater the approximation to the real problem, the higher will be the detail needed in the characterization and 
due to this requirement, the processors used should be effectively powerful. In complex studies with a large number 
of variables, it is important to simplify the input data to be able to simulate and optimize the problem [54]. 

CFD, like in FEM, goes through three stages: pre-processing, analysis and post-processing. The pre-processing 
phase is very important because it will influence the next phases. The investigator must know the problem very well 
and characterize it at this stage. It is necessary to characterize the boundary conditions, to use the appropriate 
equations, and to make an appropriate analysis of the problem. The problem mesh has to be well scaled to get a 
result close to the real one however, it can not be overstated because it will increase the computational effort. In the 
third phase, post-processing, the researcher has to analyze the results based on knowledge of the problem and the 
software [55]. Below it can be seen complex studies solved using CFD: 

(a) Sen et al. [56] used CFD simulation to describe the self-propagation of the exothermic reaction in Ti/Al 
reactive multilayer. They showed the time is dependent temperature flow and that CFD presents a huge potential  to 
simulate exothermic reaction in the nanoscale Ti/Al foil. They also founded different reaction modes, for steady state 
and unsteady state. 

(b) The plasma enhanced chemical vapor deposition (PECVD) is the most used method in the manufacture of 
silicon thin films for solar cells and microelectronic industries because it has lower costs and moderate operating 
temperatures. Crose et al. [57] developed a multiscale CFD simulation to study the PECVD of thin film solar cells. 
The 2D-CFD model produced, with accuracy, a plasma chemistry and transport phenomena within the reactor.  

(c) Coating processes are very complex and cold spray coating is one of them. When aiming to optimize it, it is 
necessary to be careful with all parameters, like the input temperature, velocity distribution and pressure in the cold 
spray nozzle. Adebiyi et al. [58] optimized some of these parameters with a CFD model and achieved coatings with 
higher hardness and lower porosity. 

(d) Abdel-Fattah et al. [26] studied an industrial Claus reactor with CFD Simulation help. They built a 3D-CFD 
model to describe the flow fields and chemical reactions for two different industrial cases. The results obtained are 
very similar to the industrial data. They proposed the use of the CFD model with different reactor designs. 

(e) Tapia et al. [27] developed a thermal CFD model to evaluate the performance of a solar tubular reactor design. 
They demonstrated that the tool is powerful to identify weaknesses in the solar tubular reactor. In addition, the 
model can simulate and predict under different operating conditions.  

(f) Prades et al. [28] developed 2D bioreactor models with three different tools, AQUASIM, MATLAB, and 
CFD. They considered ideal flow patterns to more complex fluid dynamics. The goal of the study was to investigate 
the fluid flow dynamics in the bioreactor models. Simulation results were validated through the measurements 
obtained by means of high spatial resolution micro sensors. 
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machining processes. It was necessary to give information about film thickness effect on the tool wear evolution. It 
was found that increasing the film thickness, the tool life is extended almost proportionally with the coating 
thickness. Thus the higher cost is compensated compared to thin coatings. 

(e) Skordaris et al. [6] studied the coating’s mechanical properties, cohesion, brittleness and adhesion using  
nano-impact tests, stress measurements, nanoindentation and FEM calculations. In the investigation, they changed 
some conditions, such as compressive residual stresses in the film structure that was eliminated by annealing 
tratment. They concluded that coating residual stresses affect the wear behavior and film properties. 

(f) Wang et al., [13] employed the FEM to simulate the heat transfer behavior of thermal barrier coatings (TBCs) 
based on different interfacial thermal resistance (ITR) models using different conditions. The results of heat flow 
around the interface presents fantastic changing characteristic. They conclued that the interface roughness also 
induces a very important effect on thermal conductivity of the as-sprayed TBCs. The investigation helped to creat a 
powerful guide to design coatings in the future. 

(g) In PVD coatings, one of the most used tests to check the film failure mechanisms is the nano-impact test. 
These tests can introduce local deformations and stresses into the film. Bouzakis et al. [51] developed the 3D-FEM 
model, to simulate the nano-impact test on a TiAlN PVD coating. This simulation had the conditions equal to the 
real conditions and describes accurately the film loading and fracture mechanisms, according to the coating 
mechanical properties.The final results converged with the experimental ones and the FEM model predicts the film 
failure initiation and evolution.This model can be used with various strength properties and surface treatments. 

 (h) Michailidis [16] made a study of the temperature-dependent PVD coating properties associated to milling 
Ti6Al4V varying the shear rate and temperatures from ambient to 400°C. The shear tests were complemented by 
impact and nano-indentation tests. The obtained results were supported in the FEM, thus allowing the determination 
of the temperatures and the shear stresses. The study of temperature-dependent properties serves to understand the 
difference in useful life between coated and uncoated tools. 

(i) Skordaris et al. [10] investigated the PVD TiAlN coatings with diverse compressive residual stresses on 
cemented carbide. They studied the coating's mechanical properties, adhesion, brittleness and cohesion, using 
nanoindentations, nano-impact tests, as well as FEM. The conclusion revealed some compressive stresses on the film 
contribute to increase coating mechanical properties and a longer lifespan. However the coated tools' wear increase if 
residual stresses are greater than  the maximum value. This phenomenon deteriorates the film adhesion and increases 
its brittleness leading to a shorter tool life. 

(j) Paiva et al. [17] studied the influence of different machining conditions on the wear and tribological 
performance of TiB2-coated cutting tools. For this, they made a FEM modeling to study the friction surface, namely 
temperature profile, for machining conditions with diferent parameters. The characterization of TiB2 coated cutting 
tool wear versus uncoated was done through SEM, EDX and XPS. These results were linked to the FEM modeling. 
It was then concluded that the TiB2 coating is more efficient at lower shear rates. For high cutting speeds, the wear 
performance is identical to the uncoated tool. 

(k) Bolot et al. [14] studied the relationships between the microstructure of a coating and its macro-properties 
with FEM. This study is important to understand the presence of defects, like voids, that origin a decrease in the 
effective thermal conductivity, so, a study was made regaring the thermo-mechanical properties of a plasma-sprayed 
composite coating. 

(l) Lofaj et al. [52] used FEM combined with nanoindentation and its depth profiles modulus with different radii 
on hard Tungsten carbide coating steel substrate to study the influence of indenter tip radius on coating. They 
conclued that if the indenter tip radius increases or the coating thickness decreases, a reduction of the peak of the 
depth profiles occurs causing fake results. 

(m) Beblein et al. [15], used 2D FEM to study the thermomechanical properties of coatings necessary for cutting 
tools. To create a 2D FEM, it was taken into account the coating properties, like physical and technological 
boundaries of CrAlN. They concluded that adhesion behavior and coating thickness influence the thermomechanical 
load on cutting and  the stresses in the coating are influenced by the Young's modulus, but does not affect the 
stresses within the substrates. Due to low thermal condutivity, the increase in coating thickness originates heat 
accumulation. The abrasive wear resistence can decrease because the hardness is temperature dependent. 
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(n) Rao [12] evaluated the mechanical properties of thin films by FEM, namely in Nylon coatings deposited on 
the Soda-lime glass substrates. The Young's modulus and hardness was extracted by experimental results. 
Comparison between the simulation data and the experimental results allows to concluded that they are very similar. 

(o) Wang et al. [19] used FEM for calculating the thermal insulation and the fracture failure problems of the 
thermal barrier coatings (TBCs). With the FEM model created, it is possible to predict the interfacial thermal 
resistance effect, convection between the environment and coating, the residual stress which is caused by the thermal 
expansion coefficient between the coating and substrate, or the residual stress which is induced by the plasma 
spraying process. 

(p) Micro-blasting on PVD films can induce material deformation. This can change the superficial mechanical 
properties of PVD films. For this reason, Bouzakis et al. [11] developed a FEM algorithm to determine residual 
stresses after micro-blasting. To validate the model, it was taken into account nanoindentation FEM simulations in 
micro-blasted TiAlN coatings. The FEM simulation results were very similar to the measured values. 

4. Computational Fluid Dynamics (CFD) 

A tool widely used today to simulate, evaluate and improve engineering problems that involve fluid flow is the 
CFD. It is possible to find works in the areas of process sciences, pharmaceuticals, biomedical, energy production, 
nuclear safety, combustion, thermal balance, environmental impact, fluid dynamics, among others [22-25]. The 
studies in CFD are usually of high complexity due to the problem characterization and the variables to be simulated. 
The greater the approximation to the real problem, the higher will be the detail needed in the characterization and 
due to this requirement, the processors used should be effectively powerful. In complex studies with a large number 
of variables, it is important to simplify the input data to be able to simulate and optimize the problem [54]. 

CFD, like in FEM, goes through three stages: pre-processing, analysis and post-processing. The pre-processing 
phase is very important because it will influence the next phases. The investigator must know the problem very well 
and characterize it at this stage. It is necessary to characterize the boundary conditions, to use the appropriate 
equations, and to make an appropriate analysis of the problem. The problem mesh has to be well scaled to get a 
result close to the real one however, it can not be overstated because it will increase the computational effort. In the 
third phase, post-processing, the researcher has to analyze the results based on knowledge of the problem and the 
software [55]. Below it can be seen complex studies solved using CFD: 

(a) Sen et al. [56] used CFD simulation to describe the self-propagation of the exothermic reaction in Ti/Al 
reactive multilayer. They showed the time is dependent temperature flow and that CFD presents a huge potential  to 
simulate exothermic reaction in the nanoscale Ti/Al foil. They also founded different reaction modes, for steady state 
and unsteady state. 

(b) The plasma enhanced chemical vapor deposition (PECVD) is the most used method in the manufacture of 
silicon thin films for solar cells and microelectronic industries because it has lower costs and moderate operating 
temperatures. Crose et al. [57] developed a multiscale CFD simulation to study the PECVD of thin film solar cells. 
The 2D-CFD model produced, with accuracy, a plasma chemistry and transport phenomena within the reactor.  

(c) Coating processes are very complex and cold spray coating is one of them. When aiming to optimize it, it is 
necessary to be careful with all parameters, like the input temperature, velocity distribution and pressure in the cold 
spray nozzle. Adebiyi et al. [58] optimized some of these parameters with a CFD model and achieved coatings with 
higher hardness and lower porosity. 

(d) Abdel-Fattah et al. [26] studied an industrial Claus reactor with CFD Simulation help. They built a 3D-CFD 
model to describe the flow fields and chemical reactions for two different industrial cases. The results obtained are 
very similar to the industrial data. They proposed the use of the CFD model with different reactor designs. 

(e) Tapia et al. [27] developed a thermal CFD model to evaluate the performance of a solar tubular reactor design. 
They demonstrated that the tool is powerful to identify weaknesses in the solar tubular reactor. In addition, the 
model can simulate and predict under different operating conditions.  

(f) Prades et al. [28] developed 2D bioreactor models with three different tools, AQUASIM, MATLAB, and 
CFD. They considered ideal flow patterns to more complex fluid dynamics. The goal of the study was to investigate 
the fluid flow dynamics in the bioreactor models. Simulation results were validated through the measurements 
obtained by means of high spatial resolution micro sensors. 
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(g) Mirvakili et al. [29] developed a CFD model to study the temperature decrease occurred at the end of the gas-
cooled reactor. The condensation problem occurs after four functioning years and the CFD model was created to find 
the reasons. The result achieved was validate with the real data. They found that the reasons are improper design of 
the distributer inside the reactor. This one generates poor fluid distribution inside the reactor. 

(h) Phuan et al. [30] created a CFD model to propose and design a PhotoFuelCell (PFC) reactor, namely simulate 
the events within the PFC reactor. The model created was used to predict the anodic chamber performance. They 
concluded the simulation is useful to give the conditions of effective water treatment and also give the simultaneous 
solar hydrogen production in the cathodic chamber. 

(i) Ghasemzadeh et al. [31] presented a 2D-CFD isothermal model to investigate a tubular Pd-Ag membrane 
reactor. They studied an EB dehydrogenation by Pd-Ag membrane reactor and compared the performance of two 
different flow patterns with respect to traditional reactor. The model provides the local information of pressure, 
velocity and others for the driving force analysis. The model validation was done with experimental data. They 
achieved good simulation results compared with real values. 

(j) Silva et al. [32] created a CFD using a multi-phase Eulerian-Eulerian approach to study the reaction 
assessment and fluid dynamics of diesel oil hydrotreating reactors. Some study parameters were pressure, 
temperature, velocity, gas and liquid flows to know if they influence the reactor performance. They investigated too 
the porosity influence on fluid velocity and volume fraction of liquid. This model can capture fluid characteristics on 
the mesh, such as volume fractions, velocities and concentrations. With this information it is possible to calculate 
reaction and mass transfer rates. Comparing the simulation values and the real ones, the results are very good. 

(k) Vandewalle et al. [34] developed a 3D-CFD model to simulate coke formation in 3D steam cracking reactor 
geometries. The algorithm created is based on dynamic mesh generation. They studied the influence of the growing 
coke layer with reactor pressure and temperatures. The work concludes that the ribbed reactors overall outperform 
the other ones. The tubular geometries growth is not uniform, influencing fluid dynamics, coke formation and 
product yields. 

(l) Menon et al. [35] studied Fuel reactor of the Chemical Looping Combustion (CLC) with help of 2D-CFD. In 
this work Fe2O3, CuO and their combination is used. The 2D model simulates the system behavior. They used Indian 
coal and studied the ash effect performance. When they tested the system without ash, they conclued that the CuO 
has superior performance than mixed carrier and Fe2O3. However, when they included ash, the mixed compost had a 
better performance. 

(m) Guo et al. [59] used a discrete particle CFD model to simulate a Chemical Looping Combustion (CLC) in a 
packed bed reactor with a  metal/metal-oxide oxygen carrier. The reactor has a cylindrical fixed bed with 450 porous 
spheres. These ones represents the oxygen carrier particles. The CFD model simulation provides very detailed fields 
of flow, temperature and species  because it is a discrete particle methods. The simulation shows apparently 
improvements with some thicknesses. 

(n) Kapopara et al. [48] simulated the gas flow and mixing behavior within the reactor chamber for TiN thin films 
deposited by magnetron sputtering. They used the 3D-CFD to study and predict the properties, such as, pressure 
profiles, velocity and concentration distribution of the process gas species like nitrogen and argon in the sputtering 
chamber. They concluded two important things: the gas inlet and substrate location influence the gas distribution and 
substrate where the reactive gas will react to form coating. The CFD modeling has a huge potential for simulating 
multi-component gas flows and the behavior of gas velocity, pressure and gas species concentration distribution in 
sputtering chamber. 

(o) Kapopara et al. [53] used 3D-CFD simulation to investigate various sputtering parameters, such as, pressure 
profiles, velocity, mass flow rate, density profiles and concentration distribution of the process gases. This study was 
based on zirconium nitride films deposited on glass and silica substrates by RF magnetron sputtering. They conclude 
that the gas inlet location has a huge influence on gas distribution inside the chamber. Here is exactly where the 
reactive gas will form coating. This information is very important because it is possible to modify the reactor 
geometry and find a better gas flow to improve the coating. 

(p) Bobzin et al. [33] used CFD model to caracterize an industrial scale plasma reactor CC800/9 and simulate a 
neutral gas flow of argon and molecular nitrogen gas inside. The authors used CFD simulation tools Fluent and 
dsmcFoam. Their simulation used a fluid model and a kinetic Direct Monte Carlo model. In the first model it was 
used the Navier–Stokes equations to describe the gas flow, while in the second it was used the Boltzmann equation 
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for the kinetic approach. After checking both models, they found different results of gas flow for the transition 
regime, only the kinetic model was capable to provide an accurate physical description. 

5. Concluding Remarks 

After this review it was possible to observe that the FEM and CFD numerical simulation are powerful tools for 
studying complex problems associated with PVD by reducing R&D costs. After the model creation, it is possible to 
improve the problem and even extrapolate and apply to other problems. The common research areas of these tools 
are heat transfer, fluid flow, aerodynamics, temperature, mass transport, electromagnetic potential, however each of 
them has its specific characteristics. The FEM helps to study the phenomenous related to the product, i.e., substrate 
and coating, on the other hand the CFD helps to solve problems that arise in PVD processes, such us, gas properties 
and fluid flow. The table 2 summarizes the application of these two methods that supports research in PVD coating. 

Table 2. Overview about FEM and CFD main features and fields of application. 

FEM CFD 

Prediction of coating’s mechanical properties Study the plasma-enhanced chemical vapor deposition of thin film used in 
solar cells 

Influence of different machining conditions on the wear 
and tribological performance of coated cutting tools 

Optimization of the input temperature, velocity distribution and pressure in 
the cold spray nozzle 

Contact between the coated PVD tool and the work piece Prediction of the temperature ramp-down occurred at the end of the 
deposition process 

Presence of defects Thermal evaluation in a reactor design 

Influence of indenter tip radius on coating Study of the fluid flow dynamics 

Material deformation Prediction of the anodic chamber performance 

Prediction of thermomechanical properties of PVD 
coating 

Prediction of the properties of the process gas species into the sputtering 
chamber 

Study of the coating fracture surface  

 
It is possible to see in the literature analyzed that FEM is generally used to study problems associated with 

mechanical properties, namely, stresses in the coating, adhesion, wear, influence of coating thickness, among others. 
On the other hand, CFD is usually used to study problems associated with heat transfer, fluid flow, aerodynamics, 
temperature, mass transport, electromagnetic potential, among others. All the studies analyzed are focused on 
understanding, investigating, improving or optimizing the problem. The success of studies regarding other reactor 
types with the CFD increase the researchers interest in the simulation application of PVD coatings. Initially, the 
studies had been focused mainly on the materials’ properties but now the trend will be to study the PVD reactor in an 
industrial context using the simulation, and avoiding the cost of stopping. This leads to conclude that there are still 
many problems to be studied using CFD for PVD reactors, such as improving plasma spraying and its density, 
optimizing cycle times, making the coating process efficient, studying the gas flow, namely the entering position, the 
quantity and times of use, substrates position and rotational speed, changes in geometry inside the reactor chamber 
and gas or gas combinations to assign the desired coating’s characteristics. 
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(g) Mirvakili et al. [29] developed a CFD model to study the temperature decrease occurred at the end of the gas-
cooled reactor. The condensation problem occurs after four functioning years and the CFD model was created to find 
the reasons. The result achieved was validate with the real data. They found that the reasons are improper design of 
the distributer inside the reactor. This one generates poor fluid distribution inside the reactor. 

(h) Phuan et al. [30] created a CFD model to propose and design a PhotoFuelCell (PFC) reactor, namely simulate 
the events within the PFC reactor. The model created was used to predict the anodic chamber performance. They 
concluded the simulation is useful to give the conditions of effective water treatment and also give the simultaneous 
solar hydrogen production in the cathodic chamber. 

(i) Ghasemzadeh et al. [31] presented a 2D-CFD isothermal model to investigate a tubular Pd-Ag membrane 
reactor. They studied an EB dehydrogenation by Pd-Ag membrane reactor and compared the performance of two 
different flow patterns with respect to traditional reactor. The model provides the local information of pressure, 
velocity and others for the driving force analysis. The model validation was done with experimental data. They 
achieved good simulation results compared with real values. 

(j) Silva et al. [32] created a CFD using a multi-phase Eulerian-Eulerian approach to study the reaction 
assessment and fluid dynamics of diesel oil hydrotreating reactors. Some study parameters were pressure, 
temperature, velocity, gas and liquid flows to know if they influence the reactor performance. They investigated too 
the porosity influence on fluid velocity and volume fraction of liquid. This model can capture fluid characteristics on 
the mesh, such as volume fractions, velocities and concentrations. With this information it is possible to calculate 
reaction and mass transfer rates. Comparing the simulation values and the real ones, the results are very good. 

(k) Vandewalle et al. [34] developed a 3D-CFD model to simulate coke formation in 3D steam cracking reactor 
geometries. The algorithm created is based on dynamic mesh generation. They studied the influence of the growing 
coke layer with reactor pressure and temperatures. The work concludes that the ribbed reactors overall outperform 
the other ones. The tubular geometries growth is not uniform, influencing fluid dynamics, coke formation and 
product yields. 

(l) Menon et al. [35] studied Fuel reactor of the Chemical Looping Combustion (CLC) with help of 2D-CFD. In 
this work Fe2O3, CuO and their combination is used. The 2D model simulates the system behavior. They used Indian 
coal and studied the ash effect performance. When they tested the system without ash, they conclued that the CuO 
has superior performance than mixed carrier and Fe2O3. However, when they included ash, the mixed compost had a 
better performance. 

(m) Guo et al. [59] used a discrete particle CFD model to simulate a Chemical Looping Combustion (CLC) in a 
packed bed reactor with a  metal/metal-oxide oxygen carrier. The reactor has a cylindrical fixed bed with 450 porous 
spheres. These ones represents the oxygen carrier particles. The CFD model simulation provides very detailed fields 
of flow, temperature and species  because it is a discrete particle methods. The simulation shows apparently 
improvements with some thicknesses. 

(n) Kapopara et al. [48] simulated the gas flow and mixing behavior within the reactor chamber for TiN thin films 
deposited by magnetron sputtering. They used the 3D-CFD to study and predict the properties, such as, pressure 
profiles, velocity and concentration distribution of the process gas species like nitrogen and argon in the sputtering 
chamber. They concluded two important things: the gas inlet and substrate location influence the gas distribution and 
substrate where the reactive gas will react to form coating. The CFD modeling has a huge potential for simulating 
multi-component gas flows and the behavior of gas velocity, pressure and gas species concentration distribution in 
sputtering chamber. 

(o) Kapopara et al. [53] used 3D-CFD simulation to investigate various sputtering parameters, such as, pressure 
profiles, velocity, mass flow rate, density profiles and concentration distribution of the process gases. This study was 
based on zirconium nitride films deposited on glass and silica substrates by RF magnetron sputtering. They conclude 
that the gas inlet location has a huge influence on gas distribution inside the chamber. Here is exactly where the 
reactive gas will form coating. This information is very important because it is possible to modify the reactor 
geometry and find a better gas flow to improve the coating. 

(p) Bobzin et al. [33] used CFD model to caracterize an industrial scale plasma reactor CC800/9 and simulate a 
neutral gas flow of argon and molecular nitrogen gas inside. The authors used CFD simulation tools Fluent and 
dsmcFoam. Their simulation used a fluid model and a kinetic Direct Monte Carlo model. In the first model it was 
used the Navier–Stokes equations to describe the gas flow, while in the second it was used the Boltzmann equation 
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for the kinetic approach. After checking both models, they found different results of gas flow for the transition 
regime, only the kinetic model was capable to provide an accurate physical description. 

5. Concluding Remarks 

After this review it was possible to observe that the FEM and CFD numerical simulation are powerful tools for 
studying complex problems associated with PVD by reducing R&D costs. After the model creation, it is possible to 
improve the problem and even extrapolate and apply to other problems. The common research areas of these tools 
are heat transfer, fluid flow, aerodynamics, temperature, mass transport, electromagnetic potential, however each of 
them has its specific characteristics. The FEM helps to study the phenomenous related to the product, i.e., substrate 
and coating, on the other hand the CFD helps to solve problems that arise in PVD processes, such us, gas properties 
and fluid flow. The table 2 summarizes the application of these two methods that supports research in PVD coating. 

Table 2. Overview about FEM and CFD main features and fields of application. 

FEM CFD 

Prediction of coating’s mechanical properties Study the plasma-enhanced chemical vapor deposition of thin film used in 
solar cells 

Influence of different machining conditions on the wear 
and tribological performance of coated cutting tools 

Optimization of the input temperature, velocity distribution and pressure in 
the cold spray nozzle 

Contact between the coated PVD tool and the work piece Prediction of the temperature ramp-down occurred at the end of the 
deposition process 

Presence of defects Thermal evaluation in a reactor design 

Influence of indenter tip radius on coating Study of the fluid flow dynamics 

Material deformation Prediction of the anodic chamber performance 

Prediction of thermomechanical properties of PVD 
coating 

Prediction of the properties of the process gas species into the sputtering 
chamber 

Study of the coating fracture surface  

 
It is possible to see in the literature analyzed that FEM is generally used to study problems associated with 

mechanical properties, namely, stresses in the coating, adhesion, wear, influence of coating thickness, among others. 
On the other hand, CFD is usually used to study problems associated with heat transfer, fluid flow, aerodynamics, 
temperature, mass transport, electromagnetic potential, among others. All the studies analyzed are focused on 
understanding, investigating, improving or optimizing the problem. The success of studies regarding other reactor 
types with the CFD increase the researchers interest in the simulation application of PVD coatings. Initially, the 
studies had been focused mainly on the materials’ properties but now the trend will be to study the PVD reactor in an 
industrial context using the simulation, and avoiding the cost of stopping. This leads to conclude that there are still 
many problems to be studied using CFD for PVD reactors, such as improving plasma spraying and its density, 
optimizing cycle times, making the coating process efficient, studying the gas flow, namely the entering position, the 
quantity and times of use, substrates position and rotational speed, changes in geometry inside the reactor chamber 
and gas or gas combinations to assign the desired coating’s characteristics. 

Acknowledgements 

Authors Andresa Baptista and Gustavo Pinto thank the financial support of CIDEM, R&D unit funded by the 
FCT – Portuguese Foundation for the Development of Science and Technology, Ministry of Science, Technology 
and Higher Education, under the Project UID/EMS/0615/2016. The Authors also thank the cooperation and financial 
support provided by LAETA/CETRIB/INEGI Research Center, as well as FLAD – Fundação Luso-Americana para 
o Desenvolvimento (Proj. 116/2018). 



868 G. Pinto  et al. / Procedia Manufacturing 17 (2018) 860–869
 Gustavo Filipe Pinto et al./ Procedia Manufacturing 00 (2018) 000–000  9 

References 

[1] F. Silva, R. Martinho, R. Alexandre, A. Baptista, Wear Resistance of TiAlSiN Thin Coatings, Journal of Nanoscience and Nanotechnology, 
Volume 12, Number 12, December 2012, pp. 9094-9101(8). 

[2] F. Silva, R. Martinho, R. Alexandre, A. Baptista, Increasing the wear resistance of molds for injection of glass fiber reinforced plastics,  
j.wear (2011) 01.074. 

[3] F. Silva, R. Martinho, M. Andrade, A. Baptista, R. Alexandre, Improving the wear resistance of moulds for the injection of Glass Fibre-
Reinforced Plastics Using PVD Coating: A Comparative Study, Coatings (2017) 7, 28. 

[4] R. Martinho, F. Silva, R. Alexandre, A. Baptista, TiB2 Nanostructured Coating for GFRP Injection Moulds, J. Nanosci. Nanotechnol. (2011) 
Vol. 11, No. 6. 

[5] F. Silva, R. Casais, R. Martinho, A. Baptista, Mechanical and Tribological Characterization of TiB2 Thin Films, J. Nanosci. Nanotechnol. 
(2012) Vol. 12, No. 12. 

[6] G. Skordaris, K. Bouzakis, T. Kotsanis, P. Charalampous, E. Bouzakis, B. Breidenstein, B. Bergmann, B. Denkena, Effect of PVD film’s 
residual stresses on their mechanical properties, brittleness, adhesion and cutting performance of coated tools, CIRP,  
j. cirpj (2016) 11.003 1755-5817. 

[7] A. Thakur, S. Gangopadhyay, Influence of tribological properties on the performance of uncoated, CVD and PVD coated tools in machining 
of Incoloy 825, j.tribology International 102 (2016) 198-212. 

[8] J. Chen, R. Ji, R. Khan, X. Li, B. Beake, H. Dong, Effects of mechanical properties and layer structure on the cyclic dynamic loading of  
TiN-based coatings, J. Surface & Coatings Technology 206 (2011) 522-529. 

[9] A. Sliwa, J. Mikuła, K. Gołombek, T. Tanski, W. Kwasny, M. Bonek, Z. Brytan, Prediction of the properties of PVD/CVD coatings with the 
use of FEM analysis, J. Applied Surface Science 388 (2016) 281-287. 

[10] G. Skordaris, K. Bouzakis, T. Kotsanis, P. Charalampous, E. Bouzakis, B. Breidenstein, B. Bergmann, B. Denkena, Effect of PVD film’s 
residual stresses on their mechanical properties, brittleness, adhesion and cutting performance of coated tools, CIRP Journal of Manufacturing 
Science and Technology 18 (2017) 145-151.  

[11] K. Bouzakis, G. Skordaris, F. Klocke, E. Bouzakis, A FEM-based analytical–experimental method for determining strength properties 
gradation in coatings after micro-blasting, J. Surface & Coatings Technology 203 (2009) 2946-2953.  

[12] R. Rao, The Significant Application of FEM to Evaluate the Mechanical Properties of Thin Films, ICMPC 2014. Procedia Materials Science 
6 ( 2014 ) 1260-1265. 

[13] L. Wang, X. Zhong, , Y. Zhao, J. Yang, S. Tao, W. Zhang, Y. Wang, X. Sun, Effect of interface on the thermal conductivity of thermal 
barrier coatings: A numerical simulation study, J. International Journal of Heat and Mass Transfer 79 (2014) 954-967. 

[14] R. Bolot, D. Aussavy, G. Montavon, Application of FEM to Estimate Thermo-Mechanical Properties of Plasma Sprayed Composite 
Coatings, J. Coatings (2017) 7, 91. 

[15] S. Beblein, B. Breidenstein, B. Denkena, C. Pusch, H. Hocheb, M. Oechsner, Thermomechanical coating load in dependence of fundamental 
coating properties, Procedia CIRP 58 (2017) 25-30. 

[16] N. Michailidis, Variations in the cutting performance of PVD-coated tools in milling Ti6Al4V, explained through temperature-dependent 
coating properties, J. Surface & Coatings Technology 304 (2016) 325-329. 

[17] J. Paiva, M. Shalaby, M. Chowdhury, L. Shuster, S. Chertovskikh, D. Covelli, E. Junior, P. Stolf, A. Elfizy, C. Bork, G. Fox-Rabinovich, S. 
Veldhuis, Tribological and Wear Performance of Carbide Tools with TiB2 PVD Coating under Varying Machining Conditions of TiAl6V4 
Aerospace Alloy, Coatings (2017) 7, 187.  

[18] A. Śliwa, L. Dobrzański, W. Kwaśny, W. Sitek, The computer simulation of internal stresses on the PVD coatings, International Scientific 
Journal of Computational Materials Science and Surface Engineering 183-188. 

[19] L. Wang, D. Li, J. Yang, F. Shao, X. Zhong, H. Zhao, K. Yang, S. Tao, Y. Wang, Modeling of thermal properties and failure of thermal 
barrier coatingswith the use of finite element methods: A review. J. jeurceramsoc (2015) 12.038. 

[20] J. Chaney, H. Liu, J. Li, An overview of CFD modelling of small-scale fixed-bed biomass pellet boilers with preliminary results from a 
simplified approach, J. Energy Conversion and Management 63 (2012) 149-156. 

[21] J. Porteiro, J. Collazo, D. Patino, E. Granada, J. Gonzalez, J. Míguez, Numerical Modeling of a Biomass Pellet Domestic Boiler, Energy & 
Fuels (2009) 23, 1067-1075. 

[22] S. Chapela, J. Porteiro, M. Costa, Effect of the Turbulence – Chemistry Interaction in Packed-Bed Biomass Combustion, Energy Fuels (2017) 
31, 9967-9982. 

[23] M. Karim, J. Naser, Progress in Numerical Modelling of Packed Bed Biomass Combustion, 19th Australasian Fluid Mechanics Conference, 
(2014).  

[24] J. Collazo, J. Porteiro, J. Míguez, E. Granada, M. Gómez, Numerical simulation of a small-scale biomass boiler, Energy Conversion and 
Management 64 (2012) 87-96. 

[25] N. Duffy, J. Eaton, Investigation of factors affecting channelling in fixed-bed solid fuel combustion using CFD, Combustion and Flame 160 
(2013) 2204–2220. 

[26] A. Abdel-Fattah, S. Fateen, T. Moustafa, M. Fouad, Three-dimensional CFD simulation of industrial Claus reactors, chemical engineering 
research and design 112 (2016) 78-87. 

[27] E. Tapia, A. Iranzo, F. Pino, F. Rosa, J. Salva, Methodology for thermal design of solar tubular reactors using CFD techniques, international 
journal of hydrogen energy 41 (2016) 19525-9538. 

10 Gustavo Filipe Pinto et al./ Procedia Manufacturing  00 (2018) 000–000 

[28] L. Prades, A. Dorado, J. Climent, X. Guimerà, S. Chiva, X. Gamisans, CFD modeling of a fixed-bed biofilm reactor coupling 
hydrodynamics and biokinetics, Chemical Engineering Journal 313 (2017) 680-692. 

[29] A. Mirvakili, A. Bakhtyari, M. Rahimpour, A CFD modeling to investigate the impact of flow mal-distribution on the performance of 
industrial methanol synthesis reactor, Applied Thermal Engineering 128 (2018) 64-78. 

[30] Y. Phuan, H. Ismail, S. Garcia-Segura, M. Chong, Design and CFD modelling of the anodic chamber of a continuous PhotoFuelCell reactor 
for water treatment, Process Safety and Environmental Protection 111 (2017) 449-461. 

[31] K. Ghasemzadeh, R. Zeynali, F. Bahadori, A. Basile, CFD analysis of Pd-Ag membrane reactor performance during ethylbenzene 
dehydrogenation process, international journal of hydrogen energy (2017) 1-9. 

[32] A. Silva, C. Monteiro, V. Souza, A. Ferreira, R. Jaimes, D. Fontoura, J. Nunhez, Fluid dynamics and reaction assessment of diesel oil 
hydrotreating reactors via CFD, Fuel Processing Technology 166 (2017) 17-29. 

[33] K. Bobzin, R. Brinkmann, T. Mussenbrock, N. Bagcivan, R. Brugnara, M. Schäfer, J. Trieschmann, Continuum and kinetic simulations of 
the neutral gas flow in an industrial physical vapor deposition reactor, Surface & Coatings Technology 237 (2013) 176-181. 

[34] L. Vandewalle, D. Cauwenberge, J. Dedeyne, K. Gee, G. Marin, Dynamic simulation of fouling in steam cracking reactors using CFD, 
Chemical Engineering Journal 329 (2017) 77-87. 

[35] K. Menon, V. Patnaikuni, CFD simulation of fuel reactor for chemical looping combustion of Indian coal, Fuel 203 (2017) 90-101. 
[36] H. Hoche, S. Groß, M. Oechsner, Development of new PVD coatings for magnesium alloys with improved corrosion properties, 

j.surfcoat.2014.04.038, Surface and Coatings Technology, Volume 259, Part A, 25 November 2014, Pages 102-108. 
[37] k. Holmberg, A. Matthews, Coatings tribology – Properties, mechanisms, techniques and applications in Surface Engineering, B.J. Briscoe, 

Elsevier, Netherlands, UK, (2009), ISBN: 978-0-444-52750-9, 547p. 
[38] D. Mattox, Handbook of physical vapor deposition (PVD) Processing, W. Andrew, Elsevier, UK, USA, (2010), ISBN: 978-0-81-552037-5.  
[39] A. Tracton, Coatings technology handbook, CRC Press Taylor & Francis Group, USA, (2006), ISBN -10: 1-57444-649-5,  

ISBN-13: 978-1-57444-649-4, 828p. 
[40] D. Mattox, The foundations of Vacuum Coating Technology, W. Andrew, Noyes Publications, UK, USA, (2003), ISBN: 0-8155-1495-6, 

42p. 
[41] P. Martin, Handbook of Deposition Technologies for films and coatings, W. Andrew, Elsevier, UK, USA, (2010),  

ISBN:13: 978-0-8155-2031-3. 
[42] G. Dhatt, G. Touzot, E. Lefrançois, Finite Element Method, Piotr Breitkopf, wiley, Uk, USA, (2012), ISBN: 978-1-84821-368-5, 624p. 
[43] D. Banabic, Advanced Methods in Material Forming,  Springer, USA, (2007), ISBN 978-3-540-69844-9, 363p. 
[44] D. Logan, A First Course in the Finite Element Method, Nelson, Thomson, Canada, (2007), ISBN: 81-315-0217-1, 844p. 
[45] R. Campilho, Métodos de Elementos Finitos - Ferramentas para análise estrutural, Júlia Guimarães, Publindústria Edições Técnicas, Porto 

(2012), ISBN:978-989-723-8, 205p.  
[46] S. Rao, The Finite Element Method in Engineering, Elsevier, UK, USA, (2011), ISBN: 978-1-85617-661-3, 727p. 
[47] M. Gosz, Finite Element Method - Applications in Solids, Structures, and Heat Transfer, CRC Press, Taylor & Francis Group, USA, (2006), 

ISBN: 0-8493-3407-1, 400p. 
[48] J. Kapopara, A. Mengar, K. Chauhan, S. Rawal, CFD Analysis of Sputtered TiN Coating, Materials Today: Proceedings 4 (2017) 9390-9393. 
[49] G. Skordaris, K. Bouzakis, P. Charalampous, A dynamic FEM simulation of the nano-impact test on mono - or multi-layered PVD coatings 

considering their graded strength properties determined by experimental - analytical procedures, Surface & Coatings Technology 265  
(2015) 53-61. 

[50] G. Skordaris, K. Bouzakis, T. Kotsanis, P. Charalampous, E. Bouzakis, O. Lemmer, S. Bolz, Film thickness effect on mechanical properties 
and milling performance of nano-structured multilayer PVD coated tools, Surface & Coatings Technology 307 (2016) 452-460. 

[51] K. Bouzakis, S. Gerardis, G. Skordaris, E. Bouzakis, “Nano-impact test on a TiAlN PVD coating and correlation between experimental and 
FEM results, Surface & Coatings Technology 206 (2011) 1936-1940. 

[52] F. Lofaj, D. Németh, The effects of tip sharpness and coating thickness on nanoindentation measurements in hard coatings on softer 
substrates by FEM, Thin Solid Films 644 (2017) 173-181. 

[53] J. Kapopara, A. Mengar, K. Chauhan, N. Patel, S. Rawal, Modelling and analysis of sputter deposited ZrN coating by CFD, . IOP Conf. 
Series: Materials Science and Engineering 149 (2016) 012205.  

[54] R. Meroney, R. Ohba, B. Leitl, H. Kondo, D. Grawe, Y. Tominaga, Review of CFD Guidelines for Dispersion Modeling, Fluids (2016) 1, 14. 
[55] ANSYS Fluent User’s Guide, release 15.0; ANSYS: November 2013.  
[56] S. Sen, M. Lake, N. Kroppen, P. Farber, J. Wilden, Ç. Schaaf, Self-propagating exothermic reaction analysis in Ti/Al reactive films using 

experiments and computational fluid dynamics simulation, Applied Surface Science 396 (2017) 1490-1498. 
[57] M. Crose, A. Tran, P. Christofides, Multiscale Computational Fluid Dynamics : Methodology and Application to PECVD of Thin Film Solar 

Cells, Coatings (2017) 7, 22. 
[58] D. Adebiyi, A. Popoola, I. Botef, Experimental Verification of Statistically Optimized Parameters for Low-Pressure Cold Spray Coating of 

Titanium, Metals (2016) 6, 135. 
[59] X. Guo, Z. Zhu, CFD based modeling on chemical looping combustion in a packed bed reactor, Chemical Engineering Science 138 (2015) 

303-314. 



 G. Pinto  et al. / Procedia Manufacturing 17 (2018) 860–869 869
 Gustavo Filipe Pinto et al./ Procedia Manufacturing 00 (2018) 000–000  9 

References 

[1] F. Silva, R. Martinho, R. Alexandre, A. Baptista, Wear Resistance of TiAlSiN Thin Coatings, Journal of Nanoscience and Nanotechnology, 
Volume 12, Number 12, December 2012, pp. 9094-9101(8). 

[2] F. Silva, R. Martinho, R. Alexandre, A. Baptista, Increasing the wear resistance of molds for injection of glass fiber reinforced plastics,  
j.wear (2011) 01.074. 

[3] F. Silva, R. Martinho, M. Andrade, A. Baptista, R. Alexandre, Improving the wear resistance of moulds for the injection of Glass Fibre-
Reinforced Plastics Using PVD Coating: A Comparative Study, Coatings (2017) 7, 28. 

[4] R. Martinho, F. Silva, R. Alexandre, A. Baptista, TiB2 Nanostructured Coating for GFRP Injection Moulds, J. Nanosci. Nanotechnol. (2011) 
Vol. 11, No. 6. 

[5] F. Silva, R. Casais, R. Martinho, A. Baptista, Mechanical and Tribological Characterization of TiB2 Thin Films, J. Nanosci. Nanotechnol. 
(2012) Vol. 12, No. 12. 

[6] G. Skordaris, K. Bouzakis, T. Kotsanis, P. Charalampous, E. Bouzakis, B. Breidenstein, B. Bergmann, B. Denkena, Effect of PVD film’s 
residual stresses on their mechanical properties, brittleness, adhesion and cutting performance of coated tools, CIRP,  
j. cirpj (2016) 11.003 1755-5817. 

[7] A. Thakur, S. Gangopadhyay, Influence of tribological properties on the performance of uncoated, CVD and PVD coated tools in machining 
of Incoloy 825, j.tribology International 102 (2016) 198-212. 

[8] J. Chen, R. Ji, R. Khan, X. Li, B. Beake, H. Dong, Effects of mechanical properties and layer structure on the cyclic dynamic loading of  
TiN-based coatings, J. Surface & Coatings Technology 206 (2011) 522-529. 

[9] A. Sliwa, J. Mikuła, K. Gołombek, T. Tanski, W. Kwasny, M. Bonek, Z. Brytan, Prediction of the properties of PVD/CVD coatings with the 
use of FEM analysis, J. Applied Surface Science 388 (2016) 281-287. 

[10] G. Skordaris, K. Bouzakis, T. Kotsanis, P. Charalampous, E. Bouzakis, B. Breidenstein, B. Bergmann, B. Denkena, Effect of PVD film’s 
residual stresses on their mechanical properties, brittleness, adhesion and cutting performance of coated tools, CIRP Journal of Manufacturing 
Science and Technology 18 (2017) 145-151.  

[11] K. Bouzakis, G. Skordaris, F. Klocke, E. Bouzakis, A FEM-based analytical–experimental method for determining strength properties 
gradation in coatings after micro-blasting, J. Surface & Coatings Technology 203 (2009) 2946-2953.  

[12] R. Rao, The Significant Application of FEM to Evaluate the Mechanical Properties of Thin Films, ICMPC 2014. Procedia Materials Science 
6 ( 2014 ) 1260-1265. 

[13] L. Wang, X. Zhong, , Y. Zhao, J. Yang, S. Tao, W. Zhang, Y. Wang, X. Sun, Effect of interface on the thermal conductivity of thermal 
barrier coatings: A numerical simulation study, J. International Journal of Heat and Mass Transfer 79 (2014) 954-967. 

[14] R. Bolot, D. Aussavy, G. Montavon, Application of FEM to Estimate Thermo-Mechanical Properties of Plasma Sprayed Composite 
Coatings, J. Coatings (2017) 7, 91. 

[15] S. Beblein, B. Breidenstein, B. Denkena, C. Pusch, H. Hocheb, M. Oechsner, Thermomechanical coating load in dependence of fundamental 
coating properties, Procedia CIRP 58 (2017) 25-30. 

[16] N. Michailidis, Variations in the cutting performance of PVD-coated tools in milling Ti6Al4V, explained through temperature-dependent 
coating properties, J. Surface & Coatings Technology 304 (2016) 325-329. 

[17] J. Paiva, M. Shalaby, M. Chowdhury, L. Shuster, S. Chertovskikh, D. Covelli, E. Junior, P. Stolf, A. Elfizy, C. Bork, G. Fox-Rabinovich, S. 
Veldhuis, Tribological and Wear Performance of Carbide Tools with TiB2 PVD Coating under Varying Machining Conditions of TiAl6V4 
Aerospace Alloy, Coatings (2017) 7, 187.  

[18] A. Śliwa, L. Dobrzański, W. Kwaśny, W. Sitek, The computer simulation of internal stresses on the PVD coatings, International Scientific 
Journal of Computational Materials Science and Surface Engineering 183-188. 

[19] L. Wang, D. Li, J. Yang, F. Shao, X. Zhong, H. Zhao, K. Yang, S. Tao, Y. Wang, Modeling of thermal properties and failure of thermal 
barrier coatingswith the use of finite element methods: A review. J. jeurceramsoc (2015) 12.038. 

[20] J. Chaney, H. Liu, J. Li, An overview of CFD modelling of small-scale fixed-bed biomass pellet boilers with preliminary results from a 
simplified approach, J. Energy Conversion and Management 63 (2012) 149-156. 

[21] J. Porteiro, J. Collazo, D. Patino, E. Granada, J. Gonzalez, J. Míguez, Numerical Modeling of a Biomass Pellet Domestic Boiler, Energy & 
Fuels (2009) 23, 1067-1075. 

[22] S. Chapela, J. Porteiro, M. Costa, Effect of the Turbulence – Chemistry Interaction in Packed-Bed Biomass Combustion, Energy Fuels (2017) 
31, 9967-9982. 

[23] M. Karim, J. Naser, Progress in Numerical Modelling of Packed Bed Biomass Combustion, 19th Australasian Fluid Mechanics Conference, 
(2014).  

[24] J. Collazo, J. Porteiro, J. Míguez, E. Granada, M. Gómez, Numerical simulation of a small-scale biomass boiler, Energy Conversion and 
Management 64 (2012) 87-96. 

[25] N. Duffy, J. Eaton, Investigation of factors affecting channelling in fixed-bed solid fuel combustion using CFD, Combustion and Flame 160 
(2013) 2204–2220. 

[26] A. Abdel-Fattah, S. Fateen, T. Moustafa, M. Fouad, Three-dimensional CFD simulation of industrial Claus reactors, chemical engineering 
research and design 112 (2016) 78-87. 

[27] E. Tapia, A. Iranzo, F. Pino, F. Rosa, J. Salva, Methodology for thermal design of solar tubular reactors using CFD techniques, international 
journal of hydrogen energy 41 (2016) 19525-9538. 

10 Gustavo Filipe Pinto et al./ Procedia Manufacturing  00 (2018) 000–000 

[28] L. Prades, A. Dorado, J. Climent, X. Guimerà, S. Chiva, X. Gamisans, CFD modeling of a fixed-bed biofilm reactor coupling 
hydrodynamics and biokinetics, Chemical Engineering Journal 313 (2017) 680-692. 

[29] A. Mirvakili, A. Bakhtyari, M. Rahimpour, A CFD modeling to investigate the impact of flow mal-distribution on the performance of 
industrial methanol synthesis reactor, Applied Thermal Engineering 128 (2018) 64-78. 

[30] Y. Phuan, H. Ismail, S. Garcia-Segura, M. Chong, Design and CFD modelling of the anodic chamber of a continuous PhotoFuelCell reactor 
for water treatment, Process Safety and Environmental Protection 111 (2017) 449-461. 

[31] K. Ghasemzadeh, R. Zeynali, F. Bahadori, A. Basile, CFD analysis of Pd-Ag membrane reactor performance during ethylbenzene 
dehydrogenation process, international journal of hydrogen energy (2017) 1-9. 

[32] A. Silva, C. Monteiro, V. Souza, A. Ferreira, R. Jaimes, D. Fontoura, J. Nunhez, Fluid dynamics and reaction assessment of diesel oil 
hydrotreating reactors via CFD, Fuel Processing Technology 166 (2017) 17-29. 

[33] K. Bobzin, R. Brinkmann, T. Mussenbrock, N. Bagcivan, R. Brugnara, M. Schäfer, J. Trieschmann, Continuum and kinetic simulations of 
the neutral gas flow in an industrial physical vapor deposition reactor, Surface & Coatings Technology 237 (2013) 176-181. 

[34] L. Vandewalle, D. Cauwenberge, J. Dedeyne, K. Gee, G. Marin, Dynamic simulation of fouling in steam cracking reactors using CFD, 
Chemical Engineering Journal 329 (2017) 77-87. 

[35] K. Menon, V. Patnaikuni, CFD simulation of fuel reactor for chemical looping combustion of Indian coal, Fuel 203 (2017) 90-101. 
[36] H. Hoche, S. Groß, M. Oechsner, Development of new PVD coatings for magnesium alloys with improved corrosion properties, 

j.surfcoat.2014.04.038, Surface and Coatings Technology, Volume 259, Part A, 25 November 2014, Pages 102-108. 
[37] k. Holmberg, A. Matthews, Coatings tribology – Properties, mechanisms, techniques and applications in Surface Engineering, B.J. Briscoe, 

Elsevier, Netherlands, UK, (2009), ISBN: 978-0-444-52750-9, 547p. 
[38] D. Mattox, Handbook of physical vapor deposition (PVD) Processing, W. Andrew, Elsevier, UK, USA, (2010), ISBN: 978-0-81-552037-5.  
[39] A. Tracton, Coatings technology handbook, CRC Press Taylor & Francis Group, USA, (2006), ISBN -10: 1-57444-649-5,  

ISBN-13: 978-1-57444-649-4, 828p. 
[40] D. Mattox, The foundations of Vacuum Coating Technology, W. Andrew, Noyes Publications, UK, USA, (2003), ISBN: 0-8155-1495-6, 

42p. 
[41] P. Martin, Handbook of Deposition Technologies for films and coatings, W. Andrew, Elsevier, UK, USA, (2010),  

ISBN:13: 978-0-8155-2031-3. 
[42] G. Dhatt, G. Touzot, E. Lefrançois, Finite Element Method, Piotr Breitkopf, wiley, Uk, USA, (2012), ISBN: 978-1-84821-368-5, 624p. 
[43] D. Banabic, Advanced Methods in Material Forming,  Springer, USA, (2007), ISBN 978-3-540-69844-9, 363p. 
[44] D. Logan, A First Course in the Finite Element Method, Nelson, Thomson, Canada, (2007), ISBN: 81-315-0217-1, 844p. 
[45] R. Campilho, Métodos de Elementos Finitos - Ferramentas para análise estrutural, Júlia Guimarães, Publindústria Edições Técnicas, Porto 

(2012), ISBN:978-989-723-8, 205p.  
[46] S. Rao, The Finite Element Method in Engineering, Elsevier, UK, USA, (2011), ISBN: 978-1-85617-661-3, 727p. 
[47] M. Gosz, Finite Element Method - Applications in Solids, Structures, and Heat Transfer, CRC Press, Taylor & Francis Group, USA, (2006), 

ISBN: 0-8493-3407-1, 400p. 
[48] J. Kapopara, A. Mengar, K. Chauhan, S. Rawal, CFD Analysis of Sputtered TiN Coating, Materials Today: Proceedings 4 (2017) 9390-9393. 
[49] G. Skordaris, K. Bouzakis, P. Charalampous, A dynamic FEM simulation of the nano-impact test on mono - or multi-layered PVD coatings 

considering their graded strength properties determined by experimental - analytical procedures, Surface & Coatings Technology 265  
(2015) 53-61. 

[50] G. Skordaris, K. Bouzakis, T. Kotsanis, P. Charalampous, E. Bouzakis, O. Lemmer, S. Bolz, Film thickness effect on mechanical properties 
and milling performance of nano-structured multilayer PVD coated tools, Surface & Coatings Technology 307 (2016) 452-460. 

[51] K. Bouzakis, S. Gerardis, G. Skordaris, E. Bouzakis, “Nano-impact test on a TiAlN PVD coating and correlation between experimental and 
FEM results, Surface & Coatings Technology 206 (2011) 1936-1940. 

[52] F. Lofaj, D. Németh, The effects of tip sharpness and coating thickness on nanoindentation measurements in hard coatings on softer 
substrates by FEM, Thin Solid Films 644 (2017) 173-181. 

[53] J. Kapopara, A. Mengar, K. Chauhan, N. Patel, S. Rawal, Modelling and analysis of sputter deposited ZrN coating by CFD, . IOP Conf. 
Series: Materials Science and Engineering 149 (2016) 012205.  

[54] R. Meroney, R. Ohba, B. Leitl, H. Kondo, D. Grawe, Y. Tominaga, Review of CFD Guidelines for Dispersion Modeling, Fluids (2016) 1, 14. 
[55] ANSYS Fluent User’s Guide, release 15.0; ANSYS: November 2013.  
[56] S. Sen, M. Lake, N. Kroppen, P. Farber, J. Wilden, Ç. Schaaf, Self-propagating exothermic reaction analysis in Ti/Al reactive films using 

experiments and computational fluid dynamics simulation, Applied Surface Science 396 (2017) 1490-1498. 
[57] M. Crose, A. Tran, P. Christofides, Multiscale Computational Fluid Dynamics : Methodology and Application to PECVD of Thin Film Solar 

Cells, Coatings (2017) 7, 22. 
[58] D. Adebiyi, A. Popoola, I. Botef, Experimental Verification of Statistically Optimized Parameters for Low-Pressure Cold Spray Coating of 

Titanium, Metals (2016) 6, 135. 
[59] X. Guo, Z. Zhu, CFD based modeling on chemical looping combustion in a packed bed reactor, Chemical Engineering Science 138 (2015) 

303-314. 


