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Abstract: The coating of polymers with different particles 

has become an important research direction due to the 

substantial increase in properties and implicitly the use of 

products in several industrial fields. The objectives of this 

review paper focus on polymers coating with different 

ceramic and metal micro particles. Thus, during the first part 

are presented the main methods of coating (with method 

detailing, advantages and disadvantages, usage materials 

and potential industrial applications). After this part the APS 

- atmospheric plasma spraying technology is detailed 

because it is one of the most used method. Going forward 

there are presented some studies from technical literature 

that analysed different aspects of powders coating onto 

biodegradable substrates (like polymer) such as structural 

and morphological analyses, tribological and adhesion tests, 

corrosion resistance, electrical conductivity, influence of 

process parameters and their optimization and so on. Thus, 

the present paper aims to briefly resum researchers' 

concerns on the coating of polymer-based materials, which 

has reached in the last period the attention due to their 

capability and functional  applications. 
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1. INTRODUCTION 
 

The samples obtained from materials with a polymer 

matrix (whether they are composite or not) are 

relatively competitive materials that find their 

applicability in most sectors of activities. Their huge 

use is due to their high strength-to-weight ratio 

compared to classic materials such as metal, wood, 

glass etc. However, a fundamental requirement is high 

reliability, polymers being limited in use in some 

industrial applications that involve high working 

temperatures and wear, [1, 2]. In order to reduce the 

surface degradation and increase the thermal 

resistance of the polymer surfaces, the researchers 

found a viable solution, covering them with ceramic or 

metal microlayers depending on the intended 

application and their operating conditions. Thus, 

ceramic coatings have been widely used for many 

applications in order to improve resistance to wear, 

corrosion, oxidation and heat [3–6]. Metal [7] and 

cermet powder coatings have been shown to be 

effective to improve the wear resistance of polymer 

matrix materials. 

The coating of polymeric surfaces can be achieved by 

using several methods, the best known of which are: 

TS - thermal spray, [8, 9], PVD - physical vapor 

deposition, electroplating, [10, 11] and CVD - 

chemical vapor deposition, [12, 13]. It is expected that 

any of these methods will present advantages but also 

limitations, depending on the factors involved in the 

coating process. Thus, before the coverage is achieved, 

regardless of the selected method, a systemic analysis 

is carried out in order to identify the controllable 

factors that radically influence the quality of the 

samples to be obtained. First of all, the process 

parameters related to the material - substrate and 

surface conditioning are analyzed, as follows: the 

parameters related to the coating powder (chemical 

composition, particular size, powder flow rate), to the 

gas (its nature, temperature and pressure), and 

scanning (spraying distance, speed, number of passes). 

Other factors that need to be mentioned are: substrate 

temperature and its oxidation, particles impact energy 

and particles temperature. Establishing the 

controllable factors, mentioned previously, have a 

significant influence on the output factors related to 

the quality of the coating: porosity, microhardness, 

composition, deposition efficiency, adhesion strength, 

electrical conductivity, surface roughness etc. 

In the technical literature, the main researches on 

coatings with ceramic/metallic micro particles refer to 

the surface characteristics of the deposited micro 

layers (wear, layer adhesion, corrosion, hardness, etc.), 

[14-17] but also to the influence of the process 

parameters and the optimization to them, [18]. 

The present work aims to present a current state of the 

art regarding the technologies used to achieve coatings 

with ceramic/metallic powders on polymeric 

substrates. Also, the most important aspect followed in 

the analyzed references are the types of determinations 

that aroused the interest of the researchers. Another 

important aspect is that of the input parameters, which 

is also the subject of one of the chapters of this work. 

The thermal coating process of polymer materials 

finds its applicability in fields such as automotive, 

aerospace and marine industries, to improve the 
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wear/corrosion resistance and service life of parts such 

as pistons, cylinders, valves, turbine blades), [19-21]. 

APS (Air Plasma Spray) is considered one of the most 

used thermal deposition techniques, and coatings 

obtained by zirconium and chromium are widely 

spread in mechanical applications, [22]. The main 

disadvantages of these coatings are given by micro-

cracks, poor insulation and residual stresses (which 

occur during the cooling process), [23]. 

High purity Al2O3 (aluminum oxide - alumina) powder 

is used for plasma spraying coatings. This type of 

coating has good dielectric and thermal characteristics. 

Moreover, the coatings are wear resistant, have higher 

hardness, high temperature stability and are 

chemically inert. The ceramic coating is suitable for 

electronic and semiconductor applications, 

electrostatics, capacitors, vacuum chambers, etc. The 

high purity of the material ensures non-contamination 

of the semiconductor components, [23]. Also, 

elements such as nickel, zirconium, aluminum, 

molybdenum and chromium are good choices for 

applications that require high hardness with moderate 

wear and corrosion resistance. 

It is known that the addition of ceramic particles or 

metal particles to a substrate will provide a 

combination of properties of all three types of 

materials: biopolymer matrix, metal reinforcement 

components, and ceramics. This can lead to the 

improvement of the physical and mechanical 

properties of the composite, [24]. 

In the specialized literature, the main researches refer 

to the anti-corrosion protection characteristics. There 

are studies that refer to the main ways of working, 

procedures for preparation and applications, [25-31], a 

comparative analysis of all factors is necessary to 

understand their applicability in practice. 

Also, researchers' interest has focused on 

electromagnetic effects, [32], applications with 

actuators, sensors, [33-36] and shape memory 

materials, [37, 38]. These materials also provide 

insights for biomedicine, [39, 40], mass media etc., 

[41–43]. 

The surfaces of the samples made of polymeric 

materials are coated with metal, ceramic powders 

using several methods. Among the most used are: 

physical vapor deposition (PVD), chemical vapor 

deposition (CVD), [12, 13], electroplating [10, 11] and 

thermal spraying (TS) [8, 9, 44]. All these techniques 

have inherent advantages and shortcomings [31]. The 

following table 1 highlights the main characteristics of 

each coating technology mentioned above, but also the 

main strengths and weaknesses of each. 

 

Thermal plasma spraying (APS) – brief description 
Plasma jet thermal spraying (APS) is part of TS 

technology - thermal spraying (table 1), [45]. The APS 

process involves introducing particulate raw material 

into the plasma jet to accelerate and fuse them with the 

deposition surface. The process is based on the 

formation of plasmogen by the dissociation and 

ionization of the gas in a high-power electric arc (about 

80kW) between a cathode and a tubular anode. The 

speed of the generated gas is high, of the order of 

1000m/s, because at the exit, the gas tends to return to 

the normal energetic state (lowest energy) forming 

again a strongly exothermic reaction, [45]. The main 

areas of use of this technology are closely related to 

the improvement of the surface characteristics of the 

substrate: resistance to wear (abrasion, erosion and 

friction); resistance to corrosion and oxidation; 

electrical conductivity or insulation; thermal or 

magnetic conductivity; biocompatibility etc. Figure 1 

shows how the APS equipment works. 

 

 
Fig 1. Schematic diagram of a thermal plasma spray (APS) 

equipment, [46] 

 

The main advantages offered by the APS thermal 

coating method are: increases the lifetime of 

parts/marks; cost reduction; reduced downtime / 

maintenance; increasing productivity; increasing 

product quality by improving functional 

characteristics. 

The disadvantages of the method are closely related to 

the high working temperatures that can affect the 

substrate (thermal degradation) and to the rapid 

cooling of the deposited powder due to the cold 

substrate with which it comes into contact. However, 

these disadvantages can be minimized by selecting an 

optimal spraying distance and time. As for the 

influence of the rapid cooling of the particles, it can be 

reduced if a preheating of the substrate is carried out. 

The main classes of materials used for the deposition 

of layers using the APS method are: 

Metal micro/nano-particles: Obtaining metal powder 

at the micro/nano level is achieved by synthesizing, 

[47], using constructive or destructive methods. 

Powders/particles can be obtained from almost all 

metallic materials (gold, silver, copper, aluminum, 

cobalt, zinc, cadmium, etc.).
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Table 1. General characterization of the main coating methods, [48-52] 

Coating scheme Description Details 

PVD - physical vapor deposition, [48]. 

 

The PVD takes place under vacuum conditions, 

allowing the vapor particles to move towards the 

surface of the part, without colliding with the 

molecules of a gas that would be present in the 

enclosure. The particles condense on the target 

surface, forming a thin film. Moreover, the vacuum 

makes it possible to avoid any chemical reaction (for 

example, if we deposit copper, the presence of oxygen 

produces copper oxide, which will have a negative 

influence on the quality of the deposited layer, on the 

deposition time etc.), [48]. 

Advantages and disadvantages:  
+ environmentally friendly compared to electroplating and 

painting; 

+ allows multiple coverage methods using the same 

technique; 

+ does not require additional layers of protection; 

+ large variety of powders that can be deposited; 

+ good resistance; 

+ superior durability; 

+ good dimensional accuracy; 

- expensive equipment; 

- requires cooling systems; 

- defects: exfoliation, cracking; 

- it involves qualified personnel due to the high working 

temperatures and the control of the evacuated premises; 

- the coating does not create chemical bonds with the 

substrate; 

- quite low productivity. 

Material: organic or inorganic materials. 

Aplicații: manufacture of electric circuits and integrated 

circuits; transparent coatings; reflectors and optics; 

aerospace, automotive, surgical and medical industries, 

molds for all types of materials that can be processed, 

cutting devices, weapons etc. 

CVD - chemical vapor deposition, [49] 

 

The CVD process involves exposing the surface of the 

part that serves as the substrate to volatile substances, 

substances that react in contact with the substrate, thus 

achieving the deposition of the layer. A classification 

of this process can be made according to the physical 

properties of the vapors: liquid phase for liquid or solid 

precursors, these being dissolved in a solvent and 

transported to the substrate similar to the CVD 

process; from the gas phase, by using a liquid/gas 

aerosol that transports the precursors to the substrate 

(chemical vapor deposition). 

The transported gas is also used to drive off volatile 

products that arise during the deposition process. 

Furthermore, chemical methods can be classified by 

operating conditions (atmospheric pressure, low 

pressure or high vacuum pressure). Chemical reactions 

lead to the absence of a distinct plane between the 

deposited layer and the substrate, as new molecules are 

generated and diffusion phenomena occur. The 

deposition step is carried out in a reactor, and the 

temperature is an important parameter that must be 

Advantages and disadvantages: 

+ productivity; 

+ allows the deposition of hard-to-evaporate materials; 

+ good reproducibility; 

+ allowing the creation of epitaxial films; 

+ high adhesion; 

+ high density, almost 100%; 

- expensive equipment; 

- complex procedure; 

- toxic and corrosive gases; 

- high temperatures. 

Material: metal or ceramic powders 

Applications: optical fibers, semiconductors and integrated 

circuits, sensors and optoelectronic devices, 

microelectronics industry (passivation layers, epitaxial 

layers, oxidation barriers, dielectric films, etc.) 
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controlled during the process. For this reason, only 

source materials and substrates compatible with the 

reactor operating condition are suitable for the process, 

[49]. 

EPD – Electrochemical deposition, [48] 

 

EPD is often performed in a two-electrode cell at a 

constant voltage. It is a well-known colloidal 

technique for making ceramic coatings in which 

charged suspended/dispersed particles move through a 

liquid medium to deposit on the conductive substrate. 

Usually, the size of suspended particles should not 

exceed 30 μm [53, 54]. 

Advantages and disadvantages: 

+ uniform thickness of the deposited layer; 

+ quick deposit; 

+ covers complex substrates; 

- low adhesion; 

- difficult to achieve crack-free coatings; 

- requires high sintering temperatures, [50]. 

Material: ceramic, metal. 

Applications: surface treatments and anti-corrosion-

electroplating, aiming to protect the substrate by covering 

with a top layer. 

TS - Thermal spraying, [49] 

 

During plasma spraying, which is performed in either 

an atmosphere or a vacuum environment, a direct 

current (DC) is established between the electrodes 

using a plasma-forming gas such as helium, argon, or 

hydrogen. It can melt or semi-melt the material to be 

deposited, as the temperature can reach 16000°C. 

These molten or semi-molten particles enter the 

spraying device to then be sprayed through a nozzle 

towards the substrate (target material). 

Advantages and disadvantages: 

+ high spraying speed; 

+ productivity; 

+ low cost; 

- high temperatures induce degradation of the substrate; 

- rapid cooling produces amorphous, hard and brittle 

coatings, [50]. 

Material: metals, ceramics, alloys and composites. 

Applications: refinery plants, water tanks, aircraft engine 

cylinders, shafts, bushings, elements - gas turbines, pistons, 

dies, guide rollers, bearings, [51]. 

CS- Cold spraying, [53]. 

 

The CS process is an additive manufacturing 

technique used to make new parts, repair structures 

and apply coatings with a high powder deposition rate. 

Solid metal powder is accelerated in a preheated gas 

stream and propelled toward a target. When the flux 

hits the target, the metal particles deform plastically 

and adhere to the surface, [55]. 

Advantages and disadvantages: 

+ low heating of the substrate, which is not thermally 

affected; 

+ there are no structural changes to the substrate (phase 

changes); 

+ the metal particles for deposition are not melted 

beforehand, reducing their oxidation; 

+ homogeneity of the surface; 

+ low porosity; 

+ the simplest and cheapest deposit method; 

+ resistance to compression; 

+ productivity; 

+ thin layer; 

- one of the constituents must be ductile (deformable). 

Material: Metals, alloys, polymers, ceramics and 

composites on a variety of substrate materials. 

Applications: bonding of two structurally different 

materials, strengthening of thin-walled structures. 



132 
 

 

Micro/nano-particles based on metal oxides: In order 

to improve the characteristics of micro/nanopowders, 

metal powders are synthesized. Their reactivity and 

efficiency is much superior to their metallic 

counterparts, [56]. Iron oxide (Fe2O3) is probably the 

best known metal oxide, which is formed when iron 

comes into contact with oxygen (from air, water, or 

another compound). The most used metal oxides are: 

aluminum oxides, silicon, zinc, titanium, cerium, 

magnetite. 

Ceramic micro/nano-particles: As the name suggests, 

they are based on ceramic materials that possess 

special characteristics, the most important being 

refractoriness. Ceramic micro/nano-particles are 

inorganic solids that can be obtained from both 

metallic and non-metallic compounds. These were 

discovered in the early 1980s and were formed using a 

process called Sol-Gel, which mixes the particles of 

the base material into a solution and gel to form the 

ceramic micro/nanoparticles. Later methods involved 

their sintering, a process involving parameters such as 

pressure and temperature. The small size of the 

particles allows to obtain extraordinary properties. The 

larger the particles, the more defects appear, making 

them brittle. They can be found in different forms: 

amorphous, polycrystalline, dense, porous or hollow, 

[58]. Therefore, these particles are used globally by 

researchers in applications in various fields of activity, 

imaging applications, dye photodegradation, catalysis 

and photocatalysis, and others [58]. In medical 

applications, they are used, for example, to reconstruct 

bone parts; in engineering applications, for energy 

storage and supply. They also find their applicability 

in the field of constructions, the transport system, 

communication, due to the electrical characteristics, as 

it allows the transfer of energy with maximum 

efficiency.  

 

2. EXPERIMENTAL ANALYZES USED IN 

COATINGS OF POLYMERIC MATERIALS 

 

In table 2, some researches carried out in the field of 

plastic material coatings are presented. The greatest 

interest, according to the analyzed references, belongs 

to the coatings with metal powders that had the 

purpose of improving, increasing the functional 

characteristics of the substrates (polymers). 

 

3. EXPERIMENTAL RESULTS ON THE 

COATINGS OF POLYMERIC MATRIX 

COMPOSITES (PMCS) WITH CERAMIC 

LAYERS USING APS 

 

3.1. Aluminum oxide coating (Al2O3) 

Before the deposition of the ceramic layer, an 

intermediate bonding layer (hereinafter referred to as 

the bonding coating) made of aluminum was 

deposited, with the role of increasing the adhesion of 

the upper layer to the polymer substrate. 

Morphology and structure 

Figure 2(a-b) shows the surface morphology of 

aluminum oxide (Al2O3) ceramic coatings that 

highlight layered spatters of pulverized alumina. Other 

features such as cracks, interlamellar pores and 

partially melted particles can also be observed [100]. 

On the surface of the coating, the presence of two types 

of structures specific to irregularly distributed ceramic 

deposits can be observed: coarse washes (in the form 

of pores or corals) and smooth and flat washes. To 

identify the chemical structure of the splats, an EDX 

analysis of the surface (indicated in the wheel borders) 

was performed, figure 2c and 2d. Following this 

analysis, it was observed that the structure of the two 

washes is similar, containing similar elements (Al and 

O), attributed to alumina. Thus, the possibility of 

successfully depositing aluminum oxide ceramic 

layers on a polymer substrate using APS technology 

was demonstrated. The fact that the two types of 

splashes are different (porous and smooth) comes from 

the different melting state of the particles.  

Figure 3 shows the morphology of the surface coatings 

with Al2O3 for two different values of the intensity of 

the spraying current: (a) 300A and (b) 360 A, 

respectively. It is observed that for the sample in which 

a higher intensity of the current (b) was used the 

porous (coral) splats are less because, the particles had 

more energy when they exited the plasma flame, they 

were melted in greater numbers than in case (a). Thus, 

a higher current intensity led to a decrease in pores and 

a more uniform deposition of the ceramic layer, [101, 

102]. 

The microscopic image of the cross-section of the 

polymer composite coated with a ceramic layer is 

shown in Figure 4. Figure 4(a) highlights the existence 

of cracks in the substrate and Figure 4(b) indicates the 

poor adhesion between the coating and the substrate. 

This defect probably occurred due to the fact that the 

current for coating (270A) was higher than that of the 

coating links (180A). It is known that the plasma jet 

velocity and thermal energy increase with increasing 

current, which causes an increase in particle velocity 

and temperature, respectively. With higher current 

intensity, the temperature of airborne particles first 

increases up to 500A and then decreases, [103]. 

Aluminum oxide particles sprayed with a higher 

current intensity had a higher temperature. Cracks and 

delaminations will certainly reduce the adhesion 

strength of the coatings. The black arrows indicate on 

the left side of figure 4 the cracks in the polymer and 

those on the right side indicate the lack of adhesion 

between the coating and the substrate. 
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Table 2. Study from the technical literature regarding the coating of polymer/composite materials with a polymer matrix 
Substrate Coating material The spray method * Analysis Reference 

PA 66 ( thermoplastic ) Al CS 
structural analysis, analysis of the influence of deposition parameters in order to optimize them, 

roughness and porosity 
[18] 

Epoxy reinforced with carbon fibers 

(thermoset)- CFRP 
Al CS the connection mechanism, volume resistivity determination, structural analysis [59] 

Polycarbonate Lexan Al CS 
surface morphology, normalized deposition efficiency and deposition degree for different powder 

feed rates 
[14] 

PEEK –  carbon fiber reinforced polymer 

(thermoplastic) 
Al CGDS 

corrosion damage, adhesion of the deposited layer to the substrate and cross-sectional analysis of 

the sample 
[60] 

PE textile materials Al 
Flame Spraying and Wire Flame 

Plating 
microstructure and electrical conductivity [61, 62] 

Epoxy reinforced with glass fibers 

(thermoset) 
Al Flame spraying 

coating and electrical conductivity characteristics, XRD structural analysis, mechanical pressure 

testing 
[63] 

Polymer matrix composites (PMCs) Al, Al2O3 APS mechanical properties (adhesion strength, nanohardness) and microstructure (SEM, XRD) [15] 

Carbon Fiber Reinforced Polymer 

Matrix Composite (PMC) 
Al, Al/Cu Cold nitrogen spray system microstructural analysis, microhardness and resistance of the bonds made by coating [64] 

Thermo-set polyimide (thermo-resistant 

material) reinforced with carbon fiber 

Al, Zn, Cu, 

Ni3Al/Al2O3 
APS and electric arc spraying coating adhesion study [16] 

PMC Al- Al2O3 APS analysis of the influence of process parameters on structure, adhesion and mechanical properties [65] 

PEEK450CA30 Al și Al/Cu CS study on the mechanism of creating bonds between the substrate and the coating layer [64] 

Composite based on polyamide and 

graphite fibers 

Al2O3, NiCrAlY și a-

SiN:H 

Magnetron sputtering and 

MOCVD 
analysis of deposit adhesion and oxidation resistance [17] 

Composite with polymer matrix Al2O3 și SiO2 
CVD,  Plasma spraying and 

micro-arc oxidation 
microstructural analysis for different time periods [66] 

Epoxy polymer reinforced with carbon 

fibers 
Al2O3 

Plasma spraying and micro-arc 

oxidation 
wear resistance, XRD, EDS, adhesion strength [67] 

PEEK450CA30  reinforced with carbon 

fibers 
Al, Cu CS the bonding mechanism of coatings, structural analysis [64] 

PC/ABS,  polyamide-6, polypropylene 

and a composite material based on glass 

fibers 

Al, Cu, Sn CS polymer wear, study of how polymer substrates are affected by process parameters [68] 

PU ( thermoset ) 
Al-12silicon (Cu 

intermediate layer) 
Flame spraying structural analysis, deposition efficiency [69] 

Composite with epoxy matrix reinforced 

with glass fibers (thermoset) 
Al-12silicone Flame spraying thermal analysis, SEM [70] 

Glass fiber reinforced epoxy Al-12silicone Flame spraying SEM, leakage behavior, determination of error propagation [71] 

Glass fiber reinforced epoxy Al-12silicone Flame spraying tensile testing, electrical resistance [72, 73] 

PU (thermoset) Al-12silicone Flame spraying 

mathematical modeling that was based on the approach of an ecological function, aiming at the 

predefinition of the temperature distribution in the polymer substrate during the deposition, 

mechanical analysis in dynamic regime, morphological analysis of the surface, electrical 

resistance, electrical conductivity, morphological characterization of the coating (XRD, hardness, 

SEM ) 

[74-77] 
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Thermoset PI reinforced with carbon 

fibers 

Al, Zn, Cu, 

Ni3Al/Al2O3 
Arc spray and APS adhesion strength [16] 

Composite with PI matrix Al2O3, SiO2 
CVD, plasma spraying and 

micro-arc oxidation 
different temperature ranges affect the coating microstructure and phase composition [66] 

CFPI Al and Al/Cu CS coating mechanism analysis [64] 

PI reinforced with carbon fibers 
Al2O3, NiCrAlY and a-

SiN:H 

metal-organic CVD and plasma 

enhanced CVD 
coating adhesion and coating oxidation resistance [17] 

Polymer reinforced with carbon fibers Cu APS 
the study of the adhesion of the deposited layer by tracking crack propagation and interlaminar 

rupture tests 
[78] 

PEEK reinforced with carbon fibers Cu CS adhesion strength of the metal layer, electrical behavior of the coating [79] 

PVC ( thermoplastic ) Cu, Sn CS 
shear bond strength, Vickers hardness, electrical resistivity, structural analysis (SEM, XRD, EDX, 

FIB). 
[80] 

Thermoplastics: Nylon 6, HDPE 

Polyurethane 
Cu CS the antifouling character of the coating. [81, 82] 

CFRP Cu APS rezistența adeziunii [78] 

PVC (thermoplastic) and epoxy 

(thermoset) 
Cu, Sn CS deposition efficiency, surface morphological analysi [83] 

PU, HDPE , PP, nylon 6,  PTFE și PC Cu CS 

effects of spray temperature and spray speed on particle penetration, weight gain and deformation 

of coated samples, tribological properties (coefficient of roughness and self-friction), electrical 

resistance. 

[84] 

Epoxy reinforced with carbon fibers Cu Plasma spraying 
XPS, percentage of bonds created, topography of treated and untreated samples (thermal, chemical 

and mechanical), adhesion strength, SEM, contact angle, surface energy 
[85] 

PA6 Cu CS adhesion strength, electrical conductivity, oxygen content and microstructure (SEM) [86] 

CFPI Cr3C2-NiCr,WC-Co APS ability to withstand  wear and  thermal shock [15] 

Polyamide matrix composite, quartz 

fiber reinforced (QFPI) and CFPI 

CoNiCrAlY/8YSZ, 

Zn/8YSZ, Al/8YSZ 
APS and HVOF improving thermal shock and antioxidation resistance for different temperature ranges [87-91] 

epoxy composite reinforced with carbon 

fibers in a single direction 
NiCrAlY and NiCr Flame spraying electrical characterization, Joule heating tests, SEM, EDX, fiber volume in the composite substrate [92] 

PEK ( thermoplastic ) Ti Cold gas spray Micro-Raman analysis, XRD [93] 

Heat-set polyimide reinforced with 

graphite fibers 
Zn/Ni-Cr-B-Si Arc spray Increasing the resistance of the bonds formed to shear and thermal fatigue [7] 

Epoxy tapes reinforced with carbon fiber 

and epoxy tapes reinforced with carbon 

fiber (Thermoset) 

Zn ( intermediate layer 

of Cu ) 
P-GDS structural analysis (reduced porosity) and micro-hardness [94] 

QFPI and CFPI 

Zn/8YSZ, 

CoNiCrAlY/8YSZ, 

Al/8YSZ 

HVOF and APS shock and antioxidation resistance (for different temperature ranges) 

[87, 89-

91, 

95] 

Composite with polyamide matrix Zr0.75Ce0.25O2/fosfat 
The sol-gel/sealant treatment 

process 
improving thermal oxidation and resistance to thermal ablation [96] 

QFPI Zr0.75Ce0.25O2/fosfat Sol-gel thermal oxidation and ablation resistance improved [96] 

T650-35/PMR-15 PMR-II /WC-Co HVOF and flame spraying determining the strength of the bonds created by coating [97] 

T650-35/PMR-15 
PMR-II+WC-Co/Zinc 

/WC-Co 
HVOF and flame spraying improving wear resistance and anti-oxidation [98, 99] 

T650-35/PMR-15 

PMR-II /WC-Co and  

PMR-II+WC-Co/Zinc 

/WC-Co 

HVOF and flame spraying bond strength, wear resistance and anti-oxidation [97-99] 



135 
 

 

 
Fig. 2. Surface morphology of the ceramic coating: at reduced magnitude (a); at high magnitude (b); EDX 

analysis on porous splat (c) and EDX analysis on smooth splat (d), [75] 

 
Fig. 3. Surface morphology of samples obtained by sputtering ceramic nanoparticles with varying current intensity: 

(a) 300 A and (b) 360 A, [65] 
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Fig. 4. Sectional view of samples coated using different sputtering parameters: (a) 150A – current intensity - 

coating links, 270A – sputtering current intensity, (b) 180A – current intensity - coating links, 270A – sputtering 

current intensity, [65]. 

Figure 5 shows the XRD patterns of the deposited 

Al2O3 layer, which suggests that the coating is 

composed of α-Al2O3, γ-Al2O3 and aluminum. It is 

known from the specialized literature that γ-Al2O3 is 

one of the intermediate phases formed when alumina 

is melted in the plasma jet, [99]. On cooling from the 

alumina melting temperature, γ -Al2O3 nucleates first 

over α -Al2O3; therefore, γ -Al2O3 commonly occurs in 

plasma thermally sprayed alumina coatings. The 

presence of aluminum is due to the lack of top layer 

coverage. To prevent thermal degradation of PMC, the 

process parameters were set to meet the following 

requirements: long spray distance, short spray time, 

and relatively low spray current intensity. 

 
Fig. 5. XRD analysis of aluminum oxide ceramic coating, [65] 

 
Shear strength of adhesion (between layer and 

substrate). 

Figure 6 shows the shear strength of the topcoats. For 

the coated samples using a current of 330A and 360A 

respectively, the adhesion strength is too weak and 

could not be tested. It is observed that the shear 

adhesion strength is the highest – 1.13 MPa for the T3 

sample with a spraying distance of 170mm, current for 

the upper layer of 270A and current for the bonding 

layer of 180A, and the lowest – 0.21 MPa for the T5 

sample with spraying distance of 190mm, current for 

the upper layer of 270A and of the intermediate layer 

of 180A. The adhesion/shear adhesion strength of the 

top layers dropped below 1.2 MPa, due to thermal 

damage during the spraying process. 
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Fig. 6. Shear bond strength for aluminum oxide top layer, [65] 

 
Nanoindentation 

Nanoindentation was tested on the surface of samples 

with sputtering current of 270A, 300A and 330A 

respectively, interlayer/bond layer and PMC. The 

results are shown in Figure 7. First, the nanohardness 

of the Al2O3 top layer is much higher than the 

nanohardness of the Al bonding layer and the PMC 

substrate, which suggests that APS technology can be 

used to increase the surface hardness. However, the 

hardness obtained for the deposited coatings is much 

lower than the nanohardness of the alumina layer, [42], 

which has an average value of approximately 0.46 

GPa. The reason for the reduction in nanohardness of 

the coating is that the nanohardness was achieved on a 

system containing a hard coating and a soft substrate. 

The very soft substrate (Young's modulus about 1.7 

GPa) can strongly affect the result of the 

nanoindentation test, [104-106]. 

 

3.2. Coating with neodymium zirconate (Nd2Zr2O7) 

The present study used Al as an intermediate layer 

between the top layer of Nd2Zr2O7 and the polymer 

substrate (polymer matrix composite reinforced with 

quartz fibers and containing (30-35)% polyamide 

resin, [107]. 

 

Morphology and structure 

After layer deposition, the phase compositions of the 

powders and the deposited layers (top and middle) are 

compared in Figure 7. As can be seen from this 

diffractogram, the diffraction peaks at (111), (222), 

(220), (311) and (222) with reflections of pure Al, well 

indexed for Al powders at 2 = 38.5°, 44.7°, 65.1°, 

78.2°, and 82.5° (JCPDS 65-2869). There are no 

noticeable peaks for other phases in XRD pattern of 

the Al coating, thus highlighting the fact that during 

the plasma sputtering procedure, there doesn't seem to 

be any oxidation of Al. 

Relatively, the peak corresponding to the Al coating 

has a small change compared to that of the Al micro-

particles, being mostly ascribed to the residual stress 

composed of cooling stresses and compressive stresses 

after coating process. Typically, compressive stresses 

derive mainly from the contraction of individual 

sprays when they have cooled to the temperature of the 

substrate (cold/unheated). The cooling stresses 

resulted from a mismatch in the thermal expansion 

rates of the substrate (polymer) and the deposited 

material/powder when they were wholly cooled (room 

temperature), [65]. As seen in Figure 7, the Nd2Zr2O7 

coating's diffraction peaks match those of the 

Nd2Zr2O7 powder, demonstrating the material's 

outstanding phase stability, in the extremely high 

temperature plasma flame. The shape of the diffraction 

peaks of the powders and the coating, sharp and 

narrow, suggest good crystallinity, but the coatings' 

diffraction peak intensities are lower than those from 

the powders', possibly because the amorphous phase 

has formed in the coatings during the annealing 

process, recrystallization, [107]. The typical 

morphological structure of the substrate and the 

deposited top layer are shown in Figure 8. As can be 

seen in Figures 8(a) and 8(b), the substrate surface 

resins are ground with abrasive paper to remove them 

and reveal the strands, in while the effective surface 

roughness, the surface of the substrate is (2.63±0.098) 

μm. In general, the plasma flame has an extremely 

high temperature, while the raw materials are exposed 

in the perimeter of the flame for a very short time, then 

they solidify quickly on the substrate (solidification 

rate greater than 106 K/s), [108]. The raw material 

particles display various melting states as a result 

during thermal spraying. As observed in Figure 8(c) 

and 8(e), coexistence of unmelted, partially melted, 

and fully melted particles led to the creation of both 

rough and smooth areas in the coating. The coarse 
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portions of the Al layer and the Nd2Zr2O7 layer are 

primarily made up of unmelted or partially melted 

particles, and the random stacking of these particles 

during cooling results in the production of non-

uniform coating surface morphologies after cooling. 

The rough and uneven surface of the deposited Al 

layer may be beneficial to create a mechanical 

connection between the Nd2Zr2O7 layer and the Al 

layer, the distribution of fully melted Al particles is 

primarily responsible for the smooth area in the Al 

layer, Figure 8(d). However, The distribution of 

lamellae/splats produced by fully melted Nd2Zr2O7 

particles is caused by the higher melting point of 

Nd2Zr2O7 compared to Al. The development of tiny 

fissures in a smooth area can be attributed to the 

shrinkage of the molten particles during the cooling 

process Figure 8(f), which released the stresses in the 

coating during thermal cycling, [108]. 

 

 
Fig. 7. Diffractometric analysis of powders and coatings involved in the study, [107]: Al coating (a), Al powder (b), 

Nd2Zr2O7 coating (c) and Nd2Zr2O7 powder (d). 

 

  

 
Fig. 8. Typical surface morphologies of the substrate, interlayer and top layer: substrate (a, b), aluminum intermediate 

state (c, d), and Nd2Zr2O7 coating (e, f) [107]. 
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To further investigate the adhesion between the 

coating layer and the deposited interlayer, the 

microstructures of the coatings' cross-sections at 

various thicknesses for Al and Nd2Zr2O7 layers were 

compared in Figure 9 and respectively Figure 10. 

Because the intermediate layer's melting point is lower 

(933 K) than the higher layer's melting point (2573 K) 

for all coating materials, the interior Al layer is 

significantly dense than the upper Nd2Zr2O7 layer [8]. 

At the same time, the contact between both the Al 

coating and the substrate is visible, and there are no 

obvious flaws there, which leads to the conclusion that 

the molten Al particles do not degrade or damage the 

surface of the polymer substrate during plasma 

spraying. However, due to the rapid cooling (caused 

by the deposition on the cold surface of the sample) of 

the Nd2Zr2O7 particles, the upper layer shows obvious 

defects in the form of holes or pores, which, according 

to the literature, are characteristic of ceramic coating 

by APS. The typical microstructures obtained by 

depositing two layers (one intermediate and one upper) 

are favorable for minimizing heat conduction and 

continuously improving the thermal protection 

capability of the coating. 

 

 
Fig. 9. Standard microstructures for coatings with various Al: (a, d) A45N100, (b, e) A60N100 and (c, f) A97N100, [107]. 

 

The average microhardness of the substrate, Al 

intermediate layer and Nd2Zr2O7 upper layer showed 

the following values: 38.4 HV - substrate, 43.5 HV - 

Al intermediate layer and 363.4 HV - ceramic layer, 

respectively (Figure 11). According to Figure 11It is 

interesting to note that the Nd2Zr2O7 layer has a 

microhardness that is significantly higher than both the 

substrate and the Al layer, indicating that the 

deposition of the Nd2Zr2O7 ceramic top layer may be 

advantageous for increasing the microhardness of the 

PMC surface. 
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Fig. 10. Typical microstructures of coatings with different 

Nd2Zr2O7 layer thicknesses: (a) 45 μm Al state and 100 μm 

Nd2Zr2O7 layer, (b) 45 μm Al layer and 160 μm Nd2Zr2O7 

layer, (c) 45 μm Al layer and 200 μm Nd2Zr2O7 layer, (d) 

45 μm Al layer and 225 μm Nd2Zr2O7 layer, [107]. 

 

 
Fig. 11. Microhardness of the substrate and the two 

deposited layers (Al and Nd2Zr2O7), [108]. 

4. CONCLUSIONS 

 

XRD analysis revealed that the coatings have a 

crystalline structure (with specific crystallization 

peaks of pure aluminum), and the sputtering 

parameters had no effect on the phase composition of 

the coatings. The highest layer shear strength was 5.21 

MPa – sample sprayed with a current of 180A and a 

spray distance of 190 mm. In order to obtain Al2O3 top 

layers with higher adhesion strength, the possibility of 

using another polymer with higher thermal resistance 

was considered, and it was also considered that cooling 

the substrate during sputtering would lead to better 

results. In conclusion, the coating of the composite 

polymer with aluminum oxide ceramic state favored 

the increase of the surface hardness of the 

tested/analyzed benchmarks. 

Following the results presented regarding the coating 

of the polymer matrix composite with Nd2Zr2O7 

ceramic layer, the following conclusions can be 

drawn: 

- the XRD analysis revealed the crystalline character 

of the deposited layers (intermediate layer of Al and 

upper layer of Nd2Zr2O7); 

- the structural analysis undertaken on the coated 

samples (surface and cross-section) made it possible to 

identify some defects (pores, cracks, lack of adhesion) 

that are specific to coatings with ceramic layers, but 

they can be minimized by carefully controlling the 

process parameters; 

- Nd2Zr2O7 layer has a significantly higher 

microhardness than the substrate and the Al layer, 

highlighting the possibility of improving the PMC 

surface. 
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