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In this study, Yttria-stabilized zirconia (YSZ) thermal barrier coatings were fabricated by plasma spraying. 

The surface of the YSZ coatings was modified using a CO2 laser to eliminate surface defects. Laser-glazed 

tracks were created on the coating surface with many different parameter variations to determine the 

optimum laser parameters. The microstructure of these tracks was examined by scanning electron 

microscopy. The optimum laser parameter was determined as 77.7 W laser power, 120 mm s-1 scanning 

speed, and 215 mm laser distance according to microstructural properties. The optimization process 

showed that the laser parameters are effective on the glazed layer microstructure. After optimization work, 

a whole coating surface was glazed using optimum laser parameters. Structural characterization and 

hardness tests were applied to laser-glazed and unglazed coating in order to understand the effect of the 

laser glazing. Also, the fracture toughness of the laser-glazed layer was calculated. After laser glazing, a 

30-50 µm thick, dense layer combined with a coating was obtained. A crack network formation was 

observed on the surface. Surface roughness decreased almost 10 times compared to unglazed YSZ. The 

monoclinic ZrO2 phase in the coating structure was eliminated. The surface hardness and fracture 

toughness of the coating was improved after laser glazing. 

 

Keywords: Laser processing, YSZ, Fracture toughness, Microhardness, Thermal barrier 

coating 

 

Highlights: 

• 77.7W laser power, 120 mm s-1 scanning speed, and 215 mm laser distance were found as optimum laser 
parameters. 

• For this purpose, 32 different laser parameters were applied to the YSZ coating surface. The optimum laser 
parameter was determined according to microstructure, the surface roughness, and the thickness of the 
laser glazing area which is confirmed by 30–50 µm, of the coating 

• In addition, the surface hardness was increased by a factor of 3 and the fracture toughness of the coating 
was improved after the optimum laser glazing process.  

• A dense layer with lower surface roughness and maximum surface depth was obtained by optimum laser 
processing parameters. 

 
0 INTRODUCTION 

 

The improvement of new coating materials 

provides an increasing the life of the high 

temperature exposed underlying substrate. Due to 

the gas turbine inlet temperature increasing day by 

day, the development of new and alternative TBCs 

materials which are continuously high-

performance and durable coatings gained 

importance[1]. Blades and combustion chamber 

parts in the high-temperature region of gas turbine 

engines are coated with ceramics with low thermal 

conductivity, high melting temperature and high 

thermal expansion in order to protect them from an 

aggressive environment. Thermal barrier coatings 

(TBC) are employed in different components such 

as gas turbines, marine engines, combustor 

chambers, power generation, pyrochemical 

reprocessing units and many more to protect their 

high temperature and to improve the efficiency of 

high temperatures in the working environmental 

[2], [3][4]. Turbine parts coated with TBCs not 
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only provide thermal isolation under high thermal 

loads components but also provides higher engine 

efficiency, lower cooling requirements, and 

emission reduction [5]. Typical, thermal barrier 

coatings consist of three layers: a thermal isolation 

ceramic top layer, an intermediate thermally-

grown oxide layer (TGO) and a metallic bond 

layer[4], [6]. Thin TGO which includes mainly the 

alumina layer consists of during operation 

temperature between bond-top coat interface since 

the oxygen passes from the surface through the 

bond coat [7]. The nickel-based metallic bond 

layer protects the substrate from oxidation [4], [8]. 

It also compensates for thermal expansion 

mismatches, which can cause thermal stress, 

cracks formation and failure of the TBCs system, 

between the ceramic top layer and the substrate 

[9]. 8 wt% yttria (8YSZ) is mostly used as a 

ceramic top layer due to its outstanding properties 

such as relatively high coefficient of thermal 

expansion (11 × 10−6 K−1) (1073 K) and low 

thermal conductivity (1.5 to 2.1 W m−1 K−1) low 

thermal conductivity [10]. In addition, properties 

such as high fracture toughness, phase stability at 

high temperatures, and high environmental 

corrosion resistance are expected from top-layer 

ceramics [11].  

Yttria-stabilized zirconia (YSZ) thermal 

barrier coatings are most commonly produced by 

plasma spray [12]. In the plasma spray process, a 

plasma flame is created by using gas mixtures such 

as Ar/H/He. Spherical micron-sized powder 

feedstock material is fed into the plasma flame 

with the help of a powder feeder unit. Feedstock 

powder is sprayed toward the substrate in 

molten/semi-melt form. In-flight particles 

reaching the substrate are overlapped and bonded 

to each other. The bond layer is most commonly 

fabricated with high-velocity oxygen fuel (HVOF) 

due to it provides a lower particle temperature and 

a higher particle velocity compared to atmospheric 

plasma spray (APS) methods [13]. Therefore, 

HVOF has good adhesion to coatings, which have 

a lower content of oxides and lower porosity and 

higher deposition efficiency than APS methods 

[14]. Plasma-sprayed YSZ coatings include 

around 10-20% [15] porosity which contains a lot 

of a number of cracks and voids. Porosity provides, 

strain tolerance, isolation and segmentation crack 

stopper resulting in improving the lifetime of the 

TBC [16].  

Laser surface modification can protect the 

coating against environmental effects by obtaining 

a dense and smooth layer on the surface without 

increasing the thermal conductivity of the coating 

and reducing the expansion tolerance. The top coat 

is quickly remelted to a depth of specific microns 

by a scanning laser beam using an advanced laser 

glazing process. Therefore, rapid resolidification 

within the modified depth inducts a controlled 

network of segmentation cracks and a dense layer. 

In order to obtain such a dense structure on the top 

layer, the researchers [15], [17]–[20] proposed 

laser glazing on the coating surfaces. To determine 

the durability and strain tolerance of the TBCs 

fracture toughness and stiffness are two basic 

properties under thermo-mechanical loading [21]. 

Reza et al. [2], [22] claim that laser surface 

modification provided a smoother surface and 

improved hardness properties by about 15% of the 

laser-glazed YSZ compared to unglazed YSZ. 

Morks et al. [2] as sprayed YSZ coating had lower 

Vickers hardness compared to laser glazed 

coating. They also reported that due to grain size 

decrease after laser glazing the hardness values of 

the YSZ increased. Due to the lower fracture 

toughness of the typical thermal spraying coatings, 

the inherent fracture toughness of the TBC is a 

significant phenome affecting the coating lifetime. 

[23] et al. studied the fracture toughness of the as-

sprayed La2Ce2O7/YSZ composite and La2Ce2O7 

thermal barrier coatings. The addition of YSZ into 

La2Ce2O7 can cause improved fracture toughness 

due to a higher energy-relieving rate. 

Soleimanipour et al. [24] reported that laser 

glazing Al2O3/ZrO2 showed higher fracture 

toughness and thermal stability than unglazed 

composite since the existence of continuous 

network cracks perpendicular to the surface in the 

laser glazing layer. Thermal shock, thermal 

cycling and hot corrosion resistance of the TBCs 

increase due to laser glazing and also improve 

vertical cracks and voids thanks to rapid 

solidification [25]. Due to shrinkage during 

solidification cracks occur between splats in the 

coating. These microstructural properties inhibit 

thermal conductivity by reducing phonon 

scattering and provide thermal expansion tolerance 

[3], [26]. Besides these advantages, it brings a 

disadvantage in environmental-induced corrosion 

which occurs due to dust in the atmosphere 

entering through turbines and melting the TBCs in 

the hot region. In addition, Na, V, and S impurity 
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elements in the fuel accumulate on the coating 

surface over time. They react with yttria and cause 

destabilization which leads to accelerates the 

tetragonal-monoclinic phase transformation and 

volume expansion by about 5% [25]. Ghasemi et 

al. [27] reported that laser glazing reduced surface 

porosities and surface roughness of the thermal 

barrier coatings due to laser glazing improving the 

structural integrity. Calcium-magnesium-alumina-

silicate (CMAS) infiltration from surface to bond 

coat significantly decreased after laser glazing of 

the as-sprayed YSZ [3]. Guo et. al [28] plasma-

sprayed YSZ TBCs were subjected to hot 

corrosion after laser glazing. They reported that the 

amount of monoclinic phase formed as a result of 

destabilization decreased in laser-glazed YSZ 

compared to the untreated coating, as well as that 

the laser-glazed layer provided integrity against 

molten salt. However, they also reported that 

vertical cracks formed after laser glazing facilitate 

molten salt penetration and cause corrosion. 

Varghese et al. [29] found that laser remelting was 

applied to plasma-sprayed YSZ coatings against 

molten sodium corrosion. In their molten sodium 

corrosion experiments, they reported that vertical 

segmentation cracks formed as a result of laser 

remelting caused molten sodium penetration. They 

reported that molten sodium went down into the 

untreated area and diffused into the pavement 

through porosity and a network of cracks. Thus, 

desirable protection could not be achieved. 

According to these two studies, there is a need for 

a denser surface structure with a less vertical crack 

network for TBCs. This can be achieved by 

optimizing the laser process parameters. Milesan 

et al. [30] reported that CO2 laser glazing presented 

low laser power values and low values of the 

roughness of the hard steel sheet. 

There are many studies on the laser surface 

treatment [1]–[3], [5], [19], [20], [31]–[39] of the 
plasma sprayed thermal barrier coating. However, 

it was concluded that the study on finding the 

optimum laser parameter for the thermal barrier 

coating is very rare, even though there is no study 

on the effect of the optimum laser parameter on the 

fracture toughness and hardness values of YSZ. 

For this reason, in this study, laser-glazed tracks 

with different laser distances (195 mm and 

215mm), laser powers which are 28, 36.5, 44.6, 

52.9 61.1, 69.4, 77.7, and 85.9 W, and scanning 

speeds which are 60, 80, 100, 120, 140, 160, 180 

and 195 mm s-1 were created using a CO2 laser with 

various laser powers on the surface of plasma-

sprayed YSZ TBCs. The cross-section and surface 

microstructures of these tracks were examined and 

the optimum laser surface modification parameters 

were determined. The whole coating surface was 

modified with the optimum parameters. The 

structural and mechanical properties of the whole 

surface-modified coating were also investigated. 

 

1 METHODS and EXPERIMENTAL 
 

1.1 Coating Deposition 
Disc-shaped AISI 304 stainless steel 

coupons, which were cut by a laser cutting 

machine diameter of 25.4 mm and thicknesses of 3 

mm, were used as a substrate. The substrates were 

grit blasted using 50-80 grain mesh alumina with a 

200 mm gun distance to improve interface 

adhesion between substrate and bond coats and to 

remove possible ruins on the metallic surface. The 

substrates were stacked with double-way sticker 

tape to achieve homogeneous surface roughness on 

all sample surfaces. After grit blasting, the surface 

roughness of the substrate was measured as around 

2.7 µm [40] with an optical profilometer (Veeco 

WYKO NT1100) device. The samples were 

cleaned using an ultrasonic cleaning device in 

ethanol for 30 min before bond coat deposition.  

Grit-blasted samples were clamped to a rotating 

table at 100 revolutions per min (rpm) for 12 

passes. Metco AMDRY 997 commercial powder 

was deposited on the samples by the HVOF 

spraying method as a bond coat. Table 1 shows the 

HVOF process parameters.  

 

Table 1. Process parameters of HVOF 

Material  Pressure (bar) Flow Rate (SCFH) Process  

Amdry 997 

Oxygen Propane Air Oxygen Propane Air       Spray           

    distance 

Feeding rate 

10.3 6.2 7.2 24 40 50     250 mm 50 g min-1 



Strojniški vestnik - Journal of Mechanical Engineering vol(yyyy)no, p-p 

 

Author's Surname, N. - Co-author's Surname, N. 4 

After bond coat deposition, the ceramic top 

coat, whose commercial name is Metco 204B-NS 

YSZ (ZrO2–8 wt.%Y2O3), was deposited using the 

atmospheric plasma spraying technique. Table 2 

illustrates the APS process parameters. The gun 

nozzle selected was a commercial 9MBM with a 

powder injection angle perpendicular to the plasma 

flame. 

Table 2. Process parameters of plasma spray 
 

Parameters 

Current (A) 5500 

Primary gas flow rate,Ar (scfh) 990 

Secondary gas flow rate, H2 (scfh) 115 

Carrier gas flow rate, Ar (scfh) 113.5 

Number of passes 112 

Spray distance (mm) 775 

Gun speed (mm/min) 6600 

Turntable speed (rpm) 1100 

 

1.2 Laser Surface Modification 
The surface treatment was carried out using 

a pulsed CO2 laser. This laser operated at a 10.6 

μm wavelength with a pulse duration in the range 

of 5–400 µs and a repetition rate range between 5 

kHz and 100 kHz. A galvanometric system that 

provides the computer-controlled movement of the 

laser beam was used with a 160 mm focal length 

F-Theta lens, to achieve desired surface area. The 

parameters include laser power, scanning speed, 

fill spacing (distance between subsequent laser 

tracks), the distance between the F-Theta lens and 

the samples, and the pulsed frequency. The 

software controlling the laser device (Ezcad) uses 

Pulse Width Modulation (PWM) signals and the 

power increase is provided by percentage 

increments in the software. For this reason, laser 

glazing processing was performed in 2% 

increments made in the software, which 

corresponds to 8W laser power in the processing 

region in our experimental setup. Since the 

percentile expression in the laser control software 

is a relative parameter, the power values are given 

in the text because it is thought that the values 

measured with a power meter in the processing 

area are more useful. In order to determine the 

optimum parameters, various scanning speeds, 

distances and laser power were investigated as 

seen the Table 3. The surface and cross-section 

characterization of the obtained laser scan traces 

were provided and the laser parameters were 

optimized in line with the determined target 

criteria. As a result of laser scans, thirty-two 

different scan traces were obtained on the surface 

of the YSZ coating. The optimum laser parameter 

was determined according to microstructure, the 

surface roughness and the thickness of the laser 

glazing area which is confirmed by 30–50 µm [2], 

[41]. In the laser glazing, samples were tried to be 

processed with equal increases in laser power by 

determining the lower limit where the laser power 

has a minimum effect and the upper limit causing 

the spallation of the coating.  

Table 3. Laser processing parameters 

 Materials Laser Distance Laser Power 
Scanning 

Speed 

Parameters YSZ 

215 mm 

28 W 60 mm s-1 

36.5 W 80 mm s-1 

44.6 W  100 mm s-1 

52.9 W  120 mm s-1 

195 mm 

61.1 W  140 mm s-1 

69.4 W 160 mm s-1 

77.7 W  180 mm s-1 

85.9 W 195 mm s-1 

1.3 Characterization Studies 
APS YSZ and laser-glazed YSZ TBCs were 

examined by scanning electron microscopy 

(Phenom-World XL) from the cross-section and 

surface of the coating. Physical properties such as 

dense layer microstructure, the thickness of the 

coatings and porosity were achieved as a result of 

laser glazing using the SEM device. The porosity 

results were obtained from the SEM images of 

both the cross-sectional and surface of the YSZ 

coatings according to ASTM-B276. Surface 

roughness values of the coatings were measured 
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using a stereographic option which captured 

pictures of the TBC from different angles of the 

SEM device. Thus, a 3D model of the coating 

surface obtains from the SEM pictures of the 

coating with 10 nm precision. Surface roughness 

measurements were applied five times for four 

random places on the sample surface. The average 

surface roughness was found by drawing 5 

different lines from each surface for porosity 

measurements. Afterward, this process was 

repeated in 4 different parts of the surface and the 

results were obtained from 20 different. 

Microhardness measurement was conducted on the 

whole surface of glazed samples with a load of 500 

g (4.9 N) for 25 seconds. Hardness tracks and 

formulation possible cracks were observed 

through not only light microscopy but also SEM 

device. The following equation can be used to find 

out the surface fracture toughness of the coating 

after the optimum laser parameter [42], [43]; 

𝐾𝐼𝐶 = 0.16(
𝑐

𝑎
)−1.5(𝐻𝑎1/2), H=1.8P a-2  (1) 

where KIC is fracture toughness 

(MPa·m1/2); H is Vickers hardness (MPa); P is test 

load in Vickers hardness (MPa); c is the average 

length of the cracks obtained in the tips of the 

Vickers marks (mµ), and a is the half average 

length of the diagonal of the Vickers marks (mµ).  

X-ray diffraction characterization of the 

YSZ powder, the as-sprayed coating, and the laser-

glazed coating was conducted by parameters at 

2Ɵ=10-90º and 5º min-1 scanning speed. The wt% 

phase fraction of the monoclinic ZrO2 phase (Xm) 

was calculated by using peak intensities in the 

range of 2Ө=28-32º. Eq. (2) was used for 

calculation [43]. 

𝑋𝑚 =
𝐼(111)̅̅ ̅𝑚+ 𝐼(111)𝑚

𝐼(111)̅̅ ̅𝑚+ 𝐼(111)𝑚+ 𝐼(111)𝑐,𝑡
         (2) 

 

Besides, the wt% fraction of cubic phase 

(Xc) was calculated by peak intensity of cubic 

(400) peak, tetragonal (400) and (004) peak in the 

range of 2Ө=72-76º. Eq (3) was used in the 

calculation [44]. 

𝑋𝑚 =
𝐼(400)𝑐

𝐼(004)𝑡+ 𝐼(400)𝑡+ 𝐼(400)𝑐
      (3) 

 

2 RESULTS AND DISCUSSIONS 
 

2.1 Coating Characterization 
Fig. 1 shows cross-sectional and surfaces 

SEM images of the as-sprayed YSZ coating, 

respectively. Fig. 1 a) shows a typical thermal 

barrier coating which consists of a substrate, 

NiCoCrAlY bond layer coated on the substrate and 

YSZ top coat deposited on the bond coat. Fig. 1 b) 

presents a cross-sectional SEM image of the YSZ 

with lamellar microstructure and columnar-grain 

splats. SEM images also show continuous 

adhesion between the bond coat-top coat and bond 

coat-substrate. It is seen from Fig. 1 that the bond 

coat thickness is around 70–85 µm and the YSZ 

top coat has 210–225 µm thickness. Fig. 1 shows 

the surface microstructure of YSZ TBC after 

coating deposition with many defects which makes 

the top coat very rough, such as porosity, cracks, 

partially molten powders, and splats formed during 

the solidification of melted powders. Un-molten 

and partially molten YSZ particles make weakly 

bond to each other, resulting they cause occurring 

a porous microstructure in the coating. In contrast, 

the top layer bond coat has a dense and non-porous 

structure because of the HVOF method. The YSZ 

top layer is in the traditional plasma-sprayed 

coating microstructure.  
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75 µm

 
Fig. 1. The SEM images of YSZ TBCs, a) Cross-sectional image, b) Surface image

2.2 Characterization of Laser Remelted 

Coatings 

Surface SEM images of laser tracks were 

achieved by using a constant scanning speed (120 

mm s-1) and laser distance (215 mm) however, 

gradually increasing laser power is shown in Fig. 

2. Compared to the initial surface structure, the 

surface microstructure of the coatings changed a 

lot as a result of laser glazing. Grain forming of 

laser glazed surface consists of three stages, which 

are heating, melting, and solidification. When the 

laser beam is absorbed by the coating surface, the 

surface temperature quickly goes up and begins to 

melt. After that, the melted areas begin to re-

solidified, which is also the fine grains forming 

step, immediately following the onward laser light 

[2]. A flat surface is formed, and there is a 

continuous crack network formation on all 

surfaces. These cracked networks may cause 

shrinkage and increase in density on the coating 

surface as a result of rapid solidification during 

laser glazing [29], [45]. As a result of the increase 

in laser power, the area of the region limited by the 

cracks extended. It has been seen in Fig. 2 the size 

of the gap between the two cracks increased. It is 

seen the Fig. 2 that the 69.4 W, 77.7 W and 85.9 

W laser powers applied surfaces have continuous 

surface areas and their roughness is lower than the 

others. The best surface result was obtained when 

77.7 W laser power was applied to the surface. 

Melting increased with the growth of heat energy 

input to the coating surface. The increase in 

melting causes a greater volume of coating to be 

melted. For this reason, larger islets and inter-islet 

gaps are formed as you see in Fig.2. In addition, 

crater-like depressions are randomly distributed on 

the surface. These cavities are formed as a result of 

gases rising to the surface, which were trapped in 

the porosities during insufficient melting and 

solidification during coating production. In the 

plasma spraying process, overlapping of unmelted 

and semi-molted particles creates porosities. Due 

to unmelted particles being melted as a result of 

energy input to the porous area, the porosity is 

filled with gas. Rapid solidification leads to 

trapping gas inside the coating resulting in, crater-

like structures formed on the laser-glazed surface 

[36].
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Fig. 2. SEM surface images of the laser tracks were obtained by increasing laser power gradually from 28 W 
to 85.9 W, laser distance at 215 mm, scanning speed in 120 mm s-1 for YSZ coating

 

 

When the laser distance was decreased by 

195 mm keeping the scanning speed constant, 

partial melting occurs on the surface at the lowest 

power. There are pits on the surface resembling the 

initial microstructure. By increasing the laser 

power, a flatter surface has begun to be obtained. 

As in the first experiment, the increase in laser 

power caused an increase in the area of the crack 

islets and an increase in the gaps between the islets. 

Crater formation increased with the approaching 

laser distance. In summary, the melting increased 

with the increase in laser power. This resulted in 

greater enlargement of the crack islets and 

increased solidification shrinkage. Thus, the 

distance between the islets increased. This means 

more gaps in the coating surface for CMAS and 

hot corrosion salts to fill. It also creates gaps for 

environmental corrosives in crater-like 

depressions. For this reason, the effect of scanning 

speed was investigated for obtaining a flatter 

surface. The microstructures of the tracks were 

obtained by increasing the scanning speed at 

constant laser power and laser distance. 

When the scanning speeds increased from 

60 mm s-1 to 200 mm s-1 at 215 mm laser distance 

and 28 W laser power, SEM surface images of 

laser tracks showed the crack islets decreased in 

size. The crack spacing between islets also 

decreased. The energy input during glazing 

decreased with the increase in scanning speed. The 

number of crater-like depressions also increased. 

Experiments were continued by reducing the laser 

distance to 195 mm with an increase in scanning 

speed the melting of the coating surface decreased. 

Sections reminiscent of the initial coating 

microstructure can be seen in the tracks obtained 

at 140 and 160 mm s-1 speeds. This indicates that 

sufficient melting did not occur at these speeds. At 

other speeds, a smoother surface was obtained. 

However, smaller crack islands were formed at a 

speed of 80 mm s-1. The less crater-like 

depressions mainly formed at 100 mm s-1. 

In this section, the change in the surface 

microstructure was investigated as a result of 

decreased laser distance and increased scanning 

speed. Results show that a reduction in the laser 

distance and increasing in the scanning speed 

caused a reduction in the melting of the surface. 

The only surface microstructure is not sufficient to 

determine the optimum laser parameter. It is 

necessary to obtain a dense laser-glazed layer, 

which is not separated from the coating layer as 

well. For this reason, cross-sectional 

microstructures of all laser tracks were also 

examined. Fig. 3 shows cross-sectional SEM 

images of the laser tracks obtained by increasing 

the laser distance to 215 mm, scanning speed to 

120 mm s-1, and laser power gradually from 28 W 

to 85.9 W. A dense layer was formed on all laser-

glazed tracks that did not separate from the coating 
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layer. Laser-glazed layer thicknesses are close to 

one another. The laser-glazed layer thickness 

obtained with 28, 36.5, and 44.6 W laser power is 

thinner than the tracks produced at other laser 

powers. A dense layer of 20 µm thick was obtained 

at these laser powers. In other powers, the laser-

glazed dense layer thickness was measured at 

around 30 µm. As seen the Fig. 3, when applied to  

69.4 W, 77.7 W and 85.9 W laser powers at 120 

mm s-1 scanning speed with a laser distance of 215 

mm continuous and thicker dense layers were 

achieved. A laser-glazed sample with 77.7 W laser 

power was selected as the best sample since its 

surface properties were better than the others as 

well.  

 

 
 

Fig. 3. Cross-sectional SEM images of the laser tracks were obtained by increasing the laser distance to 215 mm, 
scanning speed to 120 mm s-1, and laser power gradually from 28 W to 85.9 W 

 

When SEM images of the laser tracks 

were obtained by reducing the laser distance to 195 

mm, scanning speed to 120 mm s-1, and laser 

power gradually from 28 W to 85.9 W, the melting 

depth was reduced with the decrease in the laser 

distance. The layer thickness obtained with 215 

mm laser distance decreased by half. However, the 

laser-glazed layer thickness increased with the 

increase in laser power. Especially at low powers 

such as 28 and 36.5, almost no dense layer was 

formed. A more distinct dense layer was formed on 

the tracks made with subsequent laser powers. At 

these powers, the layer thickness is 10-15 µm. 

Laser power density decreased by decreasing the 

laser distance from 215 mm to 195 mm. This 

resulted in an inability to perform an effective 

glazing process. At all distances, there is a dense 

layer integrated with the coating. The thickness of 

this dense laser-glazed layer decreased with 

increased scanning speed. 

2.3 Characterization of the laser-glazed 
coating using hardness, fracture toughness and 
XRD  

In the previous section, optimum laser 

parameters were selected according to 

microstructure properties such as porosity, surface 

roughness, and acting laser glazing depth. While 

selecting the optimum laser parameter, 

microstructure changes, the laser acts depth and 

the formation of cracks on the thermal barrier 

coatings were determined as boundary conditions. 

While selecting the optimum laser parameter, 

attention was paid to ensuring that the laser depth 

was between 30-50 µm. In the other words, the 

optimum parameter was achieved until the laser-

glazed layer to being dense, integrated with the 

coating, had low surface roughness, and less crack 

network of 30-50 µm. For this purpose, 32 

different laser parameters were applied to the YSZ 

coating surface step by step to determine better 

microstructure in boundary conditions. The whole 
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surface of the APS YSZ was modified by laser 

under the most suitable parameters which are 77.7 

W laser power, 120 mm s-1 scanning speed, and 

215 mm laser distance, determined after the 

optimization processes. Fig. 4 a) shows the laser 

glazed coating cross-sectional SEM image and 

Fig. 4 b) presents the surface microstructure SEM 

image of the full surface laser glazing with the 

optimum laser parameters which are 77.7 W laser 

power, 120 mm s-1 scanning speed, and 215 mm 

laser distance. In the cross-section microstructure 

of the APS YSZ, a dense layer between 30-50 µm 

thick, integrated with the coating, was obtained. 

On the surface, there are wider cracked and 

narrower islets. However, there are areas where the 

inter-crack distance is larger and crater-like 

depressions are absent on the laser-glazed YSZ 

surface. 

Table 4 shows, the Ra surface roughness 

value measured as 5.26 µm and 0.69 µm before 

laser glazing, respectively. The Rz value of APS 

YSZ was 20.11 and laser-glazed YSZ was 

measured as 4.57 µm. The measured values prove 

that a flatter and smoother surface is achieved as a 

result of laser glazing. This reduction can be 

explained by, laser glazing providing dense and 

refined microstructure due to pores, cracks and 

voids which are come from the natural structure of 

the APS YSZ, which turned into a monolithic and 

dense structure. 

 

 
 

Fig. 4. a) Cross-sectional and b) surface SEM images of the YSZ coating in which full surface scanning was 
performed with 77.7W laser power, 120 mm s-1 scanning speed, and 215 mm laser distance parameters 

 
Table 4. Physical properties of conventional and laser-glazed YSZ TBC 

Samples Ra, Surface 

roughness (µm) 

Rz, Max. surface 

depth (µm) 

Microhardness 

(HV) 

Fracture 

toughness 

(MPa m1/2) 

Porosity 

(%) 

Conventional 

YSZ 

5.26 µm 20.11 985.8 1.83-2.24 

[40] 

13 

Laser glazed 

YSZ 

0.69 4.57 2813.8 7.4 5 
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a)

 
Fig.5. Surface roughness measurement in the different parts of the YSZ coatings; a) As sprayed YSZ, b) Laser 

glazed YSZ coating with optimum parameter 
In previous studies [43], [46] reducing the 

surface roughness provides an advantage against 

damage mechanisms such as hot corrosion and 

molten CMAS due to the specific surface area of 

TBC decrease. As seen in Fig. 5, the fluctuation 

existing in the coatings before laser glazing 

significantly decreased after laser glazing. Blue 

and gray areas symbolize valleys and decreasing 

roughness values and the red areas symbolize 

peaks and increasing roughness values of the 

coating in Fig 5. APS YSZ coating SEM image 

includes porosity and splat formation which are 

created during the plasma spray process. While the 

highest average surface roughness (Ra) of the APS 

YSZ is 5.24 µm, after laser glazing the value is 

reduced by 525 nm. A similar reduction was 

observed at the distance between the peaks and 

valleys of the sampled line in the y-direction (Rz) 

values. As the highest Rz value of the APS YSZ 

was measured at 23.32 µm, after laser glazing the 

lowest Rz value was found at 2.46 µm. It is 

understood the results of laser glazing remarkably 

reduced both Ra and Rz values of the APS YSZ. 

Paksereshtet al.[47] reported that reducing the 
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specific surface area and the surface roughness 

provides decreasing molten salt diffusion during a 

hot corrosion environment thereby the lifetime of 

the laser-glazed TBC is extended. CMAS 

corrosion is one of the significant damage 

mechanisms for thermal barrier coating. Guo et al. 

[48] claim that decreasing the surface roughness of 

the TBC improved the CMAS corrosion 

resistance. In addition, the natural lamellar 

stacking microstructure with high porosity of the 

APS YSZ was substantially erased after laser 

remelting. In a similar study, Wang et al. [49] 

found that laser-glazed TBC has better solid 

particle erosion and microhardness resistance than 

APS TBC. Table 4 shows the surface 

microhardness hardness values of APS YSZ and 

laser-glazed YSZ were measured as 985.8 and 

2813.8 HV, respectively. Results showed that the 

microhardness of the APS YSZ increased by about 

3 times compared to laser-glazed YSZ. It can be 

explained by during melting and rapid 

solidification in the laser processing, porosity and 

cracks were eliminated between splats. The fine-

grained structure with many grain boundaries 

creates after laser glazing, leading to stopping 

dislocation propagation during plastic 

deformation. In the other words, grain boundaries 

absorb the existing energy therefore crack 

propagation reduces in the coating.  By obtaining 

a fine-grained surface structure by laser, the 

surface hardness value increases[19]. Fig. 6 shows 

optical microscope images, crack propagation of 

the indentation zone and microstructure of the 

laser-modified coating. As seen the Fig. 6 the half 

average length of the diagonal of the Vickers and 

crack length was shown following letters “a” and 

“c”, respectively. Fig. 6 also demonstrated a close 

view of the dense and fine grains microstructure of 

laser-glazed YSZ coating. Table 4 also shows the 

fracture toughness values of the laser-glazed and 

unglazed YSZ. The fracture toughness value of the 

laser-glazed surface was calculated as 7.4 MPa 

m1/2. In previous studies, fracture toughness values 

for bulk YSZ and plasma-sprayed YSZ were 

reported as 9.5 MPa m1/2 [34] and 1.83-2.24 MPa 

m1/2 [40], respectively. When these values are 

taken as a reference, the fracture toughness value 

of the laser-glazed coating increased like hardness 

values since the fracture toughness and hardness 

have a direct relationship with each other’s [24]. 

As discussed before, plasma-sprayed YSZ 

contains defects such as porosity and intersplat 

cracking might promote crack propagation. 

Fracture toughness has been improved as a result 

of eliminating these defects on the surface and 

cross-section of the coating by laser. According to 

X-ray crystallography (XRD) results, monoclinic 

YSZ turned into a tetragonal YSZ phase. t′ 8YSZ 

has generally higher fracture toughness and 

hardness than cubic YSZ at room temperature due 

to ferroelastic toughening [19]. This phase can be 

explained by the change into monoclinic YSZ and 

the allotropic phase transformation of YSZ [23]. In 

addition, grains formed during laser glazing are 

also effective in improving fracture toughness. Fan 

et al. [50] reported that during laser glazing high 

cooling and solidification rate supports forming a 

columnar grain and fine microstructure which 

provides better fracture toughness and strain 

tolerance for TBCs. 
Laser modified grains

Crack length
 

Fig. 6. Optical microscope image Vickers indentation 
zone and crack length 

 

Fig. 7 shows XRD patterns of a) YSZ 

powder, b) plasma sprayed coating and c) laser-

glazed coatings. Commercial YSZ powder 

contains two phases, tetragonal ZrO2, and 

monoclinic ZrO2. A little amount of monoclinic 

phase (m-ZrO2) was detected in the powder. The 

intensity of the tetragonal peaks is quite higher 

than the monoclinic phase. No phase 

transformation occurred in YSZ after plasma 

spraying. As in powder, monoclinic ZrO2 peaks 

are present in the structure at low intensities. 

However, after laser glazing, monoclinic ZrO2 

peaks disappeared. With the energy input to the 

surface during laser glazing, the chemical 

composition of the regions containing the 

monoclinic and tetragonal phases becomes 
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homogeneous. The monoclinic phase without 

yttrium reacts with the Tetragonal phase 

containing yttrium. Thus, with the rapid cooling 

effect, the monoclinic phase transforms into the 

tetragonal phase [39]. Porosities and intersplat 

cracks are visible. The top layer contains about 

13% porosity. The surface roughness values of the 

YSZ coating are given in Table 4.  The average Ra 

value is 5.26 µm, and the Rz value is 20.11 µm. Ra 

values are close to the values in Nikhil R. Kadam's 

study [51]. 

According to the monoclinic phase, 

calculation results; YSZ powder feedstock 

contains 14 wt%, as-sprayed coating 18 wt% and 

laser glazed coating 3 wt% monoclinic phase. As a 

result of exposure of YSZ powder particles to high 

plasma temperature, the amount of monoclinic 

phase in the structure would be increased. During 

laser processing, the double-phase structure 

became homogeneous as a result of the sudden 

high energy input and rapid cooling of the 

structure. Thus, the percentage of the monoclinic 

phase decreased drastically [39]. According to the 

calculations of the percentage of cubic phase in the 

structure, YSZ feedstock includes 25 %wt, as-

sprayed coating 53% wt and laser glazed coating 

38%wt cubic phase. Osorio et al. [52] found 

similar results of the sprayed YSZ coating. The 

percentage of cubic phase in the structure 

decreased after laser processing since the crystal 

orientation changed during laser glazing which can 

cause to rearrange of the coating microstructure. 

The lamellar structure turns into a columnar 

structure. The unmelted, semi-molten particles on 

the coating surface are cleaned by laser glazing. 

Thus, the cubic and non-cubic phase distribution 

changed as well [39]. Moreover, plasma spray 

parameters, feedstock powder type, Y2O3 content, 

etc. are very effective on the phase fraction of the 

coatings. The amount of semi-molten, unmelted 

particles in the structure determines the fraction of 

the coating phase structure [53], [54]. 

 

 
Fig. 7. XRD patterns of a) YSZ powder, b) as-sprayed YSZ coating, c) whole surface laser-glazed YSZ

 

 
3 CONCLUSIONS 

 

In this study, laser surface modification 

parameters were optimized for plasma-sprayed 

YSZ TBCs. The whole surface was glazed with the 

experimentally determined most suitable 

parameters. Briefly, the following conclusions can 

be drawn; 

- The optimum parameter was determined 

as 77.7 W laser power, 120 mm s-1 

scanning speed, and 215 mm laser 

distance for YSZ TBCs. 

- When the laser power and laser distance 

were increased, the melting depth 

reduced.  
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- As energy input reduced from 85.9 W to 

28 W the melting thickness decreased 

resulting in microcracked islets and 

crater-like pits formed. 

- A dense layer with lower surface 

roughness and maximum surface depth 

was obtained by optimum laser 

processing parameters. 

- In addition, the surface hardness was 

increased by a factor of 3 and the fracture 

toughness of the coating was improved 

after the optimum laser glazing process. 

- The residual monoclinic phase in the 

coating structure was eliminated by laser 

glazing. 

Although laser surface modification 

eliminates surface defects of TBCs, the formation 

of a crack network is disadvantageous for glassy 

deposit and hot corrosion mechanisms. In further 

studies, the crack network on the surface could be 

filled with nanoscale processes.  
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5 NOMENCLATURES 
 

KIC [MPa·m1/2] Fracture toughness 

H  [MPa] Hardness Vickers 

P [N] Test load 

Ra [µm] Average surface roughness 

Rz [µm] Distance between the peaks and 

valleys 
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7. APPENDIX 

 
Fig. 8. a) Atmospheric plasma spray picture, b) CO2 laser glazing pictures 

 


