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Abstract This paper investigates the thermal barrier

coating (TBC) performance of La2Zr2O7/ZrO (2-8 wt.%)

Y2O3 coatings (LZ/YSZ TBCs) deposited using atmo-

spheric plasma spray (APS) over high velocity oxy-fuel

(HVOF) NiCoCrAlYTa coated on Inconel 625. On the

outermost surface of the double-layered coating, a laser

glazing method was used to treat the TBC systems.

Specifically, a Nd:YAG pulsed laser was used to change

the surface layer of plasma-sprayed La2Zr2O7 top coatings.

The study found that the laser glazing treatment resulted in

a higher number of temperature cycles needed to generate

5-20% spallation of the top surface of coatings, with 100

cycles compared to 30 cycles in the as-sprayed coatings.

This improvement in performance was attributed to the

dense surface of the laser-glazed LZ topcoat, which led to a

lower thermally grown oxide (TGO) layer growth rate and

improved TBC lifetime. Furthermore, the strain adaptation

through segmented cracks that were created by laser

glazing may have contributed to the enhanced TBC

performance.

Keywords coating materials � laser processing �
microstructure � thermal barrier coating � thermal cyclic �
thermally grown oxide layer

Introduction

Higher operating temperatures are required for advanced

gas turbine engines to achieve greater thermal efficiencies

and durability. In the early development of gas turbines, the

inlet temperature was approximately 550 �C for Neuchatel

gas turbine in Switzerland in 1939 (Ref 1). After tremen-

dous advances by gas engine manufacturers, modern gas

turbine engines have significantly increased the gas inlet

temperature up to 1380 �C (Ref 2). Thermal barrier coat-

ings (TBCs) have been widely used as thermal insulation

on the surfaces of engine components such as vanes and

blades to extend service life at high operating temperatures

(Ref 3-5). The main function of the TBC is to reduce the

temperature of metallic components, which aids in

improving oxidation and corrosion resistance and so

increases their durability (Ref 6, 7). Aside from the

metallic substrate, TBC systems have two distinct layers:

MCrAlY as a bond coat, with M being Co, Ni, or both, and

a ceramic top coat (Ref 8). The application of NiCoCrA-

lYTa as a bond coat is relatively recent, and it has aided in

significantly improving oxide scale adhesion and slowing

the rapid diffusion of Al (Ref 9, 10). The addition of

alloying elements like Co and Ta can increase the diffusion

barrier’s capability as well as its superior resistance to

corrosion (Ref 11). The conventional ceramic top coat
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material consists of 6-8 wt.% Y2O3-stabilized zirconia

(YSZ) (Ref 12). However, a mismatch in the thermal

expansion coefficients of the ceramic topcoat and the

metallic bond coatings accelerates the sintering phase

transformation above 1200 �C, limiting the service life of

YSZ for long-term operation (Ref 13-15). Lanthanum zir-

conate (La2Zr2O7) with a pyrochlore structure has been

described as a newly developed ceramic material for

thermal barrier coating systems used in advanced gas tur-

bines (Ref 16, 17) in order to increase the durability and

performance of gas turbines as well as address the disad-

vantages of YSZ. Because of its high melting point, very

low thermal conductivity, and reasonably high thermal

stability up to 2000 �C (Ref 18), La2Zr2O7 is a promising

choice for high-temperature TBC applications.

TBC system failure is typically caused by spallation of

the topcoat near the ceramic/TGO interface or within the

ceramic topcoat, and it is also attributed to excessive

growth of the thermally grown oxide (TGO) layer during

oxidation (Ref 19, 20). The formation of TGO scale occurs

when the metallic bond coat oxidizes at elevated temper-

atures (Ref 21). TGO formation that is dense, thinner, and

continuous (with a slow growth rate) may act as a diffusion

barrier to bond coat oxidation (Ref 22). Thicker TGO (with

a high growth rate) might induce micro-cracks at the TGO/

TC (topcoat) interface and expedite the formation of spi-

nels on the Al2O3 layer during high temperature operation,

finally leading to spallation to TBC. Evans A.G et al. (Ref

23) discovered that TBC failure occurs when the TGO

reaches a critical thickness of 3-10 lm (Ref 24). Moreover,

TBCs have a tendency to spall in cyclic high temperature

conditions (Ref 25). Another aspect influencing TBC per-

formance is the development of non-alumina oxides such

as Cr2O3, NiO, and Ni(Al,Cr)2O4 spinels during high

temperature oxidation, which causes tensile stress and

accelerates the defect region in ceramic coatings (Ref 26).

The crack generated by the development and rapid growth

of TGO compromised the TBCs structure, providing more

channels for oxygen diffusion (mainly via gas permeation

mechanism) (Ref 27) and accelerating bond coat degrada-

tion during high temperature oxidation.

As a result, considerable experimental studies have been

conducted to investigate the cause of TBC failure due to

bond-coat oxidation, such as TGO layer growth (Ref

26, 28, 29) and phase transformation (Ref 30-32). Several

researchers have focused on strategies for extending the

lifetime of TBCs by modifying the chemical composition

of TBC systems. To increase phase stability in the tem-

perature range for TBCs applications, the chemical com-

position of ceramic top coats is altered by adding certain

elements such as La (Ref 33-35), Sm (Ref 32), Gd (Ref 36).

Zhou et al. (Ref 37) investigated some other rare earth-

doped lanthanum zirconate-based ceramics. When com-

pared to the YSZ coating, all of the doping rare earth

cations significantly reduced thermal conductivity while

increasing melting point and phase stability (Ref 36).

On the other hand, researchers have been exploring the

use of a multilayer approach to modify the ceramic topcoat

and effectively reduce oxygen diffusion toward the

metallic bond coat. For instance, Daroonparvar et al. (Ref

12) added nano-alumina as a third layer on top of YSZ

coating, while Nejati et al. (Ref 38) applied nano-Al2O3 to

a ceria-stabilized zirconia (CSZ) coating. More recently,

An et al. (Ref 27) sprayed YAG (Yttrium Aluminum

Garnet) onto the top of coating. Another technique that has

been investigated for improving the lifetime of thermal

barrier coatings, especially during thermal cycles, is the use

of a double-ceramic-layer thermal barrier coating (DCL-

TBC) consisting of a top ceramic layer (TC1) and an

interior ceramic layer (TC2). Wang et al. (Ref 39) and

Zhou et al. (Ref 31) have both conducted research on this

approach.

Laser glazing, or surface modification by laser, is an

advanced processing technology that appears to be the

most recent advancement in modifying the surface of

thermal barrier coatings. This method has the potential to

effectively reduce surface defects caused by plasma

spraying, such as porosities. The pores, microcracks, and

lamellar structure that are typical of plasma-sprayed cera-

mic coatings may facilitate the penetration of corrosive

salts into the coating. As a result, there is interest in cre-

ating a denser layer to heal and densify the coatings

through the post-treatment process. Previous research has

shown that surface modification techniques such as laser

glazing can reduce surface roughness and eliminate

porosity to densify the top layer ceramic coatings structure

and improve thermal shock resistance of the TBC by

generating a controlled segmented crack network perpen-

dicular to the surface (Ref 28-31). The porosity and surface

morphology of the TBC can have a significant impact on its

ability to protect the gas turbine components. Segmented

cracks were claimed to be beneficial for accommodating

the oxidation stress and mismatch stress during thermal

cyclic testing (Ref 40, 41).

At present, extensive research has been carried out

concerning laser glazing for plasma-sprayed YSZ coatings.

Recently, there has been a surge of interest in applying

laser glazing to different TBC materials, such as CYSZ,

nanostructured YSZ, and GZ ceramic coatings. Most prior

studies have focused on the impact of laser glazing on

single-layer TBCs when exposed to conditions like hot

corrosion and thermal shock. However, this paper claims

novelty regarding laser surface modification for plasma-

sprayed double-ceramic-layer LZ/YSZ TBCs. Its objective
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is to comprehend the influence of the laser glazing process

on the visual and microstructural aspects of these coatings.

Specifically, it seeks to analyze the behavior of the LZ-

DCL TBC system under cyclic oxidation conditions at

elevated temperatures. To achieve this, a pulsed Nd:YAG

laser was employed to modify the LZ topcoat on a con-

ventional YSZ coating. Subsequently, thermal cyclic tests

at 1000 �C were administered to both the as-sprayed and

as-glazed TBC coatings within a high-purity argon-con-

trolled environment.

Experimental Procedure

Samples Preparation and Coating Deposition

The substrate used for this study was Ni-based superalloy

samples, with dimensions of 15 9 15 9 6 mm3. The

thermal barrier coating employed a double ceramic layer

structure consisting of LZ as the top coat and an interme-

diate ceramic coating of 8YSZ on the metallic NiCoCrA-

lYTa bond coat (Metco AMDRY 997). The ceramic top

coats utilized in the study were commercially available

La2Zr2O7 powder (Trans-Tech, Inc. Adamstown, MD,

USA) and 8 wt.% yttria stabilized zirconia (ZrO2-8 wt.%

Y2O3, Metco 204 NS-G) powders, manufactured by Oer-

likon Metco’s. Table 1 provides information on the geo-

metrical properties of the powder materials used in the

samples, as well as the thickness of each layer.

In order to enhance the surface area, activate the surface,

and improve the adhesion between the sprayed coating and

substrate, the substrates underwent a process of grit blast-

ing using alumina particles with a mesh size of 24-50 prior

to the thermal spraying procedure. The utilization of the

grit blasting technique resulted in a notable enhancement of

the surface roughness of the substrate, as indicated by an

increase in the Ra value to a range of 6-8 lm. After the grit

blasting process, the substrates underwent a cleaning pro-

cedure using acetone in an ultrasonic bath for a duration of

15 minutes. This step was performed to eliminate any

remaining contaminants on the substrates. In order to

mitigate residual stresses in the coating during the process

of thermal spraying, the specimens underwent a washing

procedure followed by preheating at temperatures ranging

from 70 to 100 �C prior to the application of the coating.

Coatings Deposition

NiCoCrAlYTa was deposited using the high velocity oxy

fuel (HVOF) (Diamond Jet spray gun, DJ2600, Sulzer

Metco, Switzerland) system as the bond coat on the Inconel

625 substrate. The HVOF spray process parameters are

listed in Table 2, based on prior research (Ref 10). The top

coats 8YSZ and LZ were deposited using an atmospheric

plasma spray (APS) equipped with a 3 MB gun (Sulzer

Metco, Switzerland). Table 3 also lists the spray process

parameters used for coating using APS as originated from

previous study (Ref 12) and (Ref 42), respectively. Previ-

ous researchers have optimized these parameters in terms

of current, powder feed rate, and spray distance that

resulted in good coating structure.

Laser Glazing on Plasma-Sprayed La2Zr2O7 (LZ)

Top Layer

After spraying process, LZ topcoat was post-plasma spray

treated by a Nd:YAG pulsed laser (Q-Smart 850, Quantel

model, manufactured by Lumibird, France) with a char-

acteristic wavelength of 1064 nm, a pulse duration of 6-ns

and a 10 Hz repetition rate. The focal length was 50 mm

with spot diameter was 0.80 mm was chosen as the lens of

laser. The laser beam distance was kept constant at 4 mm

and laser energy at 150 mJ as previously presented by

Arshad.A et al, 2021 (Ref 43). To cover the entire surface

of coatings, the laser glazing was conducted with over-

lapped track was about 20% along straight lines. The

samples were set on a motorized XY precision stage at

room temperature, as shown in Fig. 1. Prior to performing

the laser treatment, the energy was measured using a laser

power and energy meter (Centauri, Ophir Optronics) for

energy accuracy calibration.

Cyclic Oxidation Test

To evaluate the thermal cyclic behavior of the plasma-

sprayed and laser-glazed TBC systems, a cyclic oxidation

test was conducted in a high-temperature Carbolite Furnace

(P330, Nabertherm, Germany) at 1000 �C. Each thermal

cycle comprised of a 30-minute heating time at 1000 �C,
followed by a 15-minute cooldown outside the furnace, and

then returning the samples to the furnace for the next cycle.

The spallation area of the coating was measured for both

Table 1 Specifications of

materials used for various

coating layers and the thickness

of coating layers.

Bond coat Topcoat 1 (intermediate layer) Topcoat 2 (top layer)

Material NiCoCrAlYTa ZrO2-8 wt.% Y2O3 La2Zr2O7

Coating thickness 150 ± 50 microns 250 ± 50 microns 80 ± 20 microns

Powder particle size range 5-38 microns 11-106 microns 53-106 microns
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glazed and unglazed TBC systems after 100 cycles using

ImageJ analysis. The thickness of the thermally grown

oxide (TGO) versus cyclic oxidation time data was plotted

to determine the TGO growth rate for both TBC systems.

Microstructural Characterization

The microstructural characterization of as-sprayed and as-

glazed coatings was analyzed using field emission scanning

electron microscopy (FESEM, Hitachi S-4160, Japan) and

scanning electron microscopy (SEM, Hitachi SN3400,

Japan) equipped with energy-dispersive x-ray spectrometer

(EDS). Prior to SEM observation, the samples were pre-

pared following standard metallographic techniques, and a

gold layer was deposited on the samples by sputtering.

Cross sections of the coating were examined under SEM,

and images were collected for selected areas. Quantitative

analysis of porosity level was performed on the polished

cross section of the as-coated and as-glazed samples using

image analysis software, ImageJ (provided by the National

Institutes of Health, USA) in accordance with ASTM

E2109-01 standard. TGO thickness was measured at 10-15

different locations on the polished cross-sectional SEM

micrographs, and the average value was reported as TGO

thickness.

Phase analysis was conducted using a x-ray diffrac-

tometry (XRD) (Smartlab, Rigaku, Japan) with Cu Ka
radiation. The diffraction angle (2h) range was between 20̊

and 80̊ at 40 kV. The average surface roughness (Ra) of

Table 2 HVOF spray process

parameters for applying

AMDRY 997 (NiCoCrAlYTa)

bond coat (Ref 10)

Parameters Value

O2 flow rate 139 l/min

Propylene flow rate 89 l/min

Air flow rate 384 l/min

Feed rate 38 g/min

Distance 23 cm

Table 3 Atmospheric plasma

spray process parameters for

applying ZrO2-8 wt.% Y2O3 and

La2Zr2O7

Parameters ZrO2-8 wt.% Y2O3(Ref 12) La2Zr2O7 (Ref 42)

Current, A 600 600

Voltage, V 70 70

Primary gas, Ar, l/min 38 35

Secondary gas, H2, l/min 3 8

Powder feed rate, g/min 35 34

Spray distance, cm 12 10

Fig. 1 Simplified schematic depiction of laser glazing system,

modified from previous study (Ref 43). Reprinted from Materials

Today: Proceedings, Vol. 39, Azrina Arshad, Muhamad Azizi Mat

Yajid, Mohd Hasbullah Idris, Microstructural characterization of

modified plasma spray LZ/YSZ thermal barrier coating by laser

glazing, Pages 941-946, Copyright 2021, with permission from

Elsevier
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as-sprayed and laser-glazed coatings was measured using a

roughness tester (SV2100, Mitutoyo, Japan), and the

roughness value reported was the average of three values

measured from different areas of the coating surface.

Results and Discussion

Characterization and Analysis of Coatings

The polished cross-sectional morphology of the as-sprayed

and as-glazed LZ TBC coatings was observed through

backscattered electron mode (BSE) scanning electron

microscopy (SEM) images, as illustrated in Fig. 2. The

sample’s structure comprises three distinct layers: The LZ

serves as the outermost layer, with YSZ positioned

between the LZ and the metallic bond coat. Notably, YSZ

exhibits a uniform thickness throughout. As depicted in

Fig. 2(a), discernible defects in the form of pinholes and

microcracks were evident on the uneven surface of the as-

sprayed LZ coatings. This particular structure is a common

characteristic of thermally sprayed coatings, primarily

attributed to the inherent nature of the plasma spray pro-

cess. It results in a lamellar microstructure intertwined with

micro-defects. Notably, the as-sprayed LZ coatings dis-

played scattered voids within their cross section, which had

an adverse impact on the coating’s resistance to oxidation,

as referenced in (Ref 44). These coatings possessed a

porous microstructure, with an average porosity of

approximately 15 ± 0.1%, a value determined through

ImageJ analysis. Following the laser glazing process, there

was a noticeable reduction in pores and voids that had

formed during the atmospheric plasma spray process in the

top coat. The porosity experienced a slight decrease,

measuring 8.9 ± 0.24%, subsequent to the laser glazing

procedure. As per Cernuschi’s findings (Ref 45), porosity

distribution in TBCs can be categorized into several clas-

ses, including dense (less than 10%), standard (10-15%),

highly porous (15-20%), and very porous (greater than

20%). A higher degree of porosity in ceramic coatings

ensures superior thermal insulation properties, resulting in

lower thermal conductivity. However, it concurrently rai-

ses susceptibility to oxidation, corrosion, or accelerates

chemical attack on the bond coat at elevated temperatures.

The prevailing porosities within the sprayed coating are

primarily a consequence of insufficient overlap between

adjacent molten droplets and inadequate flattening during

the plasma spray process.

Conversely, the presence of cracks in the coating arises

from internal residual stress following plasma spraying,

particularly during the cooling phase to ambient tempera-

ture (Ref 39). After the atmospheric plasma spray (APS)

process, the rough surface of the LZ coating was found to

have an average surface roughness (Ra) value of

7.07 ± 0.5 lm. Compared to the as-sprayed LZ coating, a

dense top layer was obtained on the LZ coating surface

after the laser glazing process, as depicted in Fig. 2(b).

According to the literature, the most desirable character-

istics of a laser-glazed layer are a 20-50 lm melting depth,

non-segregation from the as-sprayed layer, a smoother

Fig. 2 Cross section morphology of (a) as-sprayed and (b) as-glazed LZ/YSZ TBC
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surface with average surface roughness values (Ra) lower

than 5 lm, and a distribution of the segmented cracks

perpendicular to the surface (Ref 46-49). In this research,

the accepted melting depth for the laser-glazed LZ top coat

was obtained in the range of 36-46 lm, as shown in

Fig. 2(b). The elongated type structure indicates that heat

transfer occurs into the laser remelted plasma-sprayed

region during rapid solidification. The surface roughness

value of the glazed LZ coating was measured to be about

5.92 ± 0.5 lm. Laser glazing is an effective method for

thermal barrier coating surface modification that involves

remelting and rapid resolidification phenomena that reduce

coating surface roughness (Ref 50, 51).

Figure 3 illustrates the surface morphology of both

laser-glazed and as-sprayed LZ coatings. Fig. 3(a) exhibits

distinct cracks that are oriented perpendicular to the sur-

face. The aforementioned observation was ascribed to the

phenomenon of shrinkage and thermal stresses that arise as

a result of the rapid solidification occurring in the laser

glazing process (Ref 5). There is speculation that the

remelted layer undergoes a notable increase in density as a

result of a substantial decrease in porosity following the

laser glazing procedure. Due to the rapid cooling rate

experienced by a molten pool, the laser-glazed TBC readily

generates segmented cracks. As previously mentioned in

other sources, the presence of segmented cracks serves a

beneficial purpose by effectively accommodating the strain

resulting from thermal cycles or the oxidation process of

the metallic bond coat (Ref 4, 40, 52), as depicted in

Fig. 3(b). The non-laser glazed or as-sprayed LZ/YSZ

coating surface features a rough texture composed of fully

melted splat structures, unmelted (or partially melted)

particle regions, pores between splats, and cracks within

the splats. The spraying circumstances have a significant

effect on the microstructures of the coatings. The porosity

of the coating is caused by inadequate overlap among the

adjacent molten droplets and during flattening during the

plasma spraying process, whereas the presence of cracks is

caused by the internal residual stress created after the

plasma spraying process (Ref 39).

XRD patterns of LZ (La2Zr2O7) powder, as-sprayed and

as-glazed double-layer thermal barrier coatings are shown in

Fig. 4. The results indicate that the predominant phase of

both as-sprayed and as-glazedLZTBCs is La2Zr2O7 (Ref 53)

(JCPDS Card No. 01-074-8764). It is interesting to note that

the higher diffraction intensity for as-glazed double-layer

thermal barrier coating could be due to the preferred orien-

tation of crystals in LZ TBC after laser-glazing (Ref 50).

Fig. 3 Surface morphology of (a) as-laser glazed showing the segmented crack and (b) non-laser glazed showing the melted and unmelted zones
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Characterization and Analysis of TBC Systems

After Pre-Oxidation

Pre-oxidation in a argon-controlled environment with

99.995% Ar was carried out to establish a continuous, thin

and slow growing TGO layer (mainly composed of a-
Al2O3) at the interface between YSZ top coat and metallic

bond coat before performing thermal cyclic tests (Ref 54).

It was found that a continuous Al2O3 layer of TGO could

be developed at the TC (ceramic top coat)/BC (metallic

bond coat) interface under reduced oxygen pressure con-

dition at high temperature (Ref 55).

Figure 5 shows the cross-sectional SEM images of APS

TBC after pre-oxidation at 1000 �C for 12 h. In laser

glazed sample, TGO shows the obvious formation of nearly

continuous and thin Al2O3 layer (i.e., black layer of TGO)

(Fig. 5b). However, as-sprayed coating (as shown in

Fig. 5a) exhibits formation of discontinuous and non-uni-

form Al2O3 layer (i.e., black layer of TGO) along with

noticeable formation of non-desirable mixed oxides (with

fast growth) on top of the alumina layer during pre-oxi-

dation treatment.

Figure 6(a) shows that the TGO layer is not uniform and

may be made of mixed oxides instead of mostly alumina.

This is supported in Fig. 6(c), which shows a lower weight

percentage of Al. In contrast, it was easy to see a thin,

continuous layer of Al2O3 at the interface between the

bond coat and the YSZ layer in the as-glazed coating

(Fig. 6b and d), which had a higher percentage of Al by

weight. This Al2O3 layer is expected to act as a barrier

against oxygen anion infiltration, effectively suppressing

the growth of harmful oxides at the Al2O3/YSZ top coat

interface during the thermal cyclic test at 1000 �C in as-

glazed coatings. Figure 6(e) shows the EDS elemental

mapping of the dense and continuous Al2O3 layer in as-

glazed TBC coatings. The brighter layer of oxides above

the Al2O3 layer likely consists of CS (Cr2O3-

? Ni(Al,Cr)2O4, etc.), corresponding to a higher content

of Cr at site A (in the non-laser glazed TBC system), which

is 20.2 at.% compared to that of site B (as-glazed TBC

system), where Cr content is 11.56 at.%. This suggests that

mixed oxide clusters of chromia, spinel, and nickel oxide

(CSN) are formed at the interface between the Al2O3 layer

and topcoat. Laser glazing may modify the surface of the

plasma sprayed coating, considerably reducing oxygen

permeability into the TBC system at elevated temperature.

In fact, the dense layer on top of the LZ coating could

hinder oxygen transportation into the TBC system as well

Fig. 4 X-ray diffraction analysis of (a) LZ (La2Zr2O7) powder,

(b) as-sprayed and (c) as-glazed double-layer thermal barrier coatings

Fig. 5 SEM cross section microstructure after pre-oxidation test at 1000 �C for 12 hours (a) as-sprayed coating (b) as-glazed coating

J Therm Spray Tech (2023) 32:2603–2619 2609

123



as the bond coat. In comparison with the non-laser glazed

TBC system, the diffusion of O2- was likely prevented in

the early stage of the isothermal high-temperature pre-ox-

idation test in the laser-glazed TBC system, leading to the

formation of the TGO layer mainly consisting of the Al2O3

layer.

Figure 7(a) and (b) shows the schematic illustration of

non-laser glazed and laser glazed samples before and after

pre-oxidation at 1000 �C for 12 hours. From Fig. 5 and 6,

the observed thickness of the thermally grown oxide (TGO)

layer in the non-laser glazed TBC system was noticed to be

thicker than that of the laser glazed TBC system, mainly

due to the higher porosity distribution in the TBC system

with the non-laser glazed LZ top coat, as depicted in

Fig. 7(a). In fact, the sealed surface of the LZ coating

caused by the laser glazing process has been effective in

withstanding the direct oxygen transportation during pre-

oxidation in an argon-controlled environment, as shown in

Fig. 7(b). Zhao et al. also noticed that the laser remelting

process is able to considerably decrease the TGO thickness

and growth rate because of the densified surface layer of

the YSZ top coat, which reduces the oxygen diffusion rate

during oxidation (Ref 56).

The dense uppermost layer of the laser-glazed LZ

coating is expected to potentially delay the excessive

growth of the thermally grown oxide (TGO), specifically

the undesirable oxide growth on the alumina layer, when

subjected to high-temperature thermal cyclic tests. The

dense layer positioned above the laser-glazed LZ coating

has the potential to impede the direct transport of oxygen

toward the bond coat in the course of cyclic oxidation tests

conducted in an air environment. It is noteworthy that the

formation of Al2O3 at the interface of BC/TC, as indicated

by its lowest Gibbs free energy of formation (G0) compared

to other oxides (Table 4), can be attributed to the high Al

activity on the bond coat surface. This Al activity exhibits a

Fig. 6 The EDS analysis of pure TGO layer after pre-oxidation at 1000 �C. (a) and (c) for as-sprayed, (b) and (d) for as-glazed TBC coating and

(e) elemental maps responding to dense layer for as-glazed

2610 J Therm Spray Tech (2023) 32:2603–2619
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strong affinity for reacting with O, leading to the outward

penetration of Al cations and inward permeation of O

anions (Ref 57). Furthermore, previous studies have indi-

cated that the transportation of the reactants, such as cobalt

(Co), nickel (Ni), chromium (Cr), and tantalum (Ta), across

a continuous layer of alumina exhibits a significantly

sluggish rate (Ref 58, 59). Similarly, it is anticipated that

the presence of a thermally grown oxide (TGO) layer in a

laser-glazed thermal barrier coating (TBC) system that has

undergone pre-oxidation can lead to a reduced rate of TGO

growth when subjected to thermal cyclic tests at a tem-

perature of 1000 �C.

Fig. 7 Schematic illustration of the pre-oxidation behavior of TBCs at 1000 �C after 12 hours (a) non-laser glazed and (b) laser glazed samples

Table 4 Gibbs free energy of oxide formation, DG0 (KJ/mole) at

1273 K (Ref 65, 69, 70)

Type of oxides 1273K, DG0, KJ/mole

Al2O3 2 850.5

Cr2O3 2 520.7

NiO 2 256.9

CoO 2 343.4

CoCr2O4 2 101.5

NiCr2O4 2 42.9

NiAl2O4 2 115.4

CoAl2O4 2 93.3
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Comparison of Cyclic Oxidation Behavior of as-

Sprayed and as-Glazed TBC Systems

Figure 8 shows pictures of the surface of the as-sprayed

and as-glazed TBC systems after they were put through

the thermal cycle tests. It can be seen that spallation of

as-sprayed (Fig. 8a) and as-glazed (Fig. 8b) coatings was

initiated from the edge of specimens, a relatively high-

stress area. This is due to the faster temperature increment

and decrease during thermal cycles at the edge compared

to the other areas. This pattern of initial spallation has

also been observed in other studies of the thermal cycles’

effect on ceramics coatings (Ref 41). Early spallation

started from the edge on the top coat (for the as-sprayed

or non-laser-glazed TBC system) after 30 cycles, while

the spallation didn’t occur in the laser-glazed sample after

30 cycles. The edge spallation then propagated to the

large area after the 50th and 80th cycles for as-sprayed

samples (non-laser-glazed TBC system). The initial spal-

lation in the as-glazed sample began after 80 cycles and

gradually extended over 100 cycles. The spallation of

about 20% of the coating area was discerned after 100

cycles for the as-sprayed (non-laser-glazed TBC system),

while about 5% spallation of the coating area was

detected for the as-glazed TBC system after 100 cycles,

as shown in ImageJ analysis.

The extended lifetimes of as-glazed TBCs were believed

to be due to a comparatively high segmented crack

attributed to the top coat surface. Evidently, the network of

segmented cracks formed by the laser glazing method

resulted in a fourfold increase in thermal shock resistance,

demonstrating the effectiveness of the laser glazing TBC

system (Ref 40). Consequently, a pre-oxidized TGO layer

in a laser-glazed TBC system may result in a slower rate of

TGO growth at the bond coat/YSZ layer even during

thermal cyclic tests.

On the other side, the large TGO thickness in the non-

laser-glazed coating could be attributed to the fact that the

non-laser-glazed coating is more transparent to oxygen

compared to the laser glazed coating. Furthermore, micro-

cracks will form and spread rapidly in TBCs during ther-

mal cycles. This could be mitigated by the laser-glazed

coatings. In fact, the open channels benefit from the ther-

mal shock performance of the coating (in the laser-glazed

TBC system) due to the enhanced strain tolerance (or strain

adaptability improvement) (Ref 3). Segmented cracks

produced by laser glazing improved the strain accommo-

dation ability of the top coat and could be identified as the

major enhancement mechanism for TBC lifetime extension

(Ref 13).

The occurrence of micro-cracks, particularly the vertical

through-thickness micro-cracks, in the non-laser-glazed

Fig. 8 Macroscopic image of :(a) plasma-sprayed and (b) laser-glazed samples during thermal cyclic test
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coatings was found to result in an increase in the thermal

conductivity of TBCs (Ref 7). This is further supported by

the cross-sectional view shown in Fig. 9 for both laser-

glazed and non-laser-glazed TBC systems, where distinct

vertical micro-cracks are observed in the latter. These

cracks are believed to serve as direct pathways for oxygen

diffusion, leading to the accelerated growth of TGOs (as

discussed in section 3.4) during thermal cyclic tests.

Figure 10 and 11 shows cross-sectional SEM images of

the BC/TC interface of as-sprayed (Fig. 10a and b) and

laser-glazed (Fig. 11a and b) TBC systems (TBCs) after the

30th and 80th cycles of the thermal cyclic test, respec-

tively. The amount of Al and O elements was measured via

EDS spot at A, B, and C points, as marked in Fig. 10 and

11(c and d) (performed on images with high magnifica-

tion). Table 5 presents the EDS data at points A, B, and C

Fig. 9 Cross-sectional SEM image of (a) non-glazed (as-sprayed) and (b) glazed (as-glazed) TBC systems after 30th cycle of thermal cyclic test

Fig. 10 Cross-sectional SEM images of BC/TC interface of as-sprayed sample after early thermal cycles at 1000 �C (a) after 30 cycles and

(b) after 80 cycles. To clarify, high magnification images taken from red square areas in Figs. (a) and (b) were labeled as (c) and (d), respectively
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for both coating conditions, as referred to in Fig. 10(d) and

11(d) after 80 cycles. At point A, it looks like the dark

layer of TGO is mainly composed of alumina (especially in

the as-glazed sample). But according to EDS data at points

B and C, the brighter layer of TGO could be caused by

CSNs (non-desirable oxides) at the interface between the

Al2O3 layer and the YSZ topcoat (Ref 57, 60). Mixed oxide

clusters, or CSN clusters, can be made up of chromia,

spinel, and nickel oxide. They are formed after Al2O3

because there aren’t enough Al elements (or Al activity)

near the surface of the bond coat (Ref 23). Previous

research by Chen et al. (Ref 61) also supported this dis-

tribution of oxides. The contents of mixed oxides (CSNs)

are larger in an as-sprayed TBC system than in a laser-

glazed TBC system. The formation of harmful oxides

during thermal exposure in the air would cause crack

nucleation, resulting in premature TBC failure (Ref 23).

This can significantly reduce the durability and lifetime of

a TBC system. In other words, TGO layer formation and

growth (particularly in the non-alumina oxide region),

which are associated with the generation of stresses as well

as a mismatch in the thermal expansion coefficient (TEC)

between the TGO layer and the bond coat, can result in the

formation of horizontal microcracks at the BC/TC interface

Fig. 11 Cross-sectional SEM images of BC/TC interface of laser-glazed sample after early thermal cycles at 1000 �C (a) after 30 cycles and

(b) after 80 cycles. To clarify, high magnification images taken from red square areas in Figs. (a) and (b) were labeled as (c) and (d), respectively

Table 5 Elemental analysis at TC/BC interface of the TBC systems

measured by EDS analysis

Point Elements As-sprayed Laser-glazed

(at.%) (wt.%) (at.%) (wt.%)

A Al 24.62 28.21 34.35 40.01

Co 6.93 7.43 9.93 8.32

Cr 20.05 18.42 8.62 5.72

Ni 13.93 8.32 10.72 12.03

O Bal. Bal. Bal. Bal.

B Al 10.36 12.43 14.15 20.23

Co 12.61 20.23 19.02 28.21

Cr 34 21.61 22.45 19.57

Ni 11 15.19 30.95 25.63

O Bal. Bal. Bal. Bal.

C Al 20.66 16.20 20.84 14.33

Co 14.69 10.12 14.87 8.07

Cr 18.42 20.32 15.63 9.30

Ni 10.58 8.53 10.86 18.32

O Bal. Bal. Bal. Bal.
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(Fig. 9a). The formation of the TGO layer at the BC/TC

interface can also be attributed to local expansion and

stresses in the YSZ coating. This can result in horizontal

microcracks and, eventually, the failure of the TBC coating

(Ref 62).

Growth Kinetics of TGOs in TBC Systems During

Thermal Cyclic Test and Related Mechanisms

TGO thickness was measured along the BC/TC interface in

both the as-sprayed and laser-glazed TBC systems after

different cyclic oxidation durations, as depicted in Fig. 12.

Throughout the cyclic oxidation test, it is notable that the

TGO thickness in the as-sprayed TBC system is consid-

erably greater than that in the laser-glazed TBC system.

This difference may be due to the sealed surface of the LZ

coating within the TBC system, a result of the laser glazing

process. This sealing effect can potentially limit oxygen

ingress pathways, subsequently reducing the growth rate of

TGO (Ref 63), even during thermal cycles (as indicated in

Fig. 11). Moreover, the segmented cracks induced by the

laser glazing process can effectively accommodate the

thermal stresses arising from the coefficient of thermal

expansion (CTE) mismatch between the ceramic top coat

and the metallic bond coat (Ref 40, 41, 64). Additionally, it

has been reported that the columnar grain microstructure

observed in laser-glazed coatings allows for lateral

expansion and contraction during heating and cooling

processes, particularly during thermal cycles (Ref 5). These

observed phenomena have the potential to influence the

growth rate of TGO in the laser-glazed TBC system, pri-

marily through the suppression of crack nucleation in both

the top coat and the TGO layer.

Fig. 12 The TGO thickness

versus cyclic oxidation time

Fig. 13 Schematic illustration of the cyclic oxidation behavior of

TBC systems at 1000 �C (a) as-sprayed or non-laser glazed and

(b) laser-glazed TBC systems
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When the laser-glazed TBC system was compared to the

as-sprayed TBC system, it appears that the TGO layer

produced during the pre-oxidation process may have

played a role in the lower TGO growth rate observed

during the thermal cyclic test at 1000 �C. This is due to the

TGO layer’s continuous Al2O3 layer covering the bond

coat surface, which acts as a diffusion barrier, slowing

down the diffusion kinetics at a later stage of oxidation

(Ref 65). As a result, the ability of other metallic cations in

the bond coat to diffuse outward through the TGO (Al2O3

region) layer would be reduced. It is important to note that

the lower TGO growth rate in the laser-glazed TBC system

compared to the as-sprayed TBC system is due to this

decrease in activity.

The inhomogeneous growth of complex mixed oxides

was found to be responsible for the formation of higher

tensile stresses at the outer layer of the TGO/YSZ inter-

face. The growth stresses of a-Al2O3, NiCr2O4, NiO and

CrO were reported to be 30.88, 62.99, 34.52 and 35.85

GPa, respectively (Ref 66). This indicates that the mixed

oxides, particularly the spinel phase, are very perilous to

the durability of the TBC, resulting in the formation of

horizontal micro-cracks at that interface (Fig. 9a and 10b)

(Ref 67). Thus, the propagation of those micro-cracks and

cavities might lead to the providing easier diffusion path-

ways for the outward and inward of metallic cations and

oxygen anions, respectively. This would significantly

enhance the TGO growth rate and thickness during oxi-

dation, similar to the as-sprayed TBC system compared to

laser-glazed TBC system in this research (Fig. 12 and 13).

After the transient stage, the alteration of TGO thickness

with time was noticed to follow the parabolic law. The

kinetics TGO growth can be indicated through a following

equation (Ref 26, 27):

Xn ¼ Kpt ðEq 1Þ

where x is considered as TGO layer thickness (lm), t is the

time (h), the value of exponent (n) is regarded as 2 (as-

suming the growth mechanism is assisted by the diffusion

process) and kp is the growth rate constant. According to

Fig. 12 and 14, the thickness and kinetics of the TGO layer

are greater in the as-sprayed TBC system, which approxi-

mates parabolic behavior. The pattern obtained is similar to

that previously studied by Cruchley et al (Ref 68).

Conclusion

The present study utilized the APS and HVOF processes to

deposit LZ/YSZ ceramic top coats and NiCoCrAlYTa

metallic bond coats on an Inconel 625 substrate. A pulsed

Nd:YAG laser was employed to modify the surface of the

plasma-sprayed LZ thermal barrier top coat. Both TBC

systems were subsequently pre-oxidized at 1000 �C in an

argon-controlled furnace. Thermal cyclic tests were con-

ducted on the as-sprayed and laser-glazed TBC systems at

1000 �C for 30 minutes, followed by cooling outside the

furnace for 15 minutes. The study yielded several signifi-

cant findings, including:

1. Based on the observed TGOs at the BC/TC interface of

TBC systems, the sealed surface of LZ coating (caused

by the laser glazing process) was found to be able to

withstand the direct oxygen transport during pre-

oxidation in a high purity argon-controlled

environment.

2. When compared to the as-sprayed TBC system, the

TGO layer (produced during the pre-oxidation process)

may have resulted in a lower TGO growth rate for the

laser glazed TBC system.

Fig. 14 Square of TGO

thickness as a function of cyclic

oxidation time
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3. It was discovered during the cyclic oxidation test that

the TGO thickness in the as-sprayed TBC system is

greater than that in the laser-glazed TBC system. This

was due to the fact that the sealed surface of the TBC

system’s LZ coating (caused by the laser glazing

process) could reduce oxygen ingress paths, thereby

decreasing the growth rate of TGO in the laser-glazed

TBC system during thermal cycles. Furthermore, the

laser-induced segmented cracks can accommodate

thermal stresses caused by the CTE mismatch between

the ceramic top coat and the metallic bond coat.
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