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Assessment of the chemical composition homogeneity of turbine blades  

from a jet engine turbine 
 
ARTICLE INFO  The variability of primary emission signals from high-pressure turbine blades originating from the same stage of 

an SO-3 turbojet engine was evaluated using Laser Ablation coupled with Microwave-Induced Plasma Optical 

Emission Spectrometry (LA-MIP OES). Forty turbine blades were investigated, with one analytical measurement 

performed for each blade. Direct solid sampling enabled multi-element analysis without chemical sample 

preparation. The primary emission signal intensities of nickel, molybdenum, chromium, cobalt, and aluminum 

were statistically evaluated using mean values, standard deviations, coefficients of variation, interquartile 

ranges, confidence intervals, and boxplot analysis. The coefficients of variation ranged from 3.44% to 11.60%, 

indicating relatively low variability of the measured emission signals among the investigated blades. The lowest 

variability was observed for cobalt, nickel, and molybdenum, whereas chromium exhibited the highest 

dispersion. The results demonstrate a high degree of uniformity of the measured emission signals and indicate 

the potential of LA-MIP OES for comparative assessment of turbine blade materials. 
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1. Introduction 
The continuous development of aircraft propulsion sys-

tems has led to increasingly stringent requirements regard-

ing engine efficiency, reliability, and operational safety. 

Among all engine components, turbine blades are subjected 

to the most severe service conditions, including extremely 

high temperatures, centrifugal forces, cyclic mechanical 
loading, and aggressive combustion environments. Conse-

quently, the integrity of these components is essential for 

ensuring the performance and durability of gas turbine 

engines [10, 20, 24, 28]. 

The service life of turbine blades is largely determined 

by the properties of the nickel-based superalloys from 

which they are manufactured. Their exceptional high-

temperature performance results from a carefully designed 

chemical composition and microstructure, providing excel-

lent resistance to creep, oxidation, thermal fatigue, and 

high-temperature corrosion [9, 21, 22]. During long-term 

operation, however, degradation processes such as oxida-
tion, diffusion of alloying elements, erosion, and thermo-

mechanical fatigue may alter the local chemical composi-

tion and consequently reduce the mechanical performance 

of the material [2, 26, 32]. 

Numerous studies have investigated the degradation 

mechanisms, microstructure, and mechanical properties of 

turbine blade superalloys. However, relatively limited at-

tention has been devoted to assessing the chemical compo-

sition uniformity among blades originating from the same 

turbine stage after service. Such an assessment is important 

because differences in elemental composition may indicate 
manufacturing variability, non-uniform degradation pro-

cesses, or localized material deterioration. Moreover, de-

termining the degree of chemical homogeneity within an 

entire turbine stage can provide valuable information for 

condition assessment, maintenance planning, and life pre-

diction of turbine components [16, 27, 29]. 

Laser Ablation coupled with Microwave-Induced Plas-

ma Optical Emission Spectrometry (LA-MIP OES) enables 

direct multi-element analysis of solid materials by combin-

ing localized laser sampling with optical emission detection 

in a microwave-induced plasma. Previous studies have 

demonstrated the applicability of this approach to the anal-

ysis of solid samples and simultaneous determination of 

multiple elements, including analyses of metallic materials 

[7, 15, 31]. The method allows direct sampling of the inves-

tigated material and can therefore be applied to the compar-
ative analysis of individual components without extensive 

chemical sample preparation [7, 31]. 

The objective of this study was to evaluate the uniformi-

ty of primary emission signal intensities recorded for tur-

bine blades originating from the same stage of a jet engine 

turbine. Multi-element analyses were performed using 

Laser Ablation coupled with Microwave-Induced Plasma 

Optical Emission Spectrometry (LA-MIP OES). The ob-

tained results were statistically analysed to assess the varia-

bility of the measured emission signals among the investi-

gated turbine blades. 

2. Jet engine turbine  

2.1. Design 

Turbines in jet engines are key components that convert 

exhaust gas energy into mechanical work, which is neces-

sary to drive the compressor and other engine components. 

In jet engines, such as turbojet and turbofan engines, tur-

bines recover energy from the hot, expanding exhaust gases 

generated in the combustion chamber. This energy is used 

to drive the compressor, which compresses the air drawn 
into the engine, which is necessary to maintain a continuous 

combustion process and generate thrust [20]. Turbines in jet 

engines are essential components that enable energy recov-

ery from exhaust gases and drive the compressor, which is 

the basis of engine operation. Their design and materials 
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must withstand extreme operating conditions, and their 

efficiency directly impacts the engine's performance and 

economy [8, 28]. Turbine components include: 

 turbine blades – made of high-strength metal alloys or 

ceramic materials resistant to high temperatures. They 

are arranged on the rotor and have a special aerodynam-

ic profile that allows for effective capture of the kinetic 

energy of gases [10] 

 turbine rotor – the rotating part of the turbine to which 

the blades are attached. The rotor is connected to the 

compressor by a shaft 

 turbine housing – holds the blades and rotor in place and 

directs the gas flow [9]. 

The high-pressure turbine (HPT) is located directly be-

hind the combustion chamber and drives the high-pressure 

compressor. High-pressure turbines can spin at speeds of 

13,000 to 15,000 revolutions per minute (rpm) at full pow-

er, which occurs during takeoff or climb. The low-pressure 

turbine (LPT) drives the low-pressure compressor or fan in 

turbofan engines. During cruising, the turbine's rotational 

speed typically drops to around 8,000 to 10,000 rpm. 

Jet engine fans typically operate at lower speeds, around 
3200 rpm [22]. The resulting high-temperature, high-

pressure exhaust gases exit the combustion chamber and 

enter the turbine blades. As they flow through the blades, 

the gas expands, losing pressure and temperature while 

simultaneously transferring mechanical energy to the tur-

bine rotor. The rotating rotor drives a shaft, which in turn 

turns a compressor, enabling continuous air intake and 

compression [21]. 

2.2. Significance and design challenges 

The design and operation of jet engine turbines involve 

meeting a number of stringent engineering requirements. 

Turbine components operate under extreme thermal, me-
chanical, and aerodynamic loads, where even minor design 

deficiencies may significantly reduce engine efficiency, 

reliability, and service life. Therefore, turbine design re-

quires a careful balance between mechanical strength, aero-

dynamic performance, thermal resistance, and structural 

integrity while maintaining stable operation at very high 

rotational speeds [26]. 

One of the primary design challenges is ensuring re-

sistance to elevated temperatures. Modern turbine blades 

are exposed to gas temperatures exceeding 1000°C, which 

necessitates the use of advanced high-temperature materi-
als, internal cooling systems, and thermal barrier coatings 

to maintain acceptable operating temperatures and extend 

component life [19, 32]. Another critical requirement is 

achieving high energy conversion efficiency by maximizing 

energy extraction from the expanding combustion gases 

while minimizing aerodynamic losses [2]. In addition, the 

turbine rotor must be precisely balanced and exhibit high 

structural durability to prevent excessive vibrations, me-

chanical damage, and premature failure during operation at 

rotational speeds reaching several thousand revolutions per 

minute [29]. 
The overall efficiency of a turbojet engine depends on 

numerous parameters, including the compressor pressure 

ratio, turbine inlet temperature, flight speed, and operating 

conditions [18]. Under practical operating conditions, the 

thermal efficiency of conventional turbojet engines is typi-

cally in the range of 20–30%, although higher values can be 

achieved through improvements in engine design and oper-

ating parameters. Owing to their relatively simple construc-

tion, turbojet engines are particularly effective at high and 

supersonic flight speeds, where their propulsion characteris-

tics provide significant performance advantages [16]. 

2.3. Properties of gas turbine blades 

Gas turbine blades are among the most highly loaded 

components of modern aircraft engines. During operation, 

they are subjected to extreme thermal gradients, high cen-
trifugal forces resulting from elevated rotational speeds, 

and continuous exposure to aggressive combustion gases. 

These severe service conditions require the blades to simul-

taneously satisfy a range of demanding and often conflict-

ing material and structural requirements. As a result, the 

design and material selection of turbine blades remain one 

of the greatest challenges in aerospace engineering, directly 

influencing engine efficiency, operational reliability, and 

service life [27]. 

To ensure reliable performance under such conditions, 

turbine blades must exhibit a unique combination of me-
chanical, thermal, and chemical properties. These include 

high mechanical strength at elevated temperatures, allowing 

the material to retain its load-bearing capability at tempera-

tures exceeding 1000°C; excellent creep resistance to with-

stand prolonged exposure to high temperatures and stresses; 

high fatigue resistance against cyclic thermal and mechani-

cal loading; and superior oxidation and corrosion resistance 

to protect the material from degradation in aggressive high-

temperature environments. In addition, controlled thermal 

conductivity is required to minimize thermal stresses, while 

maintaining a low density and a high strength-to-weight 

ratio contributes to improved turbine efficiency and reduced 
centrifugal loading [25, 27]. 

Achieving these performance requirements necessitates 

the application of advanced materials engineering and man-

ufacturing technologies. Modern turbine blades are typical-

ly produced from nickel-based superalloys and incorporate 

sophisticated design solutions, including internal cooling 

channels, thermal barrier coatings (TBCs), and carefully 

controlled microstructures. In practice, turbine blade design 

involves optimizing the balance between mechanical 

strength, thermal resistance, oxidation resistance, and com-

ponent weight, as improving one property often compro-
mises another. Furthermore, long-term degradation mecha-

nisms, such as creep, oxidation, diffusion of alloying ele-

ments, and thermal fatigue, must be considered because 

they gradually reduce the mechanical performance and 

service life of turbine blades during operation [6]. 

2.4. Blade construction and structure 

The turbine blade is a crucial component of every gas 

turbine section, playing a key role in harnessing the energy 

from the high-temperature, high-pressure gas generated by 

the combustion chamber [1]. Under operating conditions, it 

operates in an extreme environment characterized by very 

high temperatures, high rotational speeds, and severe me-
chanical and chemical loads, necessitating the use of ad-

vanced materials and design technologies. Blades should 



 

Assessment of the chemical composition homogeneity of turbine blades from a jet engine turbine 

COMBUSTION ENGINES, 0000;XXX(X) 5 

have a single-crystal or directionally crystallized structure, 

which reduces grain boundaries and improves creep and 

fatigue resistance. Eliminating grain boundaries reduces 

crack initiation and slows material degradation at high 

temperatures, directly impacting component durability. 

Cooling air flows through the blades, extending their ser-

vice life. Their aerodynamic shape should be optimized for 

efficient energy conversion from hot gases. The blade pro-

file geometry is the result of advanced flow analyses and 

aims to minimize aerodynamic losses and ensure maximum 

energy recovery from the gas flow. Turbine blades should 
be as light as possible while maintaining high structural 

strength. Achieving this compromise is crucial due to the 

very high centrifugal forces acting on the blades during 

engine operation, which increase with the increase in tur-

bine rotational speed [4]. 

2.5. Composition of turbine blades and their properties 

Gas turbine blades, particularly those used in aircraft 

and industrial turbines, are made of advanced materials 

resistant to very high temperatures and heavy mechanical 

loads. Superalloys (in gas turbines) are advanced metallic 

materials that enable turbine components to operate at ex-
tremely high temperatures and in aggressive environmental 

conditions. Their unique mechanical and chemical proper-

ties are crucial for the efficiency, durability, and safety of 

gas turbine operation [23]. The most commonly used mate-

rials for building blades are: 

 heat-resistant superalloys (superalloys): mainly nickel- 

or cobalt-based or, less frequently, iron-based in less ex-

treme conditions 

 main elements in superalloys: nickel (Ni): the leading 

superalloy is based on it, it provides high strength at 

high temperatures, is valued for its exceptional strength 

and extraordinary resistance to high temperatures; co-
balt (Co): improves strength and corrosion resistance; 

chromium (Cr): protects against oxidation; molybdenum 

(Mo) and tungsten (W): increase creep resistance and 

mechanical strength; aluminum (Al) and titanium (Ti): 

create protective layers and strengthen the alloy struc-

ture; rhenium (Re) – improves the stability of the struc-

ture at high temperatures; other alloying elements, e.g. 

iron (Fe) and carbon (C) 

 ceramic coatings – TBC (thermal barrier coatings): 

applied to the blades to reduce heat transfer and protect 

the alloy against thermal degradation [30]. 
Efforts are underway to develop materials for blades 

with the highest possible strength, suitable for use in the 

high-temperature turbine section. The addition of nanopar-

ticles is a promising strategy that allows for simultaneous 

improvements in hardness, strength, corrosion resistance, 

and creep resistance [11]. 

2.6. Wear processes in the elemental composition of jet 

engine turbine blades 

Turbine blades in jet engines are exposed to extreme 

operating conditions that cause various wear processes 

affecting their elemental composition and material proper-
ties [34]. The processes that influence the elemental com-

position are primarily: 

 high-temperature oxidation and corrosion – high tem-

peratures and the presence of oxygen cause the for-

mation of oxides on the surface of the blades, mainly 

chromium oxides (Cr2O3) [14]. This process can lead to 

the loss of alloying elements from the surface, weaken-

ing the protective layer and accelerating degradation. 

Oxidation can cause element migration, for example, 

enriching the surface with chromium oxides at the ex-

pense of other components [13]. 

 erosion and cavitation – solid particles, dust, and liquid 

droplets striking the blade surface cause mechanical 
abrasion. This can lead to the removal of the surface 

layer and changes in the local elemental composition. 

During aircraft engine operation, large amounts of par-

ticulate contaminants, such as sand and dust, are drawn 

into the engine interior by external airflow, seriously af-

fecting safety and economy. The main components of 

these particles are CaO, MgO, Al₂O₃ and SiO₂, collec-

tively known as CMAS (calcium-magnesium-alumino-

silicate). Some CMAS particles may be deposited on the 

surfaces of turbine blades [5, 17] 

 thermomechanical fatigue – cyclic changes in tempera-
ture and stress cause microcracks and delamination. Lo-

cal changes in elemental composition, e.g., element seg-

regation, may occur at the crack sites [12] 

 elemental diffusion – at high temperatures, diffusion of 

elements occurs between different alloy phases, which 

can lead to changes in the microstructure and mechani-

cal properties. An example is the migration of alumi-

num and titanium, which form hard reinforcing phases 

[3, 33]. 

3. Materials and methods 

3.1. Object of the study 

The material investigated consisted of high-pressure 

turbine blades from the same turbine stage of an SO-3 tur-

bojet engine. The SO-3 is a single-spool turbojet engine 

used in military aircraft. The turbine blades operate under 

severe service conditions, including elevated temperatures, 

high mechanical stresses, and significant centrifugal forces, 

making them among the most highly loaded components of 

the engine. 

The investigated blades were manufactured from a cast 
nickel-based superalloy designed for high-temperature 

applications. Nickel-based superalloys exhibit excellent 

mechanical strength, creep resistance, oxidation resistance, 

high-temperature corrosion resistance, and thermal fatigue 

resistance owing to their carefully controlled chemical 

composition and microstructure. 

All blades examined in this study originated from the 

same high-pressure turbine stage and had been operated 

under comparable service conditions. This enabled the 

assessment of chemical composition homogeneity while 

minimizing the influence of manufacturing variability and 

differences in operating conditions. 

3.2. Experimental setup 

Emission measurements were performed using a Plas-

maQuant 100 microwave-induced plasma optical emission 

spectrometer (MIP-OES) (Analytik Jena, Germany), 
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equipped with an Echelle optical system and a rectangular 

microwave cavity operating in the TE101 mode. The spec-

trometer was coupled to a LA J200 laser ablation system 

(Applied Spectra Inc., Fremont, CA, USA), enabling direct 

solid sampling without sample dissolution. 

The laser ablation system employed a 266 nm Nd:YAG 

laser. The generated aerosol was transported from the abla-

tion chamber to the plasma using helium as the carrier gas, 

while argon served as the plasma support gas. Both instru-

ments were connected by a 1 m Teflon transfer tube (3 mm 

i.d.) to minimize aerosol losses during transport. 

3.3. Sample preparation 

Prior to analysis, the turbine blade surfaces were 

cleaned with distilled water, followed by high-purity meth-

anol to remove surface contaminants. No additional me-

chanical or chemical treatment was applied. The investigat-

ed turbine blades, with approximate dimensions of 28×64 

mm, were mounted directly in the laser ablation chamber 

using a dedicated sample holder. A motorized x–y–z trans-

lation stage enabled precise positioning of the blades and 

accurate focusing of the laser beam at the selected analyti-

cal locations. To ensure measurement consistency, all anal-
yses were carried out at the central region of each turbine 

blade, with the laser beam focused at the same predefined 

location on every specimen. 

3.4. LA-MIP OES analysis 

Before each analytical sequence, the microwave-

induced plasma was ignited by briefly inserting an insulated 

high-purity tantalum wire into the discharge tube. After 

ignition, the plasma was allowed to stabilize for approxi-

mately 10 min. Throughout the experiments, the microwave 

forward power was maintained at 170 W. 

Laser ablation was performed under a continuous heli-

um flow, while argon was supplied as the plasma support 
gas. The laser operating conditions were optimized in pre-

liminary experiments to ensure efficient material removal 

while minimizing thermal effects on the surrounding mate-

rial. The optimized operating parameters are presented in 

Table 1. 

The aerosol generated during laser ablation was trans-

ported directly into the microwave-induced plasma, where 

atomization and excitation of the sample constituents oc-

curred. The emitted radiation was dispersed by the Echelle 

optical system and recorded for elemental analysis. 

Because the manufacturer-provided software could not 
record transient emission signals, a dedicated in-house-

developed multichannel data acquisition system was em-

ployed. Twelve analog outputs from the polychromator 

photomultiplier circuits, along with the monochromator 

output, were recorded simultaneously. Custom-developed 

software enabled time-resolved acquisition and processing 

of transient emission signals, allowing successful coupling 

of the laser ablation system with the MIP-OES spectrome-

ter. 

 
Table 1. Operating parameters for the LA system 

Parameter Value/setting 

Instrument 
LA J200, Applied Spectra Inc., 

Fremont, CA) 

Wavelength/nm 266 

Laser output energy/mJ 25 

Laser repetition rate/Hz 10 

Ablation mode Pointed 

Laser scan speed/mm s
–1

 0.1–10 

Ablation time/s 1.5 

Spot size/µm 200 

Number of investigated blades 40 

Number of measurements per 

sample 
1 

Carrier gas mL/min 0.5 Helium (N-50 purity) 

Supporting gas mL/min 0.5 Argon (N-50 purity) 

3.5. Statistical analysis 

A total of 40 turbine blades originating from the same 

high-pressure turbine stage were investigated. One analyti-

cal measurement was performed for each blade, resulting in 

40 independent observations. No repeated measurements 

were performed for individual blades. The statistical analy-

sis was based directly on the primary emission signal inten-

sities recorded by the LA-MIP OES system. No calibration 

procedure was applied, and the measured emission signals 

were not converted into elemental concentrations. For each 
investigated element, mean value, median, standard devia-

tion (SD), coefficient of variation (CV), minimum and 

maximum values, interquartile range (IQR), and 95% con-

fidence interval (CI) were calculated from the 40 independ-

ent measurements. The distributions of the measured emis-

sion signal intensities were additionally evaluated using 

boxplots. 

4. Results 
The variability of the primary emission signal intensities 

recorded for the investigated SO-3 turbine blades was eval-

uated for nickel (Ni), molybdenum (Mo), chromium (Cr), 

cobalt (Co), and aluminum (Al). The statistical characteris-

tics of the obtained results are summarized in Table 2, 

while the distribution of the measured values for each ele-

ment is presented in Fig. 1–5. 

 
Table 2. Statistical characteristics of the emission signal intensities of the analyzed alloying elements 

Element Mean Median SD CV [%] Minimum Maximum IQR 95% CI Lower 95% CI Upper 

Ni221 5727 5680 202 3.57 5376 6432 208 5661 5793 

Mo281 8746 8816 328 3.69 8000 9312 544 8639 8853 

Cr359 22176 22520 2486 11.60 17392 26240 3904 21364 22988 

Co237 11887 11928 399 3.44 11088 12832 576 11756 12017 

Al308 25609 25464 1584 9.54 22000 29088 1952 25092 26126 
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The statistical analysis presented in Table 2 indicates 

relatively low variability in the primary emission signal 

intensities of the investigated alloying elements. The lowest 

coefficients of variation were obtained for cobalt (3.44%), 

nickel (3.57%), and molybdenum (3.69%), indicating  

a high degree of uniformity of the measured emission sig-

nals among the investigated turbine blades. Higher variabil-

ity was observed for aluminum (9.54%) and chromium 

(11.60%), with chromium showing the highest dispersion 

among the investigated elements. 

 

Fig. 1. Distribution of nickel (Ni) emission signal intensities measured for 

 the investigated SO-3 turbine blades 

 

Fig. 2. Distribution of molybdenum (Mo) emission signal intensities 

 measured for the investigated SO-3 turbine blades 

 

Fig. 3. Distribution of chromium (Cr) emission signal intensities measured 

 for the investigated SO-3 turbine blades 

 

Fig. 4. Distribution of cobalt (Co) emission signal intensities measured for 

 the investigated SO-3 turbine blades 

 

Fig. 5. Distribution of aluminum (Al) emission signal intensities measured 

 for the investigated SO-3 turbine blades 

 

The distribution of the primary emission signal intensi-

ties presented in Fig. 1–5 indicates a high degree of uni-

formity of the measured signals among the investigated SO-

3 turbine blades. For all analyzed elements, the median is 

located near the center of the distribution, while most ob-

servations fall within the interquartile range, indicating 

relatively low variability in the measured emission signal 
intensities among the analyzed blades. The lowest disper-

sion was observed for nickel, molybdenum, and cobalt, 

which is consistent with the low coefficients of variation 

(CV below 4%). Higher variability was observed for alumi-

num and chromium, with chromium exhibiting the highest 

CV (11.60%). 

Individual outlying observations are visible in several 

boxplots; however, their occurrence is limited and does not 

affect the overall assessment of the variability of the meas-

ured emission signals. These observations may be associat-

ed with local microstructural heterogeneity, non-uniform 
distribution of strengthening phases, or natural variability 

related to the service history of the investigated material. 

The graphical analysis is consistent with the statistical pa-

rameters presented in Table 2 and indicates a relatively high 

uniformity of the measured emission signals among the 

investigated turbine blades. 

5. Discussion 
The results obtained for the investigated turbine blades 

indicate a relatively uniform distribution of the primary 
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emission signal intensities recorded for the analyzed alloy-

ing elements. The differences observed between individual 

blades may be associated with local variations in the mate-

rial structure and the distribution of alloying phases. Such 

variations are particularly relevant in nickel-based superal-

loys, in which the local microstructure can influence the 

analytical response obtained during laser ablation. 

The differences in signal variability observed between 

the investigated elements may also reflect differences in 

their distribution within the alloy matrix and in the response 

of the LA-MIP OES measurement system. The higher vari-
ability observed for chromium and aluminum compared 

with nickel, molybdenum, and cobalt suggests that these 

elements may exhibit greater local heterogeneity in the 

analyzed material. However, the present results should be 

interpreted as a comparative assessment of the recorded 

emission signals rather than as a direct determination of 

elemental concentrations. 

An important feature of the applied LA-MIP OES ap-

proach is the possibility of direct analysis of solid turbine 

blade material. The method allows individual components 

to be compared using the same analytical procedure while 
avoiding extensive chemical sample preparation. This is 

particularly useful for investigations involving a relatively 

large number of turbine components originating from the 

same turbine stage. 

The obtained results also demonstrate the importance of 

considering the local characteristics of the analyzed surface 

and material when interpreting laser ablation measure-

ments. The measurements were performed in a predefined 

central region of each blade; therefore, the present study 

characterizes the variability between individual blades 

rather than the spatial variability within a single blade. 

6. Conclusions 
Based on the experimental results and the statistical 

evaluation of the primary emission signal intensities rec-

orded for the investigated SO-3 turbine blades, the follow-

ing conclusions can be drawn: 

1. The LA-MIP OES methodology enabled rapid and di-
rect multi-element analysis of SO-3 turbine blades 

without chemical sample preparation. The obtained 

primary emission signals provided a basis for compara-

tive assessment of the variability of the investigated al-

loying elements. 

2. The statistical analysis of 40 independent measurements 

demonstrated relatively low variability of the measured 

emission signal intensities. The coefficients of variation 

ranged from 3.44% to 11.60% for the investigated ele-

ments. 

3. The lowest variability was observed for cobalt, nickel, 
and molybdenum, while chromium exhibited the highest 

variability. Aluminum also showed higher dispersion 

than Ni, Mo, and Co. 

4. The proposed approach can be used for comparative 

assessment of the uniformity of emission signals among 

turbine blades originating from the same turbine stage 

and may provide a basis for further investigations of 

material variability and degradation processes in aircraft 

gas turbine components. 

 

Nomenclature 

Al aluminum 

CI confidence interval 

CV coefficient of variation 

Co cobalt 
Cr chromium 

HPT high-pressure turbine 

IQR interquartile range 

LA laser ablation 

LA-MIP OES laser ablation microwave-induced plasma 

optical emission spectrometry 

LPT low-pressure turbine 

MIP-OES microwave-induced plasma optical  

emission spectrometry 

Mo molybdenum 
Ni nickel 

SD standard deviation 

SO-3 SO-3 turbojet engine 

TBC thermal barrier coating 

TE101 transverse electric mode (TE101) 
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