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Investigation of The Lifetime of the Coating Applied on The Steam
Turbine Blade in Terms of Corrosion and Erosion

Highlights
«» Change in corrosive effects on Steam Turbine Blade Coating
«» Change in structural properties of Steam Turbine Blade Coating

Change in erosive properties of Steam Turbine Blade Coating
Graphical Abstract

Detailed examination images of the abrasion damage of the used turbine blade are given in Figure X. When the photos
are examined, it is seen that the coating in the upper part of the blade (A and B) decreases until the transition coating
almost disappears; on the other hand, it is more present in the blade tip part (C). This situation shows that corrosion
and wear have a more severe effect on the blade surface (upper) parts.
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Figure- 1. Images of the cross-sectional macrostrucw micTagggueflre of the used sample
Aim

This study aims to evaluate the physical and chemical changes that turbine blades are exposed to under operating
conditions and their effects on the material.

Design & Methodology

In the experimental study, chemical and dimensional measurements, optical microscopy, SEM, and EDS
measurements were performed after metallographic preparation of the samples. Structural analysis was performed
using XRD, and hardness tests were conducted to determine the samples' mechanical properties and lifespan.

Originality
In this unprecedented study, the amount of corrosion and wear that occurred during the durability/operational life of

a turbine blade and its coating, which had been used for 25 years in a Thermal Power Plant, was comparatively
examined with an original turbine blade made of the same material that had never been used.

Findings

A significant decrease in mechanical properties was observed in the turbine blade coating. In steam turbines,
corrosion and erosion have been observed to occur separately and/or together under the influence of high
temperature and pressure

Conclusion

7
It was determigged tifat the steel used in the steam turbine was AlISI 420 stainless steel, and the coating applied to the
blade was a -resistant Co-Cr alloy coating. In the used turbine blade coating, about 10% to 30% thickness

reduction was observed regionally, not more than the area most touched by the steam. In addition, in the mechanical
tests conducted, a decrease of approximately 10% was detected in the hardness tests performed on the used blade and
the unused blade.
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ABSTRACT
This study evaluated the physical and chemical changes that turbine blades are exposed to under o i their effects on
the material. Within the scope of the study, the amount of corrosion and wear that occurred duri ilfy/operational life of a
turbine blade and its coating used for 25 years in a Thermal Power Plant, and an original turbine b, e material that has

never been used were comparatively examined. This research contains significant findings i
material and coating for the longer life of turbine blades and obtaining ideas for changes to be m
to physical and chemical conditions. The turbine blade examined in the study was de e coated with Co-based material
(containing Cr, Mo, Ni, Mn) using the thermal metal spray coating method. AgCu@n-
the substrate. After 25 years of service with an average energy production of 69%66,70 he turbine blade was removed from the

optical microscopy, SEM, and EDS measurements were carried out due to the meta raphic freparation of the samples. XRD performed

structural analysis, and hardness testing was used to determine the mecl

investigations, it was determined that the turbine blade was subjected n, and corrosive erosion; the coating on the

pear (corrosive and erosive) at the blade tips. The

of wear is more clearly seen in the transition area between the cofited area Pbase material.. It has been observed that corrosion and
erosion cause abrasion together.

Keywords: Steam turbine blade, Erosion, Corrosigff, Mates 18 acterization
Kaplama Uygulan har Tiirbini Kanadinin
Omriiniin on ve Erozyon Agisindan

Incelenmesi
0z

Bu ¢alismada, tiirbin kaj
etkileri degerlendlrllmlstlr

isletme k@dSullar1 altinda maruz kaldig: fiziksel ve kimyasal degisimler ve bunlarin malzeme {izerindeki
psaminda, bir Termik Santralde 25 yil kullanilmig bir tiirbin kanadi ve kaplamasinin
olnsan korozyon ve aginma miktari ile ayn1 malzemeden yapilmis hi¢ kullanilmamis orijinal bir tiirbin

mistir. Yapilan bu arastirmada, tiirbin kanatlarinin daha uzun 6miirlii olabilmesi amaciyla mevcut

malzeme ve C e uygun oldugunun degerlendirilmesi ve fiziksel ve kimyasal kosullara dayaniklilik konusunda kaplama
iizerinde y, ikler i¢in fikir edinilebilmesi agisindan 6nemli bulgular igermektedir. Caligmada incelenen tiirbin kanatgiginin
termal metali #plama yontemi ile Co esasli malzeme (Cr, Mo, Ni, Mn igeren) ile kaplandig1 belirlenmistir. Kaplama ile altlik

aglama kaplamasi uygulanmistir. Ortalama 69.466.700 MWh enerji iiretimi ile 25 yillik hizmet sonrasinda tiirbin
iilerek korozyon ve erozyon 6zellikleri incelenmistir. Deneysel ¢alismada, numunelerin metalografik hazirlanmasi
sonucunda kimyasal ve boyutsal dlgiimler, optik mikroskopi, SEM ve EDS 6l¢limleri yapilmistir. XRD ile yapisal analiz yapilmus,
numunelerin mekanik 6zellikleri ve dmiirleri belirlemek i¢in sertlik testleri yapilmigtir. Yapilan incelemeler sonucunda; tiirbin kanadinin
hem korozyon ve erozyona hem de korozif erozyona maruz kaldig1, ylizeydeki kaplamanin lokal olarak tamamen agindig1, kanat uglarinda
asinma (korozif ve erozif) nedeniyle kesit daralmasi oldugu tespit edilmistir. Kaplama yapilan kisimlarin erozyon ve korozif etkilere karsi
daha dayanikli oldugu goriilmiistiir. Kaplama agmmasinin taban malzeme aginmasiyla kiyaslamasinda kaplama yapilan bolge ile ana
malzemenin gegis bolgesinde aginmanin diizeyi daha agik goriilmektedir.. Korozyon ve erozyon etkilerinin birlikte asinma etkisine neden
oldugu goriilmiistiir.

Anahtar Kelimeler: Buhar tiirbini kanadi, Erozyon, Korozyon, Malzeme karakterizasyonu

1. INTRODUCTION these turbines are exposed to corrosive effects such as
Investigating the life of coatings applied to steam turbine ~ corrosion and erosion while operating under —high
blades is crucial in the power generation sector. Steam  temperatures and pressures. Therefore, the durability and
turbines are critical components that directly affect the ~Performance of coatings are vital to extend the life of
efficiency and reliability of power plants. The blades of ~ turbines and reduce maintenance costs. The motivation
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of this study is to increase sustainability in power
generation and maximize the operational efficiency of
turbines [1,2]. Literature studies on corrosion and erosion
resistance of coatings applied to steam turbine blades are
limited. In particular, sufficient data on coatings' long-
term performance and lifespan have not been
encountered. This study aims to fill this scientific gap by
examining how coatings behave under different
operating conditions and which factors affect coating life.
This will contribute to developing more durable and
long-lasting coating materials in the energy sector [3,4].
Steam turbines are equipment used in thermal power
plants such as coal, natural gas, and nuclear power plants.
They convert the thermal energy of a fluid with high
thermal energy, i.e., high temperature and pressure, into
mechanical energy. Water vapor is used as the fluid, and
the resulting mechanical energy is usually converted into
electrical energy with the help of a generator [5,6]. Many
moving and stationary blades on a steam turbine are
designed to direct the steam flow and transfer power.
Although the blades are manufactured from high-quality
stainless steel with special manufacturing methods, they
are often at risk of erosion and corrosion [6]. In materials
science, erosion describes mechanical damage caused by
high-velocity impacts. Erosion usually occurs due to
solid/solid or liquid/solid or gas/solid interactions.
Another definition defines erosion as the gradual loss ofy
original material due to the mechanical interacti®
between a solid surface and a multicomponent fluid d
impinging liquid or solid particles. [7,8] The

cavitation erosion, liquid impact erosion, an
erosion [7]. Solid particle erosion is agvital
degradation mechanism encounteret \Jin
engineering systems, such as the
aircraft gas turbine
transportation systems,

such as serious
it seems si
complex.
form of
impact on surfgee of the metal material, metal loss
occurs in the of particles breaking off from the
surface. In the éarly stages of erosion, while the first

Plastic deformation occurs, and symptoms are observed
when erosion is not fast or very low. After this initial
damage, wear begins at the weakest points [20]. Sudden
cross-section changes or material wall edges are the areas
where erosion damage is clearly observed. As a result of
cross-section changes and high-pressure flow or water
penetration at the ends, erosion craters are usually
formed. This crater's sharp corners lead to the formation
of narrow pits or lower tunnels. This situation is seen in
Figure 1. After creating these pits, the real destructive
wear will occur, and wear will continue as larger pieces

ilures [12-19]. Although
process is much more

break off. If the first wear crater has a flat surface, the
wear rate will be lower [9,21].

Figure 1. SEM image of the initial flat and
characteristic of erosion damage [9]gicmats8

the attacked copper. Such
surface roughness were
son for the onset of material
that pits on the material surface and
idl loss were formed due to the effect
fluid flowing on the surface. The

ggion [25-27]. Erosion is caused by the mechanical
gction between the material surface and steam at
temperatures and pressures. Erosion, which is
visually evident as material loss, especially at the blade
tips, is metal loss due to the impact of liquids or solids.
Attack is promoted by turbulent, high-velocity fluid flow
[28]. Rapid pressure changes promote shock waves and
turbulence. Sudden changes in flow direction and
entrainment of solid particulate matter in the fluid also
contribute to erosion. Turbulence is also caused by a
change in flow direction, a sudden change in cross-
section, a thick deposit of sediment, or the presence of an
obstruction that disrupts the flow. Although several
factors affect the formation of deposits on turbine
components, the general effect is the same regardless of
the cause. Adherent deposits form in the steam passage
and distort the original shape of the turbine blades [29].
These deposits, which are usually rough or irregular on
the surface, increase resistance to the steam flow. The
disruption of the steam passages alters steam velocities
and pressure drops, reducing the capacity and efficiency
of the turbine. In severe conditions, deposits can cause
excessive rotor thrust. Irregular accumulation causes
vibration problems by disrupting the balance of the
turbine rotor [30]. In studies of solid particle erosion
dating back a century, it was thought that the effects of
erosion on turbine blades could be reduced by coating the
blades, and significant decreases in the impact of erosion
were demonstrated [27,28,29]. In the first applied
coatings, the desired results could not be achieved due to
the low toughness rate of the coating layer and the high



internal stress rates [30,31,32]. Material erosion, the
effect of surface roughness on erosion, and long erosion
formations using low-impact velocities (<100m/s) were
investigated [24]. After several thousand impacts,
numerous depressions were observed on the surface of
the attacked copper. Such localized material flow and
surface roughness were suggested as the main reason for
the onset of material loss. It was evaluated that the
formation of pits on the material surface and the resulting
material loss were due to the effect of the high-speed
fluid flowing on the surface. The coatings applied to the
turbine blades have been determined to be a serious
protection against erosion and corrosion [25-27]. When
the studies on this subject are examined, they aimed to
obtain surface protection for steam turbine blades with
different coating techniques and metal-ceramic powders
[33,34,35]. In this study, the erosive and corrosive
properties of the coating applied to the turbine blade that
we will examine during its 25-year operation period will
be discussed. Different studies in this field explore the
effects of coating, coating methods, and laboratory test
data on wear and corrosion resistance. However, there is
no real case study. This study aims to investigate and
discuss the resistance of the coating made on a turbine
blade sample used during a 25-year operating period
against abrasive and corrosive effects, the components

formed as a result of wear, the type of wear, and the levap

of damage in terms of determining the resistance, whi®
has never been done before in the literature.

This study aims to evaluate the physical and ¢
changes that turbine blades are exposed f

operating conditions and their effects on the mategi
to evaluate the changes that can be madggto the
according to different operating conditions Yy extracting
the differences between the blade ed for a
long time and the blade that has

ial (containing Cr, Mo, Ni, and Mn)
etal spray coating method. AgCuZn-
based bond coating was applied between the coating and
the substrate. After 25 years of service with an average
energy production of 69.466.700 MWh, the turbine blade
was removed from the turbine and examined for
corrosion and erosion damage analysis. In the
experimental  study, chemical and dimensional
measurements, optical microscopy, SEM, and EDS
measurements were carried out due to the metallographic
preparation of the samples. XRD performed structural
analysis, and hardness and wear inverses were used to
determine the mechanical properties and life of the
samples. Chemical analysis, SEM, EDS, XRD, micro and

macrostructure studies, dimensional measurements, and
surface damages on the coating and base material were
performed on a low-pressure steam turbine blade of a
thermal steam turbine that has been used in a thermal
power plant and an unused steam turbine blade (Figure
2). Hardness tests were performed on samples from used
and unused turbine blades, five regions from the
substrate, and three regions (1, 2, and 3) from the coating
region (Figure 3). Hardness measurements were taken
using a load of 11,5 mJ on a Proceq Eqoa Tip 3 brand
device. X-ray diffraction (XRD) analyses were
performed on a Bruker D8 Advance device.
Monochromatic Cu Ka radiation (A\=,1.54056 A) was
used at 40kV and 40 mA operating ditions, 10-90
angle range, and 0.04 degree/minAscan

-

Figure 2°Qlsed (a nmnused (b) steam turbine blades
[icm 02

has been primarily worn, and the thickness has decreased
by 25%. Since the steam intensity is higher in region B,
the coating tip has been worn by 10%. In region C, where
the most severe steam effect is seen, 20-30% wear has
occurred both on the shoulder tip and back

of the coating and on the uncoated parts (Figure 4,5).
Since the hardness was measured from the area where the
coating remained on the used blade, measurements were
made from the exact location on the other side. The
results showed that ASTM A276 values should be in
annealed AISI 420-quality stainless steel used as the
blade material [36]. This study was conducted as a
comparative analysis of turbine blades used and unused
for comparison purposes. When the chemical analysis
results were evaluated, it was determined that the primary
materials of the turbine blade were very much the same.
This approach is essential for the reliability of other data
obtained in the study. On the other hand, the transition
and primary coating data also gave similar results.

= 'K~ ,i

[ — —
Figure 3. Images of unused (a and b) and used (c and d)
turbine blade hardness test samples



Figure 4. The turbine blade that has completed its working life,
and the areas from which samples are taken

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS

First, a chemical analysis of the used and unused turbine
blade material was performed. As a result of the study
made with the sample taken from the turbine blade area,
it was determined that the material was AlISI 420-quality
stainless steel (Table 1). The results of the chemical
analysis performed on the unused turbine blade coating
area are given in Table 2. It was observed that the coating
was a CoCr-based coating. In particular, the aim wasg

reduce wear by using Co and Cr. The hardne
measurement results of both blade materials
evaluated (Table 3).

ituation shows that
re effect on the blade

adé€ surfaces more, the turbine is
is also directly proportional to the

frge and flat surfaces. In the tests carried
aboratory environment, erosion was observed
be “turbine blades where the same operating
ditions were created. The research also compared the

On the other hand, when the coating hard esistance of several different types of coatings against

. X corrosive and erosive effects. [44].
measured, it was determined that the hardnes ] ) - ]
unused material was higher than that of tH\sed oné" Defects in the form of irregularities and gaps in the
coating of the used blade weakens ue to the  thickness were detected in the intermediate coating. It is

effects of wear and corrosio pletely ~ seen that the intermediate layer is 0.3-0.4 mm thick on
\These results average. The coating thickness is 2-4 mm on the back in
weakening ~ egion B, 4-5mm on the tip, and 15-16 mm wide, 4-5 mm
disappearing  thick on the tip, and 7-8 mm wide on the tip in region C.
Q/or other wear Since sample A is an uncoated area, the shoulder tip of
ade material [37]. A the blade has been primarily worn, and the thickness has
. nd erosion on turbine  decreased by 25%. Since the steam intensity is higher in
blades caused 4Qgvefe decre®e and deterioration in the ~ "egion B, the coating tip has been worn by 10%.
properties  [43].  Detailed  In region C, where the most severe steam effect is seen,
e abrasion damage of the used  20-30% wear has occurred both on the shoulder tip and
n in Figure 6. When the photos are  back of the coating and on the uncoated parts [37].
examined, it I that the coating in the upper part of

the blade (A and B) decreases until the transition coating
Table 1. Chemical analysis of used and unused tiirbine blades

C Si S P Mn C
420 stainlesssteel 4 15055 <100 <0015 <0.040 <150 12.00-14.00
Used Blade 0.22 0.27 0.008 0.020 0.30 12.50
Unused Blade 0.21 0.78 0.005 0.07 0.51 12.80
Table 2. Chemical analysis of coating materials
Co Cr W Si Fe Mn Ni Mo C
Stellite 6 Bal 27.00-33.00 | 3.00-6.00 | <1.50 <3.00 <1.00 <3.00 0.50-2.00 = 0.90-1.40

Coating (Unused) | 61.78 28.92 4.05 1.33 1.30 1.00 0.80 0.73 1-1.10



The blade used for the microstructures, SEM images, and
EDS analysis of sample A is given in Figure 7. The
photos and Analyses show a turbine blade structure with
a three-layer (base, bond coating, and top coating)
structure consisting of three different materials (420
stainless steel, hard solder, and Co-based). When looking
at sample A (Figure 5), it is seen that there is no coating
on the surface since this area has never been coated
before; only the resistance of the substrate material to the
working conditions is seen; a high rate of wear occurs
during the working process; and chemical changes occur
on the surfaces during the working process. The results
of the chemical analysis show that the substrate material
is AISI 420 stainless steel, various unstable oxides occur
on the uppermost parts of the worn surfaces, and the wear
occurs much more severely inward in the form of a line
parallel to the steam direction along the grain boundaries.
The particles that emerge due to the wear cause more
severe wear of the general system and the turbine blades
by causing a particle effect [38].

Table 3. Hardness of unused and used specimens

Measurement area Unused (HRc¢) Used (HRc¢)

Substrate 1 213

Substrate 2 26.5

Substrate 3 26.0

Substrate 4 26.5

Substrate 5 242 ®
Coating 1 43.7 41.9
Coating 2 434 40.3
Coating 3 46.7 41.7

Figures 8-10 show that macro- and microsfructu
analysis, SEM images, and EDS analysis of sqiople B
were used. The pictures and studies show,hat the i
blade structure has a three-layer (substrate,
and coating) structure consistin

intermediate bond coating is applied, and it is seen that it
is coated with Co-based superalloy material [38].

= =3
Figure 6. Images of the cross-sectional macrostructure and
microstructure of the used sample [icmatse2024]

Figures 11-13 show the macro and microstructure images
and chemical analysis data obtained from sample C. It
was observed that very severe wear ocgurred both on the
blade shoulder tip coating and on the ba@ls of the substrate
(Figure 11-12). Irregularity and void-sh efects were
detected in the bond coating thi
dendritic structure, and g
(Figure 13). Segregati

increases in a structure
most severe we
e 13.a-c). Figure 12 shows
S analysis to determine the
onding properties between the
coating. When the analysis results
IS understood that there are partial
ggivveen the bond coating and the coating
( erefore, the bond between both coatings is
stroNy, ”and there will be no separation/,
brealdage/shedding while using the blades [39].

bond coating is silver welding or hard soldering
(barzing). In many applications, it is preferred as a
bonding/joining or transition material between
incompatible materials [40]. It contains mainly Cu, Ag,
and Zn elements and has a low melting temperature and
high wetting/coating ability. The surface coating is
abrasive/adhesive/corrosive wear-resistant Co, Cr-based
coating material. It is the coating material type preferred,
especially in high-temperature environments, in such
materials [41].

w“x::: m-~;l..l.l|hﬂ.“.‘iku’£‘1;; .,; S
3431 e Y o Y R e 3

e

Figure 7. SEM-EDS analysis of the transition regions of sample A
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perature wear
products formed
ot A, B, and C surface
ined that oxides of the

al in samples B and C. The
and mechanically stable oxides
turegin the coating and substrate surface
will provide face passivation and protection.
However, the “corrosion + abrasive wear process
continued since very mixed oxides were formed here and
there was a continuous mechanical abrasion effect, the
corrosion + abrasive wear process continued. All three
region examinations showed that the substrate/blade
material has a classic AISI 420-quality stainless steel
composition and coaxial grain structure. The coating is
applied mainly in areas where abrasion is severe. The
bond coating is applied first, and then the main coating is
applied. It has been determined that the bond coating and
main coating structures are suitable, and the interface
between them is sufficient. This is a standard application
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S analysis of bond coating (a) and coating (b) of sample C.
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in such fins [36]. This application is necessary to improve
the wear and corrosion properties at high temperatures.
However, as can be seen from this study, although the
Co-Cr coating materials are very resistant to corrosion, it
is clearly understood from the oxidized compounds that
the coating material reacts with the oxygen in the
environment after a specific period of time, primarily due
to the catalytic effect of high temperatures, and therefore
corrodes (Figure 15). When the difference between the
A, B, and C samples is evaluated, the components
belonging to the coating material are dominant in sample
A, while the oxides of the elements belonging to the bond
coating material and the components belonging to the
base (fin) material are dominant in samples B and C. This
situation is critical in revealing the lower parts with the
wear of the corroded surfaces and showing how the
process progresses in the progressive corrosion and wear
processes. This study shows that using more stable
materials (oxide, carbide, and nitride) in blade coatings
would be appropriate for these blades [42,45].
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Superheated steam is the first to come into

ined fro

an the area most touched by the

the mechanical tests conducted, a

decrease of apprOximately 10% was detected in the

hardness tests ‘performed on the used blade and the
unused blade.

In addition to these;

After the structural examination and analysis of the steam

turbine blade that was scrapped after 25 years of use,

» In steam turbines, corrosion and erosion have been
observed to occur separately and/or together under
the influence of high temperature and pressure.,

» Insteam turbine blades, especially the areas where the
effects of high-temperature steam are high (the
shoulder and upper shoulder part), must be coated,

>

sample surfaces and the resulting products (A, B, and C).

Shock-intensive and destructive wear occurs on the
uncoated base material, and as a result, the blade
shoulder part becomes 65% thinner,

During the coating process, an intermediate bonding
coating is made using a Cu-based hard solder
material, and there are defects in the form of voids in
this coating.

The main coating is a Co-based superalloy material,
but despite this, it is subject to corrosion and erosion
wear.

The structure of the coating contains dendritic and
segregations, which accelerate the formation of
corrosion,

Wear is high because the compounds formed by the
elements in the coating structure in the corrosive
environment do not allow the formation of a stable
surface layer.

The coating structure should be produced in a
homogeneous composition and without segregation,



> It has been determined that oxidation in the final
coating after bond coating should form a stable
surface layer.

» Erosion in heavy equipment and components, such as
turbines rotating at high temperatures and pressure,
cannot be attributed to a single cause. Surface
deterioration is caused by turbulent flow created by
deposit/solid particles, increased water droplet
erosion, vibration during operation, rotor thrust, and
material damage/erosion caused by impact/reflection
in other areas due to surface roughness formed
locally.
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