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Abstract The failure of a turbine blade of a 60 MW
thermal power plant is addressed in this paper. The findings
of this study, based on the operating conditions and the
characteristics of failed turbine blade, suggest a corrosion
fatigue-related failure. The paper addresses the key ele-
ments that could have possibly lead to the failure of the
turbine blade and highlights the importance of scrutinizing
the operating conditions to eliminate the occurrence of
such failures.
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Introduction

The efficiency and longevity of a thermal power plant
predominantly depends on the prevention of the steam
turbine blade failures [1-3]. Material defects, high/low
cycle fatigue, corrosion induced by associated extreme
operating conditions, high stresses, the presence of crevices
that are conducive to the condensation of the concentrated
solutions of steam contaminants, and improper feed water
chemistry are regarded as the root causes for the failures of
steam turbine blades [4, 5]. Several case studies on steam
turbine blade failures were reported earlier [6—13]. The
failures of low-pressure (LP) steam turbine blades are more
common (~40%) in comparison to that of high or inter-
mediate pressure turbines [6].

In the present work, the failure of a LP steam turbine
blade is investigated. The blade was present in 3A stage of
a LP steam turbine of a 60 MW thermal power plant
located in India. The failure of the blade occurred prema-
turely after 9350 h of service. The main objective here is to
identify the root cause of the failure and analyze the same
while emphasizing the water/steam chemistry, as well as
working conditions prior to the failure.

Experimental Procedure

X-ray radiography with 225 k V radiographic tester (Sie-
fert, Germany) that has a resolution of 1.5% of the
thickness of the sample is used to find any internal cracks
or voids, inside the ripped off blade. The chemical com-
position of the failed blade sample was analyzed using
optical emission spectrometer (OES) (Model: Spectrolab,
Germany). Surface characteristics of the failed blade were
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analyzed using stereo microscopy (Model: Leica,
Switzerland). A blade sample that consists of the actual
failed plane in its one end was made ready for further tests.
The nature and composition of the deposits on the blade
and impurities in the boiler water at different locations
were tested using conventional wet chemical methods and
atomic absorption spectrometer (AAS, Model: GBC
Avanta), respectively. The microstructure of the sample
was assessed using optical microscopy (Model: Leica,
DMLM Switzerland) after etching. Fractographic analysis
was performed using scanning electron microscopy (SEM)
(Model: JEOL JSM 739A) to ascertain the nature of failure.
Energy dispersive spectroscopy analysis (EDS) was per-
formed to determine the chemical nature of the surface
deposits. Hardness measurements were carried out using
Brinell Hardness testing machine (B3000H) as Brinell
hardness number (BHN) with 3000 kg load.

Results and Discussion
Visual Examination

The failure happened as the blade breaking into two pieces
with one piece attached to the rotor. A schematic of the
failed turbine blade with the plane of fracture is shown in
Fig. 1. As the first step of the analysis, the failed blade is
visually examined. A photograph of the ripped off turbine
blade piece in its as-received condition is shown in
Fig. 2(a). The color of the surface of the blade was black.
Of this figure, the highlighted (encircled) portion is shown
in Fig. 2(b), i.e., the sample carved out of the failed blade
for further analysis. From Fig. 2(b), it can be observed
from the slightly perceivable beach marks on the fractured
surface that the crack was initiated at the leading edge of
the aerofoil region encircled in the figure. The other frac-
tured surface (on the right side of encircled portion area)
appears to be gradually detached portion due to fatigue
prior to the ultimate failure with plastic deformation at the
trailing edge. The corrosion deposits present on the frac-
tured surface are shown in Fig. 2(c), and the region where
the stereo micrograph is captured is indicated with an
arrow in Fig. 2(b).

Chemical Analysis, X-ray Radiography, and Hardness

The chemical composition of the blade, analyzed using an
OES, is given in Table 1. The composition of the blade
matches with that of the manufacturer’s standard material
composition for X22CrMoV12-1 alloy as per BS EN 10269
[14]. The X-ray radiographic images of the failed blade
sample shown in Fig. 3 clearly reveal that there are no
internal defects such as pores, voids, microcracks, etc., in

Fig. 1 Schematic diagram of the failed turbine blade indicating its
fracture path
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Fig. 2 Photographs of failed blade (a) in as-received condition (b)
piece of blade used for analysis (highlighted in (a)), and (c¢) stereo
micrograph taken along the along the fractured region edge (high-
lighted in (b))

the blade. Hence, the possibility of failure, due to material
defects and internal defects like pores, voids, microcracks,
etc., is ruled out. It can be noted that radiography technique
can detect an internal defect of size up to 10 pm [15, 16].
The measured hardness of the failed blade is found to be in
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Table 1 Chemical composition of the failed turbine blade

Element (wt.%) C Mn P S Si Ni Cr Mo \% Fe
Failed blade 0.21 0.61 0.013 0.003 0.21 0.61 11.10 1.00 0.25 Bal.
X22CrMoV12-1 0.18-0.24 0.30-0.80 0.035 0.035 0.10-0.50 0.30-0.80 11-12.5 0.8-1.2 0.25-0.30 Bal.

Fig. 3 (a) X-ray

radiography
80 kV x 5 mA (b) photograph of as-received failed blade

images of the failed blade,

the range of 238-242 BHN and matches with the manu-
facturer’s standard turbine blade material (X22CrMoV12-
1) hardness (240-290 BHN) [17].

Microscopy

A Stereo micrograph taken along the leading edge of the
aerofoil section on the convex curvature of the blade is
shown in Fig. 4(a). Severe erosion marks can be seen in
this figure. Also, the stereo micrograph taken on the surface
of the convex curvature of the blade nearby trailing edge
exhibited severe erosion features as shown in Fig. 4(b).
Erosion is generally characterized by grooves and pat-
terned wave-like formations on the surface, while pit
corrosion is characterized as small holes on the surface
with corrosion deposits. No corrosion features were
observed on the convex curvature regions of the blade
toward the leading edge; however, the regions were
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severely affected by erosion. In case of LP steam turbines,
it was reported that the leading edge of the blade is more
prone to erosion by water drops in the wet steam [4].
Erosion is also possible by the impingement of silica car-
ried by the steam [7]. The stereo micrograph images taken
on the concave curvature of the blade at leading and
trailing edges are shown in Fig. 4(c), (d) respectively.
Several corrosion pits can be seen in these images. The
micrograph shown in Fig. 4(c) depicts the features of both
erosion and corrosion. From this analysis, it can be said
that the concave side surface of the blade at the leading
edge suffered from both erosion and corrosion. Erosion
causes the grooves to form, and corrosive agents deposit
inside the grooves to further weaken the blade at the
leading edge, particularly on the concave curvature side
surface. Note that in Fig. 2(b), the highlighted failure ini-
tiation point is on the concave curvature side surface.

The alloy X22CrMoV12-1 is a variety of high-temper-
ature-resistant steels with 12% Chromium and is employed
as manufacturing material for steam turbine blades [18]. At
higher temperatures, these materials are highly prone to
erosion by flaked-off particles [19] and corrosion-induced
fatigue [20]. The microstructure of the blade consisted of
tempered martensite, as shown in Fig. 5. This meets the
manufacturer’s specifications of the material on such
applications [21]. However, traces of carbides are seen at
higher magnifications (Fig. 6). No degradation in the
microstructure of the blade was observed.

Fractography

A few scanning electron micrographs of the failed turbine
blade taken at the fatigue crack initiation point (see
Fig. 2b) are shown in Fig. 7. EDS analysis performed at
this region indicates the presence of silicon and chlorine as
predominant foreign elements. The scanning electron
micrographs arranged in such a way to see along the
direction of crack growth, and to reveal the presence of
beach marks on the fractured surface which is a typical
characteristic feature of a failure due to fatigue [22].
Hence, that the turbine blade undergoing repeated cyclic
loadings before the ultimate failure becomes conclusive.
Sometimes, the crack initiation point due to corrosion
fatigue can be in the aerofoil region of the trailing edge
also [7]. However, the location where the corrosive agents
accumulate inside the grooves subsequent to the erosion of
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(a)

Fig. 4 Stereo micrograph taken on the surface of the blade at (a) along the leading edge, convex side (b) near trailing edge, convex side, (c) on

the leading edge concave side and (d) near trailing edge, concave side

the surface is very much critical for inducing corrosion-
induced fatigue.

A scanning electron micrograph of the irregular pits on
the edge of fractured surface is given Fig. 8. Bulk EDS
analysis performed at a pit region reveals surface oxida-
tion and the presence of chlorine, silicon, potassium, and
calcium as extraneous elements besides iron as shown in
Table 2. The results of the analysis conducted at a loca-
tion away from the pit are also presented in Table 2.
Pitting is commonly associated with chloride deposits
along with sodium hydroxide, sulfate, and sulfides [23].
The source of deposits on the turbine blade is the impu-
rities in the water in the form of salts and silica in the
boiler water. As steam enters and expands through the
turbine, the solubility of contaminants in the steam

decreases and they condense on the surfaces at solution
concentrations higher than that of the original contami-
nant concentration in the steam [4, 24]. Once these
contaminants accumulate in the grooves formed by ero-
sion of the surface by silica and water droplets present in
the steam, they promote pitting corrosion of the turbine
blade.

Samples of the corrosion products and deposits on the
fracture surface were collected for analysis. Conventional
wet chemical analysis of the deposit sample confirms the
presence of notable amounts of chlorides (29.08%) and
silica (11.18%) (Table 3). The presence of iron oxides
(38.01%) in the deposit is due to the oxidation of turbine
blade. The only source of these deposits is the impurities
present in the boiler feed water. Thus, the boiler feed water
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Fig. 5 Optical microstructure of the blade at the failed region
(tempered martensite)

Fig. 6 SEM image of the martensite matrix highlighting the presence
of carbide precipitation (white color) with white arrows

samples at different location are collected to find the
impurities present.

A schematic of the boiler with water flow directions is
shown in Fig. 9. The AAS analysis of the water samples
collected from three different locations of the boiler
namely, boiler blow down, boiler drum steam, and feed
water shows the presence of significant amounts of M-
alkalinity, chlorine, and silicon (Table 4). It is well known
that the presence of chlorine facilitates the localized cor-
rosion attack in the form of pits. Considering the
characteristic feature of the failure such as beach marks and
pits observed in SEM analysis coupled with the
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Fig. 7 (a) Stereo micrograph of crack initiation point and (b)
Sequence of scanning electron micrographs show the crack
propagation

Fig. 8 Scanning electron micrograph taken on the fractured surface
at the crack initiation point showing corrosion pits
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accumulation of the deposits containing significant
amounts of chloride and silica, it is quite obvious that the
mode of failure of the turbine blade is due to corrosion-
induced fatigue, which is also referred as corrosion fatigue.
The formation of grooves of appreciable size by the erosion

Table 2 Bulk EDS chemical analysis at a pit and away from the pit
(Fig. 8)

and the presence of corrosive agents such as chlorine fol-
lowed by severe localized stress concentrations have led to
the failure. In the current work, the nature of corrosion is
pitting type due to the accumulation of chlorine in the pits
formed due to the erosion.

Table 3 Composition of the deposits analyzed by wet chemical
analysis technique

On the pit Away from the pit Element Concentration (wt.%)

Element wt.% wt. % .

Moisture 0.74
(0} 14.46 11.86 Loss on ignition 1.58
Na 0.38 0.30 Iron as Fe,03 38.01
Al 1.01 Aluminum as Al,O5 0.36
Si 1.95 0.71 Magnesium as MgO 1.40
S 0.40 Calcium as CaO 6.13
Cl 2.05 0.38 Potassium as K,O 0.006
K 0.98 0.56 Copper as CuO 0.0056
Ca 1.12 0.83 Phosphorous as P,Os 0.33
Cr 3.55 12.79 Sodium as Na,O 11.08
Fe 74.50 71.19 Chlorine as Chlorides 29.08
Ni 0.97 Silica as SiO, 11.18
Fig. 9 Schematic diagram of
the boiler and turbine assembly
showing the feed water, boiler
blow down water, and boiler
drum steam locations

Blow down o
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Table 4 Chemical analyses of the water samples using the wet
chemical analysis technique

Boiler drum  Boiler blow down Feed water (DM

steam water water)
pH 8.9 9.2 7.0
Chloride 12 ppm 35 ppm 5 ppm
Silica 20 ppb 0.2-0.8 ppm 8-12 ppb
M- Alkalinity 8-10 ppm 20-30 ppm
3 ppm
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Fig. 10 Variation in turbine inlet steam pressure (HP inlet), output
power load, and vibration levels recorded at the front (LPF) and rear
(LPR) of the turbine as a function of time

Analysis of Operational Conditions of the Turbine

Some salient working conditions during the operation of
the turbine system (includes both HP (high pressure) and
LP turbines) were also examined to see if any relation
exists between these and mode of failure. Prior to the
failure, for 492 h, the vibration levels at the front and rear
of the LP region of the steam turbine, the output power
load, and the inlet steam pressure to the HP turbine were
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examined. A sudden substantial drop in the inlet pressure
from ~95 to ~73 kg/cmz, followed by sudden reversal
to ~95 kg/em® at around 113-117 h is observed. In
addition, several fluctuations (~351 to 357, ~415 h) of
varying levels in the inlet pressure could be noticed. The
safety limit of inlet pressure of the steam entering into the
turbine was defined as ~92 kg/cm?. However, the average
inlet pressure condition is well over ~92 kg/cm® sug-
gesting that the safe operational limit was deviated during
the operation of the turbine. The fluctuations in the output
power load and HP inlet pressure measured as a function of
time suggest the existence of a reasonable relation between
them. Overall, the analysis implies that the failed turbine
blade underwent uneven loading conditions due to varia-
tion in inlet pressure.

The vibration levels are also indicators of the deviations
in the operational conditions. The vibration levels recorded
at low-pressure front (LPF) and low-pressure rear (LPR)
regions of the LP turbine as a function of time for 492 h are
shown in Fig. 10. Also given are the HP inlet steam pres-
sure and output load of the turbine. For the disturbance in
HP inlet steam pressure at 113-117 h, vibrations in LPF
can be observed with no such vibrations at LPR. However,
as the time progressed, both LPF and LPR showed similar
vibrations. This could be due to the onset of the failure of
the blade. Note that the average levels of vibrations in LPF
and LPR are increased with the time. The onset of failure
can amplify the vibrations and the blades further undergo
heavy loading. However, such phenomena are not seen in
the case but the change in the vibration is observed in
response to changes in HP inlet pressure only. It is an
evidence of the occurrence of frequent overloading due to
the changes in HP inlet steam. The sudden loading and
unloading phenomenon on the blade, together with the
constant operation of the turbine in overloaded condition
and vibration fluctuations, is considered to be critical in
culminating the failure.

Conclusions

The chemical, hardness, and radiographic analyses confirm
that the possibility of failure of the turbine blade due to
improper material selection and internal material defects is
ruled out. The tempered martensite structure of the failed
blade confirms that it was operated within its safe limits of
temperature. The erosion of the surface by silica followed
by the deposition of corrosive ions in the grooves thus
formed on the concave curvature side aerofoil section at the
leading edge has thus weakened the blade strength. The
presence of corrosive species like chlorine in the form of
chlorides facilitates localized corrosion attack in the form
of pits, leading to formation of cracks of appreciable size
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under severe localized stress concentrations. Due to the
fluctuations in working conditions, the corrosion fatigue
ultimately led to the failure. The characteristic features of
the failure such as beach marks and pits coupled with the
accumulation of deposits containing significant amounts of
chloride and silica confirm that the mode of failure of the
turbine blade is due to corrosion-induced fatigue, which is
also referred as corrosion fatigue.
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