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Novelty Statement

Novelty statement

e This article reports turbine blade failures caused by a combination of corrosion, erosion,
and vibration followed by fatigue crack growth and failure. Interestingly, although deep

pits can be seen on the leading edges of the blades, the fatigue crack propagates from the

trailing edge.
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Highlights

Highlights

e Turbine blade failures caused by mixed factors, including corrosion, erosion, and turbine
vibrations, followed by fatigue crack growth and failure is reported.

e In this study, we identified the transformation of chromium carbide precipitates in the
martensitic matrix into chrome oxides during steam condensation.

e Our study examines how steam impingement eroding these chromium oxides changes the
surface roughness of turbine blades and how that affects the turbine vibrations.

e The exhaust side of the steam turbine was subjected to a pressure drop, which caused
pitting corrosion, corrosion, and surface roughness on the blades.

e . Although deep pits are created on the leading edges of the blades, it's interesting to note

that the fatigue crack propagates from the trailing edge.
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Crack propagati&

Fig. 1. In the photograph, a fracture is visible about 100 mm from the root of the turbine blade on

the exhaust side of the stream turbine.
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Pores create fin like structure

10 mm

Fig. 2(a, b, ¢). The leading edges of turbine blades located on the exhaust side show several

pits/grooves, an apparent fin-like texture.




Fig. 3. Fracture surfaces shown in (a) concave and (b) convex perspectives, and (c) cross
sections demonstrating crack initiation point, crack propagation region with beach marks and

the final fast fracture region.
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Fig. 4 (a-f). SEM images on the leading edges show uniformly distributed pores, and they are
deeply penetrating, with an average diameter of 100m. (g) EDX data on the phases eroded away

from the leading edges indicates carbon, Cr and oxygen peaks.

15kV X1,000 10pm 0583 MME MANIT 15kV X500 50pm 0583 MME MANIT

Fig. 5. (a) Crack originating at the trailing edge of the turbine blade from a shallow pit/pore. Beach
marks and ratchet marks are also visible in areas of crack propagation. (b) As the crack propagates,
it reveals a smooth surface, indicating an intergranular fracture mode in the zone nearer the crack

initiation. (c) Final fast fracture region
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Fig. 6. (a) The optical microscope reveals carbide precipitates on the turbine blade's surface (b)
An inclusion rating showed oxide inclusions near the leading edges where pores form (c) SEM
microstructure reveals uniform precipitates of chromium carbide within the lath martensitic matrix
(d) EDX spectrum on the precipitates (bright spots) indicates chromium and carbon peaks
indicating chromium carbide. () XRD analysis at the surface near to porous region.
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Fig. 7. Tensile test results of the turbine blades in the unfailed region and in the exhust region
where it failed.
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Fig. 8. Visualization of pore formation mechanism in turbine blade under investigation.
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Table 1. The chemical composition of a failed turbine blade

Element C Si Mn Cr Ni S P Fe

Wt % 0.18 0.47 0.46 13.84 0.32 0.022 0.021 Bal.
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Table 2. Inclusion rating at the region away from the pores and near to the pores.

Inclusions Away from the pores Near to the pores
Type A Sulfides 0 0
Type B Aluminates 0.5 0.5
Type C Silicates 0 0

Type D Globular oxides 1.0-1.50 3.0 to 4.0 (Thick)




Table 3. Macro Vickers hardness of failed samples at different locations.

Location Hardness (HV30)
1 416
2 423
3 432

4 417




Table 4. Micro Vickers hardness of failed samples nearer to the porous region

Location Hardness (HV0.1)
1 289
2 285
3 285

4 292




Table 5. Showing dryness factor at low, medium and high pressure using Rankine diagram

Temperature(°C)  Sg St Sfg X
270 5.4166 2.9765 2.9539 82%
230 2.6193 3.5364 78%

155.3 5.4166 1.8924 4.9002 71.92%




Response to Reviewers

Reply to the comments of Reviewers

The authors are thankful to the reviewers for their valuable comments to improve the quality
of paper. The following revisions are made as suggested by reviewers.

Reviewer 1-

1. The changes have improved the paper but | have a concern about the final section prior to
the Conclusions when the cycles to failure are calculated.
The estimated critical crack length is 1.252 mm based on KIC but then the author refers to total
length of 50 mm in calculating cycles to failure. It is confusing. Please clarify.

The total length is revised as width of specimen which is used for calculating N¢.In the
revised manuscript the statements have been revised along with calculations to enhance the
clarity (pg 20 , section 4.3.2)
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A water droplet erosion-induced fatigue crack propagation and failure in
X20Cr13 martensitic stainless-steel turbines working at low pressure

Mohd Sarim Khan?, C Sasikumar®*
!Department of Materials &Metallurgical Engineering, MANIT Bhopal, M.P., India

Abstract

A low-pressure steam turbine blade failed at a thermal power plant reported in this paper. Few
blades were damaged on the exhaust side, and the cracks originated on the trailing edge and
spread toward the leading edge of blade. In the crack initiation point, shallow corrosion pits
were evident, however, turbine vibrations were found to be actuating crack initiation and
propagation. Due to numerous pits observed on blades surface, there were vibrations. A
pressure drop on the exhaust side of the steam turbine caused condensation and water droplets
impinging on the blades caused severe erosion. Upon contact with the condensed water
droplets, the chromium carbide precipitates in the martensitic matrix converted into chrome
oxides, and impingement of high velocity steam erodes these oxides, causing a rough surface
with honeycombed texture. As a result of the roughened blade surfaces, fatigue cracks form at

potentially weaker areas and subsequently the final fracture.

Keywords: erosion-fatigue, failure analysis, turbine, x20cr13 martensitic stainless steel, water
droplet erosion
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1. Introduction

The failure of a turbine blade in a low-pressure turbine with a capacity of 2500 MW at one of
the leading refineries in India is investigated in this study. This turbine is designed to operate
at a speed of 6440 rpm, with inlet steam pressure of 17 kg/cm?, pressure of 10.68 kg/cm? inside
the turbine, and 0.105 kg/cm? at the exhaust side. Steam is generated using a circulating
fluidized bed combustion (CFBC) type boiler with petroleum coke as the fuel. The initial steam
temperature is 270°C, and steam flows in an axial direction. The temperature at the low
pressure side of turbine is about 155°C, which is found to be below the first condensation
temperature. Turbine blades attached to the rotor and its design includes a root, shaft, and
shroud, with twisted blades on the exhaust side. The moving blades have an inverted T-root
with an integral shroud, while the exhaust stage blades are curved with fir-tree roots to reduce
the force with which water droplets impact the blade. A lacing wire connects the moving blades
of the exhaust stage to reduce vibration. Blades are made of corrosion-resistant martensitic
stainless steel X20Cr13 quench hardened and tempered with a tensile strength of 780 MPa,
yield strength of 580 MPa and an elongation of 15 percent. The material is designed to sustain
more than 10 fatigue cycles at 390 MPa in corrosion free environments. Steam quality is
maintained through careful control of chlorides, dissolved Fe, Cu, oxygen, silica, etc. to prevent
corrosion damage to blades. Few blades at the exhaust side of the turbine broke during its use,
and it failed after about 10 years. As shown in figure 1, the fracture appeared about 200-250
mm from its root in the exhaust side blades. The blades failed prematurely, so a root cause
analysis was conducted. There were about four shut-downs and start-up attempts in the ten

months prior to the final failure.

Several case studies for turbine blade failure are reported earlier as well [1-7]. It has been

observed that failure of low-pressure turbine is more frequent and common as compared to



intermediate and high-pressure turbines. Among many some main reasons attributed to failure
of steam turbines are improper feed water chemistry, material defects, corrosion by extreme
operating conditions, cycle fatigue, concentration of steam contaminations, presence of
crevices and turbine vibrations [8-13]. However, blade erosion, combined with turbine
vibration, is less well documented as a cause of fatigue crack propagation. The present study

addresses these combined effects.

Fig. 1. In the photograph, a fracture is visible about 100 mm from the root of the turbine blade

on the exhaust side of the stream turbine.

2. Methodology



We have carried out chemical analysis using a Leco GDS optical spectrophotometer to confirm
the material grade, visual examination to identify the fracture origin, fractography using JEOL
6390A SEM (Scanning Electron Microscopy) to identify the mode of failure, metallographic
examinations including inclusion rating to find out the micro-constituents responsible for the
crack initiation, EDX (Energy Dispersive X-Ray) to find out the micro-chemical analysis of
crack originating regions, XRD (X-Ray Diffraction) for identification of phases and whether
they have changed over time, Micro Vickers hardness, Rockwell hardness tests to investigate
the local and bulk hardness of the blades, an examination of strength and ductility by tensile

test and testing the fracture toughness of blade materials using the Charpy impact test.

3. Results

3.1 Visual inspection




Pores create fin like structure

10 mm

Fig. 2(a, b, c). The leading edges of turbine blades located on the exhaust side show

several pits/grooves, an apparent fin-like texture.




Fig. 3. Fracture surfaces shown in (a) concave and (b) convex perspectives, and (c) cross
sections demonstrating crack initiation point, crack propagation region with beach marks and

the final fast fracture region.

Turbine blades on the exhaust side of a steam turbine are carefully inspected to discover
damage at their surfaces. Figures 2a-c show typical images with fine pores along the leading
edge of the blade on the convex side. A close inspection of these surfaces (figure 2c)
revealed material was removed at these pores due to erosion/corrosion, resulting in fin-like
structures. The fracture surfaces are depicted in Figure 3 a-c at concave and convex sides,
as well as in a cross section. The fracture surface (3c) shows brittle and ductile fracture zones
as well as beach marks in the crack propagation region that reveal fatigue mode fracture.
Beach markings revealed the direction of the cracks and the crack initiation point. In
addition, ratchet marks are visible at the fatigue crack regions, suggesting severe stress
concentrations there. It is also noted that cracks are originating from different locations and

that crack directions change along its path, indicating a torsional load is present at this point.

3.2 Chemical Analysis
6
6



The bulk chemical analysis of the turbine blade material is shown in table 1. Using chemical
analysis, it was determined that the failed blade was made of the stainless steel AISI 420 grade,
which is the same as X20Cr13of European standards. This blade exhibited a negligible amount
of molybdenum, which is essential for stainless steel to show pitting resistance. This suggest

that the material is having poor pitting resistance.

Table 1. The chemical composition of a failed turbine blade

Element C Si Mn Cr Ni S P Fe

Wt % 0.18 0.47 0.46 13.84 0.32 0.022 0.021 Bal.

3.3 Fractography

The low magnification image of the fractured surface of the failed blade at the trailing edge is
shown in Figure 4 a-f. There are several pits uniformly distributed on the leading edges, each
with a diameter of about 100 millimeters. An examination of these sites close up revealed that
bright phases had been eroded away, resulting in the formation of deep pores. EDX analysis of

these eroding phases shows Cr, O, and carbon peaks (fig.4g).
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Fig. 4 (a-f). SEM images on the leading edges show uniformly distributed pores, and they are
deeply penetrating, with an average diameter of 100m. (g) EDX data on the phases eroded

away from the leading edges indicates carbon, Cr and oxygen peaks.
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Fig. 5. (a) Crack originating at the trailing edge of the turbine blade from a shallow pit/pore.
Beach marks and ratchet marks are also visible in areas of crack propagation. (b) As the crack
propagates, it reveals a smooth surface, indicating an intergranular fracture mode in the zone

nearer the crack initiation. (c) Final fast fracture region

In figure 5(a), the crack found originates from the trailing edge of the turbine blade, even

though the leading edge has several deep pores. A crack that originates from a shallow pit/pore



located near the trailing edge of the turbine blade. In crack propagation regions, beach marks
as well as ratchet marks can be observed. The ratchet marks in different directions indicate

how the direction of the crack changes as the turbine blade rotates.

3.4 Microstructural, EDX and XRD Analysis
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Fig. 6. (a) The optical microscope reveals carbide precipitates on the turbine blade's surface

(b) An inclusion rating showed oxide inclusions near the leading edges where pores form (c)

SEM microstructure reveals uniform precipitates of chromium carbide within the lath

martensitic matrix (d) EDX spectrum on the precipitates (bright spots) indicates chromium

and carbon peaks indicating chromium carbide. (e) XRD analysis at the surface near to porous

region.

As can be seen in figure 6 a and b, the optical microscopy images show the surface

microstructure and inclusions near the porous region of the turbine blade. The surface

microstructure revealed uniformly distributed carbides in the matrix phase. The presence of

oxide inclusions is significantly increased at the failed region. A rating of the sample's inclusion

is performed at different parts of the sample, and the typical results are shown in Table 2.

Table 2. Inclusion rating at the region away from the pores and near to the pores.
Inclusions Away from the pores Near to the pores
Type A Sulfides 0 0
Type B Aluminates 0.5 0.5

11
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Type C Silicates 0 0

Type D Globular oxides 1.0-1.50 3.0 t0 4.0 (Thick)

The SEM microstructure reveals lath martensite and chromium carbide precipitates uniformly
distributed within it (fig. 6¢). Microcracks can be seen at a few locations on the concave side
of the turbine blade (fig. 6d). The EDX spot analysis shows chromium and carbon peaks in
addition to iron peaks, indicating that the precipitates are chromium carbide. The xrd results
obtained at the region of failed surface is shown in figure 6f. The analysis revealed martensite
as a predominant phase in the steel and also confirmed the presence of chromium carbide and

chromium oxide.
3.7 Hardness

The hardness of the failed turbine blade is shown in table 3 and the surface hardness of the

failed sample nearer the failed region are listed out in table 4 shown below

Table 3. Macro Vickers hardness of failed samples at different locations.

Location Hardness (HV30)
1 416
2 423
3 432
4 417

Table 4. Micro Vickers hardness of failed samples nearer to the porous region

12
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Location

Hardness (HVO0.1)

289

285

285

292

On average, the samples have a surface hardness of 422 HV, which is reduced in the porous

region.

3.8 Tensile Test Results

The tensile test results of the samples in the failed and unfailed regions are shown in figure 7.
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Fig. 7. Tensile test results of the turbine blades in the unfailed region and in the exhust region

where it failed.

The tensile test revealed a yield strength of 500 MPa and a tensile strength of 690 MPa in

the unfailed region and a yield strength of 310 MPa and a tensile strength of 550 MPa in the

13
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failed region. The ductility also reduced in the failed region. In response to hydrogenating
conditions, metallic components are susceptible to hydrogen embrittlement, which results in
severe mechanical degradation [14-18]. Hydrogen embrittlement exhibits a prominent loss
of strength, ductility, fracture toughness, and fatigue durability as reported elsewhere [19-

23],

Furthermore, the samples were also subjected to Charpy impact tests. The Charpy impact
values of the un failed samples were about 11 J, while those of the failed samples ranged from
710 9 J. In the failed samples, micro indentation tests also revealed cracks that originated after
indentation. It is clear from this that the material is susceptible to cracking after being used.
The fracture toughness calculated from these local sites using microhardness results are Kic
=0.5 to 1.5 MPa.m™¥’2 nearer to the pores. The reduction in the fracture toughness and ductility

could be attributed to hydrogen solubility in the material.

4. Discussions

The following factors were considered to determine the likelihood of steam turbine blade
failure: (i) whether the material used for the blades was defective? (ii) Operating conditions
affected the degradation and failure of the blade in any way? The chemical composition of the
turbine blade material is in accordance with the standards i.e., the turbine is made of X20Cr13
martensitic grade stainless steel. Based on its microstructure, the blade material shows no signs
of inhomogeneity or microstructural defects at its original state. The inhomogeneities and
degradation observed in the failed sample might have occurred during subsequent operations
due to hydrogen adsorption. It has been shown that stainless steels display strong hydrogen-
twin interactions, such that the twins act as the medium for rapid hydrogen diffusion, resulting

in voids and cleavage at certain locations [24-26]. Based on the inclusion ratings of the sample,
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the inclusions are prescribed in the original material and Hardness is comparable to that of
tempered martensite [1]. Therefore, any possibility of material failure due to material defects
is eliminated in the supplied condition. Several grooves were visible on the leading edges of
the blade. In a visual inspection these pits appear to be textured like fin-like structures. Close
observation of these pits revealed honeycomb morphology and fractographic analysis showed
they are about 100 um in diameter and penetrated deep into the steel. Some of these pores had
brightly colored phases, indicating that they may have exuded during the operation. It was
found that these are chromium oxides. Chromium oxides were found to have been eroded by
steam, leaving a porous region. When we move along the blade's surface, we may notice
chromium carbides at the places where chromium oxide is present. Other research studies also
reported such erosion marks [2]. It implies that chromium carbide is converted into chromium
oxide at these specific locations. Pores are formed when steam impinges on these surfaces,
eroding away the chrome oxides. The chemical reactions leading to this pitting corrosion is
described below

2Cr2C3 + 17 HaO = 3Cr03+ 4C02+ 17H2 «oovovieiiieeeee e (1)

Other causes of pore formation have also been reported. It is proposed that hydrogen diffuses
through the metal and resides at the interfaces of chromium carbides [3,4]. Due to its atomic
state, hydrogen in this form is active and forms H>O after interaction with condensed steam.
Oxygen, however, is needed for this reaction to occur. Oxygen may be provided by one or more
of the sources listed below. (i) Steam condensing at the low-pressure side because of pressure
drop [5]. (ii). Silica deposited by condensation of steam [6]. (iii). A surface oxide scale
facilitates the diffusion of oxygen from the atmosphere [7]. Following the formation of steam
at the interfaces of chrome carbides, it attacks the carbides and forms chrome oxide, as shown

below

448K
H20(g)<—> Hzo(l) .......................................................... (2)
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298 K
2Cr,Cs + 17 H,0 —— 3Cry05 4 4C05 4 17Hy wovevoireeieiiieeeieeeee, ?)

During the evaporation of the chromia from these sites, circular pores appear. Alternately, by

silica deposition as a result of pressure drop at the exhaust
SiO(OH)2 (g) in steam + 1/4 O (g) = SiOz (deposits) + H20 (g) ............ 4)
4Cr3Cy+13Si02=6Cr03+13Si+8CO .....cceviviiiiiiinn, (5)

As discussed above, chromium carbides react chemically with steam, resulting in chromia
formation and subsequent evaporation at low pressure side of turbine blades [8], creating

circular pores. The pore formation mechanism can be visualized in Figure 8.

— Condensed steam or Oxide layer or silica
ndeposited from steam at low pressure side

Adsorbea oxygensteam at chromium carbide

interface

2Cr2C3+17 H20 =3 Cr203 +4C02 + 17H2

{.(:}

Leading edge /

High Pressure Side

Chromia erosion
(Honey comb structure)

4 Cr3C2+13 Si02 =6 Cr203 + 13 Si + 8 CO

S

Trailing edge

Fig. 8. Visualization of pore formation mechanism in turbine blade under investigation.

4.2 Causes of Pore Formation at Specific Locations

There is a temperature reduction observed a few incidences, to about 230°C, otherwise, HP,
MP, and LP steam temperatures are about 333°C, 270°C, and 155°C, respectively. We have

calculated the dryness factor (x) at these temperatures corresponding to the high pressure,

16
16



medium pressure and low-pressure regions using Rankine diagram and the equation given

below

Sg=SF+X.Sfg .o (6)

The results are given in the table 5.

Table 5. Showing dryness factor at low, medium and high-pressure using Rankine diagram

Temperature(°C) Sg Sf Sfg X

270 5.4166 2.9765 2.9539 82%
230 2.6193 3.5364 78%
155.3 5.4166 1.8924 4.9002 71.92%

As seen from table 5 the dryness factor at the exhaust is about 72% and the wetness is 28%.
Although the value is within the prescribed limit; there is the possibility of steam condensation
at exhaust. i.e., The condensation will occur where pressure drop is there [9] i.e., at exhaust
region where the percent wetness is increased. Taking steps to reduce this percent wetness may

help reduce condensation.

In addition, it is important to note that temperatures and pressures inside turbines fluctuate
during operation, especially during start-up and shutdown [10]. Hence, there are locations that
will experience cyclic dry/wet steam conditions. Due to local supercooling of the steam flow
and the presence of impurities, early condensate could also form above the saturation
temperature [6,11]. Surfaces where liquid films are formed have varying thicknesses and
continuity depending on steam moisture, chemical impurities, wettability, and rotation speed

[12].
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4.3 Reasons of Failure of Turbine Blades

According to our analysis, there is an initiation, growth, and ductile regions of failure that
confirm that the failure mechanism is high cycle fatigue (HCF). The crack originates on the
high-pressure side, even though the pores are on the low-pressure side. This could be
attributed to the turbine vibration. Turbine vibration is caused by the formation of pores at
the leading edges [13,27,28]. As a result of turbine vibration, fatigue cracks expand from
pores and microcracks in the turbine blades. The pores present near to the concave surface

(high pressure) have contributed for the crack initiation [28,29]. During rotation at 6440

RPM, the turbine blade will experience the following stress as simulated in Ansys software.

0.065009 Min

40.00 (mm)
]

10,00 30,00

Fig.9. Equivalent Von-Mises stress

Figure 9 shows peak stress 97.88 Mpa, and Avg. stress of 15 Mpa was observed.

However, the presence of pores/grooves causes crack initiation [29,30,32.33].
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22.815
19.963
1711
14.26
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8.5567
5.7052
2.8536

0.0020408 Min

40.00(mm)

Fig.10. Equivalent Von-Mises stress after pore introduction of 0.1mm

Figure 10 shows that the crack would begin at 25.66 MPa if the material has pore/grooves of
0.1 mm. As the turbine blades are experiencing a stress of about 97.88 MPa, cracks are
propagating from the pores on the high-pressure side. Thus, the pores and microcracks at the
concave surfaces had made the blades vulnerable for crack initiation and fatigue failure. Few
other studies also showed similar reports [30,31,35].

4.3.1 Critical crack length

Here, we have assumed the crack to be a semielliptical notch with radius 0.1 mm and crack

length to be 0.5 mm, thus critical crack length is calculated as [36]

a,=— (K / {1 . 12amaxk(%)f 2(4:6) })2 .................................... W

Where,

acr— critical crack length

Kic- plane strain fracture toughness

Omax- Maximum stress

the critical crack length was calculated out to be 1.252 mm with K= 250 Mpam for
martensitic stainless steels, k(a/b)=1.15, and f2 (A,8)= 1.

4.3.2 Unstable crack length and crack propagation life
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When stress range exceeds a threshold value crack initiated begins to propagate following paris

law,[37]

da
= COAR) ™, (8)

Where,
da .
i crack propagation per load cycle

A K- stress intensity factor A K = 1.12(Aoy/7a) oo, 9)
Constants C & m are material parameters.

Cis 2.02 x 10" and m is 2.66 for martensitic stainless steels
Thus, crack propagation is 0.291 microns/cycle.

For crack life propagation no. of cycles to failure can be calculated Using Paris-Erdogan

equation,
. 1 f”c* da
! C( A o) ”’( NE ) m a, = u 0.857 + 0.265% U (10)
a? 0.265[1— W]4 +—
5T
Where,

a — crack length

ao— initial crack length — 0.1 mm

ac — critical crack length — 1.2525 mm

W — width of specimen — 50 mm

Thus, total cycles estimated for the failure is 715190 cycles. Thus life for 200 Hz : 715190/
200 = 3576 sec = 59.59 mins [37]

5. Conclusions

1. The chemical analysis revealed that the blade is made of the stainless steel AIS1 420 grade,

which is the same as X20Cr13 of European standards.
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[1]

2. Based on its microstructure, the blade material shows no signs of inhomogeneity or micro-
structural defects at its original state. It is apparent from the inhomogeneities, and
degradation observed in the failed sample that it might have occurred during subsequent
operations.

3. According to the inclusion ratings of the sample, the inclusions are as specified in the
original material; however, severe oxide inclusions were present at the failing leading
edges. These conditions might have been caused by silica deposition or pitting corrosion.

4. The strength and hardness of the turbine blade material are comparable to tempered
martensite in supplied condition. Despite this, we find that the tensile strength and ductility
of the material are lower at the failed regions. It could be explained by the microcracks
lying at the lath- martensite interfaces being opened up during tensile loading.

5. It was found that chromium carbide is converted into chromium oxide at these specific
locations. These chromium oxides were eroded by steam, leaving a porous region.
According to the research, the pores are about 0.1 mm in diameter and penetrate deeper. In
operation, the pores caused turbine vibrations, which triggered fatigue cracks to grow.

6. We calculated that during turbine operation, about 97.88 MPa of load is falling on the
blades and that cracks can occur if the blade has a pore of 0.1 mm in diameter.

7. Based on the above-mentioned facts, any possibility of material failure due to material
defects is eliminated in the supplied condition. The pores were created during the operation,
which caused turbine vibrations, resulting in fatigue cracks from the high-pressure side. As
a result, the turbine blade failed.
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