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ABSTRACT

This short report provides an overview of environment assisted cracking (EAC) of
blade steels. The effect of material composition, chloride concentration and temperature
on pitting is assessed. Critical pitting potential measurement using a potentiodynamic
scan shows that the threshold chloride concentration for pitting of a 12% Cr steel in the
absence of dynamic stain is in excess of 500 ppm, much higher than that in the
condensate on the steam turbine under normal operating conditions. There is a
significant effect of environment on the fatigue strength, with no evidence of a fatigue
limit in aggressive environments, e.g., concentrated NaCl and NaOH solutions. In less
aggressive environments pitting may still influence the development of cracks but only
acting in concert with fatigue loading, the latter assisting initial pit development either
by film breakdown or microcrevice formation at inclusions and sustaining propagation
of the subsequent pit. In this case, a fatigue limit is still observed because pitting is
contingent upon fatigue loading but it is lower than that in air.

There is generally little effect of environment on the growth rate of fatigue cracks under
high frequency cyclic loading. However, in aggressive environments, such as NaCl
solution, the threshold stress intensity factor range for fatigue cracking can be reduced
relative to air, probably associated with dissolution of microstructural barriers to crack
propagation. There is a marked effect of environment on the crack growth rate under
load waveforms simulating two shifting operating conditions. Measurements of stress
corrosion cracking (SCC) velocities are sparse. Significant crack growth rates have
been reported but seem tied in with steels of high S and P impurity levels or very
aggressive environments. In more relevant environments with modern steels the growth
rate is very low, typically about 0.2 mml/y.

Keywords:  Steam turbines, blade steels, pitting, fatigue, environment assisted
cracking



NPL Report DEPC-MPE 033

© Crown copyright 2007
Reproduced with the permission of the Controller of HMSO
and Queen’s Printer for Scotland

ISSN 1744-0262

National Physical Laboratory
Hampton Road, Teddington, Middlesex, TW11 OLW

Extracts from this report may be reproduced provided the source is acknowledged and
the extract is not taken out of context.

We gratefully acknowledge the financial support of the UK Department of
Trade and Industry (National Measurement System Policy Unit)

Approved on behalf of the Managing Director, NPL,
by Dr M G Gee, Knowledge Leader, Materials Performance Team
authorised by Director, Engineering and Process Control Division



NPL Report DEPC-MPE 033

CONTENTS

1. INTRODUCTION

2. CRACKING IN SERVICE
2.1 LOCATIONS
2.2 MATERIALS
2.3  STRESS
24  TEMPERATURE
2.5 IMPURITIES

3. LABORATORY TESTING
3.1 PITINITIATION AND GROWTH
3.2 CORROSION FATIGUE
3.3.1 Effect of corrosion and pitting on the fatigue strength
3.3.2 Growth rate of fatigue cracks
3.3  STRESS CORROSION CRACKING
34  CRACK MORPHOLOGY

CONCLUSIONS
RECOMENDATIONS
ACKNOWLEDGEMENTS
REFERENCES

N o g &

OO WW NMNDNNNNNEFRL, P~ -






NPL Report DEPC-MPE 033

1. INTRODUCTION

Failures from environment assisted cracking (EAC) of steam turbine blades, discs and
rotors have been a concern in the power industry. Despite worldwide effort, occasional
problems still arise. The major challenge is to predict more reliably the conditions under
which cracking is likely and, for those conditions, the evolution of crack size with time
so that non-destructive testing may be used in a focused manner and informed decisions
made about inspection intervals and remnant life.

Failures from stress corrosion cracking (SCC) of steam turbine blade steels are less
frequent compared to disc steels. Consequently, studies on SCC of blade steels are not
as extensive as for the disc steels and most of the work has focused on corrosion fatigue
(CF).

This brief review is supplementary to the previous comprehensive review on EAC of
steam turbine disc steels’. The objective is to review critically existing data on pitting,
crack initiation and crack growth in blade steels and the effect of material properties
(strength level, composition), environmental variables (pH, oxygen, chloride and
carbon dioxide concentrations), temperature and stress on EAC.

2. CRACKING IN SERVICE
2.1 LOCATIONS

For fossil fired power stations, most turbine blade failures have occurred in the last few
rows of the low pressure (LP) turbine as it is in this region that the steam starts to
condense> EAC has also occurred on high pressure (HP) turbine blades where
condensation forms in Magnox and PWR stations but as the blades are smaller and the
stresses are lower it is less common.

2.2 MATERIALS

It has been stated® that the most common blade materials used in steam turbines at fossil
fired and nuclear power plants are martensitic steels containing 11%-13% Cr and a
variety of secondary alloying elements depending on the manufacturer, with the yield
strength ranging from 600 MPa to 800 MPa. However, both Westinghouse and GEC
have used blade steels with yield strength starting at 550 MPa and GEC have used
higher strength steels (FV566) in the range of 700 MPa to 1000 MPa®*. Other steels,
such as high nitrogen 12% Cr steels, precipitation hardened stainless steels (e.g. PH 17-
4), duplex stainless steels and Titanium alloys (e.g. Ti-6Al-4V) have also been used as
blade material in steam turbines®*>” to improve the mechanical strength and/or the
corrosion resistance. However, this review focuses on EAC of the more commonly used
martensitic blade steels.
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2.3 STRESS

Blades are subjected to static stresses, which result predominantly from centrifugal
loads with a design limit stress of 50% of the yield stress or less®®, and to transient
stresses caused by start up/shut down cycles. In addition to these static or quasi-static
loads are superimposed high frequency cyclic loads due to vibrations or steam bending.
The amplitudes of the high frequency cyclic stresses are often unknown and depend on
assumptions®, although they are expected to be low, about 0.5% of the yield stress and
no more than 1% under normal operating conditions®. Accordingly, for most
applications, high frequency fatigue failure would be uncommon.

2.4 TEMPERATURE

The temperature of blades at locations where EAC occurs varies from station to station,
depending on the turbine design and operating conditions®®. For instance, the
temperature at which first condensation occurs ranges from about 90 °C in low pressure
turbines (LP) for the typical fossil fired plant, to 280 °C in high pressure turbines (HP)
for a PWR station. However, it should be noted that the transient temperature on the
blade surface during start up/shut down may be very different from that under normal
operation conditions. Thus, last row LP blades normally operate at about 40 °C but can
reach 150 °C during start up, shut down, no-load or light load running due to windage
effects (friction due to air)'*.

2.5 IMPURITIES

The various studies of deposition of corrosive salts on steam turbines have been well
documented in a number of reviews?**. Over 150 chemical compounds have been
identified in millimetre thick deposits with concentrations ranging from a few ppm by
weight of deposit to almost 100% of the deposit™. It was thought that the main cause
for EAC of the turbine discs and blades was due to the formation of highly concentrated
solution in the early droplets nucleated around the particles. Therefore, early studies had
focused on CF and SCC of blade steels in concentrated corrosive solutions, such as
NaCl and NaOH.

However, more recent studies’®>® suggest that concentrated solutions are not a
reflection of the solution chemistry of condensates in the region of relevance to EAC. A
comprehensive review'® on water chemistry of condensates on the turbine surface has
been conducted recently and key conclusions can be summarised as follows:

e Calculations based on thermodynamics have shown that the content of inorganic
impurities in the liquid film is predicted to be 100 times higher than that in the
steam, assuming that formation of the liquid film commences at a moisture level of
1%.

e In-situ measurements using a model power plant at the Moscow Electricity Institute
(MEI)'® show that the concentration factor (the ratio between the impurity
concentration in the early condensate and in the inlet steam) is between 10 and 50,
i.e. less than that calculated by assuming that all impurities are partitioned in the
liquid phase and that the moisture level is 1% or less.
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e The chloride concentration measured for the liquid film was more variable, in the
range of 50 to 1000 times higher than that in the inlet steam. Evaporation was
suggested as the possible cause of the presence of the much higher chloride
concentration in the liquid films compared to that in the early condensates.

e Due to the partitioning of oxygen between the steam and liquid phase, the oxygen
in the liquid film and early condensate should always be less than 1 ppb under
normal operating conditions. Under abnormal and transient conditions (air leakage,
forced condensation, off-load), oxygen levels of up to several ppm may be present
in the condensates.

These studies suggest that condensate chemistry under normal operation could be
typified by relatively low concentrations of salts, e.g. 300 ppb CI" + 300 ppb SO, or
1.5 ppm CI  solutions although the details will vary from plant to plant.

3. LABORATORY TESTING
3.1  PIT INITIATION AND GROWTH

EAC of blade steel often initiates at pit sites which act as stress raisers, especially for low
and moderate strength steels®'’?°. Pits can promote crack development, in general, by
acting as stress concentrators, by creating a local solution chemistry conducive to
cracbling and by removing impediments to hydrogen ingress through dissolution of oxide
film*.

Systematic measurement of critical pitting potentials for a wide range of steels,
including conventional 12% Cr blade steels, the high nitrogen alloys and the
precipitation hardening steels, was carried out by Lopez-Cacicedo and Mclintyre®, using
potentiodynamic scanning at a rate of 0.5 mV/s. The tests were conducted in aerated
0.02 M NaCl solution at 23 °C and 90 °C. (To compare data from different sources, it is
worthwhile to note that 0.01 M [CI'] is equal to 355 ppm CI" and 1 ppm CI  is equivalent
to 2.8 x 10 M [CI]). As shown in Figure 1, an empirical relationship was established
between critical pitting (breakdown) potential, Ep,, and the contents of major elements in
the steels:

Ep, MV (SCE) = 54.6 [%Cr + 3(%Mo + %W)] — 855 (1)

Williams and McMurray? measured E;, for two steam turbine steels, F\V566 containing
11% Cr and FV520B containing 13.5% Cr by mass, using potentiodynamic polarisation
at a sweep rate of 0.5 mV/s. The critical pitting potentials in various concentrations of
NaCl solution at 25 °C to 100 °C are shown in Figure 2. The following relationship
between E, and chloride concentration was obtained from a linear fit:

Ep = A+ B logio[CI] @)

where A and B are constants. The values of A and B for the 11% Cr and 13.5% Cr
steam turbine blade steels at different temperatures are listed in Table 1.
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It can be seen that the pitting resistance of the steels increased significantly with
increasing Cr content from 11% to 13.5%, the values for 13.5% Cr steel being about
0.25 V higher than that of 11% Cr steel.

Williams and McMurray? reported that under open circuit a 13.5% Cr steel showed no
evidence of pitting when immersed in aerated electrolyte at 20 °C for up to 4 days, even
when [CI] was 5 mol/l. Under the same conditions, stable pits commenced on an 11%
Cr steel within 1 h of immersion at [CI'] > 1 mol/I (35500 ppm).

® -single point data
e - multi - point data
300 [~ i
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Z 100 |-
w
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H
3
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12 14 16 18 20 22
%(Cr + 3(Mo+W)]

Figure 1. Correlation between breakdown potential of blade steels and %[Cr +
3(Mo +W)] in 0.02 M NaCl solution®.

Table 1 A and B parameters (from Eqn 2) for the 11% Cr and 13.5% Cr steam turbine
blade steels as a function of temperature in chloride-containing solutions®,

Temperature A B
°C) IV (SCE) / VV/Decade
11Cr 13.5Cr 11Cr 13.5Cr
25 0.011 0.277 -0.142 -0.146
40 0.003 0.247 -0.139 0.130
55 -0.059 0.176 -0.124 -0.142
70 -0.146 0.114 -0.148 0.153
85 -0.205 0.068 -0.138 -0.131
100 -0.258 0.008 -0.145 -0.141
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Figure 2. Pitting diagrams showing the variation of E, with [CI'] in deaerated aqueous
NaCl solution for (a) 11% Cr and (b) 13.5% Cr alloy. Results are shown for
temperatures of: (i) 25 °C, (ii) 70 °C, and (iii) 100 °C*.

The E;, of a blade steel (FVV566) containing 12% Cr by mass was measured in deaerated
water containing various ClI" contents at 90 °C, using the potentiodynamic scanning
technique at a sweep rate of 1 mV/s?*. The measured E;, values are shown in Figure 3 as
a function of chloride concentrations, together with the corrosion potential in various
aerated chloride solutions (1.8 ppm Oy). The corrosion potential was measured after the
specimen had been exposed to the solution for 24 h. It can be seen that pitting is
unlikely until the chloride concentration reaches about 500 ppm at which concentration
Ep is only about 50 mV more positive than the corrosion potential. However, it should
be pointed out that the critical pitting/film breakdown potential is only indicative and
cannot be directly used to identify whether a steel of interest in a given environment
will suffer from pitting corrosion, as it is scan rate dependent. Any change of surface
condition, such as surface roughness/surface defects or induced surface residual stress
in the steel, may also have a significant effect on the critical pitting/film breakdown
potential. Furthermore, the critical pitting/film breakdown potential is expected to be
reduced for steels under dynamic strain®*. Nevertheless, it seems that in the absence of
dynamic strain pitting is not likely in the water chemistry relevant to steam turbine
applications, such as 300 ppb, 1.5 ppm and 35 ppm CI  solution. However, as dynamic
strain is always present in the turbine blades, further studies are required to evaluate the
impact of dynamic strain on the critical pitting conditions.

For comparison, the Ey, of two blade steels at 90 °C extrapolated from equations derived
by William and McMurray? is plotted as a function of chloride concentration in Figure
3. It appears that there is good agreement between the three sets of data with respect to
the chloride concentration dependence of the critical pitting potential.
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Figure 3. The critical pitting/film breakdown potential of the blade steels measured in
deaerated solution as a function of chloride content. Also shown is the corrosion
potential of the 12% Cr blade steel measured in aerated CI” solutions at 90 °C%.

Shalaby et al*® examined the surface appearance of fatigue specimens of a 12% Cr steel
(Type 403 SS) tested in various concentrations of H,O, NaOH, NaCl, Na,SO,4, NasPO,
and Na,SiO4 at 100 °C. The fatigue tests were conducted using the rotating bending
method (stress ratio, R = -1) at a frequency of 1.5 Hz. Tests were conducted first in air
and then in CI" solutions to determine the fatigue limit. Subsequently, separate tests
were performed at a stress amplitude of 448 MPa to investigate the fatigue initiation
morphology in various environments. These tests were interrupted for microscopic
examination at ~ 50% and 75% of the average fatigue life. The exposed side surfaces
and the fractured surfaces were examined using optical and scanning electron
microscopy (SEM). The finding are summarised in Table 2. Pits were observed in all
NaCl solutions except in 0.01 M at pH 10 and cracks initiated from macropits except in
1.0 M at pH 2. Pits were also observed in 0.01 M and 1 M Na,SO, solutions at pH 7
and pH 10 but the transition from pits to cracks only occurred in 1 M Na,SO4 solutions.
No pitting occurred in other environments.
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Table 2 Modes and characteristics of fatigue crack initiation in Type 403 SS in various
environments.

Solution | Conc. | pH | Mode Comments
(M)
air N/A | N/A| (1)+2 | High density of long narrow cracks associated
with inclusions and debonded zones
H,0 N/A | N/A 1 Medium density of long narrow cracks
~0.0001 | 10 1 Medium density of long wide cracks
NaOH ~0.01 12 (1)+2 | High density of long narrow cracks
~1.0 14 1 Medium density of long narrow cracks
001 2 (4)+3 V(_ary Iqw density of long narrow cracks linking
micropits
Very low density of long narrow cracks
0.01 / (3)+1 initiating at macropits
NaCl 0.01 10 1 High density of short wide cracks (no pits)
No cracks observed at 75% fatigue life. some
1.0 2 (4)+3 micropits
1.0 7 (3)+1 | Very low density of long narrow cracks
1.0 10 | (3)+1 | initiating at macropits
No cracks or pits observed at 75% of fatigue life.
0.01 2 4 Very low density of short narrow cracks,
macropits developed at later stage
Very low density of short narrow cracks,
0.01 / (1)+3 macropits developed at later stage
Very low density of short wide cracks, macropits
Na2S0, 0.01 10 | (1)+2+3 developed at later stage
1.0 2 4 Same as pH = 2, [Na,SO,] = 0.01
10 7 (1)+3 Very_ _Iow densny_ of long narrow cracks
transitioning macropits
Very low density of short wide cracks, micropits
1.0 10 (1)+3 developed at later stage
High density of long narrow cracks associated
0.01 2 (1)+2 with inclusions and debonded zones
0.01 7 (1)+2 | Medium density of short wide cracks
NasPO, | 0.01 10 | (1)+2 | High density of long narrow crack
1.0 2 (1)+2 . . .
10 7 (1)+2 High density of long narrow cracks associated
: with inclusions and debonded zones
1.0 10 (1)+2
Na;SiO4 1.0 10 1 Low density of long narrow cracks
Note: 1. intrusion-extrusion microcracks; 2. inclusions; 3. pitting; 4. general corrosion
(emergent boundary etching); and ( ), dominant mode. Very low density < 75 cracks/cm?,
low density < 150 cracks/cm? medium density ~ 300 cracks/cm? high density > 450
cracks/cm?. Short crack < 150 pm, long crack > 300 pm, narrow crack < 0.5 pm, wide
crack >1.5 um, micropits < 30 um diam, macropits > 60 um diam.

Pits were also observed by Ebara et al*’” in 3% NaCl at 60 °C and 80 °C as well as in
3x10™ % (3 ppm) NaCl solutions at 80 °C. However, the test at 3x10™* % NaCl solution
was conducted by dripping the solution on to the specimen at a flow rate of 2-5 ml/min.
It was not specified whether there was formation of any scale or salt deposits on the
specimens due to evaporation, which would result in much higher local chloride

7



NPL Report DEPC-MPE 033

concentrations. Nevertheless, the authors quoted that others® at a different laboratory
also reported micropits of about 10 um deep on 13% Cr steel in 1 ppm NaCl solution at
150 °C. Pits were also observed in specimens tested in 40% NaOH + 3.5% NaCl and
14.4% Na,gHo PO, solutions. A surprising result is that the depth of pits was roughly
constant at 10-20 um, regardless of variation of NaCl concentration and the magnitude
of cyclic stress, which in turn affects the test duration (time to failure). The authors did
not give an explanation for the apparent independence of pit depth on the environments
and test durations but it is possible that these were non-propagating pits due to the
dissolution of inclusions under dynamic strain in fatigue tests.

The evolution of pit depth (a) with time is often described by a relationship of the form:
a=ath (3)
where o and 3 are system specific constants.

However, there are no data in the literature to establish the pit growth rate law for the
blade steel, especially in environments and temperatures relevant to steam turbine
operating conditions.

3.2 CORROSION FATIGUE
3.3.1 Effect of corrosion and pitting on the fatigue strength

The effect of pits as stress concentrators on a blade steel has been examined by Zhou
and Turnbull®*. They developed an electrochemical procedure to produce pits of a
controlled depth and low density. The fatigue strength of the pre-pitted specimens was
then measured in air. Tests were conducted at a fatigue frequency of 25 Hz with a stress
ratio of 0.1 at ambient temperature. The fatigue strength was defined as the value of
stress range below which the specimen did not fail above 1 x 10’ cycles. The results
showed that the fatigue strength for the specimens with 35 pum, 110 um and 250 um
deep pits was 87%, 70% and 52%, respectively, of the fatigue strength of the “smooth”
specimens (2400 grit finish). The dependence of the fatigue strength on pit depth was
consistent with pits acting as effective short cracks of the same depth provided the El
Haddad? short crack correction is used:

AK =aAc.f(a+a,) (4)

where AK is the range of the stress intensity factor, Ac is the stress range, o is a
geometry factor, a is the pit depth and ao is a constant.

Lebedeva et al*’ also investigated the effect of pitting on fatigue resistance in blade steels
(12%-13% Cr) using artificial pits. The aspect ratio of depth a to diameter d was 0.31 and
the pit diameters are 0.4, 0.5 and 1.8 mm. Zhou and Turnbull®* showed that the data by
Lebedeva et al were also consistent with Equation (5), although with a different value of

do.

The effect of corrosion/pitting on the fatigue strength of blade steels in NaCl, Na,SO, and
NaOH solutions has been well studied® ® 2% %8 Typical examples™ of S-N curves for a
blade steel in air, distilled water, and 3x10™ % (3 ppm) to 3% NaCl solutions are shown
in Figure 4 (f = 60 Hz and R = -1.0). The fatigue strength is reduced in 3% NaCl
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solutions to about 25% of that in air at 10’ cycles. They also reported that in 40% NaOH
solution, the fatigue strength also decreased to about 25% of that in air at 108 cycles.
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Figure 4. Effect of distilled water and NaCl concentration on the fatigue strength of a
12% Cr steel*®,

On the other hand, the reduction in the fatigue strength in 3x10™ % (3 ppm) NaCl
solution was modest, to about 85% of that in air. No reduction in fatigue strength was

observed in distilled water. The authors did not report whether pits were observed in
distilled water.

Shmitt-Thomas® also investigated the effect of corrosion on the fatigue strength of a
number of blade steels in 0.01 M (0.059%) NaCl solution. The material compositions are
listed in Table 3. Some results are shown in Figure 5. Again, there is a significant
reduction in the fatigue strength in the NaCl solution compared with that in air and the
extent of the reduction increases with temperature. It also demonstrated that the fatigue
strength is significantly improved by the addition of 2.5% Mo (Figure 6).

Table 3. Chemical composition of tested steels®.

Element | X4CrNiMo016-5-1 | X20Cr13 X20CrMo13 X20CrMo13-2

C 0.028 0.19 0.20 0.26
Cr 15.1 13.3 13.5 12.6
Ni 5.1 - - -

Mo 0.92 0.03 1.04 241
Mn 0.83 0.53 0.67 0.60
Si 0.37 0.24 0.39 0.54
P 0.016 0.017 0.020 0.014
S 0.006 0.013 0.018 0.014
N 0.062 - - -
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Figure 5. Corrosion fatigue behaviour of the soft precipitation hardening martensitic
stainless steel X4CrNiMo16-5-1 at different temperatures in 0.01 M NaCl solution®.

Lachmann® conducted low cycle fatigue tests under strain control with a triangular
waveform on five turbine steels, three of which were blade steels. The tests were carried
out with a strain rate of 1 x 10° s™ and strain magnitude between 0.25% and 0.65% [of
what?] in simulated boiler feed water (conductivity < 0.1 uS/cm at pH 7) at 20 °C and 90
°C (the calculated fatigue frequency was about 0.2 Hz). It was not specified whether the
test water was circulated or refreshed and hence it was not clear whether the water
conductivity was kept less than 0.1 uS/cm throughout the test. It was found that the
simulated boiler feed water reduced fatigue life by a factor of 2 to 5 compared with the
data in air, as exemplified in Figure 7. It was claimed that the temperature effect between
20 °C and 90 °C was negligible, in contrast to the findings in NaCl solution (Figures 4
and 5).

10
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Figure 6. Corrosion fatigue behaviour of the martensitic stainless steel type X20Cr and
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solution®.
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Figure 7. Total strain amplitude vs. number of cycles N forX20Cr13 in air and in feed
water at various pH values®.

Most of the fatigue tests of blade steels were conducted in aerated conditions, which may
be too severe and unrealistic in the steam turbine applications™. The presence of oxygen
increases the corrosion potential which in turn increases the risk of pitting or anodic
dissolution if the steel is in the active state. Dissolved oxygen content has a significant
effect on the fatigue strength of the blade steels®, as shown in Figure 8. The fatigue
strength in the deaerated solution at the same number of cycles is about three times higher
than that in the aerated solution, but was lower than that in air. However, it should be
noted that the fatigue tests were conducted at ambient temperature in air (like in many
other studies) but at 80 °C in solution. Therefore, the effect of temperature cannot be
excluded from such a comparison.

More recently, Perkins and Bache® have studied corrosion fatigue of a 12% Cr low-
pressure turbine steel in environments more relevant to the service conditions. Typical
results are shown in Figures 9 and 10. It can be seen that the fatigue strength was slightly
reduced even in the absence of oxygen and chloride, but the most detrimental effect was
observed in 4 ppm oxygen + 1 ppm chloride solutions at 120 °C. They also reported that
fatigue crack initiation occurred from corrosion pits in 4 ppm oxygen + 1 ppm chloride
solutions at 120 °C, but these pits were only formed in the presence of cyclic stress.

12
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Figure 10. Effect of 1 ppm CI" addition on the fatigue strength in 4 ppm oxygen
deionised water at 120 °C*".

It has long been recognised that a fatigue limit does not exist under conditions where
stable pits grow, as the threshold stress range for cracking decreases with the increase of
the pit depth®. The fact that there is a plateau regime in the S-N curve of the blade steels,
especially in water and relatively dilute chloride solutions or in the absence of oxygen
(Figures 4, 5, 6, 8 —-10), suggests that pits may only grow under certain dynamic strains or
that pit growth rate is very slow after reaching certain depths.

All of the fatigue tests described above were conducted at high frequency and do not
represent actual steam turbine service conditions. As stated earlier, the amplitude of high
frequency cyclic loading associated with vibrations or steam bending is normally small
and the low frequency (at most once per day for two shifting operating conditions)
cyclic loading associated with start up/shut down is of more concern. It is well known
that the environmental effect on the fatigue strength is time dependent, especially when
pitting is a concern®. For instance, the growth rate of pits is low in the relatively benign
environments associated with steam turbine operating conditions. In high frequency
fatigue testing, the test duration (limited by the time to failure) depends on the level of
stress range and can be as short as a few minutes at a high stress level. In this timescale,
pits may not reach the critical size to promote crack initiation before fatigue failure
occurs. Indeed, it has been found that at high stress (around the air fatigue limit), there is
not enough time for pits to develop and hence the failure is mechanically dominated™.
Therefore, lifetime prediction based on the S-N curves may seriously underestimate the
impact of pitting, in the case where pitting is a precursor of crack initiation.

Another concern is that although the effect of environment and temperature on the
fatigue strength is well studied, in most cases the comparison was made between the
fatigue strength in air at ambient temperature and that in aqueous solutions at elevated
temperatures. Therefore, the impact of environment on the fatigue strength could be
overestimated as it is expected that the fatigue strength in air will decrease with
increasing temperature.
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3.3.2 Growth rate of fatigue cracks
The growth rate of fatigue cracks, da/dN, can generally be described by:

da _ oAk
dN

()
where da/dN is the cyclic growth rate of fatigue cracks, AK is the range of the stress
intensity factor, and C and m are constants.

The effect of environment on the fatigue crack growth rate of 13% Cr steel in 3% NaCl
solution and in distilled water was investigated by Kawai and Kasai’®, as shown in
Figure 11. It should be noted that it is unusual that a stress ratio of —1 was used for FM
specimens because of crack closure. The crack growth rate at Kma > 6 MPa m*? in 3%
NaCl solution is nearly equal to the rate in air. However, the threshold stress intensity
factor range, AKy, and hence the maximum threshold stress intensity factor, Kmax for
the given stress ratio (R = -1) decreases to 2.5 MPa m*? in the 3% NaCl solution,
corresponding to only 42% of that in air. The reduction of the threshold stress intensity
factor range for fatigue crack propagation was also observed by Ishii et al for a 13% Cr
blade steel in 3% NaCl solution®. This is not surprising, as the environment is not
expected to have an effect on the fatigue crack growth rate at the high cyclic frequency
(35 Hz), as the growth rate is dominated by the mechanical damage processes.
However, the threshold stress intensity factor range for fatigue crack propagation would
decrease in aggressive environments, because corrosion may dissolve the
microstructural barrier (e.g. grain boundary) to crack propagation®.
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Figure 11. Environment effect on the growth rate and the threshold stress intensity factor
range of fatigue cracks in a 13% Cr stee®,
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Gabetta and Torri*® reported that the crack growth rate was much higher in 22% NaCl
solution at 80 °C than that in air, as shown in Figure 12 (f = 50 Hz, R = -1). However,
as the crack growth rate in air was measured at ambient temperature, the difference in
the crack growth rates is possibly related to the difference in test temperatures instead
of the effect of environment.
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Figure 12. Fatigue crack growth rate of a 12% Cr blade steel in air at 22 °C and in 22%
NaCl solution at 80 °C™.

The growth rate of fatigue cracks of a 12% Cr blade steel in 3.5 % NaCl, 12.7% Na,SO,4
and distilled water at 25 °C, 60 °C, 90 °C and 150 °C was measured by Cho et al**, as
shown in Figure 13 (R = 0, f = 0.5 Hz). At the same temperature, the growth rate was
similar in the different environments. However, there was a significant effect of
temperature on the crack growth rate in all environments.

16



NPL Report DEPC-MPE 033

1.00£-02

< distilled{25T)
o distilled(60T)
& distiled(807T)
o distitled(150T)
« NaCl{25%¢)

« NaCK60T)

4 NaCi{90T)

= NaCI(150TC)

x Naz2804{25T)
x Na2804(607T)
+ Na2304(907T)
1.00E-04 }— - Na2504(1507C)
! win air

1.00E-03

da/dN (mm/cycle)

+.00E-05

10 100
A K (Mpavm)

Figure 13. The cyclic growth rate of fatigue cracks in 12% Cr steel as a function of AK in
various environments**.

Again, it should be noted that the effect of environment on the crack growth rate of
blade steels has been assessed mainly under high frequency cyclic loading. It is well
known that crack growth under high frequency fatigue is mechanical damage
dominated and there is not sufficient time for the reaction between the new surface at
the crack tip and the solution. Therefore, the impact of environment on crack growth
rate cannot be fully assessed under high frequency cyclic loading conditions.

The crack growth rate of a 12% Cr blade steel (Type FV566) was determined at NPL
under trapezoidal loading (load up: 20 min, load hold: 100 min, load down: 20 min and
load off: 20 min) to simulate approximately the two shifting operating conditions. The
environment was 300 ppb CI" + 300 ppb SO,* solution at 90 °C to simulate the water
chemistry of the condensates on load but the solution was aerated to take into account the
aeration during off load and the possible prolonged effect of the slow decay in the
corrosion potential of the steel after the transition from aerated to deaerated conditions?.
The results are shown in Figure 14, together with the growth rate of fatigue cracks in air
at the same temperature. Comparison of the crack growth rate also shows that there is a
marked effect of the environment, as the crack growth rate in the solution is about 10
times higher than that in air.
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Figure 14. Comparison of crack growth rates for the blade steel in aerated 300 ppb CI’

+ 300 ppb SO, solution at 90 °C with test data obtained in air also at 90 °C%.

3.3  STRESS CORROSION CRACKING

Stress corrosion cracking studies have mainly been carried out in concentrated NaCl
and NaOH solutions and, unlike for the disc steels, there have been few long-term stress
corrosion tests conducted in water or dilute solutions representing more realistically the
water chemistry of the condensates formed on the blade surface.

Figure 15 shows the growth rate of stress corrosion cracks in a 12% Cr blade steel
under static stress in aerated 22% NaCl solution at 105 °C and in aerated deionised
water at 23 °C*. The threshold stress intensity factors for SCC, Kiscc, for the blade
steels studied are listed in Table 4. It can be seen that the environment (and

temperature) have a significant effect on Kscc.

Table 4 K;scc for blade alloys™.

Alloy Environment Kiscc / MPa m*?
H,0, 23 °C > 100
X20CrMoV12-1
22% NacCl, 105 °C 35
X5CrNiMoCuNb15-4 22% NacCl, 105 °C 26
X4CrMnNiMoN26-6-4 4M NaCl, pH 2-16, 80°C >60
Ti-6Al-4V 22% NaCl, 23 °C 32
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Figure 15. Stress corrosion resistance of blade steels®.

Sparkes studied the stress corrosion crack growth rate of two blade steels, F\/566 steel'!
and FV520B% in deaerated deionised water, oxygenated deionised water (35 ppm O,)
and refluxing 30% NaOH at 120 °C. The FV566 steel had 11% - 12 % Cr and the proof
stress, ooz, was 900 MPa when tempered at 630/650 °C and about 1000 MPa when
tempered at 600 °C), while the FVV520B steel had 14.4% Cr and oo, was 1020 MPa for
standard and 1290 MPa for fully hard. The tests were conducted using wedge opening
load (WOL) specimens and the average crack growth rate was calculated after exposure
to the solutions for various durations. The results are shown in Figures 16 —19.
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Figure 19. Comparison of stress corrosion cracking susceptibility of FV520B and
FV/566 turbine blade steels in 30% NaOH solution at 120 °C* (note: 30/872 in the
figure should be 30/372).

The Kiscc for FV 566 was less than 20 MPa mY2, even in the deaerated water at 120 °C.
For FV520B, Kjscc Was also less than 20 MPa mY? for the fully hard condition and in
the range of 20 MPa m“? to 40 MPa m*? for the standard condition in refluxing 30%
NaOH solution at 120 °C. No crack propagation was observed in fully hard Fv520B
tested for 4466 h at 72 MPa m*? in aerated water or in standard FV520B tested for 5256
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h at 61 MPa m*? in deaerated water at 120 °C. However, Sparkes suggested that the
Kiscc would be expected to be the same as that obtained in 30% NaOH solution® and
that the fact that no cracking was observed at stress intensity factors well above these
values was probably because the initiation time for cracking in water exceeded 5000 h.
The author quoted other work®’ that reported crack initiation periods for precracked
WOL specimens exposed to water/steam of up to 8000 h.

The threshold stress intensity for cracking of FV566 and FV 520B was much lower than
that of X21CrMOV12-1 in 22% NaCl at 105 °C obtained by Attrens et al, although the
Cr (12% mass) content in X21CrMOV12-1 is similar to that of FVV566 and lower than
that of FV 520B. However, it is difficult to make a full comparison as the concentration
of minor elements in X21CrMOV12-1 and the mechanical properties were not given. It
should also be noted that X21CrMOV12-1 is typically tempered (at Alstom) at ~700 °C
and gives a lower yield stress than FV566 and FV/520°.

Two interesting findings should be noted in the above work. One is that crack growth is
approximately proportional to the square of the stress intensity factor over the range
studied and there is no regime independent of the stress intensity factor, in contrast to
other work. The other is that the crack growth rate seems surprisingly high, even in
deaerated water (of the order of 10™° m/s).

Zhou and Turnbull also measured the crack growth rate of a 12% Cr blade steel in
aerated 300 ppb CI" + 300 ppb SO,* solution at 90 °C at static stress using FM
specimens and pulsed DCPD crack monitoring technique. The growth rate at a stress
intensity factor of about 40 MPa m*? was very low, about 4.6 x 10™2 m/s (0.14 mm/y).

The reason for the high growth rate obtained by Sparkes is not obvious as the water
chemistry appears to be tightly controlled. One possibility is the high S (0.012% -
0.035% mass) and P (0.015% -0.022%) contents in the steel used by Sparkes™ (the steel
used by Zhou and Turnbull had < 0.003% mass S and <0.009% mass P).

34  CRACK MORPHOLOGY

As discussed earlier, for smooth specimens the corrosion fatigue cracks are often
initiated from corrosion pits, especially in the presence of chloride and oxygen. A
typical example™ in which the crack was developed from a pit of about 20 um in
surface diameter is shown in Figure 20. Pitting was also reported® to be responsible for
crack initiation in 4 ppm oxygen + 1 ppm CI" solution at 120 °C, as shown in Figure 21.

The fatigue and corrosion fatigue cracks were reported to be mixed intergranular /
transgranular mode. The fraction of intergranular fracture was small near the crack
initiation region'®. It increased and then decreased with the maximum stress intensity
factor, Knax, as shown in Figure 22. It can also be seen that the area fraction of
intergranular fracture increased with the presence of NaCl, but there was little change in
the value of Knax at which the area fraction of intergranular peaked. A similar transition
of crack mode from transgranular to intergranular was also observed in both aerated and
deaerated water at 120 °C*". However, the change of fracture mode does not necessarily
indicate the transition of the fracture mechanism from anodic dissolution to hydrogen
embrittlement, as claimed by the authors, since the transition of fracture mode may
occur simply due to the change in the value of AK.
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Figure 20. Crack initiation and propagation from corrosion pit, plane bending stress:
228 MPa, 3% NaCl solution at 45 °C*8,

Figure 21. Fatigue initiation as a result of pitting on specimen surface tested in 4 ppm
oxygen + 1 ppm CI" solution at 120 °C*".

25



NPL Report DEPC-MPE 033

CI)100 T 1 J
5 i Heat treatment H
6 80 (o] Air
& e | 3%NaCl
" . .
g % [ :;.0. ’% o* .
e
5 40 A L
g .. S ; %e [
% 20 .“' ° So i
- L ce ° o e
< 0_.._0.& 2o, i .,
0 10 20 30 40
Kmax  MPam'2
(a)
g100 T I [
Heat treatment |[M | L
g 80 eaAl:aa men -
- 4a 3%, NaCl Alm
& 60 “s
2
g.‘ 40 AAAA A
53 A‘&Aln
£ 20 At ey ’
— -.l I.
SR ' i W
0 .. "
0 10 20 40

Figure 22. Area percentage of intergranular fracture of a 13% Cr blade steel as a
function of the maximum stress intensity factor, Kax'™.

The stress corrosion crack morphology of FV566 in 30% NaOH solution was also
found to depend on the stress intensity factor. When planar crack propagation occurred
the crack mode was exclusively transgranular at K values of 50 MPa m
mixed intergranular/transgranular at K values of 40 MPa m*?or less (Figure 23). When
crack macro-branching occurred the substantial reduction in the K value resulted in

mixed mode cracking at all initial K values (Figure 24).

It was also reported by Sparkes that the stress corrosion crack morphology in deaerated
and aerated water was the same as observed in 30% NaOH, as shown in Figure 25.

26

or above and



NPL Report DEPC-MPE 033

e
S > -ﬁ'?’-«"
‘ ol I:ﬁ?}ﬁ
e SN
X 260

=
i‘f"

(e) x 1600

(a) Transgranular cracking and troughs left by MnS inclusions.
Typical of stress-corrosion cracking at high K(>50MPavm) .
(Neg.No.561.11)

(b) Mixed intergranular-transgranular cracking. Typical of
stress-corrosion cracking at K(<40MPavm).
(c) Detail of transgranular cracking at K(<40MPavm). Typical

quasi-cleavage features. (Neg.No.561.6)

Figure 23. Stress corrosion fracture surfaces for FV 566 in 30% NaOH at 120 °C*.
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Figure 24. Stress corrosion crack propagation! in F\/566 exposed to 30% NaOH for
426 h at an initial K value of 60 MPa m*?,
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5.

CONCLUSIONS

The susceptibility of blade steels to pitting was dependent on the material
composition (Cr, Mo and W), chloride concentration and temperature. For a
12% Cr blade steel (FV566) in the absence of dynamic stain, the critical
chloride concentration for pitting was greater than 500 ppm in aerated solution
(1.8 ppm Oy) at 90 °C. This chloride concentration is much higher than would
be expected in a steam turbine condensate under normal operating conditions.

Pitting of blade steels occurred more rapidly under cyclic stress. However, it
was reported that the pits in 3 x 10™ % to 3% NaCl at ambient temperature were
all shallow (less than 20 um deep) and independent of test time, suggesting that
these were non-propagating pits, probably assisted by fatigue but limited due to
dissolution of near-surface MnS inclusions.

There was a significant effect of environment on the fatigue strength of blade
steel in concentrated NaCl and NaOH solutions, with no evidence of a fatigue
limit. In aerated water, the findings were inconsistent in different laboratories,
ranging from no effect to a reduction in fatigue strength to 75% of that in air.
One result suggested that the fatigue strength in deaerated water was about 90%
of that in air.

There was no significant effect of environment on the growth rate of fatigue
cracks in the moderate to high AK regime, as the tests in the literature were
usually conducted at relatively high frequency. However, a reduction of the
threshold stress intensity factor range for cracking was observed in 3% NaCl
solution, probably because corrosion dissolves the microstructural barriers to
crack propagation.

Stress corrosion cracking of the blade steel has not been well studied. Limited
results showed that both the threshold stress intensity for cracking and the crack
growth rate were strongly dependent on the chemical composition of the steels
with high impurity levels a likely factor in some results.

The fatigue cracks were mixed intergranular and transgranular mode. The
fraction of intergranular fracture increased and then decreased with increasing
maximum stress intensity factor. For stress corrosion cracks, the mode changed
from intergranular to transgranular with increasing stress intensity factor, in
30% NaOH solution, deaerated water and oxygenated water at 120 °C.

RECOMENDATIONS

Further studies are required to establish the critical water chemistry (chloride and
sulphate) for pitting of the blade steel at the temperatures of interest. Also, it is
desirable to generate data on the dependence of pit growth rate on the pit depth in
environments that represent the steam turbine service conditions more
realistically.
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o The existing data on the growth rate of fatigue cracks have mainly been generated
under high frequency fatigue loading, which is not particularly relevant to the
steam turbine operating conditions. It is important to generate data on the crack
growth rate at a frequency similar to that in the start up/shut down cycles
associated with two shifting practice and in environments more closely
representative of the water chemistry of the condensates on the blade surface.

° SCC data, both threshold stress intensity factor for cracking and the crack growth
rate, are scarce and this requires further study, especially in environments relevant
to the low pressure turbine applications.
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