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ABSTRACT
A facility has been established for investigating the resistance to environment assisted
cracking of turbine steels. A distinctive feature is very tight control of water chemistry using a
once-through water system for chloride-free environments and refreshing the reservoir weekly
for the chloride-containing recirculated solutions.
Constant displacement tests have been initiated on a 3% NiCrMoV disc steel using smooth
and pre-pitted specimens in three environments at 90 °C: deaerated high purity water; aerated
high purity water; aerated 1.5 ppm Cl- solution. In addition, the effect of oxygen and chloride
content on the growth rate of long cracks has been studied using wedge opening loaded
(WOL) specimens.
Electrode potential measurements indicate that chloride and oxygen content have a significant
effect on the corrosion potential of the disc steel. In deaerated pure water, the potential was
about –0.62 V (SCE) whilst in aerated pure water the potential was about +0.10 V (SCE);
both steady values being attained in about 10-20 days. By contrast, about 250 days was
required to attain the steady corrosion potential in aerated 1.5 ppm Cl-. The slow change in
the corrosion potential in the more aggressive environment suggests caution in interpreting
the results of short-term laboratory stress corrosion cracking tests.
To give insight as to the significance for service life of two-shifting operation, the impact of
trapezoidal loading (the stress ratio was zero and the loading frequency was 4 cycles /day) on
the growth rate of long cracks of disc and 12% Cr blade steels has been assessed using
compact tension (CT) specimens in aerated 1.5 ppm Cl- solution at 90 °C and in aerated
35 ppm Cl- solution at 120 °C respectively. Tests are still ongoing, but preliminary results
have shown that the long crack growth rate of the disc steel under transient loading is
approximately four times higher than that under constant loading. A similar comparison is not
possible at this stage for the blade steel but the growth rate under transient loading is about
1.87 ´ 10-10 m/s.
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INTRODUCTION
The power industry worldwide has experienced failures over the last 30 years from
environment assisted cracking (EAC) initiated from pits in steam turbine blades, discs and
rotors. The blade material is mainly 12% Cr stainless steels whilst the discs and rotors are
typically 3% Ni steels. The most notable failure was that at the Hinckley Point ‘A’ Power
Station in 1969 which involved stress corrosion cracking (SCC) of the disc1. More recently in
1996, at the Aberthaw Power Station, a single pit resulted in failure of a turbine blade and
eventually to damage to the power station estimated in excess of £10m2. The circumstances
leading to these failures are well understood and in the case of Aberthaw were specific to the
operational conditions of that plant, since modified.
Nevertheless, changes in operating practice of UK coal-fired plant are posing new challenges
in life prediction of components3. For economic reasons, the UK power industry is now
operating its 500 MW coal-fired plants on a two-shift cycle in which the turbines are on-load
for 16 hours per day and off-load overnight and at weekends. Ideally, more regular start-ups
and shut-downs would be desirable in response to power demand, and are being introduced,
but there are limitations to the rate at which the system can be brought to operational
temperature. The concern with ‘two-shifting’ is the impact on cracking of the associated
transients in stress, water chemistry and temperature, as described below.
Description of low pressure (LP) turbine operation for coal fired plants
On load, the inlet steam temperature of LP turbine varies depending on the water treatment. It
is about 300 °C for phosphate treatment steam reducing to about 50 °C at the outlet. The inlet
steam is dry but, as the temperature decreases and the pressure changes, droplets can form and
condensates containing salts separate out on the discs, blades and rotors. The inlet steam
chemistry is tightly controlled with a low initial conductivity of about 0.1-1.0 mS/cm and the
oxygen content is less than 5 ppb under steady operating conditions. The pH of the inlet
steam depends on the type of water treatment, being 9.0-9.3 for phosphate treatment and 7.8
for oxygenated treatment.
The stresses on load are primarily centrifugal with superimposed high frequency vibrations of
low amplitude. The stress ratio is typically about 0.9.
The system shut-down usually takes 20 minutes as the load gradually decreases to near zero.
The temperature decreases more slowly, taking several days to reach the ambient temperature.
Gland sealing steam may be switched off and the water will gradually saturate with oxygen
due to ingress of air. The ingress of air will lead also to dissolution of carbon dioxide in the
condensate solution with a consequent decrease in pH.
The start-up procedures are complex and vary from station to station. Generally, there are
three start-up routines that may be used: hot, cold and pressure-warm cold start-up. For
systems that are shut down overnight, the temperature will drop to about 70 °C and a ‘hot
start-up’ will be employed. The temperature and the load will increase rapidly, reaching the
operating conditions in 20 minutes to 2 hours. For systems at ambient temperature due to a
longer period of shut down, e.g. a week, a ‘cold start-up’ will be used. A reduced steam flow
rate causes the temperature to increase more slowly than the hot start-up, rising to the
operation temperature in ~1 day and hence minimising thermal stresses between the shaft and
1
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the case. The third approach is the ‘pressure-warm cold start’ for systems that are shut down
over the weekend. This is designed to speed up the start-up process. Unlike the cold and hot
start-ups, the outlet of the steam is not under vacuum during the pressure warm start-up.
Therefore, the steam is under higher pressure, resulting in condensation on the metal and
hence more rapid heating of the turbine owing to the more effective heat exchange between
the steam and turbine components. Since the steam is wetter and there is a longer period
when oxygen is present, the pressure-warm start-up presents a greater risk of pitting and
cracking.
Environment assisted cracking from pits
Environment assisted cracking (EAC) of turbine materials often starts at corrosion pits or
crevices, unless particularly high stresses are present, but predicting the life of a component in
such circumstances poses significant challenges, not least to testing. In a conventional stress
corrosion or corrosion fatigue test, the plain test specimen is simply exposed under the
appropriate loading conditions and then tested to failure. The stresses are often high. As a
consequence, the time for the pit to grow to any significant depth may be small relative to
crack development and thus the impact of pitting may be underestimated. There is a need to
follow the evolution of the crack from pits that are representative of those in service and to
determine the corresponding growth rate. The difficulty is that pit growth in service may
proceed for years before a crack initiates. Hence, controlled acceleration of the pitting process
is required in testing. This usually involves a pre-pitting procedure with acceleration induced
by an increase in the severity of the environment, increasing the electrode potential or raising
the temperature. From the viewpoint of controlled crack monitoring, it is desirable to have one
dominant pit, whose depth is controlled, and adjacent to which crack monitoring probes can
be attached. An effective method of growing single pits of repeatable depth was developed by
Zhou and Turnbull4 as a basis for measuring short crack growth kinetics.
The emphasis on short crack growth behaviour arises because much of component life is
spent in the short crack regime but extrapolation of long crack growth data may be invalid
because of short crack effects including local chemistry differences and the inapplicability of
long crack fracture mechanics.
Variables affecting EAC in steam turbine applications
A range of variables affect EAC of steam turbine materials including crack size, as just
discussed, temperature, oxygen concentration, solution composition (particularly chloride
concentration), pH, material properties such as yield strength, and loading conditions.
Temperature
The growth rate of stress corrosion cracks increases significantly with increasing
temperature.5 On load, the temperature of the inlet steam is approximately 300 °C (it may
vary from station to station, depending on the water treatment) and the temperature of the last
row of turbines is about 50 °C. Since cracking only occurs in the presence of a liquid phase,
the temperature range of concern is 60 °C - 120 °C, at and downstream of the point at which
steam first condenses to form liquid water (i.e. at or downstream of the Wilson line).6 In the
present study, EAC tests on disc material are being conducted at 90 °C, being typical of a
temperature at which cracking might be expected and yet pragmatically easy for testing.
2
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However, there is a particular concern in the power industry with respect to EAC of blade
material at 120 °C (the temperature near the Wilson line of the steam turbine) and hence
specific tests are being carried out also at this temperature.
Oxygen
A number of surveys have revealed a consistent relationship between the cracking incidence
at plants and the presence of oxygen.6,7 Oxygen can have an important role in pitting and
crack initiation. However, laboratory tests have not shown a unified consensus with respect to
its impact on crack growth rate.8-15 The oxygen concentration of the inlet steam is tightly
controlled at less than 5 ppb under normal operating condition. An EPRI study16 revealed that
the oxygen content in the early condensate is less than 5 ppb even when the oxygen in the
steam inlet is above 200 ppb. However, aeration occurs during off-loading due to the ingress
of air. High oxygen content may also result from the leakage of the cooling water from heat
exchangers into the turbine chamber. Correspondingly, tests in this study are being conducted
with and without oxygen.
Chloride
Chloride is one of the most corrosive contaminants in the turbine. Chloride of a concentration
of 100 ppb has a significant detrimental effect on pitting. Under normal operating conditions,
the chloride level is tightly controlled at below 3 ppb.17 However, the EPRI study revealed
that the chloride concentration in the early condensate is at least ten times higher than that in
the inlet steam. Furthermore, the chloride in the liquid film on the disc and blade surfaces is
at least ten times higher than that in the early condensate.18 In other words, under normal
operation conditions where chloride in the inlet steam is controlled at below 3 ppb, the
chloride in the liquid film on the disc and blade surfaces can be as high as 1 ppm. In addition,
abnormal high concentrations of chloride may be present on the blade and disc surface if
leakage of the cooling water occurs.
pH
Although the pH of the inlet steam depends on the type of water treatment, the EPRI study16
showed that there are only small variations in pH of the early condensate (pH 6.2 to 7.6 at
ambient temperature). In the present work, the pH of the deaerated solutions was neutral,
while the pH of the aerated solution was 5.6 – 5.8 at ambient temperature, reflecting the effect
of dissociation of dissolved carbon dioxide.
Yield strength
The correlation between the crack growth rate and the yield strength of steels has been well
established5. The crack growth rate increases with increasing yield strength. In the present
study, the disc steel is 3% NiCrMoV, with a moderate yield strength for disc steels of
740 MPa. The blade steel is 12% Cr steel, with a relatively low yield strength of 860 MPa for
this class of steel.

3
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Objectives of present work
·
·
·

To develop a robust test system with tight control and monitoring of water chemistry and
oxygen level.
To assess the effect of oxygen and chloride content on long crack growth in fracture
mechanics specimens and on the growth of short cracks from pits on pre-pitted and
smooth specimens.
To assess the impact of transient variations in stress on the growth rate of long cracks of
blade and disc steels using fracture mechanics specimens.

In view of the long term nature of the testing, preliminary results are reported only for the
long crack growth study. Nevertheless, the full range of testing undertaken is described.
EXPERIMENTAL
Materials
The materials used in this work were a disc steel (3% NiCrMoV), cut from an ex-service
steam turbine disc supplied by PowerGen, and a blade steel (12% Cr) supplied by Alstom
Power. The chemical compositions are listed in Table 1.
Table 1 Chemical compositions of the disc steel and blade steel (mass %)
Steel

C

Si

Mn

Disc

0.30

0.28

0.45

Blade

0.11

0.23

P

S

Cr

Mo

Ni

V

N

Fe

0.69

0.27

2.89

0.091

0.21

bal

0.71 <0.009 <0.003 11.69

1.73

2.71

0.30

0.026

bal

0.017 0.013

Specimens
Cylindrical tensile specimens
Cylindrical specimens of the disc steel were manufactured according to ASTM E819 with the
longitudinal axis perpendicular to the radius of the turbine disc. The overall length was
100.0 mm, the shoulder diameter 16.0 mm, the gauge length 25.4 mm and the diameter
6.4 mm. The design of the loading frames was similar to that used by Holdsworth,20 as shown
in Figure 1. To avoid galvanic corrosion, the loading frames and the nuts were also made of
the disc steel. The specimen surface was dry ground to a 2400 SiC grit finish. The surface
profile21 was measured using a laser profilometer. Measurements were made at eighteen
locations on two specimens. The length of profile for each individual measurement was 2 mm.
The arithmetical mean deviation of the assessed profile, Ra, was 0.50 ± 0.28 mm. The
corresponding maximum height of the profile, Rz, was 3.13 ± 0.91 mm. The final grinding
direction, and hence any grinding marks, were parallel to the length of the specimen.
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Fracture mechanics specimens
The wedge-opening-loaded (WOL) and compact tension (CT) specimens are shown in
Figure 1 and were made in accordance with ISO 7539-622. The WOL specimen thickness, B,
was 15.0 mm and width, w, 38.2 mm. The notch depth, as measured from the loading line,
was 11.6 mm. The CT specimen thickness and width were 15.0 mm and 38.2 mm
respectively. The notch depth, as measured from the loading line, was 7.5 mm.
Stress relief
To avoid uncontrolled influence of residual stress resulting from machining or from grinding,
all cylindrical and fracture mechanics (FM) specimens, after final grinding, were stress
relieved in vacuum for 2 hours, at 580 °C for the blade steel and at 625 °C for the disc steel.
The FM specimens were stress relieved before precracking. The mechanical properties at
ambient temperature and at the temperatures where EAC tests were conducted are listed in
Table 2. It can be seen that the stress relief had no effect on the mechanical properties. Since
the specimens of 3% NiCrMoV steel were cut from an ex-service disc, there was a concern
that the mechanical properties may vary at the different locations of the disc. Therefore, the
hardness of the steel was measured on ten randomly selected specimens. There was no
significant variation in the hardness measured; the average value being 28.5 (Rockwell C),
with a standard variation of 1.5. The microstructure of the materials after stress relief is
shown in Figure 2. The mean grain size was 26 ± 8 mm for the disc steel and 27 ± 2 mm for
the blade steel.
Table 2 Mechanical properties of the disc steel and blade steel (mass %)
Steel

Disc

Blade

Condition

T
(°C)

As received

E
(GPa)

s0.2
(MPa)

UTS
(MPa)

Elongation
(%)

23

208 ± 2

747 ± 9

882 ± 5

23 ± 1

Stress relieved

23

206 ± 1

734 ± 4

870 ± 2

20 ± 0

Stress relieved

90

210 ± 4

705 ± 4

827 ± 13

20 ± 0

As received

120

202 ± 2

817 ± 4

909 ± 5

24 ± 1

Stress relieved

23

211 ± 1

885 ± 6

984 ± 1

25 ± 1

Stress relieved

120

211 ± 5

827 ± 0

915 ± 1

22 ± 2

Precracking
The CT specimens of the disc and blade steel and WOL specimens of the disc steel were
fatigue precracked to a depth of 6 mm from the root of the notch such that the total crack
length from the loading line including the notch, a, was 13.5 mm for CT specimens and
17.6 mm for WOL specimens. In both cases, the crack lengths refer to measurements at the
surface. The precracking was conducted according to ISO 7539-622. The fatigue frequency
was 110 Hz and the stress ratio was 0.1.
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Pre-pitting
In order to study crack initiation and growth from pits, some of the cylindrical specimens
were pre-pitted using the procedure developed at NPL.4 The procedure established for
cylindrical tensile specimens of 3% NiCrMoV disc steel is summarised as follows. A solution
of 0.02 M Na2B4O7 + 0.01 M NaCl (pH 9.2) was used. The test temperature was 23 ± 1°C. A
test cell with a flushed-port seal adapted for cylindrical specimens was used to prevent
crevice corrosion at the seals between the cell and the specimen. After the specimen was
immersed in the test solution for one hour, a constant anodic current of 10 mA was applied to
the exposed area of approximately 9.6 cm2. This tends to lead to development of a single
dominant pit. To minimise corrosion on the periphery of the pit, the solution was gently
stirred but the stirring was applied only after the pit had just initiated as indicated by the
decrease in potential. If the applied current were increased to 20 mA, more than one pit
(usually less than 5) was produced on the specimen surface.
Test environment
The four environments used for the EAC tests are listed in Table 3.
Table 3

The environments and test temperatures for EAC tests

Environment
Deaerated high purity water

Test temperature
(°C)
90

Aerated high purity water

90

Aerated water + 1.5 ppm Cl-

90

Aerated water + 35 ppm Cl-

120

Simulation
Inlet steam chemistry during onloading operation conditions.
Inlet steam chemistry during
starting-up
Liquid film chemistry during
starting-up
Steam chemistry under conditions
contaminated with chloride due to
leakage of cooling water

Control of water chemistry
Deaerated high purity water at 90 °C
The quality of the deaerated high purity water was maintained by using a once-through
system, as shown schematically in Figure 3. The deaeration was achieved initially by
continually passing nitrogen into a 20-litre reservoir containing the feed-in deionised water.
Further purification and deaeration were achieved and maintained by continually circulating
the feed-in deaerated deionised water in a loop containing a second deionising cartridge
(purifier) and three de-gasser cylinders. The main component of the de-gasser is a membrane
that allows only the gas (oxygen) to pass through (Figure 3). The conductivity and oxygen
level of the inlet and outlet water were monitored using on-line probes. The low conductivity
and oxygen level were achieved using a once-through water flow system in which the water
flows from the above circulation line to the test vessels and then to drainage. The flow rate
was approximately 15 mL/min and hence the water in the 1 litre test cell was replenished
about once an hour.
6
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Aerated high purity water at 90 °C
A once-through system, similar to that shown in Figure 3, was also used for tests in aerated
high purity water but in this case the inlet water was aerated using an air pump. The flow rate
was also approximately 15 mL/min.
Aerated water containing 35 ppm Cl- at 120 °C
The solution circulation loop used for tests in aerated water containing 35 ppm Cl- is shown
in Figure 4. As tests were conducted in an autoclave at 120 °C, the system was pressurised at
0.6 MPa. The feed-in solution was provided from a 22-litre reservoir using a pressurised
pump and the pressure was controlled using a pressure release valve. As the autoclave has a
larger capacity (1.4 litre) than the 1 litre reaction vessel for the tests at 90 °C, a higher flow
rate of 20 mL/min was used to maintain the same rate of solution refreshment of about once
an hour. The solution in the reservoir was refreshed every week and the conductivity and pH
were measured before and after the solution change.
Aerated water containing 1.5 ppm Cl- at 90 °C
The solution circulation loop for aerated water containing 1.5 ppm Cl- was similar to that
shown in Figure 4. However, as the tests were conducted at 90 °C, the system was not
pressurised. The flow rate was approximately 15 mL/min and hence the solution in the 1 litre
test cell was replenished approximately once an hour. The solution in the 40-litre reservoir
was refreshed every week and the conductivity and pH were measured before and after the
solution change.
Corrosion potential measurement
For all the EAC tests conducted at 90 °C the corrosion potentials were measured at weekly
intervals using an external 0.01N Ag/AgCl reference electrode specially designed with an
extremely low chloride diffusion rate. The reference electrode was connected to the test cell
through a glass bridge filled with the test solution. The reference electrode chamber and the
test cell were separated with a glass valve, which was closed except when the measurements
were taken. The solution conductivity was monitored to ensure that there was no significant
chloride contamination due to the diffusion of chloride from the reference electrode chamber
to the test cell. For the potential measurement in deaerated high purity water, the reference
electrode chamber is also deaerated. The reference electrode remained at ambient
temperature. All potentials quoted were converted to the saturated calomel electrode (SCE).
The corrosion potential of the blade steel, for which tests are conducted in an autoclave at
120 °C, was not measured with a standard reference electrode. The high temperature
reference electrodes developed problems in measurement. Instead, a wire of the same material
as the specimen was placed in the autoclave, acting as a nominal ‘reference electrode’. New
systems are presently being tested.

7
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Test set-up
Self-loaded cylindrical tensile specimens of disc steels
35 self-loaded cylindrical tensile specimens of disc steel are being used. 16 of the specimens
were smooth (without pre-pitting), 7 specimens with a single pit and 12 specimens with
multiple pits. The depth and the surface width of the pit were measured using a travelling
microscope (resolution 1 mm). In the latter case, the maximum width in one direction was
measured and the width perpendicular to this was measured also. The locations of the pits
were mapped out before testing so that the surface of the tested specimen could subsequently
be examined to determine the characteristics of the pits from which cracks did or did not
initiate.
Pits have been often treated as sharp cracks in the attempts to establish the threshold stress
intensity for short crack initiation.6 Previous work on fatigue of a turbine blade steel has
demonstrated that pits act as effective cracks of the same depth provided that a short crack
model is used, i.e. the stress intensity factor can be calculated by treating the pits as short
cracks and using the relationship of EL Haddad23-25:
K = as

p (a + a 0 )

(1)

where K is the stress intensity factor, s is the stress, a is the pit depth, a0 is a constant and a is a
geometry factor. a is approximated by 0.6726-28 by treating the pits as semi-circular surface
cracks. It should be noted that the pit mouth is not ideally circular and that the pit geometry is
not strictly hemispherical.4 There is a large variation in the aspect ratio, which varies from
0.28 to 0.40, reflecting a dependence of pit geometry on the shape of the inclusion from
which the pit initiated. The shape of pits on the stress corrosion specimens will be studied
further on the fractured surface of the specimens after the stress corrosion tests have been
completed. The parameter, a0, is essentially a fitting parameter in equation (1) and its physical
meaning is not well understood.
It has been reported6 that the KISCC of the disc steels is between 5.6 MPa m1/2 and
11.5 MPa m1/2 for short cracks initiated from pits and/or corrosion trenches in simulated
steam turbine environments. Hence, using Equation (1) to define K, all specimens were
loaded to 634.5 MPa, i.e. 90% of the s0.2 at the test temperature (90 °C), so that the initial
stress intensity factor for the pre-pitted specimens lay in this range of stress intensity factors.
In order to prevent possible stress relaxation as the specimen and the loading frame are heated
to the test temperature, all specimens were loaded at 90 ± 1 °C with the specimen and the
loading frame placed in a temperature-controlled oven. The loaded specimens were then
cooled down and stored in a dessicator for at least 24 hours before placing in the test cell. For
each environment, the specimens were distributed in three different test cells of 1 litre
capacity so that specimens could be removed and examined at different test intervals without
affecting the remaining specimens. After placing the specimens in the cells, the test solution
was introduced and the test temperature increased gradually to 90 °C in about three hours. For
deaerated high purity water, the test cells were purged with nitrogen for 4 hours before the
solution was introduced.
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The specimen details in the three environments are summarised in Table 4. The maximum
stress intensity factors for the deepest pit of each pre-pitted specimen were calculated using
Equation (1) and are also listed in Table 4. The parameter, a0, is not known for this material and
a value of 82 mm, derived previously for a blade steel,23 was used in the calculation.
Table 4 Summary of cylindrical tensile specimens being tested
Environment

Specimen
no.
1 - 4*
5
Deaerated high
6
purity water
7
(90 °C)
8
9
10 - 15*
16
17
Aerated high
18
purity water
19
(90 °C)
20
21
22
23 - 28*
29
30
Aerated water
31
with 1.5 ppm Cl32
(90 °C)
33
34
35

Number
of pits
0
1
2
4
4
5
0
1
1
1
2
4
5
8
0
1
1
1
2
3
4
5

Maximum pit
depth (mm)
N/A
100
89
92
131
101
N/A
105
134
107
130
96
128
103
N/A
98
102
132
72
97
113
109

Maximum K
(MPa m1/2)
N/A
10.2
9.9
10.5
11.0
10.2
N/A
10.3
11.1
10.4
11.0
10.1
10.9
10.3
N/A
10.1
10.2
11.0
9.4
10.1
10.5
10.4

*Smooth specimens without pre-pitting

WOL disc steel specimens
Before the specimens were loaded, calibration tests were conducted to establish the
relationship between the crack opening displacement, COD, and the load, P, at the test
temperature (90 °C), in accordance to ISO 7539-6.22 A typical result is shown in Figure 5.
The specimen details, environments and loading conditions for SCC tests are summarised in
Table 5. All tests were conducted at 90 °C ± 1 °C.
CT specimens
i) Disc steel
Three tests were conducted on CT specimens in aerated water containing 1.5 ppm Cl-. Two
tests were conducted at constant stress intensity factors of 40 MPa m1/2 and 50 MPa m1/2. One
test was conducted with trapezoidal loading such that the specimens were loaded gradually

9

NPL Report MATC (A) 41

from zero to the maximum value (K = 40 MPa m1/2) in 20 minutes, held at the maximum load
for 4 hours and 20 minutes and then decreased to zero load in 20 minutes and held at zero
load for 1 hour. Hence, there were 4 cycles per day. In all tests, the temperature was
controlled at 90 ± 1 °C.
ii) Blade steel
Two tests were conducted on CT specimens of the blade steel in aerated water containing
35 ppm Cl-. A transient trapezoidal load was applied in the same form as that for the disc
specimens. The minimum stress intensity factor was 0 MPa m1/2 and the maximum was
40 MPa m1/2. The temperature was controlled at 120 ± 1 °C and the pressure was maintained
at 0.6 MPa.
Table 5 Summary of WOL specimens, environments and loading conditions
Environment
Deaerated high
purity water
Aerated high
purity water
Aerated water
with 1.5 ppm Cl-

Specimen no.

a/w

1
2
3
4
5
6
7
8

0.412
0.444
0.445
0.448
0.446
0.438
0.437
0.432

Initial stress intensity
factor (MPa m1/2)
62
63
59
60
61
51
51
55

RESULTS AND DISCUSSION
Water chemistry control
The conductivity, oxygen level and pH were measured throughout the tests and the results are
summarised in Table 6. The pH and conductivity were measured immediately after
refreshment (‘new’ solution) and after testing for 7 days (‘old’ solution).
It can be seen from Table 6 that the conductivity of the inlet deaerated high purity water is
almost the same as the theoretical value of pure water (0.055 mS/cm).29 The conductivity of
the outlet deaerated high purity water is much higher but this is mainly due to the fact that the
conductivity of the outlet is measured at 50 °C (the conductivity of pure water at 50 °C is
about 0.2 mS/cm).29 The oxygen content in the outlet of the deaerated pure water (0.7 ppb) is
slightly higher than that in the inlet (0.1 ppb), probably due to the very small leakage of air
between the seals of the test cells. However, this value for the oxygen level of 0.7 ppb is so
low there should be no effect on crack initiation and growth. The pH of the deaerated high
purity water was not measured but is expected to be neutral (6.25 at 90 °C30).
The measured conductivity of the aerated pure water of about 1 mS/cm reflects the effect of
dissociation of dissolved carbon dioxide. There was little change in the pH and conductivity
of the outlet aerated high purity water and chloride-contaminated solution compared to that of
the inlet, suggesting that the water refreshed approximately once an hour using a once-
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through water system or refreshing the chloride-contaminated solution in the reservoir at
weekly intervals was adequate. It should be noted that the oxygen concentration of the aerated
water and of the 1.5 ppm Cl- solution was measured at the outlet at a lower temperature
(50 °C) than the test temperature. Nevertheless, the oxygen concentration in the test cell at
90 °C can be assumed to be the equilibrium value (1.4 ppm at 90 °C31), since air bubbling
was continuous in the reservoir solution. A higher oxygen content (6–8 ppm) was achieved in
35 ppm Cl- solution at 120 °C by using an autoclave and a pressurised water circulation
system. The oxygen concentration was measured on the pressurised circulation line at
ambient temperature and was the same as that for the solution input which is fully aerated at
the ambient temperature. Since oxygen cannot escape from the closed re-circulation system,
the oxygen content in the autoclave at 120 °C must also be 6 – 8 ppm. The fact that the
oxygen level on the outlet of the autoclave is equivalent to that of the inlet solution indicates
that the flow rate of the solution is sufficiently high to ensure that the oxygen concentration is
not affected by reactions on the specimen and the wall of the autoclave.
Table 6

Control of environmental conditions (all data were obtained at ambient
temperature (23 ± 1 °C)), unless stated otherwise.

Environments
Deaerated high
purity water
Aerated high
purity water
Aerated water +
1.5 ppm ClAerated water +
35 ppm Cl-

Test
Temp.
(°C)

Solution into cell

Solution out of cell
pH

Cond’ty
O2
(mS/cm) (ppm)
0.43b
0.0007 b

pH

90

Cond’ty
(mS/cm)
0.056

O2
(ppm)
0.0001

nma

90

1.1

nma

5.8

1.3

2 – 4b

5.8

90

6.9c

nma

5.9c

7.8d

2 – 4b

5.8d

120

124c

nma

5.8c

136d

6-8

5.6d

nma

Note: a. nm: Not measured. b. Measured at 50 °C. c. ‘New’ solution. d. ‘Old’ solution

A concern for long-term tests using glass reaction vessels is the inhibiting effect on corrosion
of dissolved silica-containing species from the glass.31-32 To minimise this, all glassware was
pre-exposed to water at 90 °C for a month, as previous work showed that using boro-silicate
glass treated in this way for corrosion tests gave equivalent results to a quartz glass vessel in
terms of dissolved silica and corrosion rate. The impact of dissolved silica is not a problem
for tests in deaerated and aerated water, as the water was continuously refreshed at a rate of
approximately 1 L/hour. To ensure that the accumulated silica level in the test cell was not
high with the re-circulated aerated 1.5 ppm Cl- solution, the silica content in the ‘new’
solution and the “old” solution (before being refreshed after one week of testing) was
analysed using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and
Graphite Furnace Atomic Absorption Spectroscopy (GF-AAS). The silicon content was less
than 200 ppb for the fresh solution and 700 ± 200 ppb for the “old” solution. Previous work at
NPL has demonstrated that silica species at these levels do not affect the corrosion rate of
mild steel in distilled water.32
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Effect of oxygen and chloride ion on the corrosion potential
The corrosion potential of all specimens was measured and there was little variation for the
same type of specimens in the same environment, with the spread being less than 0.05 V.
Typical values for the cylindrical and WOL specimens of the disc steel in the three test
environments at 90 °C are shown in Figure 6. The corrosion potential of the smooth and prepitted specimens were similar, suggesting that either the pre-generated pits deactivated or pits
formed quickly on the smooth specimens. The corrosion potential of the disc steel in
deaerated high purity water stabilised relatively quickly at approximately –0.60 V (SCE).
Such a potential in deaerated solution suggests film formation, as separate measurements
showed that the potential was about –0.76 V (SCE) in deaerated 0.1M NaCl at 90 °C. When
viewed in-situ, a shiny black film, probably magnetite, could be seen on the specimen surface.
The corrosion potential of the disc steel in aerated pure water reached a value above
0.0 V (SCE) within a few days, suggesting that the steel is easily passivated in the presence of
oxygen. There was little general corrosion on the surface.
When chloride was present in the aerated solution, the corrosion potential increased more
slowly and attained a lower potential than the chloride-free environment. When viewed
in-situ, brown corrosion products covered the specimen surface. Without prematurely
removing the specimens, the extent of pit activity could not be assessed.
The lower potential for the cylindrical specimen, relative to the WOL specimen, is a concern
as lower values can be indicative of some degree of crevice attack between the loading frame
and the specimen. On completion of the tests, careful examination will be undertaken as this
would have implication not only for the present test work but also for all such test systems
under these environmental conditions.
The corrosion potentials of the CT specimens of the disc steel (Figure 7) were similar to those
of the WOL specimens (Figure 6), although the time-evolution of the potential is more
gradual. Despite the variability in the data, the general trend is that the potential increases
with time and reaches a reasonably stable value of about -0.12 V (SCE) after 250 days,
indicating gradual film formation on the surface.
The change of the corrosion potential over such a long period of time has implications for
testing as the electrochemical driving force will be changing with time. Indeed, it is feasible
that initiation of a stress corrosion crack from the precrack may not occur until a ‘critical’
potential is achieved. Further work using in-situ crack depth measurement with high
resolution is required to establish whether there are correlations between the corrosion
potential, crack initiation and growth rate.
As described earlier, the potential of the blade specimen was measured against that of a wire
of the same material, as shown in Figure 8. It can be seen that although the potential of the
specimen was more negative than that of the ‘reference’ electrode, the reduction was not
dramatic although still significant. Since there is a crack in the CT specimen, a lower
potential might be expected. However, on removal of the specimen there was evidence of
crevice corrosion between the specimen and washers at the region where the specimen had
been contacted with the grip and this may be responsible for the decrease in potential. It
highlights the need for proper electrode potential measurement in all tests.
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Environment assisted cracking
Tensile cylindrical specimens and WOL specimens of disc steel
Although effort was made to monitor the crack depth using an in-situ alternating current
potential drop (ACPD) technique, no meaningful results were obtained because of long term
instability associated with pick-up between the potential drop signal and the alternating
current. Any change in the relative position of the leads for current supply and signal
measurements resulted in a change in the pick-up and hence the ACPD signal. In practice, it
is very difficult to keep the relative position of all leads constant during the long-term tests,
especially when the instrument is some distance away from the test specimens. A direct
current potential drop method would be more robust for this application.
In the absence of directly measured crack depths, the extent of crack initiation and growth
from pits on tests presently ongoing will be assessed from surface examination and sectioning
when tests are completed. The specimens will be carefully examined to characterise the pits
from which cracks initiate. As indicated earlier, the specimens are divided into three groups,
which will be examined at 6-month intervals. The first set of specimens will be examined in
September 2001 and the results of these reported at a later stage.
Effect of transient loading on the growth rate of long cracks in disc steel
Average crack growth rates were obtained by measuring the crack extension from the fracture
surface in accordance with ISO 7539-622 and dividing by the test time. In the case of transient
loading, crack extension is not expected to occur at zero load and whilst the load is
decreasing.33 Therefore, an ‘effective’ test time was used corresponding to the test period
when the specimen was under load rising and maximum loading conditions, e.g., the
‘effective’ test time is 4 hour and 40 minutes per cycle (the total test duration per cycle is 6
hours). Such an approach is useful when comparing with the crack growth rate under constant
load testing. The results are listed in Table 8. There is little difference between the crack
growth rate under static loading of 40 MPa m1/2 and 50 MPa m1/2, suggesting that the growth
rate is independent of stress intensity factor in the range studied, albeit limited. On the other
hand, under transient loading the crack growth rate increased by a factor of 4 relative to
constant loading (the growth rate under transient loading would still be more than three times
higher than that under constant loading if the total time rather than the ‘effective test time”
were used in the calculation of the crack growth rate).
Table 8

Effect of transient loading on the crack growth rate of disc steel in
aerated 1.5 ppm Cl- solution at 90 °C (test duration: 299 days)

Loading form
Transient
Constant
Constant

Initial K
(MPa m1/2)
0 - 40
40
50

Crack extension
(mm)
0.81
0.23
0.26

13

Growth rate
(m/s)
4.0´10-11
8.9´10-12
1.0´10-11
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In view of the marked change in potential with time, the use of an average growth rate here is
less than ideal as, conceivably, crack extension could have occurred primarily in the later
stages of the test.
The growth rate of stress corrosion cracks of low strength disc and rotor steels has been
previously measured by a number of researchers in aerated and deaerated water34 and
condensing steam35 - 37 under static loading conditions. It can be seen from Figure 9 that there
is a spread in the crack growth rate but all data fall in a band from 3´10-12 to 6´10-11 m/s. It is
not possible to make an accurate comparison between the crack growth rate data from
different sources due to the scatter in the data. Nonetheless, the fact that the data from this
work fall in the bottom half of the band appears to suggest that the presence of 1.5 ppm Cldoes not result in a marked increase in the growth rate of long cracks in the precracked
fracture mechanics specimens. The effect of Cl- content on the growth rate of short cracks
from pits is expected to be more predominant and is currently under investigation.
Holdsworth20 investigated the stress corrosion cracking and corrosion fatigue behaviour of
3.5% NiCrMoV rotor steel in condensing steam at 100 °C at a frequency of 1 cycle/day
(1.2´10-5 Hz) and 4 cycles/day (4.6´10-5 Hz) (Figure 10). The waveform of the fatigue tests
was not specified, presumably sinusoidal. The large scatter in the measured growth rates of
SCC means that distinction of a cyclic loading effect is possible only at high K values (the
uncertainty of the corrosion fatigue data cannot be established due the lack of repeated tests).
However, at a Kmax of 40 MPa m1/2 the growth rate was approximately 5´10-11 m/s, similar to
that obtained in the present work. This may be fortuitous, since there are a number of
differences in the environment, test temperature, loading waveform and frequency.
It should be noted that comparisons between the data from different sources may be
sometimes misleading, due to the differences in the material properties, test methods,
specimen designs and water quality controls. For instance, in the majority of the tests for
which data in Figure 9 were derived, the corrosion potentials were not monitored and the test
solutions not refreshed. The conductivity of the water and the oxygen concentration were
often not specified. Therefore, the water chemistry at the end of the tests may have been very
different from the beginning of the tests. There are also differences in the test methods; some
are under constant loading and others are under constant displacement. In addition, most data
in Figure 9 relate to the average crack growth rates without taking into account crack
initiation time.
The effect of waveform, frequency and hold time on crack growth rates of corrosion fatigue
and stress corrosion has been studied for a number of materials in various
environments.33, 38-42 When the crack growth is a “pure corrosion fatigue” or corrosion fatigue
dominated process, the load holding time is considered to have little effect on the crack
growth rate.33 However, when stress corrosion cracking under static loading occurs (as in the
case of the present work), the contribution of the stress corrosion cracking component to the
overall crack growth may not be ignored. If we assume that the crack growth rate under static
loading, i.e. 8.9´10-12 m/s, is not affected by the transient loading, the crack growth rate
during the load rising period would be 4.5´10-10 m/s, i.e., a crack growth rate under rising
load 50 times higher than that under static loading condition. Clearly, the above superposition
model is rather simplistic, as the fresh surface at the crack tip during rising load may have a
significant impact on the crack growth rate under the subsequent static loading conditions. In
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order to fully understand the impact of transient stress on the crack growth rate further studies
are required on the mechanism of environment assisted cracking (e.g. anodic dissolution or
hydrogen embrittlement), the electrochemical kinetics at the crack tips, and the impact of
loading waveform (e.g. the rate of rising load and holding time at the maximum load).
Fractography of disc steel
Following test completion, the disc steel CT specimens were fractured under fatigue loading
in accordance with ISO 7539 - 6. Figure 11 shows the fractured surface of the CT specimens
under constant and transient loading conditions. Since the fracture surface was covered with
corrosion products, it was not clear whether the cracking was intergranular or transgranular.
Attempts were made to clean the fractured surface but the black film (probably magnetite)
formed at 90 °C proved difficult to remove. Therefore, the fractured specimens were
sectioned parallel to the face, polished and etched. Although a number of etching methods
were used, the grain boundaries of this steel were not clearly shown in the region near to the
crack, probably related to the deformation in the plastic zone at the crack tip. However, it can
be seen from Figure 12 that the cracking mode is transgranular. Transgranular cracking was
also found on the specimens under transient loading, 0 MPa m1/2 – 40 MPa m1/2, and under a
constant load of 40 MPa m1/2.
Effect of transient loading on the growth rate of long cracks in blade steel
Table 9 shows the crack growth rate of the blade steel in 35 ppm Cl- solution at 120 °C under
transient loading. No crack extension on the fractured surface was observed on the specimen
tested for 32 days. The crack extension measured on the fractured surface of the specimen
tested for 171 days was 1.50 mm. The crack growth rate was calculated by dividing the crack
extension by the ‘effective’ testing time when the specimen was under load rising and the
maximum load. The crack ‘initiation’ time, which was assumed to be 32 days, was deducted.
The crack growth rate was calculated to be 1.61´10-10 m/s.
Table 9

The crack rate growth of blade steel in 35 ppm Cl- solution at 120 °C
under transient loading

Initial K
(MPa m1/2)
0 - 40
0 - 40

Test duration
(Day)
32
171

Crack extension
(mm)
No cracking
1.50

Growth rate
(m/s)
NA
1.61´10-10

The crack growth rate measured in the present work is considerably lower than that reported
by Innogy,27 viz. 3´10-9 m/s for a similar blade steel at 50 MPa m1/2 and 6´10-10 m/s at
20 MPa m1/2 in water containing 35 ppm Cl- and 4 ppm O2 at 120 °C. One possible reason is
the difference in the materials; the steel used in this study has a 827 MPa 0.2% proof stress
and a UTS of 915 MPa compared with 912 MPa and 1030 MPa respectively for the Innogy
material. In addition, the solution was not refreshed in the Innogy tests and the conductivity is
expected to increase with time due to the accumulated corrosion products. On the other hand,
Holdsworth20 has shown that the crack growth rate of a 12% Cr blade steel (the yield stress
and UTS were not stated) in condensing steam at 100 °C was approximately 2´10-11 m/s
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under a fatigue loading condition (Kmax = 40 MPa m1/2, 4 cycle/day, R = 0) and 4´10-11 m/s at
a static load of 40 MPa m1/2, much lower than that measured in the present work.
Fractography of blade steel
The fracture surface of the CT specimen tested for 171 days is shown in Figure 13. At higher
magnification there are parallel marks on the fractured surface where EAC had occurred,
probably associated with cyclic loading striations (Figure 14). The crack growth rate can be
estimated by measuring the average spacing of the striation marks at various locations and
dividing by the ‘effective’ test time of each of the transient loading, assuming one striation
per cycle. The results are shown in Table 10. It appears that the average crack growth rate
calculated from the striation spacing is in good agreement with that measured from the total
crack extension, suggesting that these parallel marks are likely to relate to the transient
loading. However, it should be pointed out that these marks were formed on the oxide and
disappeared after the surface had been cleaned. It is not clear at this stage if the specimen
substrate was partly removed during the cleaning process or the parallel marks are the
characteristics of the oxide film formed under the transient loading condition, e.g. the oxide
film form at the crack tip during the maximum load is fractured when the load decreased to
zero. Nevertheless, these marks were not observed on the precracked surface, confirming that
they are associated with the crack advance under transient loading rather than the nature of
the oxide.
The fractured specimen was sectioned parallel to its face, polished and etched. As shown in
Figure 15, the mode of the crack of the blade steel under transient loading conditions in
35 ppm Cl- solution at 120 °C was transgranular. A short crack parallel to the stress axis can
be discerned suggesting some local crack branching perhaps along a texturally favourable
direction.
Table 10

The crack rate growth of blade steel in 35 ppm Cl- solution at 120 °C
under transient loading, measured from the striation spacing.

Location

Crack tip

Crack growth rate (m/s)

1.62´10-10

0.5 mm from
crack tip
2.08´10-10

1 mm from
crack tip
1.51´10-10

Average
1.74´10-10

SUMMARY
1. Stress corrosion cracking tests of 3 NiCrMoV disc steel are being conducted at 90 °C in
three environments, i.e. deaerated high purity water, aerated high purity water and aerated
1.5 ppm Cl- solutions. The water chemistry (conductivity, pH and oxygen content) is
tightly controlled.
2. The initiation and development of short cracks of disc steel are being studied using prepitted tensile cylindrical specimens as well as smooth specimens. The propagation of long
cracks is being studied using WOL specimens. The tests will be terminated at about
6-monthly intervals and the first set of specimens will be examined in September 2001.

16

NPL Report MATC (A) 41

3. The chloride ion and oxygen content have a significant effect on the corrosion potential of
the 3%NiCrMoV disc steel. The corrosion potential remained at a stable value of
approximately -0.60 V (SCE) in deaerated high purity water, rapidly reached a stable
value of about 0.10 V (SCE) in aerated high purity water but in aerated 1.5 ppm Clsolution increased gradually from about –0.45 V (SCE) over a 250 day period to an
approximately steady value of –0.150 V (SCE). The change in electrochemical driving
force with rising potential emphasises the need for crack depth monitoring with time and
caution in interpreting average crack growth kinetics.
4. In aerated 1.5 ppm chloride solution at 90 °C, the growth rate of long cracks in the disc
steel was 4 times higher under transient loading than under constant loading conditions,
assuming that the crack growth under transient loading only occurred during rising load
and at maximum load.
5. The growth rate of the blade steel under transient loading, 0 – 40 MPa m1/2, was about
1.87´10-10 m/s. Parallel marks similar to striations, were observed on the oxide covered
fractured surface and it appears the crack growth rate calculated from the spacing of these
marks is in agreement with that calculated from the total crack extension. Further tests
under constant load are being undertaken to establish the effect of the transient in stress
on the crack growth rate.
6. The cracking mode was identified as predominantly transgranular for all test conditions.
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(a)

(b)

(d)

(c)

Figure 1. Photograph of the specimens for EAC tests. (a) Tensile cylindrical specimen, (b)
tensile cylindrical specimen with the loading frame, (c) wedge opening loaded
(WOL) specimen and (d) compact tension (CT) specimens.
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(a)

(b)
Figure 2. Photographs showing the microstructures of (a) 3%NiCrMoV disc steel,
and (b) 12% Cr blade steel.
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Figure 4. Schematic diagraph showing the autoclave and solution circulation system
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Figure 5. The relationship between the crack opening displacement and the load at 90 °C (a/w = 0.412)
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Figure 6. Effect of oxygen and chloride ion on the corrosion potential of disc steel
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Figure 7. The corrosion potential of the CT specimens in 1.5 ppm Cl- solution at 90 °C
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The potential of the CT specimen of blade steel with reference to a wire of the same material.
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The growth rate of stress corrosion cracks of disc and rotor steels in water, steam and dilute chloride solution.
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The growth rate of stress corrosion cracking (SCCG) and corrosion fatigue (CFG) of 3.5%
NiCrMoV rotor steel in condensing steam at 100 °C.
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CFG, 4 cycle/day

NPL Report MATC (A) 41

NPL Report MATC (A) 41

Crack extension

(a) Under transient loading (0 – 40 MPa m1/2)

Crack extension

(b) Under constant loading (50 MPa m1/2)
Figure 11.

SEM photograph showing the fractured surface of CT specimen of disc steel in
1.5 ppm Cl- solution at 90 °C.
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NPL Report MATC (A) 41

Crack extension

Figure 12. SEM photograph showing the transgranular cracking of disc steel at constant load
(stress intensity factor = 40 MPa m1/2) in 1.5 ppm Cl- solution at 90 °C.

Crack extension

Figure 13. SEM photograph showing the fractured surface of CT specimen of blade steel
under transient loading in 35 ppm Cl- solution at 120 °C.
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NPL Report MATC (A) 41

(a) At the crack tip

(b) 0.5 mm from the crack tip
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NPL Report MATC (A) 41

(c) 1.0 mm from the crack tip
Figure 14. SEM photograph showing oxide covered fractured surface with apparent parallel
mark, probably related to the striation associated with cyclic loading.

Crack extension

Figure 15. SEM photograph showing the transgranular cracking of blade steel at transient
loading in 35 ppm Cl- solution at 120 °C
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