npj ‘ materials degradation

ARTICLE

www.nature.com/npjmatdeg

W) Check for updates

Improvement of stress corrosion cracking resistance by low
cycle fatigue of a CrN1MoV steel

Yu-Hui Huang', Fang-Xin Yang', Nan Wang', Ming-Liang Zhu
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Low cycle fatigue often interacts with stress corrosion cracking behavior. In this work, the effect of low cycle fatigue on stress
corrosion cracking susceptibility of a CrNiMoV steel was investigated by interrupted fatigue tests in air and slow strain rate tensile
tests in 3.5 wt% NaCl solution at 180 °C. Microstructure evolution characterization verified cyclic softening and was found to
improve stress corrosion cracking resistance with crack deflection along lath martensites due to a decrease of residual stress, phase
transformation and increase of low-energy structures. As a semi-quantitative damage indicator, the microstructure evolution due to
low cycle fatigue damage can be well described by the Kernel Average Misorientation (KAM) from the Electron Backscatter
Diffraction technique. The effect of fatigue damage on stress corrosion sensitivity was found predictable based on the linear
relationship between KAM and stress corrosion sensitivity factor of reduction of area.
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INTRODUCTION

Fatigue failure is induced by a cumulative form of damage under
cyclic loading associated with micro-crack initiation and propaga-
tion'. Low cycle fatigue (LCF) is a common loading mode for
steam turbine rotors and blades during start-up and shut-down
due to variations of centrifugal and thermal stress together with
system resonance®. Several notched areas such as the heat-
relieved grooves of the glands at the inlet end of the rotor, fillet
radii at the base of disks, balance holes in the disks and blade
grooving in reaction-type rotors® will undergo severe LCF damage.
Stress corrosion cracking (SCC) is another potential failure mode
for nuclear steam turbine rotors operating in a wet steam
environment?, and the SCC behavior of steam turbine rotors has
been widely studied®®. It appears that LCF and SCC may have
interacted with each other, an issue that needs focusing and
clarifying for underlying mechanisms, design, manufacturing and
maintance techniques.

The steel used for steam turbine rotors (e.g., CrNiMoV steels)
would soften during LCF process, especially at elevated tempera-
tures, which was characterized by the decrease of dislocation
density and the increase of subgrain size”%. The process of cyclic
softening contains two stages: the rapid softening in the early
stage and stabilization in the following stage®''. The different
cyclic softening degree during LCF process was related to the
formation of subgrain boundary'?>~'* and the interaction between
dislocations and carbide precipitates'. The decrease of disloca-
tion density was due to the formation and arrangement of
dislocation cells in martensitic laths at the initial stage, and
pinning of lath boundaries by carbide precipitates at the following
stage'®!”. The microstructure evolutions during LCF process led to
the degradation of mechanical properties such as yield strength
and hardness'>'31617_ Furthermore, it was found that the change
of microstructural strain localization can affect hydrogen embrit-
tlement of the material’®'®, It has been found the microstructure
is one of the most important factors for the SCC sensitivity?°, as a
result, the SCC sensitivity of steam turbine rotor steel should be re-

evaluated in the case of accumulation of in-service fatigue
damage.

Several methods have been developed to quantify fatigue
damage accumulation?’, i.e., electric resistance method, hardness-
based method, X-ray diffraction method, strain-based method,
and nonlinear ultrasonic method?'. The electric resistance method
and strain-based method seem to be more prominent in later
stages of fatigue, while the hardness-based method and X-ray
diffraction are more or less sampling location dependent.
Unfortunately, all these cannot characterize the microstructure
changes during fatigue damage accumulation. It is reported that
grain crystallographic structure strongly influences the mechanical
and corrosion properties of materials'>2?2-2%, and the intergranular
corrosion resistance can be improved with higher proportion of
low angle grain boundaries (LAGB)?°. According to previous
studies, the corrosion resistance of steam turbine rotor steel
weldment was improved after the LCF test, while the galvanic
corrosion of welded joint was promoted due to the difference of
microstructural changes in the various regions of welded joints
during cyclic plastic deformation®’. Though SCC sensitivity of rotor
steel welded joint has been impoved by fatigue damage?®®, the
role of microstructure variation in mechanical properties and SCC
sensitivity is not yet well understood. Therefore, damage
parameter is highly needed to quantify the accumulation of
fatigue damage for SCC sensitivity assessment of in-service
component.

To this aim, the use of pure material other than welded joint has
obvious advantage in avoiding galvanic corrosion effect. There-
fore, in the present study, effect of cyclic softening caused by LCF
on SCC sensitivity of a steam turbine rotor steel was investigated.
Scanning electron microscope (SEM) and Electron Backscatter
Diffraction (EBSD) techniques were used to elaborate the relation-
ship between microscopic damage and macroscopic mechanical
behavior. Kernel Average Misorientation (KAM) based on EBSD
examination was employed to represent fatigue damage evolu-
tion, and the relationship between KAM and SCC sensitivity was
established.
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Fig. 1 Max stresses and microstructure evolution under different fatigue cycles.

Fig.2 TEM morphologies of specimens. Plenty of dislocation tangles are observed in a as-received specimen and dislocation density in (b) is

decreased compared with (a).

RESULTS AND DISCUSSION
Microstructure characterization

The microstructures of the as-received and fatigued specimens
were observed by SEM and TEM. As shown in Fig. 1, the
microstructures of 25Cr2Ni2MoV steel is mainly lath martensites.
With the accumulation of LCF damage, retained austenites in the
as-received specimen are transformed into martensites, the
increasing number of sub-structures can be observed. Besides,
the decreasing of maximum stress displays cyclic softening at the
initial stage of fatigue process. Figure 2 shows the TEM
micrographs of the as-received and fractured specimens. Plenty
of dislocation tangles are observed in the as-received specimen
(Fig. 2a), while dislocation density is decreased due to cyclic
softening (Fig. 2b) which is in accoradance with those reported in
open literatures’827:29:30,

LAGB and KAM can be used to characterize the crystal
orientations and evaluate residual strain distribution®'-33, Fig. 3
shows the distribution of grain boundaries and their misorienta-
tion under different fatigue cycles. As shown in Fig. 3a-e, the
angle of the yellow boundaries means low angle boundaries
between 2° and 10°, while the angle of black and blue boundaries
are between 15-45° and 45-60°. The black boundaries are mainly
the prior austenite grain, and the grain orientation between
boundaries is about 60°. During the cyclic softening in the LCF
test, the retained austenite continues to transform*, and lattice
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distortion prefers to form low-energy grain boundaries®. The
dislocations tend to accumulate at LAGBs which are then
transformed into large angle grain boundaries. Compared with
the regular and complete austenite grain boundaries (black grain
boundaries) in Fig. 3a, it appears the rearrangement of austenite
grain boundaries of fatigued specimens results in distortion of
grain boundaries. With the accumulation of fatigue damage, the
crushing of austenite grain boundaries due to the formation of
sub-grain becomes more obvious, as observed in Fig. 3c-e. The
recovered grain (or sub-grain) reduces the friction stress
components as the dislocation density decreases. Furthermore,
the back stress due to dislocation pile-ups at the grain boundaries,
combined with the applied stress, promotes plasticity, which may
cause a rearrangement of the austenite grain boundaries. The
grain boundary (GB) distribution at different fatigue cycles is
shown in Fig. 3f, where the grain tends to grow disorderly, leading
to the misorientation between adjacent grain boundaries, and
finally the decrease of dislocation density during fatigue test.

KAM was used to characterize the local residual strain
distribution, and was calculated by Eq. 1323536,

1 N
M, = N;AG(PO,P,-) )
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Fig. 3 Grain boundary micrographs of different fatigued cycles. Panel (a) is the rearrangement of austenite grain boundaries of fatigued
specimens results in distortion of grain boundaries under as-received condition. With the accumulation of fatigue damage from 5000 to
20,000 cycles, the crushing of austenite grain boundaries due to the formation of sub-grain becomes more obvious in (b)-(e). The grain tends
to grow disorderly, leading to the misorientation between adjacent grain boundaries, and finally the decrease of dislocation density in (f).
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Fig.4 KAM maps under different fatigue cycles. The local misorientation distribution at different fatigue cycles are presented from (a) to (e).
Panel (f) shows more severe small local misorientation among grains with the increasing of fatigue cycles.
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Table 1. KAM average value. Table 2. The results of SSRT tests.
Fatigue cycles KAM (°) Fatigue Environment o, (MPa) o, (MPa) ¢ (%) t(h) A (/m’)
cycles
As-received 0.698
5000 cycles 0579 0 NaCl 75820 67517 747 282 4566
10,000 cycles 0530 Air 77901 68840 51.04 2448 10539
15,000 cycles 0512 5000 NaCl 76765 68001 1076 324 5520
20,000 cycles 0503 Air 80443 71398 50.14 31.11 111.31
10,000 Nacl 740.49 65190 13.61 264 4825
Air 791.23 699.93 51.98 2646 99.23
15,000 Nacl 72454 639.95 1388 324 51.75
800 - —— Air 784.54 68409 52.19 2637 107.62
20,000 NacCl 771.41 672.08 13.76 3.38 59.57
Specimens in air Air 798.19  689.57 50.84 27.35 117.61
— 600 |
<
-
=
2 Specimens in 3.5% NaCl solution Table 3. The results of SCC sensitivity factor.
g 400
»n Fatigue cycles 1, (%) Is (%) Iy (%) I (%) 14 (%)
. 0 2.67 1.92 85.36 88.45 56.67
—=—  As-received
200 —e— 5000 cycles 5000 4.57 4.76 78.53 89.59 50.40
10000 cycles 10,000 6.41 6.86 73.81 90.02 51.36
—v— 15000 cycles
, 20000 cycles 15,000 7.65 6.45 73.40 87.71 51.91
0 1 1 1 20,000 3.35 2.54 72.94 87.64 49.35
0.00 0.05 0.10 0.15 0.20

Strain

Fig. 5 Stress-strain curves with different levels of fatigue damage in
3.5% NaCl solution and air at 180 °C.

Where AB (Py, P) is the misorientation between the point P, and
neighboring points P; in the same grain, N is the number of the
neighboring points in the same grain.

Fig. 4 shows the KAM maps and local misorientation distribution
at different fatigue cycles. It is observed in Fig. 4f that with the
grain local misorientation at the peak becoming smaller (shift to
left with loading cycles increasing), the frequency of the peak in
the whole orientation increases, implying more severe small local
misorientation among grains. It can be seen in Table 1 that the
KAM average value is decreased with the increase of loading
cycles, which is consistant with the evolution as observed in
Fig. 4a—e. The evolution of grain boundaries and associated
formation of sub-structures in the fatigue process mentioned
above can explain the change in KAM value. During the cyclic
softening in the LCF test, the lattice distortion prefers to form low-
energy grain boundaries. The change of grain boundaries absorbs
the accumulated energy and residual strain in the materials,
resulting in a decrease in dislocation density and a corresponding
decrease in KAM value. Additionally, stress concentration occurs at
the edge of the grain boundary. Fatigue damage causes grain
refinement and an increase in dislocation density, which in turn
leads to changes in grain boundaries. Similar results have been
reported in ref. 3738, Comparing Fig. 3 with Fig. 4, it is observed
that large residual strain is mainly concentrated upon austenite
GBs in the as-received condition, and the transformation of
residual austenite absorbs parts of strain energy at the grain
boundaries. As a result, the residual strain of fatigued specimens is
mostly localized at lath martensite boundaries.

Stress corrosion cracking sensitivities

The stress-strain curves obtained from SSRT in air and 3.5% NaCl
solution at 180°C are shown in Fig. 5. It can be found the
ductilities of fatigue damaged specimen significantly increased by
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cyclic softening both in air and corrosion environment. Table 2
shows the mechanical properties under different fatigue damage.
The yield strength (o) is the stress when the strain value is 0.2% of
the total strain, and the tensile strength (o) is the maximum stress
during the test. There is no significant trend for yield strength and
tensile strength, which may be caused by the local damage during
the LCF test and redistribution of grain boundaries after LCF test.
The stress corrosion sensitivity factors calculated by different
mechanical parameters are listed in Table 3. Since there are no
significant differences of tensile strength and yield strength in air
and corrosion environment, the stress corrosion cracking sensi-
tivity factors calculated by tensile strength and yield strength are
small which cannot well reflect the effect of fatigue damage on
stress corrosion cracking properties. The stress corrosion cracking
sensitivity factors calculated by fracture time are not suitable
either because the values are very close to each other. However,
as a performance parameter of plastic deformation capacity, the
reduction of area (p) has a tendency to increase with the
increasing of LCF cycles in both air and corrosive environment,
and stress corrosion cracking sensitivity factors are decreased with
the increasing of fatigue damage. Furthermore, the performance
parameter of toughness, the area included in the stress-strain
curve (A) shows the same tendency with the reduction of area
which is probably related to cyclic softening during LCF tests.
Therefore, the effect of fatigue damage on the stress corrosion
cracking sensitivity can be well expressed by the reduction of area
() and the area included in the stress-strain curve (A).

The fracture mechanism under different environments was
studied using SEM. The typical fractography in air conditions is
shown in Fig. 6, which shows an apparent ductile failure
accompanying the cup-shaped necking phenomenon. As shown
in Fig. 6a, the dimples in the middle area are much larger than that
in the edge area. Fig. 6b shows the fractography of the as-received
specimen in 3.5% NaCl solution. The fractured edge of the
specimen is relatively flat, showing a river-like streak pattern,
which is a typical brittle fracture feature. It can be also observed
from Fig. 6b that corrosion products are densely distributed on the
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Fig. 6 Typical fracture morphologies of specimens. In (a), the dimples in the middle area are much larger than that in the edge area for
loading of 5000 cycles in air. In (b), stepped stripes in the middle area and the cleavage morphology close to surface for as-received condition
in NaCl solution. In (c), the increases of dimple size and plastic area can be observed for 20,000 cycles in NaCl solution.
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Fig. 7 EBSD morphologies around crack growth path after SSRT test. A typical crack of as-received specimen can be seen in (a), the main
crack propagation mode of SCC is transgranular in (b) and (c), while as the crack grows, the crack will deflect along the grain boundary,
especially near the crack tip where the crack will extends along the direction of lath martensites, the crack crossed the direction of lath

martensite in (d).

fracture surface. SCC is related to anodic dissolution during the
tensile process®, and is performed as stepped stripes in the
middle area, which may be caused by continuously broken and
newly formed oxide film of the specimen during crack propaga-
tion. Besides, the cleavage morphology indicates a brittle fracture,
which means when SCC propagates, the crack tends to propagate
along the direction which is easy to slip at grain boundaries.
Fig. 6¢c shows the fractography of fatigued specimen of 20,000

Published in partnership with CSCP and USTB

cycles. Comparing the specimen under the LCF test and the as-
received condition, the surrounding oxidation products of
fatigued specimen are denser, and there are larger dimples in
the middle area, which indicates the ductility of the specimen is
better. When the test enters the strengthening stage, the stress is
dominant, and the specimen appears with plastic characteristics
such as dimples. The increases of dimple size and plastic area also
indicate the decrease of SCC sensitivity after fatigue test.
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Fig. 8 The IPF maps of fatigued specimens after SSRT tests. The
crack propagates along the lath martensite boundaries (white
arrow) for fatigued specimens with loading of 10,000 and 20,000
cycles in (@) and (b), and in some cases the main crack can
propagate along the grain boundaries in (b).

Contribution of LCF to SCC

After SSRT tests, the specimens were cut along the axial direction
to study the crack propagation mechanism. As the inverse pole
figure (IPF) map shows in Fig. 7d, the main crack propagation
mode of SCC is transgranular, while as the crack grows, the crack
will deflect along the grain boundary, especially near the crack tip
where the crack will extends along the direction of lath
martensites, as shown in Fig. 7b, c.

It has been reported that the increase of LAGB disrupted the
grain boundary network, which leaded to higher resistance to
SCCH-42, As for crack deflection phenomenon in SCC*~%, the
fatigued specimen is more likely to propagate along the grain and
lath martensite boundaries, due to decrease of dislocation
accumulation, residual stress and increase of low-energy struc-
tures. Figure 8 shows that the crack propagates along the lath
martensite boundaries (white arrow) for fatigued specimens with
loading of 10,000 cycles and 20,000 cycles, and in some cases the
main crack can propagate along the grain boundaries.

The comparison of two complete cracks sampled from the as-
received specimen and 20,000 cycles specimen are shown in
Fig. 9. It has been reported that the multiplication and motion of
dislocations were active in the grain with high Schmid factor*¢—*2,
It is observed in Fig. 9 that the Taylor factor and Schmid factor of
fatigued specimen are reduced, indicating the lower degree of
plastic deformation, and an increased cracking resistance, as
compared with the as-received condition. Besides, from the strain
contouring, it is confirmed that the growing crack can bypass the
position with large residual strain. Therefore, it can be concluded
that during the cyclic softening process, with the dislocation
density of the specimen decreased, phase transformation and
increase of the internal low-energy structures lead to a higher
energy threshold for crack propagation. As a result, cracks tend to
grow along the direction of lath martensites.

Correlation LCF damage with stress corrosion cracking
sensitivity

It is observed in Fig. 1 that the property change of materials is
mainly occurred in the initial stage of the LCF test, which may be
related to the cyclic softening behavior mainly appearing in nearly
15% of total fatigue life>>*°, KAM value is usually used for
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estimation of dislocation density within the grains. The local
variation of misorientation is a good indicator of strain localization
in crystalline material where the stored energy is consumed by
accumulated fatigue damage. The feasibility of KAM representing
fatigue damage is that its calculation excludes misorientations
greater than 15° to avoid the contribution of grain boundaries.
Although cyclic softening can explain the effect of fatigue damage
on stress corrosion property of material, it is not sufficient to
reveal the multi-scale relationship between macroscopic assess-
ment and microscopic damage characterization which are
strongly related with corrosion or stress corrosion property. In
3.5% aqueous NaCl solution at 180 °C, the oxide films ruptured
due to slip bands intersecting the crack tip, fresh metal exposed to
the local environment, and then oxide formed along the crack tip,
SCC is mainly controlled by slip dissolution mechanism with a
cyclic process of “slip-film rupture-oxidation” for steam turbine
rotor steels. The formation rate of oxide film at the crack tip
presented by anodic current density of the metal is changed by
microstructure, furthermore, the oxidation rupture rate is also
strongly related to the microstructure due to the slip of local
plastic zone at the crack tip.

Figure 10 shows the KAM value, I, and /4 under different levels
of fatigue damage. It is indicated that the SCC sensitivity of the
specimen will decrease with the reduction of dislocation density
and residual stress as a result of cyclic softening in LCF test. It is
thus inferred that the cyclic softening, accompanied by dislocation
density decrease, and the associated optimization of internal grain
boundary, leads to the decrease of KAM value. The decreased
tendency of KAM value agrees well with the stress corrosion
cracking sensitivity factor /, and /,, especially at early stage of
fatigue damage. Therefore, the effect of fatigue damage on stress
corrosion cracking sensitivity of materials can be evaluated semi-
quantitatively by KAM.

In the present work, KAM value was used to characterize the
dislocation density and the residual strain of materials. In order to
quickly define the effect of microstructure changes caused by
fatigue damage on stress corrosion sensitivity, it is reasonable to
characterize the relationship between dislocation density and SCC
sensitivity by KAM value and SCC sensitivity factor I. The variation
of KAM and SCC sensitivity factors can be defined as:

K;
D= |1--1 2
K ’ Ko (2)
_ et
Djp = |1 3)
l(po
/4
D,A=‘1—ﬂ 4
lao

Where K, Iy and Iy are the KAM value, , and I, of fatigued
specimen with different number of cycles, while Ky, Iy0 and I are
the KAM value, [, and I, of the as-received specimen, respectively.

It can be observed from Fig. 11 that D), and Dy are linearly
correlated well compared with the relationship between D), and
Dy. As a parameter representing the loss of plastic deformation in
corrosion environment, SCC sensitivity factor /, is thus regarded as
an indicator for SCC sensitivity. Therefore, the effect of LCF
damage on SCC sensitivity can be linearly predicted based on the
quantitative relationship between KAM value and SCC sensitivity
factor /.

Based on the above analysis, it is concluded that: (1) Pre-fatigue
of the CrNiMoV steel induced cyclic softening behavior with grain
misorientation increased and dislocation density decreased, and
was consistant with the decreasing of KAM values. (2) LCF damage
increased plastic property of the CrNiMoV steel and improved the
SCC resistance with crack deflection along lath martensites due to
decrease of residual stress, phase transformation and increase of
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Fig. 9 Taylor factor, schmid factor and strain contouring after SSRT tests. The comparison of two complete cracks sampled from the as-
received specimen in (a) and 20,000 cycles specimen in (b). The Taylor factor and Schmid factor of fatigued specimen are reduced, and the
growing crack can bypass the position with large residual strain from the strain contouring.
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Fig. 11 The relationship between fatigue damage and stress
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low-energy structures. (3) The KAM value was a reasonable LCF
damage indicator, and the effect of LCF damage on SCC sensitivity
could be predicted by establishing the linear relationship between
KAM value and SCC sensitivity factor /, for the CrNiMoV steel in
3.5 wt% NaCl solution at 180 °C.

METHODS
Test materials

The material used in the present research is a type of CrNiMoV
steel, and the chemical compositions are listed in Table 4.

Pre-fatigue tests

The specimens were pre-fatigued with interrupted strain-
controlled LCF tests, and the geometry of the specimens is shown
in Fig. 12a. The LCF tests were performed with a triangular
waveform at 25°C, a strain ratio of —1, a strain amplitude of
+0.3%, and a strain rate of 0.008 s™'. The fatigue life is estimated
at about 24000 cycles, and thus specimens with cyclic loading of
5000 cycles, 10,000 cycles, 15,000 cycles and 20,000 cycles were
selected for fatigue damage characterization. Three parallel
specimens were used to ensure the repeatability and accuracy
of the experiments.

Table 4. Chemical compositions of test material (Wt%).
Material Chemical compositions
C Si Mn P S Cr Ni Mo V
25Cr2Ni2MoV 0.22 0.06 0.19 0.004 0.002 2.31 2.23 0.70 0.06
g

Microstructure observation

The specimens for microstructure observation (Fig. 12b,
®10mm x 2 mm) were sampled from LCF test specimens. The
specimens were grounded by 220, 400, 800, 1200, and 2000 grit
silicon carbide emery papers, and polished for an hour using oxide
polishing suspension (OP-U NonDry). Microstructures of speci-
mens under different fatigue loading cycles were observed by
EBSD with a scanning step of 0.1 um.

SSRT test and SCC sensitivity assessment

In order to assess SCC sensitivity of pre-fatigued specimens, slow
strain rate tensile (SSRT) specimens were machined from the LCF
specimen, and the geometry of specimens is shown in Fig. 1c. The
SSRT tests were conducted in 3.5% aqueous NaCl solution and air
at 180°C. The specimen was mounted onto the Cortest SCC
machine, and loaded with a strain rate of 10°s~'. Prior to
experiments, the specimens were cleaned ultrasonically with
deionized water, alcohol and acetone. The stress-strain curves
were measured through displacement and load extensometers.
The fractured specimens were ultrasonically cleaned again, and
the fracture morphology was observed by SEM. Three parallel
specimens were adopted for each pre-fatigue condition.
The SCC sensitivity of the specimen was evaluated by Eq. 5.

SSRT
= <1 ‘ssm,,) X 100% (5)

Where SSRT is the result obtained at 180 °C, 3.5% NaCl solution,
and SSRT, is the result obtained at 180 °C air condition. / is the SCC
sensitivity factor. In order to well understand the relationship
between fatigue damage and SCC sensitivity, the stress corrosion
cracking sensitivity results can be expressed by (1) Ip, stress
corrosion sensitivity factor expressed in tensile strength, (2) I,
stress corrosion sensitivity coefficient expressed in yield strength,

SSRT specimen E

EBSD specimen

Electrochemical specimen

140_0-J

Fig. 12 Test specimens. Geometry of LCF test specimen and sample position of SSRT specimen is shown in (a), the locations of EBSD and
electrochemical specimens is shown in (b), and the geometry of SSRT test specimen (all dimensions are in mm) is shown in (c).
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(3) Iy, stress corrosion sensitivity coefficient expressed in the
percentage of reduction area, (4) I, stress corrosion sensitivity
coefficient expressed in fracture time, (5) /s, stress corrosion
sensitivity coefficient expressed in the area included in the stress-
strain curve. In addition, the larger the factor is, the higher stress
corrosion sensitivity will be.
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