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ABSTRACT

This investigation reports an unusual effect of hold time (up to 10 s) on retardation in the
growth of creep-fatigue small cracks at 550°C in Grade 91 steel. The observed phenomenon
was interpreted by elucidating multiple processes that are active in the plastic zone at the
crack tip. To this effect, microstructural and mechanical responses of the crack tip plastic
zone were compared with the mechanical and microstructural responses during low cycle
fatigue/creep-fatigue. It is proposed that the stress relaxation that occurs during the hold time
can reduce the stress intensity in the plastic zone of crack tip thus, contributing to retardation
in the small crack growth rate. Aside from stress relaxation, stress intensity in the crack tip
can be further reduced by the phenomenon of cyclic softening that occurs because of
plasticity induced microstructural coarsening. Separately, the contribution of oxidation
induced crack tip shielding is also considered to explain the observed effects of hold time on
crack growth rates. Taken together, a combination of stress relaxation, enhanced rate of
cyclic softening and higher degree of oxidation with the introduction of a hold time is
demonstrated to be responsible for reduction in the crack growth under creep-fatigue

conditions.

Keywords: Gr. 91; Creep-fatigue; Small fatigue crack growth; Tensile hold; Stress

relaxation; Oxidation; Cyclic softening
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1 INTRODUCTION

Grade 91 (Gr. 91) steel belongs to a family of creep-strength enhanced ferritic-martensitic
(CSEF) steels (with 9-12 % Cr) that are the workhorse material in the power generation
industry. The microstructure of Gr. 91 steel is designed to have superior creep resistance in
the operating temperature range of 400°C - 600°C [1-3]. The presence of precipitates at the
prior austenite grain boundaries, martensitic lath boundaries and lath interior are responsible
for the high creep resistance in this alloy [1-3]. Gr. 91 steel remains the material of choice for
the next generation of power plants which will observe frequent variation in operating
capacity due to increased fraction of energy coming from renewable sources such as wind
and solar. For current power plants, such “flexible operation” will subject Gr. 91 steel
components to creep-fatigue loading when they may have been originally designed for creep

loading conditions alone [4-7].

Several investigations over the past decade have elucidated the creep-fatigue
interaction in CSEF steels. Most of these investigations have dealt with the influence of
cyclic plastic deformation with or without hold time during low-cycle fatigue deformation of
this alloy [8-12]. It was reported that these alloys have high initial dislocation densities, and
that plastic strain leads to vanishing/coarsening of sub-grains within martensitic laths; a
reduction in dislocation density thereby, manifests as cyclic softening during testing at the
elevated temperature. The creep resistance of the material deteriorates severely after a few
cycles of low cycle fatigue or low cycle creep-fatigue loading. Notably, most of these
investigations are confined to microstructural evolution during fatigue and creep-fatigue at
the length scale of sub-grains. The evolution that occurs during fatigue and creep-fatigue at a
larger length scale in the microstructural hierarchy such as martensite blocks and packets
have not been considered. Besides the deformation induced microstructural changes,

oxidation in air plays an important role in deciding the fatigue life during low cycle fatigue
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loading in Gr. 91 steel. The oxide scale cracks due to repeated loading and creates a site of
stress concentration in the material [11]. These sites act as a location for premature crack
initiation in the material. The cracking of the oxide further exposes the internal material
where, the microstructural boundaries are damaged by oxidation. The damaged
microstructural boundaries provide an easy path for the propagation of the crack. Therefore,
oxidation can severely deteriorate the fatigue lifetime by premature initiation and faster

propagation of a fatigue crack.

Investigations on creep-fatigue behavior in Gr. 91 steel that emphasize on the fatigue
crack growth behavior are limited. The crack growth rate of long cracks in Gr. 91 steel was
reported to be higher under the condition of creep-fatigue loading as compared to pure fatigue
loading [4]. In another study, the crack growth rate was observed to be unaffected under low
cycle creep-fatigue loading up to 10 min hold time, as compared to pure low cycle fatigue
loading [13]. Furthermore, the effect of hold time on fatigue crack growth rate was reported
to be dependent on the environment such that, the increase in crack growth rate due to hold
time was found to be higher in air compared to vacuum under the same loading conditions
[14]. However, the environment (air vs. vacuum) did not affect the crack growth rate beyond
a crack length greater than 1 mm. The effect of low frequencies on creep-fatigue crack
growth rate was investigated by introducing long hold times (600 s) [15]. It was observed that
at low frequencies (high hold times) the crack growth behavior resembled creep crack growth
whereas at high frequencies (low hold times), the crack growth resembled high cycle fatigue
crack growth [15]. The previous investigations have focused on the crack growth of long
cracks both in load control and strain control mode. Long cracks are amenable to
characterization by linear elastic fracture mechanics (LEFM). On the other hand, the growth
rate of small cracks can be much higher compared to the growth rate of long cracks for an

equivalent stress intensity factor range. Additionally, the growth of small cracks is sensitive
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to the local microstructure, unlike the long cracks. Plastic constraints around long and small
cracks are also known to be different with more widespread plasticity around small cracks
such that, the size of the plastic zone may be comparable to crack size in these “mechanically
small cracks”. Therefore, the growth of mechanically small cracks will be more sensitive to
changes in the deformation mechanism that operate in the crack tip plastic zone when
compared to large cracks. The response of large and small cracks to load history can also be
different, for example, an overload cycle can lead to an acceleration of small cracks in
contrast to long cracks where, crack growth rates are well-known to decelerate from
overloads [16]. An estimation of a component’s life consisting of small cracks, based on the
crack growth rate of long cracks characterized by an LEFM parameter can lead to an
overestimation of the fatigue life. That the small crack effect is more pronounced at elevated
temperature makes the issue of small crack growth even more significant. The small fatigue
crack growth rate was observed to be significantly higher at elevated temperature as
compared to ambient temperature in a ferritic stainless steel [17]. Finally, the resistance to
small fatigue crack propagation characterised by LEFM is material specific. For example, the
small fatigue crack growth resistance measured by LEFM of different materials follows the

trend: cast Al alloys < Ti alloys < Ni alloys [18-20].

According to the authors’ knowledge, the small crack effect has not been
characterized in Gr. 91 steel to date. More importantly, the effect of hold time on small crack
growth rates in Gr. 91 is unknown. The aim of the present investigation is to understand the
nature of creep-fatigue-oxidation interaction under tensile hold period on the small crack
growth rate in Gr. 91 steel. In the present study, the plastic zone ahead of the crack tip was
analyzed to understand the effect of hold time on the crack growth rate. However, the small
size of the crack tip plastic zone renders any microstructural characterization challenging due

to limited statistics in addition to the strain gradients present. Furthermore, the effect of hold



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

time on the mechanical response of the plastic zone vis-a-vis stress relaxation cannot be
revealed in the crack growth tests. Hence, strain controlled tests in which a material
undergoes bulk plastic deformation were also performed to simulate the effects of hold time
on the microstructural evolution and mechanical response that occur in the plastic zone of a
crack tip. Unexpectedly, the introduction of a small hold time to the fatigue cycle, reduced
the crack growth rate or even led to a complete crack arrest, which is in contrast to what has
been demonstrated in conventional engineering alloys such as a Ni-base alloy where, hold
time increased the crack growth rates [21]. Explanations for the observed effect are provided
by investigating plastic deformation and oxidation during low-cycle fatigue and low-cycle
creep-fatigue loading. The arguments are justified with microstructural analysis performed at

multiple length scales.

2 MATERIALS AND METHOD

2.1 Materials

The composition of the commercial Gr. 91 alloy, Fe-8.44Cr-0.87Mo-0.36Mn-0.22V-0.02Si-
0.08C (wt. %), was measured by inductively coupled plasma optical emission spectrometry,
combustion, and inert gas fusion. The initial material was solution treated at 1080°C for 1h,
quenched and subsequently tempered at 760°C for 2 h. Small fatigue crack growth specimens
were machined with the geometry of specimens described elsewhere [18]. The diameter of
the initial gage section was 5.1 mm. Two shallow flats with a radius of 28 mm and stress
concentration factor (k) approximately 1.04, were machined on opposite faces within the
gage section. This was done to impart a plane with a fixed focal value for notching and
optical tracking of the cracks. Micro-notches (with dimensions of ~300 um in length and ~
150 pm in depth) were machined on the small crack growth specimens with a micro drill. The

details of the machining procedure are described elsewhere [22].



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

2.2 Small fatigue crack growth tests

Small fatigue crack growth tests in stress controlled pure fatigue and creep-fatigue conditions
were performed in a servo-hydraulic fatigue testing system at room temperature (RT, 22° C)
and 550° C at a frequency of 5 Hz. A triangular waveform with full reversed cycles (R = -1)
was used for pure fatigue crack growth tests whereas, a hold time at the maximum tensile
stress was added to the triangular waveform, leading to a trapezoidal waveform, for creep-
fatigue crack growth tests. The loading schedule is schematically shown in Fig. 1. The details
of all the crack growth tests are summarised in Table 1. The crack length was measured
optically using a Questar telescope. In the case of fatigue crack propagation at 550° C, the
fatigue crack was nucleated at room temperature due to the difficulty in nucleation of the
crack at 550°C. The crack did not nucleate for more 60000 cycles at 80 % of yield stress at
550°C whereas, it nucleated in less than 5000 cycles at 80 % of yield stress at room
temperature. The crack was nucleated at a higher stress level at room temperature and a load
shedding procedure was followed to reach the stress value at which crack growth rate testing
was performed at 550°C. The stress was reduced once a noticeable crack extension occurred
at each stress level. The value of crack extension per stress level before the next load
shedding was in the range few tens of microns. The stress values used in the load shedding
procedure were 325, 300 and 286 MPa (final stress value). The final stress value at 286 MPa
is equal to 0.8 times the yield stress (YS) at 550°C. Once a noticeable crack extension
occurred at 286 MPa, the temperature of the specimen was raised to 550° C using a resistance
heating furnace. Subsequently, the crack growth curves were measured at 286 MPa and 550°
C. Standard secant method with Newman-Raju solutions assuming a semi-circular surface
crack was applied to plot all the crack growth curves [23]. Only the tensile part of the fatigue

cycle was used in calculating the stress intensity range.
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Figure 1 Schematic diagrams showing the loading waveforms in (a) pure fatigue and (b)

creep-fatigue crack growth tests.
2.3 Low cycle fatigue and creep-fatigue tests

Strain-controlled low cycle fatigue and low cycle creep-fatigue tests with tensile hold were
performed at 550°C with a strain range of 0.7 %. A 10 s hold time was applied for low cycle
creep-fatigue tests at the peak tensile strain. The tests were conducted at a strain rate of 103
s'l. A total of 100 cycles were applied for both fatigue and creep-fatigue tests during which a
significant amount of cyclic softening was observed. The specimens did not fail in the 100

strain cycles.
2.4 Electron microscopy

Electron backscattered diffraction (EBSD) (TexSEM Laboratories) scans were performed on
the fractured crack growth specimens. One-half of the fractured specimen was cut along the
depth of the notch such that the machined surface was parallel to the loading direction of the
specimen. EBSD scans were recorded at a fixed distance from the root of the notch for all the
specimens such that the regions immediately below and far away from the fracture surface
were captured. EBSD scans were also performed on the low cycle fatigue and low cycle

creep-fatigue specimens. The specimens were cut and EBSD scans were recorded on the
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cross-section of gage region of the specimens. The specimens were polished using standard
metallographic techniques. The final polishing was performed using colloidal silica
suspension with a particle size of 0.05 pm. EBSD scans were performed with a step-size of

200 nm for all the specimens.

Characterization of the oxidation products at crack tips was also conducted on cross-
section of the fracture surface using a JEOL model 6500 field emission gun scanning electron
microscope (FEG-SEM) combined with energy dispersive X-ray spectroscopy (EDS) for
chemical analysis. Specimens were copper-plated prior to sectioning to protect the thin oxide

layer.

Specimens for transmission electron microscopy (TEM) were prepared by standard
dicing and electropolishing methods. The 3 mm TEM discs were polished to electron
transparency using a Tenupol-5 dual-jet electrochemical polishing system, with the “721”
electrolyte (70% ethanol, 20% butoxyethanol and 10% perchloric acid) at nominally 13°C
and at currents in the range of 200 mA. It was found useful also to do a “final thinning” via
Ar ion milling methods in a Fischione 1010 ion-mill, with dual Ar guns operated at 3kV and
5 mA, and the sample held at -60°C with liquid nitrogen cooling. The TEM specimens were
imaged using a Hitachi HF3300 cold-field-emission TEM (Hitachi High-Technologies
America, Gaithersburg, MD), operated at 300kV, with bright-field images recorded via

DigitalMicrograph software (Gatan Inc., Pleasanton, CA).

3 RESULTS

3.1 Small fatigue crack growth

Optical images of the small cracks that propagated in fatigue and creep-fatigue crack growth
specimens tested at 80 % of yield stress (YS) and 550°C are shown in Fig. 2. The cracks

propagated in the plane perpendicular to the loading direction for major part of their



213 propagation path and therefore mode I stress intensity factor K; can be used as the appropriate

214  LEFM parameter for representing the crack growth data.

215

10



216

217

218  Figure 2 Stitched optical micrographs of the small fatigue cracks that initiated from the notch in the specimens tested at 550°C, 80 % of yield
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The crack growth curves under pure fatigue and creep-fatigue conditions are shown in
Fig. 3. The crack growth tests were performed at 80 % and 60 % of YS at room temperature.
It can be seen that the crack growth rate at room temperature increases slightly with an
increase in the maximum stress. The crack growth rate for the specimen tested at 0.6 YS and
at RT fluctuates periodically at low AK values. The crack growth rates of specimens tested at
550°C were significantly higher than specimens tested at room temperature at equivalent
stress intensity values. The addition of a hold time in the fatigue cycle did not lead to an
increase in the crack growth rate. The crack growth rates with zero and 1 s hold time were
found to be comparable. For the case of 10 s hold time, the crack growth rate was slightly
slower compared to zero hold time. A complete arrest of crack was observed for the higher
hold time of 600 s. These results indicate that presence of a hold time can retard the growth
of a small crack and in an extreme case can even lead to a complete arrest. The crack growth
curve for 600 s hold time is not shown in Fig. 3 since no measurable crack growth occurred.
The crack length for the 600 s hold time specimen was monitored for 1160 cycles beyond
which the test was interrupted. This translates into a total test duration of approximately 193
h (8 days). No measurable crack extension was observed during these 1160 cycles. On the
other hand, measurable extensions in crack length were observed for both zero hold and 1 s
hold specimens within 1000 cycles. This led to a conclusion that the crack had arrested in the

case of 600 s hold time specimen.

12
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Figure 3 Small fatigue crack growth curves of pure fatigue and creep-fatigue specimens at

22°C and 550°C showing small fatigue crack effect and tensile hold time effect in Gr. 91 steel

Fig. 4 shows the half crack length vs. cycles data for the 550°C tests for which data
was presented in Fig. 3. The initial crack lengths are non-zero due to the pre-cracking
regimen adopted in this investigation as described in Section 2.2. Since the crack growth
measurements begin after the pre-cracking regimen, any inherent ambiguity in the initiation
of a crack from the notch and its effect on the crack growth rate is eliminated. Nevertheless, it
was ensured that the surface finish of specimens and the dimensions of the notches prepared
by micro-drilling were similar in tested specimens to avoid any effect on crack propagation.
The cracks started at the similar lengths for zero, 1 s and 600 s hold time tests. The crack
grew at smaller rate with number of cycles for 1 s hold time test implying retardation in crack
growth. Similarly, the increase in crack length with number of cycles was lower in the 10 s
hold time specimen as compared to the zero second hold time specimen. The initial half crack
length for 10 s hold time sample was higher than other specimens as this crack did not grow

under creep-fatigue condition in the first attempt. The crack had to be grown at room
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temperature again in the same specimen before re-starting the creep-fatigue crack growth at
550°C. Only one data point is shown for 600 s hold time specimen which, is the starting half
crack length since, no measurable crack growth occurred in this condition. An attempt similar
to the 10 s hold time specimen to regrow the crack at room temperature was not performed
for the 600 s hold time specimen. However, the possibility of overcoming the crack arrest in
600 s hold time specimen by reinitiating the crack at room temperature cannot be dismissed.
The crack growth curves shown in Fig. 3 were fitted to calculate the slope of the curve which
represents the constant ‘m’ in the Paris law of crack propagation [24]. The value of m was
higher for room temperature crack growth curves compared to high-temperature crack growth

curves (Table 1).
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Figure 4 Half crack length versus cycles for pure fatigue and creep-fatigue crack growth

specimens tested at 550°C

3.2 Low cycle fatigue and creep-fatigue

The stress-strain curves for the 1%t and 100" cycle of the low cycle fatigue and low cycle

creep-fatigue specimens are shown in Fig. 5. The variation of maximum stress (Gpax) With the
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number of cycles is plotted in Fig. 6a. Significant cycle softening was observed under both
low cycle fatigue and low cycle creep-fatigue conditions, right from the first cycle. Stress
relaxation occurred during the tensile hold time for the creep-fatigue condition. The
maximum stress decreased from 390 MPa to 333 MPa for low cycle fatigue specimen and
from 382 MPa to 330 MPa for low cycle creep-fatigue specimen after 100 cycles. The
maximum stress versus the number of cycles plot shown in Fig. 6a was fitted with a
polynomial curve. Fig. 6b shows the slope of the fitted curve, i.e., change in maximum stress
per cycle for the low cycle fatigue and low cycle creep-fatigue specimens. The rate of
softening with the number of cycles during the first few cycles was higher in the low cycle
creep-fatigue condition compared to low cycle fatigue condition as evident from the higher
absolute value of the slope in the former (Fig. 6b). The absolute value of the slope decreases
with the number of cycles and approaches a constant value after ~ 50 cycles. The saturated

values of the slope are similar for low cycle fatigue and low cycle creep-fatigue testing

conditions.
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Figure 5 Cyclic stress-strain curves of the 1°* and 100" cycle during (a) low cycle fatigue and
(b) low cycle creep-fatigue tests at 550 °C with a strain range Ae = 0.7 %. Stress relaxation

can be seen during tensile hold (duration = 10 s) at constant strain in (b)
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Figure 6 (a) Variation of maximum tensile stress during low cycle fatigue and low cycle
creep-fatigue tests (10 s hold time) with number of cycles performed at 550 °C with a strain
range Ae = 0.7 %., (b) derivative of maximum tensile stress with number of cycles of the

curve obtained by fitting the curve in (a)

3.3 Microstructure of Gr. 91 and its evolution during fatigue and creep-fatigue

Fig. 7 shows the image quality (IQ) maps superimposed with kernel average orientation
(KAM) maps of the cross-section of pure fatigue (550°C) and creep-fatigue (1 s hold time)
crack growth specimens. KAM is a measure of plastic strain in the material. The KAM value
is sensitive to sub-grain size and geometrically necessary dislocations in the microstructure
[25]. All the KAM values presented in the manuscript are calculated using the third nearest
neighbor. A smaller sub-grain size and/or high geometrically necessary dislocation density
indicates a higher plastic strain in the material and consequently a higher KAM value. The
EBSD scans were recorded in an area immediately below the fracture surface to capture the

effects of crack tip plasticity and far below the fracture surface such that the crack tip
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plasticity is expected to be negligible. A difference in KAM is observed between the area
immediately below (Fig. 7a, c¢) and the area far away from the fracture surface (Fig. 7b, d) in
both pure fatigue and creep-fatigue crack growth specimens. The KAM distribution plots for
regions near and far from the fractured specimens in pure fatigue and creep-fatigue crack
growth specimens are shown in Fig. 7e and Fig. 7f, respectively. It can be clearly seen that
the KAM distribution shifts towards lower values, indicating a decrease in the strain on
moving closer to the fracture surface where, crack tip plasticity occurs. Although EBSD data
of the fractured crack growth specimens reveals the phenomenon of reduction in strain due to
crack tip plasticity, it is difficult to differentiate between pure fatigue and creep-fatigue crack
growth specimens. The small size of the plastic zone ahead of a crack tip limits the relevant
area that can be scanned using EBSD. Therefore, poor statistics can lead to an error when
comparing the plastic zones of pure fatigue and creep-fatigue crack growth specimens.
Moreover, the effect of a small hold time (1 s) on the crack tip plasticity might be small

enough that it cannot be captured in an adequate manner by the EBSD technique.
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Figure 7 IQ + KAM maps recorded (a) near fracture surface and (b) away from fracture
surface of pure fatigue crack growth specimen tested at 550°C. IQ+ KAM maps recorded (c)
near fracture surface and (d) away from fracture surface of 1 s hold time creep-fatigue crack
growth specimen tested at 550 °C. KAM plots of (e) near fracture surface and away from
fracture surface of pure fatigue crack growth specimen tested at 550°C, (f) near fracture
surface and away from fracture surface of 1 s hold time creep-fatigue crack growth specimen

tested at 550 °C. The unit of colour scale 0-5 for the KAM maps is in degrees

Low cycle fatigue tests were performed at 550°C for simulating the effect of hold
time on the plastic zone ahead of the crack tip. The problem of limited statistics is eliminated
here since the entire gage section of the specimen undergoes plastic deformation. The 1Q +
IPF (image quality + inverse pole figure) maps of the as-received, low cycle fatigue and low
cycle creep-fatigue specimens are shown in Fig. 8. The microstructures of the as-received
(Fig. 8a), low cycle fatigue (Fig. 8b) and low cycle creep-fatigue (Fig. 8c) specimens look
similar indicating that, high-temperature cyclic deformation up to 100 cycles and 0.7 % strain
range per cycle did not lead to microstructural changes at the length scale of the prior
austenite grain size. The KAM distribution of the as-received, low cycle fatigue and low
cycle creep-fatigue specimens is shown in Fig. 8d and the average KAM values are 1.40, 1.21
and 1.29, respectively. The KAM is highest for the as-received specimen implying the
highest amount of strain in the initial microstructure. The KAM reduces after cyclic plastic
deformation at high temperature as evident by the lower KAM values of low cycle fatigue
and low cycle creep-fatigue specimens as compared to the as-received specimen. This is
consistent with the KAM maps shown in Fig. 7 where strain reduces due to elevated

temperature plastic deformation ahead of the crack tip.
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Figure 8 IQ + IPF maps of (a) as-received, (b) low cycle fatigue (550 °C/de = 0.7 %) and (c)
low cycle creep-fatigue (550 °C/de = 0.7 %/10s hold time) specimens. The KAM distribution

plots are shown in (d)

Fig. 9 shows the TEM micrographs of the as-received, low cycle fatigue and low
cycle creep-fatigue specimens. The average sub-grain size measured using the TEM
micrographs for the as-received, low cycle fatigue and low cycle creep-fatigue are 220 + 80
nm, 310 = 130 nm and 360 £ 120 nm, respectively. Fig. 9b shows the arrangement of
dislocations at a sub-grain boundary in the as-received specimen (marked by red arrow). Such
microstructural features are not commonly observed in low cycle fatigue and low cycle
creep-fatigue specimens implying a higher dislocation density within the sub-grains in the as-

received specimen.
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Figure 9 TEM micrographs of (a) and (b) as-received, (c) low cycle fatigue (550 °C/de = 0.7

%) (d) low cycle creep-fatigue specimens (550 °C/Ae = 0.7 %/10s hold time)

3.4 Oxidation at the crack propagation front

The formation of an oxide at the crack front was evaluated using SEM. Fig. 10 (a, c and e)
shows the cross-sectional view of the crack surface in pure fatigue (550°C), creep-fatigue (1 s
hold time) and creep-fatigue (10 s hold time) crack growth specimens, respectively. The
region above the crack that is visible in case of Fig. 10a is the copper plate used in preparing

the samples for oxidation analysis as mentioned in Section 2.4. An oxide layer less than 1 ym

thick was visible on the surface of the primary cracks implying oxidation to be an active
phenomenon during crack growth at 550°C. The elemental maps of O shown in Fig. 10 (b, d
and f) confirm the presence of the oxide layer. In addition to the primary crack, secondary
cracks were observed in all the three, pure fatigue and creep-fatigue crack growth specimens.
In some cases, the secondary cracks were completely filled with the oxide. Based on the SEM

micrographs and elemental maps, no significant difference was observed among the pure
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fatigue and creep-fatigue (up to 10s hold time) crack growth specimens in terms of the oxide

scale thickness and nature of the secondary cracks.

Figure 10 Cross-sectional micrographs of the crack in crack growth specimens at 550 °C
under (a) pure fatigue, (c) I s hold time creep-fatigue, (e) 10 s hold time creep-fatigue
conditions. Oxygen elemental map of the crack in crack growth specimens at 550°C under (b)

pure fatigue, (d) 1 s hold time creep-fatigue, (f) 10 s hold time creep-fatigue conditions

4 DISCUSSION

The tests in this study reveal that the addition of a small hold time does not increase the small
crack growth rates in Gr. 91 steel. On the contrary, it can lead to retardation of the crack. This
observation contrasts with the accepted understanding that the creep strain introduced
through a hold time will add to the damage caused by fatigue, ultimately leading to an early
failure of the material. For example, it has been reported that the crack growth rate of large

cracks in Gr. 91 steel increase with the addition of a hold time [4]. The crack growth rates at

21



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

550 °C (barring the complete arrest of crack for 600 s hold time) are only slightly different
from each other. This may lead to a conclusion that the crack arrest is an erroneous
observation. In the present study, however, the crack arrest is real based on the consistency of
the observed results and the literature where similar observations were made in large cracks
in other materials [26-29]. At low hold time (1 s) the crack growth rate was similar to the
zero hold time condition. Further increase in the hold time (10 s and 600 s) led to an arrest in
the crack. The crack arrested for the 10 s condition was regrown at room temperature
following which it propagated at 550 °C at a slower rate compared to the zero hold time
condition. Such a crack arrest was never observed in the high temperature crack growth tests
performed with zero hold time. The absence of crack arrest in zero hold time tests as well as
small hold time tests (1 s) versus its occurrence in higher hold time tests (> 10 s) led the
authors to conclude that the crack arrest is indeed a consistent result. The retardation (and
arrest) of the cracks is attributed in the following section to competing phenomena such as
stress relaxation, microstructural coarsening induced softening and oxidation. The recovery
of crack growth in the 10 s hold time condition after re-growing the crack at room

temperature is consequently attributed to higher AK values at larger crack length.

Before discussing further, it is important to ascertain the possible effect of the load
shedding procedure used in this investigation on the small crack growth behavior. It can be
argued that the crack retardation/arrest could be due to the history effect of the load shedding
procedure. However, the effect of load shedding procedure, if any, would be present only in
the initial growth stages of a small crack. In such a case, the crack should have arrested in the
beginning itself had it been the effect of the load shedding procedure. For example, in the
case of the 10 s hold time sample, the half crack length had extended by nearly 200 pm
while, the crack was still propagating at a rate lower than zero hold time specimen. The load

shedding procedure is not expected to affect the crack propagation after the half crack has
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extended in length (~ 200 um) significantly greater than the size of crack tip plastic zone
which, would be a few tens of microns. This discussion signifies that the crack retardation is

due to hold time and not the load shedding procedure.
4.1 Role of stress relaxation on crack growth behavior

Unlike Gr. 91 steel, retardation of long cracks under creep-fatigue loading have been reported
previously in materials such as nickel base superalloys, aluminum alloys and steels [26-29].
Crack retardation in these reports was primarily attributed to stress relaxation that occurs
during the hold time which, consequently, reduces the driving force for crack propagation. A
competition occurs between the effects of stress relaxation and creep-damage on the net crack
growth rate [26, 28]. At lower values of AK, the stress relaxation can compensate the damage
caused by creep which, can lead to retardation of the crack. On the other hand, at higher AK
values, stress relaxation is unable to compensate for the creep-damage which, can lead to an
increase in the crack growth rate compared to zero hold time condition. A continuous
decrease in crack growth eventually leading to an arrest has also been reported in literature
[26]. The low cycle creep-fatigue data at 550°C in this work showed that a significant stress
relaxation occurred during the hold time. It is possible that a similar stress relaxation process
will also occur in the plastic zone ahead of the small crack that is propagating at 550°C. Such
a stress relaxation will reduce the effective stress intensity at the crack tip thereby, retarding
the small creep-fatigue crack in Gr. 91 steel. The minimum value of AK for long creep-
fatigue crack in [4] was nearly 20 MPaVm as compared to the maximum AK value of 15
MPavVm for small cracks in this investigation. At lower values of AK for small cracks, the
contribution of creep damage on increasing the crack growth rate can be compensated by
stress relaxation eventually leading to a slower crack growth rate. Therefore, the crack
retardation in the present study could be due to the beneficial effect of stress relaxation at

lower AK levels that are characteristic of the small cracks. The competition between the
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effects of stress relaxation and AK on the crack growth is also considered to cause the
formation of hook like features in the crack growth curves [30]. Stress relaxation reduced the
crack growth rate in the initial stages of creep-fatigue crack growth of large cracks to a
minimum, which later increased due to increase in the values of AK [30]. The temperature is
reported to have a significant effect on the stress relaxation behavior in a ferritic-martensitic
steel similar to the Gr 91 steel [31]. Change in the stress relaxation behavior with temperature
can affect the crack growth behavior under creep-fatigue loading in Gr 91 steel. The effect of
temperature on creep-fatigue crack growth was beyond the scope of the present investigation.
This temperature dependence of crack growth and its correlation with stress relaxation will be

investigated in our future work.

4.2 Role of microstructural evolution on crack growth behavior

Another factor that can contribute towards retardation of crack growth due to hold time is the
microstructural evolution in the plastic zone of the crack tip. It is a well-accepted fact that
low cycle fatigue, low cycle creep-fatigue and long term creep deformation of Gr. 91 steel
leads to coarsening of the sub-grains and simultaneous reduction in the dislocation density [8,
10, 32-33]. TEM and EBSD micrographs in the present investigation also show that the sub-
grains coarsened and dislocation density (KAM) reduced after low cycle fatigue and creep-
fatigue loading compared to the as-received material. The sub-grain coarsening and reduction
in dislocation density as a result of plastic deformation leads to cyclic softening in the
material as shown in Fig. 6. The introduction of a hold time in addition to cyclic deformation
further enhanced the softening effect which is consistent with reported literature [34-35]. The
higher sub-grain size in the low cycle creep-fatigue specimen corroborates the enhanced rate
of softening as compared to the low cycle fatigue specimen. It is to be noted here that the
higher rate of cycling softening is confirmed using the sub-grain size determined from TEM
rather than the KAM values obtained from EBSD. The KAM values in EBSD are affected by
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both sub-grain size as well as misorientation across the sub-grain boundaries. This makes the
use of KAM values as direct indictor of microstructural coarsening challenging. The
microstructural coarsening in Gr. 91 steel has been performed by others using the sub-grain
size obtained by TEM [10, 34]. In this work, a parallel is drawn between the low cycle
fatigue tests and plastic zone of the crack tip with regards to microstructural evolution caused
by plastic deformation. As shown by others [36], microstructural changes induced by plastic
deformation are similar in low cycle fatigue and crack tip plastic zone irrespective of the
strain or load control mode of tests, respectively. This is supported by the observations that
plastic deformation led to a reduction in microstructural strain in both the crack growth and
low cycle fatigue specimens (Figs. 7 and 8, respectively). Therefore, analogous to the low
cycle fatigue specimens, cyclic softening due to microstructural coarsening is expected to
occur in the plastic zone ahead of the crack tip. Identical to the case of low cycle creep-
fatigue, a higher rate of cyclic softening in the plastic zone of creep-fatigue crack growth
specimens, can reduce the stress intensity at the crack tip over and above caused by stress
relaxation thereby, retarding the crack growth. It is to be noted here that, the crack growth is
expected to be more sensitive to the characteristics of the plastic zone in the case of
mechanically small flaws that are investigated here, as compared to large cracks. Therefore,
the effects of stress relaxation and cyclic softening in the plastic zone of the crack tip on

retarding the small crack growth will be more pronounced when compared to large cracks.

4.3 Role of oxidation at the crack front on crack growth behavior

Fig. 10 demonstrates that oxidation at the crack front is an active phenomenon during fatigue
and creep-fatigue at 550°C in Gr. 91 steel. It is reported in the literature that if the thickness
of the oxide layer is of similar magnitude as the cyclic crack tip opening displacement, the
oxide layer can lead to shielding of the crack tip during a part of the load cycle [37]. This
phenomenon is referred to as oxidation-induced crack tip shielding. In the present
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investigation, some of the secondary cracks were observed to be completely filled with the
oxide. The thickness of the oxide layer in such secondary cracks was of the order of 0.5 um.
This thickness of the oxide layer is of the same order as reported previously for static
oxidation specimens as well as the fatigue/creep-fatigue specimens [11]. The oxide thickness
(~0.5 um) is close to the cyclic crack tip opening displacement in the near-threshold regime
of fatigue crack propagation [19]. It is possible in the present investigation that, oxidation at
the crack tip during the fatigue cycle can reduce the effective driving force for crack
propagation. This can lead to a reduction in the crack growth rate and also can lead to the
formation of secondary cracks. The presence of a hold time in the fatigue cycle can provide
additional time for the formation of the oxide layer. The quicker formation of the oxide layer
per cycle in the initial cycles of crack propagation during creep-fatigue can contribute to a
reduction or, in an extreme case, the complete arrest of the crack. In the case of pure fatigue,
the crack may propagate due to a thinner oxide formed per cycle, subsequently exposing the

fresh material to oxidation.

In summary, a combination of stress relaxation, enhanced rate of softening by
microstructural coarsening and oxidation at the crack tip during creep-fatigue is likely
responsible for a lower crack growth rate as compared to pure fatigue. Retardation of crack
growth due to hold time for the conditions investigated in the present case does not
necessarily mean an overall increase in the life of the material. This is so because the stress-
rupture life of Gr. 91 steel at 550°C and high stress (~ 80 % of yield stress) is a few tens of
hours [38]. Therefore, despite crack retardation, creep damage can get accumulated in the

bulk leading to failure of the material, particularly under the conditions of higher hold time.
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5 CONCLUSIONS

The effect of tensile hold time on small fatigue crack growth behavior was studied in this
investigation. An unusual observation of crack retardation due to addition of hold time (<
10s) was observed in the present study. The retardation in crack growth was considered to
occur due to a combination of three reasons. First, stress relaxation during hold time in the
plastic zone of the crack tip can reduce the effective stress intensity thereby, retarding the
crack growth compared to zero hold time condition. Second, a higher rate of cyclic softening
during creep-fatigue loading due to accelerated microstructural coarsening can further reduce
the stress intensity at the crack tip in synergy with stress relaxation thus, retarding the crack
growth. Third, an enhanced oxidation at the crack front during hold time can lead to shielding
of the crack tip and explain the retardation of small crack in addition to the effects of stress

relaxation and cyclic softening.
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529 Table 1 Test conditions for small fatigue crack growth experiments. All the tests were

530 performed at 5 Hz frequency. PF = pure fatigue; CF = creep-fatigue; YS = yield strength; RT

531 =room temperature
Test name Stress (MPa) Temperature (°C) | Hold time (s) m
PF RT 0.8YS 436 22 0 2.6
PF RT 0.6YS 327 22 0 2.8
PF 550C 286 550 0 1.5
CF 1 286 550 1 1.8
CF 10 286 550 10 2.0
CF _600 286 550 600 -
532
533
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FIGURE CAPTIONS

Figure 1 Schematic diagrams showing the loading waveforms in (a) pure fatigue and (b)
creep-fatigue crack growth tests

Figure 2 Stitched optical micrographs of the small fatigue cracks that initiated from the notch
in the specimens tested at 550°C, 80 % of yield strength under (a) pure fatigue, (b) 1 s hold
time creep-fatigue and (c) 10 s hold time creep-fatigue

Figure 3 Small fatigue crack growth curves of pure fatigue and creep-fatigue specimens at
22°C and 550°C showing small fatigue crack effect and tensile hold time effect in Gr. 91
steel

Figure 4 Half crack length versus cycles for pure fatigue and creep-fatigue crack growth
specimens tested at 550°C

Figure 5 Cyclic stress-strain curves of the 15t and 100t cycle during (a) low cycle fatigue and
(b) low cycle creep-fatigue tests at 550 °C with a strain range Ae = 0.7 %. Stress relaxation
can be seen during tensile hold (duration = 10 s) at constant strain in (b)

Figure 6 (a) Variation of maximum tensile stress during low cycle fatigue and low cycle
creep-fatigue tests (10 s hold time) with number of cycles performed at 550 °C with a strain
range Ae = 0.7 %., (b) derivative of maximum tensile stress with number of cycles of the
curve obtained by fitting the curve in (a)

Figure 7 1Q + KAM maps recorded (a) near fracture surface and (b) away from fracture
surface of pure fatigue crack growth specimen tested at 550°C. 1Q+ KAM maps recorded (c)
near fracture surface and (d) away from fracture surface of 1 s hold time creep-fatigue crack
growth specimen tested at 550 °C. KAM plots of (e) near fracture surface and away from
fracture surface of pure fatigue crack growth specimen tested at 550°C, (f) near fracture
surface and away from fracture surface of 1 s hold time creep-fatigue crack growth specimen
tested at 550 °C. The unit of colour scale 0-5 for the KAM maps is in degrees

Figure 8 IQ + IPF maps of (a) as-received, (b) low cycle fatigue (550 °C/Ag = 0.7 %) and (c)
low cycle creep-fatigue (550 °C/Ag = 0.7 %/10s hold time) specimens. The KAM distribution
plots are shown in (d)

Figure 9 TEM micrographs of (a) and (b) as-received, (c) low cycle fatigue (550 °C/Ag = 0.7
%) (d) low cycle creep-fatigue specimens (550 °C/Ae = 0.7 %/10s hold time)

Figure 10 Cross-sectional micrographs of the crack in crack growth specimens at 550 °C
under (a) pure fatigue, (c) 1 s hold time creep-fatigue, (e¢) 10 s hold time creep-fatigue
conditions. Oxygen elemental map of the crack in crack growth specimens at 550°C under (b)
pure fatigue, (d) 1 s hold time creep-fatigue, (f) 10 s hold time creep-fatigue conditions
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