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Abstract: The role of oxygen in enhanced fatigue cracking in an advanced Ni-based
superalloy for turbine disc application has been evaluated in fatigue crack initiation and
propagation stages along with static oxidation tests. It is found that the grain boundary oxide
intrusion has a layered structure. The microstructure- and deformation-dependent grain
boundary oxidation dominates the fatigue crack initiation and early propagation processes. As
the crack propagates, this contribution arising from oxidation damage may gradually be
overtaken by dynamic embrittlement processes until the mechanical damage outstrips the
oxygen-related damage, resulting in a transition from intergranular to transgranular crack

propagation.
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1. Introduction

Powder metallurgy (PM) Ni-based superalloys have been widely used for high pressure
turbine disc applications in aeroengines due to their excellent mechanical properties and

exceptional resistance to environmental damage such as oxidation at elevated temperatures



[1-5]. However, in these more advanced aeroengines, the PM Ni-based superalloys are
required to work at higher temperatures to increase turbine inlet temperature for the sake of
increasing the thrust-weight ratio and improving the fuel efficiency. This increases the
propensity for failure caused by the combined damage processes arising from fatigue-creep-
oxidation. Due to the coupled fatigue-creep-oxidation damage, especially under dwell-fatigue
conditions, fatigue failure processes are significantly accelerated as indicated by much shorter
fatigue lives and/or faster crack propagation rates as reported in the literature [6-17]. Such
accelerated fatigue failure processes are usually associated with intergranular fracture
resulting from the interaction between grain boundary (GB) oxidation/embrittlement effects
and mechanical fatigue processes, and is a function of the microstructures of the investigated
disc superalloys and the service conditions [6-9, 15, 16, 18-30]. In the fatigue crack initiation
stage, it is believed that oxide cracking can result in crack initiation, which shortens the
fatigue life. This is verified in a few studies which show much shorter fatigue life in pre-
exposed disc alloys at elevated temperatures than for virgin/unexposed specimens [31-33]. In
the crack propagation stage, enhanced intergranular crack propagation in the aggressive
environment at elevated temperature is generally ascribed to the mechanism of stress assisted
grain boundary oxidation (SAGBO) [6, 7, 16, 20, 25, 34-38] or dynamic embrittlement (DE)
[18, 19, 39, 40] at the crack tip. The former is associated with the accelerated formation of
oxides along grain boundaries with the assistance of stress at the crack tip. Enhanced
intergranular crack propagation is achieved via the grain boundary oxide cracking due to its
brittle nature and low fracture toughness. The latter refers to the segregation of oxygen at the
nanometre scale at the grain boundary ahead of the crack tip subjected to stress and a
corresponding reduction in cohesive strength of the grain boundary, which then in turn

accelerates intergranular crack growth.

Extensive studies have been conducted to evaluate the nature of the grain boundary oxides
which contribute to this enhanced intergranular fatigue cracking [6, 7, 20, 23, 25, 34, 36-38].
However, many of these studies are limited by problems of preparation of the oxide-
containing specimen in the area of interest (i.e. at the crack tip) to allow detailed examination
of the oxide nature, as the fatigue cracking itself is a highly localised process. Improvements
in characterisation techniques now enable site-specific specimen preparation using focussed
ion beam (FIB). Recent studies on the nature of oxides formed under cyclic loads or at
sustained loads at the crack tip, using a combination of FIB, energy dispersive X-ray

Spectroscopy (EDS) and nano secondary ion mass spectroscopy (SIMS), show the oxides



have layered structures either along the grain boundary or across the grain boundary in disc
alloys RR1000 and U720Li [15, 20, 34]. The layered oxides consist of an external Ni/Co
oxide layer, an intermediate Cr oxide layer and an inner Al/Ti oxide layer at the oxide/metal
interface, and this is given as evidence of SAGBO occurring at the crack tip. However, this is
not a universal observation. Viskari and Hornqvist studied oxidation processes at the crack tip
in Inconel 718 using FIB, SIMS and atom probe tomography. No evident oxides formed at
the crack tip, indicating that DE was a more likely mechanism responsible for the enhanced
intergranular cracking observed [23, 39, 41]. This difference in oxide characterisation results
at crack tips in various alloys exhibiting intergranular failure may arise from differences in:
(1) composition of disc alloy, (2) crack tip stress/strain state and (3) the crack tip propagation
rate. It is expected that higher strain, which is associated with higher defect density [42-44]
and a slow crack propagation rate (in terms of da/df), which can provide more oxidation time

in a loading cycle, can accumulate more oxidation products at the crack tip [15, 20].

It seems that both SAGBO and DE may occur in the crack tip process zone [15, 18, 20, 41,
45]. At different crack propagation stages, either SAGBO or DE may make the dominant
contribution to fatigue crack propagation (FCP), depending on the test temperature, oxygen
partial pressure, loading frequency and the crack tip advancement rate (i.e. FCP rate) [7-9, 13,
15, 41, 46]. In addition, it is not unusual to observe a transition from intergranular to
transgranular crack propagation in disc alloys as crack length (AK) increases, indicating the
mechanisms causing crack propagation are FCP rate dependent [8, 9, 15]. In addition,
different FCP rates are usually due to different AK levels at the crack tips which are also
associated with different stress/strain states [16, 24, 47]. It is therefore necessary to link the
assessment of the role of oxygen in fatigue cracking to both FCP rate and local stress/strain
levels. However, a systematic assessment of the oxides at the crack tip at such different AK

levels and crack propagation rates is still missing for most superalloys.

In this study, we have extended our previous work [38] on fatigue crack initiation and early
crack propagation in one of the latest generation of PM Ni-based superalloys (i.e. Low Solvus,
High Refractory (LSHR) alloy [22, 48, 49]), and focused on oxidation processes at the
various stages of fatigue cracking and their role in fatigue crack initiation and propagation
under dwell-fatigue conditions. In addition, oxidation under sustained load and in a pre-

loaded LSHR alloy variant was assessed to evaluate the effect of strain on oxidation



processes. The contribution of SAGBO, DE and mechanical damage to fatigue cracking at

different crack propagation stages is discussed.
2. Materials and experimental procedures
2.1 Materials

The composition (in wt.%) of the LSHR alloy studied here is: 20.7 Co, 12.5 Cr, 3.5 Ti, 3.5
Al 4.3 W, 2.7 Mo, 1.6 Ta, 1.5 Nb, 0.05 Zr, 0.03 C, 0.03 B, bal. Ni. The LSHR alloy was
provided by NASA Glenn Research Centre, and was manufactured by standard power
metallurgy processing route followed by solution and aging heat treatments. Details of the
employed heat treatments can be found in [50]. Three LSHR alloy variants were used in this
study, and the statistical data on the sizes of grains, primary y' and secondary y' in each

LSHR alloy variant are shown in Table 1 which have been reported in our previous research

[9, 38].

Table 1 Statistical data on sizes of grains, primary y" and secondary y’ in the LSHR variants

Materials Grain size Primary y'* Secondary Tests conducted on each LSHR
ID (um) (um) v’ (nm) variant

CGLSHR  38.4+18.1 N/A 153+ 29 Short fatigue crack test; oxidation in
the pre-loaded condition
Long fatigue crack growth test;
MG LSHR 199+7.8 N/A 221+ 28 . .
oxidation under sustained load

FG LSHR 8.1+2.8 1.74+0.48 89+ 15 Short fatigue crack test

Note: CG indicates coarse grained, FG indicates fine grained, and MG indicates medium

grain size.
2.2 Short fatigue crack test

Interrupted and uninterrupted short fatigue crack bend bar tests were conducted in the CG
and FG LSHR alloys at 650 and 725 °C in air using an Instron 8501 fatigue testing machine.
The aim was to investigate fatigue crack initiation and early crack propagation processes
particularly assessing the role of oxygen-related damage in both processes. The specimen
dimensions can be seen in Fig. 1 (a). The notch has a depth of 1.25 mm with a curvature

radius of 2mm. The notch root was ground and then polished down to a 1 um finish before



being tested. The tests were conducted under three-point bending with a trapezoidal loading
waveform of 1-1-1-1 at a load ratio of 0.1. The maximum nominal elastic stress at the notch
root was calculated to be 1020 MPa based on simple beam theory for the uncracked ligament.
A finite element elastic-plastic simulation shows that this loading condition produces a
maximum strain of 0.98% at the notch root. The uninterrupted tests were carried out to
establish the overall fatigue life of the LSHR alloy under the investigated conditions, and to
determine suitable testing intervals to be used in the interrupted tests. In the interrupted tests,
cycling was stopped and a load of 200 N was applied to the specimens throughout the re-
heating and cooling processes to hold the specimens in position in the test chamber. Replicas
were then made of the notch root at the static mean load used in the fatigue test once the
temperature had cooled to 35 - 40 °C. The interrupted test was stopped when a dominant
crack (>1 mm) appeared at the notch root surface. The morphology of the notch root surface
was observed by using a field emission gun scanning electron microscopy (FEG-SEM) JEOL
JSM 6500F. The morphology of the crack path in the bulk materials was also observed in the
SEM after sectioning the specimen from the centre. However, the short crack growth rates
were not measured in this study as no valid singular crack growth rate can be obtained due to

the substantial amount of grain boundary cracks whose stress fields interact with each other.

(a) (b)

Fig. 1 Specimen dimension and schematic set-up of (a) short fatigue crack test and (b) long

fatigue crack growth test. The yellow circular dots in (b) indicate the location of PD wires.

In order to examine oxidation during the crack initiation and propagation stages,
transmission electron microscope (TEM) lamellae were extracted (by an in situ lift-out
method) from the regions containing the grain boundaries with and without apparent oxides at

the notch root surface in the FG LSHR variant test at 725 °C using a FEI NanoLab Dual



Beam FIB/SEM system. After the lift-out, an in-plane TEM lamella, parallel to the crack
propagation direction in the bulk material, was extracted at the crack tip after metallographic
sectioning of the specimen. The extracted lamellae were examined in a FEI Tecnai TF20
FEG-TEM with an accelerating voltage of 200 kV. The elemental distribution around the
grain boundaries as well as at the interface of the primary y'/y matrix was investigated by

EDS to reveal the nature of the oxides formed.

2.3 Long fatigue crack growth test

Fatigue crack growth (FCG) tests were conducted followed the guidance of British
Standard BS ISO 12108:2002 (i.e. Metallic materials - Fatigue testing - Fatigue crack growth
method). The FCG tests were conducted on MG LSHR single edge notched bend (SENB)
specimens which have a through thickness notch with a depth of 2.5 mm to evaluate the
oxidation at the crack tip at certain AK levels. The SENB specimen dimension is shown in
Fig. 1 (b). Tests were also conducted under three-point bending using an Instron 8501 fatigue
testing machine in air at 725 °C with a trapezoidal loading waveform of 1-X-1-1 at a load
ratio of 0.1 (where X is the hold time at maximum load, X= 90 s and 300 s). The specimen
was pre-cracked at room temperature using a load shedding method to a AK of ~15 MPaVm.
After pre-cracking, the specimen was heated to 725 °C and then the crack was allowed to
propagate under fixed loading amplitude (increasing AK levels). Crack length was monitored
and recorded by a direct current potential drop (DCPD) method using 4 probe wires. The
employed instrument for DCPD measurement is Matelect’s DCM-2 model with a pulsed
current of 10 A. The current was supplied to the specimen in pulses of constant current and
the measurements were taken both during and in between pulse. These were then compared
by the unit controller to reduce noise and remove the thermoelectric effects. The FCG rates
were derived from the curve of the variation in the electrical potential with time by the secant
method.

Oxidation at the propagating crack tip was systematically investigated by using an isotope
of oxygen, i.e. '"*0,. Three scenarios were considered: two evaluated the oxidation processes
at a slowly propagating crack tip at 2 different but relatively low AK levels of ~16 MPaVm
and ~25 MPaVm respectively, with a 300 s dwell at the maximum load. The third scenario
evaluated the oxidation at a relatively quickly propagating crack tip (relatively high AK level
of ~40 MPaVm) with a 90 s dwell at the maximum load. In each case the crack growth was

paused at the AK levels indicated, and then the pressure of the test chamber was pumped



down to 0.8 bar, followed by refilling with '*0, and N, at a ratio of 1:4 up to 1 bar pressure
while the specimen was held in the test chamber at the mean testing load. After that, the tests
were resumed for a further 5 loading cycles at the same AK level of interest in an
environment of air + '*0, + N, before the tests were stopped. Then the specimens were
sectioned through the centre followed by grinding and mechanically polishing, and FEI
FIB200-SIMS with a 100 pA Ga+ beam was used to examine the distribution of '°O” and '*O"
at the crack tip, to evaluate the levels of oxygen diffusion and the oxidation processes

occurring at the crack tip over only a few cycles.

2.4 Sustained load oxidation

Oxidation under sustained load in the MG LSHR alloy variant was conducted on plain
bend bar specimens tested at 725 °C under three point bending. The specimen dimensions are
53 mm % 4 mm X 4 mm. The applied load was used to achieve a maximum strain of ~0.9%
on the top central surface in the specimen based on a FE elastic-plastic simulation. The
specimen top surface was polished before oxidation to better observe the oxidation products.
The specimens were taken out at intervals during the test to observe the successive grain
boundary oxidation processes in SEM, and the evolution of grain boundary oxides was
recorded. To allow a better understanding of the role of grain boundary oxidation on fatigue
cracking behaviour, mechanical properties of oxidised grain boundaries were also
investigated by nanoindentation on both the top surface and cross-sections. Selected
specimens were sectioned from the centre, mounted into Bakelite resin, and then ground and
polished to achieve an appropriate surface quality needed for nanoindentation measurements.
Nanoindentation maps of various sizes were performed in order to capture potential changes
in mechanical properties across oxidised grain boundaries. Preliminary measurements were
carried out in order to optimise the distance between adjacent indents (5 um) and avoid any
interaction effects. Indentation test parameters were kept constant for all the experiments (i.e.
loading/unloading time of 10 s, dwell time of 30 s at a maximum load of 5 mN). Drift
measurements were carried out for 60 s during the unloading at a load of 10% of the
maximum load. The drift rate was calculated from a linear regression of the displacement vs
time data and used to correct the nanoindentation data. The Berkovich tip was calibrated
before tests by using a standard fused silica sample. Data were corrected for frame
compliance before calculation of mechanical properties based on the procedure outlined by

Oliver and Pharr [51].



2.5 Oxidation in the pre-loaded LSHR alloy

To investigate the effects of strain (particularly plastic strain) on oxidation of the LSHR
alloy, oxidation was conducted on a pre-loaded CG LSHR alloy. The specimen has
dimensions of 53 mm x 4 mm x 4 mm with a FIB notch along a twin boundary. The
specimen surface was polished and the specimen has been cyclically loaded for 30000 cycles
under a sine waveform of 20 Hz at room temperature. The maximum applied strain was of ~
0.9% based on an FE elastic-plastic simulation. The residual strain distribution in this pre-
loaded CG LSHR alloy at room temperature and for 30000 cycles was measured by using the
SEM-DIC technique, which is detailed in our recent publication [52]. After pre-loading at
room temperature, this specimen was re-polished and then oxidised at 725 °C for 24 hours,

followed by SEM-EDS analyses.
3. Results
3.1 Surface oxidation under cyclic load

Generally, the uninterrupted short crack tests show that the intergranular cracking is
dominant features on the fracture surfaces and the interrupted tests show that crack
propagation is mainly achieved by coalescence of grain boundary cracks as shown in our
previous study [38]. The morphology of the notch root surface ahead of the main crack tip at
the end of the interrupted test is presented in Fig. 2. Due to oxidation effects, grain
boundaries are visible on the polished notch root surface in both the CG and FG LSHR
variants tested at 725 °C. Bulged oxides and cracks can also be observed, with coarser and
more densely distributed bulged grain boundary oxides observed in the FG LSHR variant.
The bulged oxides are mostly discernible at the grain boundaries which are oriented normal
to the tensile stress axis in both CG and FG LSHR variants, and these bulged grain boundary
oxides have a faceted morphology as shown in Figs. 2 (b) and (d). However, it is noteworthy
that not all of the grain boundaries oriented normal to the tensile stress axis are decorated
with bulged oxides, thus indicating the influence of grain orientation and grain boundary
character on oxide formation. In addition, bulged oxides are also discerned at the slip bands
in the CG LSHR variant as shown in Fig. 2 (a). Although slip bands were frequently detected
in the CG LSHR, no apparent slip band initiated cracking was found. The cracks observed at
the notch root are predominantly intergranular, indicating grain boundaries are the favoured

sites for crack initiation under the investigated conditions.



As shown in Figs. 2 (a) and (c), there are some black replica compounds penetrating into
the oxidised grain boundaries due to the grain boundary oxide cracking. These replica
compounds are due to the replication process used to monitor crack evolution at the notch
root surface. Around the penetrating replica compound, grain boundary oxides can be
discerned, especially in the FG LSHR as indicated in Fig. 2 (c), indicating that oxidation
leads to crack initiation. Moreover, it is noted that the bulged grain boundary oxides ahead of
a crack tip are intact. These intact oxides may also indicate that oxide formation occurs prior

to crack initiation and that crack initiation is a consequence of oxide cracking.
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Fig. 2 (a) Morphology of the notch root surface and (b) grain boundary oxide morphology in
the CG LSHR variant tested at 725 °C; (¢) morphology of the notch root surface and (d) grain
boundary oxide morphology in the FG LSHR variant tested at 725 °C.

The oxides formed at the notch root surface during the short fatigue crack test were
examined by TEM. The TEM lamella was extracted from a region containing grain
boundaries with (Fig. 3 (a)) and without (Fig. 4 (a)) bulged oxides. Bulged oxides and oxide

intrusions can be observed along the grain boundary and a uniform but much thinner oxide



scale can be observed within the y grain. As shown in Fig. 3 (c) and the EDS elemental maps,
the bulged grain boundary oxides at the surface are Co and Ni oxides with the Co-rich oxides
locating on the top of Ni-rich oxides. The oxide intrusion along the grain boundary consists
of Cr, Ti and Al oxides with Cr oxides in the centre and Ti/Al oxides at the intrusion/matrix
interface. Ni-rich islands which may be recrystallized y grains are discernible within the
oxide intrusion. In addition, y" precipitates which are enriched in Ni and depleted in Cr are
revealed by EDS mapping as indicated by the bright circular dots in the Ni map and dark
circular dots in the Cr map. Formation of Ti and Al oxides is accompanied by y" dissolution
as indicated by the depletion zone of Al and Ti which is highlighted by the rectangle in Fig. 3
(c). Moreover, as shown in the EDS elemental maps in Fig. 3 (c), an enrichment of Ni, Co
and Cr and a depletion of Al and Ti can be discerned ahead of the oxide intrusion tip where
no oxygen is detected as highlighted by the red ellipse. This enrichment of Ni, Co, and Cr
may provide a prerequisite step in starting a new cycle of non-selective oxidation of Ni and

Co and then selective oxidation of Cr/Ti/Al once the grain boundary oxide intrusion cracking

occurs.
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Fig. 3 (a) Area of interest for TEM lamella extraction in the FG LSHR variant tested at 725
°C. The dashed line indicates the extraction position; (b) TEM lamella in the trench before
lift-out procedure; (c) bulged oxides and oxide intrusion along grain boundary and the
corresponding EDS elemental maps; and (d) close-up of the y" depletion zone highlighted in
(c) by the rectangle.

As shown in Fig. 4, little Cr/Ti/Al oxide intrusion can be discerned along the grain
boundary without bulged oxides. The thin and uniform oxide scale mainly consists of
Cr/Ti/Al oxides along with Ni and Co oxides at the outer surface. A short Al oxide intrusion
is seen along the grain boundary and a depletion of Al and Ti nearby the Al oxide intrusion is
observed, also indicating the formation of Al and Ti oxides is accompanied by dissolution of
y' precipitates. In addition, this dissolution of y’ precipitates is only located at one side of the

grain boundary, which indicates the influence of grain orientation on the oxidation process.
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Fig. 4 (a) Morphology of the grain boundary without bulged oxides in the FG LSHR variant
tested at 725 °C; and (b) close-up of the region highlighted in (a) by the rectangle and the

corresponding EDS elemental maps.
3.2 Surface oxidation under sustained load

Oxidation under sustained load was investigated by three-point bending at 725 °C in the
MG LSHR. The stress, total strain and plastic strain distribution on the top surface along the
longitudinal direction in the plain bend bar specimen based on the FE elastic plastic
simulation is shown in Fig. 5 (a). The oxidised surface morphologies after 8 hours under the
sustained load at 725 °C in the five regions highlighted in Fig. 5 (a) are presented in Fig. 5 (b).

As shown in Fig. 5, evident grain boundary oxide cracking can be seen in region I close to the

12



centre. Although it is difficult to quantify the severity of grain boundary oxidation, it clearly
shows that the grain boundary oxide density decreases with the decreasing total strain, plastic
strain and stress until the grain boundary oxides disappear in a location that is about 4 mm
away from the centre. Moreover, it seems that the grain boundary oxide density is more
closely related to the plastic strain. The grain boundary oxidation disappears when the plastic

strain approaches zero.
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Fig. 5 (a) Total strain, plastic strain and stress distribution at the top surface along the
longitudinal direction away from the centre in the MG LSHR specimen based on the FE
elastic plastic simulation, and (b) morphology of oxidised surface after 8 hours under the

sustained load at 725 °C in the five regions indicated in (a).

Fig. 6 presents the grain boundary oxides formed under the sustained load at 725 °C after

1.75 hours and 2.25 hours respectively. Similar to the grain boundary oxidation observed
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under the cyclic loads, two types of oxidised grain boundaries are discerned, one is a
relatively flat grain boundary, and the other is a grain boundary with bulged oxides. These
bulged oxides form at the grain boundaries normally oriented with respect to the tensile stress
direction. By comparing Fig. 6 (b) to Fig. 6 (d), it is found new oxides form at a segment of
grain boundary in the region highlighted by the red rectangle. Oxide cracking is discerned at
0.5 hour increments, and this oxide cracking can be seen more clearly in the inserted close-up
in Fig. 6 (d). Observation of the grain boundary oxide evolution provides evidence of crack

initiation due to oxide cracking.

{(a) 1.75 hours § Tz"i“e stress d"ec“;‘ (b) 1.75 hours §&

(c) 2.25 hours

Fig.6 Grain boundary oxidation under sustained load at 725 °C in the MG LSHR variant: (a)
and (b) grain boundary oxidation after 1.75 hours; (¢) and (d) grain boundary oxidation after

2.25 hours. The insert close-up in (d) clearly shows the oxide cracking.

Fig. 7 shows the oxide morphology on the top surface after a re-polishing. Due to the
mechanical effect of the re-polishing, the layered structure of the grain boundary oxides on
the top surface was disclosed. As shown in Fig. 7, the width of the layered grain boundary
oxides can be up to 2 um. EDS examination of the oxide composition shows similar

elemental distribution across the grain boundary as shown in Fig. 3, i.e. Ni and Co located at
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the centre, Cr enrichment next to Ni and Co, and then the Al and slight Ti enrichment is
discerned at the oxide/metal matrix interface. In addition, it seems that the Ni, Co oxides are

much coarser than the Cr/Al/Ti oxides. The size of Al and Ti oxides seem to be comparable

with secondary y'.

Fig. 7 (a) Secondary electron image and (b) backscatter electron image of grain boundary
oxides after re-polishing the oxidised surface in the MG LSHR variant, and the corresponding

elemental maps of the region highlighted in (a).

To better understand the effects of grain boundary oxidation on crack initiation,
mechanical properties of regions surrounding oxidised grain boundaries were locally assessed
by nanoindentation. Fig. 8 (a) shows the morphology of an oxide intrusion (with a very
similar layered structure to that observed on the top surface (Fig. 7)) extending tens of
microns below the top surface. In order to capture changes in mechanical properties,
nanoindentation maps were centred over oxidised grain boundaries (see an example in Fig. 8

(a)). Fig. 8 (b) shows the close-up of some indents performed across an oxide intrusion and in
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different grains. Due to the anisotropic properties of grains with different crystallographic
orientations, indents of different sizes can be observed in different grains (i.e. the central-
bottom indent in Fig. 8 (b) exhibits a reduced projected area compared to the side indents).
Due to their brittle nature, occasionally oxides formed along grain boundaries came off
during the mechanical polishing process, as it is the case shown in Fig. 8 (b). However,
oxides were still present in the main crack (Fig. 8 (a)) after mechanical polishing. Fig. 8 (¢)
shows an approximate crack morphology superimposed to the hardness map. A clear
hardening effect around and at the oxidised grain boundary is observed. In particular, three
regions in terms of mechanical properties can be identified around the oxide intrusion: (i)
surrounding metallic structure (20 — 30 um away from the oxide intrusion) with a hardness of
~ 3 — 5 GPa, (ii) metallic region below the surface and close to the oxidised grain boundary
(5 — 10 um away from the oxide intrusion) exhibiting a hardness of ~ 5 — 7 GPa, and (iii)
oxide intrusion exhibiting a peak hardness of ~ 9 GPa. In regions unaffected by
compositional variations (i.e. regions related to point (i) and (ii) above), changes in hardness
were caused by different crystallographic orientations between adjacent grains, as suggested
by the contrast in the micrograph reported in Fig. 8 (a) and 8 (b), as well as by the formation
of structural defects (e.g. slip bands) following mechanical tests.

The corresponding reduced modulus map is presented in Fig. 8 (d), where beside some
singularities attributed to indents performed on oxides, two main regions with reduced
modulus above and below ~ 200 GPa were identified. These differences are attributed to the
synergetic effect of different crystallographic orientations and structural defects caused by

local deformations near the grain boundary.
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Fig. 8 — (a) Morphology of an oxidised grain boundary and indentation map in cross-section
for the MG LSHR, (b) close-up of the region highlighted by the rectangle in (a), (c) hardness
map and (d) reduced elastic modulus map across the oxidised grain boundary. An
approximate crack morphology was superimposed on the maps in (c) and (d) to allow better
interpretation of the maps around the crack. Mechanical properties were determined based on
the first and larger indentation map shown in (a) — a superimposed smaller indentation map
was also performed afterwards for a different purpose.

3.3 Surface oxidation in the pre-loaded LSHR alloy

Fig. 9 shows the surface oxidation in the pre-loaded CG LSHR variant at 725 °C for 24
hours. The CG LSHR specimen has been cyclically loaded for 30000 cycles before oxidation;
in Fig. 9 (a) a few cracks are highlighted by arrows. The residual maximum shear strain
distribution is measured by SEM-DIC and is presented in Fig. 9 (b). Details of the strain
measurement procedure using SEM-DIC can be found in our recent publication [52]. As
shown in Fig. 9 (b), the strain distribution displays a pattern of strain bands and intensive
deformation can be seen around the crack. Fig. 9 (c) shows the oxidation occurring at 725 °C
after 24 hours. It is found that the bulged oxides mainly form in the intensively deformed

regions which are usually associated with cracks and crack tips. Figs. 9 (d) - (g) show close-
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ups of the oxides around the cracks, at the crack tips and/or slip bands. As shown in Fig. 9 (d),
no apparent oxide formation is found around the crack initiated from the twin boundary
(where the deformation is highly concentrated). Conversely, a slip/strain band which is
slightly away from and parallel to the twin boundary shows bulged oxide formation as shown
in Fig. 9 (e). Based on the oxidation in the pre-loaded LSHR alloy, there appear to be a

threshold strain value for oxidation to occur, and oxidation preferentially develops in these

intensively deformed regions.

Fig. 9 Oxidation in the pre-loaded CG LSHR variant at 725 °C for 24 hours: (a) morphology
in the area of interest after pre-loading; (b) residual maximum shear strain distribution in the
area of interest after pre-loading. Grain boundaries obtained by EBSD are overlaid on the
strain map; (c) morphology in the area of interest after oxidation; (d), (e), (f) and (g) close-

ups of the oxidation in the regions I, I, IIT and IV indicated in (c) respectively.
3.4 Oxidation at the fatigue crack tip

Oxidation at the crack tip has been evaluated in both short fatigue crack tests and long
fatigue crack growth tests. Fig. 10 presents the crack paths in the CG and FG LSHR alloy
variants from the short crack tests after sectioning the tested specimens. The measured crack
length a from the notch root to the crack tip and the corresponding AK at the crack tip are
also labelled in Fig. 10. The calculation of AK was based on an embedded semi-elliptic crack
in a plate subjected to bending conditions as illustrated in a review by Scott and Thorpe [53]
and was detailed in [13, 50]. As shown in Fig. 10, apart from the CG LSHR tested at 650 °C,
the crack paths are intergranular in other tests, even though the AK at the crack tip is quite

high. Such high AK levels are usually associated with fast unstable crack propagation. In the
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CG LSHR variant tested at 650 °C, there is a transition from intergranular to transgranular

crack propagation at a AK of ~66 MPa\m.

uonoaup uonededod yoer)

a=2.99mm a=4.117mm a=1 .94mm
AK=723MPaVm AK=81.2MPaVm AK=71.2MPaVm AK=61.3MPaVm

Fig. 10 Crack path in the bulk materials: (a) CG LSHR, 650 °C; (b) CG LSHR, 725 °C; (¢)
FG LSHR, 650 °C; and (d) FG LSHR, 725 °C. The total crack length and the AK at the crack
tip are labelled in the figure. The rectangle in (d) indicates the in-plane TEM lamella

extraction site.

The oxidation at the crack tip was examined by TEM-EDS. An in-plane TEM lamella
(parallel to the crack propagation direction) was extracted at the crack tip (region highlighted
in Fig. 10 (d)) in the FG LSHR variant tested at 725 °C. Fig. 11 shows the crack tip
morphology and the EDS elemental maps around the crack tip. It can be seen that this crack
tip is stopped at a primary y'. A close-up of the crack tip (Fig. 11 (b)) shows an oxide layer
along the crack wake and an oxide intrusion ahead of the crack tip at the y/y" interface.
Although it is arguable that the oxide layer at the crack wake may be formed before or after
the cracking of the grain boundary, the uncracked oxide intrusion ahead of the crack tip
supports the assumption of oxide cracking leading to crack propagation. As shown in the
elemental maps, the layered oxide structure is not evident. It seems that the oxide intrusion
mainly consists of Co and Cr oxides. Meanwhile, the depletion of Ni, Al and Ti in the

primary vy’ indicates that the oxidation occurs at the y/y’ interface and towards the primary 7y'.
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In addition, an Al oxide is seen within the primary y’ and a Ti-rich precipitate is located at the
v/y" interface. It seems that these Al oxide and Ti-rich precipitates are inherited from the
manufacturing process. The absence of any Al and Ti oxide layer is probably related to the
dynamic advancing crack tip progressing at high speed at this high AK level (~ 60 MPavm),
which fails to provide enough time to form dense Ni/Co and Cr oxide layers at the crack tip
before crack advance occurs and hence not to produce low enough oxygen partial pressure at

the oxide/metal interface for Al and Ti oxide formation.

Fig. 11 (a) Morphology of the crack tip in the FG LSHR variant at 725 °C and the

corresponding EDS elemental maps in the region highlighted by the rectangle; and (b) close-
up of the crack tip.

In the short fatigue crack tests, it is difficult to monitor the crack propagation into the bulk
material, making it difficult to assess the oxidation at the crack tip at different AK levels and
different crack propagation rates. To systematically assess oxidation at the crack tip, long
FCG tests were conducted on MG LSHR variant at 725 °C under 1-300-1-1 and 1-90-1-1
loading waveform. 'O, was introduced into the test chamber when the AK at the crack tip
reached ~16 MPavm and ~25 MPaVm in the 1-300-1-1 tests and ~40 MPaVm in the 1-90-1-1
test respectively. The obtained crack growth rates are shown in Fig. 12 (a). The crack growth
rates were 30 pm/cycle, 150 pm/cycle and 252 upm/cycle respectively in the three
investigated scenarios before stopping the test. Intergranular crack paths can be clearly seen
in all scenarios after sectioning the tested specimen from the centre as shown in Figs. 12 (b),

(d) and (f). In the specimens which were stopped at AKs of ~16 MPaVm and ~25 MPaVm in
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the 1-300-1-1 tests, significant enrichment of '*O" is found at the crack tips as shown in Figs.
12 (c) and (e), especially at the crack tip at a AK of ~16 MPavVm with the much slower crack
propagation rate. This significant enrichment of 'O indicates the occurrence of significant
GB oxidation during the few loading cycles applied after the interruption to introduce the gas
tracer. With a crack growth rate (AK level) increase and the reduced dwell time at the
maximum load, oxidation at the crack tip is observed to diminish. As shown in Figs. 12 (f)
and (g), although an intergranular crack path is clearly seen at the crack tip at a AK of ~40
MPavVm in the 1-90-1-1 test, '*O" is not detected at the crack tip, but only limited '°O" is
discerned at the crack tip as shown in Fig. 12 (g).
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Fig. 12 Oxidation and oxygen distribution at the propagating crack tips: (a) crack propagation
rates; (b) crack tip morphology and (c) 'O distribution at the crack tip at a AK of ~16
MPavVm under the loading waveform of 1-300-1-1; (d) crack tip morphology and (e) '*O"
distribution at the crack tip at a AK of ~25 MPaVm under the loading waveform of 1-300-1-1;
(f) crack tip morphology and (g) '°O" distribution at the crack tip at a AK of ~40 MPaVm

under the loading waveform of 1-90-1-1.
4. Discussion
4.1 Mechanisms of stress/strain-assisted (GB) oxidation

The oxides that form under either cyclic loads or sustained loads exhibit a layered structure,

with the outermost Co, Ni oxide layer, intermediate Cr,O3 oxide layer and an inner Al, Ti

21



oxide layer at the oxide/metal interface. This layered oxide structure is similar to that
observed at the crack tips in disc alloy U720Li and RR1000 under sustained load [15, 20, 34].
The net oxidation products are a function of the investigated alloys, temperature, oxygen
partial pressure and applied strain/stress [7, 9, 13, 24, 26, 38, 43]. Generally, fine
microstructure, high temperature, high oxygen partial pressure and high applied strain are
associated with severe grain boundary and y/y" interface oxidation as indicated in the short

fatigue crack tests in this study (Fig. 2).

Although there are several models and simulations based on the assumption of stress
assisted diffusion/oxidation, it seems that the oxidation processes are more closely related to
the plastic strain. As shown in the sustained load oxidation test in Fig. 5, grain boundary
oxidation diminishes as plastic strain decreases and disappears when plastic strain approaches
zero. This effect of plastic strain on the oxidation process can be further verified by the
preferential oxidation in the regions/strain bands with intensive deformation as shown in
Fig. 9 in the pre-loaded CG LSHR variant. It is widely accepted that the rate-controlling step
of oxidation in Ni-based superalloys is the diffusion of oxide forming elements [28, 42, 54].
In the case of this study, the oxidation, particularly the grain boundary oxidation, is mainly
determined by the outward diffusion of Ni*" and Co®" and inward diffusion of O*, which is
closely related to short-circuit diffusion paths such as grain boundaries and dislocations [42].
Generally, higher plastic strain is usually associated with higher dislocation density. As a
result, fast oxide-forming element diffusion and consequently fast oxidation occurs. A similar
effect of plastic strain on accelerated element diffusion process can also be found in enhanced
stainless steel corrosion [44]. Compared to plastic strain, elastic strain has a limited
contribution to the defect density in the loaded materials, and thereby it is expected that the
accelerated diffusion caused by elastic strain is insignificant. However, the stress applied in
the elastic regime can help to accommodate the volume expansion during oxide formation,
which is believed to accelerate oxidation to some extent as analysed in a few analytical
models [35, 54, 55]. In addition, it also should be noted that the localised growth stress and
strain due to oxide formation and the oxidised grain boundaries may also alter the local

diffusion process and exerts an influence on the local oxidation process.

Macroscopically it is clear that the global applied stress (and in continuum assumptions
therefore also the strain) has an influence on the oxidation process. Microscopically, it seems
that the oxidation process is more closely related to the accumulated /ocal strain/stress which

is associated with grain mis-orientation and grain boundary character [21, 29]. In this study,
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significant discrepancy of oxidation between different grain boundaries was observed (Fig. 2).
As reported in a recent study, the bulged Ni/Co-rich oxides along with Ti/Cr/Al oxide
intrusion preferentially form at the boundaries between high and low Schmid factor (SF)
grains that are oriented normal to the tensile stress axis [21]. The grain boundaries or other
interfaces with accumulated local strain (or stress concentration) can either provide the stored
strain energy to overcome the barrier to oxide nucleation or provide short-circuit diffusion
paths (e.g. dislocations) to facilitate oxide-forming element diffusion. It is therefore expected
that more significant oxidation occurs in these regions. Further study of stress/strain assisted
GB oxidation would require measurement of stress/strain distribution at the grain level at
elevated temperatures. This is now under consideration by using SEM-DIC technique in

future work.
4.2 Role of oxidation in fatigue cracking

Based on the observation of the notch roots and fracture surfaces, cracks predominantly
initiate along grain boundaries in both CG and FG LSHR due to oxidation in the investigated
conditions, even though crack initiation from slip bands, subsurface pores and inclusions has
also been observed at elevated temperatures in the LSHR alloy [22]. This difference in crack
initiation is probably caused by the relatively high strain achieved at the notch root in this
study which accelerates grain boundary oxidation. In addition, the grain boundary oxide
cracking under the sustained load (Fig. 6) further supports crack initiation due to GB
oxidation. The oxide cracking under static/cyclic loading is due to its hard and brittle nature

as indicated by nanoindentation data and therefore its apparent low fracture toughness.

In terms of fatigue crack propagation, enhanced fatigue crack propagation associated with
intergranular cracking is widely observed in PM Ni-based superalloys under dwell-fatigue
conditions at elevated temperatures in aggressive environments [7, 9, 13, 15, 16]. This
enhanced intergranular crack propagation is closely related to fine microstructures of the Ni-
based superalloys, high temperatures, high oxygen partial pressure and a long dwell time at
the peak load [7-9, 13, 15, 16, 24]. As shown in this study, and also in a previous work [9],
intergranular fracture is found in the FG LSHR variant at 650 and 725 °C and in the CG
LSHR variant at 725 °C under a 1-1-1-1 loading waveform. But there is a transition from
intergranular to transgranular crack propagation in the CG LSHR at 650 °C either in the short
fatigue crack test as shown in Fig. 10 or in the long fatigue crack growth test as shown in [9].
This transition from intergranular to transgranular crack propagation is believed to be a

consequence of the competing effects between oxygen-related damage (i.e. stress/strain-
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assisted grain boundary oxidation and dynamic embrittlement) and mechanical damage,
which further depends on the accumulated strain/stress at the crack tip, the crack propagation

rate and the delivery rate of oxygen to the crack tip.

Fig. 13 schematically illustrates the contribution of stress/strain assisted grain boundary
oxidation, dynamic embrittlement and mechanical damage to fatigue crack propagation at
various stages after crack initiation. In the short fatigue test, immediately after crack initiation,
the mechanical driving force for crack propagation is relatively low. Oxidation therefore has
enough time to occur ahead of the crack tip due to the relatively low crack propagation rate,
and this oxidation process is accelerated by the high temperature and high local strain,
resulting in intergranular crack propagation. This increased contribution of oxidation to
fatigue crack propagation just after immediate crack initiation can be seen in Udimet 720Li.
A transition from transgranular crack initiation to intergranular crack propagation has been
observed in Udimet 720Li as shown in Fig. 13 (b), due to the relatively low initial strain and
subsequent increase in local strain ahead of the crack tip as crack propagates (which gives

rise to more significant oxidation effect ahead of the crack tip) [10].
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Fig. 13 (a) Schematic diagram showing the contribution of SAGBO, DE and mechanical
damage to FCG at various stages of crack propagation, (b) example of transition of
transgranular to intergranular crack propagation in U720Li in the stage I crack propagation
[10], (c) and (d) example of transition of predominantly intergranular crack propagation at
AK of 20 MPaVm to transgranular crack propagation at AK of 40 MPavm in the CG LSHR
alloy variant [9].
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As a crack propagates into Stage II, on the one hand, the increased local stress and strain at
the crack tip can accelerate oxidation process; on the other hand, the increased crack
propagation rate reduces the available oxidation time in a loading cycle. In addition, the
delivery of oxygen to the propagating crack tip is hindered to some extent due to the tortuous
nature of the crack path and the crack closure effect. This is supported by the results reported
in [13], where significant oxidation was found on the polished side surface of SENB
specimen of LSHR alloy, but no evident oxides were observed at the fast propagating crack
tip. Under the dwell-fatigue conditions, the oxides that form during the dwell period may
build up at the crack tip or may be subject to a dynamic oxide formation-cracking cycle
depending on the AK level at the crack tip, as illustrated in Li’s study [15]. However, in the
scenario of no oxide cracking during the dwell period at the low AK level or in the scenario
of dynamic oxide formation and cracking during the dwell period at the relatively high AK
level, the contribution of oxidation to crack propagation increases with crack propagation
until a transitional fatigue crack propagation rate is reached. Beyond this transitional fatigue
crack propagation rate, there is insufficient time at the crack tip for evident oxidation to occur,
and the oxidation effect diminishes as shown in Fig. 12, where no apparent enrichment of
%0 was detected at the crack tip at a relatively high AK level with high crack propagation
rate. With further increases in fatigue crack propagation rate, then the mechanisms

contributing to intergranular crack propagation may be dominated by dynamic embrittlement.

As the dynamic embrittlement mechanism is mainly linked to stress-assisted oxygen
diffusion along the grain boundary within the nanometre scale [18, 19], it is expected that the
contribution of dynamic embrittlement to fatigue crack propagation is closely related to local
stress/strain acting on the grain boundaries at the crack tip and is increased with the applied
stress/strain at the crack tip as indicated in the analytical model proposed by Bika [40], where
only one-dimensional diffusion of oxygen along the grain boundary is considered. At the
higher AK level, it is feasible for repeated processes of dynamic embrittlement-grain
boundary cracking to occur, resulting in overall rapid crack growth. With further increases in
crack propagation rate, the mechanical damage which is mainly determined by the far field
applied stress, the crack length and the strength of the investigated material may then start to
outstrip the oxygen-related damage ahead of the crack tip, giving rise to transgranular crack
propagation. This is supported by our observations of how the predominantly intergranular

crack propagation at AK of 20 MPaVm converts to transgranular crack propagation at AK of
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40 MPaVm at 650 °C under a 1-1-1-1 load waveform in the CG LSHR alloy variant as shown
in Figs. 13 (c), (d) and [9].

5. Conclusions

The role of oxygen in fatigue crack initiation and propagation in PM Ni-based superalloy
LSHR at elevated temperatures was evaluated by a range of testing and characterisation
procedures for specimens tested by three-point bending in U-notch specimens and SENB
specimens. Sustained load oxidation and oxidation in the pre-loaded LSHR were used to
study the evolution of GB oxides and the effect of residual plastic strain on the oxidation
process. Based on the aforementioned results and discussion, the following conclusions can

be made:

(1) Oxides forming under either cyclic load or static load consist of layered structures at the
surface, i.e. an outermost Ni/Co oxide layer, an inner Al/Ti oxide layer at the oxide/metal
interface, and an intermediate Cr oxide layer in between. At the fast propagating crack tip,
only Co and Cr oxides are observed. The grain boundary oxidation is promoted by fine

microstructures and higher temperatures.

(2) Macroscopically, formation of these layered oxides is more closely related to the global
plastic strain. The grain boundary oxidation diminishes as plastic strain decreases until
bulged Ni/Co grain boundary oxides disappear when the plastic strain approaches to zero.
Microscopically, formation of the bulged grain boundary Ni/Co oxides and Cr/Ti/Al oxide
intrusion is closely related to the strain localisation which is associated with grain orientation

and applied stress. The formation of Ti and Al oxides are accompanied by dissolution of y'.

(3) For the LSHR alloy, grain boundary oxide cracking is the principal mechanism for crack
initiation at elevated temperatures in air under dwell-fatigue conditions when plastic strain

levels are achieved during the test.

(4) In the early crack propagation regimes, oxidation makes a dominant contribution to these
processes. As the crack propagation rate increases, the contribution of oxidation diminishes,
and the mechanism for oxygen enhanced fatigue crack propagation may be overtaken by
dynamic embrittlement. With further increase of fatigue crack propagation rate, the
mechanical damage may outstrip the oxygen-related damage, resulting in a transition from

intergranular to transgranular crack propagation. Fine microstructure, high temperature and
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high oxygen partial pressure can enhance the oxygen-related damage, and thereby delay the

transition of intergranular-transgranular crack propagation to some extent.
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