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Microstructural degradation of polycrystalline superalloys from oxidized
carbides and implications on crack initiation
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Surface connected carbides in a polycrystalline superalloy oxidized at 750 °C in airwere studied as potential crack
initiation sites. Lattice rotationsmeasured in theγ/γ′ grains using high-resolution electron backscatter diffraction
enabled investigation of the plastic deformation induced solely by the oxidation of carbides. Dislocations were
found to enhance γ′ precipitate dissolution kinetics, resulting in soft recrystallized regions in the vicinity of the
oxidized carbide with substantial compositional variation compared to the original γ/γ′microstructure. Ramifi-
cations of such deleterious oxidized carbides alongside soft recrystallized regions on the crack initiation life in su-
peralloys are discussed.
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MC-type carbides are known to serve as crack initiation sites under
fatigue conditions at elevated temperatures in nickel-based superalloys
by acting as stress concentration sites [1]. These inherently brittle
particles cannot easily accommodate plastic deformation when sub-
jected to high stresses, instead failing through fracture or decohesion
from the γ/γ′ microstructure. Micro-cracks originating from these loci
may subsequently propagate [2]. When tested under complex stress
and temperature cycles, the cracks may instead initiate in regions
close to a free surface, originating from an oxidized MC carbide, and
subsequently propagatewithin the bulk [3,4]. The products from theox-
idation of the MC carbides result in their volume expansion,
subsequently generating significant local plastic deformation [5].
Nevertheless, the exact mechanism for crack initiation by oxidized
carbides is not well understood. For instance, it is not clear to what
extent the localised plastic deformation occurs and whether the
composition of the γ/γ′ microstructure can be potentially altered.

Advanced characterisation techniques that offer spatially resolved
quantification of deformation and composition now enable the mecha-
nisms governing oxidized carbide failure to be investigated. Specifically,
the combination of high angular resolution electron backscatter diffrac-
tion (HR-EBSD) permits characterisation of plasticity mechanisms and
can be linked to compositionmeasurementsmade using atomprobe to-
mography (APT). From HR-EBSD, plastic deformation is inferred by

quantifying the geometrically necessary dislocation (GND) density
and distribution [6], based upon measurements of the lattice curvature
and subsequent analysis of the Nye tensor [7]. This experimental
method has previously been applied to superalloys to study the accu-
mulation of GND fields near grain boundaries and non-metallic inclu-
sions [8,9]. APT analysis of oxide particles and oxide scales from
superalloys, oxide dispersion-strengthened ferritic alloys and steels
have been successfully characterised giving accurate chemical composi-
tion data [10–15].

In this study, a polycrystalline superalloy IN792, commonly used in
industrial gas turbines, was investigated. The chemical composition of
the alloy is Ni-13.9Cr-8.8Co-1.1Mo-1.3W-7.6Al-4.9Ti-1.3Ta-0.4C-0.1B-
0.012Zr (at.%). The carbon content was measured using a LECO CS444
analyser and for the other elements by inductively coupled plasma
OES. Conventionally cast round bars with 20 mm diameter were sup-
plied by Howmet. The as-cast bars were hot isostatically pressed (HIP)
at 1195 °C and 150 MPa for 2 h followed by solution heat treatment at
1121 °C for 2 h. The final stage of ageing was conducted at 850 °C for
24 h. Specimens were ground and polished with abrasive media to a 1
μm (diamond suspension) finish (the surface roughness was not
measured after the polishing stage) from a fully heat-treated bar and
were isothermally and statically exposed at 750 °C for 50 h under no
external mechanical loading.

A dual column scanning electronmicroscope (SEM) and focused ion
beam (FIB) Zeiss NVision 40 was used for surface observations, and HR-
EBSD provided details on the plasticity mechanism in the vicinity of an
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oxidized MC carbide. A nickel layer was electrochemically deposited on
the surface prior to preparation. The cross-section of the statically-exposed
specimen was polished to a 0.04 μm colloidal silica finish. A JEOL 6500F
field emission gun SEM operated at 20 kV and a current of ∼14 nA,
equipped with a TSL Digiview II Peltier-cooled charge coupled device
was used. From a region-of-interest, a 14 × 10 μm2 EBSD map was
collected with 0.05 μm step size. EBSD patterns were recorded at full
resolution (1000×1000pixel)with 0.5 second exposure. TheGNDdensity
was estimated using an in-house analysis method to quantify lattice
curvature [6]. The areas of the GND map blanked are from oxidized and
non-oxidized MC carbides for which the exact crystallographic informa-
tion is unknown.

APT was used to investigate chemical variations between recrystal-
lized grains and the deformed γ/γ′ microstructure. Site-specific speci-
mens were prepared from both regions, the MC carbide before and
after oxidation, using a dual column SEM-FIB FEI Helios 600 following
procedures described in Ref. [16], and analysed on a Cameca LEAP
5000 HR operated at a base temperature of 60 K in laser pulsing mode
at 125 kHz, with 0.45 pJ pulse energy.

Fig. 1a shows surface eruptions caused by the oxidation of MC car-
bides. Both inter- and intragranular carbides located close or connected
to the surface oxidize, as shown in Fig. 1b–c. Similar oxidized carbides in
statically exposed samples have previously been reported [8,17,18]. A FIB
cross-section of the intergranular oxidized carbide is shown in Fig. 1d, in
which the formation of pores due to the oxidation of the carbide is appar-
ent. Pores are likely forming due to the outward formation of the oxide
products towards the free surface. Pores formed after only 50 h of static
exposure at 750 °C in absence of external applied stress. Pores are
known to serve as stress concentration sites where cracks can initiate in
superalloys [19]. Thus, our observations give a first strong indication

that cracks can primarily initiate within or in the vicinity of oxidized MC
carbides.

Oxidation of theMC carbidewas confirmed by APT, and Table 1 pro-
vides compositions of a MC carbide after heat treatment and one after
isothermal static exposure in air at 750 °C for 50 h. In the former, the
MC carbide is Ti/Ta-rich, with low concentration of molybdenum and
tungsten. After thermal exposure, the chemistry of the MC carbide
was altered substantially. In Fig. 1e, APT of an oxidized MC carbide
shows two regions with different concentrations of Ti, Ta and O that
likely correspond to TiO2 and (Ti,Ta)2O5. An elemental composition pro-
file as a function of the distance from the TiO2/(Ti,Ta)2O5 interface (i.e.
proxigram [20]) is presented in Fig. 1f and the compositions is in
Table 1. The oxygen concentration is lower than the expected stoichi-
ometry, which can be ascribed either to a metastable state of the
oxide or to an underestimation due to loss in detection [21,22]. Interest-
ingly, the carbon content dramatically decreased from 47.40 at.% to only
2.3 at.% in the TiO2 and 1.1 at.% in (Ti,Ta)2O5, confirming oxidation. It is
believed that carbon during the oxidation of the carbides contributes to-
wards the formation of CO or CO2 gas.

Substantial volume expansion due to the oxidation of MC carbides
can result in localised plastic deformation [3,18], as confirmed here by
HR-EBSD. A backscattered-electronmicrograph near a partially oxidized
MC carbide is shown in Fig. 2a. The carbide is not entirely oxidized as ob-
served by the distinct changes in contrast within the particle. The part of
the carbide furthest from the surface appears unaffected. Recrystalliza-
tion was observed around the oxidized carbide, as evidenced by the
EBSD inverse pole figure map shown in Fig. 2b. During exposure at ele-
vated temperatures, and below the protective oxide scale at the surface,
a γ′ denuded zone forms, where recrystallization is often observed [10].
However, in our case, recrystallization is only present close to the

Fig. 1. Secondary SEMmicrographs showing: a) top view of surface eruptions from oxidized MC carbides. b) Intergranular and intragranular oxidized MC carbides as denoted by the red
dashed box in Fig. 1a shownwith the sample tilted 54° normal to the electron beam. c)Detail of surface eruption from the intergranular oxidizedMCcarbide denotedby the red dashed box
in Fig. 1b. d) FIB section normal to the sample surface showing the oxidizedMC carbide from Fig. 1c within the bulk and the formation of pores, e) APT reconstruction from an oxidizedMC
carbide showingwith an iso-concentration surface at 23.0 at.% Ti, TiO2/(Ti,Ta)2O5 interfaces and f) concentration profile across the TiO2/(Ti,Ta)2O5 interface. Error bars are shown as lines
filled with colour and correspond to the 2σ counting error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of chemical compositions of the MC carbide after full heat treatment and after isothermal exposure in air at 750 °C for 50 h as measured by atom probe tomography (at.%).

C Ni Cr Al Ti Ta Mo W O

MC 47.4 ± 0.02 0.0 0.5 ± 0.01 0.0 30.0 ± 0.04 18.5 ± 0.03 1.7 ± 0.01 1.6 ± 0.01 0.00
MC/TiO2 2.3 ± 0.01 1.7 ± 0.08 1.0 ± 0.06 1.0 ± 0.07 34.1 ± 0.09 4.7 ± 0.06 0.0 1.2 ± 0.03 52.9 ± 0.45
MC/(Ti,Ta)2O5 1.1 ± 0.01 0.4 ± 0.11 0.3 ± 0.06 0.4 ± 0.05 18.5 ± 0.07 13.7 ± 0.05 0.0 3.5 ± 0.01 61.3 ± 0.17
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