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Abstract

Electron backscattered diffraction (EBSD) has been employed to study a polycrystalline nickel superalloy containing a complex non-
metallic agglomerate under thermal loading. Heterogeneous distributions of elastic strains are observed near the inclusion due to its com-
plex geometry and these have been quantified. Lattice rotations were also related to geometrically necessary dislocation (GND) density
(� 1014 m�2), indicating the development of localized plasticity arising from the mismatch in thermal expansivity between the Ni
polycrystal and the inclusion. A crystal plasticity finite-element (CPFE) model which explicitly represents the full detail of the complex
microstructure was developed to interpret the experimental measurements, and good quantitative and qualitative agreement has been
obtained. However, a limitation of the EBSD technique when investigating polycrystal systems is that full-field, transgranular strain mea-
surement remains difficult due to the necessity to reference a lattice spacing within a grain for strain calculation. An inverse reference
shifting methodology has been developed using CPFE modeling to overcome this problem, thereby allowing like-for-like and grain-
by-grain strain comparisons to be made. The method, in conjunction with high-resolution EBSD, shows promise for the determination
of full-field strains and rotations in polycrystalline materials, and provides key information for fatigue nucleation in these material
systems.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Polycrystalline nickel-based superalloys are uniquely
capable of delivering exceptional mechanical properties
when subjected to high temperatures within a corrosive
environment, enabling their extensive use for gas turbine
disc applications. The mechanical performance of these
alloys arises from the presence of a multimodal distribution

of coherent, L12c0 precipitates, which exhibit a cube–cube
orientation relationship with the A1 c matrix. Due to the
levels of segregation in conventional cast-wrought process-
ing and the need to impose deformation straining, there is
increasing interest in producing superalloy disk compo-
nents via a powder metallurgy route. Despite the fact that
great efforts have been introduced to improve powder
cleanliness, contamination from refractories in contact
with molten metal are inevitable and result in the forma-
tion of inclusions. Commonly observed inclusions in mod-
ern nickel superalloys include such non-metallic inclusions.
These particles severely degrade the mechanical properties.
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In particular, the resistance to fatigue loading is strongly
affected because cracks usually initiate from these inherent
features and can rapidly propagate with the aid of loading,
sometimes resulting in unpredictable failures [1–3].

Much work has been carried out to study the influence
of inclusions on fatigue crack nucleation and propagation
in nickel superalloys. Temperature [4,5], grain size [6,7],
stress level [8], strain range [9] and size of non-metallic
inclusions [10] have been found to affect fatigue perfor-
mance. These microstructural features (grain boundaries,
inclusions) introduce dislocation barriers and thus give rise
to accumulation of damage, resulting in crack nucleation.
However, if the effects of inclusions are to be well under-
stood, a detailed study of elastic strain and stress accumu-
lation as well as lattice distortion local to the heterogeneity
must be conducted at appropriate length scales in conjunc-
tion with experimental validation.

Cross-correlation-based high-resolution (HR) electron
backscattered diffraction (EBSD) has become an emerging
tool for mapping elastic strains at mesoscopic and micro-
scopic scales [11,12] and reveals microstructural mecha-
nisms of deformation. The geometrically necessary
dislocation (GND) density can be measured by analysis
of lattice curvature measured through Nye’s tensor [13]
and hence provides information on plastic deformation.
To date, this technique has been used to study the aniso-
tropic behavior of hexagonal close-packed (hcp) crystals
[14], GND distributions after tensile deformation in Ti
[15], macrozones in hot-rolled Ti–6Al–4V [16], residual
stresses and GND accumulation in annealed [17,18] and
deformed copper [19], and transformation-induced GND
development in steels [20]. In particular, a recent applica-
tion of this technique to obtain strain and rotation fields
around a carbide particle in a single-crystal nickel matrix
under thermal loading has shown both qualitative and
quantitative agreement with gradient-enhanced crystal
plasticity finite-element (CPFE) predictions [21,22]. How-
ever, the quantitative determination of full-field, absolute
elastic strain and lattice rotation distributions in polycrys-
talline metals using HR-EBSD is currently not available
due to the so-called “reference pattern” problem [23].

CPFE is a desirable tool to probe microscopic deforma-
tion. A significant driver is to develop a cost-effective way
to predict accurately the evolving plasticity in industrially
relevant engineering alloys under relevant loading condi-
tions [24,25]. Application of this technique is widespread
and can be found in studies of anisotropy in Ti
[14,24,26], fatigue crack nucleation in steels [27], and ther-
mal residual stresses in nickel superalloys [22]. A remaining
challenge is to capture accurately the full details of micro-
scopic strain, stress, lattice rotation and GND density mea-
sured by experiments, and particularly with HR-EBSD
[28]. The use of Bragg’s law simulation patterns is a
potential way to overcome this challenge [29], but the
geometric configuration of EBSD camera and sample must
be obtained with great accuracy. Common uncertainties
in pattern centre lead to errors of �10�3 in strain

measurement [30]. However, the selection of the simulation
method may have significant effects on shift measurement
[29]. Therefore, the level of fidelity and uncertainty associ-
ated with pattern simulation motivates the development of
alternative techniques to overcome the “reference pattern”

problem.
In this paper, a CPFE model and HR-EBSD are

employed to study a non-metallic inclusion in a powder
metallurgy produced polycrystalline nickel-based superal-
loy (RR1000). When subjected to stress relief by heat treat-
ment at 1033 K, significant strains develop due to differing
thermal expansivities of the inclusion and nickel matrix.
Here, we present elastic strains and lattice rotations deter-
mined by both model and experiment. Qualitative and
quantitative comparisons are then performed. A reference
shifting methodology is introduced to reference correctly
the strain and rotation fields, hence enabling detailed,
full-field comparisons between the HR-EBSD-measured
results and those predicted using CPFE. Correctly refer-
encing polycrystal strains and rotations in HR-EBSD is
termed direction correction, but direct experimental meth-
odologies to do this are not currently available. Hence, in
this paper, inverse “referencing” of strains and rotations
from the CPFE model is performed in order to enable
detailed, full-field polycrystal comparisons between experi-
mental measurements and model predictions.

2. Materials and methodology

RR1000 samples were supplied by Rolls-Royce plc and
were cut down to a dimension of 6 lm � 5 lm for micro-
scopic characterization. The nominal composition of the
alloy is given in Table 1. The sample was produced via a
powder metallurgy route followed by extrusion, forging
and a two-step heat treatment. A sub-solvus solution heat
treatment was conducted at 1393 K for 4 h and then forced
air quenched. Upon cooling, the c matrix becomes suffi-
ciently supersaturated that a fine dispersion of intragranu-
lar c0 precipitates homogeneously nucleate and grow until
the diffusion fields overlap, resulting in soft impingement
[31]. The material was next subjected to an aging heat
treatment at 1033 K for 16 h where the intragranular pre-
cipitates coarsen in a controlled manner to provide precip-
itate size distributions which are tailored to yield the best
overall performance of a turbine disk component. Notably,
the resulting fine-grained microstructure, combined with
the multimodal distribution of c0 precipitates, results in
good low-cycle fatigue properties.

A non-metallic inclusion was detected from an evalua-
tion of microstructure in the RR1000 sample, which was
then carefully sectioned to leave the inclusion on the sur-
face. Standard metallographic grinding and polishing were
performed to achieve a suitable surface quality for scan-
ning electron microscopy (SEM) and energy dispersive
X-ray (EDX) analysis, after which a final light polish with
colloidal silica for 10 min was applied to obtain the opti-
mum surface finish required for subsequent EBSD analysis.
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