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ABSTRACT
Coherent precipitation, a common strengthening approach, is typically subjected to spatial non-
uniformity due tomicroscopic segregation, leading tomulti-scale stress heterogeneity. Such hetero-
geneity remains poorly characterized because unavailable local strain-free lattice parameters invali-
date traditional diffraction-based stressmeasurement techniques. Toovercome these limitations,we
demonstrate a submicron-resolved synchrotron X-ray diffraction method to map coherency stress
distribution based on the γ /γ ′ lattice misfits in Ni-based superalloys. Assisted by finite element
analysis, sub-dendritic stresses are deduced from heterogeneous coherency stresses, confirmed by
the diffraction experiments. The methodology offers a comprehensive framework to assess stress
heterogeneity at multi-scales for all coherent precipitation strengthened alloys.
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1. Introduction

Coherent precipitation has long been employed to
strengthen materials across a wide temperature range
[1,2]. In recent years, spatially hierarchical and/or
nonuniform coherent precipitation has been proposed
to achieve unprecedented mechanical properties [3–6].
The stress heterogeneity at multiple scales, induced
by inhomogeneously distributed chemical compositions
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and coherency stresses, plays a key role in determin-
ing the mechanical performance [7–10]. Thus, mapping
the heterogeneous stresses favors the understanding and
design of such alloys. Among various stress characteri-
zation techniques, X-ray diffraction is the most widely
applied for its accuracy and feasibility [11,12]. Yet, in
dealing with heterogeneousmaterials, traditional diffrac-
tion techniques are facing formidable challengesbecause
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Figure 1. The methodology on stress heterogeneity investigation. (a) The dendritic structure of the NBSC superalloys is demonstrated
schematically, and the shadow indicates the characterized cross-section. (b-e) Lattice misfit and coherency stress are significantly non-
uniform from the ID regions to the PDAs/SDAs. In ID, almost undetectable coherency stress is induced (b) because the lattices of γ ′ and γ
phases are almost the same (c). In PDAs/SDAs, biaxial compressive coherency stress is induced in the γ -channels (d) because the lattice
of γ -phase is slightly larger than that of γ ′-phase, and tetragonal distortion is generated in the γ -channels (e). (f ) Submicron-resolved
diffraction technique is applied for latticemisfit and coherency stressmapping. (g) The so-called effective shrinkage rate is obtained from
diffraction data and employed for finite element modeling to study the sub-dendritic stress distribution.

the element segregation and stress partitioning result in
locally varied and unknown standard ‘strain-free’ lattice
parameters [13,14].

Ni-based single crystal (NBSC) superalloys, a typ-
ical alloy featured by cuboidal shaped γ ′-precipitates
coherently embedded in γ -matrix that is strengthened
by dozens of solid-solution elements. The high con-
tents of various refractory elements persist in sub-
dendritic scale segregation even after industrial stan-
dard heat treatment [15–17]. The micro-segregation
leads to nonuniform coherency stresses and consequent

inhomogeneous sub-dendritic stresses among primary/
secondary dendrite arms (PDAs/SDAs) and interden-
dritic (IDs) regions (Figure 1a–e), which result in sig-
nificant deformation heterogeneity, i.e. asynchronous
and location-dependent rafting [18–20], fatigue behav-
iors [21] and recovery ability [22–25]. Because the sub-
dendritic micro-segregation, lattice misfit and stress het-
erogeneity are a complicated function of chemical com-
position, fabrication techniques, as well as thermome-
chanical history [26], barely any successful characteri-
zation of local stress in superalloys has been reported.
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While synchrotron-based Laue diffraction has been
employed to probe stress in various materials [27–32],
including NBSC superalloys [22–25,30], its limited capa-
bility in distinguishing γ and γ ′ phases, as well as in
measuring dilatational strains, has restricted its applica-
tions in analyzing lattice misfit and stress heterogeneities
at scales ranging from individual precipitates to entire
dendrites.

In this study, we propose a novel submicron-resolved
synchrotron X-ray diffraction-based approach to map
the multi-scale stress heterogeneity, circumventing the
determination of unconstrained lattice constants. This
marks the first achievement of local coherency stress
measurement in NBSC superalloys. Moreover, stresses
at the sub-dendritic scale, which is typically infeasible
to measure directly, are deduced from the coherency
stress maps combined with finite element analysis (FEA)
and validated with the micro-Laue results. The approach
developed here has a broad implication for coherent
precipitation hardened alloys, including refractory and
high-entropy ones that are being intensely pursued for
applications under harsh service conditions.

2. Materials andmethods

The stress heterogeneity is investigated on a typical
2nd generation CMSX-4 NBSC superalloy, in which
the primary dendrite arms (PDAs) grow approximately
along [001] direction, while the secondary dendrite arms
(SDAs) along [100] and [010]. The specimen discs are
sliced parallel with the (001) plane from a cast boule, and
then subjected to a standard heat treatment, including a
two-step super-solvus solutionizing annealing at 1290°C
for 3 h and then 1300°C for 6 h, followed by aging anneal-
ing at 1140°C for 2 h and 870°C for 20 h, and finally air
cooled to ambient temperature [13]. After heat treatment,
a 5 mm× 5 mm× 3 mm (length × width × thickness)
bulky specimen is cut from the disc and the surface is
electrical polished. Even after heat treatment, a cross-
shaped dendrite structure, approximately 300μm in size,
remains discernible (schematically shown in Figure 1a)
probably due to the micro-segregation of refractory ele-
ments like Re (will be displayed in Figure 3a, mapped
by wavelength-dispersive X-ray spectroscopy). The spa-
tial distribution of the side length of the cuboidal γ ′-
precipitates and the width of the slender γ -channels
is investigated in detail (Supplementary Information
Section A).

Because of the element segregation, the lattice mis-
fit, and thus the coherency stress, is spatially inhomo-
geneous (Figure 1b–e). To investigate the stress hetero-
geneity, a novel submicron-resolved diffraction is carried
out using the synchrotron radiation-based X-ray beam

that is focused into ∼100 nm in diameter (Figure 1f).
The specimen is mounted on a high-resolution scanning
stage, 45° tilted relative to the incident beam, and care-
fully positioned at the X-ray focal point. A 330 µm× 330
µm surface area, encompassing a cross-shaped dendrite
as indicated by the blue shadowed region in Figure 1a,
is scanned using the polychromatic (5–30 keV) X-ray
probe with 15-µm step size and 0.05 s exposure. At each
scanning position, a Laue pattern is recorded by a 2D
DECTRIS Pilatus-6M detector that is placed 520 mm
above the specimen. The Laue patterns are indexed and
the energy of the 004 reflection, although varying from
pattern to pattern, is determined to be roughly 10,180 eV.
Subsequently, the energy-adjustable monochromator is
inserted into the X-ray pathway to execute 004-reflection
energy scan. The identical area is scanned again, but
with a step size of 30 µm, since energy scans are more
time-consuming than Laue scans. At each position, the
incident X-ray beam energy is scanned from 10,023 to
10,293 eV with a 2-eV step, and the diffraction signal
is recorded with 0.1 s exposure at each energy. In the
meantime, a scanning electron microscope (SEM) image
of the energy scanned position is captured to measure
the local volume fraction of γ ′-phase. The Laue diffrac-
tion and energy scan data are analyzed using a custom-
developed software PYXIS [33]. For Laue scans, PYXIS
can search and index peaks on each individual Laue pat-
tern automatically to obtain the local orientation and
deviatoric strain tensor. For energy scan data, PYXIS
can reconstruct the peak in 3D, and then fit and deter-
mine the subpeak position for accurate lattice constant
measurement.

Afterwards, 1/8 of the scanned area is subtracted for
FEA. The so-called effective shrinking rate is defined
based on the experimentally mapped lattice misfit dis-
tribution, from which the sub-dendritic stress distri-
bution is obtained (Figure 1g). Detailed results from
the submicron-resolved diffraction and FEA are demon-
strated in the next section.

3. Results and discussion

The stresses imposed onto γ and γ ′ phases are gener-
ated from their lattice misfit. Based on the submicron-
resolved diffraction results, the coherency stresses in the
ID zones are quite different from those in the PDA/SDA
regions. In Figure 2a1, some of the diffraction profiles of
the 004-reflection recorded in the ID region at various
energies are displayed. For better visualization, a coor-
dinate system, θ-χ-q, is established, in which θ is the
Bragg angle, χ the azimuthal angle and |q| the length
of the scattering vector (more details in Supplementary
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Figure 2. γ /γ ′ lattice misfit measurements for (a) ID and (b) PDA/SDA regions. For each spot, a series of diffraction signals are recorded
from energy scan experiments (Panel 1), which are then reconstructed in 3D (Panel 2) and finally projected to obtain a 1D peak profile
(Panel 3).

Section B). Each pixel on the series of diffraction pat-
terns recorded in the energy scan is converted to the
θ-χ-q coordinates, resulting in the 3D reconstructed 004-
reflection (Figure 2a2). The intensity variation of the

peak is color-coded, with blue indicating the lowest and
red the highest. Subsequently, the peak profile is pro-
jected onto the |q| axis, shown by the black circles in
Figure 2a3. In most of the scanned positions in the ID
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region, the diffraction peak is symmetric as this one, indi-
cating that the lattice misfit is below the resolving capa-
bility of the synchrotron diffraction technique. In these
cases, the γ and γ ′ phases are believed to possess the
same lattice parameters. Then a pseudo-Voigt function
is applied to determine the peak position (blue curve)
and calculate the lattice constant. In several positions
in the ID area, multiple diffraction peaks are recorded
because the X-ray beam penetrates more than one den-
drite which is slightly misoriented. For them a Gaussian
Mixture Model-Expectation Maximization (GMM-EM)
method [34] is employed to separate the partially over-
lapped peaks (Supplementary Section C).

In the PDA and SDA areas, the peak profiles are signif-
icantly different. A typical energy scan recorded in PDA
is demonstrated in Figure 2b1, and the data is treated in
a similar way to those taken in ID. In 3D, a weak peak is
noticed hiding under a strong one in the low |q| direc-
tion (Figure 2b2), which can also be visualized in the 1D
projection (Figure 2b3). The lower |q| peak is from the γ

phase, indicating that the γ -matrix has larger unit cells
than the γ ′-particles. To fit the peak profile reasonably
and accurately, the stress/strain status of both γ and γ ′
phases are analyzed.

As demonstrated in Figure S1, the widths of the γ -
channels in the heat-treated NBSC superalloys are always
smaller than 1/7 of the side lengths of the cuboidal γ ′-
particles, thus it is reasonable to simplify the γ -channels
as thin flat plates under equi-biaxial compressive stresses,
and hydrostatic tensile stresses are imposed onto the γ ′-
precipitates. Such stress conditions lead to a tetragonal
distortion in the γ -phase lattices, i.e. the lattice constant
perpendicular to the interphase boundary (cγ ) is wider
than the other two lattice constants (aγ ). The γ ′-particles
remain their cubic symmetry, and thus only one lattice
constant aγ ′ needs to be determined. Therefore, the peak
profile in Figure 2b3 is fitted using three pseudo-Voigt
functions. Moreover, the volume fraction of γ ′ phase can
be computed by the equation fγ ′ =

( r·Aγ ,2+Aγ ′
r·Aγ ,1+r·Aγ ,2+Aγ ′

)3
,

where Aγ ′ ,Aγ ,1 and Aγ ,2 are the area of the fitted peak
for lattice constants aγ ′ , cγ and aγ , respectively, and the
factor r is the square of the structure factor ratio between
γ ′ and γ phases (details in Supplementary Section D).
To ensure accurate peak fitting, the volume fraction of
γ ′ phase derived from peak areas is validated with the
SEM images recorded when the diffraction patterns were
collected.

Once the lattice constants are obtained from peak fit-
ting, the coherency stress and latticemisfit are ready to be
calculated. For γ -channels under tetragonal distortion,
various lattice misfits are defined [35–39]. Here we adopt

the simplest definition of constrained lattice misfit δ [39]:

δ = 2(aγ ′ − aγ ,cub)

aγ ′ + aγ ,cub
, (1)

where aγ ,cub is the lattice constant of unstrained
and unconstrained γ -phase. Derived in Supplementary
Section E, aγ ,cub can be calculated by:

aγ ,cub = (1 − υ) · cγ + 2υ · aγ

1 + υ
, (2)

where ν is the Poisson ratio of γ -phase, taken as 0.38 [36].
The coherency stress imposed onto the γ -channels σ coh
can be computed following:

σcoh = E[001] · aγ − cγ
(1 − υ) · cγ + 2υ · aγ

, (3)

where E[001] is the Young’s modulus of γ -phase in the
[001] direction (139 GPa) [40].

The sub-dendrite scale distributions of lattice misfit
and coherency stress are studied. The PDA and SDA
are delineated based on the micro-segregation of Re,
as shown in Figure 3a. The constrained lattice misfit
and the coherency stress in the γ -channels are plot-
ted in Figure 3b and c, respectively. Gray pixels denote
position without valid diffraction data due to surface
voids, and white pixels represent symmetrical diffrac-
tion peak profiles, in which γ - and γ ′-phases cannot be
resolved. The transition from PDA/SDA to ID is abrupt.
The lattice misfit in SDA ranges from −0.5× 10−3 to
−1.5× 10−3. In PDA, the lattice misfit is consistently
below −1.5× 10−3, with the lowest at −2.6× 10−3.
Induced by the lattice misfit, the coherency stress in γ -
channels within SDA is approximately 150 MPa, and
above 200 MPa in PDA.

As mentioned, the sub-dendritic stress cannot be
mapped by the conventional method since no stress-
free lattice constants can be referred to. A novel strategy
is proposed here to map the sub-dendritic stress based
on the local lattice misfit, without knowing the lattice
constants. It is assumed that the stresses at the sub-
dendritic scale are completely resulted from the stark
heterogeneities on coherency stress from the PDA/SDA
to the ID regions. A comprehensive finite element model
is constructed using the elements of cuboidal units,
each of which comprises a γ ′-particle embedded by γ -
channels with half of their width. To count the coherency
stress inhomogeneity, each element shrinks by a rate of
aγ −aγ ,cub
aγ ,cub

, which is measured and computed from the
diffraction data, and called ‘effective shrinking rate’ in
this study. This is a surrogate for the cooling process of
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Figure 3. Heterogeneously distributed latticemisfit and coherency stress in the heat-treatedNBSC superalloy. (a) Themicro-segregation
of Re element delineates the regions of PDA, SDAs and ID structure. The distributions of constrained lattice misfit (b), equi-biaxial
coherency stress in γ -channels (c) and effective shrinking rate (d) are dependent on the dendritic structure.

an object with the locally varied coefficient of thermal
expansion, and the concept and methodology have been
well-establishedwith FEA.Owing to the symmetry of the
cross-shaped pattern, only the triangular section delin-
eated by blue dashed lines in Figure 3d is modeled. Since
the mesh in the FEA is smaller than the diffraction scan-
ning step size, the effective shrinking rate at some mesh
points is interpolated naturally. For boundary conditions,
the two right-angle sides, which are parallel to the [100]
and [010] directions, and the face, parallel to the (001)
crystallographic plane, are designated as free, while the
hypotenuse is treated as a symmetric boundary (more
details in Supplementary Section F).

Maps in Figure 4a depict the stresses at the sub-
dendritic scale along [100], [010] and [001] directions,
respectively. Dashed lines in these figures indicate the

boundaries of PDA and SDA. On the (001) plane, the
ID region is subjected to ∼60 MPa biaxial compressive
stress, while the PDA zone experiences tensile biaxial
stress of about 30 MPa. In the SDA area, tensile stresses
of approximately 60 MPa are imposed along the den-
drite arm directions. In contrast, almost no stress prevails
along [001] direction for both dendrite and interdendrite
areas.

To validate the modeling and simulation, deviatoric
strains are deduced from FEA and compared with those
measured from the submicron-resolved Laue diffrac-
tion data. From the deviatoric strain components along
<001 > directions, the FEA results (Figure 4b) are con-
sistent with the experimental ones (Figure 4c).

It is worth noticing that the sub-dendritic stresses
obtained in this study are significantly different from the
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Figure 4. The sub-dendritic stress and deviatoric strain distributions along [100], [010] and [001] directions, with dashed gray curves
indicating the PDA, SDA and ID regions. (a) The sub-dendritic stresses are obtained from the finite element modeling, the validity of
which is cross-checked by comparing the deviatoric strains computed from the FEA outputs (b) and those from submicron-resolved
diffraction experiments (c).

previously reported ones, in terms of both magnitude
and sign [20]. In that work, although the sub-dendritic
stresses were also simulated from FEA, the coherency
stresses in γ -channels was not considered in modeling,
and the X-ray diffraction experiment employed there
for validation did not exhibit enough spatial resolution.
Thus, the results in the present study are more reliable.

The consistency between FEA modeling and experi-
mental measurement supports the conclusion that in the
exampled heat-treated NBSC superalloys, the stresses at
the sub-dendritic scale originate from the heterogene-
ity on the coherency stress, which is induced by the
non-uniformly distributed lattice misfit from PDA/SDA
to ID. For NBSC superalloys, as well as a wide range
of engineering materials, the absence of unconstrained
lattice constants hampers stress mapping, and thus the

property and service life prediction. This study pro-
poses a novel approach to deduce the Type II microscale
stresses by mapping the heterogeneous distributions of
the nanoscale Type III coherency stresses, as demon-
strated by Figure 1. For alloys with relatively low precip-
itate volume fraction, the thin flat plate approximation
might not be fulfilled, and thus the stresses are no longer
equi-biaxial; however, the strategy developed here is still
valid, except that the energy scan experiments must be
carried out on more diffraction peaks to calculate the
stress tensor. For deformed alloys, the local stress status
will be greatly dependent of dislocation density, distri-
bution and configuration. Thus, the assumptions and
modeling employed in this study may need modification
based on the characterizations of dislocations using other
techniques such as transmission electron microscopy.
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4. Conclusions

In the present study, the lattice misfit and the coherency
stress in a fully heat-treated NBSC superalloy, CMSX-
4, have been mapped using a novel submicron-resolved
diffraction technique, which has not been achieved
before by any experimental approaches. The stress distri-
bution at the sub-dendritic scale, caused by the coherency
stress heterogeneity, is deduced with the assistance of
FEA modeling and measured local effective shrinking
rate. Our results show the coherency stress peaks at over
200 MPa in PDA, and reaches around 150 MPa in SDA.
In contrast, most ID regions show an absence of lattice
misfit and coherency stress. Such heterogeneity leads to
uniaxial stress of up to 60 MPa along the SDA and simi-
lar levels of biaxial stress onto ID within the (001) plane.
However, for both dendritic and interdendritic regions,
no stress prevails along [001] direction in which the PDA
grows. The present approach enables precise mapping of
heterogeneity in coherency stress, along with the resul-
tant microscale stress, at a spatial resolution limited by
the synchrotron X-ray beam size.
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